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Streszczenie: W pracy przedstawiono kierunki badan nad materiatami wysokoenergetycznymi (MW)
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1. Foreword

Striving to meet the requirements determined by sustainable development principles means that the issue
of recycling high-energy/explosive materials (HEMs) has been the focus of attention for the last decade.
The amount of expired or decommissioned blasting explosives, powders and rocket propellants withdrawn from
military stores is estimated at thousands of tonnes annually [1-6]. In 2005, the amount of HEMs in Ukraine was
estimated at several hundred thousand tonnes [7], whereas in Albania the amount is so huge that its disposal
will require international support [8]. In all locations where redundant HEMs are stored, there is a hazard
of uncontrolled activation and detonation. Between 1950-2013, 26 unexpected detonations were reported
in Albania [9] as a result of external stimuli (e.g. mechanical, thermal, electrical or chemical — e.g. autocatalytic
decomposition) acting on the HEM [2, 3, 5, 10-27].

The components of HEMs used in the mining industry are not only hazardous due to the risk of high-energy
processes but also pose a health and life hazard due to their irritating, carcinogenic and/or toxic properties [28-
30]. The effect of HEM explosion products on the environment is also a serious issue [3-5, 10, 31-33].
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In the recovery of HEMs from decommissioned ammunition, elimination by detonation and combustion in open
areas or storage in underground burial sites are currently the conventional methods. The practice shows that
these methods have no prospect for future use, are not cost-effective and are hazardous, as can be seen by the
example of an accident in an underground burial site in Switzerland [34].
The need to meet the increasingly strict requirements of legal regulation and IT systems used in HEM management
for production, recycling and disposal of warfare agents [35], economic and security considerations, mean that
action is taken to limit the total cost of obtaining HEMs. This consists of seeking new, more efficient, cost-
effective, safer, more stable and feasible large-scale HEM synthesis methods [36-38]. Studies are carried out to
develop new, effective and non-toxic alternatives to currently used HEM components, including solid composite
rocket propellants with no ammonium perchlorate (AP) content [39]. Such technical progress requires new types
of propellant [40]. New methods are also being developed to dispose of HEMs, involving the most effective
recovery of the energy stored in the chemical bonds [2, 4, 11, 41-44] by:

a) using HEMs from decommissioned munitions for producing blasting explosives [45-48],

b) recovery of valuable HEMs from decommissioned munitions, including nitramines (hexogen (RDX),
octogen (HMX)) [49-53], cheap and difficult to dispose of substances including AP [54] or recyclable
substances including trinitrotoluene [55],

¢) reformulation of HEMs for military [56] and civil [57] applications,

d) using components of decommissioned products in new solutions [58].

An alternative solution is to replace currently used HEMs with new, more effective products [59].

2. The concept of sustainable development

A generally accepted solution to the ecological issues, is the concept of sustainable development presented
in the UN report “Our Common Future” published in 1987 [60-63]. In a monograph published
in 1998 [1], Anastas and Warner presented the concept of sustainable development and the main directions
of implementation, included in the twelve principles of green chemistry:

1) Prevention - prioritize the prevention of waste, rather than neutralize, recycle or dispose.

2) Atom Economy — incorporate the feedstock used in the synthesis into the final product.

3) Less Hazardous Chemical Syntheses — use the safest possible solvents and auxiliaries with the lowest
toxicity on people and the environment.

4) Designing Safer Chemicals — minimise use of solvents and auxiliaries.

5) Safer Solvents and Auxiliaries — ensure safety of the product which should not be toxic to human
and environment.

6) Design for Energy Efficiency — minimize the process energy expenditure.

7) Use of Renewable Feedstocks — use only renewable feedstocks in the synthesis.

8) Reduce Derivatives — minimize the use of derivatives to reduce the number of reaction steps.

9) Catalysis — use catalytic and biochemical processes to help increase efficiency and selectivity, and reduce
energy demand.

10) Design for Degradation — select feedstocks and auxiliaries safe for people and environment.

11) Real-time analysis for Pollution Prevention — monitor the process in real-time.

12) Inherently Safer Chemistry for Accident Prevention — ensure process safety.

The relevance of ecological issues in relation to HEMs was validated by the awarding of the 2016 Nobel

Prize in technology, to the “green biochemistry” promoter — professor Frances H. Arnold from the California

Institute of Technology (Caltech). The implemented technology used a newly developed enzyme converting

the renewable material — plant sugars to isobutanol used as a jet propellant and rocket propellant [64]. A result

of this approach on the development of HEMs is referred to as Green Energetic Materials (GEMs) [65].

