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Annotation. The article is devoted to improvement of methods of physic-chemical destruction (PСD) of coal with the 
purpose of its production intensification. The objective of the research is to study the mechanism of coal dispersion when 
exposed to various chemical solutions. Laboratory experiments to study the PCD of coal in different liquids were 
conducted. According to the results, kinetic curves of swelling coal in them transition LF-G stamps is presents. It is 
established that condition of the realization of a principle possibility of spontaneous dispersion of coal is to reduce its 
surface energy by 40-60 J/m2. It was established that the most intensive physical and chemical destruction of the coal to 
a particle size from tenths to tens of millimeters occurs in solutions of methylamine and hydrochloric acid. The most 
severe swelling of the coal was noted in those environment as well. The intensity of swelling is not significantly 
associated with the characteristics of wetting. The influence of various effects on the PCD parameters of coal was 
studied by physical simulation. The total time the chemical destruction of coal on the treated area was calculated. The 
physic-chemical method of destruction of various liquids based on the action of the stresses of swelling, adsorption 
reduction of strength of the coal, chemical oxidation and  subsequent leaching of the oxidation products at the border of 
the coal blocks was tested in the laboratory. It was proposed method PCD for coals occurring in the clay rocks of various 
stages of catagenesis. The scientific novelty of the presented results lies in the justification of the thermodynamic 
conditions of spontaneous dispersion of coal in which there is a decrease the free energy of the system due to 
compensation of the increase of free surface energy in the formation of particles with well-developed surface. The results 
can be used as a pre-preventive effects in technological processes of coal extraction (physic-chemical effects on rock mass 
as with the aim of strengthening and weakening or destruction) using a variety of chemical solutions that can make a 
significant contribution to work safety in the coal mining industry.  

Keywords: physic-chemical destruction, swelling of coal, physical modeling. 
 

Introduction. Physic-chemical influence methods on the coal seams and host 

rock with the aim of improving the safety and efficiency of mining operations was 

widely spread in the development of coal deposits [1]. Various chemical solutions 

aimed at strengthening rocks, and on their softening are used as working fluids [2]. 

At the same time, the mechanisms of interaction of coals with these substances still 

were no insufficiently studied, which greatly hinders the search for new environments 

and the development of methods of physic-chemical effects on rock mass array. 

Therefore, the study and understanding of these mechanisms, and further their use as 

a control action (physical-chemical influence on the rock mass massif with the aim of 

strengthening and weakening or destruction) with the use of different chemical 

solutions could make a significant contribution to the development of the coal 

industry and mining industry as a whole. 
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The prospect of physico-chemical destruction of the coal due to its colloidal-

chemical properties, namely, strains and stresses of swelling, which can reach tens of 

megapascals. Therefore, the search for and study of different chemical solutions that 

are able to cause these phenomena in coal, is quite a topical area of research. 

Methods. One of the possible ways of physic-chemical destruction of coal is the 

use of spontaneous dispersion, based on the Rebinder effect. The process of 

spontaneous dispersion are divided into two different in their nature phenomena: a 

true spontaneous dispersion of particles of colloidal dimensions with the formation of 

the thermodynamically equilibrium lyophilic colloidal systems and dispersion 

quasimonopolies resulting in the formation of a relatively stable, prone to collective 

recrystallization, and coarse systems [3]. 

The thermodynamic condition for the occurrence of true spontaneous dispersion is 

the decrease in free energy of the system due to compensation of the increase of free 

surface energy m in the formation of particles with well-developed surface. 

Compensation is caused by the increase of entropy of the system as a result of the 

involvement of the produced particles in Brownian motion. True spontaneous 

dispersion of bulk phase on the particle size  is possible if the value of the specific 

free surface energy of the interface of a solid matter with a surface-active medium 

will satisfy the condition Rehbinder and Shchukin [3, 4]: 
 

                                                           
2

12  kTm                (1) 
 

where  – a numerical multiplier of about 10; k – the Boltzmann constant, J/K; Т – 

the absolute temperature, K. 

Let‟s rate the value m. If the coal structure with point contacts and effective size 

of about 310
-8

 cm is imagined, then m will be approximately 10
-1

 J/m
2
. If we take 

the upper limit of the particle size in true spontaneous dispersion equal to the size 

limit of particles that can be involved in Brownian motion  = 510
-4

 cm, then the 

calculations of equation (1) give m  10
-9

 J/m
2
. Thus, thermodynamic calculations 

show, that the possibility of a genuine spontaneous dispersion, it is necessary to 

reduce the surface energy to 10
-1

 – 10
 9
 J/m

2
. 

Kinetic analysis of the process of spontaneous dispersion of solids in the medium 

of surfactants is given in paper [5]. Surface-active environment, that is similar in 

molecular nature to a solid, reduces its surface tension and already at low tensile 

stresses, brittle rupture is observed. The surface energy of a solid body can be 

reduced so, that not condensed, but colloidal condition becomes more 

thermodynamically stable, and the body begins spontaneously, without external stress 

get dispersed apart. 

The kinetics of this type of fracture is determined by the presence of structurally 

weakened the boundaries between micro areas and the internal stress of the second 

kind on those borders. The only decrease the surface tension is not enough so that the 

gap occurred, it is necessary to have tensile stress in the top of the cracks. According 

to the paper [5], spontaneous dispersion of solids is possible, if the total tensile stress 

at the top of the microcracks exceeds the safe stress in this environment. In turn, the 
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total voltage is the sum of existing on the border of the blocks of internal stresses of 

the second kind and the incremental stresses due to pressure of the adsorbed layer. 

Kinetic calculations based on the mechanism of microcracks growth [5], show 

that 

                                                    101 2 kkm                        (2) 
 

where 0 – the specific surface energy of the body in surface-inactive medium; k1 – 

coefficient determined by the geometry of the microcracks and equal to 0.3-2.0. For 

other coals 0  10
-2

 J/m
2
 [6], m  13-60 J/m

2
.  

Thus, the results of a thermodynamic and kinetic analysis show that the surface 

energy of the coal must be reduced by 40 to 60 J/m
2
 for the realization of the 

principal possibility of spontaneous dispersion. Such a reduction cannot be achieved 

using only the Rebinder effect. Thus, for aqueous solutions with a surface tension of 

the order of 10
-1

 J/m
2
 and contact angle of wetting, close to zero, reducing the surface 

energy during wetting is only 10
-1

 J/m
2
, i.e. three orders of magnitude smaller than 

required. 

The quasimonopolies dispersion through the cracks formation of destruction 

under the combined action of the strongly adsorptive media and internal tensile 

stresses is practically impossible, mainly due to the inability of a significant 

adsorption reduces surface energy and low level of residual internal stresses in the 

coal. 

Results and discussion. As it is shown by experiments, the manifestation of the 

effect of physic-chemical destruction of coals by using aqueous solutions of a number 

of known surface-active substances is possible only for a very the prepared carbons, 

which have a degree of natural disturbance is so great that they cannot be considered 

solid. 

The kinetic curves of swelling of the coal transition LF-G brands in various 

liquids are shown in Figure 1. The characteristics of coal wetting with these solutions 

are shown in Table 1. 

As it is shown in Table 1, the most intense physical and chemical destruction of 

the coal to a particle size from tenths to tens of millimeters occurs in solutions of 

methylamine and hydrochloric acid. The strong swelling of the coal is noted in them 

as well. The intensity of swelling is not significantly associated with the 

characteristics of wetting. So, water has more wetting energy, than a solution of 

methylamine (see table 1), and coal swells in it order of magnitude weaker. Liquids 

with almost the same wetting energy (isopropanol and acetone) differ the deformation 

of swelling almost two orders of magnitude. 

The investigation of influence of different effects on the PCD parameters of coal 

was carried out by the method of physical modeling. The conditions and criteria of 

similarity for modeling these processes, which should describe both hydrodynamic 

and mechanical parameters is defined further. The movement of reagents that cause 

PCD coal in its fractured-porous structure, is described by the following 

hydrodynamic criteria [7]: Reynolds, characterizes the ratio of inertia forces to 

viscosity forces; Bond, characterizes the ratio of gravity forces to the capillary; 
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Weber, characterizes the ratio of inertial forces movement of the reagent to the 

capillary. In the experiment the values of the criterion Reynolds had the value of 

about 10
-1 

– 10
0
. 

