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ABSTRACT

Pyrite cinders, waste products of pyrite concentrate processing by firing to produce sulfuric acid,
can serve as raw materials for the extraction of precious, ferrous, and non-ferrous metals. The
paper considers the possibilities of obtaining non-ferrous metal concentrate from pyrite cinders
by sulfuric acid leaching. This operation is one of the stages in the integrated technology. To
increase the extraction of non-ferrous metals during leaching, the method of preliminary chemical
activation was used. Chemical activation was carried out in a solution containing 40-120 g/dm?3
NaHCOs at temperatures of 90-230 ° C and a duration of 30-300 minutes. Sulfuric acid leaching of
pyrite cinder after activation was carried out in H,SOa solutions with a concentration of 5-20 % at
a temperature of 60 ° C, duration of 30 minutes, and pulp density of 33 %. To determine the
optimal conditions for the sulfuric acid leaching of pyrite cinders, a mathematical planning method
was used, which allows to assess with a high degree of reliability the influence of the main factors
(temperature, pulp density, the concentration of the solution NaHCOs and duration) and predict
an increase in the efficiency of the process by analyzing the numerical values of the regression
equations. As a result of sulfuric acid leaching of pyrite cinders after preliminary chemical
activation under optimal conditions determined by a mathematical model, the extraction of iron
and non-ferrous metals into a solution is 10-15% higher than without activation.

Keywords: pyrite cinders, non-ferrous metals, model, factor, extraction.

Abikak Yerkezhan Baimuratkyzy

Junior researcher, JSC "Institute of Metallurgy and Ore Beneficiation", Satbayev University, 050010,
Almaty city, the Republic of Kazakhstan, Shevchenko str., 29/133. Email:
abikak.erkezhan@mail.ru

Kenzhaliyev Bagdaulet Kenzhaliyevich

Doctor of Technical Sciences, Professor, General Director- Chairman of the Management Board of
the JSC "Institute of Metallurgy and Ore Beneficiation", Satbayev University, 050010, Almaty city,
the Republic of Kazakhstan, Shevchenko str., 29/133. Email: bagdaulet_k@satbayev.university

Heri Retnawati

Prof. Dr., Mathematics and Science Faculty, Universitas Negeri Yogyakarta, JI. Colombo No.1
Karangmalang Yogyakarta 55281, Indonesia. Email: heri_retnawati@uny.ac.id

Gladyshev Sergei Vladilenovich

Candidate of Technical Sciences, Leading Researcher, JSC "Institute of Metallurgy and Ore
Beneficiation", Satbayev University, 050010, Almaty city, the Republic of Kazakhstan, Shevchenko
str., 29/133. Email: gladyshev.sergey55@mail.ru

Ata Akcil

Professor, Ph. D.-Eng., Group Leader Mineral - Metal Recovery and Recycling (MMR&R) Research
Group, Engineering Faculty, Suleyman Demirel University, Ciindr, Stileyman Demirel Cd., 32260
Merkez/Isparta, Turkey. Email: ataakcil@sdu.edu.tr

Introduction

time, pyrite cinders can serve as raw materials for
complex processing with the extraction of precious,

One of the methods of sulfuric acid production ~ ferrous, and non-ferrous metals [[9], [10]]. The
is the firing of pyrite concentrate to produce sulfur ~ development of rational processing technology is

dioxide [[1], [2], [3], [4], [5]].

Production waste - relevant.

pyrite cinders are stored, which creates a large The paper considers the possibilities of
amount of man-made waste and poses a serious  obtaining non-ferrous metal concentrate from

environmental threat [[6], [7], [8]].

At the same  pyrite cinders by sulfuric acid leaching [[11], [12],
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[13]]. This operation is one of the stages in the
integrated technology.

The study of the parameters and indicators of
the process of leaching pyrite cinders was carried
out using the method of mathematical planning of
the experiment and the selection of technologically
significant factors.

The extensive use of mathematical models of
technological processes is explained by the fact that
the model makes it possible to establish in a
phenomenon, subject, or process the main
regularities that are characteristic of them, and to
neglect the secondary, auxiliary features [[14], [15],
[16], [17], [18]]. Development of a mathematical
model of the process is directly related to the
planning of the experiment.

