Paspen «<MawwnHocTpoeHne. Metannyprusa» B

DOI 10.52209/1609-1825_2026_1_39 UDC 541.13:546.19

tlectrochemical Sulphidization of the Refractory
Gopper Mineral Malachite from the Gomposition
of Oxidized Waste Ores of Zhezkazgan

1.2JASHIBEKOVA Anel, Master’s Degree, anelyadzhashi@gmail.com,

IDOSPAYEV Murat, Dr. of Tech. Sc., Head of Laboratory, manten.mur@mail.ru,
1*FIGURINENE Irina, Cand. of Chem. Sc., Leading Researcher, electrochimik@mail.ru,
3KAKENOV Kairat, Cand. of Tech. Sc., Chief of Department, sattu55@mail.ru,
3YESSENBAYEVA Gulmira, Cand. of Tech. Sc., Senior Researcher, esenbaeva_keu@mail.ru,
1Zh. Abishev Chemical-Metallurgical Institute, 63 Ermekov Street, Karaganda, Kazakhstan,
2NPJSC «Abylkas Saginov Karaganda Technical University», 56 N. Nazarbayev Avenue,
Karaganda, Kazakhstan,

3Karaganda University of Kazpotrebsoyuz, 9 Akademicheskaya Street, Karaganda,
Kazakhstan,

*corresponding author.

Abstract. The aim of the research is the studying the electrochemical reduction of the re-
fractory copper mineral malachite from oxidized ores in the presence of sodium sulfite, a
sulphidizing agent, and formation of easily floatable copper (I) sulfide under voltammetric
polarization conditions. The studies were conducted using a special electrode assembly design
for voltammetric studies and microelectrolysis at a controlled potential of both dispersed ore
monominerals and depolarizer solutions. Electrode mechanisms for the monovalent copper
sulfide formation during combined cathodic reduction of malachite and sodium sulfite were
established. A sulfite ion is easily reduced in an acidic medium to highly active colloidal ele-
mental sulfur, making it an effective sulphidizer for malachite. Copper sulfide was synthesized
from malachite under microelectrolysis conditions, and the sulphidizing effect of sulfite was
confirmed. The effect of the electrode material on the cathodic decomposition of the synthe-
sized Cu,S was observed.

Keywords: oxidized copper ore, mineral malachite, sodium sulfite, voltammetry, electro-

chemical sulphidizing.

Introduction

Currently, the Republic of Kazakhstan is ex-
periencing a gradual depletion of high-quality
mineral reserves which necessitates the pro-
cessing of refractory oxidized man-made waste
ores and tailings. Non-ferrous metal deposits
from the upper horizons are oxidized, while
those from the middle horizons are mixed and
characterized by a low sulfur content and a
high silicon oxide content. Refractory oxidized
ores contain 0.5-1% non-ferrous metals, and
the oxidation state reaches 90-95%. Refrac-
tory oxidized copper waste ores also contain
predominantly oxidized forms of copper reach-
ing 90%. The mineralogical composition of
oxidized ores is primarily represented by such
minerals as chrysocolla, malachite, azurite,
tenorite, and cuprite, which prevent copper re-
covery using traditional flotation beneficiation
methods. The presence of refractory minerals

in ores: oxides, silicates, basic sulfates and
carbonates, significantly complicates their pro-
cessing and in some cases gives unsatisfactory
results during flotation enrichment.

To achieve high copper recovery from re-
fractory oxidized ores, thermal, biological, and
electrochemical processing methods [1-6] are
used worldwide. These methods allow for tar-
geted modification of the surface properties of
refractory minerals. The most promising meth-
od of the comprehensive and deep processing
of refractory oxidized copper ores is electro-
chemical polarization of ore pulp, which facili-
tates the efficient conversion of oxidized min-
erals to an easily floatable sulfide form [7-9].
Since this method is performed at low tempera-
tures (~25-70°C) and energy consumption is
significantly reduced, multiple regeneration of
electrolyte and reagents is possible, and harm-

ful toxic gas emissions are absent, unlike those EEER
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associated with pyrometallurgy.

The aim of this research is to study elec-
trochemical reduction of the refractory cop-
per mineral malachite from oxidized ores in
the presence of sodium sulfite, a sulphidizing
agent, and formation of easily floatable cop-
per (I) sulfide under voltammetric polarization
conditions.

