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Abstract. Phenol-formaldehyde resins (PhFR) with
reactive methacrylate fragments or labile peroxy bonds in
the side branches used as a polymeric component of
bitumen-polymeric mixtures have been investigated.
Taking into account that PhFR with peroxy fragments
based on epoxy resin does not described in literature, its
synthesis procedure has been developed. The kinetic
regularities of the reaction between peroxy derivative of
epoxy resin (PDER) and phenol group of PhFR were
studied taking the reaction of PDER with phenol as an
example. The structure of PhFR with peroxy groups
(PhFRP) has been confirmed by IR-studies. Bitumen-
polymeric mixtures with PhFRP or PhFR with unsaturated
fragments (PhFRU) in the amount of 1, 3, 5 or 7 mass
parts per 100 g of petroleum bitumen were examined at
443, 463 or 483 K for 0.5, 1.0 or 2.0 h. The composition
of bitumn-polymeric mixtures has been determined using
the group analysis.

Keywords: phenol-formaldehyde resin, modification,
peroxide, unsaturated bond, kinetics, |R-spectroscopy,
bitumen-polymeric mixtures, group analysis.

1. Introduction

Petroleum bitumen is a mixture of various high-
molecular hydrocarbons and heteroatomic compounds
containing atoms of oxygen, sulphur, nitrogen and
different metals (vanadium, iron, sodium, nickel et al.)
[1]. Qils, resins, asphaltenes, asphaltogenic acids and
other components presented in the bitumen structure
affect the bitumen properties. Oils decrease hardness and
softening temperature and increase its flowability. Resins
improve bitumen plasticity and stretching. Asphaltenes

increase hardness and brittleness. Asphaltogenic acids and
their anhydrides favor the stabilization of bitumen
colloidal structure[1].

The main quality indexes of the commercia
petroleum bitumen are penetration, softening temperature,
ductility and others [1, 2]. Moreover, adherence is a very
important property of road bitumen [3]. The operational
properties of the commercial bitumen may be improved
by introducing polymersto its structure [4].

To create the bitumen-polymeric mixtures the
following polymers are used nowadays. elastomers [5, 6],
thermoplastics [7], thermoplastic elastomers [6],
thermoreactive resins and others[4].

In this work we studied the possibility of bitumen
properties improvement via creation of bitumen-
polymeric mixtures based on modified phenol-
formaldehyde resins (PhFR). The compounds of the
structure given bel ow were used as modified PhFR.

The modified PhFR contain reactive methacrylate
fragments or labile peroxy bonds in the side branches. The
unsaturated double bonds may enter the polymerization
reaction at heating and form more compound structures.
Peroxy groups which are present in the resin structure will
decompose at heating above 393 K and form free radicals.
Due to the radicals recombination they react with the
components of bitumen-polymeric mixture and between
each other forming the products with more compound
structure.

PhFR with methacrylate fragment (PhFRU) was
synthesized by us and described in [8, 9]. PhFR with
labile peroxy groups in the side branches (PhFRP) is not
described in literature and its synthesis is represented in
thiswork.
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2. Experimental

2.1. Materials
PhFRU formulais:

022: 022:
o] o]
?*OH }OH
o] OH (|)

pepenes
JRCAY

It was synthesized from PhFR and glycidyl-
methacrylate using the procedure described in [8]. Its
molecular mass was found to be 640 g/mol. The presence
of methacrylate fragments in PhFRU is confirmed by the
presence of absorption bands at 1296, 1630 and 1712 cm'™
in IR-spectrum. These bands correspond to the stretching
vibrations of the so-called “esteric band”, double bond
and carbonyl groups in esters.

PhFR used for PhFRU and PhFRP syntheses was
synthesized in accordance with [10Q]. Its M, is 350 g/moal.
The peroxy derivative of epoxy resin used for PhFRP
production was synthesized in accordance with [11]. Its
M, = 420 g/moal; epoxy number (e.n.) = 9.0% and active
oxygen content ([Olae) = 2.9 %.

Phenol (Ph) used for PhFR synthesis and for the
reaction with PDER was purified in accordance with the
method [10]. Potassium hydroxide of PA grade was used
as a catalys. Isopropyl alcoghol was used as a reaction
medium.

Bitumen was withdrawn at Lviv asphalt plant

(Lviv, Ukraine) with the following characteristics:
penetration 44x0.1 mm; ductility 89 cm, softening

temperature by the “ring and bal” method 319 K,
adherence 40.5 %.

