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95 Years of the Department
of Non-Ferrous Metallurgy at UrFU

The Department of Non-Ferrous Metallurgy of
Ural Federal University celebrates its 95" anniver-
sary in 2025. Founded in 1930 by Vasily Ivanovich
Smirnov (1899—1972), later Professor, Doctor of
Technical Sciences, and Academician of the Acade-
my of Sciences of the Kazakh SSR, the department
has become one of Russia’s leading centers of research
and education in metallurgy. Over its history, it has
trained more than 2000 engineers, bachelors, and
masters (including over 100 international graduates),
along with 140 Candidates and 24 Doctors of Techni-
cal Sciences.

Research and scientific legacy

Since the 1930s, the department has developed a
strong research tradition in the field of “Complex Uti-
lization of Raw Materials™. Its studies have focused on
the metallurgy of copper, nickel, cobalt, zinc, as well as
precious and rare metals, with many research outcomes
successfully implemented in industrial practice.

Professor V.I. Smirnov led the department for
40 years. A prominent scientist, engineer, and educa-
tor, he authored more than 350 articles, about 40 mo-
nographs and textbooks, and mentored hundreds of
engineers and dozens of postgraduate researchers. His
contributions earned him election as a full member of
the Academy of Sciences of the Kazakh SSR and the
honorary title Honored Scientist and Engineer of the
RSFSR.

Period of expansion (1971—1988)

From 1971 to 1988, the department was chaired by
Professor 1.F. Khudyakov, a 1944 graduate and vete-
ran of the World War II. Under his leadership, labo-
ratories in pyrometallurgy and hydrometallurgy were
modernized, new instrumental analysis methods and
computing technologies were introduced, and student
research activity intensified. Research into the pro-
cessing of secondary raw materials expanded signifi-
cantly. Notable academic contributions of this period
include Hydrometallurgy of Copper (1974), Metallur-
gy of Copper, Nickel, and Cobalt (2" edition, 1977),
Technology of Secondary Metals (1981), Thermody-
namics and Kinetics of Hydrometallurgical Processes
(1986), and Metallurgy of Secondary Heavy Non-Fer-
rous Metals (1987).

Professor Khudyakov also served as Vice-Rector for
Research (1968—1978), was awarded the title Honored
Scientist and Engineer of the RSFSR (1977), and re-
ceived the USSR Council of Ministers Prize (1985).

Leadership of Professor S.S. Naboychenko
(1988-2018)

From 1988 to 2018, the department was led by Pro-
fessor Sergey Sergeyevich Naboychenko, a 1963 gradu-
ate, Doctor of Technical Sciences, and Corresponding
Member of the Russian Academy of Sciences in the field
of “Physical Chemistry and Technology of Inorganic
Materials” (2000).

Professor Naboychenko is a two-time government
laureate of the Russian Federation Prize in Education
(2000, 2005), Honored Scientist and Engineer of the
Russian Federation (1992), and Honorary Worker of Sci-
ence and Higher Education (Mongolia, 1988). His inter-
national recognition includes honorary doctorates from
Mongolian Technical University (1992) and Orenburg
State Technical University (1998), as well as member-
ship in the American Society for Metals Engineers since
1995. He has also received the RAS I.P. Bardin Prize
(2016), the Governor of Sverdlovsk Region Prize (2016),
and numerous state and professional honors, including
the Orders “For Services to the Fatherland” (II1 and
1V Class).

Alongside his scientific work, Professor Naboychen-
ko played a major role in academic governance, serving
as Rector of USTU-UPI (1986—2007), Chairman of the
Council of Rectors of Sverdlovsk Region and the Ural
Federal District, and Vice-President of the Russian
Union of Rectors.

Scientific school and research areas

The Department of Non-Ferrous Metallurgy has es-
tablished a recognized scientific school, “Metallurgy of
Non-Ferrous Metals”, dedicated to solving problems of
extracting and processing non-ferrous metals from both
ore and technogenic raw materials:

— pyrometallurgical and autogenous technologies;

— autoclave processes;

— sorption technologies.

The department maintains postgraduate and doc-
toral programs in specialty 2.6.2 “Metallurgy of Fer-
rous, Non-Ferrous, and Rare Metals”. In the last de-
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cade alone, 44 full-time doctoral students and 8 external
candidates have been trained, resulting in 7 doctoral and
30 candidate defenses.

Academic and industrial contributions

The department houses advanced laboratories in hy-
drometallurgy, pyrometallurgy, autoclave and sorption
processes, secondary and technogenic raw material pro-
cessing, physicochemical analysis, computer modeling,
and mineral beneficiation.

Over its history, the department has published
more than 80 textbooks and monographs, and over
1000 scientific articles. For their comprehensive con-
tributions to metallurgy education, faculty members
(S.S. Naboychenko, I.F. Khudyakov, S.V. Karelov,
A.P. Doroshkevich, N.G. Ageev, and S.E. Klein) re-
ceived the Government of the Russian Federation
Prize in Education. Staff have carried out more than
300 research projects and obtained over 170 USSR
author’s certificates and Russian patents, partici-

pating in more than 10 state scientific and technical
programs.

Today and the future

The department continues to uphold the traditions
established by Professors Smirnov, Khudyakov, and
Naboychenko: dedication, responsibility, strong ties
with industry, and the pursuit of advanced scientific
directions. Collaborations with universities in Kazakh-
stan, Kyrgyzstan, Mongolia, and Uzbekistan are being
strengthened.

With the Urals remaining a global leader in non-fer-
rous metallurgy and possessing significant reserves of
both ore and secondary raw materials, the department
looks to the future with a focus on training highly qua-
lified scientific personnel, conducting fundamental re-
search, and deepening its industrial partnerships.

The pride of the Department remains its graduates.

Happy Anniversary to the Department of Non-Fer-
rous Metallurgy, UrFU!

Head of the Department S.V. Mamyachenkov
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Influence of high-temperature oxidation Kkinetics
of copper on the electrical properties of the melt

S.I. Kholod"3, V.P. Zhukov?, S.V. Mamyachenkov?, V.V. Rogachev’

! Technical University of UMMC
3 Uspenskiy Prosp., Sverdlovsk reg., Verkhnyaya Pyshma 624091, Russia

2 JSC “Uralmekhanobr”
87 Khokhryakova Str., Ekaterinburg 620144, Russia

3 Ural Federal University n.a. the First President of Russia B.N. Yeltsin
19 Mira Str., Ekaterinburg 620002, Russia

4 Sergey I. Kholod (hsi503@yandex.ru)

Abstract: The kinetics of high-temperature oxidation of copper of various chemical compositions by gaseous oxygen follows a parabolic
rate law within the temperature range of 350—1050 °C. For specialists engaged in the theory and practice of fire refining, of particular
interest is the kinetics of copper oxidation over a broader temperature interval of 350—1160 °C. Within this range, the processes include
oxidation of solid copper and its melting, oxidation of liquid copper by oxygen introduced into the melt, oxygen solubility in copper,
and slag formation. The duration of high-temperature interaction between copper and oxygen has a considerable effect on both the
technical and economic indicators of anode smelting and the electrical properties of copper. Therefore, investigating the kinetics of
high-temperature oxidation of copper and its influence on the electrical properties of the metal is essential for the optimal organization of
fire refining. In the temperature range of 1100—1200 °C, copper oxidation occurs predominantly due to oxygen introduced into the melt
with air. The copper(l) oxide formed migrates from the zone of direct contact with gaseous oxygen into the depth of the melt with lower
oxygen concentration, where it dissociates into copper and oxygen, thus increasing oxygen concentration in the melt. Overoxidation of
copper and excessive saturation of the anode metal with gases lead to its transfer into slag in the form of oxides, to excessive consumption
of resources and refractory materials, and to a deterioration of the electrical properties of the metal. To identify optimal oxidation modes
and to assess the influence of copper oxidation kinetics on the electrical properties of the melt, a comparative analysis was conducted of the
kinetic patterns of oxidation of solid and liquid copper of various chemical compositions under identical experimental conditions, using
differential thermogravimetric analysis (DTA) and by surface blowing of the copper melt with an air mixture. The results show that copper
samples oxidize at nearly the same rate and that the presence of impurities does not affect the process. All oxygen intended for copper (1)
oxide formation dissolves in copper up to the thermodynamic limit (up to 12 % Cu,0). It was established that oxygen concentrations in the
melt above 0.06% adversely affect the electrical properties of copper.

Keywords: kinetics of high-temperature oxidation, blister copper, anode copper, fire refining of copper, oxygen concentration, electrical
resistivity of the melt.

For citation: Kholod S.1., Zhukov V.P., Mamyachenkov S.V., Rogachev V.V. Influence of high-temperature oxidation kinetics of copper on the
electrical properties of the melt. /zvestiya. Non-Ferrous Metallurgy. 2025;31(3):7—15. https://doi.org/10.17073/0021-3438-2025-3-7-15

© 2025 S.1. Kholod, V.P. Zhukov, S.V. Mamyachenkov, V.V. Rogachev



lzvestiya. Non-Ferrous Metallurgy e 2025 ¢ Vol. 31 « No.3 e P.7-15

Kholod S.1., Zhukov V.P., Mamyachenkov S.V., Rogachev V.V. Influence of high-temperature oxidation kinetics of copper on the...

Bausinne KuHeTHKH BbICOKOTEMIICPATYPHOI'O OKHCJICHUA
M€E€IHN HA JJICKTPOTEXHUYCCKUC CBOMCTBA pacCiliiaBa

C.]. Xonox', B.II. XKykos?, C.B. Mamsiuenkos’, B.B. Poraues’

! Texnnuecknii yausepcurer YTMK
Poccus, 624091, CeepmioBckast 06.1., . BepxHsist [Teirma, YeneHckuii mp-T, 3

2 AO «YpaamexaHoop»
Poccus, 620144, r. EkatepuHOypr, yi. XoxpsikoBa, 87

3 Ypaanckuii penepanbubliii yausepcuret nmenn nepsoro Ilpe3naenta Poccuu b.H. Expnuna
Poccus, 620002, r. Ekatepun0Oypr, yi1. Mupa, 19

P4 Cepreii MBanosuy Xoson (hsi503@yandex.ru)

AnHoTauus: KuHeTrKa BBICOKOTEMIIEPATyPHOTO OKMCIICHUSI MEIU Pa3JTMYHOTO XMMUYECKOTO COCTaBa KMCIOPOJAOM ra30Boii ha3bl mpoTe-
KaeT 1Mo napaboimyeckoMy 3aKOHY OKUCJIeHU S B TeMnepaTypHoM uHTepBase 350—1050 °C. Iy cnenunaJucToB, 3aHUMAKOIIMXCSI TEOPUT U
MPaKTUKON OrHEBOTo paMHUPOBAaHM I, UHTEPECHAa KUHETHKA BHICOKOTEMIIEPATyPHOTO OKMCICHU I MEU B OoJiee IMPOKOM TeMITepaTyp-
HoM auamna3zoHe 350—1160 °C, B mpeseax KOTOPOTO OCYIIECTBISIOTCS OKMCIEHKE TBEPAO MU U €€ MIaBJIeHUe, OKUCIEHUE KU IKOI Me-
II1 KMCJIOPOJIOM BO3/lyXa, BBOAMMOTO B pacijaB, pacCTBOPUMOCTDb B Heil Kuciaopoa, mpoliecc njaakoodpazoaHust. [IpogoskuTeabHOCTh
BBICOKOTEMIIEPATYPHOTO B3aMMOACHUCTBHUSI MEIM C KUCIOPOIOM OKa3bIBaeT OOJIBIIOE BIUSIHUE HA TEXHMKO-3KOHOMUYECKHE TTOKa3aTeln
aHOIHOW MJIABKU U 3JIEKTPOTEXHUYECK1Ee CBOMCTBA Mequ. [1oaTOMY McclieoBaHE KWHETUKH BBICOKOTEMIIEPATy PHOTO OKMCICHU I MEN
Y BJIUSIHUSI €€ Ha DJISKTPOTEXHUYECK e CBOICTBA MeTalyla UMeeT MPUHIUITUATbHOE 3HAYeHUE [IJ151 ONITUMAaJIbHOI OpraHM3al i OTHEBOTO
padbuHupoBaHus. B remneparypHom uHtepBasie 1100—1200 °C okucieHUe MeIu OCYIIECTBISCTCS MPEUMYLIECTBEHHO 3a CYET KUCI0poia
BO3/yXa, BBOAMMOro B pacriaB. O6pasoBaBiuuiicss okcua meau (1) nepeMeiiaeTcs U3 30HbI HEMOCPEACTBEHHOTO KOHTaKTa ¢ ra3000pas-
HBIM KMCJIOPOJIOM B IIIYOMHY pacriiaBa ¢ HU3KOM KOHLEHTpalueil KMUCI0poaa U TUCCOLMUPYET Ha MElb U KUCIOPOJ, YTO CIIOCOOCTBYET
MOBBIIIIEHU O KOHIIEHTPALIM U KUCIOpoAaa B paciuiaBe. [lepeokucieHne Meau 1 Ype3MEPHOE HACHIIIIEHE aHOIHOTO MeTaJlljla ra3aMu Mpu-
BOJSIT K TIEPEBOJY €€ B LIJIaK B BUAE OKCUAOB, Mepepacxoy MaTepuaJbHbIX PECYyPCOB U OTHEYIOPHBIX MAaTEepPUAIOB U OKa3bIBAIOT OTPU-
LaTeJIbHOE BIMSIHUE Ha JIEKTPOTEXHUYECKUE CBOMCTBA MeTasia. [IJist morcKa ONTUMAaNbHBIX PEKMMOB OKUCIEHUS ¥ OLICHKU BIMSTHU I
KUHETUKY OKMCIICHUS MEIM Ha 3JIEKTPOTEXHUYECK e CBOMCTBA pacijiaBa MPOBEICH COMOCTABUMBIif aHATN3 KUHETUYECKMX 3aKOHOMEP-
HOCTEI OKMCJIEHU S TBEPAOH U KUAKON MeIU pa3IuyHOr0 XMMUYECKOT0 cOCTaBa, MoJyYeHHOI B OMHAKOBBIX YCJIOBUSIX 9KCIIEPUMEHTA,
MeToaoM nuddepeHiinaibHO-TepMorpaBuMeTpuyeckoro aHaausa (JATA) u myTeM moBEpXHOCTHOr0 00yBa BO3AYIITHOM CMEChIO METHOTO
pacruiaBa. [IpoBeeHHbIE UcCeOBAHU S TOKA3aau, YTO 00pa31bl MeIM OKUCISIIOTCS TPaKTUUYEeCKU C OMMHAKOBOI CKOPOCTBIO M HAJTUYUe
MpUMeceil He BJUSET Ha 9TOT mpolecc. Beck Kuciopon, npenHazHaueHHbIH 1151 oOpa3oBaHust okcuaa Mmeau (I), pacTBopsieTcst B HEM 10
npezesa TepMoAMHaMKueckoro orpanuueHus (10 12 % Cu,0). YeraHoBJIEHO, YTO HaJM4Ke KUciopoaa B pacruiase 6osbiire 0,06 % oTpu-

1aTCJIbHO BJIUACT HA SJICKTPOTCXHUYCCKUEC CBOICTBA MEU.

KuiioueBbie cioBa: KMHETHKA BICOKOTEMIIEPATYPHOTO OKMCJIEHU I, YePHOBAsI Me/lb, AHOAHAsI Me/lb, OTHEBOe paMHUPOBAHUE MEIU, KOH-
LEHTPAaL s KUCIOPOAa, JIEKTPOCONPOTHUBIEHUE pacrjiaBba.
Jns uuruposanus: Xonon C.U., XKykos B.I1., Mamsuenkos C.B., Poraues B.B. BiusiHue KWHETUKY BBICOKOTEMIIEPATYPHOTO OKUCIEHU S

MeIM Ha BJIEKTPOTEXHUYECK e CBOICTBaA pacriaBa. M3eecmus 6y306. Lleemnas memannypeus. 2025;31(3):7—15.

https://doi.org/10.17073/0021-3438-2025-3-7-15

Introduction

The kinetics of high-temperature oxidation of cop-
per by gaseous oxygen was the subject of extensive the-
oretical and practical research in the second half of the
20" century. Domestic and international studies exa-
mined in detail the mechanisms of oxidation of cop-
per of various chemical compositions. A parabolic rate
law for oxidation was established in the temperature

interval of 350—1050 °C, conventionally divided into
three ranges: low-temperature (350—550 °C), inter-
mediate (550—850 °C), and high-temperature (850—
1050 °C) [1]. For specialists engaged in the theory and
practice of fire refining, the oxidation kinetics of cop-
per in the wider temperature interval of 350—1170 °C
are of particular interest. Within this range, the fol-
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lowing processes occur: oxidation of solid copper (in a
furnace oxidizing atmosphere with an oxidizer excess
coefficient oo = 1.1+1.15), melting of copper, oxidation
of liquid copper by oxygen from the air introduced in-
to the melt, dissolution of oxygen in the melt, and slag
formation.

The duration of high-temperature interaction be-
tween copper and oxygen has a considerable effect on
the technical and economic indicators of anode smelt-
ing and on the electrical properties of the metal. There-
fore, investigation of the kinetics of this process and its
effect on the electrical properties of copper is of funda-
mental importance for the optimal organization of fire
refining.

Studies [1; 2] have shown that impurities in copper
exert different effects on the oxidation rate. These ef-
fects are present in the low- and intermediate-tempe-
rature ranges, while in the high-temperature range the
oxidation rates of copper of different purities are practi-
cally identical [1]. In general, the kinetic behavior of the
process depends on the formation of a copper (I) oxide
film on the surface of solid copper. In the high-tempe-
rature interval (600—1050 °C), it is mainly governed by
the growth of the copper(I) oxide phase, limited by the
oxygen partial pressure (Poz)-

At 1100—1200 °C, copper oxidation proceeds pre-
dominantly by oxygen from the air introduced into the
melt:

4Cu + O, = 2Cu,0.

The Cu,O formed migrates from the zone of di-
rect contact with gaseous oxygen into the deeper
layers of the melt, where the oxygen concentration
is lower. The direction of reaction (1) then reverses:
Cu,0 dissolves in the copper melt, thereby increas-
ing the concentration of O, in the melt. In this case,
the kinetic patterns of high-temperature oxidation of
copper are limited by the transfer of copper into slag
when the melt is saturated with oxygen (1.4 %) up to
12.4 % Cu,O0.

Overoxidation of copper and excessive oxygen satu-
ration of the melt result in transfer of the metal into slag
in the form of oxides, leading to excessive consumption
of materials and refractories and to deterioration of the
electrical properties of the metal.

The aim of the present study was to carry out a com-
parative analysis of the kinetic patterns of oxidation of
solid and liquid copper of different chemical composi-
tions, obtained under identical experimental conditions
and by surface blowing of the copper melt with an air
mixture, as well as to evaluate the degree of oxygen solu-
bility in liquid copper and its influence on the electrical

properties of the melt, particularly at oxygen concentra-
tions above 0.08 wt. %.

Methods

The comparison of the kinetic patterns of copper
oxidation was carried out using simultaneous ther-
mogravimetric and differential scanning calorimetry
(TG—DSC) on a NETZSCH STA 449 F3 thermal
analyzer (Germany), coupled with a Tensor 27 Fou-
rier-transform infrared (FTIR) spectrometer (Bru-
ker, USA). The instrument simultaneously recorded
changes in sample mass (Am;) and heat release/ab-
sorption (DSC) during continuous heating at a rate of
10 °C/min up to 1150 °C.

The objects of study were solid copper samples:
49.5 mg of pure copper (99.98 % Cu) and 48.47 mg of
blister copper (98.7 % Cu). The samples were placed
in a crucible with an inner diameter of 6 mm and a
height of 4 mm. During the tests, the working space
above the crucible surface was blown with air at a
flow rate of 250 mL/min. In the experiment with
pure copper, the change in sample mass (Am;) was
interpreted as the oxygen mass Mo incorporated
into copper oxides of the Cu—O system. For blis-
ter copper, Am; was taken as the integral amount of
oxygen incorporated into oxides of the Cu—Mei—O
system.

To assess the degree of oxygen solubility and evaluate
its effect on the electrical properties of copper, surface
oxidation of blister and pure (anode) copper melt sam-
ples was performed using an air mixture. The experi-
ments were carried out under laboratory conditions with
the following equipment:

— an electric furnace with silicon carbide heaters
and a temperature control unit, operating at approxi-
mately 1170 °C;

— a crucible with batch loading of blister and anode
copper chips, with a melt surface area S of approxima-
tely 7539 mm?;

— a laboratory compressor with a capacity of 7 m3/h
and an air-blowing rate of 1.75—2.45 m’/h.

Three samples of blister copper and three samples
of anode copper of different chemical compositions,
each weighing approximately 5000 g, were selected
for study. All samples were melted under a charcoal
layer. After the copper melted, slag was removed from
the crucible surface, and oxidation was carried out by
blowing with an air mixture or approximately 12—
18 min.

The degree of oxygen solubility was determined by
periodic sampling (one sample per measurement), fol-

9



lzvestiya. Non-Ferrous Metallurgy e 2025 ¢ Vol. 31 « No.3 e P.7-15

Kholod S.1., Zhukov V.P., Mamyachenkov S.V., Rogachev V.V. Influence of high-temperature oxidation kinetics of copper on the...

lowed by analysis on an ELTRA CS-2000 (Germany)
carbon/sulfur analyzer, a SPECTROLAB S (Germa-
ny) optical emission spectrometer for copper com-
position, and an ELTRA ON-900 (Germany) oxy-
gen/nitrogen analyzer. The effect of copper oxida-
tion kinetics on its electrical properties was studied by
measuring the electrical resistivity of the anode cop-
per melt [3].

Results and discussion

The TG—DSC curves obtained during 120 min of
heating pure and blister copper samples to 1150 °C were
plotted on the same coordinate system for clarity (Fig. 1).
The numerical values of Am;, T, and #; at the most cha-
racteristic points are shown separately in the diagram
field [4].

The kinetic dependences of sample mass change
on oxidation time in the temperature interval of 300—
1050 °C exhibit a complex rate law close to parabolic,
consistent with most previous studies (Fig. 1, curve 2a —
pure copper, curve 2b — blister copper) [5].

The complex oxidation behavior can be explained
by thermodynamically probable reactions in the Cu—O
system: oxidation of copper to Cu,O by atomic and mo-

lecular oxygen, and recombination reduction of CuO to
Cu,0.

At temperatures of approximately 650 °C and above,
bulk diffusion of copper cations within the Cu,O crystal
lattice begins to dominate over grain-boundary diffu-
sion. As a result of grain growth, both the size and the
mass fraction of Cu,0 in the oxide layer increase, ensur-
ing complete oxidation of copper to Cu,O [6—15]. The
oxygen diffusion rate also rises, which is reflected in the
increase in sample mass and confirms the parabolic rate
law (Fig. 1).

A comparison of the Cu,O masses formed during
oxidation of pure and blister copper shows close agree-
ment (3.55 and 3.01 mg, respectively). This indicates
that the samples oxidize at nearly the same rate and
that the presence of impurities has little effect on the
process.

The oxygen required for Cu,O formation during oxi-
dation of pure and blister copper was calculated based
on the mass change. It was established that, to ob-
tain 3.55 mg of Cu,O in the pure-copper experiment,
0.267 mL of oxygen is required, whereas in the blis-
ter-copper experiment 0.234 mL is required; this
corresponds to 0.00355 at. % (8.8-107* wt. %) and
0.00301 at.% (7.5-10~* wt. %), respectively.

Am, mg DSC, mV/mg
Area: -357.8 Jig
Onset: 1061.1°C
3.5 Area -3679 J/g \ exo
Onset: 10503 °C : T L 0
_f' M
3.0
- —1
2.5 )
2.0 B
1.5 =
- —5
1.0 1
- —6
0.5 Peak: 1071.3 C, -7.079 mW mg\
Peak: 1080.30C. -6.335 mW/mg— =
700 800 900 1000 1100 1,°C
70 80 90 100 110 T, min

Fig. 1. TG—DSC curves of copper oxidation: pure copper (a), blister copper (b)

1— DSC signal, 2 — sample mass change, mg

Puc. 1. Kpussie JITA okucieHUs YUCTOM (@) 1 uepHOBOI (b) Mmenu

1—JICK, 2 — u3smMeHeH1e MacChl HABECKU, MT'
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The maximum solubility of oxygen in copper (at. %)
at 750—1030 °Cis determined according to the following
equation [11; 12]

12[%O0], 0y = — 6600

max

+3,41.

At 1030 °C, the solubility limit of oxygen in solid
copper is 0.02215 at. % (0.0055 wt. %). This indicates
that at the given temperature all oxygen intended for
copper (I) oxide formation dissolves in the metal, and
a continuous oxide layer does not form at the Cu—Cu,0O
interface.

During fire refining in the temperature range of
1100—1200 °C, copper is oxidized primarily by atomic
oxygen from the air introduced into the melt [16]. The
maximum solubility of oxygen in copper in this interval
is determined as follows:

9260

18[% 0],y = -

max

+7,15.

At 1170 °C, the solubility limit of oxygen in liquid
copperis 5.4 at. % (1.41 wt. %).

To assess the degree of oxygen solubility and to eva-
luate its effect on the electrical properties of blister cop-
per, three samples with an average chemical composi-
tion were used (Table 1).

The kinetic oxidation curves of blister copper sam-
ples with different chemical compositions at 1170 °C are
shown in Fig. 2.

