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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 Cu2S 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 
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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 10-6 m2 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)2) can occur either through the 
reduction of Cu2+ 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: 
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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 E≈ 
+0.05 V, the limiting current for the reduction 
of copper (II) ions (Figure 2, curve 3) accord-

 
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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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 

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: 
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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:

	 .Cu S Cu S2 2"+ 	 (5)

This is also confirmed by the fact that at 
the first wave potential, the copper electrode 
surface becomes coated with a black Cu2S 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 

 
1 – background; 2 – background + a sample  

of malachite mineral; 3 – background + solution  
of Cu(II) ions 12 g/L

Figure 2 – Cathode voltammetric curves 
of a titanium electrode in a 100 g/L H2SO4 

solution

 
1 – background solution (100 g/L H2SO4); 2 – background + 15 g/L Na2SO3

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 (I) 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 
Cu2S 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 

H2SO4 solution is +0.2 V, while that of titanium 
is ~0.0 V. The equilibrium potential of all stud-
ied electrode materials with a Cu2S 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 
Cu2+/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 Cu2+ ions partial-
ly formed when an electrode with a weighed 
sample of Cu2S is immersed in a solution of 
sulfuric acid, to Cu+ ions. The second wave 
corresponds to the Cu2S reduction:
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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 Cu2+ ions into the solution 
that undergo a carburization reaction with the 
electrode material: 

	 ,Cu Fe Cu Fe2 0 0 2"+ ++ + 	 (7)

 
1 – background (100 g/L H2SO4); 2 – background + 
sample of malachite mineral + 15 g/L Na2SO3; 3 – 

background + sample of malachite mineral;  
4 – background + 15 g/L Na2SO3

Figure 4 – Cathode voltammetric curves of a 
titanium electrode

 
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
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and form elemental copper. Therefore, the re-
duction waves of Cu2+ 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 Cu2S, 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 

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 
Cu2S 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.

This research has been/was/is funded by 
the Science Committee of the Ministry of Sci-
ence and Higher Education of the Republic of 
Kazakhstan (Grant No. AP23487866).

REFERENCES

1.	 Kozhakhmetov S.M., Kvyatkovskii S.A., Sultanov M.K., Tulegenova Z.K., Semenova A.S. Processing of 
oxidized copper ores and sulfide copper concentrates of the Aktogay deposit by pyrometallurgical method. 
KIMS. 2018. 3. 54-62. https://doi.org/10.31643/2018/6445.17.

2.	 Investigation of Copper Recovery rate from Copper Oxide Ore Occurring as Coarse Grains Locked in a 
Porphyritic Fine Grain Alumina and Silica. Bamidele Emmanuel, John Ade Ajayi, Elizabeth Makhatha. 
Energy Procedia. 2019. 157. 972-976. https://doi.org/10.1016/j.egypro.2018.11.264

3.	 Sinclair L., Thompson J. In-situ leaching of copper: challenges and future prospects. Hydrometallurgy. 
2015. 157. 306-324. https://doi.org/10.1016/j.hydromet.2015.08.022

4.	 Gorlova O.E., Medyanik N.L., Mishurina O.A., Mullina E.R. Combined technology for processing mixed 
copper ore using flotation and hydrometallurgical processes. FTPRPI. 2021. 5. 140-149. DOI: 10.15372/
FTPRPI20210513

5.	 Metallurgical evaluation of copper ore flotation performance in the presence of Rhamnolipid biosurfactant 
produced from Pseudomonas aeruginosa. Part 1: Copper-bearing minerals. Gholamreza Biniaz, Hamid 
Khoshdast, Mohammad Reza Garmsiri, Mostafa MalekiMoghaddam, