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ABSTRACT: Physicochemical studies of the autoclave leaching process were carried out under various technological 

modes of opening pyrite concentrate in a hydrochemical medium. Assessed the completeness of their course according 

to the calculated values of the isobaric-isothermal potential at constant pressure, Gibbs energy (ΔGt0, kJ / mol) and the 

values of equilibrium constants (Кр). It has been shown that the final results of the process are influenced by various 

secondary reactions, one of the most important of which is the oxidation of elemental sulfur in a nitric acid medium to a 

sulfate form. 
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I.INTRODUCTION 

 

Copper production is one of the most important branches of non-ferrous metallurgy in Uzbekistan. The current problem 

of this industry is the completely inefficient processing of waste from this production, in particular, pyrite concentrate 

[1-7] emphasis only on sulfur as technogenic raw material. Meanwhile, industrial contents of noble metals, iron and 

some non-ferrous metals are known in its composition additionally to sulfur. 

 

In this regard, there are known options for applied studies of hydrochemical methods for processing pyrite concentrates 

[8, 9] with complete extraction of iron and sulfur into a solution and concentration of noble metals in cake. Applied 

development [10] is also known for leaching this raw material with the extraction of elemental sulfur up to 44%. A 

comparative analysis of the results of these developments unequivocally indicates that leaching methods with the 

maximum conversion of sulfide sulfur to elemental form can be considered as optimal. Such transformation contributes 

to the disclosure of not only persistent forms of iron but also noble metals, it’s further  extraction no longer presents 

technical difficulties. However, today there are no practical recommendations for the application of the method of such 

a transformation, which is due to the lack of relevant results of focused fundamental research. Therefore, the statement 

of problem in this study is to conduct physicochemical studies of the leaching process in various technological modes 

in order to obtain new information and knowledge of theoretical foundations. This knowledge has not only of scientific 

interest, but also of great practical importance, because it opens up the possibility of targeted control of a complex 

process, including chemical transformations, allowing to solvetheir optimization and intensification problems. We have 

not found such information regarding pyrite raw materials in the available literature. 

 
II. OBJECTS AND METHODS OF RESEARCH 

 
The pyrite concentrate is a product of the copper-molybdenum ores flotation at JSC «Almalyk MMC» of the Republic 

of Uzbekistan, the composition of the selected samples with the content of the main elements was: Fe 25.6%; S 26.7%; 

Au 4.55 g/t and Ag 12.3 g/t. The pyrite concentrates are classified as sulfide, acid and chemically resistant raw 

materials regarding the form of existence and gangue nature. According to the mineralogical composition, this raw 

material consists mainly of non-stoichiometric pyrite of the type: (Fe0,98·Cu0,22·S2), and (Fe0,84·Ni0,13·Cu0,09·S2), 

(Fe0,09·Ni0,05·Cu0,02·S2,01),   [Fe0,09·(S,As)20] and etc. [11].The noble metals have the composition of sulfides, including 

chalcopyrite impurities in the form of thin impregnations into this raw material. 
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III. RESULTS OF THE INVESTIGATIONS AND DISCUSSION 

 

In this work, the economical expedient autoclave method is considered as suitable for implementing this leaching 

option among  the many methods. It is known [12], the rate of leaching of mineral raw materials at ordinary 

temperatures and pressures is relatively small, and it increases significantly with increasing these factors. It is also 

known that aqueous solutions cannot be heated above 100
0
С: boil, lose heat as a result of vaporization and, as a result, 

the mechanism of the chemical process is violated. For this reason, in order to solve the problem of the selected 

leaching option, the process is recommended to be carried out in thick-walled sealed metal vessels - autoclaves, which 

are also allow increasing the gases pressure, which increases the boiling point of water and aqueous solutions. The 

latter has a beneficial effect on the thermodynamic characteristics and chemical kinetics of the leaching process - the 

fundamental principles of the chemical process study, its laws, and the mechanism of occurrence depending on time 

and temperature. The nitric acid, the most common in the hydrochemistry of sulfide raw materials [13] was chosen as 

the leaching chemical reagent which leads to the following chemical reactions when interacting with metal sulfides 

(Table 1). 

