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This paper presents the results of determination of conditions for the production of modified

pyrotechnic compositions that allow initiating atmospheric precipitation, neutralizing their

acidity and scavenging toxic substances from the atmosphere. Taking into account the

requirements of environmental protection, the use of Mg as a fuel and KNO3 as an

oxidizing agent in the pyrotechnic composition was suggested. The combustion of the

proposed two-layer pyrocomposition impedes the release of chemically hazardous

combustion products (NH3 and HCl). Using TERMO-CALC software package, the content

of ammonia and hydrogen chloride in the combustion products of the proposed mixtures

was determined at the best fuel-oxidizing agent ratio. The thermodynamic calculations

were performed to determine the best reducing/oxidizing agent mass fraction ratio which

was stated to be 1:8. The experimental study of the main parameters of high-temperature

oxidation (temperature and burning rate) of pyrotechnic compositions was carried out.

A two-layer structure of the explosive charge with a highly flammable primary layer is

proposed, which substantially increases the probability of ignition of the pyrotechnic mixture

triggered by an electric spark. In order to intensify a decrease of the acidity of atmospheric

precipitation, a technology for modifying pyrotechnic compositions by adding KOH and

cellulose was proposed. The modification of the developed composition with the use of

NaOH allows effectively neutralizing such dangerous gases as chlorine and phosgene. The

established physicochemical basics of the technology for modifying pyrotechnic compositions

for complex purposes allow developing multi-functional explosive compositions aimed at

artificial initiation of precipitation and chemical neutralization of hazardous substances in

the atmosphere.
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Introduction
In case of large-scale emergencies, a huge

amount of hazardous chemical substances enters the
atmosphere [1–3], the composition and physical and
chemical properties of which depend on the nature
of the emergency [4,5]. It is essential to increase the
rate of the atmosphere cleaning by discharging special
chemical reagents into the atmosphere that increase
the rate of sorption of dangerous (poisoning,
radioactive) particles of rain drops or neutralize their
negative impact. Therefore, the development of the
technology of special modified pyrotechnic
compounds (PCs) initiating artificial precipitation
and reducing the degree of negative effects of air

pollutants, is an urgent task.
When technogenic accidents on the objects of

the chemical industry take place, the release of such
hazardous substances as Cl2 and COCl2 occurs. Their
neutralization is carried out by spraying aqueous
solutions of NaOH and C6H10O5 [4].

Another characteristic of accidents are fires.
The qualitative and quantitative compositions of the
combustion products depend substantially on the type
of fuel and the combustion conditions. The main
components of the combustion products in fires are
CO2, CO, NO, NO2, SO2, soot and ashes [6,7]. The
atmospheric precipitation is known to efficiently sorb
not only dangerous chemical but also radioactive



93

Physicochemical principles of the technology of modified pyrotechnic compositions to reduce the chemical
pollution of the atmosphere

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 1, pp. 92-99

substances and precipitate them from the atmosphere
[8]. The effectiveness of cleaning the atmosphere
due to precipitation depends on the precipitation
rate and the physical and chemical properties of the
precipitated substances [9,10]. Various reagents are
used to artificially initiate the precipitation. The most
effective way of delivering and spraying reagents in
the atmosphere is the use of pyrotechnic
compositions designed as aerosol generators or
explosive cartridges [11,12]. An analysis of the latest
achievements and publications has shown that the
substantiation of physical and chemical approaches
in the theory of modification and features of kinetics
of PC modification reactions has already been given
[13,14]. However, the existing compounds of
explosive cartridges are not very effective or cannot
be used to neutralize or reduce the negative impact
of pollutants.

In view of the above, the aim of this paper is to
establish the process conditions for the modification
of pyrotechnic compositions that have both enhanced
properties of initiating atmospheric precipitation and
neutralization of their acidity and toxic components
in the atmosphere.

The tasks of PC modification are defined based
on a preliminary analysis of the expected effects of
interparticle interaction under the conditions of
forced condensation of water vapor and the
absorption of acid molecules and toxic components
by condensate drops.