 
 

1 – water; 2 – 25 % solution of ammonia; 3 – acetone; 4 – isopropanol (right axis);  

5 – 25 % solution of methylamine; 6 – 36 % hydrochloric acid 

Figure 1 – The dependence of the relative linear deformations of the coal swelling  in various 

fluids from time 
 

Table 1 – Characteristics of coal wetting with various liquids. 
 

Liquid Surface tension, 

 10
3
 J/m

2 

Edge angle, 

 deg 

The wetting energy, 

А10
3
 J/m

2
 

Isopropanol  

Water  

25 % ammonia  

Acetone  

36 % hydrochloric acid  

25 % methylamine 

20 

72 

50 

23 

70 

42 

0 

65 

52 

0 

27 

47 

20 

41 

31 

23 

62 

29 
 

The coal, which was used in model experiments, is real object of PCD, so the 

equality criteria of the Bond and Weber for the processes of PCD is respected inside 

the blocks of coal in the array and models.  

The value of the dimensionless complex was taken to achieve similarity 

parameters of mechanical loading as a dimensionless similarity criterion, as it is 

normally used for such purposes: 

                                                                  
dЕА

2
,                 (3) 

 

where  – stress, Pa; E – the modulus of elasticity destructible environment, Pa; Ad – 

work of coal destruction, J. The values of E and of Ad for the model and the coal seam 

are accepted in the first approximation the same. 
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If the energy of the explosion is used as an impulse mechanical stress, initiating 

the process of PCD, then the well-known criterion of geometric similarity will be 
 

                                                            3 W

L
,                 (4) 

 

where L – the characteristic size, m; W – the energy of the explosion, J. 

Preliminary softening of coal under the action of any solution significantly 

reduces the size of pieces by crushing. If the destruction of low-strength coal 

produced mainly under the influence of the expanding gaseous products of the 

explosion, then the shock wave passes for a time that  longer than the time of 

formation of plastic zone of cracks fracture. 

The low acoustic stiffness weakening coal contributes to the effects of this 

damage mechanism. In this case, the average lump volume by crushing will be 

determined as [8]  

                                                    

















0

1

2

1

f
Ee

J , 

 

where E – the modulus of elasticity destructible environment, Pa; е – energy required 

to form unit surface cracks, J; 1 – the maximum stress in the blast wave, Pa; 0 – 

initial compressive stress in the coal, Pa. 

The softening of coal reduces its modulus of elasticity in two to three times, and 

reduces the energy required per unit of surface cracks in three-four times. Thus, 

softening of coal for the same explosive charge leads to a decrease in the size of 

pieces after fragmentation 6-12 times, facilitating the excavation of coal at a constant 

1 and 0. 

The experiments were carried out in the apparatus for uniaxial compression of a 

flat sample with a size 1282 cm. The hole for the discharge of a 25 % solution of 

methylamine was drilled right in the center along the length of the sample to a depth 

of 8 cm and a diameter of 0.5 cm. From 3.2 till 4.7 liter of solution was injected only 

for 230-280 hours. 

The averaged results of the experiments are given in table 2.  
 

Table 2 – The PCD parameters of the coal in the clamped flat sample. 
 

The time of 

discharge, 

hr 

Movement of the 

sample end face, 

mm 

The count rate of 

acoustic emission, 

impulse/s 

5 

25 

50 

75 

100 

150 

200 

225 

0.18 

0.44 

0.84 

1.07 

1.59 

2.08 

2.14 

2.16 

24 

18 

16 

27 

23 

19 

6 

0-2 
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It shows that over time the swelling slows down, this reduces the number of 

microcracks formed recorded by the acoustic emission method. Through 230-280 hours 

discharge pressure in the sample reduced drastically, and the filtration speed increased 

repeatedly due to the formation therein of macro cracks detection. 

After removing the sample cracks was recorded predominantly perpendicular to the 

injection hole. Samples lost integrity. The peeling of coal with the formation of more 

fines was on the borders of macro cracks detection. The maximum size of the 

separateness is the order of the sample thickness, the smallest of the formed particles is 

dust dispersion (Table 3). 
 