A full factorial experiment [19] has been used to
study the technology of pyrite cinders processing
including preliminary chemical activation and
sulphuric acid leaching. The method of the full
factorial experiment includes consequent stages of
mathematical modeling:

- selection of the optimization parameter and
affecting factors (temperature, pulp density,
NaHCOs; solution concentration, and duration);

- selection of the basic level and interval of
variation for each factor;

- checking the
experimental results;

- construction of a mathematical model with
calculation of regression equation coefficients;

- testing the adequacy of the regression
equation.

Chemical activation of pyrite cinders in a
solution of sodium hydrogen carbonate was
performed in order to increase the efficiency of
sulphuric acid leaching. The use of the given method
of preliminary chemical activation in the processing
of mineral raw materials has a positive effect on the
degree of extraction of useful components [[20],
[21], [22]].

reproducibility of the

The experimental part

X-ray fluorescence analysis was performed on a
Venus 200 wave dispersion spectrometer
(PANalyicalB.V., Holland).

Chemical analysis was performed on an optical
emission spectrometer with inductively coupled
plasma (Optima 8300 DV, PerkinElmer, Waltham,
MA, USA). The random error component is 2.0%.

X-ray phase analysis was performed using D8
Advance (Bruker, Billerica, Massachusetts, USA).

Discussion of results

The subject of the study was the magnetic
fraction of pyrite cinders from the sulphuric acid
production of the Tselinnyy Mining and Chemical
Combine.

Chemical composition of the magnetic fraction
of pyrite cinders wt.%: Na,O 1.4; MgO 0.74; Al,0s
5.69; Si0; 23.22; P,05 1.1; SO36.24; CI70.01; K0 0.44;
Ca0 2.52; Ti0,0.32; Fe;0352.84; Cu0 0.25; Zn0 0.53;
As,03 0.24; Se0; 0.3; BaO 2.4; HgO 0.08; PbO 0.16;
n.n 1.82; precious metal content, g/t: Au 2.69; Ag
19.3

The phase analysis of the magnetic fraction of
the pyrite cinders is shown in Table 1 and Figure 1.

Table 1 — Phase content of the magnetic fraction of
pyrite cinders

Name Formula %
Magemite Fe203 25.1
Hematite Fe203 19.1

Quartz Si02 18.0

Albite Na(AlSizOs) 10.2
Trinatrium

phosphate zinc NasZnaO(P04)3(H20)s 9.5
oxide hydrate
Sodium .
L NaAlsSizO11 6.7
aluminosilicate
Barium ferrite BaFe,04 4.7
Natrozharosite | (Nao.s7(H30)o.33)Fe3(S0a)2(0H)s | 4.2
Dolomite CaMg(COz3)2 2.5

Figure 1 - X-ray diffraction of the magnetic fraction of
pyrite cinders

Chemical activation of pyrite cinders was
performed in a solution containing 40-120 g/dm?
NaHCO; at pulp density from 20 to 80 % and a
working temperature of 90-230 °C using a
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thermostatically controlled wunit containing 6
autoclaves rotating through the head, with a
working volume of 250 cm?. The activation time was
30-300 minutes.

Sulfuric acid leaching of pyrite cinders after
preliminary chemical activation was performed in
H,S0, solutions with a concentration of 5-20% at a
temperature of 60°C, duration of 30 minutes, and L:
S=3.

Table 2 - Matrix of the complete factor experiment

A matrix of full factor experiment with the
calculation of the main level and interval of variation
was made up (Table 2).

The experiment was performed using the
planning matrix. Each experiment was duplicated
three times during the practical realization of the
planning matrix. The results of Fe;03, CuO, and ZnO
leaching experiments are given in Tables 3, 4, and 5.

