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Gelatin-based films with silica-to-gelatin weight ratio 1:5 or 8:5, containing either hydrophilic or hydrophilic-
hydrophobic silica, have been prepared and studied by means of thermogravimetric analysis and temperature-
programmed desorption mass spectrometry. It has been shown that silica presence has no effect on the mechanism of
thermal decomposition of gelatin, however, it affects the kinetics of gelatin thermolysis both in vacuum and in air,
including an increase in the activation energy of the volatile products formation at hydrophilic silica content about
17 wt. %. Hydrophobization of silica surface as well as an increase in hydrophilic silica concentration in the film
from 17 to 62 wt. % decreases the activation energy of the volatile products formation during gelatin thermolysis.
This effect is explained by reduced binding of gelatin with silica owing to either substitution of some surface silanol
groups upon partial hydrophobization of silica, or their involving into interparticle rather than in silica-gelatin

interactions at higher silica content.
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INTRODUCTION

Gelatin is known to be widely used in
pharmaceutical industry for the production of the
preparations with prolonged action [1]. In many
cases, however, pure gelatin hardly provides the
necessary time for drug release. Moreover, because
of high hygroscopicity and aging of gelatin, the
related materials are unstable under wet conditions
and at elevated temperature. Thus, it has been
found that gelatin in capsules as well as gelatin
coatings over tablets undergo conformational
changes and cross-linking during their storage
under wet conditions [2].

To increase the time of gelatin degradation and
to slow down the drug desorption it is necessary to
use the cross-linking agents [3]. Cross-linking
processes in gelatin cause the formation of swollen
rubberlike waterproof gelatin film resulting in
reduced rate of drug dissolution in vitro [4].
Probably, this waterproof film acts as a barrier
restraining the drug release.

Previously we have shown [5] that fumed
silica may be used as a cross-linker owing to high
concentration of surface =SiO and =SiOH groups
capable to interact electrostatically with positively
charged parts of gelatin molecules and to form
hydrogen bonds with carboxyl and amino groups
of the polymer. The properties of such silica-
gelatin materials will depend on the quantity of
silica embedded and on the nature of its surface. In
this respect, it is of interest to study the influence of
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the concentration and modification of silica surface
on thermal behaviour of gelatin-based materials.

EXPERIMENTAL

Fumed silica with a specific surface area of
200 m*g (Kalush, Ukraine) was used as a
hydrophilic nanofiller (A200). Hydrophobized
nanofiller (AMT) was obtained via gas-phase
treatment of A200 silica surface with
trimethylchlorosilane (Kremnypolymer, Ukraine)
in the reactor with a mixer at 250 °C (the reaction
scheme is:

=Si-OH + CISi(CH;); — =Si-O-Si(CHs); + HCL

Partial trimethylsilylation (about 40 %) of silica
surface was confirmed by means of IR
spectroscopy. Gelatins from porcine skin (type A)
were purchased from Sigma Co. Silica-gelatin
films were prepared according to the following
procedure. 5 ml of distilled water were added into
the glass with the appropriate quantity of silica and
mixed with a magnetic stirrer for 15 min. Also,
Sml of distilled water were added into another
glass with the appropriate quantity of gelatin and
mixed with a magnetic stirrer for 15 min, after that
the mixture was heated at 3742 °C until complete
gelatin dissolution. Then the suspension of silica in
water or 5 ml of water (control) were added into
gelatin solution and the mixture was stirred for
10 min. To prepare gelatin or silica-gelatin films
the portion of suspension (2 ml) was poured out
onto plastic substrate to form thin layer. The silica-
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to-gelatin weight ratio in final composites was
either 1:5 or 8:5.