Table 3 – Fractional composition of destroyed coal.  

The fractions size, 

mm 

The average fractions size, 

mm 

Composition, 

% 

20-50 

10-20 

7-10 

3-7 

1-3 

0.5-1 

0.25-0.5 

0-0.25 

35 

15 

8.5 

5 

2 

0.75 

0.375 

0.125 

71.4 

11.8 

2.1 

6.5 

4.2 

2.9 

0.8 

0.3 
 

Physical and chemical destruction of the coal can be achieved by forcing the layers 

of oxygen-containing oxidizers as well, and then the aqueous solutions with an alkaline 

reaction. The process of the PCD in this case is follows. Through wells in the coal seam 

oxygen-containing oxidizing agents such as nitric acid, solutions of potassium 

permanganate, chromic and sulfuric acid, ozone, hydrogen peroxide, air, etc., or such 

oxidizing agents to initiate the oxidation process as pyridine, benzoyl peroxide, cumene 

hydroperoxide, etc. are injected. During the injection of coal seam of oxygen-containing 

oxidizers or oxidizers to initiate the oxidation process of coal, the oxidation of organic 

part of the latter occur with the formation of oxygen-containing groups (peroxides, coal-

acids complexes, a hydro carboxyl, carbonyl), as well as various organic acids, primarily 

humic [9, 10]. The oxidation of coal occurs at the boundaries of macro - and micro-

cracks and macropores that divide the coal into blocks, including oxidized unbroken 

contact blocks, giving the coal seam a holistic, coherent character. Then aqueous 

solutions with alkaline reaction, such as solutions of potassium hydroxide, liquid glass, 

etc. are  injected in the coal seam. Alkaline solutions dissolve the formed humic and 

other acids and obtained by oxidation of coal oxygen groups contribute to the solubility 

of humic acids in these solutions [10]. 

Dissolution at the contacts and the block boundaries of acidic products of coal 

oxidation causes the loss of the last integrity, transfer in non-cohesive in nature, i.e. 

chemical degradation. This purely chemical destruction is practically independent from 

the forces of rock pressure and occurs throughout the volume of the treated area of the 

massif (Fig. 2).  

The implementation of this method practically does not lead to deterioration in the 

quality of extracted coal due to oxidation. 
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1 – cracks, which divide the coal into blocks; 2 – coal, which dispersed (or dissolved)  

at the surface of cracked; 3 – blocks unchanged, one piece of coal 
 

Figure 2 – The coal structure after its physic-chemical destruction 
 

Because of the developed coal seams are usually full of methane, and it dramatically 

reduces the ability of the coal to oxidation, so  the latter will take place on the contacts 

and the boundaries of the coal blocks, which are gas-free by injection of oxygen-

containing oxidants in the first place, while the bulk of the coal remains not gas-free and 

unoxidized. The products of oxidation of the coal are dissolved and carried out of the 

reservoir of the filtration flow by injection of aqueous solutions with alkaline reaction. 

It is expedient to use oxidizing agents that cause embrittlement (antipathetical) coal: 

oxygen, ozone, etc. Thus the process of mechanical destruction of coal including on 

contact blocks becomes easy. 

Computational example of this method implementation is presented below. The 

wells are drilled, that stripped the coal seam, and the injection of oxygen-containing 

oxidizing agent for example an aqueous solution of chromic acid is conducted through 

them. The radius of one well aqueous solution of chromic acid processing is 20 m. 

Filtered by macrocracks and macropores, acid causes oxidation of borders and contacts 

of coal blocks to form various products, mainly humic acids. 

The oxidation time of the coal layer of 1 mm thick, which occurs in the diffusion 

mode is calculated below. 

The famous analogy in the mathematical description of thermal and diffusion 

processes is used to calculate the time of penetration of the oxidation front 1 according 

to the following formula [7]:  

                                                     D

0
1


 ,                       (5) 

 

where  – the thickness of the oxidized layer, 10
-3

 m; 0 – the period of relaxation for the 

process of masstransfer, has the order of 10
2
 s; D – the diffusion coefficient of oxidizer 

in a solid body, that has the order of 10
-12

 m
2
/s.  

