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Abstract—The results of studies on the extraction of vanadium, nickel, and cobalt compounds from ash resi-
due obtained in the process of the filtration combustion of charcoal and brown coal with subsequent hydro-
metallurgical extraction of metals from ash residues are presented. Coals with metal salts preliminarily depos-
ited on them are used for the research. The regularities of gasification of the studied coals (temperatures and
combustion rates) are studied and it is shown that the heat of combustion of gaseous products for both types
of coals is 4.3–4.5 MJ/m3. Using X-ray phase analysis, the crystal structures of metal compounds in ash res-
idues are determined. Metal compounds are leached from the ash residue with water, acids, hydrogen perox-
ide, and their mixtures. It is established that vanadium compounds almost completely turn into a solution
during leaching with acid solutions. At the same time, the maximum degree of extraction of nickel and cobalt
from the ash residues of gasification does not exceed, respectively, 59 and 61% for charcoal and 40 and 28%
for brown coal. This is due to the fact that nickel and cobalt compounds are present in ash residues, which are
resistant to the action of aqueous solutions of acids and other oxidizing agents.
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INTRODUCTION
Due to their specific physical and chemical proper-

ties, rare earth elements are widely used in many high-
tech applications (energy, electronics, space, etc.) [1].
The main difficulty in obtaining rare earth elements is
the lack of their concentrated deposits. The main
sources of obtaining rare earth elements include min-
eral ores [2], used electronics [3], etc. Currently,
increasing attention is paid to coals and oils, the ash of
which also contains many rare earth elements, espe-
cially metals [4]. Various methods are being developed
for the selective isolation of rare earth elements:
extraction [5], sorption [6, 7], metallurgical [8, 9],
biological [10, 11], etc.

Coals and petroleum coke are widely used in the
power industry. Gasification is an efficient method of
obtaining energy from solid fuels. Gasification of fuels
can be carried out both in autothermal [12–14] and
allothermal modes [15, 16]. Previously, the character-
istics of combustion and mass transfer of metal-con-
taining products in the mode of filtration combustion
were studied in [17, 18]. During the gasification of
solid fuels in the mode of filtration combustion, the
so-called superadiabatic effect is observed due to heat

exchange between the reactants and products [19, 20].
The advantages of the superadiabatic method of gas-
ification of solid fuels in comparison with the known
technical solutions consist of the energy efficiency of
the process, which makes it possible to process low-
calorie mixtures and low content of toxic substances in
gaseous combustion products [21–23].

To extract V, Ni, and Co from the ash residue, a
number of technological processes have been pro-
posed, which can be divided into pyrometallurgical
and hydrometallurgical ones. Pyrometallurgical
methods of ash processing include chlorination or
reduction smelting to obtain alloys of V compounds
and other metals [24, 25]. To carry out the chlorina-
tion of ash products collected after the gasification of
coals or other types of solid fuels, carbon must be pres-
ent in their composition. In industrial samples of ash
products, carbon particles are always contained in the
form of undercombustion. It is indicated [26] that ash
and slag waste (ASW) granulation is initially carried
out. Granules are recommended to be granulated at
temperatures of 500 to 700°C in the molten salts of
KCl and NaCl. For example, chlorination of V com-
pounds (600–700°C) is described by the equation
268
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After cooling the chlorination products, either
fractional condensation of individual chlorine-con-
taining compounds V, Ni, and Co, which differ in
condensation temperatures, can be carried out, or
their mixtures can be obtained, from which pure metal
compounds are isolated by rectification. The process
of chlorination of various types of raw materials is used
on an industrial scale in many countries, including
Russia.

Another method for processing ash products is the
smelting of alloys of the considered metals with iron
compounds to obtain ferroalloys containing vana-
dium, ferronickel, and cobalt [27, 28]. The most
promising methods are hydrometallurgical process-
ing, which allow the use of ash with a low content of
compounds of the considered metals. The extraction
of V, Ni, and Co from coal ash by hydrometallurgical
methods can be carried out by acid [29], alkaline, or
water leaching [30–33]. The hydrometallurgical
extraction method was used in Russia on an industrial
scale at the Tulachermet plant to obtain V2O5 from the
ASW collected after the combustion of fuel oil. The
most complete hydrometallurgical methods are stud-
ied in the works of V.I. Bukina et al. [34].