Analysis of the empirical curves (Fig. 2) shows that
blister copper samples of different chemical composi-
tions exhibit complex oxidation behavior. At the initial
stage (up to 6 min), deviations from linear oxidation
kinetics are observed. This is explained by the fact that
most of the oxygen is consumed in oxidizing impuri-
ties (Zn, Fe, Ni, S) and transferring them into the slag
and gas phase. The deviation from linearity is most
pronounced for curve 2 (Fig. 2). After 3 min of blow-
ing, the oxygen concentration decreases from 0.06 to
0.047 % before starting to rise again. This behavior is
attributed to the relatively high sulfur content in this
blister copper sample (0.23 %) compared with the other

[O], %

1.2
1.0 1

0.8 5 3
0.6
0.44
0.2-

0 T é T 1IO T 1!5 T

Fig. 2. Empirical dependence of oxygen concentration
in copper melt on oxidation time

T, min

1-3 — blister copper samples of different chemical compositions
(see Table 1)

Puc. 2. SMHI/IpI/I‘ICCKaH 3aBUCUMOCTb KOHLIECHTpAL K
KHUCI0poaa B pacijiaBe MEAU OT MPOAOJIKUTEIBbHOCTU
OKMCJIEHU A

1—3 — 06pasLbl YepHOBOI MM Pa3TMYHOIO XUMUYECKOTO COCTaBa
(cM. Taba. 1)

samples (0.019 and 0.083 %). Since the experiments were
conducted under isothermal conditions, 1 min of air
blowing was sufficient to saturate the melt with oxygen
(from 0.02 to 0.06 %) and to oxidize Zn and Fe. How-
ever, this time was insufficient for complete degassing
of the copper melt as SO,, so sulfur largely remained in
the melt as dissolved SO, bubbles. Prolonged air blow-
ing subsequently removed SO, from the melt, while si-
multaneously reducing the oxygen concentration from
0.06 to 0.047 % [17—22].

After oxidation of the impurities, slag removal, and
further oxidation of the melt (from the 6th minute on-
ward), the oxidation of copper follows an almost lin-
ear course, with the oxygen concentration in the melt
increasing at an average rate of A[O] = 0.07 %/min.
This is due to the fact that, at the given temperature,
all oxygen dissolves in copper, forming Cu,O and act-
ing as a reactive impurity that promotes overoxidation
of the melt.

To assess the degree of oxygen solubility and to eva-
luate its effect on the electrical properties of anode cop-
per, three samples with an average chemical composition
were used (Table 2). The kinetic oxidation curves of ano-

Table 1. Average chemical composition of blister copper samples

Tabnuua 1. CpenHeB3BeIIEHHBIN COCTAB 00pa310B YePHOBOI Mean

Sample Content, %
No. Pb Sn As Sb Zn Fe | Ni | O s
I 0.03 0.001 0.048 0076 00027 00017 0115 028 0083
2 0.041 0.001 0.045 0077 00055 0037 0015 0.0 0.23
3 0.13 0.004 0.156 0.24 00039 00059 04 0047 0.019

1
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de copper of different chemical compositions at 1170 °C
are shown in Fig. 3. Analysis of these data shows a linear
increase in the oxygen concentration in the melt, with
an average rate of A|O] = 0.05 %/min. This trend can be
attributed to the fact that molten anode copper contains
almost no impurities, allowing its atomic structure to
undergo continuous short-range ordering and disorder-
ing. This dynamic process creates fluctuating free vo-
lume (up to 6 %) and alters interatomic distances by
1—2 %. Because the atomic radius of oxygen (ro =
= 48-10~'2 m) is smaller than that of copper (rcy =
= 145-102 m), oxygen atoms are generally accommo-
dated uniformly in interstitial positions, saturating the
copper with oxygen up to its solubility limit.

The influence of oxygen on the electrical properties
of copper in the solid state (binary Cu—O system) has
been extensively studied in the literature. Experimen-
tal data show that the dependence of copper resistivity
on oxygen concentration is nonlinear [23]. To obtain a
quantitative description of this dependence, the pub-
lished data were digitized with WebPlotDigitizer. The

[0], %

0.7
0.6+
0.5
0.4 -
0.3
0.2
0.1+

0 5 10 T, min
Fig. 3. Empirical dependence of oxygen concentration
in copper melt on oxidation time

1—3 — anode copper samples of different chemical compositions
(see Table 2)

Puc. 3. Omnupuyeckasi 3aBUCMMOCTb KOHLIEHTPALM U
KMCJIOPOJa B pacIljlaBe MEAU OT ITPOJOJIKUATETbHOCTU
OKUCJIEHUSA

1—3 — 00Opa3s1ibl aHOIHOI MeIN Pa3INYHOTO XMMUYECKOTO COCTaBa
(cm. Tab. 2)

results are shown in Fig. 4. The graph indicates that
low oxygen concentrations, up to 0.06 %, enhance the
electrical conductivity of copper [23]. This effect is
explained by the fact that oxygen in copper may exist
not only as copper (I) oxide, but also in solid solution,
where it interacts with detrimental metallic impurities
(e.g., nickel), oxidizing them into less harmful forms
[24—26].

In the oxygen concentration range above 0.06 %,
copper resistivity increases linearly (Fig. 4), with oxygen
acting as a detrimental impurity that reduces electrical
conductivity.

By contrast, the effect of oxygen on the electrical
conductivity of liquid copper of different chemical
compositions has been studied only to a limited extent,
and the available information is fragmentary. To eva-
luate the influence of oxidation kinetics of liquid cop-
per on its electrical conductivity, resistivity of anode
copper melts was measured simultaneously with oxy-
gen sampling.

The empirical relationships between melt resistivity
and oxygen dissolution in anode copper samples of dif-
ferent chemical compositions (Fig. 5) are comparable
with the dependence of resistivity on oxygen content in
solid copper in the region above 0.06 % (Fig. 4). Ana-
lysis of curves 7/ and 3 (Fig. 5) shows a similar increase
in melt resistivity with oxygen concentration, which
can be approximated by an exponential function. This
suggests that these anode copper samples have similar
chemical compositions and contain only minor impu-
rity levels. Curve 2 in Fig. 5 shows no increase in melt
resistivity during oxygen saturation in the initial range
of 0.066—0.3 %. This indicates that this anode copper
sample has elevated impurity levels. In this case, the
dissolved oxygen was consumed by further oxidation
of impurities (Pb, Zn, Fe, S) that were not removed
during anode smelting, which was manifested in slag
formation during melt oxidation. After slag removal
and continued oxygen dissolution, an increase in melt
resistivity was recorded.

In conclusion, these results demonstrate the Kki-
netic regularities of oxidation of solid and liquid cop-

Table 2. Average chemical composition of anode copper samples

Ta6nuua 2. CpenHeB3BeIIEHHBIN COCTaB 00Pa31I0B aHOIHOM Mean

Sample Content, %
No. Pb Sn As Sb Zn Fe | Ni | O s
I 0081 0005 00055 009 00028 00016 009 0018 00071
2 0.08 00056 00054 0099 00049 00032 0092 0023  0.0086
3 0081 0.0054  0.0054 0099 00023 00015  0.088  0.024  0.0055

12
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p, HQd'm

0.0175

3=-0.3644x" +0.1368x" — 0.0112x + 0.01712
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0.01734
0.01724

0.0171+
0.0170 7
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0 0.10
[0], %

0.20

Fig. 4. Dependence of copper resistivity on oxygen
concentration [23]

Puc. 4. 3aBUCUMOCTD yIEIbHOIO COIIPOTUBIEHU S MEAU
OT coaepKaHust Kuciopoaa [23]

R, nQ

0 0.2 0.4 0.6 0.8
[O], %

Fig. 5. Dependence of the resistance of copper (I—3) melt
samples of different chemical (see table 2) composition
on the oxygen content

Puc. 5. 3aBUCHUMOCTB 2JIEKTPOCOITPOTUBJIEHU I 00pa31I0B
(I-3) pacriaBa Meau pa3IMYHOTO XUMHUYECKOTO COCTaBa
(cM. TabuI. 2) OT comepKaHMsI KUCIOpoaa

per of different chemical compositions and the effect
of oxygen solubility on the electrical properties of
the melt.

According to the Cu—Cu,0 phase diagram, the
main condition for fire refining is to maintain the
oxygen concentration in copper above the equilibrium
level required for impurity oxidation (0.4—0.8 % at
temperatures up to 1170 °C). Therefore, it is important
to analyze the kinetics of oxygen dissolution in liquid
copper during the oxidation stage to evaluate impu-
rity transfer into slag and to avoid overoxidation. The
influence of oxygen dissolution kinetics on the elec-
trical conductivity of liquid copper should be assessed
only after maximum impurity removal. This approach
makes it possible to calculate and control the residual
oxygen concentration in the copper melt by measuring
melt resistivity [3].

Conclusion

The macroscopic oxidation kinetics of pure and
blister copper samples of different chemical compo-
sitions were investigated using TG—DSC and surface
oxidation by air blowing. The results show that all
samples oxidize at almost the same rate and that the
presence of impurities does not significantly influence
copper oxidation.

All oxygen available for copper (I) oxide formation
dissolves in copper up to the thermodynamic limit of
12 % Cu,0. The effect of oxygen solubility in copper
melts on their electrical properties was demonstrated.
It was established that oxygen concentrations in the melt
exceeding 0.08 % deteriorate the electrical properties of
copper.
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Abstract: This study presents the results of oxidative leaching of chalcopyrite (CuFeS,) and pyrite (FeS,) in a sulfuric acid medium at low
temperature in the presence of copper (Cu®') and iron (Fe") ions. Using orthogonal experimental design, the optimal conditions were
identified to maximize sulfide matrix decomposition and valuable metal recovery. Experiments were conducted at a constant temperature
of 100 °C. The parameters investigated included partial oxygen pressure (0.2—0.75 MPa), concentrations of sulfuric acid (10—50 g/dm?),
Fe** jons (2—10 g/dm?), Cu?* ions (1—3 g/dm?), and leaching time (60—240 min). The composition of the feed minerals and leach products
was analyzed by X-ray fluorescence (XRF) analysis, X-ray diffraction (XR D) analysis, and atomic absorption spectrometry (AAS). Maximum
copper recovery from chalcopyrite (55 %) was achieved under the following conditions: O, partial pressure of 0.25 M Pa, initial concentrations
of H,SO, — 50 g/dm3, Cu?" — 1 g/dm?, Fe>" — 2.5 g/dm?, and leaching time — 240 min. The maximum degree of pyrite oxidation (56 %) was
obtained at an O, partial pressure of 0.75 M Pa, initial concentrations of H,SO, — 50 g/dm?, Cu?* — 2 g/dm?, and Fe** — 10 g/dm?>. The results
showed that leaching time and oxygen pressure have the greatest effect on chalcopyrite and pyrite decomposition (p < 0.05). The interaction
between Fe*t and Cu®" ions was also established: excess Fe>* (>10 g/dm?) leads to hydrolysis and decreases chalcopyrite leaching efficiency,
whereas Cu?" promotes partial formation of secondary copper sulfides. Regression equations (R> = 0.98 for chalcopyrite and R> = 0.96 for

pyrite) were derived, providing an adequate description of the process.
Keywords: chalcopyrite, pyrite, copper, iron, autoclave, autoclave leaching, sulfuric acid, oxygen.
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M.A. Tpetsak, K.A. Kapumos, V.P. Illapunosa, A.B. Kpuukuii, /I.A. PoroxxHukon

Vpanbckuii ¢penepaabHbiii yauBepcuTeT uMenu nepsoro Ilpesunenta Poccun b.H. Eaxpnuna
Poccus, 620002, r. EkatepunOypr, yi. Mupa, 19

< Makcum Astekceesrd TpeTbsak (m.a.tretiak@urfu.ru)
Annorauus: B paGoTe npeacrapieHbl pe3yibTaThl UCCIEIOBAHMS MPOLECCOB OKMCINTENBHOrO BbllleaunBaHus xajapkonupura (CuFeS,)
n nuputa (FeS,) B cepHO-KMCII0#i cpesie MPU HU3KMX TEMIIepaTypax ¢ 100aBJIEHUEM HOHOB MEIU (Cu2+) U KeJjie3a (Fe3+). MeTtooM opTO-

TOHAJIBHOTO IJITAaHUPOBAHU A SKCIIEPUMEHTA YCTAHOBJIEHBI OIITUMAJIBHBIC YCJIOBU A ITpOLECCa, obecrneyunBaroLe MaKCHUMAJIbHYIO CTEIICHb
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NECTPYKLMU CyIbOUAHON MATPUIIBI U U3BJIEYEHUE LIEHHBIX METAJJIOB. DKCIEPUMEHTHI NMPOBOAMIUCH IPU MOCTOSIHHON TeMIlepaType
100 °C. UccrnenoBanuch cienyoline napaMmeTpsl: lapliaibHoe aasjieHue Kuciopona (0,2—0,75 MIla), KOHUEHTpau MU CEPHOI KMCTOThI
(10-50 r/z[M3), nonos Fe’* (2—10 r/z[M3) u Cu?t (1-3 r/z[M3), a TakXe MPOAOJIKUTENbHOCTb npoiiecca (60—240 mun). CocTaB MCXOIHBIX
MUHEPAJOB U MPOAYKTOB BbIIIEJaYMBAHUS aHAJIU3UPOBAJIN METOIAMU PEHTTEHOCTIEKTPaJIbHOIO (DJIYyOPECLEHTHOIO aHaIu3a, PEHTIeHO-
(aszoBoro aHaau3a 1 aTOMHO-a0COPOIIMOHHOM CIIEKTPOMETPHUHU. YCTAHOBJIEHO, YTO MAKCUMaJIbHOE U3BJIEYeHUE MEIH U3 XaJIbKOIMPUTA
(55 %) mocturaercs Mpu CAeLyIOLMX YCIOBUSIX: apLuuaibHoM faBieHun O, — 0,25 MIla, ucxonHeix KonueHTpauusx H,SO4 — 50 r/J:LM3,
Cu?t — 1 r/LLM3, Fe’t - 25 r/z[M3, MPOAOJIXKHUTEILHOCTH TIpoliecca — 240 MuH. MakcuMaJjibHasl CTelieHb OKMCIIEHU s TUPUTa COCTaBUIa
56 % npu napuuasbHOM JasieHuu Kuciopoza 0,75 MIla, ucxonHbix KoHueHTpaunusx H,SO4 — 50 r/z[M3, Cutt -2 r/z[M3 nFe’™ — 10 r/J:LM3.
YCTaHOBJIEHO, YTO MPOIOIKMTEIBHOCTD 1 AaBJIEHWE KMCI0pOia OKa3blBalOT HauboJiee 3HAaUMMOE BJIMSIHUE Ha CTETNEHb Pa3JI0KEH U Sl Xalb-
konuputa u nuputa (p < 0,05). BoisiBJIeHbl 0COOEHHOCTU B3aMMOJEHUCTBUSI MOHOB Fe’* u Cu?"™: us6pitok Fe' >10 r/LLM3) TPUBOJIUT K
THIPONN3Y M CHUXKEHUIO 3 (HEKTUBHOCTH BBILIEIAYMBAHMS XAIbKOIMPUTA, Torna Kak Cu’ criocoGeTBYeT 4acTHIHOMY 06Pa3soBaHUIO
BTOPUYHBIX CYJIb(UI0B Mea1. BbiBeieHbl ypaBHEHUSI perpeccun (R2 = 0,98 nJist XaJabKOMUPUTA U R2=0,96 x5t MUPUTA), AAEKBATHO OIU-

ChIBalOLIXE IMPOILECC.

Kirouesbie cjioBa: XaJIbKOIMMUPUT, TUPUT, MEJIb, KEJIC30, aBTOKJIAB, BbIIICJIAYMBAHUC, CEPHAAd KHUCJI0Ta, KUCIIOPO/I.
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Introduction

Sulfide minerals, particularly chalcopyrite (CuFeS,)
and pyrite (FeS,), are of significant interest in modern
hydrometallurgy as the main sources of non-ferrous
and noble metals. However, their processing presents
substantial technological challenges due to the high
chemical stability of the sulfide matrix. Conventional
pyrometallurgical methods are characterized by high
energy consumption and the release of toxic gaseous
emissions, which highlights the need for the deve-
lopment of more environmentally friendly and eco-
nomically efficient hydrometallurgical technologies
[1-3].

Recent trends in the hydrometallurgy of non-ferrous
metals demonstrate growing interest in the creation of
energy-efficient methods for processing sulfide raw ma-
terials [4—10].

In recent years, autoclave hydrometallurgy has seen
a shift toward the development and implementation
of low-temperature mineral processing techniques
[11—14]. This direction is of particular scientific and
practical interest, as it makes it possible to signifi-
cantly optimize both technological and economic
performance indicators. Conducting leaching pro-
cesses at low temperatures (60—110 °C) under either
atmospheric or autoclave conditions can reduce energy
consumption, simplify process equipment, and enable
the oxidation of sulfur predominantly to its elemen-
tal form compared to conventional high-temperature
autoclave processes [15]. However, during oxidative

leaching of sulfide minerals, the formation of elemen-
tal sulfur leads to the development of passivating layers
on particle surfaces, which substantially slows down
the reaction.

Modern approaches to addressing this issue involve
a range of technological solutions that combine differ-
ent process intensification methods. The most common
techniques include preliminary mechanochemical ac-
tivation in mills, which generates a defect-rich crystal
structure, as well as the use of surfactants and catalytic
additives (Ag™, Cu?t, F*t ions) that destabilize sulfur
films by modifying their morphology and increasing
the porosity of the passivating layer [16—18]. Studies
[19—21] have demonstrated that the addition of silver
during chalcopyrite leaching with ferric sulfate solutions
significantly enhances the leaching process, resulting in
shorter leaching times and higher copper recovery into
solution. The low rate of chalcopyrite oxidation by Fe3*
is attributed to the formation of a passivating elemental
sulfur layer, which acts as a barrier to reagent access at
the mineral surface. This interpretation is supported by
studies [22; 23], which reported oxidation of sulfide con-
centrates containing chalcopyrite, sphalerite, and arse-
nopyrite in ferric-containing solutions in the presence of
pyrite. The authors analyzed the kinetics and proposed
a mechanism for the interaction of sulfide minerals with
ferric ions and pyrite.

Experimental studies of the kinetics and mecha-
nisms of chalcopyrite- and pyrite-containing material
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oxidation under hydrothermal conditions, conducted
since the 1950s, reveal considerable variation in report-
ed results. These discrepancies arise from differences
in the mineralogical and chemical composition of the
feed, process conditions (temperature, oxygen pressure,
pH, etc.), and methodological approaches to interpret-
ing experimental data. Therefore, the study of sulfide
raw material processing remains an important research
objective, especially in view of advances in analytical
methods and the evolving mineral composition of ores
being processed.

In autoclave sulfuric acid leaching, the oxidation of
CuFeS, and FeS, is described by the following principal
reactions:

ZCUFCSZ + 2H2$O4 + 702 =
=2CuSO, + Fey(SO4); + S’ +2H,0, (1)

CUFCSZ + stO4 + 2502 =
= CuSO, + FeSO, + 8"+ H,0, )

CuFeS, + 2Fe,(SO4); = CuSO, + 5FeS0O, +28°, (3)
CuFeS, + 40, = CuSOy4 + FeSO,, 4

5FeS, + 4H,S0, + 40, = 5FeS0O, + 9S° + 4H,0, (5)
FeS, + 3.50, + H,0 = FeSO, + H,S0,,  (6)

7F682 + 4Fe2(SO4)3 + 4H2$O4 =

= 14FeSO, + 148" + 4H,0, (7)

4FCSz + 902(g) + 4H2$O4 =
=4 Fe,(SO,); + 8S° + 4H,0, ®)

4FeSO, + O4(g) + 2H,S0, = 2Fe,(SO,); + 2H,0. (9)

These reactions show that sulfide sulfur in chalcopy-
rite may be oxidized by oxygen to elemental sulfur and
sulfate ions (reactions (1)—(3)). Ferric ions can also act
as oxidants, in which case sulfide sulfur is oxidized to
the elemental state (reaction (4)), while ferrous ions react
with oxygen to regenerate ferric ions.

Given the significance of this issue, the present
study focuses on low-temperature oxidative autoclave
leaching of chalcopyrite and pyrite in a sulfuric acid
medium with copper (Cu?") and iron (Fe*") ions as ca-
talytic additives. The main objective is to determine the
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optimal process parameters (temperature, partial oxy-
gen pressure, sulfuric acid concentration, and catalytic
additives) that ensure maximum recovery of non-fer-
rous metals.

Materials and methods

Chalcopyrite and pyrite from the Vorontsovskoye
and Berezovskoye deposits (Sverdlovsk region, Rus-
sia), respectively, were used as the objects of study in
low-temperature oxidative autoclave leaching. The
chemical composition of the minerals (Table 1) was
determined by X-ray fluorescence (XRF) analysis
using an ED-XRF spectrometer (EDX-7000, Shimad-
zu, Japan).

Particle size distribution of the minerals was deter-
mined by laser diffraction using a Bettersize ST analyzer
(Bettersize, China) (Fig. 1). The characteristic chalco-
pyrite particle sizes d|, ds, and dg, are 3.8, 28.8, and
79.9 um, respectively. Analysis of the particle size dis-
tribution indicates that the predominant fraction of the
sample lies within 30—90 um. The wide gap between d,,
and dy, (>76 pm) confirms a high degree of particle size
heterogeneity.

For pyrite, the dy, dsy, and dy, are 3.41, 14.81, and
53.77 um, respectively. Differential distribution analysis
shows that the main fraction was within 10—45 pum, ac-
counting for more than 50 % of the sample.

The minerals were ground and sieved on laboratory
screens, after which the working fraction was selected
with 80 % passing <40 pm.

X-ray diffraction (XRD) analysis was performed
using an XRD-7000 Maxima diffractometer (Shimadzu,
Japan). Diffraction data were processed using Match!3
software with the PDF-2 database and the WWW-
MINCRYST database of minerals and structural ana-
logs. The results are shown in Fig. 2.

XRD analysis of the CuFeS2 and FeS2 samples
showed minor peaks of silicon dioxide, with concentra-
tions not exceeding 0.5 % in chalcopyrite and 5.1 % in
pyrite.

To achieve the required initial concentrations of sul-
furic acid, Cu®', and Fe*" ions, analytical-grade rea-

Chemical composition of sulfide minerals

XUMUUECKUI COCTaB CYIb(PUIAHBIX MUHEPAIOB

Content, wt. %
Mineral
Cu Fe S Other
CuFeS, 334 32.0 34.1 0.5
FeS, - 44.1 50.8 5.1
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gents H,SO,4, CuSO,4-5H,0, and Fe,(SO4)5-9H,0 were
used, dissolved in double-distilled water.

Statistical processing of results was carried out using
Statgraphics 19 software with Microsoft Excel visualiza-
tion tools. Chemical analysis of the leach products was

Cumulative distribution, %

performed by flame atomic absorption spectrometry
(FAAS) on a NovAA 300 spectrometer (Analytik Jena,
Germany). Classical titrimetric methods [24] were used
to determine Fe?* and residual H,SO, concentrations in
the solutions.

Differential distribution, %

100 p 47/ 6
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0.1 1 10 100 1000
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b
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Y
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b
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Fig. 1. Particle size distribution of chalcopyrite (a) and pyrite (b)
Puc. 1. Pe3yabTaThl rpaHyJIOMETPUUECKOr0 aHau3a XajJbKonupuTa (a) v nupuTa (b)
a Cp Cp — chalcopyrite ) Py Py — pyrite
Q — quartz Q - quartz

)

Relative intensity

Relative intensity

)

T 7 - r-r-r-r-r-r o r o r T e T T
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20 [Cu], degrees

Fig. 2. XRD patterns of chalcopyrite (@) and pyrite (b)

20 [Cu], degrees

Puc. 2. IludpakrorpaMMbl Tpob xaJdbpKommupuTa (@) u nuputa (b)
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Leaching experiments were conducted in a sealed
laboratory autoclave reactor system made of titanium
alloy (Parr Instrument Company, USA), with a nominal
volume of 1.0 dm? and a filling ratio of 0.6. The auto-
clave was equipped with a multifunctional monitoring
system (temperature sensor, pressure sensor, and stirrer
rotation speed sensor), a mixing mechanism (electro-
magnetic drive with variable speed control), and an oxy-
gen flowmeter. A distinctive feature of the reactor was
its ability to introduce reagents during operation without
depressurization. Temperature control was provided by
a two-section electric heating system connected to a
digital PID controller, which maintained the set tem-
perature within =1 °C.

Before the experiment, a 20 g sulfide miner-
al sample was weighed on an analytical balance, and
a 600 cm? solution containing the required concentra-
tions of H,SOy,, Fe’t, and Cu?" was prepared. After
loading the slurry, the autoclave was sealed, stirring was
started, and the pulp was heated to 100 °C. The stirring
speed was maintained at 800 rpm. Once the target tem-
perature was reached, oxygen was supplied and the ex-
periment start time was recorded. At the end of the test,
oxygen flow was stopped and the autoclave was cooled
to 70 °C. The slurry was filtered, the residue washed, and
dried to constant weight. Solid and liquid samples were
then prepared for analysis.

Experimental studies were performed according to
a second-order orthogonal design, including five varia-
ble factors at a fixed process temperature of 100 = 1 °C,
which prevents elemental sulfur melting. This tempera-
ture regime was selected as a constant parameter for all
tests.

The independent variables were partial oxygen pres-
sure (0.2—0.75 MPa), initial concentrations of sul-
furic acid (10—50 g/dm?), Fe’" ions (2—10 g/dm’),
Cu’" ions (1—3 g/dm?), and leaching time (60—
240 min). The dependent variables were copper and iron
recoveries from chalcopyrite and pyrite, respectively.

Results and discussion

To assess the effect of copper and iron ions on chal-
copyrite oxidation in a sulfuric acid medium, the degree
of CuFeS, decomposition was plotted as a function of
time (Fig. 3). In an earlier study [25], the Kinetics of cop-
per mineral dissolution, including CuFeS,, were exa-
mined at low temperature and an oxygen pressure
of 0.15—0.95 MPa, with a particle size of —0.44 pm
(100 %).

As shown in Fig. 3, in the absence of sulfuric acid
and ferric ions, chalcopyrite oxidation does not exceed
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8 % after 240 min of leaching. In a weakly acidic medi-
um ([H,SO,4], = 5 g/dm?) [25], Fe?* ions and covellite
are formed according to

5CU.FCSz + 302 + 6H2$O4 =

= CuSO, + FeSO,4 + 4CuS + 6S% + 6H,0, (10)
which raises the degree of CuFeS, oxidation to 27 %.

