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Abstract. The desulphurization process of different coal
types has been studied. The coal was treated by air-steam
mixture in the fluidized-bed reactor under the conditions
similar to isothermal ones. The influence of temperature
and oxidant composition affecting the pyrite (which is the
coal component) chemical conversion on the
desulphurization efficiency has been investigated for coal
with different metamorphism degree. The dry and wet
samples of anthracite and brown coal were compared in
order to propose the direction of brown coal pyrite
conversion followed by the hydrogen sul phide production.
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1. Introduction

Coal is one of the main energy carriers because its
deposits exceed oil and gas deposits not only in Ukraine
but all over theworld too (Fig. 1) [1].

The direction of coal usage depends upon its
metamorphism degree. In accordance with the scheme
represented in Fig. 2 brown and black coa with low and
high metamorphism degree may be considered as a power
station coal used at heat power plants (HPP).

Black coal with medium metamorphism degree is
generally used for coke production but sometimes it may
be used asafuel at HPP (for example if its deposits are far
away from the by-product coke plants, or have high ash or
sulphur content).

It should be noted that coal is not clearly divided
into low-, medium- and high-metamorphized groups. For
example, fiery (or gas) (G) and lean-baking (LB) coal
sometimes are ascribed to the medium-metamorphized
coal, though they are referred to the low- and high-
metamorphized coal, respectively.

On the other hand, the considerable amount of coal
is characterized by high sulphur content. Hence its
burning leads to SO, emissions. Coal isthe main source of
atmosphere pollution by sulphur dioxide (Table 1).
Therefore, the usage of some types of high-sulphuric coal
is complicated or even impossible, in spite of its
favourable bedding conditions.

Nowadays SO, is removed by means of its sorption
from HPP smoke fumes by calcium compounds followed
by gypsum production. However, except dividends for the
environment, all desulphurization methods applied during
coal burning or smoke fumes treating are unprofitable,
even if we sale by-products (gypsum, dry ash, etc.).
Therefore we may assert that the effective and profitable
industrial method of SO, reduction during the burning of
high-sulphuric coal has not existed till today.

The coal desulphurization via oxidation [7-10] is
one of the purification methods. The essence of the
process is the treatment of raw material by air-steam
mixture. Pyritic sulphur (which is the main part of all
sulphur in coal) converts selectively in this case. The
process products are:  solid low-sulphuric  fuel;
decomposition resin produced during thermal cracking of
the organic matter; desulphurization gases with high
(compared with HPP gases) content of sulphur-containing
components, that allows to process or utilize them by the
known methods [11-13] with further production of
sulphur, liquefied sulphur dioxide, etc.

For some samples of black coal the temperature and
water steam are factors affecting the chemism of oxidative
desulphurization[7, 8]:

—at 698 K and higher temperatures the process is
intensified due to the pyrite decomposition for pyrotite
(FeSy) and sulphur followed by their oxidation;

—if water steam is added to air, the rate and degree
of pyrite oxidation increase; the reason is a steam-pyrite
complex formation that increases reactivity.



444

Serhiy Pysh’yev et al.

O inthe World

H in Ukraine

%

15

1

18
Zil_T 3]

natural gas

ol

coal

Fig. 1. Structure of organic fuel depositsin Ukraine
and in theworld (calculated for standard fuel)

Black coal with low Black coal with Black coal with high
Brown metamorphism medium metamor- metamorphism degree
coal (BO) degree phism degree (LC, L and A grades)
(Cand G qraclia) (G,F, KadLCgadk) I
| : .
| !
—. ooITToaTpT e -1
: ]
v VvV V¥ v Vv
Burning & HPP Coke production Production
(80-90 %) (10-20 %) of coal-dust fuel

Fig. 2. Main directions of coal application

Table 1
Structure of sulphur (V) oxide emissions into atmosphere
o Y ear
Emissions source 2008 | 2000 | 2010
In Ukraine[2-4]
1. Stationary sources 97.7 | 97.8 | 97.9
2. Mobile sources (motor-cars, raillway, aircraftand | 2.3 | 2.2 21
water transport; industrial equipment)
Intheworld [5, 6]

