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Abstract. Growing productivity of mining and processing enterprises entails an increase in the volumes of liquid
tailings impoundments and upstream impoundments of ore processing waste. Enterprises face the challenge
of minimizing the environmental impact of waste and guaranteeing the sanitary and epidemiological safety of
population. The article presents a possibility of recycling one type of such waste (clay-containing concentration
tailings of apatite-nepheline and sylvinite ores, coal beneficiation tailings) by using them after preliminary
thermochemical treatment as pozzolanic additives to cements and concretes, including concrete mixtures used
for soil stabilization, development of territories, reclamation of mine workings, as a component of the insulating
layer of landfills for the disposal of municipal solid waste. An analysis of the phase changes of kaolinite, one
of the main minerals that make up clay-containing waste, in the temperature range of 200-1,000 °C showed that
a change in its mineral form during heat treatment is the main factor in changing its pozzolanic activity.
The effect of heat treatment of clay minerals at temperature of 700-800 °C on their pozzolanic activity, estimated
by the ability to absorb calcium hydroxide (0.7 g Ca(OH)2 per 1 g of modified kaolinite), is considered.
It is shown that the addition of heat-treated samples (20 % by weight) improves the quality of cement increasing
its activity by 15 %, in comparison with the use of unmodified clay minerals. It was proved experimentally that
partial replacement of Portland cement with thermally modified kaolinite increases the strength of consolidating
stowing mixture by up to 15 %. This approach to processing of ores containing layered silicates, which provides
for thermochemical modification of run-of-mine ore, intensifies the processes of tailings thickening and
filtering.
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Introduction. A significant part of all minerals extracted from the Earth (coal, oil, salts, iron,
manganese and aluminium ores, gold and platinum placers, phosphorites, non-metallic building
materials, etc.) is enclosed in sedimentary rocks. Clay minerals (clays, mudstones, etc.) predominate
among sedimentary rocks, the content of which is up to 50 %.

Many mineral deposits are associated with the presence (as waste rock in them) of clays, mud-
stones, clay shales composed of layered silicates, highly hydrophilic mineral varieties, which can
swell in water. This ability to self-disperse causes great difficulties both in the extraction and pro-
cessing of such ores. Concentration tailings of ores and coals containing clay minerals create serious
problems during storage and disposal, which are exacerbated by process water rotation, since swelling
layered silicates (clay minerals) significantly complicate the compaction and dehydration of tailings
suspensions.

Water became the scarcest resource at beneficiation plants, and a ubiquitous implementation
of intra-factory process water rotation became a necessity. To organize it, it is necessary to
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achieve the maximum separation of the liquid phase from the solid phase of tailings, for which
thickening and filtration operations are used. After these process operations, the mineral part is
obtained with a minimum amount of water. Further, from the dehydrated mineral part, valuable
products can be obtained that are used in different industries: construction, production of sorbents
and refractory materials.

Presence of clay minerals that can retain water reduces the efficiency of these operations, which
leads to a decrease in the volume of process water entering the water rotation system. Ways to reduce
water content are considered in [1, 2]. In this article, the use of dried ore tailings containing clay
minerals is considered.

Among the trends of recycling tailings containing clay minerals, their use as pozzolanic additives
to cements (a mineral additive with the ability to bind Ca(OH), into stable hydrated forms) [3-5], and
as a raw material to produce geopolymers is obvious [6-9]. Production of zeolites is one of the trends
for recycling the concentration tailings [10].

Given the large formation volume of the ore concentration tailings containing layered silicates,
their recycling is possible only in industries that also have a significant volume [11, 12]. In this regard,
the cement industry and production of cement concretes are of greatest interest [13-15].

In the production of cement clinker a lot of fuel is consumed and a significant amount of carbon
dioxide is released. Reduction of the share of clinker component and as a consequence minimization
of these negative factors is possible due to the use of active mineral additives of natural and artificial
origin [16-18].

Thermally activated clays are artificial pozzolans and are regulated by the European standard
EN 197-1-2000 and the interstate standard GOST 24211-2008. From ancient times to the present,
both natural and technogenic clay minerals were used as additives to cement materials. Pozzolanic
activity of thermally activated clays in cement-lime composites depends on the degree of dehydration
and chemical transformation of individual minerals during heat treatment [19-21].

In the course of heat treatment of clay minerals, new characteristics are acquired. After
thermal activation of kaolinite its pozzolanic activity is much higher in comparison with other
clay minerals, which is determined by the structure of kaolinite, in which the elementary package
consists of two layers: silicon-oxygen tetrahedral and aluminium-oxygen octahedral having
oxygen atoms [22-24].