The research objectives were as follows: (i) to
model the best composition (Ox/Red ratio) at the
maximum combustion temperature and the PC
combustion rate; (ii) to increase the effectiveness of
pyrocomposition to neutralize acidic atmospheric
precipitation, and (iii) to study the features of a PC
with new additives, such as NaOH and C6H10O5, for
the neutralization of COCl2 and Cl2.

Theory
Among the gaseous products of high-

temperature oxidation released into the atmosphere,
CO, NO, NO2 and SO2 have the highest reactivity.
When discharged to the atmosphere, these
combustion products react with atmospheric gases.
The lower troposphere, except for H2O, O2 and
almost non-reactive CO2 and N2, contains highly
active radicals, such as hydroxyl HO, hydroperoxide
HO2

, and nitrate ions NO3
– [5]. Such radicals appear

in the atmosphere due to ultraviolet radiation.
Chemically active components of combustion
products react with radicals according to the following
reaction schemes:

CO+HOCO2+H ;  (1)

CO+HO2
CO2+HO·;  (2)

NO+HO NO 2+H ;  (3)

NO+HO2
NO 2+HO;  (4)

NO2+HO HNO3;  (5)

SO2+HO HSO3
;  (6)

HSO3
+O2SO3+HO2

;  (7)

SO3+H 2OH 2SO4.  (8)

Due to chemical transformation of NO, NO2,
SO2 according to (1)–(8), nitric and sulfuric acids
are formed in the atmosphere and sorbed by small
water drops. Under certain weather conditions, drops
of aqueous solutions of acids fall out causing
significant damage to crops and other vegetation.
Therefore, we propose a method of neutralizing the
acid before it is on the earth surface by spraying
fine-dispersed alkali contained in the pyrotechnic
composition of the explosive cartridge [14].

In studying the combustion processes of
multicomponent pyrotechnic compositions for
artificial influence on atmospheric processes, the
development of a theoretical model that takes into
account all the main factors affecting the combustion
process is an extremely difficult task. Therefore, we
analyze below the main factors affecting the
combustion process and existing models for
describing this process based on experimental data
and the use of specialized models.

Ammonium perchlorate (NH4ClO4) and
ammonium nitrate (NH4NO3) are mainly used as an
oxidizer in solid pyrotechnic compositions.
Ammonium perchlorate has the highest oxidizing
activity. However, when it burns, a harmful halide
HCl is released. The replacement of NH4ClO4 with
NH4NO3 leads to a sharp decrease in the burning
rate and reactive thrust. Therefore, oxide-coated
dispersible alkali and alkaline-earth metals are used
as fuels for explosive charges. The most used are
beryllium (Be), sodium (Na), magnesium (Mg) and
aluminum (Al). Among the listed substances, sodium
is unstable in the air and flammable, and beryllium
releases extremely toxic products during combustion.
Among the stable metals, magnesium has the largest
heat and highest burning rate; that is why it is so
often used as a fuel for explosive charges [13,14].
When artificially influencing the atmospheric
precipitation, aluminum compositions are often used.
Nevertheless, all previous studies on the development
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of pyrotechnic compositions for the artificial
initiation of precipitation paid very little attention
to the physicochemical principles of the combustion
of the main components that determine the effective
ratio of the fuel and oxidizing agent, the burning
rate, the chemical composition of combustion
products, their surface properties, etc.

Since metal oxides have significantly higher
melting and boiling points than the metals
themselves, oxide film will reduce the rate and
temperature of combustion.

Based on the fact that metals particles are small,
the effect of the oxide film on the combustion will
be significant. The dynamics of the destruction of
the oxide film will depend on its thickness and
porosity determined by the storage conditions and
the combustion temperature.

