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Abstract. The article presents the advantages and
disadvantages of conventional methods of pesticide dis-
posal. The characteristics of this group of chemical com-
pounds are made and their impact on the environment is
discussed. The assumptions of a conceptual, unconven-
tional method of pesticide disposal using high-energy
materials are presented. The applications of computer
programs as a tool to support the process of designing
research in this area are discussed. Thermodynamic
simulations of the effect of the addition of heptachlor (a
pesticide) on the thermodynamic properties of a mixed
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high-energy material of the ANFO type were carried
out. The environmental impact of the addition of this
chemical compound on the quantitative and qualitative
structure of the sub-nitrification products was also eva-
luated. The calculations showed that at 3.0% pesticide
content in the structure of the high-energy material, it is
possible to obtain better or comparable energy parame-

ters with respect to the reference ANFO.

Keywords: environmental protection; high energy

materials; thermodynamic calculations; utilization;
waste pesticides.
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Introduction

Pesticides are chemicals used to eliminate pests to
protect crops [1]. They are classified according to their
chemical structure, purpose, mode and duration of
action, method of manufacture, spectrum of action,
level of toxicity [2]. The Food and Agriculture
Organization (FAO) has defined a pesticide as "a
substance intended to prevent, destroy, repel or mitigate
any pest in crops before or after harvest to prevent
deterioration during storage and transportation." The
actual properties are given to the pesticide by the active
ingredient (biologically active substance). In addition to
this main ingredient, the pesticide contains [3] various
types of inert additives (emulsifiers, soluble concentrates,
powders, dusts, water-soluble granules, etc.) to facilitate
their storage, transportation and application. Pesticides
are toxic to all living organisms with carcinogenic,
mutagenic, teratogenic and embryotoxic properties [4-6].
Long-term exposure to these substances can cause
carcinogenic, endocrine and neurotoxic disorders [6, 7].
The effects of pesticides can appear in future generations.
Due to their properties (persistent bioaccumulation and
long-distance transportability), they have been termed
"Persistent Organic Pollutants - POPs" (POPs). The
ingress of these substances into any of the elements of
the environment results in a threat to all its elements
(contamination of soils, groundwater) [8-10].

According to an assessment by the World Health
Organization (WHO), everyone's health depends 25-
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30% on the state of the surrounding environment. If the
trend of environmental pollution does not change,
according to the WHO, the cause of one in two deaths in
2050 will be cancer, the primary source of which will be
contaminated food, water or

environment. The most common group of POPs is
made up of manufactured synthetic chemicals (especially
for use in agriculture), which include organochlorine
pesticides (OCPs) such as aldrin, dieldrin, dichloro-
diphenyl-tetrachloroethane (DDT), heptachlor, mirex,
chlordane, toxaphene and endrin. Some of these can also
be used in dyes or plastics [11-13]. The use of pesticides
widespread in connection with intensive food pro-
duction, has been associated with the generation of a
certain amount of waste. Out-of-date pesticides are
mainly stored in 10,000 sites in the former Soviet Union,
the southern Balkans and new European Union member
states [14, 15]. According to the FAO [16], in Central
Europe the largest quantities of outdated pesticides are in
the Russian Federation (100,000 tons),
(38,000 tons), Ukraine (25,000 tons), Uzbekistan (12,000
tons), Kazakhstan (10,000 tons) and Belarus (6,000 tons).
In Georgia, past use of pesticides [17, 18] at 30 kg per

Macedonia

hectare of arable land has resulted in a large amount of
overdue stocks. It was estimated at 3,057 tons, of which
the main reserve - at 2,700 tons - was buried at the
Iaghluja landfill [19]. A small part of the stockpile (357
tons) was deposited in 214 different small rural wa-
rehouses [20].
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Fig. 1. Amounts of obsolete pesticides (in kg/kmz). Source: study [21] based on [22, 23].
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As the volume of stockpiles accumulated in Eastern
Europe is huge in relation to the rest of the world, it is
important to start solving this problem as soon as
possible. Figure 1 shows an estimate of the amount of
obsolete pesticides compared to the area of a given
Eastern European country.