2.2. Analyses Methods

The number-average molecular masses of PhFR
and synthesized PhFRP were determined by cryometry
using dioxane as the solvent. The epoxy number was
determined using a procedure described in[10].

Infrared spectra (IR) were obtained using “ Specord-
M40" apparatus (Bruker firm, Germany). The sample was
prepared as the film formed from the oligomer solution in
acetone and applied over a plate with KBr (layer thickness
was 0.023 mm). Spectra were recorded in the absorption
range of 4000-400 cm™.

The softening temperatures of bitumen and bitumen
compositions were determined using the “ring and ball”
method [12]; ductility and penetration — [12]; “adherence
with glass’ — [1]. The content of asphaltenes, neutral
resins and oils was determined in accordance with the
procedure[13, 14)].

2.3. Kinetics Study of the Reaction
between Ph and PDER

The chemical modification of phenol with PDER
was studied in a three-necked reactor equipped by a
mechanical stirrer, backflow condenser and thermometer.
Phenol, KOH (as a catalyst) and isopropyl alcohol were
loaded into the reactor. The mixture was heated to 313,
323 or 333K under constant stirring and then PDER was
added. The reaction proceeding was controlled by the
change of epoxy groups concentration (mol/l) using the

formula:
eg. = [Vb.t. B (\/t ;/Va)] )N >« (1)

where V,,; —amount of 0.1 N akali solution for blank test
titration, ml; V; — amount of 0.1 N alkali solution for

[C]
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withdrawn sample titration, ml; V, — amount of 0.1 N
alkali solution for the acidity determination, ml; N —
solution normality; K — correction factor for the titre of
0.1N akali solution; Vs— sample volume, ml.

The obtained results were used for the construction of
graphical dependency and calculations of the effective
rate constants. The effective activation energy was
determined by interpretation of the obtained results in the
Arrhenius coordinates.

2.4. PhFRP Synthesis

For the synthesis the same laboratory plant was
used. PhFR, KOH and isopropy! alcohol were loaded into
the reactor. The mixture was heated to 323 or 333 K under
constant tirring and then PDER was added. The reaction
mixture was transferred into a dividing funnel, neutralized
by weak solution of acetic acid and washed by water. The
obtained product was vacuumed and dried. The epoxy
number (%) and content of active oxygen (%) were
determined in accordance with the formulas (2) and (3):

IV, - (Y, - va)]g>o.0043>4< X100 @

where V,,; —amount of 0.1 N akali solution for blank test
titration, ml; V; — amount of 0.1 N alkali solution for
sample titration, ml; V, —amount of 0.1 N alkali solution
for the acidity determination, ml; 0.0043 — amount of
epoxy groups corresponded to 1 ml of 0.1N akali
solution; K — correction factor for the titre of 0.1N alkali
solution; g — PDER mass, g.

(0], = V -V,,)>0.08XK 300 3

m

where V —amount of 0.1 N sodium thiosul phate solution
necessary for the sample titration, ml; Vp; — amount of
0.1 N sodium thiosul phate solution for blank test titration,
ml; 0.08 — amount of oxygen corresponded to 1 ml of
0.1 N sodium thiosulphate solution; m — sample mass, g;
K — correction factor for the titre.

A three-necked reactor equipped with a mechanical
stirrer, backflow condenser and thermometer was |oaded
by 50 g of PhFR dissolved in 100 ml of isopropy! alcohal.
The mixture was heated to 323 K under constant stirring.
Then 10.46 g of KOH dissolved in 40 ml of isopropyl
alcohol were added. The homogeneous solution was
obtained and 111.64 g of PDER dissolved in 150 ml of
isopropyl acohol were added to it under stirring. The
reaction mixture was sustained for 6 h at 323K under
stirring, cooled and 500 ml of toluene was added. After
this the mixture was transferred into a dividing funnel
where it was washed with 10%-aqueous solution of acetic
acid and then by water till the neutral reaction. PHFRP
was obtained after vacuumization of the organic layer at
320K and residual pressure of 2.7—4 kPa till the mass

en. =
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becomes constant. We obtained 136.8 g of hazd-colored
oligomeric product. Its M, = 750 g/mol and [O] ot = 1.2 %.
It issolublein the majority of organic solvents.

2.5. Preparation of Bitumen-Polymeric
Mixtures

Bitumen-polymeric mixtures were prepared at the
laboratory plant, the scheme of which is described in[15].