When [H,SO4]p =0u [Fe3+]0 =20 g/dm3, the pre-
sence of Fe3+, in accordance with the stoichiometric
reaction (3), leads to the formation of ferrous sulfate
and elemental sulfur. The low concentrations of H,SO,
(4.3 g/dm®) and Fe** (3.5 g/dm?) detected in the final
solution indicate partial oxidation of sulfide sulfur to
sulfate through

CuFeS, + Fe,(SO,); + 3.50, + H,0 =

= CuSO,4 + 3FeSO,4 + H,SOy, (11)
thereby creating a weakly acidic medium that facilitates
chalcopyrite oxidation via reactions (1) and (2), and
Fe?" oxidation to Fe*" via reaction ).

With an excess sulfuric acid concentration
([H,SO4]y = 50 g/dm3) and the presence of Fe’'
ions, the degree of chalcopyrite dissolution increases
to 35 %.

The addition of Cu,,. promotes the formation of sec-
ondary copper sulfides (CuS, Cu,S) and makes it possi-
ble to reduce the initial [Fe3+]0 to <10 g/dm3 due to the

Degree of CuFeS, decomposition, %

180

120
T, min

Fig. 3. Degree of CuFeS, decomposition vs. leaching time
(Po2 =0.475 MPa)

Concentrations, g/dm>: I — [H,SO4]g =5, t=110"°C, [25];

2— [H,S04]p =0, [Fe3]y = 0; 3 — [H,SO,], = 50, [Fe**], = 0;
4—[H,S0,], =0, [Fe>"], = 20; 5 — [H,S0,], = 50, [Fe>*], = 20;
6 — [H,S0,]0 = 50, [Fe3*], = 3,[Cu®>*], =2

Puc. 3. Crenens paznoxenus CuFeS, B 3aBucumocTu

OT MPOJOJIKUTETbHOCTHU 3KCIIEPUMEHTA (PO2 = 0,475 MIla)
Konuentparmu, r/am>: 1 — [HySO4)y =5, t=110°C, [25];
2—[H,804]y =0, [Fe**], = 0; 3 — [H,S0,4], = 50, [Fe**], = 0;
4—[H,S0,]) =0, [Fe>"], = 20; 5 — [H,S04], = 50, [Fe>*], = 20;

6 — [H,S0,]0 = 50, [Fe3"], = 3,[Cu®*], =2
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formation and subsequent oxidation of FeSO,4 according
to reactions (9), (12), and (13):

CuFeS, + CuSO, — 2CuS + FeSO,, 12)
5CuFeS, + 11CuSO,4 + 8H,0 —
— 8Cu,S + 5FeSO, + 8H,S0,. 13)

Under these conditions, the degree of chalcopy-
rite decomposition reaches approximately 50 % within
240 min.

To determine the statistically significant parameters
and evaluate their effect on chalcopyrite dissolution, a
Pareto chart was constructed (Fig. 4).

| !
E: | i
B: H,S0, [
A: P02 |

D: Cu(Il) ] =g
C: Fe(II) F: =

I L T T T T

0 3 6 9 12 15

Standardized effect

Fig. 4. Pareto chart for chalcopyrite oxidation
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Fig. 5. Dependence of chalcopyrite dissolution on partial
oxygen pressure and leaching time (@), and the initial
concentrations of Cu?* and Fe>" ions (b)

Puc. 5. 3aBucuMoCTb pacTBOPEHU ST XaIbKOTIMPUTA

OT MapiMaJIbHOTO JaBJICHUSI KUCI0POIa

U TIPOAOJIKUTETbHOCTH OMBITA (@), a TAKKE OT UCXOAHBIX
KoHLeHTpaunii noHos Cu?™ u Fe’* (b)

Leaching time, initial sulfuric acid concentration,
partial oxygen pressure, and Cu?' concentration
exert the strongest effects on chalcopyrite dissolution
under low-temperature oxidative autoclave condi-
tions.

Based on the experimental results, a three-dimen-
sional response surface was generated to describe
chalcopyrite dissolution as a function of partial oxy-
gen pressure and leaching time at [H,SO4]y =
=31 g/dm?, [Cu®*],= 2 g/dm?, [Fe3*], = 6,25 g/dm?
(Fig. 5, a).

As shown earlier, leaching time has the strongest
positive effect on chalcopyrite dissolution. At P02 =
= 0.6+0.8 MPa and t = 180 min, copper recovery
reaches 50—55 %. Reducing the leaching time to
60 min results in a sharp decrease in copper recovery
to 35—40 %.

Fig. 5, b illustrates the effects of Cu>™ and Fe>™ con-
centrations on chalcopyrite dissolution under constant
conditions: [H,SO4], = 50 g/dm?, Po, = 0.475 MPa,
T =240 min.

It was observed that increasing [Fe3+]0 from 2.5
to 10 g/dm3 decreases copper recovery from 55 % to
44 %. This effect may be attributed to the accumu-
lation of Fe*" in solution, which promotes oxidation
of CuFeS, to elemental sulfur via reaction (3), fol-
lowed by sulfur passivation of the mineral particles
[26; 27].

When the oxygen pressure is reduced to 0.2—
0.4 MPa and the initial Fe’™ concentration to
2.5 g/dm? (Fig. 6), the contribution of reaction (9) —
the generation and excess accumulation of Fe3™ — is li-
mited, thereby reducing the likelihood of iron hydrol-
ysis. Under these conditions, sulfuric-acid decomposi-
tion of chalcopyrite via reactions (1)—(4) proceeds with
less restriction on reagent access to the mineral surface
and remains at ~55 % after 240 min of leaching.

From the experimental data, the following regression
equation was derived:

CuFeS, = 11.6514 + 2.55712P¢, —
— 0.205448Cy,50,, + 0.319954Ce(qyp) +
+7.55577Ccy ) + 0.2724541 — 0.130897P,, +
+0.00604642Cy; 50, * 0.00724245C %, 111 —
— 1.61708C %, 1) — 0.00045176277, (14)

where P, is the partial oxygen pressure, MPa; Cy 50,
Cre(imrys Ceuary — are the initial concentrations of sulfu-
ric acid, Fe**, and Cu®" ions (g/dm?), respectively; and
T is the leaching time (min).

21



lzvestiya. Non-Ferrous Metallurgy e 2025 ¢ Vol. 31 e No.3 ¢ P. 16-27

Tretiak M.A., Karimov K.A., Sharipova U.R. et al. Optimization of low-temperature sulfuric acid leaching of chalcopyrite and pyrite

Dissolution
CuleS;, %
| K]
. 35

Dissolution CuFeS,, %

Fig. 6. Dependence of chalcopyrite dissolution on partial
oxygen pressure and leaching time

[H,S0,], — 50 g/dm?, [Cu?*]y — 1 g/dm’, [Fe’*], — 2,5 g/dm’
Puc. 6. 3aBUCHMOCTDb PaCTBOPEHU S XaJIbKOIIMPUTA

OT nNapuuraJbHOTIO JaBJICHUA KUCI0POaa
N IIPOAOJIKUTEJIBbHOCTH OIIbITa

[H,S04] — 50 r/mv, [Cu?*]y — 1 r/am?, [Fe3¥] — 2,5 r/mm3

The coefficients of determination was R2 = (.98,
confirming the adequacy of the model.

To identify statistically significant parameters and
evaluate their effect on pyrite oxidation, a Pareto chart
was constructed (Fig. 7).

The most influential factors are leaching time, oxy-
gen pressure, and solution acidity. The addition of Cu®*
and Fe>™ jons has only a limited effect on oxidation ef-
ficiency, as indicated by the small change in the degree
of oxidation when their concentrations are varied within
the studied range.

These findings are consistent with [15], where a
direct correlation was established between leaching
time, oxygen pressure, and pyrite decomposition.
At the same time, pyrite oxidation is accompanied
by the formation of ferrous sulfate via reactions (6)
and (7).

The dependence of iron leaching from pyrite on
oxygen pressure and leaching time is presented in
Fig. 8. At oxygen pressures below 0.5 MPa and leach-
ing times of 60—120 min, pyrite oxidation does not
exceed 35—40 %. A marked increase to 50 % is ob-
served at Pg, = 0.75 and T = 240 min. A nonlinear
relationship between oxidation efficiency and acidity
was also identified: increasing the sulfuric acid con-
centration from 10 to 35 g/dm3 promoted pyrite de-
composition.

Fig. 8, b shows the dependence of pyrite oxidation
on the initial Cu?* and Fe’" concentrations. Intro-
ducing Fe*' in the range 2.5—10.0 g/dm3 markedly
enhances pyrite oxidation, increasing the oxidation
degree by ~10 % after 240 min. Pyrite is oxidized by
Fe" ions, while the resulting Fe?" is regenerated via
reaction (10). According to the literature [28], Cu?t
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Fig. 7. Pareto chart for pyrite oxidation
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Fig. 8. Dependence of pyrite dissolution on partial oxygen
pressure and leaching time (@), and initial concentrations
of Cu®* and Fe>" ions (b)

a: [H,80,], — 31 g/dm?, [Cu?*], — 2 g/dm’, [Fe?*], — 6,25 g/dm’
b: [H,S0,], — 50 g/dm?, Pg, — 0,475 MPa, T — 240 min

Puc. 8. 3aBUCHMMOCTb paCTBOPEHU I MUPUTA

OT MapIraJbHOTO JaBJIEHUsI KUCIOPOaa

¥ TIPOIOJTIKUTEILHOCTH OITHITA (@), @ TAKXKE OT MCXOTHBIX
KoHIeHTpaunii nonos Cu>™ u Fe>* (b)

a: [H,80,], — 31 r/nm?, [Cu?*]y — 2 /oM, [Fe?H], — 6,25 r/nw’
b: [HyS04]g — 50 r/nv’, Po, — 0,475 MTTa, T — 240 Mun

jons exert a catalytic effect on the oxidation of Fe"
to Fe?*, which explains the synergistic effect observed
when both ions are present. Adding Cu?" at concen-
trations up to 2 g/dm3 significantly accelerates Fe?t
oxidation to Fe?™, thereby promoting further pyrite
decomposition.
Optimal parameters were obtained at P02

= 0.75 MPa, [H,S04], = 50 g/dm3, [Cu®'], = 1.5+
+2.0 g/dm? , and [Fe**], = 8+10 g/dm3. Under these
conditions, the maximum degree of pyrite oxidation
reached 56 %.
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From the experimental data, the following regression
equation was derived:

Fe)S = 38.4072 — 4.76472P,, + 0.513402Cy 50, —
— 0.52213Cpe(pyp) + 6.56917Ccy 11y — 007123727 +
+0.271903 P, — 0.0117899C3; 50, — 0.0466268C e 111y —

— 1.69325C %, ipy + 0.00003830047%.  (15)
with a coefficient of determination of R = 0.96, con-
firming the adequacy of the model.

SEM images and EDS mapping of residues from
low-temperature oxidation of chalcopyrite and py-
rite are presented in Figs. 9 and 10. The residues were
obtained at 7 = 100 °C, Py, = 0.75 MPa, [H,S04], =
= 50 g/dm?, [Cu?*], = 3 g/dm?, [Fe**], = 10 g/dm?,
T =240 min.

100 pm 100 pm

As seen in Fig. 9, chalcopyrite leach residue par-
ticles exhibit a heterogeneous surface, combining
smooth areas with porous zones. EDS mapping showed
the following distribution of the main components: sul-
fur (red), iron (green), and copper (yellow). Particles
containing these zones correspond to chalcopyrite.
Bright red surface deposits indicate local accumulation
of elemental sulfur on chalcopyrite.

Similar studies of pyrite residues (Fig. 10) re-
vealed a comparable but not identical pattern of
surface transformations. A clear correlation was ob-
served between particle size and composition: fine
fractions consisted almost entirely of elemental sul-
fur, whereas larger particles corresponded to pyrite.
Sulfur deposits were also detected at surface defect
sites. Irregularly shaped conglomerates were espe-
cially evident on particles with developed surface
morphology.

100 um 100 pm

Fig. 9. SEM images of chalcopyrite oxidation residue and EDS mapping

a — general view, b — sulfur, ¢ — iron, d — copper

Puc. 9. COM-un306paxkeHnsT 4acTUIl KeKa OKUCTICHUS XaJIbKOMTMPUTA U pe3yabTarshl DJ]C-KapTupoBaHUsI

a — obwuii Bua, b — cepa, ¢ — xejne3o, d — Melib

A
100 pm

100 pm

100 pm

Fig. 10. SEM images of pyrite oxidation residue and EDS mapping

a — general view, b — sulphur, ¢ — iron

Puc. 10. COM-u3o0pakeHus YaCTUI] KeKa OKUCIEHU S MUpUTa U pe3yabTaTel DJIC-kapTupoBaHus

a — obuuii Bua, b — cepa, ¢ — Xeje3o
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Conclusion

This study investigated the low-temperature auto-
clave oxidation of the sulfide minerals, namely chalco-
pyrite and pyrite. Mathematical models were developed
to describe the effects of oxygen pressure, sulfuric acid
concentration, copper and iron ion concentrations, and
leaching time, with coefficients of determination of
R%=0.98 for chalcopyrite and R? = 0.96 for pyrite, con-
firming the adequacy of the models. Optimal techno-
logical parameters were identified for effective decom-
position of chalcopyrite, yielding 55 % copper recovery
(Po, = 0.25 MPa; initial concentrations: [H,SOy4ly =
=50 g/dm?, [Cu®*], = 1 g/dm?, [Fe*'], = 2.5 g/dm?;
T = 240 min), and for pyrite, yielding 56 % iron recov-
ery (Po, = 0.75 MPa; [H,S0,], = 50 g/dm?, [Cu*"], =
=2g/dm?, [Fe’*], = 10 g/dm?; T = 240 min).

The role of catalytic additives was also exa-
mined. Variation of the initial concentrations of [Cu2+]0
(1—3 g/dm?) and [Fe**], (2.5—10.0 g/dm?) increased
the degree of chalcopyrite oxidation by 8—11 % and
pyrite oxidation by 10—13 %. SEM analysis of residues
revealed local accumulation of elemental sulfur on the
particle surfaces.
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Abstract: This study investigates the effect of preliminary autoclave oxidation with molecular oxygen (7 = 423 K, PO2 = 0.6 MPa,
T = 2 h) on lignosulfonates differing in chemical composition and molecular weight distribution. Oxidation resulted in a reduction of
hydroxyl groups and an increase in carbonyl groups, along with marked changes in solution properties such as redox potential, pH,
specific conductivity, and surface tension at the liquid—gas interface. The functional activity of the initial and oxidized lignosulfonates
was compared in terms of their ability to remove elemental sulfur films from the sphalerite surface under high-temperature oxidative
pressure leaching conditions. The findings show that oxidative treatment decreases the effectiveness of lignosulfonates by diminishing
their surface activity.
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Annoramus: [TpenctaBiieHbl pe3yJbTaThl BIUSHUS MPEIBAPUTEIbHON OKMCIUTETLHON 00pabOTKM MOJIEKYJISIPHBIM KMCJIOPOJIOM B aBTO-
KJIaBHBIX yciioBusix (7T'=423 K, PO2 = 0,6 MIla, T =2 4) 06pa310B JUTHOCYJIb(HOHATOB, OTIIMYAIOIIAXCSI XUMUIECKUM COCTaBOM U MOJie-
KYyJSIPHO-MAaCCOBBIM pacrpeneieHueM. [TokazaHo, YTO UX OKMCIEHHUE COMPOBOXIAETCS yMEHbIIEHUEM I'MIPOKCOTPYIII U YBEJIMYCHUEM
B IIPONYKTaX OKUCIEHMST KApOOHUIBbHBIX TPYIII, a TAKXKE U3MEHeHUEM (U3UKO-XMMUUECKHUX CBOMCTB PACTBOPOB — OKUCITUTEIbHO-BOC-
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Introduction

High-temperature pressure leaching of sulfide con-
centrates containing zinc, lead, copper, and nickel is
now widely practiced worldwide [1; 2]. Compared with
the conventional roasting — leaching route, pressure
leaching provides [3; 4]:

— clear environmental benefits, as it avoids SO,
emissions by converting sulfur in the concentrate into
elemental sulfur (S0), which can be safely stored and
transported;

— greater processing flexibility, making it possible to
treat low-grade sulfide ores and those with a high iron
content;

— more efficient resource utilization, with the po-
tential to recover not only the principal metals but also
valuable by-products such as gallium, germanium, indi-
um, silver, and cadmium.

Pressure leaching of sulfide concentrates is carried
out at temperatures above 373 K and is accompanied
by the formation of molten elemental sulfur films on
the mineral surface, resulting in sulfur passivation and
consequent inhibition or complete cessation of oxidative
dissolution [5—7]. Certain surfactants can counteract

this shielding effect of sulfur, opening up the possibility
of applying higher-temperature conditions and further
intensifying autoclave processes [8; 9].

In hydrometallurgical practice, particularly in the
processing of zinc, lead—zinc, and nickel—pyrrhotite
concentrates, the most common surfactants are techni-
cal lignosulfonates (LS) — by-products of wood pulping
[10—12]. Transitioning from low- to high-temperature
leaching (410—425 K) boosts process throughput by
a factor of at least 2.5. At the same time, more complete
exposure of sphalerite inclusions in associated minerals
such as pyrite and chalcopyrite provides an additional
2—5 % zinc recovery into solution.

Chemically, lignosulfonates are branched aroma-
tic polymers with a wide molecular weight distribution
(5000—80000 Da), high functional diversity (hydro-
xyl, methoxy, carboxyl, carbonyl, and sulfonic groups),
and pronounced polydispersity [13—15]. Fig. 1 shows a
representative fragment of the lignosulfonate macromo-
lecule.

The amphiphilic structure of lignosulfonates ac-
counts for their surface activity: along with ionogenic

CH
s 3
(0 0\ 0
OH 0OH(g 0 s{
Il =
ﬁ—o---Ca-- 0 9
0
HO | l . (|)
O-CH,
OH

Fig. 1. Fragment of a lignosulfonate macromolecule [16]

Puc. 1. DparMeHT MaKpOMOJIEKYJIbI TUTHOCYJIbGOHATOB [16]

29



lzvestiya. Non-Ferrous Metallurgy 2025 ¢ Vol. 31 « No.3 « P.28-36

Lugovitskaya T.N., Anisimova O.S., Rogozhnikov D.A. Oxidative degradation of lignosulfonates during pressure leaching of zinc...

functional groups, they contain cross-linked aliphatic
and aromatic carbon chains [17—19].

Surface activity and other physicochemical proper-
ties of lignosulfonates depend on both the type of wood
used (softwood or hardwood) and the pulping condi-
tions. Because lignosulfonates are by-products, their
quality is not standardized.

Their use in hydrometallurgy is further compli-
cated by the instability of their properties over time;
efficiency also decreases as the duration of pressure
leaching increases. This decline is likely due to chemi-
cal degradation of lignosulfonates under the harsh
thermo-oxidative conditions applied to ores and con-
centrates [11].

To investigate this effect, in this work, lignosul-
fonate samples differing in chemical composition
and molecular weight distribution were deliberately
subjected to autoclave oxidation with molecular oxy-
gen (T'=423 K, Po2 = 0.6 MPa, 1 =2 h). Their func-
tional performance was then evaluated directly under
high-temperature oxidative pressure leaching of a zinc
concentrate. This allowed us to assess how oxidative
treatment influences the structure and efficiency (i.e.,
surface properties) of lignosulfonates during pressure
leaching.

Materials and methods

The study employed the following samples and rea-
gents:

1. Lignosulfonates (LS). Samples were obtained from
the Solikamsk Pulp and Paper Mill (JSC “Solikamsk-
bumprom”, Russia, TU 2455-028-00279580-2014)
(LSNo.l) and from LignoTech (Norway) (LSNo.2).
Their elemental and functional compositions are gi-
ven in Table 1. The samples were oxidized in an auto-
clave with molecular oxygen at 7= 423 K and PO2 =
= (0.6 MPa for 2 h. The oxidation products of LSNo.1
and LSNo.2 — hereafter LSONo.l and LSONo.2 —
were subsequently characterized by physicochemical
methods.

2. Zinc concentrate. A standard zinc concentrate
from the Belousovsky Mining and Processing Plant
was used. At least 90 % of the material was finer than
74 um, with the following composition (wt. %): Zn —
48.9, Cu — 0.9, Fe — 8.7, S — 32.5. The principal min-
erals were sphalerite, present as liberated grains 1—
100 um in size (=70 %), and pyrite containing fine inclu-
sions of sphalerite and chalcopyrite (1—25 pm) amount-
ing to 20—25 %.

3. Gangue minerals. Represented mainly by oxides
of Si (0.3 %), A1 (0.2 %), and Ca (0.3 %).
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Table 1. Elemental and functional composition
of lignosulfonates

TaGauua 1. DaeMeHTHBIN U (PYHKIIMOHAIBHBIN COCTaB
JIMTHOCYJIb(pOHATOB

LS samples
Element/group
No. 1 No. 2
29.0 41.7
54.5 38.2
5.5 5.4
Na 6.6 0.8
K 0.04 —
Ca — 4.0
SO;H 12.11 12.3
OCH; 9.6 9.2
OH,pen 2.1 2.0

4. Sulfuric acid. Solution with a concentration of
140 g/dm?.

5. Oxygen. Technical-grade oxygen supplied from
cylinders.

Elemental composition of lignosulfonates was deter-
mined with an Elementar Vario MICRO cube analyzer
(Germany) with an accuracy of £0.5 wt. %. IR spectra
of the initial and oxidized LS samples were recorded on
a Bio-Rad FTS-175 FT-IR spectrometer in the range
400—5000 cm™!, with a resolution of 0.5 cm™! and an
absolute error of +0.1 cm™'. Gravimetric measure-
ments were performed on Ohaus Discovery analytical
balances (USA) with an accuracy of £0.0001 g. pH va-
lues were measured on a Mettler Toledo FiveEasy FE20
pH meter (Singapore), calibrated with NIST-traceable
buffers (pH 4.01, 7.00, and 10.01). Surface tension of
LS solutions at the liquid—gas interface (Gyig._g, J/m?)
was measured with a Rehbinder tensiometer. The sur-
face morphology of the leach residue (particles, grains,
and granules) was examined by scanning electron mic-
roscopy (SEM) using a dual-beam Carl Zeiss Auriga
CrossBeam dual-beam FIB-SEM (Germany) equipped
with an Oxford Instruments INCA 350 EDS system and
an X-Max 80 detector (UK). Imaging was performed in
backscattered electron mode with compositional con-
trast at an accelerating voltage of 20 kV and a probe cur-
rent of 1.2 nA.

Pressure leaching experiments were performed in a
Vishnevsky-type autoclave (titanium, 1 dm? capacity)
equipped with stirring, temperature control, sampling,
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and instrumentation. The reactor filling ratio was main-
tained at 0.60.

Experiments were conducted at a fixed tempera-
ture of 415 K, oxygen partial pressure of 0.4—0.5 MPa,
and stoichiometric consumption of sulfuric acid rela-
tive to sphalerite (molar ratio H,SO, : ZnS = 1.0). The
LS concentration in the slurry was varied from 0.05 to
1.50 g/dm?.

After loading the concentrate, initial or oxidized LS
samples (sealed in glass ampoules), and sulfuric acid
solution, the reactor was sealed and the slurry heated to
the target temperature. Once the set temperature was
reached, oxygen was introduced via a regulator to es-
tablish the required partial pressure, and stirring was
initiated. The hydrodynamic conditions in the leach-
ing slurry were kept constant at Re = 10* (Reynolds
number). The start of agitation and the breaking of am-
poules with LS were taken as time zero for the leaching
process.

Samples were collected at regular intervals (5,
15, 30, 60, and 120 min) for chemical analysis. The
solutions were analyzed for Zn, Fe(II), Fe(IlI), and
H,SO, concentrations. After each run, the reactor
was cooled, the slurry filtered, the solid phase washed
with distilled water, dried, and analyzed for Zn, Pb,
total sulfur (S,,.,), and elemental sulfur (S). The
progress of oxidation in the presence of LS was moni-
tored by zinc recovery (gz,,, %), iron recovery (., %),
degree of acid neutralization (g,.q, %), and conver-
sion of sulfide sulfur to elemental sulfur (eg, %). The
leach residues were further characterized for particle
size distribution and the fraction of sulfur—sulfide
aggregates.

Results and discussion

Before comparing the functional activity of the ini-
tial and oxidized lignosulfonates (LS) under high-tem-
perature oxidative pressure leaching, it is useful to
examine their composition and physicochemical pro-
perties.

As reported earlier [20], he weight-average molecular
masses of LSNo.1 and LSNo.2 were 9250 and 46300 Da,
respectively. Elemental analysis (Table 1) showed that
LSNo.2 contained 13 % more carbon and 16 % less oxy-
gen compared with LSNo.l. The cationic composition
of LS in sulfite liquors also differed: LSNo.1 contained
sodium ions (6.6 %), whereas LSNo.2 contained cal-
cium ions (4 %).

The IR spectra of the initial samples (Fig. 2) exhi-
bited broad absorption bands at v = 3420 cm~! and
1510—1610 cm™!, attributable to hydroxyl groups and

aromatic ring vibrations. Methoxy groups (—OCH3)
were confirmed by absorptions in the range v =
= 1039+1042 cm~! [21—23]. A broad band at v =
= 1210+1190 cm™!, along with medium and weak
absorptions at 655 cm™! and 540—520 cm ™', indicated
the presence of sulfonate groups. Peaks in the region
v = 1675+1640 cm~' corresponded to carboxyl groups
conjugated with the benzene ring. In LSNo.1, a weak
band at v = 1720+1715 ¢cm~! was assigned to non-
conjugated carbonyl groups (C=0), which were ab-
sent in LSNo.2. These findings confirm that the two
samples differ in chemical composition and molecular
weight distribution.

The LS samples were then subjected to oxidative
treatment (7= 423 K, P02 = 0.6 MPa, T =2 h), and the
structural features of the oxidation products and the
physicochemical properties of their aqueous LSO solu-
tions were determined.

