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In this work, the leaching of iron(II) oxide and calcium oxide from the wastes of thermal
power plants by concentrated nitric acid was investigated. A laboratory unit for the study
of leaching processes was developed. It was found that the concentrations of iron(II) oxide
and calcium oxide in the solution increase with increasing the temperature of the leaching
process by nitric acid. The influence of the ratio of reagents on the leaching of iron(II)
oxide and calcium oxide from ash and slag wastes was established. An increase in the
leaching time in the range of 15–90 minutes positively affects the process of extraction of
iron(II) oxide and calcium oxide from ash and slag wastes. The calculated degree of
extraction of iron(II) oxide and calcium oxide from ash and slag wastes, as the main
criterion for leaching processes, showed that an increase in leaching duration leads to a
more complete transition of iron(II) and calcium into solutions. Based on the analysis of
the obtained experimental data, the main technological parameters for the extraction of
iron(II) oxide and calcium oxide from ash and slag wastes in nitric acid solution have been
determined.
Keywords: power plant, wastes, ash, slag, separation, leaching, secondary raw materials,
nitrate solution.
DOI: 10.32434/0321-4095-2022-140-1-95-99

Introduction
Mining, chemical, metallurgical, machinebuilding, fuel and energy, building and agriculture
industries are main sources of wastes. In recent years,
much attention is given to wastes of the energy sector,
in particular, generated in power plants. The basis
of energy sector in Ukraine today is thermal power
plants on organic fuel, providing 75–80% of the total
electricity production. The development of thermal
power is forecast with the predominant using of coal,
the share of which in 2030 will be 85.1% in the fuel
balance. During the combustion of coal, a significant
amount of ash and slag is formed on the thermal
power plants to produce heat and electricity [1].
Ash and slag wastes are rich in metal oxides,
and even their content is sometimes significantly
higher than in the original ores that contain them.
The mineralogical composition of ash-slag wastes is
heterogeneous and depends mainly on the type of
coal combustion and the type of boiler equipment.
Mainly ash-slag wastes are rich in oxides of silicon,

aluminum, iron and calcium [2,3].
In turn, the removal of silicon and aluminum
oxides by conventional leaching methods is not
rational due to the formation of a large number of
aluminosilicates of various compositions. Leaching
of iron and calcium oxides is more possible due to
the formation of water-soluble salts in mineral acid
solutions [4]. Fan et al. [5] and Shemi et al. [6]
investigated the removal of aluminum by sulfuric
acid in order to obtain coagulants.
Thus, at present, the study of the leaching of
iron oxide using nitric acid is relevant, and the
resulting solutions of nitric acid can be used in the
future to obtain complex mineral fertilizers with
micro- and macro-elements.
Experimental
In the present work, ash-slag wastes (ASW) of
the Dnipropetrovsk region was used, which is a friable
material of grayish-black color with different
fractional composition. The chemical composition
of the wastes is shown in Table. We used 40% aqueous
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solution of nitric acid.
Chemical composition of the initial ash-slag wastes

Component
СаО
FeO
Al2O3
SiO2
S
С
Inert components

Content,%
2.76
29.4
17.4
42.6
0.27
3.53
4.04

The scheme of experimental installation of the
process of interaction of ash-waste with nitric acid
is presented in Fig. 1. The mixture of ash wastes
with nitric acid was placed in the reaction vessel (1).
The temperature of the process was maintained using
a thermostat (3) equipped with a cover (5) with a
mercury thermometer (4), a two-blade mixer with a
fixed number of revolutions (2), into which the
reaction vessel was immersed. The gas phase, which
was formed due to heating of the interaction products,
was removed through the gas outlet (6), where the
gas was supplied to the cascade of three glasses of
Drexel. The experiment was carried out at the
temperature of 298–373 K for 15–90 minutes. The
process of interaction of ash-slag wastes with nitric
acid was carried out at the following wet ratio
HNO3:ASW: 0.5:1; 1:1; 1.5:1 and 2:1.
After the process was finished, the solution was
filtered, and the resulting sediment was washed with
1% solution of nitric acid. If necessary, the sediment
was again leached in a new portion of a reagent.
The solution and sediment obtained during leaching
were studied for the presence of valuable elements.
The study of t he p hase an d chemical
composition of ash-slag wastes and obtained liquid

