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Effect of different micro and micro-mesoporosity in Y zeolites
and influence of water on toluene adsorption

VOCs (volatile organic compounds) represent a serious problem in industrial
plants, especially in China. Among the VOCs, toluene is a common and toxic agent.
Adsorption of released toluene is an interesting and very important aspect to preserve
the environment and help companies meeting high environmental standards. Zeolites
have a high adsorption capacity and can be used to capture VOCs. FAU (Y) type
of zeolite is especially well suited for this purpose, due to the ideal micropore size
for toluene adsorption. In this article we propose to find the answer to a question that
has not been previously studied: how within one group of zeolites the efficiency of
adsorption capacity of toluene changes, if we create a variable mesoporosity?

We tested the adsorption capacity of zeolites in two ways. At first, all samples
were tested regarding their total adsorption capacity in anhydrous conditions. After
selection of the best samples, additional tests of toluene adsorption capacity under
wet conditions were carried out. Thus, hydrophilic abilities were checked or in other
words, the ability to continue to capture toluene despite the presence of water vapor.
This kind of testing conditions brings the laboratory approach closer to real situation
in a factory, where obviously there are no ideal conditions.

According to the results of this work, the best adsorption capacity of toluene
shows zeolite with an approximately equal ratio of micro- and mesopores. Mesopores
provide a high toluene diffusion within the zeolite crystal, and the micropore size of
Y-zeolite is ideal for capture toluene molecules.

Keywords: VOC, toluene, toluene adsorption capacity, zeolite, mesoporous
zeolites, microporous zeolites, mesostructuring of zeolites with biomass.

1. Introduction

VOCs (volatile organic components) are a common problem in industrial
plants [1]. The most common examples are ethyl acetate, acetone, benzene,
tetrachloroethylene, toluene, xylene and 1,3-butadiene. These VOC are mainly
released in companies producing paints, printed materials, plastics, resins,
household chemicals.

It is difficult to fully study the effect of these substances on the human body.
However, workers who are constantly in contact with these substances have
deteriorated health, increased allergic reactions, breath problems, draining
mucous membranes and burning feeling in eyes [2].
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At the same time, VOCs contribute to the formation of tropospheric ozone
and smog [3, 4].

The adsorption method is recognized as an efficient way to reduce VOCs [5].
The main issues in favor of this method are: low operating cost; no chemical
degradation and as a result, the possibility of reusing trapped components.

1.1. The choice justification of materials for study

Zeolites have a high adsorption capacity and can be used to capture VOCs.
Research in this direction is growing in popularity. The undoubted positive
aspects are the possibility to reuse zeolites, the wide variation of zeolite types,
high thermal stability, tailorable hydrophilicity [6-8].

Among the volatile organic compounds toluene is a common and toxic agent.
Toluene is an organic solvent mainly extracted from oil, coke gas, or as a by-
product in certain organic reactions (for example, in the manufacture of styrene).

The domain of application is broad. It is used as a solvent for the production
of varnishes and paints, in printing houses (for example, gravure printing). To
maintain a high rate of printing the paint contains toluene, as a rapidly
evaporating solvent. A significant consumption of this product is also noted in
the leather industry (at the stages of dyeing and washing).

According to the literature (for example Takeuchi & Hidaka [9]) we know
that zeolite Y exhibits good toluene adsorption abilities. The diameter of
a 12-membered ring is 0.74 nm and the diameter of the super-cage in Y zeolites
surrounded by 10 sodalite cages is 1,2 nm, while the diameter of toluene
molecule is 0.65/0.89 nm. The authors consider that the similarity in size
enhances the dispersion interaction.

Thus, we can conclude that the adsorption of released toluene is an
interesting and very important aspect to preserve the environment and help
companies meeting high environmental standards.

1.2. Literature background

In the publicationl Dong-Geun Lee and others [10] studied adsorption
and thermal regeneration two representatives of gases acetone and toluene over
Y-zeolite which was dealuminated (Si/Al = 20, BET SA = 704 m?(g, pore
diameter 2.17 nm).

The study reported that the adsorption isotherm of toluene showed Type-I in
a large temperature range, whereas in acetone changed from Type-Il to Type-IlI
when researchers increased the temperature. Because of different adsorption
isotherms, observed different breakthrough results. Adsorption of acetone was
higher than toluene, toluene curve was steeper. during the desorption process,
acetone could be obtained much more easily. authors explain this dependency to
different size of organic molecules.

In the publication Wu at al [11], the authors studied the effect of porosity for
adsorption-desorption of toluene. 4 materials were used in the work: Y-Na,
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SBA-15, MCM-41, SiO,. The worst results on the binding of organic
compounds showed SiO,. This was due to the disorder (irregularity,
disorganization) in the structure. MCM-41 authors explain a low adsorption
capacity with too specific and large channels of the given material.
An interesting result was observed during the testing SBA-15. in this material
are present mesopores, which are associated with micropores. very good
adsorption results, long breakthrough time. The best adsorption showed Y-Na
zeolite. ordering in the structure, ideal size of the micropores for adsorption of
toluene, a material rich in sodium, the ions of which are a Lewis acid and
provide a strong interaction between the organic molecule and the zeolite
framework. It should be noted that reverse order is observed for desorption.
the stronger the relationship between adsorbate and adsorbent, the heavier
the diffusion and the higher the diffusion temperature is required.

The 2014 the group of Anpo [12] studied the ability of Na-Y, H-Y and USY-
H zeolites to adsorb benzene. Using FT-IR and UV methods, it was proved that
there is an interaction between benzene and hydroxyl, H and Na ions. This
interaction is possible due to the close position of the benzene molecule to the
inner wall of the zeolite due to the cation-p interaction between the H and Na
ions and between benzene. As a result of this interaction, a vibrational model
strongly influences the H.-C. However, the interaction of benzene with the
hydroxyl group of the siliceous zeolite shows a less pronounced effect (fig. 1).

Z 75
| Oxygen =
Toluene
5
~—

Nitrogen

Fig. 1. Schematic image of the setup for the toluene adsorption:
1a, 1b — stop valve; 2 — mass flow controller; 3 — water saturator; 4 — reactor;
5 — gas chromatograph with a flame ionization detector

In this paper, they also mentioned the experience of previous years regarding
the fact that microporous Na-Y, H-Y zeolites are hydrophilic because these
zeolites are capable of adsorbing polar water molecules by coordinating the ion-
water interaction.

In all the above literature is described in detail: the interaction between the
walls of a zeolite and an organic molecule, the influence of an ordered
microstructure, a micro-mesoporous structure, an unordered structure for
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adsorption. It was proved, that microporosity is useful for molecular adsorption,
and mesopores are useful for diffusion.

The presence of micro-mesoporosity in the material at the same time may
provide a good synergistic effect. But we did not find information about — how
within one group of zeolite adsorption efficiency changes, if we create a variable
mesoporosity? At the same time, we test our zeolites for the effect of water
during adsorption, and ask ourselves a second question — how the different
porosity effects on toluene adsorption, if gaseous water is present in the gas
mixture, which is very common in manufactures? For these questions we will
try to find the answer at the end of this paper.

2. Experimental
2.1. Preparation of the samples

Toluene gas (98 wt. %, Aldrich, USA) was used as adsorptive. Zeolite Y in
three surface modifications was used as an adsorbent.

In this paper, commercial microporous zeolite with unchanged sodium ions
(Zeochem company, Si/Al = 37) has the code FAU-Na. The same zeolite, but
with replaced sodium ions to hydrogen (the Na*-form was ion-exchanged with
an aqueous NH4NOs3 (1 M) solution, 0.2 g zeolite to 30 ml solution, three times
for 1 h at 80 °C and then calcined at 550 °C during 12 h) has the code FAU-H.

Furthermore, commercial micro-mesoporous zeolite (Zeolyst company,
CBV-720, Si/Al = 21, H*-form). This material was given the code CBV-720.

Mesostructuring of zeolites with biomass [13]. Parent zeolite (FAU-Na
(0,5g), mixed with the aqueous solution of TEAOH (0.1M, 50 ml) during
10 min, then added to hydrolysis lignin (Saint-Petersburg Forest Technical
University) (0,1g) and mixed during 10 min. The whole mixture was
quantitatively transferred to an autoclave. After that, it was heated in the oven
during 10h at the temperature of 150 °C. Then we cooled down the autoclave to
room temperature, filtered, dried for 1 hour at a temperature of 110 °C and
calcinated in a muffle oven at 550 °C drying 15 h. This material was given the
code Al3.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns of zeolites were acquired using
a Bruker D8 (Cu Ka) diffractometer operated at 40 kV and 40 mA. XRD patterns
were recorded in the 26 = 5-60° range with a step size of 0.05°. SEM images were
acquired in a JEOL FEG-6700F microscope working at a9 kV accelerating
voltage. The textural properties were analyzed by means of nitrogen physisorption
using Micromeritics ASAP 2420 equipment. Samples were pre-treated in-situ at
200 °C under vacuum prior to the analyses. Surface areas were determined using
the BET method and pore size distributions were obtained using the adsorption
branch of the isotherms (BJH method).
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2.3. Adsorption of toluene gas

Principle of operation: adsorption of toluene (gas) through Y-zeolite.
Registration intensity of toluene signals by GC, break thru time (btt) of each
of the studied catalysts, the total adsorption capacity of toluene and influence of
water for toluene adsorption

Experimental equipment: the prepared sample (drying at 120 °C overnight)
0.1 g was placed inside the reactor, which is a stainless-steel tube with diameter
outside 20 mm, diameter inside 10 mm, 40 cm long. The reactor temperature
throughout the experiment was constant and equal 40 °C. The total gas flow is
100ml/min, containing a mixture of three gases toluene, N2 or Ar, Oz, was
controlled by a special mass flow controller performed from the company
Beijing Gas Plant «Beiwen». After stabilizing the gas flow to the specified
parameters (we worked at 400 ppm), we sent (switched) the gas to the reactor
(on the reactor way). To analyze the effluents of the adsorber, we used a gas
chromatograph (GC) Agilent Technologies 7890B with a flame ionization
detector (or TCD — thermal conductivity detector)

3. Results and discussion
3.1. Textural properties

The following zeolites FAU (Na or H-form), CBV-720 (H-form), A13 (Na or
H-form) were selected for testing adsorption capacity of toluene. Fig. 2 shows
the results of XRD analysis. Commercial zeolite FAU-Na with the main
diffraction peaks at 6.3°, 10.4°, 12.2°, 16°, 19°, 20.7°, 24°, 27.5°, 32° and the
high intensity of the signals corresponds to the type Y zeolite.

R

J_M__LM_JLMW _——

—A13

—CBV-720

Intensity (arb. unit)

FAU

5 10 15 20 25 30 35 40 45 50 55 60

Two theta (degree)

Fig. 2. XRD patterns of the pristine zeolite and mesoporous samples
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The peaks of the sample with code CBV-720 remain unchanged. Intensity
decreases, this can be explained by small structural destruction due to steaming.
A13 retains all of the mentioned above peaks indicate this type of zeolite, but
shows the weakest intensity. This can be explained by the prolonged action of
the TEAOH on the zeolite and mesostructuring of zeolites with biomass. If we
use the ratio: parent zeolite/modified * 100, according to the first, most powerful
and characteristic peak, then the percentage of crystallinity retention becomes
clear. If for FAU, crystallinity is obviously 100 %, crystallinity dropped to 14 %
for CBV, and to 4 % for A4. Additionally, we can be sure that the modified
zeolites did not become amorphous due to SEM, the results of which are
presented below in fig. 3. Summarizing this study, we can conclude that all 3
types of zeolites have retained a typical structure of type Y or FAU.

Fig. 3. SEM images of analysed samples

Table 1
BET surface areas, pore volume and pore diameter (max) for microporous
and micro-mesoporous zeolites of Y series

Surface Micropore Pore VOlun.qe’ cm’/g . Pore
Name Arca, m¥/g | Area, m/g Total Microp. | Mesop. | diameter,
i ’ pore volume | volume | volume | max (nm)
HY 653 + 15 541 0.31 0.26 0.05 1.2
CBV-720 535+ 12 452 0.43 0.25 0.18 13
A-13 402 +5 146 0.31 0.07 0.24 15

11
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These data are correlated with the BET results in all cases. From FAU to
A13 a gradual decrease in micropore area and an increase in mesopore volumes
(table 1) can be observed.

Thus, we have zeolites of the same type, but modified in various ways with
their own unique textural properties. Having proven zeolites of the same type,
but with different porosities, we can proceed to the main topic of our research
and start tests our zeolites for adsorption capacity of toluene.

3.2. Toluene adsorption

This work was done at the Beijing Forestry University, in the laboratory EFN
led by Professor Qiang Wang. Testing the adsorption capacity of zeolites was
performed in two ways. At first, all samples were tested regarding their total
adsorption capacity in anhydrous conditions. After selection of the best samples,
additional tests of toluene adsorption capacity under wet conditions were carried
out. Thus, hydrophilic abilities were checked or in other words, the ability to
continue to capture toluene despite the presence of water vapor. This kind of
testing conditions brings the laboratory approach closer to real situation in a
factory, where obviously there are no ideal conditions. The basic formula for
calculating the absorption capacity of toluene formula 1:

t

F-C,-107° : C,
q=—"r— |t~ )= d |, 1)
Wl

where g — absorption capacity of toluene, mg/g; F — gas flow velocity, ml/min;
C:t — the concentration of gas at t minutes CJ/Co, mg/m3; Co — initial
concentration of the intake, mg/m?; W — the amount of zeo, g; t — the absorption
time, min; t; — the time of absorption saturation, min.

All adsorption diagrams can be divided into three segments: a) breakthrough
time (btt) that corresponds to the time of complete adsorption of toluene in
zeolite; b) stage during which pores of the zeolite can no longer hold all toluene
flow and the concentration of the output toluene begins to sharply increase over
time (usually, giving a S-shaped curve); c) zeolite channels are filled, the curve
of unhurried achievement of the initial concentration (C/Co = 1) and the end of
the activity of the catalyst.

3.2.1. Comparison of the adsorption diagrams FAU (Na/H)

First, the acidic FAU zeolite (FAU-H) and its parent sodium zeolite FAU
(FAU-Na) were selected as typical microporous material. The results of toluene
adsorption are shown in fig. 4 and 5.

The parent microporous zeolite FAU-Na without any changes exhibits a breakthrough time
(btt) value of 43.8 min and absorption capacity of toluene (q) 87.4 mg/g. The same experiment
with the acidic version FAU-H, provided very different values: btt 17.5 min and capacity 55.6
mg/g (table 2).

12
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1
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Fig. 4. Toluene adsorption diagrams of FAU (Na/H)
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Fig. 5. Toluene adsorption diagrams of FAU (Na/H) in the presence of water

Table 2
Toluene adsorption of FAU (Na/H) in the presence of water or without
Toluene Toluene + H20
Name Breakthrough | Adsorption capacity | Breakthrough | Adsorption capacity of
time (btt), min | of toluene (q), mg/g time, min toluene (gH20) mg/g
FAU-Na 43.8 87.4 0 16.63
FAU-H 17.5 55.6 0 12.9

The large differences between breakthrough time and capacity in these
experiments can be explained by a stronger chemical interaction between
toluene and Na* than between toluene and H*. We made this conclusion on the
basis of results published in 2014 by the group of Anpo [12].

Experiments in the presence of water, H- and Na-FAU materials provided
very different results (fig. 5). Btt in both cases, decreased to zero, q for FAU-Na
decreased from 87.4 to 16.63, and for FAU-H), from 55.6 to 12.9. These results
confirmed the information taken from the literature [15] on the high
hydrophilicity of microporous zeolites. Microporous Na-Y, H-Y zeolites are
hydrophilic because these zeolites are capable of adsorbing polar water
molecules by coordination and interaction between zeolites and water.

13
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3.2.2. Comparison of adsorption diagrams with zeolite A-13 (Na/H)

The following tests were performed with zeolite A-13 containing either
sodium or proton ions. Zeolites A13 was obtained by mesostructured method in
the presence of organic templates. The results of toluene adsorption were
surprising (fig. 6).

1

06

e 13 (M), Lol enie
adsorption

A-13 (H), mohuene
adsarption

G/

0.4
e 113 M), toluienie and
water adsomtion

02

L

a 50 100 150 200 250 300

Time, min

Fig. 6. Toluene adsorption diagrams of A-13 (Na/H) without or in the presence of water

The bbt values are 8.7 for A-13 (H) and 17.5 for A-13 (Na), while the
capacities are 30.35 for A-13 (H) and 33.08 for A-13 (Na) (table 3). Although
the ratio between the H and Na form remains the same, the adsorption capacity
of this zeolite diminished compared to the parent microporous zeolite. This
decrease could be due to the fact that the dimensions of the mesopores are large
and toluene is simply washed out with the flow of other gases, not having time
to adsorb to the surface.

Table 3
Toluene adsorption of A-13 (Na/H) in the presence of water or without
Toluene Toluene + H.0
Name Breakthrough | Adsorption capacity Break_throu Adsorption capacity of
- . gh time,
time (btt), min | of toluene (q), mg/g min toluene (qr20) Mg/g
A-13 (Na) 175 33.08 0.52 10.94
A-13 (H) 8.7 30.35 0 0

A-13 (Na), which showed higher adsorption capacity than the H-form, was
also tested in the presence of water. Under such conditions, the bbt value
dropped to 0.52 and q = 10.94. These results are also lower than in FAU-Na.
But, in percentage, falling adsorption capacity in the experiment for micro-
mesoporous zeolite A-13 (Na) was not as low as in the experiment for the
microporous zeolite FAU-Na. In sample A-13 (Na) it was 67 %, and in FAU-Na
it was 81 %. Adsorption capacity of zeolite A-13 (H) in the presence of water
showed 0 adsorption capacity.
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3.2.3 Comparison of adsorption diagrams CBV-720 (H)

Commercial zeolite CBV-720, was also evaluated regarding adsorption of
toluene and hydrophilicity/hydrophobicity. We used only the proton form of
CBV-720. The results are presented in fig. 7.

1
08

———CBV-720 (H), toluene and

0,6
water adsorption

GG

04 —— CBV-720 (H), toluene
adserption

02

Time, min

Fig. 7. Toluene adsorption of CBV-720 (H) in the presence of water or without

As can be seen on the adsorption diagram (fig. 7, red curve), the curve
(CBV-720 (H), toluene adsorption) has two hills. The first is observed after of
120-200 minutes, the second between 290-370 minutes. It seems logical to
assume that these data are correlated to pore size distributions of BET-analysis
(fig. 8). The CBV zeolite exhibit clearly two major pore size one well defined
from 3 to 6 nm and another set less defined from 7 to 13 nm. Apparently, large
volumes of gases penetrate through large mesopores, and then diffused into
micropores. In a second stage, the penetration of gases through smaller pores
from 3 to 6 nm, sequentially forming the first and second areas on the toluene
adsorption diagram.
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Fig. 8. Pore Size Distribution Of the sample CBV-720
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This zeolite exhibits the following values: btt of 65.7 and q = 82.54 (table 4).
Its total adsorption is almost the same as the commercial microporous zeolite
FAU-Na, that showed the best toluene adsorption. But among the H-forms of
zeolites, this adsorption is the highest. This is possible due to the connections

between mesopores and micropores.
Table 4
Toluene adsorption of CBV-720 (H) in the presence of water or without
Toluene Toluene + H20
Name Breakthrough | Adsorption capacity | Breakthrough | Adsorption capacity
time (btt), min | of toluene (q), mg/g time, min | of toluene (gr20) mg/g

65.7 82.54 31.9 34.89

CBV-720
(H)

For this zeolite, water effect on the ability of toluene adsorption was
significant. Indeed, btt value fell to 31.9, and the adsorption capacity fell to
34.89 (table 4 and fig. 7, blue curve). These results are the best results from the
presented series.

The literature presents some data on the hydrophobicity of dealuminated
zeolites. Hydrophobic zeolites are those that are dealuminated and have a minimal
amount of hydroxy groups. He tested the CBV-901 CBV-780 CBV-100, in
which Si/Al is 41.5, 40, 1.3. According to the results of experiments, CBV-901
was hydrophobic, CBV-780 partially, and CBV-100 hydrophilic. Our study on
zeolite CBV-720 (Si/Al = 21), show partial hydrophaobicity in agreement with
the publication of the Marcus group [16].