The patent [35] proposes a method for processing
the ASW obtained after the combustion of fuel oils,
which consists in mixing them with sodium carbonate
and water. Next, the resulting mixture is kept at a con-
stant temperature in the range of 100 to 150°C (in a
furnace) for 2 hours to obtain a sinter. From the dried
self-disintegrating cake, the degree of extraction of V
by water leaching at a temperature of 95 to 100°C is
73–74%.

The method for leaching V and Ni from the ash res-
idue with hydrochloric acid was patented in the
United States [36]. According to this method, the ash
residue was mixed with hydrochloric acid, the suspen-
sion was filtered, and the filtrate was treated with
sodium, potassium, or calcium hydroxide, increasing
the pH of the solution to 5.5–6.5. In this case, a precipi-
tate containing V compounds was formed, which was fil-
tered off and then additionally leached at pH 8.5–9.5,
precipitating nickel hydroxide. The precipitate con-
taining vanadium compounds was dried, mixed with
sodium, potassium, or calcium hydroxide, and then
the mixture was calcined in air at 500–1000°C. The
result was a solid product containing pentavalent
vanadium, which was leached with water and filtered.
The filtrate was acidified with hydrochloric acid and
precipitated with V2O5.

In [37], an electrochemical method was proposed
for leaching a vanadium compound from an ash resi-
due using aqueous solutions of alkali metal chlorides
and carbonates as an electrolyte. The method does not
seem acceptable, since electrolytes containing chlo-
ride ions cause equipment to corrode, and the use of

2 5 2 3 2V O 6Cl 4VOCl 3O .+ = +
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carbonates is related to the difficulty of regenerating
the spent electrolyte.

The choice of a reagent and the conditions for car-
rying out the hydrometallurgical processing of ash res-
idues in order to extract metal compounds depend on
the material composition of the residues, the condi-
tions for gasification, and the elemental composition
of the initial coal. The thermodynamic evaluation of
the distribution between the phases of the compounds
of the considered metals (cobalt, nickel, vanadium)
showed that these metals under the conditions of the
filtration combustion wave should remain in the solid
phase in the form of oxide forms.

The aim of this paper is to study the possibility of
increasing the degree of the useful use of solid fuel
(coal) through the complex processing of resources
and heat generation during coal gasification, followed
by the release of rare metals from the ash residue.

EXPERIMENTAL
Analytical Research Methods

Elemental analysis of the organic mass of coal was
carried out by combustion in an oxygen flow on a
Vario MICRO cube elemental CHNS/O analyzer
manufactured by Elementar Analysensystem GmbH
(Germany) with a dynamic range of element registra-
tion from 0.01 to 100%. The moisture content in coals
was determined by GOST (State Standard) R 52911-2013
“Solid mineral fuel. Determination of total moisture”;
and the ash content, according to GOST R 55661-2013
“Solid mineral fuel. Determination of ash content.”
The gaseous products of the filtration combustion of
coals were analyzed on the gas chromatograph Khro-
matek Kristall-5000.2 manufactured by ZAO SKB
Khromatek (Russia).

The contents of V, Ni, and Co compounds in the
model coal samples, ash residues after ash leaching,
and filtrates were determined on an X-ray f luorescent
ARL PERFORM’X Sequential XRF spectrometer
produced by TERMO FISHER SCIENTIFIC
(United States) and an emission spectrometer with
inductively coupled plasma ICPE-9000 manufactured
by SHIMADZU (Japan). The phase composition of
ash residues was studied on a Rotaflex RU-200 X-ray
diffractometer manufactured by Rigaku (Japan),
operating according to the following source parame-
ters: 50 kV, 160 mA. The wavelength of monochroma-
tized radiation was 1.542 Å. For monochromatization,
a graphite crystal-monochromator was used on a
beam reflected from the sample. The source was
equipped with a Rigaku D/Max RC horizontal goni-
ometer; θ–2θ scanning was performed according to
the Bragg–Brentano scheme in the angular range 2θ =
10°–70°. The measurement was carried out in the
continuous scanning mode at a rate of 2°/min and a
step of 0.04°. The experimental diffraction patterns
were processed using the specialized MDI Jade 6.5
l. 16  No. 2  2022
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program. The phases were identified using the inter-
national electronic database of diffraction data ICDD
PDF-2.

Method for Preparing Coal Samples
Charcoal (GOST 7657-84) and sulfurous coal were

chosen as the model coal samples. Moscow Region
Basin of the Kimovsky open-pit mine (brown coal).
The particle size of charcoal was 3–5 mm; that of
brown coal, 3–7 mm. The initial coal was dried to an
absolutely dry state, after which it was weighed on a
laboratory VST-600/10 electronic balance.

