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oxide composition and micrographs of the surface of cement clinker particles
were determined by electron probe microanalysis using scanning electron
microscope. Results: Clinochlore and muscovite have been detected in coal
mining waste rock. These minerals are typically present in clays used in the
production of Portland cement clinker. High adsorption and hydraulic activity
of coal mining waste rock has been established. Conclusions: The use of
unburned coal mining rock in the raw mix, instead of the clay component
(5.8-10.2%), was demonstrated in the production of Portland cement clinker.
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1. Introduction

In the modern industry the concept of sustainable development is expressively relevant. Natural minerals are
used to improve the ecological condition of soils, their hydrophysical and agrochemical characteristics [1]. The
addition of aluminosilicate clays to the soil, along with mineral fertilizers, creates the preconditions for
improving soil fertility by influencing available phosphorus [2]. Minerals contained in industrial waste acquire
sorption properties during their oxidation and modification of surface properties [3]. Producing fuel and energy
from both renewable sources and various types of waste are prospective directions for development [3]. It is
necessary to optimize territorial loads and expand the volumes of recycling of associated rocks and their
processing into materials with excellent technical characteristics and consumer appeal [5].
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In the construction industry, there is a new trend of replacing primary materials with alternative raw
materials. The authors of [6] offer to refuse storing the waste which is to be recycled, but to use it as a raw
material for recirculation in accordance with the trend of the circular economy. The mining and coal industries
produce a large amount of waste in the form of enclosing and overburden rocks that form the dumps [7.8]. The
overburden rocks of coal mining should be used in the construction of temporary quarries and technological
roads. The effective granulometric composition of aggregate with a high static modulus of elasticity and shear
resistance is substantiated [9]. The use of various wastes from the mining and coal industries in brick
production has been substantiated, which is considered an environmentally friendly method of waste disposal
[10]. In some cases, this even implies improving the properties of the brick. The efficiency of using coal mining
waste as a raw material component in cement technology has been theoretically proven [11].

Coal mining waste consists mainly of minerals and 20-30% of organic matter. The material classified as
“mineral substance” includes crystalline minerals, as well as inorganic elements in the non-crystalline form.
Oxidation of organic matter can cause self-heating and spontaneous combustion, resulting in the transformation
of organic and mineral substances. The degree of change depends on the rank of the organic matter, the
duration, the rate, the final temperature of heating and the degree of air access [12,13]. The prospects for using
man-made deposits from mine dumps in the Eastern Donbass are shown: rock dumps, coal enrichment waste in
the form of argillite-like clays, argillites, shales, siltstones in the production of wall ceramics [ 14]. Bricks with
very good physical and mechanical properties were obtained from argillites. For the production of hydraulic
lime, the coal washing wastes with the inclusion of coal and clay mineral residues and dolomite sifting in 1:1—
1:2 ratios were used [15]. Some inert wastes of coal mining and their processing can be used as alternative
sources of future environmentally efficient pozzolanic cements [16]. A comprehensive study of the properties
of various coal mining wastes will help develop recommendations on their practical use in technologies of
producing binding materials.

It is necessary to study the chemical composition and technically useful properties of industrial waste in
order to determine the area of its use. We have suggested a method to determine the resource value of industrial
waste aiming at their reclamation as technical materials [17]. The method optimizes consistency, increases the
efficiency and completeness of the research. The choice of the research methods is based on the relevancy of
studying the mineral, elemental and radionuclide compositions of industrial wastes, the structure of their
surface, sorption and hydraulic activity, the behavior of minerals when heated.

The purpose of the research is to substantiate the resource value of coal mining rocks.

The research objectives are determining the mineral and oxide composition of coal mining waste in order
to identify the presence of amorphous structures; studying the behavior of raw coal mining minerals during
heating; studing the possibility of utilizing unburned coal mining rocks as clay raw materials for the production
of cement clinker.

2. Materials and Methods

The dump coal mining unburned rocks of the Khmelnitskaya mine and the Sverdlov mine of the Lugansk
region of Ukraine have been studied. The dispersion of waste samples into granulometric fractions was
performed using a set of grading screens. The following fractions were identified, mm: > 20, 10-20, 5-10, 2.5—
5,1.25-2.5,0.63-1.25, <0.63.