One of the key tools of the environmental management system (EMS) based on ISO 14000 series standards

related to a specific product, is the Life Cycle Assessment (LCA). One of the basic assumptions is to analyse the

environmental aspects and potential effects of the product on the environment in its entire life cycle “from cradle
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to grave”, i.e. from obtaining raw materials through production and use, until it becomes a waste product [66-68].
The LCA includes the following four phases:

— determining the purpose and scope of the analysis,

— analysing the LCI (Life Cycle Inventory) inputs and outputs,

— Life Cycle Impact Assessment,

— interpretation of the obtained data.

In relation to the LCA, the interests of the research institutes are focused on the process of HEM disposal,
fabrication of emulsion explosives and determining the effect of small-calibre ammunition on the environment [69-
71]. The LCA of a specific product is an example of using mathematical modelling in environmental protection,
to analyse the waste management system used. The developed models can be used to optimise the waste
management techniques. One of them is IWM-PI — Integrated Waste Management — the first application
available in Polish for developing a waste management system and estimating its effect on the environment [41].
One of the first documented operations using LCA were tests on methods of the efficient utilisation of energy.
LCA techniques are in common current use, and a comprehensive view of the HEM life cycle can be shown both
in relation to the HEMs used in mining [72], pyrotechnics [73], ammunition [74, 75], as well as blasting and
propellant explosives [76]; and in the economic aspect, e.g. country-specific analyses [77-79].

3. Chemical substances used in multi-component explosive compositions

HEMs are individual chemical compounds or compositions characterized by high energy density. Apart

from chemical compounds with explosive properties, multi-component explosive compositions may include

different additives improving their performance, facilitating processing or added for detection and identification
purposes. The markers are added as carriers of information of the presence and type of HEM in a specific
location and its origin, to reduce the risk of terrorist attacks and criminal acts using HEMs. Volatile additives,

e.g. 2,3-dimethyl-2,3-dinitrobutane are added to plastic HEMs and marker strings are incorporated in detonating

fuses. Fine multi-layer plates, scattered in an explosion, can also be used as markers [80]. Not all substances can

be used in all types of multi-component HEMs, often due to high implementation costs.

HEMs used for military purposes are characterized by very high standards regarding the components

used, since they are designed to last for decades. Finally, the decision on applying a specific component

in HEMs for military applications, is determined by the cost of achieving a specific purpose, for example
destroying munition or enemy personnel. Sometimes, changing the solution used in non-explosive modules
is preferred over modification of the HEM or replacing the explosive module with one not containing HEMs.

The examples include:

a) shaped charges, in which the effects of the detonation process form a cumulative stream able to puncture
a thick steel armour plate, are obtained by shaping and forming metal components (cumulative inserts)
and not by the introduction of new HEMs. Using explosively formed projectile (EFP) charges and multi-
layer cumulative inserts [81] is more promising than using new HEMs with improved performance,
but also more expensive, although, similar solutions are also being considered, including the utilisation
of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexsaazatetracyclo[5,5,0,0>"'0°"]dodecane  (CL-20, HNIW)
or 1,2,3,4,5,6,7,8-octanitrocubane.

b) Exploding Bridge Wire detonators (EBWs) and Exploding Foil Initiators (EFIs). These are utilised mainly
in low-vulnerability ammunition, since their initiation is due to the effect of a shock wave resulting
from an electro-explosion of an electric conductor, eliminating the use of standard primers in the fuse,
and to significantly increase their resistance to external factors [82].

The conventional organic components with explosive properties can be classified into one of three groups

of nitro compounds [83]:

a) O-nitrocompounds: cellulose nitrate (nitrocellulose, guncotton, NC, pyroxilin), glycerol trinitrate,
(nitroglycerin, NG) and ethylene glycol dinitrate (nitroglycol), pentaerythritol tetranitrate (penthrite,
nitropenta, ten, PETN),
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b) C-nitrocompounds: 2,4,6-trinitrotoluene (trotyl, TNT), 1-hydroxy-2,4,6-nitrobenzene (picric acid,
melinite, ammonium picrate, TNF), 1,3,5-triamino-2,4,6-trinitrobenzene (TATB), 1,1’-diamino-2,2"-
dinitroetene (FOX-7), 3-nitro-1,2,4-triazol-5-one (NTO),

¢) N-nitrocompounds: 1,3,5-trinitro-1,3,5-triazycyclohexane (hexogen, Hx, RDX), 1,3,5,7-tetranitro-1,3,5,7-
tetraazycyclooctane (octogen, HMX), CL-20 or ammonium dinitramide (ADN).