Research methods

The natural copper oxide monomineral
malachite was used for voltammetric studies.
Voltammetric measurements were conduct-
ed using a special electrode [9]. This special
electrode assembly (Figure 1) is used for vol-
tammetric studies of ore monominerals. It en-
sures contact between solid particles and the
substrate metal surface and allows for easy
changes in the working electrode material and
surface area.

For polarization, a small sample of the dis-
persed monomineral is placed on the working
surface of metal substrate, covered with filter
paper, and pressed on top with cap (4). The
working surface area of the metal substrate
plate is 8.6 x 10® m? with the washer (3) inter-
nal diameter of 1.65 mm. Surface preparation
of the metal substrate consists of mandatory
polishing with sandpaper, rinsing with distilled
water, and degreasing with ethyl alcohol. The
potential scan rate is 10 mV/s. The potential
of the reference silver/silver chloride electrode
is +0.203 V. All the potential values in the vol-
tammetric curves are given relative to the nor-
mal hydrogen electrode.

Scientific results

A titanium electrode that is inert in both
acidic and alkaline environments, was chosen
as the substrate electrode for the voltammetric
measurements. Figure 2 shows that the po-
larization curve for malachite reduction in an

acidic environment exhibits a single, distinct
wave at the potential of approximately +0.4
V (curve 2). The surface of the titanium elec-
trode at the point of contact with the test sam-
ple is coated with a red precipitate of newly
formed elemental copper when recording the
voltammetric curve.

According to [10], reduction of solid met-
al salts or oxides occurs through the following
electrode processes:

1 - direct discharge of the solid particle;

2 - the electron carrier is an intermediate
substance formed at the cathode;

3 - the solid particles undergo decompo-
sition into cations and anions, which are then
reduced at the electrode.

From this, it follows that the cathodic re-
duction of the oxidized mineral malachite (Cu-
CO3-Cu(OH);) can occur either through the
reduction of Cu?* ions formed during partial
dissolution of this mineral or through direct
electron discharge of the solid particles. That
is, the reduction process of this mineral pro-
ceeds in parallel via mechanism I:

CuCO;-Cu(OH),+ de+ 4H — 20u" +

(1)
+H,CO;+ 2H,0, E’=+0.508B
and via mechanism III:
CuCO;-Cu (OH)2 +2H,50, — (2)

- 2CuSO,+ H,COs + 2H,0,

Cu' ' +2e - Cu'. (3)

To elucidate the nature of this wave (Fig-
ure 2, curve 2), a cathodic polarization curve
was recorded for the solution containing only
divalent copper ions. At the potential of Ex
+0.05 V, the limiting current for the reduction
of copper (II) ions (Figure 2, curve 3) accord-
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1 —current lead; 2 — working electrode; 3 — washer; 4 — cap; 5 — electrode assembly corpus

Figure 1 — A special electrode assembly design
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Figure 2 — Cathode voltammetric curves
of a titanium electrode in a 100 g/L H,SO,
solution

ing to reaction (3) was recorded. The product
of the electrode reaction is a compact, reddish
precipitate of elemental copper. The maximum
current (Figure 2, curve 3) indicates that the
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solid-phase direct discharge of particles plays
the key role in the reduction of the oxidized
mineral malachite.

Next, the cathodic behavior of sodium sul-
fite that was chosen as a sulphidizing agent
stable in an acidic environment, was studied.
On a titanium electrode (Figure 3, a), sulfite
reduction occurs with the formation of hydro-
gen sulfide and elemental sulfur:

SO;* +4e+6H" — S°+ 3H,0,

E’=+0.585B.

On the copper electrode, the reduction of
sulfite ion occurs via a more complex mecha-
nism, as the voltammetric curve exhibits sev-
eral current peaks (Figure 3, b). The first wave
corresponds to the formation of elemental sul-
fur via reaction (4), after which sulfur, due to
its high affinity, instantly reacts with the sur-
face of the copper electrode to form sulfide:

2C0u+ S - Cu,S. (5)

This is also confirmed by the fact that at
the first wave potential, the copper electrode
surface becomes coated with a black Cu,S film.
The second and third waves are associated
with the further reduction of the formed sul-
fide. Thus, in an acidic medium, a sulfite ion
is easily reduced to highly active colloidal el-
emental sulfur, and can therefore serve as an
effective sulphidizer for the mineral malachite.