1. Stationary sources, 958 | 97.1 -

including production of electric power and heat | 68.6 | 70.2 -
2. Transport, 4.0 25 -

including motor transport 0.7 0.2 -
3. Others 02 | 04 -

Table 2 presents possible reactions of pyrite thermodynamically impossible, i.e. equilibrium con-

conversion during oxidative desulphurization which are
divided into pyrite reactions with oxygen (including
previous thermal decomposition), water steam, coal
organic matter (COM) and possible products of the
process. The thermodynamic analysis was carried out for
the mentioned reaction (Table 2). Since the reactions
proceed under the pressure close to the atmospheric one,
and with a small change of moles number, it was assumed
that at negative value of Gibbs energy (£ -50 kJ/mal) the
reaction is not limited by achievement of thermodynamic
equilibrium, i.e. equilibrium conversion degrees of the
initial components are 3 99 %. At the positive value of
Gibbs energy (3 +50 kJmol) the reaction is

version degrees of the initial components are < 1 %.
Within the range of values from -50 to +50 kJ/mol the
reaction proceeds with thermodynamic limits.

Data from Table 2 allow to assert that pyrite
oxidation is thermodynamically the most possible reaction
within the temperature range of 623-723 K. The great
positive values of Gibbs energy for the reactions of pyrite
thermal decomposition may be caused by a non-
stoichiometric compound with high reactivity — pyrotite —
which is formed during the decompasition. The formation
of pyrotite, not iron sulphide, the characteristics of which
were taken into consideration during calculations, is the
most probable explanation of such great values.
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Table2

Calculated values of Gibbsenergies of the possible reactions at 623 and 723 K

_ AG®, kJ/mol Temperature interval of
No. Equation 623K | 723K thereaction R|o(;foceed|ng, K;
Thermal decomposition and reactions of pyrite and its decomposition products with oxygen

1 4FeSy+110,g—2Fe,035+8S04 -3298.45|-3354.50| > 623-673; [14, 15]

2 4FeSg+50 g 2Fe,055+20 ) -2167,97|-2154.70 [16, 17]

3 FeSy + 30y — FESOye + SOy -876.85 | -848.26 [18]

4 St Ozg— SOz -317.76 | -328.60 [16, 17]

5 FeSy9— FeS (FeS) g+ Sy 35.14 - -

6 FeSyg— FeS (FewxS) g+Sq - 204.28 > 773-873; [15, 16]
Reactions of pyrotite with water steam

7 FeS(Fei«S) gtH0g— FeO+H,Sy 54.09 | 55.00 [18]

8 |2FeS(Fe1,S)y+3H20g—Fe0s5)+2H,Sg+Hag| 11594 | 126.04 [18]

Reactions of pyrite, pyrotite and iron sulfide

with COM and its conversion products

9 | 3FeSygtC-CeHipg—3FeSy+3H,Sg+CelHg | -32.35 | -94.55 -
10 FeSyg+Hpg— FeSytH:Sy) -219 | -9.98 > 773; [15, 18]
11 FeSy+COg— FeSg+COSy, 401 | -1.72 >1073; [15, 18]
12 |  FeSygtCeHigg— FeSetH St 1u-CoHing 16.92 | 4.66 -
13 | FeSyy+1-C4Hgg— FeSg+HS+1,3-CsHgq | 41.33 | 22.02 -
14 FeSyg+CsHiog— FeSg+tHSgt1-CHgg 4314 | 2159 -
15 FeSyg+CoHeg— FeSetHSg+CoHag 57.81 | 36.78 -
16 FeS(FewxS) g+Hag— FegtHaSg 65.48 | 65.49 >1073; [15, 18]
17 FeSyg+CoHuyg— FeSgtHSg+CoHyg 98.25 | 77.47 -
18 FeSyg+Ciyg— FegtCSyg 165.82 | 145.22 > 1273; [15, 18]
19 2FeS (FerS) +Ce—2FegtCSyg) 233.48 | 220.68 > 1273; [15]
Reactions of pyrite and iron sulfide with COM and water steam
20 | Cy+FeSyg+tH0g—HSg+FeSytCOy | 58.76 | 36.46 | [18]
Reactions of COM with pyrite conversion products
21 Cot 259—CS - [-3%8 [15]
22 Hyg + Sg —H2Sg - -214.26 [19]
23 Cig + SOzg —S*+COxq -63.21 - [12]
24 S+ Hog—HaSyg -37.33 - [19]
25 Cyt 259—CSyg 27.88 - [15]
26 SO +Cg—Sig+CO02q - 122.78 [12]
Reactions of gaseous products
27 280(g+CHygy—2Sg+CO+2H,0q) -165.20 - [12]
28 2COg+ SOz Sy + 2C04q -140.02 - [12,19]
29 CSyg + HXO(g) — HoS+COS -35.38 | -35.01 [20-22]
30 SOy + 2H,Sg—3S + 2H,0(g -33.64 - [12,19]
31 COS+H0—HSg+CO05q -22.06 | -20.53 [20-22]
32 2CO g+ SO4—Sgt 2C04q - 64.07 [12,19]
33 2805 +CHygy—2Sg+COg+2H,0q) - 207.76 [12]
34 SOy + 2H,Sg—3S) + 2H0(q - 517.12 [12,19]
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The hydrogen sulphide formation is improbable
because of the reactions of pyrite or pyrotite with water
steam, but it is possible due to their interaction with
hydrogen or coal organic maiter. The analysis of the
reactions between pyrite and hydrocarbons shows that the
increase of hydrocarbon molecular mass increases the
probability of the mentioned conversions proceeding. The
reactions leading to the formation of cyclic unsaturated
compounds are more probable than aiphatic unsaturated
compounds formation.