Comparative analysis of the IR spectra of the initial
LS and their oxidation products (LSO) (Fig. 2) revealed
new absorption bands at v = 1720 and 1640 cm™', cor-
responding to stretching vibrations of non-conjugated
and conjugated carbonyl groups (C=0). At the same
time, the intensity of the hydroxyl band at v = 3420 cm ™!
decreased.

Under more severe oxidation conditions (higher tem-
perature, longer duration, or elevated oxygen pressure),
the band at v = 1510 cm™!, characteristic of skeletal
vibrations of the aromatic ring, disappeared.

This indicates that oxidation of LS leads to the for-
mation of carboxyl, carbonyl, and orthoquinone groups
and, under harsher conditions, to chemical degradation
of aromatic rings with the formation of lower carboxylic
derivatives.

Oxidation also significantly altered the physico-
chemical properties of LS solutions. Measurements
of specific conductivity (x), redox potential (Eh),
pH, and surface tension (0jqg) as a function of
LSO concentration (Table 2) showed the following
trends:

—as LSO concentration increased from 0.01 to
0.64 g/dm3, pH decreased from 4.3—5.4 to 3.4—3.5,
while Eh rose from 185 to 385 mV and conductivity in-
creased from (12+20)-107 to (370+440)-107> uS/m;

— compared with the initial LS, the oxidized sam-
ples exhibited greater surface activity: the minimum
surface tension (0jiq, ~ 0.068 J/m?) for LSONo.l
was observed at 0.16—0.32 g/dm3, whereas for
LSONo.2 it was reached only at higher concentrations
(>0.16 g/dm’).

Thus, the observed changes in the structure and
physicochemical properties of LS indicate that their
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Table 2. Physicochemical characteristics of solutions of the initial and oxidized LS

Ta6auia 2. PU3NKO-XUMHUECKHE XapakKTEPUCTUKU PACTBOPOB UCXOAHBIX U OKUCJICHHBIX JIC

LS - 10%, uS/m pH Gligg 10%, J/m? Eh, mV
concen-
szl tration
B LS LSO LS LSO LS LSO LS LSO
g/dm
0.01 7 12 4.4 5.4 80.0 78.1 280 185
0.02 10 19 55 5.2 76.7 79.6 275 195
0.04 14 34 6.0 5.1 75.2 72.6 240 215
LSNo.l  0.08 22 55 5.7 4.6 75.9 70.6 240 235
0.16 39 104 5.6 4.2 75.2 68.2 220 245
0.32 82 200 5.7 4.0 78.1 68.6 200 325
0.64 130 379 5.8 35 75.2 69.1 200 385
0.01 28 20 5.8 4.3 80.0 79.6 349 310
0.02 37 26 6.6 4.3 82.3 81.0 280 300
0.04 40 36 6.7 4.1 86.8 79.5 284 315
LSNo.2  0.08 44 65 6.8 3.9 88.2 79.6 264 320
0.16 55 116 7.0 3.8 79.6 79.6 280 345
0.32 70 320 7.3 37 79.6 72.3 279 345
0.64 85 400 7.3 3.5 78.2 75.2 285 340
a b
LSONo.1
® s | LSONo.2
g &
[ LsNo.1 §
g g
& & | /LsNo.2
2000 ' 1200 ' 400 2000 ' 1200 ' 400
v, cm v, cm’

Fig. 2. IR spectra of the initial and oxidized samples of lignosulfonates: LSNo.1 (&) and LSNo.2 ()

Puc. 2. UK-crieKTpbl UCXOAHBIX M OKUCJICHHBIX 00pa31oB JuTrHocyIb@oHaToB JICNel (a) u JICNe2 (b)

efficiency may differ under high-temperature pressure
leaching conditions.

Subsequently, the effect of the initial and oxidized
LS samples on the performance of zinc concentrate
pressure leaching was investigated.

Preliminary tests were carried out without lignosul-
fonates in the leaching slurry (baseline case). A sharp
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decrease in the oxidation rate indicated onset of sul-
fur passivation by molten elemental sulfur films within
the first 15—20 min of oxidative treatment, at a mine-
ral conversion of 35—40 %. The insoluble residues
were dominated by spheroidal aggregates larger than
0.25 mm, consisting of unreacted sphalerite cores en-
cased in poorly crystallized polygonal elemental sulfur.



3BecTisi By30B. LiBeTHOSI MeETAAAYprnst o 2025 o T.31 « N23 o C,28-36

Ayrosuukasi T.H., AHncumoa O.C., POroxxHmnkos A.A. AeCTPYKTVBHbIE MPEBPALLEHNS AUTHOCYAbGOHATOB MPW ABTOKACBHOM BbILLEAQHYNBOHUMN. .

Overall, zinc recovery into solution did not exceed 50 %
after 2.0—2.5 h of leaching without LS.

Similar results were obtained in the presence of
LSNo.l1. Within the studied concentration range, the
kinetic curves leveled off at 55—65 % conversion, re-
flecting sulfur passivation of the sphalerite surface.
As in the baseline case, the residues contained sul-
fur—sulfide granules larger than 0.25 mm. Elemen-
tal sulfur films on sphalerite were also observed at
low LSNo.2 additions (<0.15 g/dm3). Oxidation of
sphalerite accelerated after 30—40 min of leaching
and was significantly more intense in the presence of
LSNo.2.

By the time sphalerite had been leached for about
100—140 min, most of the added LS were expec-
ted to have undergone oxidation, so that oxidized
forms would predominate in solution. This made it
relevant to evaluate their functional activity directly
under these conditions. After 3 h of leaching, zinc
recovery with LSONo.l was 9—10 percentage points
lower than with unoxidized LS (at comparable con-
centrations of 1.0 g/dm?), amounting to only 62—
63 %.

The most favorable results were obtained with the
high-molecular-weight LSNo.2. At concentrations
of 0.25—0.50 g/dm3, zinc recovery reached 90—
91 % within 2 h. Beyond this point, the leaching
rate slowed, reflecting zinc release from sphalerite
inclusions enclosed in pyrite grains. At insufficient
LSNo.2 concentrations (<0.15 g/dm?), sulfur passi-
vation limited sphalerite oxidation to 72—75 %. This
was confirmed by residue morphology: fine gangue
particles, spherical particles 15—25 um in size con-

S 45.8%
Zn 4.3%
Fe 2.6%
Cu 24.8%

14.6%
1.6%
3.6%
0.8%

sisting of unleached sulfides coated with elemental
sulfur (Fig. 3, a), and sulfur—sulfide granules larger
than 0.5 mm.

Concurrent oxidation of LS during leaching im-
paired their functional efficiency, as confirmed by
experiments with pre-oxidized samples. After 2 h of
leaching, zinc recovery in the presence of LSONo.2
was 18—19 percentage points lower than with unoxi-
dized LSNo.2. The reduced interfacial activity of ox-
idized samples was accompanied by the formation of
sulfur—sulfide aggregates 0.10—0.15 mm in size in the
residues. Similar degradation of LS and lower met-
al recovery have also been reported in the literature
[11; 12].

Balance tests were conducted under conditions
optimized for the composition and concentration of
LS (Table 3). As expected, LSNo.2 provided the most
effective performance: after 2 h of leaching, 90.5 %
Zn and 38.1 % Fe were extracted into solution, while
acid neutralization reached 85.9 %. The residue yield
was 39—41 % with an elemental sulfur content of 45—
46 %, and no sulfur—sulfide granules were detected
(Fig. 3, b).

Thus, testing of different LS samples under pres-
sure leaching conditions was consistent with the
predictive assessments obtained earlier from physi-
cochemical studies of lignosulfonates and confirmed
the high functional efficiency of the high-molecu-
lar-weight sample (LSNo.2). The unsatisfactory per-
formance of low-molecular-weight LS, as well as their
oxidation products, is attributed to an insufficient in-
terfacial wedge effect at the sphalerite—sulfur boun-
dary.

S 60.8%
Zn 18.8%
Fe 12.3%
Cul2%

Fig. 3. SEM images and elemental analysis of leach residues obtained with LSNo.2 (@) and LSONo.2 (b)

Puc. 3. COM-u3o0pakeHus 1 pe3yabTaThl 2JIEMEHTHOTO aHaI13a KeKa, MOJTyYeHHOTO MPU BbIeTauMBaHU U

B mpucyTcTBUM 00pasiioB JICNe2 (a) u JICONe2 (b)
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Table 3. Parameters of zinc concentrate pressure leaching in the presence of various LS samples

Ta6nuna 3. [Moka3zaTesn aBTOKJIaBHOI'O BblllleJIa4MBaHUs LIMHKOBOIO KOHIIEHTpaTa

B IIPUCYTCTBUU pas3indyHbIX 00pa3ios JIC

Test conditions” Content in solution, g/dm?> Recovery, %
LS Granule
samples Ltsi(;‘l’,ngc/?g?‘ t,min | Zn | Fe(l) | Feyy | HySO, | Zn | Fe™ | H,S0, | formation
— 0.00 180 51.0 2.3 2.7 70.9 54.0 16.0 50.2 Yes
LSNo.1 0.25 180 61.5 2.9 3.2 58.5 65.1 18.9 58.9 Yes
LSNo.1 1.00 180 67.8 3.3 3.5 54.7 71.8 20.8 61.6 Yes
LSONo.1 1.00 180 58.6 3.1 3.5 62.9 62.1 20.8 55.8 Yes
LSNo.2 0.10 120 68.5 3.3 4.0 453 72.5 23.8 68.2 Yes
LSNo.1 0.25 120 85.5 5.4 6.4 20.1 90.5 38.1 85.9 No
LSONo.2 0.25 120 68.5 4.3 4.8 4.6 72.5 28.8 69.4 Yes
" Conditions: 7= 413 K, Py, = 0,5 MPa, [H,SO,] = 140 g/dm”.
* From pyrite (according to phase analysis of residues).

Conclusion

The investigation of the physicochemical proper-
ties of LS used to remove elemental sulfur films from
the sphalerite surface during pressure leaching of zinc-
bearing sulfide feed is not only of theoretical interest but
also provides a foundation for optimizing oxidation pro-
cesses and subsequent operations for the processing of
solutions and leach residues.

The effect of LS of different composition, including
samples pre-oxidized with molecular oxygen, was evalu-
ated during sulfuric acid pressure leaching of zinc con-
centrate from the Belousovsky Mining and Processing
Plant under the following conditions: 7= 415 K, Pp, =
= 0.5 MPa, [H,SO,], = 140 g/dm?, Re = 10%, H,SO, :
ZnS = 1.0.

High-molecular-weight LS (46300 Da) proved
to be the most effective both in removing elemental
sulfur films from the sphalerite surface and in ensur-
ing intensive and near-quantitative zinc dissolution.
At LSNo.2 concentrations above 0.15 g/dm3, stable
leaching proceeded without the formation of sul-
fur—sulfide aggregates. Within 120 min of leaching,
90.5 % Zn and up to 38 % Fe were recovered into solu-
tion. The leach residues, which accounted for 39—
41 % of the mass, contained no less than 45 % elemen-
tal sulfur.

The results demonstrated that LS efficiency de-
pends not only on their molecular-weight distribution
but also on the chemical transformations they undergo
under pressure leaching conditions. Compared with un-
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oxidized LS, the oxidation products were less effective
in removing elemental sulfur films from the sphalerite
surface: zinc recovery decreased by 10—12 percentage
points and did not exceed 72—75 %.
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Assessment of the prospects for processing oxidized
nickel ores using microwave energy
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Abstract: The Ural region holds an estimated 1.5 million tons of nickel reserves, located in the industrially developed Chelyabinsk, Sverdlovsk,
and Orenburg regions. At present, however, these deposits are not being exploited, and metallic nickel is not produced in the Urals, as
metallurgical facilities have been completely shut down. The reserves are represented by oxidized nickel ores (ONO) — a complex raw material
with low nickel and cobalt contents, whose processing by existing technologies is economically unfeasible. The challenge is compounded by
the absence of a beneficiation method for ONO that yields a concentrate; therefore, all current technologies require processing the entire ore
mass, which results in high reagent consumption and substantial energy costs. Research is ongoing to develop new technological approaches,
including alternative methods for extracting nickel and cobalt from ONO in the Ural deposits. One promising option is the use of microwave
(MW) energy to unlock nickel-bearing minerals and accelerate the dissolution of nickel and cobalt. This study evaluates the effect of microwave
energy on nickel recovery from oxidized nickel ores of the Ural region. Comparative data are presented for conventional sulfuric acid leaching
and for the process with microwave energy applied. A series of test studies was carried out to assess the feasibility of using microwave energy
for ONO processing. The comparison of technological parameters demonstrated the advantage of atmospheric sulfuric acid leaching with
microwave energy, which achieved nickel recovery of up to 95 % in a relatively short time. These results identify this approach as the most
promising for practical implementation.

Keywords: microwave energy, oxidized nickel ores, leaching, sulfuric acid, nickel.
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AnHoTanms: Ypai obsanaer 3anacaMu HUKeJIsl Ha ypoBHE 1,5 MJIH T. MeCTOPOXI€H U SI HAXOISTCSI B IPOMBILIJIEHHO PAa3BUTOM PErMOHe —
Ha Tepputopun Yenssounckoii, CBepaioBckoii 1 OpeHOyprckoit obmacteir. OmHaKO B HACTOSI e BpeMsI UX He pa3pabaThIBaIOT, M MeTal-
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JIMYeCKU I HUKeJb Ha YpaJie He MPOU3BOJIST, TaK KaK MeTaJJIyprudecKue mpearnpusThs MOJTHOCTBIO OCTAHOBJIEHBI. [IpMYnHOI sIBJIsIETCS
TO, YTO 3aIlachl HUKEJISI MPEICTaBICHbl OKUCIEHHBIMU HUKeNeBbIMU pynaMu (OHP), KoTopele SBISIOTCS CIOXKHBIM CHIPEEM C HU3KUM
cojiepxkaHueM HUKeJIsl M KobaibTa, mepepaboTKa KOTOPOTO MO CYIIECTBYIOIIMM TEXHOJIOTUsIM HepeHTabeabHa. OCIOXHSIET 3a1a4y U TO,
YTO Ha CErOAHSIIHUIA JeHb HE cyliecTBYeT MeToja oboramieHuss OHP ¢ nojsiyueHueM KOHLEHTpaTa, MO3TOMY BCE TEXHOJIOTUH Mpeayc-
MaTpUBAIOT NepepaboTKy BCeil MacChl py/ibl, YTO BEJAET K 3HAUMTEJIbHBIM pacxo/aM Ha peareHThl U SHepreTuyecKruMm 3arpaTam. B To xe
BpeMsI He MpeKpaliaeTcst MOMCK HOBBIX TEXHOJIOIMUYECKHX TOX0I0B, OPUEHTHPOBAHHBIX HA IPUMEHEHME aJbTepPHATUBHBIX BAPHMAHTOB
U3BJIeUeHUsT HUKeJsT U Kobanbra u3 OHP ypanbckux MectopoxaeHuii. OMHUM U3 MOJAOOHBIX METOHOB siBJsieTcs npuMeHeHnue CBY-
SHEPIrUM AJsl BCKPBITUS HUKEJIEBbIX MUHEPAJIOB U MHTeHCU(DUKALIMU TIEpeBOla B paCTBOP HUKEJ Sl U KobasibTa. B Hacrosieit pabore
OlLleHeHO BiaMsiHUe Bo3aeiicTBUsi CBU-sHeprum Ha M3BJieYeHUE HUKE sl U3 OKUCICHHBIX HUKEJEBBIX pyl YpaibcKoro peruona. Ilpu-
BOJSITCSI JaHHbIE 110 CPABHEHU IO MOKa3aTeseil KJIacCMYeCcKOro CepHO-KMCIOTHOTO BhlleauMBaHus 1 Tpolecca ¢ HajtoxeHuem CBY-
9HEepPruM. BeIMOJHEH KOMITJIEKC TECTOBBIX UCCIIEIOBAHM, 11eJTb KOTOPBIX — OLIEHUTh IePCIEeKTUBHOCTD MpuMeHeHust CBU-aHeprum mist
nepepaboTku OHP. CpaBHeHME TEXHOJOIMUECKUX MTapaMeTpOB 000U X MOJIX0A0B BbISIBUJIO ITPEUMYILECTBO aTMOC(HEPHOTO CEPHO-KUC-
sotHoro BeiesaunBanuss OHP ¢ Hanoxenuem CBY-aHepruu, B Xo1e KOTOPOro ObLJIO JOCTUTHYTO U3BJIeYEeHHEe HUKEIST B PACTBOP 10
95 % 3a HeGOJIBIIONH TPOMEXYTOK BpeMeHH. Ha OCHOBaHMM MOJYYEHHBIX pe3yIbTaTOB JaHHOE HalpaBeHHe BEIOpAHO KaK HauboJiee
MepCIeKTUBHOE IS TPaKTUUYECKOM peaan3ainm.

Kuaouessie ciioBa: CBU-aHeprust, OKMCIeHHBIC HUKEJIEBBIE PY/IBI, BBIIIETa4MBaHNE, CepHAsT KUCIOTA, HUKEb.

Jas nuruposanus: [loneiranoB C.D., Jlobanos B.I., CemnenpuukoBa 1.C., Konmaunxuna O.b., Makosckast O.}0. OueHka mepcriek-

TUBHOCTU TepepaboOTKM OKUCICHHBIX HUKEIEeBBIX PyA ¢ ucnonb3oBaHueM CBU-suepruu. HUzeecmus eyzos. lleemnas memannypeus.

2025;31(3):37—43. https://doi.org/10.17073/0021-3438-2025-3-37-43

Introduction

In both global and domestic practice, nickel is ex-
tracted from sulfide and oxidized ores. Sulfide ores
are subjected to flotation beneficiation, and the re-
sulting flotation concentrate is processed by pyro-
metallurgical methods [1]. Oxidized (lateritic) ores
account for 60—70 % of the world’s nickel reserves.
These ores cannot be beneficiated by convention-
al methods, and nickel extraction directly from raw
ore is associated with high specific costs. Therefore,
the search for efficient technologies for processing
oxidized nickel ores (ONO) remains highly relevant
[2—4]. Abroad, laterite ore processing is generally
carried out by hydrometallurgical or combined me-
thods [5—38].

Hydrometallurgical technologies implemented in
practice for ONO processing are based on direct leach-
ing of nickel and cobalt with sulfuric acid in two main
variants:

— heap leaching of raw ore with sulfuric acid solu-
tions [9—12];

— high-pressure acid leaching under autoclave con-
ditions (HPAL) [13;14].

In some cases, heap leaching is combined with au-
toclave leaching to reduce specific costs: raw ore is sub-
jected to pressure leaching, while the residue from the
autoclave stage is processed by heap leaching.

The main challenges in applying hydrometallurgical
technologies to ONO from the Ural region stem from the
low contents of valuable components (nickel and cobalt).
The specific mineralogical features of these ores result

38

in high reagent consumption, low recovery of target
metals, and the formation of large volumes of solid waste
requiring disposal. These factors render traditional
hydrometallurgical technologies economically unfea-
sible and hinder the adaptation of foreign processing
schemes to domestic ores.

It is known that in ONO, most nickel occurs as an
isomorphic substitute for iron in poorly soluble silicate
minerals [14]. To intensify solid—liquid reactions, ele-
vated temperatures, pressure, and vigorous mixing are
used.

The greatest potential for accelerating hydrometal-
lurgical interactions under optimal reagent conditions
in liquid—solid systems lies in enhancing mass transfer.
Various approaches have been proposed to accelerate
heterogeneous solid—liquid processes, including the
application of oscillations of different frequencies —
acoustic and ultrasonic waves, industrial-frequency cur-
rent, as well as high and ultra-high frequencies.

Microwave (MW) energy is widely applied across
diverse industries such as petrochemistry, agricul-
ture, food processing, wood drying, medicine, and
others. In these applications, it is generally used sole-
ly for accelerated heating of materials. Only in pet-
rochemistry and catalytic chemistry has microwave
energy been applied to intensify mass transfer pro-
cesses.

The aim of the present work is to evaluate the poten-
tial for intensifying acid leaching of nickel from oxidized
ore by applying microwave energy to the reaction mass
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and to compare the results with those of conventional
nickel leaching methods..

Research methods and results

The object of study was an increment of oxidized
nickel ore from the Ural region. The increments were
composited, and a laboratory sample was prepared and
ground to a particle size below 0.074 mm. Phase analysis
revealed that the main minerals in the ore were goethite
(Fe(OH),-nH,0), silica (SiO,), and nickel silicate
(NiO,"Si0,). In addition, alumina (Al,0O5), manganese
hydroxides, calcium compounds, and other phases were
present. Alumina and silica constituted the basis of the
clay-forming minerals. According to chemical analysis,
the ore contained (wt. %): Ni — 0.92, Co — 0.064, and
Fe — 39.32.

To investigate the effect of microwave irradiation
on ONO, a laboratory unit was assembled based on
a commercially available inverter-type microwave
oven, which maintains constant output power du-
ring operation. This allowed more accurate evaluation
of specific energy consumption and minimized pulp
overheating.

The pulp (ore mixed with acidic solution) was
placed in a heat-resistant laboratory beaker and set in-
side the microwave oven directly over the waveguide
outlet. To achieve this configuration, the oven was
oriented vertically. To evaluate the effect of micro-
wave irradiation, it was necessary to ensure that the
entire microwave energy generated by the magnetron
was focused on the reaction mass. For this purpose,
the beaker was wrapped in an aluminum foil shield.
These methodological arrangements allowed reliable
determination of specific energy consumption, op-
timal pulp layer thickness (i.e., effective penetration
depth of microwave energy), and the overall efficiency
of the method.

A schematic of the laboratory setup is presented
in Fig. 1.

Concentrated sulfuric acid solutions (>80 g/dm3)
were used in the experiments, heated directly by mic-
rowave irradiation. To protect the magnetron from
thermal and chemical effects of the reaction mass, the
waveguide outlet was additionally covered with a screen
made of mica and asbestos, both transparent to micro-
waves.

At the first stage, the effect of microwave energy on
the kinetics of nickel leaching was examined by con-
ducting comparative tests under identical conditions:
liquid-to-solid ratio (L/S) = 5:1, stirring intensity
400 rpm, temperature <75 °C, and H,SO,4 concentra-

3
2

4
.
6 7

Fig. 1. Schematic of the laboratory setup

1 — reaction beaker, 2 — pulp, 3 — aluminum foil shield, 4 — support
for the reaction beaker made of microwave-transparent material,

5 — magnetron, 6 — timer, 7 — power controller

Puc. 1. Cxema 1abopaTopHOI YCTAHOBKU

1 — peakIIMOHHBIN CTakaH, 2 — MyJbIlia, 3 — 9KPaHUPYIOIINIA KOXYX,
4 — noacTaBKa 1oj1 peakKIMoHHbII crakad n3 CBY-npo3pauyHoro
Martepuasa, 5 — MarHeTpoH, 6 — JaTYMK BpeMeHU, 7 — PEryjIsiTop
yIIpaBICHUS

tion 200 g/dm3 . Parallel ore charges of equal mass were
leached in a beaker on a conventional heating plate and
in the microwave-assisted setup. Microwave activation
was performed at an output power of 180 W for 20 min
in both cases.

At specified time intervals, aliquots of the pregnant
solution were withdrawn and analyzed for nickel content
by atomic absorption spectroscopy (Analytik Jena, Ger-
many). Nickel recovery into solution was then calculated
(Fig. 2).

As expected, microwave irradiation significantly
accelerated nickel dissolution compared with conven-
tional thermal leaching, increasing the leaching rate by
approximately fourfold. Although the maximum achie-
vable nickel recovery was not determined in this series,
the observed trend suggests that microwave activation
substantially shortens the time required to achieve high
extraction.

For practical implementation of the proposed me-
thod and reactor design, it was important to estimate
the penetration depth of microwave energy into the
solid—liquid system (a pulp consisting of sulfuric ac-
id solution and ground ore at a liquid-to-solid ratio of
1:1). To vary the pulp layer thickness, different vo-
lumes of pulp were loaded into the reaction vessel.
A separate beaker containing a fixed volume of distilled
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Nickel recovery, %

MW activation

Atmospheric leaching

T T T
0 5 10 15 20
T, min
Fig. 2. Nickel recovery as a function of time under
microwave-assisted and atmospheric leaching of ONO

Puc. 2. CpaBHeHUE 1MHAMUKY BblLIEIaYMBAHUSL HUKEI S
n3 OHP

water was placed above the reaction vessel. When the
microwave oven was switched on, the extent of heating
of the water indicated the fraction of microwave ener-
gy that had not been absorbed by the pulp. Thus, by
comparing the temperature rise in the water at different
pulp heights, the penetration depth of the microwave
energy flux through the reaction mass was assessed.
The chosen pulp density (L/S =1: 1) minimized parti-
cle settling during the test, ensuring reliable evaluation
of microwave penetration depth.

The absorbed energy was calculated from the tem-
perature difference before and after irradiation accord-
ing to the equation:

_ mCAt

E ,
T

where F is the absorbed energy, W/s; m is the mass of
water, g; C = 4.18 J/g-°C is the specific heat capacity
of water; Af is the temperature difference, °C; and 7 is
time, s.

The amount of microwave energy absorbed by the re-
action mass at different layer thicknesses is presented in
the table.

The results show that in dense pulp, the microwave
flux is fully absorbed within a 4—6 cm layer. Naturally,
this parameter depends on microwave power, pulp den-
sity, and mixing conditions. The penetration depth of
microwave energy — where heating occurs and reactions
are intensified — is referred to as the effective microwave
depth. Within this zone, heating, the skin effect, and ac-
celerated dissolution of target metals can be expected.

40

In the next stage, the effect of specific sulfuric acid
consumption on nickel leaching was evaluated. Since an
additional aim was to estimate the maximum achieva-
ble recovery, experiments were performed at maximum
magnetron power (900 W) with deliberately excess acid
addition.