One of the main parameters of an effective
pyrotechnic composition is an optimal ratio of the
mass of the fuel and the oxidizing agents. However,
it is often underestimated since the air components
take part in combustion. To obtain a formal
stoichiometric ratio, we use the set of thermodynamic
calculation programs for multicomponent systems
TERMO-CALC. We take the maximum PC
combustion temperature as a criterion for estimating
reaching the stoichiometry of the combustion process
(Fig. 1).

As shown in Fig. 1, the high-temperature
oxidation (combustion temperature) of magnesium
(Fig. 1,a) with all of the oxidants is much higher
than the combustion temperature of aluminum
(Fig. 1,b). At the same time, ammonium perchlorate
is the most reactive among the oxidizing agents, and
the reactivity scheme of the oxidizers is as follows:
NH4ClO4>NH4NO3>KNO3. The temperature of
effective combustion shifts towards a decrease in the
oxidizer content when magnesium is burned with

ammonium perchlorate, whereas an inverse relation
is observed when using ammonium nitrate. When
the oxidant content is less than 3 weight parts,
practically all the mixtures do not burn. The use of
ammonium oxidizers, especially ammonium
perchlorate and nitrate, can lead to the release of
highly toxic NH3 and HCl:

14Al+6NH4ClO4=
=7Al2O3+6NH 3+3HCl+3HClO;  (9)

2Al+2NH4NO3=Al2O3+2NH3+2NO+H2O;  (10 a)

8Al+6NH4NO3=4Al2O3+6NH3+3N2O+3H2O;  (10 b)

2Al+2KNO3=Al2O3+2NO+K2O,
K2O+H2O(atm.)=2KOH;  (11)

7Mg+2NH4ClO4=7MgO+2NH3+HCl+HClO;  (12)

3Mg+2NH4NO3=3MgO+2NH3+2NO+H2O;  (13 a)

4Mg+2NH4NO3=4MgO+2NH3+N2O+H2O;  (13 b)

3Mg+2KNO3=3MgO+2NO+K2O,
K2O+H2O(atm.)=2KOH.  (14)

The most realistic reaction paths (9)–(14) are
presented on the basis of experimental data in a
climate chamber using a Drager Xam–5000 gas
analyzer with gas detectors on NO, NH3, HCl, Cl2.

Using the TERMO-CALC software package,
we will estimate the content of ammonia and
hydrogen chloride in the combustion products of
the mixtures under study at the best fuel-oxidizing
agent ratio (Table 1). The calculations showed that
a rather large amount of toxic ammonia and hydrogen
chloride releases when pyrocompositions burn with

Fig. 1. Temperature of combustion of pyrotechnic compositions as a function of fuel-oxidizing agent ratio (Red/Ox ratio) where

Red: (à) Mg, (b) Al; Ox: (1) NH4ClÎ4, (2) NH4NÎ3, (3) ÊNÎ3. w(Îõ) is the mass ratio of Îõ (w(Îõ)/w(Red) at w(Red)=1)
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ammonium oxidizing agents.
Table  1

Content of NH3 and ÍCl in the pyrocomposition
combustion products

mol/kg 
Compositions 

NH3 НCl 

PC-0-1 [Al+NH4ClО4 (1:9)] 18.22 6.34 

PC-0-2 [Al+NH4NО3 (1:7.8)] 22.73 – 

PC-0-3 [Al+КNО3 (1:8.1)] – – 

PC-0-4 [Mg+NH4ClО4 (1:8.4)] 13.51 8.31 

PC-0-5 [Mg+NH4NО3 (1:8.9)] 15.42 – 

PC-0-6 [Mg+КNО3 (1:7.3)] – – 

 
Table 1 shows that it is preferable to use

compositions based on potassium nitrate as an
oxidizing agent (11) and (14) to improve
environmental safety when using pyrotechnic
compositions for the purpose of artificial
precipitation.

Such modifying additives as fine powders of
alkali (NaOH, KOH) do not participate in the
combustion process. As a result of combustion of
the explosive charge, alkali particles are sprayed,
contact with the acidic atmospheric aquatic
formations and neutralize their excessive acidity.