As mentioned earlier, pesticide waste improperly
stored threatens the environment and, above all,
negatively affects human health. Numerous scientific
works are being undertaken on how to dispose of this

waste.

Main Part

1. Overview of methods of pesticide waste disposal

Disposal aims to decompose the biologically active
substance leading to the formation of other substances
that no longer pose a threat to the environment. A
suitable disposal method is selected for each type of
pesticide. Many biological, physical, chemical and
thermal methods have been developed and patented.
The technologies used to dispose of pesticide stocks or
remove pesticides from the contaminated environment
can be divided into three groups. The first group is
where pesticides are destroyed by chemical reactions:
dechlorination, photocatalytic oxidation and bioreme-
diation using microorganisms. The second category is
that in which contaminants are extracted from specific
environments - thermal adsorption. The third category
includes curing, stabilization, vitrification and fusion
techniques [24-26], whose main goal is to reduce the
solubility or mobility of contaminants, usually by phy-
sical means rather than chemically. Waste stabilization
technologies convert contaminants into less toxic forms
by adding a binder to the waste, similar to cement dust
or fly ash [24, 25].
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2.1. Biodegradation

Biological decomposition processes [27-34] in the
environment (surface water, soil) are determined by
similar factors: the presence and characteristics of micro-
organisms, temperature and pH values. They are time-
consuming and require the selection of appropriate con-
ditions, as the aforementioned parameters affect the
course of the processes to different degrees and the
relationship between them varies.

2.2. Chemical decomposition

The literature describes various chemical processes -
mainly oxidation of pesticides [35- 37]. Modern Oxida-
tion Processes - (from English) Advanced Oxidation Pro-
cesses (AOP) is based on reactions involving OH-
hydroxyl radicals and is the most powerful oxidant.
Many researchers have taken an interest in this method

of pesticide decomposition [38-41].

2.3. Thermal methods - combustion processes

Thermal methods are primarily high-temperature
combustion (oxidation) processes, in which pesticides
are converted into gases (steam, CO2, volatile acids,
metal particles and oxides) and ash [42, 43]. Studies [44]
have confirmed destruction efficiencies of 99.99% at
temperatures higher than 1000 oC. Attempts have also
been made to degrade pesticides in cement kilns [45-47].
The first attempts to burn accumulated pesticide stocks
were made in Africa and Pakistan [48]. Old pesticide
stocks containing, for example, lead, arsenic or mercury
are excluded from the thermal process. Numerous studies
have shown that not all technologies are universally
effective, and many are designed to work only for a
specific group of substances (for example, organochlo-
rines, organophosphates, carbamates, etc.).

Acceptable and inappropriate pesticide waste dispo-
sal techniques have been developed [49, 50] (Figure 2).
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[ METHODS FOR DISPOSAL OF BULK QUANTITIES OF OBSOLETE PESTICIDES ]
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Fig. 2. Acceptable and unsuitable techniques for disposing of large quantities of obsolete pesticides [49, 50].

High-temperature incineration is the most effective
way to dispose of pesticide waste - often not cost-effec-
tive due to cost and availability of the right kind of

incinerator.

2.4. Incineration under high pressure and tempera-
ture conditions

Despite a lot of past and ongoing work to find an
effective method of disposing of various pesticide
wastes, it has not been possible to find a universal
technology with maximum efficiency. An attempt has
been made to burn under high pressure and tempe-
rature conditions, which ensures the use of high-energy
materials - explosives. The mechanism of decomposi-
tion of the pesticide under the conditions produced
during the detonation of such a material ensures rapid
heating (of the pesticide - chemical compound) to a
high temperature, in which the energy of vibration of
the bonds causes the breaking of these bonds and the
destruction of the chemical compound. Then, by oxida-
tion and rapid cooling

of the oxidation products, recombination is preven-
ted, leading to the formation of new compounds with
greater thermodynamic stability.
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3. Materials and methods

3.1. Characteristics of heptachlor

Pesticides are substances used to eradicate unwa-

nted or harmful organisms. In Poland, the number of
pesticides approved for marketing is more than 2,500,
and they contain several hundred different active
substances (data from 2021).