Factors
Indicators
X1- temperature, | Xz- conc. . . .
Xs3- duration, min Xs- ratio S:L
°C NaHCOs, g/dm3
Basic level
160 90 180 1:6
Variation interval 70 30 120 1:4
Upper level 230 120 300 1:10
Lower level 90 60 60 1:2
Table 3 - Experimental results for Fe;0sz leaching matrix
Experiment Factor Factor Factor Factor Extract.ed in
Batch solution Yexp si2(Fe)
No. X1 X2 X3 Xa
Fe203, %
1 1 1 1 1 1 6.26 6.17 0.0171
2 -1 1 1 1 6.23 6.17
3 1 -1 1 1 6.02 6.17
2 1 -1 -1 1 1 5.28468 5.06636 0.041493
2 1 1 -1 1 5.033 5.06
3 -1 1 -1 1 4.8814 5.06
3 1 1 -1 -1 1 10.695 10.36 0.453225
2 -1 -1 -1 1 10.8 10.36
3 1 1 1 -1 9.585 10.36
4 1 -1 1 1 -1 4.9 4.62 0.088433
2 1 -1 1 -1 4.67 4.62
3 -1 -1 1 -1 4.31 4.62
5 1 1 1 -1 -1 6.16 5.73 0.253433
2 -1 1 -1 -1 5.87 5.73
3 1 -1 -1 -1 5.18 5.73
6 1 -1 -1 -1 -1 13.05 12.4 0.390633
2 1 1 1 12.43 12.42
3 -1 1 1 11.8 12.42
7 1 1 -1 1 26.0 23.89 2.838933
2 -1 -1 1 1 22.23 23.89
3 1 1 -1 1 22.07 23.89
8 1 -1 1 -1 1 10.65 10.23 0.313433
2 1 -1 -1 1 10.54 10.27
3 -1 -1 -1 1 9.63 10.27
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Table 4 - Test results for CuO leaching matrix

Extracted
Batch Exp(i\ll':\.1ent Fa;:or Fa;:or Fa):or Fa)(:or in soll:u::g: Voo 5 2(Fe)
%

1 1 1 1 1 1 22.72 22.64
2 -1 1 1 1 22.7 22.64 0.0148
3 1 -1 1 1 225 22.64

2 1 -1 -1 1 1 21.35508 21.27
2 1 1 -1 1 21.27 21.27 0.00729
3 -1 1 -1 1 21.18492 21.27

3 1 1 -1 -1 1 17.9192 17.23
2 -1 -1 -1 1 17.23 17.23 0.47497
3 1 1 1 -1 16.5408 17.23

4 1 -1 1 1 -1 8.92 8.74
2 1 -1 1 -1 8.88 8.74 0.07093
3 -1 -1 1 -1 8.44 8.74

5 1 1 1 -1 -1 18.89 18.51
2 -1 1 -1 -1 18.8 18.51 0.32543
3 1 -1 -1 -1 17.86 18.51

6 1 -1 -1 -1 -1 27.96 26.63
2 1 1 1 1 26.63 26.63 1.7689
3 -1 1 1 1 25.3 26.63

7 1 1 -1 1 1 43.05 41
2 -1 -1 1 1 41 41 4.2025
3 1 1 -1 1 38.95 41

8 1 -1 1 -1 1 17.73 16.89
2 1 -1 -1 1 16.89 16.89 0.7056
3 -1 -1 -1 1 16.05 16.89

We calculated the values of regression an effect on the extraction of certain metals were

coefficients, having received experimental data by

i

Y o
Zn , where, Y;-value of optimization

formula b=

parameter in the i-th experiment, N - number of
experiments. Regression equations describing
metals extraction during sulfuric acid leaching of
pyrite cinders were calculated according to obtained
coefficients:
Vre=12.32 + 1.4 x3-1.65%,+1.05x3-7.82x (1)
yzn=-21.62 +1.07x1+0.21x,+0,71x3-11x4 (2)
Ycu=-18.9 + 0.86x; — 0.43%>+2.62x3+ 11.53x4(3)

Factor analysis of the results was conducted, to
determine the intensity of the effect of the factors
under study on the optimization criteria. The effects
of factors x1 — Xs, introduced into the plan at two
levels were determined by formulas for linear
orthogonal plans. Significant factors were
determined for each criterion and ranks which have

drawn up:

- for iron (y1): X1> X3> X2> Xa;

- for zinc (ya) : X1> X3> X2> Xa;

- for copper (y3): X4> X3> X1> Xa.
The analysis of the obtained regression equations
for the extraction process allowed us to conclude
that for iron and zinc extraction the greatest
contribution is made by factor X; - temperature. The
coefficient value defines a quantitative measure of
the effect of the factor. The sign of the coefficient
determines the nature of the effect. The plus sign
shows that the value of the factor X; increases with
an increase in the value of the factor X, while the
minus sign shows that the value of the optimization
parameter decreases. The iron and zinc extraction is
less affected by the ratio L:S. The ratio L:S and
NaHCOs concentration, g/dm3 have the greatest
contribution to effective extraction of copper.
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Table 5 - Test results for ZnO leaching matrix