100 g of bitumen were loaded into a metal vessel
and heated to 383 K under gtirring. PhFRP in the amount
of 1-7 mass parts relative to 100 g of bitumen was added,
heated to 423483 K and sustained for 1-3 h. The
softening  temperature,  ductility, penetration and
adherence with glass of bitumen-polymeric mixtures were
determined.

3. Results and Discussion

3.1. Kinetic Regularities of the Reaction
between Ph and PDER

Taking into account that kinetics study of the reaction
between PhFR and PDER causes difficulties, it was
examined taking the reaction between Ph and PDER as an
example:

— e OO

The investigations were carried out in accordance
with the technique present in Subsection 2.3. The obtained
results are represented in Figs. 1-3 ad Table 1.
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Fig. 1. Kinetic anamorfozes in the 1/C— coordinates
for the reaction between Ph and PDER at 333 K inthe
isopropanol medium. KOH amount is: 0.2 (1); 0.4 (2); 0.6 (3)
and 0.8 (4) moles per Ph phenol group. PDER amount
is 1.0 mol/phenol mal
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The highest reaction rate for the reaction between
Ph and PDER is observed in case of 0.8 KOH moles per
Ph phenol group. On the other hand, 0.6 moles of the
catalyst realizes the mentioned reaction with the effective
rate constant Kg = (4.0+0.19)40™ I/(mol>s) (Table 1).
Therefore the influence of temperature on the reaction rate
we studied with the catalyst amount of 0.6 mol per Ph
phenol group (Fig. 2).

Table1

Effectiverate constants
of thereaction between Ph and PDER

KOH amount per one Reaction Kg40%,
temperature,
phenol group, moles K I/(mol>s)
0.2 333 2.00+0.04
04 333 3.00+0.08
0.6 333 4.00+0.19
0.8 333 8.00+0.16
0.6 313 0.40+0.02
0.6 323 2.00+0.05
Note: isopropyl acohol isamedium
4
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Fig. 2. Kinetic anamorfozes in the 1/C~ coordinates for the
reaction between Ph and PDER in the isopropanol medium at
KOH amount of 0.6 mol/phenol group. PDER:Ph molar ratiois
1.0:1.0. Temperature: 313 (1); 323 (2) and 333 (3)
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As it was expected, the decrease of temperature
decreases the effective rate constant (Table 1). The reason
of temperature decrease is also the fact that peroxy groups
are unstable in the presence of alkali and may decompose
already at 323 K [16].

The interpretation of the obtained results in the
Arrhenius coordinates (Fig. 3) determines the effective
activation energy. For the reaction between Ph and PDER
it was found to be 70.30 + 1.05 kJ/mal.
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Fig. 3. Dependence of IgK on U/T for the reaction between Ph
and PDER in theisopropanol medium. KOH amount is 0.6
mol/phenol group and PDER amount is 1.0 mol

The obtained results were wused for the
investigations of the reaction proceeding between PhFR
and PDER.

3.2. Regularities of the Reaction between
PhFR and PDER

The reaction proceeds in accordance with the
following equation:

OH OH OH
O O O + WAO .O .O O/\/*O_O<~»
0O OH

PhFR PD

o)

_»

ER

OH

o)

PhFRP
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Synthesis conditions and char acteristics of the reaction products

Table2

KOH moles per PhFR:PDER ratio, Reaction Reaction Characteristics of the obtained products
PhFR phenol group moles temperature, K time h en., % [O] e % Yidd, %
0.6 10:05 323 05 22 18 90
0.6 10:05 323 10 14 16 90
0.6 10:05 323 20 12 20 64
0.6 10:10 333 20 - 18 50
0.4 10:05 323 05 34 12 98
0.4 10:05 323 3.0 23 11 98
0.4 10:05 323 50 0.2 16 87
0.4 10:05 323 6.0 - 12 85
0.2 10:05 323 5.0 14 13 100

Note: isopropyl acohol isamedium

Fig. 4. IR-spectrum of PhFRP

e ”‘W“Wn

Fig. 5. IR-spectrum of PhFR

One can see that complex systems are used for this
reaction. They contain different by nature functiona groups
that create difficulties during Kkinetic investigations.
Therefore, taking into account the results represented in the
Subsection 3.1, we caried out our experiments in

Y

15z

(103

1380

1183

accordance with the procedure described in Subsection 2.4.
It was necessary to establish the effect of potassium hyd-
roxide amount, the initial reagents ratio, process tempe-
rature and time on the characteristics of the obtained mix-
ture. The experimental resultsare represented in Table 2.
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One can seethat at 323 K, KOH amount of 0.4 mal,
PhFR:PDER ratio of 1.0:0.5 or 1.0:1.0 and processtime of
5-6 h the obtained product does not contain epoxy groups.
It indicates the complete joining of PDER molecules to
the PhFR molecules. The same result we obtained in case
of 333K, KOH amount of 0.6 mol, PhFR:PDER ratio of
1.0:1.0 and process time of 2.0 h. But in that case the
product yield is only 50 % (Table 2).