Hydrogen sulphide may be formed owing to the
reactions of coal with sulphur and its dioxide. At 623 K
the sulphur formation due to the pyrite decompoasition is
impossible [7, 8], but it is possible due to the proceeding
of thereactions 27 and 28 (Table 2).

Hydrogen sulphide formation is aso possible due to
the interactions between gaseous products (reactions 29
and 31).

The reactivity of coal organic matrix (COM) differs
depending upon the degree of chemical maturity
(metamorphism, coalification) of coal. Black high-
metamorphized coal (eg. L and A grade) has the inert
organic matter and brown coal, on the contrary, has the
high reactivity.

From the literature data it is impossible to
understand if the reactions between COM and FeS, will
proceed under the conditions of oxidative desulphu-
rization and if the reaction intensity will depend on the
COM codlification degree. Therefore the aim of the
present work is to establish the effect of coal organic
matter on the proceeding of oxidative desulphurization
process.

Serhiy Pysh’yev et al.

2. Experimental

The following samples of Ukrainian coal were
selected for investigations. anthracite (A) from
Rovenkovska concentrating mill of Donetsk coal basin;
lean coal (L) from Shidna mine of Donetsk coal basin; fat
coa (F1) from Samsonovska concentrating mill of
Donetsk coal basin; fat coal (F2) from Lisova mine of
Lviv-Volyn coal basin; gas coal (G1) from Chervonograd
mine of Lviv-Volyn coal basin; gas coa (G2) from
Zarichna mine of Lviv-Volyn coal basin; candle coal (C)
from Buzhanska mine of Lviv-Volyn coal basin; brown
coal (B) from Morozivskyy deposit of Dnieper brown-
coal basin and run-of-mine coal (R) from Dobrotvir HPP.
The fraction of 0.1-0.25 mm was used for resesrches,
because it is the optimal size for coal burning at HPPs.

A model mixture of pyrite (mixed with inert
material in such a way that the content of pyritic sulphur
in the mixture was comparable with that in the original
coal) was prepared.

The results of initial coal and model mixture
analysesare shownin Table 3.

All samples are high-sulphur coal ones with the
pyritic sulphur amount of 50-90 %. Anomalous high
content of sulphate sulphur in some coal samples can be
explained by the fact that in some places there was an
accessfor air.

To determine the effect of COM and its quality on
the process, the comparative investigations of pyrite
desulphurization and different types of coal were carried
out. The effect of water steam and temperature on
desul phurization of different coal was compared.