4. Conclusion

In this article, we answered the question: how within one group of zeolites
(in our case, this is Y-type of zeolites), the adsorption capacity of toluene
changes if we test zeolites with variable porosity. In in the row FAU — CBV720 —
A13 (H-form), from microporous surface to prevailing mesoporosity, (see Table 1),
the adsorption capacity of toluene (g, mg/g) is as follows: 55.6 — 82.54 — 30.35.
It is obvious that the presence of micro-mesopores in the structure of the zeolite
in approximately equal proportions provides the most effective absorption.
The same dependence is observed if we add water vapor to the toluene flow.
In the series FAU — CBV720 — A13 (H-form), the adsorption capacity of
toluene, (q, mg/g) looks as follows: 12.9 — 34.89 — 0.
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Hnuemumym xamanuza u Heopeanuueckou xumuu um. axaoemuxa M.®@. Hacuesa
Hayuonanvhoti Axademuu nayk Azepbatioscana (e. baky, Pecnybnuxa Azepboaiioscan)

®da3zoo0pa3zoBanue B cucreMe Cu2SnS3—Sh2S3

Cynb@uobl cypbmul 6b13b16a10M UHMEPEC ¢ MOYKU 3DEHUS UX NPUMEHEHUS 6 MUKPO-
B0THOBbIX, KOMMYMAYUOHHBIX U ONMOIeKmpoHHbx yempoticmeax. Coeounenue CuzSnSs,
omHocsAueecs K KuACCy MpPOUHBIX AIMA30NO00OHbIX NOIYNPOBOOHUKOS, NpUsNeKkaen
BHUMAHUE KAK NEPCNEKMUBHYI MAMEPUAT Ol NPUMEHEHUs. 8 ONMOAKYCIUKe, HeluHel-
HbIX ONMUYecKux npubopax u gomosnexmpuueckux snemenmax. Ilosmomy uawe uc-
CNe008AaHUE NOCAUJEHO UVHEHUIO XUMUYECKO20 83aumodeticmeus 6 cucmeme CuaSNSz—
Sh2Ss u nocmpoenuro gazosoii ouazpammr.

s nposedenus uccnedosanuil 6biau CUHMESUPOBAHLL UCXOOHbIE CYIbGuobl (Sh2S3 u
Cu2SnSs) u3z anemenmos gvicokoil cmenenu uucnmomul 6 axyymuposannvix 0o 0,133 Ila
Keapyesvix amnynax. emeeprvie cnaasvl cucmemvr CuzSNSz—Sb2Ss cunmesuposanu uz
aueamyp npu memnepamype 850-1 150 K @ 3asucumocmu om cocmasa. [ns comozenu-
3ayuu cnaagog nposoounu omicue Ha 50—60 K nuowce corudyca 6 meyenue 240 u.

C nomowwio memoodos ougpgepenyuanrvio-mepmudeckoeo (ATA), penmeenogazo-
6020 (P®A), muxpocmpyxmyproeo ananuzos (MCA), a maxoice usmepenus Mukpomeep-
00Cmu U NIOMHOCMU U3YYeHbl (azosvle pasHosecus 6 Keasumpotinol cucmeme CUS—
SnS2—Sh2S3 no ceuenuro CuzSnSz—Sh2Ss.

Bnepevie nocmpoena ouacpamma cocmosimus paspesa CuzSnSs—Sh2Ss ¢ wuporom
uHmepeane KOHYeHMpayuil u YCmanoeAeHo, YMo OHA ABNAEMCS K8ASUOUHAPHbIM ceue-
Huem keasumpoiinou cucmemvl CuzS—SnS;—Sb2Ss. Yemanosneno, umo paspes CuzaSnSs—
Sb2Ss — semexmuueckoco muna, KoopOUHAMbBL I6MEKMULECKOU MOYKU COOMBEMCMEB)-
1om 30 mon. % Cu2SnS3 u 750 K. Onpedenenvt obracmu meepovix pacmeopos na 0CHoge
Cu2SnS3—Sh2Ss. Teepovie pacmeopw Ha ocnose Cu2SNSs npu KOMHAMHOU memnepamype
(300 K) obpasyromesi 4 mon. %, a na ocnose Sh2Ss — 12 mon. %. Teepovie pacmgopul
Ha ocrose Sh2S3 Kpucmanuzylomcs 6 poMOUYecKoll CUHOHUY, d MBepoble PaAcmeopbl
Ha ocnose Cu2SNS3 KpUCMATUZYIOMCS 8 MOHOKIUHHOU CUHSOHUMU.

KimoueBble caoBa: semexmuka, Cu2SnSs, xeasubunapuas, Sb2Ss, mpoiinas cu-
cmema, meepowlil pacmeop, CuzSnS3—Sh2Ss.

BBenenne

OcoO0bIif HTEpEC MPEACTABISIOT MOIYMPOBOIHUKU CO CIIOMCTOH CTPYKTY-
poii, k kotopbiM oTHOCATCS CUS, SNS; u ShySs, sBIAIONIHECS KOMIIOHEHTAMH
uccienyemMoii cucrteMbl. MHTEpec K (hazaM co CIIOMCTON CTPYKTYpOH 0OyCIIOB-
JIEH HCIOJb30BAHUEM CJIOUCTHIX MOJYIMPOBOJAHUKOB B ONTORJIEKTPOHHKE W
HAJIMYMEM y HUX CTIEIH(PUIECKUX (PU3UKO-XUMHYECKUX CBOWCTB.

[MomynpoBoaauku rpynmbl A2Bs TpUBIEKarOT BHUMaHHWE HCCIeOBaTeNIeh
Onarojapsi CBOMM YHHUKAJIbHBIM CBOMCTBAaM B IMEPCIEKTUBE NPUKIAAHBIX MPH-
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MeHenuit [1-7]. B wactHOCTH, (pa3bl Ha OCHOBEe Sb2S3 BBI3BIBAIOT HHTEPEC C TOY-
KH 3pEHUS UX HCIONB30BAaHUS B MHUKPOBOJHOBBIX, KOMMYTAI[HOHHBIX U OMTO-
3NIEKTPOHHBIX ycTpoiictBax. CoemnmHenne CuzSnSs, oTHOcsmeecs K Kiaccy
TPOMHBIX &IMa30MOJ00HBIX TOJYIPOBOJHUKOB, MNPHUBICKAET BHUMaHHE Kak
MEPCIEKTUBHBIN MaTepHal I PHUMEHEHUS B ONTOAKYCTUKE, HETUHEHHBIX OI-
THYECKHX prOopax u (HoTodnekTpuieckux anementax [8—10].

Coenunenust CupS, SnSp, SboS3 u rpaHWyHbIC KBa3MOMHAPHBIE CHCTEMBI
Cu2S-SnS;, SnSy—ShyS3, CupS—ShySs nccnemyemoii Tpotinoi cuctembr CupS-
SnS>—Sh,S3 moapobHo M3yuens: B mureparype [11-18].

[MTo mgamaeM [11], B cucteme CurS-SnS; oOpa3yroTcs TpW COCAMHEHUS:
CusSnS4 xpucTannmsyercs B pOMOMYECKOH CHHIOHMM, ApaMETPaMHU PEIIETKH
apsrores a = 13,558, b = 7,681, ¢ = 6,412 A np.rp. Pnma [12]. Coenunenue
Cu2SnS3 wraBuTest KoHTpysHTHO Tipu 1 127 K [9, 10] u kpucTaimm3yeTcs B MO-
HOKJIMHHOM cTpykType np.rp. Cc; a = 6,653, b = 15,87, ¢ = 6, 665 K, B =109°,
Z =4 [13]. Coenunenne CuzSnsSg Kpuctaniusyercss B KyOuueckoil cTpykrype,
a = 10,40 A [14]. Cuctema Cu;S-SnS; Takxke uccienopanach B paborax [15,
16], u 0GHapy’KeHO TOJBKO OJHO M3 BBIMICYKa3aHHBIX coequHeHHi — CUaSnSs.
B [17] nnsa coenunenus CuzSnSz mpuBOAATCS pa3iIndHbIe 3HAYSHHS TeMIepaTy-
psl TwiaBieHus. ABTophl [14] ompenenwny, uto B cucteme CuS—-SnS; o6pasy-
FOTCS YeThIpe TPOWHBIX coenuHeHus. Coempmuenne CUpSNS3 Mm1aBUTCS KOHTPY-
saTHO mpu 1123 K [14]. OcrajbHbIE TpU COCAMHECHHE HWMEIOT COCTaBbI
CusSnsSe, CusSNS4, CuzSnsSe, miassrcs nHKOHrpysHTHO Ipu 1 063, 1083 n
938 K cooTBETCTBEHHO.

Coenunenne Sh,S3 mmaBurcst KOHrpysHTHO mpH 820 K U kpHcTammusyeTcs
B pOMOMYECKOW CHHTOHMH C IapaMeTpaMM 3JeMeHTapHod sueiiku: a = 11,20,
b =11,28, c = 3,83A [19-23].

Tpoiinas cucrema SN—Sh—S m3yuena 1o paspesy SnS;—Sh,Sz B pabore [24].
B cucreme oGHapy:keHO coenuHEHHE cocTaBa SNShySs, KOTOpoe MIaBUTCS WMH-
KOHIpy3HTHO nipu 735 K.

B cBsI31 ¢ MPaKTHYECKON IEHHOCTHIO MATEPHAIIOB HA OCHOBE XaIbKOTCHHU/IOB
MEIU U CYypbMbI BO3HHKAET HEOOXOIUMOCTh OoJiee rIy0OKOro H3yueHHUs UX B3a-
HMOJICHCTBHS.

Lesn10 HAIIETr0 MCCJIETOBAHHUS SIBIISCTCS MOCTPOCHUE (Pa30BOM AUATpaMMBI
paspesa CuSnS3—Sh,Ss cuctemsr Cu2S—-SnS;—Sh,Ss.

JKcnepuMeHTANbHASA YaCTh

Jyis ipoBeieHNs MCcCIieIOBaHA ObUTH CHHTE3UPOBAHBI HCXOHBIE CYIb(OUIBI
(Sb2Ss 1 CuoSNS3) U3 371eMEHTOB BBICOKOM CTEHNEHH YHCTOTHI B BAKKYMHPOBAH-
HBIX 10 0,133 Ila xBapueBsx amirynax. UerBepHbie cruiaBsl cucteMbl CUaSNSz—
Sh2S;3 cunTesnpoBanu u3s muraryp npu temmeparype 850-1 150 K B 3aBucumocTn
or coctasa [25]. [l roMOreHu3anuy CIuTaBoOB MPOBOIMIN OTKUT Ha 50—60 K
HIDKE conunyca B TedeHue 240 u.

BsaumopeiictBue B cucteme CUSNS3—ShyS; m3yuanu meromamu auddepes-
nuaneHo-TepMudeckoro ([ITA), pearrenogazooro (PDA), MUKPOCTPYKTYPHO-
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ro (MCA) aHanm30B, a TaKke WU3MEPEHUEM MHUKPOTBEPJOCTH M OIpeIeIICHUEM
iotHocTH. POA mpoBomuim Ha peHTreHoBckoM npuodope mozenu /1 2 PHASER
¢ ucrionb3oBanneM CUK -H3TydeHns 1 HUKEJEeBOTO (QHIIbTpA.

JATA crutaBoB cucteMbl npoBonwim Ha mpudope HTP-73 co ckopocThio
HarpeBanus 10 rpajg/mMuH. Mcronb3oBaiy KaTMOpOBOYHBIE XPOMEITb-aIFOMeIIeBbIE
Tepmoriapbl, 3tanoHoM ciayxiia Al,Os. Tlpu uccnenoBaHUH MHUKPOCTPYKTYPHI
CIUIaBOB mcrosb3oBanu TpaButedb coctaBa NHiNO3 (3-8 Bec. %) + KoCr.07
(0,02-0,5 Bec. %) + xoui. H2SO4, Bpemst TpaBnenus — 20 ¢. MUKpOTBEpPIOCTD
CILIaBOB U3Mepsun Ha MukpoTBepaomepe IIMT-3 mpu Harpyskax 0,01 u 0,02 H.
MCA cmnaBoB CHCTEM HCCIECHOBATN HAa METAJUIOTPAPHUSCKOM MHKPOCKOIIE
MUM-8 Ha npeaBapuTeIbHO MPOTPABICHHBIX IITH(aX, MOJIUPOBAHHBIX MACTON
rou.

Ha ocHoBaHMM pe3ymbTaToOB MCCIENOBAHUS DKCIICPUMECHTAIFHBIMA METOZA-
MU pusuko-xuMmudeckoro ananusza (JIITA, MCA, PDA, nusMepeHne MHKpOTBEp-
JIOCTH U TWIOTHOCTH) MOCTpOeHa (pazoBas quarpamma cucreMbl CUzSNS3—Sh,Ss.

Pe3yabTarhl u 00cy:KIeHHe

Jnst u3ydenust pazoBoro paBHoBecHs B pazpese CUSnS3z—ShyS; cunresupo-
Bayu 11 oOpasioB paszauuHbix cocTaBoB. [lo nanueM JITA, POA u MCA mno-
crponnu Ga3oByro auarpamMmy cucteMbl CuaSnSz—ShSs (puc. 1.)

1125

i U
o outf ]
G
=
1 1 1 L
&h,S, 0 40 1] 1] Cu;5n%;

Momsds — CuSnS

Puc. 1. ®aszoBas auarpamMma cucteMbl Sh2S3—Cu2SnSs

Kak BuagHo u3 pucynka, cuctema CUSnSz—Sh,Ss3 siBnseTcst kKBa3uOHHAPHON
U OTHOCHTCS K DIBTEKTHYECKOMY THITy C OOpa30BaHHMEM TBEPABIX PACTBOPOB
Ha ocHOoBe CU2SNSz u ShySz. KoopanHartamMu 3BTEKTUYECKON TOUKH SIBISIFOTCSI
30 mon. % Cu2SnSz u 750 K. U3 mannbix JJTA BUAHO, YTO B3auMMOJEHCTBUE
Mekay coemuaeHusmu CUSnS3 u ShyS3 HocuT HecmoxHbIi xapaktep (Tabu. 1).
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Cocras, pe3yabTaThl JITA, IIOTHOCTh 1 MUKPOCTPYKTYPA CIIABOB CHCTEMBI

Tabnauma 1
Cqun53—5b283

CocraB Mosb% Sh,S; | Tepmuueckue addextsi, K IL10THOCTS, TlcM® Konnuectso a3
100 820 4,640 a (ozHODa3HbIIH)
90 790, 815 4,672 o
80 755, 805 4,721 a+P
70 750 4,753 a+f
60 750, 930 4,731 a+p
50 750, 990 4,811 a+P
40 750,1 020 4,881 a+p
30 750, 1 050 4,922 a+P
20 750, 1 100 4,951 at+p
10 750,1110 4,980 a+P
0,0 1123 5,020 B (omHOGA3HbII)

Pesynpratet POA u MCA cmnnmaBoB HMcCleqyeMON CHCTEMBI COTJIACYIOTCS
¢ naaaeME JITA ¥ TOATBEPKAAIOT CYIIECTBOBAHHE TBEPIBIX PACTBOPOB HA OC-
HOBe CU»SNS3 u SbyS3. YcranoBieHo, 4To AubpaKUHOHHBIC JHHHH CIUIABOB,
cogepkamux 04 mom. % ShySs, mmentuunsl ¢ auppakrorpammoit CuSnSa.
OHU SBISAIOTCS TBEPIBIMU pacTBopamu Ha ocHOoBe CUpSNSs. JludpakinoHHEIE
JIMHUM CIUIaBOB cOCTaBOB 4—88 moit. % CuzSNS3 cOCTOAT U3 COBOKYITHOCTH JIH-
Huit otpaxkenust a(ShySs) n B(Cu2SNSs3) das. JudpakrorpaMMsl CIiTaBoB U3 00-
nmacTu TBepAbIX pactBopoB 0—12 moi. % Cu2SNSs naeHTHYHEI ¢ qUQpaKTorpam-
Mo ShyS3 U SIBNISIOTCS TBEPABIMU PacTBOpaMu Ha ocHOBe ShyS3 (puc. 2).

Lo
1
Tols J J IJA—JLJM Y { i
L] J LLJ.JW Y . 2
-4 P 3
: doad A_J—MM‘LAA YR IR, ! L
] 4
JL | l N A
1 A 1 l : (%
10 0 30 00 0 60 0
28 (deg)

Puc. 2. Tludpakrorpamma criaBoB ciucteMbl Sh2S3-Cu2SnSs:
1 —Sb2Sz; 2 — 12 moin. % Cu2SnSsz; 3 — 20 mon. % Cu2SnSs;
4 — 96 mox. % CuzSnSs; 5 — Cuz2SnSs
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Jns onpepeneHus TpaHULl TBEPIBIX PACTBOPOB JOIIOIHUTENEHO CHHTE3UPO-
BaJy cruiaBbl ¢ 98, 96, 94, 92, 90, 88 mMoin. % c 00eux cTOpoH. DTH CILIABHI OT-
xuranuch B TedeHue 320 u npu 600, 450 K u 3arem 3akansnuce. [locne Takoit
TepMOOOPaOOTKH M TIIATEIHHOTO H3YYEHUS MHUKPOCTPYKTYPHI STHX CIUIABOB
OIIPE/IeIISUINCH TPAHHIIBI PACTBOPUMOCTH.

W3yueHre MUKPOCTPYKTYpPbI OKA3aJ0, YTO CIUIaBbl ¢ coctaBoB 0—4 Moi. %
u 88-100 mom. % Sh,S3 onHodasubie. CriaBbl cocTaBoB 4—88 moin. % CuzSnSs
nByx(asHbie. Brimeyka3zaHHbIe CIUIABBI HIMEIOT CTPYKTYPY TBEPIBIX PACTBOPOB.
TBepablie pacTBOPBI Ha OCHOBE SDhyS3 KpHCTAIU3YIOTCS B pOMOHYECKOH CHHTO-
HUH, a TBepAble pacTBOpbl Ha ocHOBe CU2SNS3 KPUCTATUTU3YIOTCS B MOHOKJIMH-
HOU cuHroHnu. C yBenmuueHueM, coaepxanus CupSnSz mapamerp poMOnYecKoit
PEIIETKH YBEIMUUBACTCS TS YucToro ShySs (tabm. 2).

Tabnumna 2
HapaMeprI KpHCTaJ]J]H‘leCKOﬁ PELHIETKH TBEPABIX PaCTBOPOB
B cucreMe CuzSnSs-Sh2Ss

0,
Cocgtlzg; OSI;L o Cunronus Ip.rp Mapametpsl pemeTku, A°
0,0 PomMOuueckuii Pnma a=11,20;b=11,28;c=3,83
2,0 PoM6Ouyeckuii Pnma a=11,23;b=11,30;c=3,84
4.0 PoM6Ouyeckuii Pnma a=11,25;b=11,33;¢c=3,86
6,0 PoM6Ouyeckuii Pnma a=11,27;b=11,35;¢c=3,88
8,0 Pombuuecknit Pnma a=11,30;b=11,38; c = 3,89
10 PombOuuecknit Pnma a=11,32;b=11,40; c=3,92
12 PomMbOuueckuii Pnma a=11,34;b=11,42;c=3,95

Pa3paborana meTonuka M BHIOpaHBl TEXHOJIOTWYECKUE YCIOBHS BBIpAIHBaA-
HHsI MOHOKPHCTAJIOB TBEPIBIX PacTBOPOB Ha OoCHOBe ShyS3 metomom Bpuimk-
MeHna—CtokOaprepa.

JAns BeIpamyBaHWs MOHOKPHUCTAUIOB MPEABAPUTENHFHO CHHTE3UPOBAIHCH
TNOJIUKPUCTAIUINYICCKUEC CIIJIaBbl B KOJIMYECTBE 7 T, KOTOPBIC IIOTOM HU3MEJIbYaJIN
U TEPCHOCWIN B aMIyNIy C CY)KEHHBIM KOHIIOM, ITOCJIETHSSA YBAKyHPOBAJIaCh W
MOMEIANACH B IBYXTEMIIEPATypPHYIO MIEUb C 3apaHee YCTAaHOBJICHHOH pasHHUICH
TeMreparyp. [IBHKEHHE MeYd OCYHIECTBISUIOCh CO CKOPOCTBhIO 3 MM/4, Torna
KaK aMIIylia OCTaBajach HEMOJIBIDKHON. Takas KOHCTPYKIHS MO3BOJIIET YCTpa-
HUTH IIOMEXH, CBSI3aHHBIE C COTPSCEHUEM aMITyIIbL. B pe3ynbraTe HEOTHOKPATHBIX
OIBITOB YTOYHSUIM TEMIIEPATYpbl 30H Ne4ed U CKOpocTh ABWxkeHUs neud. C no-
MOIIIBIO Pa3paO0TaHHOTO PEXKUMa BhIpAIIEHbl KAYECTBEHHBIE MOHOKPHUCTAIITHI.