Fig. 1. Scheme of experimental installation for the interaction
of ash-slag wastes with nitric acid: 1 – reaction vessel;
2 – two-blade mixer with electric drive; 3 – thermostat;
4 – thermometer; 5 – cover; 6 – gas outlet pipe

and solid samples was carried out by using the
following methods of analysis [5–7]: X-ray phase
analysis (diffractometer DRON-3) and X-ray
fluorescence analysis (an analyzer EXPERT 3L). The
detection limit of elements in 100 s (from 12 mg to
92U) was not less than 0.05%. SDD with a nominal
statistical loading of the spectroscopic path of
52000 1/s served as a detector. The resolution of the
detector (for ÊaMn) at nominal loading did not
exceed 149 eV. The oxygen content was determined
by the difference. To compile the results of the
research, the software complex «OriginPro 8.5 SR1»
was used. The determination of the extraction degree
of elements from ash-slag wastes by nitrate solution
was carried out according to the method disrobed
elsewhere [7].
Results and discussion
Preliminary studies [8,9] showed that nitric acid

Fig. 2. Dependence of the degree of leaching of FeO on temperature at different ratios of reagents ASW:HNO3
(=90 min, Re=600)
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Fig. 3. Dependence of the degree of leaching of CaO on temperature at different ratios of reagents ASW:HNO3
(=90 min, Re=600)

Fig. 4. Dependence of the degree of leaching of FeO on the time of interaction of ASW with nitric acid at different temperatures
(ASW:HNO3=2:1, Re=600)

Fig. 5. Dependence of the degree of leaching of CaO on the time of interaction of ASW with nitric acid at different temperatures
(ASW:HNO3=2:1, Re=600)

is the most optimal for extracting iron from ash-slag
wastes. A series of experiments were carried out to
determine the effect of particle size and temperature
on the leaching process of ash-slag wastes. The effects
of temperature on the degree of extraction of iron
oxide (II) and calcium oxide at different ratio of
reagents during leaching with nitric acid are shown
in Figs. 2 and 3.

The obtained experimental data indicate that
the degree of transformation of FeO and CaO
increases by increasing temperature. This is also
associated with an increase in the pH of the medium
from –0.8 to 3.2, which causes increasing the
viscosity of the medium, promoting better transfer
of ASW elements to the solution.
The time of the reagents interaction determines
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the transformation degree of FeO and CaO, the
productivity of technology and the size of the
neutralization reactors. The results of the experimental
measurements are shown in Figs. 4 and 5.
Analysis of the experimental data shown in
Figs. 4 and 5 indicates that an increase in the
temperature from 298 K to 373 K leads to a significant
change in the degree of extraction of iron and calcium
oxides from the ASW. Therefore, the following
technologically appropriate temperatures of the
process were chosen: 358–373 K. At these
temperatures, the degree of extraction of FeO and
CaO is 96–98%. The highest degree of extraction of
FeO and CaO reaches is achieved at the ratio
ASW:HNO3=2:1, thus it is chosen as technologically
feasible one.
A series of experiments were carried out to
determine the impact of the size of the raw material
particles on the FeO and CaO extraction process
(Figs. 6 and 7).
Analysis of the obtained experimental data from
Figs. 6 and 7 shows that an increase in the particle
size of the starting material from 0.25 mm to 1 mm
leads to a significant change in the degree of

Fig. 6. Dependence of the degree of leaching of FeO on the
interaction time at different particle size of ASW
(ASW:HNO3=2:1, Re=600, Ò=373 Ê)

Fig. 7. Dependence of the degree of leaching of CaO on the
interaction time at different particle size of ASW
(ASW:HNO3=2:1, Re=600, Ò=373 Ê)