Extracted
Batch Expel\::)rf\ent Fa)c(tlor Fa)c(:or Fa;§or Factor Xa in soIFuetzitc)’r:' Vero 5 20Fe)
%

1 1 1 1 1 1 22.05 21.0
2 -1 1 1 1 21 21.0 1.1025
3 1 -1 1 1 19.95 21.0

2 1 -1 -1 1 1 23.38 22.2
2 1 1 -1 1 22.27 22.7 1.2321
3 -1 1 -1 1 21.16 22.7

3 1 1 -1 -1 1 12.47 11.8
2 -1 -1 -1 1 11.88 11.8 0.3481
3 1 1 1 -1 11.29 11.8

4 1 -1 1 1 -1 11.6 11.5
2 1 -1 1 -1 11.05 11.05 0.3025
3 -1 -1 1 -1 10.5 11.05

5 1 1 1 -1 -1 8.5 8.1
2 -1 1 -1 -1 8.1 8.1 0.16
3 1 -1 -1 -1 7.7 8.1

6 1 -1 -1 -1 -1 19.95 19
2 1 1 1 1 19 19 0.9025
3 -1 1 1 1 18.05 19

7 1 1 -1 1 1 47.25 45
2 -1 -1 1 1 45 45 5.0625
3 1 1 -1 1 42.75 45

8 1 -1 1 -1 1 13.5 12.9
2 1 -1 -1 1 12.9 12.9 0.36
3 -1 -1 -1 1 12.3 12.9

The results were analyzed using the following
algorithm:

- for each series of parallel experiments, the
arithmetic average of the response function was
calculated;

- for each series of parallel experiments, we
calculated the estimation of dispersion;

- we calculated regression equation coefficients;

- we performed the equation adequacy test
using Fisher's criterion (Fp) and the table test (FT)
the
experiments according to Cochran's criterion Gg;

- we estimated reproducibility of
- we estimated the variance of adequacy.
Calculations according to the above algorithm

are shown in Table 6.

Based on the results of the planning matrix

experiments, the optimum is the preliminary
chemical activation of pyrite cinders in a solution
containing 60 g/dm3 NaHCO;, at a ratio L: S=4 and
temperature 120°C. The best results were obtained
at leaching in 15 % H2S0O4 solution at temperature
60°C after activation of cinders in these conditions.
The extraction in sulphuric acid solution was, %: CuO
43.05; ZnO 47.25, and Fe;03 26.0. Further increase
in concentration does not lead to an increase of
extracted non-ferrous metals in a solution. The
degree of extraction of non-ferrous metals in a
solution is lower on 10-15 % at leaching of pyrite

cinders without chemical activation.
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Table 6 - Results analysis

Regression analysis

- Fe203
criterion

CuO

Zn0O

0 1 _
Equation adequacy Sed"= N_BZYexp e

dispersion
Sad?=4.1515625

1
Sad®= EZ Yexp - Yp

Sad’=3.43

1
Sad2= ﬁz yexp — Yp

Sad’=1.78

Number of degrees of f=3
freedom -

f=3

=3

s2
5,2 250, \where S -
N
dispersion of experience

Repeatability dispersion at the i-th point

$,2=0.54

s2
5,2 =ZTL'where SZ -
dispersion of experience
at the i-th point

$,2=0.94

s2
)2 =ZTl'where S -
dispersion of experience
at the i-th point

$,%=1.18

max(Séd’Sf,)
P™ min (SGZLde,)

Fischer’s criterion Fo= 3.09<Ftab=6.59—

regression equation is

adequate.

max(Séd,S}z,)
P~ min(SédS}z,)

Fp=1.81 <Ftab=6.59 —
regression equation is

adequate.

maX(S;d‘SJZ,)

P min(SédSJZ,)

Fp=1.32 <Ftab=6.59 —
regression equation is

adequate.

2
Geale= Smax
calc=

xs?

Cochran’s criterion Gealc=0,429<Gerit=0,438 —
experiments are

repeatable

2
G _Smax
calc=

xs?