An X-ray phase analysis, which is instrumental in determining the mineral composition of the crystalline
part of the samples, is performed on a Siemens D500 powder diffractometer in copper radiation with a graphite
monochromator. The full-profile diffractograms were measured in the angle range of 5° <26 < (110-120°) with
a step of 0.02° and an accumulation time of 15 s. The primary phase search was carried out using the PDF-1
card file [18], after which the X-ray diffraction was calculated by the Rietveld method using the FullProf
program [19].
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Derivatographic analysis was used to study unburned coal mine waste rock. This method is often used to
record thermal transformations of minerals based on aluminum, silicon, and iron oxides [20]. The analysis was
performed on an “MOM 1500 derivatograph with a 10 °C/min heating rate of a sample weighing 449 mg to a
final temperature of 1000 °C. An isothermal curing time was 60 min at 1000 °C in the air medium.

The sorption properties of coal mining rocks were determined under static conditions by changing the
concentrations of the absorbed substance (sorbate) in the solution. Methylene blue (MB) was the sorbate. The
initial concentration of MB solution was 0.01 g/l. The optical density of the solution was determined by the
spectrophotometric method with a SPEKOL 11 instrument at A = 620 nm relative to distilled water. The
sorption capacity (a) of coal mining rocks was determined by the formula

a =D g ()

where C; is the initial concentration of the sorbate, mg/1; C> is the concentration of the sorbate after adsorption,
mg/1; V is the volume of the sorbate solution during adsorption, 1; m is the mass of the sorbent sample, g.

The hydraulic activity of coal mining rocks was estimated by the amount of absorbed lime CaO. The crushed
lot of coal mining rock (10 g) was kept in a CaO solution with the initial concentration of 5.63% and density of
0.995 g/cm?. In the process of interaction with the rock the concentration of CaO was controlled in time using
the titrimetric method.

The elemental composition and micrographs of the surface of cement clinker particles are determined by
means of the method of electron probe microanalysis by the JSM-6390 LV scanning electron microscope
having the INCA microroentgen analysis system.

Sintering of the samples pressed from the raw mixtures was carried out in a cryptol furnace under the
following conditions: the sample with waste from the Khmelnitskaya mine (sample no. 1) was sintered at
1460 °C, followed by rapid cooling after the onset of melting; the sample with waste from the Sverdlov mine
(sample no. 2) was sintered at 1400 °C for 2 hours, followed by rapid cooling.

The strength of cement samples was determined using the P-5 press with three sensitivity scales, kN: 0—10;
0-25; 0-50. Pressing speed 3 mm/min.

3. Results and Discussion

3.1. The Mineral Composition of Coal Mining Rocks

It was shown that, as a significant amount of coal is present in the mine pile rocks of the Sverdlov mine, a
wavy background can be seen on radiographs of dump rocks [21]. The distinct wavy background on the
radiograph of the fraction >20 mm of the mine pile rock is associated with the presence of the amorphous phase.

Several minerals were found in the crystalline part of the dump rocks, their mass content and the average
crystallite size are given in Table 1. Muscovite prevails by mass, then comes quartz and the least is clinochlore.
Clinochlore and muscovite could have formed in the process of chilling hot waste pile rocks by atmospheric
precipitation. The presence of these minerals is allowed in the composition of the clay rocks used in the
production of Portland cement clinker.

The structures of clinochlorine and muscovite are laminated sandwich-type. Each “sandwich” consists of
two flat layers of silicate tetrahedral with a layer of magnesium or aluminum octahedral between them. Such
compounds are thermally unstable and, when heated, they split off water, which is confirmed by the destruction
of both phases during calcination of the heap of rocks of the Khmelnitskaya mine (Table 1). Hematite is found
as a decomposition product of clinochlorine and muscovite. If during thermolysis silicates or aluminates of
potassium and/or sodium are formed, they can be amorphous.