Tabonuua 3

OnTUMANBLHBI PEKAM BHIPAIMBAHUA MOHOKPHCTAJIOB TBEPABLIX PACTBOPOB
Ha ocHOBe ShS3

Ckopoctb nie- | Pa3zmep moHo-
Macca moHO-
Cocras -T2, K pemenieHus KPHCTAJLIOB,
e, M/ i KPHUCTAILIOB, T
(Sb2S3)0,999(Cu2SnS3)o001 | 750-800 3,0 7x18 7,3
(Sb2S3)0,998(Cu2SnS3)0002 | 750-800 3,0 7x18 7,5
(Sb2S3)0,997(Cu2SnS3)o003 | 750-800 3,0 7x18 7,6
(Sb2S3)0,995(Cu2SnS3)o005 | 750-800 3,0 7x18 7,8
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B ta6n. 3 maetcs pexkuM MoJydeHHS MOHOKPHCTAJUIOB, YCTAHOBJICHHBIA Ha
OCHOBaHHsI MHOTOYHUCIIEHHBIX OIIBITOB.

BriBOabI

1. BriepBble MOCTPOCHA qHarpamMma COCTOsiHHs paspe3a CuaSnS;—SbyS; B
IIMPOKOM WHTEPBAJe KOHIEHTPALUI U YCTaHOBJICHO, YTO OHA SIBIIACTCS KBA3H-
OMHAPHBIM CEYEHUEM KBA3UTPOHHOM cucteMbl CUpS—SNS;—Sh,Ss.

YcranoBiaeHo, uto paspe3 CuzSnSz—Sh,S3 aBTeKTHYIECKOro THIIA, KOOpAWHA-
ThI IBTEKTUKU TOYKU cOOTBETCTBYIOT 30 Mout. % Cu2SnSs u 750 K.

2. OmpeneneHbl 001aCTH TBEPABIX PacTBOpoB Ha ocHOBe CUSnS3;—ShySs.
Teepupie pacTBopbl Ha ocHOBe CUSNS3 mpu komHaTHOU Temmeparype (300 K)
obpazytorcs 4 Moi1. %, a Ha ocHoBe ShyS3 — 12 Mo, %.

3. MOHOKPHCTAIBI OBLIH BBIPAIEHBI HAa OCHOBE TBEPABIX PAacTBOPOB ShS3
MetoqoM bpumxmena—Crokbaprepa.

VCTaHOBIICHO, YTO TBEPABIC PACTBOPHI Ha OCHOBE ShyS3 KpHCTALTH3YIOTCS
B POMOHYECKOI CHHTOHMH, a TBEpIble pacTBOphl Ha ocHoBe Cu»SnSs xpucrai-
JIM3YEOTCSl B MOHOKITHHHON CHHTOHHUH.
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Phase formation in the Cu2SnS3—Sh2Ss system

Antimony sulfides are of interest because of their application in microwave,
switching, and optics devices. The Cu2SnSs compound, which belongs to the class of
triple diamond-like semiconductors, is a promising material for use in optoacoustics,
nonlinear optical devices, and photoelectric elements. Our study is devoted to the
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study of chemical interaction in the Cu2S-SnS2-Sh2Ss system and the construction of
a phase diagram.

Differential thermal (DTA), X-ray phase (XRD), and microstructural analysis
(MSA), as well as measuring microhardness and density, were used to study phase
equilibria in a quasi-three-dimensional Cu2S-SnS2-Sh2S3 system over a Cu2SnSs-Sh2Ss
cross section. This established that the Cu2SnSs-Sh2S3 system was a quasibinary sec-
tion of the quasiternal system CuzS-SnSz-Sh2Ss and was of the eutectic type. The
eutectic coordinates corresponded to 30 mol.% Cu2SnSz and a temperature of 750 K.
Based on the starting components in the section, the regions of solid solutions were
determined. At room temperature (300 K), regions of solid solutions based on
Cu2SnSs (4 mol% Sh2S3) and based on Sh2S3 (12 mol% Cu2SnSs) were identified.

For the first time, a state diagram of the Cu2SnSs-Sh2Ss section was constructed in
a wide range of concentrations, and it was shown that it was a quasibinary section of
the quasiternal system Cu2S-SnS2-Sb2Ss. It was shown that the Cu2SnSs-Sh2Ss section
was of the eutectic type, and the coordinates of the eutectic point corresponded to
30 mol.% Cu2SnSz and 750 K. The regions of solid solutions based on Cu2SnSz-Sh2Ss
were determined. Solid solutions based on CuzSnSs at room temperature formed
4 mol. % Sh2Ss, and based on Sh2S3 formed 12 mol% Cu2SnSs. Solid solutions based
on Sh2Ss crystallized in rhombic syngony, and solid solutions based on CuzSnSs crys-
tallized in monoclinic syngony.

Keywords: eutectic, Cu2SnSs, quasibinary, ShzSs, ternary system, solid solution,
Cu2SnSs-Sh,Ss.
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Hayuonanvhoii Axademuu nayx Azepbatioscana (2. baxy, Pecnybnuka Asepbaiioscan)

KBa3uounapubiii pazpe3 AgGaSe>—PbSe

B onmosnexmponuxe 6 nociednue 200wl uccredosameneii 3aUHMEPECOBANU CO-
eounenus A'B"CV'2 (A' — Cu, Ag; B"' — Ga, In; CV' - S, Se) co cmpyxmypoti xarvko-
nupuma u ux meepovie pacmeopvl. Imo GHUMAHUE OOBICHAEMCs 2AGHLIM 06PA30M
NePCneKMUBHOCMbI0 NPUMEHEHUS Medb- U Ccepedpocodepaicayux npeocmasumerneil
oannvix coedunenutl (CulnS2, CulnSez u m.o.) ¢ nposooumocmoio p-muna 6 Kavecmee
noznowarouieco  Clnos  MOHKONIEHOYHbIX — CONHEYHbIX — dAeMeHmos.  Jlueamypol
(AgGaSez, PbSe) cunmesuposanu 8 8aKyyMupoOSaHHbIX KEAPYEEbIX AMNRYIAX U3 Jjle-
MeHmos, 83ambulx 6 coomeemcmeyrouux coomuowenusx npu 1 150 u 1 370 K 6 meue-
Hue 3 u ¢ nocnedylowuM oxaaxicoeHuem Ha 6030yxe. B kauecmee ucxoOnvix mamepua-
106 ucnonvzoeanu Pb, Ag, Ga, Se 6bicokoll uucmomvl ¢ COOEPAHCAHUEM OCHOBHOO
seujecmsa ne menee 99,999%. Obpasywr omorcucanu npu 600 K 6 meuenue 300-350 u.
Obpasyvl paspeza AgGaSe2—PbSe cunmesuposanu npu 1 150-1 370 K. [Tonyuennvie
obpasyvt omorcueanu npu 600 K 6 meuenue 350 u. Memooamu PDA, [ITA u memanno-
2paghuueckoeo aHanuza, usmepeHuem MUKpomeepooCmu u niOMHOCHU U3ydensvl (a-
306ble  pasnosecus 6 paspeze AgGaSe—PbSe keaszumpotinoi cucmemvt AgaSe—
GazSes—PbSe. Ilocmpoena T—x ¢hazoeas ouazpamma cucmemvt u YCMaHo81eHO 00pa-
306anue yemeeprHo2o coeounenus cocmaeéa AgPb2GaSes, obpaszyiowezocs npu 1 110
K no nepumexmuuecxoii peaxyuu. Onpedenenvi yciosusi 00pazo8anus u uzyiensl gu-
3uKo-xuMmuyeckue ceovicmea coeounenus AgPb2GaSes. Ycmanosneno, umo coedune-
nue AgPb2GaSes kpucmaninusyemcsi 6 OpmopoMOUYecKol CUHOHUU C NAPAMempamu
kpucmannuyeckou pewemxu: a = 8,5201, b = 7,2311, ¢ = 6,9203 A Ilp.ep. Pmn21.
Buisigneno, umo pacmeopumocme na ochose AgGaSez npu Komuamnoi memnepamype
docmueaem 12 mon. % (B-gasa), a na ocnoge PbSe — 8 mon. % AgGaSe:.

KiioueBble cioBa: cucmema AgGaSer—PbSe, nepumexmuka, coedunenue
AgPb2GaSes, 26mexmuxa, meepoviii pacmeop.

BBenenue

B nocnennue roast Bospoc untepec k coenunenusm A'B"'CV!; (Al - Cu, Ag;
B — Ga, In; CV' - S, Se) co cTpyKTypoii XaIbKOIMPUTa U TBEPABIM PaCTBOPAM
Ha UX OCHOBE. Takoe BHUMAHHUE CBSI3aHO C MMEPCIICKTHBHOCTHIO MPUMEHEHHUS MEIb-
U cepebpocoiepKalnx npeacTaButened 3tux coequaennit (CulnS,, CulnSe; u
T.J1.) C IPOBOJMMOCTBIO P-THIIA B KQUECTBE MOTJIOMIAIOMIECTO CIIOST TOHKOTUICHOY-
HBIX conHeuHbIX dnemenToB [1-3]. Ctpykrypsr CUC!"'X; (xanbkomuput) 1 A"'X
(canmeput WM BIOPIIMT) XapaKTepU3YIOTCS 00pa3oBaHUEM TBEPABIX PACTBOPOB
B IIMPOKOM HMHTepBajie KoHleHTpanuid [4—12]. CepeOpocoaeprkalnne CoeauHe-
HUSA 00JIaar0T 6oJiee IMPOKOH 00JIACTHIO0 TOMOTeHHOCTH [4, 13, 14].
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Coenunenns tuna A'VBVY! 06namaroT yHUKalIbHBIMH (PU3MYECKUMH CBOM-
CTBaMH U UCIIOJIB3YIOTCS B PA3JIMYHBIX 00JIACTAX COBPEMEHHON TEXHHKH, TAKHUX
KaK HWH}paKpacHas W Jia3epHas TEXHUKA, TEPMOAIICKTPUUECKUE T'CHEPATOPEI,
SIMEUKH MaMSITH, TIEPEKITI0YaroNIne yeTpoicTsa u T.4. [ 15, 16].

Jnst pacimpeHHs: TPHUKIaHBIX BO3MOXKHOCTEH COEJMHEHHI 3TOro Kiacca
1enecoo0pa3Ho MOMy4YeHNe Ha X OCHOBE CIIOXKHBIX ()a3 MepeMEHHOrO COCTaBa.
D¢ddexTrBHOE pelreHre MaHHONH TPOOIEMBbI CBS3aHO C HM3Y4YeHHEM (Ha30BbBIX
paBHOBECHH B CIIOXKHBIX XaJbKOTCHH/IHBIX CHCTEMaX Ha OCHOBE COCIMHEHHI
AYBV! u xanskonupuTos cepebpa.

[TosToMy 1enbIo Hailell paboThl SIBISIETCS UCCiIe0BaHue (a30BOro B3auMo-
neiicteust B cucteme AgGaSe,—PbSe.

Coenunenne PbSe mmaButcs koHrpysHtHO mpu Temmnepatype 1 354 K u
KPHCTAIIIN3yeTcs B KyOMUECKOH pemreTke ¢ mepuojgoM a = 6,124 A [15, 16].
B pesynbrate uccienoBanus cuctembl AgoSe—GapSes B padore [17] ycraHosiie-
HO CYIIECTBOBAaHUE JIBYX TPOHHBIX coequHeHnii — AgGaSe, nu AgeGaSes, xoTo-
pble KoHrpy>HTHO IuiaBsitcss B 1124 u 1031 K coorBercrBenno. AgGaSe»
KpUCTAIUIM3YETCS B CTPYKType Xaibkomuputa mp.rp. 142d, a = 0,59921 Hwm,
¢ = 1,0883 um [18]. AgeGaSes kpucramumsyercsi B KyOHUECKOW CTPYKTYpe
np.rp. F43m; a=1,1126 am [19].

JKcnepuMeHTANbHAS YaCTh

Jluratyper (AgGaSe,, PbSe) cunre3npoBain B BaKyyMHpPOBAaHHBIX KBapiie-
BEIX aMITyJIaX W3 AJIEMEHTOB, B3STHIX B COOTBETCTBYIOIIMX COOTHOIICHHSX IPH
1150 u 1370 K B TeueHue 3 4 ¢ MOCTEMYIOMUM OXJIAKICHHEM Ha BO3AyXe.
B kauecTBe MCXOOHBIX MaTepHanoB ucrnoiab3oBamu Pb, Ag, Ga, Se BeICOKOi
YUCTOTHI C COJICPXKAHWEM OCHOBHOTO BemiecTBa He MeHee 99,999%. O6pasibl
orxuranu npu 500-600 K B teuenne 300-350 u. Penrrenoda3oslii ananus
CHHTE3UpPOBaHHBIX coequnHeHuit AgGaSe; u PbSe mokassiBaeT, dTO
KpHUCTaJuIOrpaduyecKie mapaMeTpsl UX KPHCTAIJIOB COOTBETCTBYIOT JUTEpa-
TypHbIM JaHHBIM. OGpasiel paspesa AgGaSe,—PbSe cunTesmpoBanu mnpu
1 150-1 370 K. ITomyuennsie o6pasus! orxurany mpu 600 K B reuenune 350 .
[omy4yeHnble CrIaBbl OBLTH KOMITAKTHBIMH, YCTOHYMUBBIMU IO OTHOLICHHIO K
OKpYXarollel cpejie, K BIAKHOCTH, B3aUMOJICHCTBOBAIM C KOHIICHTPHUPOBAH-
HBIMH MHHepanbHbIMH KucaoTaMu (Hanpumep, HNOs, HCI, H2SO4 u ap.), op-
TaHWYECKIE PACTBOPUTENN HA HUX HE JICHCTBOBAIH.

Cmnasel uccnenoBanu Mmerogamu J[TA, POA, MCA, myreM u3MEpeHHs] MUK-
potBepaocTH U omnpenenenus miotHoctd. JITA nposeneH wa npubdope HTP-73
¢ ucnonb3oBanuem Pt/Pt—-Rh-tepmomapbr. CkopocTh HarpeBa W OXJIAXKICHUSI
cocraBmsmia ~ 10 rpag/mua. POA nposommincs wa JPOH-3 ¢ HHKeneBBIM
¢unpTpom u CuK,-uznyuennem. MCA mpoBOAMIIN Ha MOJHMPOBAHHBIX M TPO-
TPABJICHHBIX TOBEPXHOCTAX MOJ Mukpockornom MUM-7. MukpoTBepaocTb
U3Mepsach Ha MeTtaiuiorpadudeckoM Mukpockorne mapku [IMT-3. Ilnot-
HOCTB CIUTABOB ONIPEAEISUTH TUKHOMETPUIECKUM METOJIOM, B Ka4eCTBE HAIOJ-
HuTEIs Kcnonb3oBanu Toayol (CeHsCHa).
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Pe3yabTaThl M 00Cy:KAeHHE

C 1enpio U3yueHHs XapakTepa B3auMojeicTBus B cucreme AgGaSe,—PbSe
ObUTO crHTEe3UpoBaHo 13 crmaBoB (Tab:. 1). [1o cOBOKYIMHOCTH JaHHBIX (hU3HKO-
XMMUYECKOTO aHaIM3a IMOCTPOCHA JuarpaMma CoCTOsHHS cucTeMbl AgGaSe,—
PbSe (puc. 1). Cucrema siBisieTcst KBa3HOHHAPHOU U XapaKTEPHU3yETCsI TIPU COOT-
HOIIIEHWH KOMITOHEHTOB 1:2 0Opa3zoBaHueM dyeTBepHOro coemunerns AgPb,GaSes.
Coenunenne AgPh,GaSes oOpasyercs 10 MEPUTEKTHYECKOH  peakiuu
x + y(PbSe) = AgPb,GaSes mipu temmeparype 1 110 K.

Tab6numa 1
Cocras u pe3yabtatnl ITA ciiiaBoB cucrembl AgsSnSe—AgsShSs
Cocras, mon. % Tepmugeckue adpextsr, K
AgGaSe: PbSe ’
100 0,00 1130
90 10 1115,1125
80 20 1075,1120
70 30 1050,1075
63 37 1 050 (3BTEKTHKA)
60 40 1050, 1070
55 45 1050
50 50 1050, 1110
40 60 1050,1110
30 70 1110, 1255
20 80 1110,1280
10 90 1195,1325
0,00 100 1350

Juxeumyc cucremsr AgGaSe,—PbSe cocroumt u3 Tpex BeTBel MepBHYHOM
kpuctammsanuu (a3 f (rBepasiii pactBop Ha ocHoBe AgGaSez), AgPh.GaSes u
v (TBepABIil pacTBOp Ha OCHOBE CYAb(HUIA CBUHIIA).

Coenunenne AgPb,GaSes o6pasyeT 3BTEKTHKY ¢ THOTaIaTOM cepedpa;
KOOpAMHATEI 3BTEKTHYecKO# Touku: 37 mon. % PbSe u 7' = 1 050 K. PactBo-
PUMOCTh Ha OCHOBE TpoiftHoro coenuHeHust AgGaSe, coctaBmsier 12 Mo %
PbSe, a Ha ocHOBe celleHMIAa CBHHIA OOJIACTH T'OMOTEHHOCTH IOCTHIaeT
8 moun. %. AgPb,GaSes umeer obmacts romorenHoctu npu 33,3-35,2 mon. %
AgGaSe;.

Pesynbratel peHTreHO(ha30BOr0 aHajawM3a MOATBEPIUIN 0Opa3oBaHHE B CH-
creme AgGaSe,—PbSe uerBepHoro coequnenus cocrasa AgPb,GaSes.

CpaBHeHue peHTreHorpaMMbl civiaBa cocraa 2:1 (AgPb,GaSes) ¢ pentre-
HOTpaMMaMHu HCXOMHBIX cynbdumoB (PbSe, AgGaSe;), mokaspiBaeT, 4TO Ha
pentrenorpamme AgPb,GaSes nosBisiercst psia AMPaKIUOHHBIX JTUHUN, TOJI-
TBepKIA0IINX oOpazoBanue B cucteMe AgGaSe,—PbSe HoBoit (hasbl.

Pacuer pentrenorpamm coemuHenust AgPb,GaSes mokaspiBaeT, 4TO OHO
u30CTpYyKTypHO ¢ coeanHennem AgCd,GaSes [20] u kpuCTaAIH3YyEeTCS B OPTO-
POMOHMYECKOM CHHIOHMH C mapameTpamu pemetkd. ¢ = 8,5201, b = 7,2311,
c=6,9203 A, ip.rp. Pmn2;.
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Puc. 1. ®a3oBas quarpamma cucrembr AgGaSex—PbSe

Jns ompeneneHus rpaHuIl 00IacTeil TBEpABIX PACTBOPOB HCXOMHBIX KOMITO-
HeHToB (AgGaSe; u PbSe) momonHUTENEHO CUHTE3UPOBANIN CIIJIaBBI C COEpIKa-
HHEM KOMIOHEHTOB 98, 96, 94, 92, 90, 88, 87, 85 mon. % ¢ 00enx CTOpoH. DTH
crutaBbl oxurany nmpu 600 u 750 K, amutensHocTs omxura — 500 u (Tabm. 2).