They are divided according to various criteria:

e target application group - e.g. herbicides, fun-
gicides, bactericides, insecticides, plant or insect
growth regulators, repellents,

e chemical structure - e.g. organophosphates, po-
lychlorines, urea derivatives, nitrophenols, thia-
zines or uracil, organo-mercury compounds,

e way of migration and place of action - e.g.,
surface herbicides, deep herbicides, systemic
herbicides,

o selectivity,

e toxicity class and withdrawal period - classes from
I (extremely toxic) to VI (potentially harmless),

o effect on plant, vegetable and fruit resistance -
preventive and ad hoc.

One of the representatives of insecticides (insecti-

cides) from the group of polychlorine compounds is
heptachlor [51]: C10H5CI7 (1,4,5,6,7,8,8-heptachloro-
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3a,4,7,7,7a-tetrahydro- 4,7-methane-indene) - used on
corn, alfalfa, hay and vegetables, and as a termiticide. It
is a persistent organic pollutant (POPs).

Its half-life is 71.3-4.2 days (air), 70.03-0.11 years
(water) and 70.11-0.34 years (soil). Like other POPs,
heptachlor is lipophilic and poorly soluble in water
(0.056 mg/1 at 25 °C), so it tends to accumulate in the
fatty tissue of humans and animals. Heptachlor is a
toxic compound - listed as a probable human car-

cinogen. [52].

3.2. Characteristics of the explosive

Environmental explosives commonly used in non-
coal mining include ANFO and emulsion explosives.
ANFO, in which the oxidant is ammonium nitrate
(NH4NO3) porous, and the fuel is usually diesel, was
adopted as the explosive used for modification. More
modern mixed explosives are emulsions, which consist
of multiple components combined with a so- called
matrix. Both materials can be produced mechanically at
the blasting site (using MEMUs) or in the form of
finished products (bags, cartridges). The open structure
of mixing and loading systems makes it possible to
expand them in order to use various additional com-

ponents to refine the explosive.

3.3. Methodology of calculation

The method of pesticide decomposition is that a
modified explosive is formed, relative to the one used,
where the oxidant or fuel is replaced by the addition of
a pesticide. It was assumed that the oxidation reaction

would proceed under stoichiometric conditions. In
ANFO, which contain 6.0% diesel fuel (C16H34), the
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process of ideal detonation leads to the formation of

simple substances according to the reaction:
NH4NO3 + -CH2- = N2 + CO2 + H20 (1)

Under unfavorable conditions, nitrogen oxides
and/or carbon monoxide can be formed. In modified
ANFO, pesticide is substituted in place of oil. The
composition of the explosive is designed taking into
account thermodynamic parameters. The appropriate
selection of the proportions of individual components
for designed explosive mixtures should be preceded by
calculations of performance parameters. The purpose of
these calculations is primarily to determine the tem-
perature of the explosion, whether it is high enough to
decompose the pesticide. Also important is the burning
speed of the explosive, which increases with pressure,
and therefore the best results will be obtained by
enclosing such material in a container with a small
volume (space).

For thermodynamic calculations, the ZMWCyw
computer program developed by the Military University
of Technology in Warsaw (Poland) was used, which
performs

calculations in the constant volume variant. The
algorithm's calculation is based on the European stan-
dard PN-EN 13631-15 [53]. The ZMWCyw program uses
the chemical potential minimization method described
in works [54-56]. The program allows calculating the
most important thermodynamic parameters of explo-
sives, such as explosion pressure, explosion temperature,
explosion heat, constant volume, explosive strength and
gas volume under standard conditions. These parameters
provide basic information about the properties of the
explosive. It is possible to determine the qualitative and
quantitative composition of the resulting substrate,
detonation products and their form of aggregation (state:
gaseous, solid or liquid).