The combined cathodic reduction of mal-
achite and a sulfide sulphidizer on a titanium
electrode was studied (Figure 4, curve 2). The

(4)
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1 — background solution (100 g/L H,S0,); 2 — background + 15 g/L Na,SO;

Figure 3 — Cathode voltammetric curves of sulfite ion reduction on titanium (a) and copper (b)
electrodes
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first maximum corresponds to the reduction of
malachite particles to elemental copper, while
the second corresponds to the reduction of sul-
fite to colloidal sulfur, with the electrode surface
becoming coated with a loose black precipitate.

An increase in malachite sample weight
leads to an increase in the height of the first
maximum, while with increasing sulfite con-
centration, the height of the second maximum
on the voltammetric curve increased (Figure 4,
curve 2). Thus, by analyzing the obtained vol-
tammetric curves, it can be concluded that on a
titanium electrode in the presence of malachite
and sulfite ions, malachite particles are first
reduced via reactions (1-3) followed by sulfite
ions forming elemental sulfur via reaction (4).
Then. the newly formed active elemental cop-
per and sulfur react directly chemically to form
copper sulfide via reaction (5). As mentioned
above, the black precipitate becomes visually
visible on the cathode surface.

During electrochemical sulphidization of
the oxidized copper mineral, the primary pro-
cess of converting malachite into easily float-
able copper (1) sulfide will occur during the cal-
culated electrolysis duration. If the permissible
time interval is exceeded, an undesirable pro-
cess of decomposition of the resulting product
Cu,S can occur. In this regard, the cathodic
behavior of electrochemically synthesized cop-
per (I) sulfide on titanium, copper, and steel
electrodes was studied. Electrosynthesis was
performed by microelectrolysis at a controlled
potential. We found that the reduction of the
synthesized copper (I) sulfide depends on the
electrode material. The equilibrium potential
of copper and stainless steel in a background

[, mA
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1 — background (100 g/L H,S0,); 2 — background +
sample of malachite mineral + 15 g/L Na,SO;; 3 —

background + sample of malachite mineral;
4 — background + 15 g/L Na,SO,
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Figure 4 — Cathode voltammetric curves of a
titanium electrode

H,S0O, solution is +0.2 V, while that of titanium
is ~0.0 V. The equilibrium potential of all stud-
ied electrode materials with a Cu,S sample is
the same and is ~+0.4 V. In the sulfide pow-
der-electrode-solution system, the electrode
potential is significantly more positive than in
the electrode-solution system. So, the sulfide
powder "imposes" a potential on the substrate
metal, the magnitude of which depends on the
Cu?*/Cu+ ratio. On the cathodic volt-ampere
curves (Figure 5, curves 1 and 2), taken on
copper and titanium electrodes, two waves are
observed at potentials of ~ +0.4 and 0.0 V.
The authors assume that the first wave cor-
responds to the reduction of Cu?* ions partial-
ly formed when an electrode with a weighed
sample of Cu,S is immersed in a solution of
sulfuric acid, to Cu+ ions. The second wave
corresponds to the Cu,S reduction:

CUZS + 2H+ + 2E—> Ouo + H2Ssolution7

E’=—0.305B.

The electrode surface at the point of con-
tact with the sample is coated with elemental
copper.

In the cathode curve of a stainless steel
electrode (Figure 5, curve 3), the first current
maximum is observed at a potential of ~+0.1
V. This is due to the fact that, as we noted ear-
lier, partial dissolution of the sample occurs,
with the release of Cu?* ions into the solution
that undergo a carburization reaction with the
electrode material:

Cu’ +Fe’' - Cu’+ Fe™, (7)

(6)
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1 — copper; 2 —titanium; 3 — stainless steel

Figure 5 — Cathode voltammetric curves
of copper sulfide on solid electrodes in a
sulfuric acid solution, 100 g/L



and form elemental copper. Therefore, the re-
duction waves of Cu?* ions are not observed on
the polarization curve. The first current maxi-
mum is associated with the direct discharge of
copper sulfide via the electron mechanism (re-
action 6). The potential of this wave coincides
with the potential of the second peak, corre-
sponding to the discharge of Cu,S, on the ca-
thodic polarization curves of copper and titani-
um (Figure 5, curves 1 and 2). Freshly formed
elemental copper is very active and dissolves
in a sulfuric acid solution to the divalent state.
This process is recorded as an anodic wave.
With further polarization, Cu2+ ions in the
near-cathode layer are reduced to elemental
copper, which corresponds to the third wave
at a potential of ~ -0.2 V on the voltammetric
curve. This is followed by a wave of hydrogen
sulfide evolution along with hydrogen.

