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Abstract. The research provides the determining of the parameters for 
composite fuel in the operation of technogenic deposits at coal mining 
enterprises. The qualitative characteristics of technogenic raw materials are 
determined, and the parameters of technological processes to produce 
composite fuel are established: preparation (screening or grinding), 
physical and chemical influence on the state of raw materials, mixing, 
production, and drying (if necessary) to obtain suitable fuel. Based on the 
particle size distribution (as well as sedimentation analysis for waste 
fractions up to 50 μm) and chemical composition (with the determination 
of moisture, volatile matter, ash, and sulphur content) it was found that the 
physicochemical parameters for each type of industrial waste, when 
preparing them for use in the production of composite fuels, have been 
established. A technological classification of technogenic materials has 
been developed, which makes it possible to systematize technical issues in 
the implementation of preparation processes, physical and chemical 
influences, mixing, production, and drying to obtain suitable fuel. 

1 Introduction 
Coal industry is one of the most important sectors of the economy. The coal produced is used 
in many industrial enterprises in the country, most of which are in the energy, metallurgy, 
and chemical industries . In Ukraine, coal is an energy raw material that allows about half of 
the electricity to be produced from all possible energy sources. The electricity demand is 
growing every year, and the demand for coal is growing accordingly. However, the coal 
industry, like all other industries, is currently in a critical state. The main factors limiting the 
development of the coal industry, along with the war, are delays in payments for coal 
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delivered and the lack of state funding for the modernisation of capital assets, which makes 
it impossible to purchase new equipment and repair old ones, as well as to maintain mine 
workings in accordance with operational requirements, which leads to a decrease in mine 
productivity [1, 2]. 

The extraction, beneficiation, and processing of mineral raw materials are associated with 
the generation and accumulation of waste. Mine and tailing dumps, ash and slag dumps of 
thermal power plants, and stored waste from metallurgical, chemical, and other industries 
occupy huge areas, degrade the ecology of regions, and reduce the quality of life of residents. 

At the same time, the component composition and size of these formations make it 
possible to consider them as technogenic deposits that have real prospects for industrial 
utilization [3]. The development of technogenic deposits has at least two positive results: 
obtaining valuable mineral raw materials (including non-ferrous, rare, and even precious 
metals) and improving the environmental condition of the surrounding area. 

The technogenic deposits also include places or objects of accumulation: 
– products of mineral raw materials or fuel processing that resulted from their losses 

during transportation, storage, and utilization; 
– substandard mineral raw materials that are not involved in the production process under 

current conditions, but in the future, when the technical and economic situation changes, may 
be involved in recycling [4 – 7].  

Based on preliminary data, over the past decades, Ukraine has been accumulating about 
1 billion tons of waste from various industries per year, and currently, it reaches more than 
30 billion tons. These wastes occupy an area of more than 160 thousand hectares, most often 
on fertile land, poisoning the environment. However, these wastes contain significant 
amounts of mineral resources. 

More than 200 years of industrial coal mining and processing in Ukraine have resulted in 
vast amounts of waste: the number of coal mine spoil tips and dumps is close to 1,300, they 
cover an area of about 6.500 hectares of fertile and buildable land, and the weight of waste 
per capita in Ukraine is about 4.000 tonnes [8 – 10]. 

Waste from the coal industry is a technogenic raw material for coal beneficiation plants, 
which accounts for 5 – 40% of the weight of processed raw materials. Both gravity and 
flotation methods of coal beneficiation produce lumpy and fine waste, respectively. The grain 
size in flotation beneficiation is less than 1 mm. In gravity beneficiation, half of the waste is 
in the 25 – 50 mm fraction, and about 30% of the waste is larger than 50 mm. The fine 
fraction (0 – 25 mm) accounts for approximately 20% of waste. Together with granulometric 
characteristics, this waste provides significant energy potential [8 – 13]. 

Implementing sustainable actions to diversify energy sources and utilize production 
wastes requires developing new technologies to produce alternative fuels and the recycling 
of technogenic waste. 

The new technology for producing composite fuel from waste is directly related to the 
operation and interaction of fine dispersed materials with electrokinetic phenomena. 

2 The choice of object to study 
The properties of high molecular weight compounds, which include the main waste products 
of coal beneficiation, namely coal sludge, are determined by both the chemical structure of 
macromolecules and the forces of intermolecular interaction. There are various types of bonds 
between coal macromolecules of different levels of metamorphism: from valence and 
hydrogen bonds to intermolecular forces caused by orientation, induction, and dispersion 
effects [14, 15]. 

The structural chemistry of the carbon formation at the peat, lignite, and coal stages is the 
most complex and least investigated. One of the most important properties of technogenic raw 

2

E3S Web of Conferences 526, 01021 (2024)
SEP 2024

https://doi.org/10.1051/e3sconf/202452601021



materials (sludge) is moisture content, which means the total mass of water contained by 
carbon particles. Many physicochemical properties and technological features are associated 
with the moisture content, mainly porosity, swelling, shrinkage, plasticity, compressibility, 
compression strength, and the ability to stamp or form. 

When using other selected materials, the physical and chemical properties, and 
technological characteristics, not only moisture, should be considered for the processes of 
producing composite fuels from waste. Accordingly, the technological classification of 
technogenic materials from which composite fuels can be produced is necessary [10, 16]. 

When compacting weakly-structured coal sludge without binders, a certain moisture 
content in the carbon is an essential condition for the intermolecular interaction of the coal 
substance, both in the grain volume (which causes its strengthening) and on the surfaces of the 
grains in contact [17 – 20]. The contradictions of numerous hypotheses of briquetting and 
granulation are included in the different estimates of the forms of moisture bonding in the 
pressed solid fuel and its compression behaviour. 