For the purpose of the simulation, an ANFO explo-
sive with a composition of 94% ammonium nitrate(V)
and 6.0% diesel fuel was assumed. The data of the basic
components of ANFO needed to perform the ther-

modynamics of the calculation were used from the da-
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tabase of the ZMWCyw program. The oxygen balance
of individual explosives and compositions were calcu-
lated using a worksheet, using the algorithm described
in Standard BN-80/6091-42 [57].

simulations were carried out using the method of

Thermodynamic

changing the composition of the ANFO base recipe by
replacing its components with pesticide in appropriate
proportions. The basic principle of designing the
formulation composition of an explosive - near-zero
oxygen balance - was followed. Heptachlor (CAS 76-
44-8) was used for the calculations. The pesticide data

needed for the simulations were taken from publicly
available databases [58-60]. For the purpose of the
calculations, taking into account the practical aspects of
the preparation of explosives compositions, a minimum
step of change in the percentage of components of 0.5%
by weight was adopted. Thus, thermodynamic
parameters (explosion temperature, explosion pressure,
explosion heat, volume of explosion products, explosive
strength) were calculated for the designed explosives.
The individual explosives were assigned the acronyms

given in table 1.

Tab. 1.
Oxygen balance and density of ANFO with pesticide (heptachlor) additive
Ingredients Density Oxygen Percentage of Ingredients
[g/cmS] Balance [%]
Ammonium 0,82 20,00 94,00 93,50 93,00 92,50 | 92,00 | 91,50 | 91,00
Nitrate (V)

Diesel 0,84 -348,25 6,00 5,50 5,00 4,50 4,00 3,50 3,00
Heptachlor 1,59 -81,43 0,00 1,00 2,00 3,00 4,00 5,00 6,00
Density of the explosive 0,821 0,829 0,836 0,844 (0,852 [0,859 |0,867
Oxygen balance of the explosive -2,095 -1,268 -0,441 0,386 1,213 2,040 2,867
Name of the explosive ANFO H/1,0 H/2,0 H/3,0 H/4,0 H/5,0 |H/6,0

4. Results and Discussion

The results of thermodynamic calculations for ANFO and explosives with the addition of heptachlor (H/1.0 -

H/6.0) are presented in table 2, while in terms of percentage changes in parameter values in table 3.

Tab. 2.
Summary of calculated thermodynamic parameters

Parameter Unit ANFO H/1,0 H/2,0 H/3,0 H/4,0 H/5,0 H/6,0
Explosion pressure MPa 2 796,85 2 828,47 2 850,46 2 852,82 2 839,44 2 816,70 2 798,40
Explosion temperature K 2663,00 | 2684,00 | 2702,80 | 2683,80 | 264320 | 260080 | 2557,10

°C) (2389,85) | (2410.85) | (2429,65) | (2410,65) | (2370,05) | (2327,65) | (2283.95)
Constant volume heat kJ/kg 395790 396850 (397330 [3903,30 (379150 [3677,00 |3562,40
of explosion
Explosive power kJ/kg 972,80 970,10 966,50 952,30 932,50 912,40 892,00
Gas volume at standard kg 997,40 986,80 976,40 968,90 963,30 957,80 952,40
conditions
Density of the [g/cmS] 0,821 0,829 0,836 0,844 0,852 0,859 0,867
explosive
Oxygen balance of the [%] -2,095 -1,268 -0,441 0,386 1,213 2,040 2,867
explosive
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Tab. 3.
Percentage change in values of individual thermodynamic parameters relative to ANFO
Parameter Unit ANFO H/1,0 H/2,0 H/3,0 H/4,0 H/5,0 H/6,0
Explosion pressure MPa 0,00 1,13 1,92 2,00 1,52 0,71 0,06
Explosion temperature K 0,00 0,79 1,49 0,78 -0,74 -2,34 -3,98
Constant volume heat of
. kJ/kg 0,00 0,27 0,39 -1,38 -4,20 -7,10 -9,99

explosion
Explosive power kJ/kg 0,00 -0,28 -0,65 2,11 -4,14 -6,21 -8,31
Gas volume at standard

.. kg 0,00 -1,06 2,11 -2,86 -3,42 -3,97 -4,51
conditions

Changes in the structure of the sub-detonation gas products that predictably will be produced by the detonation

of individual explosives are presented in table 4.

Tab. 4.