Table 1. Chemical reactions of nitric acid with metal sulfides 

2 FeS2 + 8HNO3 = Fe2(SO4)3 + NO2↑  + 6NO↑ + S
0
↓ + 4 H2О (1) 

2 FeS2 + 4HNO3 + 3 O2 = Fe2(SO4)3 + 2NO2↑ + S
0
↓ + 2 H2О (2) 

FeS2 + 6HNO3  =  Fe(NO3)3 + 3NO2↑ + 2S
0
↓ + 3 H2О (3) 

FeS2 + 3HNO3 + 0,75 O2 = Fe(NO3)3 + 2 S
0
↓ + 1,5 H2O (4) 

2 FeS2 + 2 HNO3 = Fe2O3 + 4 S
0
↓ + 2 NO↑ + H2О (5) 

2 FeS2 + HNO3 + 1,25 O2 = Fe2O3 + 4 S
0
↓ + NO2↑ + 0,5 H2О (6) 

6FeS2 + HNO3 +9H2O +10 O2 = 3Fe2O3∙4SO3∙9H2O↓ + HNO2 (7) 

2Fe0,98·Cu0,22·S2,0+8 HNO3+ 0,76 О2  =      

Fe1,96(SO4)2,94 +Cu0,44(SO4)0,44+0,62S
0 
+8NO +4H2О 

(8) 

2Fe0,84·Ni0,13·Cu0,09·S2,0 +8HNO3 +0,16О2 =  

Fe1,68(SO4)2,52 +Cu0,18(SO4)0,18 +Ni0,26(SO4)0,26 +1,04S
0 
+ 8NO↑ + 4H2О 

(9) 

2Fe0,09·Ni0,05·Cu0,02·S2,01 +HNO3 + 0,14О2 =  

Fe0,18(SO4)0,27 +Cu0,04(SO4)0,04 +Ni0,10(SO4)0,10  + 3,61S
0 
+NO↑ + 0,5 H2О 

(10) 

6СuFeS2 + 22HNO3  = 6Cu(NO3)2 + 3Fe2O3 + 12S
0
↓ +10NO↑ +11H2О (11) 

2СuFeS2 + 6HNO3+ 2О2 = 2Cu(NO3)2 +Fe2O3 +4S
0
↓+2NO2↑+3H2О (12) 

6СuFeS2+18HNO3 +16,5О2 = 

6Cu(NO3)2+3Fe2O3∙4SO3∙9H2O↓+8S
0
↓+ 6NO2↑+ 

(13) 

S
0 
+ 2HNO3 = H2SO4 + 2NO↑ (14) 

2FeS2 +4HNO3 +H2SO4 +0,5 О2 = Fe2(SO4)3 + 4NO↑ + 2S
0
↓ + 3H2О (15) 

FeS2 + Н2SO4 +0,5 О2 = FeSO4 +  2S
0
↓ + H2О (16) 

2FeSО4 +2HNO3 +H2SO4  = Fe2(SO4)3 + 2NO2↑ + 2H2О (17) 

6Fe
3+ 

+ 4SO4
2- 

+14H2О = 3Fe2O3∙4SO3∙9H2O↓ + 10H
+
 (18) 

Fe2(SO4)3 + 3H2О = Fe2O3 + 3H2SO4 (19) 

Fe2(SO4)3 + 6H2О = 2 Fe(OН)3 + 3H2SO4 (20) 

CuSO4 + S
0 
+H2О   =   CuS↓ + H2SO4 +0,5 О2 ↑ (21) 

CuS +4HNO3  = Cu(NO3)2 + S
0
↓+ 2NO2↑+ 2H2О (22) 

6СuFeS2+18HNO3 +16,5О2 =  

6Cu(NO3)2+3Fe2O3∙4SO3∙9H2O↓+8S
0
↓+ 6NO2↑+ 9H2О 

(23) 

2NO +  О2  =  2NO2↑ (24) 

4NO + O2+ 2Н2О =  4HNO2 (25) 

2NO + 0,5 O2+ Н2О =  2HNO2    (26) 

2NO2 + H2О  =  НNO2 + HNO3 (27) 

3НNO2 =  НNO3 + 2NO↑ + H2О (28) 

2NO + 4H
+
 = N2↑  + 2H2O   (29) 

 

It can be seen, the studied  chemistry of the process is not simple: the final results of the process (reactions 1-13) are 

affected by various secondary reactions (reactions 14-23), one of the most important is the oxidation of elemental sulfur 
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in a nitric acid medium to a sulfate form. These forms cause a chain of secondary processes with the formation of both 

water-soluble sulfates of non-ferrous metals (copper, nickel, etc.) and iron, as well as, deposits of copper sulfide, 

ferrous jarosite, oxides and hydroxides, etc. 