Solids and liquids have almost identical cohesive forces and low compressibility, as the 
average distance between particles is approximately the same. Therefore, concerning all-round 
compression (or all-round tension), unlike gases, liquids, and solids are almost equally difficult 
to compress and have a strong resistance to volume change. Only shear deformation 
determines the real strength, elastic and plastic properties of solids, and the viscosity (fluidity) 
of liquids. However, only solids have hardness, namely static elasticity of form. The elasticity 
of the form of solids is determined by the presence of a regular spatial lattice in crystals and 
polycrystalline aggregates or a disordered structural grid (“skeleton”) in gels and glassy 
bodies. 

Following the reasoning of effective production of composite fuels, it is necessary to add 
various adhesives and, accordingly, binding materials to mixtures of technogenic materials to 
improve physical and mechanical properties. Liquid glass, cement, and clay will be the most 
effective materials. However, such binders significantly reduce the quality properties of the 
product – decrease the lower and higher calorific value, increase ash for the as-received and 
dry state of the fuel, and increase the abrasive effect on the equipment involved in the 
processing of technogenic waste into fuel [21]. 

Therefore, it was proposed to use materials containing carbon as binders. These materials 
are also representatives of technogenic waste. They can be components of composite fuels that 
can improve the technological characteristics of production processes and contribute to 
obtaining a better product in terms of the above quality indicators. This waste is lignin, a 
residue of the chemical industry [22, 23]. 

Annually, the global production of technical lignins is about 70 million tons, a valuable 
chemical raw material source. Unfortunately, this raw material is currently not widely 
available regarding organisational, economic, and technical conditions. Lignin decomposition 
into simpler chemical compounds (phenol, benzene, etc.) is more expensive than their 
synthesis from oil or gas when compared to the quality of the products obtained. According to 
the International Lignin Institute, no more than 2% of technical lignins are used worldwide for 
industrial, agricultural, and other purposes. The rest are burned in power plants or stored in 
landfills. 

The complexity of the industrial processing of lignin is due to its nature, the 
multivariability of structural chains and bonds between them, and the instability of this natural 
polymer, which irreversibly changes its properties under chemical or thermal effects. 
Industrial wastes do not contain natural protolignin but rather significantly modified lignin-
containing substances or mixtures of substances with high chemical and biological activity. 
Additionally, they are contaminated with other substances. This makes it difficult to recycle it 
in various processes [24 – 26]. Lignin storage areas have an unpleasant property of 
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spontaneous combustion, emitting sulphurous, nitrogenous, and other substances. Fig. 1 
shows technogenic lignin deposits: a) “lignin storage” and b) burning lignin. 

 
a b 

 
Fig. 1. Technogenic lignin deposits: (a) “lignin storage”, (b) burning lignin. 

 
Another alternative to possible binders of composite fuels is waste from the pulp and paper 

industry (Fig. 2). The use of these wastes could solve the issue of replacing the binder by 
volume with the bulk of the composition in fuel production [27 – 31]. In addition, this will 
provide an opportunity to release the territories where this technogenic resource is stored. 

 

 
Fig. 2. Technological waste from the pulp and paper industry that can be used to produce composite 
fuels. 
 

Waste paper scrap is a dewatered sludge from the mechanical wastewater treatment from 
cardboard and paper production. 

Preparation of the waste paper mass includes dissolving waste paper in pulverisers. The 
waste paper pulp then passes through a series of cleaning equipment, grinding and reaching 
the required concentration before being delivered to the cardboard and paper machines. The 
machines use the waste paper pulp to produce and dry cardboard and paper stock. 

Wastewater from the cardboard and paper machines is treated (settled). After settling, 
clarified water and wastewater sludge are formed. The clarified water is returned to the 
production process and reused. 

Wastewater sludge formed from settling contains a significant amount of cellulose fibre, 
which is not included in the finished product due to its small size. The small particle size and 
carbon component are interesting from the point of view of processing this waste. In addition, 
using this waste can reduce the abrasive component and improve the viscous plasticity of the 
fuel mixture. Additionally, cellulose can be effectively used as a component of mixtures with 
coal and other hydrocarbons for pyrolysis and coking [32 – 36]. 
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To develop a complete view of the possibility of using waste from coal beneficiation, 
chemical, and pulp and paper industries, it is necessary to systematize all their characteristics, 
namely the technological classification of technogenic sources from which composite fuels 
can be produced. An important component of the properties of technogenic materials is the 
mineral part of waste, which directly affects the selection and reasoning of fuel production 
processes. 

The electrification of solid fuel materials can be caused by electric fields and mechanical, 
physical, and chemical processes. When analyzing the data on the natural electrical properties 
of crushed coal, it should be noted that coal is charged bipolarly and asymmetrically during 
grinding [6, 7]. 

The fundamental difference from traditional granulation or briquetting is that 
electrokinetic (adhesion-chemical) processes do not require significant pressure at the level of 
1 – 5 MPa/m2 with binders and 10 – 30 MPa/m2 without binders, or heating of raw materials 
to 100 – 120 ºC. 

Electrokinetic compaction of industrial waste is a complex physical and chemical 
interaction process between separated solid particles. The structure of the pieces is formed by 
direct contact of the particles with each other or through a layer of components and water due 
to mechanical activation. Dispersed waste, represented by coal and rock particles, is a 
substance that can combine separated solids and maintain their strong contact under conditions 
of significant external influences. It should meet the properties of adhesives. The strength of 
any multiphase system formed due to the adhesion and bonding of an adhesive and a substrate 
is characterized by adhesion, autogelation, and cohesion [4, 37, 38]. 