Apart from high-energy components, key components of explosive compositions for use in military applications,

include binders and plasticizers:

a) Currently used binders include polyurethanes, rubbers and fluoroelastomers. They include polymerized
liquid rubbers with different functional groups, e.g. polybutadiene acrylonitrile (PBAN) copolymer,
carboxyl-terminated polybutadiene (CTPB), hydroxyl-terminated polybutadiene (HTPB) which, in modern
rocket propellants, are used both as a binder and a propellant [2, 3, 11, 84, 85], and are also used in plastic
explosives as binders. In plastic HEMs, fluoroelastomers including trifluorochloroethylene and vinylidene
chloride copolymer (Exon), polychlorotrifluoroethylene (KelF) or hexafluoropropylene and vinylidene
fluoride copolymer (Viton) are used as binders [83]. Addition of those compounds allows plastic bonded
explosives (PBXs) with a maximum concentration of blasting explosives, to be obtained.

b) Common plasticizers include esters: dioctyl phthalate, dibutyl phthalate, dioctyl adipate or dibutyl sebacate.

Inorganic components include the following:

a) AP or AN (ammonium nitrate) type inorganic oxidizers used in solid composite rocket propellants added
in a modified form which does not undergo crystallographic transformation at 32 °C [86]. Pyrotechnic
compositions usually use potassium chlorate and potassium perchlorates (KCIO; and KCIO, respectively),
metal oxides (Fe;04, MNO,, BaO,, PbO,, Pb;04), sodium (Na), potassium (K) and barium (Ba) nitrates.

b) Metallic and semi-metallic powders in different forms including nano-powders used as flammable agents
and modifiers [2, 3, 5, 20, 87-92] to modify:

— HEM structure, e.g. aluminium (Al), magnesium (Mg), boron (B), beryllium (Be),
— HEM combustion rate, e.g. aluminium (Al), lead (Pb), titanium (Ti), boron (B),
— qualitative and quantitative composition of detonation, deflagration or combustion products.

A specific group of substances used in military products and mining blasters are initiating explosives including

mercury(Il) fulminate (Hg(CNO),) which decomposes to carbon monoxide (CO), nitrogen(II) oxide (NO) and

metallic mercury vapours (Hg), and lead(Il) azide (Pb(N3),) which decomposes to elemental nitrogen (N,) and lead
vapours (Pb) or lead trinitroresorcinate [2, 3, 10, 11]. They are used in igniferous and disruptive detonators.

HEMSs used in mining usually include an oxidizer/component system. These are characterized by a lifetime

of up to 12 months, after which no further applicability tests are carried out. Introduction of new components

to HEMs for blasting applications is limited by price and availability. Ammonium nitrate, not used in military
blasting explosives, except for the war period and special applications [93], is a key component of HEMs
for mining purposes. It is cheap to manufacture, has several other applications (mainly agriculture) and is easily
accessible — although currently limited due to terrorist threat — in amounts significantly exceeding HEM
market requirements. The explosives used in mining can be classified into 10 groups (SI to SX) of components

with similar chemical constitution [94]:

SI — Inorganic oxo-acid salts (e.g. nitrates, perchlorates).

SII  — Inorganic hydracid salts, non-explosive.

SIII - Inorganic components, non-explosive other than included in group SI and SII, (e.g. sulfates, phosphates,

chromates, carbonates, oxalates, metal oxides, glass microspheres, water).

SIV - Organic metal salts, non-explosives (e.g. zinc and calcium stearate).

SV - Elemental components — elements (e.g. aluminium as aluminium powder and carbon as soot or graphite).

SVI - Components containing explosophores (—C—-NO, and -C—O-NO, compounds).

SVII — Organic components, non-explosive — hydrocarbons other than included in group SIX (e.g. oils,

paraffins, waxes, slack waxes).

SVIII — Organic components, non-explosive — natural, other than included in group SVII (e.g. charcoal, guar

gum powder, wood flour, cellulose derivatives).
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SIX — High-molecular organic components, non-explosive — (synthetic polymers, plastics including
hydrocarbon plastics, e.g. polystyrene).

SX - Low-molecular organic components, non-explosive — not containing explosophores — other than those
included in groups SIV, SVII and SVIIL.