Thermogravimetric analysis (TGA) of gelatin
and silica-gelatin materials was performed using a
Derivatograph MOM Q-1500 (Paulik and Erdey,
Hungary) in the 20-1000°C interval of
temperature. The analysis was run in air
atmosphere, on thin films placed in alumina
crucibles, at the heating rate of 10 °C/min.
Assessment of the kinetic parameters for individual
stages of the gelatin thermolysis was performed by
DTG curves treatment according to the graphical
model [6], Friedman method [7], and the models of
non-isothermal kinetics for chemical reactions of
1-3 order (MS) [8]. In particular, Friedman’s
procedure envisaged using of the following
logarithmic differential equation:

In(da/df)=Inkgtnin(1—a)-E/(RT),

where a is the conversion degree; ¢ — time, s; kg —
pre-exponential factor, s'; n — reaction order; E —
activation energy, kJ/mol; R — universal gas
constant; 7 — temperature, K. The plot In(da/d?) vs.
1/T gave a straight line from which the E was
determined, after that the plot In(da/d¢)+E/(RT) vs.
In(1-a) gave also a straight line from which the »
and k, values were found. The equations used for
determination of kinetic parameters by the MS
method were as follows: da/d=+ka(?)", where
k=koexp[-E/RT)]; a(ty=exp[—p(1)] (n=1);
at=1/[1+p(0)] (1=2); a(=1/[1+29(0]" (n=3);
@()~R T koexp[-E/RT)J(EP); T, — temperature at
peak maximum, K; § — heating rate, K/s.

The samples obtained were also studied by
means of temperature-programmed desorption
mass spectrometry (TPD MS) (a MX 7304A mass
spectrometer, Selmi, Ukraine) in the temperature
interval of 20-800 °C at heating rate 10 °C/min,
m/z range 10-190 Da. Analysis of volatile products
formed during the samples heating under vacuum
was performed according to the following
procedure [8]. The samples (~1 mg each) were
placed in a quartz-molybdenum tube and evacuated
until the pressure reached ~10™' Pa. Then the tube
was attached to the inlet system of the mass
spectrometer and the linear heating was applied.
For the characteristic components of the mass
spectra for the main volatile products of the
samples thermolysis the appropriate curves were
built. In order to derive kinetic parameters of
gelatin  thermal decomposition, mathematical
treatment of some curves was performed. The
models of non-isothermal kinetics used are given
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above (MS method), and the principles of mass
spectrometric curves treatment applied are
described in detail elsewhere [8].

RESULTS AND DISCUSSION

The results of thermogravimetric analysis are
given in Fig. 1. The process of pure gelatin weight
loss at heating (Fig. 1, curve 1) can be tentatively
divided into the following stages (Fig.?2):
30-200 °C (stage I), 200520 °C (stage II), and
520-780 °C (stage III).

Stage I is associated with removal of
physically bound water from gelatin sample. This
process is accompanied by a slight endo-effect
(Fig. 1 b, curve 1), and its activation energy is
about 50-55 kJ/mol (Table 1). According to the
data from the literature [9], thermal decomposition
of gelatin starts upon transition to high-elasticity
state (=210 °C), and thermal oxidation is the most
rapid upon transition to plastic state (higher than
230°C) (stagell). Mass spectrometric data
suggests that during vacuum thermal decompo-
sition of gelatin at the temperature interval of stage
II mainly H,O, NH;, HCN, C,H,;, CO,, CH, are
formed. Under air atmosphere the formation of
oxygen-containing species (aldehydes, ketones,
carboxylic acids) is also possible. The distinct exo-
effect during the process of gelatin thermal
degradation is observed after 300 °C (Fig. 1 b,
curve 1) and it is probably related to the ending of
endothermic process of structural water removal
which, up to the temperature 300 °C, compensates
exo-effect of the polymer oxidation process.
According to the data from Table 1, the mean
values of the activation energy (by the Friedman
and MS methods) for the main processes of volatile
products removal, as a result of gelatin thermal-
oxidative degradation at the temperature range of
the stage II, are ~110 and 150 kJ/mol (the peaks 3
and 4, respectively, Fig. 2). Thermal degradation of
gelatin at the stage Il is accompanied by a few
distinct exo-effects indicating the passage of
several (at least three) processes. The averaged
effective activation energy is 262 kJ/mol. The
process of gelatin thermal degradation with the
formation of volatile products ends at 780 °C. The
total weight loss is 98.5 %.