Taking into account all mentioned above, the
following conditions of PhFRP synthesis were proposed:
temperature 323 K, KOH amount 0.4 mol, PhFR:PDER
ratio 1.0:0.5 and process time 6 h.

3.3. PhFRP Synthesis and Characteristics

PhFRP structure was confirmed by IR-spectro-
scopy. IR-investigations of the initial PhFR were carried
out for the comparison.

In the IR-spectrum (Fig. 4) the absorption band at
910 cmi* is not observed indicating the absence of epoxy
groups in PhFRP. At the same time, the absorption band
at 880 cm' is observed in IR-spectrum of PhFRP
compared with that of PhFR (Fig. 5). This band is typical
of stretching vibrations of -O—O— bond and confirms the
presence of peroxy groups in the synthesized product. The
shift of the decreased absorption band to 3352 cm’
reveals about incomplete substitution of phenol OH-
groups for PDER fragments and appearance of the
secondary hydroxyl groups due to joining PDER
molecules with PhFR ones. The appearance of absorption
band at 1025 cm™* also confirms the above-mentioned
fact. This band corresponds to the stretching vibrations
Neo typica of =C-O-C= group. The presence of
secondary hydroxyl groups formed due to joining PDER
molecules with PhFR is confirmed by absorption band at
1300 cm™ (Fig. 4).

3.4. Bitumen-Polymeric Mixtures

Bitumen-polymeric mixtures were studied in
accordance with the procedure described in Subsection
2.4. The described above PhFRU and PhFRP were used as
polymeric components. The conditions of mixtures
preparation and their characteristicsare given in Table 3.

The introduction of PhFRU into the mixture
decreases ductility and penetration but increases the
mixture adherence. The increase of PhFRU amount leads
to the further decrease of ductility and penetration, and to
the increase of adherence. At the same time the softening
temperature remains constant. Therefore, taking into
account the operational characteristics of bitumen-
polymeric mixtures, the amount of PhFRU eguals to
3 mass parts per 100g of the initial bitumen was found to
be the optimum one.

Galyna Strap et al.

The decrease of preparation time to 0.5 h dightly
increases ductility and remains penetration at the constant
level but considerably decreases adherence to glass. On the
contrary, the increase of preparation time to 2 h decreases
ductility by 5 times and penetration — by 1.5 times, the
maximum val ue of the adhesion to glass being achieved.

The same results are observed at the increase and
decrease of the process temperature. The increase of
temperature to 443 K leads to the formation of mixtures
with the adherence 73.2; temperature increase to 483K —
99.9 %. The other values, such as ductility and penetration
in any case (decrease or increase of temperature) are
considerably less compared with those for bitumen
without PhFRU. Using non-modified initial PhFR in the
mixtures (sample 10) does not improve any operational
characteristics of the polymeric mixtures (Table 3).

The preparation conditions and characteristics of
bitumen-polymeric mixtures based on PhFRP are givenin
Table 4. The mixtures with the initial PhFR were
investigated for the comparison.

One can see from Table 4 that the increase of
PhFRP amount increases adherence to glass but decreases
penetration (the same as in a previous case). The
peculiarity of PhFRP usein the mixturesis that at PhFRP
amount of 1 mass part per 100 g of bitumen not only
adherence is doubly increased but ductility isincreased as
well. This regularity is preserved at heating during 0.5 h
but adherence is indggnificantly decreased. At heating to
443 K the ductility increases but adherence remains at the
level of pure bitumen (48.8%). The increase of
temperature to 483 K decreases mixture ductility almost
twice at the high level of adherence (99.9 %).

The initial PhFR without PDER fragments used as
a polymeric component for the production of bitumen-
polymeric mixtures does not significantly increase
adhesion but considerably decreases their ductility. The
obtained results allow to suggest the following conditions
for PhFRP using in the bitumen-polymeric mixtures:
PhFRP amount — 1 mass part per 100 g of bitumen;
temperature — 463 K; process time — 1 h. The obtained
mixtures have better adherence and ductility compared
with those of the initial bitumen.