Table3

Characteristics of the initial sasmplesand model mixture

Moigture | Ash, | Volatiles Sulphur content for dry matter, Relative content of sulphur different
Cod type | content, | A", y\iﬁlﬁd, _ __ mas% — types, %
(symbol) W mas | totd, | pyritic, | organic, | sulphate, | _, 4 e 4 e
mas% | % mas% | S S o S Sp / § | s/s 8804/ S
A”‘&?‘” ®) 35 |622| 200 |28 | 141 | 121 0.23 4947 | 4246 8.07
Lean (L) 1.00 43.10 16.53 448 3.81 0.54 0.13 85.04 12.05 2.90
Fat (F1) 2.33 10.14 34.32 3.68 2.35 131 0.02 63.86 35.60 0.54
Fat (F2) 161 21.42 35.56 6.97 450 117 1.30 64.56 16.79 18.65
Gas (Gl) 121 16.80 40.91 7.95 7.20 0.52 0.23 90.57 6.54 2.89
Gas (G2) 117 20.82 41.11 7.18 6.05 0.60 0.54 84.23 8.31 7.46
Candle (C) 4.85 11.36 37.67 3.98 234 0.54 11 58.79 1357 27.64
Brown (B) 13.96* 9.42 63.78 4.28 210 2.07 0.11 49.07 48.36 257
R.un-Of- 2.83 24.42 35.80 192 152 0.3 0.10 79.14 15.51 535
mine (R)
Modd
mixture (FeS, 154 — — 3.86 3.72 0.13** 0.01 96.37 3.37 0.26
and SI0,)

Notes: * for wet ash-free sample (W"); ** unidentified form of sulphur.
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Fig. 3. Scheme of the laboratory plant for coal oxidative desul phurization: block of air-steam treatment and feed (A); reactor block
(B) and block of volatile products eimination (C). The plant consists of: compressor (1); pump (2); rheometer (3); heater (4); electric
transformer (5); thermometer (6); reactor (7); potentiometer (8); furnace (9); thermocouple (10); trap for decomposition resin (11);
manometer (12); gasometer (13); beaker (14); vessd (15); thermostat (16) and flowmeter (17).

For the investigations we used the laboratory plant,
the scheme of which is represented in Fig. 3. The detailed
description of the laboratory plant is givenin [23].

On the bass of obtained results the sulphur
conversion and removal degree were calculated. Pyritic
sulphur conversion was calculated by the following
formula (%):

. $5,700- S xx.
DSP = = a :
Sho
where SSO— content of pyritic sulphur in the initial coal

calculated for analytical sample, mas %; SS — content of

pyritic sulphur in desulphurized coa calculated for
analytical sample, mas %; x.— desulphurized coal yield,
mas %.
Removal degree of pyritic sulphur (%) is calculated
by the formula:
st =30 5% 400
P Sd
pO

where S‘;O — the content of pyritic sulphur in the initial

coal calculated for dry sample, mas %; Sﬁ — the content

of pyritic sulphur in desulphurized coal calculated for dry
sample, mas %.

The sulphur conversion degree indicates the
amount of sulphur converted into gaseous sulphur-
containing products which will not eliminate into the
environment during burning of desulphurized coal. In
other words, it is a levd of reduction of environ-
ment pollution.

The removal degree indicates the ratio between
rates of the reaction of sulphur conversion with gaseous
products obtaining and the reaction of COM gasification,
i.e. the possibility of sulphur reduction in coal as a result
of the process proceeding.

The desulphurization gases were analyzed by
means of gas-adsorptive chromatography, using chro-
matograph “LHM”. The andyzed gas (10.0 ml) is
introduced by metering device into the flow of carrier gas
(helium). Gas is fed into the first column (diameter of
2.0 mm and length of 3.0 m) filled with non-polar sorbent
Polysorb-1 and then — to the second column (diameter of
2.0 mm and length of 4.5 m) filled with polar adsorbent —
zeolite of CaX type. The hydrogen content was analyzed
using a chromatograph “ Tsvet”. The analyzed gas (1.5 ml)
is introduced into nitrogen (carrier gas). The column
diameter is 2.0 mm and its length is 2.0 m; adsorbent —
zeolite of NaX type. In both cases the detector of heat
conduction is used as a sensor.