The presence of nanosilica in gelatin matrix
slightly decreases the initial temperature of gelatin
thermal degradation (Fig. 1, curves 2-4). This is
probably due to loosening of the polymer structure,
which facilitates the oxygen penetration into the
polymer matrix. The temperature of maximum rate
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of weight loss at the stage Il is also decreased,
however, the activation energy (by the average
readings of the Friedman and MS methods,
Table 1) slightly increases in the case of
A200-gelatin (1:5) sample, and decreases in the
case of AMT-gelatin (1:5) and A200-gelatin (8:5)
samples. The latter could be explained by stronger
interaction of gelatin molecules with the pristine in

comparison with modified

silica

surface,

interparticle binding being prevailed over silica-

gelatin  binding as the

silica concentration

increases. The appearance of distinct broad exo-
effect with 7,,,,=350 °C on the DTA curve 4 in
Fig. 1 b corresponds to the water removal from the
silica surface in the silica-gelatin (8:5) film as a

result of silanol groups condensation.
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Fig. 2. Gauss splitting of DTG curve for thermal

degradation of pure gelatin (points — experiment,
thick curve is the sum of model (thin) curves)



Table 1. Kinetic parameters for the formation of volatile products of silica-gelatin films thermolysis, derived from the TGA data

Sample The compound (by the data of vacuum Peak No Tinaxs E,, kJ/mol ko, st n w, %
P thermal decomposition) °C Graphical Friedman  MS Friedman MS Friedman MS Graphical MS
H,0 1 79 45 40 5.8
H,O 2 120 31 70 7.7
1+2 () 83 38 55 63 1.3x10* 2.1x10° 35.42 3 9.6
H,0, NH;, HCN, C,H,, CO, 3 322 62 115 102 1.2x10° 2 48.5 32.8
Pure CH,4 4 471 88 77 220 3.5x10" 2 8.5 6.7
gelatin 3+4 (1) 323 75 96 102 1.2x10° 1.2x10° 5.63 2
HCN 5 606 132 86 250 7.6x10" 1 18.7 10.7
HCN 6 651 288 44 270 1.4x10" 1 5.7 20.2
HCN 7 698 399 604 285 1.0x10" 1 5.1 20.0
5+6+7 (I1I) 640 273 245 268 9.2x10" 1.2x10" 2.56 1
H,0 1 73 39 34 7.6
H,0 2 112 26 71 8.2
1+2 (I) 77 33 53 68 0.7x10* 8.1x10° 27.80 3 8.8
A200- H,0, NH;, HCN, C,H,, CO, 3 310 58 102 105 2.3x10° 2 40.8 413
ati CH, 4 483 44 94 218 3.3x10" 2 18.2 7.8
gelan 3+4 (IN) 308 51 98 134 2.0x10° 2.3x10° 4.94 2
(1:5)
’ HCN 5 595 128 46 250 1.8x10" 1 14.8 8.6
HCN 6 641 257 35 262 1.3x10" 1 6.9 12.4
HCN 7 672 460 688 275 1.0x10" 1 3.5 21.1
5+6+7 (11) 628 282 256 262 3.8x10" 1.4x10" 1.03 1
H,0 1 67 37 26 8.3
H,0 2 114 32 68 73
1+2 () 68 35 47 63 1.3x10° 4.6x10° 26.29 3 10.9
AMT- H,0, NH;, HCN, C,H,, CO, 3 310 56 90 105 2.5x10° 2 40.1 29.0
clatin CH,4 4 471 48 110 203 1.6x10" 2 14.3 6.7
g(l. 5) 3+4 (ID) 308 52 100 105 1.8x10° 2.5x10° 4.94 2
’ HCN 5 595 118 250 1.6x10" 1 16.0 25.7
HCN 6 642 235 266 1.3x10" 1 7.3 17.2
HCN 7 682 401 280 8.4x10" 1 6.9 10.5
5+6+7 (11) 637 251 268 265 2.8x10" 1.3x10" 0.79 1
H,0 1 73 42 37 8.6
H,0 2 107 37 79 72
142 () 82 40 58 71 1.8x10° 1.1x107 23.98 3 17.0
A200- H,0, NH;, HCN, C,H,, CO, 3 311 75 101 1,2x10° 2 24.8 38.5
ati CH, 4 361 30 220 6,8x10" 2 37.2 9.0
geaun 3+4 (IN) 307 53 81 101 5.7x10° 1.2x10° 4.59 2
(8:5)
’ HCN 5 525 101 234 2.9x10" 1 123 45
HCN 6 583 223 253 6.2x10" 1 6.4 9.5
HCN 7 612 433 260 1.4x10" 1 35 21.5
5+6+7 (I11) 543 252 273 249 1.5x10" 3.5x10" 1.17 1

E, — activation energy; ky — pre-exponential factor; n — reaction order; w — weight coefficient



TGA and TPD MS study of silica-gelatin materials

At the stageIll the influence of silica is
characterized by smearing of peaks on DTG and
DTA curves for gelatin thermal degradation
(Fig. 1, curves 2-4), in all cases the process of
weight loss for the films being ended at the
temperature less than that in the case of pure
gelatin, indicating that the structure loosening by
the filler leads to the acceleration of the polymer
thermal degradation. As the silica concentration
increases, the ending temperature of gelatin
degradation (accompanied by the volatile products
removal) decreases. Analysis of the results of
kinetic parameters calculation (average readings of
Table 1) reveals a slight change in the effective
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activation energy for the process of gelatin thermal
degradation at the stage III, which is 267 kJ/mol
(A200-gelatin, 1:5), 261 kJ/mol (AMT-gelatin,
1:5), and 258 kJ/mol (A200-gelatin, 8&:5).
Comparison of the calculated and experimental
values of char residues indicates the complete
degradation of the polymer as a result of the films
thermolysis.

Mass spectra of volatile products of pure
gelatin vacuum thermal decomposition at various
temperatures are shown in Fig.3. The
thermograms for some characteristic ions are given
in Fig. 4.
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Fig. 3. Mass spectra of volatile products of gelatin thermolysis at 94, 261, 511, and 720°C (a-d, respectively)

According to the analysis of the thermograms
for the main volatile products formation, the
process of gelatin vacuum thermal decomposition
can be tentatively divided into the following stages:

1) T=25-170°C. Removal of the compounds
with m/z 16-18, 2628 — Tx~100-110°C
(Fig. 4 a, b).

2) T=170-490 °C. Evolution of the products
with: m/z 18 (Thux~240°C), 16 and 17,
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Tinax ~ 260 °C (Fig. 4 a,b); m/z 2628 and 41
(Fig. 4 b, ¢), Tyax: 1 — 260, 2 — 330, 3 — 430 °C;
m/z 44 (Thax: 1 —260, 2 —300 °C, Fig. 4 ¢); m/z 15
and 16 (Tax ~410 °C, Fig. 4 ).

3) T=490-800 °C. Proceeding removal of
volatile products with m/z 15 and 16 (Fig. 4 ¢), 27,
Tinax ~ 700-720 °C (Fig. 4 b).

Interpretation of the characteristic signals in
the mass spectra suggests that the most probable
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volatile products of gelatin thermolysis are: CHy other unsaturated hydrocarbons (m/z 26, 27, and
(m/z 15 and 16); NH; (m/z 16 and 17); HO (m/z 17 28); nitrogen-containing organic compounds,
and 18); HCN (m/Zz 27); C,H, and, apparently, including CH;CN (m/z 41); CO, (m/z 44).
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Fig. 4. Thermograms for the main volatile products of Fig. 5. Thermograms for the main volatile products of
gelatin thermolysis A200-gelatin (1:5) thermolysis
Based on the results of volatile products thermostimulated chemical processes are most
identification as well as on the analysis of the stage likely to occur. The first stage is characterized by
sequence of the main volatile products of gelatin the removal of physically adsorbed water (first
thermolysis, it is suggested that the following maximum on the curves for m/z 17 and 18,
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Fig. 4 a) as well as the formation of hydrocarbons
(m/z 26-28, Fig. 4 b) in small quantity. The second
stage proceeds with the removal of bound water
(second maximum on the curves for m/z 17 and 18,
Fig. 4 a), whose presence in gelatin was confirmed
by many researchers (see, for instance, [10-12]),
ammonia (maxima on the curves for m/z 16 and 17,

Fig. 4 a), hydrocarbons and nitrogen-containing
organic compounds (m/z 15, 16, 26-28, and 41).
This is actually the primary stage of gelatin
vacuum thermal decomposition which ends at the
third stage mainly with HCN removal. The
formation of the above-mentioned compounds one
may describe with the following schematic reactions:

O O
7 7
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I Yeiri - on
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In general, the formation of volatile products of gelatin thermal decomposition at the second and the third
stages may be schematically described with the reactions 5—7:

/ O
mNH, CHyy—C—N CH,,—C / ﬁ» menC,H,,; ——C==N + menCH,,
’ | | \OH -m COj
(@) H 0 -men H,O
Cy1Hoxa
6 CH,, —C=N -CH;CN 7 wwwr C Hoy TH4> wwer Co 1 Hoyy
HON ey,

The mechanism of thermolysis in the case of
A200-gelatin (1:5) (Fig.5), AMT-gelatin (1:5)
(Fig. 6), and A200-gelatin (8:5) (Fig. 7) films is the
same as that for pure gelatin.
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The data derived from the mathematical
treatment of the thermograms for the main volatile
products of gelatin (an example for the compound
with m/z 27 is shown in Fig. 8) and silica-gelatin
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films thermolysis are given in Table 2. In general,

the effect of

silica is characterized by an increase in

the activation energy of formation of the main

volatile products of gelatin thermolysis, by
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widening of peaks on the thermograms, and by
change in contribution of individual stages into the
overall process.
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Fig. 7. Thermograms for the main volatile products of
A200-gelatin (8:5) thermolysis
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thermogram (m/z 27) using the models of non-
isothermal chemical reactions of 3- rd order for
pure gelatin sample (points — experiment, thick
curve is the sum of model (thin) curves)

An analysis of the data in Table 2 has shown that
there are some notable differences in the thermal
behaviour of pure gelatin and its films with silica.
Comparing the profile of thermograms for the
samples of pure gelatin and the composite
A200-gelatin  (1:5) one should note a slight
reduction of the second peak on the curve for the

compound with m/z 18, which could be explained
by the additional contribution of physically bound
water, desorbing from the surface of silica filler,
into the first peak on the thermogram (Fig. 5 a).
The same effect is also observed in the case of
AMT-gelatin (1:5) composite (Fig. 6 a). As silica
contents grows (the composite A200-gelatin, 8:5),
the second peak of water removal widens and splits
(Fig. 7a) due to removal of various forms of
structural water from the silica surface. The highest
increase in the activation energy of volatile
products formation is observed for the composite
A200-gelatin (1:5). It is associated with inhibiting
effect of the surface: gelatin molecules bind with
silica surface. In the case of modified silica and
with an increase in pristine silica content the
activation energies somewhat decrease (in
comparison with those for the composite
A200-gelatin, 1:5) because in the first case the
gelatin interaction with partially hydrophobized
silica surface is weaker and the macromolecules
are more labile; in the second case probably silica
particles bind more readily between each other
rather than with the polymer molecules.

Table 2.  Kinetic parameters for the formation of volatile products of silica-gelatin films thermolysis, derived from the
TPD MS data
Sample Identified compound PeakNo n Tnaxs °C E,, kJ/mol k0><10'13, s w, %
1 2 3 4 5 6 7 8
H,O 1 2 108 109 0.79 36.8
2 3 236 148 1.06 63.2
HCN (C,H,) 1 3 269 158 4.3
HCN (C,H,) 2 3 321 174 24.8
HCN (C,H,) 3 3 404 200 14.5
Pure HCN (C,H,) 4 3 494 228 10.3
gelatin HCN 5% 3 580-785 255-320 1.78-2.20 46.1
(683) (288) (1.99)
CO, 1 1 243 150 1.07 12.4
2 3 298 167 1.19 87.6
CH,4 1* 3 430-580 208-255 1.46-1.78 -
(505) (232) (1.62)
H,0 1 3 102 107 0.78 43.9
2 3 266 157 1.12 56.1
HCN (C,H,) 1 - - --- - -
HCN (C,Hy) 2 3 327 176 1.25 29.3
A200- HCN (C,H,) 3 3 411 202 1.42 10.3
gelatin HCN (C,H,) 4 3 494 228 1.60 10.5
(1:5) HCN 5% 3 608-801 264-325 1.84-2.24 49.9
' (705) (295) (2.04)
CO, 1 1 259 155 1.11 10.9
2 3 317 173 1.23 89.1
CH,4 1* 3 453-596 215-260 1.51-1.81 ---
(525) (238) (1.76)
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1 2 3 4 5 6 7 8
H,0 1 3 102 107 0.78 45.7
2 3 252 153 1.10 543
HCN (C,Hy) 1 -
HCN (C,Hy) 2 3 321 174 1.24 23.0
AMT- HCN (C,Hy) 3 3 411 202 1.42 12.3
latin HCN (C,Hy) 4 3 494 228 1.60 9.6
& s HCN 5% 3 602-788  262-321 1.82-2.21 55.1
(1:5) (695) (292) (2.02)
CO, 1 1 246 151 1.08 8.3
2 3 308 170 1.21 91.7
CH, 1 3 443593 212259 1.49-1.80
(518) (236) (1.65)
H,0 1 3 105 108 0.79 417
2 3 223 144 1.03 32.2
3 3 288 164 1.17 20.1
4 3 359 186 1.32 6.0
HCN (C,Hy) 1 -
A200. HCN (C,H,) 2 3 324 175 1.24 37.6
latin HCN (C,Hy) 3 3 420 205 1.44 5.6
& o HCN (C,Hy) 4 3 494 228 1.60 7.7
(8:5) HCN 5% 3 608-785  264-320 1.83-2.20 49.1
(697) (292) (2.02)
CO, 1 1 243 150 1.07 6.1
2 3 308 170 1.21 93.9
CH, I* 3 437605 210263 1.48-1.83
(521) (237) (1.66)

