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1. Introduction

Amorphous carbon and its composites are widely used materials in various fields of
industry and environmental protection including water purification, as adsorbents in food and
chemical industry, chemosorbents, catalysts and support materials [1 — 8]. The properties of
these carbonaceous materials are strongly depends on the nature and size of the materials
distributed within or on the surface of the carbon network [3, 9 — 11]. Therefore, controlling of
these parameters opens unlimited possibilities to prepare materials with unique properties. This
micro-review discusses some selected pieces of information about preparation and properties of
some metal and metal-compound containing amorphous carbon composites, especially the way
to prepare these materials from ion-exchangers and properties of nano-iron-containing
composites with magnetic properties. Magnetic filtration is a very effective process for the fast
removal of magnetic materials from waste streams, however, since most pollutants are non-
magnetic, it is essential to develop efficient magnetic extractants that can absorb and magnetize
organic compounds and contaminants [12].
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2. Preparation and properties of metal-containing carbon composites

The most typical and known preparation method of nanosize metal or metal-compound
containing-carbon adsorbents and chemosorbents consists of an impregnation step and a
transformation step when a metal-containing species is adsorbed / fixed / deposited on the
surface of the carbon surface then a heat or chemical treatment are performed to transform the
initial metal containing species into a non-soluble and reactive materials which are bound to
the surface of the carbon [6]. Typically, the active components prepared in this way are located
only on the surface of the carbon [13] and theirs activity and properties strongly depends on the
chemical nature and size of the surface species [14, 15]. The chemical nature of the initial
metal-compounds also may play key role in the activation of the surface of the carbon via
catalyzing of surface reactions which can increase the surface area [16, 17].

Another typical way to prepare the metal or metal-containing carbon materials is when
a metal-compound is mixed with an organic carbon source then a controlled atmosphere
carbonization process is performed when the carbon network is formed in the presence of the
metal species. The chemical identity and sizes of the metal containing ones depend on many
factors such as the nature of starting materials, the reaction conditions and the counter-ion of
the metal salt [18].

The most promising variation of this method is, when instead of a physical mixture of
metal compounds and organic polymers a chemical bound form of metals to polymer is used, e.g.
the metals are fixed through functional groups onto the polymer network ensuring
homogeneous distribution and mixing between the carbon and metal atoms at atomic level.
This way is the most promising method prepare nanosize metal or metal compounds (oxides,
sulphides) containing carbons. The precursors can be prepared easily from so called organic ion
exchangers containing phenoxy, carboxylic, iminodiacetate, sulthydryl, phosphoryl, quinolinyl
or any other functional groups which can bound metals in various valence states via ionic or
coordinate bonds [19].

2.1. Coating of carbon surface with metal containing species

The magnetic properties of Fe oxides and the adsorption features of activated carbon
have been combined to produce magnetic adsorbents using chemical co-precipitation [20, 21].
The results indicated that maghemite is the main magnetic phase present and the presence of
iron oxide did not significantly affect the surface area or pore structure of activated carbon. All
composites prepared at different temperatures varying from room temperature to 70 °C had
good magnetism and could be well separated from aquatic system by a magnet [20]. In situ
formation of coated superparamagnetic iron nanoparticles in the pores of carbons initially
impregnated with ferric salt solutions has been also described [22]. A more easy way to prepare
magnetic activated carbons is to impregnate the charcoal with Fe oxalate [23] or with Fe(CO)s
in absolute ether [24] and a subsequent thermal treatment in a hydrogen atmosphere.

Nickel containing metallized carbons were prepared by adsorption and thermal
decomposition of nickel (II) format on activated carbon [25]. A magnetic substrate composed of
nickel covered carbon could also be prepared with impregnating charcoal with Ni(NOs3)2:6H20
and subsequent thermal treatment [24].
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2.2. Carbonization of organic materials in the presence of metal compounds

Two main kinds of organic precursors have been used in this type of syntheses, namely
natural e.g. cellulose or proteins containing resources or synthetic materials such as
functionalized ethylene-type polymers.

The small particles of wood were treated by aq. solutions of Fe(NOs)s, Co(NOs)q,
Ni(NOs)2, and Cu(NOs): subsequently dried in vacuum, and then calcinated in He-flow at
293 - 1073 K by gradually increasing temperature and keeping at certain (e.g., 373 or 473 K)
temperatures for 1 h. Samples calcined at > 873 K contained a-Fe and Fe3C and a-Co and B-Co
and NiO and Cu + Cu20, respectively. In each series surface area passed through a maximum on
an increase of calcination temperature. The sorbents selectively adsorb gaseous or liquid
compounds, which at normal conditions react with the metal. Cu-containing sorbents removed
efficiently iodine from aq. solutions [18].

Other natural materials, for example proteins containing metal sources (e.g., 3 — 5 nm of
Fe) were heat-treated under controlled oxygen atmosphere, when the produced carbon-like
products could be used as oxygen reduction electrodes and humidity-controlling materials [26].

Poly(vinylidene chloride)-co-poly(vinyl chloride) was dissolved in 2-butanone and
nickel powder were mixed in it, the solvent was evaporated, the dried mixture was needed to
uniformly disperse the nickel, and the mass was carbonized and milled to particles of
approximately 0.045 mm diameter [27].

Activated carbons as catalyst carrier materials were prepared by carbonization at 850 °C
in an inert atmosphere and subsequent activation at 850 — 950 °C of polystyrene /
divinylbenzene copolymers containing 4 — 18 wt. % divinylbenzene and various metal
compounds such as silver and copper salts. The carbon activating agent was sulfuric acid and
oleum, when the produced activated carbon is spherical having an inner BET surface of
1000 - 1750 g / cm? [28]. Carbonization of various divinylbenzene-derived polymers with using
ZnClz as activator produced highly mesoporous spherical activated carbons with high yield
(>54%) and high mesopore fraction (around 80 %) [29].

2.3. Carbonization of ion exchange resins

The principle of the method is based on the thermal behavior of various styrene-
divinylbenzene copolymers (Figure 1). These copolymers as alkylaromatic compounds has high
carbon content and they have been used as starting materials in the preparation of carbons with
high mechanical strength [30]. The properties of the products, however, strongly depend on the
pyrolysis conditions and divinylbenzene content of the copolymers. The higher divinylbenzene
content the harder grains of carbon are obtained [30]. Activated carbon with very high
mechanical strength and sorption capacity was made from the spent sulfonated or aminated
ion-exchange resins by pyrolysis at 600 °C under vacuum and activation by steam at 800 °C. The
pyrolysis and activation conditions have great influence on the carbon porosity, strength,
sorption capacity and other properties [31].

In various metal-containing (alkali and alkaline earth metals) sulfonated cation
exchangers, both the desulfonation and the matrix degradation are mainly influenced by the
initial composition (ion type, preliminary contact with organic media, degree of dehydration,
etc.) of the ion exchanger [32]. Similarly, the metal complexes (Au?, Cr3, Cu*, Fe3, Mn?, and
Pt*) formed from the chemically modified chloromethylated poly(styrene)-PAN (CMPS-PAN)
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as a resin chelating ion exchanger was thermally degraded (in air atmosphere), and the results
showed that the decomposition stages were affected by the presence of the investigated metal
ions. The thermal degradation of CMPS—PAN resin in the presence of the ions showed different
stability of the resin in the following decreasing order: Au®* > Pt* > Mn?* > Cu* > Cr* > Fe¥
[33]. Polymeric Cu (II) complexes were prepared by using the polyampholytes PA-1, PA-22, or
PA-8, or the phosphonic acid cation exchanger KFP. Redox processes occurred on heating in air.
The coordination state of Cu was changed, the Cu—-N bonds were broken while Cu—O bonds
were formed. The conversion rates depended on temperature and type of functional groups in
the ion exchanger [34]. The valence state or chemical form of the metal also had important
influence on the thermal decomposition temperature of ion exchangers. For example, the
decomposition temperature of the cation exchanger was higher in their Cr3*-form than in the
H+-form, while the chromate-form anion exchanger showed an exothermic peak even at 200 °C
owing to Hofmann degradation of quaternary ammonium groups with subsequent oxidation to
ethylene [35].

Figure 1. Schematic representation of carbon network formation.

Spherical activated carbon containing ZnO photocatalyst was prepared using strong and
weak acid ion-exchange resins as starting materials. These resins were treated with an agq.
solution of Zn? or [Zn(NHs)4]** and the treated resins were carbonized and activated. When
strong acid ion-exchange resins were used to prepare activated carbon containing Zn, the Zn
was in ZnS form, in case of the use of weak acid ion-exchange resins in ZnO form. All the
samples had spherical shape and had a good BET specific surface area [36]. If the [Zn(NHs3)4]*
complex form resins were carbonized for 10 min in nitrogen gas, the activated carbons with
hexagonal ZnO were prepared, and the amount of hexagonal ZnO decreases with an increase in
the carbonization temperature. However, the specific surface areas of carbon samples increases
with increasing the carbonization temperature of the resin [37]. The antibacterial activity on
carbon samples containing ZnO prepared from [Zn(NHs)4]* form ion exchangers increases with
a decrease of the carbonization temperature and an increase of the amount of ZnO in the
samples. From a comparison of the antibacterial activity against Staphylococcus aureus and
Escherichia coli, it was found that the activity against Staphylococcus aureus was stronger than
that against Escherichia coli. The concentration of hydrogen peroxide increased linearly with
an increase in the amount of carbon in samples. The occurrence of antibacterial activity was
found to be due to the generation of hydrogen peroxide from ZnO in activated carbons [38].

10
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A sample of commercial amberlyst 200 (sulfonated divinylbenzene-styrene copolymer)
ion exchange resins in Fe (III) form was pyrolyzed under 7 L / min argon stream by heating to
706 °C for 6 h and was held for 0.5 h at that temperature. The product was cooled in an oven
under Ar to give 43 % yield of absorbent with surface area 222 m? / g, and bulk density was
found to be 0.67 g / mL. The products are useful as molecular sieves and for removing impurities,
such as sulfur compounds and monomers from gases, liquid streams or wastes [39]. Pyrolysis of
dry amberlyst IRC-50 (DVB / methacrylic acid) resin in Fe (III) form (loaded with aq.
FeCls-6H20 (1 M) in a column over a period of 2 h) at 700 °C over a period of 4 h in an N2
atmosphere get Fe—AC catalyst, acidity from ammonia gas, NHs—TPD, analysis and was found to
be 0.0130 mmol / g catalyst, specific surface areas determined by BET nitrogen isotherms was
found to be 257 m? / g, C : H ratio was 18.4 : 1, iron was speciated as Fe2Os as acylation
catalysts [40].

Carbon encapsulated Fe and Ni nano particles were prepared by pyrolysis of Fe and Ni-
loaded cation exchange resin (Fe-Ni / D113) at 400, 500, 600 and 700 °C. XRD and TEM results
showed that the nano particle size increases with an increase in the pyrolysis temperature.
Magnetic test result shows that the pyrolyzate obtained at 400 °C was superparamagnetic. The
coercivities (/) at room temperature of the pyrolyzates obtained at 500, 600, and 700 °C were
much higher than that of the corresponding bulk materials, and the A value was influenced by
the size of the nanoparticles. The saturation magnetizations (/%) of all the pyrolyzates were
lower than that of the corresponding bulk materials and increased with the pyrolysis
temperature [41]. Regarding the preparation of the catalysts, iron itself plays a promoting role
in the formation or destruction of oxygen surface groups during calcinations, the latter being
only observed when the activated carbon was oxidized with HNOs. The introduction of iron
enhanced the activity in phenol recovery, compared to activated carbon with the same amounts
of oxygen surface groups. This can be attributed to the increase in the acidity that the iron itself
provokes and the promoter role of Fe in the oxidation reaction of phenol. After the catalytic
wet air oxidation process, surface area and micropore volume decreased whereas the amount of
oxygen surface groups increased, as well as the total acidity, except for the activated carbon
treated with HNOs. Also the iron dispersion diminishes significantly. However, the final surface
distribution did not affect the catalyst activity. The presence of Fe reduced the detrimental
effect of wet oxidation on the porous structure of the activated carbons [42].

Systematical studies on various kinds of ion exchangers (styrene-divinylbenzene, acrylic
acid-styrene-divinylbenzene) with various functional groups and metal forms and valences
have been done in order to prepare nanosize metal or metal-compound containing carbon
sorbents [43 — 46]. In this way, a simple method has been developed to prepare nanosized
(10 - 100 nm) metal, metal-oxide, metal-sulphide (or nitride and carbide) containing
amorphous carbon nanocomposites with ball-like (spherical) shape, better hardness, low
hydrodynamic resistance, and some other advantageous physical and chemical properties which
ensures wider usability in various fields of industry and environmental protection [43 — 47].
The essential step is when a metal ion (the same metal can be used in various valence or anionic
or complex form, e.g. Mn (II), Mn (III), MnOs, or Fe (II) or Fe (III), Cr (III) or CrO4%, etc.) is
introduced and combined with a selected functional group. The chemical nature of the metal-
containing particle is primarily depends on the metal speciation fixed on the resins or on the
nature of the functional group. The next important factor is the selection of the appropriate
carbonization conditions. During the carbonization process of the metal-containing ion

11
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exchangers, the conditions of functional groups loosing will be changed due to the presence of
metals, and with the decomposition intermediates the metal containing species can form
different kind of compounds, e.g., sulphides or oxides in case of sulphonated or carboxylated ion
exchangers, respectively. Nanosized metal sulphide type chemosorbents has been prepared in
the concurrent reduction of metal centers and sulphonate groups of metal forms of sulphonated
ion exchangers. In the case of electronegative metals, the reduction of sulphonate groups leads
to formation of lower valence metal sulphides such as MnS, FeS, ZnS or NiS, while in the case
of copper, only metallic copper and sulphur dioxide are formed. Similar conditions in the case
of carboxylate type ion exchangers led to metallic Cu but to ZnO, MnO, or NiO. In case of iron
(II) and iron (IIT) forms of ion-exchangers, depending on the reaction temperature, valence state
of iron salt used and the reaction time, amorphous carbons formed containing different
nanosized magnetic phases (FeO, Fe:0s3, FesOs, and Fe).

Besides the type of functional groups of ion exchanger and the type and valence of the
used metals, the reaction temperature, reaction time, and cross-linking of initial polymer matrix
have strong influence on the size, nature, and properties of the formed metal (metal oxide or
sulphide) species located in the amorphous carbon.

Table 1. The metal-containing species formed under pyrolysis of styrene-divinylbenzene
based ion-exchangers depending on the functional groups and carbonization temperature.

C.lross— Polymer Functional Metal-ion Tempfarature Product
linker base group / time
DVB STY SO,H Mn!, Nill, Zn" 500°C/2h MnS, NiS, ZnS
SO H Cu! 500°C/2h Cu
Fe (ID), Fe (IIT) | 10 a0 oc Fe, FeO,
N(CHZCOO)2 as cmorlde, /9-12h FeZOS, FeSO o
nitrate FCSC, FGZN
Fe (II), Fe (IIT) | 400 -800 °C FeS, FeSs,
N(CH,COO
(CH, )2 as sulphate /2-12h Fe, FesC
Cu(IlI
N(CH,COO0), ) 500 °C / 2h Cu
as sulphate
STY-MMA COOH Mn", Zn", Ni" 500°C/2h | MnO, ZnO, NiO
Cul 500°C/2h Cu

The composites given in Table 1 were prepared in a usual way with loading of hydrogen
forms of sulphonated ion exchangers with using saturated aqueous metal salt solutions. The
carbon composites were prepared by controlled-temperature carbonization. Depending on the
ionic form and the degree of saturation of the ion exchanger the sulphur content of the ion-
exchangers can partially transform into metal sulphides, SOz or SO2 which could be detected by
TG-MS unambiguously. The yield of metal / metal sulphide containing carbon composites
strongly depends on the nature of metal, ion-exchanger and the carbonization conditions as
well. Completely (100 %) and partially saturated forms (25 and 50 % of their capacity) of

12
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variant KS and varion KSM resins were carbonized at 500 °C for 2 h. Depending on the nature
of metal, sulphide (MnS, NiS and ZnS, FeSoss) species or elemental metal (Cu, a-Fe) were
formed. In case of iron, FeossS and o-Fe were formed together at 800 °C, the sulphide
component was the major product, however the ratio of FeossS : a-Fe depended on the valence
form (Fe" or Fe'!) of the iron loaded onto the ion exchanger resin. The saturation degree had no
important effect on the chemical form of the metal in the composites formed at the studied
temperature range. The shape of the formed carbon particles is bead-like (Figure 2.) and the
hardness of the formed carbon beads is proportional to the divinylbenzene content of the
starting polymer. Higher is the divinylbenzene content, harder is the beads of carbon formed.
All the beads have a leakage path due to evolution of gases which are emitted at the weakest
part of ball-like bead causing leakage. Due to evolution of large amount of gases within the
structure of beads which evolve at the time when the resistance of the resin material becomes
lesser than the inner pressure, an “explosion-like” evolution of gases (SO2, H20, hydrocarbon
crack gases) could be observed, and the resin beads “jump” during the carbonization. The
formed ball-like metal-containing activated carbon beads have low hydrodynamic resistance
towards fluid streams and these materials are potential candidates for treatment of liquid flows.

The SEM picture of the nickel-carbon composite with ca. 30 % nickel content can be seen in
Figure 2 [43 — 45].
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Figure 2. SEM picture of the nickel sulphide containing carbon
composite bead prepared from lewatit S100 (8 % divinylbenzene
content) loaded fully with Ni (II) at 500 °C for 2 h.

The bead-like resins formed in the pyrolysis of lewatit S100 resin contained 2.3 m? g!
nickel (IT) result a carbon composite of NiS with 35 % nickel content. The specific surface area
was found to be 371 m? g, but the specific surface area strongly depends on the pyrolysis
temperature and the divinylbenzene conten (porosity) of the starting ion exchanger. The
specific surface areas of nickel sulphide containing carbons formed at 500 °C in 2 h in the case
of varion KS and KS660 resins were found to be 172 and 341 m? g}, respectively [43 — 45].

Two kinds of iron form (loaded with Fe! or Fe™™) of varion KSM resins were carbonised
at 800 °C for 2 h. The same products were formed, Feo.ssS and metallic iron (a-Fe), however, the
ratio of these products depended on the valence of the iron loaded on the ion-exchanger. The
approximate ratio of iron sulphide / a-Fe were found tobe 8 : 1 and 7 : 2 in the case of Fe! and
Fe! forms of the varion KSM ion exchanger, respectively. This can be the consequence of the
oxidizing nature of Fe which partially prevents the complete reduction of sulphonic acid
group into sulphide. The metal or metal-compound containing activated carbons can be
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activated with vapor or other methods and their metal content can also be removed by acidic
treatment, e.g. with digestion in dilute HCI or HNOs. The resultant metallic salt solutions can
be recycled into loading new ion exchangers into metallic forms, and the residual carbons can
be utilized as simple activated carbons as well [43 — 45]. The nanosized metal or metal-
compound containing carbons prepared in this way are promising new materials and could
effectively be used as chemosorbents or catalyst precursors, for example metal-sulphides (MnS,
FeS, NiS, ZnS) containing chemosorbents for mercury removal, metal-oxide type or metal
sulphide (ZnO or ZnS) carbon composites for photocatalytic reaction for COD removal from
wastewaters, or metallic nanosized copper containing carbons as chemosorbents for mercury,
radioactive iodine, or as catalysts for preparation of triazoles. Iron oxide containing carbons can
be tested as sorbents for phosphate or arsenic removal from drinking water and as catalyst for
waste free synthesis of paracetamol and nanosized iron containing carbons can be used as
magnetisable carbon supports for noble metals (Pd, Au, Pt, Rh, Ir, Ru, and Ag) or Cu catalysts.
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Figure 3. Valence and counter-ion relations in Fe (II)
and Fe (III) loaded iminodiacetate ion-exchangers
using FeX> and FeXs salts during the ion-exchange.

The iminodiacetate functional group containing ion-exchangers has a special interest,
because the amino-group is protonated and makes an ionic group with the counter-ion of the
salt used for loading the metal into the ion exchanger (Figure 3). Using iminodiacetate type
(divalent metal ion selective) ion exchangers, the role of counter-ion of used metals salts
becomes one of the key factors, especially in the case of trivalent metal salts, when not only the
protonated nitrogen atom of iminodiacetate group but the third valence of the used metal (e.g.
Fe (III)) are compensated with the negative charge of the original counter ion of the used metal
salt). The reason for it, that in case of trivalent metals like iron (III), the chelate-forming group
will compensate only two positive charges of the iron (III), but the third valence of iron will
not be neutralized with the neighboring iminodiacetate group but with the original counter-ion
of the salt used during the ion-exchange. It means, the amount of the counter-ion is more than
in case of divalent metals, because the counter ion will neutralize the third charge of the metal
and the minimum ion charge as well [45]. Due to this, for example, in case of iron (III)-loaded
iminodiacetate resins, the iron (III) chloride loaded resin gives metallic iron and mainly
magnetic iron oxide type carbons, but the [-CH2-NH*(COO)2?Fe?**]SO4?- type iron (III) sulphate
loaded resin gives FeSoss (pyrrhotite) and FeS: containing carbon phase.
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Table 2. Distribution of iron-containing species in the samples
produced during thermolysis of Fe2(SO4)3 loaded iminodiacetate
functionalized STY-DVB ion-exchanger at 4 or 8 h heating time [45].

Carbonization H_eatmg o-Fe | y-Fe | FesC | FeS(H) | FeS(M) | FeSz | FesO4
temperature, °C | time, h
400 4 5 29 51 14
500 4 7 32 44 17
600 4 3 34 47 16
700 4 16 7 39 38
800 4 5 16 13 39 28
900 8 20 16 41 23

Table 3. Distribution of iron-containing species in the samples produced
during thermolysis of Fe(NO3)s loaded iminodiacetate functionalized
STY-DVB ion-exchanger at 4 or 8 h heating time [45, 46].

Carbonization | Heating | | p. | | o | FesC | FesN | FedN | FesOs | FeO
temperature, °C | time, h
400 4 100
500 4 100
8 100
600 4 | 100
8 86 | 14
700 4 15 | 8 | 77
8 17 83
800 4 25 75
8 9 | 5 | 86
900 4 9 | 91
8 8 | 8 | 84

The especially high extent of variability of the conditions have influence on the product
distribution in case of iminodiacetate resins and iron-salts, the conditions to prepare
magnetisable iron species (a-Fe or FesOs) have also been found [45, 46]. Since magnetic
separation of activated carbons (AC) commonly used as efficient adsorbents to remove
contaminants is an important area, the conditions to prepare samples with high magnetic
separatibility i.e., the effect of reaction conditions, valence of iron, counter-ion, temperature,
reaction time, etc. have been studied in detail. In order to increase the amount of magnetic
components, the chloride, sulphate and nitrate salts were used with iminodiacetate type (varion
BIM) ion-exchanger resin. The distribution of the iron-containing species is given in Tables 2
and 3.

The iron particles are formed in 100 % yield at 600 °C with 10 nm size and high
reactivity. The surface of the samples are covered immediately with iron (III) oxide, but it save
the iron from the further oxidation and the samples keep their magnetizability. The
incorporation of a-iron particles into the activated carbon could greatly enhance its
manipulation through magnetic separation or mixing. High and pure Fe3Os containing carbons
was prepared by thermolysis of Fe(NOs)s loaded on iminodiacetate functionalized STY-DVB
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ion-exchanger by 4 or 8 h heating [45, 46]. Heating at 900 °C for 8 h led to carbon-nanotube
covered activated carbon balls containing magnetic iron-containing particles [46].

It is a special interest to note that iron (III) nitrate loaded iminodiacetate-type resins
gave mechanically strong, ball-like (due to high crosslinking with 6 % of divinylbenzene)
metallic iron or magnetic iron-oxide containing carbons, which proved to be magnetic. Due to
its mechanical strength this product is a promising carbon carrier with magnetic properties,
which has superior importance in removing the spent valuable catalyst materials like noble
metals. Although the low surface area of a balls do not allow fixing large amount of catalytically
active species, by controlling the carbonization process of iron (III) nitrate loaded
iminodiacetate type resins (900 °C, 2 h), a mass of carbon nanotubes covered balls are formed
(Figure 4).

Figure 4. Scanning electron microscopic picture of carbon-
nanotube covered magnetic carbon balls (iminodiacetate
type resin, iron (III) nitrate loading, 900 °C, 2 h).

The magnetic particle containing Fe / C catalyst precursors can also prepared by
impregnating activated C in Fe(NO3)3-9H20 solution of different concentrations followed by
heat treatment at 350, 500, 600, and 700 °C in Ar. Mossbauer spectra of these catalyst samples
with different Fe contents indicated an interaction between Fe and activated C. The intensity of
the interaction decreased with increased Fe loading. From the Mossbauer spectra of the
catalysts treated at 350 °C, the amount of superparamagnetic a-Fe20s3 per g of activated carbon
could be counted as a function of iron loading. The dispersion of Fe on the surface of activated
C is not uniform, and iron would redisperse and aggregate as iron salts decomposed. When the
catalysts were treated at 600 °C, Fe3sOs (m) was converted to FesOa(s), giving further proof of the
redispersion of the iron species. In combination with the results of treatment at 700 °C, it was
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deduced that a reduced state iron with high dispersion was probably produced by the reduction
of Fe3Os (s). Moreover, the intensity of metal-support interaction was related to the distribution
of energy on the activated carbon surface, the particle size of a-Fe:0s3, and the degree of
reduction of a-Fe20s3. The smaller the particle size of a-Fe20s3, the stronger the metal-support
interaction was, and therefore, a-Fe20s was more difficult to be reduced [48]. When activated
carbon/iron oxide magnetic composites were prepared with weight ratios of 2:1, 1.5:1 and 1:1
and characterized by powder XRD, TG, magnetization measurements, chemical analyses, TPR,
N2 adsorption-desorption isotherms, Mossbauer spectroscopy and SEM, the results suggested
that the main magnetic phase present was maghemite (a-Fe2Os) with small amounts of
magnetite (FesOs). Magnetization enhancement could be produced by treatment with H: at
600 °C to reduce maghemite to magnetite. N2 adsorption measurements showed that the
presence of iron oxides did not significantly affect on the surface area or the pore structure of
the activated carbon. The adsorption isotherms of volatile organic compounds such as CHCls,
phenol, chlorobenzene and drimarene red dye from aq. solution onto the composites also
showed that the presence of iron oxide did not affect the adsorption capacity of the activated
carbon [49].

The adsorption features of activated carbon and the magnetic properties of iron oxides
may be combined in the iron-containing carbon composites to produce magnetic adsorbents.
These magnetic particles can be used as adsorbent for a wide range of contaminants in water
and can subsequently be removed from the medium by a simple magnetic procedure. Magnetic
properties of adsorbed iron on sugar charcoal prepared by impregnating the charcoal with
Fe(CO)s in absolute ether, decomposition of the carbonyl, and subsequent reduction in H2 at
400 - 450 °C, gave a product which surface coverage was varied between 0.000052 and 1.0. Up
to g = 0.005, the magnetic susceptibility does not depend on field strength. From g = 0.118
upward, a weak ferromagnetism becomes apparent; the latter becomes pronounced at g = 0.86.
Thus dilute monolayers of Fe on C are not crystalline. Even in concentrated layers, x is much
smaller than in bulk iron, the fraction of crystalline iron remaining small. Crystallization takes
place during oxidation of the sample, as shown by the values of x after subsequent reduction.
Furthermore, anomalously high values of x (per g Fe) are measured when g decreases. Thus for
g ~ 103, x =6 - 103. This effect is also observed with dilute monolayers of Ni(NOs)2-6H20 on
charcoal [24].

However, the composite material will need to have sufficiently saturated magnetization,
and as low as possible coercivity to be easily attracted by commercially permanent magnets.
The sample shows superparamagnetic behavior of magnetic clusters with a wide moment (i.e.
size) distribution [46]. The correlation between microstructure and magnetic behavior of Ni
nanoparticles (NPs) embedded in an amorphous activated porous carbon (Ni—-AC) has also been
studied. The Ni-activated carbon powders have been synthesized by means of an easy and low-
cost procedure. The addition of sucrose during the preparation process provides effective
protection in acidic media. This Ni-activated carbon composite has a microstructure composed
of crystalline nanoparticles with diameters in the range of 7 — 25 nm, and exhibits
superparamagnetic behavior at room temperature with saturation magnetization values around
3 A m? kg! under applied magnetic field of 200 mT [15]. The coefficient of magnetism of Fe:0s
existing in activated charcoal is large, but less than that of the pure compound. It is a function
of the particle size, becoming larger as the surface increases due to the larger quantity of air
retained on the surface [50].
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These nanotube covered balls have higher carbon surface as compared to the simple
carbon balls, so deposition of noble metals (Pd, Pt, Ru, Rh, Ir, Au), Cu, Ag, or other metals or
compounds results in a magnetically separable carbon carried catalyst with good mechanical
properties, in the form of free-flowing 100 — 200 um balls. There is an interesting and simple
way for the metallization of these magnetic carbon carriers using cementation, if the deposited
metal is more electropositive than the iron itself. It means that immersing the iron-containing
carbon balls into the solution of noble metals, noble metals are deposited onto the surface of
nanotubes and iron (II) ions go into solution. In this way, a room temperature controlled
metallization can be performed. Using this method a platinum covered magnetic carbon, which
can be used in hydrogenations, aminations, and some other organic reactions, and removable
with a simple electromagnet from the reaction medium, has been prepared and its SEM picture
is shown on Figure 5.

Figure 5. SEM picture of a 100 nm size over-loaded
Pt particle containing magnetic carbon ball catalyst.

The advantages of using this kind of magnetically separable and movable (within the
stainless steel or glass reactors) catalyst carriers and catalysts are enormous. Further advantage is
removing carbon or iron from the covered balls. For example, removing carbon (C-H:0
reaction catalyzed by iron) from the balls covered with iron on the surface gave an empty iron
network in ball form, which is a prospective material to catalyze gas-gas reactions like ammonia
synthesis or Fischer-Tropsch (gasoline) synthesis, because the resistance of empty ball like iron
clathrate cage contains holes for gas stream and the surface area is extremely high.

3. Application fields of metal containing carbons

Other than the well known hydrogenation or hydrocarbonylation catalysts containing
carbon sourced platinum metals or nickel, other metal-containing activated carbons were
proved to be widely usable composites in many important chemical and environmental
processes. The presence of nanosize metals results new unique properties and new application
fields, and the reviewed method based on carbonization of metal-containing ion exchangers
open new perspectives to prepare known materials with high metal content, low metal size or
high activity, therefore in this section we summarize some selected field of application may
belong to these kind of materials.
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3.1. Examples on dehydrogenation reactions

Dehydrogenation of ethylbenzene into styrene with iron-containing activated carbon
catalysts in the presence of CO2 with a reverse water-gas shift reaction could be performed with
high selectivity to styrene (95 — 98 %) with using alkaline earth or rare earth metal promoters at
823 K. The X-ray diffraction data indicated that carbon dioxide plays an important role in
keeping the iron species at high valence and therefore, maintaining the catalytic activity in the
coupling reactions. Magnetite formed during heat treatment is the active phase of the carbon-
supported iron catalysts. Addition of promoters to catalysts leads to higher dispersion of the
active species [5].

The activity of copper oxide supported on activated carbon catalysts, obtained by various
preparative techniques, was compared in the decomposition of methanol to hydrogen and
carbon monoxide. The favorable role of copper deposition from ammonia solution of copper
carbonate is proved. The effect of the preparation conditions on the catalysts activity and
stability as well as on the nature of the catalytic active complexes has been studied [51]. The
decomposition of MeOH is studied over a large temperature range on Cu catalysts supported on
activated C, prepared by active phase deposition from aq. and organic media. Cu* species are
active sites in MeOH decomposition up to 490 K. Reduction of the active phase as well as
essential changes in the chemical nature of the activated C was established during the
deactivation of the catalysts. Possibilities of catalysts reactivation under mild oxidative
conditions have been explored [52].

3.2. Examples on As removal from water

Metal-containing activated carbons such as iron oxide or copper containing ones can be
used as effective sorbents for removal of arsenic from drinking water. Although the main factor
of the chemosorption process is the chemical form of iron or copper on the surface of carbon,
the size is also plays key role in the activity of the sorbent [53 — 56]. Generally, arsenate (As (V))
is the main contaminate, but some studies dealt with studying on equilibriums of the adsorption
of As species from simulated groundwater containing As (III) : As (V) =1 : 1) [53]. Almost
complete removal of As could be performed with Cu?" impregnated granular activated carbon
(GAC—Cu) which was found to be effective sorbents for removal of total arsenic (As (IIT) and
As (V) from drinking water [54]. Removal of arsenic (V) from aqueous solutions was evaluated
with iron(II) oxide (FeO) / activated carbon. The results suggest that the main phases of the iron
oxide surface are magnetite, maghemite, hematite, and goethite; fine and uniform iron oxide
particles can cover activated carbon surfaces and affect the surface area or pore structures of
activated carbon The optimum value of pH for arsenic (V) removal by FeO / activated carbon-H
is in the pH range 3 to 7 [55]. An effective adsorbent for removal of arsenate from aq. system
was synthesized by loading ferrihydrite on activated C. The effects of C types, particle size,
solution pH, Fe (III) concentration and competing anions on removal rate of arsenate were
studied. The results showed that coal-based activated C loaded with ferrihydrite had better
arsenate removal efficiency than those of coconut- and husk-based activated C. The removal
efficiency of As (V) increased significantly with decreasing the particle size of activated C.
Arsenate was effectively adsorbed by activated C loaded with ferrihydrite at pH 3 — 9. The
addition of F-, Cl- and SO+*- showed negligible effect on arsenate removal, but PO+* and SiOs*
had large effect [56].
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3.3. Examples on mercury removal

It is well known that the metal or metal sulphide containing carbons may effectively be
used to remove mercury from solutions via amalgam or mercury (II) sulfide formation. The
composition made from carbonized phenolic resin and metal sulphides or metal oxides after
sulfurization gives a composite in the form of a flow-through structure, especially as a
honeycomb monolith. The metal sulfide is a sulfide of manganese, copper, palladium,
molybdenum, or tungsten. The coating further contains sulfur in addition to that present in the
metal sulfide. The composite is produced by coating the substrate with a composition
containing a carbon precursor, and a metal sulfide, or a combination of a metal oxide, salt or
metal sulfide with an additional sulfur source, optionally curing the coating composition;
carbonizing the coating composition, and activating the carbonized composition. The composite
may be used, for example, for the removal of a contaminant, such as mercury, from a fluid
stream [57].

An activated carbon adsorbent for removal of mercury from liquid hydrocarbons (e.g.,
naphtha) is impregnated with a reactant metal halide comprising a metal selected from K, Cu,
Ca, Fe, and Zn, or other reducing halide. These adsorbents can remove even trace levels of Hg
from liquid hydrocarbons without a leaching effect of the impregnants been used [58].

3.4. Examples on dehydroclorinations

Decomposition of chlorinated hydrocarbons with low reactivity (chlorinated phenols,
biphenyls and likes) is an important task of decontamination processes and the metal containing
activated carbons are widely used catalysts in these processes. Vapors of chlorobenzene (PhCl)
and 1-chlorohexane (CH) diluted with octane have been (hydro)dechlorinated using Ni, Fe, W,
Ni-Mo, Pt and Pd on activated carbon (AC) at temperatures from 150 °C on, void residence
times ca. 1.5 s, with various H2:N> ratios, usually 1 : 3, as a carrier gas. For PhCl, Pd on AC was
found to be the most active catalyst, with nearly complete reaction even at 150 °C, giving HCI,
benzene and cyclohexane. 10 wt. % Ni on Norit ROW 0.8 Supra is an active catalyst too, with
50 % removal at ca. 190 °C, and this reaction is ca. 5 orders of magnitude faster than on this AC
alone. Products are HCl and benzene [4].

There are many concerns and challenges in existing polychlorinated biphenyl (PCB)-
polluted sediment remediation strategies. Efforts were geared toward developing granular
activated carbon (GAC)-impregnated with reactive Fe / Pd bimetallic nano-particles (reactive
activated carbon (RAC). Mechanistic aspects of the hybrid RAC system for dechlorinating
2-chlorobiphenyl (2-CIBP) in the aq. phase have been assessed. The following reactions
occurred in parallel or consecutively: 2-CIBP was promptly, completely sequestered to the RAC
phase; adsorbed 2-CIBP was almost simultaneously dechlorinated by Fe / Pd particles forming a
biphenyl (BP) reaction product; and the formed BP was instantly, strongly adsorbed by RAC.
2-CIBP adsorption and dechlorination rate constants were estimated using simple, first-order
reaction kinetic models with an assumption for un-extractable carbon portion in RAC. The
extent of 2-CIBP accumulation and BP formation in RAC phase was well explained by the
kinetic model; adsorption was the rate-limiting step for the overall reaction. Based on these
observations, a new strategy and concept of reactive cap/barrier composed of RAC was proposed
as an environmental risk management option for PCB-polluted sites [59].
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Since carbons can absorb microwave energy, a short and prompt heating of elemental
copper distributed uniformly on the surface of activated carbon up to 1100 °C with microwave
irradiation to decompose pentachlorophenol (PCP) can be performed. PCP-loaded GAC
irradiated by microwave in a quartz reactor when most of PCP adsorbed on virgin GAC was
decomposed or bound irreversibly to GAC at 850 W microwave irradiation for 10 min, and less
than 2 % was transformed into intermediates. A more rapid decomposition rate of PCP was
observed on copper-loaded GAC with larger amount of intermediates formed [6].

3.5. Examples of recovery of harmful chemicals

The activated carbon modified by copper has a better effect on removing cyanides from
solutions than pure activated carbon. The modified activated carbon's capability to remove CN-
was improved from 22.10 to 94.07 % at pH 12 — 13. The modified activated carbon's saturation
adsorption capacity was 22 mg / g. Mg?, K+, Ca%, Cl-, SO4*, COs?, and AsOs™ had no effects on
the removal of CN- [60]. Not only dissolved cyanides but gaseous HCN may also be removed by
using Cu-containing activated carbons. Cu-containing activated carbons produced from porous
sulfonated styrene / divinylbenzene resin were studied for assessing the removal efficiency of
HCN vapors from air, when incorporation of Cu into starting material significantly increased
HCN breakthrough times, but decreased benzene breakthrough times. The surface area and
pore volume of the adsorbents also decreased with incorporation of Cu. Results of XPS analysis
revealed partial or complete reduction of the starting divalent Cu on the surface of the
adsorbents confirmed by the lack of formation of (CN)2 during the adsorption of HCN [61].

A 10 % Zn-containing activated carbon prepared under hydrogen has modified state of
Zn, and forms functional groups on the surface of activated carbon for adsorbing and degrading
benzene series. This inventive purifying agent has benzene series removal rate of > 98 % [62].
The similar treatment but using ammonia instead of hydrogen resulted an adsorbent for
adsorbing and degrading of formaldehyde with removal ratio > 90 % [63].

3.6. Desulfurization

The adsorption capacity of activated carbon for the natural gas contaminant dimethyl
sulfide (DMS) is improved by impregnating it with FeCls, introduced in solution to affect
surface modification [64]. Preparation of an activated carbon-based desulfurization adsorbent
for gasoline comprises (1) oxidizing 40 — 80 mesh activated carbon with concentrated sulfuric
acid (active carbon : concentrated sulfuric acid = 1 g : 20 mL) at 150 — 300 °C for 3 h for
chemical modification, (2) washing with distilled water to pH of 7, and drying at 100-120 °C
and (3) immersing the modified activated carbon as carrier in 0.10 — 0.30 mol / L Mn(NOs)2
solution for 6 — 42 h, drying at 100 — 120 °C for 2 h, and baking in nitrogen gas at 200 — 600°C
for 1 —5 h. The obtained absorbent has the advantages of large adsorption capacity on sulfides
in gasoline, simple preparation method, low cost, and little influence on octane number of the
gasoline [65].

Thiophene-ring containing compounds may also adsorbed by metal-containing carbons.
Effects of loading different metal ions on the adsorption of dibenzothiophene on the activated C
were discussed by hard and soft acid and base principle. Results showed that loading of Ag",
Cu?, Ni** or Zn?" ion on the activated carbon improved its adsorption of dibenzothiophene on
the activated carbon; while loading of Fe? ion on the activated carbon weakened its adsorption
of dibenzothiophene (DBT) in comparison with original activated carbon. As a result, loading
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Ni%*, Cu? or Zn* on the activated carbon has been suggested to improve its adsorption of
dibenzothiophene because of its high adsorption capacity and low costs [66]. Each TPD
spectrum for DBT desorption on the activated carbons loaded separately with Ag*, Ni*, Cu?
and Zn? showed two distinct peaks, corresponding to interaction of DBT with the activated
carbon surface and with the metal ions, which indicated producing new adsorption sites. In
comparison with the original activated carbon, the loading of Ag* enhanced the interaction
between DBT and Ag* / AC surfaces because Ag+ was a soft acid and DBT was a soft base, and
the loading of Fe3* weakened the interaction between DBT and Fe*/AC surfaces because Fe3*
was a hard acid, while DBT was a soft base. The loading of the borderline acid ion Zn?, Ni%*, or
Cu?* on the surfaces of the activated carbon could weaken the local hard acids of the surfaces so
that adsorption of DBT was enhanced to some extent [67].

When iron compounds are added to low ash activated carbons having basic surface
characteristics (obtained by suitable oxidation at 800 °C with 2 % of Oz in N2), certain materials
are obtained showing high SO: sorbent properties from gaseous mixtures having a composition
close to that of flue gases. This behavior seems to be related to the simultaneous presence of
both basic surface sites promoting the initial adsorption of SO: and iron promoting the
transformation of the adsorbed SO: into other, more stable forms. The sorbent properties of
these activated carbons are more stable, following consecutive cycles, in the processes of
adsorption and desorption of SO2, than those shown by similar carbons with different surface
characteristics [68].

3.7. Phenol and TOC removal, photocatalysis

Wastewaters containing organic contaminants, especially less-easily-decomposable ones
like phenols or substituted phenols can be treated effectively with oxidative agents like air in
the presence of different kind of metal-containing activated carbon catalysts and adsorbents.
For example Iron-containing carbons and magnetic carbons containing iron or Fe-compounds
have also been tested on various phenol recovery processes. For example, Fe-impregnated
(2.5 % Fe) activated carbon was used for the wet air oxidation of phenol in a trickle-bed reactor
at 400 K and 8 atm of total pressure in a wide range of space time (20 — 320 g CAT h / g phenol)
[42].

A magnetically separable photocatalyst for phenol recovery which consists of porous
activated carbon, iron oxide particles, and anatase titania particles has also been studied. The
photocatalytic activity of the samples was determined by degrading phenol contaminated water
when enhanced photocatalytic activities were obtained comparing it with pure TiO:. An
additional advantage of these composite photocatalyst is their recyclability because it can be
easily magnetically separated by an external magnetic field. The degradation rate of phenol by a
titania-coated magnetic activated carbon with a Fe content of 20 % and a calcination
temperature for the support of 450 °C, was still higher than 85 % after the photocatalyst has
been used for 5 cycles [69].

Regeneration of activated carbons in the presence of iron oxide nanoparticles for phenol
recovery raises a new possibility of utilization of iron oxide containing activated carbons. A
novel approach for the recovery of spent activated carbon by an advanced oxidation process
using iron oxide-based nanocatalysts has been proposed when organic contaminants, such as
ethylene glycol and phenol were chosen as water pollutants for testing the regenerated carbons.
It was shown that there are several advantages in using catalytic oxidation recovery of activated
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carbon with iron oxide-based nanocatalysts e.g., low temperature reactivity of catalytic
recovery without heating and a relatively large number of adsorption-recovery cycles, without
a reduction in the adsorptive properties of the virgin activated carbon or without a performance
decrease from the 1st adsorption-recovery cycle of the new modified adsorptive properties of
the activated carbon. The catalytic recovery takes place without UV light or any visible
radiation sources. Results show a high efficiency of catalytic recovery of spent activated carbon
using iron oxide-based nanocatalysts. A 97 — 99 % efficiency of spent activated carbon catalytic
regeneration was achieved under chosen conditions after 15 — 20 min of reaction. The process
may be also considered as cold in situ recovery of active carbon [70].

There are dry oxidation methods as well for recovery of phenol after adsorption on
metal-modified carbons. Catalytic dry oxidation of phenol adsorbed on activated carbon (AC)
supported metal catalyst-sorbent (metal / AC) is promising for phenolic wastewater treatment.
The process consists of adsorption of phenol on the catalyst-sorbent in a fixed-bed reactor for a
long period of time and catalytic dry oxidation of phenol adsorbed upon the discharge of water
from the adsorption bed in a short period of time. Both Cu / AC and Fe / AC showed high
activity for catalytic oxidation of phenol, and Cu / AC was more active than Fe / AC, which
showed high conversion of phenol and no production of phenol and benzene. The initial
oxidation temperature of phenol was ca. 200 °C, and the ignition temperature of AC was ca.
130 °C higher than the initial phenol oxidation temperature. The difference in oxidation
activity among the metal / AC catalyst-sorbents could be attributed to the differences of metal
components, AC, and the interaction between the metal and support. The test of 8 adsorption-
oxidation cycle of phenol on Cu / AC showed that its adsorption capacity decreased to an
asymptotic level of ~ 70 mg / g with the increase of adsorption-regeneration cycle, which
suggested that a steady state adsorption capacity could be reached [71].

CuFe20s / activated carbon magnetic adsorbents, which combined the adsorption
features of activated carbon with the magnetic and the excellent catalytic properties of
powdered CuFe:04, have been developed using a simple chemical coprecipitation procedure.
The prepared magnetic composites can be used to adsorb Acid orange II (AO7) in water and
subsequently, easily be separated from the medium by a magnetic technique. CuFe20s /
activated carbon magnetic adsorbents with mass ratio of 1 : 1, 1 : 1.5 and 1 : 2 were prepared.
The magnetic phase present is spinel copper ferrite and the presence of CuFe:0s did not
significantly affect the surface area and pore structure of the activated carbon. The adsorption
kinetics and adsorption isotherm of Acid orange II (AO7) onto the composites at pH 5.2 also
showed that the presence of CuFe20s did not affect the adsorption capacity of the activated
carbon. The thermal decomposition of AO7 adsorbed on the activated carbon and the composite
was investigated by in situ FTIR [72]. A similar activated carbon / magnetite composites with
nano-ceramic oxides and ferrites whose surfaces have been functionalized was used to provide
binding sites for various organic pollutants. These extractants was found to be significant
potential to remove alkanes and 2,4-dinitrocresol herbicide form water [12].

An original approach to the removal of phenol in synthetic wastewater is by catalytic
wet peroxide oxidation with copper binding activated carbon (Cu/AC) catalysts. The
characteristics and oxidation performance of Cu / AC in the wet hydrogen peroxide catalytic
oxidation of phenol were studied in a batch reactor at 80 °C. Complete conversion of the
oxidant, hydrogen peroxide, was observed with Cu / AC catalyst in 20 min oxidation, and a
highly efficient phenol removal and COD abatement were achieved in the first 30 min. The
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good oxidation performance of Cu / AC catalyst was contributed to the activity enhancement of
copper oxide, which was binding in the carbon matrix. It can be concluded that the efficiency
of oxidation dominated by the residual H2O2 in this study. An over 90 % COD removal was
achieved by using the multiple-step addition in this catalytic oxidation [73]. The catalyst copper
oxide/activated carbon (AC) was prepared from AC as carrier and copper nitrate as active
component. After the catalyst has been used to degrade coke-plant wastewater containing
phenol, the removal rate of COD was increased by more than 11 % [74].

The activated carbon-zinc oxide catalysts prepared with different portions of activated
carbon (AC) have been characterized and changes in some of the physicochemical
characteristics of ZnO have been observed. It is found that these changes correspond with ZnO
surface acid-base property. SEM study reveals a perfect ZnO particle distribution on the AC
surface in the catalyst with 9 % AC content (9AC-ZnO). Adsorption and photodegradation of
4-acetylphenol on 9AC-ZnO are much higher than bare ZnO. The higher efficiency of this
photocatalyst is due to the synergistic effect between ZnO and activated carbon. The catalyst is
found to be reusable [75].

3.8. Effect on microorganisms

The activated carbons with ZnO prepared from Zn(NHs)+** treated ion-exchanger resins
with carbonization show antibacterial activity in the absence of light. ZnO of hexagonal type
was detected in the carbon samples, of which the amount decreased with an increase in the
carbonization temperature, however, the specific surface areas of carbon samples increased with
increasing the carbonization temperature of the resin. The antibacterial activity on carbon
samples containing. ZnO increases with a decrease of the carbonization temperature and an
increase of the amount of ZnO in the samples. From a comparison of the antibacterial activity
between Staphylococcus aureus and Escherichia coli, it was found that the activity against
Staphylococcus aureus was stronger than that against Escherichia coli. The concentration of
hydrogen peroxide increased linearly with an increase in the amount of carbon in samples. The
occurrence of antibacterial activity was found to be due to the generation of hydrogen peroxide
from ZnO in activated carbons. [38, 76].

Coccidiosis is one of the sickness causes large losses in broiler chickens when the
chickens breathe in the powder containing microbes. The yield of broiler chicken could be
increased with decreasing the losses due to coccidiosis with using a silver-containing activated
carbon composite prepared with carbonization of the silver salts of styrene-divinylbenzene
copolymers [47].

3.9. Electrochemistry

High-surface-area metal-containing activated carbons were mixed with phenolic resin to
prepare composite electrodes for supercapacitors. The electrochemical properties were
examined for the activated carbon composites used as polarizable electrodes in an aq. electrolyte
solution by constant current cycling. Activated carbons containing Mn, Cu, and Co had an
improved discharge capacitance of the electrodes, with the activated carbon-Mn electrode
having a capacitance as high as 265 F g-! when carbonized at 700 °C [77]. An activated carbon-
MnO:2 hybrid electrochemical supercapacitor cells have been assembled and characterized in
K2SOs4 aq. media. A laboratory cell achieved 195,000 cycles of stable performance. The maximal
cell voltage was 2 V associated with 21 + 2 F g! of total composite electrode materials
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(including activated carbon and MnOz, binder and conductive additive) and an equivalent series
resistance (ESR) < 1.3 2 cm? Long-life cycling was achieved by removing dissolved O from the
electrolyte, which limits the corrosion of current collectors. Scaling up was realized by
assembling several electrodes in parallel to build a prismatic cell. A stable capacity of 380 F and
a cell voltage of 2 V were maintained over 600 cycles. These encouraging results show the
interest of developing such devices, including nontoxic and safer components as compared to
the current org.-based devices [78].

In order to enhance specific capacitance and energy density of carbon-based
supercapacitor, some nanometer-scale amorphous particles of nickel oxide were loaded into
activated carbon by suspending the activated-carbon in a Ni(NOs): solution followed by
neutralization. A hybrid type electrochemical capacitor was made and tested, in which the
activated-carbon loaded with nickel oxide was used as cathode material and activated-carbon
was used as anode material. Although the BET surface area of the activated-carbon decreased
upon nickel oxide loading compared to that of the starting material, its specific capacitance
increased 10.84%, from 175.40 to 194.01 F g' and the potential of oxygen evolution on the
composite material electrode was 0.076 V higher than that of the pure activated-carbon
electrode, in the electrolyte of 6 mol L' KOH solution, so the hybrid capacitor had larger
energy density. Similar to the pure activated-carbon electrode, no obvious change appears on
the specific capacitances of the composite material electrode at various discharge currents and
the composite material electrode exhibiting good power characteristics [79].

3.10. Examples on NOx removal

The efficiency of cellulose-based, microporous, metal-doped activated carbon fibers
(ACF) for the NOx reduction in flue gases was investigated. The average width of the slit-
shaped pores was 0.8 — 0.9 nm, which is only 2 — 3 times greater than a NO molecule and was
scarcely affected by metal deposition (Ru, Pt, Cu, and Fe). The porosity decreased only slightly
as a result of metal deposition, except for Fe, Ru-, Pt-, and Cu-doped fibers decomposed NO
effectively (96 % after 1 h at 303 K) yielding N2 (approximately 80 %) as main product besides
small amounts (< 1 %) of NO2 and N20. Poorer results were obtained with Fe-doped fibers [80].
The deNOx catalysts supported on chars and activation product obtained from the spent ion
exchanger resin has been investigated. The research facilitated the determination of the
influence of the quality of the support and the type of the active phase (copper, iron and
manganese) on the activity on the catalyst used in SCR reaction. The best deNOx catalyst was
CuO / A800 [81]. Active carbon promoted with Mn was studied as catalysts for selective
reduction of NO with NHs. The influence of the preparation method on the structure and
texture of the catalysts was studied and catalytic properties such as activity, selectivity, and
stability were determined [82].

3.11. Examples on other application fields

Fe-impregnated activated carbon (Fe—AC) prepared by loading of Fe (III) on activated
carbon (AC) at different pH proved to be stable in acidic conditions, the dissolved iron was
below the effluent standard of iron (2 ppm) suggesting a strong acid-proof property. In the
batch adsorption test, removal curves of copper shifted to the higher pH region as the copper
concentration increased due to the finite number of adsorption sites on Fe—AC. From the strong
chemical reaction between Fe (III) on AC and Cu (II), Fe-AC showed a greater adsorption
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capacity for Cu (II) than AC. Surface complexation modeling was performed by considering
inner-sphere complexation reaction and using the diffuse layer model. The model predictions
considering adsorption and precipitation generally well simulated the experimental removal
trends of copper over the entire pH ranges. From the column test, Fe-AC was regarded as a
promising filter material in the treatment of acidic wastewater contaminated with copper with
proper controlling of the contact time between copper and Fe—AC [83]. The Cu (II) adsorption
capacities of iron oxide-coated granular activated carbons (GACs) were significantly increased
by the coating of iron oxides. Relative to adsorption onto uncoated GAC, Fe oxide coatings
increased adsorption capacities for Cu (II) from about 1.4 for GAC to 5 mg / g for GAC coated
with 37 mg Fe oxide / g GAC (37FeGAC, etc.). The Cu (II) adsorption capacity per g of iron
oxide on FeGAC adsorbents was at least three times greater than discrete Fe oxide. Surface areas
of GAC decreased slightly with increasing Fe oxide coating, from 742 for 37FeGAC, 673 for
52FeGAC and to 634 m? / g for 72FeGAC. Tests in a column process for Cu (II) removal
demonstrated that the composite adsorbent could be reused through at least 15 adsorption and
desorption cycles. Although a fraction of the adsorbed Cu (II) was retained by the solid, there
was no apparent loss in adsorption capacity [84].

A kind of the magnetic adsorbent composite for water and wastewater treatment is
composed of a magnetic substrate particle which is nonreactive under conditions of use and
which is encapsulated with adherent activated carbon. The composite has a high adsorption rate,
is easy to handle, can be easily separated from solution by a magnetic field and pumped and
transferred magnetically and can be easily regenerated [27].

Using a redox process, granular activated carbon (GAC) was coated with manganese
oxides to enhance its ability to absorb fluoride from aq. solutions. Compared with plain GAC,
the fluoride adsorption capacity of this new adsorbent was improved and at least three times
greater than that of uncoated GAC. X-ray diffraction revealed that manganese oxides are
amorphous and XPS demonstrated that manganese existed primarily in the oxidation state +IV.
The sorption data also indicated that the removal of fluoride by adsorption is a highly complex
process, involving both boundary layer diffusion and intra-particle diffusion. The pH value of
solution influences fluoride removal, and the optimum equilibrium pH value of fluoride
adsorption is 3.0.

Activated carbons prepared by carbonization of polystyrene / divinylbenzene
copolymers containing 4 — 18 wt. % divinylbenzene and Ag or Cu-salts after activation with
sulphuric acid or oleum could be used as carbon adsorbents in adsorption filters, odor filters, for
protective clothing for civil and military use against biological and chemical toxins, in air
purifiers, gas mask filters, etc. [28]. A pressure-swing adsorption (PSA) process for separation of
CO from a CO-CO2-N2 mixture is proposed. The adsorbent used in this process is active C-
supported Cu. By cycling the pressure of a bed of this adsorbent between ambient pressure and
20 — 30 torr at room temperature, high-purity CO can be obtained from the CO-CO>-N2 gas
mixture with a high recovery. The purity of CO product depends crucially on the step of CO
concurrent purge after adsorption in the cycle and the regeneration of sorbent [85].

The Fe:03 / carbon composite prepared form carboxylic type ion-exchanger can be used
for selective acylation of amine and primary and secondary alcohol functions with acetic acid
under convenient conditions. Phenolic groups cannot be acylated in this way, therefore the
method can be used in preparation of paracetamol with 100 % selectivity and almost
quantitative yield [40]. The catalyst advantage is that does not cause racemization, e.g. chiral
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alcohols like menthol or the chiral amine, (D)-(+)-methyl benzylamine afforded corresponding
O-acylated or M-acetylated products, respectively, in quantitative yields without any
racemisation. The selectivity towards the acetylation of primary and secondary alcohols with
acetic acid is found to be similar with propionic and butyric acids, but the corresponding
acylated products are obtained in faster.

The preparation method led to uniform distribution of iron (III) oxide particles on
activated carbon matrix, which gives an active iron oxide layer covered on the carbon surface.
The generation of the acylcarbonium-ion in the presence of protic solvents can be achieved via
interaction of surface crystalline sites or defects, which are located in oxide layer.
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Figure 6. Mechanism of alcohols and amines
acylation in the presence of Fe20s / C catalyst [40].

The bronsted acidity of the crystalline sites of surface oxide is changed via interaction of
de-localized electron density of the graphitic as well as metal oxide layers (Figure 6). It changes
theirs reactivity. Initially, Fe**-ion containing crystalline sites are formed (1) by the reduction of
Fe3-ions on surface layer of iron (III) oxide covered the activated carbon, (neither pure
activated carbon nor pure iron (III) oxide catalyze these processes), therefore the interaction
between graphitic and metal oxide layers in activated carbon—iron (III) oxide composite is the
key-step in the formation of catalytically active species.
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Abstract

The paper deals with selection of appropriate, acceptable and precise spectroscopic
methods in investigations, related to different kinds of nano and micro biological objects, in
particular, the methods of revealing and detection of viruses in surrounding environment. The
article represents comparison of different spectroscopic investigation methods in line of their
features, approaches, duration and expenses of experiment, needed apparatus, etc. Advantages
and disadvantages of the methods are listed. The relative priorities of different methods related
to revealing and detection of viruses are discussed and estimated.

The spectral analysis is the physical method of the quantitative and qualitative analysis
of the chemical composition of substances, based on investigation of their optical spectra. It is
distinguished by the highest precision and accuracy, being applied in physics, chemistry,
metallurgy, geological searches, medicine, etc. The spectral analysis combines investigations
based on the interaction between a matter and radiation. Atomic and molecular spectral
analysis provides the possibility of determination of the atomic and molecular composition of
investigated elements. Its theoretical basis is the spectroscopy [1].

The main goal of our studies consists in choosing appropriate, mostly acceptable and
highly precise spectroscopic methods in investigations, concerning various nano and micro
biological objects, in particular, the methods of revealing and detection of viruses, existing in
the environment, surrounding humans.

The optical spectral analysis is the easiest to be carried out, needing no complicated
preanalysis preparations. Atomic spectra are received by pulling the sample into the gaseous
condition appearing at its heating to 1,000 — 10,000 °C (Figure 1). Light rays pass through the
gas, the spectral lines manifesting all elements the gas consists of. Mathematical foundations of
the spectral analysis were elaborated in 19th c. by French mathematician Jean-Baptiste Joseph
Fourier (Figure 2).

Besides the visible spectrum, the infrared — /R-analysis in the range 800 — 40,000 nm —
and the ultraviolet — UV-analysis in the range 200 — 400 nm — areas are used in the spectral
analysis. Rather frequently the nuclear-magnetic resonance — NMR-analysis — is applied as well.
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These are the most significant and widely used investigation methods providing the almost
complete information concerning to the composition of organic compounds [2].

Figure 1. Spiritusfire Figure 2. Jean—Baptiste
and its spectrum. Joseph Fourier (1768 — 1830).

During our searches we have dig up a lot of scientific papers, articles and conference
thesis and found out, that the leading specialists and famous laboratories carried out the wide
scaled investigations on radioactive materials, semiconductors, rare metals and chemical
reactive within the scopes of the analytical chemistry. Among the revealing / detection methods
the most sensitive ones — radio-activating, mass-spectrometric, as well as emissive spectral
analysis, luminescence, and photometric methods had been developed. All these methods are
distinguished by extremely high analytical characteristics, easy access and simplicity [3 — 6].

Let us more tightly consider different spectroscopic methods in order to select further
the mostly appropriate one for our purposes. First of all, notice that all of them are based on the
interaction between atoms, molecules or ions of the analyzed substance and the EM-radiation.
Depending on the kind of radiation two approaches should be distinguished — emissive and
absorptive methods. Meanwhile, due to the particles, forming the analytical signal, specialists
consider the atomic and the molecular spectroscopy.

Emissive spectral analysis is based on examination of linear spectra emitted by the
colored steam of heated investigated substance. It manifests itself as the physical method of the

quantitative and qualitative analysis of the composition of a substance [3]. Presence of lines of
any element in the spectrum points on existence of this element in an investigated substance —
this is the gualitative analysis, while the lines intensity in the spectrum of the element measures
its concentration — the guantitative analysis.

Emissive spectral analysis (Figure 3) is simple, fast and very sensitive, needs no
preliminary preparations and big number of samples. In investigations we paid the special

attention to the importance of monochromatic light sources that is taken into account within
the scopes of modeling study of the set problem. At the same time photoelectric registers —
photometers are very important providing as fastness, exactness and simplicity of the process, as
reveal of extremely small (of micro- and nano-scale) amount of investigated elements. Basic
emissive methods are the atomic-emissive spectral analysis and the luminescence analysis.
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Figure 3. Absorptive (upper) and emissive (lower)
atomic spectra of the same element: A — absorptive
optical density and I — emissive intensity.

In absorptive spectral analysis (Figure 3) the radiation incoming from an external source
passes through the sample, part of photons being absorbed by atoms and molecules. Basic
methods here are atomic-absorptive spectral analysis and molecular-absorptive spectroscopy.
The latter one usually is called the spectrophotometry or the photometric analysis. Emissive /
absorptive spectra are registered by the spectrometers. Emissive / absorptive spectra are very
similar to each other being defined by the same kind of energetic transitions of given elements.

In the schematic presentation of spectrometers we paid the special attention to
significance of the monochromatic source that was taken into account in modeling study of the
stated problem. In the analysis of the spectroscopic quantities we defined the meaning of the

intensity, molar concentration and dependence of the optical density on light wavelength. It
should be expressed as well that at change in the concentration the number and location of
maxima of spectral curves relative to light wavelength axis remains unchanged. It once again
proves expedience of study of single particle problems.

Let consider now emissive and absorptive spectra separately [5]:
° In emissive spectral analysis we distinguish the qualitative and the quantitative analysis.
In the qualitative analysis widest spectral portfolio are used, where etalon emissive spectra for
big number of elements are gathered with wavelengths and lines of the relative intensity given
as well. And received experimental spectra are compared with them. In the quantitative
analysis the emissive intensity is determined by the concentration of atoms. For given light
wavelength the intensity /in the sample is proportional to the concentration C' of an element:
I= a C, where « is the proportionality coefficient. Calculation of concentrations is carried out
at the n-graded graphs built up beforehand.
° In absorptive spectral analysis when light passes through a substance, the light intensity
decreases due to its absorption and scattering by this substance. For estimation of losses in light
so called comparative solution is used, not including the investigated substance. Light passes
through both basic and comparative solutions and the intensity of passed light is measured by
Bouguer-Lambert-Beer law 7= 7o e~” ¢/, where 7o is the incident intensity, / is thickness of the
layer passed, and f is the proportionality determined by the substance absorption properties.
The difference between /o and /is determined by nature and concentration of the investigated
substance.
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Figure 5. Spectral pyrometer. 1 - light source, 2 —
prism, 3 — vessel with substance under investigation,
5 —light receiver (photocell), and 6 —microampermeter.

In molecular-absorptive spectroscopy, as an analytical signal the optical density (A) is
used. It is the logarithm taken from the ratio of intensities of light passing through the basic and
comparative solutions: A =log /o / I It is proportional to the concentration as well (A ~ C). For
measurements of the optical density and registration of absorptive spectra (Figure 4) the spectral
photometers (Figure 5) are used, consisting of mono-chrome-lens, light source, emission
receiver and register.

The absorptive spectrum of the solution is given in A — A coordinates, at the change in
the concentration the spectral curve vertically deviates, while the number and location of
maxima relative to light wave scale remain unchanged and that proves the expediency of
studying the single particle problems (Figure 6).
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Figure 6. Absorption spectra of solutions of different concentrations.

Consider now the molecular electron spectroscopy [6] known also as the ultraviolet
spectroscopy — the method of determination of composition of a substance based on the analysis
of emission / absorption spectra of light (Figure 7). Interaction between light and the substance
results in transition of excited electrons from one energetic level on another. When its energy

exceeds the ionization potential electron leaves the molecule i.e. ionization occurs. When elect-
ron transits from the excited level on lower energetic level — the emission of a photon occurs. It
appeared that for most molecules light wavelengths corresponding to electrons transitions are
located within the range of visual light — ultraviolet light (100 — 730 nm). The corresponding
energy is sufficient to transit the electrons of organic molecules into excited condition.
Difference in energies of signed conditions is divided into quanta, resulting in absorption of
photons of strictly determined energies.
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Figure 8. Double-ray scanner-spectrometer

Figure 7. Electron spectra  Lambada 35 operates in Vis. And UV regions
of different substances. of the spectrum (190 — 1100 nm). Its function
is objects’ quantitative and qualitative analysis

In ultraviolet area absorb all organic substances. The “working” region is usually
composed within 190 — 730 nm range, but in most cases it varies within 200 — 380 nm. Optical
materials within this range are transparent and, thus, may be used for manufacturing of lenses.
While for investigations of dielectrics possessing too wide forbidden zones the wavelengths less
than 190 nm (so called vacuum ultraviolet) are applied. The amount of substance for
investigations is small — about 0.1 mg that greatly increases the popularity of the method [7].

And now let us overview what advantages gain wltraviolet photoelectron spectroscopy
[6]. As it was discovered, here the ultraviolet emission excites photoelectrons and causes their
release from filled electron levels in the valence and conduction zones due to photo-ionization.

As the laboratory sources air-discharge bulbs are applied, mostly filled by helium (Figure 8).
Due to application of photons with relatively low energy, during photoemission only valence
levels are excited. It should be noted as well that filled orbitals of absorbed molecules strongly
influence on the photoelectron spectra. This method manifests itself as the strong and effective
weapon in studying the structure of valence zones in the surface of the material as well, as the
various surface alternations, caused by different ongoing processes such as absorption, growth of
thin films, chemical reactions, etc.

Now we arrive to the method of dynamic scattering of light merging such phenomena as
change in the frequency (Doppler shift), intensity and direction of light are [8, 9]. The dynamic
scattering of light [9] is used in the laser correlation spectroscopy for determination of the size
of particles in suspensions. The size of particles to be considered should be of the same order
that light wavelength (Figure 9). When light rays pass through the suspension, the elastic
scattering of light (Rayleigh’s) takes place. Here the laser emission is used — being coherent and

monochromatic. As the quantity to be measured so called autocorrelation function is taken
being considered by change in the intensity of scattered radiation in time.
The method of laser correlation spectroscopy possesses number of sufficient advantages:

° measurement time — minutes;
° analysis may be carried out within the environment of existence of bio-objects;
° reception of statistical characteristics of the strain;

ability of reveal of even very small changes in investigated object, by comparison the
light spectra, scattered by a sample before and after the change in conditions of surrounding;
° reliability of the information concerning the ongoing changes within the system, as to
conditions of the sample during measurements remains unchanged despite the influence of
different external factors.
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Figure 9. Dynamic scattering of light.
Large and small particles are shown, Figure 10. A virus.
respectively, in upper and lower parts.

The method of laser correlation spectroscopy is related to the methods of
nanotechnologies, successfully used in investigations of viruses. Its main advantage consists in
the ability to directly, in vitro, influence on live viruses by different factors, while the virus,
itself, remains unchanged and still alive — whether investigations are carried out within its
environment of existence.

This method is used also in stating the size of viruses. The measurements of the
correlation functions of light scattered by the viruses of hepatitis A and of AIDS were carried
out. The size of AIDS viruses was considered as 104 nm, while for hepatitis A — 28 nm. For
control the method of electron microscopy was used, measuring the size of viruses in fixed
samples. Notice though that the comparison revealed good coincidence of data.
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Aunoramus

YcrpoiictBo 1A 0OmydeHMA 0OpaslioB SIUTEpPMaJbHBIMM HEHTPOHAMH peaKTopa
IpejCcTaBIgeT CcOOOHM BEepTHKAJBHBIN KaHAA IMIMHIPUYECKOH (GOpPMBI, BBIIOJHEHHBIN U3
PafMalMOHHOCTONKOIO MaTepHaa, 9acTh KOTOPOTO, pasMelleHHasd B aKTUBHOM 30He, IIOKPHITA
KaJMUeBBIM DKPaHOM M uMeeT S-00pasHbIf u3rub. Pamuyc KpHBH3HBI H30THYTOI 4YacTH
KaZIMHEeBOTO DKpaHa o0ecleyuBaeT CMellleHWe BepXHeHl M HIDKHEH uvacTedl 5KpaHa Ha
pacCTosHUe, paBHOe TpeM AHaMeTpaM KaHaja. Takasd KOHCTPYKIUA SKpaHUPYIOUeH dYacTh
s dexTHBHO obecleynBaeT IIOJHYIO OKPAHHPOBKY O0O0IydYaeMbIX OOpPasI[OB OT TEeIJIOBBIX
HEHUTPOHOB IIPY IIPOM3BOJBHBIX PeAJTU3yeMbIX OSKCIIO3UIUAX, CIOCOOCTBYeT YyBeIUYEHHIO
IIPOM3BOJUTENIFHOCTH METOZA.

B mpakTuKe MHCTPyMEHTaJIbHOTO HEHTPOHHO-aKTHMBanuoHHOro aHanusa (MHAA) mns
00JIlydeHHs STMHUTePMaTbHBIMU HeHTPOHAMHU dKpaHBI M3 HEHTPOHHOIIOIJIONIAIONIET0 MaTepHasa
M3TOTOBJIAIOT B BUJle KOHTeHHEPOB Pa3IWYHBIX (OPM, B KOTOpbIe ITIOMENIAIOT OOpasIiisl B BUJE
dbomer A 06epTKY KOHTeHHepOB C 06pasliaMy U 9KPaHOB 00 TydaTeTbHBIX KaHaIOB [1]. IlepBrie
IBa BHJA IIPUCHOCOOJIEHHUH OOJYy4alOT B AaKTUBHON 30HE peakTopa IIyTeM IIOTPYXeHHU:I B
BOJI03aII0JTHEHHBIe KaHaIbl peaKTopa, U3TOTOBJIeHHEIe B BH/le TPYO U3 aTIOMUHHUEBOTO CILIaBa.

Hcnonp3oBaHme TaKOTO THIIA IPUCIIOCOOIeHNI U3 SKPAaHUPYIOUINX TeIIOBbIe HeHTPOHBI
MaTepHajIOB CBA3aHO C PAZIOM CyIleCTBeHHBIX HeJOCTaTKOB. A MMEHHO:

- HCKJIIOYeHa BO3MOXKHOCTD ITPOBEe/IeHUs aHAIMU30B II0 KOPOTKOXUBYIIUM HYKJIHUJAM H3-3a
HeOOXOJUMOCTH OCYLIeCTBIEHUA PpAJa PAZUAIOHHO OIIACHBIX OIE€Palldif, CBA3AHHBIX C
pasZieleHHeM CHIBHO aKTUBHMPOBAHHBIX OKPAaHOB M O0OpasIOB; TaKHe IIPUCIOCOOIEHUS
IpeJCTaBIAIOT IIOMeXy B OKCIUIyaTalluy ammnapara (peakTopa) B IIpoliecce ero paboTsI
BCJIEZICTBHE BIMAHUA Ha HEUTPOHHOE TI0JIe aKTUBHOM 30HHI CHJIBHO IIOTJIONIAIONIEr0 MaTepHaa
IIpU TlepeMeleHUN;

- yKasaHHBIe IIPUCIOCOOJIeHUA ITIPUTOAHBI TONBKO JJIA Pa30BOTO MCIIONB30BAaHUA H3-32
BBICOKOMl aKTHBHOCTH, TpeOyiouleii IpoBefeHUEe MHOIOJHUTENbHBIX pPaboT, CBSA3aHHBIX C
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yCTpaHeHHeM paJUuOaKTHUBHBIX OTXOJ0B, OTPaHMYMBAIOIIMX OKCIIPECCHOCTh M MaCCOBOCTH
obrydenns. CucremaTtudyeckoe oOJSydYeHHe KOHTEHHEpOB B BOJO3AIOJHEHHBIX KaHaIax
ABJIAETCA MCTOYHUKOM 3arpsA3HEHUA BOABI OaKa peakTopa, IPUBOAUT K HEOKOHOMHOMY PacXomy
MaTepHraja S5KpaHa.

W3BecTHBI KOHCTPYKIIMM TOPH3OHTAJIBHBIX OOJydaTeTbHBIX KAaHAJIOB C KaJMUEBBIM
9KpaHOM Ha KOHEYHOM, pacCIOJIOKeHHON B aKTMBHOM 30HE, 4aCTH, KOTOpasd He IPUIOJHA JJid
IIPOJJOJDKUTEIBHON DKCIIO3UIIMY OMOJIOTUYECKUX MAaTepHaloB BBULY OTCYTCTBUA IIOJTHOM
SKPaHUPOBKU U ITONAaHNA Ha 0Opasel] HETPOHOB CO CTOPOHBI UX IIOZAYX U BBITPY3KHU.

s ycTpaHeHHs IepedurCIeHHBIX HeJOCTaTKOB M ObeclleyeHUs MAcCOBOTO OOJIy4eHUS
O0pasloB SIWUTEPMAJbHBIMM HEHTPOHAMU peakTopa C JIH000H IPOAODKUTENIBHOCTHIO
SKCIO3UIUY AaKTHUBUPYeMOTO MaTrepuajga IIpH JIOOBIX peaJbHBIX MOITHOCTAX, a TakKxke
IpeflOTBpallleHus IIPOCTpena OBICTPHIX HEHTPOHOB HA IUIONAZKY, IIpeZJjIaraeTcs HOBOE
00JIy4aTesIbHOe YCTPOMCTBO, KOTOpOe IIpecTaBifgeT co0Oi BepTHUKAAbHBINM KaHal Ha yposHe
AKTHBHOM 30HBI OH MMeeT YeXOJI C IIOMellleHHBIM B Hero HeTPOHHOIIOTIOIAUUM SKpaHoM. B
BEepXHelH YacTH DKpaHa KaHaJ MMeeT M3rub C pafiiycoM KPHUBU3HBI, KOTOPBIHl oOecmedyuBaer
CMellleHre OCell BepXHeW M HIDKHeH JacTel dKpaHa OTHOCHTEIBHO APYT Apyra Ha BeJIWYHHY
paBHYIO ITOpAKa TpeM AuaMeTpaM kaHaza (cm. Pucysok 1) [2].

. N6
BN

Pucynox 1. Cxema kaHasa ¢ KafjMueBbIM 9KpaHoM: 1 — KaHaJ, 2 — yexou,
3 — 9KpaH M3 MeTaJUINYeCKOTO KaaMus, 4 — BTYJIKA JJIsI YCTaHOBJIEHUS
KaHaja B cOOpKe, 5 — BHeNIHUIT 4eX0J, 6 — KpeIlsleHHe K KPBIIIKe
6aka peakTopa ¥ 7 — IPUCIIOCOOIeHe I TOABEIINBAHNA 00Pa3I[OB.

BepTukanpHBII KaHAT IIpeCTaBigeT co00ii TpyOy M3 pafualiOHHOCTOMNKOTO MaTepuaa,
HaIIpUMep, U3 aJIOMUHMEBOro ciiaBa A—1, B HIDKHe# YacTH Ha BBICOTE aKTUBHOM 30HBI KaHAJ
“MeeT 4exos 2 U3 TOTO Ke MaTepuaja M dKpaH 3, IOMeIeHHBIH MeX y TpyOoii 1 u yexsom 2.
OKpaH 3 BBIIOJIHEH W3 MaTepHasa, IIOIJIOIAIONIETO TeIUIOBble HENTPOHBI MeTa/IMYeCKOTO
KagMUa TONIMUHON ~ 1MMm. [ljna sydmedl Teluromepeayu 5KpaH 3 C 4YexJIOM 2 IIJIOTHO
mpuneraer K TpyOe 1. Kamam mmeer m3ru6 B BepxHel YacTM DKpaHA [JA IIPeJOTBPAIlEeHUA
IIpocTpesia GBICTPHIX HEUTPOHOB ¥ HaTEYKU B KaHAJI TEIIOBBIX HEUTPOHOB U3 TOI €T0 YacTH, e
HeT 9KpaHa. Benwyumua m3ruba omnpezesneHa pafuycoOM KPUBU3HBI, 00eCIIeUYMBAIOIIMM TaKOe
CMellleHVEe BepXHeH M HIDKHEH YacTeil KaHajla, KOTOpOe ITO3BOJIAET 0e3 ITOMeX 3arpy3uTh €ro
o6pasuamu. Paguyc xpususus! paseH 3000 My, a BennunHa cMeueHus ~ 70 Mm.
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Hrxauit KoHel kaHaja 3aIlagsH ¥ MMeeT HAIPaBIAONYIO BTYJIKY 4 [JIS yCTaHOBJIEHUA
ero B IIEHTPAJbHOM IUIOCKOCTH TeIJIOBBIJENAIOme COOpPKM peakTopa. BepxHuii KoHer
IIPUCOeIMHEH K KPBIIIKe O0aka peakTopa C MOMOILIBIO KpelieHu: 6. B BepxHeil yacTu KaHala OH
MMeeT IPUCIIOCOOIeH e [JIs TOABEIINBAHIA 00IydaeMbIX 00pasIioB.

YcrpoiictBo paboraeT cienylomuM 00pa3oM: KaHAJA YCTaHOBJIEH B IeHTPaJIbHOU
IIJIOCKOCTH TeIUIOBBIZENAONeHl COOPKM aKTUBHOM 30HBI peakTopa. Ha moBepxHOCTH KaHaia,
PacCIOJIOKEHHOTO B aKTUBHOM 30HE peaKTopa, IIOIAJal0oT HEUTPOHBI BCeH SHEpreTHYecKOH
006JIacTH CIeKTpa AejeHus. B kazMueBoM sKpaHe MOTJIONAIOTCA HEHTPOHEI ¢ dHeprueii > 0.4 3B.
Bnarogaps Hamuyuio gHa M u3rumba y KaZMHeBOTO KaHaja OOpaslibl, IIOMEIleHHbIE B IIOJIOCTH
KaJMHeBOTO YeXJIa, 00JIy4aloTCa TOJIbKO HelTpoHaMu C oHeprueii > 0.4 aB. BricoTa kagmueBoro
9KpaHAa, paBHAasd BBICOTE AKTUBHOW 30HBI peAaKTOpa, MHCKIOYaeT oOaydeHHMe 00pasLoB
HeHUTPOHAMH IIOJIHOTO CIIEKTpa JeJIeHHs IIPU 3aTPy3Ke U BHITPy3Ke 00pasiioB B pabodyeM pexxume
amImapara.

ITpenmaraemoe ycTpOHCTBO AyA OOMydeHUs OOpas3LOB SIIHTEPMATbHBIMU HEUTPOHAMHU
peakTopa 06J1afjaeT pALOM HOJOXHUTEIbHBIX Ka4eCTB:

- CIIOCOOCTBYeT OOJy4eHHIO OOpa3loB SIIUTEPMAJTbHBIMU HEHTPOHAMH, OSKCIIO3UIIHeH
IIPOU3BOIBHON IIPOZOJKUTENIBHOCTH IIPH JIFOOBIX peajn3yeMbIX Ha PeaKTOpaxX MOIIHOCTAX, YTO
3HAUUTEJIBHO PacIIupsAeT WHPOPMALHIO 00 3JIeMEeHTHOM COCTaBe HCIIONb3yeMBIX MaTepHajoB
61arozapss BO3MOXHOCTH ITPOBeIeHNS UX aHAIN32a 10 KOPOTKOXKUBYIIUM PaJHOHYKIHIAM;

- IIPOM3BOJUTENPHOCTh OOTydYeHUSA IPAaKTUYECKH He OrpaHHYeHa Oyarojgaps HaTHYHIO
OoJIBIIETO TI0 CPaBHEHMIO C KOHTeifHepoM pabodero o6bseMa M BO3MOXXHOCTH HEIPepHIBHOTO
WCIIOJIB30BAHMA KAaHAJIA;

- paboOTEI 1O yJAaJeHWIO pafMOAaKTUBHBIX 3arpA3HEHUN IIocie OOIydeHHsS OOpasloB
IOBeZleHbl [0 MHUHHMyMa W OTPAaHMYMBAIOTCA TOJNBKO IIEPeyNaKOBKOM WX  [JA
CIIEKTPOMETPUYECKUX U3MepeHU;

- SKCIUTyaTalusA YCTPOMCTBA He IIPeZCTaBIAeT PaJUallMOHHON OIACHOCTU BBUJY HAIUYUA
n3ruba B BepXHeH YacTH KaJ[MHeBOTO 9KpaHa, IIpeJOTBPAIIAIONIeTo IIPOJIeT OBICTPBIX HEUTPOHOB
Ha BEPXHIOIO IIJIOMAZKY PeaKTopa, OTKyZa IPOM3BOAHUTCS 3aTrpy3Ka 0OpasILoB;

- BO3MOXXHOCTB OKCIUIyaTalliM IIpe/ijlaraeMoro YCTpo¥icTBa 6e3 3aIl[UTHON IIPOOKH
CIIOCOOCTBYeT eCTEeCTBeHHOH BEeHTU/IALINH OOpPa3LoB B IIpollecce OOIydYeHHSI U IpefOTBPAIlaeT
meperpes 00yJaeMbIX 0Opa3IioB, XapaKTePHBIX JJIA CyXHX 00ydaTebHBIX KaHaIOB;

- SKOHOMHTCA Ppacxofi MaTepHaja IIOIJIOTUTeNS M COKpamiaerca o0beM paboT 1o
M3TOTOBJIEHUIO KOHTEHHEPOB /I Pa30BOTO UCIIOIb30BAHHUA.

Jdna WHAA Ha osnuTepMasbHBIX HeHTpoOHaX BaXKHO OIIpefieleHHe KaJMHeBBIX
OTHOIIEHWH, MeNIAIoIUX MU OIpefiefdeMbIX 2JeMeHTOB. IIpu OTCYTCTBMM BO3MOXXHOCTH
IIpoBe/leHNA TaKUX M3MepeHHUi B CIydyae MCIIOAb30BAHUA JJIA aKTHBAIMM KaJMHeBOTO KaHaja
HeoOXOJUMO HMeTh JAaHHBIe OTHOCHUTEIBHO >HEepreTHYecKOTO pacIlipefie/leHHs HeHWTPOHOB B
TOYKe O0OixydeHHs oOOpasnoB. Takue [JaHHbBIe IIPeJOCTABIAOT BO3MOXHOCTh OLEHUTH
M30MpaTeIbHYI0 aKTUBAIUIO, IIOPOT OOHAPY>KEHUA U OIIpe/ieJIeHHA OTZe/NIbHBIX d1eMeHTOB. [l
5TOTO OBLIO M3MepeHO paclpesiesieHHe OTOKa ObIcTphIX (> 0.5 MaB) HeliTpOHOB IO BepTHKAIN
KaJMHeBOTO KaHajla, Ha OCHOBAaHMM KOTOPOrO OBITa HalileHa TOYKa, COOTBETCTBYIOIIASL
MaKCHMaJIbHOMY 3HA4YeHHUIO IIOTOKA, B JaJbHeHIIeM KCIOIb3yeMasd AJia OoOJydeHHs OOpasIioB.
11 yKasaHHOH TOYKM OBLIA ITOJTydYeHa KapTUHA SHEPreTHYeCKOro pacIipefiesleHUs OBICTPBIX U
Pe30HaHCHBIX HEUTPOHOB.
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W3syuenue pacmpesesieHHs INOTOKA OBICTPHIX HEUTPOHOB IIO BEPTHUKAIU KaJMHEBOTO
KaHaja IIPOBEJIEHO C IIOMOINBIO YHHMBEPCATBHBIX ETEKTOPOB HA OCHOBE KOMIIO3UIIUU
TepMOPEaKTUBHOH (peHOIPpapMaIbIeruAHON CMOIBI U IPOAYKTOB €€ IMUPOJIU3A C dJIeMeHTaMH,
VMEIOIIMMHY ITOPOTOBBIE CeYeHUs peaKIuii Ha OBICTPhIX HeliTpoHax [3]. B kauecTBe meTeKTOpOB
IJI MU3MEPEeHH A IOTOKOB OBICTPBIX HETPOHOB OBLIM IPUMEHEHbI KOMIO3ULIMY C BHEZPEHHBIMU
anemenrtamu Ni, Ti, Hg, Al u Co.

V3mepenus u pacyeTsl CIIEKTPOB IIPOBOJUJIMCH COTJIACHO «MeTomm4ecKoMy yKazaHHUIO
II0 BOCCTAHOBJIEHUIO CIIEKTpa OBICTPHIX HEHUTPOHOB IIPH HCIIOJIH30BAHUM aAKTHUBAIIMOHHBIX
MeToZI0B u3MepeHus» [4]. [lomryuenHas KapTuHa pacIpefieleHUs IOTOKOB OBICTPHIX HEHTPOHOB
II0 BEPTHKAJIM KaJMHEBOIO KaHaja IPUBOAUTCA Ha PucyHKe2 U TIOKa3pIBaeT, dYTO
MaKCHMMaJIbHBIM IIOTOK HEUTPOHOB COOTBETCTBYyeT TOYKe, OTCTOALIEeH OT JHAa KaHaja Ha
paccrossaue 60 cM, mpu momuocty ammapara 1 MBr pasen 1.56 - 102 1 / cm? [IpuBenenHsIe
pe3yIbTaThl U3MEPEHUH TIOTOKOB OBICTPHIX HEHTPOHOB COOTBETCTBYIOT TOYKAM, OTCTOSIIUM APYT
OT JApyra Ha PacCTOSHUHU D5 CM M OTJIMYAIOTCI He Ooiyee, yeM Ha 5 %. Dro yKassiBaeT Ha
HeOOXOLUMOCTh y4YeTa M3MEeHEHMs ITOTOKOB JJIS PasJIMYHbIX TOYEK IIPOTSHKEHHBIX 00pasIioB.
s n3MepeHUs SHEPreTUYECKOTO paclpefieleHHs HEHTPOHOB B TOYKe OOJy4YeHUS OBLI
WCIOJIB30BaH CIIEIMATBHBINA [ETeKTOP, COZepKalluii OZHOBPEMEHHO HECKOJIBKO IIOPOTOBBIX
5JIEMEHTOB, TOMOT€HHO pacIlIpefie/IeHHbIX B MHEPTHOH MaTpHIle. DTO IIO3BOJIMJIO IIPU IOMOIIU
eAVMHUYHOTO OOJydYeHMs TAaKOTO [eTeKTOpa M IOCIeAYIOIero aHajau3a Ha MHOTOKaHAJIBHOM
aMIUIATYJHOM aHaIN3aTOPe IOIYYUTh KAPTUHY DHEPreTUYeCKOTo pacrpesieieHis HeHTPOHOB C
sHeprueit > 0.5 MaB.
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Pucynoxk 2. PacripesiesieHne TeMIiepaTypsl U IIOTOKA OBICTPBIX HEHTPOHOB
B Ka/IMHEBOM KaHaje: 1 — KpuBas pacIipe/ieJIeHHs TeMIepaTyphl Ipu
MoIHOCTY peakropa 3 MBT, 2 — KpuBas pacipezeleHUS TeMIIepaTy Pl
pu MouHOCTH peakTopa 8 MBT u 3 — KpuBas pacupeseneHUs
IIOTOKA OBICTPBIX HEMTPOHOB IIPU MOLTHOCTU peakTopa 1 MBr.

st Takux u3MepeHU ObLI UCIIOTH30BAaH KOMOMHUPOBAHHBIH JE€TEKTOP C BHEPEHHBIMU
nmoporoBeiMu snementamu Ni, Ti, Hg, Al u Co. IlonyuyeHHas KapTWHa SHEPTreTUYECKOTO
pacipesieleHUs HEHTPOHOB B TOYKe, COOTBETCTBYIOLIell MaKCUMaJIbHOMY HWHTErpaJbHOMY
IIOTOKY HEHTPOHOB, T.e. Ha AyinHe nozgseca paBHoro 7200 MM, mokasana Ha Pucynke 3.
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Pucynoxk 3. Kpusble 3aBUCHMOCTY TeMIepaTyphl pafHaliOHHOTO
HarpeBa 6uomatepuanos 1 PPC or Maccs! ¥ TOTOKA HEHTPOHOB.

ITpoBenmeHHbIe M3MepeHUS OSHEPreTHYECKOTO CIIEKTpa SIUTEPMAaJbHBIX HEHTPOHOB B
TOYKe O0OnaydyeHus O0OpasLoB B KafMUEBOM KaHaje [JAlOT BO3MOXHOCTh OI[€HUTH
YYBCTBUTEIBHOCTD OIIPeZe/IeHUs DIEMEeHTOB, UMEIOIUX OOoJblIye pe30HAaHCHBIE U IIOPOTOBbIE
ceueHHUs aKTHWBauuu. [IprHUMas BO BHUMaHWe, YTO 3HAaYeHHe IIOTOKA TEIIOBBIX HEHTPOHOB B
MaKCHMyMe pacIipefiesieHHs 1o anuHe neHTpanrbHBIX BOK peakropa MPT-M mpu momzoctn 1
MBrt coctaBiser (1.2 — 1.5) - 102 1 / cM?, MOXHO TIpeAIIONaraTh, YTO B KaJAMHUEBOM KaHaje
(Tax’ke B TOYKEe MaKCHMAaJIbHOTO 3HAYeHUsA IIOTOKOB HEHTPOHOB), OH He OyZeT IIpeBbILIATH
101/ cm? ¢ [5]. Onpenenenue 3HaYeHHSA ITOTOKOB HEHTPOHOB Pa3IMYHBIX DHEPreTHYECKHUX
TPyNI B MakCHUMyMe pacIpefie/leHUs 110 BBICOTe KaJMIEeBOTO KaHajga IpH MourHOCTH 1 MBT
IIOKa3ajo, 4To oHO cocrasyger 2.2 - 101, 1.5 - 102 1 5.6 - 10! H / cM? ¢ AJIA TEIIOBBIX, OBICTPBIX
Y Pe30HAHCHBIX HeHTpoHOB. [IpuBejeHHOE COOTHOILIEHe NHTEHCUBHOCTEH TEIIOBBIX, OBICTPHIX
M PEe30OHAaHCHBIX  HEHTPOHOB  IIOATBEpPXKJAeT  BO3MOXKHOCTh  CO3JAaHHUA  YCJIOBUM
IIpeUMyIeCTBeHHOM aKTHBALUK JJIEMEHTOB C OOJIBIIMMHU pPE30HAHCHBIMU CEYeHUSMHU 3aXBaTa
HEHUTPOHOB B SNHUTEPMaTbHON 00JACTH C IIOMOLIBIO ONMKCHIBaeMOro kanaina. /lamee Oyzer
IIOKa3aHo, 4TO OOyydeHuMe O6HOOOpa3LOB B [JaHHOM KaHaje CIIOCOOCTBOBAJIO [OCTHKEHUIO
YZAOBJIETBOPUTEIBPHOM M30MpPaTEeNbHON aKTUBALMK PAZa 3JI€MEHTOB Ha OCHOBAHUU 4ero U ObLI
paspaboran mHOTO21eMeHTHBIH IHAA 6uomarepranos.

fIBneHMe pasManMOHHOTO HarpeBa OMOJIOTrMYeCcKUX 00pasloB, HabM0zaeMoe B IIpoIecce
00JIyueHUs B peaKTope, ABJIAETCH CIeACTBUEM B3aUMOJAEHUCTBUA Y-Tydeid U HEHTPOHOB CIIEKTPA
ZleJIeHUs C BellleCTBOM 00paslia, COIIPOBOXKJAIOLINeCs ITepeiadeil SHEPTUU U BbIJjeIeHUeM TeIlIa.
V3meneHue TeMIepaTypsl 00 IydaeMoro oopasia (IIOTJIOTUTENS) OT IepeJaHHOi eMy SHEepPruu,
COOTBETCTBYIOLIEl 1 KaJopuu TeIuia, JaeTcs ypaBHeHUeM [3]

AT/AE=1/mc (rpag / xan), (1)
rae T— remneparypa, £— sHeprus, m — Macca IIOTJIOTUTEN, a € — yeIbHasA TeIIOEMKOCTb.

ITpuBenenHOe ypaBHeHMe IIOKasbIBaeT, YTO TeMIIEpaTypa pafUaIllMOHHOIO Harpesa
00JIly4eHHBIX OOpa3I[OB 3aBHUCHUT OT JHEPTUU IAJAIONIEr0 M3TydYeHUd, KOTOpas B YCIOBUAX
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peakTopa JOCTHTAeT 3HAYeHUH, IIPU KOTOPBIX OKAa3bIBaeT CyLIeCTBEHHOe BIUAHUE Ha
pe3yJIbTaThl 3JIEMEHTHOTO aHanxm3a O0moobpasios [6]. OTcyTcTBHE CHCTEMBI OXJIAKIEHUS B
KaJMHeBOM KaHaje ¥ [JAaHHBIX OTHOCHUTEJIBHO CTEIIeHM HarpeBaHUsA OOpasloB B IIpoIiecce
00Jly4eHUs IIPUBOSUT K HEOOXOZMMOCTH OIIpefiefieHusA ee 3HaYeHudA. BBupy TOro, dUTO
olpeZiesieHNe TeMIepaTypbl HarpeBaHus OuooOpasuoB 1o ypaBHeHuio (1) cBs3aHO C
W3BECTHBIMHU TPYJHOCTAMH, XapaKTepU3YIOU[UMU pacyeThl TEIUIOBBIJENIEHUA OT )-Iydedl u
HEHUTPOHOB CIIEKTpa JeJeHUS B IOTJIOTUTENAX, a TaKXe OTCYTCTBHEM IAHHBIX OTHOCHUTEIBHO
yZAeIbHOM TeIIOEMKOCTH OGMOMaTepHasoB, ObUIM IIPOBeIeHBI SKCIIePUMeHTaIbHble H3MEePEHMU C
IIOMOIIBIO TEPMOIAp.

ITpoBeseHye BHYTPpHUKaHAJIBHOTO U3MEpPEHUA TeMIEPATyphl PaJUallMOHHOTO HarpeBaHUS
O0Opa3lioB CTABWJIO ILEAbI0 BBHIOOD OITHMAIBHOTO peXHUMa OO0JydeHUsd, 00eCleunBaioIero
MUHUMa/bHble HEKOHTPOJIHpPyeMble IIOTepU NpU 00IydeHUU 0o0pasuoB Oe3 oxymaxigeHud. [l
STOTO OBLIM M3y4YeHHbI 3aBUCHUMOCTH TEMIIEpaTyphl PafHallMOHHOTO HAarpeBaHHUSA OOpasIOB OT
MacChl, 3aBHCHMOCTH TeMIIepaTyphl pafiMallMOHHOTO HAarpeBa IPU PasHbIX WHTEHCHBHOCTIX
IIOTOKAa HEHTPOHOB U paclpejeieHue TeMIepaTyphl pafuallMOHHOrO Harpesa 0OpasloB BJOJIb
KaJMHeBOTO KaHajua. lI3aMepeHHs TeMIepaTyphl OBLIO IIPOBEZEHO C IIOMOIIBIO XPOMEJb-
KOIIeJIeBOM TepMoOIlaphl, OAMH Kpall KOTOPOTO OBLI 3aKpeIlIeH HeIOCPeACTBEHHO B IIEHTpe
00yly4aeMOro o0pasiia, a BTOPOHl «pellepHBI» HAXOAMJICA IIPU TeMIlepaType TasHHUA JIbJa.
Tepmomaps! 1o Bceil BbICOTe KaHaja OBLIM M30JIMPOBAaHBI KepaMHYECKOH TepMOM3OIALMEH, U
MOAKIIOYANN B KOMIIEHCAIMOHHYIO MOCTOBYIO HM3MEPUTENIBHYIO Iellb, O00eCIeYHBaIouIyIo
TouHOCTb u3Mepenus ~ 0.1 % [6].

OO6pasmpl, 419 KOTOPBIX OIpefiesaics PafHallMOHHBIN HarpeB, IIPeJCTABIAIH COOOI
IIpecCOBaHHble TaOJIETKM TOMOTEHHOTO TIIOpOUIKAa OO0e3BOXKEHHBIX OHOJIOTHYeCKHX U
YIIaKOBOYHOTO MaTepHasIOB, TOMeIeHHbIe B OOBIYHO IPUMeHseMble aTIOMUHEBble KOHTEeHHEePHI.
11 ycraHOBIeHUsS 3aBUCHMOCTH HarpeBa OOpasIoOB OT UX Beca OBLIM B3ATHI HABECKH,
cocrasiaromue 10, 50, 100, 500 1 5000 mr. O6pasiisr pa3MeIaIiuch B TOUYKE, COOTBETCTBYIONIEH
MaKCHMaJIbHOMY WHTETPAaJbHOMY IIOTOKY HEUTPOHOB (TOYHO (PUKCHPYeMOTO OT AHA KaHAJa),
paBHomy 1 - 102 H / cm? ¢ mpu MomHocTH ammapara 4 MBr. Mamepenus TtemmepaTypsr
IIPOBOAYUINCH JJIA KaXZOTO 00paslia B OTZEeJIBHOCTH IIpX paboTe ammapara HA CTAI[MOHAPHOMN
MOIIHOCTH ¥ IIOCJIe YCTaHOBJIEHU IIOCTOSHHOM TeMIIepaTypsI B 0Opasiie.

Ta6muua 1. 3aBucHMOCTB TEMITEpPaTypPBI PAAHALIOHHOTO
HarpeBa 0Opa3IOB OT MACCHI ¥ MOIHOCTH aIllapaTa.

MomnocTts Macca o6pasna, Mr
armmapara | 10 | 50 | 100 | 500 | 5000
1 MBt 38 | 45 | 48 | 58 | 70
4 MBrt 90 | 100 | 110 | 175 | 230
1 MBt 43 | 45 | 47 | 60 | 74

Marepuan

Txans medenu

Pactarensrocts |y vie | 195 | 127|130 | 180 | 190
ocC 1MBr | 44 | 48 | 50 | 60 | 75
4MBr | 105|145 | 148 | 178 | 185

owsa 1MBr | 40 | 42 | 60 | 58 | 65

4 MBr 130 | 132 | 150 | 180 | 200
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ITpuBenennsie B Tabmume 1 3HaveHWs TeMIepaTypbl COOTBETCTBYIOT CpeSHUM
apudMeTHUYeCKMM U3 TpeX H3MepeHMil, npoBefeHHBIX c wuHTepBatoM 30 muH. Kpussie
3aBHCHMOCTH TeMIIepaTypsI OT MacChl 0OpasIia IIOKa3hIBAIOT, YTO C yBeJIWIeHHeM MacChl HaBeCoK,
a cJIef[0BaTeIbHO, ¥ KOJTMYeCTBa IOTJIOMaeMOY S9HePTIUH, TeMIIepaTypa paJuallHOHHOTO Harpesa
00yly4aeMbIX IIpOO 3HAYMTETBHO Bo3pacraeT. Hampuwmep, 11 obpasia Ie4eHOYHOH TKAaHU
(cooTBercTBytomero 10 mr) ona ysenmmuuBaercsa ot 90 mo 230 °C (coorBercrBytomero 5000 mr)
mpu OOJyYeHWH IIOCTOSHHBIM HWHTEIPATbHBIM (II0 SHEPrusM) IIOTOKOM OSIIUTEPMabHBIX
HeiiTpoHOB 5 - 102 H / cM? ¢ mpu momrHOCTH 4 MBT.

Pacnipenenenue TeMmmeparypsl pafMallMOHHOTO HarpeBa OMOOOpA3lOB IIO BePTHKAIU
KaHaja OBUIO IIPOBEJEHO IIyTeM W3MEpPeHHUsA TeMIlepaTypbl Ha oOpasie 00e3BOXXeHHOMH
IleyeHOYHOH TKaHU Maccod 10 r, KOTOpHIN B Hayaje M3MepeHWI HAaXOZWJICA HA JHe KaHaja, a
3aTeM NOATATUBAJICA BBEPX C HHTepBaIoM B 5 cM. V3mepenus remmeparypsr oOpasua
IPOBOJWIINCE JJIA KaXZOro mosnoxeHusa mocae 30 MUH BBIJEPXKH, HEOOXOTUMOW IJId
yCTaHOBJIeHHA TeMieparypsl. OnmuckiBaeMble U3MepeHUs OBLIN IIPOBEEHBI AT IBYX PEKUMOB
paboTel peakTopa coorBeTCcTByIOmuXx 3 u 8 MBr Mommoctu. PesynpraTsl uaMepeHmit
mpuBozATca Ha Pucynke 2.

CpaBuenue kpuBsix 1 m 2 c 3 (PucyHox 3) moKasbIBaeT, 4YTO paclpefieeHue
TeMIIepaTypsl PafUallMOHHOTO HArpeBa CTPOTO CJIefyeT 3aKOHY pacIlipefieleHHs IIOTOKOB
HEHUTPOHOB. B TouKe, COOTBETCTBYIOIEH MAaKCHMaTBHBIM IIOTOKAM OBICTPHIX HEHTPOHOB B 160 cM
OT /JHa KaHaja, TeMIlepaTypa pafiMalliOHHOTO HarpeBa COOTBETCTBYeT TAaK)Ke MaKCHMaJIbHBIM
sHaveHuaM — 149 u 284 °C. C gpyroit CTOPOHBI, U3 TOJy4YeHHBIX Pe3yJIbTaTOB CJeZyeT, YTO
TeMIlepaTypa pafualliOHHOTO HarpeBa OOpasIlOB pacTeT C yBeIWdeHHeM MOIIHOCTH allapaTa.
Taxk, or 149 °C mpu 3 MBT, ona yBenuuusaercsa xo 284 °C mpu 8 MBrT (ma 10 r 06pasmos) u oT
170 °C npu 4 MBrt (mns 50 r o6pasios) mo 284 °C mpu 7 MBr (mia 10 r o6pasuos). Ilonydyenusie
3HA4YeHUs TeMIIepPaTyphl PaZUallMOHHOTO HArpeBa MaTepUAIOB IIPU PAa3IUYHBIX MOUIHOCTAX
peakropa (cm Ta6mumy 1 u Pucymok 3) maroT BO3MOXXHOCTH BBIOOpa ONTHMAJIBHBIX HABECOK
00pasIoB U peXHuMa OOJIy4eHHSA B KaJMUEBOM KaHaje A yCTPaHEeHUs HEeKOHTPOJIHUPYEMBIX
moTepb B IIpouecce oOnaydeHusA. Bmecre ¢ TeM, OHM NOATBEpPXKJAIOT IIeeCcOOOPa3HOCTh
npuMmeHeHus B HAA OuomarepuanoB pammanuoHHO- u TepMmoctoiikoit POC B kauecTse
YIIaKOBOYHOTO MaTepuajsa OHMOOOpasIoB M OCHOBHI JJiA CHHTEe3a STaJOHOB CpaBHEHHA IIPU
HCIIOJIB30BAHUU OOJTyYeHUSI B HEOXJIXKAEHHBIX KaHaJIaX M, KpOMe TOTO, OOBACHAIOT IPHUIHHEI
PaCXOXAE€HHWA [OdHHBIX, IIOJYYE€HHBIX PA3IMIHBIMK HCCIE€NO0BATEIAMHK IIpM HMCIIOJb30BAHHNU

HeCTaHAApTHHIX dTamoHoB HAA [7].
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0MROL LO6MIBIG) LBS6R @B IR() 603IA0)

B. 350053539, 3. V609, 6. Bobemsdy

9. 96MM™b035d300l Bobozol 0blGoGHMEGHO

0. X 53560330000 Lsb. MBOEOLOL Labgwrdfogm MboggdLo@g®o
d00l0, LodsMM39gE™

Nanuli.bagdavadze@yahoo.com

3009005 2016 ol 8 s3Mols

3bm@o30

0ol LobmgBMOO  LEHBIOEGHMwo  bodxmdo  FgoEegl  J390Mmdsgegz0l
190 - 200 °C-80g  aobwGgdom  doegdme  omob (V)  mdbowl, sbGH®o3gblbs o
196MRM©OIswg300OH RoLL, 3d3MbgbEJd0L 890ga0 MIbsBsOEOMdo: 0.46 — 3.93,
9.62 - 9.76 5 86.37 — 89.79 35b. %, dgLsds3oby. 600l 459mygbgdol bLEBgOMS sb5EOBOl
B0MHM39-530D03MMH0 FgOM©IB0.

0ol LobmgbMMo  LEGHBPIOGHMwo  bodxmdol  FoEgdol  BHgdbmermyos
396939036905 965¢00BOl  Bd0OMZMW-30BOZMNMO  FgmEadol  LEghHml,  396Mdm,
LGHObIOGHMo 503Mdgdol sdBoIdL  ByoEOMbME-5d@03530M0 ©s M96Gygbm-
(5©0MIgGHOMwo IgOMYO0m 5b5¢0Bolsm3z0L s ol Fgodegds 25dmyqbgder 0dbsl
0oL FoLOo Fool 4obLlyBOZMOLsM30L Bbgsolbgs bodxdgddo, 39Mdm, 9396569
S 30MEMPoE  FoLoegddo, 4oMgImI33gero  LSIgsMml Md0gdBHJddo s bbgs, 1939
29M90ml  LodMgfggem  LEGoMIMgdol  bsMBgbgdom  IdOBIMMGdOL  Tgbfiogerols o
3MbE®Mmeol dobboo.

505505 (36Mmd0wo0s BEBBIOEGHMo b0odMIgdol (b6) ©sdBsIdOL FgnMm©gdo
0693M030 d0MEMY0MMO FoLoegd0LORD, MMYMOOES B30l 3MIdMBEM, boGol w3z0dwo,
939656M9900L MM gdo, dMLEGHBIMEOL BB3B0Eo, b0sIR0, gso s Lbgs.

016936030 oboErgdoLOASD LEHIBIOEHMWO 50dMdgdol sdHBsEIdOL TgMEIdO
0m350olLobgdls 9oy 2odmTOMBL 359G DY 96 39839MsE MOl Bgdmddggdom, d9damaddo
2398363090900 @S  d9dobozmmo  ImMgzom  3mImygbobsgool  domfigzom.  ToLoesl
99996¢39d0L 39933090 MdsDY 365¢r0BolsmMz0L 290539996 Lbgoolbgs
WdMMSGHMOH0GOL.  5BJLBH0MOME  Fggad©  F0ooBbg396  WIBMOSEMMH0sMITMEOLM
390033093900l Lsdsem 3603369cmdoL LooL.

06936030  FoboggdoLORYD  ITDOIIM LB sbsbosmgdl  dogro Moo
6530m35690900:  6533wsg  FoMTMgds0s;  5BHILEIEo0L  3MMmEglo OO
d30M5QQM0MOE0; 505 5938 29MIgEHMmOIo BmMAs, Bb3bowolgdMMos s dmomMbM3L
13930830396 TJBMM3oL;  9M63MBMAI6OMH0s;  30aMMmbim3Mmos; dgoEog3l  9ergdgb@gdol
D3O MHoMmEIbMdLL;  F9Mdegdgwos  OHMIgEodg  ggdgb@ol  3mbiEgbdMmogool
39006M905; 5MSLEBHIO0WMM0S OMT0, M5YD bgds BoMEWMYOMMHO ROl EIOYMYOY;
d9L5dgBGE0S SPZOS SO0 Je9d)BEHIOOL 56153MBEHMMWOMYOIPO 3563S.
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Synthetic standard iodine specimen.

399mMb900lL 39960396 A505fY39@LMb sberm dgmd IgmmEL Fomdmoygbl
939botgmo  dsborgdol  gwgdgbGMo 99960 mdol  0doBsGMmMoL  sdBoYds
59303530900 5650BoLIMZ0L, BJbMEBMOTI©I30MOHO HIBMEMMO Fobob bstgzol
©53Hogds  9egdgb@gdol  bgoolbgs  89bsgmmgdmsb o godblbgwmsb.  BatggL
290050900 530009396 5abLBYEL, FoLASE 0WgdIE HYHBOoEBMEL, 98BoEI0I6 BB3bOW,
(69b5396 5090L, HMIgdLSE3 98D 589469056 3H9a39MoEIOHo Bgdmddggoom [1, 2].
dm399Mwo dgomEol Bogwl Fomdmopqbl ol, Gmd dgmdergdgwos bodmddo omob
dsbmo  Hoolb 3s0m06M9ds (dgoEsgl omel 1.35 - 107 %), Mo@yobsg dsboews dgo3ogL
5996039 50099 9egdgbEl, MM gdoE 990l d3965MgmEro 60ddol 99agbowmdsdo.
00Ol LMo Howrol M LEBIOEHWMw B0dmddo ofj393L MMM N300 0MEOU,
olbg ULbgs 9egdgb6@gdol 3mdmygb)mHmdol ©oMM3935L s dogdme 60dmdgdl sggo
5050 39996039600  daMoEMds. 93 IgmmEdo 0mEOL  F96sgmHmo  45dMm0ygbgds
Bs@®omdol om@oo.

5GHIMLGYOH™MUL, fywgdol, 9396560900, dOMEWMAOMOHO S Md0YJEHJOoL bbgoaolbgs
A9Jbmmaom®mo  6sMBgbgdom  ©d0BINMGOOL  3MbBHOMEOlLs s dglfogwrolsmzol
LoFo®mms  bbgoslbgs  999500396mdol  gargdgb@-omeol b, ®mdwgddos omo
3m3m96Mms 06900 gobsfiogrgdmwo dmge dmiEIermdsdo, 9db6gds dsmoero dgdsbozmeo
10933039, 9O 8903353L bgErolidgdde g dobstgz 9EgdgbEHYOL, FoASCOMIE, 0MEL F9oiEo3L
3.0 3sL. %-009 363396@G53000m.

Pomdmpgbowo  Egdbmemaool d0Bsbos MHBOMB3grgymm Fo@GHMoiEsdo  omols
39650900l 3mAMmqbm@mds 3mb396G®S300L 063 M350 0.34 — 3.00 dsb. %, dsbserob
50300  [bgbgomds, dowswo  dggobozmMo  LodBHzoag, dobsGgzo  9wrgdnbEHadol
3993390Md0L 2569d9. sLobwe Jobsbl 909396 0dom, MM LEBIOEHM bodmds
094969996 09MHIME959EH00 BgbMRMMT>©)300MH0 BoLOL d3e0dgMe Fologosls,
OMdgwog 9903930 BIbMEBMOTo©r30MYO Bobls S 3OIMOYBME  godblbgergddo
mblbso oMol Jodowme Fgbogeoml — omol (V) mdbool §3mow  ©oldgdlore
136360l 0.46 — 3.93 3sL. % HOMEYbMOOm.

063963500l 3003H9M0mAL FomMoygbl ©sygbgdmwo 3mb3MgE Mo SdmEsbs —
d0MOMZM-3oH0o3MOO0  FgmEgdom  Bogmogmgdol  9BsoBobsM3ol  LsFoMmo
LEHObIOEHMo Bodmdo 3.0 dob. %-0g 0mEOL F9d33egrmdom 396906MH030 FoMgIMUL
3937394056900l dqlfogerol s 3MbEHOMMErol dobboom.

993960896 GHMEO®©  IYIBOWO0s, MMI Lo3gmagbm  3MIMYgbMOMdS  doomfiggzs
00Ol 3063093 Meo  Jodoemo bsghmol gm®mIol Losboom sbws dowgdwo dobo
mdLool 25dmyggbgdolsl. gl TgbsgMmo s6 oblibgds B9bmWRM®Isg3ow MHHBMEMEO
13oldo 5 MOYBME A5TBUBYEgdTo, Toa™sd oblbgds (gowdo, 39Mae 39w Ids o
5Q030¢9® 9935 GBobLL, 56 2o6dMI3Yds, Jogdmeo {iBgbrbzbowo 3565 0fjbgbagds,
5699 3mImygbobogools  9dm3sbs  ©o0Y3z96gds  MebsbmMTso  MIM©gbmdol  dgdebozm®
396935009.

0mol (V) mdboo 8doomgds Jggomol  d7530L  godmfigoo 190 — 200 °C
A9939653HMM5Bg  9MBgwol  ©Mdgerdo. doegdvIer  mdboEL 53039996  9dLogsG™mEMTo
RbRMOOL 5630MH0EDBY, s83b3096M9d96 Hm©obdo, Mos6 1000 — 2000 bgzGgwo / 10>
bo3g®do, d0MadmE §3Mo Eol3geLow omol (V) mdbool gGmsdaost «em9gz96
3BGHM5396L s Tgod3m o030l L3oMEHBLbIGTO.
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3BGH®o396L, gMmo FbM0g, 0ygbgdgb MmymeE Hbgbz0LIMZ0L LsFoMm IbsTSGU,
dgm6mg dbEM0g, BGHMEboL JgMg30m 0BMHYds by, M3 YBOWB39wgmRl dgyzsbowo
9099963 0b ©93909L 3565H0Egdsl dsliols g dm LI MdSTo.

00obL 0.34 3sL. %-Bg Bszergdo MHom©gbmdom (oMol (V) mdboo 0.46 dst. % -Bg
Bo3e0gd0) 99y3560L5L 3mBMABMOMds 0MM3935 5 — 7 %-0m. omEob 0.30 dsb. %-bg 9o
6509bMd0m (0mEol (V) mdboo 3.93 3sb. %-Bg) Fggzs60Lsl 3mBMabm®mds 35609,
35650 945603600 LodE 3039 d30OYds.

3m0mygbmmo s  39dobo3zmee Moo  bgwolidgddwgwo  dobstggzo
9w99963900L 99933900l 490939 LESbIMEHWwo BodmIgdol dowgdolsmzol omwols
(V) mgdbool m3@0dse® 30063963 M0300L Fotdmoygbl 0.46 — 3.93 3sbs. %.

050993539990 00Ol 99933900 LEGHBPIOEHMEo 60FMIgdol Jowgdols IgmMEO3Is
99000900.

46 3 BmOIWOIZ0ONOO  OIBMEMOHO  gobol  B30OEGHBLBIOL  sxo3Lgd9b
3635 doMs 300dsd0, 8934o30m 5 g 9bGH®o3960L s 0.1749 g oMol (sbsgrdowgdyero
0300wol3gMbommo ompo (V) mdboob 0.23 ) 3bzbowol bodgzo (sbGH®oi39b0L s
00 (V) mgbool 65693l s8Bsg096 53bgzbogdols gmedmepoby dgMgzom). domgdyen
Bot93L  93bgegdab Fywol sdsbsbsbg 70 — 75 °C-Bg ©s 3905 9b0sb 5abLBgEL
120 - 130 33 3963berobfyerol bgg@ob §6930L 39329dom (FoGdmadl bsergzol 35349493960
396935). godblbgerols 4959bol 890y 656930 259J300 B0BMOOL X5Fd0, 505319396
3532999090 3MbGsGdo 140 — 150 88 396 3barobfiycols Lgg@ol LEGssdYy. MHgBoGHml
53039996, 553b30969096, (bgboggb 53900l Loboom 150 — 300 30 / LA* {b6935BY. dowgdmwo
GHo0w9@gd0 120 — 130 °C-Bg 3m0dgMHoBs3000 803Ys300 MH9HBoEHOL BE9©053Y.

30090 bEHIBIOEGHM b0ddgddo gargdgb@omol TF9I33gEMmds F9500y9bL
0.34 3sL. %-L. 993960l 3MbBEIBEHME00L F5dLB0ToMHO A5IBMS 0bOZ0EMOY©
bobxdo Lodwmoem 8603bgarmdosb Tgoagbl 2.85 dsb. %-U, bodmdol dgdsbozmeo
Lod@ 309> 80 —85 330 / LO~

LGobIOEHM 60dMddo dgyzsb0wo gargdgb@ol 3mb3Mg@mewo Jodomeo im®Iol
3990y9gbgd00 doofg3s 3mIMaqbmO™Mds s JoMgdmwo bodmdgdo 6 89039396 Jobstg3
9w9996390L. 899396000 9e9d9bEHOL bbgs Jodowmo m®mAoL 25dmyqbgdolsl s6 boMbgds
3m0mygbmMdol, 39dobozm®mo  Lod@zosol s  LsFodm  3mbagb@EHMogool  6odmdol
33093003 gd0L gobbmM309egds.

09000535H90M0  BH9dbmwmaoom  dogdme  bsghmdo  [o®Imoagbogo
999963 0L 3m6309@wo  Jodomo RMmOTs  M3EG0ToMH0s.  B5gHDOL  MIEH0ToEMds
296LsBEOZOME0s 3TMYgbOHMdIOL MHBOHMb3gymzom, 5bgbowol sz0o sHbgbzoL
Mbs®om, 8949603mM0 LodE3oE0® s 0dom, GMI Jogdmeo 60dwdgdo o6 FgoEogL
b9olidgdderge dobsdg3 9ergdgb@gdb.

90090990 LEBIM G0 603Tgd0 FomBMoqbab 3MbyMAgmsEol GHodol gse
Aobognsls.

LGObIOGHMo  60dmdgdo  FoBIbIghHmbowos  2sdmyagbgder 04696, Omymbs
39056M900L BEGHOBIOGHO 0MEOL FoblsBPZMOBsMZ0L BblsILBIS Fslivergddo docMmm3wen-
130032960 99NMEId0m.

ULEHOBIOEHMo  b0odMdgdo  bollosmMYd0sb  FgdEIa0  ®30LgdGBOM:  SMSD
3m0m96960;  56530aMOMb3M3INo;  D3OMWo  GHgd3gMoGMs,  MHMIol  EOMLS3
090dgds  999mygbgdme 0gbsl Ub séolb 20 — 250 °C bgo@H®mbgool 0b@EgaMowm®mo
Romqbbo — 5 - 108 6 / A% 6odMIol osTgBHMos 5 — 50 d9; Lodsemerg 1.2 — 10.0 99;
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Synthetic standard iodine specimen.

3949603160 LodBH3oEgs 90 — 95 320 / LE% 0mEOL 3MBEIBEGHMOE0s FoMgdme 60ddgddo -
0.34 - 2.99 3sL. %.

B90ms0bodbmo  #9gdbmemaools  asdmygbgdom  Fglodergdgeros odbBsIL
LEHObIOEHMo bodxdo, MmIgwog 8903536 0mEOL 899339w bsgOHPL - J3g0MmETgo30L
190 — 200 °C-3q09 3ob6Hgd00 d0qdye 0mEol (V) mdlbol. 650dmdo ©sds@gdoom dgoaegls
BGHMOEIPLY @S BIPMEBMOTo©I30EMEO  RoLL  3m33MbgbGgdol 9890
0565835MmMOd0m, 3ol %-To:

0ol (V) mdboo 0.46 - 3.93,

bGHMs39b0 9.62-9.76,

3396MRMOHI>g30©IHO FoLo 86.37 — 89.79.

©53m{jdgdsbo

1L L3 bssgdmbm doffdmds # 1017076, G 01 N1/28, 1983
BUG3 basgdmem 8effdmds # 602001, G 01 N1/00, 1977.

50



N. Kuchava. Nano Studies, 2016, 14, 51-54.

TEPMOCTABMJIBHOCTb CTAHIAPTOB CPABHEHN A
HA OCHOBE ®EHOJI®OPMAJIBJETUTHOM CMOJIHI,
UCITIOJIb3VEMBIX B HEUTPOHHOM AKTUBAIITMOHHOM AHAJIU3E

H. Kyuasa

WNucturyTt dusuku uM. O. AHZPOHUKAUIBUIN

Townucckuit 'ocymapcTBenHsIil yHuBepcuret uM. M. J>xaBaxuursuiau
T6unucu, I'pysus

e.kuchava@mail.ru

ITpunara 22 anpena 2016 roza

Aunoramus

B pabote o6cykzaeTcss BOIPOC TEPMOCTONKOCTH CTAHAAPTOB CPAaBHEHMUS, H3TOTOBIEHHBIX
Ha ocHoBe denondpopmansaeruguoii cmonsr (OPC), B 3aBHCHMMOCTH OT YBeJIUYEHUS
TEMIIepaTypsl IIPU OOIyYeHUH HCCIeAyeMOro MaTepuasna B KaHaje smepHoro peakropa (AP) m
orxure B TepMmoctare. OHHM HCIONB3YIOTCA B OTHOCHTEIBHOM MeTOZe HEeHTPOHHOTO
aKTHBAIIMOHHOTO AaHAJIW3a, JJII OIpeJeNeHUs COZEpXKaHUA XUMHUYECKUX DJIEMEHTOB B
HCCIelyeMOM MaTepHale.

Bompoc 0 TepMOCTaGMIBHOCTH CTaHZAPTOB CPABHEHM S, HCIIOIb3YEeMBIX B OTHOCHTETBHOM
BapMaHTe HeHTpoHHOro akTuBauuoHHoro aHammsa (HAA) [1, 2], paccmarpuBaior Bce,
paboTaromue B 3TOH oOjacTu uccaenoBaTenu. HeyauBureneH M Haml MHTepeC K STOMY
CYyIeCTBEHHOMY BOIIPOCY, TaK KaK OH fABJIAETCA OJHHUM U3 3HAYHTENBHBIX (PAKTOPOB KaK
npupoguoro (Bovine liver SRM-1577, Bovens kale, “H-4” u zap.), Tak ¥ CHHTETHYECKOTO
IPOUCXOXKAeHUs (cuHTeTHdeckue pactBopsl, Tabnerku u3 POPC). Ilpexxme Bcero O6sLIM
YCTAaHOBJIEHBI IIpefieIbl OOHApy>KeHUS OJJHOBPEMEHHO OIIpeJeIIeMbIX YeThHIPHAALATU
XMMHUYECKUX 3JIeMEHTOB B CTaH/ApTaX CpPaBHEHMA HAa OCHOBe (peHOIPOpMaNbIeruHON CMOJIBI
(®PC), wusrorosnennsrx B Hucturyre ¢usuxku AH TI'pysumckoit CCP [3]. Ilonyuenmsie
pe3yJIbTaThI puBeeHsl B Tabmume 1.

Crangaprsl cpaBHeHus Ha ocHoBe OPC 6pLIH 00IyYeHBI HMHTETPAIbHBIM IIOTOKOM
HeiirpoHoB 10 H . cm? T'amMMa-cmekTpoMeTpuuyeckne U3MepeHUA OBLIM IIPOBEJEHBI C
nomoinbsio gerekropa EGL-20VF o6bemom 114 cm® B Teuenue 1000 c, uepes 12 mueit mocie
IIpeKpalleHusA 00Ty IeHUS.

Kax Bupao m3 Tabmumsr 1, camMbIM JTy4YmuM IpefiesioM OOHAapyXXeHHA B Ha3BaHHBIX
CTaHJApTaX CpaBHEHH UMeeT Au.

CorjacHO paHee TIpOBeJleHHBIM HCCJIeJOBAHMAM [4], W3MeHeHHe TeMIIepaTyp
OOJIy4eHHBIX HEHTpOHAMH MCC/IIe[yeMbIX MAaTepHaJOoB B HEKOTOPBIX CIydYadX SABJIAETCI
MeIIaomuM GaKTOpPOM IIPaBUIBHOIO OIIpeZie/IeHUS COJEPXKAHUA B HUX XUMUYECKUX DJIEMEHTOB.
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Ta6muua 1. 3Hauenus mpeseoB OOHAPYXEHUS XMMUYECKUX DIeMEHTOB
B CTaH/IapTaX CPaBHEHUs Ha OCHOBe (peHOIPOpPMaNbIeTrUIHON CMOJIBI (MKT).

Xumuveckuit | AHanuTuveckuii | [Ipepen o6HapykeHUA BIeMeHTOB
DJIEMEHT PafHOHYKIHT, B CTaHJjapTaX CpaBHeHHI
Au Au-198 0,0000039
Sc Sc—46 0.0000175
Sb Sb-124 0.000111
Hg Hg-203 0.000148
Cs Cs—134 0.000218
Co Co-60 0.000295
Ag Ag-110m 0.000680
Cr Cr-51 0.000720
Se Se-75 0.000760
Br Br-82 0.00154
Ba Ba-131 0.00486
Rb Rb-86 0.00490
Zn Zn-65 0.00680
Fe Fe-59 0.136

Ta6auna 2. KoxmuecTBo HEKOTOPHIX XUMUIECKUX 31eMeHTOB (%), OTOXOKEHHBIX
IocJie 00Iy4eHuUs B XOJIOLHBIX YCIOBUAX B 00pasiiax CTaHAAPTOB cpaBHeHus 0.

Temneparypa orxura, °C

STEMERT 1 200 | 400 | 600 | 800 | 1000
Hg | 98(12) | 10(6) | 0.1
Cr | 100(13)| 90 (10) | 63 (10) | 60 (10) | 58 (14) | 50 (12)
Zn | 100 (10) | 100 (9) | 90 (9) | 80 (9) | 30(9) | 7 (4)
Se | 100 (15) | 100 (15) | 94 (13) | 59 (14) | 52 (14) | 50 (10)
Ag | 100 (7) | 100 (10) | 95 (1) | 94 (10) | 80 (12) | 16 (9)
Fe | 100(10) | 100 (10) | 95 (13) | 85 (13) | 85 (13) | 85 (13)
Gs | 100(7) | 1007) |94 (10) | 89 (10) | 84 (10) | 81 (10)
Tb | 100 (10) | 100 (10) | 95 (11) | 85 (10) | 80 (10) | 80 (10)
Sc | 100(7) | 100(7) | 95(7) | 797) | 797) | 75 (7)
Co | 100(7) | 100(7) | 92(7) | 80(6) | 75(6) | 75 (6)

ITpuBenmeno cpenuee 3HaUYeHMEe U3 6 TabIETOK CTAHAAPTOB
cpaBuenus “0” U cpegHEKBapaTHIECKOE OTKIOHEHME.

,HJIH peneHmnA TIIOCTaBJIeHHOM 3a4a49YM IIO BBIACHEHMIO TePMOyCTOﬁqHBOCTH,

YCTaHOBJIEHHNE

TeMIIepaTypHOTO

VHTepBaa,

IIpu

KOTOPOM

COXpaHfAeTCs

IIOCTOAHHOE

coziep>XaHKe TOTO MJIM MHOTO XMMUYECKOTO dJIeMeHTa, CTAaHZApThI cpaBHeHus Ha ocHoBe OPC
mop, uHazanueMm ‘0”°, CCB-1 u CCBb-2, a TakKe MOHOCTaHJAAPTHl HEKOTOPBIX XUMHYECKHUX
5JIEMEHTOB, OBLIM OOJyYeHBI B CIEIIMAIbHOM HU3KOTEMIIEpPaTypHOM OMOJIOTMYeCKOM KaHae
(r.H. HTBK), unTrerpansusiM notokoM HeiiTpoHoB 10 H - cM? mpu HU3KHX TeMIIeparypax

(oxomno —40 °C), a 3aTeM uX IOJBepraJIu TEPMUIECKOMY OTXKUTY B TeYeHMe Jaca B TEPMOCTATe OT
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100 mo 1000 °C, c yBesmueHreM TeMIlepaTyphl OTXKUTA depe3 KaxkAbIit yac. Hamo ormeTruTs, 4TO
MaTpula CTaHfapToB cpaBHeHus Ha ocHoBe OPC mo cocraBy 6Gam3Ka K OGHOIOTMYECKHM
Mmatepuanam. OHa cocrout u3 yriepoga (76 %), kuciaopozga (18 %), Bogopoza (6 %). Pesynprarst
M3MEeHEeHUA COJepXaHWA KaXAOTO PafUOHYKJIHUJA B CTAaHAAPTaX CPaBHEHHS BBIPAXKAIUCH B
OTHOCHUTEJIHBIX IIPOIEHTHBIX efuHULaX. Comep)kaHue KaXIOro pafjUOHYKJIHUIA B CTaHIApTe
cpaBHeHUs 0Oe3 omxura B Tepmocrare mpuHuManu 3a 100 %. amma-cmexkTpomeTrpuyeckue
U3MepeHUs IIPOBOJUIM C KCIIOJIB30BAHUEM BBINIEOTMEYEHHOIO IIOJYIIPOBOZHUKOBOTO
IeTeKTopa. Pe3ynbTaTsl IIpoBejeHHBIX OKCIIEPUMEHTOB IIpHBeZieHs! B Tabuume 2.

Kak Bugno m3 Tabmunsr 2, TepMudeckue IOTepU HEKOTOPBIX XMMHUYECKUX 3JIEMEHTOB,
HanpuMep Hg, mpoucxopsmyie mpyu CpaBHUTENBHO HU3KMX TeMIIEpaTypaxX, HAYMHAIOTCA IIPU
100 °C u mpu 200 °C cocraBiser 90 %. BesycmoBHo, pesymbratei HAA 6uosiormdeckux
MaTepuasoB, OOTyYeHHBIX B HEOXJIAXKZAEeMBIX YCIOBUAX, Oe3 ydeTa STOTO ABJIEHUS He MOTYT
OBITh KOPPEKTHBIMU. DBTOPBIM II0 TEepMOYYBCTBUTEIBHOCTH DdieMeHTOM, saBiaferca Cr,
yMenspleHue xoroporo npu Temneparype 200 *°C cocrasnger 10 % u mpu 1000 °C mocTuraet
50 %. B remneparypuom unrepsane no 400 °C comep:xanue snemeHToB: Zn, Se, Ag, Fe, Cs, Tb,
Sc m Co B cranpaprax cpaBHeHHsa (07 coxpaHAeTcs IOYTH IIOCTOSHHBIMU. IIpoieccsr
MHTeHCHBHOTO yiaeTy4yuBanuia Zn u Ag Habmogaiorca ¢ 600 °C u mpu 1000 °C B cramzaprax
cpaBHeHusa ‘0” OHM OCTAalOTCA B OYEHb MaJeHBKOM KosudecTBe. OcTajabHBIE DJI€MEHTBHI
nperepneBaioT nmorepu B uHTepBane Temmeparyp 400 — 1000 °C, HO ypoBeHb HCIIAapeHHBIX
sseMeHTOB He IpeBsinraer 50 %.

Ms1 cowrn 1enecoo6pasHBIM IIpOBe/leHHe HeCKOJIBKUX JKCIEePUMEHTOB IO HM3y4YeHHIO
M3MEeHEeHUA COTep)KaHUA XUMUYECKUX 3JIEMEHTOB B MHOTODJIEMEHTHBIX CTAHAAPTaX CPaBHEHUS
CCBb-1 u CC-2, oroxeHHBIX A0 0OnydeHHS HeliTpoHamMu B TeueHue 70 uacoB. PesympraTs
npuBeneHs! B TaGuune 3.

Ta6auna 3. KormyecTBo HEKOTOPHIX XUMUYECKUX 31eMeHTOB (%) B
crangaprax cpaBHeHnsa CCb-1 u CCb-2, mocse orxura B TepMocTare
B TeueHue 70 4 pu pasHBIX TEMIIEPATypax [0 OOIyIeHUsI HEUTPOHAMHU.

Temneparypa oTxura cranzapTHeIX 06pasios, °C
OneMeHT 100 200 300
Hg 100 (7) 7 Q) 4(1)
Se 100 (7) 98 (8) 90 (8)
Fe 100 (6) 95 (8) 92 (9)
Cr 100 (6) 98 (7) 92 (7)
Sc 100 (4) 97 (5) 93 (5)
Gs 100 (4) 98 (4) 94 (4)
Zn 100 (5) 98 (5) 96 (5)
Au 100 (5) 98 6) 98 (6)

ITpuBeneHo cpenHee 3HaueHMe U3 6 TabJIETOK CTAHAAPTOB CPAaBHEHUA
U CpefiHeKBapaTHyecKoe OTKJIOHeHue. B pacuerax ncmonrp3oBaHa
Macca TabIeTOK CTaHJapTOB CPABHEHMA JI0 OTXKHTA B TEPMOCTATe.

s omxura B TepMocTaTe YKa3aHHBIX CTAHZAPTOB CpaBHeHHs npu Temmeparypax 100,
200 u 300°C ObLIM HCIIOTB30BAHBI pa3Hble TPYNIBl HAEHTUYHBIX TAa0JIETOK CTAaHIAPTOB
CpaBHEHMU. V,ZI;eJIBHyIO PaAOaKTHBHOCTD HYKJINIO0B XUMHYIECKHUX DJIEMEHTOB, B

53



The thermal stability of synthetic comparable standards .... used in neutron activation analysis.

HeIloBep>XeHHBIX OTKUTY oOpasmax, mpunuManu 3a 100 % u cpaBHUBaIKM ¢ HUMU BeJTMYHHEL,
IIOJIy4eHHbIe [ OOpasloB, OTOXOKEHHBIX IIPH Pa3HBIX B BBINIEYKAa3aHHBIX TeMIeparypax. B
pacyerax OBLIM HCIIOJB30BaHBI MAacCChl CTAaHZAPTOB CpaBHEHHUA O OTXKWUTa B TepMmocraTe. B
Tabmuue 3 ykazaHBI TOJBKO Te 3JI€MEHTHI U3 OZHOBPEMEHHO OIpefiefiieMbIX 14 XMMHYeCKHX
5JIEMEHTOB, COZlep>KaHMe KOTOPBIX M3MEHMIOCH B mpouecce 70 YacoBOTO OTXKUTa B TEPMOCTATe.
TepmocrabunpusiMu okazanuck Ag, Co, Rb u Sb, mosromy onu He BHecens! B Tabmuny 3. Kak
BufHO u3 Tabmuusr 3, comepkanue Hg coXpaHUTh He yZaIOCh B YKa3aHHOM HHTepBaje
temneparyp, Bkiaodas 200 °C, mpu koTopoM wucmapeHue pryTH coctaBun okoimo 90 %.
YMeHblIeHNe COZep)KaHUA Se, OTOXOKEHHBIX B TedeHue 70 4 B cTaHAapTax CpaBHEHHS, OKOJIO
10 %. Xumunueckue 3nemeHTH: Zn, Fe, Cr mocie omxura B repmoctare mpu temueparype 300 °C,
nperepreBaioT yMmeHimeHue okoiao 8 %. Hyxuo ormeruts, yto Cs m Sc TOXe oKazamuch
TEPMOCTAaOWJIBHBIMM B yKa3aHHOM wuHTepBase Temueparyp, Bkaoouas 200 °C. Ilorepu
COJlep>KaHUA BBINIEYKAa3aHHBIX XUMUYECKUX JJIEMEHTOB B CTAHZAPTaX CPAaBHEHUS, OTOXKKEHHBIX
B TeyeHue anurenbHoro BpemeHu npu 300 °C, cocraBuaior okono 6 — 7 %, mpurom dopma
Ta0JIETOK He MeHAETC.

B zakmroueHMM MOXHO CKasaTh, 4YTO IIOCTaBJIeHHAasd IeJb II0 HCCIeZOBAaHUIO
TepMOCTaOMIBHOCTY CTaHAPTOB cpaBHeHuA Ha ocHoBe OPC, o HanreMy MHEHUIO, BBIIIOTHEHA
C OIIpeJieIEHHOM TOYHOCTHIO.
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3M@INGNS 3M3ORI6GSMBOL N6RAILLS RS FI303F0BIBOL
306LB 6B IMBOL Agr_, Cu*_, Cr¥*_ K5 Pb*_C-
B03MGB0S6060G (Spirulina platensis) 3(M33RIILISOLSOI30L

9 ©IWs0Eo830¢0

9. 96MM™b035d30¢0L gobBozol 0bLEGHoG™MEO0

0. X5395b0330¢0b Lsb. MdoOLoL Lobgwdfoxm MboggMlodgdo
0000, BoJoMmM39EM

eterige@gmail.com

300900 2016 femols 8 0gbolls

5bm G530

d9LHogoe 0dbs ©sdM30IIMgds 3M35egbEMO0L 0bgJLly s 89353006 gd0lL
3MBLEBEOL In®ol 3dodg s BHMJLo3eO Wommbms 0mbgdol Agt , Cu*_, Cr3*_ s Pb?*_C-
103m30560b0L (Spirulina platensis) 3003¢9dbgdobomgol. 65h396900s, MM ©s0TBOMYdS
3MO9W300  BWMMgL39bG o B3gdBH®Mmbim3oom  Jogde  fmbslmmOHmdols
3MBLEBGHIOLS @ 3m35¢9gbBHMdOL  0bgdll  FmGol. Moz ggbgds  Fmboslmermeo
©O0SE0Dom F0MgdME J99a9g0L, ©0TB0MYGds [MR030 JMMGESE0S  3MZWgbEMdOL
0609JLLS @5 89393806900l 3MBLEBESL dmGol 3d0dg s BHMJLOINO oMbMs 0Mmbgdol
Ag, Cu*_, Cr¥*_ 5 Pb*_C-gozm3osbobol (Spirulina platensis) 3093qgdLbgdolsmgzob.
0608303005 do¢0sdos, ghmo dbGMog, bbgsslbgs 0mbmMo dserolismgols, bmwm, dgmeg dbGMog,
3900929000 3653303000 ©534853980L bbgoolbgs 3mgugdol o9mygbgdolsl.

B39bL Boge dglfogeroe 0dbs 3dodg s BHMJLo3Me WomMbms ombgdol Ag_, Cu*_,
Cr¥_ s Pb*_ 996m0gmhro;mddggdol 9bghaq@ozs o 3496905 (3056mdsd@gtos Spirulina
platensis-ols doMH0Ms© (305 C-83030305606056 (C-3) fmboslfimemwo osoBols ©s
RM6LEIEEGMwo B3gdBH™LZM300l Igmmgdoom [1 - 3].

9399  65dOMIdo  [omBmagbowos  ©sdMm309d0Megds 30350 9bEGHM™dOL
0bgdlls s  T939380609d0L  3MBLEHBEHL  dméol Agr, Cu*_, Cr¥*_ s Pb* _C-

803Mm30560b0b (Spirulina platensis) 300309 glgdoLsM30L.

LOBMYSOME, Woysbol 93930060930l doBoLbMO  3MB39BE0s  Imombmgal
303 g396GHMMBL odsbls s F9353806MH9d0L 5@POWL FmMob. MOHM0YOHNJIgLIOS
363Hobls s 0mMbL IOl 1INz BsWMYoME0s M300m 3MMEHJ0bol dogboom
SOLYOMo  MOPOYONJI)IdJO0L:  figoemdoMo 3938060900,  396-00gM-355¢LoL
MON09OJ79095, 30OMABMOIMMO S  JgdBHOMUBEIGH03NO0  MON0YMH01Jd9gdq00.
3O X33Ol MMl MON0gM00Jdggdolsl  sOLYd0  OMEL  HYsedsOO
393006900 SO gd9b. oMo ommbol 0mbgdo  JMEBMEOTo30ME  oMs]IbYdL
969696 30egddo. gl 39653690 0330603905 oMMbms 0mbgdols Cu(Il), Cr(III),
Hg(II), Ag(I) s Pb(II) <0M0»096H00Jdgogdolsl C-5303m30560b6msb [1 — 3], 6Goasb
WMOM0YOJI905 9BHIMJOL  3MM3IMOGHOM bobosmdl 969 gMmo ombol 89353006900
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BO©OOL  IgmOol  J93530060900L  SEBSMMOL.  MYOH0YOHNJIGJOoL  Sbgmo  3H9bgbEos

9906036905 OmameE  009M3Mm©0bsdozmmo  (fmbolimOmwo  ©oswobo),  slY39

139G OHO (BMMOLEI6GHMO BHOGHMOE0S) 8g0Mm©Yd0m TGufogerolsl bbgssalibgs

0mbmmo  doErobsmM30U. LoBMYSM, woysboll 893538060905 WM TN
30M39605G 005, 0079 Wom™bol ghHmo ombols 89353806905 0f)393L 0Ly LEGHOYYIGHMEmE

330 g0gol,  MHMAOlL  OMLs3 99dgao  0mbols 89353006905  99E30MGINWO0S.

3bMd0w0s, O™ 139MHTg6EJOOL 59dEH03MdOL MY s300L s F9ES0MEOBAOL Bogwd3z9gw0s

3Mb6x3Mm®35300L 300M3GMGHOVIE0 (33E0EgdS [4]. Bogs69 MM, MEbIo MmMY60BIgdOL

093600  ®}MbsdgbEGH MO0  M30Lgds  MIMOEIMEOS  ©HIS30MPPMO MR MHJOOL

LEAHOMIHMMGO30  3MM3JOOGHOM  33CP0EJ0JOMSD. MMBEs, ghmo  Jgbgzom,

3999990905 2)OH09MHMJ0)9053 803309Y356ML 9353806900l 3:BLEEEOL 4oBMIT©Y,

505653 gu B6odbsgl, MMd F)3dsmoGo 3mBLEBEGS Tgmeg ombolsmgzgol dgEos, 3069

30639c0obsM30L. M3 3060390 0Mbo ©3538060©Yds 00 396GOL, OHMAEOL 3MbLEBEGEHE

39Bos o M — b53wgdo. 3MHmEgbol  300Mm3gMmoEG0Emdol  JobyBL  FoMmBmowyqbl
30053M93MEMMHO AOIRFMBI0J00, HMIYd0E bgds 300390 s dgmeg wosbol

9935300690906 GmMoL  8995¢0gdo.  MOEMS©  30wgddo  sOLYdMOL  Mod9body

BGHOdOEMMO 3MbBMOT30s, bmm o0 4969 BgI30MHDY 33543l MB350 3963 M0,

HI9gmoE 30396309 9w9deosm §90353800Mmb wommbms ombgdo. mommgmeo 5d

Boffocrols 89319058 gbodems odmboml 253wgbs 300l BMbJEOMbsEmE M30L9d9gdbY.
d0vbgoz50 0doby, OMI WoMMbEITMI0PIM  30wWwgdHg 093G0 Gsd  SGOL

3bmdowo, 89300 300b3s MBLMbmE MBYDS, ToROO0MS©, V) OMYMO 06MBI3L oW

13930803296 oMNMbol 0MbL »s3M53 3530MbL FmMob.
360LGHOWME Imbo39g0DY IYMHPbMdOM 30gdOLIMZ0L, WoMMbms 35m0Mmbgdo

0Yymx3d 3 doMOMOI® XYMINBIQ, M30M5GJLOI©O BMb30mboscmMo xamx3gdol mbmGmwo

5¢G™dgdol dobggzom [5].

L. N/ Sx31530 56 305b0 B: 3m35¢096E™dob 0bgduo Xu’r > 3 — Ag(l), Hg(II), PA(II),
Pt(II).

2. O- X350 96 3awsbio A: 30m35¢9b@™dol 0bgdlo Xn?r < 1.75 — Ca(Il), AI(III).

3 905603530 omMmbms 0mbgdo, MHMAWdoE 530035¢9gbEMos O, N-, 5= Godol
©@MbMMHgd0l J0ds6r0. 300350 96EMOHMdOL 0bgduo 1.75 < Xn?r < 3 — Ni(II), Cd(II),
Co(II), Mn(II), Pb(II), Zn(II), Fe(III). 9600500960 3580bs3eoll Ho®mdmaoagbl ¢gz0s.
o0 Xm o600l 3mobaol 9wgdGHOMNsMYMBom™Mdl ©s r — 9B9JGHMEO

00bMMHO M5OI, F5FMMZOo dMEOBOL dgommpom [6].
60dmgmHoLs s MohIOOLMBOL doge [7, 8] dmdgdbogn 0dbs 30M0EgM0wmd0, HMITOMS;

390dgds 9m35bgmoLogsb gog38oxbmm 3wslo A s ©YFIM3Z530E ommbms ombgdo,

353650 dmmAEg 3ol B-ol s ©gdaM3s30e 0mbms aogmazs godbgars (BYzos(II)

LogMomm  3mb6GgJuBHdo 96 XIds). WommbMEmo  3m33cgdugdols  JgJdbol  mgmMosdo

SOLBYOMAL  BmYso  Hobo: Go3 MBOM  sZOWSE  LEIIL  MbMOHMWO X3RO

909JGH®MbgdlL, doo NBOM  dWoghos  3M35¢abGHMMo 035, GMIgwoi  dgodegds
96900350 53 XBLS ICOMNMBL FmMob.

gb®odo 1 dmEgdmeros 3dodg s GHmJLozM® wommbms ombgdol Ag:-ob, Cu*-ol,
Cr¥*-obs s Pb*-ob 8dol 3mbLEsbEgd0, domgdmmo B3zgbl ogh: o) Hmbsbfimémwo
©O05E0BoLS s 139dGHOMUZM3MEo dgMEIooL obTsMYdom; dB) BWMOHgL39bG IO
1399 BHOMBZM30000 O HFMT390Io  139GHRIOEOL  FMOR03Mwo dgompoom [1 - 3].
OMamO3 3DOO0Wosb Bsbl, yzgwsHg dgBo 98IIGHMOMBom dodmoMbgzs Ag+, bomeom
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99999 Pb*. sbig ™3, 396l 990nb3z935803 Y309 LsghHmm 3mbE9JuE0E SFMzsMbows.

D90 LMo 30 B03MmE05606b Wommbmy 0mbgdols d3dol gbgeyool Loools
sbgomoos: Ag > Pb > Cu > Cr.

3b®ogo 1. 3dodg wommbgdol 993538060930l 9bgMagBH03o
C-8030305606056, d00gdwo Hmbslfim®mmwo oswobom
S BXMMO9LEIBE0MEO GOGHM300L 4odmygbgdoo.

§mbslfmGmo osgobo Rmgliggborwo GodMmoEos
ommbols 803338069800 mbgao(zzlj);lsqo ) ag‘igl?g)?ggzb 0703%)(;2135;1;@0 )
ocBo 31‘25;’6?&‘2‘3 P | Bodpos—aGe | X k1Mt | PX | gbgsgos-ace | X
’ 335¢0 / 8cagmo 335¢ / 8mgrmo

Ag 5.31 5.73 7.78 0.008 5.2 5.71 7.8 0.008
Cr¥ 0.22 4.34 5.90 0.007 0.7 4.85 6.59 0.007
Cu? 0.81 491 6.68 0.006 0.6 4.78 6.5 0.006
Pb* 3.63 5.56 7.56 0.001 2.8 5.45 7.4 0.009

LB9E50BY 1 Ho6dmygbowos 30350 96EHOHMdOL 06gdlol Xnr ©o3Mm300090EgdS

39353806900 3mbLEbESBY

K

—Log K=pK @oomb-qg3 3md3wgdlgdolsmzol,

300900 OMAMO3 B3gGHRIOEOL, 51939 30Ol JMOBOIMEO FJOMPYOIOL bSO BOL

0909290  BMOLEIbEoMmo  BHoG®mo300L  FgmmEol  99mygbgdom.  Hmyme3
650000056 1 BBl 050330603905 3MMGEs300 Xm?r -Us S p K -0 FMob.
4.0 4.0
. . M-C-PC
Hg - M-C-PC Hg =
3.5 Ag- . .91 Ag .
Pb
3.0 Cu 3.0+ -
= — Pb Cu
= =
> >
2.51 (FD) 2.5
Scatchard (FD)
analysis i s
20. Cr 20- ill analysis Cr
60 56 52 -48 60 -56 -52 -4.8
pK pK

LS00 1. 303596 MOMBIOL 06EIJLOL Xm? 7 OIM OO GDS
393938069000 30bLE96EHbg — Log K = p K ¢0ommb—933 3m33¢gdugdolsmgzols
(BMmEOHL39630I0 89000M0). B3gBBIOOL 565¢0BOl dmMmbo399d0:

R?=0.66 05 3000l 565¢r0Bom do0gdIemo 999a9d0: B2 = 0.63).
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306500056  BwMmOHgL396300L  BodMmdol  AMmgdol  53gd0Lsl  0og30LGS
WoMbms 0Mmbgdoll 3mb3gbEMSE0s  FobLIBOZGIME 0dbs  9MB30MIZ0MHO Tgmm©Om,
5303md  [mbobmMm™dol  3mBLEBEHJOOL  AsBLIBOIMOL  doMoMIE  3M0EHIM0TOE
399mygbgdme  0dbs  Hmbolimemwo  ©oswobo, Jwslogm®o  3H9dbogs,  GM™Igwos
REMMO9EIBEO0L 89MmEOLLYsh 2sblibgs3gdom 0dergzs 89353806090 s Mog30LwIRsE
woMbms 0mbgdol MIMomE goblsbLzmOL LodsEgdsls s 5FobMsb 0M35¢oLFObHOL
“@oxMBOMMI© 393800900 00mbgdOL” Folass.

40 40 40
Me-C-PC M-C-PC M-CPC
" 0.02 M Nall) | :Ag 0.002 M Nal) ; 0.05 M Nafl
15 Ag 3.54 _ 35 Al
Ph Pb .
3.0 . 3.04 : 3.0 .
W Cd . - Cd
X i Cd X w .
251 254 25
;D:::ﬂ Scachani Scaizhand
20 204 analysis 20 mnahysis
0D Gr. DD Cu. oo Cr
56 52 48 -44 56 52 48 -44 £6 57 48 44 4(
pK pK oK
40 40 4.0
\ M-C-PC
MCPC ' 2. 002 M
100 002MNaf) 35 . Na(l)
' M-C-PC
0.05 M Na(l) 1.0 i
304 ' 3.0 '
X . X . X 5] '
254 25
oD DD
| Hil DD 2.01 il
20/ analysis 20/ M- analysis .
| analysis
. ' 15—
58 -52 -48 44 56 52 48 44 40 56 52 A48
pK pK pK

U500 2. ©59M 3090w gds 3035¢gbEMmdol 0bgduls
Xo?r @5 893538060900l 300bLE9BEHL K dmeol — Log K =p K
woMb-x3 3m33e9dugdobsmzol, 2oblsbwzm o
P0bsbfmOmmo oswoBols s 5EMINM-50LMMIF0YO
5b65¢r0Bol gomm©gdom. (139EBIMOLS S 300l JMT303)0
dm9egddo 0.02, 0.002 ©s 0.5 Moo 0mbmMo dserolismgols).
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RmOLEI6Eoom  Jogdmwo  dmbs3gdgdol  9bsEroBol  sbsermyomMo
bLYOsNBY2  [omdm©agbowos  3m35tgbBH™MdoL  0bgdiol  Xn’lr  ©sdMm30q0Egds
393530060900 30bLAHBEGHIDY K —Log K=pK @oomb-g3 3m33egdugdolbsmgzols
Lbgoolbgs 0mbmMo dserolomgzol (50, 20 s 2 IgdmEro), 35BLsDBL3ME0 [rbslifim®rwo
@O0SE0BOLS @O 5EHMING-0dBMOMDF0ME0  bsEoBol  qsdmygbgdom. MMM
bM©5000sb 2 BBl  ©o0dBoMYGds  3MEgWsE0s  Xalr-ls s pK-ob FmEol, GMymOE
dm0x0(306090wo0 1b3gEHRsOOL (R 0.91), Sb939 300l AMSROZMPO 65EOBOLSL (R 0.9).
REMMOLEI0GHMWo  dmbo399900L5256  2oblbgs39d0m, MgMHIMPObIT03MMO  FJIM©OM
300900 3mBLEBEJOOLIM30L  Yyzgwrs 0MmbME dosby 99335600 HTMI0YITIGdS
060803005, MMaMOE 3mEOx5030090w0 B39GRIMEOUL, 515939 300l sBsroBom doMqdIo
390093900BsmM30U.

396JdM@, InEOxB0E0MJ0ME0o B39GBIMO0L IgmMEO 335dwg3L:
L. 50 d¢ndmemo Na(I), Xm?r=-2.21 - 1.04 pK; R0.94; SD 0.28; P0.016.
2. 20 d¢gndmemo Na(I), Xm?r=-2.58 - 1.09 pK; R 0.93; SD 0.31; £0.021.
3. 2 dewdmero Na(l), Xn?r=-3.82 - 1.3 pK; R0.94; $D0.27; P0.015.

bem 3owo: 890000 33946900:
L. 50 d¢gndmemo Na(I), Xn?r=-2.19 - 1.03 pK; R0.94; SD0.30; £0.018.
. 20 d¢gndmemo Na(I), Xm?r==-2.69 - 1.11 pK; R0.94; SD0.28; P0.016.
3. 2 8¢dmero Na(l), Xm2r=-3.83 - 1.29 pK; R0.93; $D0.32; P0.019.

068030 300095305 J0MOMYL, T M3 3gEH0s [rbsbimOH™MdOL 3mbLELbE)S, dom
39®05 3M35¢9bGHMM0 35380600l bsMobbo dg@ow—xn3 MMN09)OH0JdggdoLsL. 3meobyol
2obLsBE3MGBPom  mMo  9wgdabBHoL 9w 9dBHOMMIOYMBOMMIL  TmMOL  Lbgomds
©539300690)0s  Fom Mo M 96960000 o LRmS  3Mm35¢gbGHMo 3530060
d9L50530L  9bgMFosll MOl  sOUBYdME ASBLLZOZ390 LMD, Xn’r F9xsMYdSs, MHMIGEO3
5Q3M90L 35¢9bGHIM0 MEOBOEIW OOl 9BgMHR0L 0MBMM 9bgMoslmsb [6] s, TgLsdsdobo,
dooBbgzs,  MMaMOE  @oombol MO0 gOHMJIgEJOSLMb  FgsMgdomo  MbsGo
(3839(96309).-

BMmQo©o©, 9dodg  @d  BHMJLO3MO  Wommbmy  domGO3MMO  ImJdggds
2960LsBE3MAds Jomo Mbsom, 89300696 Mgod305d0 doMBMg3MEol BMbdomboc
X3IBJOND, GMIgdog dmbosfowgmdab dsmo Logdimwo LEHM®WIGMOOL FmOToMmgdsdo
@5 59505639 99 X ARGOOL 9dEH03MdId0 Lbgsalibgss.
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2oLbogmlibgdols  (s6GH0MIBRWIJBHOMM)  FM9ggdL.  s©bodbmero  Fopowro  baGolbol
bgarbofgmgdol  m3GH03MO  9wgdgbBgdbg sMEowgdWI© Mbs oyml  IM35wIM0BO
BGH0MIBWIJBH0MOO0 TMJ900 s 9MOTIMEGHM A6y  9ggdgbBHgoby, 9M9IJO — Y39
3303996 obboBg s 3MI0BAsDY. Fo0oo BsMOLLOL sBEHOMGBWgJuE FM99dL g9z
39992593H5MMd0L  30609dBH0Mgd0L  MbsG0, 0BMEIdS  odMbIbgdol  103sd3sdg s
3MBGOLGHMMds, B3 obLogMmMgdom 36033690 m35605 Mmd09JBHBY ©9330603900L5L
BBE0 39BsmgdOL 30MHMdYdT0.
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3303996 bgabogmgdbg gobslbzogqdgb 99dwga0 G030l 4olbogmlbgdol 6ggdl [1]:
U 960IO0560  2obbogmlibgds.  4olbogmlbgdol Mg @sxgbowos TFbmwmo oMy

©0bbgdolL o6 Bgsdom by (Coated, C);

° 9000560 9OHMIM0560 golibogmlibgds. golibogmbbgdol ghmo 96y sxgbowos yzgas
330376 Bgs3ombg (Fully Coated, FC);

U 96535 dM0560 JoLb03MmLbgds. IM635¢TM0560 golibogzgmlibgds oggboos dbmenme
B39 Hga306090DY, ©IbsMgbgdBg ©ox8gbowos golbogmlibgdols gMom 96y
(Multi-Coated, MC);

° 9000560 360535¢TMH0560 2oLb3MLBYds. Y39es M3BH03MM Bgs30MHBY R bowos
961535000560 Qolbogmlibgds (Fully Multi-Coated, FMC).

OB M33039M0 bglisfymqdol 3Fomdmgdgewo gomdgdo Mm3EH03MM 9egdgbdgdby
3ob03MBBgd0L B9BJdOL Jobo®gds 0ygbgdgb LblsILBIS BgdbmemyomE dgmmbL. 39360
om9b0 33536 BHIOI0s. F0bgs35 5T0LY, 96 SMLYIMIL LogMomm 3M0EHIM0MIYd0
2oUb0gMLbgdOL  IbIFIMGOOL botolbols FgEsMgdobmzol, FoM©s Lobsmeol Lbogol
39356M9d0L 31913030960l oYgboL.

bdo6 Tdgdombgglzsdo dobolb s MEMRBMEo  dobol  obbgdby olbogzmlbgdols
(56H0OIBWIIHONO)  BMggdL  @gdMdE  353FNO0  ©BIHIBOL  L3YRoIW O
©565YM0d0 MmO  G9dbmemaom®mo  3Om3glgdols s Fopswro  LolvRmszol
dsboEgdol godmygbgdom. dmem fargddo Ly MaGm dg@¢ 3930M3EJX90sL  3MIEMmdL
36535¢0 300560 (296859(3%3039090, 2o6aLbogMLE7dgE0 S 30OHMBMBMEM0) E6ITBIMJOO
Lom35¢99g00L MEOYSBMEo Bobol WobBgdBg (LvyMsoo 2).

(S

(V5]

n

U©5000 2. 3653500 TH0560 2ob03mMmBBIdOL BsBIGMIGOOL LEMVYIBHE.:
1 = 300MHMBMINNOHO BIRIM0; 2 — FM35¢IM056095Lb0gMBBIdOL sbsgIMO;
3 —96858(3 30390900 ©BRG0; 4 — 3535300609090 R9B; S 5 — WobDBo.

3190 IM535¢IM0560 Folibogzgmlibgdol sbsgsMgdols IJmbg Lomzswggdol obbgodl
50 543 9656930, 0BOYds  JoTMLbMEgdol  Ld339MEY, F30MHIYds  MZSOL
Q5353 MdS.

MOQ56m0  Jobolbogob ©sdbogdmEo wobbol Bgsdo@By obdsdG303E09w0
969900l JobOMYdI©  EWIOLLIMZOL  FBoOMME  A5IM0Yghgds  Jmeolowmdlsbols oo
(Lo OEOMIMOYBMO  FgbsgM™0), OMIGWLSE 2osBbos Tmgwo oo  bogsewMo
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30190900, 390dME o0 dEYMIEMIS VOIS 55355Md0L Fo6HTMIMdOLOETD, Fo0oO
©63500™05 @ LOYOABMDS B0 babubols 3mgz03096G0.

6360 wobBol Bgsdomol 4635933039090 IMd0L Jowgds bEgds LBMs
396M99m3d0, bem obBHBgdol HBgs3o0gdols oo bsmobbol Lobamsgols dobswfigzs
09969096 8507 J0B0ME > M EGHMHOPIM00 ©53)F53905L. 5dob Ty obBgdo FoMmYds
13930506 IMfymdoEMdsdo, GMIwol 99dzgmdom bgds gob3sdE 3039090 IMOL
900905 wobBol Mbgz50 3Mmolowmdlsbols wsdols s35Bsbsdo BsdoMzom (L@smo 3).
3960583 30(39990 dMOL Lobidg MYAMWOMHEYds 3ol MdLsbols odol LodEsb@ol s
@OobBol 905HBbsTo 58Mfjg30L LoBRJsMGgdol TgmBgzom. 85Bb0L STMPgdol T9dwgy
@obBgdo »9MINws© 393530905, Mol Y3 bgds dmeobommdlsbol @odol
30dgmobBszos s 0HBMHIds WobBoL BgI30MMsb dolo Tggemgdol LodBH3oi9.
30O Mmglsbols odls 4o9Bbos oo GEoli0IMHMBY, MOl B9Egys3 Ho0dmoddbgds
D90530600, OMIJOE 96 HB0sbYdS FoMGIMLMID 3bGHOJEHOL O™, 3meolowrmdlsbols
wsdob  Boosbo  3me0dgmobsgool 898y wobbBol BgwsdoMo Mo  bgds
3o03M0obogdo.

A Ea e W ]
e L

My

Bsdot3s 59mfjg35 s Mol 39dbLbgaols
B3OS 5mM0Jgds

L300 3. Bodo®3z0l Ig0Mm©Om sbsx53sMd0L dogdols bdgds.

wobBgdo  2obbogmlbgdol  IbsGFIMGOOm  bolosMYd0sD  Lobsmerol  owsgro
39939690 Mmd0m s FobodogrMo  sbsGg3mom. Slgmo  obbgdo  obLY3MNGYO0M
d3m3bMd0sM960 50056 Lobggobs s FMFYolodo, MoYsD 53 WOML 033 gds oMl
290G gbol Bsh396909e0. 53 ML0sdMm3bm 9539dEHOL 530096 S30Egdol Jobbom 0ygbgd9b
30006H0xMd0MG dMgl, Mmdgeoa byl MIwol wobbols Bgsdo®by Hywol §3gmgdols s
Fm394ob  Bofioerszgdol aoBgMgdsL. 30OmMBMO0MMHO TMggdol FJobowgds dodmoyqbgds
5 300LoEsbgdoL  xaRolL  603m09gMgd900. s 30eLObol  ymzgwo  dmerg3oeol
0905003963580 560L MMbs3 ghmo SiO xamao, Mmdgwog Jobol 3oOHMBMdOMEO
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dool 933039 09bogeml, s3MgmM3g  Bobdomfigsemdsol  xo3F30, MHmIgwog  960Fgol
60300090905  30OMBMBONG  M30L9090L.  30OMBMBOMOO  TMJgOoL LolLdg dowr0sb
dzoMgs. oL, B399 gdMm03 olbOZMLBJdIOL gHr0 FMOL 1/ 10-U 56 5¢9d53Hg0ds.

LLbo3 0bLEBHOGNMGHT0 “®3BH03s” d9ddboos 3ME0dgMH o MIGH03MO wobbgdol
©53D5@gd0l s 2oLbogmMLbgdoL sbsBIMGIOL Towgdol GHgdbmemaom®mo dbgdo. gL
mdbgd0 99005 W0obHJdOL BgEs30MmOl 2ofdgbol, 2563593303909 IbIBIMGIOL
doqdobL, golibogmlibgdols 09ggdol oxgbol s §goysbBowgol obsxsemgdols domqdol
L5 ToM 5SRO0 GOOBOYSD.

05300056, 3m@0dgOH o AsLoobsged  ITBsYdIMNwo  obBol  bgsdomo
31030690 0fd0bgds. 535Bs6530 Lb3ssLb3s Lagsbo BodMsgdgdoL godmYgbgdood
3LMRMO39dM  @obBol  Bgs3omdg  2963593H3039090  ©BIRIGMGOOL o
3oLbogmbbgdol  dmrm  Mm9gdby  30OMBMIMOO  ([YoasbBo30ol)  sbsgsMmadols
doloegdo©  259m0ygbgds  Bsdo®3z0l  dgomeo, B396L  oge  3MBLEGHMWMOMIdMO o
©53BsgdM  0dbs  gdudgModgb@ o  Imfiymdowrmds, MMIgEoE 0dwg3zs  wobbol
Lombgdo BsdoMzol 909y oo  sdmfHg30L  LoBJsggdool  JMBEGHMMEOL  Lodwmowgdsb.
Jo80mGs© 53353900 3m0dgMEo  @obbBs 0doMgds  S85BIbsT0, GMIgedos
fobolifo®  Bolbdmeos  3meolowmdbsbol  ws3zo b FGEHMOMIsLbGHoL  O-32JIH
1b360¢0lsYsb BB BLbsMO. 535BsboL (3H9g839MoEEs, WobBol 505BIB0WIb
59mfi930L  BoRJs6gqd0, s bbgs go6gdg 306MHMdYd0 935369 3MmbGHOM®W©Yds. BLbsGOL
LOBdWIBEHOLS s obHYOOL STM[jg30L LoRJMggdOL MYamEoMgdom doomfjgzs 20 63-sb
50 9830-009 Lobgolb FMggdoL BMOI0EMYOS.

50596096 59mfjg30L 9999y PgMHIMLEBHsGHTo 60 — 70 °C FH9d396Mo@ Moy bogds
@0obBgdol 1gMHIMwo 5349353905 3 — 4 Lo 206353 MdST0 S 5308 30TIHODBOFEOS.

@0obBsL, MMIgBY3 IRY6oOos gobdsdB30(39d9wo TG, 5BoaMgd9b L3gEosw™E
©50F9M9dbg s 905309396 39MTgEH M 39329FMG 35896030, L3 F00PGdS FoMSWO
393990990. 39539996 39896080 ©TIMBE990M0s MO0 0gbEGHWEMO  dopabgBHBmbmwo
29036J3930L6  ImgmdOMds.  50bodbmwo  IBIAIMO  EIBIIMSIS  SLHIMOWO
UGOGH0580 [2]. obBsBY 9806905 Mbywngbmgzsbo 3oM3gwo 6y (SiO2, n = 1.45). IG9gd0L
Lobd9ggoo 3MmbGHMMEEIds BoabgBHMMbmwo goxrcmdz930L LoRJs6ggdols dsGm3zom. 3039w
909Dy Bgdmsb 9xn0bgds dgmeg Mg (ZrO2, n = 1.98). gb 96ggdo IgmMHEYd0s6
(03M03MO00 5 545¢009396 golibogzmlbgdols sbsxs®mgdL.

wobBgdbg 9963583 30390900 @S  olbogMLbgdOL  FMggdol  sxkgbols 90y
LoFoMmms  golibogmlibgdols gotg dMH9bg 30OMBMdIMGO  dOOL, hgabl  F9dmbggzsdo
RBAGHMOM3LEHOL Mbgo IHoL sxgghs. HMIgEoE MBOHMB3gLYMAL WobbBol BgwsdoMol
@335 Pywol s  yeol memgwol  Hgdmddggoobsgsd s fywolb  zgomgdol
0969mgabologsb. BEMOMIEsliEol Mbgwo MHoLRD IdBIWVIOI 30EOHMBMBOME TGOl
399Bb05 doe0b odseo bobmbol 3mgn03096@0, BOHOL LLgxEgEsdMBOL 3MbgL s
530 59306090 0bBYOOL IMOHMJZSL.

0l939, OMyMO3 2o63s3E 30390900 MOl J9dmbggzsdo, wobBgdbHg 3oMMBMIMGOO
9609900L oLORIbs@ godmoygbgds BsdoM30l IgnMmEO. obBl 5353096 ©I3F9MHDY o
B5d0M5396 905D9bsT0, Losg MOl Fobobffo® MBSO 963390 LOdWSBEOL
BAHMOM3sbEoL P-32JIH gbgbowologsd ©@sdbogdmeo blbsto. s35bmsb, obbols
bUBsMI0b 59mf930L LoRJsMggd0 F9T030. 989y obBs MO3LEYOS MYMHTMLESEGHT0 S
60 — 70 °C ¢9983965¢ 659 bogds 30OHMxMdMMH0 IOHOL 25dMMds.
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sofgMowo  Bgdbmemmyool  Lyxgdzgwdg  B39g6  Bogd  ITBIWVIOIEOS
300dgOHrwo,  golbogmlibgdols 65350 IM0sb0  BsRIMGIOL  FJmbg  wobBbgdol
3dMGMSEMOH0o 603mdgdo.

©59m{jdgdsbo
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BJINAHUE PASMEPA YACTHUII HA TEMIIEPATYPY IUVIABJIEHUA
A. A. Kamanazge, W. [II. Cupanamsuimy, I'. JI. Tabatagze, M. C. Takrakumsuin

[lemapraMeHT MHXXeHepHOU QU3NKYU
I'py3suHCKUit TEXHUYeCKUH YHUBEPCUTET
Towmucu, I'pysus

ITpunsara 8 oxrabpsa 2016 rozxa

AnHOTanua

B craTpe paccMOTpeHO BIMSHUE pasMepa YaCTHUI, Ha TEMIEPATypy ILIaBIE€HUS TBEPZIBIX
tes1. Paccmorpermio mozBepriauck B ocHOBHOM 10 — 20 aTomuble wactuiel. B wactHOCTH,
ollpefiesleHa 3aBHCHMOCTH IIpefleIbHOTO pasMepa YacCTHIBI OT TeMIIepaTypsl IUIABIeHUS, B
KUZKOM COCTOSHHU BelleCTBA. Y Ka3aHbI 3HAUYEHM BBINIeYKa3aHHON BEJIMYMHBI JJI PA3IUIHBIX
metamnoB — Hg, Ga u Sn. Taxke mokasaHO, YTO INOHMKEHUE TeMIEPaTyphl IUIABIEHUA C
yMeHBIIEHUEeM pa3Mepa YacTHl], CBSI3aHO C TeM, YTO IIJIaBJI€HHe YacCTHIBI U IIepexof OT
TeOMETpUH TBEPAOrO Teja K TeOMETPHU KAIUTH, T.e. Chepsl, NPUBOAUT K YMEHBIIEHUIO
IIOBEPXHOCTH YaCTUIBI Y BBIUTPHINTY B IIOBEPXHOCTHOH JHEPIHWH, YTO OOJerdaeT Iepexof, B
KHJIKO€ COCTOSHHE.

[laBaiiTe 3asamuMca BOIIPOCOM, KOTOPBIN HEOOBIYallHO aKTyajJeH IIPM PacCMOTPeHUU
CBA3aHHBIX C IIJIaBJIleHMEM TBEPABIX Tea (PAa30BBIX IIEPEXONOB — MOXHO JIM CYUTATh
paccmorpenHsle B [1] dasoBsie mepexons! Kak 1tasiaeHue 10 — 20 aToMHBIX 9acTHUIl, pa3MbITHE
KOTOPBIX CHATO 3a CYeT B3aHMMOJEHCTBHA U KPHUCTA/LUIMYECKOTO YIOPAAOYEHUS I[€OTUTOM?
Hixe 6yzeT mokaszaHo, YTO IapaMeTphl 9TOTO ABIeHUA IIPUMEPHO TaKHe ke, KaK U JJIS JacTHI]
30 — 100 A guamerpa, KoT/Ta TEPMUH «TITABEHME» elile BIIOTHE TPHMEHUM.

OcraHoBMMCS  BKpaTIe Ha CyLIeCTBYIOIIUX TEOPUAX OOBACHEHHSA CHIDKEHUA
TeMIIepaTypsl IIJaBjeHUA TPU yMeHBIIeHHWM pa3Mepa dJacTull,. IlepBble pacueTs! MOHIKEHUA
TeMIIepaTypHl IJIABJIE€HUs B 3aBUCHMOCTH OT pasMepa uyactuly nposes Ilasios eme B 1909 r. [2].
O=n ompezenun TOYKy IUIaBJIeHHUA TBepAoii cheprl Kak TeMIepaTypy, IpU KOTOPOH JaBlIeHMe
IIapoB HAZ, TBepJo# cdepoil Takoe e, KaK M HaZ >XUIKOH, obpasyomeiica IpHU IUIABI€HUU
tBepzoii chepsl. [lo pacueram IlaBoBa, OTHOCUTEIPHOE TIOHIKEHHE TeMIIEPATYPHI IIABI€HUS
COCTaBJIIAET:

2/
_ 2T _(ps) /3
To=T = petos = (2) Py, (1)

Te 0s — PafuyC 4acTulbl, Tj— TeMIeparypa ILIaBjleHUsS MacCUBHOIO MeTa/lIa, ,— TeMIlepaTypa
IIJIaBJIEHUA ,I[PICHepCHOfI YaCTUIbI, L — Temsora 1IaBJIeHUS MAaCCHUBHOIO MeTasiaa, Pg —
IJIOTHOCTH B TBEPAOM COCTOAHWU, Pp — IVIOTHOCTH B XUAKOM COCTOAHWU, Og — IIOBEPXHOCTHOE
HaTAXKXEHVE TBEPAOTO MeTaJlia, Op — IIOBEPXHOCTHOE HATAXKEHNE MeTaJl/Ia B XXKUAKOM COCTOAHUU.

B 1929 romy Paii [3] mokazai, 4TO 3TO OmpeseseHre COOTBETCTByeT TPOMHOU TOYKe MJI
MACCHMBHBIX TeJI N HEO6$I33T€JIBHO OHpe,ZLeJIHeT TO‘-IKY IIJIaBJIEHUA TBeP,ZI;OfI C(l)epBI, T.K. KOrJa
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IIPOUCXOAUT ILJIABJIEHUe, TBepJioe TeJIO HAaXOAUTCSI B KOHTaKTe He C ra3oo0pasHOil ¢asoii, a ¢
XKuUJKou. Pait BeIBesl BhIpaskeHUe I TeMIlepaTyphl ILIaBlIeHUA TBepHoil chepsl, OKpyKeHHOH
OOJIBIIMM KOJMYECTBOM ILIaBAilei xuaxkoctu. llo Paroo, oTHocuTenapHOEe IOHMKEHME

TEMIIEPATyPsI IJIABJIEHUI MOXXET OBITH BRIPAXXKEHO CJIEAYIOIINM 06pa30M:
2T,
Ty — T, = o 2
0 r Lpsr St > ( )
Tie Ogp — IOBEPXHOCTH HATSDKEHUSI MEXIY TBep,Z[ofI (1)3301‘?1 U XKUIKOCTBIO.

Peiic m Bunscon [4] mpenmosOXwWiIM, YTO IPHU IUIABIEHUU CPepruecKOH YaCTHUILBI
Hapy>XXHbIe CJIOM KPHUCTaJIA IIABATCA B IIEPBYIO OdYepeslb, B pe3yJbTaTe 4Yero I0JIydaeTcs
CHCTeMa YaCTHUIl, KOTOpas COCTOUT M3 CdhepudecKHX TBEpAbIX CepALeBUH U OKpYXeHa
chepudeckoil KUAKOH 0007049Kk0ii. ABTOpPHI [4] WUCHONB30BaIM CTAaHAAPTHYIO TEOPHIO
TEPMOJWHAMHYECKOTO PAaBHOBECHA MEXy TBEPIOH CepAIeBUHON U XKUAKON 000JI0YKOH, KOTa
060s109Ka 6eCKOHEYHO TOHKA. [Ipu 3THX 06CTOATEIBCTBAX PAaBHOBECHAS TEMIIEPATypa Ta JKe, YTO
Y TOYKA IIJIaBJIEHUS TBEPAOM cdepsl, CyleCTBOBABIIEH 10 0O0Pa30BaHUA KUAKOH 000JIOUKH.

Orcioma ciefyer, 4YTO TIOHIDKEHHME TeMIIEpaTypsl IUIABJI€HHUS MAaJIOH YaCTHUILBI
chepudeckoii GOPMEI II0 CPaBHEHUIO C MACCHBHBIM METAJLIIOM:

2T,

TO - Tr = g {0-5{1 + (1 - E) O-S} . (3)
Lpsr pe

HaKOH.T[eH 60raTbIﬁ BKCHepI/IMEHTaHLHLIﬁ MaTepHa)I, CBI/I,I[eTeJIbCTBYIOH_U/II'?I (0]

3aBHCHMOCTHY IOHIDKEHHUS TeMIIepaTyphsl IIJIaBJIeHHS OT pa3Mepa 4YacTHIl. JKCIIepUMeHTaJIbHO
ycTaHOBNeH (aKT IUIABIEHHMA OYeHb MAMbIX dYacTHI MeTasna guamerpom 30 A (mampmmep,
wactumsr In, & ~ 30 A, Temmeparypa TTaBneHus MOHWKeHA MO CPABHEHWIO C MACCHBHBIM In:
~100 °C [5]; wactunsr Bi, @ ~ 20 A, Temmeparypa mmaBieHus TOHIKEHA TIO CPAaBHEHHIO C
maccuBHBIM Bi, ~ 150 °C [6]. C 3TOif TOYKM 3peHHs BecbMa HHTEpeCeH BOIIPOC, KAaKOB JKe
IIpe/ieTbHBII pasMep OT/leITbHOI YaCTUIIBI, B KOTOPOM MOXHO Ha6JII0ATh IIaBIeHHe?

CymecTByIonue TEOPUU IIO3BOJIAIOT OIKCATh CHIDKEHHE TeMIIepaTypsl IUIABIeHUA IIPU
yMeHBIIeHUH pa3Mepa YacTHI] CIeAyomei oomei pruBeneHHOM GOopMyIOi:

=, )

rge Tp — TeMmIlepaTypa IIIaBJIeHUA MaccuBa, [, — TeMIlepaTypa ILIaBJIeHUA YaCTUIBI C
muameTpom D, Dy, — mapamerp, GU3NIECKUA CMBICI KOTOPOTO COCTOMT B TOM, YTO 3TO €CTbh
IIpefle/IbHBIN pasMep YacTHIBI, XUIKOH yXe Ipu abconoTHOM Hysne. Bo Bcex Teopusax
Dy pey CIMTAETCA HETIPEPHIBHOM (PyHKIMEN, HO /I KIIACTEPOB MAJOrO pasMepa 3TO ABHO He TaK.
Yro IIpPUHUMATD 34 AHAMETP ABYyX-, TPE€X- U YEeTbhIPEXdATOMHBIX I-IElCTI/II_(? HOCKO)IBKY AUaMeTp

aToMoa COCTaBifeT OKoio 3 A, smavenme D menbmee, wem 3 A, mpezcraBnsercs

npen °
6eCCMBIC.T[eHHBIM. HO—BI/I,Z[I/IMOMY, Teopud AJId O9€Hb MAJI€HBKHX 9dCTHUIL AOJ/DKHA YINUTHIBATh UX
pearbHyI0 TeOMEeTPHIO.

B Pa3HBIX KOHKPETHBIX KOHTHMHYAJIBHBIX MOJEJIAX ILJIdBJI€HHA BEJIHMYINHA anea nMmeer
pasnuunsble 3HaveHus (cM. Tabmauny 1). Jna Hg, Ga u Sn ee MOXHO OILleHNUTH, OCHOBBIBAsCH Ha
IIOJIy4YeHHBIX HAaMH 3HAYeHUAX TeMIlepaTypsl IUIAaBJIeHHS KJIAacTepoB. B skcmepuMeHTax c
COJIBITMMY YaCTUIAMU 3HaYeHue Dy, He MOXeT OBITh TOYHO OTIpeIeIeHO M3-3a CPaBHUTEIBHO
MaJIOTO U3MeHEeHUs TeMIIEPATYPHI IIJIaBIeHU.

YMeHblIeHHe pasMepa YacTHUI] Pe3KO IOHIKAeT TEMIIEPATypy ILJIaBIE€HUI, HO IPU STOM
CylleCTBEHHOe 3HadyeHUe IIpHOOpeTaeT TOYHOe OIpeZiesieHHe WX pa3Mepa. B Hamem ciydae
KJIaCTepsl TIPOKanubpoBaHbl Matpuueii meonuta. Ouu BechMa maimst (9 A), Bcremcrsue wero
sHaueHue Dy, OTpeIeNanoch C 6OIBIION TOYHOCTHIO.
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Ta6muua 1. DxcriepuMeHTaNbHbIE U PaCYeTHbIE
3HaueHus Dype, TTPU Pa3TUIHBIX MOJIENIAX TIaBIECHUS.

ILnasrerve Teopus | T I 2] TepmopunamMuaeckas
Dxcrepu- IIOBEPXHOCTHOTO €opmi 11aBIoBa
Pas [3] 2/, TeOpH IJIaBIEHUA [6)]
Meran | MeHTajIbHEIE citod [4] 4 g o — <& ) Ue] - R
3Ha4e D 4 Ps O, Lp Pe —|agg — (—S>
HATEHHUA Unpen L—ps{ase + (1 - E) 0'5} Lpg s s Lps o Pe 7
Hg HgX =2.4A 42 A 83 A 143 A 21.4 A
GaX =294
Ga GaA=204 6.5 A 464 1054 15.8 A
1.74A
1.4 A
SnX =274 . . . .
S i 244 6 A 1124 16.9 A
n SnA =25 A 36 69
Pb - 404 6.8 A 10.7 A 16.1 4
In - 5.5 A 834 10.6 A 159 &
Cd - 134 3.6 584 8.7 A

Kak BuzmHO U3 TabmnIbl, SKCIIepUMeHTaIbHbIe 3HaUeHUA Hanbosee 6ITU3KH K paCIeTHEIM,
IIOJIy4YeHHBIM Ha 0Oase IIpeJIIONIOKeHMHA, UYTO IUIABJIEHUIO YaCTUIBI IIpeZIIecTByeT
BO3HMKHOBEHME TOHKOTO ITOBEPXHOCTHOTO Xuakoro cinos [4]. Ciexmyer eme pa3 oOpaTuThk
BHUMaHMe Ha TO, YTO B CJIy4ae YaCTHIBI TPEXaTOMHOTO AuaMeTpa OOBIYHbIE KOHTHHYaJIbHBIE
IIpe/iCTaBIeHNs OOJIbIIeH YaCcThIO HEIIPUMEHUMBI. ['OBOPUTH O XXUIKOM ITOBEPXHOCTHOM CJIOE B
TAKOM 4YacTuie, IO-BHAMMOMY, OeCCMBICIEHHO, XOTS IIOBEPXHOCTHOe HATKeHHe elle
coxpanser cmsicn [7, 8]. Hawmryumee coorBercrBue mnonydaerca anag Sn. Jna Hg u Ga
SKCIIepUMEHTAIbHble 3HAYeHHSA OCTAlOTCA HIDKe Hamboysee OJM3KMX K HHUM PacdyeTHBIX B
1.5—-2-pasa. Ilpu comocTaBIeHMN TeOpPeTHYECKHMX M DOKCIIepUMEHTAJIbHBIX 3HAYEHUH
Dype, cnemyeT NpUHWMATh BO BHMMaHHMe, KPOME CKAa3aHHOTO BhbINE, YTO HCC/Ie/I0BAHHbBIE
KJIaCTephl B3aWMOJENUCTBYIOT C [JUDJIEKTPUYECKUMHU CTEHKaMU IIOJIOCTH, OOpPa3yIoUuMu
CBOEOOPa3HYIO0 IOZIJIOKKY. Bo Bcex Mozenfix IUIaBIeHUs TaKoe B3aUMOJEHCTBHE He
YYHUTBIBAETCSA, XOTS PEaJbHO OHO BCErZa MMeeT MeCTO. B ciydae IIOCKOM ITOAJIOKKHU B3aUMO-
IEeNCTBYE NOJDKHO YBEIWYUBATH TEMIEPATypy IUIABIeHUA (IIPU 5TOM Dipen yMeHblIaeTcs). B
cIydae KJIACTepOB, HAXOAAMMUXCA B CHepUYecKOdl IIOJIOCTH, MOXeT KMeTh MeCTO Kak
yBeJIMYeHHe, TaK M YMeHbBUIEHHE TeMIIepaTyphl IIaBleHUs (yBelrumdeHue Dipen ). ITocmenuee
CBS3aHO C HaBA3BIBAHHEM KjacTepy (OpMbI chepUdecKOd IOJOCTH. DTHUM OOCTOSATEIBCTBOM
MOXXHO OOBSICHUTh OTCYTCTBHE IIMKOB IIIaBIeHHsa maf kiuacrepoB In, Pb u Cd, HO mna
OKOHYATEeJIbHOI'O BBIBO/14d HeO6XO,Z[I/IMBI AOIIOTHUTEJIbHbBIE DKCIIEPMIMEHTHI.

Hpe,ILHOJIO)KeHI/IH, Jie)Kalire B OCHOBE YIIOMAHYTBIX TEOPHﬁ, 9HNCTO KOHTHHYAJIbHBIE.
OHu TepsIOT CMBIC NIPY ITepeXo/ie K YaCcTUIAM TPEXaTOMHOTO AuaMeTpa (HalmpuMep, «KUAKUAN»
IIOBEPXHOCTHBIA CJIOM [Jjid 4YacTULBI, y KOTOpOM OJMH aTOM B II€HTpe, a OCTaJbHBbIe
pacIioyiaraioTcs Ha TIOBEPXHOCTH OfiHOaTOMHBIM cioeM). [losTomy rpyGoe cosmazenue Dypey,
SKCIIEPUMEHTAIBHO IIOJyYeHHOTO U TEOPeTUYECKH BBIYMCIEHHOTO, MOXKET paCCMaTPUBAThCA He
KaK CJIy9alHOCTh, @ CKOpee KaK pe3yJIbTaT HEKOTOPOH BEpPHOH HJeH, KOTOPYIO Ta WJIN MHAs
TEOpUs BBIpAKaeT 6oJiee MM MeHee TOYHO.

B YIOMAHYTBIX TEOPHAX IIPUYMHA CHMXE€HHNA TEMII€PATYPhI IIIABJIE€HHA MdJIbIX YdCTHI]

3dK/JII09d€TCA B KOHKYPEHIIMHM TEIIJIOThI IIJIAaBJI€HHWSA M BBIMIDBINIA B HOBePXHOCTHOfI OHEPTrHuun
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Influence of particles size on melting temperature.

IIpU TIepexofie OT TeOMeTPHUU TBEPJOIrO COCTOAHUA K chepudecKoil reoMeTpuUM >XUAKOro. B
cly4ae KJIACTEPOB aTOMHOTO JAMaMeTpa OYeBHAHA HEOOXOJUMOCTh Oojiee CTpOroro ydera
TeOMeTPHUH KJIaCTePa B «TBEPZBIX» U «KUIKUX» (dasax.

MBI nosraraeM, YTO TOJIBKO IIPU TOYHOM ydeTe MMEHHO 3TOro ¢aKTopa MOXHO COCTAaBUTh
TEOpeTHYeCKoe OIKCaHuWe, Hambosee OIM3KOe K DOKCIIEpUMEHTaM C YaCTULAMU MaJbIX
muameTrpoB. OzpHaKo, 3a/aya dTa IIPe/CTABIAETCA B HACTOSAIIee BpPeMSA JOCTATOYHO CJIOXKHOM.
M3noxeHHbIe HIDKe PacCy>KeHUs IPUBOAAT K (popmyte Tuma (3).

Ecnu wucmonb3oBaTh COOTHOIIEHWe TUIA IIpaBHiaa 1pyropa — TeIoTa WCIIAapeHUs
nponopruoHansHa Temmeparype KuneHusI (Quey = ATyyn) — AL CIIydas IUIaBlIeHUs. MACCUBHBIX
TeJI, TO MOXKHO IIPeAII0NI0XUTb, UYTo @, = BTy,

_ Qun
Trm - ? (5)
HJIaB]IEHI/Ie YaCTHUIIbI 1 HEPEXO,I[ oT I'eOMeTPI/II/I TBEP,ZLOI'O TeJld K I'EOMETPI/II/I Kalliu, T.e. C(i)ePBI,
HPI/IBO,Z[I/IT K YMEHBH.IEHI/IIO HOBerHOCTI/I YaCTHUIbI U BBII/II'PBI]JIY B HOBePXHOCTHOﬁ BHePI'I/II/I

ASAE, 4To o6eryaeT mepexoy; B XKUAKOe COCTOSHYE, T.€. IJIaBIeHHe:

_ Qui—ASAE _ ASAE
THJ'I.MaJ'IbIX 4acT. — B - Tl'[.f[ - B .
(6)
Taxum o6pasom,
T, ASAE
I1JI.MAJIbIX YacCT. — 1 — , (7)
Ton B

rae
aneﬂ ASAE

D =5 (8)

B aroit hopmyrne AE aBnageTcsa pasHUIEH ITOBEPXHOCTHOM SHEPIHH TBEPZOTO U SKHUIKOTO
cocTosgHUA, a AS — pa3HHIIA ITOBEPXHOCTEIl YaCTHUI[ B TBEPAOM MU >KUIKOM COCTOSHUU. AS ecTs
byHKIIUA ouaMeTpa YAaCTHIBI U MOXET BeCTH cebs CIIOKHBIM 00pa3oM, eCau IIPUHHUMATh BO
BHHMaHWe peajbHyI0 reomerpuio yactunsl u3 10 — 20 aromoB. Paznudme Bcex paccMOTpeHHBIX
Teopuii — B TouHOCTH y4yeTa AS u AE.

Taxum o6pazoM, OKa3aHO, YTO TPEXMEPHOIIPOBOAAIIAA CHCTeMa KiaacTepos MeTasuia Hg,
Gaulns IIeoJInTe COXpPaHAETCA TOJBKO IIpHM [AdBJIE€HUAX BbINIE€ KPHUTUIECKOTIO. HPI/I CHATUN
BHEITHETO JaBJIeHUA IIPOMCXOIZUT CKAYKOOOpasHBIH IIepexof; U3 MeTaUIMYeCKOTO COCTOSHUA
xracrepos Hg, Ga u In B HemeTa/tmyeckoe.
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AnHOTanua

3arpsasHeHue HedThIO U He(PTENPOAYKTAMH IPUBOSUT K 3HAUYUTEJBHBIM H3MEHEeHUAM
(bU3MKO-XMMHUYEeCKUX CBOMCTB IIOYB M 3arpsA3HAeT IOZA3eMHble BOAbl. B pesyiwrare sTOrO
IIOMIOPOJHBIM CJIOH 3eMIM B TedeHUe JJIMTEeJbHOTO BpeMeHM He BOCCTaHaBiHuBaeTca. Bce
Oospllle  CeMbXO3IPOM3BOAMTeNell oOpamaerci K  HCIOJB30BAHHIO  HETPALUIMOHHBIX
MUHEpPaJbHO-CBIPbEBBIX PpecypcoB. bosbmiolf HayuHBIH M IpakTUYeCKUH HHTepec [
IOJly4eHUs [elleBOil M JOOPOKAaYeCTBEHHOW IPOAYKLIMM IIPU COXPAaHEHWH arpopecypcos,
IpeXJe BCEero IIOYBBI, IIPEJACTAaBJIAET MCIIOJb30BAaHME B KadeCTBE MeEeIMOPAaHTOB MEeCTHBIX
pecypcoB, B TOM 4HCJe TaKUMX HAHOIOPUCTBIX MaTepuajoB KaK IIPUPOJHBIE II€OJMTHI,
MeCTOPOXX/IeHHSA KOTOPhIX mMeloTca B ['pysum. B pabore m3ydeHO BIMAHME HAHOIIOPHCTBIX
IIeOJINTCOMEPKAIIUX Ty(oB, BHECEHHBIX B 3arpA3HEHHYIO HedThIO IIOYBY, Ha HEKOTOpHIE
OuomeTprYecKHe IIOKasaTeIU CeJbCKOXO3IHCTBEeHHBIX pacreHmil. M3ydeHo BimaHWe
IIPUPOIHOTO IeonuTa (KIMHOITHJIONHUTA), BHECEHHOTO B IIOYBY, 3arpA3HEHHYIO He]Thio, Ha
POCT U pasBUTHe O3UMOM IuIeHUIsl. B pa60Te TIOKAa3aHOo, YTO IIPUPOSHBIE L[E€OJIUTHI, BBUAY HX
cruenuUIeCKUX CBONCTB MOXHO CYHUTAaTh IIEPCIEKTHBHBIM COPOHUPYIOUIMM MaTepHUajoM,
NIpeJOTBPAIAIONM MUTPAlMIO YIJI€BOAOPOAOB 3arpPA3HEHMA B HHU3JIEXallue CJIOMW IIOYBHI, a
TaK)Xe CIIOCOOCTBYIOIINIM yBeJIMYeHUIO OMOJerpafjalluy 3aTpA3HUTEN, B IIPOLeccaX OYUCTKU U
BOCCTAQHOBJIEHUS IIOYBOTPYHTOB, 3aTPA3HEeHHBIX He(TeIIpOAyKTaMHU.

1. Beegenue

C kxaxzsIM rozmoM Bce OOJbllle BHUMAHUA yZenseTcs IpobOjieMaM, CBSI3aHHBIM C
3arpsA3HEeHUEeM OKpyxKaiouieil cpexnsl. [louBeHHBIM IIOKPOB 3eMyIM TIpeACTaBIseT COOOM
BaKHeHIINiT KOMIIOHeHT 6uocdepsr 3emrn. MiMeHHO ouyBeHHAs 000I0YKA OIpesiesiieT MHOTHe
IIpoLecchl, TpoucxonAmue B Ouocdepe. IlouBeHHBI IIOKPOB BEINOIHAET (QYHKIUU
OHMOJIOTMYEeCKOTO IIOTJIOTUTEA, Pa3pYILIUTe I U HeHTparu3aTopa pasJInYHbIX 3arpasHeHuil. [Ipu
HapylIeHWH OTOrO 3BeHa Owuocdepsl, HeoOpaTHMMO paspyllaeTcs U  CIOXKHUBLIEeCs
byHKUMOHUPOBaHUE GrOChepEI.

[TouBeHHBIN ITOKPOB ABJIAETCA BaXKHEHIIMM NPUPOJHBIM oOpasoBaHueM. Ero posip B
KU3HU OOIIeCcTBa ONpefeseTcs TeM, YTO II0YBa IIPEACTaBIseT COOO0H OCHOBHOM HCTOYHUK
IIPOJIOBOJIBCTBUA, ObecreunBatomuii 95 — 97 % mpooBOIBCTBEHHBIX PeCypCOB IS HaceJIeHUd
miaaHeTsl. [loyBa — 5TO MemIeHHO BO30OHOBJIAEMBIH pecypcC, ABIAIOUIMNACT CIOXHOU
SKOCHCTeMOH, obecleunBaromel pocT pacTeHuii. UYToObl pacTeHUA (IIPOLYIEHBI) MOTIN
HOPMaJbHO PAacTH M pa3sBUBATHCHA, IIOYBA, KaK Cpeja OOUTaHUS, [NOJDKHA YAOBJIETBOPATh HUX
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Restoring of soil ecosystems by natural zeolites.

IIOTPeOHOCTH B DJIEMEHTAaX IIUTAHUA, BOJe U KUCIOPOZeE, a TaKXKe 00JafaTh pAIOM IPYIHX
CBOMCTB. B3amMOCBA3b MeXy IIOYBOM U PACTUTEIBHOCTBIO — AMHAMHYECKOE paBHOBeCHE, a He
CTallMOHApDHOE COCTOSIHWEe U ABIAETCI Haumbosee YYBCTBUTENBHOH K aHTPOIOTEHHOMY
BoszericTBuio [1 — 3].

Yr1eBomopObI ABIAIOTCSA OSHUM U3 IIPUOPUTETHBIX 3aTPA3SHUTENIEN OKPYKAIoLeil Cpeibl.
B mouBy 3TH coefUHEHUA IIOCTYNAIOT B pe3ysIbTaTe aBapUi M yTedeK Ha IIPeANPUATHIX
XUMHYEeCKOH 1 He(pTeXUMHUYEeCKOH IPOMBINLIEHHOCTH, KaK IIPOLYKThI U OTXOZBL AeSTeIbHOCTH
He(TemoOBIBAIOMINX U HedTenepepabaTHIBAIOIIUX IPEAIIPUIATHI, a TaKXKe U3 aTMOCGhEpPHI — IpU
okuranuu HedremposykroB. O6mas TOKCHYHOCTh HeTH, KaK IIPaBUJIO, HEBBICOKA. B To ke
BpeMs, OTZe/bHbIe KOMIIOHEHTHI He(TH U IPOAYKTHl ee OHOPA3IOKeHUs, IPEUMYIIeCTBEHHO,
[TOIMapOMATHYeCKe ¥ IOIUIUKINYECKHe COeJIVHEHUs, OTJIUYAIOTCI MYTareHHOCTBHIO,
KaHIIePOTEHHBIMU CBOIMCTBaMHU M TepaTOreHHOCThIO. [locmencTBus UX BO3LEHCTBHA Ha XKUBBIE
OpraHM3MBI, B TOM YHCJ€ M Ha 4YeJOBeKa, MOTYT IIPOABIATHCA 4Yepe3 MHOTHE TOAbl U B
IIOC/IeYIOWUX IIOKOJIeHuAX. IIposBieHus 3TOro BO3AEHCTBHMA BechbMa MHOTOOOPa3HBI, HO
HaMOOJIBIIYI0O ONACHOCTh IIPU DTOM COCTABIAIOT reHeTHdeckue HapymeHwus. Onpenensiomum
dakxTOpoM Bo3zeiicTBUA HedTH U HeDTENPOSYKTOB Ha IIOYBY ABJIAETCA COOTHOIIEHUE JIETKUX U
TOKENbIX  ¢pakumii. Jleryyme (¢pakumy 005aZalOT TOBBIIIEHHOM TOKCHUYHOCTBIO I
obuTareseli IOYBBI, HO [JeHCTBME UX KpaTKOBpeMeHHO. Tsxensle @¢paknuu HedTH
MaJIOIIOJBIDKHBI Y MOTYT CO3Z,aBaTh B IIOYBE YCTONMYMBBII ouar 3arpssHeHus [4, 5]. 3enensie
pacTeHus, IpUOBl U MUKPOOPTaHM3MBI, PasBUBAIOIIMECH B TPYHTAaX U JOHHBIX OTJIOXEHUIX
BOJIOEMOB, COZEP>KAIUX JaKe CleAbl He(TH, HAKAIUIMBAIOT U KOHIIEHTPUPYIOT B CBOMX TKAHAX
TSDKeJble MeTaUIBl, PafHOHYKIWABI, KaHIlepOTeHHbIe BellleCTBA XU TeHeTUYecKue sAbl U
IepefaioT UX IO ITHIIEBOH IIeNM BBICIIMM OPraHH3MaM C COOTBETCTBYIOLUIMMHY ITOCJIEACTBHAMH.
Takum obpazoM, HedTIHOe 3arpsA3HEHUEe IPUPOSHBIX Cpef HAZOJITO CO3JAeT YIPo3y 3L0POBBIO
HaceJIeHHs peruosa [6, 7].

B mouBax, 3arps3HeHHBIX He(THIO, NIPOUCXOJAT TaKHe IIPOLIECCHI Kak: 1. HapylleHUe
SKOJIOTUYECKOTO PpaBHOBECHsS IIOYBEHHOH CHCTeMbI; 2. H3MeHeHue MOP(OIOTUIECKUX,
(1)I/ISI/I‘IeCKI/IX, Q)HBHKO—XI/IMI/I‘-IECKI/IX N XUMHNYECKHX XapaKTepI/ICTI/IK IIOYBEHHBIX I'OPI/IBOHTOB nu
CTpOEHHS IIOYBeHHOro mpodmig; 3. HapylleHMe IPUPOSHOTO COOTHOUIEHUS MEeXIY
OTZENBHBIMU TIPyHIaMH U (PaKIUAMH OPTaHMYeCKOTO BelecTBa IIOYB; 4. IPOHUKHOBEHUE
HepT M HeTeNpPOAYKTOB B TIPyHTOBBIE BOZBI; 5. CHIDKeHHE IIOYBEHHOTO IUIOAOPOIUA U
BO3BHHUKHOBEHNE TOKCHUKOJIOTHYECKHN OIIdCHBIX CI/ITyaHI/If/'I. BHFPHBHGHI/IE IIOYB HE(1)TBIO HapyluaeT
BOJHO-BO3LYIIHBIII PEXUM U CTPYKTypy IIOYBBI, B3aMMOCBS3M IIOYBa—pacTeHHe—BOJa,
(GYHKIMOHUPOBaHHUE IIOYBEHHBIX MUKPOOHBIX COOOLIECTB U CHMXKAeT IIOYBEHHOE ILIOZOPOJHUE.
11 pexynpTHBANIMM 3aTpA3HEHHBIX IIOYB HEOOXONVMO CO3ZjaHMEe ONTHMAJIBHBIX yCJIOBHH A
Pa3BUTHA €CTECTBEHHOT'O YIJIeBOJOPOAOKHICIIAIONETO MUKPOOHOIIEHO3a ITOCPEICTBOM BHECEHUA
OpPraHMYeCKOT0 WJIN MHHEPAJIbHOTO YZOOPeHHS — IS ONTUMU3AIUM IIHIIEBOTO PeXHUMa U
MeJTHOPAaHTOB — MJIsi yJIy4lleHWs BOAHO-(pusmdyecKkux cBo¥cTB mouBsl [8]. PexymbruBamus
3eMeJIb, 33I‘PH3H€HHBIX Heq)TBIO " TAXeJIbIMU He(bTeHPO,ZLYKTaMI/I, HPeﬂl’[O.T[aI‘aeT CHMIXXeHNEe HX
COJiep>KaHuUs B ITOYBE U BoJe ZO Guoornyecky 6e30macHbIX KoHIeHTpanui. OzHako, BeTuIuHa
STUX KOHIEHTpPAlMii [0 HaCTOAIIEr0 BpeMeHM He YCTaHOBJIEHA W3-32 CJIOXHOTO U
HEIIOCTOSSHHOTO XMMMYECKOTO COCTaBa He(dTH U BpAn MU OyJeT yCTaHOBJIEHA OJHO3HAYHO
[9—-11]. B peanbHBIX TNPOU3BOJACTBEHHBIX VCIOBUAX (DAKTHUUECKOH IIeJIbI0 IIPOBeIeHUs
PEeKyJIBTUBAIIMOHHBIX PAabOT fABIAETCA JIMIIb CHIDKEHHE COZepXaHusd B II0ouBe HepTH H
He(pTEIIPOLYKTOB O YCJIOBHOTO IIpefiesia, IIPM KOTOPOM BO3MOXKHO PpasBUTHE, POCT U
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pasMHOXeHUe 3eJIeHBIX pPacTeHWH, U JOCTIDKeHHe OJIM3KOTO K IIepBOHAYAIBHOMY
OOIIEITPOEKTUBHOTIO ITOKPBITUS PACTEeHUAMU «PeKyJIbTUBUPOBAHHOM» 3emiu [12, 13].

MupoBas IpaKTHKa IIPOBeJeHUA PeKyJIbTUBALIMOHHBIX PabOT pacIoyaraeT pasJIuYHbIMU
MeTO/IaMH BOCCTaHOBJIEHUA IIOYBEHHBIX M BOAHBIX dKocucTeM. Ha HedTe3arpsa3HeHHBIX ITOYBaxX
WCIOJIB3YIOTCA pa3IUdYHble PeKyJIbTUBAIMOHHBIE MEPOIPHATHA TaKue KaK: CXKUraHue HedTw,
3aCBINIKA 3arpA3HEHHBIX Y4YaCTKOB TPYHTOM, BBIBO3 3arpsA3HEHHOH IIOYBHI B OTBAJIBI, HO OTH
MEPOIPHUATUA MOTYT IIPUBECTH K HEOOPAaTHMOMY YHUYTOXEHHUIO IUIOZOPOJHOTO CJIOS IIOYBHL.
Takue crIOCOGBI PeKyJIbTUBALIMK COBEPUIEHHO HENpUeMJIEMBI, OHHU JOCTATOYHO SHEPro- Hu
PeCyPCOeMKH U 3a4acTylO SKOJOTMYEeCKH He ONpaBAbIBAalOTCA. MexaHudeckue u GusmdecKue
MeTOZbl He MOTYT O0eCIeYHTh IIOJHOTO yJAaleHus HepTH U He(dTEIPOLYKTOB C IIOYBHI, a
IIPOIIECC eCTECTBEHHOTO pa3jIOKeHUA KX B II0YBAX YPE3BBIYAHHO [JIHTEJEeH, II03TOMY B
HaCTosllee BpeMsA IPeJIIOYTeHHe OTHAETCS MEeXaHWYeCKMM U OHOJOTMYeCKHM CIIocobaM
OYHCTKH, HanboJjIee IIpreMIeMBIM C DKOJIOTUYeCKOM ToukY 3peHus. OHU HaIpaBJIeHbI B IEPBYIO
ouepesb HAa  CO3JjaHUME  ONTHUMAJBHBIX  YCIOBUHM  JKM3HEAESATEJBHOCTH  IIOYBEHHBIX
MUKDOOPTaHHM3MOB, Ha CTHUMYJIAIUIO HUX JeATeJTbHOCTH M IIOBBILIEHHE MeTab0InYecKon
aKTUBHOCTH [14].

X e“’ﬁ

Pucynox 1. CTpyKTypsI IPEPOIZHBIX II€OTHTOB:
a) KJIMHOITUJIONUTA U 0) QUIIIUIICUTA.

bonpmoii HayyHBI ¥ TPaKTUYeCKHH MHTepeC [Jd IIOJy4eHusd JelleBOH u
NOOpOKAaYeCTBEHHOH IPOJNYKIMM IIPU COXPaHEHHH arpopecypcoB, IIpeX/e BCEero IIOYBHI,
IpesicTaB/igeT MHCIOJIb30BaHHE B KadyeCcTBe MeJIHOPAaHTOB MECTHBIX PecypcoB, B TOM YHCJe
IPUPOJHBIX I[€OJIUTOB, MECTOPOXKJeHHA KOTOphIX wuMmelorca B ['pysunm. Bce 6ombme
CeIbXO3MIPOU3BOIUTeNell obpamaeTcs K MCIIONB30BAaHUIO HETPAJUIMOHHBIX MUHEPaIbHO-
CBIPDBEBBIX PECypcoB. IJTO, IIpeXJe BCero, INOPOABI C BBICOKMM COZlepXKaHHeM KpeMHHU:
IVATOMUTHI, TpeIlesbl, OITOKU, IPUPOAHBbIe 1eoauTsl. [IpuposHsle 11e0JIUTH — IMepClIeKTUBHBIN
BUJI, IOJIE3HBIX MCKOIIAeMbIX, MAaCIITaObl IPIMEHEHH KOTOPhIX BO BCEM MHUpe PaCTyT, U JaleKO
He IIOCJIEJHIOI0 POJb B OTOM MIpaeT MX BCe yBeIWYHUBalolleecs IpPUMeHeHHe B CeIbCKOM
xosgiictee. HayunbIMuM  HcCleoOBaHMAMM  INIOATBEPXKJEHO  IIOJOKHUTEIbHOE  BIMAHHE
IIEOJINTOBBIX Ty(POB Ha YPOKAMHOCTH CEIBCKOXO3AHCTBeHHBIX KyHAbTyp [15 — 18]. C xaxmgemM
TOZOM aCCOPTUMEHT HUX PpacCUIMpseTcsi MU BCe 4dalle MId obeclledeHHs SKOJIOTMYEeCKOMH
0e30IIaCHOCTH  CeJIbCKOXO3AHCTBEHHOW IPOAYKUMM HCIOJNB3YIOTCA OSTH HAHOIOPHCTHIE
MaTepHasbl- MPUPOAHbIE I[€OTUTHI, B YaCTHOCTHU, KIMHONTUIONUT U puumuncur (Pucyrox 1)
[19 -22].

Buecenne neonurcosepxxameil mopoasl B IOYBY ABIAETCA IEPCHEKTUBHBIM IIOAXOJOM
IJi TIpefOTBPAllleHUsA MUTPAIlMM YTJIeBOZOPOJOB 3arpA3HeHMA B HHU3JIeXalllie CJIOU IIOYBEL, a
TaloKe JIJIA YBeTHYeHUA OMOJeTpasjalliy 3aTPA3HUTEIA.
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HambGonee BaXHBIMEM XapaKTePUCTHKAMHU IIEOJIUTOB, HMEIOIIMMM IIepPBOCTEIIEHHOE
3Ha4eHHe B OIleHKe MX arpoMeJHOpaTUBHBIX KadyecTB, ABIAIOTCA: KapKacHasd CTPYKTypa,
BBICOKAass €MKOCTh KAaTMOHHOTO OOMeHa, HajJu4yhe B COCTaBe 3JIEMEHTOB 30JIbHOTO ITUTAHUA
pacTeHMi, BBICOKAsA CIIOCOOHOCTh K IIOTJIOIIEHUIO BOABL. B pesyibraTe IejeHampaBIeHHBIX
HCCIeJOBAHUII OBLIO YCTAHOBJIEHO, YTO BHECEHHE LI€0IUTOB II0JIOKUTEIPHO BIUAET Ha CBOMCTBA
IIOYBHI, yJydYllaeT ee (QU3MUeCKHe U COPOIMOHHBIE CBOMCTBA, ABAAACH HMCTOYHUKOM U
PETyJIATOPOM IIUTAaHUA PAaCTeHHUI HEKOTOPBIMU djIeMeHTaMu [23].

2. DKCIIepUMEHT

Llexsro HacTOAme# paboOTEI OBLIO UM3y4YeHHe BIUAHUA IPUPOJHOTO IIEOTIUTA
(KJIMHONITUJIONNTA), BHECEHHOTO B II0OYBY, 3arPA3HEHHYIO0 HE(THIO, HA POCT U Pa3BUTHE O3UMOMH
ImIeHUIsl. TOKCHKOJIOTUYeCKoe JeficTBHe HedTe3arpsA3HEeHHOH ITOYBHI IIPOSABIIAETCA B IIEPBYIO
odyepesb Ha BBICIIMX PpacTeHHAX, KOTOpble II0O Pa3sHOMY YCTOHMYMUBBL K Ppa3IUIHBIM
KOHIEHTPALMAM 3aTpA3SHUTEIA.

Ta6muua 1. Pusuko-xuMuveckue XxapaKTepUCTUKY HeTH.

Ne ITokasarenu Hedts MecTopoxzerus Camropu
1 | IInorHOCT®, KT / M3 8225
2 | MonexynapHas Macca 178
3 | Baskocts. cCr
20 °C 4.87
50 °C 2.60
4 | Temmeparypa, °C
3acThIBAaHUA 3
Bensiniky B 3aKpBITOM THUTJIE HIDKe 35
5 | Kokcyemocrts, mac. % 1.0
6 | Kucroraoe wncmo, mr KOH /1 0.06
7 | Comepxanue mac.%
Cepa 0.12
AszoT 0.07
AcdanpTeHsbI 0.90
CuukaresieBble CMOJIBI 4.10
[Mapacus: 6.9 (52 °C)
8 | Berxog dpaxium, mac. %
mo 200 °C 31.50
mo 350 °C 60.3
zo 500 °C 86.9

B sxcmepuMeHTe MCIIO/IB30Balach CaZioBas cepo-KOpuyHeBas mousa. IlouyBy sarpasHamm
HedThi0 MecTopoxzeHus Camropu (I'pysms). Pusuxo-xumuyeckue XapakTePUCTHUKUA HedTH
npusezens: B Tabmuue 1 [24].

IIpuponHsIil 1IeOJUT — KIWHONTHIOIUTOBBIA Tyd MecTopoxzeHus Temsamu, ydacTok
Xangaku (I'pysus). Comep:xaHue OCHOBHOTO MHUHEpasa, B 3TOH TOPHOI IOpofe KosebieTcs B
npegenax 70 — 80 %, B kaTuOHHOM cocTaBe npeBanupyetr Kanxbpuuii [19]. [Ipupostsre meoauTs
ABJIAIOTCA JOBOJIPHO YHUKAJIBHBIM HAHOIIOPHUCTBIM MATE€PHUAIOM C BeChbMa CJIOKHOM CTPYKTYPOfI.
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Kmunontunonur (HEU) ortHOCHMTCE K Trpynme refIaHIUTOBBIX IeoxuTOB [19].
MuHepasbl 5TOi TPyNIIBl ABJISIOTCA HaubOoyiee pacIpOCTPAaHEHHBIMH B IPHUPOJE IIEOTUTAMH.
Kpucrannmdeckas CTpyKTypa KJIMHONTHUJIONWTA XapaKTepuU3yeTca HaJIM4HeM JOCTaTOYHO
OTKPBITBIX KAaHAJOB, OOPa30BaHHBIX [JeCATBIO- U BOCBMUWIEHHBIMH TeTPadIpUIeCKUMU
KOJIBIIAMHY, PACIOJIOKeHHBIMU B TPeX HaIlpaBIeHMAX: KaHAJIbI IapajienbHble ocu C MMeIoT
orHocurenbHble pasmepsl 0.705 x 0.425 wm u 0.460 x 0.395 HM, COOTBETCTBEHHO.
BocepmuusieHHBIe KaHAIBI, PacIIONOKeHHBIe IapajienbHo ocu A u mog yriaom 50 ° k aToit ocu
nmeror guametpst 0.540 x 0.390 u 0.520 x 0.390 uwm [25].

B xavecTBe TeCTOBOTO pacTeHHsS HCIIONIB30BANACh IIMIEHWIA. 3€pPHA BHICEMBAIUCH B
koBeTs! (1 Kr), B IIeCcTH BapuaHTaX, KOXKABIN B TpeX MOBTOpHOCTAX. [lepBhIil BapuaHT — 4ucras
mouBa (0OBEKT cpaBHeHHs). Bropoit BapmanT — cybcerpar: mousa + 50 % ueonmta. Tpertmii
BapHAHT — IIOYBA, CO CTeNleHbIO 3arpsA3HeHus HedTbo 5 %. YeTBepTsIii BapmaHT — IIOYBA, CO
crenenpio 3arpsasHeHus Hedpreio 10 %. IlaTeit m mrecroil BapmaHTBI — CyOCTpaTsl C
COOTBETCTBEHHOH cTemeHbi0 3arpsasHeHus HedrTeio (5 u 10 %). DxcnepumeHT mMpoBOAMICA B
71a00paTOPHBIX YCIOBHUAX HAa JIyTOBO-KOPUYHEBOM THIIE IIOYBBI, CO CJAOOINEIOYHOH, NMOYTH
HeWTpaNbHOH, peakxiueil BogHoro pacrsopa (pH = 7.1 — 7.5). IlouBa xapakTepusyeTcss HU3KUM
cogepxanueM rymyca ot 1.93 mo 2.90 %, mo rpaHynOMeTpUYeCKOMY COCTaBy OTHOCHUTCA K
TSKEJIBIM CyTJIMHKAM.

Ilepen, HawyasoM SKcIepuMeHTa OBUIM OIpefiesIeHbl IIOCEBHbIE KadyeCcTBA CEMSAH
mmeHunst (copra «Macaynm»): BCX0OXXeCTh U DHEPTHA NpOpacTaHus. BcXoxecTb — KOJIUYECTBOM
ceMsH, KOTOpOe IIPOPOCJIO B YCTAHOBJIEHHBIH IS DTOHM KYJBTYPHI CPOK (B ZAHHOM Ciydae —
10 gueit). OHO BBIpaKaeTCs B IIPOIEHTAX OT OOL[ETO KOJIMYEeCTBA CEeMSH, B3SITOTO MJis
IIPOpAILIVBAHYA, ¥ XapaKTepPHU3yeT CIIOCOOHOCTh 0OPAa30BEIBATH HOPMAJIBHO Pa3BUTEIE IIPOPOCTKU
I[P ONTHMAJIBHBIX YCJIOBUAX NPOPAIIMBAHHA. OHEPrUsA IIPOPACTAaHHUA XapaKTepusyeT
IPY>XHOCTB M CKOpPOCTh IpopacTaHus ceMmsH. Omnpezenserci OHa B OZHOM aHajau3e CO
BCXOJKECTHIO, HO IIOZCYET HOPMAJIBHO IIPOPOCUINX CeMSH IIPOBOJSUTCS paHee. B xadecTBe joxa
IJIs1 TIPOPAIMBAaHUA CEMSAH HCIIOJIb30BAJICSA YBIOKHEHHBIM KBapIEBBIH IT€COK. DKCIIEPUMEHTBHI
IIOATBEPAMIM XOpOIIME IIOCeBHbIe KauecTBa ceMsH mnuieHunsr (98.5 %), xortopsle Obpuin
WCIIOJIB30BaHBl B JajlbHeHIIeM B OTMEYEHHBIX BbIlNIe BapHaHTaX SKciepuMmeHTa [26]. Bruro
IIPOBeZIEeHO JBa IIOCIEefOBATENBHBIX IIOCEBA C IIEPEPBIBOM MeXAY HUMU B OAMH MeCAI.
Habmrogenus 3a mpoayleHaMu KaXA0r0 II0ceBa IPOBOAYIINCH B TeueHne 30 mHeH.

3. PesynpTaThl McCileOBaHUN M MX 06CYyXAeHUA

Boutn ompegeneHsl cienyoiue GHOMETpUYECKHe IIOKa3aTeNd: SHEepPrys IPOpacTaHus
(3I0I), Bcxoxects (B), a Takke Takme moxasareiau Kak: BbicoTa pocTKoB (BP), oTHOcuTrensHas
BEJIMYMHA BBICOTHI POCTKOB. JHEPTHUIO IIPOPACTaHUsA OIpeesialu depe3 TPU NHA IIOCJIe II0CeBa,
a BCXOXXeCThb Ha gecatsiii feHb. B Tabmmme 2 mpuseseHbl cpesHeapudMeTHUecKye JaHHBIE.
Amnanu3 TaGIMYHBIX JAHHBIX IIEPBOTO ¥ BTOPOTO IIOCEBOB IIOKA3bIBAET, YTO BHECEHHE Ie0IUTA B
I04YBy, 0GEe3yCJIOBHO, OKAa3bIBAeT IIOJIOKUTEJIbHOE BIWSHWE Ha DJHEPrHI0 IMPOPACTaHUS U
BCXOXKE€CTh PACTeHUM.

Tak, sHeprus nmpopactanus Ha cy6crpare nossimraercs Ha 12.5 u 15.5 %, a BcxoxecTs —
Ha 5.9 1 6.7 % coorsercrBenHo (BapuanTsl | u II). Ilpu 3arpsasuenun nouss! HedTsio (5 1 10 %),
KaK BUIUM W3 JAAHHBIX TAOJIHIIBI, IPU IIEPBOM IIOCEBE 3epHA He B3OLULIN B KOHTPOJbHBIE CPOKH
(Bapuanrtsl III u IV), a Ha cybceTpare, 3arpsasHerHoM 5 % HedTsio (BapmanT V) mpopocio 10 %
ceMsH IO CpaBHeHHIO ¢ uyucTeiM cyOctpatoMm (Bapuant II). Ha cy6erpare, sarpssuénnom 10 %
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He(TH, IpK IIepPBOM IIOCeBe ceMeHa He B3ouurn (BapuaHT VI). Ciemyer oTMeTUTH, YTO JaHHEIE,
npuBenéHHble B Tabmune 2, pacCINTHIBAINCH HA 3 IeHb IIOCJIe [T0CeBa (SHEPTUs IIPOPACTaHU) U
Ha 10 meHs (BCXOXKECTD).

Tabmuua 2. DHeprusa MpopacTaHUA U BCXOXKECTh CEMSAH IIIIEHUIbI HA BAPHAHTAX SKCIIEPUMEHTA.

BapwmaHnTh! 5KCIEpuMeHTa
Mowsa | Tousa Ilousa + ITousa +
I[eOJIHT + IIeOJIUT +
II 5% 10 %
buomerpuyeckue Mocenst ITousa HZ:J?:I: 1-{I-e (bT:I ;e qm: 5% 10%
IIOKa3aTeIn (xOHTpOIB) (cyGerpar) or or HedTH HedTH
yoerp OT MacChI OT MacChI
MAacChl | MAacChl o Geroara
TIOYBBI | IIOYUBEI cyberpara | Cyberp
I II III IV \ VI
JHeprus 1 moces 70 81 - - 10 -
IIPOPaCTaHUA 2 moceB 80 90 30 5 60 40
Bcxosxects 1 moces 85 90 - - 55 30
2 moces 90 96 50 35 75 55

Ha Pucynxke 2 mokaszaHa KapTHHA IIPOPAaCcTaHuA CeMSH Ha 22 eHb I0CJIe IIepBOro II0CeBa,
a puarpamma (PucyHok 3) oTpakaeT AMHAMUKy pocTa ceMsH Ha 3-# u Ha 22-i JeHb mocie
moceBa. Bo Bcex sKcIepHMeHTaIbHBIX BapHAHTaX CeMeHa IIPOPACTalOT C Pa3IMYHOI CTeIeHBIO
MHTEHCUBHOCTH M CKOPOCThIO. Heckosbko MHAas KapTWHA HAOIIONAETCS IPU BTOPOM IIOCEBE.
ITpencraBieHHble HaHHbBIE 3HAYUTEIBHO IIPEBOCXOJAT OMOMETpHYECKHUe ITOKA3aTelN PacTeHUi
IIEPBOTO IIOCEBA.

Pucynok 2. KapTuaa nmpopactanusa ceMsH Ha 22 JeHb II0CjIe TepPBOTO IoceBa:
a) BapuaHT | — mouBa (KOHTpO:IB); 6) BapuaHT II — cy6crpat; B) BapuanT 111 -
mouBa + 5 % HedTH or Maccer mouBkL; T) BapuaHT IV — mousa + 10 % nedTu ot
MacChI IIOYBBL; /) BApUAHT V — I04Ba + meoiut + 5 % HedTH, OT Maccs!
cy6erpara u e) BapuanT VI — mousa + neosnut + 10 % HedTH OT Macch cyberpara.

I/IBBeCTHO, q9ToO IIO,ZI;,I];eP)KaHI/Ie IIOYBBI BO BJIA’)KHOM COCTOAHHH ABJIAE€TCA OJHHM M3
aI‘POTeXHI/I‘IeCKI/IX HPI/IEMOB YHPB.BJIEHI/IH 6HOJIOI‘PI‘—I€CKOﬁ dAKTHUBHOCTBIO n OKa3bIBdeT
s deKTUBHOE BO3ZEHCTBIE HA TEMIIBI Pa3jIoXeHUsI HepTH U HedTenpoAyKTOB. biraronpuaTHsri
BOIHBIM PeXUM IIOYBBI [JOCTUTAeTCSA IIyTeM IIOJMBa. Y IydllleHHe BOJHOTO peXHUMa IIyTeM
II0JINBa OOYCJIOBIMBAET yJIy4IIeHWEe arpOXMMHYECKUX CBOMCTB IIOYB, B YaCTHOCTU BIHUAET Ha
IIOABMKHOCTh IITMTATE/JIBHBIX BeIleCTB, MI/IKPO6I/IOJIOI'I/I‘IGCKYIO AeATEeJIbBHOCThP WM aKTHUBHOCTD
6moIoruYecKux mpoeccos [8-9].
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BapwaHTbl 3KCNEepMMeHTa

Pucynox 3. [luarpaMma AUHAMUKH POCTa

o

ceMsAH Ha 3-¥ ¥ Ha 22-11 meHsb IIOCJIe IIOCEeBa.

MoOXHO TIpefIIONIOKHUTh, YTO CHCTEMATUYeCKOe YBIAKHEHWEe IIOYBBI, IIPUCYTCTBHE
I[e0JIUTa B CyOCTpaTax, CBOeOOpAa3HOTO «elo» BJIATM U IIUTATETBHBIX 3JIEMEHTOB, a TaKXKe
aKTUBAaTOpa OWOTHI IIOYBBI, OKAa3ajJO IIOJOXUTEIbHOE BIMUSHME HA JUHAMUKY IIPOIECCOB,
MPOUCXOAAMINX B OSKCIIePUMEHTAJIbHBIX BapHMaHTAX, 4YTO TakKXke OTPasMJOCh U Ha
OMOMeTpPUYeCKHX ITOKA3aTeIAX IPOAYyIeHa.

4, 3axmroyeHue

Takum o6pazoM, wucxonf U3  BBINIEU3NIOXKEHHOTO, CJeAyeT IE€PCIeKTUBHOCTh
WCIIOJIB30BAHMUA IPUPOSHBIX IIEOJIUTCOZEPXKAWMUX TydOB B CEIBCKOM XO3AHCTBE KaK B IEJIAX
3QUIUTHl ¥ PpeabHINTAlMK IIOYBEHHOTO IIOKpOBAa OT 3arpsA3HUTeNed, TaK U KaK CPeJCTB,
IIOBBINIAIOMUX YPOXKAMHOCTh U YCTONYHBOCTD PA3JIMYHbIX PACTE€HUM, BBIPAl[€HHBIX, IJIABHBIM
0o6pa3oM, Ha OeJHBIX IIOYBAX.
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Abstract

An overview is given on utilizing of hexagonal boron nitride nanopowders as a solid
additive to liquidlubricant materials.

Lubricants are extensively used by industry to control friction and wear in a large
variety of mechanical and tribological applications, because without lubricants most moving
parts of machines and engines fail or wear out and become useless. Most lubricants come in a
liquid- or grease-consistency. But, liquid lubricants alone cannot meet the increasingly more
stringent application conditions under very high and low temperatures, ultra-high vacuum,
radiation, extreme contact pressure, very low and high sliding speeds, etc. It is a reason, why
the idea of combined uses of solid and liquid lubricants is becoming more popular.

Solid additives in current liquid lubricants containing heavy metals, carbon (graphite),
sulfur and phosphorus bearing substances, etc. are environmentally harmful and cause
pollutions. They can be displaced by light boron-based nano-scale powders in oils and greases
providing much better tribological performance.

The most part of boron compounds are the superhard materials. But, some of them stand
out as very effective solid lubricants. In particular, boron compounds with layered structures
possess high potential to provide various surfaces with low friction and wear under both dry
and lubricated sliding conditions [1]. Among them powdered hexagonal boron nitride, h-BN,
has a capacity to significantly reduce friction and wear when mixed at low concentrations (as
little as ~ 1 wt. %) with liquid lubricants — oils, greasers, and fuels. Previously tribological
interest in h-BN was limited to lubrication for metalworking processes where lubrication at
high temperatures and / or cleanliness of working environments is of critical concern. However,
later it was reevaluated as a “clean” lubricant, which can be an alternative to above mentioned
“dirty” ones (e.g., carbon C in graphite-structure or molybdenum disulfide MoS:2) in more
general applications as a solid lubricant.

Hexagonal BN has a lamellar crystalline structure, in which the bonding between
molecules within each layer is strong covalent, while the binding between layers is almost
entirely by means of weak van der Waals forces. This structure is similar to that of graphite and
MoS:, which are highly successful solid lubricants too, and the mechanism behind their
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effective lubricating performance is understood to be owing to easy shearing along the basal
plane of the hexagonal crystalline structures. BN captured attention as a potential solid
lubricant for general use because of this similarity. However, a number of results showed that,
as a solid lubricant, BN was inferior to graphite and MoS..

From the fundamental investigations of h-BN lubricant properties performed in [2],
h-BN in general was found less effective than other solid lubricantsexcept for high-temperature
applications. However, a series of sliding experiments showed somewhat curiousbehavior of BN
when added into lubricating oil, e.g., in the case of sliding of bearing steel versus itself. BN
slightly increased the coefficient of friction, but drastically decreased wear. In sliding of steel
bearing, boron is present in small cavities on wear scars (Figure 1). Not all boron is present
there as h-BN, but in other forms too. Although boron nitride is known to have high thermal
stability, the observation of the wear scars had shown coexistence of boron and oxygen at the
same locations, evidence which suggests oxidation during sliding. BN introduced to the actually
rubbing parts strongly adhered to steel surfaces, and works to decrease wear.

(@)
Figure 1. Distribution of B on wear scars (a) steel ring
/ steel roller and (b) steel ring / cast iron roller [2].

oL AT
Boride layer
[~70-80 pr)
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Figure 2. Cross section micrograph
of surface-treated (electrochemically
borided) steel sample [3].

Figure 3. Schematic representation of the
lamellar lubrication in journal bearing [5].

Different approach to modification of sliding surface by h-BN lubricant has been
suggested for gears. Gears and other mechanical assemblies are some of the key components for
conversion of wind energy to electrical energy in wind turbines, but their durability and
efficiency are severely impaired by some tribological issues like micropitting, wear, scuffing,
and spalling. To address these issues, in [3] a combinational approach was proposed to
incorporate surface treatment in coordination with the use of nanocolloidal lubricant additives.
In particular, boron nitride based solid lubricants were manufactured and flat gear steel samples
were borided using an electrochemical boriding process. The borided surfaces (Figure 2)
enhanced the mechanical properties of the surface layer, leading to improved wear resistance.
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As for the boron nitride itself, it was observed to be stayed well dispersed within the oil and
formed a stable tribofilm, which was important to achieve improved tribological performance.

It looks that h-BN particles interact with sliding surfaces and form low-friction
boundary films protecting these surfaces against wear and providing low friction due to their
low shear. Correspondingly, there was found a preferential orientation of h-BN nanocrystalline
sheets of hexagonal boron nitride (formed from the tribochemical reaction between a borated
additive and a nitrogenous compound using mineral oil containing a little amount of synthetic
base as the base-oil) parallel to the sliding direction [4]. It was evidenced the formation of a
lamellar solid from the tribochemical reaction of a borated additive and a succinimide additive.
The result is the formation of h-BN in the tribofilm. The tribofilm was mainly composed of an
amorphous borate matrix containing highly-dispersed h-BN nanoparticles in the form of sheets
10 nm wide and 5 nm thick. Thus, when present at sliding interface the atomic layers of
hexagonal BN, the self-lubricated solid, align themselves parallel to the direction of sliding
motion and then shear with relative ease to provide the levels of low friction.

Such orientation of nanosheets (Figure 3) has a favorable effect on friction — this
statement was proved by the combination phospholipid molecules with h-BN. Phospholipid in
vivo and hexagonal boron nitride in vitro are good examples of frictionless lubricants.
Phospholipid molecules and BN have the ability to form multibilayer or layered structures
similar to lamellate solid. It has been confirmed experimentally that phospholipid molecules as
lamellar lubricants protect the surface of joints against wear while acting as frictionless
lubricant. The experiment strongly suggested [5] that h-BN has the ability to lubricate under
load with very low friction coefficient comparable to phospholipids. Relatively low surface
energy and low adhesion between the crystallites are giving the additives low friction
coefficient. The results of the experimental studies showed that h-BN as an additive in vaseline
possesses friction reducing properties, and excellent antiwear properties.

It should be noted that hexagonal BN is a versatile ceramic material with unique
properties and a wide application area in industry. Because of complex of important properties —
resistance to oxidation up to high temperatures, lubricity, high corrosion resistance, high
thermal conductivity and high electrical resistivity — it is used mostly as a high temperature
lubricant material. However, powdered h-BN when added into plastics not only reduces
friction coefficient, but also increases their thermal conductivity, decreases thermal expansion
and increases use temperatures. There are number of suggestions on practical utilizing BN-
based lubricants useful for metallic, ceramic, polymer, etc. interfaces.