The leaching solution was prepared by dissolving the
required mass of acid in water and diluting to a fixed
volume. Ore charges weighed 30 g, and the solution vol-
ume was 60 ml. At this power, the reaction mass rapidly
evaporated, forming a dense sinter that fundamentally
altered the process. To avoid this, the experiment dura-
tion was limited to 4 minutes. Monitoring the temper-
ature of the reaction mass during microwave activation
was not feasible; post-experiment measurements showed
that under steady-state conditions the temperature rap-
idly reached 95—100 °C.

Given the expected high reaction rate between
nickel-bearing minerals and sulfuric acid, the acid con-
centration was the critical factor in the leaching process.
To enable proper comparison of experimental results at
equal slurry volumes (effective layer thickness of 4 cm)
and different acid concentrations, the specific acid con-
sumption was varied from 0.4 to 2.0 g H,SO, per gram
of ore.

The ore charges were mixed with sulfuric acid solu-
tion and subjected to microwave irradiation for a set
leaching time (e.g., 1 min). The pulp was then removed,
diluted with water, filtered, and the filtrate analyzed for
nickel concentration and residual acid. Leaching was re-
peated at the same acid consumption but with different
leaching times. Thus, each point on the curves in Figs.
3 and 4 corresponds to a separate test. For comparison,
additional experiments at 2 g H,SO, per g ore were per-
formed by heating the pulp to 95 °C without microwave
activation. Based on these results, nickel recovery into
solution and the fraction of sulfuric acid consumed in
the target reaction were calculated.

Microwave energy absorbed by the reaction mass
at different pulp layer heights

Konnuectso CBY-3Heprun, moraonieHHON peaKIIMOHHOM
Maccoll Ipu pa3HOIl BHICOTE CIIOST MYJIBITHI

Pulp height , Absorbed Energy
mm energy, J loss, %

10 253.6 71.8

20 612.3 32.0

40 891.4 1.0

60 895.1 0.5
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100 Nickel recovery, %

0.8 g/g

2 g/g without MW

0 T T T T T T
1 2 3 4 1, min

Fig. 3. Dependence of nickel recovery on sulfuric acid
consumption under microwave-assisted leaching
of ONO (g/g ore)

Puc. 3. 3aBucumocTs uzBiedeHust Ni B pacTBOp
MpY BhILeTauBaHUY ¢ HasoxeHueM CBY-sHeprun
MPU pa3JIMyHOM PacXoie CEPHOU KUCIOTHI (T/T PYyIbl)

Fraction of sulfuric acid
consumed, %

1 2 3 4 1, min

Fig. 4. Dependence of sulfuric acid consumption on time
under microwave-assisted leaching of ONO (g/g ore)

Puc. 4. 3aBUCUMOCTB pacxoyia CepHO KUCIOThI
npu CBY-BeimenaunBanust OHP (r/r pynbi)

The results show that under excess (i.e., high concen-
tration of) sulfuric acid, the nickel leaching rate under
microwave activation increased severalfold compared
with conventional methods.

The experiments were not aimed at determining
reagent consumption coefficients or performing an
economic assessment of this approach, but the re-
sults demonstrate that under certain conditions, near
100 % nickel recovery can be achieved in a very short
time. With countercurrent leaching — widely used
in hydrometallurgy — this method could achieve the

required metal recovery at high rates. Overall, the
findings confirm the potential of microwave energy
for enhancing the efficiency of metallurgical ore pro-
cessing.

Further studies will focus on the features of micro-
wave-assisted leaching of oxidized nickel ore under
countercurrent liquid—solid conditions.

Conclusions

1. An original methodology was proposed for stud-
ying metal leaching from mineral raw materials using
microwave energy.

2. It was established that the effective penetration
depth of microwave energy through a dense solid—Ilig-
uid system (“ground ore — leaching solution”) at a lig-
uid-to-solid ratio of 1 : 1 does not exceed 40 mm.

3. Atmospheric sulfuric acid leaching of ONO with
microwave activation was shown to accelerate the pro-
cess severalfold, achieving up to 95 % nickel recovery
into solution.
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Abstract: This study explores the nitric acid leaching of stibnite in the presence of tartaric acid, which acts as a complexing agent. The proposed
approach is of considerable interest, as antimony is widely used across industries, from electronics to alloying applications. Thermodynamic
analysis showed that nitric acid dissolution of stibnite inevitably leads to the formation of antimony oxides, which markedly reduces the
extraction of the target metal into solution. To counteract these losses and enhance process efficiency, tartaric acid was introduced as an
additive. The results demonstrated that tartaric acid promotes the formation of stable complexes with antimony ions, thereby retaining the
metal in solution and minimizing the risk of oxide precipitation. Experimental design analysis revealed that the mass ratio of tartaric acid to
antimony and the nitric acid concentration exert a stronger influence on leaching efficiency than temperature and leaching duration. Optimal
conditions were established, achieving an antimony extraction of 87 %: temperature 35 °C, nitric acid concentration 5 mol/dm?, leaching time

45 min, and a tartaric acid-to-antimony mass ratio of 4.5 : 1.0.
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AnHoTanus: PaGoTa rocpsilieHa U3y YeH MO MPOLecca a30THO-KMCJIOTHOIO BblLEJauYMBaHU I CTUOHUTA C 100aBJIeHUEeM BUHHOI KUCJIOTHI,
BBITIOJIHSIIOLIEH (DYyHKIIMIO KOMILIeKcooOpasytoliero areHra. Ilpeanaraemblii croco6 rnepepaboTku CTUOHUTA 00J1a1aeT BICOKOM aKTy-
aJIbHOCTBIO, TOCKOJIBKY CYypbMa I POKO UCIOAb3YETCS B IPOMBIIIICHHOCTH — OT 3JIEKTPOHMKH 10 TPUMEHEHUsI B Ka4eCTBE JIETUPYIOIIMX
n06aBoK. B xome TepMoaMHAMMYECKOTO aHaaM3a BbISIBIEHO, YTO B MPOLIECCE a30THO-KKMCJIOTHOIO PACTBOPEHMSI CTUOHHUTA HEU30EKHO
00pas3yroTCcs OKCUIbI CYyPbMbl, YTO TIPUBOJIUT K CYLIECTBEHHOMY CHUKEHUIO U3BJICUEH U S LIEJEBOrO MeTaJjljia B pacTBop. st Toro 4Toobl
CHU3UTD 3T MOTEPU U MOBBICUTH 3P (HEKTUBHOCTH Mpolecca, B KadyecTBe 100aBKHU MPEII0KEeHO UCI0Jb30BaTh BUHHYIO KucaoTy. Mc-
clieIOBaHUsI IMOKa3aJju, YTO OHA CIIOCOOCTBYET 0OPa30BaHUIO CTAOMIbHBIX KOMILIEKCOB C MOHAMU CYPbMbI, YTO MO3BOJISIET COXPAHUTD
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METAaJII B paCTBOPE U MUHUMM3UPOBATh PUCK OCaXkaeHust OKCUI0B. C UCII0Jb30BaHMEM MAaTEMATHUECKOTO IIAHMPOBAHU I SKCIIEPUMEHTA
YCTAHOBJIEHO, YTO MaCCOBOE COOTHOLIEHNE BUHHOM KUCIOTHI K CypbMe, a TAKXKE KOHLEHTPALMsl a30THOI KHUCIIOThI OKa3bIBaIOT GOJIbLIEE
BIMsSHUE Ha 9()(HEKTUBHOCTH IIPOLIECCA BhIIETaYMBaHM s, Y€M TEMIIEpATypa U MPOIOJXKHUTEIBHOCTD Ipolecca. OrnpeaesieHbl ONTHUMAalb-
HBIE YCJIOBUS JUIS JOCTHUXEHUSI MAKCUMaJIbHOIO 3HaYE€HWSI U3BJIEYEHMSI CYPbMBI B pacTBop — 87 %: TeMmneparypa 35 °C, KOHLEHTpalus

a30THOM KUCJIOTHI 5 MOJIL/LLM3, BpeMs BbIlleJIla4MBaHK sl 45 MMH U MacCOBOE COOTHOIIIEHWE BUHHOM KUCIOTHI K cypbMme 4,5 : 1,0.
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Introduction

Antimony, a critical element in various industrial
applications, remains in high demand due to its unique
physicochemical properties [1; 2]. It is used in the pro-
duction of flame-retardant materials, lead—acid batte-
ries, semiconductor devices, and as an alloying element
in metallurgy. The primary source of antimony is the
mineral stibnite (Sb2S3). However, efficient recovery
of antimony from stibnite is complicated by a number
of technological and environmental challenges [3—8§],
which has driven the search for innovative processing
methods [9—14].

One promising approach to antimony extraction is
nitric acid leaching [15—20]. Despite its advantages, this
method has drawbacks such as slow reaction kinetics and
the formation of sparingly soluble compounds. A poten-
tial strategy to improve acid leaching is the addition of
organic complexing agents that stabilize metal ions in
solution, thereby preventing their premature precipi-
tation. In this regard, tartaric acid (C4HgOg) is of par-
ticular interest [21; 22] Its molecules readily form sta-
ble complexes with metal cations, including antimony,
which may enhance extraction efficiency and process
selectivity.

Previous research has shown the successful ap-
plication of organic acids in hydrometallurgical pro-
cesses. For instance, citric and oxalic acids have been
used to improve the leaching of oxide and sulfide ores
of nickel, copper, and zinc [23—26]. However, in the
case of antimony — particularly in combination with
nitric acid — such studies remain limited. Most exi-
sting work has focused on single-agent systems or
combinations of inorganic acids, whereas the syner-
gistic effect of introducing tartaric acid into a HNO;
medium has received little attention. This defines the
relevance of the present study, which examines the ef-
fects of temperature, nitric acid concentration, leach-

ing duration, and tartaric acid dosage on the efficien-
cy of nitric acid dissolution of stibnite. The optimal
conditions for maximum antimony recovery were also
established.

The findings of this study may contribute to the de-
velopment of more efficient and sustainable methods
for processing antimony-bearing raw materials, thereby
promoting more rational use of natural resources and re-
ducing environmental impact.

Experimental procedure
Materials, equipment, and methods

The chemical composition of stibnite was deter-
mined by complete dissolution of a 0.2—0.3 g portion
of the material in a PreeKem M3 microwave digestion
system (PreeKem, China). The resulting solutions
were analyzed using an EXPEC 6500 inductively cou-
pled plasma optical emission spectrometer (ICP—
OES) (Focused Photonics Inc., China), which was
also used to determine the composition of the leach
solutions.

The phase composition of the stibnite sample (Fig. 1)
and the leach residue was analyzed with an XRD 7000
Maxima diffractometer (Shimadzu Corp., Tokyo,
Japan).

A natural stibnite sample (Sb2S3) served as the start-
ing material. The mineral was ground in a Pulveriset-
te 6 planetary mill (FRITSCH GmbH, Germany) and
sieved through laboratory screens to obtain a —56 pm
working fraction. All other reagents were of analytical
grade.

Nitric acid leaching experiments were carried out
under laboratory conditions using a 500 mL Lenz
Minni-60 reactor (Lenz Laborglas GmbH, Germa-
ny). The leaching solution was preheated to the de-
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Fig. 1. Phase composition of stibnite
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sired temperature with a Huber Kiss K6 precision
thermostat (Peter Huber Ké&ltemaschinenbau, Ger-
many). After thermostating, the weighed sample of
stibnite was introduced into the reactor. Slurry ho-
mogenization was achieved using an IKA Eurostar 20
digital overhead stirrer (IKA-Werke GmbH, Ger-
many).

After the reaction, the slurry was vacuum-filtered
through a Btichner funnel. The filtrate was analyzed for
antimony content by ICP—OES. The leach residue was
sequentially washed with distilled water and then dried
in a convection oven at 80 °C to constant weight.

Thermodynamic calculations were performed using
HSC Chemistry Software v. 9.5 (Metso Outotec Finland
Oy, Tampere, Finland).

Results and discussion

Thermodynamics of nitric acid leaching
of stibnite

To establish the possibility of stibnite interacting
with nitric acid solution, Gibbs free energy changes
(AG) were calculated in the temperature range of 25—
85 °C for the following reactions:

Sb,S; + 6HNO; = Sb,0; + 6NO, + 3S + 3H,0, (1)

Sb,S; + 28HNO; = Sb,05 + 3H,S0, +
+28NO, + 11H,0, Q)

Sb,S; + 24HNO; = 2HSbO, + 3H,S0, +
+ 24NO, + 8H,0, ©)

46

2HSbO, + 4HNO; = Sb,05 + 3H,0 + 4NO,, (4)
Sb203 + 4HNO3 = Sb205 + 4N02 + 2H20 (5)

As shown in Table 1, stibnite dissolution in nit-
ric acid can proceed along several pathways, leading
either to sparingly soluble antimony oxides (Sb,03,
Sb,05) or to antimonous acid (HSbO,) via reactions
(1)—(3). Subsequently, both antimonous acid and an-
timony (III) oxide can be oxidized by nitric acid to
antimony (V) oxide.

Pourbaix (Eh—pH) diagrams are a useful tool for
predicting the thermodynamic stability of chemical
species in aqueous media. To examine the behavior
of antimony species at different pH and Eh values, an
Eh—pH diagram was constructed for the S—Sb—H,0
system at 25 °C (Fig. 2, a). In addition, to more ac-
curately predict the products of nitric acid leaching
of stibnite, a distribution diagram was constructed
(Fig. 2, b), showing the equilibrium concentrations of
various antimony species as a function of nitric acid
consumption.

The Pourbaix diagram (Fig. 2, a) indicates that in
acidic media, dissolution of stibnite begins at a po-
tential of about —0.4 V with the formation of anti-
monous acid (HSbO,). A further increase in oxida-
tion potential to approximately —0.61 V results in the
conversion of HSbO, to Sb,0s, indicating more com-
plete oxidation. These transformations are consistent
with Gibbs free energy calculations for reactions (3)
and (4).

The distribution diagram (Fig. 2, b), unlike the Pour-
baix diagram, highlights the effect of nitric acid (HNO;)
consumption on the composition of stibnite dissolution
products. At the initial stages, both HSbO, and Sb,0; are
formed. With nitric acid consumption exceeding 7 M,

Table 1. Gibbs free energy change (AG)
for reactions (1)—(5)

Tabnuua 1. Pesynbratsl pacuera u3MeHEHUs
sHeprum [M66ca mus peakumii (1)—(5)

AG, kJ/mol
Reaction

25°C 40 °C 55°C 70 °C 85°C
(1) —344 —355 -367 —378 —389
2) —1630 —1683 —1735 —1787 —1839
3) —1411  —1455 —1498 —1541 —1583
4) -219 —228 -237 —246 -255
(5) —168 —175 —182 —189 —196
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Fig. 2. Eh—pH diagram for the S—Sb—H,0 system (a), equilibrium distribution diagram of antimony species during nitric acid

leaching of stibnite (b)
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Fig. 3. Interaction schemes of antimony with tartaric acid (a) and oxalic acid (b)
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antimony is predominantly present as Sb,Os. This is at-
tributed to the sharp increase in oxidation potential at
high HNO; concentrations, which drives further oxida-
tion of Sb(III) to Sb(V). At concentrations above 8§ M,
nearly complete oxidation of Sb,O5 and HSbO, to Sb,0O5
is observed.

The thermodynamic analysis shows that nitric acid
leaching of stibnite results primarily in the formation
of antimony oxides, followed by their precipitation.

To prevent antimony losses and improve leaching effi-
ciency, it is therefore advisable to introduce additives
that intensify the process and increase the degree of
metal extraction. According to the literature [22],
oxalic and tartaric acids are among the most effective
complexing agents. They promote the formation of
stable antimony complexes (Fig. 3), which helps re-
tain the metal in solution and minimize oxide precip-
itation.
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Investigation of nitric acid leaching
and determination of optimal parameters

To evaluate the effect of tartaric acid on stibnite dis-
solution in nitric acid solution, experiments were con-
ducted under the following conditions: nitric acid con-
centration — 6 mol/dm3, liquid-to-solid ratio (L : S) =
= 6 : 1, leaching duration — 60 min, temperature —
50 °C, and tartaric and oxalic acid concentrations —
50 g/dm? each.

As shown in Fig. 4, in the experiment without ad-
ditives, antimony extraction into solution reached
44 % within the first 2 min, but subsequently decreased
to 13 %. This effect is most likely associated with the
transformation of antimony from antimonous acid (HS-
b0O,) into the insoluble oxide form (Sb,05) according to
reaction (4). The addition of tartaric and oxalic acids im-
proved stibnite dissolution in nitric acid. Acting as com-
plexing agents, they formed stable antimony complexes
and prevented its conversion into insoluble oxide. How-
ever, tartaric acid achieved higher extraction (52 %) than
oxalic acid (45 %), so further experiments were carried
out with tartaric acid.

To determine the optimal parameters for nitric acid
leaching of stibnite with tartaric acid, a statistical ex-
perimental design method was applied using the Stat-
Graphics software package. A second-order orthogonal
matrix was employed, comprising four variables: pro-
cess temperature (35—85 °C), nitric acid concentra-

Sb extraction, %

60

50

40

304

.

10

0

10 20 30 40 50 1, min

Fig. 4. Dependence of Sb extraction on time during nitric
acid leaching with tartaric acid (1), oxalic acid (2),
and without additives (3)

Puc. 4. 3aBucumocTb n3BIedeHUS Sb OT BpeMeHU
MPU a30THO-KKUCJIOTHOM BhbIILETaYMBAHU U

¢ nobasjeHueM BUHHOI (1) U 11aBeaeBoii (2) KUCOT,
a Takxe 06e3 106aBok (3)
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Fig. 5. Pareto chart for the parameters of nitric acid leaching
of stibnite

D — tartaric acid-to-antimony ratio; A —nitric acid concentration;

C — temperature; B — leaching duration
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tion (1—9 mol/dm3), leaching duration (10—70 min),
and the tartaric acid-to-antimony mass ratio in stib-
nite (0.5+4.5: 1.0). The liquid-to-solid ratio (L : S) was
maintained at 6 : 1 in all experiments.

Fig. 5 presents the Pareto chart for antimony leach-
ing under the experimental conditions. The results indi-
cate that the tartaric acid-to-antimony ratio and nitric
acid concentration are the most statistically significant
factors affecting antimony leaching, while leaching du-
ration and temperature are less significant.

The dependence of antimony extraction on temper-
ature, nitric acid concentration, leaching duration, and
tartaric acid-to-antimony ratio is shown in Fig. 6.

As shown in Fig. 6, maximum antimony extraction
from stibnite (>85 %) can be achieved under the follow-
ing conditions: liquid-to-solid ratio — 6 : 1, temperatu-
re — 35 °C, nitric acid concentration — 5 mol/dm3,
leaching duration — 45 min, and tartaric acid-to-anti-
mony mass ratio — 4.5 : 1.0. The regression equation for
antimony leaching is

Sb = —36.4551 + 13.2264A4 + 1.4411 B — 0.0825433C +
+0.609196D — 0.6312074% + 0.003119794B —
—0.01013194C — 0.0722656AD — 0.0144331 B> —
—0.00313426BC + 0.000390972BD +
+0.000639506C> — 0.00089537CD + 0.00306981.D%, (6)

where A — nitric acid concentration, mol/dm3; B —
leaching duration, min; C — temperature, °C; D — tar-
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Fig. 7. XRD pattern of the leach residue after nitric acid
leaching of stibnite with tartaric acid under optimal
conditions

Puc. 7. PeHTreHorpamma HepacTBOPEHHOT'0 OCTaTKa
ocJjie a30THO-KUCJIOTHOTO BhlllleJIa4MBaHU s CTUOHUTA
¢ nob6aBJeHMEM BUHHOM KUCIOTHI ITPU ONTUMAaJbHBIX
YCJIOBUSIX

taric acid-to-antimony mass ratio. The adequacy of the
chosen model and regression equation is confirmed by
a correlation coefficient of 0.92.

To validate the optimal parameters of nitric acid
leaching of stibnite, an experiment was carried out
under these conditions. The results showed antimo-
ny extraction of 87 % and sulfur extraction of 77 %.

f, °C Sb extraction, %
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Fig. 6. Dependence of antimony extraction
on nitric acid concentration (a—c),
leaching duration (a), temperature (b),

and tartaric acid-to-antimony ratio (c)

Puc. 6. 3aBUCHMOCTD U3BJICUCHUST CYPbMBI

OT KOHLEHTpAIlM1 a30THOI KUCJIOTHI (a—c),

a Takke MPOAOIKUTEIbHOCTH (@), TeMTepatypsl (b)
1 COOTHOIIIEHU I BAHHOI KUCIIOTHI K CypbMe (¢)

Table 2. EDS analysis results of nitric acid leach
residues of stibnite

Tabauua 2. Pe3yabTaThl UCClIeIOBaHUS CIIEKTPOB KEKOB
a30THO-KHMCJIOTHOTO BHILIETaYNBaHUS CTUOHUTA

Content, %
Spectrum Identified phases
(0] Sb S

Without acid (see Fig. 8, a)

1 151 566 283  Sb,O5+ Sb,S;+S°
2 175 553 272 Sb,O5+ SbyS;+8°
3 164 572 264  Sb,O5+ Sb,S;+S°

With tartaric acid (see Fig. 8, b)

1 - 486 514 Sb,S; + §°
2 - 448 552 Sb,S; + 8°
3 - 543 457 Sb,S; + 8°
4 - 67.1 329 Sb,S; + S°

Of the total sulfur remaining in the leach residue,
61 % was present as sulfide and 39 % as elemental sul-
fur. The XRD pattern of the leach residue is shown
in Fig. 7.

Fig. 8 presents SEM images and EDS analysis
results at selected points (Table 2) of the leach resi-
dues after nitric acid leaching (L:S=6:1, T= 35 °C,
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Fig. 8. SEM images of the leach residue from nitric acid leaching of stibnite without tartaric acid (a)

and with tartaric acid (b)
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[HNOs] = 5 mol/dm3, T = 15 min) without and with
tartaric acid (tartaric acid-to-antimony mass ratio
4.5:1.0).

The SEM images in Fig. 8 highlight differences
in the composition of the leach residue depending on
tartaric acid addition. In the sample without tartaric
acid (Fig. 8, a), the residue contains antimony pen-
toxide (Sb,0s), stibnite (Sb,S5), and elemental sulfur
(SO). In contrast, in the presence of tartaric acid (Fig.
8, b), the residue consists mainly of unreacted stibnite
and elemental sulfur, while antimony oxides are ab-
sent. This confirms that tartaric acid binds Sb ions in
solution, preventing their hydrolysis and precipitation
as oxides.

Conclusion

The present study on nitric acid leaching of stibnite
with tartaric acid confirmed the effectiveness of this
complexing agent in improving antimony extraction.

Thermodynamic analysis demonstrated that direct
nitric acid leaching inevitably leads to the formation
of antimony oxides, resulting in metal losses. The ad-
dition of tartaric acid promotes the formation of stable
water-soluble complexes with antimony, which signifi-
cantly reduces oxide precipitation.

Statistical experimental design showed that the tar-
taric acid-to-antimony mass ratio and nitric acid con-
centration are the most significant factors affecting
leaching efficiency. Maximum antimony extraction
of 87 % was achieved under the following conditions:
temperature — 35 °C, [HNO;z] = 5 mol/dm3, leaching
duration — 45 min, and tartaric acid-to-antimony mass
ratio — 4.5 : 1.0.
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SEM and XRD analyses of the leach residue fur-
ther confirmed that tartaric acid addition minimiz-
es antimony losses. In the absence of tartaric acid,
the residue contains antimony pentoxide (Sb,0Os),
indicating oxidation and hydrolysis of Sb ions with
their conversion to insoluble forms, leading to metal
losses. In contrast, in the presence of tartaric acid,
oxide phases were not detected; the residue consisted
mainly of unreacted stibnite (Sb,S;) and elemental
sulfur (S9).

Thus, tartaric acid ensures that antimony remains
in a recoverable form by preventing its conversion into
stable oxides, thereby improving leaching efficiency.
This approach is relevant for developing more effective
processing technologies for antimony-bearing raw ma-
terials.
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Abstract: With the declining quality of feedstock in the copper industry, maintaining metal recovery rates and controlling production
costs for non-ferrous and precious metals has become increasingly critical. A key research priority is therefore the development
of processing strategies that not only concentrate target metals into flotation products but also recover valuable minor elements
previously lost with slags and flue dust. One approach involves designing process flowsheets that integrate hydrometallurgical and
beneficiation operations. Previous studies have demonstrated the effectiveness of combining autoclave leaching and flotation for
decopperization of copper anode slimes and their concentration in gold, silver, and selenium. However, autoclave leaching requires
significant capital and operating expenditures. For this reason, a series of tests was carried out on aeration leaching (decopperization)
of copper anode slimes followed by flotation, yielding promising results. This study examined the influence of aeration leaching
conditions (temperature, agitation, and specific oxidant consumption—air and oxygen), disintegration of the leached product, and
flotation parameters on the selective separation of oxide and chalcogenide phases and the quality of the resulting concentrates. Based
on the experimental results, process operations were developed that make it possible to concentrate precious metals in copper anode
slimes two- to threefold without the use of autoclave leaching. Optimal conditions and equipment configurations were determined
for deep decopperization of slimes (to less than 0.5—0.8 % residual copper). An acceptable degree of separation of precious-metal
chalcogenides from lead and antimony oxides was achieved, enabling downstream recovery of marketable products from the respective
concentrates. Analytical characterization of the products was performed using scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS). The findings contribute to the development of an integrated hydrometallurgical technology for
processing copper anode slimes..