E, — activation energy; kj — pre-exponential factor; n — reaction order; w — weight coefficient
* — calculation using the models of activation energy distribution, mean values are given in brackets

One peculiarity should be noted related to the
effect of partially hydrophobized silica on the
proceeding of gelatin thermal decomposition,
namely: the ratio of the compounds with m/z 16
and 44 formed has changed drastically (Fig. 6). An
increase in the amount of CO, evolved is probably
related to the predominance of the reaction of
intramolecular decomposition of carboxyl group
(-RCOOH — —RH + CO,1) over the reaction 1°.

CONCLUSION

The silica presence accelerates the thermal
degradation of gelatin, decreasing the temperature
of both the start and the end of the process. Upon
this, as the silica concentration increases, the
ending temperature of the polymer thermal-
oxidative degradation decreases. A decrease in the
activation energy of thermal oxidation at the initial
stage is probably caused by loosening of the
polymer structure as a result of the nanosilica filler
embedding. However, this effect is further
compensated by an increase in the activation
energy of gelatin thermal degradation apparently
owing to the multicentered binding with silica
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surface. Upon silica partial hydrophobization or
upon an increase of hydrophilic silica concentration
in gelatin film, the activation energy of the polymer
thermal-oxidative degradation decreases, this is
most likely because of a decreased binding of the
macromolecules with the filler surface.

Silica presence practically has no effect on the
mechanism of vacuum thermal decomposition of
gelatin, since volatile products of this decomposition
(mainly H,O, NH3, C,Hy, HCN, CO,, CH,) in all the
cases are identical. Effect of silica lies in an increase
in activation energy for the formation of volatile
products of gelatin thermolysis and in change of
kinetics and contribution of each component
formation into the overall process of thermal
decomposition of the polymer.
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JocaizkeHHs1 KpeMHe3eM-keJ1aTHHOBHX MaTepianiB merogamu TT'A i TIIIMC
I1.0. Ky3ema, I.B. JIaryra, O.M. CtaBHHCBKa

Inemumym ximii nosepxui im. O.0. Yyiixa Hayionanvnoi akademii nayx Yrpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, sci-worker@yandex.ua