If the rock stays long in the waste pile, it can be the reason for transformations of its minerals. The process
of weathering of layered minerals involves their transition to clay minerals. Muscovite eventually turns into
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illites (hydromica), zeolites, and kaolin. One of the causes of weathering is leakage of groundwater. When mica
contacts with acidic solutions, potassium is replaced by H3O"-ion. Rainwater can be the second reason for
weathering, it always has a weak acid reaction (pH = 5.7) when CO; is dissolved. This process is very likely to
occur in the waste slagheaps at acid rains, which is so characteristic of the industrial Lugansk region. Since the
illites are marked by a higher water content than conventional micas and emit constitutional water more easily,
then when the rock is heated, the appropriate endothermic effects should be observed. The derivatographic
analysis was made to clarify this circumstance.
Table 1. The results of X-ray phase analysis of the samples of unburned dump rocks

Khmelnitskaya mine rock Sverdlov mine rock
Sample 1waste Sample 2calcinated Sample 3 <5 mm Sample 4 > 20 mm
Phases slagheap rock rock fraction fraction
mass sizenm mass sizenm mass size.m mass size,
content, % i content, % i content, % ? content, % nm
Quartz 44.1 >200 73.5 140 40.3 140 7.7 120
Clinochlore
(Mg,Fe)s(Si,Al)4010 10.2 38 - - 11.1 47 17.4 48
(OH)s
Muscovite
Ko.94Nao.06Al1.83
Feo.17Mgo.03 45.7 32 21.2 35 48.0 45 74.9 25

(Alo.91513.09010)
(OH)1.6500.12 Fo.23

Hematite Fe>O3 — — 53 — _ _ _ _

Gypsum

CaS04 2H;0 - - - - 0.7 - - -

3.2. The Behavior of Raw Coal Mining Minerals During Heating

The results of the derivatographic analysis are given for the dump rock of the Khmelnitskaya mine. On the
thermal effect curve — d7a (Figure 1) the peaks which are characteristic of the detected minerals are noted. For
clinochlore at a temperature of 475 °C, a clear endothermic effect is observed, corresponding to the release of
all constitutional water [22]. The intense endothermic reaction at 550—650 °C [22], characteristic of clinochlore,
is somewhat erased, as is the exothermic effect at 820 °C [22], resulting from the interaction of active
amorphous SiOz and MgO oxides in the solid state with the formation of magnesium orthosilicate. According to
the literature data, two endothermic

dTa, °C
11.40

8.62

535

307+

. 1 ! ]
o, 23 185 348 510 673 835 998

Figure 1. The thermogram of the dump rock of Khmelnitsky mine: d7a is a heat effect
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effects should be observed on the heating curves of muscovite: at temperatures 860 °C and 1200 °C [22]. The
first effect, due to the release of structural water, is noted on the thermogram at 897 °C. The second effect,
associated with the destruction of the crystalline lattice, was not fixed in the experiment, since the heating was
up to 1000 °C.

The thermal behavior of clinochlore and muscovite largely depends on the degree of the samples grinding.
The presence of a clear endoeffect at 185 °C (Figure 1) indicates a high granularity of the samples, including
muscovite [22].

Low-temperature endothermic effects of the heat effect curve (Figure 1) can belong only to the minerals that
bind water loosely. For example, illite dehydration has several stages, therefore, several endothermic effects
were recorded on the heat effects curve in the temperature range of 100400 °C.

In the temperature range from 185 to 510 °C (Figure 1), endothermic effects associated with several
processes are observed. First, volatile substances are released. This corresponds to a wide endothermic
minimum, ending at 400 °C. Secondly, the water of the illites, represented by OH™ ions, is removed. The loss of
OH-ions causes insignificant disturbances in the crystalline structure of the illites, which persists to the
temperatures of about 750 °C [22]. Two small endothermic peaks at 928 and 967 °C can be attributed to the
destruction of the residual structure of the illite crystalline grid (850-950 °C) with the appearance of spinel in
this temperature range [22]. The exothermic effect at 670 °C is associated with the combustion of carbonaceous
matter.

Thus, as a result of derivatographic analysis, the initial transformation of the minerals of the waste piles rock
was confirmed, and it was shown that the carbonaceous part of the rock can be burned.

3.3. The Hydraulic and Sorption Activity of of Coal Mining Rocks

The hydraulic activity of unburned waste rocks from coal mining, determined by the absorption of CaO over
three days, is 360.7 mg/g for rocks from the Khmelnitskaya mine and 261.2 mg/g for rocks from the Ya. M.
Sverdlova mine.