Since the boiling temperature of these alkalis
is high (Tboil(NaOH)=1676 K, Tboil(KOH)=1600 K),
the explosive charge burning makes them subliming,
which leads to an additional dispersion of alkali
particles.

The overall process of high-temperature
oxidation of pyrocompositions can be considered as
a two-stage process: pyrocompositions reactants
interact under conditions of a closed thermodynamic
system (I), but the combustion reaction products
and modifiers (NaOH, KOH) interact with
atmospheric components under the conditions of
an open thermodynamic system (II).

An additional amount of alkali in the
thermodynamic system (II) can be released as a result
of the combustion reaction of metals burning with
alkali metal nitrates in the thermodynamic system
(I):

3Mg+2KNO3+H2O=3MgO+2KOH+2NO
or
3Mg+2KNO3+4H2O=
=3Mg(OH)2+2KOH+2NO.  (15)

However, as equations (15) show, the additional
release of potassium hydroxide requires water. Despite
the fact that moisture is always in the atmosphere,
entry of water molecules into the fire reaction zone

of the explosive charge is extremely difficult due to
the escape of a powerful stream of superheated
reaction products from the charge nozzle.

The problem of providing water to the explosive
charge is solved by introducing combustible
hydrogen-containing components directly into the
explosive charge. Organic compounds can be used
for such purpose. From a technological point of view,
explosive charge organic substances must be solid
and highly dispersed under normal conditions.
Cellulose can be used as such an additive. The
explosive charge burning with cellulose added at the
molecular level releases MgO, CO2, K2O, NO and
H2O. Since cellulose is a typical polymer, it is more
correct to make the equation for high-temperature
oxidation of Mg and [C6H10O5]n taking into account
the degree of polymerization (n), i.e. of monomers
in a polymer molecule:

3nMg+10nKNO3+[C6H10O5]n=
=3nMgO+6nCO2+5nK2O+10nNO+5nH2O
5nK2O+5nH2O(atm.)=10nKOH.  (16)

Almost all potassium atoms in the process of
combustion of EC release potassium oxide, which,
when entering the atmosphere, further increases the
concentration of alkali and also increases the degree
of neutralization of acidic atmospheric formations.

After selecting the components for the explosive
charge, it is necessary to determine the mass
composition. Determination of the effective mass
composition was carried out experimentally by
measuring the parameters of the high-temperature
oxidation process (burning rate and combustion
temperature).

Experimental
To make a solid explosive charge, ASD-4

aluminum powder and MPF-4 magnesium powder
with a size of 20–80 microns were used as fuels,
KNO3 salt ground and screened with a size of 50–
100 microns was used as an oxidizing agent, and
granulated butadiene-nitrile rubber SKN-26 was used
as a binder. The content of components in the
composition was as follows (wt.%):

PC-1-3: ASD-4 – 10; ÊNÎ3 – 80; and SKN-26 – 10;

PC-1-6: MPF-4 – 11; ÊNÎ3 – 79; and SKN-26 – 10.

The components of explosive charges were
qualified as “pure”. The composition was formed as
a cylindrical elongated test piece with a diameter of
d=20 mm and a length of l=150 mm.

The explosive charge was ignited with an electric



96

M.V. Kustov, V.D. Kalugin, V.V. Tutunik, E.V. Tarakhno

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 1, pp. 92-99

spark. The burning rate was determined by measuring
the burning time of the PC mass between the control
marks. The combustion temperature was determined
using a high-temperature pyrometer Flus, IR866 [15].
The experiments were performed in an isolated
chamber. The measurements were carried out three
times for each composition.

Experimental results and discussion
The results of experiments on the study of the

parameters of PC combustion in the stoichiometric
ratio are shown in Table 2.