Gcalc=0,434<Gcrit=0,438 -
experiments are
repeatable

2
Gealc= Smax
calc=

xs?

Gcalc=0,436<Gcrit=0,438 -
experiments are

repeatable

Conclusions

To increase the degree of extraction of non-ferrous
metals from pyrite cinders during sulfuric acid leaching,
the method of preliminary chemical activation in
NaHCO; solution was used.

To determine the optimal technological conditions
of the process of sulfuric acid leaching of pyrite cinders,
a mathematical model is constructed.

Based on the results of experiments conducted on
the matrix, regression equations were compiled, which
determined the adequacy of the compiled
mathematical model.

The analysis of the regression equations showed
that for the extraction of iron and zinc, the greatest
contribution is made by the X; factor —temperature, and

for copper, the X; factor — pulp density and X, - the
concentration of NaHCOs, g/dm3.

As a result of preliminary chemical activation during
sulfuric acid leaching of pyrite cinders, the degree of
extraction of non-ferrous metals into the solution

increased by 10-15%.
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ANnpabiH ana Xummanbik 6enceHpipypeH KeniHri NMPUT KyrikTepiHiH,
KYKipTKbILWKbINADI WAiManay yaepiciHiH matemaTuKanbik mogenbaeyi

1A6uKak E.b., 'Kenykanues b.K., 2PetHaBatu X., IFnagpbiwes C.B., 3Akunn A.

1 «Memannypeaus xaHe keH 6alibimy uHcmumymei» AK, Cambaes yHusepcumemi, Aamamel, KazakcmaH
2ynusepcumem Hezepu Mozbakapma, [xc. Konombo Nel KapaHamanarz Mozesakapma 55281, MHdoHe3us
3CynelimaH [emupen yHueepcumemi, Ucnapma, TypKus

TYWIHAEME

MUpUT KyNiKTepi — NUPUT KOHLEHTPATbIH KYKIPT KbIWKbIIbIH aNy apKblibl KyIAipy agicimeH KaiTa
eHAeyAiH KanabikTapbl. Onap acbli, Kapa KaHe TyCTi MeTangapAbl any YWiH wukisat 6onbin
Tabbl1aapl. HyMbiCTa KYKIPT KbIWKbINAbI epiTiHAINeY JAiCIMEH NUPUTTI KYMIKTEH TyCTi meTann
KOHLEHTPATbIH any MYMKiHAir KapacTbipbinfaH. byn onepauua KelweHAi TEXHONOTMAHbIH,
KeseHaepiHiH 6ipi 6onbin Tabblnagbl. EpiTiHainey KesiHAe TyCTi MeTanaapAb! anyabl apTTbipy YWiH

Makana kengi: 24 aknaH 2022 angbiH-ana xumuanbik 6enceHaipy agici KongaHblnagbl. Xumuanoik, 6encengipy 40-120 r/am®
CapanTtamagaH eTTi: 05 cayip 2022 NaHCOs 6ap epitiHaige 90-230 ° C TemnepaTypafa KaHe y3akTbifbl 30-300 MUHYT iwiHae
Kabbinganabl: 19 mameis 2022 Kyprisingi. benceHaipinreHHeH KeMiH NUPUT  KYMIKTEPIH  KYKIPTKbIWKbIAABI  epiTiHainey

KOHUeHTpauusacol 5-20% H,SOs epiTiHainepiHae 60°C Temnepatypasa, y3aKTbifbl 30 MUHYT KaHe
C:}K KatbiHacbl 3:1 KesiHAe Kyprisingi. MUPUTTIK KYRIKTEpAi KYKipTKbIWKbINAbI epiTiHgineyaiH,
OHTalNbl KaFdalNapbiH aHbIKTAy YLWIiH Herisri ¢pakTopnapabiH, (Temnepatypa, C:X KaTblHachl,
NaHCO; epiTiHAICIHIH, KOHLEHTPauMACbl) aCcepiH Kofapbl CeHiMmAinikneH 6Gafanayfa KaHe
perpeccua TeHAeyNepiHiH, CaHAbIK MIHAEPIH Tandal OTbIpbiN, NPOLECC TUIMAINITIHIK, apTyblH
6oKayFa MyMKIHAIK BepeTiH MaTemaTuKaNblK MOAENbAEY dAiCi KONAaHbINAbl. MaTeMaTUKaNbIK,
MOAeNbMeH aHbIKTaNfaH OHTaW/bl KaFfaainapaa angpiH-ana XMMUANbIK benceHaipyaeH KewiH
NUPUT KYMIKTEPIH KYKIPT KbIWKBIIbIMEH epiTiHAINeY HITUXKECIHAE TEMIP MeH TYCTi MeTanaapablH,
epiTiHAire Woifapblnybl 6enceHpipinmereHre KapafaHaa 10-15% kofapbl 6onabl.

TyiiiH ce30ep: NMPUT KyMNiKTepi, TYCTi MeTangap, mogenb, Gbaktop, bein any.
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AHHOTALUMUA

MupuTHbIEe oOrapku, oTxoapl nepepaboTKM MUPUTHOTO KOHLEHTpaTa MeTogom obxura c
Noy4EHNEM CEPHOM KUCNOTbI, MOTYT CNYXKUTb CbipbeM A/ U3BNeYeHUA 6AaropoaHbIX, YePHbIX U
LBETHbIX MeTannoB. B pabote paccMoTpeHbl BO3MOXHOCTU NOJIlyYEeHUs KOHLEHTPaTa LBETHbIX
MEeTa/IIoB M3 MUPUTHBIX OrapKoB CMOCOBOM CEPHOKUCNIOTHOrO BbillieiaunBaHuA. 3Ta onepauus
ABAAETCA OAHMM M3 3TANOB B KOMMNIEKCHOW TEXHONOMMU. [119 NOBbLIWEHWA U3BNAEYEHUA LBETHbIX
MEeTaIoB NP BblWEeNauYnNBaHUN NPUMEHEH METOZA, NPeABapUTEIbHON XMMUYECKON aKTUBALMMN.
XMMMWYECKYIO aKTMBaUMIO NPOBOAM/M B pacTBope, cogepskalwem 40-120 r/am3 NaHCO3 npu

Moctynuna: 24 pespans 2022 Temnepatypax 90-2300C 1 NpPOAOMKUTENBHOCTU 30-300 muHyT. CepHOKMCNOTHOE
PeueHsuposanue: 05 anpens 2022 BbllLENAYMBAHME MMPUTHLIX OrapKOB MOC/Je aKTMBaUMKM npoBogwWaM B pactBopax H2SOs
MpuHaTa 8 nevats: 19 aseycma 2022 KOHLeHTpaLweli 5-20 % npu TemnepaType 600C, NpoaomxuTenbHocTn 30 MUHYT 1 XK:T=3. [lna

onpeaeneHns oNTUMabHbIX YCI0BUI NPOBEAEHNA CEPHOKUCNOTHOTO BbILENAYMBAHUA NMUPUTHBIX
OrapKoB MCMONb30Ba/sM METOA, MATeMaTUYeCKOro NAaHMPOBaHWA MO3BONAIOWMIA C BbICOKOW
CTeneHblo JOCTOBEPHOCTM OLLEHUTb BAUAHME OCHOBHbIX (GaKTOPOB (TemnepaTypbl, OTHOLUEHMUA
:T, KoHueHTpauum pactBopa NaHCO3 npoAoKUTENLHOCTU) U MPOrHO3MPOBATL MOBbLILLEHWE
3bPeKTUBHOCTM npoLecca, aHaAM3UPYA YUCIEHHbIE 3HAYeHWA YpPaBHEHWN perpeccun. B
pesynbTaTe NPOBEAEHUA CEPHOKWUCNOTHOIO BbIWENAYMBAHMA MUPUTHBIX OFapKoB nocne
npeaBapuTeNbHON  XMMUYECKON aKTUBaLMM B  ONTUMANbHLIX YCNOBUAX, ONpeaeNeHHbIX
MaTemaTU4YecKoW MOZAENbIo, NONYYEHO M3BNEYEHWE B PACTBOP Kenesa U LBETHbIX MeTanNoB Ha
10-15 % Bblwe, Yem 6e3 aKTUBaLUUW.

Kniouesbie cnoea: nUpUTHbIE OrapKu, LIBETHblE MeTan/bl, MoAenb, GaKTop, 3BneveHue.
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