The presence of hydraulic activity of unburned waste rocks is indirectly confirmed by determining their
adsorption activity when absorbing the MB dye. The presence of carbonaceous particles slightly increases the
sorption capacity of rocks. According to the sorption capacity, the studied rocks can be classified as adsorbents
characterized by high adsorption activity (Figure 2).

a, mg/g

0.5 —_—
1.18 1.78 3.16 3.64 lgr

Figure 2. Dependence of the sorption capacity (a) of coal mining waste rocks when absorbing the MB dye on time (#): 1

for unburnt rock of the Khmelnitskaya mine; 2 for unburnt rock of the Sverdlov mine
The value of the efficiency of sorption purification of the MV solution for 15 minutes is 67.5%, and in 3
days it reaches the maximum value of 99%.
The calculated oxide compositions of the non-carbon part of unburned waste rocks of the Sverdlov and
Khmelnitskaya mines after sintering and the modular classification are given in Table 2. Low content of basic
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oxides CaO and MgO and high content of acidic oxides SiO» and Al;Os indicate the ultra-acidic nature of
sintered waste rocks.

Table 2. Relative content of oxides in the non-carbon part of unburned waste rocks after sintering and the values of the

modules
) Content of oxides (% mass)
Oxide - - -
Sverdlov mine rock Khmelnitskaya mine rock

NaxO 1.10 0.67
K>O 3.06 3.56
MgO 1.10 2.54
CaO 2.21 -
SiO» 42.74 66.88
AlOs 39.56 21.78
TiOz 0.60 0.70
Fe 03 9.63 3.87
Module Value of modules
Activity module
M, = Al,03/SiO, 0.93 0.33
Silicate module
M, = Si0,/A1,03 1.08 3.03
Clay-iron module

_ Al O3 +Fey04 1.15 0.38

Mc,i, ;
Si0 2

The hydraulic activity of the rocks was characterized using a system of modules. According to the M, value,
the Sverdlov mine rock belongs to the first grade of acidic slags (M, > 0.4); the Khmelnitskaya mine rock
belongs to the second grade of acidic slags (M, > 0.33).

Classification of samples as ferruginous rocks shows that all samples are highly active, with M.; > 0.45.
Presumably, the most active is the sintered rock of the Sverdlov mine.

High concentrations of oxides Al.O3 and Fe:Os, sufficient values of M.; and high hydraulic and adsorption
activity make it possible to use coal mining unburned rocks in the production of Portland cement clinker in the
raw mix instead of the clay component, aluminous cement, as corrective or active additives to Portland cement

clinker or in the production of lime-slag binder.

3.4. Utilization of Unburned Coal Waste as Clay Raw Material for Cement Clinker
Production

The varying carbonaceous particle content of coal waste determines how they can be used in the production
of binders to reduce their accumulation. Unburned coal waste can be used as raw material in cement production
instead of clay. The key factor is the similarity of the oxides formed during high-temperature decomposition of
the waste to those formed in the rotary kiln used for cement clinker production during the decomposition of
kaolinite clays.

3.4.1. Calculation of Raw Mix for Producing Portland Cement

Correct calculation of the raw mix is an important condition for ensuring the normal course and complete
completion of the clinker formation processes during firing and obtaining clinker of a given mineralogical
composition. The composition of the raw mix was calculated in accordance with [25] based on the results of
chemical analysis of raw materials (Table 2), limestone, sand, pyrite cinders (Table 3) and the specified
characteristics of the predicted clinker composition (saturation coefficient CS = 0.91; silicate module Ms = 2.5;
alumina module Mal = 1.3). Composition No. 1 of the cement clinker raw mix was calculated based on coal
mining waste from the Khmelnitskaya mine, and composition No. 2 was calculated based on waste from the
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Sverdlov mine. The quantitative ratios of the initial raw components and the calculated chemical composition
of the Portland cement clinker are presented in Table 4.

Compliance with the composition of Portland cement clinker is determined by the content of the clinker's
constituent oxides; the values of the CS and modules; and the content of the main clinker minerals.