Adhesion characterises the molecular interactions between the surfaces of two dissimilar 
liquid or solid bodies that are brought into contact. 

The energy balance of forces in the interfacial zone is described by 

,−= + +wet ss as ss asE E E E      (1) 

where Ewet is the wetting energy; Ess is the substrate surface energy; Eas is the adhesive surface 
energy; Ess-as is the energy of the substrate-adhesive interface. 

It is common to use the values of surface tension and the contact angle to determine the 
wetting of a liquid by a solid. The contact angle determines the energy at the interface, i.e., the 
adhesive energy. The adhesive crosses the surface of the substrate along a line called the 
wetting perimeter. 

Based on this and the equilibrium conditions, the contact angle is determined by: 

cos ,
σ σθ

σ σ
−−

= +ss ss as

as as

f       (2) 

where f is the coefficient that accounts for the friction force on the rough surface of the 
substrate. 

3 Research methods 
In the study of the properties of technogenic raw materials, analytical and experimental 
analysis of the granulometric composition – sieve, and sedimentation [5], as well as a 
comprehensive one, including analysis and summarisation of scientific and technical 
achievements in the field of physical and chemical effects on disperse systems – 
electrokinetic and surface properties, were used [39, 40]. 
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4 Research results 
The particles in technogenic waste also have a rough surface and different forms. To account 
for the particles’ form, it was examined them at the microscopic scale and systematised them 
according to the ranges of particle size distribution. 

Six samples of technogenic raw materials were examined, namely: 
1 – lignin 1; 
2 – lignin 2; 
3 – lignin 3; 
4 – pulp and paper mill sludge; 
5 – coal sludge of mark G;  
6 – coal sludge of mark D. 
The results of the research are presented in Table 1. 
 

Table 1. Results of sieve analysis. 

Size range, 
mm 

Technogenic material (lignin)
1 2 3 4 5 6 

Yield of sizes, %
γ Σγ γ Σγ γ Σγ γ Σγ γ Σγ γ Σγ 

-10.0+2.5 – – 15.45 15.45 – – – – – – – – 
-2.5+1.0 – – 21.14 36.59 – – – – 11.57 11.57 16.53 16.53 
-1.0+0.315 – – 21.26 57.85 11.45 11.45 15.69 15.69 48.15 59.72 25.73 42.26 
-0.315+0.05 37.43 37.43 27.68 85.53 37.28 48.73 41.67 57.36 26.38 86.10 24.40 66.66 
-0.05+0 62.57 100 14.47 100 51.27 100 42.64 100 13.90 100 33.34 100 

 
The particle size distribution of the studied technogenic materials is presented in the 

diagram (Fig. 3). 
 

 
Fig. 3. Particle size distribution of the technogenic raw materials. 

 
The subsequent more precise and detailed analysis for studying the particle size 

distribution is sedimentation. Since the technogenic raw materials in most of their masses 
represent complex dispersed systems, sedimentation will characterise the physical and 
mechanical properties of the waste components to the maximum possible level. 

Sedimentation analysis (SA) is a combination of methods for determining the particle size 
in dispersed systems and the molecular weight of macromolecules in polymer solutions by 
the sedimentation rate under conditions of sedimentation-diffusion equilibrium [8, 41, 42]. 
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SA allows for determining both the average dispersion characteristics and the size or 
weight distribution of dispersed phase particles. The main methods of SA are constant 
sedimentation rate and sedimentation diffusion or sedimentation equilibrium; methods of 
approximation to sedimentation equilibrium and sedimentation in a density gradient are also 
used. Gravity-field SA is used for coarse systems (suspensions, emulsions, dust) with a 
particle size of 10-2 – 10-4 cm. Usually, the method of constant sedimentation rate is used, 
and the searching values are found by changing the rate of sediment (cream) accumulation, 
the density of the suspension (emulsion) column, and the particle concentration at a certain 
level. Equipment for this method, based on the principles of weighing (e.g., sedimentation) 
or hydrostatic pressure measurement, is called a sedimentation device. Sedimentation 
Analysis (SA) for highly dispersed systems, where particle sizes are less than 10 – 4 cm and 
typically sedimentation stable, is conducted under centrifugal forces. A.V. Dumanskiy first 
suggested utilizing centrifuges for the sedimentation of such systems [43]. Further 
advancements in SA methods within centrifugal forces were pioneered by T. Svedberg, the 
inventor of the ultracentrifuge [44, 45]. The ultracentrifuge generates centrifugal 
accelerations tens and hundreds of thousands of times greater than Earth's gravity, facilitating 
the sedimentation not only of small colloidal particles but also high molecular weight 
compounds. During Centrifugal Analysis (CA) in an ultracentrifuge, the sedimentation 
constant can characterize dispersed phase particles or dissolved polymer molecules. This 
constant, measured in Svedbergs (1 Svedberg = 10 – 13 s), depends on the mass and shape 
of the particle or macromolecule. Optical measurements, such as changes in refractive index 
or light transmission, are employed to calculate sedimentation rates, equilibrium, constants, 
particle sizes, masses, and polydispersity in the analyzed system. While gravity-based SA is 
common for determining dispersed composition in materials like crushed substances, soils, 
and industrial dust, centrifugal SA is instrumental in evaluating molecular weight and 
uniformity of polymers, including biopolymers. In disciplines like biochemistry and 
molecular biology, SA aids in identifying cellular structures, sizing viruses, and separating 
lipoproteins based on lipid-protein ratios [21, 46]. 