Although, aluminum is one of the most prominent metals in the fabrication of metal
matrix composites, frequently the oxidation of aluminum prevents the precisely measuring the
wetting of ceramics. In [6], an improved sessile drop method was devised to prevent the
oxidation of the aluminum. Using this method, the contact angle between h-BN and molten Al
was measured in a purified He + H2 atmosphere and in a very high vacuum at high-temperature.
It was confirmed that AIN was produced at the solid / liquid interface and caused the contact
angle to decrease to 0°. AIN had good structural properties, whereas h-BN did not. Accordingly,
it was suggested that h-BN particles, which have good wetting, be inserted into the Al-melt.
This causes the surface of the h-BN to be converted into AIN which has good structural
properties. Using this process, a metal matrix composite, which has good structural properties,
should be produced. In particular, since h-BN is lubricous, a material should be produced which
has high wear resistance.
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Results of friction force in small-size bearings lubricated with the amount of oil
contained boron nitride additives were presented in [7]. The investigated bearings were porous
journal bearing and thrust bearing of the type sphere-on-plane operating with low velocity
under spinning friction regime. The comparison of the results obtained for oil with boron
nitride additives with one without such additives, magnetically active lubricant and oil with
other than BN additives showed a significant reduction of the friction coefficient and contact
temperature.

The antiwear capacity of a borate containing nitrogen was evaluated in [8]. Rubbing
surface analyses revealed that there were borate and boron nitride under high load in
comparison to only borate found under low load. Therefore, it can be considered that, under
mild conditions, the borate ester is absorbed physically and chemically on the rubbing surface
providing antiwear function at low load, and under severe conditions some of absorbed borate
films degrade and form boron nitride tribochemically developing antiwear performance at high
load.

In [9], the modified borate powder also was synthesized as an oil additive. The results of
studying its tribological properties showed that it had good extreme pressure, antiwear and
friction reduction properties. The viscosity of base-oil and the water content in the modified
borate had great effect on the wear resistance with extreme pressure. It can form a tribological
mixed reaction-film on friction surface. Boron mainly existed in the form of BN on friction
surface, while nitrogen content was higher than sodium content.

Thus, borate esters possess friction-reducing, antiwear, and antioxidant characteristics
when blended in lubricating oils. However, they are susceptible to hydrolysis. The formation of
a stable five-member ring structure in the ester molecules, involving coordination of nitrogen
with boron, contributes substantially to the resistance to hydrolysis of borate esters. The
susceptibility of borates to hydrolysis can be reduced by introducing N,N-dialkylaminoethyl
groups with alkyl radicals containing more than three carbon atoms [10]. It was revealed that
the borate ester can be adsorbed on the rubbing surface, and some of the adsorbed borate film
degrades and forms boron nitride. Wear tests indicated that the combination of oil-soluble
metals (copper, tin, and cadmium) compounds with organoborates gives better antiwear
properties than the components separately. An antiwear synergistic mechanism can be
postulated, in which borates with electron-deficient boron p-orbitals catalyze the
triboreduction of the metal compounds on the rubbing surfaces, producing elemental metals.

AISI-1045 steel was duplex surface modified by deposition of a Si—-B-N composite film
and a MoSz-based film [11]. It was found that composite film was composed of h-BN and c-BN,
which had much larger hardness than the steel substrate and were able to form interfacial
transition layer with the steel substrate and, hence, the tribological behavior of the steel was
greatly improved. Moreover, the friction and wear behavior of the Si-B-N film was further
significantly improved by the introduction of the Mo.

The tribological performance of grease lubricant plus h-BN micro-particles additive was
studied on steel / steel tribopair under vibrating fretting and sliding fretting conditions [12].
The grease compounded with boron nitride was found to be the best for industrial applications.

In [13], it was performed a comparative study on the tribological behavior of hexagonal
boron nitride as lubricating microparticles — an additive in porous sliding bearings for a car
clutch. The main effect of h-BN microparticles lamellar lubricant plus oil in comparison to a
standard Mobil-lubricant appears to be that the impregnation of h-BN microparticles in Cu — Fe
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porous bearings persists for a long period of time and the microparticles are gradually released,
being supplied to the contact surfaces. In the bench test, porous bearings have demonstrated
that such impregnation will satisfy up to ~ 10° h of clutch operation in a real engine.

Ni-based alloy / nano-hexagonal boron nitride (nano-h-BN) self-lubricating composite
coatings were successfully produced on medium carbon steel substrate by means of Nd:YAG
laser cladding [14]. A novel high energy ball milling method was adopted to clad nano-Ni onto
nano-h-BN with an aim to enhance the compatibility between the h-BN and the metal matrix
during laser cladding process. It was found that nano-h-BN was hardly to be composed into
Ni 45 matrix coating even if increasing the weight percentage of h-BN from 5 to 10 wt. % with
a conventional mechanical mixing. The high energy ball milling of nano-Ni onto nano-h-BN
significantly improved the interfacial compatibility between h-BN and Ni 60 matrix. The
friction coefficient of the laser clad Ni 60 / nano-Ni-clad h-BN coating was reduced obviously.

The results of the recent experimental studies have demonstrated [15] the high potential
of h-BN as an additive forpreventing fretting sliding, and can be very useful for application in
grease-based compound lubrication of a steel surface in industrial equipment.

Cubic, amorphous and hexagonal boron nitride films were deposited onto a silicon
substrate and a reciprocating tribometer was used to examine friction and wear properties for
these three BN films [16]. The c-BN film showed the highest wear and peeling resistance of the
tested films. The lubricating performance of the c-BN film proved significant following a long
lubricating life and low friction. In contrast, the a-BN and h-BN films showed short lubricating
endurance lives and large friction changes inspite of the fact that they are good, in general, as
solid lubricants. These unexpected results were speculated to reflect the premature debonding
of the h-BN and a-BN films during sliding and the subsequent discharge of their flakes out of
the nip between the substrate and the ball indenter, owing to their lower adhesion to the
substrate.

The high-temperature friction and wear characteristics of ceramic matrix composites
incorporated with various solid lubricants including hexagonal BN have been investigated from
room temperature up to ~ 1000 °C [17]. On the basis of general design considerations relevant
to solid lubrication proposed for friction and wear data of self-lubricating composites, such
optimized composites appear to be promising candidates for long-duration, extreme
environment applications with low friction and small wear rate.

The results of investigation of the tribological behavior of SisN+~h-BN composites with
different hexagonal boron nitride volume fractions under distilled water lubrication showed
[18] that the addition of h-BN into SisN4 matrix significantly decreased the friction coefficient
for SisN4 against SisN4 pair under titrimetric water lubrication. The morphological analysis and
chemical characterization of the worn surfaces via scanning reveal that under titrimetric water
lubrication, the h-BN in SisNs+h-BN spalled off during the wearing tests and the spalled pits
formed on the wearing surface of SisN+~h-BN, and then the debris dropped into the pits to react
with water, thus a tribochemical film formed on the wearing surface. It facilitated smoothing
the surfaces of SisNs—h-BN and SisNs to create a fine lubrication environment.

The ring compression tests of the interfacial friction and flow behavior of an Al>:Os-based
ceramic composite have indicated [19] that boron nitride lubricant can be used effectively at
elevated temperature range of 1400 — 1600 °C.

It is known that the processability of polymers by extrusion is related to the interface
between the polymer melt and the die wall, because the wall surface energy affects the flow of
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polymer melts in extrusion die. On the other hand, BN powders act as a solid lubricant lower
the surface energy. It is the reason why the effects of BN powders on the rheological properties
and the extrusion processability of metallocene-catalyzed low-density polyethylene were
investigated [20]. Small crystal size and uniform size distribution were found to be more
effective. Also, the influence of a hot-pressed BN die on the instability of capillary flow was
found to be quite effective in delaying surface and sharkskin defects and postponing gross melt
fracture. A synergistic effect of processability improvement could be obtained when both BN
powder and die are used together.

During the die flow of metallocene polyethylenes, flow instabilities may occur. Namely,
wall slip, “sharkskin”, and stick-slip (pressure oscillations) and gross fracture may be obtained
depending on the volume flow rate and die geometry. Fluoroelastomers and boron nitride
powders with hexagonal crystal structure can be used as suitable processing aids in melt
extrusion processes. Fluoroelastomers at low concentrations act as die lubricants and may
eliminate flow instabilities such as surface and stick-slip melt fracture. On the other hand,
specific BN powders may not only eliminate surface and stick-slip melt fracture, but also
postpone gross melt fracture to higher volume flow rates. In [21], it was shown a way for
quantitative differentiation of the influence of polymer processing additives on rheological
behavior.

Boron nitride as a solid lubricant wastested [22] as an additive to the lubricants used in
the polytetrafluoroethylene paste extrusion in order to identify enhancedprocessing aids. It was
found that the addition of boron nitride not only increases the extrusionpressure but at the
same time improves the final mechanical properties of the final extrudates. This offers
possibilities for controlling these properties by controlling the degree of fibrillation, i.e., by
adding a small amount of solid BN lubricant to adjust pressure,fibrillation, and thus the final
mechanical properties.

Calcined petroleum coke and hexagonal boron nitride were used as the friction modifiers
to improve the friction and wear properties of phenolic resin-based friction composites too [23].
It was found that the hybrid of the two friction modifiers was effective to significantly decrease
the wear rate and stabilize the friction coefficient of the friction composites at various
temperatures by forming a uniform lubricating and / or transferred film on the rubbing surfaces.
The uniform and durable transfer films were also able to effectively diminish the direct contact
between the friction composite and the cast iron counterpart and hence prevent severe wear of
the latter as well. The effectiveness of the hybrid of calcined petroleum coke and h-BN in
improving the friction and wear behavior of the phenolic resin-based friction modifiers could
be attributed to the complementary action of the “low temperature” lubricity of calcined
petroleum coke and the “high temperature” lubricity of h-BN. The optimum ratio of these two
friction modifiers in the friction composites was suggested to be 1:1, and the corresponding
friction composite showed the best friction-reducing and antiwear abilities.

Some of our recent works [24 — 29] are devoted to obtaining by a chemical method of
nanopowdered h-BN (with disc-shaped particles; mean diameter and mean thickness,
respectively, 240 and 25 nm) and utilizing.

Summarizing above brief overview on powdered h-BN lubricity, one should emphasize
that in general the larger grain size and higher crystallinity lead to better lubricating properties
and high temperature-stability of h-BN. However, there is a problem of sedimentation: micro-
scale powders added into lubricating oil and other liquid materials may settle out unless very
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effective surfactants or dispersing agents are added too. In case of nano-scale particles, mainly

because of their very large surface-to-volume ratio, as well as light weight (due to BN low
specific gravity), these powders may stay in dispersion for a long time without the use of
additional surfactants. Fortunately, boron nitride can be produced in nano-powders and,
therefore, is easy to incorporate within liquid lubricants.
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Abstract

The presented research deals with two promising materials for cancer hyperthermia:
ferromagnetic (Fe-FesC)&C nanocomposites and carbon black-Ag.dl.ai--MnOs hybrid
nanocomposites. Carbon-coated (Fe—Fe3C)&C nanocomposites were synthesized using the solid-
phase pyrolysis (SPP) of metal-organic compounds in a wide range of experimental conditions
(temperature, time and pressure in the reaction ampoule) resulting in various concentrations of
Fe—FesC core—shell. The ultrasound processing and size separation of nanoparticles have been
made after synthesis of nanocomposites. The structure, morphology and magnetic
characteristics of these nanocomposites were investigated by electron microscopy, X-ray
diffraction, Raman spectroscopy and magneto-metric experiments. Ag-doped LaMnOs
nanoparticles and modified carbon black were used to produce a hybrid nanocomposite.
AglaMnOs nanoparticles were synthesized using both the microwave enhances paper method
and microwave combustion method. The morphology and magnetic characteristics of the
modified carbon black-LaMnOs hybrid nanocomposites was characterized by electron
microscopy, X-ray diffraction and magneto-metric experiments. Ag.lLai-MnOs nanoparticles
(after sintering at 300 °C) were uniformly dispersed in the carbon matrix, which had a hollow
quasi-spherical structure. All synthesized and studied materials proved to be very promising
materials, while carbon black Agl.aMnQOs hybrid nanocomposites represented unique properties
as materials for cancer hyperthermia with “self-controlled” working temperature in the range
about 41 — 43 °C.
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1. Introduction

Different unique properties of magnetic nanomaterials cause continuously increasing
interest to synthesis and investigation of a wide variety of conducting and semiconducting
composites aimed to their commercial use in high-capacity dry batteries [1], highly sensitive
devices and sensing systems [2], spintronic devices [3], data storage [4], magnetic separation [5],
bio-engineering [6], therapeutic drug delivery [7], hyperthermia for cancer therapy [8], contrast
enhancement agents for magnetic resonance imaging applications [9, 10], water purification
[11], and catalysis [12]. Microwave absorbing materials (MAMs) have been in the focus of
scientific interest for more than 60 years, especially in microwave technology and radar
detection [13], high-capacity and ultra-fast electro-optic communication and sensing systems
[14], etc. Nanoparticles of magnetic metals are characterized with high Snoek limit and
relatively low Foucault currents current losses [15]. At the same time, metal based nanoparticles
are easily agglomerated and oxidized and both these factors strongly limit their practical
application. Oxide coating of magnetic metal nanoparticles by forming a SiO: shell is widely
used to stabilize the metal nano-core and prevent it from agglomeration and oxidizing [16].

However, it increases the weight of nanocomposites and prevents the proper wideband
matching of magnetic core with the applied microwave field, especially in the high-frequency
range. To solve the problem of producing of magnetic nanomaterials having low-density, small
thickness, strong stability and proper matching in the wideband frequency range graphene [15]
and carbon [16] coated metal cores have been extensively synthesized and investigated during
last ten years. Magnetic nanoparticles in an alternating magnetic field show remarkable heating
effects due to hysteresis losses during the magnetization reversal process. Magnetic
nanoparticle-based (MNP) hyperthermia uses a similar principle, because magnetic
nanoparticles are introduced into the tumor tissue producing local heat when subjected to an
alternating magnetic field (AMF).

In a number of recent appropriate scientific papers different types of MNPs with various
shape anisotropy, morphology and magnetic properties have been examined and proposed for
magnetic hyperthermia applications. Their performance depends on a wide range of parameters,
such as concentration, average size and size distribution (dispersion), type of magnetic
hysteresis, saturation magnetization, as well as on amplitude and frequency of the applied
AMF [17 — 32]. The magnetic moment of iron oxide nanoparticles may be increased due to
doping of magnetite with metal ions, such as manganese, cobalt and nickel. In addition, r2
relaxivity increases proportionally to the diameter of the magnetic core. These factors have
recently been used to create magnetic nanoparticles with significantly higher relaxivity for
applications of MR diagnostics. It is generally accepted that the temperature of exposure to the
agent should be within 42 — 44 °C (in some papers, 41 — 43 °C), as lower temperatures do not
provide the desired therapeutic effect, whereas higher temperature causes irreparable damage to
healthy tissues.

Obviously, maintaining of temperature in this range is a nontrivial task and requires
precise control of the field parameters, accurate measurement of the temperature of exposure
and tissue at the point of impact, as well as other parameters of the whole process (mass transfer,
heat supply, etc.). That is why the search and exploration of new magnetic materials, methods
of control of the applied AMF and temperature of heating agents and exposed areas, as well as
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precise setting of the basic parameters of the process and their visualization, becomes so
important.

Thus, magnetic nanoparticles with temperature of ferromagnetic—paramagnetic phase
transition (Curie temperature 7¢) in the range of about 42 — 44 °C are of particular interest,
because they can be used as media for self-regulated (“negative feedback”) magnetic
hyperthermia. Such particles can provide a local self-regulated heating of cancer cells by AMF,
without damaging the healthy (not diseased) tissues, since at temperature above 7¢ magnetic
nanoparticles become paramagnetic and are not heated by the external electromagnetic field. At
temperature below 7c¢ as a result of paramagnetic-ferromagnetic transition nanoparticles are
again heated by AMF and thereby, the affecting temperature is kept in the relatively narrow
range, contributing to the aimed therapeutic effect and avoiding any significant damaging of the
healthy tissues. Obviously, for in-vivo biomedical applications, these nanoparticles should be
non-toxic (or as low-toxic as possible) materials and / or they must be sufficiently coated with
any inert substances harmless to healthy cells. All this should ensure biocompatibility and
prevent side-effects involving the surrounding tissues. As mentioned, the ability to change of 7c¢
in more or less broad limits is important for improvement of the efficiency of magnetic
hyperthermia due to more precise control and variability of temperature. Thus, new materials
with controlled and variable 7¢c should be investigated and new, more simple and low-cost
methods of their synthesis should be examined.

2. Experimental part

2.1. Synthesis of carbon-coated ferromagnetic (Fe-Fe3C)&C
nanocomposites using solid-phase pyrolysis.

Carbon-coated ferromagnetic (Fe-Fe3C) nanocomposites have been synthesized using
solid-phase pyrolysis (SPP) of metal-organic compounds [19, 31, 32]. Depending on the
pyrolysis conditions (temperature, time and pressure in a reaction ampoule) it is possible to
regulate concentration of Fe—FesC core-shell. The ultrasound processing and size separation of
nanoparticles have been made after synthesis of nanocomposites.The structure, morphology and
magnetic characteristics of these nanocomposites were investigated by electron microscopy, X-
ray diffraction, Raman spectroscopy and magneto-metric experiments.

2.2. Microwave enhanced synthesis of carbon
black—-Agd.ai--MnOs hybrid nanocomposite

Ag-doped LaMnO3 and modified carbon black were used to produce a hybrid
nanocomposite. Physical mixing of modified carbon and Ag doped lanthanum manganite
nanoparticles, followed by sintering at different temperatures. The method was analogue to the
one utilized in [33]. AgoosLaossMnOs, AgoiLaosMnOs, Ago.isLaossMnOs, Ago2LlaosMnOs, and
AgoasLaosMnOs nanoparticles were first synthesized via paper synthesis [34]. The carbon
component, yielded from microwave processing of scrap tires using circulating catalyst method
[35] was modified using graphitization and, HNOs and ammonia treatments [33]. All heating,
annealing, and combustion and sintering procedures were carried in the microwave oven in the
range of 0.1 — 1 kW of continuous operation. The morphology and magnetic characteristics of
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the modified carbon black-LaMnOs hybrid nanocomposites was characterized by electron
microscopy, X-ray diffraction and magneto-metric experiments. Ag.lLai-MnOs nanoparticles
(after sintering at 300 °C) were uniformly dispersed in the carbon matrix, which had a hollow
quasi-spherical structure.

2.3. Synthesis of nanocomposites on the base of Ag-doped lanthanum
manganite nanoparticles using microwave combustion method

Preliminary study of black carbon-Ag-doped lanthanum manganite hybrid
nanocomposites with Agd.ai--MnOs nanoparticles synthesized using microwave combustion
method [36] was started. All precursors (lanthanum, manganese and silver nitrates, and glycine
as a fuel) were AR grade. Precursor salts were mixed together in stoichiometric amounts i.e.
1:1 equimolar ratio followed by addition of glycine as fuel and double distilled water. The
stoichiometric composition of the mixture was calculated based on oxidizing valence of metal
nitrates and reducing valence of glycine [37]. Materials were synthesized by partial substitution
of La (Ag-Lai-MnQOs) or Mn (LaMn1-xAg:Os3) atoms. The resulting mixtures were stirred for few
minutes and evaporated in a microwave oven at the relatively low power (about 0.1 — 0.2 kW)
to obtain a gel. The gels were heated in a microwave reactor at a relatively high power
(0.4 — 0.8 kW). After auto-combustion the samples were cooled at room temperature. During
the synthesis fuel to oxidizer ratio (z), irradiation time (#) and irradiation power (p) were varied
to optimize synthesis conditions and obtain pure phase products: r = 1.2, £ = 12 min and
p=4.8kW were considered as the optimum parameters. The powders were characterized using
various analytical techniques.

3. Results
3.1. Characteristics of synthesized nanocomposites (Fe—FesC )&C

The TEM images and heating saturation for (Fe-FesC)&C nanocomposites are shown in
Figures 1 and 2.

Figure 1. TEM image of the (Fe-Fe3C)&C nanocomposite.

The magnetic characteristics, such as saturation, magnetization and coercivity as well, as
the specific absorption rate (SAR), make these materials attractive for magnetic hyperthermia
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applications. Hysteresis loop of the (Fe-FesC)&C nanocomposites is of special interest, as it
shows almost square behavior, where Mr / M (200 Oe) = 0.75. The limitation of the magnetic
field amplitude and frequency (H x f) < 10.625 - 10° Oe / s makes this factor important that
provides a high energy absorption even in case of low magnetic fields. The Curie temperature of
the obtained composites is substantially higher than 132 °C (the Curie temperature of FesC).
Thus, special attention has to be paid to the control of the electromagnetic wave power and
provide the tissue treatment temperature in the range of 41 — 43 °C.

3.2. Characteristics of synthesized nanocomposites Ago2LaosMnOs

The TEM images of Ago2LacsMnOs nanoparticles and carbon black—Ago2LacsMnOs
hybrid nanocomposites, the dependence of the specific magnetic moment on the applied
magnetic field and the dependence of the Curie temperature 7c¢ on the Ag content in
Ag:lai_-MnOs nanoparticles are represented in Figures 2 — 4 and Table 1.

200mm

Figure 3. TEM image of carbon black—Ag-doped lanthanum
manganite hybrids and corresponding mapping of Ag, La, Mn and C.
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Figure 4. Dependence of the specific magnetic
moment on the applied magnetic field.

Table 1. Dependence of Curie temperature 7c on
the Ag content in Ag.lai--MnO3 nanoparticles.

# | Composition (x) | 7¢ (°C)
1 0.05 31«1
2 0.10 40+1
3 0.15 42 +1
4 0.20 44 +1
5 0.25 45+1

The demonstrated uniformity of Ag.ai-MnOs nanoparticles in the carbon matrix,
relatively high specific magnetic moment and dependence of Curie temperatures on Ag content
indicate the possibility of application of synthesized nanocomposites with silver content in the
range of x = 0.05 — 0.22 for magnetic hyperthermia of cells. The achieved uniformity and
decrease of nanoparticle size and shape show that the demonstrated method (which utilizes the
microwave enhanced processing) can be used for obtaining suitable nanocomposites for
magnetic hyperthermia of cells. The obtained material combines the imaging contrast
enhancement capability with targeted “self-controlled” (in the range of 41 - 43 °C)
hyperthermia treatment.

3.3. Nanocomposites on the base of Ag-doped lanthanum manganite
nanoparticles synthesized using microwave combustion method

The Ag.dai--MnOs nanoparticles were characterized with substantially improved
uniformity and smaller size than the LaMni-xAg:Os3 and both of them were of substantially
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smaller size than the nanoparticles synthesized by paper synthesis or spray synthesis methods.
The TEM images of Ag.l.ai-xMnOs and LaMni-xAg-Os3 nanoparticles are given in Figure 5.

Figure 5. TEM images of Ag.l.ai-xMnOs and LaMn1-xAgOs nanoparticles.

The hybrid nanocomposites obtained using the Ag.d.ai-MnOs magnetic nanoparticles
showed also a better H x f limitation, which makes more prospective the application of carbon
black-silver-doped lanthanum manganite nanocomposites in magnetic hyperthermia of cancer
cells.
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Abstract

The processes accompanying the interaction (localization) of the particle’s P-function
cause debates and discussions for a very long time. Let us cite the extract from de Broglie’s book
[1]. “As soon as the particle is discovered in the point “A”, the probability to discover it at any
other point “B” gets equal to zero, since only one particle is connected with the wave psi”. And
further: “... any of mechanisms, based on the classical or even on relativistic forecasts about the
space or time, evidently is not able to explain such an instantaneous squeezing, which is tightly
connected with the indivisible character of a particle”. However, it seems to be possible,
remaining within the frames of quantum mechanics to build a sufficient logical picture, where
these difficulties will be avoided. This consideration is based on the collation of the particle and
the wave packet motions and on the possibility of dual description of wave packet, coming from
two uncertainties Ax AP~ A and At AE ~ A, and was partly stimulated by the mentionedinde
Broglie’s book. Within the frames of this model, the infinity is removed from the description of
collapse process, while the interaction of two elementary particles turns out to be thetwo stages
process. At the first, preliminary stage the object to interact with will be discovered. As a result
the symmetry of the system changes, so the second, final stage necessarily proceeds within the
frames of Feynman’s mechanism of path integrals.

Grounds and substantiation of the model

Let the motion of the particle of the energy £ and momentumPbe described by almost
monochromatic wave (group of waves, wave packet). One can represent this group from two
points of view.

The first one:

g«Xxj:LiiZikC(k)e—Kaw—RX)dk’ (1)

wherewis the frequency of the waves composing the group, & is the wave vector, ko is the wave
number, in the vicinity of which the lengths of the waves composing the group are distributed,
xis the coordinateof the some arbitrary axis of space; Ak is meant to be small.

The second one:

Wx, =] 10 ¢ (w)e @9 dg, )

wo—Aw
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whereaxis the frequency of the wave,in the vicinity of which thefrequencies of the waves
composing the group are distributed; A is meant to be small. So in version (1) integration is
performed by the variable %, in version (2) integration is performed by the variablew.

The frequency @ and the wave vector & are related to the energy and momentum of the
particlevia de Broglie’s equations £ = Ao and P = hk. It is easily seen that & and w are in
mutually one-to-one functional dependence, are smooth functions and, thus,wmay be expanded
into the power series with respect to k£ and vice versa.

Smallness ofAk andAw in (1) and (2) is necessary to provide the possibility to confine
with couple of terms of expansion into seriesthat in both cases leads to the simple and obvious
picture and interpretation of the wave packet.Such a possibility to confine just with couple of
terms of expansion exists only in the region being farfrom the relativism. However, the
relativistic corrections obviouslywill not upset the smoothness of the mutual dependence (%)
as well, as the possibility of expansion of @ and & into the infinite series.In both cases these
series are convergent that in both cases allowsone tochoose the arbitrary size of integration area
by increasing the number of expansion terms. It means that the whole following logic and all
conclusions will be valid in the whole regionv< c.

As a rule, the wave group is represented as (1). Taking into account that @ is a function
of k and confining with two terms in the expansion ofw in powers of (& ko)one can represent
the group as:

P, 0= 2c(o)-

. dw
n {[(E)O t_x]Ak} e—i(wot—kox)'

(dw)o t—x] (3)

dk
. (d . . .
The derivative (d—(:) here is taken in the point 4o.
0

Firstly, for the clarity, let usconsider this traditional representation. According to it, the
distribution of the intensity | #(x)|> as a function of space coordinate in such group for some
fixed moment of timess shown in the Figure 1.

I¥l°

e e e Ty W

:

Figure 1.

It is obvious from (3) that the spatial coordinate of the group center (of the amplitude
maximum) <x> :(Z—(;:) t. Besides that, <x> itself and the whole picture, depending on time going
0
on, will move along the axisx with the velocity (group velocity)
_ax_ (d_‘”)
V=ar \ax o

The doubled distanceAx from the maximum point of |#(x)|> to the first minimum is
usually taken as a group linear dimension 2Ax. From (3) it follows, that Ax= 7/ Ak.From here
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AxAk=m. (4)

Hence, decreasing the size of integration region Ak in (1), we can receive the arbitrary
size of the group linear dimension 2Ax.

Multiplying (4) by 4, and taking into account the de Broglie’s equation Pr=hk, we get

Ax APx = rth. 5)

In identical experiments, in the time moment ¢, the median result of the measurements

. . . . : : d
of the group center (maximum of intensity) spatial coordinates will be <x>= (d—(;:) t. The
0

separate measurements will be resulting within the frames <x> + Ax. Besides that, <P> = B =
hko, while the separate measurements will be resulting within the frames <2 + AAk.

Thus, we have considered the YP-function of wave group for some given arbitrary
moment of time, where P-function (its (& x)-component) occupies some linear region of space.
Itmeans,that at some given arbitrary moment of time ¥-function could initiate the interaction
by means of any of its spatial parts and become real at any place in the frames <x> + Ax.

However, there is a possibility as well to consider ¥(x;t) not for a given moment of time
¢, but for some pointx of spatial coordinates, formally completely analogously to the above
mentioned(such possibilitywas considered for example in [2]).

Actually, the almost monochromatic wave (group of waves) may be considered not only
in a way (1), but in a way (2) as well. Consideringkas a function ofwand confining with two
terms in theexpansion ofkinpowers of(@— a»n) one can now represent the group ¥x, £) as:
sin {[t_(%)o x]Aw}

=),

. (dkY . . .
Here the derivative (E) is taken in the point @wo.
0

U x,0)=2¢ (an) - g i(wot=kox) (6)

The distribution of intensity | ¥(x)|? as a function of timecoordinate in such group of
waves for some given coordinate pointxis shown in the Figure 2.

I#°

o= o ———— e ey

Figure 2.

It is obvious from (6)that the time coordinate of the group center (maximum of

. . dk L €l . . .
intensity) < t > = (E) x. Now, let us imagine the “flow” of spatial coordinate x, as it took
0

place for time coordinate in the first version. Here <z itself and the whole picture with it will

dk

. . . « . » dt . . « . »
move along the time axis with the “velocity” —— (E) .The physical sense of this “velocity
0

may be expressed as follows: “this value will shift the time in the expression for the state of
packet (i.e. the whole picture) shifting the coordinate x by the length unit”.In other words, if
observers with the mutually synchronized clocks arearranged along the space axis (as if one
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imitates the flow of the spatial coordinatex), then at the same moment of their (external) time
the observers will see the different pictures of Figure 2 with the different internal time shifted

dt . C 11 dt
by the value tgp;s¢ = = Ax. Here Axis the spatial distance between the observers; we take yasa

function changing slowly with the change ofx.

So, this time we have considered ¥- function of wave group for some given arbitrary
coordinate of space,where the ¥- function (its (w,f) component) occupies some gap of time, the
same in duration for any of these spatial points, but displaced by the value tsp;f;.

Absolutely analogously to the first version of consideration, the doubled distance At
from the maximumof | #(x)|* to the first minimum one can take for the group linear size in time
2At . From (6) it follows that A= 7/Aw, i.e.,

AtAow =T (7)

Thus, decreasing the size of integration region Awin (2), we can receive the arbitrary size
of the group linear dimension in 2A¢ time.

Multiplying (7) by 4, and taking into account de Broglie equation £'=A®, we have:

At AE= th. (8)

Similarly to the first representation (3) of this packet, for the second case (6) one can say
that in identical experiments at the coordinate pointxthe median value of the measurements of

. dk . .
the temporal packet center will be < t > = (E) x, while the separate measurements will be
0

resulted within the frames <z> + Az Besides that, <£> =F o =hA® o, while the separate
measurements will be resulted within the frames <£> + A Aw.

This means that, at some given arbitrary coordinate xof space P-function could initiate
the interaction by means of any of its temporal parts and become real at any time within the
frames <&~ + At. Thus, the time in expression of ¥-function may be considered completely
analogously to the space coordinate.

Let us consider all this in details.

The mutual synchronization of this internal time with our external time is possible only
at the instant of interaction. The mutual reference by the spatial coordinates takes place in the
point of interaction.

What can we see in the quoted graphs?There are the distributions by internal
coordinates (i.e. the coordinates of different spatial points of the spatial packet) for the given
instant of time (Figure 1), and by the internal time (i.e. the time in the different temporal points
of the temporal packet) for the given spatial coordinate (Figure 2). Each of these curves
corresponds to some single point on the other curve.These curves represent one unified state
distributed as in space and as in time.

It is obvious that the state of ¥-function in each small area depends on the state in all
areas located within the limits of the finite region of ¥-function definition.

Therefore,in the both versions (1) and (2) the wave packet is extended, as
alongx,asalongtcorrespondingly, and it is unclear,which of its parts had initiated the interaction
with the target.

In the further consideration we’ll concentrate mainly on the (®,?)-component of the
wave packet due to its special and very important role in the picture under consideration.

We will use three basic statements:

1. The state of the particle may be described by ¥-function (2), where £'and tcan take the
values Z+AFandt + Arcorrespondingly.
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2. The timesin exponent is the evolution parameter of ¥-function and is counted from the
moment of the previous interaction, which was resulted in “preparation” of the state
under consideration. Let us note that the time in this consideration is not the duration of
observation — it is the internal time of evolution of ¥-function. The observation can’t be
included in description of interaction, because the observation itself requires the
measurement, i.e. an interaction.

3. Let t*be the moment of timer in ¥-function expression, which corresponds to the
maximum of |¥(x)|%, and let us write ¢ as ¢ = t* + Az. Then, during the process of
development of the packet in time the quantity Az may accept the values from0O
toz*,otherwise the timesin the exponent will change the sign at negative Az.

Now let us collate the motion of particles and the wave packet. Within the frames of this
statement, it becomes natural that from the instant of generation of P-function of the particle
the range of acceptable values of Asstarts to increase and, thereby, the range of uncertainties AZ’
of the energy £'decreases. As a result, the shape of the spectrum of allowed values of £ changes
and, therefore, changes the spectrum of frequencies of the oscillationcomponents of ¥-function.

Let us underline once more that one can take doubled At for the time region occupied by
packet (which specifies the diapason of possible results of time measurements). The same is
valid for doubled Ax.

Now it is possible to consider more detailed what is happening inside the interval
between the “preparation” of ¥-function and its interaction with some object.

As we have noticed above, the time passed after the creation of P-function of the particle
to some moment ¢* defines the diapason of principally possible values of Az: 0 <Az < ¢*. In other
words, the duration ¢* of evolution of Y-function automatically provides the possibility to
substitute the different values of quantity zinto the exponent: from = (At=¢*)=0 to t=1¢"
+ (At = t*) = 2¢*. Composing the packet as in (2), it will be natural to make the integration
region Aw =m / 2t*, where ¢* is the time of the Y-function evolution. Exactly, such Aw as a
variable depending on ¢* may be inserted into the both limits of integral (2). In this case for any
t* there will be provided the optimal (reasonable) diapason of the possible target discovery
distances in time.

Due to this fact the P-function principally is able to “discover” virtually (for the external
observer) the object of possible interaction from the distance in time of the order of already
passed by the center of the packet from the moment of its generation and, at presence of other
conditions, to interact virtually (for the external observer) with this object. Let us note that
some contribution to this process may come as well from the known phenomenon of the
natural spread of the packet in time.

Note, that the external observer so far can’tsee this interaction. His clock so far shows
t=t* but no (¢* + A¢). This interaction for(w,?)-component of P-function gets possible due to
the linear dimension of the wave packet in time and takes place in some area of its internal time.

Thus, the spectrum of the internal time of the wave packet (its (®,7)-component) turns
out to be prolonged up to the some moment (¢* + A¢) of the future, when the interaction with
some other object will take place. This is represented fromobserver’s point of view. From the
“internal point of view” this time is real. It is the part of the time interval occupied by the
packet. The so prolonged (w, #)-component of P-function, interacting with the found object,
marks it as a potential target.From this momentzs*of ¥-function evolution the situation inside
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the system changes radically. Now in the system is “known” not only the generation point of
Y-function but the coordinates of the target are “known” as well.

As we have noticed above, the temporal coordinate here plays the peculiar role. The
point is that, as it is clear from expressions (1) and (2), for some given instant ¢ the (®,?)-
componentis the same,common in the whole volume of ¥-function in any of its representation
and for any of spatial coordinates. So, here it is not necessary to overcome the spatial interval to
access the each point of ¥-function. Here, we evidently are dealing with some kind of non-
locality.As a result, the interaction of (w,f)-component leads to the interruption of
Shrodingerian development in time of whole P-function for the internal time = ¢*, i.e. for the
moment of achieved stage of evolution.

Emerge of distinctly marked two points (1 for start and 1 for finish) leads to the change
of the symmetry of the system. Thereby, the spontaneous change of ¥-function takes place.
One can say conventionally that ¥-functionhereundergoes the structural (configuration) phase
transition.

At arising of the symmetry “start—finish” the whole process starts to develop in different
way. Inevitably (and seemingly it is the only possibility) it goes within the frames of Feynman’s
path integrals.

The P-function, which was formed after the fulfillment of Feynmanian process, one can
call the “final Y-function” (F ¥-function). It is represented by the sufficient compact bunches of
the possible trajectories. They are rather close to the classical trajectories of the minimal
classical action, deflecting from these trajectories just within the frames ofthe uncertainty
relations.The final part of P-function gradually unwraps in the observer’s real time and leads to
the real result.

Within the frames of the described picture of “collapse” everything is natural. The whole
problem turns out to be into the limits of the virtual process, into the time virtual for the
observer. The quoted picture does not require the infinite velocity of propagation of the signal
about the happened interaction to the places outside the localization point. The described
picture does not affect at all the probability interpretation — the P-function really “visited” the
future (for the external observer) time, where the event under consideration was realized by
means of the probability way. Besides that, no physical parameters of the interaction (the spatial
coordinates, the time, and the cross-section) change. Really, the target turns out to be
discovered still in the process of the Shrodingerian development of the system due to
prolongation of the packet representing the ¥-function as in version (1),as in version (2).
Discovery of the target leads to the instantaneous change of the symmetry of system, and the
whole following evolution of the system proceeds within the frames of Feynman’s path
integrals process, which,in its results, does not differ from the Shrodingerian description as well.

Thereby, the interaction of two elementary particles turns out to be two stages process.
At the first, preliminary stage, the object, to interact with, will be found. As a result, the
symmetry of the system changes, so the second, final stage with necessity proceeds within the
frames of Feynman’s mechanism of path integrals.

It seems that within the frames of the quoted approach the symmetry between the
spatial coordinates x, y; z on the one hand and 7 — on the other, is restored at least partly. All
above mentioned allows us to hope that the quoted model in any case contains the grain of
truth and, as it seems to us, includes some additional possibilitiesthat may turn out to be useful.
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Appendix

Let us consider the second object with which our packet had interacted. For the second
object everything is the same, but now from its own “point of view” and in its internal time.
Here, only the moment of interaction is mutually synchronized — it is the common reference
point for the both interacting objects. The situation is schematically shown in Figure 3. Really,
the interaction takes place at the moment 7i = (a1 + Aa) for the object 1 and at the moment
T2=(t2+At2) for the object 2. Hereriandzzare the halves (see above)of internal times
correspondingly of the 1 and the 2 objects, remained till their meeting in the point of

interaction.
- » €L = Tl
a, t, b,= At,
-— > — Tz
\"-._ __.J Tnbs
g
Figure 3.

If the location of the source is far enough we definitely have time to place the additional
detector (the target) in any region of the observation time axis Zoss.

In particular,even after the creation of part “b” the conditions may be changed
occasionally or deliberately, say the new object will emerge, which was not there before the
creation of “final ¥-function” (see above) in the region “b”. Now this F %-function has the
chance to interact with this object with some probability. So, the first interaction, which has
formed this F ¥-function, may not proceed farther. The symmetry of the kind “start—finish”
inside the system will be maintained, however the final point may be changed. The
Feynmanian process now may proceed via new trajectories.

In case if the new object will emerge in the region “a”, here again will work the
described mechanism and the problem of collapse will not arise.

Therefore, with some probability we are able to change the future. However, in each
separate case we completely loose the information of “what could take place”. Everything
depends on what version of the target will “feel” the final P-function — placed farther in time
or the closer one — that one will be realized. So in “identical experiments” we can expect the
alternation of different results in accordance with the probability of their realization. At the
interference into experiment our “free will” was acting, evidently in its “restricted” version [3].
Actually it happens in any of our activities. Just in macro mechanics we usually can say “what
exactly would happen if we acted other way” (even here, not always). But, in the case
beingunder discussion it is practically excluded, though this problem deserves the separate
consideration.
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Thus, in the first stage of ¥-function propagation the traditional Schrodingerian representation
is transparent and effective. However, as we have seen, after the discovery of the point, where
future interaction will take place, the symmetry “start—finish” emerges. And here the
mechanism of the path integrals becomes inevitable and effective, as we have tried to show.
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d9LHog0oo0s Mool 0mbgdols dogwgbs Lactobacillus spp. ©d Streptococcus
thermofiles 35J&96M0gd0lL doge K-obs s Na-ol d9;m30L930L 360Hm3gLbby. dsd@gcmogdo 1153390
39M90mdo 0HBMEIOMmEbb 12, 20, 36, 44 > 68 L-0L obdogeErmdsTo. d59EHgM0IdL
299M39Mx0m 1533900  296M90mMmEB, TJowgde  slgdl  3MYEbogzOom, 35TOMOLOM,
30mboom s 39EHIMJPom bswoBL Na-ols s K-ob 999(3390md5Dg. GMmamO3
300900 8909390056 BBL, Jsewomdol 0bEGHbLlomMo Jgmzoligds dogdgemogdols dogH
bgds 3060390 20 Lo-ob  gobdogermdsdo. 9999y d9dBHgM0gdo 0§ygdgb  3owrowmdols
399093656 9300 MOYIBOBI0b. 68 Lo-0ol Jgdgy 0fygds d5JdBIM09ddo Iserovydols
0993390 ™d0 9993060905 ~ 5-%96 dob Joglodoer)H MoMmEIbMdILME JgsMgdom. Zn-ol
00bgdol  sOLYGdMDds 1153390 FoMgdmdo byl »fiymdls Na-ol dgomgolgdsls Streptococcus
thermofiles-olb G030l 05Jd@gm0gd0lL Fogh. MMPLYE d9dBHYMH0gdoL  ASIMBOOL O™
99500996L 12 Lor-b, 35d0b Na-ob 899339emds 08 359@9M090d0, HMIgdo3 0BOIOdM©LIL
Zn-oom 3580MdME a56Mgdmdo ~ 3-xq6M 39BH0s, 3000609 00 d5JdEH9M09ddo, MO0
0DMmYOMEbI6 A5Mgdmdo Zn-ob 4560939 s 68 Lo-0560 3MEEGHMOIOOLMZ0L TJoIbL
dbmewme ~ 1.3. Lactobacillus spp.-ol Go3dob 359@gcMogdobmgol Na-ol 999339wmdol slgoo
Ubgomds 96 ©90330603905. Zn-ol 0mbgool sMLYdMdS bgwl Mfigmdl, samgmgg, K-ol
9930L905L, MMM Streptococcus thermofiles-ol GHodol, 1939 Lactobacillus Spp. -ob
G030bL d5d3H9M0gdol Boge. Fotrmds K-ob 999339 mdgdl dmeol Zn-0sb s dob gotgdy
2909030 2oDPMHO d5gBHJM0gddo 0BOMmYds 153390 FoMGIMTo dogdBHYM0gdol HBOHOL
©@OMOL oG JO0.

60J90:535 @00l LEELomm  3OMOMIGIO0 BIOMOMEO  25dM0Ygbgds
dmbobergmdol  33905d0.  50bodbo  3OM©MIBHJO0  FOEIM0S (30 GOOm,
Bsbdomfiywmadom, 3bodgdom, ULoloGygdwm gwgdgb@gdom ©s 3039306900m. 99J9b
29003006569, 5B 9GO M0 Fo©ow0 botolbol  ©dgdz935 ool LabyOLsMM
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360 BHgool  fomdmgds. 0395535 YN0l d5dBHM0900 oMMy gbl doMoms
Ml 0935535 3OMYJEHJOoL Jomgdol 3GMmEqldo.

J995535 d59dBH9Mogoo (Lactic Acid Bacteria — LAB) 563009696 4659-50090000
0543960900l X aRL, MMIwgdoi 96 Fo0dmddbosd L3MMYAL, FoMdmowgbgb sbsgOIMdME
56 30360M9OMBOME 300390L5 s BHoMgdL, MMIwgdoi bsbdoMfywrgdol gg®mdab@osool
AMgMbEGH Mo d0M30MOA60DTgd0. 0©Jd90:5535 85JEIM09d0 Bobdomfigagdol 9350
296M05dIbsL SbMM 3099396 56905000 J306Mg MOoMEIEMBOL MBsMBOLLL. yggwrs 1395535
Mool dsdBHgMos 9bgeyool Fysmme LsFoMmmgdl Bobdo®fgmmgsbo LIILEHMSEOL
3M33egdll.  doon  Foge  GoMImgdmeo  ©dgdx935  9BIJAHMG©  50b30doMgdL  Lbgs
0543960900l BOEIL, OMIGooE  LElOLsmMm  3OHMOMIEBHOL  FoBMFIOsl  0fj30396
296396 EGH0MOM 3OO0 SMLILMM39wo JolMMBMEOHOL 06308060935l 0f393L
396099ml pH-0l 83390000 ©s3905.

3bmd0o0s, MMI Jseowdo s59@0IMHgol Jmger Moy B9gMHIY6EIOL s Fmbsfogmdls
36083690 ™3569L  9FH9dMWOBNG  IOm3gLgddo  (969Ma00l  Fo®mdmddbs, gozmaabol,
BOWad0L I 03M3OHMGHJobgdol  Lobmgbo). K sMgameomgdl  xm9eo
8990656900056 1533900 603W0gMHJd9d0L Fgmhgz0L 3MM3gLL VX MYIdT0. SGYYMEOMYOL

F0oX MM 33WsL, §Yerols s domowgdo bgwsl [1]. bos@®Mmowdo 3o 3603369 m3zs6
Ol 098590m0L fyaols s JsMogrgdol dodmigersdo [1, 2]. s0bodbmero gegdgb@gdo

23963399 Dgyo3wgbol  9bgbgb  ©J9T5935 @MMOWOL  B5JBHYM0gddo  JodObsty
d0mdodon® 3OHMmEgLYddY. 390IM®, TgbodegdgEos 53 ommMbgdol gogwgbs ool
0543H96M09dbg ©:3d9T5535 3OMYJEHJO0L JoMgdol 3GmEgldo.

M9y doewbg dzoMg Mom©gbmdol IOMIgd0s dodw3zboo  dJEIMOLMb
womMbol MOHM0gHMJIggdsDg Lb3s omMmbgdols 0mbrdol Msbss®ligdmdolsl [3 —5].

5990096 25930656, 0o 0bEIMILL 0fi393L MWOEEOL dogEJM0gdOL doge Na-olos
@5 K-0l 90sboddol 36MmmiEgbol dglfogwrs s 98 36MHMmEgLgdHy Mmool  s3egbols
dgbPogams. LoobEHIMYLMS, 56MgmM39, 58 WOoMMbYdOL B3 gbols glHogwrs dogddgMogdols
543H03Md5%B9g ©:3935535 3MMYJ3HJool Jowgdol 3Gmgldo.

L3 dsml dobsbo

LMol Jobsbos  ®J9Ts935 OMPOEEOL  B5JBIO0gdoL  Togh, Tsmo  BOs-
39630005609d0LsL, Na-ols s K-0l dmsbomgdols 3Gm3glgdols s 53 36MHmEgLlgddg Zn-ob
293w9bol glfogers. 58 JoBbom sdmymazom 0dbs odBmBol 53gMdgbEszool Mbsdol
dJmbg  d5dBHgmoMwo  9BHsdgdo. BosGods Fomo  LobgmdMogzo  0wgbGH0B0ZIE0S S
©HILOSMYDS. BodBHIM0gdOL J0gH OMMbIIOL SOLMOBdE0OL FqLabfogwrs TgMbgrcn odbos
Lactobacillus spp. E11 K3 o Streptococcus thermofiles 2N K2 05g@geovemo 9Eoedgdo.
059390930l 2odmMmBM©s bgdmEs 153390 9Mgdmgddo MRS [6] o M17 [7], Logss
5935390990 0g4m 15331930 wommbgdo, Na s K.

63960 2oB™83990L sbsbo Na-ol 3mb;396¢G (30900 153390 2o6Mgdmgddo MRS s
M17 oym: MRS — 3.6 9y / 9¢» 0> M17 — 1.4 3y / dgo. K-ob 3mb396¢©s30900 30 59 153390
29699mqddo dgo09bs: MRS — 1.3 39 / 8¢ oo M17 — 1.1 3y / Ae.

6dg 9903936 9999003 1153390 503M0IMHYOIL, MHMIXGOOF 93059MBOGOL MOA6ODBTOL
dmmbM3zbsL (3oer3odo, dsgybowdo, Lgergbo, MOdMBEs3060, 30ESd0bo B2, 30¢sdobo B5)
[8]. 3shmbo — ©:3d905535 3OMYJEH0, HMIJO3 393MEILYOM0s 3533580580 [9].
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Dmaogmmo  d5gd@gm0s, Fsddwoms©, Leuconostoc citrovorum L. Dextranicum,
Streptococcus lactis, S. Cremis & liquefaciens o> Brevibacterium-ob ULsbgmdgdo
86093690 ™356 Gl SLOMEgdL GOl 3G:MYdEH9d0L BgMA6ESE00L 3Omaglido [10].

5b5¢0Bgdo

3b65¢00Bgd0LOmM30L  S0GdYwo ogm Na-obs s K-ob Ubsfgobo (gws) blbstrgdo
13y /0  30mb6396@®5309000. Fomyob 350D gdom  Lbgsolbgs  3mb396G®Ms309d0L
9GO MbME bLbsGOU.

0ombgdo MRS s M17 Bogolboom 3535000l 40 de-056 Lobxs®qddo. Lozgargzo
Lactobacillus spp. E11 K3 35d@gMomeo 9393900 d930@5069m — MRS, bomeom Streptococcus
thermophiles 2N K2 959900 — M17 899c00mb0sb Lobxs09ddo. sbsgomyom@ma d930¢96gm
05d3H9M0oo  JBsdgdo  LobxsMgddo, 08 aoblbzsggoom, MHmA Lobxs69gddo Fobslfom
Bobb3m@o 0gm Mm00m A59E0MHYIMYWO 1533900 deombgdo MRS s M17. dg@sbowo
000l (LYdMEIMM) 3mb3EIBGHMOE0s Fgogbs 20 83y / . Lob)s®gdo FMMOZLS
09mHImbGHoGdo 37 °C-Bg, Loss bgdms 85dBHgMogdol  4sdmBOS.  359EH9gM09d0L
290mbMHoL 9909y LobXsMIBO0EIB 25dM3YMBEO®  dJGIMO  dsbgdL. sdoLomzoL
bgdm©s 603dgdol 39bGHO0RMA0M9ds 40 for-ob g96353@rmdsdo fo-do 10000 d6HMbom
(Thermo IEC MIcromax RF). 800qde bogngdl 36093bogoom godmboowo fiywmoom s olgg
396900 (396¢M0RMRMGOL (08539 3060HMdYdT0). 909y bowrgddo Qosa3JMmbos
JONOXIO© 39BHO0L  BobxbgdbBg. d0MMLIROHDBMYdOL 39006530 (Labconco, Model #
3601024) bgdm@s domo godMmds. 9999y 259m3IMso MxMgm3560 dsbgdo 93hmbgom
QS 39053039690 Lobx sMddo.

300900 359dBHMomEro FsLgdol 13gEo IBSEMYdIOL (MHY39 TAMTSMGMBSTO
39005943560l) doBbom 60990056 Lob)s6M9dd0 ©o35F5@g 1 A 3mbEgbEGHMOMYdMO
(70 %) SBM@H0s535 (HNOs). 5933560 9amdsmgmdsdo bodmdgdo ogmgbos 3 g, 6ol
0909953 9mbs 603390l A53bgEgds Mool (3H9d3gModEEsdg. bodmdgdols
0bg350 9EYMT>MGMBs0  255Y3560L 899y oMMy Bobxs®sl ogds@s 10 v
30OoLEH0W0MdMEo fysero. 890y 39bIbom Bdod@EHgMogdol 5odmdgdol sbsrobL
Na-obs s K-ob 89933900359 5G™IN©H-50Lmcmd30wo B3gdd®mmadg@®ol Analyst 800
(Perkin Elmer) sbdo®mgdoom (9dolom®o 6gg0do) [11]. 250myqbgdmeo oym s39@EH0wgb—
35960Lso. 9du39M0896EH0m Jorgdwo J9gaqd0 dmiEgdvwos bMoggddo 1 — 4.

3b®oo 1. Na-ols 8993390 ™ds ©dgd5935 05g3g009030
Streptococcus thermophiles 2N K2 (839 / g), 3o690m — M17.

T-359&9M09d0L g53mbMEOL M, o> | 12 | 20 | 36 | 44 | 68

Na-ob 3mb396@®s300 307 | 532 | 617 | 504 | 501

Na-ob 30b6396@®5309. 153390

35698030 ©05¢JOX0s Zn 949 | 981 | 985 | 469 | 645
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3b®oo 2. Na-ols 8993390 ™ds ©dg095535 05g3g009030
Lactobacillus spp. E11 K3 (933 / ¢), 396900 — MRS.

T-359&9gM09d0L g53mbeMEOL Mm, oy | 12 | 20 | 36 | 44 | 68

Na-ob 3mb6396@®s300 200 | 629 | 1110 | 1227 | 998

Na-ob 3mb6396@®s30s. B3390

35630m80 ©sFsHOX0s Zn 333 | 640 | 974 | 1067 | 548

gb®oo 3. K-ob 999:339cmds (3985535 d59@g609gddo
Streptococcus thermophiles 2N K2 (93 / ). 396090 — M17.

T-359&9gM09d0L g53mbMEOL MM, boy | 12 20 36 44 | 68

K-ob 3mb396¢®s30s 9406 | 13500 | 6670 | 4550 | 2810

K-ob 3mb396&¢Ms3os. bs3390

25699030 585 gdXos Zn 12600 | 17535 | 11746 | 9927 | 7292

3b®oo 4. K-ol 999339 mds 09995535 dogdGHgc0gddo
Lactobacillus spp. E11 K3 (93 / ¢). 36980 — MRS.

T-35339M0gd0L g53mbeMEOL M, oy | 12 20 36 44 68

K-0b 3mB396@®30s 14080 | 23830 | 9514 | 9333 | 4555

K-ob 306396 Mogos. 153399

20448 | 242 12917 | 124 72
3909930 95} JdY0s Zn 0448 96 9 53 | 80

0909209005 5B3965, OmA Lactobacillus spp. E11 K3 @030l 859@96m090L goshbosor K-ols
5m30L900L  M39009b0  MBs®o  Na-mb  Jgscgdom. Wommbol 0mbgdols Fgmgzolgds
06&9bLoMM0s 35JGYM0gooL BMEOL 30MH3ge LbosmgdTo. dogd@gM0gdol BOHOL Jo6M339w9wo
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39600m©ol 3909y  bgds  35dBHgmogdol  FogH  ommboll  ombgdol  asdmagzbs
62560030 b.

OMamO3 000900 99009390006 BBl (gbMogo 1), Na-ob 8993390 mds
05d39M09gddo Streptococcus thermophiles 2N K2 06905 8593 9600900bs s Na-ol ombgdols
MOM0YJOHJIgJd0L  (35dBHM0900L  ASTMBOEOL)  EOHMOL  QoBOom.  BoE®momdols
0993390™ds  50g3L FoglodMAL, GMmEILSE B5JBHIM0JOOL godMmbBMHPOL O™ FgogbL
36 bLoo-U, T999 9BoEEOL ™mEbsg F9d30MdL s 0bs®RMBAdL 53 B0TZ69EMBSL
6 Lo»-3QY.

Na-ol 999339emds 03905935 d5dBH9M09dd0 Lactobacillus spp. E11 K3 (gbMogro 2)
0DBMYds B59dEHIM09d0L JodMDBOHPOL POMOL obOHOm 44 Lm-3Y, bmem 989y mbog
9306 9do.

Lactobacillus spp. E11 K3 &odol 35J@ghogoo sbgbgb gogowgdom dgdo Na-ol
©3OM3905L (~ 2-%x96), 30069 Streptococcus thermophiles 2N K2 #Hodols 05d@g6ogdo.
50603l 5©A0Wo 593, BMmEILLE dodBHYMH0gdol BOHOL 39MH0MmEo Na-056 2s69dmdo
99500996L 7= 36 Lon. gb gbodEMd S0bLBSL 0F0m, MM Q5MgdMm, HMIgedon 0BMEIdMPLYD
Lactobacillus spp. E11 K3 030l 35J@g60900, 809035305 2-x96 d9¢ Na-Ub, 3000609 — 3569dm,
9o 0DMHYdMm©bgb Streprococcus thermophiles 2N K2 $030L 35g@9M0gdo.

OMamO3  80090wo 3909390096 BBl (gbMowgdo 3 s 4), Iowowmdol
06@9bbowmEo  Jgmz0lgds  s©0bodbeo  B5JBHYM0gdol doge bgds 3ow0wdosd 153390
39M90mdo BOEoL 20 Lo-0b gobdsgwrmdsdo. BMHE-g630m96Mgd0l 893y 39M0Mm©To
0593H9609d0 0§ygd9b 35¢0dol 259mEY3bsL Moz30L0 MMYBOBT0L. K-056 949693mlimsb
MOM0JOHJdggdol 68 Lo-ob 9999y bgds d5d@gM09dd0 3Iscrordol 9339w mdols
0993060905 ~ 5-%96O dob  FogLoToE  M5MEIbMOIBMID  TJEMGOOm.  bSOMYOMEO
dmggbs  ©ogodloGMdMEo ogm  JOMAOYHBoLEPEGHM  dodBHgPogddy  [12].
JO@IOGBoLEIBGHMO  dodBHgMogdol doge bgds BOEO-2963000560930L  ILOHYoLdo
39wov9dol 0b3H9gbloIHo gmz0L9ds s 999 Jobo 45dm@g3bs.

Zn-ob 0mbgdol s®LYdMDds 153390 296Mgdmdo byl «Hgmdl Na-ol FgmzoLgdsl
Streptococcus thermofiles 3030 L0sJGJM0gd0L Jogm. OGMEILSE 35dBHIM0900L FodMmbOHEOL
O 995090l 12 bLon-b, Na-ol d99(339™ds ~ 3-x 90 dgB0s 08 dsdBHIM09dd0, MM IOO3
0BM©)0Mm©bg6 Zn-0m 5900 456M90m30, 3000609 08 d5d3HJMH09ddo, MMIEYdO0E3
0DMmYOMEDbI6 go®gdmdo Zn-ob ©sdsGgdols gotgdy. 05JGJM0gdoL F5TIMBOOL WOHMOL
353900 gl MsbsBIMEOMds F30MEYdsS 68 LM-0560 I3MEWEHWOIOOLIMZOL  TJo9bL
dbmem ~ 1.3. Lactobacillus spp. &Ho3olL 05d3HgeM0gdolmgol Na-ol 999339 modol sligoo
bbgomds 96 50330603905, Zn-ol 0mbgool sMLgdMds bl Mfymdl, sacmgmgg, K-ob
9930L9dsL, MMM Streptococcus thermofiles $Ho3ob, sptqm3yg, Lactobacillus spp. &o3ol
0593H9M0gdol  80gM. RoMmEMdS K-ol 999(33900md9dL Mmool Zn-056 s dol gotgdy
390999030 FoBOEO d59dEHIM09030, FoE¥IMOL 359EJMH09d0L BOEOL OMOL FoEJd0.
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MEXAHUWYECKASA ITPOYHOCTH TOHKHX
ITJIEHOK TBEPZIBIX PACTBOPOB GeTe-SnTe

M. Terenomsunu, Y. Tabatanse,
3. Ixxabya, A. l'uruneitmsuiu, B. CapatoBa

JlenapraMeHT UH)XeHepHOH GU3UKYU
I'pysuHCKMit TexHUYeCKUI yHUBEPCUTET
Tounucu, I'pysus
mziateteloshvili@yahoo.com

ITpunara 23 mas 2017 ropa
AunoTtaiusa

Mero0M IIPAMOrO aMITyJIBHOTO CHHTe3a IIPUTOTOBJIEHBI OObeMHBIEe KPUCTAJLIIBI TBEPABIX
pactBopoB coctaBa (GeosSnoi)osTeos u (GeosSnos)osTeos 1 mocIe TOMOTEHU3UPYIONIETO OTXKUTA
n3MepeHbl UX K0I((UIMEHTHl TEIUIOBOTO pacumupeHus. MeTomoM AMCKPeTHOrO BaKyyMHO-
TEPMHUYECKOTO HCIIApeHUSI IIOJNyYeHbl TOHKWUE IJIEHKM OObEeMHBIX KPHUCTAJIIOB YKa3aHHBIX
CILIaBOB Ha Pa3IUYHBIX MTOAJIOXKKAX (KBapl], MOHOKPUCTA/UINYECKUN KPEMHUH, CUTAILT, CAlpup).
MeTomoM IOTHOTO MCCTUPAaHUA W3MEPEHbl OTHOCHUTEIbHBIE MeXaHU4YeCKHue IIPOYHOCTH
IIPUTOTOBJIEHHBIX IUIeHOK. [lokasaHo, 4TO, yem Oosbllie pasHHUIA MeXAy KoddduuumeHTaMu
TEILIOBOTO PAaCIIMPEeHUS ITOAJIOXKKHY U IUIEHKH, TeM MeHbllle MeXaHIN4eCKas IPOYHOCTh IIEHOK.

B mocnenHee BpeMa 60JIbIIOe BHUMAHUE YIeISeTCS IIEHOYHBIM TePMO3JIEKTPHYIECKUM
5JIeMeHTaM, KOTOpble MMEIOT MaJble pa3Mepsl B COYeTAaHWM C BBICOKMMU ITapaMerpaMu. dacTto
IIpUMeHeHYe IIEHOYHBIX TePMO3JIEMEHTOB OIPaHUYeHO HU3KMMYU MeXaHUYeCKUMY CBOHCTBAMU,
YTO,B CBOIO OYepezb, CBA3aHO C BiausgHUeM moAaoxku [1 — 3]. IlosTtomy, akTyanpHO# sABIsIeTCA
HU3y4yeHHe MeXaHHMYEeCKUX CBOHCTB TePMO3JIEKTPUYECKHX MaTepPHaJIOB B IUIEHOYHOM Buze. Kax
U3BeCTHO, TBepable pacTBopsl GeTe—SnTe aBnAIOTCA IMEpPCIEKTUBHBIMHU TEPMO3JIEKTPUIECKUMU
MaTepuaJaMu B CpefHeil obOiacTu Temmepatyp [4], HO B Hay4YHOH JIMTepaType HET TAHHBIX O
MeXaHW4YeCKHUX CBOMCTBAX STUX MaTEPHAJIOB B IIJIEHOYHOM BH/JIE.

B npencraBienHO# paboTe IIpoBeZieH CUHTEe3 00BEMHBIX KPHUCTAJIIOB TBEPIBIX PACTBOPOB
GeTe-SnTe cocraBa (GeosSnoi)osTeosu(GeosSnos)osTeos, u3MepeH K03(pIUIHNEHT TEIIOBOTO
pacuIupeHus IUIEHOK, IIPUTOTOBJIEHHBIX METOZOM IUCKPETHOTO BaKyyMHOTO HCIIapeHHd, Ha
PA3TMYHBIX IO/JIOXKKAX U UCCIeJOBAaHA MX OTHOCUTEIbHAA MeXaHUYeCKas IIPOYHOCTb.

O6BeMHBIE KPHUCTA/UIBI IIPUTOTOBJIEHBl METOAOM IIPAMOTO aMIIYJBHOTO CHHTE3a,
IIpOBeJieH TOMOTEeHU3UPYIOIINI OT’KUT CILUIABOB B TeueHHUH 5 Mecsanes npu temueparype 700 K
PentrenomuddpakiioHHbIN U 21eKTpoHOrpadpuueCcKUi aHAMMU3bl IIOKA3aau, YTO, B IIpefesax
OmMOKY U3MEPEHHA, COCTaB IIPUTOTOBJIEHHBIX CIIABOB COBIIAZIA€T C COCTABOM MCXOZHOM IIMXTHL.

Ha gumatomerpe xoHcTpykumum CrpesnkoBa wu3MepeH KO3(QUIIMEHT TeIIOBOTO
pacmupenus B obaactu temnepatyp 300 — 410 K. Cxema gumaTomeTpa npuBeseHa Ha Pucynxke 1.
JnmaToMeTp COCTOUT U3 ABYX OCHOBHBIX YacTel: Ilepejaroliee M M3MepUTeIbHOe YCTpoicTBa. B
IepesalolleM yCTpOHcTBe obpasel 1 ycTaHaBIMBaeTCS Ha KBapLEBhIi ITOJTHMPOBAHHBIH CTOJIUK 2,
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KOTOPBIM NIpUBapeH K JepXKaTelio 3, U3TOTOBJIEHHOMY W3 KBapueBoil TpyOxu. Ha o6paserm, c
IIOMOILIBIO MMeIollelicd Ha BepxHeM KOHIle Cepbrd, HaJleBaeTCA TOJIKaTelb 4, Iepejaromuit
Pa3HOCThYIMHEHUA o0Opaslia M IUIABJIEHHOTO KBaplia H3MEPHUTENI0 YAJIUHEHUd, KOTOPBIi
COCTOUT M3 MAarHUTHOTO CTOJIMKAa 5, IOJIHMPOBAHHOTO HMHBAapHOTO fApMa 6, 3aKpeIeHHOTO C
IIOMOIIBIO CTAJTBHOTO 3aKMMa HAa HIDKHEM KOHIle KBaplieBOTO TOJKATesA M IMIHMHIPUYEeCKOH
urasl 7/, Ha KOTOPOH 3aKpellleHO 3epKaiablie. fpMo BTArmBaerca B IIOJe, CO3JaBaeMoe
MarHUTHBIM CTOJIMKOM, U IIPMXKKMMAET UTJIy K IIOJMPOBAaHHOI IIOBEPXHOCTH IIOJIIOCOB, TOJIKATEIb,
clenys W3MEHEHHIO IJIMHBI 00paslia, IepeMellaeT SpMO, YTO, B CBOIO OdYepenb, BBI3BIBAET
IIOBOPOT WIJTBl BMecTe ¢ 3epkamblieM. [loBOpoT 3epkanbila BBI3BIBaeT IIepeMelleHUe
n300pakeHHUs CBETOBOTO yKasaTesd B (DOKaJIBbHOM IIOCKOCTH aBTOKOJMMAIIMOHHOI TpyOsI 8.
JTO IlepeMellleHHe Hu3MepseTcsa OKYJIIpPHBIM MuKpoMeTpoMm. Ha mepegmaromee ycTpoiicTBo
HafleBaeTCsA KBapIeBbIil crakaH 9, a Ha crakaH — meyka 10. IIpocTrpaHcTBO MexzAy 0OpasmoM U
CTaKaHOM  OTKA4YHMBAeTCA M, /I YJIyYlIeHHd TeIUIoOOOMeHa MeXZy IIeYKod u
06pa3LoM,3anoIHAeTCA reiueM 1o nasireHus ~ 10 mm. pt. cr. Temmeparypa o6pasia usmepsIach
IIJIATUHA-TUIATUHAPOLUeBOI TepMonapoii. Koposek Tepmomapsr Haxoawicsa BOIU3KM oOpasla Ha
paccrosuuu 0.5 mm. Ilpu onpeznenreHny abGCOMIOTHOTO 3HAYEHMA TeMIIEPAaTypsl oOpaslia Takoe
pacIoyoXeHne TepMoIapsl BHOCKIO ~ 1 rpaz.
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Pucynox 1. Cxema gummaromerpa KoHCTpyKuuu CTperkosa.
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PucyHoxk 2. 3aBucHMOCTb KO3 HIIMEHTA TEIIJIOBOTO PAaCIIMPeHH
ot Temmiepatypsl A a) (GeoosSnoa)osTeosu 6) (GeosSnos)osTeos.
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Ha Pucynke 2 mnpuBefeHBI pe3yJIbTaThl U3MEpPEHHUS TeMIepaTypHOH 3aBUCHUMOCTHU
K03 UIMEHTOB TeIJIOBOTO pacIIMpeHus o0pasuoB. Kak BuAHO u3 pucyHKa, ¢ M3MeHeHUeM
TEMIIepaTypsl KO3(pPUIMEHT TEeIIOBOTO PpacIIMpeHUs He H3MEHSeTCs U KMeeT 3HaYeHUsd
11.1 - 10°rpag! mas cmmaBa (GeosSnoi)osTeos u 6.1 -10° rpax? mns cmmaBa (GeosSnos)osTeos,
COOTBETCTBEHHO. TOYHOCTH M3MepeHUs cocTaBisiaa ~ 1.5 %, TeMneparypa cTabuIn3upoBazach C
royHocTio £ 0.1 rpaz,.

W3 06pasioB, Ha KOTOPHIX OBLIN M3MepeHbl KO3(PGIUIMEHTHI TEIUIOBOTO PaCIIMPEHUs,
ObUIM IPUTOTOBJIEHBI IUIEHKM METOZOM JUCKPETHOTO BAaKyyMHO-TEPMHYECKOTO HCIIApeHUs
(Pucynok 3). CyreMeToja3akyiodaeTcs B CIeAYIOIEM: IIPeBAPUTENBHO CHHTE3UPOBAHHBIN
MaTepuas pa3Mesb4yaeTcs BIOPOUIOK, KOTOPBINi moMeujaercs B BubOpomwurtatens 4. C
BUOpOIIUTATE A ITOPOLIOK C OIPeJeIUTENbHON CKOPOCTHIO ITOZAETCS HA MUCIAPUTENH 2, OTKyZAa
WCIIapeHHBIH MaTepuayJ TOIafaeT Ha IIPeJBAapDUTENBPHO HArpeTylo0 MOAJIOXKY 1 u
KOHZIeHCUpYeTCs Ha Heil. Mcronb3oBaHMe 3TOr0 MeToa 0CO6eHHO 3¢ HeKTUBHO JJIs TTOTyIeHII
TOHKUX IJIEHOK TAKHUX MaT€pPUAIOB, KOTOPBIE IIPU HATPEBaHUU PACHafaioTcsa Ha Gpakiiuu.

AN i 1

W |

Pucynox 3. Cxema g4 osryyeHUs TOHKUX IUIEHOK METOZOM
JlucKpeTHOTO BaKyyMHO-TepMUYECKOTO UCIIAapeHUs ITpeBapUTeIbHO
CHHTEe3MPOBAaHHOTO MaTepuaia: 1 — ImosIoxKKa,

2 — ncnapuresns, 3 — TPAHCIIOPTEp U 4 — BUOPOIIUTATETb.

B xauecTBe IOIOKEK MUITOJIB30BATHCH KBAapll, MOHOKPUCTA/IMIECKUH KPeMHUI, CUTaILI
u netikocanéup. [Togmoxku cuavanma nomemanu B pactBop 20 % NaOH Ha HeckoIbKO MUH, a
3aTeM IIPOMBIBAIN AMCTHIIMPOBAHHOIN BOZOW u mepeHocuau B pactBop coctasa 30 % HCI +
60 % HNOs + 10 % H20, a 3aTem onATh MIPpOMBIBATN AUCTUTUPOBAaHHOH Bogoii. Ilocie ouncrku
IIO/IJIOKKU3AKPeIULAIN Ha IOAJIOKKOep:KaTeJb B BaKyyMHOH KaMmepe, M BBIZEPXKUBATH IIPU
tremnepatype 1100 K B Teyenue 1 u B Bakyyme ~ 10 mm. pr. ct. HemocpeacrsenHo mepep,
IIPOIIECCOM OCAXKJEHHUA IUIEHKHM IIOBEPXHOCTh IOJJIOXeK OOMOapAMpOBaNIM 3IeKTPOHHBIM
mydykoM. MHoroymcieHHble  OKCIIEPHMEHTHI  IIOKa3ajad, dYTO ajATesusd IIJIEHOK Ha
IIO/ITIOXKKe,04HIIeHHON YKa3aHHBIM MEeTO/IOM, JOBOJBHO BBICOKAA.

BaxxapIM ()aKTOPOM YCIEIIHOTO OCYIIEeCTBIeHHSA YKa3saHHOTO MeTOZa ABJIgeTCA pasMep
HCIIapsAeMbIX YacTHUII, TeMIIepaTypa UCIApHUTeNd U TeMIepaTypa IOAJIOXKKU. MHOro4ncieHHbIe
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SKCIIEPUMEHTHI ITOKA3aIH TaK)Ke, YTO OINTHUMAIBHBIMU ABJIAIOTCA pasMepsl 9acTull ~ 32 — 45 HM,
TeMIlepaTypa ucnapures u nognoxku — 2550 u 950 K ,cooTrBercTBeHHO.

B manHOI#1 paboTre ucciIemoBaHNME MeXaHUYECKOM IPOYHOCTH ILIEHOK OBLIO IIPOBEIEHO
MeTOZ,0M IIOJHOTO uccTupaHua. CxeMa COOTBETCTBYIOIIeH yCTaHOBKY IIpUBe/ieHa Ha Pucynke 4.

Pucynoxk 4. Cxema yCTaHOBKH /I ICCIeJOBaHUA OTHOCHUTEIBHOM
MexaHn4eCcKO# IPOYHOCTH IJIEHOK: 1 — MacCHUBHAA IUIUTKA,
2 — obpase1w, 3 — onopa, 4 — IpyXuHa, 5 — mIacTuHa, 6 — CTep>KeHs,
7 — DJIeKTPOABUTATEND, § — DIIeKTPUUYECKUE IIyTaablbl U 9 — 60K TUTaHUA.

Hccnemyemas mmeHka 2 moMelraeTcs HamaccuBHyIo IUmMTKy 1. Ha mrenke cBepxy
CTaBUTCSA CTepXKeHb 6, Ha HIDKHBINA KOHeI, KOTOPOTO HAaJeT 3aMIIEeBBIH CIOH, KOTOPBIH ITOKPBIT
anMasHoi macroii. Crep)keHb HarpyskaeTcsa pasJIHM4HBIM BecoM. CIIOMOIIBIO CIEIHMaIBLHOTO
MexaHuU3Ma (ZBUrarenxs 7 M IIyHansblia 8) MacCuMBHAfA IUIMTKA COBEpIIAeT IIOCTyIaTeIbHOe
IOBIDKeHUe BIepes W Haszaj. Ilpu 5TOM CYMTAIOT YUCIO NPOXOJO0B, HEOOXOAMMOE IJIS IOIHOTO
HUCCTUpaHUA IUIeHKU. /JId cpaBHeHHMA MeXaHW4YeCcKOH IIPOYHOCTH HCCIefyeMbIX ILIeHOK
SKCII€PMMEHTBI IIPOBOJMIM IIPH OAWHAKOBOM TONINMHE ILUIEHOK IPM OJMHAKOBBIX HarpysKax.
ITpu Hamwux 3KCIepUMeHTaX TOJINMHA IIJIeHOK cocTtasisia 0.7 MM, a Harpyska paBHstack 150 .

PesynbraTsl mccienoBaHHA OTHOCHUTENIBHOM MeXaHHYeCKOH IIPOYHOCTH IIpUBeJleHBI B
Ta6aume 1.

Kax BuzaO m3 Tabmuupr 1, umcio MpoxomoB A IOTHOTO MCCTUPAHUAIUIEHOK KakK JJII
IIEPBOTO,TaK M BTOPOI'O COCTaBa, HAIlBIEHHBIX Ha KBAaplEBYIO IIOAJIOXKKY, MEHBIIe, YeM JJId
IIJIEHOK, HAIIBIJIEHHBIX HA OCTaJIbHBIE IOI0XKH.COOTBETCTBEHHO, INIEHKH, KOHJeHCHPOBAaHHBIE
Ha KBapIleBYIO IIOJJIOXKKY, XapaTepuU3yIOTCA HH3KON OTHOCHUTEIbHOU MeXaHUYeCKOM
mpouHOCThiO. [JIng TIeHOK O6OMX COCTaBOB, OCAXKAEHHBIX HAa PA3IUYHBIX IOJIOXKKAX,
OTHOCHUTEJIbHASA MeXaHW4YecKasd IIPOYHOCTh B 3aBUCHMOCTH OT MaTepuaja IIOJJI0XKH BO3pacTaeT
B CHeAyIOWeH II0CIeA0BaTeIbHOCTH: KBapll, MOHOKDHMCTA//IMYECKUN KPEeMHHM, CHUTaJLI,
netikocandup. Bo3aMoxxHOH NpUYMHOI Tako#l 3aKOHOMEPHOCTH ABJIAETCA TOT (PAKT,4TO, UeM
MeHbIlle Pa3sHOCTh MeXIy KO3(Q@HUIIMeHTaMU TeIIOBOTO PacUIMpeHHA IOAJIOKEeK U ILIeHOK
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(Tabuma 2), Tem MeHbIle nedeKTOB IOABIAETCA B IUIEHKAX IPHU OXJIAKIEHUH OT TeMIIepaTyphl
HaIbUIEHUA 0 KOMHATHOM, YTO BJIMAET HA OTHOCUTEIHYIO MEXaHNYeCKYIO IPOYHOCTD ILJIEHOK.

Ta6auna 1. /lanHble OTHOCHTETPHON MEXaHUYECKOM IIPOYHOCTHU MCC/IeJOBAaHHBIX IIJIEHOK.