Table 3. Chemical composition of the initial components

Mass fraction of the component, %

Component SiO» ALLO3 Fe203 CaO loss on ignition other >
limestone 0.95 1.68 0.24 52.25 42.45 243 100
sand 97 - - - 0.41 2.59 100
pyrite cinders 13.621 4.34 61.67 3.85 12.09 4.429 100

Table 4. Composition of the raw mix and the calculated chemical composition of clinker using coal mining waste

Mass fraction of the component, %

Component
Composition No. 1 Composition No. 2
limestone 77.58 80.25
coal mining waste 10.17 5.78
sand 9.16 10.36
pyrite cinders 3.09 3.61
Calculated chemical composition of clinker

Si0; 21.70 21.67
AOs 4.91 4.90

Fe O3 3.77 3.77
CaO 64.72 64.61
MgO 0.17 0.17

The calculated chemical composition of cement clinker with coal mining waste (Table 4) falls within the
specified ranges of the content of the main oxides in Portland cement clinker, % by weight: CaO — (62—-67);
Si02 — (20-24); Al,Os — (4-7); Fe20s5 — (2-5); MgO, SO, etc. — (1.5—4.0) [26].

3.4.2. Composition and Properties of Cement Clinker

The oxide composition of the cement clinker formed after sintering was calculated based on the elemental
composition determined by electron probe microanalysis. The content of the main clinker oxides involved in
subsequent mineral formation was approximately the same in both samples (Table 5).

The clinker sample containing coal mining waste from the Sverdlov mine is sulfur-free, which is beneficial
for subsequent hardening and concrete stability. A comparison of the calculated oxide composition of the
clinker and the results of X-ray microanalysis of the sintered

Table 5. Results of X-ray microanalysis of cement clinker samples using coal mining waste

Cement clinker with coal mining waste from the Cement clinker with coal mining waste from the Sverdlov
Khmelnitskaya mine mine
Element Mass fraction of Oxide Mass fra.ction of Element Mass fraction of Oxide Mass fra.ction
the element, % the oxide % the element, % of the oxide %
Ca 48.505 CaO 67.869 Ca 49.603 CaO 69.404
Si 8.248 Si02 17.644 Si 8.273 Si02 17.698
Al 2.329 AOs 4.401 Al 2.138 ALOs 4.04
Mg 1.163 MgO 1.929 Mg 1.520 MgO 2.521
Fe 4.651 FesOs 6.650 Fe 3.503 Fe203 5.009
Cr 0.323 Cr20s3 0.472 Cr 0.375 Cr20; 0.548
Ti 0.370 TiO2 0.618 Ti 0.468 TiO2 0.78
S 0.167 SO3 0.418 o 34.120
0) 34.243
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Total 100.0 100.0 100.0 100.0

samples shows that the latter are characterized by lower SiO; and AlO; contents (up to 1.2 times) and higher
Ca0, Fe;0O3 (1.3-1.8 times) and MgO (11.4-14.8 times) contents.

The oxide composition of cement clinker samples allows us to characterize them from the perspective of
their use in the production of binders. Table 6 presents the results of calculating individual modules as
quantitative indicators of oxide composition. According to the calculated

Table 6. Evaluation of cement clinker with coal mining waste according to modular classification

The value of indicators for clinker with waste

Indicator rocks from coal mines

Khmelnitskaya Sverdlov

Basicity module [28]
CaO + MgO 2.43 2.69

7510, + Al,05 + Fe,0;
M; [181] 1.59 1.96
Hydraulic module [27]
_ CaO 2.37 2.59
SIOQ + A1203 + F6203
Clay-iron module M. ;[24] 0,63 0.51
Quality factor [29]
_ CaO + MgO + Al, 03 421 4.29
~ SiO, +MnO
Alumina module [27]
_ALO; 0.66 0.81
Fe, 05
Saturation coefficient [25]
_CaO—(1.65A1203 +0.35F6203) 1.18 1.23
- 2.8Si0,
CS according to Lee-Parker [27]
CS - 100Ca0 115.2 120.5
2.8510, +1.18A1,05 + 0.65Fe, 04
CS according to Kindu-Jang [27]

og G20~ (1.65A1505 +0.35Fe;05 +0.78i0,) 0.93 0.98
B 2.8Si0,

M

M pyq

QF

al

CS

data, the clinker samples are basic (M) > 1). The My values are below the specified optimal range for materials
used in the production of Portland cement (1.5-2.5) [27]. Other quantitative indicators correspond to those of
materials used in the production of binders: the quality factor corresponds to the active group of materials
(QF > 1.65; the value of M, practically fits into the range of values for Portland cement clinker 1.8—3.75 [25].