Sedimentation equilibrium: 
Spherical dispersed particles are influenced by gravity proportional to the apparent mass: 

24 ,
3

π Δρ=P r g      (3) 

where g is free-fall acceleration; 2 1Δρ ρ ρ= − is difference in the densities of the particle 
and the medium. 

Under the action of a force P, the particles begin to move accelerated, but they are subject 
to a force of resistance F proportional to their velocity U, radius r, and viscosity of the 
medium (Stokes’ law): 

6 .π η=F U r             (4) 
As the velocity of the particle increases, there comes a point where the force of resistance 

from the medium, F, counteracts the force of gravity, P, acting on the particle. Following this 
point, the particle moves at a constant sedimentation rate, U. 

;
6

Δρ
πη

= gVU
r

      (5) 

34 ,
3

π=V r      (6) 

where V is the volume of a spherical particle with radius r. 
During the sedimentation of particles, a gradient of their concentration arises in the direction 

of gravity; such a gradient leads to the diffusion of particles in the direction of their lower 
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concentration, i.e., in the direction opposite to the direction of sedimentation. At the same time, 
a state is possible when sedimentation and diffusion flows are mutually balanced – 
sedimentation-diffusion equilibrium occurs, which is described by the barometric formula: 

0 exp .Δρ = −  
h

gVn n
KT

      (7) 

The barometric formula defines the dependence of the pressure or density of a gas on the 
height in the field of gravity. For an ideal gas that has a constant temperature T and is in a 
homogeneous field of gravity, the barometric formula is as follows: 

( )0
0 exp ,ρ ρ

 −
= − 

  

gm h h
RT

       (8) 

where p is the gas pressure in the layer located at a height h; p0 is the pressure at zero (h = 
h0); m is the molecular weight of the gas; R is the gas constant; T is the absolute temperature. 

According to the barometric formula, the concentration of molecules, denoted as n (or 
gas density), decreases with altitude following the same principle: 

( )0
0 exp ,

 −
= − 

  

mg h h
n n

kT
      (9) 

where m is the mass of the molecule; k is the Boltzmann constant. 
The barometric formula finds its roots in the law governing the distribution of ideal gas 

molecules concerning velocities and coordinates within a potential force field. Two essential 
conditions underpin this derivation: the stability of gas temperature and the uniformity of the 
force field. These conditions find analogous application to the tiniest solid particles 
suspended in either a liquid or gas medium. Leveraging this analogy, J. Perrin adapted the 
barometric formula to elucidate the height distribution of emulsion particles, thereby 
enabling a direct determination of Boltzmann's constant. Essentially, the barometric formula 
reveals that gas density experiences an exponential decrease with increasing altitude. The 
value -mg(h-ho)/kT, which determines the rate of density reduction, is the ratio of the potential 
energy of particles to their average kinetic energy, proportional to kT. The higher the 
temperature T, the slower the density decreases with height. On the other hand, an increase 
in gravity mg leads to a much greater compaction of the lower layers and an increase in the 
density difference. The force of gravity mg acting on the particles can change due to two 
quantities: the acceleration g and the mass of the particles m. Hence, within a gas mixture 
under the influence of gravity, molecules of varying masses exhibit distinct distributions in 
altitude. The real distribution of air pressure and density within Earth’s atmosphere deviates 
from the barometric formula due to variations in temperature and gravitational acceleration 
with altitude and geographical latitude. Furthermore, atmospheric pressure increases with 
water vapor concentration in the atmosphere. Barometric leveling relies on the barometric 
formula as its foundation, serving as a technique for calculating the disparity in height (Dh) 
between two locations marked by distinct atmospheric pressures (p1 and p2). Given that 
atmospheric pressure is subject to weather variations, it’s essential to minimize the time gap 
between measurements and ensure that the measurement sites are relatively close together. 

In this case, the barometric formula is written in the form: 

( ) 1

2
18400 1 lg ,= + ⋅

pDh at
p

       (10) 

where t is the average temperature of the air layer between the measurement points; a is the 
temperature coefficient of volumetric expansion of air. 
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Using this formula, the calculation error does not surpass 0.5% of the measured height. 
However, Laplace’s formula is more precise due to its consideration of factors like air 
humidity and fluctuations in free-fall acceleration [5]. 

For sedimentation analysis, it is necessary to calculate the time of particle sedimentation: 

( )2
0.1835 ,

δ
=dppt

d
           (11) 

where δ is the material density, g/cm3; d is the particle diameter of the material, μm. 
Density calculation δ by S.I. Mitrofanov [5]: 

( )
( ) ( ) ,

γ
δ

−
=

− − −
pA B

C B D A
     (12) 

where А is the dry flask weight with the material, g; В is the mass of the dry flask, g; γр is 
water density at the test temperature, g/cm3; С is the flask weight with water, g; D is the flask 
weight with water and material, g. 

The results of the six most representative samples, which were analyzed using the 
granulometric (sieve) and sedimentation methods, are presented in Tables 2 and 3, 
respectively. 