Table  2

Parameters of PCs combustion

Combustion parameters 

PC Burning rate,  

103 ms–1 

Combustion 

temperature, К 

PC-1-3 3.10.1 169020 

PC-1-6 3.50.1 206020 

PC-1-31 3.10.1 169520 

PC-1-61 3.40.1 205020 

 
The experiment results confirmed the

assumption that adding a binder reduces the burning
rate (the measured combustion temperature is lower
than the predicted one). This fact should be taken
into account for future development of the
composition of multicomponent solid pyrotechnic
charges, in which some components do not
participate in the combustion process.

The decrease in the combustion rate is affected
by an oxide film which was not taken into account
in the calculations. For this reason, the experiments
showed a low probability of ignition of pyrocharges
PS-1-3 and PS-1-6 by an electric spark. The
probability of ignition of PC-1-3 composition was
~50%, and ~30% for PS-1-6 composition. This is
also related to the presence of an oxide film, which
prevents initiation of combustion. The melting point
of the MgO film is much higher than that of the
aluminum oxide film; that apparently affects the low
probability of ignition of PC-1-6.

To eliminate this issue, it is proposed to use a

two-layer charge with a thin layer of initiating
composition based on potassium perchlorate and
graphite (KClO4+C) in the ignition zone and the
main working composition based on potassium nitrate
and dispersed metals (Fig. 2).

The results of testing two-layer compositions
PC-1-31 and PC-1-61 (Table 2) show that the
introduced changes (i.e. two-layer PC) do not
influence the burning rate within the measurement
accuracy, and the probability of ignition in all tests
was 100%.

Fig. 2. Two-layer explosive charge: 1 – main composition;

2 –ignition composition; 3 – electric ignition

The results of experimental studies of explosive
charges with modifying additives KOH and C6H10O5

are given in Tables 3 and 4. Initially, a composition
was studied with the addition of potassium alkali
only as the main acid neutralizer.

Table  3

Basic parameters of PC burning to neutralize acidity
without adding cellulose

Composition 
КОН content, 

wt.% 

Combustion 

rate, 10
3
 ms–1 

Burning  

rate, К 

PC-2-0 0 3.30.1 187020 

PC-2-1 10 3.10.1 185020 

PC-2-2 20 3.10.1 182020 

PC-2-3 30 2.90.1 182020 

PC-2-4 40 2.70.1 181020 

PC-2-5 50 2.60.1 180020 

PC-2-6 60 2.30.1 178020 

PC-2-7 70 ~2.1 (blow-off) 175020 

PC-2-8 80 ~2.0 (blow-off) 172020 

 
Table  4

Basic parameters of PC burning to neutralize acidity with cellulose added

Composition КОН content, wt.% Cellulose content, wt.% Combustion rate, 103 ms–1 Burning rate, К 

PC-2-51 50 5 2.40.1 179020 

PC-2-52 50 10 2.40.1 178020 

PC-2-53 50 15 2.40.1 176020 

PC-2-61 60 5 2.10.1 175020 

PC-2-62 60 10 (blow-off) 172020 

PC-2-63 60 15 (blow-off) 171020 

PC-2-71 70 5 (blow-off) 170020 
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The experimental results showed that the
addition of potassium alkali to 60–65 wt.% allows
maintaining stable burning of the pyrotechnic
composition.

Due to the addition of cellulose, the parameters
of EC combustion decrease because of the
replacement of a certain amount of reactive
combustible components with cellulose. However,
the combustion of the composition of PS-2-61 with
60% of KOH and 5% of cellulose is stable and this
composition can be used to neutralize acid
precipitates. In addition, magnesia and alumina
released during combustion are the centers of drop
formation which leads to an additional initiation of
precipitation. The precipitation process can also be
accelerated by adding AgI or NaCl to the pyrotechnic
composition assuming that the total number of
modifying additives should not exceed 65 wt.%.

The use of the proposed composition for
artificial precipitation allows initiating the
precipitation over the zones of large natural and man-
made fires which leads to the precipitation of harmful
combustion products from the atmosphere and
prevents the formation of acidic atmospheric
precipitation by neutralizing them.