Coals were impregnated with the following salts of
cobalt, nickel, and vanadium:

(1) cobalt(II) nitrate hexahydrate (Co(NO3)2∙6H2O,
GOST 4528-78, purity not less than 99%).

(2) nickel(II) nitrate hexahydrate (Ni(NO3)2∙6H2O,
GOST 4055-78, purity not less than 98%).

(3) ammonium metavanadate (NH4VO3, GOST
9336-75, purity not less than 99%).

The amount of addition of metal salts was calcu-
lated so that the metal content in coal was 0.1 wt %.
Metal salts were weighed on an analytical balance with
the smallest weighing limit of 0.0001 g.

Metal salts were dissolved in distilled water, and the
volume of water was chosen so that the coal was com-
pletely immersed in the solution. Salts of cobalt and
nickel salts, which are easily dissolvable in water, were
dissolved in cold water; and ammonium metavana-
date, in hot water.

Dry coal was poured into a wide cuvette and filled
with the prepared solution. After part of the solution
was absorbed by the charcoal, the remainder of the
solution was poured into a glass beaker, and the wet
charcoal was placed in an oven. The dried coal was
reimpregnated with the rest of the solution, mixed and
dried again; and this procedure was repeated until the
entire solution was completely absorbed. The final
stages involved washing off the dissolved substance
deposited during evaporation of the solution on the
walls of the cuvette with a small amount of water,
impregnating the coal with it, and completely drying
the coal in an oven at 105°C. Before combustion, a
representative sample was taken from the total mass of
impregnated coal, which was ground in a mortar and
analyzed for its metal content.

Bottom Ash Leaching Method
Before carrying out analyses and experimentally

studying the possibility of extracting V, Ni, and Co
compounds from coal ash into a solution, the ash
products were subjected to mechanical grinding to an
analytical fineness in a porcelain mortar. Leaching
was carried out in a 300-mL flat-bottomed flask
placed on a heated magnetic stirrer. A weighed portion
of ash weighing 2 g was loaded into a f lask, then a
RUSSIAN JOURNAL O
leaching reagent was added at different mass ratios of
ash (T) and leaching solution (L) ranging from 1/10 to
1/30. The treatment was carried out at a temperature
of 60°C for 2 hours. Next, the resulting suspension was
filtered on a Buchner funnel. The filter with the fil-
tered material was washed with water, dried, weighed,
and the mass was determined for balance. Next, a
sample was taken from the solid residue in the filter
and the content of V, Ni, and Co was determined, and
the degree of their extraction was determined from the
obtained data on their contents in the initial ash and
the filter residue.

The following substances were used as leaching
reagents:

– distilled H2O;
– 25% NH4OH (GOST 3760-79) + 5% (NH4)2CO3

and 25% NH4OH + 10% (NH4)2CO3;
– H2O2 with a concentration of 37% (GOST 177-88);
– H2SO4 with a concentration of 95% (GOST

4204-77) and 20%;
– HNO3 with a concentration of 65% (GOST

4461-77);
– a mixed solution containing 650 g/L H2SO4 and

250 g/L HNO3;
– HCl with a concentration of 35 to 38% (GOST

3118-77);
– NaOH solution with a concentration of 20%.

EXPERIMENTAL
Experimental studies on the filtration combustion

of metal-containing coals were carried out on a batch
laboratory installation, the scheme of which is shown
in Fig. 1. The main part of the experimental setup is a
vertically located cylindrical reactor 3 made of quartz
glass with an inner diameter of 66 mm, wall thickness
of 3 mm, and ength of 500 mm. To reduce lateral radi-
ation heat losses, the outer wall of the reactor was
shielded with a heat-reflecting screen, 4.

The investigated samples of coals were loaded into
the reactor through the upper end. Air was supplied
through a fitting at the lower end of the reactor. The air
f low was controlled using an electronic Mass-view
flow meter, 5 (Fig. 1) manufactured by Bronkhorst
High-Tech (Netherlands). The product gas was
removed through the upper end of the reactor.