4. HEM degradation products

Detonation, deflagration or combustion of HEM leads to degradation with a simultaneous release of significant

amounts of [3, 10, 11, 42]:

a) heat energy,

b) radiant energy,

¢) mixture of hot gases (quality and volume determine the type and ratio of atoms in a specific HEM)
at high velocity.

HEM degradation products usually include the following atoms [3, 11]:

a) carbon (C) as a grey or black smoke (soot, graphite or diamond), carbon monoxide (CO) and carbon
dioxide (CO,),

b) hydrogen (H) as elemental hydrogen (H,) and water (H,O),

¢) nitrogen (N) as elemental nitrogen (N,), nitrogen (II) and nitrogen(IV) oxides,

d) chlorine (Cl) as HCL

A key factor, from the point of view of HEM application safety and environmental protection, is the quality

and quantity of the products of high-energy decomposition of toxic components. The main factor determining

chemical composition of the products is the oxygen balance (OBuw) [42]:

_ (a-b)M,

MW

OB, 100% 1)

where:

— a, the number of oxygen atoms required for complete oxidation of combustible components present
in the material,

— b, the number of oxygen atoms in the material,

— (a—Db), the difference showing excess (+) or deficit (—) of oxygen atoms (O) required for complete oxidation
of combustible components present in the HEM,

— Mo, oxygen (O) atomic mass,

—  Muw, HEM molecular weight.

OBy 1s the relation between the mass of combustible elements (C and H) and the oxygen (O) in the HEM’s

unit weight (100 g) expressed as a percentage of mass. It is a key indicator, since it determines both the quality

and the volume of HEM decomposition products. The difference between the actual and stoichiometric number
of oxygen atoms in the mixture and the amount required for complete oxidation of the components is designated

as (0), (+) or (—). If the value is [3, 11, 42]:

—  zero, OBuw = 0%, the number of oxygen atoms in the material corresponds to the stoichiometric amount
required to oxidize all material components to their higher oxidation state (C to CO,). The example
compound with OBuw = 0% is nitroglycol (CH,(ONO.),),

— positive, OBuw > 0%, the number of oxygen atoms is higher than required for complete oxidation
of all material components to the products in form of gas, mainly carbon to CO, and hydrogen to H,O,
e.g. nitroglycerine (C;Hs(ONO»)3): OBuw = +3.52%,

— negative, OBuw < 0%, the number of oxygen atoms is lower than required for complete oxidation of HEM
components, e.g. trinitrotoluene ((NO,);C¢H.CHs): OByw = —78%.

The materials characterized by positive OB may include nitrogen oxides (NOx) as their decomposition

products [42].
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Introducing aluminium (Al) as flakes or dust, reduces the volume of gaseous products of HEM decomposition.
Aluminium content reduces the critical diameter of detonation of charges made of selected calcium ammonium
nitrates and increases the amount of heat released and the effectiveness of HEMs [3, 11, 91, 92].

5. The effects of HEM decomposition products on the environment

The products of HEM decomposition usually include carbon monoxide and dioxide (CO, CO,); nitrogen(II)
and nitrogen(IV) oxides (NO, NO,) — hazardous both to health and environment, contributing to the greenhouse
effect (CO, CO,, HC, soot particles), ozone depletion (NO, NO,, HCI) and acid precipitation (HCI) [3, 4, 11,
20, 63, 66, 95, 96]. The inorganic substances listed in item 3 are the source of toxic heavy metals (Hg, Pb, Fe,
Mn, Ti, Mo, Zn), carbon monoxide and dioxide (CO, CO,), nitrogen oxides (NOx), methane (CH,), chlorine
atoms (Cle) (HCI) and sulfur oxides (SOx) [62, 63].
Literature includes a growing number of publications which discuss the hazards resulting from the effects
of HEMs and the products of detonation or combustion released into the environment at testing grounds,
shooting-ranges and their surroundings. Test results carried out in all biospherical elements (air, soil, plants,
surface and ground water) show that HEMs:
a) disturb species biodiversity [97],
b) contaminate air, soil, surface and groundwater with decomposition products, including heavy metals (Pb,
Cu, Zn) [63, 98],
¢) contaminate soil (particularly decomposition products of rocket propellants and ammunitions efc.) [99-102].
The high chemical reactivity of AP means, that when used as an oxidizer in rocket propellant, the service life
of the propellant is significantly lower than for the composite propellants (NC and NG-based), which means
a increased frequency of testing to determine further applicability of the product for military purposes and hence
higher operational costs [20, 103]. Hydrochloride (HCI) and the product of its decomposition in troposphere —
a highly reactive chlorine free radical (Cle), released as a product of AP decomposition is a serious ecological
concern [63, 95, 96].
Gas products formed during the detonation of HEMs for civil and mining applications may contain carbon
oxide (CO), nitrogen oxides (NOx), other gases, vapours and solids in quantities which will not affect health.
A significant accomplishment in the area of blasting explosives for mining purposes was the introduction of
emulsion HEMs without explosive components such as nitroglycerine or TNT. The emulsion HEMs may be O/W
type emulsions, with water (W) as a continuous phase, and W/O type emulsions with oil (O) as a continuous
phase. These explosives are more environmentally friendly and safer to use (showing no sensitivity to friction
and impact) [3, 86, 104-106].

6. Overview of HEM disposal methods

The following disposal methods of decommissioned HEMs are usually suggested [4, 107]:

a) Chemical conversion, e.g. hydrolysis [4, 108].

b) Storage in underground stores; a palliative solution, since the released decomposition products are a potential
source of groundwater contamination [4, 109]. After the Second World War, significant amounts of HEMs
and chemical weapons were disposed of in the seas and oceans, including the Baltic Sea.

c¢) Controlled physical and chemical HEM decomposition by:

— water (H,O) in supercritical condition (i.e. in the fourth state of matter), in which high reactivity results
in decomposition leading to HEM mineralization in the final phase [4, 110],

— hydrogen peroxide (H,O,) introduced to water contaminated with HEMs (high-explosives,
rocket propellants efc.) and the decomposition process initiated by UV radiation; a relatively
expensive method [4, 111],

— catalytic photo-degradation leading to complete HEM mineralization; the method demonstrated using
3-nitro-1,2,4-triazol-5-one (NTO), where the nitrous group (—NO,) is reduced as a result of UV radiation
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d)

¢)

7.

(4>290 nm), and the presence of titanium dioxide (TiO,) causes the specimen to mineralize [4, 112].
Direct incineration or detonation in open areas; these are currently the most common disposal methods,
however, from the practical point of view, should be abandoned due to economic reasons (loss of energy)
and the adverse effects of high-energy reaction products on health and the environment [4, 113].

Biological decomposition using various microorganisms; the method allows the elimination of HEM in
the soil and water environment; the products of multi-stage decomposition include gases: dinitrogen (N,)
and carbon dioxide (CO,), and solids: sludge; the example of trinitrotoluene shows that in some cases,
compositions exhibiting toxic and/or mutagenic properties can be present in the decomposition
products [114].

Recycling or reuse of military HEMs, the best example of which is melting trinitrotoluene from the warheads
and using it in blasting explosives for mining purposes; the practice shows that it is an economically viable
and eco-friendly method [4, 115].

Directions of HEM research

Analysis of monographs, available publications and patent applications regarding HEMs shows that the current
directions of research focus on:

1.

Improving the synthesis methods of currently used explosives to improve their performance; by selecting

the optimum synthesis procedure, feedstocks and/or reaction medium.

a) Using new feedstocks to fabricate LLM-105 (2,6-diamino-3,5-dinitropyrazine-l-oxide) enables [116]:
— increased efficiency of the final product (up to 43.4%),

—  higher purity product,

— increased production safety,

— reduced production costs,

—  product use without recrystallization.

b) Developing new synthesis methods of 4,4°,5,5-tetranitro-2,2’-bi-1H-imidazole (TNBI) to improve
its energy properties [14].

¢) Proposals of new, safe and effective oxidant/high-energy filler compositions for solid composite rocket
propellants, providing new benefits discussed in a review study with many examples [20].

Developing new, safer, more effective synthesis methods at reduced costs, at a scale corresponding

to demand.

a) Using asol-gel method to synthesise high-energy components of CL-20 and binders enables end products
with improved performance in the nanoscale, to be obtained [117].

b) Using different methods of ADN synthesis, in 2015 resulted in developing the safest method
of obtaining a final product on a large scale [17], however, it took several years in Poland (the research
has been ongoing since 2011 [118]).

¢) Fournew methods of TNBI synthesis were proposed, indicating possible performance improvements [ 14].