3. Results and Discussion

To determine the effect of COM presence and its
quality on the process, we compared the desul phurization
processes of pyrite and different types of coal. We
compared the effect of factors upon which the chemism of
pyrite conversion depends (temperature and water steam
content in the air-steam mixture), on the desulphurization
process of coal with different metamorphism degree. The
degreeincreasesintherowB - C—->G > F— L —A
(Table 3). The experimental results are represented in
Tables 4-6 and Figs. 4 and 5.
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Table4

Characteristics of pyrite and desulphurized coal samples

_ Content of pyritic _ Difference between
e || Gl | cutyes | SO | cnasagasd o
o of coal anayt ﬂ:‘)‘p e mas % % : pyritic sulphur and model
typ (Sap ), mas % 0 mixture FeS,+ SO, %
B 0.61 50.37 83.21 11.97
C 0.23 82.27 91.51 20.27
Gl 2.19 75.33 76.80 5.56
F2 1.46 83.11 72.61 1.37
L 0.88 94.05 80.01 8.77
Mode mixture (FeS, + _ _
S0, 1.07 71.24
Table 5

Dependence of pyritic sulphur removal degree upon the temperature

Temperature, K Removal degree of pyrite sulphur, %
B C Gl G2 F1 F2 L
623 44.96 13.28 18.42 2532 2.89 28.76 12.85
673 55.04 52.12 46.97 63.57 24.04 47.97 41.95
698 70.31 89.84 68.93 86.47 81.70 67.12 76.70
723 75.73 96.04 74.04 92.99 73.48 58.20 79.35
Table 6
Dependence of pyritic sulphur removal degree upon the oxidant composition
Content in the oxidant, vol % Removal degree of pyrite sulphur, %
oxygen water steam B C Gl F1 F2 L A
20.95 0 - 90.22 75.70 - 56.00 - -
20.06 4 70.30 93.71 87.06 80.01 57.99 70.62 53.05
17.85 15 - 94.53 91.00 81.00 61.55 72.07 57.97
14.71 30 73.60 92.41 69.18 81.70 67.12 76.64 65.00
105 50 79.31 84.29 54.59 86.81 58.81 67.98 80.49
6.31 70 81.65 65.32 3212 84.83 32.65 66.93 76.43

Pyritic sulphur content, S, mas %

673

Temperature, K

Fig. 4. Dependence of pyritic sulphur content upon the temperature
for coal with different metamorphism degrees
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Fig. 5. Dependence of pyritic sulphur content upon the oxidant composition
for coal with different metamorphism degrees
Table7
Gases average composition at brown coal desulphurization under optimal conditions
Content in desulphurization gases, vol %
H,S CH, CCs CO CO, (07 N, Ar H,
8.0-12.5 26-33 2.8-4.6 556.5 235-25.0 0.6-1.2 45.7-54.8 0.5-0.7 0.7-14
Table 8
Gases average composition at desulphurization of C, F2, L and R coal types under optimal conditions
Content in desulphurization gases, vol %
SO, H,S CH, CCs CO CO, (07 N, Ar H,
25-7.0 til04 | 0539 04-2.6 11-38 5.0-9.9 16111 71.6-78.7 0.8-09 | tillo4
Table9
The characteristics of gases obtaining at desulphurization of wet and dry samples of coal
Content in desulphurization gases, vol %
SO, |H28|CH4|C2-C3|CO|C02|02|N2|Ar|H2
The analytical sample of brown coa (W' = 13.96 mas %)
- [ 700 [ 168 ] 142 [ 377 [ 2321 [ 118 [ 6057 [ 071 | 045
The sample of dry brown coa (W = 0.44 mas %)
- [ 5890 [ 137 ] 098 [ 324 [ 198 [ 631 [ 6126 [ 071 | 039
The analytical sample of anthracite (W = 3.55 mas %)
0.88 [ - Jo78] 035 [ traces [ 298 | 1492 [ 7917 | 092 | -
The sample of wet anthracite (W' = 14.54 mas %)
1.28 [ - Jo8 ] 060 [ traces | 359 [ 1443 [ 7832 | 091 | traces

The presence of organic matter in the reaction zone
affects the process in different ways. COM increases the
removal degree of pyritic sulphur by 8.77-20.27 % for B,
Cand L cod; by 5.56 % —for G1 coal and only by 1.5 % —
for F2. The less values of pyrite conversion for G1 and
especially for F2 are caused by the fact that organic matter
converts into plastic state in the investigated temperature
range (623—-723 K) and further may be baked leading to
difficulties with oxidant access to pyrite particles.