 

In reactions with and without oxygen, the fact of a significant decrease in the consumption of acid in the presence of 

oxygen (reactions 1-6) draws attention. In addition, in the presence of oxygen, lower nitrogen oxides are oxidized to 

higher oxidation states, followed by acid regeneration (reactions 24-29). The facts of the ease of oxidation of nitric 

oxide to dioxide (reaction 24) in an oxygen medium and the subsequent disproportionation reaction (27) accompanied 

by the formation of the unstable in aqueous solutions nitrous acid(reaction 28), which are confirmed by the 

corresponding thermodynamic calculations (Table 1).) 

 

The study of the theoretical foundations of the hydrochemical opening of pyrite concentrate was carried out by studying 

the physicochemical laws of the chemical process, both in time and depending on the temperature regime of the process. 

As it is known from the theory of metallurgical processes, the thermodynamic studies are carried out to determine the 

equilibrium conditions of chemical reactions in the studied system depending on temperature, and kinetic ones are 

performed depending on time due to study of the calculated chemical reactions rates, and the mechanism of the 

leaching process is clarified. 

 

In order to thermodynamic evaluation of the pyrite concentrate opening process in a hydrochemical medium via 

above-mentioned chemical reactions direction and it’s completeness, the calculations were performed: 

1) the values of the isobaric-isothermal potential - free energy at constant pressure, Gibbs energy (ΔGs
0
, kJ / mol), and  

2) the values of the equilibrium constants (Кр) at condition when the rates of the direct and reverse reactions are equal. 

 

The calculations were carried out for several temperatures: 298, 383 and 433K (25.110 and 160
0
C), the temperature 

choice was due to technological considerations and the specific features of elemental sulfur, which melts at 385-388K 

(112-115
0
C) with abnormally low viscosity at 428-433K ( 155-160

0
C) [14.15, p. 320]. The calculations used reference 

data on the thermodynamic quantities ΔG
0
298 and entropy (ΔS

0
298, J / mol ∙ K) [16-18]. The calculation results are given 

in table 2. The calculations were carried out according formulas: 

1) ΔGs
0
 = ΔG

0
298-ΔТ∙ΔS

0
298+ΔТ∙ΔСр

0
]298

т
-Т∙ΔСр

0
]298

т
∙ln(Т/298) [20], the formula was used with the assumption Ср

0
 = 0; 

2) for reactions with evolution of the gas phase, the formula [21] was used: logKp = -52.236 ∙ ΔGs
0
 / T- 0.99431 ∙ Δn; 

3) for reactions without gas phase evolution lgKp = -ΔGs
0
/(2,3RT) (32) [17], where R = 8.31 J / mol ∙ K; ΔT = 298-T; 

Kp is the equilibrium constant; Δn– increment of the number of moles of gaseous products. 

 

Table 2. The calculated values of the isobaric-isothermal potential and the values of the equilibrium constants (Кр) at 

various temperatures. 

 

No 

reaction 

Δn 298К 383К 433К 

-ΔG
0

298 lgKp -ΔG
0
298 lgKp -ΔG

0
298 lgKp 

 1 6 319.83 54.0 315.75 41.0 313.43 35.75 

2 2 62.2 10.25 55.63 7.0 51.73 5.73 

3 3 347.1 59.0 337.5 44.0 331.6 38.0 

4 0 -113.46 -19.92 -96.63 -13.2 -86.73 -10.48 

5 2 59.5 10.0 56.2 7.25 54.13 6.03 

6 1 93.98 15.50 88.28 11.17 84.88 9.33 

7 0 -275.36 -49.26 -273.95 -38.36 -273.12 -33.94 

8 8 181.1 30.0 163.7 18.5 144.6 13.5 

9 8 -147.65 -27.75 -160.23 -19.75 -167.65 -18.25 

10 1 113.98 25.50 99.28 9.17 94.88 6.33 

11 10 96.92 16.08 91.71 11.75 90.21 10.0 

12 2 92.2 14.25 75.63 9.0 61.73 6.73 

13 6 311.53 53.4 309.77 40.5 311.43 33.75 

14 2 344.1 56.0 331.5 41.0 327.6 33.07 

15 4 111.53 33.4 109.77 30.5 110.43 29.75 
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16 0 99.97 17.08 93.71 13.75 91.21 9.0 

17 2 98.2 16.25 77.63 11.0 64.73 8.73 

18 0 -24.6 -4.3 -39.9 -5.4 -48.9 -5.9 

19 0 8.23 1.44 -32.27 -4.3 -54.67 -6.6 

20 0 10.23 3.64 -22.27 -6.3 -24.67 -8.6 

21 1 103.90 22.50 92.28 8.17 91.88 5.33 

22 2 64.2 11.25 56.63 8.0 50.73 6.73 

27 0 31.7 5.56 - - - - 

28 2 75.9* 15.4 - - - - 

 