Before the start of the experiment, a layer of inert
material was loaded into the reactor up to the level of
the first thermocouple (TC1). Ceramic corundum
balls with a diameter of 5 to 7 mm were used as the
inert material. An initiating composition was poured
over a layer of ceramic balls, which was a mixture of
charcoal (10 g) with an inert material (30 g) heated in
a muffle furnace to ~800°C. After that, the supply of
the oxidizer (air) to the reactor was started. At the
same time, the combustion of the initiating composi-
F PHYSICAL CHEMISTRY B  Vol. 16  No. 2  2022
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Fig. 1. Arrangement of the experimental assembly: (1) data acquisition, (2) ADC, (3) quartz reactor, (4) heat-reflective screen,
(5) air-flow meter, (TC1–TC6) K-type thermocouples.
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tion began. The air f low rate in all experiments was
maintained constant at 800 m3/m2 h (0.76 L/s).

Next, the test mixture was loaded in small portions
(~50 g). After 5–7 min, a stationary combustion front
was formed, which was characterized by a constant
combustion rate and temperature. The propagation of
the filtration combustion wave front in the reactor was
recorded from the readings of six chromel–alumel
thermocouples (TC1–TC6) located along the length
of the reactor at a distance of 65 mm from each other.
The thermocouple junction was located in the center
of the reactor. Thermocouple readings were transmit-
ted via ADC 2 to recording computer 1 (Fig. 1) and
displayed on the monitor screen in real time.

The mass combustion rate was determined from
the advancement of the combustion front recorded
with the help of thermocouples and from the loss of
the fuel mass during the experiment. In all experi-
ments, gaseous products were periodically sampled in
a glass ampule-trap. After the experiment, the solid
combustion products were unloaded from the reactor,
and the ash was separated, ground in a mortar, and
analyzed according to the method described above.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo

Table 1. Characteristics of the coals used

Parameter C, % H, % O, %

Charcoal 91.20 3.65 3.64

Brown coal 42.57 3.82 23.13
RESULTS AND DISCUSSION
The elemental composition of the initial coals is

given in Table 1. Unlike charcoal, brown coal is char-
acterized by a high ash content and low calorific value.

The analysis of the metal content in the prepared
samples of coals and their ash is presented in Table 2.
Ash residues from the gasification of brown and char-
coal impregnated with salts of vanadium, nickel, and
cobalt can be used to study the processes of their
extraction. The content of all three metals individually
in the ash of charcoal is higher than their content in
the ash of brown coal due to a significant difference in
the ash content of coals. In a number of cases, a
reduced content of metals in coal ash was observed due
to their low concentration in the initial samples and
losses during the unloading of the ash residue from the
reactor.

In addition to the metals introduced by us, the
impregnated coals also contained some chemical ele-
ments that were contained in the original coals (Table 3).
These elements, according to the X-ray phase analysis,
do not form crystalline phases with the considered
metals.
l. 16  No. 2  2022

N, % S, % Ash, % Q, MJ/kg

0.01 – 1.5 34.1

0.78 2.70 27.0 13.0
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Table 2. The content of metals V, Ni, Co in coals and ash

Sample name
Content, %

V Ni Co

Charcoal, impregnated NH4VO3 0.10 – –
Brown coal, impregnated NH4VO3 0.10 – –
Charcoal, impregnated Ni(NO3)2∙6H2O – 0.09 –
Brown coal, impregnated Ni(NO3)2∙6H2O – 0.11 –
Charcoal, impregnated Co(NO3)2∙6H2O – – 0.76
Brown coal, impregnated Co(NO3)2∙6H2O – – 0.96
Charcoal, impregnated with a mixture of V, Ni, Co salts 0.17 0.10 0.09
Charcoal ash, impregnated NH4VO3 11.34 – –
Ash of brown coal, impregnated NH4VO3 1.19 – –
Charcoal ash, impregnated Ni(NO3)2∙6H2O – 2.96 –
Brown coal ash, impregnated Ni(NO3)2∙6H2O – 1.06 –
Charcoal ash, impregnated Co(NO3)2∙6H2O – – 7.05
Brown coal ash, impregnated Co(NO3)2∙6H2O – – 1.35
Charcoal ash impregnated with a mixture of V, Ni, and Co salts 2.12 1.12 1.00
Ash of brown coal impregnated with a mixture of V, Ni, and Co salts 1.19 1.40 1.09

