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Abstract 
 
In the article, a new approach for solution of the problem of the complex non-waste processing of the 
hydromica schist with producing of the expanded material and additional products (metal and sorbent) 
is presented. The basis for this solution is the deep reductive melting of the hydromica schist with 
separation of the melt saturated with reducing gases into the silicate part of the standardized chemical 
composition and metal. A choice of the reductive melting method is conditioned by possibility to 
stabilize the chemical composition by the additional charging of the melt in the course of melting. 
Under changes of the temperature-time modes of melting, the redistribution of the chemical elements in 
the silicate part contributes also to the melt composition standardization. The stages of the iron oxides 
reduction depending on the hydromica schist melting time are shown. A saturation of the melt with the 
reducing gases and formation of carbides in the melt are necessary conditions for the melt foaming, 
both in the course of melting and on its cooling into water under conditions of thermal shock. The 
foamed X-ray amorphous material (solid foam) produced in the course of such cooling has the bulk 
density of 65 kg/m3. The chemical composition of the metal obtained is close to that of ferrosilicium. 
After the hydrophobizing treatment, the above foamed material can be used as a sorbent for cleaning of 
water from organic substances including oil products. 
 
Keywords: hydromica schist, hydrophobization, reductive melting, solid foam, sorbent 
 

* Selection and peer-review under responsibility of the EIAETM 
∗∗ Corresponding author: email: etcih@mail.ru 

                                                 



 
Pavlov et al./Procedia Environmental Science, Engineering and Management, 6, 2019, 3, 337-343 

 
 
1. Introduction 
 

An indirect consequence of the activities of metallurgical, energetic, chemical, mining 
and other industries is an emergence of gigantic volumes of waste products. This leads to the 
environmental deterioration in many regions. At that, the wastes are the technogenic mineral 
raw materials, which on appropriate treatment can serve as a basis for production of a 
number of commercial products. So, the foamed materials and other commercial products 
can be manufactured using the ashes from combined heat and power plants, smelter slags and 
mining wastes. 

All foamed materials are artificial (foamed ceramic, glass, slag, concrete etc.) and 
belong to the heterogeneous dispersed systems, in which a gas is disperse phase and either 
liquid (liquid foams) or solid substance (solid foams) is the dispersed medium. There are 
different ways of their production (Cherepahov and Davidovich, 1981; Demidovich, 1975; 
Guzman, 1971; Guzman and Poluboyarinov, 1959; Tikhomirov, 1983). 

The foamed ceramics and concrete are usually produced by using the high-dispersed 
mineral powders and liquid foams, while the foamed glass can be obtained by the powder 
method. The solid foams can be made as a result of the melted slag cooling when the 
solubility of gases in the slag decreases for that reason a part of gases effervesces forming 
the foamed mass (pumice) (Goryainov and Goryainov, 1982). The range of the bulk density 
values for pumices (holystones) produced in this way is 300-900 kg/m3. This is caused by the 
instability of chemical composition and imperfection of their manufacturing technology. The 
production of the foamed materials by the method of the reductive melting in the course of 
which not only the saturation of the melt with reducing gases and formation of carbides, but 
also the melt composition stabilization take place. The presence of carbides in the foamed 
melt has a positive effect on the stability of the melt foamed in the bath and subsequent melt 
foaming under the conditions of thermal shock. The complex non-waste processing of the 
hydromica schist with production of the foamed material and additional products (metal and 
sorbent) is of practical and research interest. 

The main objective of this study is to obtain the solid foam with the predetermined 
chemical composition and additional products in the form of iron-base alloy. The next 
objective consists in investigating the possibility to impart the hydrophobic (oleophilic) 
properties to the particle surface of the obtained foam silicate for further use of it as the 
sorbent for collection of organic substances including oil products. 

 
2. Materials and methods 

 
In the experiments, samples of hydromica schists were used. The analyses of the initial 

materials and obtained products were carried out in the Krasnoyarsk scientific center, RAS 
Siberian Branch with the use of the following equipment: Dron-8; X-ray fluorescent 
spectrometer Ranger 2 (Bruker); electron microscope TM 3000. The comprehensive reductive 
melting was made in the inductive complex KIT-25. The chemical composition of the 
hydromica schist samples is presented in Table 1. 

 
Table 1. Chemical composition of the hydromica schist samples 

 
SiO2 Al2O3 Fe2O3 CaO MgO Сl Na2O K2O ZrO2 TiO2 
52.0 22.2 9.44 0.46 3.95 0.47 1.0 7.38 0.1 2.59 

 
In order to carry out the reductive melting process, the samples of hydromica schist 

were reduced to minus 1.5 mm and mixed with annealed limestone to ratio of CaO/SiO2 = 
1.0. Afterwards the brown coal was added in amounts of 5 mas. % of total weight. The 
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prepared charge material was mixed, charged into the graphite crucible, heated to 1550 - 
1600°C and held at this temperature during 2.5 hours. The melt samples for the chemical 
analysis were taken every 30 minutes. 
 
3. Results and discussion 

 
The results of iron oxides reduction and melt basicity changes as functions of the melt 

holding time are presented in Fig. 1. The first experimental point of the curve 1 corresponds to 
the original ore composition while that of the curve 2 (Fig. 1) to charge material melt 
composition. In the curve 1, one can identify three specific segments differing in the specific 
reduction rate of iron oxide. In the first segment of curve, the charging material is in solid state 
at the beginning of melting and in the molten state after 90 minutes of melting. During this 
time, 53% of iron oxide is reduced. In the second segment of the curve, an increase in the 
specific iron reduction rate caused by the foaming of the melt with products of MeO + C = CO 
+ Me reaction is observed. The foaming occurs if the rate of gas bulb generation exceeds the 
rate of bubbles rising to the melt surface.  

 

 
 

Fig. 1. Curves of the Fe2O3 (1) content (wt%) and ratio of CaO/SiO2 (2) as functions of the melt 
holding time 

 
The foam stability depends on concentration of the iron oxide in the melt and carbon in 

the reducer. In this segment of curve, a decline in the iron oxides concentration by 43% is 
observed. Nonetheless, the disruption of the foamed layer is absent due to synchronous iron 
oxides reduction and formation of silicon carbide and silicon according to (SiO2) + 3C = SiCsol. 
+ 2CO and (SiO2) + 2C = [Si]+ 2CO reactions (Pavlov, 2005). These reactions with the silicon 
removal from the melt are confirmed by the results shown on the curve 2 (Fig. 1) from which 
an increase in the melt (CaO/SiO2) basicity in this segment of curve follows. The gases 
generated as a result of silicon reduction contribute to the stabilization of the foamed layer up 
to the time of the melt discharge. In the third segment of the curve, the post reduction of iron 
oxide to the zero value according to FeO + SiC = FeSi + CO reaction. After the complete 
reduction of iron oxide, the melt is discharged to water under conditions of thermal shock. 
When the melt is discharged to water, its fragmentation with intense foaming takes place. 
Around the fragment, the vapor bubble forms and its vapor interacts with the silicon carbide of 
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fragment according to SiCsol.+3H2O=SiO2+CO+3H2 reaction. The pressure of gases, products 
of this reaction, is 1670 atm. (Pavlov, 2005). The foamed melt is presented in Fig. 2. 

 

 
 

Fig. 2. Micrograph of solid foam 
 

It follows Fig. 2 that the foam cells have the polyhedral (penta-, hexa- and 
heptahedral) form, which is an evidence of a non-steady ratio of the dispersion medium and 
particulate filler resulting in change of geometrical shapes of cells. The boundary walls 
separating the gas bubbles have a size of about 30 µm. A volume of produced foam is 50 
times higher than the melt volume. The bulk density is equal to 65 kg/m3. The water 
absorption of the taken samples was measured as per GOST Standard 17177-94 is 460% by 
mass. The chemical composition of the standardized foamed material produced in the course 
of reductive melting is shown in Table 2. 

 
Table 2. Chemical composition of the standardized foamed material 

 
SiO2 Al2O3 Fe2O3 CaO MgO Сl Na2O K2O ZrO2 TiO2 

38.3 13.3 0 42.2 3.31 0.27 0 1.87 0.1 0.44 
 

A viscosity of the obtained melt with predetermined chemical composition was 
measured with the use of the oscillatory viscometer of S.V. Stengelmeyer is 0.2-0.4 Pa⋅s in 
the temperature range of 1350-1550°C. The melt does not crystallize under shock cooling 
and preserves the high-temperature disorder in the atom arrangement as evidenced by the X-
ray diffraction pattern of the produced material (Fig. 3). An absence of the crystallization 
spikes on the X-ray diffraction pattern confirms the conclusion of the X-ray amorphous state 
of the produced foamed material. 

Obtained as a result of the reductive melting, the metal part of the melt containing (in 
wt%) 74.2 of Fe, 21.3 of Si, 3.4 of Ti and 1.1 of Mn is discharged to the mould. The 
produced alloy is close chemically to the ferrosilicium (GOST 1415-93) and can be used as 
reducing constituent in the ferrous metallurgy. 
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Fig.3. X-ray diffraction pattern of the solid foam sample obtained under the conditions of thermal 

shock 
 

 
 

Fig. 4. Experimental industrial installation for modification of materials by the method of gas-phase 
hydrophobization (EII HG): 