The analysis of data from Table 5 and Fig. 4 shows
that the temperature effect isthe same for all types of coal.
The sulphur content in coal decreases and removal degree
of pyritic sulphur increases with the temperature growth to
698 K. The greatest increase is observed within the
temperature range of 673-698 K. At the temperatures
higher than 698 K the decrease of pyritic sulphur removal
degree for F1 and F2 coal is observed. The reason is the
above-mentioned ability of such type of coal to convert
into plagtic state and to bake at 723-823 K.
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With the increase of water steam content in the
oxidant the sulphur content in coal passes through the
minimum and removal degree — through the maximum for
al types of coal. The exclusion is brown coal the
desulphurization of which does not depend on water
steam amount in its mixture with coal (Table 6 and Fig.
5). It should be noted that there is not clear dependence
between pyritic sulphur removal degree and
metamorphism degree that changesintherow B — C —
GoF—>L—A.

Regularities occurred during the desulphurization
of brown coal differ from those observed during black
coal desulphurization. For example, the temperature
increase is the least influential factor for al investigated
samples (Table 5 and Fig. 4); sulphur converts into
hydrogen sulphide (Table 7), not in SO,, as for black coal
(Table 8). During desul phurization of black coal hydrogen
sulphide is observed in negligible amounts. All these facts
indicate the change of desulphurization chemism while
using brown coal compared with black one.

Brown coal essentialy differs from black coal by
the reactivity of organic matter and moisture content. In
order to establish the factor (high moisture or COM
reactivity) having the decisive influence on chemism
during brown coal desulphurization we compared dry
brown coal and wet anthracite The anthracite was
investigated as cod with the most inert COM. One can see
from Table 9 that water adsorbed in coal may affect H,S
formation only in the presence of organic matter with high
reactivity: the content of hydrogen sulphide in the gasesis
less for dry brown coal. At the desulphurization of dry and
wet anthracite samples the hydrogen sulphide is absent in
the gases. This fact indicates the dominant role of organic
matter, as well as its gasification and cracking products,
for the reactions of hydrogen sulphide obtaining.

4. Conclusions

It is possible to desulphurize any type of black coal
at 698—723 K due to the treatment in fluidized bed formed
by air-steam mixture. Such coal may be used in power
engineering because the quality of organic matter does not
have an essential influence on the efficiency of sulphur
removing.

Under the same conditions the sulphur removal
degree is less for medium-metamorphized black coal
compared with other types of black coal. The reason is
coal ability to convert into plastic state and to bake.

The effect of temperature (to 698 K) and water
steam content on the pyritic sulphur conversion is the
same for all types of coal.

At oxidative desulphurization of brown coal
(compared with the black one) the main amount of
sulphur converts into H,S. It is obtained due to the

Serhiy Pysh’yev et al.

reactions of pyrite with coal organic matter or its
conversion products.
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Koncentratov.

BILIUB SIKOCTI BYT'ULISI HA ITPOLIEC MOT'O
3HECIPYYBAHHSA
1. BIUIUB OPT AHIYHOI YACTUHHA

Anomauia. Busueno npoyec 3Hecipuyseanma pisHUX Munie
8yeiisl 6HACIIOOK 0OpOONeHHs. X Napo-noGIMpsIHOI0 CYyMIUUIIO Y
PEaKmopi 3 KUNJAYUM WapoM 3d YMO8, Wo ONU3bKE 00 i30MEPMIYHUX.
30iticneno nopiensHus enauey uuHHUKIG (memnepamypu i ckiady
OKCUOAHMY), 810 AKUX 3QLEHCUNMb XIMIZM NEPEMBOPEHHSL NIPUNTY, WO
Micmumocst Yy Ve, Ha eQeKmusHiCmb Npoyecy 3HeCIpHy8aHHs.
gyeiis pisHux cmynenie memamopizmy. Ilposedeno nopighsmHs
3Hecipuy8ants cyxux i Gol02uX 3paskie awmpayumy ma 6ypozo
8yeinia, wo Oalo MOJNCIUGICIb 3aNPONOHYE8AMU HANPAMKU Hepe-
meopents FES, 6ypoeo syeinis 3 00epoicantsm cipkogooHIO

Knwuosi cnosa. oxcuoayiline 3HecipyysauHs, 6yeiLiA,
cipka, nipum, cipko8o0eHb, OIOKCUH CIPKU, NAPONOGIMPAHA CYMIUL.