Table 3. The content of other chemical elements in coals

Type of coal Al, % Si, % Fe, % Ca, % Na, % Mg, %

Charcoal Up to 0.04 0.06–0.39 0.01–0.02 0.10–0.19 Up to 0.20 Up to 0.04
Brown coal 2.40–3.37 1.66–2.40 0.53–0.81 0.16–0.20 Up to 0.70 Up to 0.04
During the air gasification of charcoal, the com-
bustion temperature was ~1200°C, the mass combus-
tion rate was 0.14 g/s, and the calorific value of gas-
eous products was 4.5 MJ/m3 (Table 4). In the case of
brown coal, the temperature and combustion rate were
higher than for charcoal. This was due to the higher
ash content, resulting in a transitional structure of the
combustion wave, characterized by higher tempera-
tures and combustion rates. However, the heat of com-
bustion of gaseous products is somewhat lower than
that of charcoal and is ~4.3 MJ/m3. However, unlike
charcoal, the products of the gasification of brown
coal, in addition to gaseous products, contain com-
bustible organic products of thermal decomposition
(pyrolysis) of coal–tar (elemental composition, wt %:
C, 74.8; H, 7.6; O, 13.0; N, 1.1; S, 3.5). The yield of
pyrolysis products is largely determined by the tem-
perature mode of the process [38, 39]. In our experi-
ments, the yield of pyrolysis resins was ~8% of the ini-
tial mass of brown coal. The heat of combustion of the
latter is ~32 MJ/kg.

According to the data of the X-ray phase analysis of
wood (Fig. 2) and brown (Fig. 3) coal ash impregnated
with V, Ni, and Co salts, the samples contain both
individual oxide forms of these metals and their com-
RUSSIAN JOURNAL O
plex compounds. In a sample of charcoal ash impreg-
nated with V, Ni, and Co salts, the main identified
phases are VO2, NiO, NiTiO3, CoO, CaO, Ca2SiO4,
CaSO4, and SiO2, while in in a sample of brown coal
ash impregnated with the same salts, such phases are
VO2, NiO, NiS2, NiCo2O4, Co3O4, Co2C, CaCO3,
TiO2, Al6Si2O13, and Fe2O3.

Ash residues obtained after gasification of coals
impregnated with V, Ni, and Co compounds are char-
acterized by a high content of these metals, and the
material composition (Figs. 2, 3) shows that the sam-
ples contain hard-to-recover compounds of some of
the considered metals (NiTiO3, NiS2, NiCo2O4,
Co2C). The resulting ash residues from the gasifica-
tion of charcoal and brown coal, impregnated with V,
Ni, and Co salts were heterogeneous products. Photo-
graphs of brown coal ash before and after grinding are
shown in Figs. 4 and 5.

The selected reagents have different effects on the
degree of extraction of vanadium, nickel, and cobalt
compounds (Table 5). For example, under the action
of a 20% NaOH solution, distilled water, and a mix-
ture of NH4OH and (NH4)2CO3 on brown coal ash,
the degree of recovery of V, Ni, and Co do not exceed
F PHYSICAL CHEMISTRY B  Vol. 16  No. 2  2022
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Table 4. Characteristics of coal gasification

T is the maximum combustion temperature, Vcomb is the combustion rate, Q is the calorie content of gases.

Type of coal Type of metal T, °С Vcomb, g/s Q, MJ/m3

Woody V 1178 0.13 4.15
Co 1155 0.14 4.68
Ni 1165 0.15 –

V + Co + Ni – 0.15 4.49

Brown V 1319 – 4.27
Co 1293 0.57 4.26
Ni 1257 0.53 4.24

V + Co + Ni – 0.54 –
54, 34, and 22%, respectively. Under the influence of
strong acids (H2SO4, HNO3, HCl and their mixtures),
at the first stage of processing, the degree of extraction
of V increases to 73–76%, while the extraction of Ni
decreases to 29–30%, and the degree of extraction of
Co compounds practically does not change. When
carrying out additional stages of leaching (two or three
stages), almost the complete extraction of vanadium
compounds into the solution is achieved, and the
degree of extraction of nickel and cobalt compounds
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo

Fig. 2. X-ray pattern of ash obtained after gasification of charco
(3) NiO, (4) Ca2SiO4, (5) SiO2, (6) NiTiO3, (7) VO2, and (8) C
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also increases. The highest value of the degree of
extraction of nickel (35%) and cobalt (25.5%) com-
pounds is achieved with two-stage leaching when HCl
and mixtures of HCl with H2SO4 and HNO3 are used
as the reagent.

The effect of the composition of solutions on the
degree of extraction of metals during the leaching of
charcoal ash is consistent with the results obtained in
the leaching of brown coal ash; however, in all the
experiments, the degree of extraction of Ni and Co
l. 16  No. 2  2022
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Fig. 3. X-ray pattern of ash obtained after gasification of brown coal impregnated with salts of V, Ni and Co ((1) Fe2O3, (2) Al6Si2O13,
(3) TiO2, (4) CaCO3, (5) Co3O4, (6) NiO, (7) NiS2,  (8) NiCo2O4, (9) Co2C, (10) VO2).
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Fig. 4. Brown coal ash (a) before and (b) after grinding.