Key words: copper anode slimes, aeration leaching (decopperization), flotation processing, bulk concentrate, final tails, precious metals, silver,
selenium, tellurium, lead.
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AnHoTanms: B ycnoBusix yXyaleHMs KauecTBa ChIpbsi B MEAHOM MOLOTpacau npobiemMa CoOXpaHeHMsI TapaMeTpOB M3BJIeUEeHUsI U cebe-
CTOMMOCTH LBETHBIX U 0JIarOPOJHBIX METAJJIOB CTAHOBUTCS elle 6oJiee BaxXHOM. [ToaToMy NpUOPUTETHOI 3a1aveil Aysl uccieaoBarte-
JIeH sIBJIsIETCS pa3paboTKa TEXHOJOTHIECKUX TTPUEMOB, TTO3BOJISIIOIIMX HE TOJBKO KOHIIEHTPUPOBATh LIeJIeBbIe METAJIIbl B 00OTalleHHbIe
MIPOAYKTHI, HO ¥ U3BJIEKATh paHee TepsieMble CO NIJTAKAMU U MBUISIMU LIEHHbIE 2JIeMEHThI-TTpuMecu. OTHUM U3 CITIOCOOOB €€ PelleHW s SIB-
JISIETCS CO3/IaHME TEXHOJIOTMIECKUX CXeM, COUETAIONUX THAPOMETaIypruiecKue u o0oraTuTe bHbIe onepannu. PaHee mpoBeIeHHBI-
MU UCCIIEAOBAHU MU Obla Moka3aHa 3¢ GeKTUBHOCTb TPUMEHEHHU ST aBTOKJIABHBIX MTPOLIECCOB U (hJIOTAUY 151 00€3MeXBAHU S MEe-
9JIEKTPOJIMTHOTIO LIJIaMa M ero o00ralieHus 1o 30J10TY, cepedpy U ceneHy. OqHaKo NpuMeHeH e aBTOKIaBHBIX TPOLIECCOB TPeOyeT 001b-
LIUX KaMUTaJIbHBIX U TEKYIIUX 3aTpat. [10aTOMy ObLI MPOBEIEH LIUMKJI SKCIEPUMEHTOB M0 a9pallMOHHOMY 00e3MeXHMBaHUIO 1lJIama ¢
nocyenyolieit paoralmeit u moJiydyeHbl COOTBETCTBYIOIIME pe3yJIbTaThl ONBITOB. B HacTos111eii paboTe ObIJIO M3YUYEeHO BIAUSITHUE YCITOBU it
a3paIMOHHOTO BHIIIETaYMBaHWSI (TEMIIEPATYPhl, YCJIOBUIA TepeMeNInBaHU s, YASIbHOTO PACX0a OKMCIUTEN ST — BO3/IyXa U KUCIOPOa),
Ne3MHTETPAIMY TIOJYIeHHOTO MTPOAYKTa, a TAKKe MapaMeTpoB (GIOTAIIUY Ha CEJIEKTUBHOCTD Pa3/ieJIeHUsI OKCUTHOM 1 XaJIbKOTeH U THOM
$a3 1 KayecTBO MOTyUYaeMbIX MPU ITOM KOHIEHTPATOB. [1o pe3yabTaTaM 9KCIepUMEHTOB pa3paboTaHbl TEXHOJOTUUECKHE OMepaluu,
M03BOJISTIONIME 000TallaTh MEAEeINEKTPOIUTHBIE LJIaMbl B 2—3 pa3a Mo COAepXaHUIO AParoleHHbIX METalJIOB 6€3 UCIOIb30BAHU S aB-
TOKJIaBHBIX MpolieccoB. OmnpeesieHbl YCIOBUS U amnapaTypHoe odopMIIeH1e 15 rly6oKoro obe3mexknBaHus nutama (mexee 0,5—0,8 %
OCTAaTOYHOTO coepXKaHus Meau). JIOCTUTHYT MPpUEeMJIeMbIN YPOBEHD pa3aesieHU sl XaIbKOTeHHMIOB IPAroleHHbIX METAJIJIOB M OKCHIHBIX
COEJIMHEHU ! CBUHIIA Y CYPbMBI, UTO MTO3BOJIUT B JAajIbHEUIIIEM U3BJIEKATh P MepepaboTKe COOTBETCTBYIOIINX KOHIIEHTPATOB TOBAp-
HbIe TPOAYKTHI. [IpUBeeHbI pe3yabTaThl aHATN3a MTOTYYaeMbIX TTPOAYKTOB C UCTONb30BaHUeM MeTonoB POM u PCMA. TlonyueHHbIe
JNaHHBIE SIBISIIOTCS BKJIAIOM B CO3/1aHKME KOMIIIEKCHOU TUIPOMETATYPrUUeCcKOi TEXHOJOTUY MepepaboTKM aHOAHBIX IIJIAMOB METHOTO
MPOM3BOACTBA.

KoioueBbie c10Ba: MeIE3JIEKTPOIUTHBIN IIJIaM, adpalliOHHOE 06e3MeXMBaHue, (GIIOTALlIMOHHOE O0oralieHne, KOHLEHTPAT, XBOCTHI (hJI0-

Taluu, Iparou€HHbIC METAJIJIbI, cepero, CCJICH, TCJIJIYP, CBUHECII.

Jng uurupoanusa: Mactiorud C.A., Tumodeen K.JI., Bounkos P.C., Boakosa C.B. O6oraiieHue Meae31eKTPOJIUTHBIX HIJTaMOB IO TEXHO-
JIOTUH «adpallMOHHOE 00e3MexXuBaHue — diaoranusi». Mzeecmus gy3o6. Lleemnasn memannypeus. 2025;31(3):54—65.
https://doi.org/10.17073/0021-3438-2025-3-54-65

Introduction

into soda slags, which are further processed to obtain
commercial tellurium, while heavy minor metals such
as lead and antimony are distributed into silicate or
other slags [1; 5—7].

Copper anode slimes represent a unique feedstock
for recovering not only precious metals but also chal-
cogens, which worldwide are predominantly extract-
ed from primary copper-bearing raw materials [1—4].

The conventional global practice of slime processing,
yielding Doré (silver—gold alloy), enables the separa-
tion of precious and base metals as well as selenium
and tellurium. During oxidative roasting, selenium
transitions into the gas phase as dioxide and is sub-
sequently recovered from wet gas-cleaning solutions.
In the smelting of the calcine, tellurium is transferred

These processes are characterized by significant
fuel and energy consumption and relatively low efficien-
cy due to:

— limited recovery of precious metals, selenium, and
tellurium, caused by the large quantities of waste gen-
erated—slags, dust, furnace refractories, and off-gases
from roasting and smelting units;
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— the environmental impact of these wastes (con-
taining substances of hazard classes [—II) and the asso-
ciated costs of multistage gas cleaning, which can reach
up to 10 % of production costs;

— additional losses of lead, antimony, and tin to slags
and other by-products.

Therefore, the development of new, as well as the
improvement of existing, slime treatment operations
and the creation of advanced, high-efficiency techno-
logies for the comprehensive processing of copper anode
slimes with maximum recovery of valuable components
remain pressing objectives.

Among the most notable international develop-
ments, pilot tests, and in some cases industrial imple-
mentations, hydrometallurgical technologies for anode
slime processing are considered highly promising. They
have been applied at enterprises such as Kennecott Utah
Copper Magna (USA) [8], Naoshima Smelter and Re-
finery (Japan) [9], Outokumpu Technology Oy (Fin-
land) [10], and Yunnan Smelter (China) [11]. Recent
studies include work on leaching metal chalcogenides
from slimes in alkaline solutions [12; 13], sintering
slimes to convert minor elements into soluble forms [14],
as well as analyses of combined pyro- and hydrometal-
lurgical approaches [15].

Based on the analysis of advantages and limitations
of the proposed flowsheets and individual operations
[9], as well as our own research and laboratory trials, we
developed a technology for slime processing involving
autoclave oxidative leaching followed by flotation [16].
Pilot-scale testing produced a flotation concentrate
containing more than 80—85 % of Au + Ag + Se. The
recovery of gold and silver into the high-grade concen-
trate reached 96—98 %. The secondary concentrate,
with 40 % Pb and 20 % Sb, essentially represents a rich
lead—antimony concentrate. Despite the advantages
of this technology, decopperization and preparation of
slimes for flotation under autoclave conditions requires
high capital and operating expenditures.

The aim of this study was to evaluate the feasibility of
replacing autoclave leaching of slimes with a less costly
alternative based on aeration leaching (decopperization)
followed by flotation of the decopperized slime, and to
analyze this approach in the context of its use as a pre-
liminary stage in an integrated technology for process-
ing copper anode slimes.

Aeration leaching (decopperization):
procedure and results

Aeration treatment of the slime slurry was carried
out in a 50-dm? “Bourbon” type reactor equipped with
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) Copper content, %

Decopperization duration, h

Fig. 1. Change in copper content in slimes over time under
different test conditions

The numbering of the curves corresponds to the test number
(see Table 1)

Puc. 1. UsmeHeHue coaepKkaHus MeIy B LIJIaMe

0 BPpEMEHHU B 3aBUCUMOCTH OT YCJIOBUI OIBITOB

Hymepaiust KpuBbix cooTBeTCTBYET N2 ombiTa (cM. TabI. 1)

gas dispersers'. As dispersion (air or oxygen) ensured
maximum contact area between the gas phase and the
slime pulp by generating bubbles 0.05—0.30 mm in size.
In one of the experiments, a mechanochemical activa-
tor was tested. The experimental conditions are sum-
marized in Table 1.

Figure 1 shows the results of the experiments:

— in Test 2, a mechanochemical activator was used,
which blocked the leaching process: the elemental cop-
per present in the slime apparently sealed the reactive
surface of the material;

—in Tests 7 and 2, the required copper content
(<3 %) in the solid phase of decopperization was not
achieved, indicating that the use of air as an oxidant is
ineffective for deep decopperization of copper anode
slimes, regardless of flow rate;

— the use of oxygen as an oxidant (Tests 3—6) made
it possible to achieve the target copper content in the de-
copperized residue;

— the duration of decopperization with oxygen de-
pended on its flow rate and the solid—Iliquid ratio in the
slurry.

Based on pilot-scale laboratory trials, the op-
timal oxygen consumption was determined to be
715 m? (31.9 kg) per 1 t of processed slime. Changing
the solid—liquid ratio from 1 : 10 to 1 : 5 (Test 6)
increased the decopperization time from 5 to 9 h

! Experiments were conducted on equipment and with tech-
nical support provided by BFK-Engineering (Moscow).
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Table 1. Experimental conditions for aeration leaching (decopperization)

Tabsnuua 1. YenoBusi npoBeneHHbIX SKCIIEPUMEHTOB 10 a9pallMOHHOMY 00e3MeXX1MBaHUIO

Test No.
Parameter "
1 2 3 4 5 6
Moisture content of slime, % 25.8 25.8 31 31 26 26
Copper content in slime, % 27.7 27.7 27.1 27.1 27.0 27.0
Slime mass (dry basis), kg 3.9 3.4 4.2 4.2 3.9 9.4
Initial H,SO, concentration, g/dm? 198.7 204 210 188 196.7 170
Agitation speed, rpm 262 262 315 315 315 315
Solid—liquid ratio (S: L) 1:10 1:10 1:10 1:10 1:10 1:5
Process temperature, °C 94-95 94-95 94-95 94-95 94-95 94-95
Air flow rate, L/min 20 18—19 — — — —
Oxygen flow rate, L/min - - 8 10 20 32
Gas consumption, m3/t of slime 3073.6 2542.6 801.3 715.4 1229.5 1838.5
Duration of leaching, h 10 8 7 5 4 9
" Test involving mechanochemical activation.

and significantly increased oxygen consumption
(1839 m3/t).

Visual inspection and monitoring of the ceramic gas
dispersers during decopperization indicated that fluoro-
polymer-based materials such as PTFE should be used
for gas dispersion.

It is known that in unprocessed anode slime, cop-
per is mainly present in elemental form, with a smaller
fraction occurring as chalcogenides—primarily cop-
per—silver selenides and tellurides. Previous studies
established that during leaching, elemental copper
dissolves first, whereas chalcogenides, which require a
higher oxidation potential, leach at a later stage. Thus,
copper can be oxidized with air down to a residual cop-
per content in the slime of 3—6 %, while deeper decop-
perization (to 0.5—1.0 %) requires oxygen under ele-
vated pressure, higher initial solution acidity, and ef-
ficient gas—slurry contact. It was also established that
using a solution containing 200 g/dm3 sulfuric acid
during decopperization reduces tellurium dissolution
to 5—8 %, whereas in autoclave treatment tellurium
dissolution may reach 25—40 %.

Deep decopperization of slime while maximizing
selenium and tellurium retention is important for the
effective separation of the chalcogenide and oxide com-
ponents of decopperized copper anode slimes during
flotation processing.

Flotation processing:
methodology and results

Phase analysis of copper anode slimes [1; 17] estab-
lished that in the decopperized slime, gold is mainly
present in elemental form, silver occurs as silver sele-
nide, while lead and antimony are present as oxides
(sulfates, antimonates, arsenates, etc.). In global prac-
tice of sulfide ore processing, flotation methods are
widely used to separate oxide minerals from chalco-
genides (sulfides, selenides, tellurides). These methods
are based on differences in the wettability of minerals
in aqueous media, with flotation reagents used to reg-
ulate this process.

For the flotation experiments on decopperized slime,
samples of the residues obtained after Tests 3—6 were
taken. The analysis of these samples for precious metals,
lead, and antimony is presented in Table 2.

Bulk flotation of the decopperized slime was car-
ried out at pH = 1.5 and a solid—liquid ratio of 1 :
10. The total consumption of flotation reagents was
450—470 g/t of Aeroflot and 50—65 g/t of MIBK
(methyl isobutyl carbinol). The duration of the bulk
flotation cycle was 51—62 min. The bulk concen-
trate was then subjected to regrinding in a bead mill,
followed by cleaner flotation stages. Initially, com-
parative experiments were performed on flotation
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Table 2. Chemical composition of decopperized slime
residues (Tests 3—6)

Tabauua 2. XuMu4eckuil coctaB Mpod UCXOIHOTO LIJaMa
ocJie ONbITOB 3—6

Residue Metal content, %
(Test No.) A Ag Pb Sbh
3 0.57 13.44 4.59 14.50
4 0.66 13.78 5.70 15.00
5 0.66 16.13 7.00 15.02
6 0.77 16.36 7.48 14.21

processing of copper anode slime from Test 6 (with-
out regrinding and with regrinding). For concen-
trate regrinding, a 2.0 L bead mill manufactured by
Knelson—Deswik, operating in a circulating mode,
was used.

Bead milling of the slime to a particle size of 4—
6 pm was previously justified by the need to break
down silver selenide spheroids (average size 8—
10 um) that encapsulate oxide compounds of lead, an-
timony, and arsenic [18—19]. Achieving this particle
size increased the transfer of these compounds into
the secondary flotation product, thereby improving
the quality of the flotation concentrate. As an exam-
ple, Fig. 2 presents the particle size distribution of the
concentrate from decopperization Test 6 after bead
milling, measured with a HELOS Particle Size Ana-
lyzer (Sympatec).

Cumulative distribution Q3, %

Comparative flotation results for decopperized
copper anode slime processed according to the flow-
sheet “aeration leaching (decopperization) — flota-
tion — concentrate regrinding”, with and without re-
grinding of the bulk concentrate, are presented in
Table 3. Analysis of these data shows that without
regrinding, the gold content in the second cleaner con-
centrate is lower by 22.0 % and the silver content by
10—16 % compared with the second cleaner concen-
trate obtained after regrinding of the bulk concentrate.
Therefore, regrinding of the bulk concentrate prior to
cleaner flotation is justified.

The flowsheet for open-circuit flotation tests with
concentrate regrinding and 4—35 cleaner stages of the
bulk flotation concentrate is shown in Fig. 3. In the
first cleaner stage of the reground concentrate, Aero-
flot and MIBK were added, except for the slime sam-
ple from Test 6. The highest reagent consumption
was 230 g/t of Aeroflot and 60 g/t of MIBK, with a
cleaner flotation time of 38 min for the slime sample
from Test 5. Water glass at a dosage of 300 g/t was
added in the second, third, fourth, and fifth cleaner
stages.

The flotation reagent regimes for copper anode slime
samples from Tests 3—6 (see Table 1), along with the du-
ration of the flotation stages, are presented in Table 4.

Technological performance indicators of flotation
processing of decopperized copper anode slime ac-
cording to the flowsheet “flotation — cleaner flotation
of the concentrate” are presented in Table 5.

The summarized results of slime flotation are pre-
sented in Table 6.

Distribution density q3

100 -1.2
30 - -1.0

i 0.8
60

. L 0.6
40

i -0.4
207 L 0.2

0 T T T LB T T T rrrrra T T -0

10

100

Particle size, pm

Fig. 2. Particle size distribution of the bulk flotation concentrate of decopperized slime obtained in Test 6

(see Table 2)

Puc. 2. P€3yJ'II)TaTI>I T'PAaHYJIOMETPHUUYCCKOI0O aHaJIn3a KOJJICKTUBHOTO KOHLICHTpaTa (I).HOTaLII/II/I 00e3MeKeHHOTo hijaama,

MOJIYYEHHOT'0 B ONBITE 6 (CM. TabJI. 2)
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Decopperized slime

v

Agitation with H,SO, (1 : 1)
v

Agitation with CuSO,

v
Bulk flotation

Concentrate Tails

Regrinding
in a bead mill

l

| 1* cleaner flotation

Final tails

/

1¥ cleaner tails

| 2" cleaner flotation |

/

2" cleaner tails

| 3" cleaner flotation |

/

3" cleaner tails

| 4" cleaner flotation |

/

4" cleaner tails

| 5" cleaner flotation |

/

5" cleaner tails

Concentrate

Fig. 3. Flowsheet of open-circuit flotation tests

Puc. 3. Cxema nipoBeeHUsT JIOTAIIMOHHBIX OTIBITOB
B OTKPBITOM IIUKJIE

Discussion

The results indicate that through the use of hydro-
metallurgical operations — namely aeration decop-
perization and flotation processing — the degree of
concentration of copper anode slime can be increased
by a factor of 2.5—3.0, with a corresponding rise in
gold and silver content. In addition, the flotation tails
represent an oxide concentrate rich in lead and anti-
mony.

The concentrate after cleaner flotation and the
final tails were examined using a Carl Zeiss EVO
MAIS5 scanning electron microscope with X-Max
EDX system (Germany). The results are presented in
Fig. 4.

The obtained concentrate of precious metals and

Table 3. Comparative flotation results for anode
slime from Test 6 according to the flowsheet “flota-
tion — concentrate regrinding”, with and without bulk
concentrate regrinding

Tabauua 3. CpaBHUTEJNbHbBIE ITOKA3aTeJIU 000TaIlleHUS
11aMa 13 OMbITa 6 IO cxeMe «(IoTalus — 10BOAKA
KOHIIEHTpaTa» 6e3 U3MeJIbYeHHUs U C JOU3MeTbYeHUEeM
KOJUIEKTUBHOI'O KOHILIEHTpaTa

) Mass Recovery,
Product Yl;jd, fraction, % %
Au Ag Au Ag
Without bulk
concentrate regrinding

Concentrate 41.77 134 29.8 7254 76.09
Second cleaner tails  8.80  0.89 20.16 10.15 10.85
First cleaner tails 1297 0.58 10.46 9.75 8.29
Bulk flotation 63.54 — — 9244 9523
Flotation tails 36.46 0.16 2.14 7.56 477
Feed (slime) 100.00 0.77 16.36 100.00 100.00

With bulk concentrate regrinding
in a bead mill

Concentrate 2576 1.71 35.61 60.14 59.50
Second cleaner tails ~ 5.34  0.97 21.78 7.09 7.54
First cleaner tails ~ 30.31 0.58 14.09 24.06 27.70
Bulk flotation 61.41 — — 91.29 97.74
Flotation tails 38.59 0.165 2.1 8.71  5.26
Feed (slime) 100.00 0.73 15.42 100.00 100.00

chalcogenides requires further upgrading and subse-
quent separation of gold, silver, and selenium. Its main
constituent is refractory silver selenide, and the se-
paration of these components necessitates the appli-
cation of specialized, potentially unique, technolog-
ical operations. The recovery of antimony, lead, and
other non-ferrous metals present in copper anode
slimes has been addressed in a number of publications
[20; 21]. For processing flotation tails, which consist
mainly of oxide compounds of lead and antimony, a
previously developed integrated technology may be
applied: in stage 1, leaching of lead sulfate with con-
ventional complexing agents; in stage 2, electrolysis of
an antimony — lead anode in an alkaline — glycerate
solution, producing commercial antimony while si-
multaneously precipitating lead from the electrolyte as
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Table 4. Process and reagent regimes for flotation processing of copper anode slime samples (see Table 1)
according to the flowsheet “bulk flotation — ultrafine regrinding of the bulk concentrate — cleaner flotation

of the bulk concentrate”

Tabnuua 4. TexHosOrMYeCKUit U peareHTHBIN peXHUMbl oOoraleHust oopasios 1uiaMa (cMm. Tad. 1)
IO CXeMe «OCHOBHAs (proTalust — YIABTPATOHKOE M3MeIbUeHIE KOHIIEHTpaTa OCHOBHOM (BIoTalM—IepeyncTKa

KOHIIEHTpaTa OCHOBHOU dhoTanum»

Reagent consumption, g/t

Stage Ty H,SO Aeroflot (sodium MIBK (methyl | Wat RUELES
pH Y% [ cuso y BT min
(1:1) % butyl xanthate) isobutyl carbinol) glass

Slime sample from Test 3

Agitation 25335 66.7 — - - -

Bulk flotation 1.49 — — 450 50 — 52

Regrinding of bulk concentrate - - — - - - 12

1 cleaner flotation of the bulk concentrate ~ 1.57 - - 50 10 - 22

24 cleaner flotation of the bulk concentrate 1.6 - — — — 300 21

3" cleaner flotation of the bulk concentrate 1.6 - - — - 300 14

4t cleaner flotation of the bulk concentrate 1.7 - - — - 300 13

5 cleaner flotation of the bulk concentrate 1.7 - - — - 300 10
Slime sample from Test 4

Agitation — 22520 66.7 — — —

Bulk flotation 1.49 — — 450 50 — 52

Regrinding of bulk concentrate — — — — - - 12

Agitation - 16890 — — - - -

1% cleaner flotation of the bulk concentrate ~ 1.55 — — 120 30 — 18

24 cleaner flotation of the bulk concentrate  1.62 - - — - 300 13

3" cleaner flotation of the bulk concentrate 1.6 - - — - 300 11

4t cleaner flotation of the bulk concentrate 1.7 — — — — 300 10

5t cleaner flotation of the bulk concentrate 1.7 - — - - - 10
Slime sample from Test 5

Agitation — 22520 66.7 — — - -

Bulk flotation 1.5 — — 450 50 — 52

Regrinding of bulk concentrate - - — - - - 12

Agitation — 19705 — — — — —

1% cleaner flotation of the bulk concentrate  1.64 — — 230 60 — 38

2"d cleaner flotation of the bulk concentrate  1.57 - — 100 10 300 24

3" cleaner flotation of the bulk concentrate 1.6 — — — — 300 20

4 cleaner flotation of the bulk concentrate 1.7 - - — - 300 17

5™ cleaner flotation of the bulk concentrate 1.7 - - — - 300 10
Slime sample from Test 6

Agitation - 33780 66.7 - - — —

Bulk flotation 1.5 — — 470 65 — 61

Regrinding of bulk concentrate — - — - - - 12

Agitation — 7037 — — — — —

1%t cleaner flotation of the bulk concentrate 1.7 — — — - - 18

2" cleaner flotation of the bulk concentrate 1.6 - - — - 300 15

3" cleaner flotation of the bulk concentrate 1.6 - - — - 300 13

4t cleaner flotation of the bulk concentrate 1.7 — — — — 300 11

Agitation — 33780 66.7 - - — —

Bulk flotation 1.5 — — 450 50 — 52

Agitation — 28150 66.7 — - - -

Bulk flotation 1.5 — — 450 50 — 52

1% cleaner flotation of the bulk concentrate 1.7 - - — - 300 15

24 cleaner flotation of the bulk concentrate 1.7 - - — - - 8
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Table 5. Technological performance indicators of slime flotation processing