 
Table 2. Results of studying the particle size distribution of technogenic materials samples 

Sample 
number 

Sample 
name 

Size range, mm
-10.0+2.5 -2.5+1.0 -1.0+0.315 -0.315+0.05 -0.05+0 

Yield of sizes and total yield γ and Σγ, respectively, % 
1 Lignin 1 – – – 38.36; 38.36 61.64; 100 
2 Lignin 2 – – – 61.39; 61.39 38.61; 100 
3 Lignin 3 – – 13,16; 13.16 50.34; 63.50 36.50; 100 
4 Pulp and 

paper mill 
sludge

– 4.72; 4.72 34.69; 39.41 43.45; 82.86 17.14; 100 

5 Coal sludge 
of mark G – 12.48; 12.48 46.67; 59.15 26.62; 85.77 14.23; 100 

6 Coal sludge 
of mark D – 8.23; 8.23 41.61; 49.84 22.63; 72.47 27.53; 100 

 
Table 3. Results of studying the particle size distribution of technogenic materials samples  

less than 50 µm fraction using sedimentation analysis. 

Sample 
number 

Sample 
name 

Diameter of 
the particles d, 

μm
Density, 
δ, g/cm3 

Particle 
sedimentation time 

t, s

Volumetric mass 
Δ, % 

1 2 3 1 2 3 1 2 3 
1 Lignin 1 50 35 20 0,92 43.8 78.7 268.5 36 39 25 
2 Lignin 2 50 35 20 0,94 39.1 69,3 243.6 59 12 29 
3 Lignin 3 50 40 30 0,89 41.2 61,4 103.5 39 23 38 
4 Pulp and 

paper mill 
sludge 

50 30 20 1.21 49.4 118.2 259.3 41 28 31 

5 Coal sludge 
of mark G 

50 30 20 1.67 38.5 133.6 277.4 31 26 43 

6 Coal sludge 
of mark D 

50 30 20 1.58 40.6 119.7 287.2 68 12 20 
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Fig. 4 provides a comparative graph of the dependence of the particle deposition time on 
their diameter for each type of sample. 

 

 
Fig. 4. Dependence of particle sedimentation time on their diameter. 

 
The decrease in the free energy of the system, which is characteristic of adhesive 

spreading, is expressed by the spreading coefficient: 
.σ σ σ −= − −ss as ss asK      (13) 

The spreading coefficient is the difference between the adhesive's bonding energy to the 
substrate and the adhesive's cohesive energy. Cohesion characterizes the intensity of molecular 
interactions in the adhesive volume and is a criterion for assessing the strength of the substrate. 
A specific case of adhesion is autohesion, which is the adhesion of surfaces of the same 
substance, preventing their distribution at the place of contact. A required condition for 
autohesion interactions is the spontaneous fusion of adhesive films. 

Pressure plays an important role in the structure formation process. When pressure is 
applied during the fuel production process, the mixture is transformed into a strong, lumpy 
product. Deformation of the coal-rock mixture during fuel production is a plasticity function. 
The following equation can describe plastic deformation: 

,η− =F dvN
S dh

             (14) 

where F is the deforming force, N; S is the shear surface on which the deforming force acts, 
cm2; N is the maximum shear stress, Pa; η is the viscosity, Pa·s; dv is the difference in 
velocities of two particles of material located at a distance dh perpendicular to the direction 
of movement; dv/dh is the velocity gradient. 

Compounds containing raw materials can be of organic or inorganic origin and need to 
correspond to the following requirements: 

– have high surface activity, maximally wetting the hard surface of the material, providing 
a strong bond; 

– be resistant to precipitation, temperature, sunlight, oxidation, etc; 
– not destroy the structure of the substrate in the finished solid fuel; 
– have elastic and plastic properties, have high strength, but not stiffer than the material 

being bonded; 
– have a high curing rate; 
– not contain toxic volatile substances; 
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– contain a sufficient proportion of caking components that ensure thermal stability of the 
finished fuel during combustion; 

– not to be in short supply and to be cheap; 
– be stable during storage, well and safely transported. 
The rheological properties of compounds containing raw materials depend on molecular 

interactions, structure, and thermal motion of macromolecules. The main rheological 
constants of the raw material particles are the plastic viscosity ηpl and the maximum shear 
stress. The relationship between these quantities, which is expressed with the application of 
external forces, is described by the formula: 

,η ′= +pl
dvF f
dr

     (15) 

where F is the force required for the surface of a certain area of the velocity gradient dv/dr to 
interact with an adjacent surface. 

The activity of the surface is determined by the specific surface area and the particles that 
compose it and have certain charges. It has been experimentally found that the electrokinetic 
potential on the surface of particles increases by 2 – 2.5 times because of mechanical 
activation, which occurs when using the technology of development of technogenic waste 
from the coal industry. It was established that the increase in chargeability leads to an increase 
in strength and improvement of the structure formation of the resulting fuel. 

Electrokinetic compacting, as a mechanism, consists of the following processes: grinding 
and compaction of sludge inside the equipment (in the mechanical activation unit), which 
compresses the material between the particles; then the particles themselves are compacted 
and deformed, with molecular bonding occurring between them. As a result of compacting, 
the elastic deformations of the particles are transformed into plastic deformations, which 
strengthen the structure of the fuel and keep the specified form. 

The formation of the structure of composite fuel should be considered as one of the types 
of bonding of separated solid materials using adhesives. Structure formation is based on the 
processes of mutual arrangement and interconnection of individual contacting elements of 
the system. Aggregation is determined by adhesion and bonding. Adhesion, as the initial 
stage of the bonding process, is associated with forming an ordered adhesive film on the 
surface of a solid (substrate). Adhesion is characterized by the viscous-fluid (sometimes 
liquid) state of the composite. Subsequent processes lead to structuring. The production 
processes were modeled on the CFP-1 laboratory setup (Fig. 5). 