extraction of the ASW. This indicates that the
leaching process is additionally involves a diffusion
step. Therefore, 0.25–0.5 mm was chosen as the
technologically feasible particle size, at which the
degree of conversion of FeO and CaO is 96–98%.
The highest degree of conversion of FeO and CaO
is reached when the particle size is 0.25 mm, so it is
chosen as technologically feasible one.
Conclusions
We have studied the leaching of ash-slag wastes
by nitric acid. We found out that the particle size of
the initial material, the ratio of reagents, the process
temperature and the mixing time have a significant
effect on the extraction degree of iron(II) oxide and
calcium oxide. The processes of extracting these
compounds from wastes should be carried out under
the following conditions: the size of the initial
material of 0.25–0.5 mm, the mixing time of 75–90
minutes and the leaching temperature of 358–373 K.
The extraction degree of iron(II) oxide and calcium
oxide reaches almost 100%.
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on the analysis of the obtained experimental data, the main
technological parameters for the extraction of iron(II) oxide and
calcium oxide from ash and slag wastes in nitric acid solution
have been determined.
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ÂÈËÓÃÎÂÓÂÀÍÍß FeO ÒÀ CaO Í²ÒÐÀÒÍÎÞ
ÊÈÑËÎÒÎÞ ²Ç ÇÎËÎØËÀÊÎÂÈÕ Â²ÄÕÎÄ²Â
ÒÅÏËÎÅËÅÊÒÐÎÑÒÀÍÖ²É
Î. Õëîïèöüêèé, À. Ñàâåíêîâ, Î. Áëèçíþê, Ì. Ñê³áà,
Â. Âîðîáéîâà, Í. Ìàñàë³ò³íà
Â äàí³é ðîáîò³ âñòàíîâëåíî çàêîíîì³ðíîñò³ âèëó÷åííÿ îêñèäó çàë³çà (II) òà îêñèäó êàëüö³þ ç â³äõîä³â òåïëîâèõ
åëåêòðîñòàíö³é âèëóãîâóâàííÿì ¿õ êîíöåíòðîâàíîþ àçîòíîþ
êèñëîòîþ. Ðîçðîáëåíà ëàáîðàòîðíà óñòàíîâêà äëÿ äîñë³äæåííÿ ïðîöåñ³â âèëóãîâóâàííÿ. Âèÿâëåíî, ùî êîíöåíòðàö³ÿ îêñèäó çàë³çà(II) òà îêñèäó êàëüö³þ ó ðîç÷èí³ çðîñòàº
ïðè çá³ëüøåíí³ òåìïåðàòóðè ïðîöåñó âèëóãîâóâàííÿ àçîòíîþ êèñëîòîþ. Äîñë³äæåíî âïëèâ ñï³ââ³äíîøåííÿ ðåàãåíò³â
íà ïðîöåñ âèëóãîâóâàííÿ îêñèäó çàë³çà(II) òà îêñèäó êàëüö³þ ³ç çîëîøëàêîâèõ â³äõîä³â. Âñòàíîâëåíî, ùî çá³ëüøåííÿ
÷àñó âèëóãîâóâàííÿ â ³íòåðâàë³ 15–90 õâ ïîçèòèâíî âïëèâàº
íà ïðîöåñ âèëó÷åííÿ îêñèäó çàë³çà(II) òà îêñèäó êàëüö³þ ³ç
çîëîøëàêîâèõ â³äõîä³â. Ñòóï³íü âèëó÷åííÿ îêñèäó çàë³çà(II)
òà îêñèäó êàëüö³þ ³ç çîëîøëàêîâèõ â³äõîä³â, ÿê îñíîâíèé
êðèòåð³é ïðîöåñ³â âèëóãîâóâàííÿ, ïîêàçàâ, ùî çá³ëüøåííÿ
÷àñó ïðèâîäèòü äî á³ëüø ïîâíîãî ïåðåõîäó çàë³çà(II) òà êàëüö³þ ó ðîç÷èí. Íà ï³äñòàâ³ àíàë³çó îòðèìàíèõ åêñïåðèìåíòàëüíèõ äàíèõ âèçíà÷åí³ îñíîâí³ òåõíîëîã³÷í³ ïàðàìåòðè
âèëó÷åííÿ îêñèäó çàë³çà(II) òà îêñèäó êàëüö³þ ³ç çîëîøëàêîâèõ â³äõîä³â ó àçîòíîêèñëèé ðîç÷èí.
Êëþ÷îâ³ ñëîâà: åëåêòðîñòàíö³ÿ, â³äõîäè, çîëà, øëàê,
ðîçä³ëåííÿ, âèëó÷åííÿ, âòîðèííà ñèðîâèíà, í³òðàòíèé
ðîç÷èí.
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In this work, the leaching of iron(II) oxide and calcium
oxide from the wastes of thermal power plants by concentrated
nitric acid was investigated. A laboratory unit for the study of
leaching processes was developed. It was found that the
concentrations of iron(II) oxide and calcium oxide in the solution
increase with increasing the temperature of the leaching process
by nitric acid. The influence of the ratio of reagents on the leaching
of iron(II) oxide and calcium oxide from ash and slag wastes was
established. An increase in the leaching time in the range of 15–
90 minutes positively affects the process of extraction of iron(II)
oxide and calcium oxide from ash and slag wastes. The calculated
degree of extraction of iron(II) oxide and calcium oxide from ash
and slag wastes, as the main criterion for leaching processes,
showed that an increase in leaching duration leads to a more
complete transition of iron(II) and calcium into solutions. Based
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