To establish the reason of some operationa
characteristics improvement or worsening the group
structure of bitumen-polymeric mixtures with modified
PhFR was studied. The investigations were carried out in
accordance with the procedure described in [14, 15]. The
results are represented in Tables 5 and 6.

The introduction of PhFRU into the bitumen
increases the content of carbenes and carboides and
decreases the asphaltenes content in the mixtures. The
content of resins and oils in such mixtures depends on the
preparation conditions. While using the initial non-



Modified Phenol-Formaldehyde Resins and their Application in Bitumen-Polymeric Mixtures 285

modified PhFR as a polymeric component in the mixtures  Thus, the presence of unsaturated fragments in the
the content of carbenes and carboides is practically not  modified PhFRU favors the transfer of asphaltenes and
changed. The rest indexes remain at the level of pure resins into carbenes and carboides (Table 5) and the
bitumen. Moreover, the operational characterigtics of the presence of side chains increases the adherence of
obtained mixtures are considerably worsened (Table 3).  bitumen-polymeric mixturesto glass.

Table 3
The prepar ation conditions and char acter istics of bitumen-polymeric mixtures based on PhFRU
Characteristics of bitumen-polymeric mixtures
PhFRU amount Process - -
ﬁ?;:gﬁ per 100 g of temperature, I:rm eh ters'r?ffrnaltzgr]e Ductility at a?%grzt ! gnl Adherence,
bitumen K RIS | 298K, am Shithe %
1 0 463 10 321 75 46 41.2
2 1 463 10 321 66 43 67.8
3 3 463 10 321 58 42 96.2
4 5 463 10 321 48 37 98.1
5 7 463 10 321 33 30 99.8
6 3 463 0.5 320 61 42 69.6
7 3 463 2.0 321 15 30 99.9
8 3 443 10 321 60 40 73.2
9 3 483 10 319 48 31 99.9
10 3 463 10 324 37 37 58.4
Note: the sample 10 contains theinitial PhFR in the amount 3 mass parts per 100 g of bitumen
Table 4
The prepar ation conditions and char acteristics of bitumen-polymeric mixturesbased on PhFRP
Characteristics of bitumen-polymeric mixtures
Sample PhFRU amount Process Process . - Penetration at
number per_lOO g of temperature, K | time, h Softening Ductility at 208 K. 0.1 Adherence,
bitumen ' temperature, K | 298 K, cm mr’r’1 ' %
1 0 463 10 321 75 46 41.2
2 1 463 10 322 88 41 97.8
3 3 463 10 323 53 38 99.0
4 5 463 10 323 42 37 99.9
5 1 463 0.5 321 87 41 95.3
6 1 463 2.0 323 48 38 99.9
7 1 443 10 322 88 42 488
8 1 483 10 322 46 37 99.9
9 1 463 10 323 42 37 88.1
10 3 463 10 324 37 37 68.4
11 5 463 10 326 15 35 50.5

Note: samples 9, 10 and 11 are bitumen-polymeric mixtures with the initial PhFR in the amount of 1, 3 or 5 mass parts per
100 g of bitumen, respectively.

Table5
Group structure of bitumen-polymeric mixtureswith PhFRU

Sample number in Content of carbenes, carboides and Asphaltenes Resins Oils content. %
accordance with Table 3 mechanical impurities, % content, % content, % ’
1 0.12 21.30 25.47 53.11
8 0.18 18.24 21.22 60.36
3 0.40 19.69 24.71 55.20
9 1.23 20.12 28.42 50.23
10 0.16 21.12 21.93 56.78




286

Galyna Strap et al.

Table 6
Hydrocar bon-group structure
of bitumen-polymeric mixtureswith PhFRP
Sample number in Content of carbenes, carboides and Asphaltenes content, | Resins content, | Oils content,
accordance with Table 3 mechanical impurities, % % % %
1 0.12 21.30 25.47 53.11
2 0.12 22.65 23.70 53.53
9 0.13 21.77 2554 52.56

The results of group anaysis of the bitumen-
polymeric mixtures containing PhFRP as a polymeric
component are represented in Table 6.

The introduction of only 1 mass part PhFRP into
the mixture decreases the amount of resins and increases
the amount of asphaltenes.