Tabnuna 2
Omxur cniiaBoB cucrembl AgGaSex-PbSe 600 u 750 K npu remnepaTtypax
0,
AgGaSCe:)CTaB MOx. A)PbSe 600 K, xonmuectBo a3z | 750 K, xonmuectso da3

0,0 100 Y Y

2,0 98 Y Y

4,0 96 Y Y

6,0 94 v+ B Y

8,0 92 y+B Y

10 90 y+B v+B

100 0,0 i p

98 2,0 B B

96 4,0 B B

94 6,0 B p

92 8,0 B B

90 10 v+B B

88 12 y+B B

87 13 v+B v+B

85 15 y+B y+B
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H3mepeHne MUKPOTBEPIOCTH CIuTaBoB cucteMbl AgGaSe,—PhSe mokasaio,
YTO B 3aBHCHMOCTH OT COCTaBa HalOJrojaercs TpU Habopa 3HAUCHHH MHKPO-
tBepaoctu: 3470-3510, 2275-2310 u 650-700 MIla, oTHOCSIUECS K MUKPO-
TBEPJOCTAM B-TBEpABIX pacTBOpoB Ha ocHoBe AJGaS;, yeTBEpHOMY COeIIUHE-
Hio AgPb,GaS, u y-TBepabIM pacTBOpaM Ha OCHOBE CyJIb(HIa CBUHIIA.

W3mepenue MmIoTHOCTH ciuiaBoB cucteMbl AgGaSe,—PbSe moxasamo, 4ro
IJIOTHOCTh U3MEHSETCS B Tpeieiiax IIOTHOCTH UCXOIHBIX CYIb(hUI0B (puc. 2).

o ot

' 3,710

1
Phis 20 40 &0 80 AgCaSe
atons %

Puc. 2. p—x-ngnarpamma cuctemsr AgGaSez—PhSe

Taxum o0pazom, n3ydeHa M IMOCTPOSHA |—x-AuarpaMma COCTOSIHUS pa3pesa
AgGaSe>—PbSe B kBasutpoiinoii cucreme Ag.Se-GaSes—PhSe. Veranosneno
obpazoBaHue yeTBEpHOro coeanHenust coctaBa AgPb,GaSes, koTopoe oGpasy-
eTcs mo mepurektrdeckoi peakmum npu 1 110 K u kpucrammmsyercs B opTo-
pOMOHMYECKON CHHTOHUU.

BrIiBOaBI

1. Metomamu ¢usuko-xumuaeckoro ananmsa (ITA, POA, MCA, usmepeHu-
€M IUDIOTHOCTH W MHUKPOTBEPIOCTH) IIOCTPOCHA 7T-Xx-IHarpaMma CHCTEMBI
AgGaSe>PbSe. Ycranosneno, uto npu cootnonreHnu AgGaSe;: PhSe = 1:2
o0pasyercsi MO MEPUTEKTHYCCKON pPEaKIMh YETBEPHOEC COCIMHCHHE COCTaBa
AgPh,GaSs. Coenunenne AgPb,GaSes kpucTamimsyercs B opTOpOMONYECKOM
CHHTIOHHH ¢ mapameTpamu a = 8,5201, b = 7,2311, ¢ = 6,9203 A, np.rp. Pmn2.

2. B cucreme AgGaSe,—PbSe oOHapyxeHO oOpazoBaHHE TBEPIBIX PacTBO-
POB Ha OCHOBE HCXOIHBIX KOMIIOHEHTOB. PacTBOpHMOCTS Ha OCHOBE THOTAIIaTa
cepebpa mpu KOMHATHOHM Temmepatype cocrasisiet 12 mon. % PbSe, a Ha ocHo-
Be celieHua ceuHNa — 8§ Moi. % AgGaSes.
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Quasibinary section of AgGaSe>—PbS

In recent years, researchers in optoelectronics have been interested in investigating
the compound A'B"'C¥'; (A'-Cu, Ag; B"-Ga, In; CV'-S, Se) with a chalcopyrite struc-
ture and the solid solutions. This attention is mainly due to the promising use of
copper and silver-containing representatives of these compounds (CulnSz, CulnSez)
with p-type conductivity as an absorbing layer of thin-film solar cells. The ligatures
(AgGaSez, PbSe) were synthesized in evacuated quartz ampoules from elements taken
in appropriate ratios at 1150 and 1370 K for 3 h, followed by air cooling. Pb, Ag, Ga,
and Se of high purity with a basic substance content of at least 99.999% were used as
starting materials. The samples were annealed at 600 K for 300-350 h. Samples of
the AgGaSe2-PbSe section were synthesized at 1150-1370 K. The samples obtained
were annealed at 600 K for 350 h. The XRD, DTA, and metallographic analysis, micro-
hardness and density measurements were used to study phase equilibria in the
AgGaSe2-PbSe section of the Ag2Se-GazSes-PbSe quasi-ternary system. The T-x phase
diagram of the system was constructed, and the presence of a quaternary compound
of the composition AgPb2GaSes, formed at 1110 K by the peritectic reaction, was es-
tablished. The conditions of formation were determined, and the physicochemical
properties of the AgPb2GaSes compound were studied. It was found that the
AgPb2GaSes compound crystallized in the orthorhombic system with the crystal
lattice parameters a = 8.5201, b = 7.2311, ¢ = 6.9203 A4 Sp.gr. Pmn21. It was shown
that the solubility based on AgGaSe2 at room temperature reached 12 mol.%
(B-phase), and on the basis of PbSe, 8 mol.% AgGaSez.

Keywords: 4AgGaSe2—PbSe system, peritectic, AgPb2GaSes compound, eutectic,
solid solution.
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@®opMHPOBAHHA CTPYKTYPbI IEHO0OETOHA
¢ TepMOMOIM(PUIIPOBAHHON TOP(siHOI 100aBKO
B PaHHHUE CPOKH TBepAeHHUs

Ilpeocmasnenuvt pesyromamsi uccie008aHuil NO GIUAHUIO MEPMOOUPUYUPOBAHHOU
mop@anoti dobasku TMT600 na ceoticmea nen. Ycmanosneno, umo dobaska TMT600
obecneyusaem Gopmuposanue ycmouuueou neHHou cucmemvl. Ommeuaomcs uH-
MEHCUBHAsL MUSpayusi Mukpodacmuy mopga no epanuyam paszoeia ¢as nemwvi, gop-
MUPOBAHUE azpe2amog KPYnHblX pazmepos, ocodenno 6 yiax pebep I[lnamo—Iuboca.
Ilpeocmasnenvt pesynomamul éruanua dobasxu TMT600 na ceolicmea yemenmuo2o
mecma u yeMeHmHo2o Kamus. Ycmanoeneno, umo npu egedenuu dobasku TMT600
8 NOpMIAAHOYEeMeHm Npu OIUSKUX 3HAYEHUSX HOPMATbHOU 2YCMOmbl YeMeHMHO20
mecma yCKOpAMCA CPOKU CXBAMBIBAHUS U NOBIUACTCA NPOYHOCMb NPU COHCamuu
yemeHmno20 kamus 8 28-cymounom sospacme na 54,2%. Hccredosanvt anexmpoghu-
3udecKkue ceoucmea (INEeKMpuUUecKkas eMKOCMb U CONPOMUBITIEHUE) YEMEHMHO20 me-
cma KoHmpoabHulX 00paszyoe u ¢ dobaskot TMT600. Ilokazano, umo npu ésedeHuu
dobasku TMT600 6 yemenmnoe mecmo HaAOIOOAEMCsL CHUNCEHUE eMKOCIU U Y8elu-
YeHue conpomusienus 00pasyos no CPAGHEHUI0 ¢ KOHMPOIbHbIMU, YO 00YCI081EHO
usmenenuem noogudxchocmu uornos OH™ u H*, ounoneii 600vl u yeenuuenuem 0o
CBAZAHHBIX MedHcOy co00ll HO8000pazosanull. [Ipedcmasnenvl pe3ynivbmamol 61UAHUS
oobasku TMT600 na ceoticmea nenobemonnol cmecu u neHobemona. Ycemamnoeéneno,
umo npu eeedenuu TMT600 6 nenobemonnyio cmecv 6 konyenmpayuu 0,5 mac. %.
6 CPABHEeHUU C KOHMPOJLbHbIMU COCMABAMU Y8EIUNUBACMC s NOKA3ameNb Nidcmuye-
ckotl npounocmu na 65%, a npupocm npounocmu 6 28 cymox meepoenus — na 43%.
IIpu smom nabniodaemcsi ygeauyenue obwell u 3aKpulmoll NOPUCmMocmu, a maxice
yMeHbUleHUe Menionpo8oOHOCHIU.

KioueBsble ciioBa: nenobemon, nenoobpasosamens, NeHd, MepMoMoOUPUYUpo-
6aHHAs Mopganas 000aéKa, NPOYHOCMb, YEeMEHMHbIL KAMeHb, UMNEeOAHCHA CheK-
MPOCKONUSL.

BBenenue

CoracHO pa3BUBaeMOil KOHLIEMIIMKA COBPEMEHHOI0 CTPOUTENBHOTO MaTepHa-
JIOBEJICHUS, BCE CTPOUTEIILHBIC MaTEPHATBI U TEXHOJIOTHH MX ITOIYYCHUS TOTKHBI
OTBEYATh CeMH (PyHIAMEHTAIBHBIM KpUTEepHsaM. K HUM OTHOCSTCS: TEXHOJIOTH-
4ecKasl JOCTYITHOCTh U 3P (PEKTUBHOCTD; PeCypCOIHEProcOePEeIKEHNE; IKOIOTH-
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yeckasi 0€30I1aCHOCTb, MIPUPOIHAS COATAHCHPOBAHHOCTh U OMOCOBMECTUMOCTH;
9SKOHOMHUYECKAs 11€71eCO00Pa3HOCTh; dTHUECKAs IPUEMIIEMOCTh IPUMEHEHHS Ha
MPAKTUKE; ICTETHUECKAsl BBIPA3UTENBHOCTh U COLMANbHAs HalpaBICHHOCTb.
BceM saTriM TpeOoBaHUSAM B TIOJTHOM Mepe 0TBevaroT nmeHooetonsl [ 1-3]. OxHako
0 CHX TIOp OCTalOTCA aKTYaJbHBIMH BOIIPOCHI PETYIMPOBaHHS (DUIUKO-
XUMHYECKNX, (U3UKO-MEXaHUYECKHX M OSKCIUTYyaTallMOHHBIX XapaKTEePUCTHK
W3IeNHii Ha X ocHOBe. ClepKUBaioMmuM (akTOpOM B IIPOM3BOACTBE IIEHOOETO-
Ha HEaBTOKJIABHOTO TBEPACHUS SIBIISICTCS HEOMHOPOIHAS M TPYIHO PETYIHpPYe-
Masi mopuctas cTpykrypa. OCHOBHas IPUUUHA — 3TO PACCIOEHHE NEHOOETOHHOM
cMecH u3-3a OOJNBIION CpeHei INIOTHOCTH EMEHTHOH MaTpHIlbl, (POPMUPYIO-
el MeXTNOpOoBBIE meperopoaku [4, 5]. Yropapiss BS3KOCTHIO, TIOPHCTOCTHIO U
CTPYKTYypOOOpa3oBaHHUEM, MOKHO OOecTedHBaTh MapaMeTpbl KauecTBa CTEHO-
BBIX MAaTE€pPUAJIOB B MIMPOKUX mpeaenax [6].

B macrosme#t paGore BBIOBHHYTa CIEQyIOMash THUIOTE3a: HAMPaBICHHO
U3MEHSS 3JEKTPOPU3NUECKUE XAPAKTEPUCTUKU CTPOUTENIBHOM CMECH MOAM-
¢urpoBaHHoro TopgsHONH 100aBKOI MeHOOeTOHa, MOXHO 3(QeKTHBHO
VIPaBJIATh €TO CBOMCTBAMHU KaK B PaHHUE, TaK M B TIO3THUE CPOKH CTPYKTYPO-
o0Opa3oBaHusl.

Lenpb nccnenoBaHus 3aKIOYACTCS B BBISIBICHUM 3aKOHOMEPHOCTEH BIIUSHUS
CHHTE3UPOBAHHON TOPQSIHON TOOABKM Ha IPOLECCH TBEPACHHUS EMEHTHOTO
KaMHs U CBOMCTBa IIEHOOETOHA.

MarepuaJibl 4 METOUKA IKCIIEPUMEHTA

ITpu mpoBeaeHny 1a0OPATOPHBIX UCCIIETOBAHNIT IEMEHTHOTO KaMHS U TIEHO-
0eToHa WCIOJIB30BANKCH: MOPTIAHAIEMEHT TOMKMHCKOTO IIEMEHTHOTO 3aBOAA
LHEM 142,5 B ('OCT 31108-2003); Boxa Bogonposoaras (I'OCT 23732-2011),
neHooOpazoBarenb bernotex [1b-C (ITOCT 24211-2008, TY 2481-010-58771162—
2007), tepmomoauduiupoBantas TopdsHas nobaska TMT600, monydeHHas
MyTeM TEPMOOOPaOOTKH HU3WHHOTO TOp(ha B peakTope ¢ OrpaHNYCHHBIM JOCTY-
mom Bo3ayxa mpu temmeparype 600°C [6]. Tlo xumudeckoMy COCTaBy TEpPMO-
Moau(puIMpoBaHHas J100aBKa TPEACTaBISET COOOH KOMIUIEKC YTIIEPOAHBIX H
TEMITEPaTypOyCTOHIUBEIX OPTaHOMUHEPATBHBIX COCAMHEHUH, 00ECIICUMBAIOIINX
ApMUPYIOIIMHA W CTPYKTYpUpYyOUid 3((GeKTs! MpHU TBEPIACHUU IIEMEHTHOTO
KaMHs TieHoOeToHa [7, 8].

[Ipu ompeneneHUn KpaTHOCTH MEHOOOPa30BAaHUS M CTAOWIBHOCTH IICHEI
TOTOBHJICS BOJTHBIN PacTBOP ¢ NOOABKOW MEHOOOpa30BaTENsl B METAIUIMICCKOM
cocyie, a nmeHa B30MBasiach IICHOICHEPATOPOM B T€UCHHE TpeX MUHYT. [loadop
cocraBa IIEHOOETOHHOW cMecH MpoBoIWiIcs ¢ yuetoM TpedoBanmii CH 277-80.
[TapaMeTpbl KauecTBa MEHOOETOHA B COOTBETCTBHH C TPCOOBAHUSIMHU CICIYIO-
OIMX HAIMOHAIBHBIX, CTAHJAPTOB: IMIpeleNll TPOYHOCTH Ha CKATHE —
I'OCT 10180-2012; mmotaocts — I'OCT 12730.1-78; BOZONOIJIONICHHE —
I'OCT 12730.3-78; nokazartenb nopucroctu — ['OCT 12730.4-78; xoaddurm-
enT termonpoBonHoctd — FOCT 7076-99. Onpenenenue ko3 duIlueHTa TEN-
JIOTIPOBOHOCTH MTPOBOJIMIIOCH ¢ TTOMOIIIbIo ipubopa UTC-1.
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OnekTpuyeckas eMKOCTb U CONPOTHUBIIEHHE B HAYAIIbHBIE CPOKH CTPYKTYpPO-
00pa30BaHuUs LIEMEHTHOTO TeCTa HOPMAJIbHOM I'yCTOTBI UCCIIEIOBATHUCH HA TIpe-
mmsnonHoM m3mepurene RLC Agilent E4890A B anamaszone wactor 20 I'mp —
2 MI'm ¢ moMOImIbI0 CaMOAENBFHON KOHJAEHCATOPHON W3MEPUTENHHON SUEHKH.
Sueiika mpeacTaBiseT co0Ol MIOCKHM KOHIAECHCATOP, COCTOAIIMN U3 ABYX Ips-
MOYTOJIBHBIX IUIACTHH U3 Hep)kaBerollell cranu ToimmHoi 1 MM pasmepamu
51,0 x 39,5 mm. Paccrostare Mexy muiacTuHaMu 9,5 mm. M3mepeHus npoBo -
JIMCh B TE€YEHHE CYTOK ¢ MHTepBanoM 30 MUH C ITOMOIIbIO IPOrpaMMBI, HAIllH-
canHoi1 B cpene LabVIEW. ®oT0- 1 KHHOCKEMKY ITPOIIECCOB IIEHOOOPa30BaHUs
ocymiecTBisui ¢ momoirsio Mukpockona EAKINS HD720P. Onenka kadectBa
neHoOeToHa ocymiectBisuiachk mo 'OCT 25485-2019.

Pe3yabTathl u 00Ccy:KIeHHe

O6pa3oBaHKe MPHIUIEHOYHOTO CJIO0S M3 MUHEPAIbHBIX YaCTHUI] (TaK Ha3bIBac-
MBIH TPOIECC MUHEPATU3ANUK TI€H) CBS3aHO ¢ MEXAHHYECKMM YIIPOUYHEHUEM,
Wi «OpOHUPOBAHUEM», IIJICHOK TIEHBI YaCTHIIAMU TBEPAOH (ha3bl U XeMOCopo-
IUOHHBIMHE TIPOIECCAaMH MEXKIY Mojiekyinamu [1AB u 3apspkeHHBIME MUHEpasb-
HBIMH 9acTUI[aMU. DPPEKTUBHOCTD JCHCTBUS MUHEPAIBHBIX T00ABOK Ha TICHHYIO
IUIEHKY OTIpENeNsieTCs UX 3apsagoM IOBEPXHOCTH, TUCIIEPCHOCTBIO U (hOPMOA
YaCTHII, HANOOJBIINM JTOIyCTUMBIM PAacCTOSHHEM MexIy HuMmu. HaOmomaercs
CHJIbHOE XEMOCOPOIIMOHHOE B3aMMOJCHCTBHE MEXAY 3apsKCHHBIMH BO3.YIII-
HBIMH TY3BIPPKAMH M MHHEPATBHBIMH YaCTHUI[AMH, KOTOPOE MOATBEPIKIACTCS
JAHHBIMH 1O KPATHOCTH ITeHBI (puc. 1).

10,00
9,00
8,00
7,00
6,00
5,00
4,00
3,00
2,00
1,00
0,00

KpaTHOCTl) NeHbl, OTH. /.

t, MuH
== e= Lenorex [1b-C ¢ TMT600

Puc. 1. 3aBHCHMOCTb 3HaYEHHUI KPATHOCTHU NE€HBI OT BPEMEHH BBIIEPKKH
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YcTaHoBIeHO, 4TO TIpH BBeAeHHH A00aBku TMT600 B meHy 3Ha4YCHHUS ee
KpaTHOCTH B TeueHre 30 MHUH COMTOCTABMMBI B CPABHCHUH C MIEHOH O3 J00aBKH.
B nanpHeiieM 3TOT mokas3aTeib COXpaHSeTCs B TEUEHHWE BPEMEHH, COOTBET-
CTBYIOILIETO Hayally CXBaTBHIBAHHS LIEMEHTHOTO TECTa, UTO SBIICTCS BaXKHBIM
(daxTOopoM B mporiecce POPMUPOBAHUS CTPYKTYPBI IEMEHTHOTO KaMHL.

[To manHBIM (HOTO- ¥ KHHOCHEMKH TIpoliecca (OPMUPOBAHUS TIEHEI ¢ 100aB-
kot TMT600, MukpovacTuipl Topha MHTCHCHBHO MHUTPHUPYIOT TIO0 TpaHUIIAM
pa3zmena Qa3 meHbl, POPMHUPYIOTCS arperathl JOCTATOYHO KPYIHBIX Pa3MEpOB,
0cobeHHo B y3nax pebep [1naro-Iubd6ca (puc. 2).

V31161 KaHAJIOB
ITnaro—I'ud6ca
Jlo6aBka

3 TMT600

lazoBas
¢aza

Kunkas

ILUICHKA

Puc. 2. ®opmupoBanue cTpyKTyphI neHsI ¢ JobaBkoid TMT600

Job6aska TMT600 pacnpenensiercss Ha TpaHuIax paszena ¢a3 neHooOpaszo-
BaTesl, TJe COCPEelOoTOYeHA HAauOONIbIas HECKOMIICHCUPOBAHHAS DHEPTHUS CUI
MMOBEPXHOCTHOTO HATsDKEHHS. MaccolepeHOC YacTHIl OCYIIECTBISIETCS HE TOIb-
KO 1u(p¢y3MOHHBIM, HO U KOHBEKTHBHBIM IIyT€M. YCKOPEHHOE IEpeMelleHIe
YacTHll, Ha HaIll B3TJISI, MOXKET OCYIIECTBIIATHCS TAKXKE 32 CUET DIEKTPOCTATH-
YEeCKOTO B3aMMOJICHCTBHUS 3aps0B Ha MOBEPXHOCTH KaK IEHEI, TaK U TOPQIHOMI
no0aBku. ['eoMeTpusi MEHbI MMEET NMPEUMYIIECTBEHHO BHJ MATH- M IIECTH-
yroibHUKOB. [Ipu 3TOM KoHIeHTpanus nodaBku TMT600 B y3nmax v Ha MOBEpX-
HOCTH T'paHHMIIBI paszena (a3 meHbl 00eCICUNBACT €€ YCTOHUHUBOCTb.