JKenamunosi niiexu 3 Macosum Cni@eIOHOWEHHAM Kpemuesem:sceramuna 1:5 abo 8:5, wo micmamo 2iopoghinbHui
abo 2idpo@inbHo-2iopohobuull KpemHezem, OY10 CUHME308AHO I OOCTHIONCEHO Memodamu MmepmMocPAGIMEMPULHO20
aumanizy i memnepamypHo-npocpamMo8anoi decopoyitinoi mac-cnexkmpomempii. Iloxazano, wo npucymuicmo KpemHesemy
He BNIUBAE HA MEXAHIZM MEPMIYHO20 PO3KIAOAHHSL JHCENAMUHI, OOHAK 6NIUBAEC HA KIHEMUKY i mepMonizy y eakyymi ma
Ha NOGImpI, GKIOYAIOYU NIOBUWEHHS. eHepeii aKmueayii YMeopeHHs JemKux npoOyKmie npu emicmi 2iopo@intbHozo
KpemHesemy Onuzexo 17 mac. %. Tidpoobizayis noeepxui Kpemuesemy, a maxoxic 30UIbUEHHSI KOHYEHMpayii
2iopoinbHoeo Kpemueszemy y nuieyi 3 17 00 62 mac. % 3MeHWyOmMb eHepeiro akmusayii ymeopeHHsl IemKux npooyKmie
mepmonizy owcenamunu. Llell eghexm NOACHEHO 3MEHUWEHHAM 36 A3VBAHHS JHCENAMUHU 3 KPEMHE3eEMOM ab0 6HACTIOOK
3aMiljeHHsl YACMUHU CUIAHONILHUX 2PYN NOBEPXHI NPU YACMKOSIN 1020 2I0poghodizayii, abo 3a paxyHOK NepesaxdCaHHs
MIHCUACMUHKOBOT 83A€MOOTT HAO 83AEMOODIEI0 HCENAMUHU 3 KDEMHE3EeMOM NpU OLTbULill KOHYeHMPayii 0CMaHHbOZO.

Knrwouoei cnosa: scenamuna, kpemmesem, Mac-CReKmMpomempis, mepmocpasimempuyHuil anaiis, mepmonis

HccnenoBanue KpemMHe3eM-KeJIaTHHOBBIX MaTepuaioB Merogamu TT'A u TIIAMC
II.A. Ky3ema, U.B. JlaryTa, O.H. CtaBuHckas

Hnemumym xumuu nosepxnocmu um. A.A. Qyixko Hayuonanvnou akademuu Hayk Yxpaunoi
va. I'enepana Haymosa, 17, Kues, 03164, Yxkpauna, sci-worker@yandex.ua

JKenamunosvie naeHKU ¢ MAcco8biM cooepiicanuem Kpemnesem:sceaamun 1:5 unu 8:5, cooepoicawue cuopopubrulii
mbo  2uopoubHO-2UOPOPOOHbIL  KpeMHe3eM, Obliu  CUHMESUPOBAHbl U  UCCIC008AHbL  MEmooaMu  mepmMo-
SPABUMEMPUYECKO20  AHAU3A U MEMNEPAMYPHO-NPOSPAMMUPOBAHHOU  0eCOPOYUOHHOU  MACC-CREKMPOMEMPUU.
Tlokasano, umo npucymcmeue KpemHe3eMa He GIUsem HA MeXAHUIM MEPMUYECKO20 PA3NONHCEHUS JHCENAMUHA, OOHAKO
6nuUsiem HA KUHEMUKY e20 MEPMONU3A 6 8aKyyMe U HA 8030yXe, GKIIOYAs NOBbILUEHIUEe IHEPSUU AKMUBAYUU 00PA3068aHUS
JIEMy"ux npoOyKmMo8 npu COOEPAHCAHUU 2UOPOPUIbHO20 Kpemuesema okono 17 macc. %. T'uopoghobuszayus nogepxnocmu
KpemHesema, a makdice yeeaudenue KOHYEHmpayuu udpoQuibHo2o KpemHesema 6 nienke ¢ 17 0o 62 macc. %
NOHUIICAION IHEPSUIO aAKMUBAYUU 00PAZ08AHUSL TEMYHUX NPOOYKIMOE MEPMOAU3A Jceramuna. Imom s¢pgpexm obvicHen
VMEHbULEHUEM CBA3bIBANHUSL JICEIAMUHA C KPEMHE3eMOM JUb0 GCIedcmeue 3aMeuenuss Yacmu CUIAHOIbHbIX SPYIN
HOBEPXHOCHIU NPU YACMUYHOU €20 2UOpopobusayuu, 1bo 3a cuem nPesamupo8anss MENCUACIUYHO20 G3AUMOOCIICIMEUs]
HAO 83AUMOOCUCBUEM IHCENAMUNA ¢ KPEeMHE3eMOM Npu 6071ee 8blCOKOU KOHYEHMPAYUU NOCIEOHE0.

Kniouegvie cnosa: HceamuH, KpemHezem, macc-CneKkmpomempus, mepmoepaewwempuqecmﬁ aHaAjUu3, mepmoaus
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