The values of ΔGs
0
 and logKp are assigned to a sulfur atom in the mineral *[19]. The results show that pyrite is fully 

opened at 298K. The hydrolysis of iron salts is not excluded (reactions 19, 20) at elevated temperatures in presence of  

a sufficiently high content of sulfate ion in the solution, and iron can precipitate in the form of jarosite, which is a 

source of sulfur loss,  but it allows easy filtering of precipitation. It can also be seen from Table 2 that the dissolution of 

iron oxides in an acidic medium at room t = 298 K is practically impossible (reaction (19) Kp = 10-1.44). 

 

This process really becomes possible (Kp = 10-4.3-6.6). With increasing temperature to 383-433K.Moreover, iron 

hydroxide (reaction 20) is able to dissolve in an acidic medium (Cr = 10-3.64) even at 298K. Thus, calculations of 

Gibbs energy and chemical equilibrium constants of possible chemical reactions between nitric acid and sulfides of iron, 

copper, etc., show a rather high probability of their occurrence with the formation of elemental sulfur, hematite and 

water-soluble compounds of non-ferrous metals (copper, nickel, etc.). 

 

The important role of chemical reactions reflecting the behavior of nitrogen oxides by reactions (24-29), especially with 

their conversion to nitric acid, is obvious in the studied process mechanism. This mechanism in assessing the applied 

value of the process has particular importance from both an economic and environmental point of view. The 

dependence of the components behavior in the gas phase is known mainly on pressure and temperature. In this regard, 

the partial pressures (pi) and molar composition (Ci) of nitrous gases were calculated at autoclave pressures of 2, 3 and 

4 MPa and temperatures of 380 and 433K (107 and 160
0
C). The choice of such temperatures is specific, as shown 

above, due to the features of elemental sulfur. The calculations were carried out according to the known method [22]. 

The calculation results are given in table. 3, showing the proportion of nitric oxide in the mixture decreases, while the 

polymerized forms increase with increase in the total pressure of the vapor-gas mixture under isothermal conditions. 

This indicates the fact that when the hydrometallurgical process is carried out under optimal technological conditions, 

increased pressures contribute to a greater degree of oxidation of lower nitrogen oxides to higher ones, which creates 

favorable conditions for acid regeneration during autoclave leaching. 

 

Table 3. Partial pressures (pi) and molar composition (Ci) of nitrous gases depending on temperature (T, K) and 

pressure (P, MPa) in the presence of oxygen and HNO3 concentration of 25 wt.%. 

 

Р, 

MPa 

Т, 

К 

pi Ci 

NO NO2 N2O4 N2O3 NO NO2 N2O4 N2O3 

2,0 380 17,23 177,11 2,11 8,44 0,73 8,66 0,10 0,31 

433 18,67 179,11 2,01 8,07 0,81 8,67 0,08 0,37 

3,0 380 19,14 288,12 3,23 15,63 0,48 8,74 0,10 0,45 

433 20,25 289,22 3,12 14,55 0,54 8,75 0,09 0,39 

4,0 380 22,10 376,63 6,11 31,22 0,04 8,61 0,16 0,74 

433 21,07 377,40 4,81 22,11 0,43 8,62 0,10 0,41 

 

From Table 3, it is also seen that an increase in the temperature of the hydrochemical system in the autoclave under 

isobaric conditions (at constant gas pressure) is unfavorable: the degree of polymerization of lower nitrogen oxides to 

higher ones  decreases. This confirms the positive effect of lower temperatures on the oxidation state of NO in NO2, 

and  creates favorable conditions for acid regeneration along with increased pressures. Thus, the process should be 

carried out with oxygen supply at the lowest possible operating temperatures and high pressures to ensure the 

regeneration of nitric acid during the leaching of pyrite concentrate in order to reduce its consumption. 
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IV. CONCLUSION 

 

The research results make it possible to correctly select the optimal conditions for the leaching of pyrite concentrates, 

to reveal its capabilities and, on the basis of the obtained data, to recommend an effective processing option with the 

requirements for high recovery of the elemental sulfur and the hematite form of iron. 

 

REFERENCES  
 

1. Fomenko A.I. Engineering ecology: Ecological safety of enterprises of the metallurgical complex. -M.: Environmental Engineering, 2016, No. 
6, p. 46. 