Chlorine and phosgene form a separate group
of toxic substances. Unlike the solubility in water of
ammonia, those of chlorine (Cl2) and phosgene
(COCl2) are extremely low. A low solubility of
chlorine and phosgene in water leads to a low rate
of precipitation of these gases by atmospheric
precipitation. Therefore, neutralizing agents must be
added in order to increase the rate of the atmosphere
transformation into the aqua-condensate.

Sodium thiosulfate is the most active chlorine
neutralizer according to the following reaction:

Na2S2O3+4Cl2+5H2O=2H2SO4+2NaCl+6HCl,  (17)

but it makes precipitation more acid.
According to Eq. (17), it takes almost 0.5 tons

of Na2S2O3 to neutralize 1 ton of chlorine. As seen
from Eq. (17), the reaction proceeds in aqueous
solutions. It must be taken into account that sodium
thiosulfate is a combustible and explosive substance,
it decomposes when heated to 2200C:

t

2 2 3 2 4 24Na S O 3Na SO Na S 4S    .  (18)

Due to the above, the use of Na2S2O3 as an
additive for explosive charges proves to be promising.

Sodium hydroxide is an effective neutralizer of
chlorine:

Cl2+2NaOH=NaCl+NaOCl+H2O.  (19)

It takes 1.2 tons of NaOH to neutralize 1 ton
of chlorine. Sodium hydroxide is highly soluble in
water; therefore, aqueous solutions are usually used
in aqueous degassing. As can be seen from Eq. (19),
additional salts are formed when chlorine is
neutralized with alkali; they are desublimated into
hygroscopic crystals and water. It has been established
that the formation of such reaction products
(hygroscopic crystals) has a positive effect on the
process of precipitation.

Despite the fact that phosgene is lowly soluble
in water, like chlorine, it is actively neutralized by
sodium hydroxide. Taking into account the hydrolysis
of phosgene and the formation of HCl and CO2, its
neutralization proceeds according to the equation:

COCl2+2NaOH=2NaCl+H 2O+CO2.  (20)

The reaction equation (20) shows that it takes
1.6 ton of sodium alkali or 16 tons of its 10% aqueous
solution to neutralize 1 ton of phosgene.

Pyrotechnic compositions with alkali additives
have been considered earlier. Similar properties of
potassium and sodium alkalis allow replacing them
in the composition of the explosive charge without
significant changes in the combustion parameters.
Thus, similarly with the composition of PÑ-2-6 with
60% of KOH as a non-combustible additive, the
properties of the composition of PC-2-61 with 60%
of NaOH were studied. As a result, it was established
that this composition has a combustion rate of
(2.4±0.1)10–3 ms–1 and a burning temperature of
1790±20 K. Within the accuracy, these parameters
correspond to the burning parameters of the
composition of PC-1-6.

In case of unfavorable weather conditions for
the artificial initiation of precipitation, it is expedient
to use the method of spraying a finely dispersed
reagent (NaOH) pneumatically from light-engineered
manned and unmanned aerial vehicles.

Given that the molar masses of chlorine and
phosgene are higher than the molar mass of air, the
largest concentration of these dangerous gases is
localized in the surface layer of the atmosphere. This
makes it possible to efficiently use light-engine aircraft
for seeding clouds of chlorine or phosgene, which
permits significantly reducing material costs in
eliminating the release.

Conclusions
This paper showed that the introduction of the

pyrotechnic composition KNO3 as an oxidizing agent
of the combustion process in the technology of
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production allows significantly reducing the degree
of hazard of combustion products for living
organisms.

The influence of the Ox/Red stoichiometric
concentration on the stability of the high-temperature
oxidation parameters was found and experimentally
confirmed.

Based on physicochemical calculations and
experimental results, the composition of the explosive
charge with NaOH and KOH for artificial
precipitation initiation was optimized to effectively
neutralize the acidity of rains and fogs formed during
large-scale natural and man-made fires. Pyrotechnic
composition contains up to 65% of KOH, as well as
cellulose, which contributes to the additional
formation of alkali in the burning reaction of the
explosive charge.