[MopTnananeMeHT sBIsieTCS MOJKMMUHEPAIbHBIM BelllecTBOM. B mporecce
TUIPATAllMOHHOTO TBEPIICHUs MOPTIAHJIIEMEHTa ¢ MOTUPUIMPYIOMIEH no0aB-
kot TMT600 muHepasibl BCTYNalOT B XMMHYECKOE B3aUMOJICHCTBHE C BOJOM.
CreneHb PHEPreTUUECKOH CBSA3M MOJSIPHBIX MOJIEKYJ BOABI B CUCTEME U YHOPS-
JIOYEHHOCTh €€ CTPYKTYpPBhI ONPEACTSIOT BaXKHEHWITNE CBOWCTBA LIEMEHTHOTO
KaMHS, MaTPHIIbI IEHOOETOHA U B TIEPBYIO OYEPElb MEXaHUIECKYIO TIPOYHOCTb.
B Ttabn. 1 mpencraBieHBl CBOWCTBAa IEMEHTHOTO TECTAa M IIEMEHTHOTO KaMHS
¢ nob6askoiit TMT600.

Kak BugHO 13 Tabmn. 1, mpu BBenenun no6asku TMT600 B mopTiaHaIieMEeHT
npu OJIM3KUX 3HAUEHUSX HOPMAaJbHOW T'yCTOTHI LIEMEHTHOT'O T€CTa YCKOPSIOTCS
CPOKH CXBATHIBAaHHS U MOBBIIIAETCS IPOYHOCTH MPH CKATHH IEMEHTHOTO KaMHS
B 1, 14, 28-cyrounoMm Bo3pacte cooTBeTcTBeHHO Ha 13,7, 25,6 u 54,2%.
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YMeHbIIIeHHE CPOKOB CXBATBIBAHUS M CYIIECTBEHHOE IMOBBIMICHHWE MPOYHOCTH
LIEMEHTHOTO KaMHsI MTO3BOJISIOT MpEANoaraTtb, 4YTo Ha paHHEN CTaauM THapaTa-
UM MHHEPAIOB I[eMEHTa 00pa3yroTCs MPOAYKTHI C OOJiee BBICOKOH CTENCHBIO
JUCTIEPCHOCTH W KPUCTAUTUYHOCTH. Tak Kak KoHIeHTparws no6asku TMT600
COCTaBJISICT BCEI'O 0,5 mac. % OT Macchl HEMCHTA, TO MOXHO HPEAIOJIOXKUTb U €€
KaTaJINTUYECKOE NEHCTBUE Ha MPOIECC TUAPATAIIUH [IEMEHTA.

Tabnuma 1

Bausinue nooaBku TMT600 Ha cBolicTBa IEMEHTHOI'0 TECTA H IEMEHTHOI0 KaMHS

Cpoxu cxBaTbiBa- | Kuneruka Habopa 1pod-
HUSI EMEHTHOTO | HOCTU [IEMEHTHOTO KaMHl,
TMT600, | HopmanbHas TECTa, 1-MUH MIla
Cocras Mmac. % rycrora, %
' ’ 1 14 28
Hayajo | KOHeI|
CYTKHM | CYTOK | CYTOK
KonrpoxsHisiit - 26,0 01:20 | 04:10 | 146 | 309 | 323
obpazen
C mobaBkoit . .
TMT600 0,5 25,6 01:00 | 03:40 16,6 38,8 | 49,8

B mporuecce ruaparanuu meMeHTa, CaMOIIPOU3BOJIBHOTO JTUCTIEPTUPOBAHUS
YacTHIl [IEMEHTa B BOJIE M TIOCIEIYIONIETO CTPYKTYpOOOpa30BaHMsI IPOUCXOISAT
CYIIECTBCHHBIC M3MEHEHHS KOHIICHTPAUU M MOJBIKHOCTH HMOHOB, 00pa3yro-
IIUXCSl Ha OMNpEJEICHHONW CTaJuM TBEPACHUS, a TAKKE€ M3MEHEHUsI CBOWCTB U
cocraBa caMoii xuakoil (aszel [9—11]. B cuimy 3TOr0 M3MepeHHs 3IEKTPOIpo-
BOJHOCTH M TUIJICKTPUUYCCKON MPOHUIAEMOCTH WIIM CBSI3aHHBIX C HUMH BEITH-
YUH JJIEKTPUYECKON €MKOCTH M CONPOTHUBICHUS HU3MEPUTEIBHOW SYEKH, 3a-
MOJTHCHHOM TBEPpACIOINMHN HEMEHTHBIMU CUCTEMAaMHU, MO3BOJIAIOT JOCTATOYHO
TOYHO OIICHUBATH MPOTEKAIOIINE B HUX MPOLECCHI, ONPENEIATH BpeMEHHbIEC HH-
TepBaJIbl COOTBETCTBYIOIUX ATAIOB CTPYKTypooOpa3oBanus [12, 13]. DToT Me-
TOA YYBCTBUTCJICH K HM3MCHCHUAM BOJOTBEPAOr0 OTHOIICHUS, TCMIICPATYpPhI
CMECH U K JpYyIruM (I)aKTOpaM, BJIMAIOIIAM Ha CKOPOCTH TBEPACHUL.

OnexTpuyeckas EMKOCTb B CUCTEME «LEMEHT—BOJa» SIBISAETCS Pe3yIbTaTOM
BO3HUKHOBEHHS JIBOMHOTO 3MekTpudeckoro cios (JI9C) Ha rpanure pasiena
(a3 «3epHO 1eMeHTa — 3eKTpoIuT». [I0BepXHOCTh 3epHa B MEPBOHAYAIBHBIN
MOMEHT 3aTBOPEHHS BSDKYILETO BOJIOW MPEACTABICT COOOHM MPOAYKTHI THIpA-
TaIMM IIEMEHTa, a DJIEKTPOIUT — MOABI)XKHYIO BOTHYIO (a3y pacTBOPEHHBIX
HOHOB. TBep}IOTeHBHaH IMOBEPXHOCTH HeMeHTHOﬁ JacTUlbl 3apspKEHa OTpula-
TEIBHO, a MPHUAJICKTPOJHBIN MOHHBIM CIIOW, COCTOAIIMN W3 IUIOTHOM IOJOXH-
TEJNBHO 3apsDKEHHON (TeIbMIONBIEBCKOHN) 1 quddy3HOI JacTel, KOMICHCUPYET
N30BITOYHBIN OTPUIIATEIIEHBIH 3apsil TOBEPXHOCTH.

Crenyer OTMETHTB, YTO HCCICIOBAHUS B3AHMMOCBS3EU AIEKTPOPH3HUCCKUX
MapaMeTpPoOB C TEXHOJIOTHYECKUMHU M (PU3MKO-MEXaHHYECKUMHU CBOMCTBAMH Iie-
MEHTHOTO TecTa (KamHs) C J100aBKOH TepMOMOIUGUIIMPOBAHHOTO Topda He
MIPOBOIUJIHC.

B nanHOil paboTe mpeacTaBieHbl pe3yabTaThl CYyTOUHBIX MU3MEPEHUN H3Me-
HeHus anekTpudeckoit eMkoct (C) u compotuBieHus (R) meMeHTHOTO Tecra
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KOHTPOJILHBIX 00pa3noB (puc. 3, @) u ¢ 100aBKOH TepMOMOTUDHUITPOBAHHOTO
Topda (puc. 3, 6) yepe3 yacoBbIe HHTEPBAJIbI BPEMEHH.
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Puc. 3. 3aBucuMmocTH 3HaueHui dmekTpruyeckoit eMxoctH (C) sueitku ot yacrotsl (f):
a — KOHTPOJIbHBIN 00paszelr; 6 — obpaser ¢ jodaskoit TMT600 B konuenTpanuu 0,5 mac. %

CornacHo puc. 3, HamOosblIKEe BpEeMEHHbIE H3MEHEHHUS JJIEKTPHUYECKOH
E€MKOCTH 000UX 00pa3IoB MpoucXo T Ha yacToTax 10 ~ 1 000 I'n. [lanee onu
CYIIECTBEHHO CHH)KAIOTCA.

Benvaunbl conpotusienus R (puc. 4, a, 6) B 000ux ciiydasx ObICTPO yMEHb-
maroTcest Ha yactoTax 70 ~ 100 [, a 3atem MeHsI0TCS €1abo ¢ POCTOM YaCTOTHI.
MuHuMabHble BeTmarHbI R ~ 17 OM Ha gactoTtax > 200 "1 IMEIOT KOHTPOJIBHBIE
00pasIbL.

C pocToM BpeMEHHU BBIAECPKKM HAOMIOJAETCS YBEJINUCHUE COMPOTHUBICHUS Y
obounx 06pasioB, onHaKo y obpasua ¢ godaBkoit TMT600 compoTuBiIeHHE pacTeT
OBICTpEE M MMOCIIe CYTOYHOM BBIZICP)KKU B JBa pa3a MPEBBIIIACT BEMUMHY R KOH-
TPOJILHOTO 06pasia (cM. puc. 4, 6).
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Puc. 4. 3aBucumocty 3HaueHui conpoTusnenus (R) sueiiku ot gacrors! (f):
a — KOHTPOJBHKIN 00paserr; 6 — odpasern ¢ nobaskoit TMT600 B korueHTpanuu 0,5 mac. %.
PasHoe Bpemst u3MepeHuil BBIIEIEHO [IBETOM MapKepoB

B cBsI3U C BBIICH3IIOKCHHBIM aHATN3 BPEMEHHBIX 3aBUCHMOCTEH €MKOCTH U
CONPOTHBJICHHS Uil HCCICJOBAaHHBIX OOPa3lOB ObUI MPOBEJCH Uil 4aCTOTHI
200 I'r. Pe3ynpTaThl H3MEpEHUit IpeACTaBICHBI HA PUC. 5.
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Puc. 5. Kunetnka n3MeHeHUs] eMKOCTH (@) ¥ COTIPOTHUBICHUS (0) B CHCTEME «LIEMEHT—BOJIa»
B IIEpBOHAYAIILHBIE CPOKH TBEPACHUS: 1 — KOHTPOIJIBHEIN 00paserr; 2 — oOpasel ¢ JoOaBKoit
TMT600 B xonuentpauuu 0,5 mac. %. PazHoe BpeMst ©3MepeHuil BbIIENICHO LIBETOM MapKepOB

CormacHo puc. 5, a, B Ha4daje BBIIEPKKH (C MOMEHTa 3aTBOPEHHS LIEMEHTa
BOJIOH) HAOJFOIaeTCsl pOCT EMKOCTH KaK KOHTPOJIBHOTO 00pasIia, Tak | oOpasiia
¢ no6aBkoii 1o BpemeHu ~ 200 muH. ITocne NpoxoxIeHUs MaKCUMyMa BEJIMUYH-
Hel C HaOMO#aeTCs CHIDKEHIE B TEUCHUE BCETO BPEMEHHU dKcIepuMenTa. [1pu-
YeM eCJM y KOHTPOJBHOro oOpaslla eMKOCTh yObIBaeT IUIaBHO, TO y oOpasia
¢ nob6askoii TMT600 nporecc yObIBaHUS BETUYUHBI €MKOCTH MPOUCXOAUT TO-
pasno ObIcTpee, ¢ PE3KUM TaJCHUEM IMPH BpeMeHaX BBIACPKKH ~ 300 MuH.
MeHblilee 3HaYCHHE JICKTPUIECKOH eMKOCTH oOpasia ¢ nodaskoii TMT600 o
CpaBHCHUIO C KOHTPOJIbHbBIM B HepBOHa‘laﬂbHIﬂﬁ MOMCHT BPpEMCHH MOKHO 06’5—
SICHUTh TEM, YTO B IUIOTHBIHN cioi ['enbMrosblia Hapsay ¢ NPOTUBOMOHAMU TEp-
BOHAYAIBHO BCTPAMBAIOTCSI W OOBEMHBIC YacTHIbI TOpQsSHOW a00aBku. [lpu
OTOM B JJICKTPOJUTEC YMCHBIIACTCA YHCIIO 3apsHKCHHBIX YaCTHLI. 9TO MoATBEP-
KITAETCS JAaHHBIMH PUC. 5, 6, KOTOPBIM MOKa3bIBaET CYIIECTBEHHOE yBEITUUCHUE
COIIPOTHUBIICHUS PaCTBOpa 3JICKTPOJUTa NpH BBeneHuH n00aku TMT600. Ha
saBucumoctd R = f(t) obpasia ¢ moGaBkoii B MOMeHT BpemeHH ~ 300 muH
HAOJIIOMaeTCs CKaYOK COMPOTUBIIEHHs 00pasiia, Torua Kak 3aBucumMocTs R = f(t)
KOHTPOJIEHOTO 00pa3ia He IMeeT OCOOCHHOCTEH.

B ocHOBe 3THX SIBICHUIA JISKAT MPOIECCHl PACTBOPCHUS, TUAPATAIINHU, TH-
ponu3a, MUCTIEPTUPOBAHUSA, KPUCTALUTU3AIlMM, HOHHOTO OOMEHa, ajcopOonmu u
YKPYITHEHUS YaCTHII. Y BEJIHMIUBACTCS OIS CBSI3aHHBIX MEXITy CO00I HOBOOOpa-
30BaHMM, H3MEHICTCS] COCTOSIHUE BOJBI, H, KaK CIICACTBHE, KOHIICHTPAIUS BBICO-
konoaBkHbIx OH™ 1 H* nonoB ymensinaercst [12]. Yka3zaHHble U psi Jpyrux
MHOTOYHUCIICHHBIX TPOIIECCOB, MPOTEKAIOIIUX B TBEPJCIOIICH CHCTEME, MOTYT
COBEpPIIATHCS CKAYKOOOPa3HO, IO MEpEe HAKOIUICHUST KPUTHIECKOH MaCChl XUMH-
YECKUX MPOJYKTOB B KOJUIOUTHOM U (WJIM) aMOPPHO-KPUCTATITUIESCKOM COCTOSI-
HUSX, 9YTO ¥ OTPaXKaeTcs Ha KPUBBIX PUC. 5, 0COOEHHO 3aMETHBIX Ha 00pasiax
¢ TopdsHOI n00aBKoi. CileayeT OTMETHTh, YTO B HACTOSIIEE BPEMs CIOKHO
BBIJICNIUTH MPOIECCH, HanOoJIee OTBETCTBEHHBIC 32 W3MEHEHHE AJIEKTPUIECKON
€MKOCTH M COIIPOTHBIICHUSI TBEPJACIONIEH IEMEHTHOW cucTeMbl. UTo Kacaercs
M3MEHEHU 3HAYCHUI EMKOCTH U 9aCTOTHI, TO 3[I€Ch KaK JJIsl KOHTPOJIBHOTO, TaK
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Y T MOJU(PHUIIMPOBAHHOTO 00pa3iia HabI0JaeTCs CYIIECTBEHHOS YMEHBIIICHHE
3HAYEHHH SIIEKTPUUECKOM eMkocTH Ha yactortax Beime 1 200 ' (em. puc. 4, a, 6).
YauteiBas 3TOT (PakT, MOXKHO MPEATONIOKHUTE, YTO MOBOPOT Takux yactull B JJIC
HE YCIIEBAET CJIeJIOBATh 3a YaCTOTOW M3MEHEHWHsI BHEIITHETO MTOTEHITHATIA.

115 mIeHOOETOHHBIX CMeCel BaXKHON XapaKTEePUCTUKON SABJISIETCS MOKA3aTelb
ynoboyknaapBaeMocT. OTHAKO B psijie CIy4acB HE MCHEE BaXKHBIM IOKa3aTe-
JIEM SIBIIETCS W TUTACTUYECKAs TPOYHOCTh, HAIIPUMED JUIS OTIPEICIICHUS MOMEHTA
pacnamyOKky OTPOPMOBaHHBIX M3AETHH, YTO Ha MPAKTHKE TTIOMOXKET CYIIECTBEH-
HO CKOOPIMHUPOBATH BPEMEHHBIC MHTEPBAJIBI TP MPOBEICHUN TEHOOETOHHBIX
paboT MM IO PEOJOTHUECKUM KPHUBBIM BBITIOJHHTH aHAJU3 CTPYKTYPhI KOMIIO-
3UTHBIX cucteM [14, 15] u ap. Onenky BnusHus no6aBku TMT600 Ha MHTEH-
CHBHOCTh MEKYACTUYHBIX B3aUMOCHCTBHIA, BOSHUKAIOIIUX Cpa3y IOCIE 3aBep-
IICHUS TTePEMEIIUBAHNSA KOMIIOHCHTOB B HMCCIICAYEMBIX JTUCIICPCHO-3€PHUCTBIX
CUCTEeMaX, OCYIIECTRIISLIN 110 BEJIMYMHE TIaCTHYECKOU ipouHocTH (P) (puc. 6).
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Puc. 6. [Tmactudeckasi mpoYHOCTH IEHOOETOHHOM cMecH

W3 momydeHHBIX pe3yiabTaTOB MOXHO CHIeNaTh BBIBOJ, YTO NMEHOOETOHHBIE
cmecu ¢ pobaskoit TMT600 B HauambHBIE CPOKH TBEPACHHUS UMEIOT OoJiee BbI-
COKHE TIOKa3aTelIH IUIACTUYEeCKOW HMPOYHOCTH, KOTOPBIC 4epe3 3 4 TBEpACHHUS
YBEIMUYUBAIOTCS 110 CPABHEHUIO C KOHTPOJIBHBIMU cOCTaBaMU Ha 65%.

JlaHHBIE pe3ynbTaThl MOKHO OOBACHUTH TE€M, YTO IIPU BBEAEHUU N0OABKU
TMT600 B nmeHOOETOHHYIO CMECh JIOTIOJIHUTENILHO MOPU3YIOTCS MEKIIOPOBBIC
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MEPErOPOIKH, YTO, C OMHON CTOPOHBI BEHET K YBEIMYCHHIO IUIACTHYECKOM
MPOYHOCTH CMECH, & C IPYroi — K YIUNTOTHEHUIO YaCTHIl B MEXKITOPOBBIX ITEPero-
pOJIKax, T.¢. K TMOSBJICHHIO CTECHEHHOTO COCTOSHHS TIPH THPATAINN [IEMEHTA.

Takum oOpa3zom, BBeicHUE B MEHOOETOHHYIO cMech 1006aBok TMT600 mo3-
BOJIIET YCKOPUTH IIPOIECC HAYAIBHOTO CTPYKTYpooOpa3oBaHMs MEHOOETOHA,
MOBBICUTh arperaTUBHYIO0 YCTOHYUBOCTh MEHOOCTOHHBIX cMmeced. CMecH, co-
JeprKaliie TOHKOAUCIEPCHYI0 N00aBKy, HE WMEIOT IMPHU3HAKOB PACCIOCHHUS U
yCaIKu.

Tadonuma 2
du3znyecKko-MeXaHHUeCKHe CBOHCTBA NMEeH00eTOHA
CaoiicTBa IeHOOETOHA KonTponbHbIit C nob6askoit TMT600

CpeiHsis IIOTHOCTb, KI/M° 660,0 633,0
ITopucrocts, %:

oO1mast 37,2 50,2

OTKpBITAs 33,2 22,5

3aKphITast 4.2 27,7
Bonomnornomnienune, %:

1o 00beMy 33,2 22,5

10 Macce 50,8 39,2
TennonpoBoaHOCTh, BT/M*K 0,12 0,09
[Ipenen mpounocty mpu cxxatuu, MIla 2,6 3,45

DKclepruMeHTaIbHbIE MCClieioBaHus BiusHUS 100aBkn TMT600 Ha cBOii-
CTBa MEHOOETOHA MPE/ICTABICHKI B Ta0I. 2.