 

 
Fig. 5. Laboratory setup for modeling the processes of composite fuel production from wastes (CFP-1). 

 
The compounding process depends on many factors because of using the technology of 

production of composite fuel from waste (adhesion-chemical method) and may consist of 
several basic operations that are carried out sequentially: 

– loading the charge into silos, dosing and loading into special vessels; 
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– removal of ferromagnetic objects from the raw material; 
– screening (crushing or dispersing) - destruction of pieces from 5 – 6 to 25 mm and 

above to a particle size below 5 – 6 mm. In the case of coal sludge and composites with the 
largest class up to 1 – 2 mm and below, crushing is not required, and such material is ready 
for compaction; 

– loading of raw materials into the bunker of the test setup (industrial unit); 
– moisturizing (if required) and adding the composite; 
– compacting in the facility. In this case, the compacting mechanism is realized as 

follows: when the fuel is compacted inside the test facility, a small pressure is formed, which 
causes the material to compress due to the voids between the particles. Then, the particles 
themselves are compacted and deformed; molecular bonding occurs between them. At the 
end of processing, the elastic deformations of the particles turn into plastic deformations, as 
a result of which the structure of the rods-briquettes is strengthened, and their specified form 
is preserved. The physical and chemical properties of the material strongly influence the 
character of the deformation; 

– loading into the drying chamber; 
– drying with hot air in the drying chamber; 
– delivery of the composite fuel to the storage unit; 
– drying fuel at the storage unit if needed. 

5 Conclusions 
The production of composite fuel from coal beneficiation products within the context of 
developing technogenic deposits involves a multifaceted physical and chemical process. This 
process revolves around the intricate interaction among separated solid particles. The 
composite fuel's structural composition arises from the direct contact of these particles with 
each other, or through interlayers of various components and water. This interaction is 
facilitated by the mechanoactivation forces present in the technogenic waste processing 
machinery. 

Given the diverse range of technological methods and the inherent specificity of different 
types of raw mineral materials, a one-size-fits-all approach to producing composite fuel from 
waste is unattainable. Consequently, there exists no unified theory governing the production 
of finished composite fuel. Instead, the parameters and processes of the technology exhibit a 
lack of uniformity, necessitating a nuanced understanding and adaptation to the unique 
characteristics of each raw material and processing method employed. 

References 
1. Gayday, O., & Gurgiy, N. (2015). The questions of main drift protection in Western Donbas coal 

mines. New Developments in Mining Engineering 2015: Theoretical and Practical Solutions of 
Mineral Resources Mining, 271-274. https://doi.org/10.1201/b19901-48 

2. Haidai, O., Ruskykh, V., Ulanova, N., Prykhodko, V., Cabana, E., Dychkovskyi, R., Howaniec, N., 
& Smolinski, A. (2022). Mine Field Preparation and Coal Mining in Western Donbas: Energy 
Security of Ukraine – A Case Study. Energies, (15), 4653. https://doi.org/10.3390/en15134653 

3. Fecko, P., & Tora, B. (2013). Coal waste: handling, pollution impacts and utilization. The Coal 
Handbook. Towards Cleaner Production, 63-84. https://doi.org/10.1533/9781782421177.1.63 

4. Pavlychenko, A., Haidai, O., Firsova, V., Ruskykh, V., Tkach, І. (2020). Technological directions 
of coal beneficiation waste processing (in Ukrainian). Collection of scientific papers of Dnipro 
University of Technology, (62), 139-148. 

5. Haidai, O., Pavlychenko, А., Koveria, A., Ruskykh, V., Lampika, T. (2022). Determination of 
Granulometric Composition of Technogenic Raw Materials for Producing Composite Fuel. 

12

E3S Web of Conferences 526, 01021 (2024)
SEP 2024

https://doi.org/10.1051/e3sconf/202452601021



Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, (4), 52-58. 
https://doi.org/10.33271/nvngu/2022-4/052  

6. Prykhodko, V., Ulanova, N., Haidai, O., & Klymenko, D. (2018). Mathematical modeling of tight 
roof periodical falling. E3S Web of Conferences. Ukrainian School of Mining Engineering, (60), 
00020. https://doi.org/10.1051/e3sconf/20186000020  

7. Firsova, V. (2023). To the issue of utilization of technogenic deposits as mining wastes (in 
Ukrainian). In Proceedings of the 4th International Scientific and Practical Internet Conference 
(pp. 115-118). 

8. Pavlychenko, А., Nikitenko, I., & Haidai, O. (2023). Relevant developments in the field of 
environmental protection technologies of the Dnipro University of Technology (in Ukrainian). In 
V International scientific and practical conference “Ecology. Environment. Energy saving” 
(pp. 186-189). Poltava, Ukraine: NUPP. 

9. Salieiev, I. (2024). Organization of processes for complex mining and processing of mineral raw 
materials from coal mines in the context of the concept of sustainable development. Mining of 
Mineral Deposits, 18(1), 54-66. https://doi.org/10.33271/mining18.01.054  

10. Dychkovskyi, R., Tabachenko, M., Zhadiaieva, K., Dyczko, A., & Cabana, E. (2021). Gas hydrates 
technologies in the joint concept of geoenergy usage. E3S Web of Conferences, (230), 01023. 
https://doi.org/10.1051/e3sconf/202123001023  

11. Ofori, P., Hodgkinson, J., Khanal, M., Hapugoda, P., & Yin, J. (2022). Potential resources from 
coal mining and combustion waste: Australian perspective. Environment, Development and 
Sustainability, 25(9), 10351-10368. https://doi.org/10.1007/s10668-022-02492-3 

12. Acordi, J., Simão, L., Faraco, M.N.S., Borgert, C.H., Olivo, E., Montedo, O.R.K., & Raupp-Pereira, F. 
(2023). Waste valorization of coal mining waste from a circular economy perspective: A Brazilian 
case study based on environmental and physicochemical features. Resources Policy, (80), 103243. 
https://doi.org/10.1016/j.resourpol.2022.103243 

13. Batterham, R.J. (2017). The mine of the future – even more sustainable. Minerals Engineering, 
(107), 2-7. https://doi.org/10.1016/j.mineng.2016.11.001 

14. Biletskiy, V.S., & Smirnov, V.O. (2013). Modelling of mineral beneficiation processes (in 
Ukrainian). Donetsk, Ukraine: Eastern Publishing House, 304 p. 