Yuco npoxoZoB A IOJTHOTO NCCTUPaHUS]
Tommuna Marepuas OAJIOXKKH
CocraB Harpyska,
IUIEHKH, Moso-
IIJIEHKH r Jleiiko-
MKM Ksapr, | kpucrammmgecku | Curasmn
. candup
KpeMHMUIA
(GeosSno.)osTeos| 0.7 150 (12-15 28 - 32 41-45(72-79
(GeosSnos)osTeos| 0.7 150 |27-30 39 — 44 59-72(85-93

Ta6auna 2. 3HaveHNA K03GGUINEHTOB TEIIOBOTO PaCIUINPEeHH.

Koadduiuent Cpennee
Cronas TEIIJIOBOTO SHAYEHMe ANA | .
pacIIMpeHusd, | TeMIepaTypHSI
a8 rpax’! HMHTepBajos, K

(GeosSno.1)osTeos 11.9 300 —530 [5]
(GeosSnos)osTeos 7.5 300 —530 [5]
Ksapr, 1.4 300 - 850 [6]
Mosno-
KPHUCTULTUYEeCKUH 25 300 - 1050 [6]
KpeMHHUH
Curasun 4.1 298 - 573 (6]
Jletixocandup 8.1 298 - 573 [6]

Taxum O6PaBOM, MOXHO OTMETHUTDH, YTO PdA3HUId MEXIY KOC—)(i)(i)I/I]_LI/IEHTaMI/I TEILJIOBOTO
paclinpeHuA IIOJJIOXKKH W HAIIBIJIEHHOTO Ha Helt MaTepHdjld UI'pd€T CYIEeCTBEHHYIO POJIb B
3HAUYEeHHUU OTHOCUTEJIbHON MeXaHWYeCKOMN IIPOYHOCTH, YTO XOPpOIIO COTJIACyeTCA C MdaHHBIMHU

pa6otsi[7].
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Abstract

Considerable efforts of investigators have been devoted to improving the properties of
the photochromic compounds to fulfill the requirements of the different applications. The most
remarkable properties of these compounds are their absorption spectra, particularly the position
of the absorption maxima, the intensity of color obtained upon irradiation with UV light. As the
theory of conjugated chromophores suggests, introduction of a second photochromic center to a
photochromic molecules improves the spectral properties of such hybrid molecules (e.g.
extinction coefficient increases), and conjugated system 7 is elongated resulting in a
bathochromic shift of the absorption band.Photochromic organic hybrid materials have
attracted considerable attention owing to their potential application in photoactive devices,
such as optical memories, optical switches, filters, drug delivery vehicles, non-linear optics
materials and etc. The growing interest in this field has largely expanded the use of
photochromic materials for the purpose of improving existing materials and exploring new
photochromic hybrid systems. We have synthesized new hybrid photochromic compounds,
calling them I, II, and III, based on azobenzene and different spiropyrans, synthesized by us.
Compounds II and III were first synthesized and investigated by us. According to the spectral
data, in the compound III, unlikecompounds I and II, the union of the electron cloud does not
occur apparentldue to steric hindrance. Physico-chemical studies of the synthesized new hybrid
compounds will be continued.

Introduction

Photochromic materials are a type of photoresponsive compounds, which undergo
reversible transformations between two (or more) well-defined states possessing different
physical, chemical and optical properties. In recent years they have attracted much attention
for their fundamental properties and for their emerging applications in high level technologies,
photo-switchable molecular devices, optical memory storage systems, nonlinear optical
materials, optical shutters, biological applications, nanoparticle-based drug delivery vehicles,
which can be engineered to release cargo molecules upon activation with a variety of external
stimuli, and etc.Therefore,photochromic compounds suitable for photonic applications must
meet the following requirements: high efficiency of photochromic transformations, thermal
stability, high cross section for two-photon absorption, the fatigue resistance and
nondestructive readout by any suitable method.
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Photochromic spiropyrans and azobenzene

One of the most unique examples of molecular switches is spiropyran (SP) (Figure 1),
whose closed-ring, relatively lowpolar (3D), hydrophobic isomer transforms into a highly polar
(18D), open-ring merocyanine (MC) form upon exposure to ultraviolet light (UV), whereas the
reverse reaction can be induced by visible light, or heating. This reversible isomerization can be
triggered by a variety of other external stimuli, such as acids and bases, metal ions, temperature,
redox potential and mechanical force. Among these different stimuli, light is the most
attractive: it is a stimulus that can be delivered instantly, into a precise location, and in the form
of different wavelengths, to which different photoresponsive molecules selectively respond.

NO2
hv

NO? "=
A '

MC
Figure 1. Spiropyran isomerization.

Considering the structure of the spiropyran molecule we see that it consists of two
noninteractingm-electron systems causing the presence of bands in the absorption spectrum of
the spiropyran in the ultraviolet region of the spectrum. On the other hand, the merocyanine
molecule has a single m-electron system providing the molecule absorption in the visible
spectrum.

Spiropyransattract the attention as a result of a number of interesting features that
include reversible ring closure have owing to the well-separated absorption bands of the two
isomers, facile synthesis, distinct chromic transition, and fluorogenic nature of one isomeric
form (usually the ring opened form) in certain environments.

The main parameters that are normally used for describing photochromic properties of
spiropyrans are: the high photosensitivity, thermal stability (sometimes this can be achieved by
incorporating the molecules in a rigid matrix), possess the highest among all known
photochromic systems of two-photon absorption coefficients of both isomeric forms (which are
an important parameters for three-dimensional recording devices) and fatigue resistance.

Many scientific centers and companies worldwide carry out studies and are working to
optimize the parameters of the spiropyrans which is evidenced by a large number of published
works and patents in the field [1 - 11].

Our research teamwithin a long time synthesizes and investigates photochromic
compounds including spiropyransin order to optimize of spectrokinetic properties by
substitution of functional groups in the photochromic molecules, since the stability and
photosensitivity of a spiropyran are strongly dependent on the substituent, with the effects of
structural changes of the parent spiropyran.It is possible to increase the photosensitivity by
modification of a molecule: 1) by varying the substitutes of different electronic natures
(electrodonor and electroacceptor) in the indoline and chromen parts and their position in the
molecule and 2) by changing the molecule skeleton. By using this kind of approach, we have
synthesized and studied several hundreds of spiropyrans. For instance, changing the indoline
ring by azaindoline allowed us to obtain spiropyrans with increased photosensitivity to the UV
light as compared with the known analogues [12] and introduction of an additional fragment in
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the indoline part of the molecule (tetrahydroquinoline products) increased photosensitivity to
visible light [13, 14]. By modifying the molecules of spiropyran in amphiphilic, under certain
conditions, the system becomes self-organized. The effectiveness ofphotosensitivity increases by
the internal energy [15]. The MC structure usually shows poor stability. The stability of the MC
should be improved essentially for it to be used in practical applications. Some isolated MCs are
readily converted to the closed spiropyran. But the electrostatic attraction between the
zwitterionic MCs, packed intermolecularly, often induces aggregation such as the formation of
micelles structure, and the conversion to the closed spiropyran can be interrupted and will
stabilize the colored form [16]. The novel spiropyrans obtained on the basis of pyridoxal have
demonstrated photochromic properties [17].

At the present time, when the limit to the improvement of multi-functional materials is
almost reached the attention of researchers are drawn to the creation of hybrid multifunctional
materials promising for practical applications in molecular electronics and photonics.
Theazobenzene (AZ) (Figure 2) and spiropyran derivatives have been chosen by us among wide
range of photochromic systems due to their particular properties. Azobenzene, which has been
thoroughly studied as photoswitche, undergoes a reversible transto cisa particular isomerization
upon exposure to UV light, corresponding to thez — 7* transition. The reverse reaction, a cisto
transisomerization, occurs upon exposure to visible light or by thermal relaxation
corresponding to the 7 — 7* transition.

a e
= O D
NN
@” N\ or Visible

Cis form
Trans form

Figure 2. Azobenzene isomerization.

From the Figures 1 and 2, it is seen that azobenzene and spiropyran molecules undergo
different types of isomerization reactions, such as trans-cisisomerization (AZ), ring opening (SP)
upon UV irradiation.

Above describedspiropyrans can undergo reversible photoisomerization between the
stable and the metastable states using UV and / or visible light, whereinspiropyran isomer can
be reversibly converted to zwitterionicmerocyanine isomer. The thermal conversion from the
merocyanine isomer back to the closed spiropyran occurs with a half-life at room temperature
of tens of minutes in non-polar media, while the photochemical isomerization with visible light
occurs on a much faster timescale. Since the two isomers of spiropyrans have dramatically
different dipole moment, which causes the different physical and chemical properties they have
been exploited in the development of photosensitive “smart” devices. In addition to the above-
listed parameters of spiropyrans, the position of maximum absorption is also very important.
For practical use, it is desirable to be located in the area of an inexpensive diode laser radiation
(A = 780 nm) which can be achieved by increasing the length of the molecule conjugation.
Recently, studies have demonstrated that low power irradiation using light emitting diodes
(LEDs, with an irradiance of approximately 1 mW - cm2) can be used to effective trigger the SP
to MC isomerization [18].
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As the theory of conjugated chromophores suggests, introduction of a second
photochromic center to a photochromic molecule improves the spectral properties, the
conjugated system 77 is elongated resulting in increase in a bathochromic shift of the absorption
band and extinction coefficient.The latter was confirmed in the work [19], where the molar
absorption coefficient increases from 0.31 - 10 to 1.35 - 10* M! - cm™! for simple spiropyran
(Figure 1) and the spiropyranin the presence of an azo moiety in the mero form (Figure 3),
respectively. It is well-known that the higher molar absorption coefficient leads to higher
sensitivity and resolution, and distinguishes the spiro form from the mero ones in photochromic
applications.

CH3 CH3

|
Rl El PR3 I
R4

Figure 3. 1. R1 = CsHo; R2 = Rs = NO2; Rs3 = R4 = H.
2. R1 = CHs3; R2 = OCH3s; R3 = H; Re = Rs = NOa.
3. R1=CH3; Ro=H; R3 = OH; R4 = Rs = NOa.

Based on the above mentioned, the introduction of a photochromic azobenzene
molecule to a photochromic spiropyran molecule as the second absorption center was
considered expedient by us (Figure 3). Thus, on the base of two photochromic compounds: SP
and AZ, we synthesized three types ofphotochromic hybrid compounds by coupling
azobenzene: with indolinespiropyran (compound I); with azaindoline spiropyran with increased
photosensitivity to the UV light (compound II) and tetrahydroquinoline spiropyran with
increased sensitivity to visible light (compound III).

Hybrid compound I obtained by coupling indolinespiropyran and azobenzene

Toimprove the properties of photochromic spiropyrans, we considered the synthesis of
new hybrid photosensitive compounds on the spiropyran basis expedient. The hybrid
compounds obtained by couplingspiropyran and different photochromic compounds had been
synthesized and studied by a number of authors [19 — 24]. Half-life times of the ring-closure
reaction of the hybrid molecules obtained by the pairingspiropyran and azobenzene in ethanol
are about 0.3 — 14 s [19]. The introduction of the NO: group in position 8 of such hybrid
molecule we were able to increase the lifetime of the photoinducedformby two orders. For
improving the stability of photoinduced form we introduced 2-hydroxy-8-nitro-5[(4'-phenyl)
diazenyl] benzaldehyde at Fisher’s base analogs and gained hybrid compound 1 (Figure 3). The
lifetime of photoinducedform of compound I is by two orders higher than mantioned in [19],
hencethe photochromic transformations can be observed at room temperature. This was the
result of inserting the electroacceptor group NO: in the position — 8. Such compounds as
compared to those known in literature will be of a wider practical use, in our opinion.
Combining two photochromes SPand AZ in one molecule increases the length of the
conjugation chain of a photoinduced form resulting in the long-wave shift of the relevant
absorption band.
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Under the influence of the UV light, C-O bond is disturbed and the molecule transforms
into a coplanar state and a long conjugated chain is formed. So, it is expected that a hybrid
molecule, under the influence of active light, may serve two functions: disturbance of
intramolecular bond C-O in the spiropyran fragment and geometrical changes — trans-cis
isomerization in the azobenzene fragment. As it is known, the photochromic transformations
can be observed at a room temperature by weakening C-O bond. This can be done by varying
the electrical properties of the substitute and their positions in a hybrid molecule. It turned out
that among the gained compounds the desirable properties were demonstrated by compound I.
As the Figure 3 shows, groups NO:2 were substituted in the chromene part position — 8 of
spiropyran and position 4' of azobenzene. Such positioning of electroacceptor groups weakens
bond C-O and the thermal equilibrium of a compound I in polar solvents shows a certain
equilibrium shift to a colored form (Figure 4). The samples kept in the dark are colored. Under
the influence of UV light (1 = 365 nm), the color deepens gradually to reach photoequilibrium.
Under the influence of the visible light, the sample gets totally colorless. In the dark, the
thermodynamic equilibrium is restored. The process is observed at a room temperature.

Figure 4. The image generated by a photomasked UV irradiation
(A=365 nm) of thePMMA film doped with hybrid compound I.

For practical use, hybrid compound I was integrated with a polar polymer-
polymethylmethacrylate (PMMA). We studied the spectral properties of the sample as shown in
Figure 5. A short-wave absorption band belongs to azobenzene, while a long-wave absorption
band is typical to the photoinduced form of a spiropyran.
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Figure 5. Absorption spectra of film of compound I integrated
in the polymer PMMA.1 — thermodynamic equilibrium; 2 — after
irradiationwith UV light; 3 and 4 — relaxation process taking
place in the dark; and 5 — after irradiation with visible light.
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The absorption bands of a photoinduced form of a hybrid compound I as compared to
the absorption bands of model compounds (SP and AZ) are shifted bathochromically what must
be caused by the origination of a long conjugated chain of an open molecule form. The
absorption spectrum corresponding to the thermodynamic equilibrium established in the dark
shows that the sample is colored. The photoequilibrium established by the UV light radiation is
shown in spectrum 2. The relaxation processes taking place in the dark are presented by 3 and 4.
The relaxation process continues up to the establishment of thermodynamic equilibrium
spectrum 1. Complete decoloration of a sample tooks place under the influence of the visible
light which is active for a spiropyran fragment only.It was expected that the light would effects
only on long-wave part of absorption spectra. As the figure shows, the visible light influenced a
short-wave absorption band as well, what is a proof of a unity of the electronic cloud of the
molecule. The UV / Vis absorption spectrum of PMMA film doped with compound I after stay
at dark showed two peaks at around A =400 and 600 nm. When film is irradiated by UV light
with the wavelength A < 365 nm, weak long length absorption peak around at A = 600 nm is
increased, the shortlength absorption peak around atA=400 nm is increased too. It is noteworthy,
that it should not have happened the photoisomerization of azobenzene moietyunder
wavelength A < 365 nm irradiation condition. This indicates that photoisomerization in the
azobenzene moietyis induced by photoisomerization in the spiropyran moiety. After A =365 nm
irradiation, the spectral changeis quite similar to A < 365 nm irradiation. All this prove. The
emergence of a common electron cloud of the two fragments of the hybrid molecule.

Hybrid compound II obtained by coupling SPazinaand AZ

The hybrid compound based on azaindoline was obtained by condensation of 1,2,3,3-
tetramethyl-4-azaindolenin iodidewith the corresponding azoconjugatedhydroxyaromatic
aldehydes (Figure 6). Thismethod was developed by us [12].

As it was noted above, replacement of indoline to azaindolineincreases the
photosensitivity of spiropyran to UV light. The thermodynamic equilibrium is shifted toward
the closed form thereby reducing the spontaneous degradation.The constant of relaxation rate
of photoinduced form is increased.

CH3 CH3
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Figure 6. 1. Ri= CsHy; R2=Rs=NO2; R3= R4=H.
2. Ri1= CHs; R2= OCHs; R3= H; Re= Rs= NOa.
3. Ri= CHs; R2= H; R3= OH; Re= Rs= NOa.
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The properties of hybrid molecules consisting of azobenzene and azaindole are different
from parentmolecule of azaindole. The thermodynamic equilibrium is shifted towards the
colored form. The thermodynamic equilibrium constant is greater than photochemicalone
Kr > Kpn, decoloration of system occurs not only by visible butby UV light too.

The spectral dataindicate that the visible light influenced a short-wave absorption band
as well, what is a proof of a unity of the electronic cloud of the molecule like compound I. In
polar solvents compound lexhibits “positive”photochromism, because the thermodynamically
less stable state is thecoloured form, on the contrary for compound II the thermodynamically
less stable state is the colourless form and so it exhibits “negative” photochromism.

Hybrid compound III obtained by coupling SPtaq and AZ

The  marriage of two  photochromic molecule on the base of
tetrahydroquinolinespiropyran, which is twice more photosensitive to visible light than its
indoline analog, and azobenzene can lead to the birth of novel hybrid compound SPruoAZ
(Figure 7).

R4

R? R3

Figure 7. 1. R2= Rs= NO2; R3= R4= H.
2. Ro= OCHs3; R3= H; Ra= Rs=NOa.
3. R2=H; Rs= OH; R4= Rs= NOa.

The hybrid compound based on tetrahydroquinoline (III) was obtained by condensation
of 1,7-propano-2-methylene-3,3-dimethylindoline with the corresponding azoconjugated
hydroxyaromatic aldehydes in alcoholic medium [14]. The left fragment of hybrid molecule is
indolinespiropyran modified by us with additional cyclic moiety which makes it rigid. Such
compound exhibits in polar solvents negative photochromism, because the coloured MC form is
more stable than the colourless SP form. The irradiation by visible light causes decoloration of
MC to generate SP form. When SP form is placed in the dark, it returns to the colored MC form.
Therefore, this thermally reversible photochromic system for its photochromic transformation
does not need the irradiation by UV light, which may cause degradation of the compound. Due
to the fact that thermodynamic equilibrium of the compounds with additional cyclic moiety in
polar solvents is more than photochemical one — Kr > Krn decoloration of system occurs with
UV light too. The right side of the molecule — azobenzeneextends 7-conjugation system and
causes bathochromic shift of the absorption band of the colored-zwitterionic form of SPruoAZ.
The UV / Vis absorption spectrum of compound III in ethanol after stay at dark showed two
peaks at around A = 400 nm and A = 600 nm (Figure 8). When compound is irradiated by UV
light with the wavelength A < 365 nm, or by visible lightlongwave absorption peak around at
A= 600 nm is decreased, butthe shortwave absorption peak around at A = 400 nm is not
decreased. Its intensity does not depend on the range of the inducing radiation light.
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Figure 8.Absorption bands of compound III in ethanol.
1 — thermodynamic equilibrium, 2 — photo chemical
equilibrium after irradiation with UV light;
3 — expozition light 400 nm; 4 — after stay at daylight.

Evidently in the molecule conjugation carried out, but due to steric factors, unlike
compounds I and II the electron cloud does not become common.
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Figure 9. Fragments of hybrid molecule.

The independence of the fragments of hybrid molecule is particularly evident in low-
polar solutionoftoluene.When toluene solution is irradiated by UV light with the wavelength of
A =400 nm, AZ fragment in SPAZ is photoisomerized from trans-form to cis-form independly.
Upon A = 300 nm light irradiation SP moiety is photoisomerized from SP-form to MC-form
independly. Upon A = 365 nm light irradiation SP fragment is photoisomerrized to MC-form in
addition to trans-cisphotoisomerization of AZ since this wavelength reacts both fragments of
hybrid molecule (see Figure 9). The molecule SPrioAZ combines the beneficial characteristics
and properties of both components. Consequently photochromic properties can be controlled
by lasers with different frequencies.

Set of spectral methods, and using method of photo kinetics analysis data were obtained
on the photochromic propertiesof compounds I, II, III and their derivatives. These data
represent the electronic absorption spectra of the original and photo-induced forms of kinetic
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and thermodynamic parameters of the dark processes, efficiency phototransformations. These
parameters, along with theestablishment of structure-property correlations, allow us to
characterize them as effective photochroms for practical use.

Stationary electronic UV / Vis absorption spectra were measured on a optical-fiber
spectometre Avantes 2048.

The spectral studies were performed in solutions of organic solvents (polar ethanol and
weakly polar toluene) and in PMMA-polymethylmethacrylate polymer films doped
byspiropyran, at room temperature. The solutions were preparedat daylight or under dark
conditions as needed.

The compounds were irradiated with UV light and the decrease in absorbance was
recorded against time.Photoisomerization of the hybrid molecule was induced by a illumination
with 365 nm (filter UVG-1) and visible (filter YG-17) light from a 250 W high pressure Hg
lamp.

Purity of the compounds was controlled by thin-layer chromatography and by melting
points.

Conclusion

New hybrid photochromic compounds based on azobenzene and different spiropyrans
synthesized by us (see Figures 3, 6 and 7) were synthesized and investigated. Compounds II and
IIT were firstly synthesized and investigated by us. The photochromic transformation of the
compounds I, modified by us of compound described in the literature, we observed at room
temperature. In all compounds theconjugation and bathochromic shift of the absorption band of
coloured moleculewere realized (see Figures 4, 5 and 8). According to the spectral data, in the
compound III, unlikecompounds I and II, the union of the electron cloud does not occur
apparentlydue to steric hindrance (see Figure 8). Physical-chemical studiesof the synthesized
new hybrid compounds will be continued. This type of photochromic compounds will find
applicationin future development of high-performance photochromic materials.

The work is accomplished under the financing of grant project FR/395/6-420/13 of Shota
Rustaveli National Science Foundation.

References:

L. R. Guglielmetti. Photochromism. Molecules and Systems (Eds. H. Dirr, H. Boua—
Laurent), 1990, Elsevier.

2. R. C. Bertelson. Organic Photochromic and Thermochromic Compounds (Eds.
J. C. Crano, R. Guglielmetti).1999, L. 1 - 11.

3. K. G. Japaridze. Spirokhromeny. 1979, Thilisi.

4. G. Berkovic, V. Krongauz, V. Weiss. Chem. Rev., 2000, 100, 1741.

5. V. I Minkin. Chem. Rev., 2004, 104, 2751.

6. V. I. Minkin. In: Molecular Switches, 1 (Eds. B. L. Feringa, W. R. Browne). 2011,
Weinheim, Wiley—VCH, 37.

7. V. A. Barachevsky. Org. Photonics Photovolt., 2015, 8, 41.

8. V. I. Minkin. Chem. Rev., 2004, 104, 2751.

9. R. Klajn. Chem. Soc. Rev., 2014, 43, 148.

137



Photochromic hybrid compounds obtained by coupling spiropyrans and azobenzene.

10.  N. A. Voloshin, A. V. Chernyshev, S. O. Bezuglyi, A. V. Metelitsa, E. N. Voloshina,
V. 1. Minkin. Rus. Chem. Bull., 2008, 57, 151.

11.  B.S. Lukyanov, M. B. Lukyanova. Chem. Heterocyclic Comp., 2005, 41, 281.

12.  J. P. Maisuradze, Sh. A. Akhobadze, L. V. Devadze, K. G. Japaridze. KhGS, 1982, 10, 1367.

13. J. P. Maisuradze, N. I. Makhashvili, L. V. Devadze, N. O. Sepashvili, L. P. Shishkin,
K. G. Japaridze. Herald Acad. Sci. Georg SSR (Ser. Chem.), 1989, 15, 1, 44.

14.  N. I. Makhashvili, J. P. Maisuradze, K. G. Japaridze, L. V. Devadze. Herald Acad. Sci.
Georg. SSR (Ser. Chem. & Chem. Technol.), 1988, 1, 99.

15. K. Japaridze, L. Devadze, ]. Maisuradze, I. Mzhavanadze, N. Sepashvili. Bull. Georg. Natl.
Acad. Sci., 2010, 4, 67.

16. K. Japaridze, L. Devadze, J. Maisuradze, N. Sepashvili. High Energy Chem., 2009, 43, 527.

17. K. Japaridze, L. Devadze, J. Maisuradze, G. Petriashvili, Ts. Zurabishvili, I. Mzhavanadze,
N. Sepashvili. Bull. Georg. Natl. Acad. Sci., 2013, 7, 57.

18.  S. Stitzel, R. Byrne, D. Diamond. ]J. Mater. Sci., 2006, 41, 5841.

19.  F. Nourmohammadian, A. A. Abdi. Bull. Korean Chem. Soc., 2013, 34, 6.

20. K. Kinashi, K. Furuta, Y. Ueda. Chem. Letters, 2006, 35, 298.

21. K. Kinashi, Y. Ueda. Mol. Cryst.& Liquid Cryst., 2006, 445, 1.

22. R. Mardaleishvili, L. S. Koltsova, N. L. Zaichenko, A. I. Shienok, P. P. Levin,
A. S. Tatikolov. High Energy Chem., 2013, 47, 5, 205.

23. R. Mardaleishvili, L. S. Koltsova, N. L. Zaichenko, A. I. Shienok, P. P. Levin,
A. S. Tatikolov. High Energy Chem., 2015, 49, 30.

24. S.-R. Keum, M.-]. Lee. Bull. Korean Chem. Soc., 1999, 20, 12.

138



A. Bakhtiari, et al. Nano Studies, 2016, 14, 139-144.

ULTRASONICWAVESAND WATER
PURIFICATIONFROM NANOPARTICLES

A. Bakhtiari, T. Berberashvili, P. Kervalishvili, L. Klimiashvili

Department of Engineering Physics
Georgian Technical University
Thilisi, Georgia

t.berber@mail.com

Accepted August 22, 2016

Abstract

Ultrasonic wave as a high frequency longitudinal wave passes through liquid, makes
acoustic cavitation and forms fine bubbles in low-pressure region of fluid. Because of pressure
decrease thermodynamic phase changes the liquid to gas. Liquid atomizing effect, which
produces the fine nanoparticles of liquid, is the basis of the water purification. Ultrasonic
atomizing process in practice is a little far from bubbles mathematical models, because of
different actual parameters effect in real conditions, but in the range of particles size below
1 um it is relevant. There are some conditional considerations that make thermal processes as
the best choice for nanoparticles treatment especially, when there is a source of heat energy,
because the most important factor of thermal processes is thermodynamic water phase change.
According to the data and analysis, acoustic cavitation by ultrasonic waves is effective method
to purification of water from nanosize particles of different origin as well, as from their clusters
and molecular assemblies.

1. Introduction

Ultrasonic wave as a high frequency sound wave affects on substances that refer to
quantity and quality, and this property can be used in different fields. One of the most
interesting applications is thermodynamical property change of fluids by ultrasonic waves,
which is possible to use for water purification of different unpleasant nanoscale particles [1].
Generally, water purification considered and compared with routine water treatment methods.
For instance ultrasonic wave can be used to produce pure water and some technical advantages
of water treatment by ultrasonic waves comprised with the most common membrane method
[2]. As sound waves travel, particles of medium vibrate more than common vibration then some
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physical properties of medium like density, temperature and pressure will change [3]. These
pressure changes are divided into two parts — as low-pressure and high-pressure regions. On the
other hand, wave rhythm in fluid depends on longitudinal wave rhythm. Generally, there are
three parts for water purification: Microbial purification is based on organism pollutants
removal, Suspended solids purification is based on undissolved solids removal like sand, and
Dissolved solids purification is based on ions and particles dissolved in water that is totally
called the salinity and it should be considered as a the most important and complicated part of
water purification.

Generally,a water treatment factory works as a huge treatment plant and is based on
screening, coagulation, flocculation, sedimentation, filtration and disinfection processes, which
are organized for purification of water. The process of coagulation, flocculation and
sedimentation might be improved by flash mixing ultra sonication. At the same time dispersion
and deagglomeration of clusters of impurities by ultra sonication are also highly depending on
ultrasonic cavitation. The sound waves that propagate into the liquid result in alternating high-
pressure and low-pressure cycle that applies mechanical stress on the attracting forces between
the individual particles. Ultrasonic cavitation in liquids causes high speed liquid jets of up to
1000 km / h (approx. 600 mph). Such jets press liquid at high pressure between the particles and
separate them from each other. Smaller particles are accelerated with the liquid jets and collide
at high speeds. This makes ultrasound an effective means not only for the dispersing but for the
milling of micron-size and submicron-size particles as well. Refer to last investigations this
method does not decrease coagulant consumption that should be important in sludge
management.

Physical properties of nanoparticles make high potentials for materials with
extraordinary strengths but the extra small size of nanoparticles treatment and process is more
difficult than routine processes then special method usage is inevitable. High power ultrasound
is often the only method to affect nanoparticles effectively. As an illustration, mostly, high
power ultrasonicators are the only efficient tool to achieve the desired milling and dispersing
results of nanoparticles [4, 5].

One way of utilization of nanotechnology refers to the liquidus environment that is very
common in different fields like water treatment, pharmacy, medical diagnosis and so on.
Ultrasonic waves can help to improve and make nanopurification feasible then it can be so
effective in different industries.

There is a routine method for surface water treatment that based on screening,
coagulation, flocculation, filtration and disinfection. On the other hand, the speed and
efficiency of the method is the basic feasible parameter for treatment. Ultrasound can improve
coagulation, flocculation and then sedimentation that as the most important water treatment
process step is efficiency and fixed price determinant.

2. Ultrasonic waves

Ultrasonic investigation and application started in 1912 after Titanic ship sinking by
collision with an iceberg. Nature gave a solution to scientists then they used old communication
method of sea creatures like dolphins for iceberg detection in the seawater. The method was
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based on high frequency acoustic waves that created ultrasonic wave as a solution. Ultrasound
was indebted to Langevin activities, and he is generally credited as the father of field of
ultrasonic [2].

Despite of primer ultrasound application for obstacle detection, there are many other
applications according to medium properties physical changes. Whenever ultrasonic wave as a
high frequency longitudinal wave passes through liquid making the acoustic cavitation. Indeed,
it forms fine bubbles in low-pressure region of fluid; because of pressure decrease then
thermodynamic phase change of liquid to gas; growth of bubbles and after reach a critical size
they collapse. The event of collapsing is microscopic implosion that generates high local
turbulence, intense shear forces, microscopic stream and release of heat energy [6].

Dispersion and deagglomeration by ultra sonication are a result of ultrasonic cavitation.
The sound waves that propagate into the liquid result in alternating high-pressure and low-
pressure cycles apply mechanical stress on the attracting forces between the individual particles.
Ultrasonic cavitation in liquids causes high speed liquid jets of up to 1000 km / h (approx.
600 mph). Such jets press liquid at high pressure between the particles and separate them from
each other. Smaller particles are accelerated with the liquid jets and collide at high speeds. This
makes ultrasound an effective means for the dispersing but also for the milling of micron-size
and submicron-size particles [1].

Effective means of deagglomerating and dispersing are needed to overcome the bonding
forces after wettening the powder. The ultrasonic breakup of the agglomerate structures in
aqueous and non-aqueous suspensions allows utilizing the full potential of nanosize materials
(Figure 1). Investigations at various dispersions of nanoparticulate agglomerates with a variable
solid content have demonstrated the considerable advantage of ultrasound when compared with
other technologies, such as rotor stator mixers piston homogenizers or wet milling methods [7].
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Figure 1. Ultrasonication improvement [9].

Meanwhile, because of dependence of rhythm of longitudinal wave and fluid vibration
rhythm, cavitation speed (bubbles generation and collapse) is controlled by longitudinal wave
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frequency. Therefore, higher frequency makes faster cavitation that clarifies the role of

ultrasonic in this process but stable cavitation is commonly observed at frequencies more than
200 kHz.

3. Coagulation and flocculation in water treatment

The scheme of water treatment factory (Figure 2) consists of many important parts
representing the different stages of water treatment process from screening, coagulation,
flocculation, filtration and disinfection to storage and distribution [8].

Totally, there are three water pollution types: (1) Colloid, (2) Gas and (3) lon. Colloid
pollutants are tiny and suspended in water that is base of turbidity. There are different sources
of turbidity but all of them are known as pollutions. Colloid routine removal are coagulation
and flocculation that coagulate suspended particles and flocculate them then settle out of the
water with time what called sedimentation. Adding chemical coagulate by making a
homogenous solution will increase rate of suspended sedimentation by small particles
combination into larger flocculates [9].

Addition of
Coagulant
Water . 5% > Mixing . Flocculation Settling » Sand To Storage and
Supply Tank Basin —> Tank Filter Distribution
Screening v
Sludge Disinfection
Processing

Figure 2. Basic water treatment scheme.

4. Flash mixing by ultrasound

Basically, by coagulation and flocculation turbidity, color, pathogens, algae, phosphates,
bad smelland bad taste factors and some others are removed, and this is considered as an
important step of water treatment. According to Figure 2, the treatment process mostly involves
coagulation and flocculation. On the other hand, most of the parts of municipal routine method
are civil constructions and their size, strengthen and isolation are total price determinative.
Meanwhile, coagulants should be added to water in flash mixer for flocculation in flocculation
basin. Flocculation improvement depends on different factors like PH, temperature, coagulant
efficiency and so on.
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Refer to coagulation efficiency as an important factor for flocculation and sedimentation,
more efficient process makes some advantages as:
° Lower coagulant consumption;

° Smaller construction.

As in Figure 2, in the same conditions, ultrsonication improves the size of particles in
solution up to 1/4 that means better mixing and 20 % lower scattering intensity,which means
more homogenous solution. Totally, both of them conduct coagulation improvement, and the
more efficient are flocculation and sedimentation, the more feasible is the construction.

Consequently, these important factors, not only make shorter flocculation and
sedimentation time but lower coagulant consumption produce lower sludge as well,and its
management after the treatment would be easier.

5. Conclusion

Using the ultrasound waves the water purification process from nanosize particles
became more effective as well, as the possibility of preparation of high purity water.The nature
of this process lies in ultrasound wave properties, which through the influence on oscillation
characteristics of nanoparticles increase their surface energy and make them more active for
participation in different physical and chemical interactions.

Ultrasound waves usage for water treatment because of lower coagulant consumption
decreases the price of cleaning water: improvement of coagulation by ultrasound flash mixing
not only causes the technical improvement but the financial one as well.
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Abstract

In alkali halide crystals (AHC), the atoms of bivalent metals are basic hardening
impurities. The role of impurities such as Ca and Mg is well known: they increase the yield
strength and microhardness, decrease the degree of plastic deformation, etc. As for the Pb
impurity, its presence in AHC causes anomalies in many parameters of the crystal. We
conducted a detailed study of the peculiarities of the mechanical properties of LiF crystals
containing high concentration (1.2 - 10! mol. %) impurity Pb. Deformable crystals (uniaxial
compression, microindentation) were subjected to high-temperature (800 °C) annealing,
quenching (from 500 °C) and gamma-irradiation (10 MRad). This revealed anomalous
dependence of yield strength on the annealing time with a maximumat 2 h on the curve yield
strength—time. Radiation processing has shown the indistinctive phenomenon for irradiated
AHC plasticizing — the ultimate strain (degree of plastic deformation) is increased from 15 to
30 %. The observed effects are explained by changes in the atomic configurations of impurity
Pb and their concentration at all stages and in all types of processing.

1. Introduction

Thermal, mechanical and radiation effects create various structural defects leading to
hardening of the crystal and reduction of its plasticity [1, 2]. The mechanical characteristics of
the crystal can be preserved or even improved by a simultaneous effect of the above-mentioned
fields in different combinations, which we demonstrated by the example of alkali halide crystals
[3]. The mechanical parameters of the crystal can be controlled the most efficiently by its
doping [2], varying the impurity type and concentration, heat treatment conditions (annealing
and quenching), and the ratio of masses and radii of matrix and impurity ions [2, 4].

In alkali halide crystals (AHC), the atoms of bivalent metals are basic hardening
impurities. The role of impurities such as Ca and Mg is well known: they increase the yield
strength 7y and microhardness /, decrease the degree of plastic deformation &, etc.

As for the Pb impurity, its presence in AHC causes anomalies in many parameters of the
crystal, such as, in particular, heat conductivity and heat capacity [5]. The Pb impurity
significantly hardens the NaCl crystal, exerts an adverse impact on the magnetoplastic effect in
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a weak field instead of plasticization which is observed in the case of Ca and Mg; hardening of
the sample occurs [6].

Taking into consideration a wide application of doped LiF crystals (quantum electronics,
radiation dosimetry, etc.), the investigation in detail of the specific features manifested by
LiF : Pb crystals during their deformation is quite topical. It represents the objective of this
work.

2. Experiment

The experiments were carried out with the crystals (BJP Company) possessing a high
concentration of the Pb impurity (1.2 - 10! mol. %) — LiF-1.For comparative experiments, we
used crystals (of the same company) with the Mg impurity (3 - 102 mol. %) — LiF-2 and “pure”
crystals LiF-3 with total concentration of bivalent impurities ~ 10~ mol. %.

From blocks, along cleavage planes {100}, the samples 2 x 3 x 6 mm in dimensions were
cut out. Part of them were annealed at 800 °C (the annealing time varied from 1 to 20 h) and
cooled slowly to room temperature, another part of samples was quenched from 500 °C. The
annealing temperature was maintained with accuracy of + 5 °C. The stress-strain ratios 7(¢) of
initial and annealed samples were determined. The samples were tested in rigid deformation
machine DY-22 by uniaxial compression at constant rate of 103 s”!. Besides, microindentation
of the samples with the Vickers pyramid was carried out. The dislocation pattern on the
chemically etched surface of the sample was registered with the help of an optical microscope
with transmission of images to the computer monitor. Series of tests were carried out on gamma
irradiated LiF—1 (10 MRad, ¥’Cs-based source). The initial mechanical data on the samples of all
three types are listed in the Table 1 below.

Table 1.Initial mechanical data on LiF crystals.

Yield Maqulal Indentation | _ .
plastic . Microhardness,
strength, . diagonal,
MPa deformation, m GPa
% K

LiF-1 23.0 15.0 53 1.2
LiF-2 | 36.0 13.0 50 1.5
LiF-3 4.4 23.0 58 1.1

3. Results and discussion

In ANC the bivalent metallic impurity with concentrations lower than the solubility
limit enters the lattice in the form of substitution ion Me?; for electroneutrality, it is
accompanied by cation vacancy V forming the dipole Me? V with the impurity ion. These
dipoles can unite forming the dimers, trimers and more complex systems. With slow cooling
from high temperature, the main portion of the impurity exists in the form of clusters of such
complexes. If the concentration of Me exceeds the solubility limit or the metal is poorly soluble,
with slow cooling the formation of the second phase occurs: the impurity is deposited as a
precipitate having the spatial lattice differing from that of the matrix (for instance, MgF> in the
LiF : Mg? crystal).
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In our case, crystals LiF-1 are characterized by a high concentration of the Pb impurity
(1.2 - 10! mol. %). It is obvious that, because of the difference between the radii of impurity
and basic cations of the lattice (Reb= 0.175 nm; Rui= 0.155 nm) and considerable difference of
their masses (Mbv/ Mii= 30), the solubility of Pb is low, and considerable part of the Pb impurity
exists in the crystal as large second-phase particles. After chemical etching, they are manifested
as recesses with flat bottoms, so-called background (ripple). In LiF-1 the density of such recesses
100 nm in size makes up 10 cm2.

As a rule, the process of precipitation is accompanied by a considerable increase in the
yield stress, and the component of 7 due to the formation of the second-phase particles turns
out to be considerably larger than the one determined by the impurity being in the solid
solution. Very large precipitates, sometimes visible to the naked eye, do not contribute to the
hardening value — as if the matrix is cleared of the impurity [2, 7]. This is clearly evidenced by
the initial values of5given in the Table 1; inspite of a lower concentration of the readily soluble
Mg impurity, the hardness of LiF-2 is higher than that of LiF-1.

In Figure 1 (Curve 1) the diagram of compression 7(¢) of the initial LiF-1 sampleis shown,
illustrating the behavior, being typical for rigid samples [1]: an extended yield line and high
yield stress; the strain hardening is actually linear within the measurement accuracy, which is
the characteristic of single slip in AHC.

100 =

90

a, MPa

-
=]
.

" " " " T T T T T
0 9 10 19 20 25 30

Figure 1. Stress—strain diagrams of crystals LiF-1: 1 —
initial; 2 — gamma-irradiated; 3 — quenched from 500 °C.

Figure 2. Dislocation pattern of the
deformed initial sample LiF-1 (£=2%).
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With the uniaxial compression along the <100>, usually two slip systems along which
the deformation occurs are distinguished [1]. However, in crystals LiF-1 doped to high
concentrations, asymmetry of the slip systems (the average starting stress of the formation of
slip strips in one of the systems is lower than in another one) intensifying during the
deformation is observed. That is, we observe the spontaneous release of the main slip system
(Figure 2), which considerably reduces the hardening coefficient and extends the yield area
contributing to the plasticization of the crystal.

In addition to the high concentration of the impurity, the rigidity of LiF-1 is provided
by a unique dislocation-free structure of the crystals (which is evidenced by the chemically
etched surface), rarely occurred in AHC, which can be explained by the absence of thermal
stress during crystal growth.

Isothermal high-temperature annealing (800 °C) is characterized by a nonmonotonic
time dependence of the yield stress (Figure 3, solid curve).

351

10

0o 5 10 15 20 25
th

Figure 3. Time dependence of the yield stress
7of crystals LiF—1 (solid curve) and LiF-2
(dotted curve) during annealing at 800 °C.

The observed increase in the yield stress 7y at the initialstages of annealing (1 — 2 h) is
accompanied by downsizing of the second-phase particles (characteristic ripple on the surface
of the etched sample disappears). As this process, i.e. transition of the impurity into a dispersed
state with formation of dipole clusters, develops, zincreases due to the interaction of
dislocations with these clusters. With the increasing time of annealing (up to 20 h), the size of
clusters decreases, while their number increases; a typical situation for annealing of LiF is
observed: increasing 7y and decreasingem.Really, in the case of LiF-2 with high concentration of
the readily soluble Mg impurity (dotted curve in Figure 3) and “pure” crystals LiF-3, z
decreases with acquiring the constant value, and plasticityezincreasesfrom the first hours of
annealing.

Quenching of LiF-1 at 500 °C gives a significant effect. As it is seen in Figure 1 (Curve 3),
softening of the quenched sample takes place: the yield strength decreases by a factor of three
and the plasticity increases significantly (30 %). Besides, within the elastic limit, a deviation of
the stress—strain dependence from the y-axis, which indicates that, in the “softened” sample, a
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microflow is initiated. It is well known that quenching transfers the impurity into the dispersed
state, reducing the number of both large and small clusters. If, in the annealed crystals, 7is
generally determined by the interaction of dislocations with relatively large complexes, in the
quenched samples it is determined by the elastic interaction between dislocations and impurity-
vacancy dipoles. It should be noted that, in the case of “soft” crystals LiF-3, the quenching from
500 °C does not result in considerable changes in mechanical parameters, moreover,
embrittlement of the sample takes place.

The y-irradiated sample LiF-1 behaves unusually (Figure 1, Curve 2). The character of
strain curves hardly changed after irradiation, while the irradiation resulted in the extension of
the yield area (up to &m = 5 %) and somewhat reduction of the strain hardening coefficient (k).
Both these factors facilitate the preservation of the irradiated sample plasticity (em = 30 %)
(Figure 1, Curve 2) (Earlier we observed a similar effect with the LiF crystals irradiated with
neutrons [8]). It is well known that the yield stress of the crystal increases with the increasing
fluence and approaches the strength limit of the sample. Inspite of intensification of the initial
asymmetry and a low value of %, eventually, after anomalously high plasticity, its sharp decrease
should be observed.

The results of microindentation of LiF-1 supplement the data on the uniaxial
compression. Along with the yield strength measurements, this method is widely used for
determination of the hardening effect of the impurity. We can judge both about quantitative
and qualitative changes in the crystal rigidity caused by the impurity by the changes in the
dislocation rosette, because the link between the quantities 7 and éem, and the parameters
characterizing the local strain — the indentation diagonal & (or microhardness /7 = 1854 P/d?)
and the length /of the rays of the dislocation rosette was traced. The investigation of impurity
hardening showed that the increase in microhardness// was accompanied by reduction of
dislocation mobility (/ became shorter), the latter parameter being especially sensitive to the
changes in the crystal state whether it is irradiation, doping or thermal treatment [9]. Besides,
impurity complexes, which are rigid athermal stoppers, stimulate the process of double
transversal slipping (DTS) of screw dislocations [1, 9] and determine the frequency of these
actions.

Figure 4 illustrates the above-given statement. It shows the indentations and the
dislocation structure on plane (001) of crystals LiF-1 and LiF-2: bypassing of the second-phase
particles by dislocations promotes the shear in the slip strip and the observed transverse slipping
(Figure 4a). In a more rigid sample LiF-2, the Mg impurity inhibits the dislocations more
strongly (the dislocation rosette ray in Figure 4b is shorter), but, due to high solubility of the
impurity and absence of its clusters, there are no sources of transverse slipping which cause the
distortion of the rosette rays.

(@) (b)
Figure 4. Fragments of the dislocation rosette on
plane (001) of crystals LiF-1 (a) and LiF-2 (b).
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Thus, crystal LiF with the high concentration of lead showed a strong dependence of
mechanical properties on thermal treatment and irradiation: hardness changed from 8 to 27
MPa, and maximum strain &» — from 10 to 30 %. It is likely that, extending the types of effects
and using the procedure of their combining, we developed, in combination with the data on
atomic configurations of the Pb impurity and their concentrations at all stages of treatment, we
will obtain a spectrum of targeted effects.
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Abstract

The rapid emergence of gold nanoparticles (AuNPs) technology holds great promise for
future applications in medicine, including stem cell therapy. But for wide biomedical
applications of AuNPs it is needed to define the optimum quantity of nanoparticles by the
balance between pronounced direct effect and low side effects like unwanted cytotoxicity. This
study reports about impact the different concentrations of uncovered AuNPs have on both
morphological and functional properties of bone marrow mesenchymal stem cells (MSCs). It
was found that AuNPs at the concentration of 1.5 pg / ml are safe of MSCs, while increase it up
to 6 — 9 pg / ml has a toxic effect, manifested by the reduction of colony formation, proliferative
activity and apparent apoptosis in MSCs observed by MTT method and FTIR spectroscopy of
single cells.

1. Introduction

Au NPs are very attractive for usage in biomedical products due to their unique physical
and chemical properties and conventional methods of synthesis [1, 2]. Many approaches to
development of medical nanotechnology are based on involvement of metal nanoparticles [3, 4].
These nanoscale metals can have different impact on both physical and chemical properties of
cells, depending on their quantity or therapeutic dose [5, 6]. AuNPs are used for cancer targeted
therapy and as a contrast agent for biomedical imaging [7], hence, identification of their
possible cytotoxic effects is an important direction of nanobiotechnological research [8].

Despite the fact that cytotoxycity of NPs is a hot topic nowadays, there is a serious lack
of complete information describing interaction of AuNPs with mammalian tissues. More
precisely, intracellular localization of NPs still remains an issue to be addressed [9]. The
mammalian tissues consist of many specialized cells, such as epidermal skin ones, bone marrow
mesenchymal stem cells, neuronal or immune system cells. Such variety is possible to the
differentiation process. This process includes an activation of some genes and deactivation of
others, resulting in production of specific cells. Generally, only stem cells and progenitor cells
have the ability to differentiate into specialized cell types. Stem cells derived from embryos or
adult tissues of organisms can reproduce themselves for a limited period of time [10].
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The impact of metal NPs on stem cells has been scarcely studied so far [11]. Possible
interaction could lead to unpredictable consequences in the functioning of organs and tissues as
long as all the cells encountered in the primary division of stem cells do not cease to exist.
There is a growing interest to employ MSCs as vehicles for targeting drug delivery therapy due
to their inherent tumor-trophic migratory properties [12]. MSCs are normally taken from
various tissues, such as bone marrow, fat and muscles involved in tissue homeostasis and
regeneration [13]. Apart from some preliminary studies [14, 15] there is no data that describes
the impact of uncovered AulNPs on the proliferative characteristics of MSCs. For studying the
effect of influence of uncovered AuNPs on stem cells the bone marrow MSCs of rats we selected
as a model object. As it has been reported [16], AuNPs have a size-dependent cytotoxicity and
NPs less than 15 nm are only considered to be toxic.

Determination of the metal NPs’ influence on different types of cultured cells requires
evaluation of morphological and functional parameters, namely, viability (membrane integrity),
capacity to adhesion and proliferation. To determine the biosafety and compatibility of metal
NPs with cells, most researchers used cytological, biochemical and biophysical methods.
Infrared and Raman spectroscopies are complimentary informative and non-invasive
techniques, capable to provide the essential information for the diagnosis and evaluation of the
cell’s functionality without damaging it and use of additional markers [17]. Generic from them
is the Single Cell Spectroscopy (SCS), a label-free method for the analysis of individual
parameters of living cells both in vivo and in vitro [18], because obtained spectrum contains the
marker bands (associated with characteristic functional groups) of nucleic acids, proteins,
carbohydrates and lipids, thus, reflecting cellular genotypes, phenotypes and physiological
states.Here we present the study of what effect will have different concentrations of 15 nm Au
NPs on the morphologycal and functional characteristics of bone marrow MSCs.

2. Experimental

2.1. Samples

MSCs were isolated from resected femur of mice (n = 7, weighing 20 — 25 g) by washing
out with Hanks’ solution (PAA, Pasching, Austria), followed by flushing through a needle with
gradually decreased diameter. The next step was centrifugation at 834 x g for 5 min. The cells
were resuspended in culture medium and plated on culture flasks (PAA) with 103 cells per cm?
density. Cultural medium contained: Iskove’s Modified Dulbecco’s Medium (PAA), 10% fetal
bovine serum (FBS) (HyClone, Logan, UT, USA), gentamicin (150 mg/mL) (Farmak, Kyiv,
Ukraine), and amphotericin B (10 mg/mL) (PAA). Cultural medium was changed every three
days. We used standard culture conditions (37 °C, 5 % CO2, 95 % humidity) in a CO2 incubator
(Sanyo, Osaka, Japan). MSCs were detached with 0.25% trypsin-EDTA (Hyclone), which was
replanted in other flasks with 1 : 2 ratios at 80 % confluence. Third passage MSCs were used in
all experiments [19]. All manipulations were carried out in a strict accordance with the
requirements of the “European Convention for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes”. The protocol was approved by the Committee in
the Ethics of Animal Experiments of the Institute for Problems of Cryobiology and
Cryomedicine of the National Academy of Sciences of Ukraine (Permit No 2014 — 02).

AuNPs were obtained by citrate synthesis [20] with an initial metal concentration of
45 mkg / ml. The average size of AuNPs was 15 nm. The range of investigated concentrations
was 1.5, 3, 6 and 9 mkg/ml. AuNPs were entered into the MSCs by a passive diffusion.
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2.2. Methods

Morphological characteristics of MSCs and localization of AuNPsMorphological
characteristics of cells at culturing conditions were evaluated on the inverted microscope. The
preparations of MSCs were fixed with 4 % paraformaldehyde solution (PanEco, Moscow,
Russia) and stained with crystal violet (Sigma—Aldrich, USA) for 10 min at room temperature.
Localization of AuNPs was evaluated by confocal scanning microscopy (Carl Zeiss LSM 510
Meta, Germany) with excitation A = 405 nm. Processing of the data was carried out using LSM
Image Examiner and AxioVision Rel. 4.7.

Fibroblast colony forming unit assay.Cloning efficiency was determined on 1 - 10° seeded
cells by counting the colonies which contained at least 30 cells that defined as colony forming
unit of fibroblasts (CFU-F). Cells were seeded in 6-well plates at low density limiting dilution
(initial concentration 100 cells / cm?, final concentration 15 cells / cm?) and cultured in IMDM
with 20 % FBS for 14 days. The cells were fixed with 4 % paraformaldehyde solution and
stained with crystal violet. Number and size of colonies and cells in them were determined.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-zolium bromide) assay. On the 1,
3,5, 7, 10 and 14 days of cultivation the number of viable cells was determined by MTT test,
which is based on the ability of living cells to reduce a dehydrogenase 3-(4.5 dimetiltiazolil-2) —
2.5-difeniltetrazolium bromide (MTT, Sigma—-Aldrich, USA) to insoluble in water blue
formazan crystals [21]. Culture medium without cells was used as a control.

IR measurements.The FTIR (Fourier transform infrared) spectra of single cells were
acquired in reflection mode on a FTIR Spectrometer VERTEX-70 equipped with Hyperion 1000
Microscope (Bruker). For the data processing the following protocol has been adopted: (1)
collecting of IR spectrum, (2) baseline correction, (3) spectrum normalization in OH-NH range,
(4) spectrum normalization in amide I range, and (5) spectrum normalization in amide II region.

Statistical analysis.The results were processed with a non-parametric Mann—-Whitney
U-test using “Statistica 8” program. The results were presented as meantstandard deviation.
p < 0.05 was considered statistically significant.

3. Results and discussion

In our previous studies [22, 23], it was found that AuNPs added to the culture medium
accumulated on the cell membranes and at high concentrations (> 9 pg / ml) adsorbed on the
nucleus membrane. At a temperature of 37 °C endocytosis occurs in cells, i.e. process of
capturing substances by retracting cell plasma membrane portion, followed by formation of
vesicles inside the cells with extracellular content. All types of cells in the body use the process
of endocytosis to communicate with the biological environments. This process is energy-
dependent through which cells assimilate ions and biomolecules. Particularly, the cells
assimilate nutrients and signaling molecules to obtain energy and interact with other cells,
respectively [24, 25].

The experimental data point to the fact that the nanoparticles enter the cell passively
along with other substances. AuNPs at concentrations > 12 pg / ml reduce the rate of SPEV cells
proliferation if compared with the control [22]. Early we studied the viability, proliferative
capacity and apoptosis / necrosis in human fibroblast culture prior to and after cryopreservation
in the presence of gold nanoparticles. The use of AuNPs under low concentrations resulted in
an increased proliferative activity of human fibroblast culture with no activation of apoptosis
and necrosis [23].
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Using a scanning microscopy of MSCs culture preparations it was found that AuNPs
(6 pg / ml) partially localized in the cytoplasm and nucleus (Figure 1). The images shown on the
Figure 1 clearly reveal the outline of the cells and the red regions indicating the presence of
gold, especially around the nucleus. Background glow of the environment was absent. Thus, it
was found that AuNPs added to the culture medium penetrated through cell cytoplasm by
passive diffusion and localized on the nucleus (luminescence in 540 — 583 nm and emission
593 - 647 nm).

—
20 pm

Figure 1.Bone marrow MSCs with AuNPs 6 pg/ ml,
7th day culturing. Confocal laser microscopy. Pointers
is a localization of AuNPs on the nucleus of cells.

7 '.'_’;20‘_ 205 [

Figure 2. The culture of bone marrow MSCs:
Control (A), AuNPs_1.5 (B), AuNPs_6 (C),

and AuNPs_9 pg / ml (D), 7th day culturing.

During the bone marrow cells subculture the heterogenity of adhesive cells decreased
and on the 3th passage most of the cells had fibroblast-like morphology. Their morphological
characteristics after addition of different doses of AuNPs to the culture medium were examined
under light microscopy (Figure 2).The cells which adhered to plastic had fibroblast-like
morphology and formed the monolayer sites with 10 — 15 cells on the 5 — 7th observation
dayThe organization of the cell cytoplasm, shape and size of cells in all groups did not change.In
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the culture of MSCs with addition of AuNPs in concentrations of 1.5, 6, 9 pg / ml the small
fibroblast-like cells were observed. On the 14th day of MSCs culturing a 90 % confluent was
found in the control samples. In the cell cultures with add of 9 ug / ml AuNPs the monolayer
density reached a 75 %.

Single-cell bone marrow suspensions can be cultured in vitro under conditions that
facilitate the formation of stromal fibroblast colonies. Circumstantial evidence supports the
conclusion that each colony is derived from a single initiating cell termed a colony-forming
unit-fibroblast (CFU—f). A proportion of CFU-f demonstrates extensive proliferative potential
both in vitro and in vivo [26]. Usage of low cell concentration (10 — 15 cells / cm?) promotes the
formation of individual colonies of fibroblasts with a frequency of 3 — 4 per 100000 of planted

cells.
1

]
——

CFUA "

Control 15 6 D
Concentration AulNPs, ngml
Figure 3.Clonogenic ability of MSCs cultured with addition of AuNPs.
Note: *The result significantly differs with the control (p < 0.05).

After addition of AuNPs to the culture medium large (> 300 cells), average (50 to
300 cells) and small (30 to 100 cells) colonies were formed. It is known that differences in
colony morphology indicate their different qualities of CFU—f within one population of stromal
cells. For the analysis the wells that contain all types of fibroblast cell colonies with more than
30 cells were selected [27]. The results are shown in Figure 3.

After isolation of individual colonies of MSCs cultured with the addition of AuNPs at a
concentration of 1.5 pg / ml and further passaging the formation of new colonies was observed.
Descendants of MSC colonies cultured with the addition of low concentrations of AuNPs
actively proliferated and formed a monolayer. In this application AuNPs at concentrations of
9 pg/ml decreased the colony-formation activity in the further subculture.

The results of influence of AuNPs in different concentrations in the composition of
growth medium on the expansion of bone marrow MSCs in vitro are shown in Figure 4.

After a day of culturing with AuNPs in concentration of 1.5 and 9 pg / ml a cell number
did not significantly differ from the control. It was found that the use of AuNPs in a
concentration of 6 and 9 pg / ml in the culture medium led to a significant reduction in
population growth since the 3rd day of culture, namely in 1.6 and 1.7 times compared to
control respectively. On the 7th day this difference was 1.3 and 1.4 times, on the 14th day it
was 1.5 and 1.7 times respectively for the concentration of 6 and 9 pg / ml in the culture
medium. Adding of AuNPs at concentration of 1.5 pug / ml did not lead to significant changes in
the studied index during the entire period of observation. The dynamics of culture growth in
the control and groups with AuNPs at concentrations of 1.5, 6 and 9 pg / ml was similar, but it
differed in a rate.
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Figure 4. Proliferative ability of MSCs cultured with addition of AuNPs.
Note: *The result significantly differs with the control (p < 0.05).

With the aim of having more detailed information about how AuNPs influence the cell,
the following issues should be addressed: (i) a possible impact of AuNPs on cellular metabolism;
(ii) applicability of AuNPs as cellular markers; (iii) an identification of cellular components,
which might got affected by AuNPs, e.g. lipid membrane or macromolecular nucleic acids
(DNA, RNA); and finally, (iv) which cellular components give maximum contribution to the IR
signal from a single cell with AuNPs. Working on solving this puzzle we analyzed the profiles
of so-called marker bands of a cell's main components, which are presented in Table 1.

Table 1.The regions of marker bands for a cell.

Amide I, cm™ | Amide II, cm! | Nucleic acids, cm! | vCH2, cm! | vCHs, cm!
1600 - 1710 1483 — 1595 1000 - 1140 2900 — 2944 | 2945 — 2980

Table 2. IR band positions for Amide I and Amide II and their ratio.

Sample IR band for Amide I IR band for Amide II Amide I/ Amide II
Position, cm™ | Intensity, a.u. | Position, cm™ | Intensity, a.u. IR bands ratio
Control
1646 0.0573 1535 0.0388 1.314 + 0.070
(MSCs no Au NPs) -
1.5 pg/ml
1647 1549 0.0801 1.231 + 0.020
of Au NPs 0.1126 §
6 g/ ml 1639 0.0224 1536 0.0182 1.406 + 0.140
of Au NPs
9 pg/ ml 1643 0.0670 1543 0.0510 1.477 + 0.160
of Au NPs ' ‘ T

We proceeded by performing FTIR spectroscopy of bone marrow MSCs as such (control
set) and those cultivated with AuNPs in concentrations of 1.5, 6 and 9 pg / ml for 10 days. The
measured curves are presented in Figure 5. The spectra were analyzed by starting with
comparison of absolute intensities of the marker bands and followed with normalization on
vN-H intensity at ~3285 cm™! for the NH ligand, on Amide I band at ~ 1640 cm™ and on Amide
IT band at ~ 1540 cm™ (marked with dotted lines in Figure 5). The exact values of IR marker
bands intensities for Amide I and II are reported in Table 2 together with their ratio for
different concentrations of AuNPs. The Amide I / Amide II ratio is believed to reflect some
processes occurring in the cell and it increases when apoptosis is taking place [28]. From Table 2
it comes out that Amide I / Amide II ratio raises with increasing concentration of AuNPs, hence,
evidencing the occurrence of apoptosis in the cells under study.
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Figure 5. FTIR spectra of bone marrow MSCs after
10 days of culturing: control set (a), and sets with AuNPs
of different concentrations: 1.5 (b), 6 (c), and 9 pg / ml (d).
Enlarged the C-H stretching region is shown in the inset.

The insets in Figure 5 show a zoom of CH stretching region for each sample. The
reference dotted lines mark the positions for asymmetric and symmetric stretching modes of
methyl (vas(CH3) = 2958 cm! and vs(CHs) = 2875 cm™!) and methylene (vas(CH2) = 2925 cm! and
vs(CH2) = 2851 cm!) groups [29]. Similarly to amide bands, we processed the IR intensities in
the regions of asymmetrical stretching of CH: groups (2900 —2944 cm™) and of CHs ones
(2945 - 2980 cm™) defining precisely positions of the respective bands for each sample and
taking the CH2 / CHs ratio, which might be considered as a marker for the cell growth. We
found that there is an increase of CH:2 / CHs ratio over the time of cell culturing, which stands
for the cell growth. The calculated CH2 / CHs ratios for all the samples are visualized in figure
6a as a histogram. Excluding the control sample, there is a trend for almost exponential growth
of CH: / CHs ratio with increase of AuNPs concentration. The molecular mechanism defining
the increase of CH: / CHs ratio is still unclear, but it could be attributed to the increasing
number of lipid second messengers that regulate the cell's growth or to a slight decrease in the
volume of the cells after the cells were grown. Indeed, the reduction of cell volume corresponds
to increase in their surface-to-volume ratio.

In order to evaluate the relations between CH2 and CHs groups the integral area of
respective VCH bands were calculated and their ratios versus concentration of Au NPs are
shown in Figure 6b. Apart of the control sample, there is clear linear decline of CH2 / CHs ratio
with increasing AuNPs concentration. This is an opposite tendency to what was observed for IR
band intensities CH2 / CHs ratio (Figure 6b). This means that with addition of AuNPs in
quantities more than 1.5 pg / ml the vaCH2 bands become more intense and narrower. Relative
increase of CH2 groups is indicative for inhibition of cell growth and may suggest occurrence of
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apoptosis. It has to be mentioned that in case of MSCs cells the region 2800 — 3000 cm™ is
dominated by the absorption bands of aliphatic chains (mainly phospholipids and fatty acids),
hence, observed changes in IR bands are due to the expanding proportion of phospholipids in
biomass. On the other side thin-layer chromatography confirmed [30] that a dynamic and / or
compositional change of the plasma membrane, rather than increases in lipase activity or fatty
acid production, appears to account for the increase in the CH2 / CHs signal intensity ratio
during apoptosis.

1 (@ 1 T
N 1 Jr

1.0 4

9
3 1.04

IR intensities v CH,/CH, ratio

Integral areas v CH_/CH, ratio
n

0.0

T T T T 0.0 R
Control 1.5 6 9 Control 1.5 6 9

Concentration of Au NPs, pg/ml Concentration of Au NPs, pg/ml
Figure 6. Ratio of IR intensities of asymmetrical CH2 / CHs stretching modes
(a) and ratio of their integral summations (b) measured on bone marrow
MSCs after having been cultivated with AuNPs of different concentrations.

Above mentioned observations of FTIR data allowto conclude that addition of AuNPs in
concentrations of 6 — 9 pg /ml to bone marrow MSCs results in inhibition of cells growth due to
some degradation processes, while 1.5 pg / ml of AuNPs does not affect appreciably the
vibrational profile of cells. It should be noted that the effect of AuNPs on MSCs is dose-
dependent, increasing of concentrations up to 9 pg / ml leads to dramatic changes in the range
of spectra which assigns to cell membranes and decreasing of signal from RNA / DNA because
AuNPs can cause to structural chromosome rearrangement, having a prolonged nature, namely
their decondensation. This process may be accompanied be the dissociation or redistribution of
minor components of chromatin.

Thus, our study indicates that toxic effect of AuNPs on bone marrow MSCs can be
avoided if the concentrations of aboutl.5 pg / ml are used; higher concentrations cause the
reduction of cell colonies, proliferative activity and increase in Amide I / Amide II ratio, which
might indicate the presence of apoptotic processes.

Thus, the development of nanobiotechnologies is based on the study of the interaction of
nanoparticles with biological systems, biosafety in usage of nanostructured inert materials
which can be used in the design of the new biosensor systems. Also, the obtained results are
related to the field of applied nanotechnology, which extends to clinical medicine, especially in
development of addressed drug delivery to target cells or organs.

4. Conclusions

It was concluded that the use of AuNPs concentrations of 1.5 pg / ml in the culture
medium does not cause changes in morphology, colony formation and proliferation of bone
marrow MSCs. The applying of AuNPs concentrations 6 and 9 pg/ml to bone marrow MSCs has
a cytotoxic effect, manifested in the reduction of colony formation, proliferative activity and
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apparent apoptotic processes. The results obtained by FTIR spectroscopy of single cells show the
presence of changes in spectra of MSCs with AuNPs concentration 9 pg / ml which are
characteristic markers for apoptosis too. So, FTIR spectroscopy can be used jointly with MTT
assays as non-invasive experimental tool for cell studies and for additional data providing.
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Abstract

Features of the current spin-orbit induced magnetic dynamics in multilayer
nanostructures with nonmagnetic heavy metal layers possessing a strong spin-orbit interaction
are studied. The spin Hall’s effect of the conversion of an incoming charge current into a
transverse (with respect to the charge current) spin current impacting on the magnetic
dynamics through a spin-transfer torque provides the excitation of the magnetic dynamics
including magnetic precession and switching. The magneto-dynamic effect of a spin current
pumping generation together with the inverse spin Hall’s effect of conversion of the spin
current into the incoming charge current provide the influence of the magnetic dynamics on
the incoming charge current. These feed forward and feedback between the incoming charge
current and the magnetic dynamics can be the basis for the spin—orbit driven self-sustained and
auto-oscillations of a magnetic order in ferro- and antiferromagnetics layers of the
nanostructures. It is shown that the considered magnetic nanostructures possess the properties
of controlled microwave radiation attaining tens THz in the antiferromagnetic case. Magnetic-
induced changes of the electric resistance in the mentioned nanostructure are considered.

1. Introduction

There appears the sufficient current interest in dynamical processes in magnetically
ordered systems both from scientific and technological viewpoints. The special interest is
related to the problem of the intercoupling between a spin-polarized electron current and the
magnetic dynamics in multilayer magnetic nanostructures that can be exhibited in such
phenomena, as magnetic switching and a sustained precession of magnetic order vectors.
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The interrelation between the spin-polarized current and magnetic order vectors in
magnetic multilayer nanostructures, permitting their mutual control, constitutes the basis of the
operation of novel nano-devices with properties of a magnetic random-access memory (MRAM),
magnetic logic and coherent microwave radiation sources that presents considerable
fundamental and application interest [1 — 8]. The operation of these devices relies on the spin-
polarized current-induced magnetization switching together with tunnel magnetoresistance
effect and the like induced magnetization precession. Such phenomena have real potential for
application in systems of high-speed magnetic processing information and high frequency fine-
tuned GHz and THz electromagnetic radiation.

The intercoupling between a spin current and magnetic state in magnetic nanostructures
constitutes the basis of the current-induced manipulation by magnetic dynamics and vice-versa,
i.e. the magnetic state-induced manipulation by the spin current [9, 10]. The spin current can
be converted from an incoming charge current under internal effective magnetic fields of
interactions of a different origin (including s-d exchange and spin-orbit interactions) with
corresponding features of the action of a spin torque on the magnetic states and their dynamics.
Inducing magnetic dynamics such as the spin torque can cause switching and precession of the
magnetic order vectors (including ferro- and antiferromagnetic orders) in magnetic nanolayers
with ferromagnetic (FM) and antiferromagnetic (AF) interactions. The frequency of the
magnetic dynamics is determined by the magnitude of magnetic exchange interaction, which is
the largest for antiferromagnetic materials. The prospect of obtaining the technological
magnetic nanostructures with low threshold incoming currents, low power consumption and
controlled high frequency operation is related to utilization of the spin-orbit effects of the spin
polarization and magnetic nanostructures with AF exchange interactions.

Generally, the spin—orbit interaction includes the bulk spin Hall effect (SHE) [7, 8] of the
transverse (relatively to an incoming current) deflection of electrons with opposites spins in
opposite sides and the interface (two-dimensional) Rashba spin—orbit (RSO) effect [9, 10] of the
spin splitting of an electron disperse along an electron wave vector. The impact of the spin
current on the magnetic states realizes via the spin torque rconsisting of so-called a field-like
and dumping-like part g.and g,, respectively, which are related to the effects of magnetic

order switching and precession dumping or antidumping. The field-like torque g,originates

predominantly by the spin—orbit coupling at the interface in combination with the perturbation
of the electron distribution function. The torque ,, originates predominantly by the

perturbation of electronic states by the applied electric field.

The current spin—orbit controlled microwave magnetic dynamics is realized for
nanostructures composed of a heavy metal nanolayer (for instance, Pt, Ta) possessing the strong
enough spin—orbit interaction and the adjacent active magnetic nanolayer with a strong
exchange interaction attaining maximum values of the order of tens THz in the AF cases. For
multisublattice magnetic structures (for instance, for AFs) a general magnetic dynamics is a
combined effect of dynamics of each of magnetic sublattices coupled by the strong exchange
interaction. The interconnection between the incoming charge current and magnetic dynamics
occurs in the mentioned case via the spin current and the spin transfer effect for the each
sublattice singly. The mentioned magnetic systems with feedback, realizing via of the direct and
inverse SH effects of the spin pumping with spin backflow, possess the properties of sustained
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steady-state microwave spin torque oscillations, convertible via a magnetoresistance effect into
an AC voltage and high frequency radiation.

This paper is organized as follows: In Section 2, the conversion of an incoming current
into the spin current under internal effective bias fields of the exchange interactions of a
different origin in magnetic nanostructures is studied. In Section 3, the spin and charge density
diffusions in the bilayer magnetic structures with the strong spin—orbit interaction are
considered in the framework of nonlinear kinetic leading to renormalization of parameters of a
magnetic precession. Section 4 is devoted to dynamic feedback in F/SH nanostructures. It is
shown that spin pumping and transfer torques as two reciprocal processes result in a dynamical
feedback effect interconnecting energy dissipation channels of both magnetization and current.
In Section 5, features of spin pumping and spin-transfer torques as two reciprocal phenomena
are considered in AF based nanostructures. In Section 6, the current-induced magnetic
dynamics is considered in the bilayer nanostructures composed of an insulating AF and adjusted
heavy normal metal with the spin Hall’s effect. It is shown that the combined effect of current-
induced torque and spin pumping introduces a dynamical feedback that sustains steady-state
oscillations with amplitudes controllable via the applied current.

2. Spin polarization and spin current

The electric control of the magnetic dynamics in the mentioned magnetic
nanostructures occurs through the exchange interaction between the spin current and a
localized magnetic order. The spin current induces the spin torque causing magnetic dynamics
in the form of the precession or switching of the magnetization in Fs and AF order in AFs
[11 — 13]. The magnitude of the spin torque is determined by the mechanism of the conversion
of incoming charge current into the spin current interacting with the magnetic order via an
exchange interaction.
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Figure 1. Scheme of the spin-splitting of the band spectrum caused by
the exchange interaction J,,,, where p, and p, are the densities of

electron states with different spin projections (1.1 ),M is the magnetization
vector: (b) — ferromagnetic metal, (c)— magnetic semimetals
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The conversion of the incoming electric current into spin polarization state in the
ferromagnetic nanostructures can be produced by the effective bias field of the s-d exchange
interaction in the magnetic layer acting as a spin polarizer. The spin polarization occurs as the
results of the spin splitting of the electron band spectrum on the two branches with and
without their intersection by the Fermi level (Figurel) (see [6]) that correspond to two (Figure
1b) and single (Figure 1c) channel conductions of the electrons with different spin projections
relatively to the magnetization. .

In the usual two-channel case, the majority electrons with the spin projection parallel to
the magnetization, occupy the one conduction channel, while the minority electrons with the
antiparallel spin projection occupy the another conduction channel. This results in the
incomplete spin polarization of the electric current. In the single-channel case, which is
realized for magnetic semimetals [6], the conduction electrons with the fixed spin projection
occupy only one conduction band and the incoming current converts into the pure spin current.

The impact of the polarized electric current on the magnetization occurs through the
exchange interaction between the corresponding spin polarized current and the controlled
localized spins. The passage of the spin-polarized current into the controlled magnetic
nanolayer causes the spin torque exerting the magnetization switching or precession.

In the mentioned case, the transfer of electrons into the controlled magnetic layer results
in thermal losses and increase of a power consumption. This imposes restrictions on contact
sizes, which have to provide the threshold density of the spin current subject to the condition
that the electric current does not exceed the value of an electrical breakdown. These problems
can be avoided by the utilizing the spin-orbit interaction for the spin polarization. In this case,
the exchange interaction of the spin current with the localized spins is provided without
passage of the charge current in the magnetic nanolayer [1 - 7].

ol

Initial State Energy E

Wave Vector klt Wave Vector k”

Figure 2. The dispersions of the two-dimensional electron gas previous to (on the
left) and after (on the right) action of the Rashba spin-orbit interaction causing the
spin-splitting along of planar momentum vector k;; a, isthe Rashba parameter, &,

is the offset away from k, =0 of the spectral curves relative to the initial position.

The spin—orbit interaction in the two-dimensional systems with of the broken structure
inversion symmetry, known as the Rashba spin—orbit interaction [1, 2, 10, 11], is realized in the
interfaces of the magnetic nanostructures with two-dimensional electron properties and an
interfacial potential drop. In a single-electron approximation, this interaction is described by
the two-dimensional expression for a quasi-relativistic correction [2]. Taking into account the
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electric field E = E, -z along growth direction z, the corresponding Rashba Hamiltonian can be
represented as

H,=B,0, B, =(@hg[z><p]}, (1)

where o, ~ E, is the Rashba parameter, B, is the effective Rashba magnetic field which is

dependent on the electron momentum p and o is the vector of the Pauli spin matrices. Eq. (1)
describes the characteristic properties of the Rashba spin—orbit interaction, although in realistic
systems, the broken inversion symmetry causes distorts of the free electron wave functions near
to atomic nuclei and consequently, it changes a spin-orbit interaction [2]. Due to Eq. (1), the
effective Rashba field B, exerts the spin precession of the conduction electrons. In addition, one

leads to the symmetric spin splitting of the single-electron dispersion along the conduction
electron momentum that experimentally observed in interfaces of magnetic nanostructures

(Figure 2).

The spin-polarized electric current lies in the plane of the magnetic layer and one does
not pass in the normal direction. Its interaction with the localized magnetization occurs
through s-d-exchange interaction of H 6 =J S o type, where J , ~J, and J_is the input

electric current, and Sis the localized spin. Thereby, the change of the incoming electric
current results in the corresponding change of the magnetization. The application of an electric
field along the vector z results in changes of the Rashba parameter and magnetization

dynamics, which is restricted by the magnetization switching.

Figure 3. The spin Hall effect of the spin—orbit-conversion of the input electric current
J in the transverse spin current j with the spin polarization denoted by arrows
along the y axis in the two-layered magnetic nanostructure. The latter is composed
of the bottom layer made of heavy normal metal (/V) and the strong spin—orbit

interaction and the upper ferromagnetic layer (FM). The spin current exerts on the
dynamics of magnetization n of the magnetic layer, H is external magnetic field.

The spin polarization of the electric current can be caused by the spin Hall’s effect (SHE)
[7, 8], in which the passage of the electric current through heavy metal (for instance, Pt, Ta)
with the strong spin—orbit interaction exerts the spin dependent transverse deviation of the
electric current and the transverse pure spin current. The spin orientation of the latter is
perpendicular to the electric current and the interface normal (Figure 3). The electric current
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lies in the plane of the adjacent heavy metal nanolayer and do not pass into the magnetic
nanolayer. This avoids the mentioned constraints on contact sizes in the magnetic
nanostructure and leads to reduction of the threshold current densities and the energy
consumption.

The reciprocal of the SHE is the inverse spin Hall’s effect (ISHE), i.e. the conversion of
an injected spin current into a traverse electric current or voltage. The SHE generates spin
currents and spin accumulations. Together with the spin pumping effect originated from
magnetic dynamics, SHE and ISHE provide the interconnection between the magnetic
dynamics and the electric current. While the SHE generates spin currents and spin
accumulations, the ISHE detects spin currents and can generate the spin-based electric power
(see [7]).