The calculation gives a value of 1, that equal to 10
4 
s, or about 3 hours. 

Then a solution of alkaline reaction, such as a solution of potassium hydroxide is 

injected in the coal seam. The alkaline solution dissolves the formed humic and other 

acids, while coal loses its integrity, coherence, chemically separating into blocks.  

The dissolution time of layer thickness 1 mm is calculated below.  
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The mass of the oxidizing layer with a thickness of 1 mm per 1 cm
2 

of the coal is 

М = 0.15 g/cm
2
, assuming a coal density and the density of its oxidized products 

approximately the same and equal to 1.5 g/cm
3
. The dissolution time of layer 2 are 

defined as:  

                                                         



M

2 ,                       (6) 

 

where M – mass of the oxidized layer, 0.15 g/cm
2
;  – stream solution, g/(cm

2
/s). 

Since the filtration of alkaline solutions in the cracks of coal occurs in laminar flow 

to determine the flow of dissolution the equation of Levich [11] is used for laminar flow 

in the pipe in the area of diffusion of the input area:  
 

                                                   
3

1

0
067.0 










DRx

U
DC ,                      (7) 

 

where С0 – the concentration of a saturated solution of humic acid in alkali, 0.2 g/cm
3
; D 

– the diffusion coefficient of humic acid in alkali, 10
4
 cm

2
/s; U0 –  the speed of the 

alkaline solution in a crack of 0.1 cm/s; R – the equivalent radius of the cracks, 10
-2

 cm; 

х – the average distance from the borehole, that will be taken equal to half the radius of 

the treated area 10
3
 cm.  

The calculation yields a value of  = 610
-5

 g/(cm
2
s), and accordingly                2 = 

2.510
3 
s, or about 1 hour.  

Thus, the total time of the coal chemical destruction on the treated area will be       = 

1+ 2 = 3 + 1 = 4 hours.  

The use of this process is possibly on the coals occurring in argillaceous rocks as 

well. If shale is quite high stages of catagenesis, and is not prone to significant soaking, 

then the contact failure of coal – rock can hold the impact of solutions, chemically 

destroying such formations, for example 2-5 % solution of urea. In this case, the coal 

will "slide" on the substrate of sodden rocks. By specifying certain of urea concentration 

and time of exposure, it is possible to obtain a thin film of sodden rocks, that adjacent to 

the reservoir, without disintegration or breaking of rock mass of the roof.  

If clay rocks are low stage of catagenesis (mudstones, siltstones), then it is possible 

to obtain a thin film sodden rocks without soaking deep into the underlying array, 

pumping solutions, inhibitors of hydration of clay minerals, for example 2-5 % solution 

ferrochromolignosulfonat. 

Conclusions. Thus, the results of a thermodynamic and kinetic analysis show that 

the implementation of the principle possibility of spontaneous dispersion of coal, its 

surface energy must be reduced from 40 till 60 J/m
2
. Such a reduction cannot be 

achieved using only the Rebinder effect. Thus, for aqueous solutions with a surface 

tension of the order of 10
-1

 J/m
2
 and edge angle of wetting, close to zero, reducing the 

surface energy during wetting is only 10
-1

 J/m
2
, i.e. three orders of magnitude smaller 

than it is required. The physic-chemical method of destruction of various liquids based 

on the action of the stresses of swelling, adsorption reduction of strength of the coal, 
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chemical oxidation and subsequent leaching of the oxidation products at the border of 

the coal blocks was proposed and tested in the laboratory. 