Thus, the novelty of this work consists in the
expansion of the possibilities of pyrocompositions
that have a complex of the following properties:
precipitation initiation, neutralization of their acidity,
removal from the atmosphere of toxic substances.
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Ô²ÇÈÊÎ-Õ²Ì²×Í² ÎÑÍÎÂÈ ÒÅÕÍÎËÎÃ²¯
ÌÎÄÈÔ²ÊÎÂÀÍÈÕ Ï²ÐÎÒÅÕÍ²×ÍÈÕ ÑÊËÀÄ²Â ÄËß
ÇÍÈÆÅÍÍß Ð²ÂÍß Õ²Ì²×ÍÎÃÎ ÇÀÁÐÓÄÍÅÍÍß
ÀÒÌÎÑÔÅÐÈ

Ì.Â. Êóñòîâ, Â.Ä. Êàëóã³í, Â.Â. Òþòþíèê, Î.Â. Òàðàõíî

Â ðîáîò³ íàâåäåí³ ðåçóëüòàòè âñòàíîâëåííÿ òåõíîëîã³-
÷íèõ óìîâ âèðîáíèöòâà ìîäèô³êîâàíèõ ï³ðîòåõí³÷íèõ ñêëàä³â,
ùî âîëîä³þòü êîìïëåêñîì íàñòóïíèõ âëàñòèâîñòåé: ³í³ö³þâàííÿ
àòìîñôåðíèõ îïàä³â, íåéòðàë³çàö³ÿ ¿õ êèñëîòíîñò³ òà âèìè-
âàííÿ òîêñè÷íèõ êîìïîíåíò³â, ùî ì³ñòÿòüñÿ â àòìîñôåð³. Ç
óðàõóâàííÿì âèìîã çàõèñòó íàâêîëèøíüîãî ñåðåäîâèùà, ÿê ïàëü-
íå â ï³ðîòåõí³÷íîìó ñêëàä³ çàïðîïîíîâàíî âèêîðèñòîâóâàòè Mg,
à ÿê îêèñëþâà÷ – ÊNÎ3. Ïðè ãîð³íí³ çàïðîïîíîâàíîãî äâîøàðî-
âîãî ï³ðîñêëàäó âèêëþ÷åíî óòâîðåííÿ õ³ì³÷íî íåáåçïå÷íèõ ïðî-
äóêò³â ãîð³ííÿ (NH3 òà ÍCl). Çà äîïîìîãîþ ïðîãðàìíîãî êîì-
ïëåêñó «TERMO-CALC» çä³éñíåíå îö³íþâàííÿ âì³ñòó àì³àêó
òà ã³äðîãåí õëîðèäó â ïðîäóêòàõ ãîð³ííÿ çàïðîïîíîâàíèõ ñóì³-
øåé ïðè îïòèìàëüíèõ ñï³ââ³äíîøåííÿõ ïàëüíîãî òà îêèñíèêà.
Âèêîíàí³ òåðìîäèíàì³÷í³ ðîçðàõóíêè äëÿ âèçíà÷åííÿ îïòèìàëü-
íîãî ñï³ââ³äíîøåííÿ ìàñîâèõ ÷àñòîê îêèñíèê/â³äíîâíèê, ÿêå âè-
çíà÷åíî ð³âíèì 1:8. Çä³éñíåíî åêñïåðèìåíòàëüí³ äîñë³äæåííÿ
îñíîâíèõ ïàðàìåòð³â âèñîêîòåìïåðàòóðíîãî îêèñëåííÿ (òåì-
ïåðàòóðà òà øâèäê³ñòü ãîð³ííÿ) ï³ðîòåõí³÷íèõ ñêëàä³â. Çàïðî-
ïîíîâàíî äâîøàðîâó ñòðóêòóðó ï³ðîçàðÿäó ç ëåãêîçàéìèñòèì
ïåðâèííèì øàðîì, ùî ³ñòîòíî ï³äâèùóº éìîâ³ðí³ñòü çàïàëþ-
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âàííÿ ï³ðîñóì³ø³ åëåêòðî³ñêðîâèì ìåòîäîì. Ç ìåòîþ ïîñèëåí-
íÿ åôåêòó çíèæåííÿ êèñëîòíîñò³ àòìîñôåðíèõ îïàä³â çàïðî-
ïîíîâàíà òåõíîëîã³ÿ ìîäèô³êóâàííÿ ï³ðîòåõí³÷íîãî ñêëàäó ç
äîäàâàííÿì ëóãó ÊÎÍ òà öåëþëîçè. Ìîäèô³êóâàííÿ ðîçðîáëå-
íîãî ñêëàäó ç âèêîðèñòàííÿì NaÎÍ äîçâîëÿº åôåêòèâíî íåé-
òðàë³çóâàòè òàê³ íåáåçïå÷í³ ãàçè, ÿê õëîð ³ ôîñãåí. Âñòàíîâ-
ëåí³ ô³çèêî-õ³ì³÷í³ îñíîâè òåõíîëîã³¿ ìîäèô³êóâàííÿ ï³ðîòåõ-
í³÷íèõ ñêëàä³â êîìïëåêñíîãî ïðèçíà÷åííÿ äîçâîëÿþòü ðîçðîá-
ëÿòè ñêëàäè ï³ðîçàðÿä³â áàãàòîôóíêö³îíàëüíîãî òèïó, ñïðÿìî-
âàí³ íà øòó÷íå ³í³ö³þâàííÿ îïàä³â òà õ³ì³÷íó íåéòðàë³çàö³þ
íåáåçïå÷íèõ ðå÷îâèí â àòìîñôåð³