Conclusion

Electrochemical reduction of the refractory
copper mineral malachite from refractory oxi-
dized ores in the presence of sodium sulfite as
a sulphidizer and formation of readily floatable
copper (I) sulfide under voltammetric polariza-
tion conditions were studied. The studies were
conducted using a special electrode assembly
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design for voltammetric studies and microelec-
trolysis at a controlled potential of both dispersed
ore monominerals and depolarizer solutions.
Electrode mechanisms for the formation of mon-
ovalent copper sulfide during combined cathodic
reduction of malachite and sodium sulfite were
established. A sulfite ion is easily reduced in an
acidic medium to highly active colloidal elemen-
tal sulfur making it an effective sulphidizer for
malachite. Copper sulfide was synthesized from
malachite under microelectrolysis conditions,
and the sulphidizing effect of sulfite was con-
firmed. The effect of the electrode material on
the cathodic decomposition of the synthesized
Cu,S was observed. Thus, targeted preliminary
electrochemical polarization of oxidized copper
mineral particles with altered surface properties
enables their conversion to the sulfide form with
the selection of an effective sulphidizing agent.
The obtained results are of practical significance
and serve as a prerequisite for the electrolytic
conversion of refractory oxidized copper miner-
als to the easily floatable sulfide form.
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AHHOTaUMSA. Lle/Ibio NCCIeA0BaHNI SIBJISIETCS U3y YEHME MPOLIECCa I/TIEKTPOXUMMNYECKOro BOCCTa-
HOBJIEHUS TPYAHOO6OratMuMoro MMHepasaa Mean Maaaxmta U3 COCTaBa OKUC/IEHHbLIX PyA B Mpu-
CyTCTBUN Cy/ibuamnsaTopa cysib@duta HaTpus m opMUpoBaHUs IErKOGYI0TUPYEMOro Cy/ib@du-
Aa mean (1) B yc/ioBusix BOJIbTaMEPHOM nosspusaumn. ViccieqoBaHnsi npoBEAEHbI C MOMOLYbIO
crneymnasabHO CKOHCTPYMPOBaHHOMO 3/1€KTPOAA AJ151 BOJIbTAMMIEPHbIX UCC/IEA0BAaHMI U MPOBEAE-
HUSI MUKPO3/IEKTPO/IN3a MPU KOHTPOJIUPYEMOM MOTEHLMANIE KaK AUCMIEPCHbIX PYAHbIX MOHOMM-
Hepa’sioB, TaK 1 pacTBOpPOB AEro/isipn3aTopoB. YCTaHOB/IEHbI 3/1IEKTPOAHbBIE MEXaHU3MbI 06pa3o-
BaHus cy/ibguaa oaHOBaIEHTHOM MEAN MPY COBMECTHOM KaToAHOM BOCCTaHOBJIEHMU MUHEPAasa
manaxuta v cyibuta Hatpus. CysibpUT-UOH JIEFKO BOCCTaHaB/IMBAETCS] B KMC/IOTHOM Cpede A0
BbICOKOAGKTUBHOM KOJIZIOMAHON 3/71IEMEHTHOM CEPbI, MO3TOMY SIBJISETCS 3(PEKTUBHbLIM Cy/IbDU-
AN3aTopoM MUHEpasia Maaaxuta. B yC/io0BuUsSIX MUKDOIIEKTPOIN3a 6blsl CUHTE3MPOBAH CyJ/ibus
Meaun U3 MUHepasa MaaaxmTa v rnoATBEPXKAEHO CyIbduanpyroliee gencTame cyibputa. ObHapy-
JKEHO BINSIHWE MaTepuasia 3/1eKTPOoAa Ha KaTo4HOE Pa3/ioXeHNe CMHTE3NPOBaHHOro Cu,S.

KnroueBble c/10Ba: OKNC/IEHHAs MEAHASA PyAa, MUHEPAs ManaxuT, Cy/ibUT HATpUS, BOJIbTaM-
epoMeTpus, 371EKTPOXUMUYECKOE Cy/IbpuanpoBaHme.
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