(a)

(b)
compounds is significantly higher, which is apparently
due to the difference in the material compositions of
the obtained ash residues. Compounds of some ele-
ments (Na, Ca, K, etc.) contained in the feedstock
RUSSIAN JOURNAL O
also pass into the resulting solution after four-stage
processing.

Apparently, the low degree of extraction of Ni and
Co from the studied samples of ash residues is related
F PHYSICAL CHEMISTRY B  Vol. 16  No. 2  2022
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Table 5. The degree of extraction into solution of vanadium, nickel and cobalt compounds from coal combustion ash

Reagent T/L
Degree of extraction, %

(according to the analysis of the remainder)

V Ni Co

Object of research: brown coal ash

H2O 1/20 40.2 33.4 20.8

25% NH4OH + 10% (NH4)2CO3 1/10 53.4 33.0 21.9

NaOH solution (20%) 1/10 38.2 33.5 19.1

H2SO4 (concentration 95%) 1/30 77.1 37.2 22.4

H2SO4 (95%) + H2O2 (37%) 1/10 72.5 30.2 25.1

H2O2 (37%) 1/10 44.4 36.7 21.9

H2SO4 (95%) 1st stage 1/10 73.6 29.7 22.6

2nd stage 1/10 15.9 3.6 0

3rd stage 1/10 1.8 0 0

H2SO4 (20%) 4th stage 1/10 1.6 0 0

Total – 92.9 33.3 22.6

HNO3 (65%) 1st stage 1/10 75.9 8.0 16.9

2nd stage 1/10 13.2 3.5 9.7

3rd stage 1/10 10.5 0 0

H2SO4 (20%) 4th stage 1/10 0.3 0 0

Total – 99.9 11.5 26.6

650 g/L H2SO4/350 g/L HNO3 1/10 77.1 33.5 23.8

HCl 1st stage 1/10 77.2 28.0 17.8

H2SO4 (93%) 2nd stage 1/10 21.4 9.2 4.8

Total – 98.6 37.2 22.6

HCl 1st stage 1/10 77.2 28.0 17.8

HNO3 (65%) 2nd stage 1/10 19.1 11.2 10.3

Total – 96.3 39.2 28.1

HCl 1st stage 1/10 77.2 28.0 17.8

NH4OH (25%) 2nd stage 1/10 16.7 10.4 3.5

Total – 93.9 38.4 21.3

HNO3/HCl (1/3) 1st stage 1/10 79.2 29.7 17.7

H2SO4 (93%) 2nd stage 1/10 17.0 5.2 5.3

Total – 96.2 34.9 24.0

HNO3/HCl (1/3) 1st stage 1/10 79.2 29.7 17.7

HNO3 (65%) 2nd stage 1/10 12.7 3.8 0.7

Total 91.9 33.5 18.4

HNO3/HCl (1/3) 1st stage: 1/10 79.2 29.7 17.7

NH4OH (25%) 2nd stage 1/10 14.7 2.6 7.6

Total – 93.9 32.3 25.3
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to the formation of compounds during gasification
(NiTiO3, NiS2, NiCo2O4, Co2C), without the additional
thermochemical treatment of which (sintering, chlorina-
tion, etc.) it is practically impossible to increase the
degree of extraction of compounds of these metals.

CONCLUSIONS
The performed studies have shown that the rate

and temperature of the filtration combustion of brown
coal from the Moscow Region basin is higher than that
of charcoal. As a result of the filtration combustion of
both types of coals, a gas with a calorific value of 4.3 to
4.5 MJ/m3 is obtained. During the filtration combus-
tion of brown coal, tar is also formed with a calorific
value of ≈32 MJ/kg, the output of which is approxi-
mately 8% of the mass of the original coal.

The crystal structures of metal compounds in ash
residues of coals have been determined. Experiments
have been carried out on the leaching of metal com-
pounds with water, acids, and hydrogen peroxide and
their mixtures. It has been established that vanadium
compounds almost completely (97–98%) turn into a
solution during two-three-stage leaching with acid
solutions. The ash residues contain nickel and cobalt
compounds that are resistant to the action of aqueous
solutions of acids and oxidizers. As a result, the maxi-
mum recovery of nickel and cobalt from ash residues
did not exceed 59–61%.
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