Tabauua 5. TexHonornyeckue rmoxkaszareyau (GpaoTallMOHHOTO o0oralieHus iaMa

Metal content in product, % / metal recovery to product, %

Product Yield, %
Au Ag | Pb | Sb
Slime sample from Test 3
Concentrate 22.59 1.36 / 54.23 35.97 / 60.45 1.63/8.03 2.9/4.52
5t cleaner tails 7.35 1.22/15.83 31.29/17.11 32/5.13 5.3/2.69
4™ cleaner tails 4.17 097/7.14 22.7/7.04 5.4/4.90 7.8/2.24
3" cleaner tails 3.50 0.73 /4.51 14.98 /3.90 5.7/4.35 13.5/3.26
2" cleaner tails 6.80 0.57 /6.84 11.94 /6.04 6.1/9.04 14.2 / 6.66
1 cleaner tails 16.91 0.166 / 4.96 2.44 /3.07 6.7/24.7 21.1 /24.61
Bulk flotation stage 61.32 93.51 (recovery) 97.61 (recovery) - -
Final tails 38.68 0.095/6.49 0.83/2.39 5.2/43.85 21.0 /56.02
Feed (slime) 100.00 0.57 / 100.00 13.44 / 100.00 4.59 /100.00 14.50 / 100.00
Slime sample from Test 4
Concentrate 21.67 1.69 /55.15 36.31/57.12 3.00/11.41 2.90/4.19
5t cleaner tails 5.18 1.23/9.60 31.95/12.01 2.9/2.64 44/1.52
4™ cleaner tails 3.04 1.06 /4.85 24.94 /5.50 49/2.62 7.5/1.52
3" cleaner tails 4.38 0.90/5.94 19.90 / 6.33 6.1/4.69 11.5/3.36
2" cleaner tails 8.49 0.70 / 8.95 14.63 /9.02 6.1/9.09 15.2 /8.60
1t cleaner tails 17.13 0.311/8.02 5.27/6.55 6.5/19.55 20.2 /23.06
Bulk flotation stage 59.89 92.51 (recovery) 96.53 (recovery) — —
Final tails 40.11 0.124 /7.49 1.19/3.47 7.1/50.00 21.6 /57.75
Feed (slime) 100.00 0.66 / 100.00 13.78 / 100.00 5.70 / 100.00 15.00 / 100.00
Slime sample from Test 5
Concentrate 30.75 1.35/63,04 36.29 /69.19 1.68 /7.38 2.9/5.94
5t cleaner tails 1.34 1.01 /2,06 23.22/1.93 6.6/1.26 7.8/0.70
4™ cleaner tails 3.38 1.24 /6,36 28.68 /6.01 4.3/2.08 7.1/1.60
3" cleaner tails 6.27 1.02 /9,71 24.31/9.45 6.2/5.56 10.6 /4.43
2" cleaner tails 8.33 0.6/7,59 14.4/7.44 15.5/18.45 15.3/8.49
1 cleaner tails 19.25 0.152 /4,44 2.89/3.45 8.9/24.49 21.2/27.16
Bulk flotation stage 69.32 93.20 (recovery) 97.47 (recovery) — -
Final tails 30.68 0.146 / 6,80 1.33/2.53 9.3/40.78 25.3/51.68
Feed (slime) 100.00 0.66 / 100.00 16.13 / 100.00 7.00 / 100.00 15.02 / 100.00
Slime sample from Test 6
Concentrate 64.80 1.09 /90.85 23.78 / 94.58 - -
Final tails 35.20 0.202/9.15 2.51/5.42 — —
Feed (slime) 100.00 0.78 / 100.00 16.29 / 100.00 — —
Concentrate 41.77 1.34 /72.54 29.8 /76.09 - -
2" cleaner tails 8.80 0.89/10.15 20.16 / 10.85 — —
1%t cleaner tails 12.97 0.58 /9.75 10.46 / 8.29 — —
Bulk flotation stage 63.54 92.44 (recovery) 95.23 (recovery) - -
Final tails 36.46 0.16 /7.56 2.14/4.77 — —
Feed (slime) 100.00 0.77 / 100.00 16.36 / 100.00 — —
Concentrate 23.34 1.77 / 56.54 36.9 /55.86 2.6/8.12 2.3/3.78
4™ cleaner tails 0.94 1.02 /1.31 20.94 /1.28 7.1/0.89 7.7/0.51
3" cleaner tails 1.48 1.13/2.29 24.57 / 2.36 6.6/1.31 8.4/0.87
2" cleaner tails 5.34 0.97/7.09 21.78 / 7.54 7.1/5.07 10.5/3.95
1% cleaner tails 30.31 0.58 /24.06 14.09 / 27.70 10.3/41.76 12.7 /27.08
Bulk flotation stage 61.41 91.29 (recovery) 97.74 (recovery) - -
Final tails 38.59 0.165/8.71 2.1/5.26 8.3/42.85 23.5/63.81
Feed (slime) 100.00 0.73 / 100.00 15.42 / 100.00 7.48 /100.00 14.21 / 100.00
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Table 6. Flotation results for decopperized slime

Ta6nuua 6. PesynbraTsl (ioTaliiu 06e3MeXEHHOTO IIJlaMa

Metal content Metal recovery Metal content
Test in the bulk concentrate, % to the bulk concentrate, % in flotation tails, %
e Au Ag = Pb+Sb Au Ag Au Ag = Pb+Sb
3 1.36 35.97 4.53 93.51 97.61 0.095 0.83 26.2
4 1.69 36.31 5.90 92.51 96.53 0.124 1.19 28.7
5 1.35 36.29 4.58 93.20 97.47 0.146 1.33 34.6
6 1.09 23.70 4.90 91.29 97.75 0.165 2.1 31.8

Spectral signal intensity, cps/eV

Spectral signal intensity, cps/eV
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Fig. 4. Results of semi-quantitative chemical analysis of (a) the flotation concentrate after cleaner flotation and (b)

the final flotation tails

Puc. 4. PesynbTaThl MoJyKOJMYECTBEHHOI'O XMMUYECKOTO aHa 1M3a KOHIIEHTpaTa (hJoTalluu MOCe MepeunucToK (a)
M OTBaJIbHBIX XBOCTOB oboraiieHus (b)
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lead sulfide concentrate [22]. Alternatively, integrated
pyro- and hydrometallurgical technologies for anti-
mony and lead recovery, developed and implemented
at JSC “Uralelektromed” [23], or other established
methods [24] may be employed.

Conclusions

1. Technological operations — namely aeration de-
copperization followed by flotation — have been devel-
oped, enabling the processing of copper anode slimes
without the use of costly autoclave leaching.

2. The conditions and equipment configuration re-
quired for deep decopperization of slime (to less than
0.5—0.8 % residual copper) have been determined.

3. The method of aeration decopperization using
oxygen in sulfuric acid solution (200 g/dm3) is suitable
for deep copper removal, while simultaneously sup-
pressing the undesirable dissolution of tellurium. This
substantially reduces the formation of slags and dust,
thereby minimizing gold and silver losses during Doré
smelting.

4. An acceptable degree of separation between chal-
cogenides of precious metals and oxide compounds of
lead and antimony was achieved, allowing for the pro-
duction of commercial products from the respective
concentrates in subsequent processing.

5. The results obtained contribute to the develop-
ment of an integrated hydrometallurgical technology for
processing copper anode slimes.
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Abstract: Due to the specific features of hydrometallurgical processing, where cyanide solutions are used, the composition of the leaching
solution undergoes periodic changes referred to in the literature as “fatigue.” This adversely affects the rate of gold recovery and cementation,
and therefore the overall efficiency of cyanide leaching technology. One of the most important markers determining the “fatigue” of the solution
is copper. This study examined the possibility of applying a combined scheme for the purification of circulating cyanide solutions with high
concentrations of copper (1196 mg/dm?), iron (111 mg/dm?), arsenic (19 mg/dm?), and sodium cyanide (0.94 g/dm?). A two-stage technology
(reverse osmosis + chemical precipitation) was developed for the reduction of treated solution volumes and the removal of impurities. At the
first stage, the solution was separated in a reverse osmosis unit equipped with LP22-8040 membranes, producing permeate and concentrate
inal: 1 ratio. The permeate (12 mg/dm? Cu and 0.01 mg/dm? Fe, pH = 11.13) was returned to the process cycle. At the second stage, the
concentrate, which contained 99 % of the initial impurities, was further purified by the stepwise addition of a CuSOy, solution (70 g/dm? Cu)
in 1—11 cm? doses under stirring (500 rpm, 10 min). The results showed that the optimal CuSOy4 dose (11 cm?) provided removal of more than
86 % of Cu from the initial solution, as well as 100 % of Fe and more than 96 % of As. The precipitate obtained in the process consisted of
68.3 % copper, with CuCN and Cu(OH), as the main components.

Keywords: gold, cyanide leaching, Merrill-Crowe, cementation, reverse osmosis, copper, arsenic, surface passivation.
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AnHorauus: Beuny crieunduku paGoThl IMAPOMETAJIIYPIUYECKUX IIEPEIESIOB, Ie TPUMEHSIOTCS [IMAHUCTBIE PACTBOPDI, IIPOUCXOIUT
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raTUBHOM KJIIOY€ BJIMSET HAa CKOPOCTD IMpoliecca U3BJICUYSHU ST U IEMEHTALIMU 30J10Ta, a CJIe0BaTeIbHO, B 1IeJJ0M Ha 9((HEKTUBHOCTb TEX-
HOJIOTMM IMAaHKMCTOrO BhIleaurBaHusl. OMTHUM M3 HanboJiee BaXK HBIX MAPKEPOB, ONPEIEISIONINX «yTOMJISIEMOCTb» PACTBOPA, SIBJISICTCS
Menb. B pabore uccienoBansachk BO3MOXHOCTb MPUMEHEHU T KOMOMHUPOBAHHON CXeMbl OUMCTKU OOOPOTHBIX IMAHUCTBIX PACTBOPOB C
BBICOKMM coiepxkaHueM npumeceit meau (1196 Mr/LLM3), xenesa (111 Mr/z[M3), Mbllbsika (19 Mr/LLM3) u uuaHuna Hatpus (0,94 r/LLM3). Paz-
paboTaHa 2-3TarnHasi TeXHOJIOrus (00paTHbIf 0CMOC + XMMUYECKOE OCaXAeHUE) A1 COKpallleHU sl 00beMOB 00padaThiBaeMbIX PACTBOPOB
U ynajleHus npumeceil. Ha nepsoM atare pacTBOp pasiesisijvi Ha 00paTHOOCMOTHYECKOM ycTaHOBKe ¢ MeMOpaHamu LP22-8040, nonyuas
rnepmear M KOHUEHTpaT B nporopumu 1 : 1. [Tepmeat (12 Mr/z[M3 Cuwu 0,01 Mr/J:LM3 Fe, pH = 11,13) Bo3Bpaiuaiu B TEXHOJOTUYECKU I LIUKIT.
A Ha BTOpPOM 3Tane KOHLEHTpar, coaepxalinii 99 % ncxomHbIX npumeceil, J00UYMILAIN 103MPOBAHHbBIM BBeleHMeM pacTBopa CuSOy
(70 r/z[M3 Cu) ¢ uHTepBasioM 103 1—11 o™ npu nepememinBanuu (500 06/mMuH, 10 MmuH). Pe3yabraThl Mokas3ajiu, 4TO ONTUMaJbHas 103a
CuSOy (11 CM3) obecrnieunBaet ynajieHue 6osee 86 % Cu U3 NCXOMHOro pacTBopa, a Takxe 100 % Fe u 6o1ee 96 % As. [loaydeHHBI B TPO-
Lecce ocaJlok Ha 68,3 % cocTouT U3 Meiu, a OCHOBHbIMU KoMItoHeHTaMu siBJsiioTest CuCN u Cu(OH),.

KiioueBbie clioBa: 30J10TO, LIMAHKCTOE BhlLeTadnBaHue, Meppuii-Kpoy, iemeHTaiust, 00paTHbIil 0CMOC, Me/lb, MBIIIbSIK, TACCHBALIMS

ITIOBEPXHOCTU.

Jng uutuposanusi: Camoeen A.M., Jlo6anos B.I"., Habuynnun ®@.M., TpetbsikoB A.B. KomOMHUpoBaHHasi cXeMa KOHAULIMOHUPOBAHUS
000pPOTHBIX HUAHUCTBIX PACTBOPOB. M3secmus 6y306. Llsemnas memannypeus. 2025;31(3):66—73.
https://doi.org/10.17073/0021-3438-2025-3-66-73

Introduction

In 2010, a cyanide leaching facility for gold extrac-
tion from flotation concentrate was established at the
concentration plant of LLC “Berezovsky Rudnik”,
which processes ore from Russia’s oldest deposit of the
same name. Over the years of operation, continuous im-
provement of the process and equipment enabled mine
specialists to achieve 95—97 % gold recovery into the
commercial cement product, while reducing the gold
content in the leach tailings of the concentrate to as low
as 0.2—0.1 g/t. It is noteworthy that comparable results
for direct leaching of gold from pyrite concentrate have
not been reported in the literature.

In hydrometallurgical processing, where cyanide
solutions are employed, the composition of the leach-
ing solution undergoes periodic changes, described in

Cew mg/dm3

the literature as “fatigue” [1]. This phenomenon has an
adverse effect on the rate of gold recovery and cementa-
tion, and thus on the overall efficiency of cyanide leach-
ing technology. One of the most important indicators
of solution “fatigue” is the copper concentration in cir-
culating solutions. Previous studies have confirmed the
negative impact of “fatigued” solutions on the kinetics of
gold leaching [2]. According to the theory proposed by
M.D. Ivanovsky, elevated copper concentrations in cir-
culating solutions promote the formation of passivating
CuCN films on the gold surface:

[Cu(CN),>~ = CuCN{ + 3CN~. (1)

The density of these films depends on the copper
concentration in the solution. The formation of cop-
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Fig. 1. Average annual copper concentration in the circulating solution

Puc. 1. CpenneronoBoe comepkaHue Menu B 000POTHOM pacTBOpe
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per (I) cyanide (CuCN) becomes possible when the cya-
nide concentration in the diffusion layer decreases dur-
ing the dissolution of gold [1; 3—8].

Over the years of hydrometallurgical operation, the
copper content in the circulating solution has shown
a steady increase (Fig. 1).

In hydrometallurgical practice, short-term pe-
riods (1—2 days) are sometimes observed during which
leaching efficiency decreases and the gold content in
the leach tailings rises to 1.0—2.5 g/t. After this pe-
riod, with process parameters maintained within the
specified limits, leaching performance returns to the
optimal level. Prompt laboratory tests ruled out pos-
sible causes such as the periodic presence of coarse
gold in the concentrate (which requires longer disso-
Iution time) and deviations from process regulations,
including low cyanide concentration or insufficient
exposure of metal. At the same time, analysis of the
leach tailings confirmed the potential for further re-
covery of gold to previously achieved levels of 0.1—
0.2 g/t. Elevated copper concentrations in circulating
solutions were found to adversely affect gold preci-
pitation in the Merrill—Crowe plant (Fig. 2). Possi-
ble reasons include increased zinc consumption due
to copper reduction and passivation of zinc particle
surfaces by a dense copper layer. Additional compli-
cations occur during filtration of the cementation
product: at higher copper concentrations in the preg-
nant solution, the hydraulic resistance of the cement
layer increases sharply. In any case, cementation of
gold becomes more difficult, and plant productivity
declines.

Operating filtration pressure, MPa

A

2

0.8

0.7

0.64

0.5

0.4+

0.3 T T T T T T T T
0 20 40 60 80 100 120 140 160

Cementation cycle duration, h

180

Fig. 2. Change in filter pressure during gold precipitation
1 — cycle with elevated copper content; 2 — standard cycle

Puc. 2. IsmeHeHue naBieHMs Ha GUIBTPE ocaaka

B IIPOLIECCE OCAXKICHM I 30J10Ta

1 — UKJI ¢ TTOBBINIIEHHBIM COIEpPKaHUEM MEJIH;
2 — CTaHAAPTHBIN LUK
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Table 1. Characteristics of zinc precipitates

Ta6auua 1. Oco6eHHOCTH LIMHKOBBIX OCAaIKOB

Cycle Mass of precipitate,
No. kg CCua % (kg)
I (abnormal) 171 56.0 (96.1)
2 (normal) 80.4 8.9 (7.15)

The discontinuity of curve 1 reflects shutdowns of
the Merrill—Crowe unit caused by a sharp increase
in filter-press pressure. When the unit stopped, the
cement layer partially detached from the vertical fil-
ter surface, and after the feed pump was restarted, the
pressure temporarily returned to normal. At the end
of the cycle, visual inspection of the cement product
revealed dense plates resembling metallic copper. Sub-
sequent analysis showed more than a twofold increase
in cement product mass and abnormally high copper
content (Table 1).

To partially address this problem, it is recommen-
ded to add larger amounts of soluble lead salts to the
pregnant solution, which suppress copper precipita-
tion [3]. However, practice shows that at elevated cop-
per concentrations, the effectiveness of lead addition
decreases.

Another negative effect of copper in circulating solu-
tions is its interference with the analytical determination
of cyanide concentration [9], which may lead to poten-
tial violation of process regulations and under-recovery
of gold.

The literature describes several methods for re-
moving copper from circulating solutions, which can
be classified according to the Cu-containing product
formed: CuCN — ARV process [1; 10]; Cu,S — MNR
process [11—16]; Cu(OH), — treatment with oxidizing
agents [17—20]; Cu’ — cementation with zinc or elec-
trolysis [3].

In this study, a combined conditioning scheme for
circulating solutions was investigated, consisting of two
stages.

1. Reverse osmosis for concentrating impurities in
a reduced volume. Reverse osmosis (RO) is a tech-
nology that removes ions, molecules, and impurities
from water through membranes under high pressure
[21—24]. The feed solution is separated into two
streams: concentrate and permeate. The permeate is
an impurity-free solution, while the concentrate con-
tains nearly all components of the original solution.
The product volumes and separation coefficients
depend on the membrane properties and system
pressure.
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2. Purification of the concentrate through the for-
mation of sparingly soluble copper (I) cyanide. For
impurity precipitation, copper sulfate (CuSO,) was
proposed. Prototypes of this technological stage in-
clude processes involving treatment with iron salts and
oxidation with hydrogen peroxide, where soluble cop-
per salts are used as catalysts for cyanide destruction
in wastewater [17—20]. The method considered in this
study provides for the precipitation of copper as well as
several other impurities accumulated during flotation
concentrate leaching.

Thus, the aim of this study was to develop a
combined two-stage technology (reverse osmosis +
+ chemical precipitation with CuSO,) for condition-
ing circulating cyanide solutions with high concen-
trations of copper, iron, and arsenic. The technology
is designed to reduce treatment volumes and restore
the functional properties of the solutions for gold
cyanide leaching.

Materials and methods

The circulating cyanide solution from the gold leach-
ing circuit of LLC “Berezovsky Rudnik” served as the
object of the study.

Sampling of the circulating solution and reverse os-
mosis products was carried out on a pilot hydrometal-
lurgical unit with a feed capacity of 60 m3/h. The unit
was equipped with LP22-8040 polyamide thin-film
composite membranes with a total active surface area of
2040 m?. Operating parameters were as follows: solution
temperature 20 °C, product volume ratio (permeate : con-
centrate) 1 : 1, and inlet pressure 1.7 MPa. The feed
solution and osmosis products were analyzed for met-
al and sodium cyanide content, with the results pre-
sented in Table 2. Once the permeate was purified to
the target impurity level, it was returned to the cya-
nidation circuit. Further impurity removal from the
concentrate was performed under laboratory condi-
tions.

Copper precipitation was carried out using a known
process [17; 25] based on the formation of sparingly so-
luble copper (I) cyanide:

Cu(CN)/~ + CuSO, =2CuCN{ + SOZ~ + (CN),. (2)

Copper precipitation from the concentrate was stu-
died in a series of tests using a CuSOy solution (C¢,, =
=70 g/dm3), in order to establish the dosage that yields
the lowest copper concentration in solution.

For each test, 100 cm® of concentrate was placed
in a beaker on a magnetic stirrer. A specified vo-
lume of CuSOy, solution (C¢, = 70 g/dm?) was added
at once, followed by stirring for 10 min. The result-
ing suspension was filtered to obtain clarified solution
and precipitate. Solution and precipitate analyses were
performed by atomic absorption spectroscopy using a
Kvant-2 spectrometer (Russia). Sodium cyanide con-
centration was determined by titration with nickel
nitrate, and pH was measured using an Anion 4100
pH meter (Russia).

Results and discussion

Analysis of the reverse osmosis products (Table 2)
confirmed that the solution can be separated into two
streams with different component concentrations.
Impurities were virtually absent in the permeate. As
shown in earlier studies [2], the kinetics of gold reco-
very using permeate are comparable to those obtained
with process water. This allows the permeate to be re-
turned to the circuit after fortification with sodium
cyanide, thereby reducing the volume of treated solu-
tions by half. More than 99 % of the impurities from
the feed solution remained in the concentrate, which
was used for further purification tests. The absence of
gold and silver separation in the circulating solution is
attributed to their low concentrations and the limita-
tions of the pilot unit.

A series of six tests confirmed the expected de-
pendence of copper precipitation on the CuSO, dosage

Table 2. Composition of the circulating solution and reverse osmosis products

Ta6nuua 2. CoctaBsl 000POTHOTO PacTBOPA U MPOAYKTOB OOPATHOTO OCMOCa

C, mg/dm3
Solution Cnacn,» g/dm? pH
Au Ag Cu Fe As
Circulating 0.01 0.01 1196 111 19 0.94 11.13
Permeate 0.01 0.01 12 0.01 0.6 0.1 11.1
Concentrate 0.01 0.01 2379 222 37 1.78 11.1
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Table 3. Change in concentrate composition

Tabauua 3. U3MeHeHMWe cocTaBa KOHLIEHTpaTa

3 C, mg/dm?> ;
Veuso,, cm CNacns &/dm pH
Au Ag Cu Fe As

1 0.01 0.01 2500 128 7.5 0.06 7.86

3 0.01 0.01 2875 0 6.6 0 6.67

5 0.01 0.01 2240 0 5.5 0 6.56

7 0.01 0.01 1137 0 4.5 0 6.46

9 0.01 0.01 367 0 1.9 0 6.22

11 0.01 0.01 302 0 0.6 0 6.20
Cew mg/dm’ 2. Decrease in copper concentration in the concen-
3000 trate. Further addition of CuSQy, initiated reactions
25004 of Cu?" with copper cyanide complexes, forming
5000 CuCN (1) and Cu(OH), (5). Stabilization of pH at
this stage is likely due to the buffering capacity of the

15001 sulfate ion:
1000 SO2~ + H,0 = HSO; + OH". ©)
500
0 ' A reduction in arsenic concentration was also ob-
T T T T T T T T T

1 3 3 7 9 11 served; however, the mechanism requires further inves-

3
Veuso, €M
Fig. 3. Change in residual copper concentration
in the concentrate with CuSO,4 addition

Puc. 3. I3amMeHeHMe 0CTaTOYHOTO COMEPKAHUSI MEIN
B KOHLeHTpaTe npu gob6aske CuSOy

(Table 3, Fig. 3). The curve can be divided into two cha-
racteristic regions:

1. Increase in copper concentration in the concen-
trate. At low CuSO, dosages (1—3 cm?), Cu®* ions pri-
marily reacted with iron cyanide complexes, free cya-
nide ions, and hydroxyl ions. This was accompanied
by a sharp drop in iron (3) and cyanide ion concentra-
tions (4), a decrease in pH to 6.67, and a rise in copper
concentration (4):

2Cu>" + [Fe(CN)gl* = Cuy[Fe(CN)gl,  (3)

2Cu** +9CN~ + H;0 =
=2[Cu(CN),*~ + CNO~ + 2H". 4)

Partial hydrolysis of copper ions also occurred:
Cu?* +20H™ = Cu(OH),l. )
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tigation.

The purified concentrate solution can be returned to
the circuit after mixing with permeate and reinforcing
with caustic soda and sodium cyanide. A comparison of
the purified concentrate—permeate mixture with the
original circulating solution is shown in Table 4.

At the maximum CuSO, dosage, a precipitate with
a mass of 0.98 g was obtained. Its composition was as
follows (wt. %):

CUt e 68.3
Fe oo 4.2
AS e 0.37
Other ....ooeeiiieieeee e 2713

Table 4. Comparative analysis of solutions

Tabnuua 4. CpaBHUTEJbHBIN aHAIN3 PACTBOPOB

C, mg/dm’>

Solution
Au Ag Cu Fe | As

Circulating solution 0.01 0.01 1196 111 19
Permeate + purified
concentrate 0.01  0.01 157 0.005 0.6
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The main components of the precipitate were
Cu(OH), and CuCN. This copper-rich material, after
simple processing such as calcination, may be consi-
dered a marketable product. Following further chemi-
cal treatment, part of the copper in the form of CuSO,
can be reused to condition fresh batches of circulating
“fatigued” solutions.

Conclusions

1. Reverse osmosis technology enables a 2—3-fold
concentration of impurities that accumulate in circulat-
ing cyanide solutions.

2. The study confirmed that soluble copper salts
(CuSOy) can be used to remove impurities from “fati-
gued” solutions in the form of a copper-rich precipitate.