3akiioueHue

HccnenoBansl PU3HKO-XMMHYECKHE M 3JIEKTPOPU3NUECKHE CBOMCTBA TIEHO-
OETOHHON CMECH IPH BBEICHUH aKTHBHOTO MMOPHCTOIO MHUHEPAIBHOTO AMCIIEPC-
HOTO HANOJIHUTEIS B BHJE TEPMOAUGHUIMPOBAHHOIO Topda B KOHIEHTPAILUH
0,5 mac. %. IlokazaHo, 4TO MyTeM PETYJIMPOBAHUS IJIEKTPOPHU3NUECKUX Tapa-
METPOB CTPOMTEIBHONH cMecH MOXXHO 3()(EKTHBHO YIPaBIATH CBOWCTBAMH
MeHoOeToHa Kak B PaHHHE, TaK U B IMO3JHHE CPOKH CTPYKTYPOOOpPA3OBaHUSL.
[To pe3ynpTaTam NpOBEAECHHBIX HCCIEIOBAHUN YCTAaHOBJIEHO, YTO BBEJICHUE
TEPMOMOTU(HUITUPOBAHHON JOOABKH MPUBOJUT K YCKOPEHHIO CPOKOB CXBAaThI-
BaHUs IHEMCHTHOI'O TECTA, ITOBBIIICHUIO l'[pOLIHOCTI/I HpI/I CXKXaTHUnU LUEMCHTHOI'O
KaMHS, YBEJIMYCHUIO OOIIEH U 3aKPhITOH MOPUCTOCTH, YMEHBIICHUIO TETIIONPO-
BOJHOCTH ITIEHOOETOHA.
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Formation of foam-concrete structure with thermomodified peat additive
at early period of hardening

Studies of the influence of thermally modified peat additive TMT600 on the proper-
ties of foam are presented. It was found that the addition of TMT600 provides the
formation of a stable foam system. Intensive migration of peat microparticles along
the boundaries of the foam phase interface and the formation of large aggregates, es-
pecially in the nodes of the Plateau-Gibbs ribs, are noted. Results of the influence of
TMT600 additive on properties of cement dough and cement stone are presented.
When pre-baking TMT600 was introduced into Portland cement at values close to the
normal density of cement dough, the setting time was accelerated and the compression
strength of cement stone at 28 days of age was increased by 54.2%. Electrophysical
properties (electrical capacity and resistance) of cement dough control samples and
samples with the addition of TMT600 were investigated, showing that when TMT600
was added to the cement dough, there was a decrease in capacity and an increase
in the resistance of the samples compared to the controls, which were also due to
a change in the mobility of the O- and H+ ions and dipoles of water, and an increase
in the proportion of bonded new growths. Results of the effect of TMT600 additive on
properties of foam—concrete mixture and foam concrete are presented. It was found
that when the TMT600 was administered at a concentration of 0.5 mass. %. in foam—
concrete mixture, plastic strength index increases by 65% in comparison with control
compositions, and strength at 28 days of hardening by 43%. At the same time, an
increase in volume and closed porosity is observed, as well as a decrease in thermal
conductivity.

Keywords: foam concrete, foaming agent, foam, thermomodified peat additive,
strength, cement stone, impedance spectroscopy.
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Hayuonanvhvlii uccneoosamenvckuii Tomckuti 20¢y0apcmeentblil YHUgepcumen
(2. Tomck, Poccus)

HccnenoBanue cogep:kaHnusa TOKCHYHBIX )J1€MEHTOB B COCTaBe
KJIeLeil MeTOI0M 1YIroBOil AaTOMHO-3MHCCHOHHOM CIEKTPOMETPHH
€ IeJbI0 OLEHKH MX BJIHSIHUS HA 3aPaKeHHOCTh BO30Y/ANTEIAMH
NPUPOJAHO-04YATrOBbIX HH(peKIui

B nocnednue 200l snumanue 3K010208 U INUOEMUONIO208 NPUGILEUEHO K HOBOMY
HANpaeiIenuto UCCIe008aHuUll NPUPOOHOOUA20BbIX UHDEKYUL — NPOSHOIUPOBAHUIO UX
PACHPOCMPAHEHUsE 8 YCILOBUSIX 210OANbHO20 NOMENJIeHUs. KIUMAMA, 8edyue2o K pactiu-
PeHUIo apeana ukcoOo8wiX Kiewell, U MexXHO2eHHO20 3aZPA3HEHUs. OKPYAICaroueli cpeobl.
K nacmosiwyemy epemenu nonyyeno 0ocmamoyno OaHHbIX, NOKA3AEUIUX, YMO 8blOPOCHI
om asmompancnopma, cooepaicauue uotvl msxcenvix memanios — Cd, Zn, Cu, Pb, Ni,
Mn, Fe, Co — npusooam k despadayuu sxocucmem 8 pesyromame 3a2pa3HEHUs AMMO-
cheprozo 8030yxa, 800bl U NOUEbL, OCODEHHO 800AbL agmompacc. Bvibpocvl om asmo-
mpancnopma cocmaensiom 00 79% obwjeco Koauuecmea 8blOpocos 8 OKpPYICAIOULYIO
cpedy. Yemanoeneno, umo 3azpsizHenue noue msdicebiMu Memauiamu giusiem Ha ouo-
J102UI0 U MOPGhONIOUIO Kllewjell, NPUEOOUNt K CHUNICEHUIO UMMYHUMEMAa KPO8OCOCO8, YMo
6edem K NOGbIUEHUIO BOCHPUUMYUBOCU Kilewell K namozeHHbiM azenmam. Haubonee
nazybroe enusinue Ha GIopy u GayHy okaswleaiom msdicenvie Memainsl. B nacmosuwer
pabome nposedenvl UCCIeO08AHUSL HO BO3MONCHOCHIU UCHONb308AHUS MeMOOd OY2080U
AMOMHO-9MUCCUOHHOU CREKMPOCKONUY NYymMeM UCHAPEHUsl CYX020 OCMamKka npobvli ¢
mopya 2pagumosozo 1eKmpooa O KOIUYECMEEHHO20 ONPeOesieHUs MUKPOIIEMEHNO8
6 makux Ouonoeuteckux obvekmax, Kax kiewu. HMccieoosanus npogoounu 6 akkpeou-
TMOBAHHOU 1AOOPAMOPUU MOHUMOPUHEA OKPYIHCAlowell cpedbl, 6xo0suell 8 cocmag
Tomckoeo pecuonanvbHo2o yeHmpa KoiiekmueHo2o noavzoeanus HU TI'Y. Lugposoii
cnekmpoepaguuecKkuli aHanu3 ocywecmensiiu Ha cnekmpomempe «I panoy ¢ mHo2oKa-
HAbHBIM AHATU3AMOPOM IMUCCUOHHBIX cnekmpos. Ha ocnoseanuu nposedenmvix ucciedo-
6aHULl NPEONIOJICEHa MEMOOUKA AHANU3A UHOUBUOYATILHOU 0CODU KIewa Ha coOepiicanue
MOKCUYHBIX U NOMEHYUATILHO MOKCUYHBIX DNEMEHMOS8 ¢ UCHONb308AHUEM OJisl 2PA0YUPO6-
KU 20CYOapCmeentblX CIMaHoapmHuulx oopasyos 600HbIX pacmeopos ux coiaeid. Omcym-
cmeue cucmemMamuieckou nospeutHocmy. OOKA3aHo Ha MOOETbHLIX 00pasyax mMemooom
yosoerus npobul. Tlo npednodiceHHol MemoouKe MONCHO KOIUYECINBEHHO ONpeoeNsimb
00 18 muxposnemenmos, codepoicanue xomopvix 6 xiewe cocmasnsem N-107° uxe u
8blLle, C OMHOCUMENbHLIM CIMAHOAPMHLIM OMKILOHeHUueM pesyibmamos 20—25% omn.

KitioueBble cJI0Ba: msidicenvie Memanivl, OUOIO2UYECKUe 00bEeKmMbl, Kieuju, AmoMHO-
IMUCCUOHHDBIL AHAU3, CYXOU OCIAMOK NPOObL, MEMOOUKA BbINOTIHEHUS USMEDEHU.

BBenenne

B nocnennue ronel Ha Tepputopun Poccuiickoit denepanuii 0TMEUYaeTCA
3HAYUTEIBHBIN POCT KoJMM4ecTBa Kiemei. B ToMckoit oOiacti U3 Beex Kienie
pona Ixodes ocobeHHO pacmpocTpaHeHbl TaexHbIH kieml (Ixodes persulcatus
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Sch.) [1], TaBnosckoro (IX. pavlovskyi Pom.), pexxe — myrosoit kiemr (Derma-
centor reticulatus Fabr. u Haemaphysalis concinna Koch.) [2]. HkconoBbie kieriu
(ukcomuapl) — crenupUIECKUe MEPEHOCUUKU BO3OYyAMTENeH Takux Ooie3Hel,
KaK KJIEIIEBOU 3HIE(aTUT, CHITHON KJemeBoi Trd, BO3BpaTHBIN KiIeneBoi THd,
TyJsIpeMus, 3pIUxuo3, 6abe3nos, kieuesoil 6oppennos (bonesns Jlaiima), re-
Mopparudeckasi JIMX0opajaka, pUKKeTCHo3, nuxopaaka [3]. CeroaHs oTMedaeTcs
TEHIEHINS K GOPMHUPOBAHUIO CTOMKIX 0YaroB KIICIIEBHIX HH(MEKIHA Ha TOPOI-
CKUX W MPHUTOPOAHBIX TeppuTopusax. [103TOMy OCHOBHOE BHIMaHHE SKOJIOTOB U
STHIEMUOJIOTOB MPHUBICYCHO K MOUCKY MPUYMH BOSHUKHOBEHUS MPUPOIHOOYA-
TOBBIX WH(EKIWI, OZHOW W3 KOTOPBIX SIBISICTCS TEXHOTEHHOE 3arps3HEHHC
OKpY’Karomiei cpensl. B pe3ynbprare TeXHOT€HHOU AEATENFHOCTH YeJIOBEKA B TIPH-
POAHYIO Ccpeny MONagaeT OOJIBIIOE KOJIMYECTBO MOHOB TSXKEIBIX M TOKCHYHBIX
METAIUIOB, KOTOPEIE OCENAIOT B IIOYBE, MOMAJAIOT B IIOBEPXHOCTHBIC M TPYHTOBEIE
BOZBIL. [layee MpOMCXOMUT UX MPOABIDKEHNE OT PACTEHHH K KHBOTHBIM M ITHIIAM,
a 3aTeM — K KJIelllaM, M TAIoMUMCs KpoBbIo mociienHux. Hakomienue B kiemax
TOKCHYHBIX M YCJIOBHO TOKCHYHBIX DJIEMEHTOB, OCOOCHHO TaKuX, KOTOpPHIC
YYaCTBYIOT B Tpoleccax merabonm3ma B kuBbIX opranmsmax (Cd, Pb u mp.),
BJIMSICT HA OMOJIOTHIO ¥ MOP(OJIOTHIO KIICIICH, MTPUBO/IST K CHIKCHHUIO MMMYHH-
TeTa KPOBOCOCOB, YTO CHOCOOCTBYET MOBBIIICHHIO BOCHPHUHMYHUBOCTH KIleIeH
K TIATOTEHHBIM areHTaM. B pe3ynpraTe mosBisieTcs W OBICTPO yBEIHMUHBACTCS
NOMyJIsAIMs Kielei-myrantoB pona Ixodes [4-6]. B Hux wame BcTpeyaroTcs
BUPYCHI U OakTepuHy, NMpHueM BO30yaUTENeH OMacHBIX IS YesloBeKa 3a0o0iieBa-
HUI B HECKONBKO pa3 Ooibilme, 4eM B OOBIMHBIX Kiemax. Kpome Toro, Takue
KJICIIIM CTAHOBSTCSA OOJiee arpeCCHBHBIMH M MOTYT OJHOBPEMEHHO IEPEHOCHUTH
Cpa3y HECKOJIBKO OMACHBIX TSl YenoBeka nHpekuui [6].

Taxum 00pa3zoM, aKTyaIbHOCTh MCCIICIOBAHMS DJIEMEHTHOTO COCTaBa KIICIICH
HECOMHEHHA, IIOCKOJIBKY MO3BOJISIET OIIEHUTH HE TOJIBKO IHAEMHUOIOTHIECKYIO
00CTaHOBKY B PErMOHE, HO U TEXHOT'€HHOE 3arpsi3HEHHE OKPYKaloleil cpesl.
Panee nHa xadenpe ananuruueckoit xumun HU TI'Y Gplna paspaboTana Kiaccude-
CKas YHH(HUIHUPOBAaHHAS METOJHKA aHAJIM3a OJHOHN KICIIEBOH 0cO0OH ¢ IIpUMeHe-
HUEM METOJa JIyTOBOM aTOMHO-3MUCCHOHHOM criekTpockonnu (JJADC-MADC),
3aKJIIOYAIOIIAsCS B MEPEBOJE DJIEMEHTOB NMPOObl Ha rpadUTOBBIA KOJIIEKTOP
B IIPOIIECCE TEPMHUUCCKON MUHEpaTU3aIiy KIIella B KpaTepe rpa)uTOBOTO K-
TpoJa (aHO[) ¢ TMOCJICAYIOLIMM HCIapEHHEM M3 Hero MOJIy4YeHHOT0 KOHI[EHTpaTa
(rnybuna, muamertp kpatepa — 0,004, 0,0045 m). Katomom ciry:xun ameKkTpof,
3aTOYCHHBIA B (pOpME KOHyCa. YCIIOBHS PETUCTPALUH CIIEKTPOB: MOCTOSHHBIN
Tok 13 A; paccrosiHue Mexy snexrpoaamu — 0,003 M; mmpuna mem — 3,0:1078 m;
madparma — 0,005 m; Hakomenuit — 160; anmurensHOCTh HaKoOIUIeHHH — 125 Mc;
nonHas sxeno3unus — 20 ¢ [7]. KonndectBennoe onpenenenue 13 MukposnemeH-
TOB MPOBOIUIH C HCIIOJIF30BAHUEM CIIEKTPOAHATUTHIECKOTO KoMIntiekca «I parm»
[8-10] oTHOCHTENBEHO TOCYIAPCTBEHHBIX CTAHAAPTHBIX OOPA3IIOB HA OCHOBE I'pa-
¢uToBoro mopomka COI'-37 [11] ¢ uyBcTBUTENBHOCTEIO N-107* MKr M BbImE
Y OTHOCHUTEJIbHBIM CTaHJIAPTHBIM OTKJIOHEHUEM pe3yabTaToB 25-30% oTH.

Jnst pacmmpeHust Kpyra KOHTPOJIMPYEMBIX JIEMEHTOB, CHIDKCHHUS IPEIesioB
uX OOHAPYKEHUSI MOXKET OBITH HCIIONB30BAH IPYrodl aHAJUTHYECKUI METOm —
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Macc-CIIEKTPOMETPHS ¢ HHAYKTUBHO-CBsi3aHHOH Tuiazmoit (MCIT-MC) [12], Ho mist
3TOro HEOOXOIMMO TOJIHOE TIepeBe/ieHre IpoOsl B pacTBop. [Iponenypa sta aim-
TeNbHAs U TpyaoeMKast. OHa BKITFOYaeT 00pabOTKY KIlela KOHIIEHTPUPOBAHHBIMU
HNO3z 1 H202 (7 1 2 MIT COOTBETCTBEHHO) B CHCTEME MUKPOBOJIHOBOTO Pa3ioikKe-
Hust Milestone Start D (200°C, 700 Bt), BbICyIIMBaHUE PACTBOPOB 10 COCTOSIHUSI
BIQXHBIX COJIEH Ha 3yeKTpudeckoit mmure npu temneparype (110 + 10)°C, no-
crnenytomee ux pactBoperne B 10 mur 15%-noit HNO3 co cemamu HF (Ha 1 it
15%-n0#t HNO3 — 2 ma HF) u ¢ BBenenuem 0,1 M pactBopa In B kauecTBe BHYT-
pensero cranaapta. [loxydeHHbIe TakMM 00pa30M PacTBOPHI AHATM3UPYIOT METO-
nom UCIT-MC na npubope Agilent 7500¢X (BbIXOAHAS MOIIHOCTh T€HEPATOpa —
1 500 Br, tun pacosutureist — MicroMist (MuKpoaspo30iIbHBIii), pacIbUINTEIbHAS
KaMepa — oxJiakaaeMasi, pacxoj BCIIOMOTaTeIbHOro nmotoka Ar — 0,2 1/MuH, CKO-
pocth niogayn nmpoos! — 0,1 06/MUH), YTO TIO3BOJIAET KOJHMUYESCTBEHHO OIPEICIUTh
70 40 MEKPORJIEMEHTOB C COJIEPYKAaHUEM B KIICIIE n-10% mxr u Beime. OTHOCH-
TEJIbHOE CTAaHJAPTHOE OTKJIOHEHHWE pe3yJIbTATOB OIpPEIENCHUs piAa MUKpOdJie-
MEHTOB, COJICpIKaHKEe KOTOPBIX B KJIEIIAX HAXOAUTCS Ha MPEIeIic YYBCTBUTEILHO-
CTH, MOKeT peBbiiath 30% OTH.

HecMoTpst Ha sSBHBIC IPEUMYIIIECTBA UHAYKTUBHO CBA3aHHOM ILTa3MbI, METOT
UCTI-MC sBisieTcss AOpOTOCTOSIIIUM, K TOMY K€ OH TpeOyeT HOBOJILHO JUIU-
TENBEHOTO U TPYJOEMKOTO IpoIlecca mepeBeaeHus npoosl B pactBop. Ha cero-
IOHSITHAA JE€Hb CaMBIM JOCTYIHBIM MO CTOMMOCTH TMPOBOAWMBIX aHAIN30B W
OpOCTBIM B O6paH_[eHI/II/I HUCTOYHUKOM BO36y)KJIeHI/I$I CIICKTPOB ABJIACTCA Ayra
MOCTOSIHHOTO TOKa. [lo3TOMy B maHHOW paboTe OBUIO PEIIeHO HCIOIh30BATh
METOJI JTyTOBOM aTOMHO-DMHCCHOHHOHN CHEKTPOCKOITUH C IU(PPOBOI perucTparim-
eit cnektpoB (MADC). AHanu3 Kielel mapaMu U J1ake KOJOHHUSIMHU, COCTOSIIIN-
MU U3 4—6 ocobeil, 00beTUHEHHBIX TI0 apeajiaM UX OOMTaHHS, HE Jall CYIIIeCTBEH-
HOTO CHIDKCHHSI TIPEIEIIOB OOHAPYXEHUST MHUKpOdNeMeHToB. OJJHAKO BHUMAHUS
3aCIIy’)KMBAeT JIJaBHO W3BECTHBIN CIIOCOO aHaIM3a CyXHX OCTaTKOB MPOO ¢ TOPIIOB
rpadUTOBBIX MEKTPOAOB, KOTOphd Obul Mcnonb3oBaH H.C. ConmoMeH1ieBON H
O.B. IllyBaesoii as1 onpenenenust MukpoasiemenTos (Cu, Mn, Pb, Zn, Cd, Fe, Al,
Mg, Ca) B mpupoansix Bozxax [13]. Meron 3akmodaercsi B TOM, UTO KUAKYIO He-
OpraHMYEeCKyI0 po0y Masioro oobema (HauwmHast ¢ 10 MKJI) TOMEIIAloT Ha TOperl
rpaUTOBOTO DICKTPOJA, BHICYIIHBAIOT, & 3aTEM PETUCTPHPYIOT CIIEKTpP IOJY-
YEHHOT'0 CyX0ro ocrartka. [IpeuMyiiecTBa MeTo/ia O4eBUIHBI: IPOCTOTA MPOOO-
MOATOTOBKH, CHUKCHHUEC BEJIMIMHBI XOJIOCTOI'O OITbITa U IMPEICIIOB O6Hapy)KeHI/IH
MHUKpPO3JIEMEHTOB, BO3MOXKHOCTB TPaIyHpPOBKH ¢ ucmons3oBanueM ['CO BOTHBIX
PacTBOPOB COJIEH ONpeneIIeMbIX dIIeMeHTOB. [1o3TOMy 1IeTbI0 TaHHOW pabOoThHI
SBUIACh pa3paboTka OoJiee UYYBCTBUTEIBHOW METOJUKH KOJHMYECTBEHHOTO
OTIPEIETICHHST MUKPOJICMEHTOB B MHIMBHUIYAIGHBIX 0COOSX KIICIICH METOIOM
JADC-MADC myTeM UCIapeHUs CyXOTro OCTaTKa MPOOKI ¢ TOpIIa AIEKTPOIA.