The additional transverse momentum component p_, in the spin Hall’s effect is
proportional to the derivative of the spin-orbit interaction H = [VVxp|o with respect to the
momentum p , ie. p, ~f (see [8]). The solution of the corresponding Schrddinger

Hamiltonian with the spin—orbit interaction gives that the action of the latter on the
conduction electrons is equivalent to the action of the effective spin-dependent Lorentz force
F_~[vxB,], where v is the electron velocity, and B, =|[VxA, | is the spin-dependent effective

magnetic field. Here, A [1[VXE,, | is the effective magnetic potential with E, . being the total
electric field [8]. The effective field B, causes the transverse deviation of the electric current

with generation of the transverse spin current. The charge current passes along the heavy metal
nanolayer and the generated spin current passes into the controlled magnetic layer where
owing the exchange interaction through the torque changes the magnetization dynamics. This
can lead to the magnetization precession or switching.

Features of the electron transport in the mentioned magnetic nanostructures are related
to the spin dependent scattering on interfaces. The electron scattering on the normal metal
(N)/magnetic metal (M) interface represents the special interest for magnetic heterostructures
with the strong spin—orbital interaction and the spin Hall’s effect (SHE). In the ferromagnetic
case, by scattering theory [14], the spin current j™'" through an N|F interface (on the N side,

flowing into F) can be expressed in terms of the F magnetization M and the (vector) spin
accumulation 4, in N:

. . G G,

J?N(m):(JT_Ji)m_ ermx(mxﬂvN)_j(mxﬂvN)’ (2)
where e =—|elis the charge of an electron, m = M/ | M lis the and

ejl = Gl [(:uc]v —Hp)E(m-p, _ﬂCF)] (3)

are the flows of electrons with spin-up and down electrons along m driven by the difference
between effective charge chemical potentials in N and F (x,, — ) and the difference between

spin accumulations at both sides of the interface (m-u, — ). Here, G, and G, are the spin-
1

dependent conductances at the interface which are related to reflection coefficients rnty) of

electron at the N|F interface (n and m are transport channels in N) by the relations

G
gi) - Z|:5nm_| rn:j |2 :|’ Gi = Irn[GTl,]’ Gr = Re[GTJz] ’ (4)
0 nm
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G, =Im[G, ] . Here, G, is the spin-mixing conductance at the interface defined by the

elements of the spin-dependent scattering matrix
Gy, =Gy [ 8, =1 ()], (5)

The conductances G, G, parameterize spin currents transverse to the magnetization,

which are described by the last two terms in Eq. (3). The part of the spin current with spin
polarization along the magnetization orientation m , can flow in a metallic F, while the
transverse components described by two last terms in Eq. (3) are absorbed at the interface on an
atomic length scale and, therefore, acts as a torque on the magnetization. The spin-transfer
torque at the interface is obtained from Eq. (3) by the projection

\

Tsn:;l—emx(mxj‘w'”). (6)

Electron and spin transport in N|F bilayers in the current-in-plane (CIP) configuration
attracted attention recently because of the observed large current-induced spin-transfer torques
generated by the SOC [15]. Signed spin—orbit torques can result from the spin currents
generated by the SHE in the N layer [16], and converted to a magnetization torque by the
conventional exchange interaction at the interface. This contributes a so-called “damping-like
“torque proportional to Gr with symmetry identical to the exchange-mediated term. The
magnetic (Gilbert) damping in N|F bilayers subject to an in-plane electric current is modulated
by the spin-transfer torque in (16) generated by the direct SHE [17]. While the SHE generates
spin currents, the ISHE in a normal metal is an efficient detector of spin currents.

3. Spin—orbit-induced torque

The current-driven magnetization by spin-orbit torques related to the nonequilibrium
spin density of different origin subject to contributions of the interface spin—orbit Rashba effect
the bulk spin Hall’s effect in the layered magnetic nanostructure. Dependences of the
corresponding Rashba (7)) and spin Hall (7, ) torques on the spin polarization and localized

magnetization are similar, though the ratio of longitudinal and transverse components of each
are different. The latter is related to features of their spin and charge density diffusion.

Two different mechanisms have been suggested that give rise to spin-orbit torque in
bilayers consisting of a heavy metal substrate and a thin ferromagnetic layer deposited on top of
it. The first mechanism is attributed to the spin Hall’s effect [2],which generates a spin current
from the substrate towards the ferromagnet. The second mechanism is due to the generation of
a current-induced spin accumulation at the interface between the two materials, where
magnetism, spin—orbit coupling and broken inversion symmetry coexist.

The characteristic features of the spin-orbit torque in magnetic nanolayers can be
described in the framework of the s-d model Hamiltonian [10, 11]

2

where the first bracket separated expression is the sum of kinetic and potential energy, the
second term is the s—d exchange interaction between itinerant electron spin s and the localized

2 1
H= [me(r)]—fm (s-S)+—=[VVxp]s | @)
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spin S, . Introduction of the spin or wave function ‘P(r,t)=(‘PT(r, 0P, t)), spin current
density magnetization m =¥* (r,¢)s ¥(r,t) and current density J, =-(h/m)[W*(r,1)s V,¥*(r,1)]

give equations, which after a quantum-mechanical averaging gives

am _y,; —ﬂMxm+L<[Vpr]xs >,

dt s h mc? (8)
aM dM Ty

w7 7M><H+aM><—dt - M xm,

where M is the unite vector of the localized magnetization, H is the effective field, 7 is the

gyromagnetic ratio, « is the Gilbert damping. Here the latter term in the first equation
describes the spin-orbit torque T', which at a uniform magnetization (VJ =0) takes the form

= Jex -
T==; Mxm_mC2<[VV><p}><s>. 9)

The spin-orbit torque can be represented in the general form

T=T+T, (10)
whereT, is the field-like torque dominating in interfaces with the spin-orbit Rashba effect
leading to magnetization switching. The damping-like torque 7, is small in interfaces but large

in the bulk of magnetic layer where the spin Hall’s effect operates.
For ferromagnetic nanolayers

I~ sx=l T~ =XI ox=l s (11)
where s the spin polarization direction. Omitted coefficients in Eq.(11) are determined by

features of spin and charge density diffusion, which in the two-dimensional interfaces have the
form of the coupled system [11]

?:DVZHBVZ-HFVZ.MHR-M( =)+t R-M( =) (12)
1

Os , 1 1 1

—=DV's——s,——s, +BV,-5s—J sXM ——Mx(sxM)+BV n

at TII TJ_ Tvd )
+2CV_xs+2R(M -V n) M +T[ MX(V_xs)+V_-(Mxs)] . (13)

Here n and s are the charge and spin densities V, =zxV . The spin density s, =5 x+sy

relaxes at a rate I/TSd+1/TSf while s, =s,z hasarate 1/7, =2/7,+1/7,.

For a broad range of the relative strength between the spin-orbit coupling and the
exchange splitting, the Eqs. (12) and (13) describe the spin dynamics in ferromagnetic layer.
The B-term provides a source that generates spin density electrically. The C-term describes the
coherent precession of the spin density around the effective Rashba field. The precession of the
spin density (induced by the Rashba field) around the exchange field is described by the I'-
term. The R-term contributes to the magnetization renormalization.

4. Conditions of a robustness of magnetic dynamics

In ferromagnet / normal metal heterostructures, spin pumping and spin-transfer torques
are two reciprocal processes that occur concomitantly. Their interplay introduces a dynamic
feedback effect interconnecting energy dissipation channels of both magnetization and current.
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The solution of the spin diffusion process in the presence of the spin Hall’s effect in the normal
metal represents that the dynamic feedback gives rise to a nonlinear magnetic damping that is
crucial to sustain uniform steady-state oscillations of a spin Hall’s oscillator [18 — 21].

In ferromagnet (FM)/normal metal (NM) heterostructures, nonlocal effects arise because
conduction electrons and magnetization reside in different materials and couple only at the
interface. In this regime, spin pumping plays the role of spin electromotive force (SMF), which
refers to the generation of spin current from a precession FM into the NM [20]. The pumped
spin current is accompanied by a backflow of spin current [19, 20], which reacts on the FM
through the spin transfer torque (STT). The combined effect of spin pumping and backflow-
induced STT renormalizes the spin-mixing conductance at the interface [12, 18]. However, in
the presence of the spin Hall’s effect (SHE), spin pumping and spin backflow are also connected
by the combined effect of the spin Hall’s effect (SHE) and its inverse process, which forms a
feedback loop as illustrated in Figure 4.

ISHE

Al N

i w
| TR
i
: fe?dback Vo
6‘i back 'ng
I J,
aT

T m—
v el_’z FM]NM SHE
—dM 0 d'N

Figure 4. In a FM/NM bilayer, spin pumping and spin backflow
are connected by the SHE and it inverse process (ISHE).

This additional feedback mechanism, proportional to 8°, where 6, is the spin Hall’s

angle, that is essential to the electron transport in FM/NM heterostructures. Consequently, this
feedback effect is important to the magnetization dynamics. In a reciprocal sense, if we apply an
ac current density to the NM, the SHE will drive the magnetization precession via the STT,
which in turn can pump spin current back into the NM and renormalize the resistivity by
means of the inverse SHE.

The feedback effect qualitatively modifies the dynamical behavior of an FM/NM
heterostructure. The feedback manifests as a novel nonlinear damping effect in the
magnetization dynamics. It enables uniform auto-oscillations of a spin Hall’s oscillator and
prevents magnetic switching. The feedback effect gives rise to a spin Hall’s magnetoimpedance
in the electron transport, which reduces to the observed SMR in the DC limit.

Consider a FM/NM bilayer structure as shown in Figure 4, where the layer thicknesses
are d,, and d, , respectively. The coordinate system is chosen such that the magnetization

direction at rest is along x, and the interface normal is along z. It is assumed that the FM is
insulating (e.g., YIG), but the essential physics remains valid for a conducting FM since the
feedback process takes place only on the NM side. Let x,/2 be the electrochemical potential

and g the vector of spin accumulation in the NM. The charge current density is
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c
J. :_Z[aiﬂo +6s€ijkakﬂo}
with i the transport direction and ; the direction of spin polarization. In given device

geometry, only the spin current flowing along z -direction is relevant, thus we assume
4= p(z 1) . Correspondingly, the spin current density reduces to a vector J  ; we scale it in the

same unit as the charge current density J.. The electron and spin dynamics in the NM are

described by three equations

2
M _pdr_ L, (14)
2
ot 0z Tsf
o 0
J. =—2—6[Vﬂ()+6?vz><§ﬂ : (15)
__O|ou %}
Ty = Ze[az VMO (16)

where D is the diffusion constant, 7, is the spin-flip relaxation time, o is the conductivity, e
is the electron charge, and 6, is the spin Hal’s angle.
To solve the spin accumulation £, we assume that the charge current density J .is fixed

by external circuit and is uniform in space. Besides that, we have two boundary conditions
Jdy)=J,=0
and

J s =% MX(Mx s, +hMxM | (17)

where u, =u(0) and G, is the real part of the areal density of the spin-mixing conductance (the

imaginary part is the real part of the areal density of the spin-mixing conductance (the
imaginary part G; is neglected since G, [l G;). On the right hand side of Eq. (17), the first term

is the STT and the second term is the spin pumping. They are two fundamental ingredients
bridging the electron (spin) transport in the NM with the magnetization dynamics of the FM.
Due to the conservation of spin angular momentum, the spin current density J , is absorbed by
the FM, which is reflected by the Landau-Lifshitz—Gilbert’s (LLG) equation

am am hYex
7= VH XM + oM x— =+ YT J o5 (18)

where 7 is the gyromagnetic ratio, 71is the reduced Planck’s constant, M is the saturation

magnetization, «, is the Gilbert’s damping constant, and H
0 eff

For typical FMs, the magnetization dynamics is much slower than the spin relaxation rate in the
NM so that wr, [ 1. In this limit, the spin accumulation u(z) adapts to the instantaneous

is the effective magnetic field.

magnetization orientation and is kept quasi-equilibrium. As a result, the spin dynamics
described by Eq. (14) reduces to a stationary spin diffusion process at any specified time.
Retaining to second order in 67, Eq. (14) is solved as

. 1 27—d z—d
sinh=—X cosh*—-2
w)=6222xJ 24, 24 J so+93z><(z><lxo)}—’l , (19)
S o c d o . d
coshJL2 gl s1thL/1
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where A=,/Dz; is the spin diffusion length. Here, it is suppressed the ¢ variable in u(z) since
its time dependence simply originates from J. and J . Combining Eqs. (14) and (19), we can

either eliminate the electron degrees of freedom (J. and J ;) to derive an effective dynamics of

the magnetization, or eliminate the time derivative of the magnetization (M ) in order to get an
effective magneto-transport of the electrons. These operations amount to invoking the dynamic
feedback mechanism.

Assume that J . is an applied dc charge current density. Our goal is to express the total
spin current density J , flowing into the FM in terms of the magnetization M (), by which the
LLG Eq. (18) will no longer involve any electron degrees of freedom, and the feedback effect is
thus implemented mathematically. To this end, we combine Eqgs. (17) and (18) which gives two
convoluted relations of J ,and u,. By means of iterations truncating at 8 order, we can solve

J, asafunction of J,, m(t) and its time derivative. Then we insert this J_ into Eq. (18), which

yields the effective magnetization dynamics

M . dM L OM M.
S =rH xM+oM x| (2xj. XM |+ (e, + @2, )M X+ | MIMXE S M |, (20)
where j_is the unite vector of J_ and
d,
AG, tanh
o, = ny 24 (21)

v eMdy 0+24G, coth%:

A
is the strength of the STT (driven by J, ) scaled in the frequency dimension. The two damping

coefficients are
hy oG,

am = L 5 (22)
7 20Mdy 510G, coth%i
d
2 o AG? coth=
ay =0t i, 23)

M.y (64246, coth?yy
Here, a,, describes the conventional enhanced damping from spin pumping with the
spin backflow effects taken into account [20]; it is independent of the SHE. By contrast, the a,,

term is completely new. It reflects the dynamic feedback realized by virtue of the combined
effect of the SHE and its inverse process as schematically shown in Figure 4. From Eq. (20), we
see that this novel damping term is nonlinear in M | :| the component of M transverse to the

effective field H,, , whereas the Gilbert’s damping term is linear in M | .

eff 2

The feedback-induced nonlinear damping effect can be understood in an intuitive way.
If the magnetization precession is getting larger, it will trigger a chain reaction: first the
pumped spin current J ,increases, then the spin diffusion becomes stronger (i.e., 19 x |gets

larger). This will necessarily lead to a larger Vy, in the NM according to Eq. (15), as we have
fixed the current density J . Finally, the change of the emf will feed back into J , according to

Eq. (16), preventing its further increase. Therefore, the growing magnetization precession is
inhibited. The entire process realizes a negative feedback and respects Lenz’s law.
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5. Interconnection of spin currents and magnetic dynamics in AF based nanostructures

The spin pumping and spin-transfer torque in AF based nanostructures represent the
combined effect of their action in each of magnetic sublattices of the AF coupled by a strong
exchange interaction. Magnetization dynamics of these coupled sublattices leads to an AF order
(1) dynamics manifesting as precession and switching. Similarly, to the magnetization in the
ferromagnetic case, the AF order precession generates the spin pumping current which via the
inverse spin Hall’s effect in adjacent nonmagnetic nanolayers can converts into the transverse
charge current. Thereby, the influence of the AF dynamics on the charge current in AF
nanostructures is realized [22]. The inverse impact of the charge current on the AF precession is
realized via the spin Hall’s effect of the conversation of the charge current into the transverse
spin current which owing to the exchange interaction exerts the spin transfer torque on the AF
order precession.

Characteristic features of the AF dynamics and its interconnection with the spin
currents in the form of the precession-induced spin pump and spin transfer torque is manifested
in the AF two-sublattice model with an easy axis is directed along the axis z with
magnetization unite vectors m,andm,. These vectors are driven by the exchange interaction,

the anisotropy, and a magnetic field in the z direction. In units of frequency, they are
represented by w,, @, , and w, =yH,, respectively. The equations of motion in a free

precession approximation are

m =mX|lom,-(w,+w0,)z|+T,
1 1 [E 2 E H ] 1 (24)

m, =m,x[o,m, - (0, —0,)z]|+T,,
where the effective field causing the magnetization precession in a magnetic sublattice contains
the contribution from the exchange interaction with an adjacent magnetic sublattice. In line

response when m,, =z+m,, exp(ior) at |m l| [ 1 the resonance frequencies are then

w=0,t0, =0, |0, 0, 20,), (25)

where the two corresponding eigenmodes are characterized by different chiralities. The left-
handed (right-handed) mode, both m, and m, undergo a circular clockwise (counterclockwise)

precession with 7 phase difference. In the absence of magnetic field, viz. @, =0, the two

modes are degenerate.
Due to grasp the essential feature of spin pumping by AF is to consider m, and m, as two

independent F subsystems. Then, spin currents pumped from them will be proportional to

m,xXm, and m,Xm, , respectively. Since from m, = —m,and m, = —m, , the total spin current is

roughly proportional to Ix1, where I = (m,-m,)/2 is the staggered field. However, a more

careful analysis reveals that the cone angles of m, and m, are different: in the left-handed

2
(right-handed) mode, 6,/6,=n ( 6,/6,=n ), where 77z(1+~/(0A/0)E) , so that a small

magnetization m = (m, +m,)/2 will be induced in the AF dynamics state.
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The spin currents in AF nanostructure determined by mixed scattering channels
associated with different sublattices on a N/AF. Typical AF materials are insulators and incident
electrons from the normal metal cannot penetrate far. Only a single atomic layer of AF directly
connected to N suffices to describe the dominant contribution to interface scattering. Therefore,
the essential physics is captured by modeling the N/AF interface as being semi-infinite in the
transport direction and infinite in the transverse direction.

In the nearest-neighbor tight-binding model on a cubic lattice, in terms of the hopping
energy in N and AF ¢ and ¢, , respectively, and the exchange coupling J between conduction

electron spins and magnetic moments, in the linear approximation in the small the small m ,
the scattering matrix § is

§S=8,+S,70,+AS[7,(l-0)+7,(m-0)], (26)
where 7, , , are pseudospin Pauli’s matrices for sublattice degree of freedom, o are the vector of
spin Pauli’s matrices, and 7, and o, are identity matrices. The last two terms of Eq. (26)with a

common coefficient AS are spin dependent and represent umklapp and normal scatterings,
respectively. Pumping currents are related to the coefficients in Eq. (26) through the spin-
mixing conductanceG,, =G, +iG,, where

G, = @A/ hr*) [[1AS T dk dk.
And
G, = (e A/ ha”)[[Tm| 5,481 dk, dk,
where dk, and dk, are the transverse momenta and A the interface cross section. The

conductance is determined by the scattering matrices with spin flip on a N/AF interface. By
integrating over the Fermi’s surface, it can be shown that spin transfer on a compensated N/AF
interface is similar in magnitude to the case of an uncompensated N/F interface. This implies
the similarity between the nature of the spin pumping and the spin transfer torque effects in AF
and F nanosystems.

Although the AF resonance frequency reaches the THz region (1 U 10 meV), the motion
of the staggered field remains adiabatic, as evidenced by comparing the resonance frequency
with two characteristic energy scales: (i) the Fermi’s energy in N is a few eV (ii) the exchange
coupling between conduction electron spins and magnetic moments can be as large as eV. As a
result, the spin eigenstates and the scattering matrix Eq. (26) adiabatically adapt to the
instantaneous configuration of AFs. Regarding the staggered field / and the magnetization m
as two independent adiabatic parameters [23], we obtain the pumped spin current I with the

scattering matrix S in Eq. (26)
%IS=G,(lxi+mxm)—Gim. 7)
Eq. (27) can indeed be interpreted as arising from a coherent sum of two independent F

spin pumping contributions by m, andm,. However, the spin-mixing conductance G, and G,

are different from those of F due to the mixing of scattering channels from different magnetic
sublattices. Moreover, AF dynamics is much faster than F that corresponds to a stronger spin
pumping.

By taking a time average of Eq. (27) over one period of oscillation, only the first two
terms survive and contribute to the dc component of spin current /%. Despite that Im [ 111,
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the contribution of mxm to I can be comparable to that of IxI. This is because 7 is
proportional to the cone angle 6° of precession and the cone angle associated with the
staggered field is much smaller than the one associated with the magnetization, 6, =0 but
6, =ml2.

From the sublattice degree of freedom involved in the AF dynamics it is follows a
staggered spin pumping. A staggered spin current represents the imbalance between the spin
current carried by the two sublattices. It has three components I'” (i =(1,2,3) associated with

three pseudospin Pauli’s matrices. In a similar manner as spin pumping, we find that

%1;? =G (Ixm+mxl)-G,1, %1;? =—Re[G, ]I, %1;3 =—Im[G,]m, (28)

where

G, =(’A/ha)|[Im1 S, AS | dk, dk,
results from intersublattice scattering that is unique to AFs. After the time average, I!”and 1’
drop out, only I’ survives. This time, the dc component I is an even function of @ in the

absence of static magnetic field. Elastic scattering in the normal metal will destroy any
staggered spin accumulation, which decays on the time scale of 7/t . Therefore, the staggered
spin current can only be well defined within a distance of the mean free path away from the
interface.

The reciprocal effect of spin pumping is STT, which describes the back action that a spin
current exerts on the AF. In linear response, an AF is driven by two thermodynamic forces c
and f, =-0F /dland f, =-0F / 6m (energy dimension), where

F=i2)|dviom’ 1+ 1) aw,-o,H -m |(Ha)']
is the free energy. Here @, and @, are the homogeneous and inhomogeneous exchange

frequencies, respectively. It can be easily shown that @, = ®, +2®,. Enforced by m-I =0and

(1)’ =1, the symmetry allowed dynamics are #l=(a’/v)f, %I and fim = (a’/v)f,XI+ f, Xm

[24], where v is the system volume. Inserting them into Eq. (27) gives the response of the spin
current to f, and f,. Invoking the Onsager’s reciprocity relation, we derive the response of /

m

and m to a given spin voltage V, in the normal metal, which are identified as two STT terms 7,

and 7, . To linear order in m
3 3
7, ==L [GIx(mxV)-GIxV.], 7, ==L Gnx(mxV,), (29)
ev ev

that treats STTs on the two sublattices as completely independent.
In solving the AF dynamics, it is instructive to eliminate m and derive a closed equation

of motion in terms of I alone [25]. Truncating to linear order in V_, m , and I/, we obtain the
effective dynamics

.o . 3
Ix(+aw, i+ a1,) =29 G 1 axv ) (30)
ey

where « is the Gilbert’s damping constant, and [, are perpendicular components of I with

respect to the easy axis. Since the STT only acts on the interface and we consider a thin AF film,
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we have disregarded a possible nonuniform motion of /. Solution of Eq. (30) for the spectrum
in the case V, which is collinear with the easy axis has the form

wl @, = (1/2)[—1'0H_r\/—012 +daw, | @, +4id’GV, [ (eva,) .
For small V.

s?

exponentially in time and the system is stable. However, a sufficiently large V, will flip the sign

o has a negative imaginary part so that any perturbed motion will decay

of Im[w], which makes the system unstable and marks the onset of uniform AF excitation. The

evaw,

a’G

r

condition Im[w]=0 determines the threshold spin voltage V" =+ , where +(-)

corresponds to the excitation of the right-handed (left-handed) mode. The chirality selection by
the sign of the spin voltage is just consistent with the direction control of spin pumping by the
microwave polarization. Since G, scales linearly with the interface area, V" scales linearly with

the thickness of the AF layer.
In real experiments, a challenge arises from the large @, , but we can still get reasonable

V™" by reducing the layer thickness. For MnF2 of few nm thick, the threshold spin voltage is

estimated to be 10-100 puV. The STT-driven AF dynamics suggests the feasibility of building a
spin-torque nano-oscillator using AFs, which generates a THz signal from a dc input without
the need of static magnetic field.

6. Current-induced dynamics of AFs in spin Hall geometry

In the framework the current-induced dynamics of insulating antiferromagnets in a spin
Hall geometry, sufficiently large in-plane currents perpendicular to the Néel AF order can
trigger spontaneous oscillations at frequencies between the acoustic and the optical eigenmodes
[12, 18, 21]. The direction of the driving current determines the chirality of the excitation.
When the current exceeds a threshold, the combined effect of current-induced torques and spin
pumping introduces a dynamic feedback that sustains steady-state oscillations with amplitudes
controllable via the applied current. This permits to obtain the spin Hall’s (SH) nano-oscillator
with operating frequencies in THz range.

When an applied STT compensates the magnetic damping, the magnetization becomes
unstable: it either switches to another direction or evolves into a steady-state oscillation. While
the former improves writing operations in magnetic memory devices, the latter enables
sustainable ac signal generation from dc inputs, giving rise to spin-torque oscillators (STOs) [26,
27]. In ferromagnets, currents or magnetic fields can tune the STO output frequency from the
MHz to the GHz regime.

STOs can potentially be operated at much higher THz frequencies, when
antiferromagnets (AFs) replace ferromagnets. Two features make this possible: 1) the
eigenfrequencies of typical AFs fall into the THz range. 2) an anti-damping STTs can trigger
spontaneous excitations of an AF. While most AFs are insulators where STTs cannot be
operated by passing through a current, the spin Hall’s effect (SHE) can produce STTs even when
electrons do not flow through the magnet [20]. Therefore, integrating STOs with the SHE paves
the way towards low-dissipation spin Hall’s nanooscillators (SHNOs).

175



Features of microwave magnetic dynamics in nanostructures with strong spin—orbit interaction.

However, to realize AF-based SHNOs, current-induced excitations should not grow
indefinitely, but instead should evolve into steady-state oscillations and generate a substantial
ac output. Although an AF under the action of an anti-damping STT does not suffer magnetic
switching, its Néel’'s AF vector experiences either no dynamics or a right-angle precession
around the direction of the spin accumulation [5]. Since the oscillation amplitude is not
continuously tunable via the applied current, the device does not meet the requirements of an
SHNO.

Steady-state oscillations are realizable in ferromagnetic STOs for the following reasons.
In a spin-valve device, the angle dependence of the Gilbert’s damping and that of the anti-
damping STT differ. As a result, when the driving current is above the threshold, there exists a
unique angle where the two competing effects compensate. In addition, steady-state oscillation
is stabilized at that angle.

However, this feature is no longer active where the SHE creates the anti-damping STT.
Therefore, one needs to introduce alternative mechanisms to prevent a spontaneous excitation
from growing into magnetic switching. For instance, the bullet mode localized in space exhibits
a strong non-collinearity that can sustain auto-oscillations. On the other hand, to enable
uniform excitations, the dipolar interaction is required. However, the dipolar interaction is
negligible in AFs where the magnetization is vanishingly small.

We will exploit an above-mentioned feedback mechanism to justify that a THz SHNO is
realizable in an AF/heavy-metal heterostructure. The feedback effect originates from the
combined effect of the SHE and its reverse process that connects the spin pumping with the
spin backflow [28, 29], which is independent of the dipolar interaction. First, we determine the
threshold of spontaneous excitations by solving the AF order dynamics in the linear response
regime and relate the threshold to a current density by studying the SHE in the heavy metal.
Then, we numerically explore the nonlinear Néel’s AF order dynamics beyond the threshold by
considering the feedback effect, and show that the feedback is indispensable to sustain uniform
auto-oscillations. In the considerate case, THz SHNO generates a substantial ac voltage output
with its amplitude continuously tunable via the applied dc current.

For description of magnetic dynamics we assume that the AF has the two-sublattice
crystal structure with the sublattice magnetizations characterized by two unit vectors M , and

M, . We introduce the AF vector I=(M,-M;)/2 and the small magnetization
M =(M,+M,)/2; they satisfy M-I=0and M;+M; =1. In the exchange limit, M 1, thus

I~1land!-1=0. The Cartesian coordinates are chosen such that the hard axis is along z, and the
in-plane easy-axis along x . We scale everything in (positive) angular frequency, where the
hard axis anisotropy is described by w, , the easy in-plane anisotropy @ , and the Heisenberg

exchange interaction @, . In the macrospin description, the free energy
F=-h,’ -ha|(x1)+(xM) |/ 2-hol’ -ha| (2l HzM ) |12, (31)
which defines two thermodynamic forces if, =—dF /ol and #f,, =—0F /oM . The coupled

equations of motion are

M:flxl+fM><M+a(M><M+l><i)+TM, (32)

i:fM ><l+f,><M+0{(M><i+l><M)+Tl),
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where « is the Gilbert’s damping constant, and 7, and 7, are the STTs given by [29]
T, =lx(o.xl)+ Mx(o,xM),
T =Ix(w,xM)+ M x(w, x1I).

Here, @, is the vector of spin accumulation; its magnitude (in frequency unit) represents the

(33)

STT strength. To derive the current-induced excitations, we decompose the AF vector as

=1 leia)t , assuming I/ IJ 1. Restricting to linear order in /, , we eliminate M in Eq. (31), and

obtain the eigenfrequencies as @, / @, = ia+[(0, +2a, + /(0] —4@5)]/ @, —a’1"*, where the + (-)

sign corresponds to the optical (acoustic) mode. Due to the latter equation, dependences of real
and imaginary parts Re[@, ] and Im[@, ] are characterized by the degenerate lower of which

Im[w, ] remain degenerate and unaffected. However, at o, >, /2 Im[w, ] reduces (grows)

rapidly, indicating that the damping is diminished (enhanced) by the STT. At the threshold [29]

a)gh = \/ﬁ);-+a2(2a)L+a)J_)wE
Im[w@, ] vanishes, which marks the onset of spontaneous excitation of the optical mode and the
breakdown of the linear response approximation. The uniaxial symmetry enforces that Im{w, ]
also vanishes for wgh so that the auto-oscillation can be triggered by a reversed current as well.
In the absence of the hard-axis anisotropy (@ )| = 0), the threshold Eq. (32) is linear in «, so the

anti-damping effect occurs when the STT is turned on. However, in the general case where
® >0, the anti-damping effect appears only when o >, /2. Vectors M, and M , always

exhibit opposite chiralities, i.e., they rotates counterclockwise (clock-wise). However, at the
degenerate point @, =@, /2, the chirality of M, (M) in the optical (acoustic) mode reverses.

Consequently, when @, >®, /2, both M, and M, hence the Néel vector [, all acquire the

same chirality. At the threshold a) , the excited optical mode is right-handed. If @, changes

sign, the optical mode is still excited, but its chirality becomes left-handed. These suggest that
the direction of the current determines the chirality of the excitation.

Consider the critical current the two-layered nanostructure insulating AF/heavy normal
metal (HM) with strong spin-orbit coupling (Figure 5)

%% #

AFiM
HMtiN Z

Figure 5. An insulating AF/HM heterostructure. The applied dc
current density J,drives the AF via the SHE. The dynamics of

the AF pumps spin current back into N, and converts into electric
field via the inverse SHE, which is monitored by two voltmeters.
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A current density J. is applied along the y-direction; it is perpendicular to the Néel

vector of the AF. The SHE in the HM generates anti-damping STTs to drive the Néel vector
dynamics, which in turn pumps spin current back into the HM. The pumped spin current
converts into a charge voltage due to the inverse SHE. By solving the spin diffusion equation in
the presence of the SHE under boundary conditions involving both spin-pumping and STT, we
relate the threshold STT Eq. (32) to a critical current density

d
d,, (ho+2Ae*g, coth%y)
Jéh — a)rh M d ﬂ« , (34)
20, Aegy tath;t

where 6 is the spin Hall angle, g is the areal density of the transverse mixing conductance

[29]. From Eq. (6.3) it is follows that the critical current density J” can be lowered by reducing
(increasing) the thickness of the AF d,, (HMd,, ).

The sustained steady-state oscillation of the Néel vector in the mentioned nanostructure
can be realized via the dynamic feedback effect. The pumped spin current from a precessing AF
vector into the HM experiences a backflow [29]. In HMs, however, the spin pumping and the
spin backflow are also connected via the combined effect of the SHE and its inverse process,
which feeds the Néel vector dynamics back into itself. In ferromagnets, such a feedback
mechanism manifests as a nonlinear damping effect in the magnetization dynamics. Similar
feedback-induced damping effect can occurs for AFs. In this case, the pumped spin current into
the HM converts into an electric field E due to the inverse SHE.

According to Ohm’s law, J . =0E -6, (c/2e)zx0d oM where u_is the spin accumulation

in the HM. At the fixed current density J .through external circuits, a change of the electric
field E necessarily leads to a change of the spin accumulation # . Subsequently, the change of
4, diffuses and generates an additional spin current, which will finally deliver the influence of

spin pumping back into the Néel vector through STTs. By closing such a feedback loop, we
obtain a feedback torque that should be added to Eq. (32) as

T, =a, llglxl'—iz(le)], (35)
where the feedback coefficient is
d
3 2hAe*gicoth=i-
a, =0> % A (36)

Ay (hor2etg, coth%l)'

While the feedback effect seems to be a higher order effect asa,, is proportional to 67, it
can be significantly enhanced by searching for materials with large 6, . The feedback-induced

nonlinear damping is a critical ingredient because it dramatically modifies the dynamical
behavior of an SHNO using AF.

A salient feature of the considered stable oscillation phase is that the applied DC current
density J, controls the output power and that the output power is substantial that is
indispensable for an SHNO. In the stable oscillation phase, the actual frequency output lies
between the acoustic and the optical modes. The AC voltage output is determined by the
inverse SHE and the spin pumping. For a fixed J, the total electric field E=J, /o0 +AE

includes a time varying part
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5 Aeg, tanh dy .
AE=9 L 24 (xlyxz, (37)
4 ho+20e° g, coth -
21

t+T

whence it results that the effective value E. =lim I dt'|AE (t')|is appreciably large in the

t—>o0

stable oscillation phase reaching the maximum values 10 V/a.
7. Magnetic dynamic impacts on a charge transport in hybrid nanostructures

Interconnection between the magnetic dynamics in magnetic layers and the charge
current in the adjacent nonmagnetic heavy metal (HM) nanolayers with the strong spin-orbit
interaction can exhibit via the so-called the spin Hall magnetoresistance effect (SME) [30 — 33]
of the magnetic-induced change of the charge current. The impact of the magnetic dynamics on
the charge current in nonmagnetic layers is related to the conversion of the spin current
magnetic induced in HM into the transverse charge current by the ISHE. The impact of the
charge current on the magnetic states occurs via its SHE conversion into the transverse spin
accumulation and the spin torque force.

Especially clearly SME is exhibited in the case of insulating magnetic (IM) nanolayer
(specifically, yttrium iron garnet (YIG)), adjusting to the HM nanolayer (specifically, Pt)
possessing the strong enough spin-orbit interaction. In such the nanostructure the change in
resistance due to SMR is related to a combination of the SHE and ISHE, acting simultaneously.
When a charge-current J, is sent through a Pt nanolayer, a transverse spin-current J, is
generated by the SHE following J, «< o xJ , where o is the polarization direction of the spin-

current. Part of this created spin-current is directed towards the interface as it is shown in
Figure 6.

Figure 6. Schematic of the passage of spin and charge currents at the SMR in a YIG/Pt
nanostructure. (a) When the magnetization M YIG is perpendicular to the spin polarization
o of the spin accumulation created in the Pt by the SHE, the spin accumulation will
be absorbed (/) by the localized moments in the YIG. (b) For M parallel to o, the

spin accumulation cannot be absorbed, which results in a reflected spin-current back
into the Pt, where an additional charge-current J _, will be created by the ISHE.
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At the interface, the electrons in the Pt will interact with the localized moments in the
YIG. Depending on the magnetization (M ) direction of the YIG, electron spins will be
absorbed (M 1 o) or reflected (M Il o). By changing the direction of the magnetization of the
YIG, the polarization direction of the reflected spins, and thus the direction of the additional
created charge-current, can be controlled. A charge-current with a component in the direction
perpendicular to J, can be created as well, generating a transverse voltage.

In a diffusion approximation for both magnetic and HM nanolayers the spin and charge
currents are expressed in terms of gradients of charge and spin accumulations (or spin-
dependent electrochemical potentials and densities). The charge current density is the
expectation value of the current operator j = e(nv +vn)/2, where e is the electron charge, n is
the electron density, and v is the velocity operator. For a normal metal with constant density
n, and rift velocity v, , j, =en,v, . The spin current in the non-relativistic limit is the

second-order tensor

< , , .. LT
jw=e(i®c+0®j)12=(j. iy i) > (38)
where o is the vector of Pauli spin matrices, and <---> denotes an expectation value. The row

vectors j.=en(vo,+0,y)/2 are the spin current densities polarized in the i -direction. In

K
metallic ferromagnets with homogenous texture, the average spin current is projected along the
unit vector of the magnetization direction m , so the charge current and spin current tensor
have the form

i
ch = e(nTFvTF +n~LFv~LF)’ jSF = j‘yF ®m = (jTF _stF)®m > (39)
where j . is the spin current density direction vector, “® ” denotes that the polarization is

locked along m . In contrast to the charge current, the spin current is not conserved in the
presence of the spin-orbit interaction and non-collinear magnetizations, leading to spin-transfer
to the lattice or magnetization, respectively.

In the diffusion approach for the two-current model currents close to the interface of
the heterostructure are determined via gradients of the spin-depedent chemical potentials # .,

Jor=—(041€)Vu,, where ¢ = (T,d) represents the spin direction along of the magnetization
and o, is the spin-dependent conductivity. The charge and spin currents j,. = j;, +j,, and
Jor =Jyp-J,p » respectively, are expressed via charge and spin chemical potentials
Up=y, +u,,.)/2 and u,. =, —p,,.)/ 2, respectively, in the form of Ohm’s law

1

. ——Vu,
. 1 P oF
(J'LFJ o, (P 1 J i , (40)
JJF __VﬂvF
e
where P=(0,, -0,,)/(0;,+0,,) is the conductance spin polarization, o, =0,, +0, is the

total conductivity. The mentioned potentials are determined by the diffusion equations

Viu, =‘jj§ . V(e + P, 12)=0, (41)
F

where the spin-flip diffusion length A, =1/\/A7; +4,, is expressed in terms of the spin-
diffusion length for each spin A, =./D_. 7 . . The spin-dependent charge diffusion constant
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D, = gpvsF /3 depends on the spin-dependent relaxation time and Fermi velocity, and 7, is

the spin-dependent spin-flip time. With boundary conditions, solutions of Eq. (7.4) determine
the charge and spin currents of Eq. (40).

In normal metals, the induced spin accumulations is represented by the (position
dependent) vector f, = (K, L, u.)" =1, components of which together with the charge

chemical potential obey the diffusion equation system

Vi, =Le Vi, =0 42)
with the boundary condition is determined at the interface by Eq. (2.1). Without the SHE,
charge and spin currents are governed by the equations
G* . O-vi
- VﬂcN’ -]si == e Vﬂsi' (43)
The spin polarization in the case of the NM layers has arbitrary direction in contrast to the case

of the magnetic layers.

ch =

Figure 7. The N|FI bilayer nanostructure with
charge flow along of an applied electric field.

In the considered case of the bilayer nanostructure HM/FI (FI denotes insulating
magnetic) represented in Figure 7, in which the charge current flow in the metal parallel to the
applied electric field E and the SHE generate a spin accumulation, generalization of the Ohm’s
law (Eq. (40)) can be represented by the system [14]

. (o (7
JCN = _%(Vﬂd\/ _%sz XV#A‘N j’ (44)
j‘vi = _%[QSHVIL‘CN +%xl Xvﬂsij’ (45)

where f, = (U, 1, 1) — 1,1 is the spin accumulation, i.e. the spin-dependent chemical
potential relative to the charge chemical potential x, =e@, o, is the electric conductivity,

6., is the spin Hall angle, and “x” denotes the vector cross product operating on the gradients of

the spin-dependent chemical potentials. The SHE is represented by the first term in Eq. (45)
that generates the spin currents parallel to the applied electric field E = E x (Figure 7). The
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ISHE is governed by the second term in Eq. (44) that connects the gradients of the spin
accumulations to the charge current density.

According to Egs. (44) and (45), the spin current in N consists of conventional diffusion
and spin Hall drift contributions. The spin current density flowing in the z -direction is
described by the expression

. o .
Jsz =——= VzlusN _Jféfy > (46)
2e

where j3' =6,,0,E, is the bare spin Hall’s current, i.e., the spin current generated directly by
the SHE. Due to the boundary conditions j _(z) is continuous at the interfaces (z =d,,0). The
spin current density at a vacuum interface (z =d, ) vanishes, while at the magnetic interface

(z=0), it is governed by the spin accumulation and spin-mixing conductance according to Eq.
(1), jSZ(O)z—jX(N'F). With these boundary conditions, the solution of Eq. (42) for the spin

accumulation can be represent as

PR sinh A(z) | coshB(z) 2AG,, (47)
N "sinh A(d,) sinhB(2d,) =70, +AG, cothB(2d,) |’
where
A(z) = 2Z2'/{IN . B(z)= Z';N , C_ =[mx(mxy)Re+(mxy)m],

(s the spin accumulation at the interface in the absence of spin-transfer. The distribution
spin current in N is described by the expression
Vi@ _ ( coshA(z) lj_tanh A(d,)sinh B(z) { 24G,, } 48
i cosh A(d,) sinh B(2d,,) =% oy +AG,, coth B(2d,)

from which it follows that when the magnetization is along y, the spin current at the N|FI

interface vanishes. When the magnetization is along x, the spin current at the NF interface and
the spin torque on the magnetization is activated, while the spin accumulation is dissipated
correspondingly. The x-components of both spin accumulation and spin current vanish when
the magnetization is along x and y, and are largestat(x+y)/2.

The SMR effect is exhibited via the ISHE which drives a charge current in the x—y plane by
the diffusion spin current component flowing along the z -direction. The total longitudinal
(along x) and transverse or Hall’s (along x ) charge currents become

Jau(2) , [ cosh A(z) ,. tanh A(d,, )sinh B(z)
=1 —+(1-
F o [cosh Ad,) =) o B2d,) G )J ’ (49)
Jar(2) _ 9 tanh A(d,, )sinh B(z) (mm @ (Gy ) —m.9,(G,))), (50)

X ¥ sinh B(2d,)
where j’ =0, E, is the charge current driven by the external electric field, and
oy +AG,, coth B(2d,)

The charge current vector is usually expressed in terms of the longitudinal and

Prqy = Re(Im)

transverse (Hall) resistivities. Averaging the electric currents over the film thickness z and
expanding the longitudinal resistivity or current in the x -direction of the applied field to
leading order in 6;, SH, we obtain
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Jai o . tanhA(d,) ., ,. tanh® A(dy)
P [E)J N ~Us o Ad,) i (L=m) o Ad,) r(Gy)) (51)
Je > tanh® A(d,) , ,tanh® A(d,)
=——=-6, mm, ——— =@, (G, ) -0, m, ———=¢ (G.,) . 52
pJ_ O-Z%,Ex SH ™ "x"" "y O_NA(dN) ¢R( ’N{) SH™ %y O'NA(dN) ¢1( TJ,) ( )

Hence it is evidently decreasing A™'(d,) — 0 when the N layer thickness increases relatively
the spin-flip diffusion length (A/d, -0) SMR effect vanishes. The SMR magnitude is
proportional to the second power of the spin Hall angle (6;,) and it is related to the spin-
mixing conductance ( G, ) at the interface which is determined by the spin-dependent

scattering matrix.
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Abstract

Gelatin/nanodiopside/nanohydroxyapatite (GE/nDP/nHAp) composite scaffolds were
prepared from the mixture of GE, nDP and nHAp in different inorganic/organic weight ratios
by using the freeze-drying method. The prepared nHAp and composite scaffolds were
investigated using BET, TG, FT-IR, SEM and XRD techniques. The composite scaffolds had
50 - 85 % porosities with interlinked porous networks. Moreover, investigation of the cell
proliferation, adhesion and viability using MTT test, and mouse preosteoblast cell proved the
cytocompatibility nature of the composite scaffolds with improved cell attachment and
proliferation. All these results essentially illustrated that this composite could be a potential for
tissue engineering application.

1. Introduction

The aim of tissue engineering is to repair or regenerate damaged tissue using the
substitution of engineered tissue. It will help to restore the functions through regeneration and
merging with the host tissue. Thus, meaningful attention is being given to three-dimensional
(3-D) polymer scaffolds for tissue engineering applications [1].

A full understanding of the structures, compositions and biochemical and biomechanical
properties of natural bone is needed to design the ideal biomimetic artificial scaffold. These
parameters may provide adequate insights in the engineering. A scaffold must be synthesized
into a 3-D structure with a high porosity and a proper pore size for cell implantation. A scaffold
should play the role of natural extracellular environment of the tissue, the time-space matching
charter of the degradation disappearance of materials, new tissues structure, and good
mechanical strength [2 — 4].

Generally, the living bone in the human system is composed of 10 — 20 % collagen,
60 — 70 % inorganic phase, and 9 — 20% water, by weight. Also, other organic materials, such as
proteins, polysaccharides and lipids, are included in small quantities. The important
composition of the inorganic phase is hydroxyapatite with the chemical formula
Cawo(PO4)s(OH)2 [5]. It is a non-toxic, osteoconductive and non-inflammatory biomaterial
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[6 — 8]. The incorporation of bioactive polymers, such as gelatin, can improve the nHAp poor
formability, intrinsic brittleness and out-migration of nHAp particles from the transplanted
tissue [8]. Hence, single component system cannot assist and mimic all the properties of bone.
Therefore,development of multicomponent system for bone repair becomes necessary.

Gelatin is a partially degraded product of collagen. Gelatin has been incorporated into
scaffolds to promote cell migration, adhesion, differentiation and proliferation [1]. Studies have
shown that composite scaffolds of gelatin and hydroxyapatite improve the osteoblast cell
viability and proliferation, osteoconductivity, and fibroblast cell attachment [9 — 14]. In
addition, to increase the fracture toughness of HAp, the composite of diopside (CaO-MgO-
25i02) and HAp can be prepared [15]. The bending strength and fracture toughness of the
diopside-HAp composite were two or three times higher, than those of nHAp, and it was
proved that the composite had no general toxicity in cell culture test [16].

Diopside ceramics possess excellent degradability, in vitro apatite-formation ability and
in vivo bioactivity [17, 18].

Hydroxyapatite/Al2Os/diopside scaffold and other multi component scaffolds and their
properties have been investigated by comparing them with bi-component scaffolds [19, 20].
However, the influence of nHAp on nDP/GE composite scaffolds is not well understood. In
continuation of our recent study on the construction of composite scaffolds [21 — 25], in this
work, we focus on the preparation, characterization, bioactivity, biodegradation, mechanical
and in vitro properties of nano-composite scaffolds GE/nDP/nHAp in detail.

2. Experimental

2.1. Materials

For the in vitro study of cytotoxicity, a mouse preosteoblast cell line (MCsT3-E1) was
purveyed by Riken Cell Bank (Ibaraki, Japan). TheMCsTs-Eicells were cultured with low
glucose-Dulbecco’s modified Eagle’s medium (DMEM), which contained 10% fetal bovine
serumand 1% penicillin-streptomycin (GIBCO, Gaithersburg, MD, USA) in a humidified 37 °C
incubator with 95% air and 5% CO2. Ascorbic acid and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT) were supplied from Amersco Co. (Solon, OH, USA). Fetal
bovine serum (FBS) was purchased from Wisent (Montreal, Canada). Magnesium chloride,
gelatin, tetraethyl orthosilicate (TEOS), calcium nitrate, diammoniumhydrogenphosphate, n-
Hexane, ammonium hydroxide, ethanol, glutaraldehyde, dimethyl sulfoxide (DMSO), and all
other solvents and chemicals were bought fromSigma Chemical (St. Louis, MO, USA).

2.2. Preparation of gelatin hydrogel

Gelatin hydrogel was synthesized according to the literature [4]. 1 gram of gelatin was
added to 25 ml distilled water and stirred powerfully to get a perfectly transparent solution.

2.3.Diopside synthesis

The diopsidenanopowder was prepared by a modified sol-gel method [18]. In short, we
dissolved 0.125 mol of Ca(NOs)2-4H20 and MgCl2-6H20 in ethanol and stirred powerfully for
30 min at 80 °C to dissolve in the solvent. Si(OC:Hs)s (TEOS) was added to the homogenous
solution and was slowly stirred to acquire a wet gel. After drying in an oven at 100 °C for 24 h, a
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dried powder was resulted which was grounded in a hand-mortar and calcinated at 700 °C for
2 h and at 1100 °C for further 24 h. At last, it was ball-milled in a zirconia Mechanical Ball Mill
(Daehan Science, Seoul, Korea) for 8 h to obtain diopside nanopowder with 35 — 65 nm particle
sizes.

2.4. Preparation of nHAp powder

nHAp was prepared based on the available literature [26] by adding a solution of 30
mmol (NH4)2HPOs4 in 250 ml double distilled water to a solution of 50 mmol Ca(NOs3)24H-20 in
600 ml water. After that, 30 ml of ammonium hydroxide (30 % in water) and an additional
quantity of 5 mmol Ca(NOs)24H20 were added. The mixture was stirred powerfully and 10 ml
of ammonium hydroxide was added after 5 h. The resulted mixture was stirred moderately for
12 h. Afterwardsthe solution was filtered and washed in distilled water. The final product was
dried at 80 °C for 15 h. The sample was pulverized and suspended in an ultrasonic sonicator
bath filled with 300 ml of distilled water for 15 min. Subsequently, this powder was filtered and
dried. After calcination at 1000 °C for 1 h the particles showed high crystallinity.

2.5. Preparation of composite scaffold

nDP was added into gelatin hydrogel and stirred for 12 h at 4 °C.ThennHAp was added
to the mixture and stirred for 24 h to dispersenHAp in the GE/nDP blend. The resultant
combination was transferred intoanultrasonication bath to further disperse the particles and
reduce particle size. Then, 0.25 % (v/v) glutaraldehyde was added in 1:32 ratio (2 h) for
crosslinking. The resultant mixture was transferred to the 24-well culture plates and pre-
freezed at —20 °Cfor 12 h. This was followed by freeze-drying (Dena vacuum industry) at -80 °C
for 48 h. The nHAp content of each specimen was scaled according to the GE/nDP/nHAp
weight ratios of 30/15/55, 50/11/39, and 70/6.5/23.5, which were listed in Table 1.

Table 1. Characteristics of GE/nDP/nHApcomposites.

Characteristics of the composite scaffolds

GE/nDP/nHA
/n /I.l. P ) Water-  Scaffold surface Pore
Composition  Porosity . .

uptake  /volume ratio  Size
(wt/wt) (%) . _

capacity (mm™) (pm)
30/15/55 50+2.2  640+35 709.66+21 82+4
50/11/39 75+1 7401+26 772.05+18 9345

70/6.5/23.5 85+3 13176436 855.93+25 100+3

2.6. Characterization

The samples were characterized by X-ray diffraction (BrukerDSADVANCE, Cu K«
radiation), FT-IR spectroscopy (Nicolet 400D in KBr matrix, with the range of 4000-400 cm™),
BET specific surface areas and BJH pore size distribution (Series BELSORP 18, at 77 K) and SEM
(Philips, XL30, SE detector). To investigate the weight loss of the GE/nDP/nHAp composite
scaffolds during thermogravimetric (TG) analysis, a test was carried out using a DuPont TGA
951 at temperatures ranging from room temperature to 900 °C in the air and at a heating rate of

10 °C/min.
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2.7. Porosity studies

The porosity of the scaffolds was computed by using a liquid displacement technique
[27]. Hexane was employed as the displacement liquid, because it was a nonsolvent agent for
gelatin and could be easily penetrated through the scaffold without any swelling or shrinkage of
the scaffold. Scaffolds were cut into 1x1x1 cm pieces and immersed in a cylinder containing a
preselected volume of hexane (V1). The volume of hexane and the hexane-impregnated scaffold
was recorded as V2 and obtained after the scaffold was placed in hexane for 1h. The volume
difference (V2—V1) was the volume of the composite scaffold. Vs wass elected as the residual
hexane volume in the graduated cylinder after the removal of the scaffold. The quantity
(V1=V3), volume of hexane within the scaffold was assayed as the void volume of the scaffold.
The total volume of the scaffold was V = (V2=V1) + (V1—V3) = V2—V3s. The porosity of the scaffold
(e) was measured as follows: € (%) = (V1—V3)/(V2—V3) x 100.

2.8. Water-uptake capacity

The scaffolds were immersed in water at room temperature for 48 h. The water uptake of
the porous scaffolds was calculated as Water-uptake (%) = (Ww—Wa)/Wa x 100, where Ww and
Wi display the wet weight of the scaffolds and initial dry weight sponges, respectively.

2.9. Mechanical properties

Mechanical properties including compressive strength and modulus of the samples were
measured in thedry state at a crosshead speed of 2 mm / min in a materialprufung 144660
machine (Zwick). The samples of 1x1x1 cm size were used in compressive property test.

2.10. In vitro degradation

The degradation of the GE and(GE/nDP/nHAp)composite scaffolds was investigated in a
PBS medium at 37 °C. All samples were placed in PBS medium and incubated at 37 °C for
different time intervals (1, 4, 7, 14, 21 and 28 days). Weshowstheinitial weightof thescaffolds.
After each period, the scaffolds were washed in deionized water for the removal of the surface
adsorbed ions and freeze dried. W: denotes the dry weight of scaffolds. The degradation of the
scaffolds was computed by the following formula: Degradation % = (Wo—Wi)/Wo x 100.
Degradation rate was recorded as mean + S.D. (n=5).

2.11. In vitro biomineralization

The composite scaffolds of equal weight and same shape were placed in 1x simulated
body fluid (SBF) solution and then incubated at 37 °C in closed Falcon tubes for different time
intervals (1, 4, 7 and 14 days). The SBF solution was prepared according to a reported procedure
in the literature [28]. After the specified period, the scaffolds were washed three times in
deionized water for the removal of the adsorbed minerals. After 14 days, the scaffolds were
lyophilized and characterized using SEM, XRD and FT-IR for mineralization.

2.12. In vitro evaluation of cytotoxicity

The MTT test was used as a symptom of relative cell viability [29]. Mouse preosteoblast
cell line MCsT3-Eiwas used to obtain the in vitro cytotoxicity ofthe extractions. The isolated and
passaged cells (cells less than passage 7) were trypsinised, pelleted and resuspended in a known
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amount of DMEM media. The cell concentration of 1 - 10°cells/mlwas seeded onto 24-well
culture plates for 24 h. The scaffolds were sterilizedbyplacinginethanol, and irradiated by UV
for 30 min.The scaffolds (1 cm x 1 cm x 1 cm) were immersed in separate steriletubes with 5 ml
DMEM solution and incubated at 37 °C for 24 h. For investigation the in vitro cytotoxicity of
the extractions, a 4ml extraction of each sample was collected. The culture media were changed
with the extraction every 48 h. MTT assay was conducted in 1, 3 and 7 days by changing the
media with MTT solution in the wells for 4 h.MTT solution was removed and formazan crystals
were dissolved in DMSO.Amicroplate reader (Bio—RAD 680, USA) recorded the optical density
in a spectrophotometer at a stimulus wavelength of 540 nm. DMSO was used as a blank. The
same numbers of cells in contact with culture media were presumed as the control groups.

2.13. Statistical analysis
Statistical analyses were carried out by SPSS v.16.0 software. Data were denoted as the
mean = significant if p values obtained from the test were less than 0.05 (p< 0.05).

3. Results and discussion

3.1. Scaffold characterization
3.1.1. SEM analysis

Scanning electron microscopy was used for investigation of the morphology of the
samples. In pure gelatin (Figure 1a), the number of oval and interconnected pores was high.
Figure 1b showed the external morphology of the nHAp nanoparticles that consisted of
approximately spherical agglomerates with a size ranging from 98 to 108 nm.

Figure 1. SEM images of (a) pure GE, (b) pure nHAp, (c) pure nDP,
(d) composite 30 %, (e) composite 50 %, and (f) composite 70 %.
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The diopside grain size and surface morphology of the particles are shown in Figurelc,
displaying that,particles agglomerated because of high surface energy. It is evident that the
dimensions of agglomerated grains are in nano range (35 — 65 nm). In the scaffolds, fluid
exchange and native tissue ingrowth were promoted by forming networks of interconnected
and open pores (Figures 1d, e, and f). In the presence of hydroxyapatite nanoparticles, rough
pore walls were seen. They could be, therefore, advantageous for cell adhesion. In the
composite scaffolds, the average porosity and the degree of interconnectivity were mainly
affected by the nHAp content. As it is obvious from Figures 1d, e, and f, the increase in the
amount of nHAp led to a decrease in the number of pores. This was due to the interaction
between the polymer chains. However, the transfer of nutrients, oxygen and cells was still
continued through it.

3.1.2. FT-IR studies

Figure 2 shows the characteristic FT-IR peaks of nHAp, nDP, GE and their composite
scaffolds. The FT-IR spectra of gelatin indicated peaks at 3423 cm™ and 3174 cm™ due to -NH
stretching of the secondary amide, C—H stretching at 2922 cm™! and 2850 cm™!, C=0O stretching
at 1643 cm!, -NH bending at 1545 cm, and -NH out-of-plane wagging at 700 cm™(Figure 2a)
[30]. FT-IR spectrum of nHAp showed peaks at 632 and 3430 cm™, which were corresponded
to —OH bending and stretching vibration mode. The bands at 602 and 567 cm'were related to
y4 of phosphate, the one at 963 cm'reffered to yl of phosphate and the other at 1042 cm-
lascribed to y3 of the phosphate mode (Figure 2b) [31]. In the FT-IR spectra of the diopside
bands in the 400 — 2000 cm™! spectral range in the region 700 cm can be ascribed to the
bending vibrations, and bands in the region 850 — 1100 cm™ which are assigned to the
stretching vibrations of the silicate structure. They attributed to the Si—O symmetric stretching
of bridging & non-bridging oxygen atoms, Si-O-Si symmetric stretching, and Si-O-Si
asymmetric stretching (Figure 2c) [32]
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Figure 2. FT-IR spectra of (a) pure GE, (b) pure nHAp, (c) pure nDP,
(d) composite 30 %, (e) composite 50 %, and (f) composite 70 %.

190



M. Azadi, et al. Nano Studies, 2016, 14, 185-202.

| o
. . o T @
Diopside ° » W,
4 s
: 2 g 20000299
Hydroxy apatite ’) 9 o200, %
o o9 % o o °
‘) d ) : J 1.4 o4
Aas oo, 0885573
Gelatin Ao Al

Figure3.The interactions between the nDP and GE network
and nHAp in (GE/nDP/nHAp) composite scaffolds.

The FT-IR spectra of all composite scaffolds showed the typical peaks of phosphate
vibration at 1042 cm™!, which implied the existence of nHAp on the surface of composite
scaffolds (Figures 2d — f). The intensity of peaks at 567 and 602 cm™ was less in (f) scaffold;
because the concentration of nHAp is less. But in (d) scaffold, the peaks have resolved and
intensity was also increased [33]. For GE/nDP/nHAp composite scaffolds, the absorption at
1659 cm™! can be attributed to COOH groups of gelatin in GE/nDP/nHAp composite scaffolds. It
shifted to the direction of higher wave number compared with COOH groups (1643 cm™) of
gelatin itself. These differences were indicator for a noticeably chemical interaction between
the nHAp crystal, nDP and GE (Figures 2d, e, and f). COOH of gelatin in GE/nDP/nHAp exists
in the form of COO- and the ionic or polar interaction between COO- and Ca* could be formed.
So,the characteristic absorptions of COOH and OH in GE/nDP/nHAp composite scaffolds
suggested the formation of hydrogen bond between —-NH groups of gelatin and —-OH groups of
nHAp also between —-NH groups of gelatin and oxygen of Si-O-Si groups of nDP (Figure 3)
[29, 34].
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Figure 4. XRD patterns of (a) pure nHAp, (b) composite
30 %, (c) composite 50 %, and (d) composite 70 %.

3.1.3. XRD analysis

X-ray diffraction patterns for the pure nHAp and composite scaffolds with the weight
ratios of nHAp are shown in Figures 4a—f. The peaks of the synthesized nHAp particles
corresponded to the characteristic XRD spectrum of HAp (JCPDS File No. 09-0432). Many
sharp diffractions attributed to (211), (112), (300), (002), (213), (222), (202), (310), and (321)
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reflections of nHAp crystal, respectively. These were of a typical apatite crystal structure. The
sharp diffraction demonstrated that nHAp was composed of well-developed crystals. The XRD
patterns of the composites simultaneously presented the characteristic peaks of nHAp, and
gelatin [6]. In 23.5% nHAp incorporated scaffolds the peaks had intensities less than the higher
concentration of nHAp. The intensity of GE peaks was decreased in the case of nHAp

incorporated composite scaffolds.

3.1.4. BET analysis

Figure 5 represented the N2 adsorption-desorption isotherms of GE/nDP/nHAp sample.
The isotherms were similar to the Type III isotherm with H3-type hysteresis loops at high
relative pressure according to the IUPAC classification. This is known as a characteristic of
porous materials with highly uniform size distributions. The Type III isotherm shows
unrestricted multilayer adsorption [35, 36]. The two branches of adsorption-desorption
isotherms showed that the materials processed a well-defined and regular array of porous
materials. The specific surface area and the pore volume were computed using Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, respectively. The structure
data of all these materials BET showed that GE/nDP/nHAp had a high BET surface area
(11.024 m?/ g) and a large pore volume (0.012 cc / g) expressive of its potential application as the

proper cell growth by adhesion to the scaffold surfaces.
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Figure 5.N2 adsorption—desorption isotherm and
The pore size distribution (inset) of composite 30 %.

3.1.5. Thermogravimetric analysis (TGA)

TG curves of pure nHAp and GE/nDP/nHAp composite scaffolds are displayed in
Figure 6. TG curve of pure HA particles shows a continuous weight loss of 7.6 %, which can be
attributed to loss of moisture. There is no weight loss, showed above 400 °C, suggesting that
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pure nHAp is thermally stable at high temperature. The weight of three composite scaffolds
decreases quickly with increasing temperature. The initial weight loss performed around 100 °C
is assigned to water evaporation. The thermal decomposition of the organic component in
GE/nDP/nHAp composite scaffolds occurred mostly in the range of 200 — 350 °C.
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Figure 6. TG curves of samples.

The organic components are decomposed completely at 400 °C. Since inorganic phase of
composite scaffold 70 % is less than that of others, its thermal stability is less than the others.
The organic/inorganic weight ratios in GE/nDP/nHAp composite scaffolds except from water
content calculated to be 28.6/71.4. It is according to the theoretical weight ratio (30/70).
Thermal analysis represented that GE molecules have been well interacted with nHAp [2, 6, 30].
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Figure 7. Porosity values of GE and composite scaffolds.
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3.2. Porosity measurements

The porosities of the prepared scaffolds are shown in Figure 7. When the content of GE
was increased from 30 to 70 wt. %, the porosities were increased from about 50 to 85 %. The
reason is evident as with the decrease of gelatin amount, the actual volume fraction held by the
materials itself decreases [37]. Cells could move through the pores and get attached at proper
positions in the scaffold for further proliferation. Porosity improved the transport of oxygen and
nutrients to the inner portions of the composite scaffolds. The reduction in porosities along
with the increase in nHAp content (the decrease in GE content) was due to the presence of
nHADp in the scaffold which kept the polymer chains of GE [30]. Pore sizes were affected by the
time for the growth of ice crystals. Therefore, controlling the key freeze-drying process
parameters such as rate of cooling and pre-freezing temperature could result in larger pore sizes.

3.3. Water-uptake capacity

Water-uptake studies of GE and GE/nDP/nHAp composite scaffolds showed the ability
to maintain water more than their original weight and very good water-uptake capacity
(Figure 8). It was seen that as the content of GE was increased, the water-uptake ratio was also
enhanced. The addition of GE (with the decrease in the amount of nHAp) increased the water-
uptake of GE/nDP/nHAp composite scaffolds. This could be because nHAp formed cross-linking
chains that decreased the hydrophilicity of gelatin by grafting phosphate and calcium to the
hydrophilic NH2or OH groups. The increase in water-uptake allowed the samples to acquire
nutrients from culture media more efficiently. Water-uptake promoted the cells permeation
into the scaffolds in a 3-D design, during cell culture. Water-uptake also enhanced the internal
surface area of the scaffolds owing to increasing the pore size and total porosity. Samples
expressing a higher degree of water-uptake could have the maximum probability of cell
infiltration into the 3-D scaffold as well as the maximum cell growth by attachment to the
scaffold surfaces.
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Figure 8. Water-uptake values of GE and composite scaffolds.
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3.4. Mechanical properties

The composite scaffolds must have sufficient porosity for cell proliferation, but they
must also provide good mechanical strength to support the frame during tissue regeneration.
The tenacity of the composite scaffolds was compared according to amount of nHAp. In this
work, the effect of the nHAp incorporation on the compressive strength (Figure 9a) and
compressive modulus (Figure 9b) of the composite scaffolds was studied. The increase in pore
wall thickness and the reduction in pore sizes by the addition of nHAp could be a reason for the
suitable mechanical properties in composite scaffolds, in comparison to the GE scaffolds.
However, while the water uptake of scaffolds would enhance cell adhesion, it could lower its

mechanical properties.
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Figure 9. Mechanical properties of GE and composite scaffolds: (a) compressive
strength; and (b) compressive modulus. Values are mean + SD (22 =5).
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3.5. In vitro degradation studies

Figure 10 shows the degradation profiles of composite scaffolds after incubation in PBS
solution at 37 °C and pH = 7.4 conditions for 4 weeks. It was presumed that the macromolecules
of the scaffolds surface underwent preferential hydrolytic scission into small molecules
(oligomeric units), which could be dissolved in PBS [38]. All composites were slowly degraded
during the degradation period. The percentages of weight loss of composites were 15 — 20 %
after 4 weeks. The degradation rate of composite scaffolds was lower than the pure GE and it
was decreased with the addition of nHAp into the matrix. These shows that changing the
amount of nHAp or gelatin could be modify the degradation of the composite scaffolds.
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Figure 10. Degradation behavior vs time curve of scaffolds in PBS at 37 °C.
3.6. In vitro biomineralization studies

The scaffolds showed a good potential to endure mineralization at physiological
temperature and pH in SBF solution. The apatite deposition morphology was changed after 14
days of incubation. After 14 days of incubation in 1x SBF, minerals were seen to deposit on the
surface of pores (Figure 11). FT-IR studies (Figure 12) illustrated that the phosphate peaks
intensity at 603 and 633 cm™! was increased [39]. This showed that the mineral deposition was
enhanced. There were many nHAp particles on the composite scaffolds, which played as
nucleation sites role that decreased the surface energy minerals. So, apatite could be formed
more effectively on the composite containing 55 % nHAp than 23.5 % nHAp (30 % GE than
70% GE). It has been implied that the formation of apatite on scaffolds is caused by negative
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charge functional groups which can further induce apatite by the formation of amorphous
calcium phosphate [40]. Once the apatite nuclei are formed, they grow naturally by serving the
phosphate and calcium ions present in the medium. X-ray diffraction patterns for the composite
scaffolds are presented in Figure 13. The peaks of calcium phosphate particles that related to the
characteristic XRD spectrum of Ca2P207 (JCPDS File No. 03-0605) were increased with the
addition of nHAp content. These results showed that the addition of nHAp increased the
bioactivity of the composite scaffolds.

Figure 11. SEM of (a) composite 30 % gelatin (55 % nHAp), (b) composite 50 %
gelatin (39 % nHAp), and (c) composite 70 % gelatin (23.5 % nHAp), allshowing
the mineralization of composite scaffolds immersed in SBF after 14 days.
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Figure 12. FT-IR spectrum of (a) composite 30% gelatin (55 % nHAp),
(b) composite 50 % gelatin (39 % nHAp), and (c) composite 70 %
Gelatin (23.5 % nHAp) when immersed in SBF solution after 14 days.
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Figure 13. XRD patterns of (a) composite 30% gelatin (55 % nHAp),
(b) composite 50 % gelatin (39 % nHAp), and (c) composite 70 %
gelatin (23.5 % nHAp) when immersed in SBF solution after 14 days.

3.7. In vitro evaluation of cytotoxicity

For the scaffolds to be employed in the tissue engineering, they should be biocompatible.
The scaffolds should not be toxic to the bone cells. Therefore, the scaffold materials were
investigated by subjecting the cytotoxic to mouse preosteoblast cells. The ingrowth of MCsTs-
Eicells in contact with the extraction of the scaffolds was assayed after 1, 3 and 7 days of culture
period by use of MTT test (Figure 14).
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Figure 14. In vitro cytotoxicity evaluation of MC3T3 cells in
contact with scaffolds for different periods of time. Dataare
presented as the mean +SD. Significant difference (p < 0.05).
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The addition of GE (with the decrease in the nHAp content) enhanced the cell
proliferation of GE/nDP/nHAp composite scaffolds. This could be owing to the low crystallinity
of nHAp, resulting in the dissolution of phosphate and calcium into the media. This leaded to
the increase in intracellular phosphate and calcium concentration and further induction of the
cell death. There were obvious differences between days 1, 3 and 7 for all groups. As a positive
control, cell incubated with Triton X-100 presented a meaningful loss of cell viability. The
results showed an obvious increase in cell numbers over time. It was indicated that the
GE/nDP/nHAp composite scaffolds were cytocompatible, suggesting that these scaffolds were
non-toxic to osteoblastic cells.

4. Conclusions

GE/nDP/nHAp composite scaffolds were fabricated by using the freeze-drying method.
The resulted scaffolds were characterized and compared with each other. The composite
scaffold was found to have good pore size and porosity. The mechanical and biological
characters of the scaffolds were influenced by adding nHAp and changing the ratio of GE and
nDP in the scaffold. The addition of GE (with the decrease in the amount of nHAp) enhanced
the cell proliferation of GE/nDP/nHAp composite scaffolds. The increase in density was
referred to a decrease in water-uptake and total porosity. It was implied that nHAp
substantially improved cell adhesion on the internal scaffold surfaces. It could be, therefore,
concluded that nHAp played the role of improving the biological and mechanical properties of
the scaffolds.
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Abstract

The increased interest in recent years to sources and detectors of single photons is due to
remarkable progress in different areas of science and technology. The thermoelectric single-
photon detector is one of the real competitors to conventional and superconducting detectors
for single photon detection. The results of computer simulation of heat distribution processes
taking place after absorption of single photons of 1 — 9 keV energies in the sensor of the
thermoelectric detector are presented. Different geometries of the detection pixel with tungsten
absorber, lanthanum or lanthanum-cerium hexaboride sensing element and tungsten heat sink
are considered. According to the results of computer simulation it can be stated that detection
of single photons from “soft” X-ray to “hard” X-ray with energy accuracy no less than 1% is
realistic. The count rate exceeding 200 GHz can be achieved.

1. Introduction

There are a number of natural sources of obtaining X-ray radiation, such as from the Sun,
neutron stars, from galaxy clusters, through black holes in active galactic nuclei (AGN) to
galactic objects such as supernova remnants, stars, and binary stars containing a white dwarf
(cataclysmic variable stars and super soft X-ray sources). While artificial sources of X-ray
radiation are X-ray machines, nuclear power plants, etc. X-ray radiation detection and
investigation can serve to the development of science and technology, especially it can be a
valuable addition for the advancement of space astronomy, high-energy physics, medicine,
analysis of defects in microchips, X-ray synchrotrons and free-electron lasers, etc.[1 — 10].

To develop the aforementioned areas of science and technology, it is very important to
have relevant devices (single-photon detectors), that can determine the quantity and energy of
the X-ray photons with pinpoint accuracy. The single-photon detectors can also serve as a basis
for the development of a new generation of measuring systems.

An ideal single-photon detector generates an electrical signal only upon absorption of a
photon [3]. Next to superconducting single photon detectors [11, 12] and semiconductor
detectors [13], thermoelectric single photon detectors (TSPD) can also be considered for the X-
ray applications. TSPD was firstly proposed by the Armenian-American research group in 2000
[14, 15]. The current article is the continuation of the researches published previously on the
computer modeling for the processes of heat propagation in the single-layer [16 — 18] and
multi-layer [19] sensor of thermoelectric detector for X-ray photons. The results of the detailed
studies of heat distribution processes’ features in lanthanum-cerium hexaboride sensor after
absorbing photons with 1 keV energy and comparison of the characteristics of single-layer and
three-layer sensors in the case of absorption of photons with 1 —9 keV energies are presented.
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2. Computer simulation

The design of the single- and three-layer detection pixel of TSPD with tungsten absorber,
cerium (CeBs) or lanthanum-cerium hexaboride (Lao9sCeo01Bs) sensor and tungsten (W) heat
sink, as well as the parameters of used materials at 9 and 0.5 K are presented in [20].

The computer simulation was based on the equation for heat propagation from the
limited volume with the use of three-dimensional matrix method. The details of the approaches
and approximations are given in [16, 21].

The thickness of an absorber is the most important parameter of the TSPD sensor.
Taking the Bouguer—Lambert’s law and using the values for the coefficient of linear attenuation
in W for 1, 3, 6 and 9 keV energy photons equal to respectively 5.775, 3.273, 0.614 and
0.327 ym™ [22], it is easy to calculate the probability of absorption in 1.5 um thick W of a
photon of 1 keV energy that will be 0.9998, 3 keV — 0.9926, 6 keV — 0.602, and 9 keV — 0.388.
So we can use 1.5 um thick W for the registration of 1keV and 3 keV photons, but not for the
registration of 6 and 9 keV photons due to the fact of small probability of absorption. Figure 1
shows the curves of the probability of 1- 9 keV energy photons’ reaching definite depths in W
absorber. The probability of reaching 5 um depth in W of a photon of 1, 3, 6 and 9 keV energy
is equal to 2.88 - 10713, 7.83 - 103, 0.046 and 0.19, respectively. It can be noted that the absorber
thickness of 5 mm is sufficient to ensure high probability of absorption of photons of 1 — 9 keV
energies.

Probability of reaching that depth

Absorber depth, pm

Figure 1.The probability of 1 — 9keV energy
photons reaching a certain depth in tungsten.

3. Results
3.1. The results for 1 keV photon absorption

The results of computer simulation for 1 keV photon absorption in W/Lao.ssCeo.0:Bs/W
three-layer sensors are presented in this paragraph. The geometrical dimensions of sensors and
results of calculations of heat propagation in the three-layer sensor are presented in Table 1.

The columns in the table give the calculation number, the geometric dimensions of
absorber (X, Y, Z1), the distance from surface of absorber in which photon is absorbed (4), the
thickness of thermoelectric layer (Z2), the thickness of heat sink (Z3), the photon energy (£), the
maximum temperature difference on the thermoelectric layer after photon absorption — (A 7w),
the time duration to achieve A7m — (fm), the maximum of voltage on the sensor (Un), the time of
recession A7 to the background 0.1mK — (&), its inverse (count rate) — (R). The geometric
dimensions X and Y of the thermoelectric layer and of the heat sink are similar to those of
absorber. In the calculations it is assumed that the photon is thermalized in the center of the
absorber surface.
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Table 1. Sensor geometry, £, ATm, tm, Unm, t» and count rate (R).