15. Saranchuk, V.I., Ilyashov, M.O., Oshovskiy, V.V., & Biletskiy, V.S. (2008). Fundamentals of 
chemistry and physics of fossil fuels (in Ukrainian). Donetsk, Ukraine: Eastern Publishing House, 
640 p. 

16. Dyczko, A. (2023). The geological modelling of deposits, production designing and scheduling in 
the JSW SA Mining Group. Gospodarka Surowcami Mineralnymi – Mineral Resources 
Management, 39(1), 35-62. https://doi.org/10.24425/gsm.2023.144628  

17. Borowski, G., & Hycnar, J. (2013). Utilization of fine coal waste as a fuel briquettes. International 
Journal of Coal Preparation and Utilization, 33(4), 194-204. 
https://doi.org/10.1080/19392699.2013.787993 

18. Zhang, G., Sun, Y., & Xu, Y. (2018). Review of briquette binders and briquetting 
mechanism. Renewable and Sustainable Energy Reviews, (82), 477-487. 
https://doi.org/10.1016/j.rser.2017.09.072 

19. Adeleke, A.A., Odusote, J.K., Ikubanni, P.P., Olabisi, A.S., & Nzerem, P. (2022). Briquetting of 
subbituminous coal and torrefied biomass using bentonite as inorganic binder. Scientific Reports, 
12(1). https://doi.org/10.1038/s41598-022-12685-5 

20. Kosturkiewicz, B., Janewicz, A., & Magdziarz, A. (2014). Results of Briquetting and Combustion 
Process on Binder-Free Coking Coal. Polish Journal of Environmental Studies, 23(4), 1385-1389. 

21. Gayday, O. (2013). Researches of structural-mechanical properties of coal tailings as disperse 
systems. Annual Scientific-Technical Collection – Mining of Mineral Deposits, 327-332. 
https://doi.org/10.1201/b16354-60  

22. Polyanska, A., Pazynich, Y., Poplavska, Z., Kashchenko, Y., Psiuk, V., & Martynets, V. (2024). 
Conditions of Remote Work to Ensure Mobility in Project Activity. Lecture Notes in Mechanical 
Engineering, 151-166. https://doi.org/10.1007/978-3-031-56474-1_12  

13

E3S Web of Conferences 526, 01021 (2024)
SEP 2024

https://doi.org/10.1051/e3sconf/202452601021



23. Beshta, O., Cichoń, D., Beshta, O., Khalaimov, T., & Cabana, E. C. (2023). Analysis of the Use of 
Rational Electric Vehicle Battery Design as an Example of the Introduction of the Fit for 55 
Package in the Real Estate Market. Energies, 16(24), 7927. https://doi.org/10.3390/en16247927 

24. Haq, I., Mazumder, P., & Kalamdhad, A.S. (2020). Recent advances in removal of lignin from 
paper industry wastewater and its industrial applications – A review. Bioresource Technology, 
(312), 123636. https://doi.org/10.1016/j.biortech.2020.123636  

25. Kieush, L., Boyko, M., Koveria, A., Khudyakov, O., & Ruban, A. (2019). Utilization of the 
Prepyrolyzed Technical Hydrolysis Lignin as a Fuel for Iron Ore Sintering. Eastern-European 
Journal of Enterprise Technologies, 1(6(97)), 34-39. https://doi.org/10.15587/1729-
4061.2019.154082 

26. Tardy, B.L., Lizundia, E., Guizani, C., Hakkarainen, M., Sipponen, Mika H. (2023). Prospects for 
the integration of lignin materials into the circular economy, Materials Today, (65), 122-132, 
https://doi.org/10.1016/j.mattod.2023.04.001 

27. Peceño, B., Hurtado-Bermudez, S., Alonso-Fariñas, B., Villa-Alfageme, M., Más, J.L., & Leiva, C. 
(2023). Recycling Bio-Based Wastes into Road-Base Binder: Mechanical, Leaching, and 
Radiological Implications. Applied Sciences, 13(3), 1644. https://doi.org/10.3390/app13031644 

28. Haile, A., Gelebo, G.G., Tesfaye, T., Mengie, W., Mebrate, M.A., Abuhay, A., & Limeneh, D.Y. 
(2021). Pulp and paper mill wastes: utilizations and prospects for high value-added biomaterials. 
Bioresources and Bioprocessing, 8(1). https://doi.org/10.1186/s40643-021-00385-3  

29. Cherian, C., & Siddiqua, S. (2021). Engineering and environmental evaluation for utilization of 
recycled pulp mill fly ash as binder in sustainable road construction. Journal of Cleaner Production, 
(298), 126758. https://doi.org/10.1016/j.jclepro.2021.126758 