3. Precipitation with copper sulfate achieved removal
rates of 86.8 % for Cu, 100 % for Fe, and 96.8 % for As
from the circulating solution.
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Abstract: Global gold consumption has steadily increased in recent decades, driven by expanding industrial applications and re-
serve accumulation by many countries. In parallel, depletion of high-grade deposits has shifted processing toward low-grade and
refractory ores. These trends—together with tighter environmental regulations—highlight the need for alternative lixiviants for gold
extraction. Although cyanide remains the industry standard, it is highly toxic and often ineffective for refractory sulfide ores. Other
systems—thiosulfate (including ammoniacal thiosulfate), thiourea, and bromide/iodide lixiviants—are used far less frequently due to
significant disadvantages. Among acidic chloride lixiviants, sodium dichloroisocyanurate (NaDCC) was investigated as a promising
candidate. Use of NaDCC requires strongly acidic solutions (pH < 1.0) and an excess of Cl7, i.e., conditions consistent with the sta-
bility domain of the Au(I1I) chloride complex (AuCl,"). Using the rotating-disk technique, we examined the effects of temperature,
disk rotation rate, and HCI concentration on the specific dissolution rate of the reagent (NaDCC), as well as on solution pH and
redox potential (Eh). NaDCC hydrolyzes in water to form hypochlorous acid (HCIO)—the primary source of active chlorine—while
the concurrent pH decrease arises from formation of weak acids (hypochlorous and cyanuric). Adding HCI to NaDCC solutions gen-
erates molecular chlorine (Cl,), which evolves once its solubility limit is exceeded. Gold-dissolution tests across NaDCC and HCI
concentrations identified an optimum at [HCI] = 14.4 g/dm?® and [NaDCC]| = 3.0 g/dm3, yielding a maximum gold dissolution rate of
Vpy = 0.118 mg/(cm? min).
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AnHoTanus: B mocienHue pecATHIIETHS MUPOBOE MOTPEOIIEHNE 30J0Ta CTAOMIIBHO MOBBIIIAETCSI, YTO OOYCIOBICHO €r0 BO3pacTaloleit

POJIBIO KaK MPOMBIIIJICHHOTO METaJlJIa U CTpEeMJICHUEM HAKOTIJICHUsI MHOTUMU CTpaHaMHM 30JI0ThIX pe3epBoB. OMHOBPEMEHHO C 3THM Ha-
OJTIoaeTCs UCTOILIEHHE 30JI0TOCOMACPKAIIINX MECTOPOXKICHHW I, YTO BeIeT K BOBJICYEHUIO B MepepaboTKy GeTHBIX U YIIOPHBIX pya. Takoe
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M3MEHEHUE ChIPbeBOI Oa3bl U YCHUJIEHUE 9KOJOTMYECKUX TPEOOBAH UM A K METAJIJTy PrUYeCcKOMY IMPOU3BOICTBY JI€JIaeT OYEHb aKTyaJbHO 3a-
Jlayeil MOMCK HOBbIX PeareHTOB JJIs BbllleJadyuBaH U 30J0Ta. TpagruIMOHHO UCTIOIb3yeMble U151 9TOU eI LIMAHUCThIe PACTBOPbHI UMEIOT
BBICOKYO0 TOKCMYHOCTb U HU3KY10 3(P(DEKTUBHOCTD MPU BbIlIeJIa4MBAHUU 30JI0TA U3 YIIOPHBIX U CyJbGUAHBIX pyd. [Ipouune pacTBopute-
JIM — TUOCYJIb(MAaTHBIE U AaMMUAYHO-TUOCYJIb(hATHbBIE PACTBOPHI, THOMOUYEBUHA, OPOMUAbBI U MOAUIbI, UCIIOJB3YIOTCS rOpa3io pexe, Tak
KaK UMEIOT LEJIbIi psiji CYLIeCTBEHHBIX HEAOCTATKOB. BapuaHToM 3¢ GheKTUBHOTO aJibTepHATUBHOIO peareHTa AJs BbllleJauMBaHus 30-
JIOTa U3 Pa3JIMYHOIO ChIPbSt MOTYT CTaTh XJIOPUITHbIE PACTBOPUTEN U, HarlpumMep auxjopusoinanypar Harpus (ALIH). Ero ucronp3zoanue
npenmnosiaraet Kuciblit xapakrep pacrsopa pH < 1,0 u uzositok Cl™-uoHosB. [Toatomy misi npaktudeckoro npumeHenus JALUH npu rua-
POMETaJLTypruuecKkoii nepepadboTke 30J0TOCOEPXKALIMX MATEPUATIOB HEOOXOAMMO U3yUYeHUE MOBEIEHU S JAHHOTO peareHTa B yCJIOBUSX,
COOTBETCTBYIOLIMX 00JIaCTH CYyIECTBOBAHU S XJIOPUIHOTO KoMmIuiekca 3o00Ta (111). DkcrniepuMeHTbl TPOBOAMIIM METOIOM Bpalllalolerocs
nucka. MccienoBanu BAUsSIHUE TEMIIEPaTypbl, CKOPOCTU BpallleHUs AMCKA, KOHLUEHTPALIMU COJISTHOM KUCJIOThI Ha YAEJIbHYIO CKOPOCTh
pactBopeHnus JLIH, BesiuunHy pH 1 OKUCIUTEIBHO-BOCCTAHOBUTEIbHBII MOTEHLIMAJ PACTBOPOB. YCTAHOBJIEHO, YTO NP PACTBOPEHUHU
JLIH B BoJie NPOUCXOAUT €ro ruaposin3 ¢ oopazoBaHueM xsopHoBaTuctoii Kuciaotsl (HCIO), koTopast clly>KMT OCHOBHBIM UCTOYHUKOM
aKkTUBHOro xJopa. ConpoBoxaatlieecs: pu 3ToM cHUXeHue pH cBsizaHo ¢ 00pazoBaHUEM CJIabbIX KUCIOT — XJIOPHOBATUCTON U LMa-
HYpOBOIi. BBeneHue cosisiHOM KUCI0Thl B BOAHBIN pacTBop JALIH npuBoauTt K 06pazoBaHUI0 MOJIEKYISIPHOTO XJIOpa, KOTOPBII MpU 10-
CTUXEHUU CBOEH MpeiesibHON PACTBOPUMOCTHU MEPEXOAUT B Ta3000pa3Hoe cocTosiHue. [TpoBeeHbl 3KCTIEpUMEHTaIbHbIE UCCIIEJOBAHU S
1O OTIpeNIeJIeHUI0 CKOPOCTH PACTBOPEHU S 30JI0Ta IMPU pa3andHbIX KoHUeHTpauusax JLIH 1 consiHol KUCIOTBI. YCTaHOBJIEHO, YTO MpHU
Cye = 14,4 1"/znvr3 1 Cppp = 3,0 r/le3 JNOCTUTAETCA MaKCUMaJIbHasl CKOPOCTb paCTBOPEHUS Uy, = 0,118 Ml'/(CMz'MI/IH).

KuioueBbie ciioBa: nuxsiopusonuanypat Hatpus (JLLH), muanypoBas kucioTa, cosiHast KUCIOTa, BpallaloNIniics TUCK, paCTBOpPEeHUE,

30JI0TO.

BaaronapHocTu: MccienoBaHue BBITIOJIHEHO 3a cueT rpaHTa Poccuiickoro HayuHoro ¢oHma Ne 25-29-00787,

https://rscf.ru/project/25-29-00787/

Jlng uurupoBanus: Xabuobynuna P.9., Konmauuxuna 9.B., JlJobanos B.T., Konmauuxuna O.b. MI3yueHue noBeneHu st AMXJIOPU30LMaHYypa-

Ta HaTPUsl B BOAHBIX pacTBOpax. Mzsecmus 6y3oe. lleemnas memannypeus. 2025;31(3):74—84.

https://doi.org/10.17073/0021-3438-2025-3-74-84

Introduction

Global gold consumption has risen from about 3500
to nearly 5000 t/year over the past two decades [1],
driven by its expanding use in electronics and its role
as an investment asset under conditions of economic
instability. Approximately 90 % of gold is produced
by the cyanidation process, which remains an effec-
tive and economical method for extracting the metal
from both primary and secondary resources [2]. How-
ever, cyanide is associated with severe drawbacks: high
biological toxicity, excessively long leaching times,
and poor efficiency in the treatment of refractory and
sulfide ores. Gold-mining operations have also been
implicated in major environmental accidents caused
by cyanide spills into surface waters — for example,
in Russia (2014, 2019), Canada (2024), Mexico (2018),
Papua New Guinea (2000), and Kyrgyzstan (1998,
2021). These risks underscore the urgent need to iden-
tify alternative lixiviants for gold in order to minimize
the environmental impact of Au-bearing material pro-
cessing [3].

It is well established that gold leaching requires the
simultaneous presence of a complexing agent and an
oxidant. Among cyanide-free complexing systems for
gold, the most studied are based on inorganic reagents:

thiosulfate, ammoniacal thiosulfate, thiourea, chlo-
ride, iodide, and bromide solutions [4—6]. In addition,
a wide range of organic compounds have been proposed
as potential gold lixiviants, including humic substances
and amino acids (glycine, alanine, valine, aspartic acid,
phenylalanine, asparagine, cysteine, etc.), malononi-
trile, B-hydroxynitriles, potassium tricyanomethanid,
calcium cyanamide, dibromodimethylhydantoin, and
dimethyl sulfoxide [7—10].

The use of halogen-based solutions, particular-
ly those containing chlorine, dates back to the Mid-
dle Ages [11]. Halogen leaching systems combine the
dual functions of oxidant and complexing agent [12].
Table 1 summarizes reported gold dissolution rates
in halide media together with the corresponding op-
erating conditions. Chloride systems — including
chlorine, hypochlorous acid, hypochlorites, and iron
or copper chlorides — have demonstrated high ef-
fectiveness for dissolving gold. Thermodynamically,
chlorine and hypochlorous acid have relatively high
standard potentials (EO =1.36+1.49 V), compared with
iodides (E° = 0.54 V) and bromides (E® = 1.1 V). The
[AuCly]™ complex is stable in the presence of excess
chloride ions.
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Table 1. Properties of halide-based gold lixiviants

Ta6auua 1. CBoiicTBa pacTBOpUTEJIeli 30J10Ta HA OCHOBE raJIOTeHUJI0B

Gold
Process type dlssr(;Itl;tlon Conditions Advantages Disadvantages Ref.
mg/(m?-s)
Hydrochlorination 36.1 [NaCl] = 100 g/dm3 e High dissolution rate e High corrosivity [13]
with OCI™ [OCI7] =10 g/dm? e Applicable to a variety e Requires maintaining
pH=6 of feed materials low pH
e Wide choice of oxidants
Chloride 143.8 [FeCl;] =27.9 g/dm® e High dissolution rate o Requires elevated [14]
leaching with [NaCl] = 141.8 g/dm3 e Reagents are readily temperature
FeCl, pH~ 1.0 available e Possible Fe(OH);
t=95°C formation
e Narrow pH range
Bromide 19.7 [Br ] =2g/dm? e High dissolution rate e High corrosivity [15]
leaching pH=4 e Applicable to a variety e High lixiviant
t=25°C of feed materials consumption
e Complicated gold
recovery from
solution
e Surface passivation
e Process control
difficulties
lodide 6.6 [Nal] = 1.5 g/dm? o Effective for refractory e High lixiviant [16]
leaching [I,] =1.27 g/dm3 and sulfide ores consumption
pH =4+6 e Lixiviants can be o Instability of iodides
t=23°C regenerated e Process control
e Low corrosivity difficulties
e Solution instability
e Impurity sensitivity
e Low gold
dissolution rate

Chlorine-containing reagents, unlike bromine and
iodine, are inexpensive, widely produced, and less ha-
zardous when handled under standard safety protocols.
By contrast, bromide- and iodide-based systems are
more demanding in terms of storage and handling and
are considerably more costly, which limits their large-
scale industrial application.

The chlorination process is highly versatile and
enables the recovery of gold from mineral feed of almost
any composition [17]. An important advantage of this
technology is its suitability for comprehensive process-
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ing, allowing not only gold but also other valuable me-
tals, such as the platinum-group metals, to be recovered
[18—20].

A key requirement for effective chloride leaching
of gold is the presence of an oxidant with high redox
potential that remains stable under leaching conditions
(pH, temperature, solution composition). The oxidants
most commonly employed in hydrochlorination and
chloride leaching include chlorine gas, hypochlorous
acid (HCIO), hypochlorites, ferric iron, and cupric
copper [21—23]. To enhance the efficiency of gold
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leaching, particular attention has been given to oxi-
dants capable of generating active chlorine directly in
solution. Among such reagents are chlorine-contain-
ing organic compounds, such as trichloroisocyanuric
acid (TCCA, C3N;05Cl;) and sodium dichloroiso-
cyanurate (NaDCC, C;Cl,N;0;Na). These substances
are derivatives of cyanuric acid and act as oxidants and
sources of active chlorine widely used in sanitation and
water treatment.

Studies [24—27] on the application of TCCA to
Au-bearing materials confirm its high effective-
ness. NaDCC can likewise serve as a controlled and
environmentally safer oxidative medium for gold
dissolution in chloride systems. However, NaDCC
has been much less studied as a gold lixiviant, even
though its dissolution rate is somewhat higher
and its working pH range is broader than those of
TCCA [28]. Moreover, unlike TCCA, NaDCC is less
susceptible to degradation by moisture and elevated
temperatures during long-term storage, which is a
critical factor for gold-mining operations in remote
regions [29].

Our earlier work [30; 31] on hydrochlorination of ox-
idized Au-bearing ore with NaDCC addition demon-
strated higher dissolution rates and more complete gold
recovery compared with conventional cyanidation. We
also identified process parameters that allow recovery
of over 90 % of gold from a gravity concentrate [32]. At
present, however, no data are available on how process
conditions affect the dissolution rate of NaDCC, its
speciation in solution, or changes in solution redox po-
tential (Eh).

The present study addresses the influence of tem-
perature, initial hydrochloric acid concentration, and
disk rotation speed on the dissolution rate of NaDCC,
as well as the effects of hydrochloric acid and oxidant
(NaDCC) concentrations on the rate of gold dissolu-
tion.

Experimental procedure

The experiments employed tablets (“Altaykhimia”
LLC, Russia) containing 84 % sodium dichloroisocya-
nurate (NaDCC) and reagent-grade hydrochloric acid.
Dissolution tests were carried out using the rotating-disk
technique with the setup shown in Fig. 1. A 26-mm-
diameter tablet was fixed in a holder made of inert ma-
terial and mounted on a top-driven stirrer. The reactor
was charged with 50 mL of aqueous solution, sealed,
and heated to the desired temperature using a heating
mantle. The tablet holder was then immersed in the re-
actor and stirring was initiated. During the experiments,

Fig. 1. Experimental setup for studying NaDCC
dissolution

1 — top-driven stirrer with disc; 2 — three-neck flask with solution;
3 — heating mantle; 4 — pH meter; 5 — temperature probe
Puc. 1. YcraHoBka a5t usydyeHust pactsopenus 1 11H

1 — BepXHEMPUBOIHASI MEIIAIKA C TUCKOM; 2 — Tpexropiasi Koyuda
¢ pactBopoM; 3 — KosboHarpesaresb; 4 — pH-MeTp;
5 — TepMomaTInK

the temperature was automatically maintained within
+2 °C, and the solution pH and redox potential (Eh) were
monitored with a pH-410 meter (Aquilon JSC, Russia).
Tablet mass loss was determined by weighing before and
after each test.

The effects of temperature (25—70 °C), disk ro-
tation speed (50—900 rpm), and initial HCI concen-
tration ([HCI] = 0.1+30 g/dm?) on the specific dis-
solution rate of NaDCC (vn,pcc), solution pH, and
redox potential (Eh) were investigated. The effect of
NaDCC concentration ([NaDCC] = 0.5+10 g/dm3)
on pH and Eh of aqueous solutions was also deter-
mined. The dissolved mass of NaDCC (my,pcc)
was calculated based on its content in the tablet.
The specific dissolution rate was determined from
equation

M NaDpCC
VNaDCC T T 0]

s
where m.n,pcc is the mass of NaDCC dissolved during
time T, mg; 7T is the test duration, min; .§ = 5.31 cm? is
the disk surface area.

Gold dissolution in NaDCC solutions was studied
using the rotating-disk technique. A 10-mm-diame-
ter disk of metallic gold (99.9 %) was mounted in a
holder made of inert material. Prior to each experi-
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ment, the disk surface was polished with GOI polish-
ing paste (chromium oxide—based), rinsed with ethanol
and distilled water, and dried in air. Leaching tests were
carried out in 50 mL of solution at 25 °C and 300 rpm.
The effects of [NaDCC] (1—5 g/dm3) and [HCI] (0—
21.6 g/dm® on the gold dissolution rate were eva-
luated. After each experiment, the solution was fil-
tered and analyzed by atomic absorption spectrometry
(novAA 300, Analytik Jena, Germany) at a wavelength
of 242.8 nm. The specific gold dissolution rate was cal-
culated from equation
CuV

UAU = ST 5 (2)

where C,, is the gold concentration in solution,
mg/dm?; Vis the solution volume, dm?>; S is the disk sur-
face area, cm?; 1 is the test duration, min.

All experiments were conducted in triplicate under
identical conditions, with deviations between parallel
measurements not exceeding 5 %.

Results and discussion

Sodium dichloroisocyanurate (NaDCC) undergoes
dissociation and hydrolysis upon contact with water,
yielding cyanuric acid (C;H3N303), hypochlorous acid
(HCIO), and sodium hydroxide (NaOH). The overall re-
action can be represented as:

NaC3C12N3O3 + 3H20 =
— C;H3N,0; + 2 HCIO + NaOH. 3)

According to reaction (3), sodium hydroxide is
formed as a product. In practice, however, the observed
decrease in solution pH (Fig. 2, a) is due to the accu-
mulation of weak acids — hypochlorous and cyanuric —
which partially dissociate and increase the hydrogen ion
concentration. Furthermore, hypochlorous acid may
undergo disproportionation with H' release, further
acidifying the medium.

Owing to the high standard redox potential of hy-
pochlorous acid, NaDCC dissolution resulted in an
increase in solution Eh to 1000—1180 mV and a de-
crease in pH to 3.7—2.7 at [NaDCC] = 1+10 g/dm?
(Fig. 2). Cyanuric acid did not directly affect Eh
but stabilized Cl-containing species and acted as a
buffer.

The high redox potential of aqueous NaDCC
solutions suggests that it can be applied for gold
dissolution in chloride media. It is well established
that gold oxidation in hydrochloric acid solutions
begins at solution Eh values above 1000—1200 mV
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Fig. 2. Effect of sodium dichloroisocyanurate concentration
on pH (a) and redox potential (Eh) (b)
of aqueous solution

Puc. 2. BiiusiHue KOHLUEHTpalMU AUXJI0pU30LIMaHypaTa
Hatpus Ha pH (a) u OBII (b) BonHOTrO pacTBOpa

(Fig. 3). Inchlorine-chloride systems, NaDCC serves
as a source of active chlorine, thereby acting as the
oxidant.

NaDCC dissolution with the release of active chlo-
rine in water and weakly acidic solutions occurs slow-
ly, 4TO XOPOIIO CUHXPOHU3UPYETCSI C PACTBOPEHUEM
sosora. The gold chloride complex [AuCl,]™ is less
stable than the cyanide complex [Au(CN),]™, with
stability constants (Igf) of 26 and 38.3, respectively
[1]. To ensure the stability of the gold chloride com-
plex, pH values below 1.0 and an excess of chloride
ions are required [1]. Therefore, for practical applica-
tion of NaDCC in hydrometallurgical processing of
Au-bearing materials, it is necessary to study the be-
havior of this oxidant under conditions corresponding
to the stability region of the Au(III) chloride complex.
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Fig. 3. Pourbaix diagram for the Au—Cl—H,O system
[Cl] = 0.5 M, [Au] = 1- 1073 M, ionic strength — 0.5 M,
t=25°C

Diagram generated using the Medusa—Hydra software

Puc. 3. Iuarpamma [lyp6e anist cucremb Au—Cl—H,O

[Cl] =0,5M, [Au] = 1-10~> M, nomHast ciia pactBopa — 0,5 M,
t=25°C

JlrarpaMma rocTpoeHa ¢ MPMMEHEHHEM MTPOTrpaMMBbI
Medusa-Hydra

Under such conditions, reactions involving NaDCC
and hypochlorous acid occur with the release of chlo-
rine gas:

NaC3C12N3O3 + 3HCl =
= C3H3N3O3 + 2C12T + NaCl, (4)

HCIO + HCI = C1,T + H,0. ©)

Molecular chlorine is readily soluble in aqueous
solutions (0.63 g/100 g water at 25 °C [33]). Once the
solubility limit is reached, chlorine escapes to the at-
mosphere.

As seen from the data (Fig. 4, a), the dissolution
rate of NaDCC initially decreased with the addi-
tion of small amounts of HCI, but began to rise again
once [HCI] reached 1 g/dm3. Notably, at [HCI] =
= 1+5 g/dm? the dissolution rate was lower than in pure
water, amounting to 0.1—0.8 mg/(cmz-min), while
a further increase in [HCI] up to 30 g/dm3 enhanced
the rate to 4 mg/(cmz-min). The most probable expla-
nation for this behavior is diffusion limitation. It has
been reported [34] that trichloroisocyanuric acid has
low solubility (0.7 %), and during NaDCC dissolu-

2 .
U napec » Mg/(cm’™ - min)

a

0 ' 10 ' 20 ' 30

[HCI], g/dm”*

Eh, mV
1190
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11704
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Fig. 4. Effect of hydrochloric acid concentration

on the dissolution rate of NaDCC (a)

and solution redox potential (Eh) (b) at [NaDCC] =3 g/dm3,
t=25°C

Puc. 4. BiussHue KOHIIEHTPALIMU COJISTHOM KUCIOTHI
Ha ckopocTh pacTBopeHus JLIH (a)

u BesimuuHy OBII BogHBIX pacTBOpOB (b)

nput Cpyypy = 3 r/am’, 1=25°C

tion it can precipitate on the tablet surface, forming a
diffusion barrier. The subsequent increase in Vn,pcc
at higher [HCI] (>5—10 g/dm3) is associated with the
decomposition of trichloroisocyanuric acid, accompa-
nied by intensive release of gaseous chlorine and for-
mation of cyanuric acid.

The key parameter of this system in relation to
gold dissolution is the solution redox potential. Add-
ing HCl to an aqueous NaDCC solution ([NaDCC] =
= 3 g/dm’) increased Eh from 1150 mV at [HCI] =
=0to 1185 mV at [HCI] = 5 g/dm? (Fig. 4, b). Across
the full [HCI] range studied, further acid addition led
to a gradual decrease in Eh to 1140 mV at [HCI] =
=30 g/dm3. Although thermodynamically, an increase

79



lzvestiya. Non-Ferrous Metallurgy 2025 ¢ Vol. 31 « No.3 e P.74-84

Khabibulina R.E., Kolmachikhina E.B., Lobanov V.G., Kolmachikhina O.B. Investigation of the behavior of sodium dichloroisocyanurate...

in proton concentration should raise the Eh of the
HCIO/CI™ couple, the excess hydrochloric acid pro-
motes decomposition of NaDCC and hypochlorous
acid according to reactions (4) and (5), producing mo-
lecular chlorine. Since Cl, has a lower redox potential
(EOClz/le = +1.36 V) than hypochlorous acid
(E”Hcio/c- = T1.49 V) the overall result is a reduction
in the concentration of active oxidants and a corre-
sponding decrease in solution Eh.

At [HCI] = 15 g/dm?’, the dissolution rate of
NaDCC increased exponentially with temperature
from 2.81 to 13.61 mg/(cm? min) over the range 25—
70 °C (Fig. 5, a). The vy,pcc = f(¥) curve can be di-
vided into two regions: the first between 25—45 °C,
and the second between 45—70 °C. In the lower range,

2 .
L \apec » Mg/(cm™-min)

a

20 30 40 50 60 70

U \apec » mg/(cm2~min)
b

250 500 750
Disc rotation speed, rpm

1000

Fig. 5. Effect of temperature (a) and disc rotation speed (b)
on the dissolution rate of NaDCC in hydrochloric acid
solutions ([HCI] = 15 g/dm?)

Puc. 5. BausHue remnepaTypsl (@) 1 CKOPOCTH BpallleHU s
nucka (b) Ha ckopocTb pacTBopeHus JLTH

B pacTBOpaXx COJISTHOM KUCIOTHI

(Chcr = 15 t/mw’)
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the dissolution rate increased by 0.133 mg/(cm?-min)
per °C, while in the higher range the increment was
0.326 mg/(cm? min) per °C. The acceleration of
NaDCC dissolution at elevated temperatures can be at-
tributed to several factors:

— enhanced decomposition of hypochlorous acid
with Cl, formation and reduced solubility of Cl,, shift-
ing reactions (4) and (5) to the right;

— increased solubility of cyanuric acid, which at
moderate temperatures tends to passivate the reactive
surface [7].

When the disk rotation speed was increased from 50
to 900 rpm, the dissolution rate of NaDCC rose from
0.8 to 5.3 mg/(cm?-min) at [HCI] = 15 g/dm? (Fig. 5, b),
consistent with enhanced mass transfer at the solid—
liquid interface. Thus, NaDCC solutions in the pre-
sence of hydrochloric acid exhibit high Eh values, con-
firming their potential as alternative oxidants for gold
leaching.

The next stage examined the effect of [HCI] and
[NaDCC] on the gold dissolution rate (v,,). The results
are given in Table 2. In pure aqueous NaDCC solu-
tions, only a small amount of gold entered solution at
[NaDCC] = 3+5 g/dm? with v,, 0.001+
+0.051 mg/(cm? min). Increasing [HCI] from 1.44 to
14.4 g/dm3 at constant [NaDCC] enhanced gold dis-
solution. For instance, at [HCI] = 1.44 g/dm3, Vpy 10-
creased from 0.018 to 0.052 mg/(cm2’ min) as [NaDCC]
rose from 1 to 5 g/dm3, respectively. At higher acid
concentration ([HCI] = 21.6 g/dm3), the gold dissolu-
tion rate declined to 0.05—0.08 mg/(cm? min). The

Table 2. Effect of HCI and NaDCC concentrations
on the gold dissolution rate
(n=300rpm, r=25°C, r =5 mm)

Tabnuua 2. Bausaue konuentpanuiit HC1 u JJLIH
Ha CKOPOCTb PACTBOPEHUS 30JI0TOrO JUCKA
(n =300 06/MuH, t =25 °C, r=15 MMm)

Vaus mg/(cm2~min) at [NaDCC],
[HCl], g/dm’
g,/dm3
1 3 5
0 0.000 0.001 0.051
1.44 0.018 0.022 0.052
7.2 0.034 0.062 0.079
14.4 0.108 0.118 0.101
21.6 0.049 0.085 0.083
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maximum rate was achieved at [HCI] = 14.4 g/dm3 and
[NaDCC] =3 g/dm’.

We attribute the intensification of gold dissolution
at [HCI] = 1.44+14.4 g/dm’ to the increased concentra-
tion of chloride ions, which act as complexing agents.
The subsequent decline in dissolution rate at [HCI] >
> 14.4 g/dm® may indicate reduced stability of HCIO
and its non-productive decomposition to Cl, with vola-
tilization, as well as surface passivation by intermediate
species.

Conclusions

It was established that aqueous NaDCC solutions
exhibit high redox potential due to the release of hy-
pochlorous acid during dissolution, while the addition
of hydrochloric acid accelerates NaDCC dissolution and
promotes the evolution of gaseous chlorine.

1. At [HCI] = 1+5 g/dm3, the NaDCC dissolution
rate is lower than in pure water, which is attributed to the
formation of dichloroisocyanuric acid.

2. Increasing the hydrochloric acid concentra-
tion enhances the NaDCC dissolution rate, reaching
~4 mg/(cm?-min) at [HCI] = 30 g/dm?.

3. Adding HCI to aqueous NaDCC raises solution
Eh from 1150 mV at [HCI] = 0 to 1185 mV at [HCI] =
=5 g/dm3; however, a further increase to 30 g/dm3 de-
creases Eh to 1140 mV, owing to decomposition of both
NaDCC and hypochlorous acid.

4. At [HCI] = 15 g/dm® and T = 25+70 °C, the
NaDCC dissolution rate increased exponentially from
2.81 to 13.61 mg/(cm?-min).

5. Raising disk rotation speed from 50 to 900 rpm
resulted in a linear increase in NaDCC dissolution rate,
reflecting enhanced mass transfer at the reaction sur-
face.

6. The maximum gold dissolution rate (v,
= 0.118 mg/(cm2~min)) was observed at [NaDCC]
=3 g/dm? and [HCI] = 14.4 g/dm>. At higher HCI con-
centrations, however, dissolution efficiency declined,
requiring further investigation.

7. The findings confirm the potential of sodium di-
chloroisocyanurate combined with hydrochloric acid as
an environmentally safer alternative to cyanide systems
for processing Au-bearing materials.
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