Kaolinite is not a pozzolanic active additive; its activation (thermal) is required. It can be used
as microfiller in Portland cement (in small quantities) due to its high dispersion. Kaolinite can accelerate
the hydration of cement, increase compressive and flexural strength, reduce permeability,
increase frost resistance, and reduce porosity.

During heat treatment of kaolinite in the range of 400-600 °C, dehydroxylation of the structure,
amorphization, and the appearance of aluminium ions in coordination 5 after oxygen occur; this is
what causes a high pozzolanic activity of the forming product, metakaolin [25].

In the process of dehydration of clay minerals in the range of 300-900 °C, crystallization water
is removed from clay minerals (depending on the mineral variety) until the crystals are completely
destroyed and the first eutectics and crystalline neoformations begin to form from the mixture of their
oxides. At a temperature of 200 °C, clay activation can start before sintering begins. Different clay
minerals have different temperature ranges characteristic of endothermic peaks. Polymineral clays,
due to this, have much wider ranges than the monomineral form [26-28].
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Methodology. In the previous studies, the authors [29] investigated the effect of different types
of heating on silicate minerals: montmorillonite, illite, kaolinite, talc, as well as framework silicate —
quartz, as an essential mineral of sedimentary clay rocks characterized by the minimal effect of water
on its structural changes.

In this article, kaolinite obtained by beneficiation of kaolin ore from the Troshkovsky deposit is
considered, which at heat treatment (convective; hydrothermal; in high-frequency currents; and com-
bined) can change the mineral composition. To compare the thermal effect on clay minerals, mont-
morillonite was chosen, in which only dehydration occurs during heat treatment. Chemical composi-
tion of the materials used is given in Table 1.

Table 1
Chemical composition of silicate minerals, %

Material SlOz Ale} Fe203 TlOz CaO NazO Kzo MgO Hzo LOI
Kaolinite 56.9 27.4 2.1 0.5 0.5 0.3 0.2 0.4 - 11.7
Montmorillonite 48.7 14.1 3.2 0.2 4.2 0.9 0.4 4.3 16.2 7.8
Kaolin tailings 78.9 13.3 0.5 0.2 0.4 0.3 0.2 0.6 - 5.6

In the study of samples conventional methods of analysis were applied. To determine the mass
fraction of elements in the samples, an X-ray fluorescence spectrometer with a built-in diffractometer
Thermo Fisher Scientific ARL 9900 WorkStation (SC Ecosystema) was used. Pozzolanic activity
was determined by the Chapel method [30] from the absorption of Ca(OH),. Changes in specific
surface area of the materials were monitored using a “PSKh-10a” device. Analysis of the structural
phase transformations of the studied materials was accomplished by X-ray diffraction (XRD) using
a Bruker D8 focus X-ray diffractometer with a Siemens 7000 diffractometer (USA) with Cu-Ka ra-
diation (40 kV, 30 mA, A = 1.5406 A). Strength was determined according to GOST 22690-2015. As
a secondary tool for determining changes in the structure of minerals, a “Thermoscan-2” device was
used, which makes it possible to carry out thermal gravimetric analysis (TGA) and differential ther-
mal analysis (DTA). The material was exposed to temperatures in the range of 25-1,000 °C at atmos-
pheric air pressure. Heating rate was 10 °C/min.

There are several ways to determine pozzolanic activity of minerals. The article [30] considers two
methods: determination of the activity index based on strength and measurement of the amount of cal-
cium hydroxide absorbed by the pozzolanic additive (French standard NF P18-513: 2010). These two
methods are compared on a sample of metakaolin, and the methods for determining pozzolanic activity
give comparable results [31-34].

The experiment according to the Chapel method was as follows [30]: 1 g of metakaolin/kaolinite
and 2 g of freshly calcined CaO are placed in a 500 ml clean dry Erlenmeyer flask, and 200 ml of
distilled water are added. The flask is hermetically sealed, a Liebig refrigerator is inserted and placed
on a laboratory electrically heated magnetic stirrer. The experiment runs for 16 hours at a temperature
of 85 °C with constant stirring of the flask contents with a magnetic stirrer. After stirring, the flask is
cooled to room temperature. Next, 250 ml of freshly prepared sucrose solution (60 g of sucrose is
dissolved in 250 ml of water) is added and stirred with a magnetic stirrer for 15 min. The content
of the flask is then filtered through an ashless filter. A similar (blank) experiment is carried out with-
out metakaolin/kaolinite. An aliquot (25 ml) is taken from the stock solution with a calibrated pipette
and titrated with a 0.1N HCI burette using phenolphthalein (2-3 drops) as an indicator. The volume
of 0.IN HCI used for titration of 25 ml solution of an empty (blank) sample V1 and the volume
of 0.1N HCI used for titration of 25 ml of a solution obtained by reaction with metakaolin V>
are determined. Next, the amount of Ca(OH); absorbed by 1 g of metakaolin additive is calculated,
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Discussion of results. A change in mineral
form of kaolinite under thermal exposure affects
its pozzolanic activity, which is estimated by the
ability to absorb calcium hydroxide [35].

According to Fig.1, the growth of pozzolanic
activity begins already at a material processing tem-
perature of above 200 °C and reaches a maximum at

Fig.1. Effect of heat treatment on pozzolanic a temperature of 800 °C; further, with increasing

activity of kaolinite and montmorillonite temperature, the pozzolanic activity of kaolinite de-

creases, which is associated with transition of me-

takaolin to mullite [36]. The process of calcium hy-

droxide absorption by heat-treated kaolinite requires a much longer time (fromtwo hours). A comparative

assessment of the effect of heat treatment of two minerals on the change in their activity showed that in

the temperature range of400-800 °C, an increase in pozzolanic activity isrecorded only in kaolinite, while
thermal effect on montmorillonite does not lead to any changes.

The results show that the change in the mineral form of kaolinite is the main factor of the change
in its pozzolanic activity, and not the dehydration of clay, as reported in [37, 38].

During heat treatment of clays, the specific surface area (on the “PSKh-10a” device) of mont-
morillonite decreases due to its dehydration, while no changes are observed in kaolinite (Fig.2, a).

Analysis of weight loss of these minerals (Fig.2, b) suggests that phase composition of kaolinite
changes in the temperature range of 400-600 °C, which correlates well with the data on differential
thermal analysis (Fig.3).

For this analysis, two samples of kaolinite were used: initial (without heat treatment) and after
convective heating at 550 °C. The choice of temperatures and type of heating are described in detail
in the research [29], which states that the types of heating (convective; hydrothermal; in high-
frequency currents; and combined) have the same effect on the change in phase composition of
the mineral and differ only in the rate at which this effect is achieved. According to this indicator,
preference was given to convective heating.

The original sample of mineral raw material (Fig.3, a) has an endothermic effect, the peak
of which falls at 140 °C. This effect is associated with removal of physically bound water from
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Fig.3. Differential thermal analysis of kaolinite samples: a — original sample; b — sample after heating (550 °C)

1 — weight loss; 2 — thermal impact

the channels and pores of the raw material with preservation of microstructure. The next endo-
thermic effect peaks at 547 °C. This is the key effect, as it indicates a change in microstructure
of the material and formation of metakaolin. The second endothermic peak of heat-treated mate-
rial at 540 °C (Fig.3, b) is less intense than that of the original kaolinite. This indicates that kao-
linite almost completely passed into another phase.

Data on the change in phase composition were determined by the X-ray diffraction method.
During heat treatment kaolinite first transforms into metakaolin, which usually cannot be detected
by the X-ray method [39]. XRD analysis showed that the height of kaolinite peak decreases after
heat treatment (from 834 to 262 °C), and a new phase forms — dehydrated halloysite. Kaolinite
and halloysite have a similar structure, but the latter has a certain amount of interlayer water
(d =9.5-10.2 A). In the process of dehydration, the interplanar distance of halloysite decreases and
becomes close to the value of kaolinite (d = 7.2 A).

An increase in pozzolanic activity of kaolinite during heat treatment ensures its effect on the
activity of Portland cement. It was shown in [38] that the maximum positive effect of the addition
of thermally modified kaolinite is observed when its share in the binder is 20 %. Based on this,
determination of the activity of the composite binder was performed on a mixture of kaolinite
20 % and cement of grade TsEM II/A-Sh 32.5N 80 %, with normal solution consistency.
Kaolinite processed at different temperatures was added to the mixture. The best indicators of
the activity of this binder were recorded after addition of kaolinite modified at 700 °C;
the strength increased by 15 %.