Seeking new effective and non-toxic alternatives to currently used HEMs.

a) 1-[(2E)-3-(1H-tetrazol-5-yl)triaz-2-en-1-ylidene]methanediamine) (MTX-1) was proposed
as a potential alternative to (1-(5-tetrazolyl)-3-guanyl tetrazene hydrate) (tetrazene). MTX-1 shows
good thermal stability, higher efficiency and is much safer as an initiating charge [119].

b) ADN was proposed as an alternative to AP in solid rocket propellants; it is considered eco-friendly due
to more benign combustion products [17].

¢) Commonly used oxidizers, including AN and AP are replaced with lithium perchlorate (LiClO4) [20, 120].

d) Inthe last decade, due to the need to develop new alternatives for rocket propellant components, research
has mainly focused on: ADN, RDX, CL-20 also referred to as HNIW, HNF [(N,Hs)"(C(NO,);], glycidyl
polyazide (GAP) [121-125].

A key method of increasing the energy performance of solid and liquid explosives is a partial substitution

of oxygen atoms (O) with fluoride atoms (F); the best effects were achieved by partially substituting -NO,
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functional groups with —NF, groups in oxidizers and other components. An increase in energy performance
was observed with an increase in gradual substitution of -NO, groups with —-NF, groups [126].
5. Introduction of new HEMs in practical applications:
a) Allowed new inorganic coordinate bonds to be obtained, characterized by high energy efficiency
and sensitivity in HEMs use as initiating charges, including:

— alkaline-earth carbohydrazide perchlorates with a generalized formula [Me"(CHZ);]
(Cl0y),], where: Me" = Be, Ca, Mg, Sr, and Ba, CHZ — nitrogen-rich ligand — carbohydrazide
NH,NHCONHNH, [127],

— iron(Il) carbohydrazide perchlorate, [Fe"'(CHZ);](C1O4),] also referred to as FeCP, characterized
by higher sensitivity and energy density compared to other presented coordinate bonds [26].

b) Research on aminonitronaphthalenes as a new class of high energy materials following a discovery

of potentially high energy density of FOX-7 [3-5, 10, 27].

¢) Research on compositions of ionic salts, e.g. eco-friendly ADN showing a great potential

of practical applications [128].

6. New solutions and research methods aimed at introducing new HEMs in practical applications
are being proposed:
a) Octanitrocubane (ONC), Cs(NO,)s with the highest known energy density and great potential of practical

applications; its synthesis is a complex and costly multi-stage process [129-131].

b) ADN, HNF and HAN (hydroxylammonium nitrate) are considered as potential future components

of propellant explosives [27].

¢) A new transferred arc plasma reactor (TAPR) was developed for obtaining nano aluminium
powder (NAP) [132].

The need to meet the requirements of sustainable development and legal requirements means that:

a) Research is carried out to increase the effectiveness of currently used and effective newly developed HEM
management methods, in particular, in utilizing the energy stored in chemical bonds and to meet [2, 5, 11,
12, 107, 133]:
— relevant regulations,
— safety requirements,
— economic considerations.

b) The methods of managing HEMs are constantly improving and, over the last decade, remain a focus
due to the need to observe the limitations resulting from relevant national and international legislation.
This was discussed in item 2 on the example of LCA.

8. Summary

The analysis of available materials, including original studies, monographs, reports from scientific conferences

and patent applications relating to high energy materials, has allowed following conclusions to be reached:

¢) Currently, the focus of researchers’ attention is on the improvement of known HEMs showing high
energy density, and involves increasing their efficiency and limiting their sensitivity to thermal
and mechanical stimuli.

¢) New HEMs are usually obtained by modification of currently used HEM particles by adding new
or modifying existing substituents to improve performance.

¢) There is a need to step up the research on new methods or improve the effectiveness of currently used
HEM management methods, particularly those aimed at utilizing the energy stored in chemical bonds
conforming to:
— relevant regulations,
— safety requirements,
— economic considerations.
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#) A special focus should be on the comprehensive analysis of the effects of quality and quantity of high-

energy additives obtained from disposal, to optimize those in existence and designing new HEMs

for mining purposes.

¢) The 12 principles of “green chemistry” should be observed when developing new HEMs, including the latest

developments in organic synthesis to minimize derivatization, and thus the negative effect of the fabrication

processes on the environment.

¢) HEM detonation and combustion processes should not cause ecological hazard.

¢) The effects of specific products, including HEMs on the environment should be analysed using
the LCIA concept.
¢) The disposal of decommissioned explosives bringing economic gain and conforming to the environmental

protection requirements should include the re-processing of all components.
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