30. Jarnerud, T., Karasev, A. V., & Jönsson, P. G. (2019). Briquetting of Wastes from Pulp and Paper 
Industries by Using AOD Converter Slag as Binders for Application in Metallurgy. Materials, 
12(18), 2888. https://doi.org/10.3390/ma12182888 

31. Simão, L., Jiusti, J., Lóh, N. J., Hotza, D., Raupp-Pereira, F., Labrincha, J. A., & Montedo, O. R. 
K. (2018). Structural Refinement by the Rietveld Method on Clinkers Obtained from Waste from 
Pulp and Paper Mills. Materials Science Forum, (912), 175-179. 
https://doi.org/10.4028/www.scientific.net/msf.912.175  

32. Ni, Z., Bi, H., Jiang, C., Sun, H., Zhou, W., Qiu, Z., & Lin, Q. (2022). Research on the co-pyrolysis 
of coal slime and cellulose based on TG-FTIR-MS, artificial neural network, and principal 
component analysis. Fuel, (320), 123960. https://doi.org/10.1016/j.fuel.2022.123960 

33. Kieush, L., Koveria, A., Boyko, M., Yaholnyk, M., Hrubiak, A., Molchanov, L., & Moklyak, V. 
(2022). Influence of biocoke on iron ore sintering performance and strength properties of sinter. 
Mining of Mineral Deposits, 16(2), 55-63. https://doi.org/10.33271/mining16.02.055  

34. Shafizadeh, A., Shahbeik, H., Rafiee, S., Fardi, Z., Karimi, K., Peng, W., Chen, X., Tabatabaei, M., 
& Aghbashlo, M. (2024). Machine learning-enabled analysis of product distribution and 
composition in biomass-coal co-pyrolysis. Fuel, (355), 129464. 
https://doi.org/10.1016/j.fuel.2023.129464 

35. Koveria, A., Kieush, L., Usenko, A., & Sova, A. (2023). Study of cellulose additive effect on the 
caking properties of coal. Mining of Mineral Deposits, 17(2), 1-8. 
https://doi.org/10.33271/mining17.02.001  

36. Zhang, Z., Xu, D., He, Z., & Wang, S. (2023). Synergistic interaction for catalytic co-pyrolysis of 
municipal paper and polyethylene terephthalate wastes coupling with deep learning methodology. 
Journal of Analytical and Applied Pyrolysis, (175), 106193, 
https://doi.org/10.1016/j.jaap.2023.106193 

37. Packham, D.E. (2017). Theories of Fundamental Adhesion. Handbook of Adhesion Technology,  
1-31. https://doi.org/10.1007/978-3-319-42087-5_2-2  

38. Wool, R.P. (2005). Polymer diffusion: reptation and interdigitation/Polymer-polymer adhesion: 
incompatible interfaces/Polymer-polymer adhesion: models/Polymer-polymer adhesion: molecular 
weight dependence/Polymer-polymer adhesion: weld strength. In Packham DE (ed) Handbook of 
adhesion, 2nd edn. Wiley, Chichester. 

14

E3S Web of Conferences 526, 01021 (2024)
SEP 2024

https://doi.org/10.1051/e3sconf/202452601021



39. Gaidai, A., & Sulaev, V. (2013). Tekhnologiya adgezionno-khimicheskogo okuskovaniya 
ugol’nykh shlamov i shtybov, burgoo uglya i torfa. Ugol’ Ukrainy, (1), 39-43. 

40. Sala, D., Pavlov, K., Pavlova, O., Dychkovskyi R., Ruskykh, V., & Pysanko, S. (2024). Określenie 
poziomu efektywności przedsiębiorstw zajmujących się dystrybucją gazu w zachodnim obwodzie 
Ukrainy. Inżynieria Mineralna, 2(2(52)), 109-122. https://doi.org/10.29227/im-2023-02-64  

41. DIN 66116-1-73. (1973). Particle size analysis; sedimentation analysis in the gravitational field, 
sedimentation balance. Germany, 5. 

42. Baranets, V.O., Kizilova, N.M., & Datsok, O.M. (2019). Hardware and software complex for the 
study of sedimentation processes in technical and biological suspensions of micro- and 
nanoparticles that aggregate (in Ukrainian). Journal of V.N. Karazin Kharkiv National University. 
Series “Mathematical modeling. Information Technology. Automated control systems”, (42), 4-11. 
https://doi.org/10.26565/2304-6201-2019-42-01 

43. Dumanski, A., Zabotinski, E., & Ewsejew, M. (1913). Eine Alethodezur Bestimmung der Größe 
kolloider Teilchen. Kolloid-Zeitschr, (12), 6-11.  

44. Pedersen, Kai O. (1976). The development of Svedberg's ultracentrifuge. Biophysical Chemistry, 
5(1–2), 3-18. https://doi.org/10.1016/0301-4622(76)80022-1  

45. Claesson, S., Pedersen, Kai O. (1972). The Svedberg 1884-1971. Biographical Memoirs of Fellows 
of the Royal Society, (18), 594-627. https://doi.org/10.1098/rsbm.1972.0022 

46. Pavlychenko, A.V., Haidai, O.A., Firsova, V.E., & Lampika, T.V. (2020). Optymizatsiia fizyko-
mekhanichnykh parametriv palyvnykh produktiv, otrymanykh pry pererobtsi vidkhodiv vuhilnoi 
haluzi. Zbirnyk naukovykh prats NHU, (63). P. 88-97. 

15

E3S Web of Conferences 526, 01021 (2024)
SEP 2024

https://doi.org/10.1051/e3sconf/202452601021