XY,Z, | b | Zy |Z2 | E | Alny, fm, Unm, | tv, | R

# pm pm | pm | ym | keV | mK ps pvV | ps | GHz
tL1 10,10,15 | 04 | 1 1 1 2045 )0.0204 | 17.38 | 350 | 2.8
tL2 10,10,1.5 | 0.4 | 05 | 1 1 |204.5|0.0204 | 17.38 | 95.7 | 10.4
tL3 10,10,1.5 | 04 | 0.1 | 1 1 |204.5|0.0204 | 17.38 | 7.39 | 135
tL4 10,10,1.5 | 0.4 | 0.05| 1 1 |204.5|0.0204 | 17.38 | 2.66 | 376
tL5 10,10,15 | 0.4 | 0.01 | 1 1 |191.1]0.0172 | 16.24 | 0.41 | 2439
tL6 10,10,15 | 0.4 [0.01 | 2 1 [191.1|0.0166 | 16.24 | 0.85 | 1177
tL7 10,10,15 | 0.4 [ 0.01 | 5 1 |191.1|0.0168 | 16.24 | 1.61 | 621
tL8 10,10,1.5 | 0.4 | 001 | 1 | 1.1 | 210.3|0.0172 | 17.86 | 0.41 | 2439
tL9 10,10,1.5 | 0.4 | 001 | 1 | 0.9 | 172.0 | 0.0168 | 14.62 | 0.41 | 2439
tL10 | 10,10,1.5 | 0.4 |0.01 | 1 |1.01 | 193.0 | 0.0167 | 16.41 | 0.41 | 2439
tL11 55,15 |04]0.01] 1 1 |191.1]0.0172 | 16.24 | 0.73 | 1370
tL12 | 15,15,1.5|0.4 | 0.01 | 1 1 [191.10.0172 | 16.24 | 0.39 | 2500
tL13 | 20,20,15 [ 0.4 | 0.01 | 1 1 |191.1|0.0172 | 16.24 | 0.40 | 2500
tL14 | 25,25,15 (0.4 [ 0.01 | 1 1 |191.10.0172 | 16.24 | 0.40 | 2500
tL15 | 30,30,15 | 0.4 ] 0.01 | 1 1 |191.1|0.0172 | 16.24 | 0.40 | 2500
tL16 | 35,35,15 | 0.4 | 0.01 | 1 1 [191.10.0172 | 16.24 | 0.40 | 2500
tL17 | 40,40,15 | 0.4 | 0.01 | 1 1 [191.10.0172 | 16.24 | 0.40 | 2500
tL18% | 10,10,1.5 | 0.4 | 0.01 | 1 1 |251.1|0.0250 | 21.34 | 0.48 | 2083
tL199 | 10,10,1.5( 0.1 | 0.01 | 1 1 ]199.2|0.0193 | 16.93 | 0.49 | 2041
tL20 | 10,10,1.5 | 0.1 | 0.01 | 1 1 |191.7|0.0171 | 16.30 | 0.50 | 2000
tL219 | 10,10,1.5 | 0.1 | 0.01 | 1 1 [191.2/0.0171 | 16.25 | 0.50 | 2000
tL22 | 10,10,1.5 | 0.7 | 0.01 | 1 1 [352.30.0094 | 29.95 | 0.39 | 2564
tL23 | 10,10,1.5 | 0.9 | 0.01 | 1 1 |571.9|0.0059 | 48.61 | 0.37 | 2703
tL24 | 10,10,15 | 1.1 |0.01 | 1 1 |732.50.0036 | 62.26 | 0.35 | 2857
tL25 10,10,3 [ 0.4 (0.01 | 1 1 | 189 | 0.07 | 1.61 |0.77 | 1299
tL26 | 10,103 | 0.7 |0.01 | 1 1 | 234 | 006 | 1.99 |0.75 | 1333
tL27 10,10,3 109001 | 1 1 1295 | 005 | 251 |0.73]1370
tL28 10,10,3 | 1.1 |0.01 | 1 1 | 398 | 004 | 3.38 | 0.69 | 1449

It follows from the table data that for the calculations tL1 and tL2 decay time to the
background level is above 300 ps. Its reason is the low value of the coefficient of thermal
conductivity for LaossCeo.0iBs. Acceleration of the heat transfer from absorber to the heat sink
can be achieved by decreasing the thickness of the thermoelectric layer. In tL1 - tC5
calculations, the thermoelectric latter was gradually decreased from 1 um to 0.01 um. The
graphs of A7(Z1) and R(Z:) dependencies of these calculations are presented in Figure 2. We can
see that s parameter decreases upon the decrease of the thickness of thermoelectric layer, while
the values of the parameter A7x remain practically unchanged up to 0.05 um thicknesses. A7n
parameter is somewhat smaller for the 0.01 pm thick thermoelectric layer but at the same time
the signal is going down to the background value much faster, thus providing for counting rate
of the order of 2439 GHz. In further calculations we shall use this value for the thickness of the

Photon absorbed in the corner. The center of termalization area

is located at a distance from the corner: #0.5;)0.9, and 91.3 pum.

thermoelectric layer.
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Figure 2. Dependence of the A7 and R parameters of calculations
tL1 — tL5 on the thickness of the thermoelectric layer Z:.

Let’s compare the results of calculations tL5 — tL7 for sensors with 1, 2 and 5 pm
thicknesses of the tungsten heat sink. It is seen from Table 1 that variation of the heat sink
thickness does not influence the value of A7m and the count rate R. It can be concluded that the
thickness of the heat sink does not have influence on the A7n parameter, but the increase of the
thickness of the heat sink leads to significant count rate decreases.

Figure 3 shows A 7(¢) graphs for the cases of photon absorption with different energies. It
can be seen that the change of photon energy leads to the change in A7 value, while
changes slightly. It follows from Table 2 that U values differ by 1.62 pV, if the photon energies
differ by 10%, and by 0.17 uV, if they differ by 1%. It should also be mentioned that the change
in photon energy does not lead to the change of the count rate. In the insert of Figure 3 can be
seen that dependence A7(£) is linear.

0.20 1keV
— 1.1keV
——0.9keV
1.01keV
015 |
x
~ 010}
<
0.05 |
0“3 . 1jl) ’ 1.1
E, keV
0.00 |—
1 i 1 1 i 1 1 n ]
0.000 0.005 0.010 0.015 0.020 0.025

t, ps
Figure 3. A7(¢) dependencies of tL5, tL8, tL9 and tL10 calculation numbers
for the cases of absorption of photons with 1 keV, 1.1, 0.9, and 1.01 keV energies.

The next tL11 — tL17 calculations in Table 1 are performed for sensors having different X,
Y dimensions of the three-layer sensor. Comparison of their characteristics with those of tL5
calculation number shows that, when X and Y increase from 5 to 15 pm, the count rate
increases from 1370 to 2500 GHz. Further increase in sensor sizes up to 40 mm does not change
the value of the count rate (Figure 4). For all these calculations, the parameters A7m and & are
the same. The data for CeBs thermoelectric layer are also presented for comparison. You can see
the same behavior, but the values of count rate are significantly low for this thermoelectric
with higher working temperature.
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Figure 4.Count rate vs. X, Y dimension of the three-layer sensor.

Let’s consider how the location of surface area, in which the photon is thermalized,
influences over the recorded signal. All previous calculations were performed in an assumption
that the photon is thermalized in the geometrical center of the absorber surface in the
uppermost layer. tL18 — tL21 calculations have been carried out for cases, when a photon
incidents on the absorber angle. If we exclude the possibility of incidence of the photon in the
areas along the perimeter of the sensor surface of small width that can be easily done using a
simple screen, we will have a sensor that allows one to identify the energy of a photon uniquely
by the maximum value of the detected signal.

In the conclusion of this paragraph, the differences of temporal dependencies A7; when
the photon thermalizes at different depths in the central region of the absorber, are considered.
Most of the calculations shown in Table 1 are carried out with an assumption that the photon
thermalizes in the upper layer of the absorber. From the absorption of a photon at a greater
depth (calculations tL22 — tL.24), we get a signal with a higher value of A7n (compared with
tL5). Moreover, the closer the thermalization area of the photon to the thermoelectric layer is,
the greater is the A7n value. At the same time, the signal falls to the background value slightly
faster, and we have a higher count rate.

No doubt that these regularities will be observed for the calculations with other
parameters as well, if the depth of bedding of thermalization zone there is changed. It is
possible to get the decrease of dependence of signal characteristics on the depth of the photon
thermalization zone by the increase of the absorber thickness (tL25 — tL28 calculations, the
thickness of the absorber is 3 um). By increasing the thickness of the absorber, the values of A 7w
parameter become smaller, but at the same time the difference of this parameter’s decreases for
the cases of absorption of the photon at different depths.

Analysis of data of Table 1 allows conclude that, at the same architecture of the sensor,
tm parameter depends on the distance from absorber surface at which photon is absorbed (4),
while & and A 7i parameters uniquely define the energy of the absorbed photon.

3.2. The results for 1 — 9 keV photon absorption

Let’s consider the results of the calculations carried out for the thermoelectric single- or
three-layer sensor made of Lao.ssCeo.01Bs or CeBs for 1 — 9 keV energy photons absorption in the
center of surface of W absorber (Table 2). The length of the thermoelectric bridge (in the case
of single-layer sensor) and the thickness of the thermoelectric layer (in the case of three-layer
sensor) are equal to 10 nm. In the columns of Table 2 are given the same parameters as in
Table 1. In calculations for single-layer sensor we consider absorbers of 5 x 5 x 5 um? and bridge

207



Thermoelectric X-ray detector.

of 0.01 x 5 x 5 um?3 sizes. For three-layer sensor absorber is 5 x 5 x 5 pm3 sizes and thickness of
heat sink is 1 ym.

Table 2. Calculations of parameters for 1 — 9 keV photon absorption.

E | AL, | o, | Un b, R,
keV | mK ps pv ps | GHz
Single-layer sensor with CeBesthermoelectric bridge

C23M-5-1 1 069 | 09 | 0.104 | 16.8 | 595
C23M-5-3 3 207 | 09 | 0311 | 339 | 295
C23M-5-6 6 4.1 09 | 0.615 | 444 | 225

C23M-5-9 9 621 | 09 | 0315 | 50.7 | 19.7
Single-layer sensor with LaossCeo.01Bsthermoelectric bridge

12M1-5-8 1 208 | 048 | 0.18 | 6.84 | 146.2

#

12M-5-3 3 6.25 | 0.48 | 0531 | 8.82 | 113.4
12M-5-6 6 125 | 0.48 | 1.063 | 9.9 101
12M-5-9 9 18.74 | 0.48 | 1.593 | 104 | 96.2
Three-layer sensor with CeBsthermoelectric layer
kC24M 1 0.095 | 15 | 0.014 - -
kC25M 3 10284 | 15 | 0.043 | 63 | 158.7
kC26M 6 | 0567 | 15 | 008 | 9.9 101
kC27M 9 1081 ]| 15 | 0128 | 12 83.3
Three-layer sensor with LaossCeooBsthermoelectric layer
kL.24M 1 3 0.19 | 255 | 1.25 | 800
kL25M 3 9 0.19 | 7.65 | 1.65 | 606
kL26M 6 18 | 0.19 | 153 2 500
kL.27M 9 27 1019 | 2295 | 2.1 476

25 T T T T
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Figure 5. Maximal signal (Un) and count rate (R) vs. photon energy
(E) for single- and three-layer sensors of Lao9sCeo01Bs thermoelectric.

Firstly, let’s consider the characteristics received for the single-layer sensor. As expected,
ATn and Un parameters increase while increasing the photon energy. When the geometric sizes
of the absorber are unchanged, the time of heat distribution from the center of the surface of
the absorber (the thermalization area of the photon) to the boundary with the thermoelectric
bridge for the photons with different energies is equal. Thus, we have the same values of
parameter for the sensors with a bridge of the same thermoelectric. The time to achieve the
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background value increases and the count rate decreases while increasing the photon energy,
which is not surprising, as the photon with higher energy during absorption generates larger
amount of heat, that needs more time to pass to the heat sink and substrate.

The similar regularities are also observed for the three-layer sensor. It should be
mentioned that for the both constructions of the sensor the main parameters (Un and R) are
higher for LaosCeonBs thermoelectric. The dependence of these parameters on the photon
energy represents Figure 5. A very important result is that Un parameter increases linearly
while increasing the photon energy.

4. Conclusions

The results of computer simulation of heat distribution processes taking place after
absorption of single photons of 1 — 9 keV energies in the sensor of the thermoelectric detector
show that using 5 um thick W absorbers, we can record the X-ray photons with energies
ranging from 1 to 9 keV with high energy resolution and high count rate.

Obviously, the results of computer simulation of the heat propagation processes in such a
complex system, as the sensor of the single-photon detector is, may not be qualified as accurate,
comparable with the data of experimental verification of the sensor parameters. Nevertheless,
the revealed peculiarities show the advantages of multilayer sensor in comparison with the
single layer thermoelectric sensors, avalanche photodiodes and superconducting detectors.
Particularly, it follows from the literature data that for the X-ray photons the count rate of the
superconducting detectors (R ~ 1 kHz, [11]) and semiconductor detectors (R = 2 MHz, [13]) is
much lower from the values received in the present work.

In combination with the high energy resolution, which for both sensor designs is not
less than one percent, the existence of these benefits enables to foresee the further development
and creation of the thermoelectric photon detector with a multilayer sensor, to be used in
various fields of modern science and high technology.

The authors hope that the present publication will attract attention to thermoelectric
detectors, and that the experimental results on TSPD research will appear soon, since following
the results of computer simulation it can be stated as a quite perspective direction.
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Abstract

Well defined, spherical silica nanoparticles (SNPs) within desired size range were
synthesized according to Stober method. Physical and chemical structure of the SNPs such as
particle size, specific surface area were characterized clarifying their surface properties for the
modification of silica nanoparticles.Surface modification of the SNPs was achieved with the
reaction over isocyanate groups of toluene di-isocyanate (TDI) in order to gain both improved
dispersion in organic phase and further reaction possibility of spherical SNPs over unreacted o-
isocyanate groups of SNPs. TDI grafted SNPs (Si—-TDI) were incorporated into preformed epoxy
acrylateresin (EA) by covalent bonding between hydroxyl groups of epoxy resin and free
isocyanate groups of Si-TDI forming urethane linkage. Si—-TDI incorporated EA hybrid resin
(EA-Si) was cured under UV treatment in the form of film. The effect of uniform, well-
dispersed, covalently incorporated Si—TDI nanoparticles on the thermal, morphological and
mechanical behavior of UV-cured EA-Si hybrid films was investigated.

1. Introduction

Organic-inorganic hybrids exhibit multifunctional characteristics and show superior
properties compared to their pure components [1 — 3]. Inorganic nanoparticles have already had
an impact in fields such as surface coatings, mechanics, optics, electricity, magnetism, medicine,
aerospace, thermodynamics and bionics. One of the main interests to nanocomposite materials
is the fact that nanostructure containing materials have higher surface areas than normal
materials, with a decrease in the size, the surface area per unit volume increases enhancing the
properties due to the available surface area [4, 5].

Silica nanoparticles (SNPs) have attracted much interest due to their low toxicity,
extreme increase in interfacial area, chemical inertness, ease of formation in a wide range of
sizes and morphologies, high stability, and the flexible and robust surface that can be further
functionalized [6—8].The most common method for silica preparation is the sol-gel method and
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Synthesis of organically modified silica nanoparticle—epoxy acrylate hybrid resin.

usually soluable silicates or alkoxysilanes are used as starting materials and their hydrolysis and
condensation steps occur simultaneously during the siloxane (Si—O-Si) formation over acid or
base catalyst [9 — 12].Base catalysed preparation of SNPs by Stober method is based on the
hydrolysis and polycondensation of tetraethylorthosilicates (TEOS) as silica precursor [13, 14].

The efficiency of SNPs in organic polymeric matrices requires uniform dispersion and
strong interfacial bonding between two components of the composites [15, 16]. The strong
hydrophilic character and the tendency of SNPsto agglomeration, which is mainly due to their
high silanol content and, specific surface area cause the difficulty for the SNPs to become
monodispersed in organic and polymeric phases. Efficient functionalization / modification of
silica nanoparticles has the great importance for enabling both the well dispersion of such
nanoparticles into organic phase of the hybrid materials and also possible strong and chemical
interactions of the nanoparticles with the organic precursor or polymer components of the
hybrid.Common strategies have been developed to improve the poor dispersion of SNPs in
polymer matrices and also organic solvents for advanced interfacial bonding of nanoparticles
and matrices. By this manner chemical compounds with active groups are employed to
substitute silanol groups of silica nanoparticles forming various functionalites on silica
nanoparticle surfaces [17 — 20]. The most popular method is the surface functionalization of
SNPs by silane coupling agents (organo-silanes), which contain both organic moieties and silane
moeities in one precursor[21 — 25]. Rarely, some organic moieties with functional groups are
also employed to substitute the hydroxyl groups of silica particle in order to bring organic
properties on the surface of silicaparticles [26 — 28].

In case of the use of organo-silanes as silica coupling agents some ambiguities may occur
reducing the modification efficiency of the nanoparticles [29 — 31]. In order to overcome such
diffuculties, contrary to common coupling methods of SNPs with organo-silanes, toluene
diisocynate (TDI) was considered to be an ideal activator having two isocyanate groups for the
surface modification of silica nanoparticles [32]. Grafting of TDI onto surface of SNPs improved
the dispersibility of SNPs in organic phase of the hybrids and brought possibility for further
reactions over the isocyane groups of TDI as studied in our previous study [33].

In the presented study, spherical and uniform SNPs with the diameter below 100 nm
were synthesized by following Stober method, which is a type of so—gel process. Well-defined
spherical SNPs succesfully grafted with TDI (Si-TDI)gaining reactive isocyanate functionality.
Synthesized Si—-TDI nanoparticles with improved dispertion and reactivity were further
incorporated into preformed epoxy-acrylate resin over the covalent bonding between hydroxyl
groups of epoxy acrylate resin and free isocyanate groups of Si—-TDI by the formation of
urethane linkage. Epoxy-acrylate-SNPs hybrid resin (EA-Si hybrid resin) was cured under UV
treatment in the form of film. The effect of uniform, well-dispersed, covalently incorporated
silica nanoparticles on the thermal, morphological and mechanical behavior of cured EA-Si
hybrid film was investigated.

UV-curing technology for coating applications surpass more conventional processing
techniques by their distinct advantages such as very rapid and selective curing even at ambient
temperatures, low energy consumption, high production efficiency, less environmental
pollution and lower process cost [34, 35]. Epoxy acrylate oligomers are widely used for UV-
curable coatings due to the potential to combine a wide range of excellent application properties
of epoxy resin such as high impact and tensile strength, abrasion resistance, thermal durability,
resistance to chemicals and solvents with the application performances of polyacrylates[36, 37].
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2. Experimental

Spherical, monodispersed silica nanoparticles(SNPs)were prepared by the sol-gel process
based on the Stober method using tetraethoxysilane (TEOS) as a starting material and ammonia
(NHs) as the base catalyst. The procedure of formation of 87 nm of SNPs was as follows: 1.5 mL
of TEOS was added directly into the solution of 4 mL of NHs in 50 mL of absolute ethanol and
the mixture was stirred for 24 h at a constant temperature of 60 °C and stirring speed of
300 rpm. The overall reaction takes place as seen in Figure 1.

Si—(ocsz)4 . HO % ‘ Si—OH + CoHsOH 4 H,0
3

Figure 1. General process for the synthesis of silica nanoparticles.

SNPswere dispersed by ultrasonication in dry toluene and added into a three-necked
round bottom flask, equipped with nitrogen inlet. Toluene diisocyanate (ITDI) and catalytic
amount of dibutyltin dilaurate (DBTL) were also added into the flask and isocyanate
functionalization of SNPs was carried out at 65 °C for 12 h resulting in Si-TDI nanoparticles as
represented in Figure 2.

CH;
N=C=0

DBTL
Si—OH + 5i—0, NH
Toluene, &5 “c: 'ﬁ

Si-TDI o

Figure 2. Toluene dusocyanate functionalization of SNPs.
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CH, OCN_ | NCO CHy
OCN— NCO
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Silica nanoparticle-epoxy acrylate hybrid resin

Figure 3.The synthetic route for silica
nanoparticle / epoxyacrylate hybrid resin.
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Isocyanate functionalized Si-TDI nanoparticles were incorparated into preformed epoxy
acrylate resin formulations following UV curing process. The synthetic route for the whole
process is shown in Figure 3. Bisphenol A type, solvent free epoxy resin with low viscosity
(Marepoks 1721) was reacted with acrylic acid for the synthesis of epoxy acrylate resin (EA).
Then, EA resins stirred with 20% of hexanediol diacrylate (HDDA) in order to dilute the resin
and increase the acrylate functionality following the incorporaion of Si-TDI nanoparticles in a
variety of ratio and catalytic amount of DBTL. Si-TDI incorporated EA resins were stirred at
40 °C for 4 hunder nitrogen obtaining SNP / epoxyacrylate hybrid resin formulations (EA-Si).
Viscous hybrid resin formulations were poured on to a Teflon™ mold and before irradiation,
covered by a transparent Teflon™ film in order to prevent oxygen inhibition. A quartz glass
plate was also placed over the Teflon™ films to obtain a smooth surface of cured film. As last,
the formulations were irradiated 240 s under a high pressure UV lamp (OSRAM, 300 W).

Particle size and distribution analysis were carried out with Scanning Electron
Microscopy (SEM), Philips XL30 ESEM-FEG. Specific surface area of nanoparticles (SSA) was
determined by BET model with the data provided by Nova 2200e model (Quantachrome)
instrument, samples preheated at 160 °C for 2 h and degassed.

The reaction between organic compounds and silica nanoparticles was followed by
Fourier Transform Infrared (FTIR) Spectroscopy, Nicolet 850 FT-IR operating in the
4000 — 400 cm™ range. *C CP/MAS NMR measurement was carried out on a Bruker Avance 300
solid-state NMR spectrometer. The 3C CP/MAS spectra was recorded at the resonance
frequency of approximately 75.4 MHz with a 4 mm rotor spinning at 8.5 kHz using
n/2 pulsewidth of 4.5 ps and averaging over 15000 scans. The contact time was 2 ms and
relaxation delay was 4 s.

Grafting amounts of organic groups on the surface of SNPs were determined by
thermogravimetric analysis (TGA) using Q50 TGA analyzer from TA instruments under
nitrogen with a ramp rate of 20 °C / min. Thermal behaviour of UV-cured EA-Si hybrid resins
was also evaluated by differantial scanning calorimetry (DSC) analysis performed on a Q10 TA
instrument with a heating rate of 10 °C / min under nitrogen flow.

Stress—strain tests for mechanical properties of UV-curedEA-Si hybrid resins were
carried out by Zwick Z010 Universal Tensile Tester under a 50 N load cell with a crosshead
speed of 2 mm / min at room temperature.

3. Results and discussion

Adjusting the sol-gel process by the amounts of base catalyse NHs and precursor TEOS
resulted in the formation of SNPs with the particle size below 100 nm.Spherical structure and
particle size of SNPs were determined by SEM analysis (Figure 4). Specific surface area (SSA) of
SNPs with the average diameter of 87 nm was characterized by BET method and determined as
46.5 m? g! which may be considered slightly higher for Stober type non-porous SNPs
comparing to calculated geometric SSA (36.3 m? g!). This might be attributed to possible micro-
porous structure of smaller particles (less than 100 nm) resulting in higher number of hydroxyl
groups of SNPs.

The high number of hydroxyl (-OH) groups of SNPs was aimed to modify with reactive
isocyanate functionality for this purpose, spherical and uniform bare SNPs with an average
diameter of 87 nm, were modified with TDI moeity forming Si—-TDI. The high reactivity of TDI
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molecule increase the ability of grafting so the concentration of functional isocyanate groups on
the surface of SNPs. Grafting of TDI on the surface of silica nanoparticles was achieved by the
reaction of silanol (-OH) groups of SNPs and isocyanate groups of TDI molecules forming
urethane linkage. It was assumed that most of the urethane linkages formed by p-isocyanate
group of TDI molecule considering para located isocyanate group of TDI to be much more
reactive than its o-isocyanate group. Furthermore, excess TDI was used to ensure that more
reactive p-isocyanate group react preferentially with the silanol groups of SNPs enabling o-
isocyanate group to remain free for further reactions.

50KV X50,000  100nm WD 10.0mm

Figure 4.SEM image of SNPs of 87nm.

The FTIR spectrums of the bare and TDI grafted silica nanoparticles are shown in Figure
5. In the FTIR spectrum of bare SNPs (Figure 5A), characteristic peaks of Si-O-Si at 1050 cm™,
Si-O at 800 cm™ and broad peak of SiO-H group at 3200 — 3700 cm™ can be seen. The
appearance of new bands at 3302 and 1670 cm™ which are characteristic for -NH and -NCOO
urethane groups, respectively, confirms the urethane bond formation between the SNPs and
isocyanate groups of TDI (Figure 5B). The strong absorption of -N=C=O group at 2274cm™
shows the existence of free o-isocyanate groups of Si-TDI.

1230 +— — e e,

A g S R - '\-\\"
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Figure 5.FTIR spectra of bare SNPs (A), and Si-TDI (B).
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1BC CP/MAS NMR spectrum of Si-TDI (Figure 6) shows the characteristic peaks of
grafted TDI moiety. The carbonyl peak at 151 ppm is indicative of urethane formation
confirming TDI bonding on silica nanoparticles. The other carbonyl peak at 116 ppm is assigned
to isocyanate group of TDI confirming the remaining free isocyanate functionality of TDI. The
three peaks at 110, 112, 128 ppm correspond to unsubstituted aromatic carbons of TDI and the
peaks at 125, 130, 131 ppm correspond to substituted aromatic carbons of TDI. The
characteristic methyl peak of TDI appears at 13 ppm.

N NO A0 Wm
S SO %L o 10
bn NN~ — O o~
Y 4 A A A —
| NS v

T T T T T T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0
& (ppm)

Figure 6.3C CP/MAS NMR spectra of Si-TDI.

Bisphenol A type epoxy resin (Marepoks 1721) was succesfully reacted with acrylic acid
over epoxy functionalities of the resin obtaining epoxy acrylate (EA) resin.Si-TDI nanoparticles
with 1, 2 and 3 % weight ratios of total acrylates (EA and HDDA) were well dispersed in HDDA
by ultrasonication and reacted with preformed EA. HDDA was used with the ratio of 20 % of
EA in order to dilute EA resin and increase the acrylate functionality. Prepared hybrid resin
formulations with the addition of irgacure-184 photoinitiator were successfully cured under UV
radiation. EA-control resin (EA-Si 0 %) also prepared without the addition of Si—-TDI and cured
under UV. The ratios for the formulations of EA-Si hybrid resin are given in Table 1.

Table 1.Ratios of the components of EA-Si hybrid resin formulations.

Sample EAresin HDDA Si-TDI Irgacure-184
%w) (w) (%w) (% w)

EA-Si0%  80.8 16.2 0 3
EA-Si 1% 80 16.0 1 3
EA-Si 2% 79 15.8 2 3
EA-Si3% 783 15.7 3 3

Figure 7 shows the FTIR spectrum for Si~TDI and UV-cured control and EA-Si hybrid
resins. FTIR spectrum of UV-cured acrylated epoxy resin (control resin) on Figure 7A showed
characteristic ester absorption band (-COQ) at 1724 cm™! and no band appearance around 1640
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and 920 cm™ which belong to -C=C and epoxy ring absorptions, respectively. The appearance
of ester band and disappearance of—-C=C and epoxy bands indicated that almost all of the epoxy
groups of bisphenol A type epoxy resin acrylated by acrylic acid and EA resin was cured by
acrylate groups under UV treatment. In addition to all of the characteristic absorption bands of
cured EA-control resin (Figure 7A), the broaden apperance of the band at 3425 cm™ is observed
in Figure 7C and attributed to —~NH absorption of urethane bond between Si-TDI and EA resins.
The appearance of the new bands at 1182 and 1071 cm™!, which are characteristic for Si-O
groups, also indicated Si-TDI incorporation into EA resin. And the complete disapperance of
the band at 2264 cm'(Figure 7B) that belongs to free — NCO groups of Si-TDI nanoparticles

indicated that there is no any unreacted isocyanate group remaining.
100
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Figure 7.FTIR spectra of UV cured EA-control resin
(A), Si-TDI (B), UV-cured EA-Si 2 % hybrid resin (C).
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Figure 8. DSC thermogram of UV-cured EA-control film
(A), 1 (B), 2 (C), 3% (D) UV-cured EA-Si nano hybridfilms.
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The glass transition temperature (Tg) of the cured control EA resin film and SNP-EA
hybrid resin films were analyzed by DSC and thermograms are seen in Figure 8. It was found
from the DSC thermograms that control EA resin and EA-Si hybrid resin films showed Teand
exothermic post curing transitions. As it is seen in Figure 8, Ty value of acrylate region and
postcuring transition value were 82.5 and 209 °C, respectively for control EA resin. Tg value of
EA-Si hybrid films increased with the increasing content of Si—-TDI nanoparticle reaching to
approximately 102.2 °C for 3% Si-TDI content (Figure 8). The intensity of exothermic post
curing transition was decreased with the increasing content of Si-TDI indicating almost
disappearance of the exothermic curing behavior of Si—EA resin for 3% Si—TDI incorporation.
The significant and consistent increase in Ty valuesand the decrease in the intensity of
exothermic transitions of the Si—-EA hybrid films were both atributed to monodispersed
incorporation of inorganic Si—TDI nanoparticles and the effect of the increased crosslinking
density. Diisocyanate functionality of Si—TDI nanoparticles acts as cross-linking points of EA-Si
hybrid resin because of the reaction between isocyanate groups of Si-TDI and hydroxy groups
of EA resin.

— EA-film 001
—-—--  EA-%1Sifim.001
| —_—— EA-%2 Sifim.001
100 ——=——meia o e EA-%3 Sifim.001
80
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g |
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Figure 9.TGA thermogram of cured EA-control film and
1, 2, 3 % Si—TDI containing UV-cured EA-Si hybrid films.

The TGA thermograms of cured EA-control film and EA-Si hybrid films are shown in
Figure 9. The samples were heated up to 800°C by the rate of 20 °C /min. The weight loss at the
temperature less than 280 °C can be attributed to trapped volatile content of the cured resins,
which is less than 5 %. Then the thermal decomposition of the cured EA film continued up to
450 °C due to aromatic and aliphatic structure of the resin. The temperatures above 450 °C
indicated the complete thermal degradation of the cured films. The residue of cured EA-control
film at 800 °C was 1.6 %, and such residue for totally organic structure might be attributed to
inert nitrogen atmosphere of thermal analysis. The increased content of Si—TDI nanoparticles in
cured EA-Si hybrid films resulted in the increase of residues at 800 °C as 10.5, 11.7 and 11.3 %
for 1 % Si-TDI, 2 % Si-TDI and 3 % Si—-TDI, respectively. It was obviously seen that
incorporation of Si-TDI nanoparticles into EA-Si hybrid film had a significant effect on the
residue content of the hybrid films resulting in much higher char content than own proportions
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of Si-TDI nanoparticles. The results evaluated from TGA (Figure 9) confirmed the synergistic
effect of Si-TDI nanoparticles on cured EA-Si hybrid films that SNPs promote char formation
by forming the protective coat over the organic content of the hybrid film. The small decrease
in the residue of EA-Si 3 % film (11.3 %) compared to the residue of EA-Si 2 % film might
indicate the optimum proportion of Si—TDI nanoparticles in EA-Si hybrid resin to be 3 % above
which the residues will not increase.

Table 2. Mechanical properties of
UV-cured EA-Si hybrid resins.

Tensile Elongation

Sample EL?;Z(;:)IuS strengt  at break
(MPa) (%)
EA-Si 0% 2437 23 1.4
EA-Sil1% 2748 28 1.2
EA-Si2% 3342 34 0.8
EA-Si3 % 3527 36 0.7

The application of nano hybrid materials is highly dependent on tensile properties,
particularly modulus, tensile strength and elongation. These properties are also related to the
crosslinking density of the resins as well as to the chemical structures. The mechanical
specification of UV-cured EA-Si nano hybrid resin films of 50 x 10 x Imm dimensions made
with the measurement of stress-strain values. In Table 2, evaluated stress-strain data of UV-
curedSi—TDI modified epoxy acrylate resins are given as ultimate tensile strength, elongation at
break and modulus. As it can be seen in Table 2, both £~modulus and tensile strength of EA-Si
resins increase with the increasing silica nanoparticle content because of increased
photocrosslinking ability of the cured system. Thus, resins become more rigid and elongation
values decrease with the increasing Si—TDI content.

el

a

SEI 50kV  X30,000 100nm WD 99mn

Figure 10.SEM image of UV-cured EA-Si 3 % hybrid resin.
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The SEM image of UV-cured EA-Si 3 % nano hybrid resin is shown in Figure 10. The
observation of the SEM image clearly showed that aggregation of SNPs was prevented despite
the relatively high surface area of SNPs. Morover, mainly homogenous dispersion of SNPs in EA
resin was achieved. Obviously, the reason to that is attributed to TDI functionalization of SNPs,
which is further incorporated into EA resins.The isocyanate functionality together with the
aromatic nature ofSi-TDI particles was chosen as the appropriate structure for an optimum
compatibility with bisphenol-A based epoxy acrylate resin. Also, isocyanate functionality of Si-
TDI nanoparticles was aimed to react with the hydroxyl groups of EA resin by covalent bonding,
regardless of the complete achivement of the aim, the SEM image in Figure 10 clearly indicated
that Si—-TDI nanoparticles in EA resin dispersed mainly homogenous without aggregation.

4. Conclusions

The structures and the properties of all synthesized compounds and materials were
characterized and evaluated by the instruments based on the spectral (3 C-CP/MAS, IR),thermal
(DSC, TGA), microscopic (SEM) and stress-strain calculating methods.

Spherical, uniformsilica nanoparticles (SNPs) were synthesized by Stober process. The
size of particles of SNP below 100 nm was achieved adjusting the reaction conditions such as
temperature, concentration of TEOS and ammonia. Physical and chemical structure of the
synthesized nanoparticles such as the size of particles, specific surface area were characterized
clarifying their surface properties for the modification of silica nanoparticles.

After the definition of SNPs, surface modification of the silica nanoparticles was
achieved with the reaction of p-isocyanate groups of toluen di-isocyanate (TDI) obtaining Si—
TDI nanoparticles in order to gain both improved dispersion of SNPs in organic phase and
ability for further possible reactions over the free m- isocyanate group of TDI.

Well defined Si-TDI nanoparticles were incorporated into preformed epoxy-acrylate
resin over the urethane bond formed between hydroxyl groups of EA resin and free isocyanate
groups of Si-TDI creating inorganic crosslinking points. The curing process of EA hybrid resin
films was performed under UV irradiation. Chemical structure of the UV-cured hybrid filmswas
evaluated by FTIR and confirmed the expected structures. Thermal properties of the cured films
were investigated by DSC and TGA. The increase in Si-TDI content of EA hybrid resins
resulted in the consistent increase in Tg values and decrease in the intensity of exothermic post
curing transition of hybrid films indicating both monodispersed incorporation and crosslinker
effect of Si—-TDI nanoparticles into EA hybrid resin. The results evaluated from TGA confirmed
the synergistic effect of Si-TDI nanoparticles on cured EA-Si hybrid film significantly
promoting the char formation most likely due to the protective coat occured by SNPs over the
organic content.The observation of the SEM image clearly confirmed that aggregation of SNPs
was prevented despite the relatively high surface area of SNPs. Moreover, mainly homogenous
dispersion of SNPs in EA resin was achieved. Evaluating stress-strain data of UV-cured Si—TDI
modified epoxy acrylateresins, it could be seen that both Z~modulus and tensile strength of EA—
Si resins increase with the increasing silica nanoparticle content because of increased
photocrosslinking ability of the cured system. Thus, resins become more rigid and elongation
values decrease with the increasing Si—TDI content.
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Abstract

TiO2 and TiO2/Fe3films were synthesized by sol-gel method and characterized by XRD,
EDS and UV-Vis spectroscopy. The multicomponent TiO2/Fe* films treated at temperatures
450 - 600 °C have the pseudobrookite (Fe:TiOs) structure with landaunite (Fe2Ti207) impurities.
Raise in the treatment temperatures leads to the accumulation of iron ions onto the material
surface and formation of the Fe:Ti2O7phase. Higher crystallinity of TiO2/Fe3 calcined at 500 °C
films was obtained compared with TiO2/Fe* 450 °C systems. Band gap energy and the position
of the flat band potentials of TiO2 and TiO2/Fe3* electrodes produced by precursor coating on
the titanium plates were estimated by photoelectrochemical measurements showing the
cathodic shift of the flat-band potential position in comparison with unmodified TiO: electrodes.
High photocatalytic activity of the films under visible as well as UV irradiation correlates with
their high adsorption capacity.

1. Introduction

Widespread use of a semiconductor photocatalysts for environmentally important
processes of neutralization of toxic organic compounds and heavy metals in the waste water,
drinking water and air caused by the need to create the new nanomaterials with high surface
area, define structure with enhanced activities under both UV and visible light irradiation,
improving the efficiency of solar energy utilization. Among the semiconductor materials
titanium dioxide attracts the great attention of the researchers because of its chemical stability,
biological inertness, low toxicity, and relatively low cost [1, 2]. Doping with nonmetals, such as
B, C, N, S and F [3, 4] or metal elements, such as Fe, Cr, Co, Mn and V [5 — 7] have been
employed to tune the electronic structure and enhance the photocatalytic activity of titanium
dioxide under visible light. The light absorption properties of M™-TiO: systems have been
traditionally considered as a hint to determine whether they are photoactive with visible light.
Iron ions are the most studied because their radius is identical to Ti* one, the half-filled d
electronic configuration and ability to trap holes or electrons. The presence of iron extended
the light absorption band [9]. Optical bandgaps of titanium nanoparticles were found to
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decrease with the increase in iron content in host lattice [10]. Authors [11] reported the results
of the comparison of the absorption properties of the M=-TiO: thin films with their
photoelectrochemical behavior. As a general result it has been found that no improvement of
the photoactivity of the system takes place, but it decreases with respect to pure TiO2. This
behavior shows that a shift toward the visible in the light absorption of M*—TiO: materials does
not ensure that they have enhanced photocatalytic efficiency at longer wavelengths. According
to [12]Fe* doping effectively improve the photocatalytic activity under both UV light
irradiation and visible light irradiation with an optimal doping concentration of 0.1 and 0.2%,
respectively. Some authors [10] demonstrated the Fe—TiO:2 photoactivity under the visible light
using as the model Rhodamine or aso-dyes degradation. Obviously, there is no increase of
semiconductor photoresponse in visible spectral region but rather self sensibilisation pathway of
dye destruction took place in that case. The theoretical computation based on the density
functional theory [13] shows that the Fe ions in TiO2 bulk are localized, and mainly act as the
recombination centers of photoinduced electrons and holes. The photocatalytic activity first
increases and then decreases as the Fe concentration increases, which is co affected by the bulk-
doped and surface-doped Fe ions. The predicted mechanisms for the enhancement of the
photochemical response for doped or surface deposited M*/TiO2 or M20,/TiO2 systems are
quite different. Only in few papers [11, 14 — 16], the formation of new active oxide phases and
the photoelectrochemical properties of new materials were reported, although, they are of basic
importance for estimation of semiconductor efficiency and perspectives of its application in
ecological photocatalysis.

Herein, we report on a simple preparation of iron-titanate films, their structure,
photoelectrochemical characterization, and their photocatalytic properties by UV and visible
light degradation of biogenic (anthropogenic) pollutant — tetracycline hydrochloride as a
representative of the broad class of antibiotics.

2. Experimental

Iron titanate films were synthesized according to [17] with slight modification. An
appropriate amount of anhydrous iron chloride (Aldrich) was dissolved in 25 ml of absolute
ethanol (Riedel-de Haen) previously heated to 40 °C and stirred for 20 min till the complete
dissolution. After that, the calculated amount of titanium isopropoxide (99.999%, Aldrich) was
added slowly to the solution. The sol was ready for dip-coating after stirring for 15 min. The
glass plates were previously cleaned by soap with subsequent washing with distilled water and
dried in the oven at 80 °C. Hot glass slides were immediately used for dip-coating. An optimum
withdrawal speed of 1.5 mm/s was used. The obtained films were left for 24 h at room
temperature for hydrolysis and then calcined (heating rate was 10 °C/min) at 450, 500 or 600 °C
for 20 min.

The iron-free titanium film was prepared as follows: a mixture of TTIP (5 ml), HCI (some
drops) and EtOHabs (25 ml) was kept on the ice-bath for 15 min. After dip-coating the films
were left for 20 min at room temperature for hydrolysis and heated at a rate of 10 °C / min to
450, 500 or 600 °C and left for 20 min at this temperature.

The photoelectrochemical properties of the TiO: and Fe/TiO: electrodes were estimated
using the spectral dependence of the photoelectrochemical current (7ph.), measured with a
commercial spectrometer KSVU-1 (LOMO, Russia) with spectral resolution 1 nm. The
experiments were carried out at 22°C under pure argon bubbling in the temperature-controlled
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quartz cell. The 7y spectra were measured using the mechanical light chopper of 20 Hz
frequencies and standard circuit synchronous detection. A high-pressure xenon lamp with
stabilized discharge current was used as the light source. The 7ph. spectra were expressed in units
of quantum efficiency (electron / photon).

Tetracycline hydrochloride (TC) degradation was used to assess the photocatalytic
efficiency of the films through the oxidative pathway. The film was immersed in 40 ml of an
aqueous solution of 2 - 10° mol / L TC. The reaction temperature was kept constant (20 °C)
during the experimental procedure. The change of TC concentration was monitored with a
Lambda 35 UV-Vis spectrophotometer (PerkinElmer) every 20 min at A =357 nm. The film was
immersed in the solution until the complete adsorption in the dark occurred and then irradiated
by a 1000 W middle-pressure mercury lamp for 90 min. The conversion percentage was
calculated from the change in absorption intensity

3. Results

The heat treatment temperature is a critical step in the TiO2 based photocatalysts
manufacturing, because it has implication on their phase composition and specific surface area
as the key factor of photocatalytic activity. For the iron titanate materials, the calcination can
lead to the formation of following compounds: anatase, rutile, hematite, pseudobrookite and
various solid compounds of FexTiO1-Oy type. The iron titanate films covered onto the glass
substrates were characterized by XRD (Figure 1).
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Figure 1.XRD patterns of Fe/TiO: films (Fe:Ti=1: 1)
heatedat 450, 500 and 600 °C. p means the pseudobrookite
and # — landaunite structures of iron titanate phases.

Figure 2 shows XRD diagrams for Fe/TiO: films (Fe : Ti = 1 : 1) heated at different
temperatures. Only pseudobrookite was detected after 450 °C treatment. An increase in the heat
treatment temperature from 450 to 500 °C leads to higher step of crystallinity reflected in the
considerably sharper and well-defined diffraction peaks, when particle size of pseudobrookite
calculated by Scherrer equation was similar for all samples (16 nm). Peaks located at the
diffraction angle 26 = 65.5 and 66.5 ° corresponded to landaunite phase identified for TiO2/Fe3*—
500 °C films. The decrease in crystallinity degree in the case of TiO:/Fe* (600 °C) films
coincides with the acceleration of landaunite phase formation. However, it cannot be excluded
the formation of minor content of rutile, which cannot be identified because its peaks are
overlapped with landaunite reflexes. No other phases, such as anatase and o-Fe:Os phase
(hematite) were detected for these films.

EDS data (Table 1) show 10 % decrease of iron content on the surface of the film, when
calcination temperature increased to 500 °C.
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Table 1. Influence of film preparation condition
on the elemental composition of the surface.

Element
Film
treatment
condition

Fe Ti (@) Fe:Ti: O

Ar, %
TiO2/Fe3+,450°C | 1899 | 1943|3930 | 1:1:2
TiO2/Fe3,500°C | 19.64 | 20.91 | 40.86| 0.9:1:2

Optical absorption spectra of air sintered iron titanate films showed high optical
absorption in visible part of the spectrum (Figure 2). It is clear that the spectra of all the Fe
doped samples have wide absorbance in the visible range that increase with the annealing
increase from 450 to 600 °C. Fe-doped TiO:2 showed a shoulder at wavelengths of around 590-
470 nm, corresponding to the absorption energy of 2.1 —2.6 eV.
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Figure 2.UV-Vis absorption spectra of TiO2 and Fe/TiO2 films
after annealing at 450 — 1 and 2, 500 — 3 and 600 °C — 4.

As established by F. Gracia [11] and observed in our previous work [15], the shift of the
absorption threshold of metal doped TiO: toward visible light is not always the sufficient
condition for the photocatalyticefficiency under visible light.

Photoelectrochemical investigations were performed to evaluate photoactivity of the
Fe/TiO: films under both UV and visible light. Spectral dependences of photocurrent were
measured for the undopedTiO: and Fe/TiO: electrodes produced via coating of films on Ti
substrate (Figure 3) to obtain the value of the band gap energy. Photocurrent quantum yield for
all doped films is much lower than that for undoped TiO2. Maximum of photocurrent spectral
dependences for iron doped films shifted significantly (up to 100 nm) to visible spectral region.
The effect of the annealing temperature on photocurrent was investigated. The incident photon
conversion efficiency was the largest for films treated at 500 °C. It is important to note that in
spite of the significant decrease of photocurrent under UV light compared to bare TiOs,
photoresponce in this spectral region is not totally suppressed. So it can be predicted the
photocatalytic activity of iron titanate film under both visible and UV irradiation.
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Figure 3. Quantum yield of photocurrent of TiO2 and Fe/TiO:
electrodes: TiO2(1), Fe/TiOz (2, 3) annealed at 450 (1, 2) and 500 °C (3).

For the tested TiO: and Fe/TiO: compositions, photocurrent spectra were presented as
(nhv)2 = f(hv) dependence, which was linear in the wide range of wavelength.

Experimental data fit better to an indirect transition. Band gap (£;) values were
calculated from these dependences by the extrapolation of straight line to the abscissa [18, 19].
Obtained by this method, £ values are located in the range of 2.0 — 3.1 eV (Table 2). For
Fe/TiO: films, the £'; values decrease with the increase of annealing temperature. That is
probably associated with the formation of new phases. Flat band potentials that corresponded to
E o position were estimated from 7ph. changes measured at the photocurrency maximum for
TiO2 and Fe/TiO2 films. The values of photovoltage were plotted against applied potential and
the straight line extrapolation of these dependences to the abscissa determines the flat band
potential (Table 1). The flat band potential values for the TiO: insignificantly differ and are
comparable with the value £w» = —0.58 V vs. NHE, obtained at pH = 7 for anatase single crystal
[20, 21]. For the iron titanate samples £ # is shifted to positive values in the range of
-0.02 - +0.02 V.

Table 2: Photoelectrochemical characteristics
for the TiO2 and Fe/TiO: electrodes.

Sample | Temperature,”C | En, V (0.01) | Eg, eV
TiO2 450 -0.46 3.1

Fe/TiO:2 450 -0.02 3.2;2.3
Fe/TiO:2 500 +0.02 3.1;2.1

Photocatalytic activity of bare TiO2 and Fe-doped TiO:films under UV as well as under
visible light irradiation was examined by studying the photodegradation of tetracycline
hydrochloride that represents frequently used antibiotics and, nowadays, established as
dangerous pollutant of wastewater from medicine and food production. The adsorption ability
of TC onto the surface of the films after calcinations at 450, 500 and 600°C carried out in the
dark was also studied (Figure 4). As shown previously [22], the formation of new adsorption
sites takes place and the percentage of the adsorbed TC molecules strongly depends on the iron
ions content and film composition. It is obvious that the higher iron ions content, the higher
adsorption of TC onto the film surface. For tested iron titanate (Fe : Ti =1 : 1) films, the highest
adsorption was observed for films treated at relatively low temperature, as namely 450 °C,
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allowing the keeping of the developed surface area leading to the high adsorption of the
pollutant molecules (Figure 4). When the annealing temperature is increased to 500 and 600 °C,
the dramatical decrease of TC adsorption onto Fe/TiO:-films is noted. Our previous results
clearly showed that the adsorbed TC molecules are firstly involved into the photocatalytic
reaction rather than the molecules from liquid-solid interface. Therefore, the high adsorption
ability of the films treated at the 450 °C is one of the key points for photocatalytic efficiency.
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Figure 4. Percentages of TC molecules adsorption
ontothe Fe/Ti films treated at different temperatures
(the average values of two experiments were taken).
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The photocatalytic activity of the films was tested in the process of TC destruction under
both UV and visible light. The light action on the aqueous TC solution without film did not lead
to the significant change in TC absorption spectra, i.e. the TC concentration was decreased on 6
and 2 % after 90 min irradiation under UV and visible light, respectively.
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Figure 5.Photocatalytic activity of TiO: treated at 450 °C
and Fe*/TiO: films treated at 450, 500 and 600 °C in TC
degradation process under both UV and visible light.

The increase of TC conversion degree (Figure 5) compared with undoped TiO: film is
observed for all synthesized iron titanate films under UV as well as visible light. It can be
caused by the formation of iron titanate phase possessing by the lower band gap values (Table 2).
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Many research groups have prepared TiO: doped with iron ions in low concentration (up to
5 %), and all the Fe-doped TiO:2 materials show expanded light absorption band and improved
photocatalytic activity due to the lower recombination rate [23]. However, independent on the
origin of visible light absorption in discrete energy states of semiconductor £'g the low
photocatalytic efficiency is mainly attributed to the limited photo-excitation of electrons in
such narrow states, the very low mobility of the corresponding photo-generated holes and the

concomitant increase of the recombination rate due to the creation of oxygen vacancies by
doping [24].

4. Conclusions

Multicomponent TiO»/Fe* films synthesized by sol-gel method and heat treated at a
relatively low temperature (450 °C) have the pseudobrookite structure (Fe:TiOs) with
landaunite (Fe2Ti207) traces.The films doped with iron ions showed the lower photocurrent
quantum yield than for undoped samples, while the highest photocurrent was observed at the
wavelength within the visible region. Doping with iron ions leads to the cathodic shift of the
bottom of conduction band with the £'; decrease. The significant changes of the flat band
potential values were observed for annealed Ti : Fe samples treated at 500 °C. It is suggested that
the formation of Fe:Ti2O7phase stimulates the efficiency of visible light absorption. High
photocatalytic activity of the iron titanate film calcined at 450 °C correlates with its high
adsorption capacity to pollutant molecules.
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Abstract

The effect of structure and phase composition of composite coatings on their service
properties under extreme working conditions (high temperatures and pressure, intensive wear
by friction, external loads and corrosion environments) was considered. Here, the coatings of
ADQOs-Ti; and Al2Os—Al systems and others, produced by applying the installation of a multi-
chamber detonation of spraying, developed at the E.O. Paton Electric Welding Institute of the
NAS of Ukraine, were investigated. In order to evaluate the efficiency of the coatings being
investigated under different service conditions, the analytical estimations of structure <«
properties relations were used. It was shown that the greatest contribution to the properties of
strength, ductility and crack resistance of the investigated coatings were made by: dispersion of
grain and sub-grain structures, uniform distribution of forming strengthening phases of
dispersed sizes in absence of lengthy and dense dislocation clusters, being the concentrators of
local internal stresses (potential zones of incipience and propagation of cracks).

1. Introduction

One of the most widespread and at the same time perspective way to improve operation
properties and durability of products is deposition of different functional coatings on their
surfaces using different spraying technologies [1, 2]. It is thought that among the most advanced
and dynamically developing technologies for spraying coatings are the methods of high-velocity
gas flame spraying GFS (high-velocity oxygen fuel (HVOF) and high-velocity air fuel (HVAF)).
In many cases they replaced other widespread technologies for deposition of coatings due to a
very high quality of produced coatings and efficiency of the process. However, one of the most
significant disadvantages of above-mentioned technologies for high-velocity deposition of
coatings is a very big expense of the gas mixture. An alternative to high-velocity GFS methods is
the method of detonation-gas spraying (DGS), which allows obtaining coatings with a quality
comparable to the methods of HVO(A)F. Thus, they are characterized with a lower materials
utilization factor (MUF) and the process discreteness [3, 4].

At the E. O. Paton Electric Welding Institute of the NAS of Ukraine the technology and
equipment for cumulative-detonation spraying (CDS) were developed by which high-quality
coatings are formed with high MUF and productivity. They thus differ from the
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aforementioned most advanced methods GFS methods by simplicity of equipment, significantly
lower specific expenses and pressure of gases, as well as energy intensity [5]. The features of this
technology are several specially profiled detonation chambers and heightened frequency of the
fuel mixture detonation (20 Hz). They practically nullify negative effects of detonation spraying
associated with increments of classical methods [6].

The demanded direction for application of cumulative-detonation method is spraying of
powders of different systems: Ni—Cr-Si; WC-Co—Cr; Cr3C—-NiCr; CrsC-TaC-NiCr; Al.Os—
T1,Al203-AlZrSiOs, etc. for producing functional coatings, operating under extreme conditions
(high temperature and pressure, intensive friction, external loads and corrosive environments).
Such coatings possess high strength and corrosion resistance and provide the formation of phase
components with a high level of hardness and high indicators of wear resistance [7, 8].

However, now there is not enough true and unambiguous information about the effect
of different technological parameters of CDS on structural and phase state of the coatings
sprayed by such a way and on their operational properties respectively.

Therefore, the aim of the work is the evaluation of the influence of technological mode
parameters of cumulative-detonation spraying on structural-phase composition of coatings of
aluminum oxide powder (Al:Os3) with additives of pure powders of Al and Ti, and the role of
structural factors on the properties of strength and crack resistance of the investigated coatings.

2. Materials and methods

For spraying coatings the mechanical mixtures of the initial powder Amperit740.0
(99.5 % AlOs; 0.05 % Fe20s; 0.3 % Na20; 0.1 % SiO2) were applied containing fraction
composition d & =5 ... 22 ym with additives (3 ... 5 %) of pure Ti and Al powder, d& < 60 um
(Figure 1, Table 1). The mode of detonation spraying was the following: detonation frequency
20 Hz; distance to specimen 55 mm; travel velocity 1500 mm / min with the same number of
passes; ratio of length (/) / diameter (d) of gun barrel //d =500 mm /16 mm and ratio of a fuel
gas to Oz ($) 5.38 ... 5.40.

Figurel. Appearance of sprayed powders: a — the initial powder
Amperit740.0; additives of powders of: b — Ti and ¢ — AL

The investigations of structural-phase state of coatings (micro-hardness, volume fraction
of pores, phase composition, distribution of dispersed phases, character of grain, sub-grain and
dislocation structures, etc.) were carried out at all the structural levels using comprehensive
methodological approach including optical metallography (Versamet—2, Japan; Leco-M400,
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USA), analytical scanning electron microscopy (Philips SEM-515, Holland and
JEOLJAMP9500F with energy dispersion spectrometer Oxford EDS INCA Energy 350, Japan),
X-ray structural phase analysis (DRON-UM1), as well as transmission micro diffraction electron
microscopy (JEM-200CX, company JEOL with accelerating voltage of 200kV, Japan). As a result
of executed works, the experimental data on the full complex of structural and phase
parameters of coatings, sprayed at different modes of cumulative-detonation spraying, were
obtained.

3. Results and discussion

Four groups of coatings were produced with the thickness (&) of up to 250 pm (Table 1).
The investigations using the method of optical metallography showed, that the porosity of such
coatings is at the level of 0.7 ... 2.5 %, the volume fraction of lamellae ( V&1, %) in them amounts
to 1.5 ... 5.0 %. The minimum porosity (#, %) and the maximum integrated microhardness
(HVos) are characteristic for coatings No. 1 — 2 produced using the powders Amperit 740.0 with
the additives of 3 ... 5 % Ti.

Table 1.Results of investigations of coating structure.

Powder
0, 0,
No. (substrate) 6, um P % Ve, % HVo3, MPa | Appearance
p | Amperit 74001 105 00| 15,20 25...3.0 | 8900 ... 10990 E
+3% Ti
g |AmPerit740.0 1, 0, 30107 ..15|45...50] 9660 ... 13770
+59% Ti
Amperit 740.0
3 | Al | 115250 |17 ... 24| 15..25 | 8900... 10520
Amperit 740.0
4 | PTRE L 90225 [19..25]19..25 | 7900 ... 10250

Using X-ray diffraction phase analysis of the produced coatings, it was revealed that the
use of powders Amperit 740.0 + 3 % Ti (mode No. 1) and Amperit 740.0 + 5 % Ti (mode No. 2)
promotes the formation of coatings of identical phase composition (y-AlOs, a-Al2O3, AlTis) at
approximately equivalent content of the forming phase components. However, in the coatings
Amperit 740.0 + 5 % Ti (mode No. 2) integrated microhardness (HVo3) is by 17 % increased
(from 8900 ... 10990 to 9660 ... 13770 MPa as compared to coating Amperit 740.0 + 3 % Ti
(mode No. 1), Table 1.

The spraying of powders Amperit 740.0 + 3 % Al (mode No. 3) and Amperit 740.0 +
5 % Al (mode No. 4) promotes the formation of coatings also of similar phase composition
(y-Al203, a-Al203, Al) at approximately the same content of forming phase components and
levels of integrated microhardness (HVo3), Table 1.

As a result, it was revealed that the modification of ceramics Al2O3 (Amperit 740.0) using
metallic powders with (3 ... 5 %) Ti as compared to coatings with (3 ... 5 %) Al leads to changes
in the structural-phase composition and microhardness (HVo3) of produced coatings. Thus, the
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addition of Ti contributes to formation of intermetallic phase AlTis, which possibly causes an
increase in HVos (by 1.2 ... 1.3 times) of such coatings.

Results of electron microscopic examinations on illumination provided the opportunity
to study features of fine structure of coatings and its parameters: changes in density and
character of dislocation density (p) in different structural components (in the inner volumes
and along the structural boundaries); character of the forming substructure, its parameters; size
of subgrain (ds); diameter of particles (dr) of phase precipitations; effective distances between
the forming phases (Ar) etc. In this regard, for the coatings with the most favorable structural
and phase changes (high microhardness, minimum porosity, etc.), namely — Amperit 740.0 +
5 % Ti (mode No. 2, Figure 2) and for comparison — Amperit 740.0 + 5 % Al (mode No. 4,
Figure 3) the following regularities were revealed.

Figure 2. Fine structure: coating No. 2 (Amperit 740.0 + 5 % Ti) sprayed on
titanium base at the depth of § =150 ... 200 um from the interface (I) —a,
and in the I zone the coating — substrate — b, and the substrate material — c.

a b c
Figure 3. Fine structure: coating No. 4 (Amperit 740.0 + 5 % Al) sprayed
on aluminum base at the depth of § = 200 um from boundary (I) - a,
and in the I zone coating — substrate — b, and the material of substrate — c.

In case of using the powder Amperit 740.0 + 5 % Ti (mode No. 2, Figure 3a) the size of
particles of phase precipitations of nanosized type (dr = 10 ... 100 nm) decreases twice in the
surface layers of coatings as compared to coatings Amperit 740.0 +5 % Al (mode No. 4,
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Figure 2a). In addition, the distance almost 2 ... 2.3 times decreases (Ar) between the forming
dispersed phases (up to Ar =10 ... 30 nm), which characterizes an increase in the volume
fraction in the matrix of the forming phases. Also, the refining (by 1.4 times) of substructure is
observed at increase of dislocation density at the outer surface of coatings: from (2 ... 3) - 10°
(mode No. 4) to (3 ... 5)-10° cm? (mode No. 2). At the same time in the coatings near to
boundary the dislocation density is changed from (5 ... 6) - 10° cm? (Figurels 2b and 2c) to
(6...7) 101 cm? (Figurel 3b and 3c).

4. Analytical evaluations of operational properties of coatings

The executed complex of experimental investigations at all the structural levels allowed
carrying out analytical evaluations of the specific (differentiated) contribution of different
structural and phase factors and parameters, formed in the investigated coatings, in change of
strength characteristics or and determining the structural factors cardinal influencing on the
character and distribution of local inner stresses (tuis), which are the potential sources of
incipience and propagation of cracks in the investigated structural microregions [8 — 11].
Analytical evaluations of strength were carried out according to Archard equation, which
includes the well-known dependencies of Hall-Petch, Orowan, etc. [12 - 21]:

2Aor = Aco + Aoss + Aoc + Aos + Aca + Aoan. ,
here Aoo is the resistance of metal lattice to the movement of free dislocations (friction stress of
lattice or Peierls—Nabarro stress); Aoss is the hardening of solid solution by alloying elements
and impurities (solid solution hardening); Aoc, Aos is the hardening due to changes in grain and
sub-grain size (dependences of Hal-Petch, grain boundary and substructure hardening); Ao is
the dislocation hardening, caused by interaction between dislocations; Aoax. is the hardening,
caused by dispersed particles according to Orowan (dispersion hardening).

1600-

"—““‘H—-}\_‘;A&, MPa Dispersed phases
\'\ F2400 dp = 10...70nm
F2000 - Asy
z Q- Asc
b 1600
H- Acs
i 1200 - Aca
P E = AGd.h.
= [ sno
3 —-IAG
b 400

Figure 4. Histograms show the differentiated contribution of grain
(Aoc), substructure (Aos), dispersion (Aoan.) and dislocation (Aoa)
hardeningto changes in integrated values XAor in the material of

coatings sprayed using different modes: Al:O3 + 5% Ti (mode No. 2

— Ti substrate) and Al2Os + 5 % Al (mode No. 4 — Al substrate) and

contribution of phase formations disperse particles to overall level ZAor.
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As a result, it was shown, that in case of using powders Amperit 740.0 +5 % Ti (mode
No. 2) and Amperit 740.0 + 5 % Al (mode No. 4) the integrated values of hardening (XAor) for
coatings amount to XAor=2370 MPa and XAor=2050 MPa (Figure 4). In both cases, the
maximum contribution (up to 56 %) to the total value of hardening is introduced by hardening
of coatings matrix due to the dispersed particles of phase precipitations of nanosized type
(dispersion hardening according to Orowan): Acan = 1334 MPa (mode No. 2) and Acan =
1070 MPa (mode No. 4). Here the contribution of grain (Aoc), subgrain (Aos) and dislocation
(Aoa) hardening for the investigated coatings amounts to: 8 ... 10 % (Aoc= 90 ... 200 MPa);
12 ... 20 % (Aos=100 ... 500 MPa); and 10 ... 15 % (Aocqa= 180 ... 200 MPa), respectively.

boundary -

of Al,O3/Ti  volume / volume of
grains

a b

Torss MPa tLass MPa 7]

1200 1200

ry/

bounda

of volume / volume of /
AlLLO3/Al grains
c d

Figure 5. Distribution of local inner stresses (tuis) in the material
of coatings (a, c) and substrate (c, d): a, b — coating No. 2 (Amperit
740.0+5%T1), sprayed on titanium base; and c, d — coating
No. 4 (Amperit740.0 + 5 % Al)sprayed on aluminum base.

Calculation-analytical evaluations of the level of local inner stresses (tuis) allowed
evaluating the crack resistance of investigated coatings considering the character of dislocation
structure, which is quite clearly revealed during examination of fine structure on illumination
using the methods of ion thinning of fine foils.

From the analysis of different approaches to determination of mechanisms of incipience
of cracks and fracture of materials the evaluation of tuis was chosen basing namely on the
dislocation theory of crystalline solid bodies, connecting the processes of formation of local
inner stresses with initiation and rearrangement of dislocation structure [22 — 24]. The field of
inner stresses, formed by the dislocation structure (dislocation density) and peculiarities of local
inner stresses Tuis — the sources of incipience and propagation of cracks (their level, length,

interaction with structural features of coatings), were determined by the dependence of [22]:
s = G-b-hp / [-(1-v)],
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here Gis the shear modulus; b is the Burgers vector; 4 is the foil thickness, equal to 2x10- cm;
v is the Poisson's ratio; p is the dislocation density.

As a result of investigations, it was shown that in all the investigated modes of cumulative-
detonation spraying of coatings a low level (without sharp gradients) of local inner stresses is
formed (Figure 5).

It was revealed that the maximum Tuis are observed in the coating - substrate interface in
case of using powders Amperit 740.0 +5 % Ti (mode No.2, Figure 5b) Amperit 740.0 +5 % Ti
(mode No. 2, Figure 5b). Here their level does not exceed 600 MPa (or tuis = 0.14-TrrEOR from
the theoretical level of material shear strength), which provides producing the high-quality
coatings with a low tendency to crack formation and, consequently, with optimal operational
characteristics.

5. Conclusions

As a result of comprehensive investigations of coatings, sprayed using multi-chamber
detonation spraying (MCS) at different structural levels (grain, subgrain, dislocation), it was
revealed that the most significant contribution to the properties of strength and crack resistance
of investigated coatings is made by: dispersion of grain and sub-grain structures; uniform
distribution of the forming hardening phases of dispersed sizes in the absence of extended and
dense dislocation clusters - concentrators of local inner stresses (potential zones of incipience
and propagation of cracks).
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Abstract

Simple method of preparation of nanocrystals on the III-V semiconductor surface is
described. This method includes electrochemical deposition of metals of group III on
electrochemically etched semiconductor surface. The chlorides of metals are used for indium
and gallium deposition. After layer metallization wafers are annealed in hydrogen at the various
temperatures in order to form nanoclusters on the surface. Influence of annealing conditions on
the characteristics of structures is investigated and possible mechanism of interactions between
metal and semiconductor during formation of nanoclusters are discussed. Application of
obtained structures for the solar cells with multiple junctions is proposed.

1. Introduction

Environmentally friendly and renewable energy is one of the most important topics in
the science and technology. The great challenge of modern science is development of
technologies that will make renewable energy sources available for the vast masses of
population, and this is why any investigation being able to solve this task is of great scientific
interest and has real practical importance.

Sunlight

Front Electrode

+ I

Rear Electrode

(a) (b)
Figure 1. Single junction photovoltaic solar
cell (a) and its equivalent electrical scheme (b).

The most important and attractive source of renewable energy is solar radiation,
effective utilization of which may solve energy consumption problems without any impact to
the environment. Photovoltaic solar cells (PV SCs) (Figure 1) are devices directly converting
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energy of sunlight to electricity and, hence, are most suitable means for harvesting free and
inexhaustible energy in the future.

Sunlight absorption characteristics of solar cell depend on the structure of
semiconductor band. Solar irradiation spectrum consists of photons of energy from 0.5 to 3.5 eV
(2500 — 250 nm wavelengths). Consequently, every semiconductor with the bandgap within
0.5 —3.5 eV band absorbs some portion of solar radiation and can be used for PV SC applications.
Reasonable part of solar spectrum consists of photons with the energy higher than bandgap of
semiconductors that are usually used for fabrication of single-junction and multi-junction
commercial solar cells (Si, GaAs, InP, CdTe, Ge, InGaP and InGaN). Effective absorption of
high-energy photons from green to ultraviolet band is of significant importance for
improvement of conversion efficiency of solar cells.

The overview of the research works concerning enhancement of solar cell efficiency and
reduction of photovoltaic cost is conducted regularly. Figure 2 shows chronological record of
energy-conversion efficiencies of solar cells to date [1].
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Figure 2.Timeline of solar cell energy conversion efficiencies.

Increasing photovoltaic efficiency is critically important as for the space, as for the
terrestrial concentrator PV SC. Incorporation of nanostructured materials into the photovoltaic
devices enables improvement of efficiency in excess of the Shockley-Queisser limit. The most
promising candidates for this are InP nanostructured materials [2].

For fabrication of multi junction systems, generally III-V compound semiconductors or
Ge based materials are used, which are costly. The growth of thin layers of III-V
semiconductors on a silicon substrate for multijunction solar cell applications has the benefits of
reduced materials cost and well-developed silicon integrated circuit and solar cell technology.
The best candidate for development of such structures is gallium phosphide (GaP) because of its
lattice parameter compatibility with Si lattice (lattice constants of GaP and Si are 5.4505 and
5.43072 A, respectively). Matching of lattice parameters is essential for epitaxial growth of high
quality GaP layers on the surface of Si substrate. On the other hand, gallium phosphide (GaP) is
a good candidate for a solar cell due to its large bandgap (2.26 eV) and well-developed
technology.
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Nano-sized semiconductor particles, called quantum dots, definitely can realize SC with
an operating wavelength range, which covers absorption range of all other existing SC. In
addition, they have capability to convert high-energy part of the solar radiation. Figure 2 shows
extremely high performance of SC, which would be unachievable without QDs.

Electron confinement phenomena and calculation of energy levels quantum dots is well
known from textbooks [3]. Nanostructures, such as QDs, in the photovoltaic devices allow
extension of solar cell absorption spectrum and “tuning” of the bandgap to match spectral
conditions [4].

The fundamental requirements imposed on the materials and structures of III-V QDs for
solar cell applications are absorption wavelengths covering 2500 — 250 nm band, and
compatibility with the well-established processing technique on Si substrate. Due to the
properties of QDs, remarkable improvement in performance is purposed.

Various methods of fabrication of QDs were developed. For a long time, the only known
method of epitaxial growth of zero-dimensional system was the strain-induced method, based
on lattice mismatch. In this work, method of preparation of nanocrystals on the III-V
semiconductor surface is presented.

2. Experimental

The original technology of electrochemical deposition of metals on semiconductor
surface is elaborated for near-ideal metal / semiconductor (MS) contact fabrication. Distinctive
feature of this method is that whole preparation process, namely, surface etching and metal
deposition, is carried out in a unified technological process. Semiconductor’s surface was etched
electrochemically just before metal deposition.

Particularly, electrochemical deposition is performed in an aqueous solution of metallic
salts, which at the same time contain electro-chemically etching material. The principal picture
of equipment for electrochemical deposition is given in Figure 3.Electrolyte is poured into
quartz glass; semiconductor wafer is used as the one electrode and platinum as another; the
distance between the electrodes was about 1 cm.
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Figure 3. The principal picture of equipment for electrochemical
deposition (1 — electrolyte, 2 — semiconductor cathode, 3 — platinum
anode, 4 — power source, 5 — resistivity, and 6 — ampermeter).
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At our experiments Czochralski grown undoped n-type GaP wafers were used for the
fabrication of MS contacts. The thicknesses and carrier concentrations were about 200 — 250 pm
and 2 - 10 — 4 - 107 cm3 respectively. At first, metallic Ohmic contact was attached to the one
side of semiconductor’s wafer. Metallic Indium contacts were fabricated by alloying at 600°C
temperature during 5 min in cleaned inert gas (nitrogen or hydrogen) atmosphere using
specially constructed equipment, schematic picture of which is given in Figure 4. Here 1 - 6
represent quartz tubes, coated with heater; tubes 1 and 2 contain palladium alumogel, which
ensures mixing of oxygen with water vapor, which then condensates in 7 and 8 glass containers
placed into liquid nitrogen (water can be poured out after the end technological process); tubes
3 — 4 contain clean dry alumogel and tubes 5 — 6 contain silicagel.

Gas Purification Scheme

Nitrogen Gas

Quartz Reactor

“Tishchenko Flask”

Figure 4.Schematic picture of equipment
for preparation of Ohmic contacts.

Semiconductor wafers with little metallic points placed into graphite cassette, which is
located in quartz reactor, which itself is placed into the electric heater, for alloying of contacts.
Then the sample with Ohmic contact and power feed wire is covered with the chemically stable
polystyrene coating, except the area of metal deposition. The wafers then were etched
chemically in HCI +3HNO:s solution, rinsed in distilled water and were immediately transferred
into electrolyte for deposition of metals.

Regimes of electrode position of different metals were described in [5]. After
electrochemical deposition of metallic thin film, GaP wafers were cut to pieces of 2 — 4 mm?
area, which were then annealed in hydrogen atmosphere, during various time and at various
temperatures. Photo—spectral characteristics of annealed structures were investigated.

The spectral characteristics of samples were measured by equipment consisting of a
monochromator type DMR—4, suitable light sources, filters and measurement devices.

3. Results and discussion

Figure 5 represents measured photo-spectral characteristic of In / Gap contact annealed
at 290 °C in hydrogen environment during 3 min. Spectral studies of In / GaP structures showed,
that 0.2 V reverse biased photoelectric characteristic consists of two separated from each other
regions of photosensitivity 1.0 — 2.2 and 2.6 — 3.0 eV. For comparison in Figure 6 is shown the
absorption spectra of GaP measured by AvaSpec—2048 Fiber Optic Spectrometer.

As it can be seen from Figures 5 and 6, after annealing of In/GaP exhibits the region of
the strong photosensitivity, that is attributed to the formation of a new material (InP or InGaP
nanoclusters) on the surface of GaP, as result of interaction between metal (In) and
semiconductor (GaP) during annealing of In / GaP contacts.
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Photoresponse
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Figure 5. Photo response spectra of InGaP after annealing
at 290 °C during 3 min with the 0.2 V reverse bias.
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Figure 6. Absorption spectra of GaP.

Although there is no direct approval of this assumption, possible mechanism of
formation of InP nanoclusters on the GaP surface is discussed taking into account our
experimental results and publication data [6], according to which PL from InP / GaP QDs have
peak between 1.9 and 2.0 eV. These photoluminescence data coincide with our photo-spectral
measurement results and their comparison confirms our assumption - formation of nanoclusters.

High-energy gap solar cell plays very important role in multi-junction systems. Gallium
phosphide is characterized by wide band gap and high carriers mobility; Besides, GaP is well-
studied semiconductor, and its lattice matched with Si and GaP-Si technique is well-developed.
These properties altogether make gallium phosphide attractive and promising material for Si
based MJSC'’s.

Proposed simple technology of electrochemical deposition of thin metallic films of
Indium and low temperature heath treatment may be definitely used for fabrication of islands
with III-V semiconductors heterojunctions. Nanostructured optical materials have many
advantages compared to bulk or quantum film materials typically used in optoelectronics.
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Despite simultaneous microscopy study of the interface morphology of surface layers, it
is very difficult to understand influence of annealing temperature on the characteristics of MS
structure. However, comparing our results with the literature data [7] a hypothesis can be made
that little islands or nanoclusters are formed in the MS interface.

We suppose that fabrication of nanostructured AlGaP layer on GaP epitaxial surface by
using technological method mentioned above will serve to expand high-energy absorption band
of the solar cell by means of increment (enlargement) of band gap to the high-energy band of
solar spectra. This also will ensure increment of open circuit voltage of the cell and in this way
improve solar cell conversion efficiency; utilization of concentrator will ensure further
increment of efficiency.

5. Conclusions

Study of influence of annealing temperature on In / GaP structure reveals new region of
strong photosensitivity that is attributed to the formation of the new material — InP or InGaP
nanoclusters on the surface of GaP.

This result gives the possibility of expansion of SC absorption spectra and boost of its
efficiency.
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Abstract

In this study we evaluate the potential of using Gen5 (1.4 m?) KAI PECVD reactors
originally designed for production of thin film silicon modules, for manufacturing of high-
efficiency silicon heterojunction (Si-H]J) solar cells. It is shown that Gen5 KAI PECVD reactors
can provide an excellent uniformity of optical and electrical properties of hydrogenated
amorphous silicon layers across entire surface of a 110 x 130 c¢m? wafer carrier. Surface
passivation with low surface recombination velocity (< 4 cm / s) is achieved on n-type FZ c-Si
wafers. Si-H]J solar cells, with an efficiency as high as 20.4 %, are produced using commercial 6
inch n-type CZ c-Si wafers and Gen5 KAI PECVD reactors. The potential to reach the
efficiency above 21 % is also demonstrated.

1. Introduction

Recent reduction of polysilicon price has made amorphous silicon thin film
photovoltaics noncompetitive and resulted in shutdown of ‘micromorph’ module
manufacturing by several companies in last few years. Nevertheless, excellent crystalline silicon
(c-Si) surface passivation properties of hydrogenated amorphous silicon (a-Si:H) grown by
plasma enhanced chemical vapor deposition (PECVD) have been demonstrated [1]. In light of
these events many PV players started to look forward to use a-Si:H films for the development of
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high-efficiency, crystalline silicon solar cells [2]. A typical example is silicon heterojunction (Si-
H]J) solar cell, invented by Sanyo Electric Co. [3], consisting of a monocrystalline silicon (c-Si)
wafer with both sides coated with ultra-thin (5 — 10 nm) a-Si:H layers. Simple structure of Si-HJ
solar cells in combination with their high efficiency and low temperature processing make
them attractive for the solar PV industry. The record R&D Si-H]J cell developed last year by
Panasonic [4] using a 98-pm-thick c-Si wafer has an efficiency of 24.7 %.

As recently demonstrated by EPFL team [5], Si-HJ solar cells with efficiencies above
21 % can be produced by using different types of PECVD reactors, including a medium-area
(50 x 60 cm?) industrial KAI-M reactor. In this study Gen5 (110 x 130 cm?) KAI PECVD
reactors, designed by TEL Solar (the former Oerlikon Solar) for mass production of micromorph
modules, are evaluated for manufacturing of high-efficiency Si-HJ solar cells. In order to
accelerate this process, the R&D Center of Thin Film Technologies in Energetics and its parent
company — Hevel Solar set up collaboration with Meyer Burger — a leader in the Si-HJ solar cell
technology. Note that Hevel Solar plans to adapt its 100 MW micromorph module production
line into a line delivering more competitive product — high-efficiency Si-HJ solar cells /
modules.

2. Experimental details

The a-Si:H films were deposited at 200 °C in two Gen5 KAI PECVD reactors of R&D
pilot line, shown in Figure 1, designed by TEL Solar for the production and optimization of top
a-Si:H and bottom pc-Si:H cells of micromorph modules using an excitation frequency of
40.68 MHz (VHF). Spectroscopic ellipsometry was used to characterize a-Si:H films on both
glass and c-Si wafers. For passivation studies, intrinsic a-Si:H of about 15 nm was deposited on
both sides of 280-pm-thick, polished, float zone (FZ) or 180-um-thick, textured, Czochralski
(CZ) c-Si wafers. Both FZ and CZ wafers were n-type <100> with a resistivity of 1 — 5 Q cm.
Before a-Si:H deposition, the wafers were immersed into a 5 % HF solution in order to remove
the native oxide and produce a hydrogen-terminated surface. The effective minority carrier
lifetime (t) and implied open circuit voltage (Voc) were measured by using a Sinton Consulting
WCT-120 tester in both quasi-steady-state and transient mode [6, 7]. The measurements were
taken on c-Si wafers with as deposited a-Si:H films.