1 – hydrophobization chamber; 2 – cover of hydrophobization chamber; 3 – perforated pallets; 4 – 
water evaporator; 5 – hydrophobizator evaporator; 6 – vapor bleeding fitting with shutdown valve; 7 – 

hydrophobizator feeding device; 8 – valve; 9 – vacuum pressure gauge; 10 – vacuum receiver; 11 – 
pipeline; 12 – pipeline isolation valve; 13 – blowdown fitting with shutdown valve; 14 – vacuum 

gauge; 15 – vacuum pump; 16 – vacuum piping; 17 – shutdown valve of vacuum piping 
 

With due regard for considerable porosity of the produced foamed material, it seemed 
advisable to investigate the possibilities to produce on its basis the sorbent for cleaning of 
water containing the organic contaminants including oil products. In this regard, it is 
necessary to create the hydrophobic (oil-loving) film at the material surface. Earlier on, the 
calculation-experimental investigations were carried out and the technological process of 
hydrophobization of the bulky porous mineral materials was developed and approbated 
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(Tsybulskaya et al., 2016). The experience of the above paper has shown that the treatment 
in the gaseous phase of hydrophobizator appears to have considerable promise. 

The gas-phase hydrophobization of the foamed silicate obtained in the present work 
was carried out on the experimental industrial installation of the Institute of Chemistry, FEB 
of RAS (Fig. 4). As the hydrophobic agent, the diesel fuel oil and vacuum oil were used. The 
estimated amount of the hydrophobizator was introduced to the massive evaporator located 
at the top of hydrophobization chamber. Before that, the foamed silicate was preliminarily 
dried and heated up to the predetermined temperature in the chamber. Parameters and 
characteristics of the high-temperature (HHP) and low-temperature (LHP) conditions of the 
hydrophobization are presented in Table 3. 

 
Table 3. Parameters and characteristics of the high-temperature (HHP) and low-temperature (LHP) 

conditions of the hydrophobization 
 

Process parameter 
Type of hydrophobization 

HHP LHP 
Tpreheat. , Thp 500–550 °С 350–400 °С 

Hydrophobization mechanism Chemical (catalytic cracking 
on the porous surface) 

Physical (condensation on the 
porous surface) 

Preliminary heating medium, °C Superheated water vapor 
Chamber pumping out, kPa 10–20 
Time of full evaporation of 
hydrophobizator, min 20 

Chamber pressure after full 
evaporation, kPa 70–90 25–40 

Forced pressure buildup after full 
evaporation – Up to 70–90 

Hydrophobizator 
Heavy and middle-distillate 
(Tboil.=200–500 °C) OP (oil 
products) 

Heavy distillate OP 
(Tboil.=300–500 °C) 

Chamber temperature during 
depressurization, °C Lower 150 

Stability of HP-layer  High Middle 
Energy consumption High Middle (lower by 30 %) 
Efficiency of HP-treatment  High Middle 
Requirements for the raw 
material quality (by moisture 
parameter) 

Low High 

Hydrophobic properties right 
after treatment Weak Middle 

Hydrophobic properties after 
holding High Be unaffected 

 
Tpreheat. – preheating temperature of sorbent in the working chamber; 
Thp – hydrophobization temperature 

In Tables 4, 5, the values of adsorptive capacity for the non-treated and 
hydrophobizated foamed silicate are presented when the diesel fuel oil (DFO) and vacuum 
oil (VO) are used as hydrophobizators. The measurements were performed by two methods: 
in the former case (Table 4), the sorbent holding time in the adsorbate medium is 15 minutes 
while, in the latter case (Table 5) it reaches 24 hours. 
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Table 4. Adsorptive capacity of different samples by the ASMT international F726-09 Standard Test 

Methods for Sorbent performance of Adsorbent. – 2009 
 

Sample  
Adsorptive capacity, g/g [1] 

By DFO By vacuum oil 
Initial foamed silicate (FS) 3.07 3.89 
Hydrophobizated foamed silicate (FS) 3.23 4.08 

 
Table 5. Adsorptive capacity of different samples by the ASTM F 726: 2012 Test method for sorbent 

performance of adsorbents for use on crude oil and related spills 
 

Sample 
Adsorptive capacity, g/g [2] 

By DFO DT By vacuum oil 
Initial foamed FS 4.32 5.83 
Hydrophobizated FS 4.57 6.79 

 
Consequently, the sorbing properties of the foamed material grow after gas-phase 

hydrophobization in relation to oil products. 
 

4. Conclusions 
 
As a result of performed research work, it has been established that the following 

products can be obtained by the method of the reductive melting from the hydromica schists 
(non-waste technology): 

- solid inorganic foam with standardized chemical composition; 
- ferrosilicium alloy of FS-20 type (GOST 1415-93). 
Hereinafter, the hydrophobic porous sorbents for cleaning of water from organic 

substances including oil products can be produced by the method of gas-phase treatment 
from the solid inorganic foam. 
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