MaTepna.nbl H METOAbI UCCTICT0OBAHUSA

Bce npumensiembie B paboTe peakTHBBI MMeENM KBATU(DUKAIMIO HE HHKE
0C.4., TpaUTOBBIC DIIEKTPOBI UCIIOJIL30BAINA MapKH 0C.4.—/—4.
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Amnanuz npoBoaunu metogoM JJADC ¢ ucnonb30BaHHEM CHEKTPOAHATUTH-
4eckoro komruiekca «['paHi», BKJIIOYAIONIET0 MHOTOKAHAIBHBIN aHAIHA3aTOP
SMUCCUOHHBIX CHEKTPOB, monuxpoMaTop «Poynanma» u renepatop «Be3yBuii-3»
[14, 15]. Kommieke 3aperucTpupoBaH B ['OCYyZapCTBEHHOM pPeECTpe CpEICTB
u3mepernii mox Ne 33011-06 1 mpoXoAUT eXKETOJHYIO MOBEPKY (CBUAETENHCTBO
o moBepke Ne 55586/203 or 07.11.2018 r, neiictButensHo g0 07.11.2019 1.).
Pabounit cnekrpanbHblid muanaszon 160—1 100 HM, mpenenbl CHEKTPaIbHOTO
paspemenus 0,005-0,3 HM, quama3zoH OINpeAeNeHUs] MAaCCOBOW KOHLIEHTPAIMH
3JIEMEHTOB COCTaBa BEWIECTB U MatepuaioB 10-'—100%, mpenen J0mycTUMOro
3HAUEeHUS CpPEIHEKBAJAPATUUECKOTO OTKIOHEHHS pe3yIbTATOB OIPEINeIICHHS
MacCOBOH KOHIICHTPALIUH AJIEMEHTOB COCTaBa BEIIECTB M MaTepuasioB He Oolee
10 mac. %

Tloozomosxka snexmpooog k ananuzy. INEKTPOABI U3TOTABIUBAIN U3 rpadu-
TOBBIX CTEPXKHEH: OIMH AIIEKTPOJ 3aTaYWBAK Ha KOHYC, APYTOH — Ha IUIOCKU
topen. [l ynoOcTBa HaHECEHUS PacTBOPOB TOPEL] M3TOTABIMBAIM CIIETKa BO-
THYTBIM, B BUJE JIYHKU. [ CHMDKCHHUS BETMYHHBI XOJIOCTOTO OMbITA 3aTOYCH-
HYI0 TIOBEPXHOCThH JIICKTPOIOB OYHINAIH OT HMOBEPXHOCTHBIX 3arps3HEHUH H
COJICPIKAIUXCSA B HUX MPUMECEH ITyTeM O0XHra B JYTOBOM pa3psjie B TCUCHHE
8 c. Bpems oOxura 6bUT10 BEIOPAHO HKCIEPUMEHTANBHO MOCHE U3YUYEHUS 3aBH-
cuMocTH UHTeHCHBHOCTH (l) CrIEKTpaibHBIX JHHHUK PSa SJIEMEHTOB B YHCTOM
3JIEKTPO/JIE OT BPEMEHH €0 TIPEBAPUTEIIEHOTO 00XKHra (Tosx) (puc. 1). Y3 puc. 1
BUJIHO, 4TO TP CUiie Toka 13 A mocTaTouyHBIM BpeMEHEM O0KHTa sIBJsieTcs § C.
Bomee mnurenmsHOE BO3EHMCTBHE OYTOBOIO pa3psma Ha DJIEKTPOR YXyAIIaeT
CTPYKTYPY €r0 IMOBEPXHOCTHOTO CIIOSI, KOTOPBIH CTaHOBUTCS 0OJiee PHIXIIBIM U
TIOPUCTHIM.

24
-| =8=Ti 295,61 mn =0—Mg 277,98 mn Zn 213.86 m

1, oru. en.

w 4

 § 2 3 4 5 6 7 8

Bpems obxarra (1), ¢

Puc. 1. 3aBHCHMMOCTh HHTCHCHBHOCTEH CHEKTPaIbHBIX JIHHUHN psiga anemenToB (Ti, Zn, Mg)
B YHCTOM BJICKTPOJIC OT BPEMEHH €ro IpeABapuTesbHoro ooxwura (ot 0 1o 16 ¢)
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[Ipu HaneceHNn CTaHIAPTHOTO PacTBOpA WM PACTBOPA MPOOBI HA AIIEKTPO.T
MOJKET TPOU30MTH TUQPPY3Us FIEMEHTOB B 00BEM IJIEKTPOa. Y MEHBIIUTD AU(-
(y3uIo ynaercs MoJIupoBaHUEM JJIEKTPO/Ia, HO, YTOOBI HCKIIIOUHUTH €€ TIOJIHOCTEIO,
HEOOXOIMMO CO311aTh Ha IMOBEPXHOCTH AJIEKTPOA CIUIONIHYIO HEIPOHHUIIAEMYIO
3aUTHYIO IIeHKY. C TOH HENbIO IMEKTPOAbI IPOIUTHIBAIOT (MMIIPETHUPYIOT)
pacTBOpaMM IOJIMMEPHBIX OPraHUYECKUX BEHICCTB B JIETYYUX OPTaHMUYCCKHX
PacTBOPHUTEIAX C MOCIEAYIONNM WX BBICyIMIMBaHHEeM. Hambonee yHuBepcaib-
HOU CUHMTAETCS MOJMCTUPOIIbHAS 3alUTa, TaK KaK ITOJUCTUPOI 00IagaeT BBICO-
KOI KHCIOTO- U 1esouecToiKocThio [16]. B nanHOI pabore mia obecrnedeHus
3aIUTHOTO CJI0S, TIPeAOTBpaniarmero mupdy3u pacTBopa B 00beM 3JIEKTPO-
I1a, Ha TIOBEPXHOCTH KAXKAOTO U3 AIIEKTPOIOB, 3aTOYEHHBIX HA IJIOCKOCTH U MOJ-
Bepruxcsi ooxury, Hanocwid mo 20 mxn 1%-Horo pactBopa MONUCTHPOJIA
B Tomyosie u BeicymmBanmu non MK-nammoit npu temmieparype He Bbime 60°C.
OOpasyeMas 3aluTHas IUICHKa HE TOJIBKO IpenoTBpamnacT auddysuto, HO H
yIepKUBaET KAIUTIO Ha TOPLE 3JIEKTPOA.

Buibop epemenu pecucmpayuu cnexmpa (3xcnosuyuu). Bpems sKkcro3uiuu
BEIOMpaM HAa OCHOBAHMH W3YYEHHS KPHBBIX «HCIAPCHUSI—BO30YKICHUS», OTpa-
JKAIOIIUX BPEMCHHYIO JUHAMHUKY (POPMHPOBAHUS aHATUTHYECKOTo curHaia. Mc-
clleloBaHME MPOBOAWIN HA MOJENBHBIX 00pa3max. Jms atoro 10 MkI cTanmapT-
HOTrO pactBopa, conmepxamiero 0,0001 /1 onpenenseMpIX 3JIEMEHTOB, B TIEPBOM
CITydac HaHOCIJIM Ha TOPEI IpEeNBapUTEIFHO 000MCKEHHOTO M UMIIPETHUPOBAH-
HOT'O MTOJIMCTUPOJIOM 3JIEKTPOIa, a B IPYTOM — HAa HABECKY I'pa(UTOBOTO MOPOIIKA
Maccoit 0,0150 T, momenieHHYI0 B Kparep TpaduToBOro siekTpona (TIyOHHA,
muametp kpatepa — 0,004, 0,0045 m).
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Puc. 2. 3aBucuMoCTH MHTEHCHBHOCTHY aHaIuTH4IecKoi tnHun Cu (327,39 HM) OT BpeMeHn
pEerucTpanuy CIeKTpa: ® — UCIIapEHUE CyXO0ro OCTaTKa ¢ TOpLa MIEKTPO1a; M — KIACCUYECKUM
crnoco0 ucnapenus rpaguToBOro KOHLEHTPATA M3 KaHala dJIEKTPoa
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[IpOTHBO3IEKTPOIOM CITYXKHIT 3JIEKTPOJI, 3aTOUCHHBINA B (hopMme KoHyca. [Ipn
3TOM COJIep)KaHUE DJIEMEHTOB B HccCieayeMbIX o0pasiax coctaisuio 0,001 Mkr.
N3ydenue npolieccoB MOCTYIUIEHHU aTOMOB M3 KaHala 3JIeKTpoJia B 30HY pa3psi-
Jla ¥ C TOpIIa AIIEKTPOA OCYIIECTBIIUIN C MIOMOIIBIO IIOCTPOCHUS KPUBBIX «HC-
MapeHUuss—BO30YKACHUA», TOJYUCHHBIX MYyTEM DPETHUCTpAalMM CIEKTpa KaXKIble
2 ¢ 10 moyiHOTO BhIropaHus mpooOsl. Ha puc. 2, 3 npuBeneHsl 3aBUCUMOCTH HH-
TEHCUBHOCTH aHayMTH4eckor ymanu Cu (327,39 um) u Zn (213,86 HM) OT Bpe-
MEHH PETHCTPAIMU CIIEKTPA IPH PA3IHUYHBIX CIIOCO0aX UCTIapEHUSL.

3.5 4
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Puc. 3. 3aBrucUMOCTH MHTEHCHBHOCTH aHAJIMTHYECKOH JuHIK ZN (213,86 HM) OT BpeMeHH
PETHCTPALINHY CIIEKTPA: ® — HCTTapPEHHE CYyXOTo OCTaTKa C TOPIA 3JEKTPO/a; M — KIACCHYECKHH
croco0 ucmapeHns rpauTOBOrO KOHIIEHTpATa U3 KaHaja 3JIeKTpoIa

Kak crenyet u3 puc. 2, 3, npu KJIacCHYECKOM CIIoco0e HcrapeHus rpaduTo-
BOTrO KOHIEHTpaTa U3 KaHajla 3JIEKTPOAa XapaKTepHO MOCTENEHHOEe MOCTYILIe-
HUE 3JIEMEHTOB B pa3pan B TedeHue 20 ¢, a B ciryyae UCIApPEHMsI CyXOro ocTaTKa
C TOpIIa JIEKTPOJa AJIEMEHTHI ITOCTYNAIOT B 30HY paspsina 3a 8 c. [Toatomy pe-
TUCTPALMIO CIIEKTPOB IPH MCIIAPEHUU CYXOr0 OCTaTKa ¢ TOpLa JIEKTPoAa ciie-
AYET OCYHICCTBJIATH B TCUCHUC 8 c. HpI/I MCHBIICM BPEMCHHU JSKCIO3UIINU
YMEHBIIACTCSI HAKOIUICHHE (pOHA, UTO TOJIOKHUTEIBHO CKa3bIBAETCS HA COOTHO-
[ICHUH TIOJIC3HBIA CUTHAJ/IITYM.

Pe3yabTathl u 00cy:KIeHNe

Tloozomoska ocobu knewa Kk ananusy memooom cyxozo ocmamxa. Ha snex-
TPOJ C 3AIUTHON TIIEHKOH (PacTBOP MOJIUCTHPOIIA B TOIYOJIE) TOMEIIATH 0CO0b
KJIeIlla, IPEJBapUTEIIbHO B3BECUB €€ Ha aHAIMTUYECKUX BecaxX. s ycTpaHeHus
OpPTaHMYEeCKOl COCTaBILIIONICH Po0Yy MHUHEpaTn30Bau. sl pa3ioKeHus Kiie-
IIa MOXKHO HCIIOJIB30BaTh KOHIEHTpUpoBanHy H>SO4 mim cMech KOHIICHTpPH-
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poBannoit HNO3 ¢ no6aBkoii H2O2. U3 muTepaTypHBIX JaHHBIX M3BECTHO, YTO
MOJIUCTUPOI 00JIaZlaeT BBICOKOM KHCIOTO- W IIeJI04YecTOMKOCTh0. OHAKO OH
CTOeK K HeopraHnmdyeckuM HeokucssrommmM kuciaoram (HCI, HaSO4, HF) u m0-
BOJIFHO JIETKO okmcisercs. [loaToMy mns MuHepanmnu3aluu OpraHHYecKoil co-
cTaBIsrONIeH kiema Obia BeiOpana H.SOs. B murepatype usywancs Bompoc
BO3MOXKHOCTH OOpa30BaHUS BOJOPACTBOPUMON MOJUCTUPOICYNIb(OKUCIOTHI.
B [16] mokazaHo, 4uTo mpu 00pabOTKe MOIUCTUPOJIA CEPHOU KUCIOTOH 00pasy-
€TCs BOIOHEPACTBOPHMBIA Telneo0pasHBIi MOTMMEp, B KOTOPOM COZICpIKaHHe
Cephl TMPEBBINIACT CONEPKAHUE CYIB(POTrPYII, YTO TOBOPUT O BO3MOKHOCTH
BO3HUKHOBEHUS TIOMEPEUHBIX CBS3EH MEXIy MaKpOMOJEKYJIaMH 3a CUeT oOpa-
30BaHMA CYIb(POHOBEIX rpymn. CleqoBaTeNbHO, 3aIUTHAS TOTUMEpHAs TICHKA
AJIEKTPOJIa OCTAETCA TAKOH K€ BOJOHENPOHHUIIAEMOH mociie 00pabOTKU CepHOI
KHCIIOTOH, KaK 1 0 00padoTku. Ha 3TOM OCHOBaHMU LIS yCTPaHEHUS OpraHude-
CKOHM COCTaBILIOIIEH HA AIIEKTPOJ C KIIemoM BHOCHWIH 10 MK KOHIIEHTPHUPOBAH-
HoM H2SO4 u BeicymmBanu nox MK-nammoii npu Temneparype He Boitre 60°C.

Buibop xonyenmpayuu neekouonuzupyemou oooasxu NaCl. B amuccruoHHOM
aHam3e A cTaOMIN3aIliH TEeMIIEPaTyphl IIa3Mbl IyTOBOTO pa3psina IIHPOKO
npumensiercst NaCl. TIpu knaccuueckoM criocobe HCImapeHus B KpaTep dJIEKTPO-
Ja ¢ mpo6oit wim crannaptHeiM 00pasuoM (CO) BHocAT 20 MK OTYCITUPTOBO-
r0 pacTBOpa HATpHA XJIOpUAa ¢ KOHIeHTparwmel 2,25 mac. % mo Na. [Ipu atom
B ipo6e wm CO maccoit 0,015 1, HaxoasmeMest B KpaTepe dIEKTPoa, CO3AaeT-
cst koHueHtpanus Na, paBHas 3 mac. %, 4TO BIIOJHE JOCTATOYHO IS CTaOWIIU-
3alUy TUIA3MBI IyTOBOTO paszpsaa. OQHAKO MpH MCTApEeHUH MPO0 CyXHX OCTaT-
KOB C TOpIIa JIEKTPOIa ONTHMAIEHOE KOJMYECTBO HATPHUSI MOJKET OBITH IPYTUM.
Jlnst BeIOOpa KomuuecTBa BHOCHMOUN n00aBku NaCl nHa Topisl 4 37€KTpOJIOB,
MPeIBapUTENHEHO TOATOTOBICHHBIX K aHAIN3y, BHOCWIHM CHadana 1mo 10 MK
CTaHZApPTHOTO pacTBOpa dJeMeHTa ¢ KoHmeHTpamued 0,1 Mr/m, BRICYIMBau
nox MK-namroii, 3aTemM Ha OJUH U3 371eKTpoioB BHOCHIU 10, Ha apyroi — 20,
Ha Tpetuii — 30 Mk 1%-Horo pactsopa NaCl. TTocie kaxmoit no6aBku 10 MK
pactBopa NaCl anexrpos cymmnu nmoq MK-nammoii npu teMiieparype He BbIIe
60°C. B onuH U3 31EKTPOAOB XJIOpUA HATpusi He jg00aBisuim. CIeKTphl MOITy-
YCHHBIX TAKUM 00pa3oM MPOO PETUCTPUPOBAM B TEUCHHE 8 C MPH MOCTOSHHOM
Toke 13 A Ha cmektpometpe «['paHm». M3mMepsuin OTHOCUTENBHYIO HHTCHCHB-
HOCTh CTEKTPAJbHBIX JUHUI KOHTporaupyembix smementoB (Mg, Al, Cu, Zn) u
CcTpomid TpadUKU 3aBUCUMOCTH HHTEHCHBHOCTH WX CIEKTPAIbHBIX JHHHH OT
maccel NaCl Ha Topiie snextpona (puc. 4).

Kaxk BugHo 13 puc. 4, yxe npu gobasnenun 10 M 1%-uoro pacrsopa NaCl
WHTEHCHBHOCTh JIMHUH KOHTPOJHMPYEMBIX DJIEMEHTOB IOCTHUTacT MaKCHMyMa.
IMostomy BBenenue Heckombkux gobaBok NaCl nenenecoobpasno. OgHako co-
CTaB KJICIICH CIOXKHBIHA, OHH MOTYT COJCPKATh MAKPOKOMIIOHCHTHI, BIHSIOIIHEC
Ha MHTCHCHUBHOCTH OIpENeNseMBIX MHKpo3ieMeHToB. IloaTomy HEoOXomnmo
OBUTO KOJIMYECTBEHHO MX OMPENEIUTh B OTACIBHON OCOOH KIIeIa.

Konuuecmeennoe onpedenenue makposnemenmos 6 npobe kiewa. s onpe-
JeTICHUST MaKPOAJIEMEHTOB HCIIONB30BAIN paHee pa3pabOTaHHYIO0 YHHU(PHIIUPO-
BaHHYI0 METOIMKY aHaiu3a OXHOW OcoOM Kiella C NPUMEHEHHEM MeTOAa

53



B.U. Ommaxos, E.B. Ilemposa, U.C. Kycxoea, H.C. Yepenanosa

JADC-MADC. [ToarotoBKy npo0 BBITOIHITH CICAYIOINAM 00pa3oM: B YHUCTYIO
MPOKAJIICHHYIO JI0 TTOCTOSTHHOW MAacChl KBapIEBYIO YalIKy IMOMEIIaIH YacTh Ipa-
¢uroBoro nopomka (I'TI), Ha MOBEPXHOCTH KOTOPOro pa3Meliaiy MpeaBapu-
TENBHO B3BEIICHHYIO 0COOB KIIEeIa M MPUCHINAIN IPYroi 9acThi0 TpaUTOBOTO
nopouika (B cymme Macca I'TI cocraBuiia 50 Mr). Hariky ¢ conep>XUMbIM POKaIH-
Baym pu Temreparype 450°C B Teuenue yaca. [locne TIaTenbHON TOMOTEHU-
3aIlMU 30JILHOTO OCTaTKa ero HaBecku Maccoi 0,015 r momemanu B rpaduTOBBII
aNIeKTpoJl (He MeHee 3 mapajlIeNIbHbIX ) M HCTIApsUTH M3 KaHalla (aHO) DJISKTPoa
(rnybuna, nuamertp kpatepa — 0,004, 0,0045 m). Katomom ciyxun 3meKkTpof,
3aTOYCHHBINA B (hopMe KOHYCA.