In case of PhFRU the structural changes in the
bitumen-polymeric mixtures take place due to the
participation of unsaturated groups while forming
products with three-dimensional structure, which in their
turn, form more complicated structures (carbenes and
carboides). In case of PhFRP the peroxy groups take part
in the structures formation. Under the preparation
conditions (443 K and higher temperatures) peroxy groups
of PhFRP decompose and form free radicals with further
transfer of resins into asphaltenes (Table 6). The sample 9
(Tables 4 and 6) contain the initial PhFR without peroxy
groups. Hence, the transfer resins ® asphaltenes is not
observed. The latter fact affects the operational properties
of the mixtures (Table 4), i.e. we observe low ductility,
adherence and penetration of bitumen-polymeric mixtures
with non-modified initial PhFR.

4. Conclusions

New PhFR with labile peroxy groups in the side
chains (PhFRP) were synthesized via chemica
modification of novolac phenol-formaldehyde resins by
peroxy derivative of epoxy resin. The effective rate
constants for the reaction between PDER and Ph were
calculated in the presence of potassium hydroxide as a
catalyst. The effective activation energy for this reaction
was found to be 70.30 £ 1.05 kJ/moal.

The synthesis procedure was developed and new
PhFRP was synthesized. The presence of labile peroxy
groups in the synthesized product was confirmed by
chemical analysis and IR-investigations. The absorption
band at 880 cmi™ corresponds to the stretching vibrations
of -O-O—hond.

It was shown that 1 mass part of PhFRP per 100 g
of bitumen in the mixtures increases ductility and
adherence to glass by more than 2 times at 463K and
heating for 1 h. Using phenol-formaldehyde resin with
methacrylate fragments in the side chains (PhFRU) as a
polymeric component (3 mass parts) of bitumen-
polymeric mixtures improves adherence to glass. The
group analysis confirmed that the presence of PhFRU in
bitumen-polymeric mixtures favors the transfer of resins
into asphaltenes. Moreover, PhFRU decreases the amount
of resins and asphaltenes and favors their transfer into
carbenes and carboides.
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MOJUPIKOBAHI ®EHOJI-®OPMAJIBJIET'TTHI
CMOJIH TA IX 3ACTOCYBAHHSA Y BITYM-
MMOJIMEPHUX CYMIINAX

AHoTauis. Buguena mooxcnugicms GUKOPUCMAHHA AK NOJ-
MEPHO20 KOMNOHEHmY Oimym-noniMepHux cymiwiell ghenon-gpopmans-
oecionux cmon (@PC), axi micmsamp Y OIUHUX BIOATLYHCEHHSX PEeaK-
YIHO30amHi  Memakpwiamui gpazmenmu abo 1abiibHi NepoKCUOHI
36" s13Ku. Bpaxosyiouu me, ujo @DC 3 nepoxcuonumu ghpazvenmamu Ha
OCHOBI  eNnoOKCUOHOI CMONU 6 Jimepamypi He ONucaua, po3pobieHa
Memoouxa it cunmesy. Kinemuuni 3axonomipnocmi  pearyii  midic
nepokcuoHolo noxionoio  enokcuonoi. cvomu (IIEC) i ¢enonvhoro

287

epynoro @DC gugueni na npuxnadi IIEC 3 genonom. Cmpykmypa
ODC 3 nepoxcuonumu  spynamu  (O@DCII) niomseposcena [14-
cnekmpocKkoniyHumMy  Qociioxcennsivu. bimym-nonivepni cymiwii, wo
micmunu QOCII abo pernon-ghopmanvoeziony cmony 3 HenacuyeHumu
@pazmenmamu (@PCH) ¢ kinvkocmi 1, 3, 5 uu 7 mac.uacm. na 100 2
Hagmosoeo 6imymy eusueni 3a memnepamyp 443, 463 abo 483 K enpo-
0oeorc 0,5, 1,0 uu 2,0 200. 3 suxopucmannsm cmpykmypHo-pynogo2o
Memooy aHaizy BCMAHOBNEHO CKIIAO0 GimyM-NOTIMEPHUX CYMIULElL.

Knrouosi cnosa. ¢henon-ghopmanvoeziona cmona, moou-
Qixayis, nepoxcud, memacuueni 36 s3Ku, Kinemuxa, 14-cnexmpo-
CKONist, GIMyM-nONIMEPHI CyMIuL, CIMPYKMYPHO-CDYROBULL AHAIL3.