The physical simulation of the process physic-chemical destruction of the coal in 

stress state in terms of internal filtration, the total time the chemical destruction of coal 

on the treated area is calculated. The method PCD for coals occurring in the clay rocks 

of various stages of catagenesis is proposed. 
___________________________________ 
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Анотація. Стаття спрямована на удосконалення методів фізико-хімічного руйнування (ФХР) вугілля з метою 

інтенсифікації його видобутку. Завданням досліджень є вивчення механізму диспергування вугілля при дії на нього різних 
хімічних розчинів.  Проведені лабораторні експерименти по дослідженню ФХР вугілля в різних рідинах. За їх 
результатами представлені кінетичні криві набухання в них вугілля перехідною Д-Г марки. Встановлено, що умовою 
здійснення принципової можливості самовільного диспергування вугілля є зменшення його поверхневої енергії на 40-60 
Дж/м2. Встановлено, що найбільш інтенсивне фізико-хімічне руйнування вугілля на частку розміром від десятих часток до 
десятків міліметрів відбувається в розчинах метиламіну і соляної кислоти. У них відзначено і найбільш сильне набухання 
вугілля. Інтенсивність набухання істотно не пов'язана з характеристиками змочування. Методом фізичного моделювання 
досліджено вплив різних дій на параметри ФХР вугілля. Розраховано сумарний час хімічного руйнування вугілля на 
оброблюваній ділянці. Апробований в лабораторних умовах фізико-хімічний спосіб руйнування різними рідинами, якій 
заснований на дії напружень набухання, адсорбційному зниженні міцності вугілля, хімічному окисленні і подальшому 
вилуговуванні продуктів окиснення на кордоні вугільних блоків. Запропоновано спосіб ФХР для вугілля, що залягає в 
глинистих породах різної стадії катагенезу. Наукова новизна наведених результатів полягає в обґрунтуванні 
термодинамічних умов мимовільного диспергування вугілля, при яких відбувається зменшення вільної енергії системи 
внаслідок компенсації приросту вільної поверхневої енергії при утворенні частинок з добре розвиненою поверхнею. 
Наведені результати можуть бути використані в якості попереднього профілактичного впливу в технологічних процесах 
видобутку вугілля (фізико-хімічного вплив на вуглепородний масив як з метою зміцнення, так і знеміцнення або 
руйнування) з використанням різних хімічних розчинів, що здатне внести істотний внесок у безпеку робіт у 
вуглевидобувній галузі.  

Ключові слова: фізико-хімічне руйнування, набухання вугілля, фізичне моделювання. 
 

Аннотация. Статья направлена на усовершенствование методов физико-химического разрушения (ФХР) угля с 
целью интенсификации его добычи. Задачей исследований является изучение механизма диспергирования угля при 
воздействии на него различных химических растворов. Проведены лабораторные эксперименты по исследованию ФХР 
угля в различных жидкостях. По их результатам представлены кинетические кривые набухания в них угля переходной Д-
Г марки. Установлено, что условием осуществления принципиальной возможности самопроизвольного диспергирования 
угля является уменьшение его поверхностной энергии на 40-60 Дж/м2. Установлено, что наиболее интенсивное физико-
химическое разрушение угля на частицу размером от десятых долей до десятков миллиметров происходит в растворах 
метиламина и соляной кислоты. В них же отмечено и наиболее сильное набухание угля. Интенсивность набухания 
существенно не связана с характеристиками смачивания. Методом физического моделирования исследовано влияния 
различных воздействий на параметры ФХР угля. Рассчитано суммарное время химического разрушения угля на 
обрабатываемом участке. Апробирован в лабораторных условиях физико-химический способ разрушения различными 
жидкостями, основанный на действии напряжений набухания, адсорбционном понижении прочности угля, химическом 
окислении и последующем выщелачивании продуктов окисления на границе угольных блоков. Предложен способ ФХР 
для углей, залегающих в глинистых породах различной стадии катагенеза. Научная новизна приведенных результатов 
заключается в обосновании термодинамических условий самопроизвольного диспергирования угля, при которых 
происходит уменьшение свободной энергии системы вследствие компенсации прироста свободной поверхностной 
энергии при образовании частиц с хорошо развитой поверхностью. Приведенные результаты могут быть использованы 
в качестве предварительного профилактического воздействия в технологических процессах добычи угля (физико-
химического воздействие на углепородный массив как с целью укрепления, так и – разупрочнения или разрушения) с 
использованием различных химических растворов, что способно внести существенный вклад в безопасность работ в 
угледобывающей отрасли. 

Ключевые слова: физико-химическое разрушение, набухание угля, физическое моделирование.  
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