In connection with a broader use of concentration tailings for backfilling the worked-out
areas in mines and open pits, a possibility of using thermally modified kaolinite to replace
part of Portland cement in stowing mixtures was tested. For this, the initial stowing mixture was
prepared which contained 80 % of finely dispersed quartz (fineness modulus 1.5) and 20 % of
binder — Portland cement. Thermally modified kaolinite was added to Portland cement, thus, the
mixture contained 80 % quartz, 16 % Portland cement, 4 % kaolinite.

Studies have shown that partial replacement of Portland cement with thermally modified kaolin-
ite increases the strength of the hardening stowing mixture by 20 % of initial compressive strength of
3.5 MPa. Partial replacement of the stowing mixture with heat-treated kaolinite gives another positive
effect — disjoining pressure of the stowing mixture decreases, thus reducing the likelihood of its
self-destruction when the mixture solidifies in the worked-out area. These results are confirmed
by papers [35, 38] and are given in Table 2.
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Table 2

) Disjoining pressure of mixtures, MPa ) Disjoining pressure of mixtures, MPa
EZ;:’ Portland cement Added kaolinite EZ;:’ Portland cement Added kaolinite
100 % 20 % 100 % 20 %
25 0.00 0.00 200 3.50 2.30
50 1.50 1.10 250 3.60 2.40
100 2.70 1.85 350 3.60 2.50
150 3.25 2.10

Coal tailings containing kaolinite are also of interest for use in stowing mixtures [40, 41]. For
further research, beneficiation tailings of high-ash Vorkuta coals were used. The data on the effect of
heat treatment of coal tailings containing 20 % kaolinite on the strength of Portland cement concrete
after 28 days are presented (Table 3). Similar to other products based on kaolinite the maximum
strength of concrete is recorded at a material processing temperature of 700 °C; the strength increases
by 10 %.

The influence of heat treatment time of coal tailings on the modification degree was studied.
It is shown that with an increase in processing time to 90 min, the strength of the mixture increases

by 10-12 MPa.
Table 3

Effect of heat treatment time of coal tailings containing 20 % kaolinite
on the strength of Portland cement concrete (tailings:cement 1:3) after 28 days

Time of heat Strength at heat treatment, MPa Time of heat Strength at heat treatment, MPa
treatment, min 500 °C 600 °C 700 °C treatment, min 500 °C 600 °C 700 °C
0 30.0 30.0 30.0 40 39.8 42.5 43.9
20 35.7 38.5 40.0 60 41.0 43.0 44.5
30 38.2 41.5 42.8 90 40.0 44.0 42.5

Thus, it can be concluded that preliminary thermal treatment of concentration tailings of various
ores containing clay minerals makes it possible to use this type of raw material, for example, in the
construction industry as an additive to cements, and to create conditions for their disposal as part
of stowing mixtures.

Conclusion. As a result of studying the effect of thermal modification of clay-containing ores
and coals before their beneficiation on the processes of dehydration and disposal of tailings, the
following was ascertained:

* during heat treatment of kaolinite, the growth of pozzolanic activity begins already at a tem-
perature above 200 °C and reaches a maximum at a temperature of 800 °C; further, with increasing
temperature, pozzolanic activity of kaolinite decreases, which is associated with transition of
metakaolin to mullite;

* change in mineral form of kaolinite is the main factor in changing its pozzolanic activity (rather
than dehydration of clay, as previously presumed);

* heat treatment does not lead to a change in specific surface area of kaolinite;

* an increase in pozzolanic activity of kaolinite during heat treatment shows up in its effect on
the strength of Portland cement concrete — the addition of heat-treated samples (20 % by weight)
improves the quality of cement increasing its strength by 15 %;

* partial replacement of Portland cement with thermally modified kaolinite increases the strength
of the hardening stowing mixture by 20 %; thermally activated kaolinite contained in tailings has a
higher pozzolanic activity than kaolinite without activation, which allows to use the concentration
tailings of thermally modified ores and coals (at 700-800 °C) as pozzolanic additives to cements and
concretes.
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The obtained results indicate that such an approach to the processing of ores containing layered
silicates, which provides for thermochemical modification of run-of-mine ore, creates favourable pre-
requisites for using the concentration tailings of these ores as pozzolanic additives to cements and
concretes. For example, they can be added to concrete mixtures used in soil stabilization; territory
improvement; mine workings reclamation; and also as a component of insulating layer of municipal
solid waste landfills.

The authors express their gratitude for the assistance in preparation of the material to the Chairman
of the Board of Directors of NPK “Mekhanobr-tekhnika” (AO) Doctor of Engineering Sciences, Chief
Researcher V.A.Arsentiev.
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