Figure 1. Pilot line at the R&D Center of Thin Film
Technologies in Energetics (loffe Institute, St. Petersburg),
showing two Gen5KAI PECVD reactors used in this study.
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The structure of Si-H]J solar cells was similar to that first developed by Sanyo Electric Co.
[3], i.e. Ag front grid / In202:SnO: (ITO) 80 nm / p* a-Si:H 10 nm / 7a-Si:H 5 nm / textured CZ
n-type ¢-Si 180 pm / 7a-Si:H 5 nm / n* a-Si:H 20 nm / ITO 40 nm / Ag back metallization. The
full device process sequence is given in Table 1. First, 6 inch CZ c-Si wafers were textured at
SingulusStangl Solar GmbH and then shipped to the R&D Center in St. Petersburg for
deposition of a-Si:H layers in Gen5 KAI PECVD reactors. However, note that some number of
textured wafers were also shipped to Meyer Burger for a comparison (see Section 3.3).Intrinsic
and doped a-Si:H layers were deposited using mixtures of SiHs, H2, B(CH3)s and PHs. Then the
processed wafers were shipped to Meyer Burger, where both ITO and rear Ag layers were
deposited by dc magnetron sputtering followed by screen printing of the front grid using a low-
temperature Ag-based paste with subsequent curing.

Table 1.Process sequence for Si-HJ solar cells.

Process step Equipment
1.Wafertexturing SingulusStangl Solar GmbH
Shipping 1 Germany — Russia
2. Deposition ofa-Si:H layers Gen5 KAI PECVD reactors of R&D pilot line
Shipping 2 Germany — Switzerland
3. ITO/Ag Meyer Burger
4. Screen printing Meyer Burger
5. Characterization Meyer Burger

Since the SmartWire interconnection technology offers Ag metallization cost reduction
and less contact grid shading, busbar less screen printing has been used. Hence, the Grid™VcH
system [8] was employed for measuring the current—voltage characteristics of 6 inch Si-H]J solar
cells. Photoluminescence imaging was also used to monitor the quality of surface passivation.

3. Results and discussion
3.1. Surface passivation

High-quality surface passivation is of extreme importance for any high-efficiency c-Si
solar cells. It has a strong impact on Voc of c-Si solar cells. a-Si:H layers passivate c-Si surfaces
mainly by hydrogenation of silicon dangling bonds, leading to a reduction of the interface
defect density. A necessary condition for good passivation is that the a-Si:H / c-Si interface
should be atomically sharp, meaning that silicon epitaxial growth is avoided, i.e., no crystalline
material is deposited [9]. This can be achieved by a proper tuning of PECVD parameters, see,
e.g., [10].

Because of the bulk lifetime of CZ c-Si wafers greatly depends on the supplier, and in
most cases is usually unknown, surface passivation studies were mainly done using FZ c-Si
wafers supplied by Topsil. Figure 2 shows a typical lifetime curve for a sample with 15-nm-
thick 7a-Si:H layers deposited on both sides of FZ c-Si wafer. At excess carrier density of
10 cm3, a carrier lifetime of 4.6 ms is obtained. Under 1-sun illumination, this corresponds to
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an implied Voc of 725 mV, as shown in Figure 2. This value differs only by 5 mV from that
(730 mV) obtained in the so-called S-Cube reactor [11] developed by Roth & Rau particularly
for mass production of high efficiency Si-H]J solar cells. According to the Topsil specification,
the bulk lifetime of FZ c-Si wafers used in this study was above 2 ms, resulting in a value of
surface recombination velocity below 4 cm / s.
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Figure 2. Implied Voc (top) and minority carrier
lifetime (bottom) of passivated n-type FZ c-Si wafers.

Recently, the same value of surface recombination velocity was also obtained for
commercial 6 inch CZ c-Si wafers passivated with 7/ pand 7/ na-Si:H layers.

3.2. Uniformity of a-Si:H layers

Since Si-HJ solar cells incorporate extremely thin (5 — 10 nm) a-Si:H layers, for
successful mass production of such cells, large-area PECVD reactors have to fulfill another
important criterion — excellent deposition uniformity [12].

Figure 3 shows the results of spectroscopic ellipsometry for our optimized intrinsic a-
Si:H layer deposited on 11 c-Si wafers using Gen5 KAI PECVD reactor. It can be seen that
thickness uniformity below 5 % can be achieved over a 110 x 130 cm? area. It should also be
mentioned that deposition of the same a-Si:H layer (under otherwise identical conditions) on a
110 x 130 cm? glass substrate results in a thickness uniformity of 7.1 %. This is most likely due
to difference in heat transfer in metallic wafer carrier and glass.
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Figure 3. Uniformity of 95 nm thick intrinsic a-Si:H layer
over a 110 x 130 cm? wafer carrier. (left) thickness
uniformity, (right) band gap energy distribution.

3.3. 6 inch Si-HJ cells

With the sequence described in Table 1, complete Si-HJ solar cells have been fabricated
using commercial 6 inch (pseudo square) CZ c-Si wafers. The best cells had an efficiency of
20.4 % with a Voc of 721 mV, a Jsc of 36.8 mA / cm? and a fill factor of 77 %, as summarized in
Fig.ure 4. Note that these results are preliminary and there is still room for improvement, as will

be shown below.
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Figure 4. Current—voltage characteristics of Si-H]J solar cell

produced using commercial 6 inch CZ c-Si wafer and Gen5 KAI
PECVD reactors. The cell has busbar less front side metallization.
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In order to determine the impact of two days wafer transportation in hand luggage,
particularly shipping 2 (see Table 1), on the performance of Si-HJ solar cells some number of
textured wafers were split into two groups: 1) reference group in which the wafers were
processed at Meyer Burger and 2) travel group, in which the wafers were processed first at the
R&D Center and then at Meyer Burger as described in Table 1.

(a) Reference group (b) Travel group

Figure 5. Photoluminescence images of 6 inch CZ c-Si wafers with
the same deposited intrinsic / doped a-Si:H layers (i/ p— front
surface, 1/ n— rear surface): (a) reference group and (b) travel group.

Figure 5 shows typical photoluminescence images of passivated wafers from the reference
and travel groups, indicating a strong impact of transportation on the quality of surface
passivation. The lifetime measurements indicate T ~ 1.5 / 0.9 ms at excess carrier density of
10% cm™ corresponding to implied Voc ~ 721 / 708 mV for the reference / travel group,
respectively. This fact along with some oxidation of a-Si:H layers during the transportation
resulted in the measured efficiency loss of 0.6 — 0.9 % abs. Consequently, if the transportation of
wafers after deposition of a-Si:H layers is eliminated then the efficiency of such (239 cm?) Si-H]J
solar cells will reach a value > 21 %.

3.4. R&D Si-HJ cells

In order to explore further the potential of Gen5 KAI PECVD reactors for manufacturing
of high-efficiency Si-H]J solar cells, attempts to fabricate Si-HJ cells at the R&D Center in St.
Petersburg were undertaken. Figure 6 illustrates the progress in the development of R&D Si-H]J
cells, described in detail elsewhere [13].

Note that after about one year research a conversion efficiency of 21.6% (Voc = 725 mV,
Jsc = 39 mA / cm?, FF = 76.4 %) has been achieved for 10 x 10 cm? Si-H]J solar cells with
4-busbar front grid. Nevertheless, we believe that further optimization of all production steps
(wafer texturing, surface passivation, ITO deposition and screen printing of the front contact
grid) will boost the cell efficiency even higher.
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Figure 6. Progress in the development of Si-HJsolar cells
at the R&D Center of Thin Film Technologies in Energetics.

4. Conclusions

It is shown that Gen5 KAI PECVD reactors originally designed for mass production of
micromorph modules can be successfully used for manufacturing of Si-H]J solar cells with
conversion efficiency above 21 % using commercial n-type CZ c-Si wafers.
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Abstract

Chitosan is a well sought after polysaccharide in biomedical applications and has been
blended with various macromolecules to mitigate undesirable properties. Polycaprolactone
(PCL) is biodegradable polyester with a low melting point (around 60°C) and the glass transition
temperature of about —-60°C. The work deals with the preparation and characterization of the
chitosan and poly-e-caprolactone solution casted blended films in various properties (chitosan—
PCL ratios are 90 : 10, 75 : 25, and 60 : 40). The casted films were characterized based on the
structural functions, optical and electrical studies by using X-ray diffraction, Fourier-transform-
infrared, ultraviolet-visible-spectrometer and LCR meter.

1. Introduction

Chitosan (Figure 1) is prepared from chitin with the help of three steps namely
deproteinization, demineralization and decolorozation [1, 2]. Polycaprolactone (PCL) is a
versatile synthetic polymer with low melting point of 60 °C [3, 4]. It is also a biocompatible and
biodegradable polymer like chitosan. It has a neutral charge distribution and it has been
blended with various amorphous crystalline and polymers including chitosan.

CH,OH [ CH,OH ] CH,OH
0 L0 o OH
OH O OH OH
N, | NH; _ |n NH>
Chitosan

Figure 1.Structure of chitosan.

Chitosan is a linear polysaccharide composed of randomly distributed (3-(1-4)-linked D-
glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit). It has a number
of commercial and possible biomedical uses.
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Synthesis and characterization chitosan / polycaprolactone composite films.

PCL is biodegradable polyester with a low melting point of around 60 °C and a glass
transition temperature of about —60°C. PCL is prepared by ring opening polymerization of
e-caprolactone using a catalyst such as stannous octanoate (Figure 2). The most common use of
polycaprolactone is in the manufacture of specialtypolyurethanes. Polycaprolactones impart
good water, oil, solvent and chlorine resistance to the polyurethane produced.

O
Catalyst Cil

5 + Hear CP—(CI |1}— L
\// n

e-Caprolactone PolyCaprolactone

¥

Figure 2.Preparing of polycaprolactone.

This polymer is often used as an additive for resins to improve their processing
characteristics and their end use properties (e.g., impact resistance). Being compatible with a
range of other materials, PCL can be mixed with starch to lower its cost and increase
biodegradability or it can be added as a polymeric plasticizer to PVC. Polycaprolactone is also
used for splinting, modeling, and as a feedstock for prototyping systems such as a RepRap,
where it is used for Fused Filament Fabrication (similar to the Stratasys’ Fused Deposition
Modeling or FDM technique).

2. Experimental

Here we observe blending two polymers in an effective way to develop new materials
with combinations of properties not processed by individual polymers. Consider also the wide
range of physical, chemical properties and processabilities and biological interactions of natural
polymers. Since the properties of PCL and chitosan are complementary it is possible that
blending two polymers will give composite owning properties of idea; while the scaffold such as
biocompatibility promotes the ability of tissue development. The blending of chitosan withPCL
has been investigated not only for medical applications but it also is an effective to reduce
environmental pollution from plastic waste.

Selection of common solvent. Chitosan is insoluble in water organic solvents. Some
organic acids such as acetic acid,formic, lactic and oxalic acids are frequently used for
dissolution.PCL dissolves in organic solvents such as chloroform,acetic acid and not in
water.Chitosan dissolves in acetic acid but not in many organic solvents.Chitosan and PCL were
blended homogeneously in a unique solvent mixture of acetic acid

Preparation of stack acidic acid solution. 10 ml of glacial acetic acid dissolves in 100 ml
of distilled water is known as stack acidic acid solution.

Preparation of 0.1 NaOH solution. 0.4 g of NaOH dissolves in 200 ml of distilled water is
known as 0.1 NaOH solution.

Preparation of chitosan solution. Stack acetic acid solution is added with 2 wt. %
chitosan powder to produce chitosan solution for the blend.

Preparation of PCL solution. The PCL solution prepared by 1.8 % PCL added with glacial
acetic acid.
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Preparation of film.The polymer solutions are mixed in definite ratios like 60 : 40, 75 : 25,
and 90 : 10 in a 20 ml to form blend solution. That blend solutions are kept in a Petri dish and
placed in a magnetic stirrer for 4 h with the heat of 55 °C. Then 0.1 M NaOH solution dripped
out on the polymer film to remove the amine groups in the chitosan and avoid
depolymerization.Finally, the Petri dish were kept in the desiccators to obtain the polymer
films and kept till further study.

3. Results

FTIR studies.
3000 - 3600 cm™  has broad OH stretching.
3200 - 3700 cm™  is the more intensity due to NH group of chitosan.
1722 (1725) cm™  has carbonyl groups stretching vibration in PCL.
1650 cm™! has stretching of amide.
1590 cm™! has amine deformation in the chitosan 732 due to PCL.

0.0 _

Figure 3. spectrum of blend film.

FTIR spectrum of blend film (Figure 3) indicated a shift in peak absorption from 1744 to
1728 (75 : 25) and 1724 cm™ (60 : 40) due to carbonyl group,respectively. The peak absorption
due to 732 of PCL representing —C=0O rocking has shifted lower wavelength 726 cm™! (75 : 25)
and 733 cm™! (60 : 40)in the blended films. This shift in absorption peak indicates the miscibility
interaction of two polymers. These peaks are also present in the FTIR spectra of chitosan / PCL
blends, although with varying intensities depending on their composition. The higher
absorption intensity of 3200 — 3700 cm™ in curve chitosan / PCL (60 : 40) indicates that there is
more in chitosan / PCL. The border absorption peak of 3000 — 3700 cm™ in curve chitosan / PCL
(60 : 40) indicates that the bonds are weaker than the chitosan / PCL (75 : 25).
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UV visible spectroscopy. UV-visible-spectra of the casted films were taken using UV-
visible-spectrometer (range 190 — 1100 nm). From the UV visible spectra,it is observed that the
film samples are highly absorptive material. The transmission spectra (Figure 4) showed that the
(60 : 40) film has higher transmission than (75 : 25) film. It is due to stronger bond formed
between chitosan and PCL polymers in (60 :40) film.
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Figure 4. Transmission spectra of casted films with chitosan
—polycaprolactone ratios of (a) (60 : 40) and (b) (75 : 25).

AC conductive measurements.
Results of AC conductive measurements are presented in Figures 5 and 6, and Table 1.
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Figure 5. Dielectric constant of casted films with
different chitosan—polycaprolactoneratios vs. frequency.
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Figure 6. Real (a) and imaginery (b) parts of dielectric constant of casted
films with chitosan—polycaprolactone ratio of 60 : 40 vs. frequency.

Table 1. AC conductive parameters of

casted chitosan—polycaprolactone films.

Frequency, log £ Capacitance | Dissipation o fR c;ia‘:lf:::ic In;;%ll;?ztf;rt
F Hz 8 C, arb. Units | factor, D
constant ¢ constant &'
50 1.69897 23.6809 2.45512 5.129235948 12.59288976
80 1.90309 15.1123 1.84821 3.273294191 6.049735058
100 2 14.1632 1.76625 3.067721015 5.418362243
120 2.079181 15.5366 1.27502 3.36519673 4.290693134
150 2.176091 13.3156 1.24772 2.884132537 3.598589849
200 2.30103 12.4429 1.0794 2.695107449 2.90909898
250 2.39794 12.865 0.89316 2.786533471 2.488820235
300 2.477121 11.4306 0.80801 2.475845277 2.000507743
400 2.60206 10.7412 0.70105 2.326522605 1.631008673
500 2.69897 10.3468 0.5901 2.241096348 1.322470955
600 2.778151 9.974 0.5047 2.160348608 1.090327942
800 2.90309 9.5947 0.43377 2.07819298 0.901457769
1000 3 9.50875 0.37743 2.059576381 0.777345913
1200 3.079181 9.16657 0.34213 1.985460872 0.679285728
1500 3.176091 9.00928 0.28156 1.95139217 0.549433979
2000 3.30103 8.80345 0.2934 1.906809801 0.559457996
3000 3.477121 8.48556 0.19783 1.837955457 | 0.363602728
4000 3.60206 8.25796 0.16705 1.788657749 | 0.298795277
5000 3.69897 8.24618 0.1504 1.786106224 0.268630376
8000 3.90309 7.96128 0.13043 1.72439745 0.224913159
10000 4 7.82716 0.11797 1.695347324 0.200000124
50000 4.69897 7.24864 0.07523 1.57004104 0.118114187
100000 5 7.14013 0.06205 1.546537989 0.095962682
200000 5.30103 7.35185 0.06225 1.592396121 0.099126659
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4. Conclusion

In the present studies, the film samples were prepared successfully by blending chitosan
/ PCL in acetic acid solutions. The presence of chitosan in composite was proved by FTIRresults.
It was clear that adding in to PCL there won’t be any change in the crystal structure of PCL.
Study of the conductivity of AC shows that the samples have high conductivity at low
temperature. The UV visible spectra showed that the chitosan / PCL films were highly
absorptive material in nature.

References

1. C.-M. Lehr, J. A. Bouwstra, E. H. Schacht, H. E. Junginger. In vitro evaluation of
mucoadhesive properties of chitosan and some other natural polymers. Int. J.
Pharmaceutics, 1992, 78, 1-3, 43-48.

2. B. Carreio-Gémez, R. Duncan. Evaluation of the biological properties of soluble
chitosan and chitosan microspheres. Int. . Pharmaceutics, 1997, 148, 2, 231-240.

3. M. A. Woodruff, D. Werner. Hutmacher. The return of a forgotten polymer -
Polycaprolactone in the 21st century. Prog. Polymer Sci., 2010, 35, 10, 1217-1256.

4. M. F. Koenig, S. ]. Huang. Biodegradable blends and composites of polycaprolactone and
starch derivatives. Polymer, 1995, 36, 9, 1877-1882.

258



E. Karamian, et al. Nano Studies, 2016, 14, 259-264.

RAPID / SIMPLE SYNTHESIS OF MAGNETITE / DIOPSIDE AS
A NOVEL MAGNETIC-BIOACTIVE NANO COMPOSITES USING
BONE CANCER THERAPY HYPERTHERMIA TREATMENTS

E. Karamian, A. A. Najafizadeh, M. Zahraei, F. Ranjbar

Advanced Materials Research Center
Faculty of Materials Engineering
Najafabad Branch

Islamic Azad University

Najafabad, Iran
ebkaramian91@gmail.com
ekaramian@pmt.iaun.ac.ir

Accepted January 26, 2017
Abstract

This paper presents a simple method for the rapid synthesis of diopside /magnetite nano
composite powder. Superparamagnetic magnetite nanoparticles are firstly synthesized by co-
precipitation using ferrous chloride and ferric chloride. Immediately following the synthesis,
Diopside, CaMgSi20es, particles were prepared by sol-gel method. Then, diopside /magnetite
composites synthesized by wet milling diopside synthesized in a dispersed suspension of
magnetite nanoparticles, 20 — 70 nm, during which the magnetite nanoparticles are
incorporated into the diopside matrix. We observed that the resultant diopside /magnetite
possessed a homogeneous dispersion of magnetite nanoparticles, characterized by an absence of
large aggregates. When these materials were subjected to an alternating magnetic field, the
generated heat increased with increasing of the magnetite concentration. For a magnetite
concentration of 20 wt. %, DM20, a temperature increase about 10 °C was achieved in 1 min.
These results suggest that our composites exhibit good hyperthermia properties and are
promising candidates for investigation of biological tests.

1. Introduction

Diopside (CaMgSi2O¢) is a very common silicate mineral, it belongs to the calcic
pyroxenes group [1]. Diopside reveals a variety of physicochemical characteristics and
appearance, and is widely used in many fields such as chemical industry and medicine [2]. The
structure of diopside is monoclinic and the cell parameters are as follows (Figure 1) [3]. It is well
known that FesOs nanoparticles are biocompatible with the human body. However, there is the
concern that the nanoparticles may have long-term toxic effects.

The current therapies available to treat cancer patients mainly rely on surgical operation
and chemical therapy.In addition, the serious disadvantage of these cancer therapies methods is
that the heat generated during treatments not only kills cancer cells but also normal cells,
because it is difficult to heat deep-seated cancerous effectively and locally. So, the therapeutic
procedures that can heat carcinomatous area effectively and selectively are urgently needed.

In recent years, hyperthermia, a treatment technique based on deactivation of cancer
cells, tumor tissue, by raising the temperature in the range 42 — 46 °C has gained much attention
as an alternative therapy to treat cancer. As to ferromagnetic nano particles have the ability to
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generate heat in high frequency magnetic field, magnetite is one of the most promising
candidates for hyperthermia. If magnetite can be made to accumulate only in the cancer tumor,
they can specially heat the cancer cells [4].

(a) (b) (©)
Figure 1. Structure of diopside.

In this paper, we describe a method for quick and easy synthesizing diopside/Fes3Os
composite particles. In the method, FesOs nanoparticles are firstly prepared by co-precipitation
method [5], after which we employ sol-gel method and then a horizontal tumbling ball mill to
mechanically synthesize submicron-sized diopside particles. Finally, these materials were
composited by high energy ball milling (HEBM) under wet conditions at room temperature.
The merits of using horizontal tumbling ball mills are that the device structure is simple, the
handling is easy, the energy consumption is relatively low, and scale-up is easily achieved [6].
The wet mechanical process promotes the dispersion of FesOs nanoparticles in the diopside
matrix. We investigated the factors and conditions that influence the formation of diopside /
Fe3O4 composites and examined their properties with respect to hyperthermia treatments.

2. Materials and methods
2.1. Preparation of super paramagnetic Fe304nanoparticles

The Fe3Os, spinal FeFe2Os, nanoparticles were synthesized by a co-precipitation method
reported previously [2 —4].

2.2. Preparation of diopside powder

The diopside ceramic was prepared via a modified sol-gel method. Briefly we dissolved a
same molar ratio of Ca (NOs3)24H20 and Mg(NOs)26H20 in an absolute ethanol and stirred
vigorously for 30 min in 80 °C to dissolve these precursors in the solvent. Si(OC2Hs)s (TEOS)
was added to the homogenous solution and slowly stirred to transform to a wet gel. Drying in
an oven at 110 °C for 2 h resulted in a dried powder which was grounded in a hand-mortar,
then calcined at 1150 °C for further 3 h. Finally it was ball-milled in a zirconia mechanical ball
mill for 2 h to supply diopsidenano powder.

2.3. Preparation of hyperthermia-relevant diopside/re30snano-composites

At first, 60-mL FesOs suspensions with variable concentrations and amount of diopside
powder 10, 20 and 30 wt. % of DM10, DM20 and DM30, respectively. Then, the resulting
suspension was subjected to a mechanical treatment using a horizontal tumbling ball mill. Wet
milling was performed at room temperature for 1 h and rotational speed of the pot was 300 rpm
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with ball to powder ratio 10 : 1. After milling, the precipitate from the pot was washed with
deionized water and centrifuged. This washing operation was repeated several times. At last,
the precipitate was dried overnight at 313 K in vacuum.

2.4. Characterizations

Phase structure analysis was carried out by X-ray diffraction (XRD) (Cu K« radiation (A=
0.15418 nm) over the 20 range of 10 — 90°). The obtained experimental patterns were compared
to the standards compiled by the Joint Committee on Powder Diffraction and Standards
(JCDPS) which involved card # 011-0654 for diopside phase.

The average crystallite size of the as-synthesized samples was calculated from the XRD
patterns using the modified Scherrer’s equation [7].

The morphology of the samples was also observed via field emission scanning electron
microscopy. The particle size distributions were determined using a DLS analyzer (Zetasizer
Nano ZS, Malvern Instruments, and Worcestershire, UK). The powder has been suspended in
the ethanol liquid by ultrasonic irradiation for 30 min before doing DLS analyzer.

In order to evaluate the heat generation ability of magnetic nano composites particles,
the powder samples were dispersed in deionized water under ultrasonic irradiation, 1.02 g, was
placed in a polystyrene tube (diameter 16 mm) and closely packed by tapping the tube. The
loading mass was adjusted such that the packed volume was a constant 0.7 cm3, regardless of the
Fe3Os concentration. We then inserted the tube into the canter of the coil apparatus in an AC-
magnetic field (600 kHz, 2.9 kA / m — 36.5 Oe). Then the increase intemperature was measured
using an optical alcohol thermometer.

3. Results and discusion
3.1. Particles size distribution

The results of distribution of the particles size of the synthesized magnetite powder are
shown in Figure 2. As it is seen there all the particles are in less than 90 nm. It means that the
synthesized magnetite powder is nano powder with 40 nm in particles size average.

Particle Size Distribution

100 50
30 45
80 40
70 35 =
E 60 30 £
= 50 25 ®
40 20 3
30 15
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0.1 1 10 100 1,000 10,000

Size(nanometers)
Figure 2.The particles size distribution
of magnetite powder synthesized.

3.2. XRD results (phase analysis)

Phase analysis of synthesized magnetite and diopside powders are shown in Figures 3. As
you seen at two materials synthesized all peaks belong to crystals planes of FesOs and diopside
(CaMgSi2Os) phases. In fact, there is no other phase as the impurities.
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Figure 3. XRD patterns of magnetite (left) and diopside powder synthesized (right).

3.3. Estimation of crystal size

At this sample, Figure 4, the linear regression plot is obtained asy = — 6.3433x — 3.3477.
This is equivalent to In f=1n (1 / cos@) + In (k1 / L ). From this line, the intercept is — 3.3477

and e 3377= kA / L and L =390 A = 39 nm. So, the averagesize of the crystals of the synthesized
magnetite is 39 nm.
In (1/Cos Tetha)
’ b D.Ioz D.IEM D.IDE D.E)S Dfl D.I12 D.I14 D.:ILE D.I].E

y=-6.3433x-3.3477 . 4

Figure 4.Plot of In fvs.In (1/ cos®)
ofthe magnetite powder synthesized .

The calculatedaveragesize of crystals, 39 nm, is close to the average size of particles and
was determined by DLS graph, 20 — 70 nm or 35 nm in average (Figure 2).

3.4. Induction heating ability (heat generation ability)

The heat generation ability of magnetic nano compositesparticles (1.02 g) was measured
by coil apparatus. As one seen, temperature profiles were increased up to 10 °C at the magnetite
composite samples containing 20 and 30 wt. % of DM20 and DM30 samples, less than 60 s.

However, these composites showed good hyperthermia-related properties (Figure 5),
which were similar to or better than those reported elsewhere for these arterials [8 — 10].
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Figure 5.Temperature profiles of (a) diopside free magnetite
(b) diopside/magnetite composite containing 10 (c), 20
and (d) 30 wt. % Fe3Osin an alternating magnetic field .

3.5. SEM micrographs

A representative SEM image of magnetite nanocomposite containing 20 wt. % Fe3Os is
shown in Figure 6. The figure shows FesOs nanoparticles measuring approximately 50 nm
embedded in the micron size diopside matrix; the particles are homogeneously dispersed
without having formed any large aggregates. As it is shown, large isolated aggregates of Fe3Os
nanoparticles were hardly observed on the surface of diopside particles; thus, we confirmed that
our synthesis method effectively yields nanostructured diopside / Fe3Os composites. The X-ray
map of iron element shows good distribution of Fe in the matrix and confirms formation of
diopside / magnetite nano composite. As it is seen, according the iron X-ray map we can
measure and conclude that iron oxide particles in the nano composite particles are of 20 — 75
nm size approximately.

Figure 6.SEM image of diopside / FesO4 nanocomposite
containing 20 wt. % magnetite nano particles, DM20 composite
sample: (left) and X-ray map of Fe in the SEM micrograph (right).

4. Conclusion and suggestions

According to above discussion, we can represent the following conclusions:
1. A simple-rapid method for the synthesis of diopside/Fe3Os composites was developed. In
this method, superparamagnetic FesOs nanoparticles, almost 40 nm, and submicron-sized
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diopside particles are sequentially prepared in a short period, less than 1 h, and Fe3Os
nanoparticles, 20 — 70 nm, are effectively incorporated into the diopside matrix by ball
milling.

In the diopside/FesOs composites thus synthesized, the FesOs nanoparticles were
observed to be homogeneously dispersed without having formed any large aggregates,
even at the absence of anti-agglomeration agents, illustrating the success of the milling
process.

This property resulted in effective heat generation in the diopside/Fe3Os
composites,when the composites were immersed in an alternating magnetic field. In fact,
the temperature was increased up to 10 °C during less than 1 min at the magnetite
composite samples containing 20 and 30 wt. % Fe3Osa.

Therefore, our synthesis method can efficiently provide diopside magnetite composites,
containing 20 and 30 wt. % Fe3Os, that may be used to investigate the biological-related
tests and hyperthermia therapy against malignant bone tumors.

Future work will focus on the improvement of the hyperthermia-related properties of
the material by optimization of the size of FesOs nanoparticles and also on applications of
the materials in bone tissue engineering.
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Abstract

Graphene-based nanocomposites have been demonstrated to be promising high-capacity
anodes for lithium ion batteries to satisfy the ever growing demands for higher capacity, longer
cycle life and better high-rate performance. In this study, graphene-metal based anode
materials, which have high mechanical, electrochemical, electrical and thermal properties, were
synthesized. To synthesize graphene-based composite anode materials, primarily bulk graphite
was oxidized by using modified Hummers method and then graphite oxide was reduced to nano
graphene material through thermal exfoliation method. By virtue of this technique, from bulk
graphite good quality graphene in high quantities were obtained. Finally, nano metal particles
tin (Sn) and molybdenum disulfide (MoS2) were added into the graphene nano structure to
produce graphene-metal hybrid material. Structural characterization of the obtained samples
were characterized by surface electron microscope (SEM), X-ray diffraction (XRD) and Raman
Spectroscopy. Also electrochemical performance of the prepared composite samples was
analyzed in coin cell.

1. Introduction

As portable consumer and wearable electronics continue to be increasingly ubiquitous in
the modern society, the demand for better lithium ion batteries powering these devices have
risen exponentially [1]. Lithium ion batteries have so far been regarded as an ideal candidate
due to the ability to deliver high capacities repeatedly over thousands of cycles of operation at
reasonable charge / discharge rates. However, as the aforementioned devices become more
integral in the consumer’s daily routine, the need for long-lasting batteries has become critical.
Further, with an increase in feature-intensive next-generation electronics, the need for higher
power density batteries has also drawn significant attention [2]. In general, traditional lithium
ion batteries comprising of a graphitic anode and a lithium cobalt oxide or lithium iron
phosphate cathode are known for relatively high energy densities but low power densities.

Conventionally, graphite is used as an anode material for commercial lithium ion
batteries. However, graphite suffers from an inherently low theoretical charge storage capacity
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(372 mA h/ g) and often operate at significantly lower rates that in turn limits the achievable
power densities. For the purpose of improving the energy density and power density of
batteries, scientists have made great efforts to explore alternative anode materials with higher
capacity, such as Fe20s, Fe3Os, Co3Os, and Mn20s [3 — 6]. Unfortunately, a large specific volume
change commonly occurs in the host matrix of these materials during the cycling process. The
resulting partial pulverization of the electrodes leads to a decrease in electrical conductivity and
reversible capacity, thereby limiting their commercial viability.

Graphene, a single 2-D carbon sheet with the same structure as the individual layers in
graphite, has recently spurred a great interest as lithium ion battery anodes, owing to its high
intrinsic surface area and outstanding electrical conductivity [7 — 10]. Yoo et al. first
demonstrated the feasibility of incorporating graphene anodes as the host for lithium storage,
delivering capacities of 540 mA h / g [11]. The early results with graphene anodes generally
suffered from poor coulombic efficiencies and low cycle life [12], attributed to the use of non-
conductive polymer binders, high surface area and aggregation of graphene nano-platelets. This
hypothesis was proved to be true as subsequent studies revealed that binder-free graphene
anodes delivered improved performance characteristics as compared to the traditional slurry-
based approach. Another approach commonly employed in improving the coulombic efficiency
in graphene-based electrodes have been through the incorporation of a nano metal particles (Sn
and MoS2) to compensate for the irreversible capacity loss during the formation of the solid
electrolyte interphase (SEI) in the first few cycles. While graphene anodes have shown
tremendous promise as a potential alternative to graphite for high-performance lithium ion
batteries, there are certain fundamental constraints to its incorporation.

In this study, graphene—metal based anode materials, which have high mechanical,
electrochemical, electrical and thermal properties, were synthesized. To synthesize graphene-
based composite anode materials, primarily bulk graphite was oxidized by using modified
Hummers method and then graphite oxide was reduced to nano graphene material through
thermal exfoliation method. By virtue of this technique, from bulk graphite good quality
graphene in high quantities were obtained. Finally, nano metal particles of Tin (Sn) and
Molybdenum disulfide (MoS:) were added into the graphene nano structure to produce
graphene-metal hybrid material. Structural characterization of the obtained samples were
characterized by surface electron microscope (SEM) and thermogravimetric analysis (TGA) and
X-Ray Diffraction (XRD). Also electrochemical performance of the prepared composite samples
was analyzed in coin cell.

2. Experimentation

2.2. Synthesis of anode material

2.3. Synthesis of graphite oxide from graphite

Graphite oxide was prepared by modified Hummers method: Graphite powder (1.5 g,
325 mesh) was put into a mixture of 12 ml concentrated H2SOs, 2.5 g K25:0s and 2.5 g P20Os. The
solution was heated to 80C and kept stirring for 5 h by using oil-bath. In a next step, the
mixture was cooled to room temperature and diluted with deionized water (500 ml) overnight.

Then, the product was obtained by filtering using 0.2 ym nylon film and dried naturally. The
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pre-oxidized graphite was then re-oxidized by Hummers method. Pretreated graphite powder
was put into 0°C concentrated H2SO4 (120 ml), soon after, 15 g KMnOs was added gradually
under stirring, the temperature of the mixture was kept to be below 20 °C by ice-bath.
Successively, the mixture was stirred at 35 °C for 4 h, and then diluted with 250 ml deionized
water by keeping the temperature under 50 °C. 700 ml deionized water was then injected into
the mixture followed by adding 20 ml 30 % H20: drop by drop. The mixture was filtered and
washed with 1 : 10 HCl aqueous solution (1 L) to remove metal ions followed by 1 L of
deionized water to remove the acid. Obtained graphite oxide and graphene were
characterized by XRD and Raman spectroscopy.

2.3. Synthesis of grapheene

Thermal exfoliation method was used for the reduction of the GO. In this method
graphite oxide powder were exposed to high temperatures (700 °C) in an air environment for
short periods of time ranging from 10 to 20 s in order to produce open pore structure graphene.
The basic schematic of the fabrication of the entire thermally exfoliated graphene fabrication is
shown in Figure 1.
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Figure 1.Schematic of the thermally exfoliated
graphene fabricationshowing the various steps
involved starting from graphite raw material.

2.4. Graphene—-metal nanocomposite

Metal-nano particles of tin (Sn) and Molybdenum disulfide (MoS:z) were added into the
graphene by mixing physically via using agate mortar for 30 minutes.

2.5. Lithium ion battery cell assembly
Thermally exfoliated graphene and graphene-metal nanocomposites were tested as an

anode in LIBs. For this 2032 coin cells were assembled inside a glove box (MBraun Labstar) with
oxygen and moisture content < 1 ppm. Lithium foil was used as the counter electrode and
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polypropylene membrane was used as the separator. The electrolyte was 1 M LiPF in 1 : 1
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC). MTI battery testing
equipment was used to run the charge / discharge cycles.

3. Results
3.1. XRD characterization of graphite oxide

Powder X-ray diffraction studies were done using a PANalytical X’PERT Pro X-ray
diffractometer which has a nickel-filtered Cu Ka radiation as the X-ray source. The scanning
was done in the 26 range of 0 to 40° with a step size of 0.2°.

XRD pattern of graphite shows its characteristic peak around 25-26°(Figure 2a). This
gives an interlayer spacing of approximately 3.7 — 3.8 A. After oxidizing the graphite by
Hummers method, GO shows peak 26 = 11° (Figure 2b). This peak corresponds to the interlayer
spacing 8.3 A. The presence of the peak around 11° indicated that oxygenated groups have been
inserted in the interlayer of graphite which causes increase in the interlayer spacing .
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Figure 2. XRD patterns of the graphite (a), graphite oxide (b).
3.2. Raman characterization of graphene

The Raman spectroscopic measurements were carried out. A WITec alpha 300 Confocal
Raman system equipped with a Nd:YAG laser was used for 532 nm (2.33 Typical Raman spectra
of the graphene showing the Raman G (~ 1584 cm™) and 2D (~ 2685 cm™) band peaks that are
characteristic of few layer graphene Figure 3.
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Figure 3. Raman spectra of the graphene.
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Strong defect concentration D peak (~ 1350 cm™) indicates highly defective graphene.
Thermal exfoliation of graphite oxide produce graphene, which contains defects and lacks the
perfect honeycomb structure. We found that defects band can have significant impact on the
shape of the 2D band of graphene. Figure 3 shows the Raman spectra of graphene. At high
defect concentration, the hexagonal network of graphene is disturbed causing the suppression
of the smaller two peak form of 2D band.

3.3. Characterization of anode materials
3.3.1. Results of pure graphene as anode material

Figure 4 shows SEM images of graphene slurry layer. Mean thickness of the layer is
measured as 106.5 um. As showed in Figure 4, graphene layer has heterogen surface.

Figure 4. SEM images of graphene layer a) 1.04s, b) 5.04x

3.3.2. Results of g raphene—Sn mixture as anode material

Figures 5 and 6 exhibit SEM images of Sn / graphene slurry layers with mixing ratios
30 : 70 and 50 : 50, respectively. SEM images show that tin,graphene and were evenly mixed.

b)5.0kx

. aas TESCAN
.
Figure 6. SEM images of Sn—graphene 30 : 70 layer a) 1.0, b) 5.04-x

Figure 6. SEM images of Sn—graphene 50 : 50 layer a)1.04x, b)5.04x.
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3.3.3. Results of graphene-MoS: mixture as anode material

Figures 7 and 8 exhibit SEM images of MoS:/graphene slurry layers with mixing ratios of
30 : 70 and 50 : 50 SEM images show that materials were good mixed, but not evenly

completely.

L] vesss Tescan

Figure 7. SEM images of graphene-MoS: 30 : 70 layer a) 1.0k, b) 5.04x

'-‘. ) TR __._._- ~ "‘_

Figure 8. SEM images of graphene-MoS: 50 : 50 layer a) 1.04x, b) 5.0 4.

3.4. Results of coin battery performances

Thermally exfoliated graphene and graphene-metal nanocomposites eere tested as an
anode in LIBs. For this 2032 coin cells were assembled inside a glove box (MBraun Labstar) with

oxygen and moisture content < 1 ppm.
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Figure 9. Discharge capacity curves of
graphene—Sn samples and pure graphene.
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Figure 9 shows discharge capacities of 50 and 30 wt. % Sn mixed with graphene samples
and pure graphene for the first 5 cycles. Initial discharge capacities of samples are 997 and
901 mA h / g for 50 and 30 wt. % Sn mixed with graphene, respectively. In agreement with
literature data, 50 wt. % Sn mixed with graphene’s discharge capacity stabilized around
~540 mA h / g which is greater than that of the pure graphene.

2200
2000 -}
1800 _ —a— Pure Graphene
= | —e— MoS,-Graphene 30:70 wt%
=
E 1600 —4— MoS -Graphene 50:50 wt%
> 1400
2 ]
8 1200
3]
S 1
© 1000 -
<)
- -
©
£ 800
o
2 1
O 600 —— ° 2
+
400 e
T T T T T
2 - 4 5
Cycle number
Figure 10. Discharge capacity curves of
graphene—-MoS: samples and pure graphene.
3,0
2,5
2,0
E we Cycle 1 Discharge
291'5 e CyCle 2 Charge
;: = (Cycle 2 Discharge
10 m—Cycle 5 Charge
) = Cycke 5 Discharge
0,5
0,0

0 500 1000 1500 2000
Capacity (mAh/g )
Figure 11. Electrochemical performances of 50 : 50 wt. %
MoS2—graphene. Charge / discharge profile between 2.7 - 0.01 V.

Figure 10 shows discharge capacities of 50 and 30 wt. % MoS: mixed with graphene
samples and pure graphene for the first 5 cycles. Initial discharge capacities of samples are 2080
and 1009 mA h / g wt. % MoS: mixed graphene, respectively. The 50 wt. % MoS: mixed with
graphene sample seemed to work the best. After first cycle, its discharge capacity stabilized
around 1269 mA h / g. Figure 11 also represents the voltage vs. capacity curves of 50 wt. %
MoS: mixed with graphene sample at first, second and fifth cycle.
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5. Conclusion

In this work, graphene is synthesized by thermal reduction of graphite oxide, properties
and battery performances of metal mixed graphene anode for lithium ion batteries have been
investigated. Tin, molybdenum disulfide were used as additives. Samples were prepared by
mixing mechnacially. No other treatment has been applied to get graphene mixture. Obtained
samples are characterized by surface electron microscope (SEM). Graphite oxide and graphene
samples were characterized by X-ray diffration (XRD), Raman spectroscopy.

For electrochemical characterization, galvanostatic measurements have been conducted
after the fabrication of coin lithium ion batteries. At the galvanostatic measurement of tin
mixed graphene, 50 wt. % results has come better than graphene for disharge capacity. On the
other hand MoS: mixed graphene 50 wt. % cell showed promising electrode performance for
lithium ion batteries with large discharge capacity of ~ 2080 mA h / g and stabilized around
1270 mA h/g.

In summary, this study confirms that discharge capacities can be improved by preparing
the anode as composites, which consists of metals and graphene, as long as the size of the used
particles is in nm-region.
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Abstract

The removal of paint from aircraft structures is essential in crack detection during
routine non-destructive testing (NDT) procedures. Current paint removal methods, including
abrasive media blasting and chemical stripping, have the potential to mask surface cracks and
decrease the effectiveness of liquid penetrant inspections (LPI). This study utilizes standard
NDT practices to compare a new atmospheric plasma technology with conventional paint
stripping techniques in their ability to remove paint without negatively affecting the LPI
process. Using aerospace aluminium 2024-T3 and 7075-T6 test panels with fatigue induced
cracks, the effectiveness of the atmospheric plasma system was compared to chemical paint
stripping and media blasting methods undergoing a routine liquid penetrant inspection.The
results indicated that atmospheric plasma had no negative ramifications on detecting fatigue
cracks in the substrates, and did not alter their heat treatment, conductivity or hardness.

1. Introduction

The conventional methods for removing paint employed throughout the Canadian
Forces mainly include environmentally unfriendly chemical stripping and abrasive media
blasting [1, 2]. These paint removal methods could also adversely affect the effectiveness of
surface inspection during routine maintenance procedures if entrapped media or residues from
these paint stripping methods mask surface cracks making routine inspection using liquid
penetrant inspection (LPI) [3] less effective and challenging. A new approach to paint stripping,
using atmospheric plasma (AP), has the potential to replace conventional de-painting methods.
The following subsections briefly introduce the paint removal techniques and non-destructive
LPI and eddy current (EC) inspection methods for aerospace structures.

Chemical stripping involves the use of hazardous chemicals, which are typically high in
volatile organic compounds (VOC) and hazardous air pollutants (HAP). Long term exposure to
these chemicals, which are considered carcinogens and toxins, also pose risk to worker health.

In conventional chemical paint stripping, the chemical paint remover is applied to the
surface, left untouched for a specified period of time, and then removed by scraping with soft
tools and water. This paint stripping method involves minimal equipment and worker training.
A new generation of environmentally safe stripper, EFS-2500, which has low volatility, was
used in this study.
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In this study we utilized type VII starch-acrylic, which is a gentle abrasive media that
consists of grains of corn starch with 5% acrylic content (type VII, MIL-P-85891A), ranged in
size from 100 to 900 pm. It is projected using compressed air at low pressures to remove the
coating from substrate materials [4].

Abrasive media blasting typically results in a substantial quantity of solid waste
consisting of paint and blast residues.Both types waste from chemical and media blasting are
subject to control under increasingly stringent environmental and safety regulations and its
disposal is costly.

The new atmospheric plasma (AP) paint removal process claims to be environmentally
benign with only electricity and compressed air as the feed gas for operation. The process is
done in a working chamber that requires an exhaust and a filtration system. The power supply
in the AP process produces a high frequency electromagnetic field to generate ‘cold’ plasma [5].
The plasma generates a high velocity flow of chemically active nitrogen and oxygen radicals.
The chemical energy oxidizes the organic component found in paints and coatings, converting
much of the removed paint into harmless gases such as water vapour, CO2, and solid residue.

Liquid penetrant inspection (LPI) is a non-destructive method used for revealing
discontinuities that are open to the surface of solid materials (essentially nonporous materials).
The liquid used in LPI seeps into various types of minute surface openings by capillary action.
After the surface is cleaned, a developer is applied which draws the penetrant back out and
forms an indication on the surface. The process is well suited to the detection of all types of
surface cracks, laps, porosities, and is extensively used for the inspection of products made of
different materials: metals, ceramics, and plastics. The process steps are schematically illustrated
in Figure 1. LPI is inexpensive and a reasonably rapid inspection process using simple
equipment and is applicable on a wide variety of parts with complex geometry. The main
limitations of LPI are undetectable subsurface discontinuities that are not open to the surface
and materials that are sensitive to surface preparation. Also, entrapped contaminants may mask
discontinuities if they are not removed prior to inspection [6].

VWAL \

A L\
YVYw

1 Test Part 2 Apply Penetrant 3 Remove Penetrant 4 Inspect

Figure 1. Diagram of the principles and steps of an LPI process.

Eddy current (EC) inspection has developed into one of the most versatile methods that
can be used for variety of measurements and inspection of conductive materials. It is based on
the principle whereby a coil carrying an alternating current is placed in close proximity to an
electrically conductive specimen. Eddy current can be used to measure or identify conditions
and properties such as electrical conductivity, heat treatment condition, and physical
dimensions such as the thickness of a nonconductive coating and near-surface discontinuities.

The objective in this study was to compare the effectiveness of the AP process with that
of chemical and media blasting methods in removing the paint on aluminium panels with
cracks, and their effect on crack detectability using non-destructive evaluation (NDE) processes.
LPI was employed after the paint removal processes and the cracks were measured before and
after for comparative analysis.
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2. Materials and procedure

For this study, two heat-treatable conventional aerospace aluminium alloy panels: 2024—
T3 thin (0.0625") and 7075-T6 thick (0.250"), were prepared with coatings of paint and primer
applied to their surface and then exposed to different paint removal methods: AP, starch media
blast, and chemical paint stripping. It was assumed that the effective methods of paint removal
should not mask surface cracks or compromise the ability to reliably assess the state of damage
affecting aircraft structural integrity.

Test panels with 1/8" through holes with 0.015" electron discharge machining (EDM)
notches were prepared by Elpa Inc. They were sent to the Quality Engineering Test
Establishment (QETE) for surface coating. A schematic of the layout of the holes are shown in
Figure 2a.
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a)

Figure 2. Test panels: a) containing 78 holes 0.125" in diameter with machined

0.015" EDM notches in one side to facilitate crack nucleation and propagation
and b) test panel mounted in a MTS uniaxial load frame for fatigue testing.

Both the test panels of 7075-T6 and 2024-T3 aluminium were coated with a yellow
MIL-PRF-23377 type 1 class 2 primer, each respectively having white / grey MIL-PRF-85285
Fed-Std-595C topcoats [7].

An MTS uniaxial load frame (ULF) was used to cyclically load the panels and induce
fatigue cracking at the notches. As shown in Figure 2b, each end of the panel was gripped at the
hydraulic actuators / load cell of the load frame and fatigue loaded using a sinusoidal waveform
at a gross maximum stress of 14 ksi, load ratio R = 0.1, and a frequency of 3 Hz. The testing
parameters and the resulting number of cycles to produce cracks of a variety of sizes are listed
in Table 1.

Table 1. Fatigue parameters used to pre-crack the aluminium panels.

it el Target max/ | Target max | Total average | Average machine
min Loads(lbf) | stress (ksi) | number of cycles runtime (h)
2024-T3 (thin 0.0625")* | 14000 / 1400 14 164261 16.3
7075-T6 (thin 0.0625") | 14000/ 1400 14 80381 8.2
2024-T3 (thick 0.250") | 56000 / 5600 14 169276 17
7075-T6 (thick 0.250")* | 56000 / 5600 14 54762 6

*Panels used for paint stripping
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Fatigue cycling was stopped after each panel showed sufficiently large cracks. In total,
four different aluminium panels were prepared by fatigue testing: 2024-T3 and 7075-T6, both
with thin (0.0625 ") and thick (0.250 ") variations. The panels were then scanned using a
TecScaneddy current (EC) Scanner to map out cracks from each hole, as shown in Figure 3.

Figure 3. Fatigue tested panels scanned by EC showing
a typical C—Scan of a 7075-T6 aluminium panel outlining

the holes and fatigue cracks of varying sizes.

The fatigue tested panels were then divided into three sections and cut for the
comparisons of chemical, starch media blasting, and AP paint removal procedures as shown in
Figure 4.

TP2TOTS-TETHICK || : |2 |2 5 15 16 |
« i & . o !
. . ibl

. 5 - = : . . E[ . " i = = 5 = . &
Figure 4. Top view of the 7075-T6 aluminium
testpanel showing coordinate labels and cut lines.

To determine whether the panel sections had been altered due to the excessive heat or
the peening effect by media during paint removal, conductivity and hardness tests were
performed on all panel sections in accordance to ASTM E1004-09 [8] and ASTM E18-15 [9],
before and after the paint removal treatments.

With preparations completed, the test panel sections were exposed to AP, starch-acrylic
media (type VII) blasting, and chemical solution paint removal processes for comparative
purposes.Table 2summarizes process parameters used for each paint stripping method
performed.

Once each paint stripping process was completed, each panel section was visually
inspected for the extent of paint removal and damages, such as burns or warping. Cracks were
then examined in more detail for possible presence of residue entrapped in the cracks. All panel
sections were then inspected by LPI to assess and compare the three paint removal techniques,
which was the main goal of this report.
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Table 2. Selected process parameters used in the de-painting comparative study.

Process Process parameters Comments
Plasma pen speed 10in/s Constant parameters
Plasma pen height 0.25 in Pen to surface distance,
constant parameter
Number of times the plasma
NRC/ ‘ Passes per stripe 1 pen pass‘es o‘ver a stripe in
atmospheric one direction, constant
plasma parameter
Number of stripes in one
Stripes per swath 15 section of set parameters,
constant parameter
Distance between stripes 0.05in
. Parallel Constant parameters
Plasma pen movement direction
to cracks
1 bar
) Nozzle pressure 2 bar For each stripped region
Starch-acrylic
. 2.5 bar
media(type VII -
. Nozzle to surface distance 15+ 3 cm
eStripGPX20/50)
Nozzle to surface angle 45+10°
Media flow rate 2.5-3.0 kg/min | Constant parameters
Blast direction Perpendicular
to cracks
Panel sections were rinsed
NRC /‘ Solvent EFS-2500 and sc‘raped using soft tools
Chemical following 24 h of exposure to
stripping EFS-2500
Duration 24h

3. Results and discussions

As it is listed in Table 2, segments of the painted and fatigue tested aluminium panels
(Figure 5) were exposed to different de-painting processes. The following text describes the
condition of the panels and their cracks investigated by visual and optical microscopic methods

and a discussion on the findings.

Figure 5. Painted aluminium panels with holes and EDM notches machined prior
to fatigue testing: a) top — 2024-T3 aluminium thin panel, bottom — 7075-T6
aluminium thick panel; and b) close up of a hole (1/8" in diameter) and EDM notch.
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Each aluminium panel was coated with a yellow epoxy—polyamide (MILGUARD-23377)
primer and a white/grey polyurethane (MIL-PRF-85285D) topcoat [10]. An Elcometer
instrument, which is an EC thickness measurement device, was used to make thickness maps
for both aluminium panels.

Figure 6 shows the cross section for the 2024-T3 aluminium panel in the regions of
maximum and minimum total paint thicknesses, which were about 115 and 51 pm, respectively.
The corresponding paint thickness measurements using the Elcometer instrument were about
115 and 55 pm for the maximum and minimum thickness areas, respectively

Mounting Media

Primer 3
PUNS 2024 Alloy

2024 Alloy c—u o

a) b)
Figure 6. Cross sectional views of the 2024-T3 aluminium panel: a) cross
section in the location of the maximum paint thickness (yellow primer

approximately 44 ym thick and grey topcoat approximately 73 ym thick)and
b) cross section in the location of minimum paint thickness (yellowprimer
approximately 30 um thick and grey topcoat approximately 30 um thick).

The LPI technique is capable of detecting surface discontinuities. The fluorescent dye is
sprayed and allowed to dwell upon the surface to enable it to penetrate into the cracks.
Following cleaning and developing, the cracks can be revealed, when exposed to a ultra-violet
light, as shown in Figure 7.

b)
Figure 7. Results of LPI penetrant examination under a
ultra-violet light: a) chemical stripped test panel, b) starch
mediablasted test panel,and c) AP stripped test panel.

During the LPI process, the tips of the cracks were marked on each panel, as shown in
Figure 8. Crack measurements were then measured from the marks using an optical microscope
to verify that debris had not masked cracks affecting LPI.
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Figure 8. Fluorescent dye observed in
one ofthe cracks under ultra-violet light.

3.1. Chemical paint stripping
The new environmentally safe paint stripper, EFS-2500, was applied to both cutsections

from test panels 7075-T6 and 2024-T3 aluminium. The process of the chemical stripping
process can be seen in Figure 9.

c)
Figure 9. Chemical paint stripping process: a) 20 h after
stripper application, b) 24 h after stripper application
andafter scrapping, and c) after rinsing with water.

Despite the slow stripping process requiring 24 h, the chemical process was successful in
the complete removal of the topcoat and primer from the panel sections without harming the
substrate, as shown in Figure 10a. Figure 10b depicts possible residue entrapments on the
7075-T6 panel. Cracks on the 2024-T3 panel sections were generally too narrow to be
investigated even under high optical magnification using the Keyence microscope. From LPI,
crack length measurements were similar to the original EC measurements, which indicate no
negative effect of the chemical process on crack detection.
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Figure 10. Close-up view of the aluminium panel sections
afterchemical paint removal showing: a) the absence of
residue, and b) an example of a crack with possible debris.
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3.2. Starchmedia blast

Type VII starch-acrylic media was used to remove the primer and paint using three
different nozzle pressures of 1 bar, 2 bar, and 2.5 bar with a mass flow rate ranging between 2.5
to 3 kg / min. Upon visual inspection of the substrate, the paint appeared to be completely
removed from the panel section with no deformation, as shown in Figure 11. Further
investigation on the cracks showed fine unknown debris trapped inside the cracks, as seen in
Figure 12.

"

Figure 11.End result of type VII
starch-acrylic media blasting.

Figure 12. Close-up view of unknown residues in the
cracks(circled) of the test panel 7075-T6 aluminium.

In some cases, the crack was not fully exposed during the de-painting using media blast,
which did not allow the optical measurement of some crack lengths. From the measurable crack
lengths, the results showed no significant change prior to de-painting or after LPI. Again,
despite evidence of some residue entrapment inside the cracks, it appears that this method of
paint removal did not have a negative effect on LPI in terms of crack detection.

3.3. Atmospheric plasma

AP paint stripping was performed by NRC using a recently purchased atmospheric
plasma solutions (APS) plasmaflux paint removal system shown in Figure 13. Prior to stripping
the panel sections, optimal parameters were established in order to provide consistency in paint
removal. Details of operating procedure for APS plasmaflux system is documented in a previous
report [11].

After AP paint stripping, the aluminium panel sections were rinsed with water to
remove most of the remaining paint residue left on the surface. Figure 14 below shows the final
condition of the aluminium panel sections after AP paint stripping.
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Figure 13. Front view of APS plasma flux paint removal systemwith 3D
robot and exhaust cabinet (left). Close up of the plasma plume (right).

Figure 14. Aluminium panels after plasma paint stripping,
left-test panel 7075-T6, and right-test panel 2024-T3.

Upon optical analysis presented in Figure 15, possible debris appeared to be entrapped in
the cracks, but less so when compared to the chemical and starch media blast processes. Each
crack length was measured before the paint stripping, after paint stripping, and after the LPI
process, which are listed in Table 3.
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Figure 15. Close up view of a crack on the aluminium panelsection
showing possible debris (circled) after plasma paint stripping.

Post-strip panel sections showed no visualdamages caused by the AP process. However,
warping was observed on the thinner test panel 2024-T3 during the exposure to the AP plume.
After cool-down following paint stripping, a general observation of test panel 2024-T3 showed
no signs of permanent warping or damages.

In the case of AP de-painting, it was not necessarily the intent to completely strip the
primer off of the panel sections, as long as the crack inspection was not hindered. Thickness
measurements were made in the stripped regions after paint stripping and revealed an average
thickness of the remaining primer to be 9 um for the test panel 7075-T6 and approximately zero
for test panel 2024-T3. The corresponding original average thicknesses (topcoat + primer) were
92 and 90 pm, respectively.

Further microscopic inspections revealed some localized splatters, which did not cover
the entire stripped region, but were observed in isolated areas around the cracks (Figure 16).
The black and white splatters found on the primer were also observed in previous AP paint
removal studies involving aluminium [2].
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Table 3. List of crack sizes before and after the AP paint stripping process.

TP2 7075-T6 aluminium — crack length prior to & after paint stripping
Prior to stripping (inch) After stripping (inch)
Hole . .
. Eddy current + Microscope | LPI + microscop
coordinates .
Image analysis (Keyence) (Keyence)
E6 0.49 0.50 0.51
C6 0.53 0.53 0.56
C7 0.66 0.74 0.76
B6 0.66 0.73 0.72
B7 0.66 0.62 0.62
A7 0.62 0.73 0.71
D7 0.66 0.61 0.64
F6 0.72 0.77 0.76
E7 0.66 0.62 0.64
F7 0.68 0.83 0.83
G7 0.78 0.80 0.80
D6 0.80 0.89 0.89
TP3 2024-T3 aluminium — crack length prior to & after paint stripping
Prior to stripping (inch) After stripping (inch)
Hole : :
. Eddy current + Microscope | LPI + Microscope
coordinates .
Image analysis (Keyence) (Keyence)
A6 0.43 0.44 0.40
A7 0.27 0.28 0.26
B6 0.27 0.28 0.27
B7 0.30 0.31 0.28
E7 0.33 0.34 0.33
C6 0.38 0.37 0.37
Cc7 0.36 0.37 0.35
D6 0.37 0.35 0.35
D7 0.35 0.35 0.34
E6 0.36 0.35 0.34
F6 0.37 0.37 0.36
F7 0.42 0.41 0.39

Figure 16. Black and white splatters (circled) left on the
substrate of the aluminium panels: a) black pits can beseen
on 7075-T6; and b) white spots can be seen on 2024-T3.
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In terms of the effect on crack detectability, the results showed that the crack
measurements at different stages, before and after the AP de-painting process including the LPI
inspection did not show different values. Similar to the other two processes, it appears that this
method of paint removal did not have a negative effect on LPI in terms of crack detection.

To determine if the paint removal processes had subjected the panels to excessive heat /
peening effect, conductivity and hardness measurements were conducted before and after paint
stripping treatments, which are documented in Table 4 below. From the results, it seems that all
the measurements for the three paint stripping processes showed negligible differences in
conductivity and hardness, which were not large enough to have altered the properties of the
material. This illustrates that there was no considerable effect from any of the three processes
on heat treatment and consequently the properties of the aluminium panels.

Table 4. Results of conductivity tests for test panel TP2 made of 7075-T6 and test
panelTP3 made of 2024-T3 aluminium panels before and after paint removal process.

Average conductivity Average
Process Paint colour / (% Cu ~IACS 60 Hz) hardness (Rb)
Aluminiumpanels | Before de- | After de- | Before de- | After de-
painting painting painting painting
White thick
2.92 2. 7 7.
Atmospheric TP2 7075-T6 32.9 32.80 8 87.3
plasma Grey thin
TP3 2024-T3 30.93 30.82 75 76.9
White thick
Type VII TP2 7075-T6 32.92 32.92 87 90.7
Starch-acrylic Grey thin
TP3 2024_T3 30.93 30.91 75 77.4
g;”;g%ﬁ; 32.92 32.97 87 90.1
NRC Chemical Grov thin
Yy 1
TP3 2024-T3 30.93 30.86 75 77.5

Note: The conductivity and hardness measurements were averaged from five measurements
4. Concluding remarks

The effectiveness of three paint stripping processes: chemical, type VII acrylic starch
media, and AP were assessed by two main criteria: the extent of paint removal and the extent of
debris entrapped in the cracks, which could affect crack detectability during LPI.

Of the three processes, chemical stripping managed to completely remove the paint and
primer with no induced warping or damage to the substrate. Post-strip macroscopic and
microscopic examinations for all three processes revealed varying amounts of paint and debris
residue in most of the cracks, but in general they did not appear to affect the LPI crack
detection process. Also as a general conclusion, the presence of the primer did not appear to
affect LPI detectability for the AP process. From the results (Table 4), it seems that there was no
considerable effect from any of the three processes on heat treatment and consequently, the
mechanical properties of the aluminium panels.

283



Effect of paint removal process on crack detectability ... .

In summary, the selection of the appropriate paint removal method for a particular
aircraft structure will depend on a number of factors: purpose and the extent of paint removal,
accessibility of the structure, local environment and health and safety regulations, costs, and
environmental concerns. For instance, if a high level of cleanliness is required, a two-step or
combination of methods may be needed to achieve the appropriate end result.

This study has determined that Atmospheric Plasma is a technology that has the
potential to replace current hazardous and costly paint removing methods without affecting LPI
crack detectability. The results of future studies will help determine its acceptability for
industrial use. It is conceivable that, with the environmental and all other advantages of this
technology, Atmospheric Plasma technology may become an industrial standard for a wide
range of applications in the future.
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REMARKS TO THE PRESENTATION OF FATHI HABASHI
“PURPLE OF CASSIUS: NANO GOLD OR COLLOIDAL GOLD?”

Learning that Fathi Habashi will give at the Nano 2016 conference a presentation on
colloidal gold' I remembered that my father Peter Adolf Thiessen (1899 — 1990) in 1925 wrote a
book together with his teacher, Nobel Laureate Richard Zsigmondy: “Das kolloide Gold”. The
title of his doctor thesis in 1923 at Géttingen University had already the same title. In this book
several times they mentioned the “Purple of Cassius”. The book was cited by Habashi in his
presentation. Habashi also wrote a book: “Gold. History, Metallurgy, Culture” in which he
mentioned Purple of Cassius.

GOLD

History, Metallurgy, Culture

CHalhe CHlabashe

Laval University, Quebec City

Book on colloidal gold by Gold book by
Zsigmondy and Thiessen, 1925. Habashi, 2009.

Peter Adolf Thiessen The Thiessen family
(1899 — 1990). in Sukhumi, 1952.

" The presentation made by Prof. Fathi Habashi at the 4th International Conference “Nanotechnologies”, October
24 - 27, 2016, Thilisi, Georgia (Nano — 2016) has been published as a full-paper: F. Habashi. Purple of Cassius: Nano
gold or colloidal gold? Eur. Chem. Bull., 2016, 5, 10, 416-419. — £d.
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Remarks to the presentation of Fathi Habashi “Purple of Cassius: Nano Gold or Colloidal Gold?”

It is quit astonishing that, firstlyl met Fathi Habashi and his wife Nadia not earlier than
at the Nano 2014 in Thbilisi, though many times before we were at the same time at the same
places in different parts of the world.

Klaus Thiessen, Nadia Habashi Klaus Thiessen at the Alaverdi
and Fathi Habashi in Monastery (Katheti, Georgia).
Katheti Region (Georgia). Photo Nadia Habashi.

Klaus Thiessen, Nadia Habashi Museum pieces of glass
and Fathi Habashi in Thbilisi. coloured with purple of Cassius.

We became friends in Georgia — see the pictures at the excursion to the beautiful
Kakheti (2014) and Tbilisi (2016).

Klaus Thiessen

November 3, 2016
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4th INTERNATIONAL CONFERENCE
“NANOTECHNOLOGIES” (NANO - 2016)

Nanotechnology is known as one of the disruptingthe present-day technologies, which
are able to change the life of a society essentially. This is due to the fact that in the presence of a
very fine structure, called as nanostructure, many useful properties of common materials are
enhanced significantly. Moreover, many of materials reveal fundamentally new properties that
are not inherent in the bulk material, the material of same chemical composition, but without
the nanostructure.For their part, enhanced and new physical, chemical and technological
properties of nanomaterials open the way to wide application in all the fields, such as industry,
medicine, ecology, education, etc. This explains the increased interest in nanosciences serving
for nanotechnology development.

Prof. Zurab Gasitashvili, Deputy Rector for
Science of Georgian Technical University,
opens the Nano — 2016 Conference

Plenary and Oral Sessions were held
in George Nikoadze Conference Hall

In Georgia, International Conferences on nanotechnology held regularly from 2010
onwards every two years. And interest in these conferences is constantly growing. Suffice it to
say that at the 4th International Conference “Nanotechnologies”, October 24 — 27, 2016, Thbilisi,
Georgia (Nano — 2016) there were submitted 209 papers by authors from many leading
universities and research centers of 32 countries (Armenia, Azerbaijan, Belarus, Canada, China,
Czech Republic, Denmark, Egypt, Estonia, France, Georgia, Germany, Hungary, India, Iran, Iraq,
Israel, Italy, Japan, Kazakhstan, Mexico, Poland, Romania, Russia, Saudi Arabia, Slovak
Republic, Spain, Switzerland, Turkey, Tunis, Ukraine, and USA). Such anincreasing interest in
Georgia Nanotechsseems to be related not only to the overall relevance of subjects, but to the
results achieved by the Georgian scientists in recent years as well, including those from the
Georgian Technical University, the organizer of this scientific forum.

The 4th International Conference “Nanotechnologies” (Nano — 2016) devoted the
methods of synthesizing of nanomaterials, studying their structure, chemical, physical and
technological properties, as well as applications in techniques. The Conference provided an
evaluation of the present state-of-art in this field of knowledge, new achievements and
prospects of developments in nanotechnologies.
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4th International Conference “Nanotechnologies” (Nano — 2016).

Conference organizers: Prof. Alex Gerasimov

GTU’s students lobby of the Conference (Georgia)and Prof. Levan Chkhartishvili (Georgia)

Nano — 2016 was organized and conducted by the International Scientific Committee:
Chairman — Archil Prangishvili (Georgia), Vice-Chairmen — Zurab Gasitashvili (Georgia) and
Alex Gerasimov (Georgia), Members — Rosa Abdulkarimova (Kazakhstan), Zhores Alferov
(Russia), Hossein Aminian (Canada), Rick Becker (USA), Dieter Bimberg (Germany), Levan
Chkhartishvili (Georgia), Russell Dupuis (USA), Toyohisa Fujita (Japan), Fathi Habashi (Canada),
Bilgin Kaftanoglu (Turkey), Pawan Khanna (India), Boris Kharisov (Mexico), Laszlo Kotai
(Hungary), Haldun Kurama (Turkey), George Kvesitadze (Georgia), Olena Lavrynenko
(Ukraine), Sergey Maksimenko (Belarus), Fernand Marquis (USA), Victor Mordkovich (Russia),
Valentine Parmon (Russia), Vladimir Sanin (Russia), Lina Sartinska (Ukraine), Sebastian
Schlucker (Germany), Karsten Thiessen (Germany), Klaus Thiessen (Germany), Onuralp Yucel
(Turkey), Pawel Zukowski (Poland) and Zbigniew Zytkiewicz (Poland), and National
Organizing Committee: Chairman — Alex Gerasimov, Secretary — Levan Chkhartishvili,
Members — Aliosha Bakuridze, Amiran Bibilashvili, Guram Chikladze, Mikheil Chikhradze,
Nikoloz Chikhradze, Raphael Chikovani, George Chiradze, Archil Chirakadze, Guram
Dgebuadze, Akaki Gigineishvili, Kakha Gorgadze, George Iluridze, David Jishiashvili, Paata
Kervalishvili, Levan Matsaberidze, Vladimer Mikelashvili, Tamaz Minashvili, Shota
Sidamonidze, David Tavkhelidze, Michael Vepkhvadze and Otar Zumburidze.

Presentation by Prof. Nodar Presentation Presentation Presentation

Kekelidze (Georgia); Chair: by Prof. Fernand by Dr.Hossein by Prof. Karsten
Prof. Alex Gerasimov (Georgia) Marquis (USA) Aminian (Canada) Thiessen (Germany)
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Presentation Presentation Presentation Presentation

by Prof. Haldun by Dr. Lina by Prof. Victor by Dr. Elvin

Kurama (Turkey) Sartinska (Ukraine) Mordkovich (Russia) Malikov (Azerbaijan)

. A -

Presentation by Prof. Vladimir Sanin (Russié) provoked a lively discussion

In their Invited, Oral and Poster Presentations, participants described the results of
experimental investigations of nanosystems, as well as theoretical approaches to their modeling.
Conference was a forum of nanoscientists for broad interdisciplinary discussions and, therefore,
not only intensified the actual collaboration, but also facilitated the future developments of
international cooperation in nanotechnology research.

Aliaksei Sokal (Belarus) Prof. Levan Chkhartishvili (Georgia),
and Prof. Konstantin Lapko At the Poster Session Dr. Nino Ponjavidze (Georgia) and
(Belarus) present their Poster Prof. Ahmed El-Saghier (Egypt)
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4th International Conference “Nanotechnologies” (Nano — 2016).

“ NEW COMPOSITE COATINGS, THEIR STRUCTURE AND PROPERTIES |
m e 0 -

Dr. OlenaBerdnikova (Ukraine) in front of the Administrative Campus of e Georgian Technical
University; at her Poster together with Prof. Rosa Abdulkarimova (Kazakhtan); and during the banquet

Presentations covered following fields of nanoscience: nanotechnology, nanophysics,
nanochemistry, nanobiology and nanomedicine, nano materials science, nanoengineering, nano
safety and nano education.

GEORGIAN TECHNICAL UNIVERSITY GEORGIAN TECHNICAL UNIVERSITY

4th International Conference “Nanotechnologies”

4th International Conference “Nanotechnologies”
October 24 - 27, 2016, Thilisi, Georgia

October 24 - 27, 2016, Thilisi, Georgia
Nano - 2016

Nano - 2016

ABSTRACTS

PROGRAM
An  Internadonal Journal of

Nanosciences and Nanotechnologies
NanoStudies
Nano Studies
Wil

www.NanoSeudies.org

Er Chemical Lin y i
uropeda Clismical Pl E‘ Bl uropean Chemical Bulletin B
‘www.eurchembull.com o

%uenﬁcal and Applied

Journal of Pharmaceutical
and Applied Chemistry
An International Journal

wew. jah how. asp?JerID=508pgic

American Journal of Nano Research and Appli
Special Issue “Nanotechnologies™

wrw.

issue/226029

Thilisi
2016 @ riore

Title page of the Program Title page of the Abstracts Book

All the submitted papaer-abstracts were published electronically in the Abstracts Book
(Compiliers: A. Gerasimov & L. Chkhartishvili; 250 copyies on CDs). Full-texts of the selected
conference papers are published in 4 conference journals: Nano Studies, European Chemical
Bulletin, Journal of Pharmaceutical & Applied Chemistry, and American Journal of Nano
Research & Applications (Special Issue: “Nanotechnologies”).

It should be noted that this time, in parallel with the Conference sessions, it was held
the Exhibition of measuring and technology equipment used in nanotechnology.
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Dr. Rached Jaafar (Switzerland), Eastern European Area Manager of the Swiss company
NanoSurf, presented a new atomic force microscope designed for nanoscale-studying of the
surface of materials. For universities, it is too important that this company produces not only
the research nanotechniques, but also — educational.

Founded in 1997, Nanosurf is a Swiss based high-tech company providing scanning
probe microscopes to customers around the globe. The product range starts with very compact
AFM and STM instruments, followed by state-of-the-art research atomic force microscope
systems, all the way up to fully customized and comprehensive next-level solutions. Its
customers in research, industry and teaching value the innovative approach, modularity, and
ease of use of products. Nanosurf is the global market leader for AFM-based single-cell and
nano manipulation tools, AFM-based diagnostics and automatic nanomechanical analysis, AFM
and STM for nanoeducation, compact and mountable AFM systems, and custom-built AFM
systems. Nanosurf can be contacted at: info@nanosurf.com or www.nanosurf.com.

Dr. Zaur Berishvili (Georgia) presenting
his recent invention “High performance
planar magnetron spraying apparatus
with rotating magnetic field ’protected
by the international patent

Dr. Rached Jaafar (Switzerland), Eastern
European Area Manager of the Swiss company
NanoSurf, presenting new atomic force microscope
designed for nanoscale-studying of materials surface

Dr. Zaur Berishvili (Georgia) presented his recent invention “High performance planar
magnetron spraying apparatus with rotating magnetic field” protected by the international
patent. It is an improved portable magnetron-facility that allows obtaining extremely thin films
of various materials.

The proposed innovation relates to an electronic engineering and can be used to produce
thin filmmaterials with improved physical properties using technology of magnetron sputtering
in vacuum. It can be used in microelectronics, optics, quantum optics, integrated optics and
nanotechnology. Today in research laboratories and manufactures similar manufacturing
apparatus for producing thin films do not have such a high target utilization ratio, how has this
device (70 — 90 %). Asfor the ability of uniform distribution and control the discharge current
density, these issuesare not even considered. Despite some success in this field, to meet the
requirements of modern complex technologies it is necessary to examine in more details the
processes in a planar magnetron sputtering device with a rotating magnetic field. Presented
features and innovations of high-performance planar magnetron sputter coater show that the
developed device may be competitive and interest of professionals. Author can be contacted at:
zaurberi7@yahoo.com.
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FlexAFM: The most Flexible AFM for n £
life science and materials research o nanosur

5 Dr.ph ZAUR BERISHVILI
3 Planar Magnetron Spraying Apparatus
: WIPO PCT/GF 2016000005 C23C 14/35 (2006 G1) 26 April 2016

Nanotechnology: Nanofilms Deposition

Dr. George Kekelidze (Russia), Prof. Nodar Kekelidze
(Georgia), Prof. Dieter Bimberg(Germany), Prof. Sergey
Maksimenko (Belarus), Prof. KlausThiessen (Germany),
and Prof. Russell Dupuis (USA) in Old Thilisi

Conference social program included: welcome partyand gala-banquet for conference
participants, and the trip in city Gori and its vicinity. In particular, they visited and learned
with a great interest the Joseph Stalin Museum and the ancient cave townUplistsikhe.

The Joseph Stalin Museum is a museum in Gori, dedicated to the life of Joseph Stalin, the
leader of the Soviet Union, who was born in Gori.

With the independence movement of Georgia, the museum was closed in 1989, but has
since been reopened and retained until recent years its Soviet-era characteristics. In the
aftermath of the 2008 Russian—Georgian war, it was announced that the Stalin Museum is a
falsification of history — a typical example of Soviet propaganda and it would be reorganized
into the Museum of Russian Aggression. However, in 2012 the Municipal Assembly of Gori
voted to put an end to plans to change the museum content. Now it is a popular tourist
attraction. The museum has three sections, all located in the central square of Gori.

Enshrined within a pavilion there is a small wooden hut, in which Stalin (Jughashvili)
was born in 1879 and spent his first four years. The hut is a duplex, and Stalin's father, a local
shoemaker, rented the one room on the left hand side of the building and maintained a
workshop in the basement.
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f

Joseph Stalin
_'-'_\i i

Mu

BT

Prof. Rosa Abdulkarimova (Kazakhstan)
and Prof. Levan Chkhartishvili (Georgia) Stalin’s personal railway carriage
at wooden hut, in which Stalin was born

In the main campus of the complex, the exhibits are divided into six halls in roughly
chronological order, and contain many items actually or allegedly owned by Stalin, including
some of his office furniture, his personal effects and gifts made to him over the years. There is
also much illustration by way of documentation, photographs, paintings and newspaper articles.
There is Stalin’s personal railway carriageto one side of the museum. The
green Pullman carriage, which isarmour plated, was used by Stalin from 1941 onwards,
including his attendances at the Yalta and the Tehran Conferences.

ola

bplistéikile: ancient Cave Town around 11th c. BC)
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Dr. Genadji Doliskiy'i (aine),
Dr. Olena Lavrynenko, and
Prof. Levan Chkhartishvili (Georgia)

The cave town was seen in unusually,
for this time of year, cold weather

Uplistsikheis an ancient Cave Townthat witnessed key events of Georgian
history.Located in Eastern Georgia, Uplistsikhe (literally “Lord’s Fortress®) is an abandoned
rock-hewn town, which once have played an important role in Georgian state. The town was
founded in the late Bronze Age, around 11th c. BC, and continued to be inhabited until 13th
century AD. Between the 6th c. BC and the 11th c. AD, Uplistsikhe was one of the most
important political and religious centers of pre-Christian and Chtisian (from 4th c.) Kartli — one
of the predecessors of the Georgian state.

]

St. George Monument,
Liberty Square, Tbilisi, Georgia

Tbilisi by night, Georgia

All the participants of the 4th International Conference “Nanotechnologies”, October
24 — 27, 2016, Thilisi, Georgia (Nano — 2016) agreed that Conference was a high scintific level
forum, which has served as a good platform for a broad exchange of views between experts in
all topical areas of nanosciences and helped in establishing and developing fruitful cooperation
between the various research centers and scientists.

LevanChkhartishvili
November 11, 2016
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