—+—Mg 277.98 um —=—Al 308,22 uM —+—Cu 327,39 M Zn 213,86 5m

1.8

1, otH. e

0 0,05 0.1 0.15 0.2 0.25 0.3

m (NaCl), mr

Puc. 4. 3aBUCHMOCTh HHTEHCHBHOCTH aHAIMTHYECKUX JuHuid Mg 277,98 um, Al 308,22 uwm,
Cu 327,39 um, Zn 213,86 um ot maccel NaCl Ha topiie anexrpomaa

Amnanu3 npoBoawn Ha cuekrpomerpe «I'parm» orHocutensao I'CO COI'-37
[11]. B amexrpobl ¢ mpobamu U 0OpasaMi CpaBHEHHS B KAUSCTBE CTAOMITN3H-
pytomei 1odaBku BBOAMIN 20 MKJI OIYCHHPTOBOTO PACTBOpa HATPHS XJIOpUAA
C MaccoBoii joneit 2,25 mac. %, Tak 4To0bl KOHIIeHTpaIus B mpode Na cootBer-
ctBoBasia 3 Mac. %. Conep:kaHue 37IEMEHTOB B Kienle (Tabia. 1) paccunTeiBanu
mo opmyie:

()_Cnp - )_Cxon )maﬂanma '106
c(MKr/r) = ,

-100

e X, — CpeaHee cojepxkanue snementa (%), HaliieHHoe 1o rpaguky B aHam-

qKHeH_Ia

T€; X,,; — CpenHee coxeprkanue dnementa (%), HaiileHHOe 1O rpaduKy B X0JIO-

CTOH Np0o0€; Mayamma — Macca aHanuta (0,0500 r yronpHoro nopouika + 1 kiere-
Basg 0cO0b) MOCNE O30JEHUST; Crena — MCXOJHAA HaBecka kiema (r); 10%/100 =
= 10* — nepeBOAHON MHOXKHUTENB IS IEpecyeTa MaccoBoi 1omu (%) B MKI/T.
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Tabnauma 1

Couepmaﬂue MaKpO03J€EMEHTOB B O/IHO# 0CO0OH KJIenia,

Haiiiennoe merogom JIADC-MAIC (n = 3; P =0,95)

ConepxaHue dJIeMEHTa
Nen/n | Snement B xoHueHrtpare (aHanur), (Enp - fxoﬂ), Mac. % B xierme, MKT/T

1 P 0,018 + 0,004 9200 + 1840
2 Na* 0,008 + 0,002 4200 + 1 050
3 Ca 0,0064 + 0,0016 3200 + 800
4 K* 0,0051 +0,0013 2550 + 638

5 Mg 0,0015 + 0,0005 750 + 225

6 Fe 0,0011 + 0,0003 565+ 170

7 Si 0,0007 + 0,0002 340 + 102

8 Al 0,00031 + 0,00009 155 + 47

* PesynbTaThl OIpeeeH s dJIeMeHTa Nory4eHs! MetooM [1D.

Kak crnenyer n3 naHHbIX Tabn. 1, cymMMapHOe cojepkaHue B OJHOH 0coOu
kiema makpoanementoB Na, Ca, K, P (0,004, 0,0032, 0,0026, 0,009 Mr coot-
BETCTBEHHO) HE TPEBBIMIAcT coaepkanus seoaumoii 1oo6asku NaCl (0,1 mr Na).
[MoaToMy 3¢ exkTuBHBIE TapaMeTphl JIa3Mbl JyTOBOTO pa3psisia, YCIOBHS HCIIa-
peHuss W Bo3OYXKJeHHMS OyayT 3aJaBaThCsl MPEeoOIaNaAlONIM  DIIEMEHTOM
(matpuit). OHE OyOyT OAWHAKOBBIMH Kak IUIA MpoO, TaKk W JJIS CTaHTAPTHBIX
00pa3IoB U He OYAyT 3aBUCETh OT MAaKPOCOCTaBa aHATM3HUPYEMOTO 00BEKTA.

Ilpucomosnenue cmanoapmuuvix 06pazyo8 u nocmpoenue cpadyupo8oyHbIX
xapaxmepucmux 051 memooda cyxozo ocmamka. OOpa3ubl CpaBHESHUS ST KOJIH-
YECTBEHHOTO OIPENEIICHISI MUKPOJIEMEHTOB B KJIEI[aX TOTOBHIN aHAJOTHIHO
mpobam, HO Oe3 KJIemIeit: anekTpo umnperaupoBanu 20 Mk 1%-Horo pactBopa
MOJIMICTUPOTIA B TOMyoJe, 3aTeM BeIcymmBany. Harnocwin Ha snekrpox 10 MK
CTaHZAPTHOTO pPAacTBOpa CYMMEI 3JEMEHTOB OIpEACICHHON KOHIICHTpPAIUU
(tabm. 2), 10 mxn konientpupoBannoid H»SOs, 10 mrn 1%-HOro pactsopa
NaCl. Tlocne kaxmoit mpoueaypsl HAHECCHHS PACTBOPA BBICYIIMBAHKE TPOBO-
mwn nog UK-nmammnoit mpu Temmneparype, He npesbimatomieid 60°C. CrnexTpbl
MOJy4EHHBIX TakuM oOpa3zoM CO perucTprupoBaiu B TCUCHHE 8 C NPH MTOCTOSH-
HOoM Toke 13 A Ha cnekTtpomerpe «I'panmy».

Taonuua 2
JlaHHbIe 17151 TOCTPOEHUs IPaIyHpPoBO4YHOro rpaguxa Zn 213,86 um
Ng Igl y CCT. pacTBopay VCT. pacTBopay my Igml
OTH. efl. /1 MKJI MKT Ha 3JIEKTPOIe OTH. e]I.
1 3,5 0,01 10 0,1 -1
2 2,8 0,001 10 0,01 -2
3 1,6 0,0001 10 0,001 -3
4 0,7 0,00001 10 0,0001 —4
5 -0,8 0,000001 10 0,00001 -5

PacTBOpEI cpaBHEHUS I TOCTPOSHHS TPALYUPOBOYHBIX IPa(HKOB TOTOBH-
U myTeM pa30aBieHHus OMAMCTUILIMPOBAHHON BOJOW CTaHIAPTHBIX MHOIO3JIE-
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MeHTHBIX pacTBopoB ['CO PM-2 [17] uI'CO PM-3 [18] ¢ koHIEHTpamuen
aneMenToB 1 mr/mi. [Ipu MPUTOTOBIEHUH TPaTyHPOBOYHBIX PACTBOPOB HCIIONb-
30BajJii CHOCOO TMOCIEA0BATENFHOIO pa30aBiieHusl CTaHAAPTHOTO pacTBOpa Ou-
JUCTHJLTUPOBAHHON BOAOW C yMeHbIIeHHeM KoHmeHTpanuu B 10 pa3. Ha puc. 5
B Ka4eCTBe MMpUMepa MPHUBEICH IPalyuPOBOYHBIA IpaduK I KOJTHYECTBEHHOTO
onpeaenenusa Zn 213,86 HM.
gl
y=091x +445

R?=0992
r 3.3

5}

=

lgm

05

Puc. 5. I'pagynpoBouHsIii rpaduk 1 aHATATHYECKOH THHUU ZN 213,86 HM

Ilposepxa npasunsrocmu Memoouxy onpedeneHus MUKpodIeMeHmos Memo-
oom [JADC nymem ucnapenusi cyxoeo ocmamka ¢ mopya snekmpooda. Tak kak
Kaxxmasi mpoda Kiema SBIsIeTCsl YHUKAIbHOHW, TO TPOBEPUTH MPABHIBHOCTE pe-
3yJIBTATOB €€ aHaJIK3a METOJIOM CYXOTr0 OCTaTKa BO3MOXKHO TOJBKO C MCITONB30-
BaHUEM CTaHIAPTHBIX PACTBOPOB. [ UCKITIOYCHUS HATMYIMS CHCTEMATUICCKOM
MOTPEITHOCTH BOCIIONB30BATIMCh METOIOM YIBOCHHUS AIMKBOTBHI OJHOTO U TOTO
ke obpasia. [Ipu OTCYTCTBHM CHCTEMATHUYCCKOM MOTPEITHOCTH TPH YBEIHUe-
HUH aJIUKBOTHI B 2 pa3a coAepiKaHUe OIPEIEIIIEMOro dJIEMEHTa TO/DKHO YBEIIH-
YHUTHCS TAKXKE B 2 pa3a, T.e. MOIDKHO BBITOIHIETCS PAaBEHCTBO

2mg = mg,
rjie M1 — coJiep)KaHKUe OMPENesIeMOTo MeMEHTa MPH Vaunmors 1 (3IEMEHTA) =
= 10 Mk (MKT); M2 — cozepKaHUEe ONPeNeNsieMoro 1eMeHTa MpU Vamnmor 2 (3J1€-
MeHTa) = 20 MKJI (MKT).

[Ipy HaMMUMU CHUCTEMATHUYECKOW MOTPEIIHOCTH (4) Takoe paBeHCTBO OynaeT
MOJYYEHO TOJNBKO ITOCIIC BEIYUTAHS:

m-A m,—A
Val Va2
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Iockonbky V5, =2V, , To A=2m —m,. i HaXOXIEHUS BEIHYMHBI A
AHAIIM3UPOBAJIM HECKOJBLKO MPoO0 (He MeHee Tpex). Beuucism cpennee apud-

METUYECKOE 3HadyeHHe A U CpaBHUBAIM €ro C HYJIEBBIM 3HAUYEHUEM IO
t-xkpurepuro

tA=M\/H,
Sa

rre M — Y9Hcio MPOaHAIN3UPOBAHHBIX MPO0; S — CTaHAApTHOE OTKIOHEHUE Be-

JINYUHEI A:
5. _ [Z(A-AY
A=Al ——— -
m-1

Brruncnennoe 3HaueHue {a cpaBHUBaNM ¢ TaOIUMUHBIM {(p=095: n=3) = 4,3. Ecin
ta < tra6n, TO IOCTOSIHHAS CHUCTEMATUYECKAasl MOTPEITHOCTh OTCYTCTBYET.

A1 mpoBepKU MPaBIIIBHOCTH METOTUKH OOpa3lbl TOTOBWIH aHAJIOTHYHO
mpobam, HO 0e3 kienieid. DnexTpoasl uMnperaupoBamu 20 mxia 1%-Horo pac-
TBOpa MOJKCTUPOJIA B TOJYOJIe, 3aTeM BhICYyIIUBaiIu. Ha omHy cepuro sjex-
TpoAoB HaHOCHIH 10 MKJI CTaHZapTHOTO PacTBOpa OMPEAEIIEMOrO dIIEMEHTa
¢ ¢(M) = 0,0001 r/m, 10 mxn xoruenTpupoBanHoit H2SO4, 10 M 1%-HOTO
pacteopa NaCl. Ha Bropyto ceputo 31ekTposoB — 20 MKJI CTAaHIAPTHOTO pac-
TBOpa Toro e 3nementa € c¢(M) = 0,0001 /1, 10 MKJI KOHIICHTPHPOBAHHOM
H2S04, 10 Mk 1%-Horo pactBopa NaCl. ITocie kaxmoi npoueaypsl HaHece-
HUSI IpoBOWIM BbicymnBanue noxa MK-nmammol mpu TemmepaTtype, HE Tpe-
Bermaromeid 60°C. CreKTpbl TONTYYeHHBIX TaKUM 00pa3oM Mpob perucTpupo-
BaJIM B Te€YeHHUE § C mpH MOCTOSHHOM Toke 13 A Ha cnektpometpe «I panmy.
Ilo rpagyupoBOYHBIM XApPAKTCPUCTUKAM [JI1 KOHTPOJHUPYEMBIX 3JICMCHTOB
OTIpEJIeNIANN UX COJIep)KaHWe B CTaHIAPTHBIX 00paslax W MO MOJTYYCHHBIM
JAHHBIM IIPOBOAMJIHM TPOBEPKY IMPAaBUIBHOCTH (T.e. ONpPEACsUTH Hamuuue /
OTCYTCTBUE CUCTEMATHUYECKOH MOrpenrHocT) (Tadi. 3).

Tabnuma 3
IIpoBepka npaBuwibHOCTH onpenesiennn Co 242,49 um, Pb 280,19 um,
Be 234,86 um meToom cyxoro ocratka (N = 3; P = 0,95; trasn = 4,3)

Die- BrezeHo Haiineno Ha snextpozae A=
(M) = 10,0001 r/n Sa ta
MEHT =2mi—mz
V1, MKJI V2, MKJI M1, MKT M2, MKT
0,00092 0,0019 6-105
Co 10 20 0,00101 0,0020 2-10° 2,3:10° | 3,5
0,00102 0,0021 6-10°°
0,00085 0,00180 1,0-104
Pb 10 20 0,00990 0,00210 1,8-10°2 1,0-102% | 11
0,00111 0,00214 8,0-10°5
0,0009 0,0019 1-10*
Be 10 20 0,0011 0,0020 2:10* 58105 | 4,0
0,0012 0,0023 1-104
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Kak crenyer n3 manHbBIX Ta0i. 3, ta < tragn, CIEIOBATEIBHO CHCTEMATHICCKAS
MOTPELIHOCTh OIPEe/ICNICHNs] MUKPOIJIEMEHTOB METOZIOM CYXOT'O OCTaTKa OTCYT-
CTBYET.

Pesynemamul konuwecmeentnoco onpedenenus MUKPOILEMEHMO8 8 eOUHUYHOT
0cobu Kiewa, norydeHHvle No paspabomanHol memoouxe. Y UNThIBask yCIOBHS,
NoA0OpaHHbBIE BBIIIE, MOXKHO IPEIIOKHUTH CIEAYIOUIYI0 METOAMKY aHaju3a
po0OsI oHOK ocobu kiema MeronoM JJTADC-MADC myTeM BO30YXICHUS CY-
XOT0 OCTaTKa € TOpIa IEKTPOoIa.

I'pacuroBble cTepxHE MapKu oc. 4—7/—4 00TaYMBAIM C IOMOIIBIO METAJLIU-
geckux (ppe3 i mpraaHus UM HY)KHOH (DOPMBI: OIHH JIEKTPO 3aTAYNBAIN Ha
KOHYC, Ipyroi — Ha IUIOCKUI TOpel, ClleTKa BOTHYTHIH, B BHIE JIYHKH. DJEK-
TPOJIBI OOXKHUTaH B Ayre mocTossHHOro Toka rpu | = 13 A B Teuenue 8 c. [Tocie
00XHra 3JeKTPOJl, 3aTOYCHHBIA Ha TUIOCKWH TOpel, MMIperHupoBaiu 20 MK
1%-no0TO pacTBOpa MOIUCTHPOJA B TOIyoJe, BICYIIMBaNU. llocie ncmapenus
TOJIyOJIa Ha 3JIEKTPO/| C 3alIUTHON IUICHKOW ITOMEINAH Mpe/IBapUTEIILHO B3Be-
IICHHYIO Ha aHAJIMTHYECKUX Becax 0co0b Kiema, BHOCWIN 10 MKII KOHIEHTpH-
poBanHO# H>SO4, BeIcymmMBanmu. M B KOHIlE HaHOCWIM Ha 3ekTpon 10 MK
1%-noro pacteopa NaCl. TTocre kaxmoii mpole ypsl BHICYITHBAHHUE MPOBOANIIH
nox MK-namnoit npu TemMneparype, He npesbiaromnieit 60°C.

Tabnuna 4

Coneprxanne MHKPO3JIeMEHTOB B eIMHUYHOI 0cO0U KJIela, HaliJleHHOe MeTOA0M

JAyTroBOii aTOMHO-3MHCCHOHHOIT CIIEKTPOMETPUH MyTeM BO30YKIEHUS CYXOro OCTATKA
C TOpLA 3JIEKTpoaa

Ne Omemenr | CORCPRARMEB |y SeMenT Cozepxanne B
KJICIIC, MKI' KJICIIC, MKI'
T [ e e | o
e e (e e |
: B Yoo | - Mo” <0,0010
e [ e e |
5 it <0,0010 14 Co 05?88838*
IR AN
T e e | e |
8 Cu oé?ggzi 17 cd <0,00001
’ Rb Yoo | 8 se <0,00001

* ConepkaHUe yKa3aHHBIX IEMEHTOB OIPAaHUYCHHO BEJIMYHUHON XOJIOCTOTO OIIbITA.
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CHekTpbl MOJTYYSHHBIX TAKUM 00pa3oM Npod perrcTpUPOBAIH B TCUCHHE 8 ¢
IpY MOCTOSSHHOM ToKe 13 A Ha cnektpomerpe «I'panmy. JlaHHBIE KOJHYECTBEH-
HOTO aHallM3a W3 MPOrPaMMHOTO oOOecTeUeHUsT «ATOM» DKCIIOPTHPOBAIH
B MS Excel, rae nepecunTsiBaIy coliepkaHie MUKPOIJIEMEHTOB B MUKPOIpaM-
Max. [TomydeHHBIe pe3ynbTaThl aHAIN3a MPOOKI KIIela MpeCTaBIeHb B Ta0. 4.

3aki0ueHne

Metonamu JTADC-MADC, ®II onpeneneHo coaepxKaHUEe MaKpO3JIEMEHTOB
B Kiemax. [lokazaHo, 9TO OCHOBHBIMH »JI€MEHTaMHU (B TIOpsIKe yOBIBaHHS,
B Mkr/T) sBisrorest P (9200 + 1 050), Na (4 200 + 1 050), Ca (3 200 + 800),
K (2 550 + 638). Jlys moBblieHust ayBcTBUTEIbHOCTH MeToaa JJADC, kak oj-
HOTO M3 CaMBIX AOCTYNHBIX U MPOCTHIX, IPOBEACHBI UCCIEIOBAHUS IO BO3MOXK-
HOCTH aHaIHM3a eINHUYHON 0COOM KIIella Ha colep KaHne MHKPO3JIEMEHTOB ITy-
TE€M HCHApPEHUsl CyXOoro ocraTka ¢ TOpLa 3JeKTpoaa. BeIOpaHBl onTHMallbHBIC
YCIIOBHS: BpeMsi 00KHTa 3JIEKTPoAa Ayroil MoCTOSHHOro Toka 13 A — 8 ¢; Bpems
9KCHO3UIMK — 8 ¢; KoauuecTBO ycuauBaromiei qo6asku NaCl — 0,1 mr Ha amek-
Tpoa. Ilpeanoxena MeTOAMKAa KOJIMYECTBEHHOI'O OMPEAETICHUS MHUKPOJIEMEH-
TOB B HMHIMBHIYAJIBHBIX 0c0o0sx kiemiel meromoMm [TADC myreM ucnapeHus
CYXOT0 OocTaTka ¢ Topua JIeKTpoaa. IIpaBHiIbHOCTE METOIMKH JOKa3aHa ITyTeM
aHanM3a CTaHZApPTHOTO 00pa3Iia METOOM yIBOSHHS aluKBOTHL 1o mpemmoxen-
HOW METOJUKE MPOBEIEH aHAIN3 €JUHUYHOW HPOOHI, MOKa3aHa BO3MOXKHOCTH
KOJIMYECTBEHHOTO OTIpeJeIeHNs 0 18 MUKPO3JIEMEHTOB, COJepKaHne KOTOPBIX
B Kienie cocrasiser N-10° MKr u BbIlIE, ¢ BOCIIPOM3BOAMMOCTBIO PE3YIHTATOB
20-25% otH.

IIpenmoxeHHass METOIUKA MOXET OBITh MCIONB30BaHA IS ONpPEACTICHUS
BIIMSHHSA JIEMEHTHOTO COCTaBa OTHAENBHBIX 0CO0eH Kiemei Ha 3apakKeHHOCTb
BO30yIUTENSIMHU IPHPOIHO-0YArOBBIX HH(EKITHH.
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Toxic elements in ticks determined by atomic emission spectrometry
to assess their effect on infectious diseases with natural foci

In recent years, the attention of ecologists and epidemiologists has been attracted
to new research into infectious diseases with natural foci, namely the prediction
of their spread in the conditions of global warming leading to the expansion of the
ixodic tick habitat and industrial environmental pollution. To date, the obtained suffi-
cient data show that vehicle emissions containing such heavy metal ions as Cd, Zn,
Cu, Pb, Ni, Mn, Fe, and Co lead to a degradation of ecosystems due to atmospheric
air, water and soil pollution, along highways, in particular. Vehicle emissions reach
79% of the total environmental release. It is found that the soil contamination with
heavy metals affects the biology and morphology of ticks, decreases their immunity,
resulting in the increased susceptibility of ticks to pathogens. Heavy metals have
the most harmful effect on flora and fauna. This paper studies the possibility of using
the atomic emission spectroscopy by evaporating the dry residue from the end of
the graphite electrode to quantify the trace elements in ticks. Research is carried
out in the accredited Environmental Monitoring Laboratory of the Tomsk Regional
Core Facility Centre at National Research Tomsk State University (Tomsk, Russia).
The spectrographic analysis is performed on a Grand atomic emission spectrometer
with a fast multichannel analyzer of the emission spectra. Based on the results ob-
tained, the analytical procedure is proposed for the toxic and potentially toxic element
concentration in an individual tick, with the use of state standard reference samples of
an aqueous solution of salts. The doubling method is used to prove no accuracy error
on the model samples. The proposed analytical procedure allows quantifying up to
18 trace elements, the content of which in a tick is n-10-® pg and higher, with a rela-
tive standard deviation of 20-25%.

Keywords: heavy metals, biological object, tick, atomic emission spectrometry,
dry residue, measurement procedure.
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