Cement clinker samples with coal mining waste rock are characterized by high hydraulic properties. The
hydraulic module Mjyq is quite high for both samples (1.7-2.4 [27]). High CS values were calculated without
taking into account corrections for the amount of CaO associated with SO3 and for the content of free lime and
silicic acid, which can only be determined during the production process. The CS values according to Lee-
Parker (85—100 [27]) and Kindu-Jang (0.92—0.95 [27]) are also high.

The calculation of the mineralogical composition of Portland cement clinker with complete equilibrium
crystallization during clinker cooling was carried out using the Kind method [30] According to this method, the
content of the main minerals of clinker (alite — Cs3S, belite — CsS, tricalcium aluminate — C3A and cellite — C4AF)
can be calculated based on the oxide composition using the following formulas
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C3S =4.07C —7.6S — 6.72A — 1.42F (2)
C2S =8.6S +5.07A + 1.07F — 3.07C 3)
C3A =2.65A - 1.70F “4)
C4AF = 3.04F, (%)

where C, S, A and F are the percentage content in clinker, respectively, of CaO, SiO, Al,Os3 and Fe;Os.
The results of calculating the mineralogical composition of clinker based on the calculated chemical
composition (Table 4) are presented in Table 7.

Table 7. Calculated mineralogical composition of cement clinker

Mass fraction of mineral, %

Mineral .. -
Composition No. 1 Composition No. 2
CsS 60.12 60.02
C2S 16.88 16.85
GA 6.59 6.58
C4AF 11.48 11.45

The content of the main clinker minerals in Portland cement clinker, according to [30], varies within the
range of % by weight for Cs;S — (40-60), C2S — (15-35, C3A — (4-14), C4,AF — (10-18).

Using X-ray phase analysis, the following mineral phases were found in a clinker sample with rocks from
the Khmelnitskaya mine (sample No. 1): 54Ca0O-16SiO2-Al,03-MgO, CaySiOs lamite, Cax(ALFe)0s
brownmillerite, Ca3SiOs, CaisMg2(SiO4)s bredigite, Ca;Al(Al,Si),0O7 helenite, CazAl>Os; in a clinker sample
with rocks from the Sverdlov mine (sample No. 2): 54Ca0-16SiO>-Al,03-MgO, CazAl,0s, Cax(AlFe)0s,
CasSi0s, AlbOs, CaAlx(Si2Al2)O10(OH), margarite, Ca>SiO4. The phases are listed in order of decreasing
content, i.e. the main phase in both samples is 54Ca0-16SiO,- Al,O3-MgO.

Several minerals are important for cement clinker production technology. The minerals larnite and
bredigitite are the B- and o'-forms of dicalcium silicate. They are part of belite, which is thermodynamically
unstable at normal temperatures. This explains its hydraulic activity [31]. Rapid cooling of the clinker and the
use of slag raw materials facilitated the production of metastable high-temperature C,S modifications. In the
case of pure raw materials, the - and o'-form minerals expand upon cooling, forming the y-modification CoS
lattice, which is more stable at low temperatures [26].

The compound 3CaO-SiO; (CsS) formed in cement clinker is alite. The most common composition of alite
is 54Ca0-16Si02°Al203-MgO. Under normal conditions, alite is in a supercooled state and has high hydraulic
activity, which increases with the number of structural defects arising from the presence of impurities in the
material [26]. A similar situation is observed when using production waste.

Brownmillerite and tricalcium aluminate of Portland cement clinker possess binding properties. Gehlenite
and margarite minerals do not exhibit hydraulic properties, but they constitute a smaller proportion of the
clinker by weight.