Êëþ÷îâ³ ñëîâà: ï³ðîòåõí³÷íèé ñêëàä, ðîçðàõóíîê,
òåìïåðàòóðà ãîð³ííÿ, ³í³ö³þâàííÿ îïàä³â, íåéòðàë³çàö³ÿ
ôîñãåíó, õ³ì³÷íà íåéòðàë³çàö³ÿ êèñëîòíèõ äîù³â.

PHYSICOCHEMICAL PRINCIPLES OF THE
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This paper presents the results of determination of conditions
for the production of modified pyrotechnic compositions that allow
initiating atmospheric precipitation, neutralizing their acidity and
scavenging toxic substances from the atmosphere. Taking into account
the requirements of environmental protection, the use of Mg as a
fuel and KNO3 as an oxidizing agent in the pyrotechnic composition
was suggested. The combustion of the proposed two-layer
pyrocomposition impedes the release of chemically hazardous
combustion products (NH3 and HCl). Using TERMO-CALC software
package, the content of ammonia and hydrogen chloride in the
combustion products of the proposed mixtures was determined at the
best fuel-oxidizing agent ratio. The thermodynamic calculations were
performed to determine the best reducing/oxidizing agent mass fraction
ratio which was stated to be 1:8. The experimental study of the main
parameters of high-temperature oxidation (temperature and burning
rate) of pyrotechnic compositions was carried out. A two-layer structure
of the explosive charge with a highly flammable primary layer is
proposed, which substantially increases the probability of ignition of
the pyrotechnic mixture triggered by an electric spark. In order to
intensify a decrease of the acidity of atmospheric precipitation, a
technology for modifying pyrotechnic compositions by adding KOH
and cellulose was proposed. The modification of the developed
composition with the use of NaOH allows effectively neutralizing
such dangerous gases as chlorine and phosgene. The established
physicochemical basics of the technology for modifying pyrotechnic
compositions for complex purposes allow developing multi-functional
explosive compositions aimed at artificial initiation of precipitation
and chemical neutralization of hazardous substances in the
atmosphere.

Keywords: pyrotechnic composition; calculation;
combustion temperature; initiation of precipitation; neutralization
of phosgene; chemical neutralization of acid rains.
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