2. Snurnikov A.P. Integrated use of mineral resources in non-ferrous metallurgy. - M.: Metallurgy, 2016.P. 384. 

3. Leonard S. Austin The metallurgy of the Common Metalls, Gold, Silver, Iron, Copper, Lead and Zinc. London, 2012.P. 467. 

4. Khasanov A.S., Sanakulov K.S., Yusuphodzhaev A.A. Rangli metallurgy metallurgy. –T .: Fan, 2009. P. 286. 

5. Sanakulov K.S. Scientific and technical fundamentals of mining waste processing. –T .: Fan, 2009. P. 404. 

6. Vanyukov A.V., Zaitsev V.Ya. Theory of pyrometallurgical processes. – M.: Metallurgy, 2015. P. 504 

7. ThamErmist Edger A. Practice Book in Elementary Metallurgy. London, 2015. P. 432 

8. 8.Allabergenov R.R., Sharipov H.T., TuresebekovA.Kh., Olimov T.F., Abdurakhmonov O. Complex processing of pyrite concentrates by 

hydrochemicalmethods // Chem. technology. Sat thesis.doc. IV All-Russia. conf. by chemical technology. Materials of the regional Center.-
Asian int. conf. by chemical technology / Edited by S.M. Turabjanov, D.S. Kadyrova, Yu.A.Zakhodyaeva, V.V. White. - Moscow: Tip-Top, 

2012. P.18-20. 

9. Allabergenov R.D. Fundamental and applied hydrometallurgy: -T: State Enterprise “Research Institute min. resources ”, 2012, P.66.67. 

10. Bogacheva L.M., Ismatov H.R., Allabergenov R.D. Rudenko B.I. Possibilities of hydrometallurgy in the complex processing of pyrite 

concentrates. - On Sat 2nd All-Union. conf. by complex. The use of ores and concentrates.Tez.reports. Part 1. - Moscow: 1982, P.236. 

11. TuresebekovA.Kh., Baranova T.N., Sharipov H.T., Kamolov T.O., Olimov T.F. Chemistry of pyrites of endogenous and technogenic deposits 
- potential sources of iron, noble and rare elements // Proc. doc. Republic scientific and technical conf. "Diversification of the raw material 

base of the industry of the Republic of Uzbekistan: criteria for the search and evaluation of non-traditional types of minerals" (Aug 22, 2012. 
Tashkent. NIIMR). - T .: 2012.P.155. 

12. N.N.Sevryukov, B.A. Kuzmin, E.V. Chelishchev. General metallurgy.Vol. 3. -M .: Metallurgy, 1976, P.33. 

13. UspenskyYa.V., Popov EL, Kunbazarov AK, AkhmedovKh. Prospects for the use of hydrosulfatization with nitric acid for opening sulfide 
concentrates. –M .: VIEMS, 1976. -26 P. 

14. A review of studies on the direct leaching of zinc concentrates under pressure // Cr. Ser. III: Production of heavy colors. Metals (Express-
inform.Tsnietsvetmet Economics and Information), 1980, No. 28, October 27, III-28.I. 

15. Nekrasov B.V. Fundamentals of General Chemistry.–M :Chemistry, 1965. -519 P. 

16. Naboychenko S.S., Smirnov V.I. Hydrometallurgy of copper. –M .: Metallurgy, 1974. -272 P. 

17. Garrels R.M., Christ C.L. Solutions, minerals, equilibrium.–M.: Mir,1968. -368 P. 

18. Latimer V.M. Oxidative states of elements and their potentials in aqueous solutions. –M.: Publishing House of Foreign Literature, 1954. -400 
P. 

19. Atroschenko V.I. Kargin S.I. Nitric acid technology. –M .: State. Scientific and technical publishing house chem. literature, 1962. -523 P. 

20. Kwok O.J., Robins R.J. Thermal precipitation in aqueous solutions // In the book. Hydrometallurgy. –M .: Metallurgy, 1978, PP. 24-27. 

21. Dobrokhotov G.N., Dolivo-Dobrovolsky V.V., Maslenitsky I.N., Chugaev L.V. The basics of autoclave hydrometallurgy. - L .: Ed. LGI, 1969. 
-99 P. 

22. Konvisar V.I., Voloshan A.S., Zaichko N.D., Pechenko T.I. Calculation of the equilibrium weight composition of nitrous gases under pressure 
// Zh. Applied Chemistry, 1978, vol. XV, issue I, P. 52-55. 

 

http://www.ijarset.com/