Summary of changes in the structure of sub-detonation products for individual explosives

Product Name/Explosive ~ [ANFO H/1,0 H/2,0 H/3,0 H/4,0 H/5,0 IH/6,0
NH: —Ammonia (gas) 361F-02 |1,67E-02 [34IE-03 [3.41E-04 |I,28E-04 |6,6505 B.87E-05
N2— Nitrogen (gas) 1,17E+01 |1,17E+01 |1,16E+01 |1,15E+01 (1,14E+01 1,14E+01 1,13E+01
COz — Carbon dioxide (gas) |3,95E+00 |3,98E+00 |4,01E+00 [3,97E+00 [3,89E+00 |3,81E+00 [3,72E+00
CH: —Methan (gas) 807605 |1,02E-05 |145E-07 [3.25E-10 [253E-11  |475E-12  [1,20E-12
02— Oxygen (gas) 237504 |7,68E-04 [728E-03 [134E-01 [354E-01  |500E-01  B33E-01
NO — Nitrogen (II) oxide
) 302E-03 [560E-03 [1,77E-02 [733E-02 [1,11E-01  |1,34E-01  [1,47E-01

gaS
(CO )— Carbon Monoxide |9 ggp 01 |175601 |6,18E-02 |129E-02 [637E-03  |391E-03  [2,56E-03
gas
H20 — Water (gas) 2,70E+01 |[2,69E+01 [2,67E+01 [2,64F+01 [259E+01  |253E+01  [2,48F+01
H: — Hydrogen (gas) 9.02E-01 |538E-01 |1,86E-01 [3.92E-02 |1.98E-02 |125602  |8.42E-03
?IOZ) — Nitric oxide (IV) 159E-06 [5.28E-06 [5,11E-05 [928F-04 [239E-03  [3,.87E-03  [5,28F-03
gas
N20 — Nitric oxide (I) (gas) |5,04E-06 |9,46E-06 [3,02E-05 |1,25E04 [187E04 [2,22E04 [241E04
Cl— Chlorine ion (gaz) | — 6,73E-06 |826E-05 [828F-04 [255E-03  |5.46E-03  [9,95E-03
HCl— halogens (gas) | 1,88F-01 [3,756-01 [5,61E-01 [745E-01  |9.27E-01  [I,11E+00

The results of thermodynamic simulations indicate  occurs in the case of H/3.0. The explosive then achieves
that the key parameter affecting the performance of a  a higher pressure and explosion temperature compared
non-ideal mixed explosive is the oxygen balance. The to the base ANFO. Note that heptachlor has a higher
most favorable value of this parameter, i.e. +0.380%, (about 1.59 g/cm3 ) density than the other components
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of the explosive (0oil and ammonium nitrate about
0.80g/cm3). This causes the adding of larger amounts of
pesticide to the ANFO structure to increase the density
of the entire mixture, which should increase the
detonation velocity. Heptachlor with the chemical
formula C10H5Cl7 has an oxygen balance of about -
81.43%. This causes the compound to be classified as a
flammable component. However, these values are
higher than most of the oils used in ANFO production
(about -300%). Therefore, the pesticide replacing the
oil in appropriate proportions can influence the
correction of the oxygen balance and improve the
energetics of the explosive. Up to a pesticide content of
3.0% in the structure o the explosive is characterized by
comparable or slightly better energetic properties than
ANFO. Increasing the pesticide content to 6.0% by
weight leads to a decrease in the energetic potential of
the explosive by about 4.0-10% relative to the
reference. These are already significant decreases. The
use of a heptachlor additive to ANFO leads to a change
in the qualitative and quantitative structure of the
primary gas products formed by detonation. In che-
mical terms, the pesticide introduces additional amo-
unts of chlorine into the structure of ANFO, which is
not formed during the detonation of the reference
ANFO. The detonation is predicted to produce
additional amounts of chlorine and hydrogen chloride.

As the oxygen balances of all analyzed explosives are
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ANFO) to slightly positive (for 2.867 for H/6.0) results
in changes in the quantity of gaseous products pro-
duced by the detonation. As the heptachlor increases,
the amount of COX (carbon dioxide, carbon monoxide)
decreases and

the amount of NOX (nitrogen oxides(IV), nitrogen
oxides(I)) increases

Conclusion

The thermodynamic simulations carried out show
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