Micrographs of the surface of cement clinker particles show that the sintered particles consist of fragments
of varying degrees of roundness, even spherical ones (Figure 3). After a short sintering time, granular
conglomerates are formed. The absence of a large, dense glassy mass facilitates clinker grinding. The main type
of pores are complex voids measuring 300—500 pum, formed as a result of loose particle packing during the
aggregation and evaporation of water droplets (Figure 3a). Slit-shaped pores are observed at the contact areas,
i.e., the interfaces between adherent grains.

The viscosity of the liquid phase largely determines the aggregation of the bulk powder raw material mixture.
The viscosity of liquid clinker masses depends linearly on the alumina modulus M, in the temperature range
1350—1500 °C [26]. Raw material mixtures with a low Mg value of 0.64—1.5 are characterized by high particle
adhesion at low sintering temperatures of 1300 °C, which leads to the formation of large clinker grains. The
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value of the silicate modulus M; also determines the adhesion of clinker grains. The adhesion increases sharply

Figure 3. Micrographs of the surface of cement clinker particles with unburned coal mining rocks from the
Sverdlov mine (a, b) and the Khmelnitskaya mine (c) at magnifications of a — 100, b — 1000, ¢ — 500

[26], and large clinker grains with an insufficiently fired middle part are formed. Based on their tendency to
aggregate, raw mixes are divided into two groups, the first of which includes both samples of cement clinker.
Namely, with My <2 and M« < 1.5, the mixture intensively aggregates at 1300—1400 °C. In the experiment the
temperature did not rise above 1460 °C. Regardless of the chemical composition, adhesion also increases with
increasing temperature in the range of 1300—1500 °C, which is associated with an increase in the amount of
melt. The shape of clinker conglomerates determines the predominant pattern of their formation: the adhesion
of individual granules due to the appearance of a melt on their surface, followed by compaction and an increase
in the contact surface area.

The shape of the intergrowths of crystals in the inner part of the grains (Figure 4b, c) determines their
belonging to certain minerals. Belite crystallizes well in a kiln at temperatures above 1500 °C, forming
aggregates of prismatic and needle-shaped crystals. Brownmillerite crystals also have a prismatic shape. No
such formations were detected in micrographs. The intergrowths of hexagonal crystals (Figure 4b) are alite and
are formed during prolonged exposure of the raw mixture to the high temperature zone of the firing kiln. Large
crystalline structures usually appear during prolonged firing of clinker [29]. At the same time, rapid cooling of
clinker grains also caused the correct crystallization of minerals.

The amount of melt also contributes to the correct crystallization of alite. It is estimated by the value of M.
A decrease in the value of M, from 1.28 to 0.32—0.64 [29] leads to the appearance of fairly regular hexagonal
crystals in the sinters. In the cases under consideration M. < 0,81. The presence of a ferrous liquid phase leads
to the formation of round alite crystals (Figure 4c).

The research results formed the basis for the production of a pilot batch of cement clinker using unburned
coal mining rock from the Khmelnitskaya and Sverdlov mines (compositions 1 and 2, Table 4). An
environmentally friendly technology with dry raw mix preparation was employed. The results of the physical
and mechanical testing of the cement clinker are presented in Table 8.

Table 8. Physical and mechanical properties of cement clinker samples

Compressive strength over time, MPa

Sample
2 days 28 days
Composition No. 1 17.5 43.1
Composition No. 2 16.0 41.2

Studies of the chemical composition and physical and mechanical properties of the developed cement clinker, carried out
in pilot industrial conditions, confirmed the clinker's compliance with the requirements for Portland cement clinker.

4. Conclusions
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Crystalline coal mining waste rock minerals have been identified and the presence of amorphous compounds
has been confirmed. The presence of minerals in waste rock that have technical value in the production of
binders has been proven. The possibility of thermal transformation of minerals in unburned waste rock during
heating and the ability of the carbonaceous part of the rock to burn have been shown. The use of unburned
waste rock from the Khmelnitskaya and the Sverdlov mines in the production of Portland cement clinker,
instead of a clay component, is feasible. This is confirmed by the chemical composition, modulus properties,
physical and mechanical properties of the cement clinker.

Further research will be aimed at justifying the increase in the content of coal mining waste rocks in the
production of cement clinker with high activity and physical and mechanical properties.
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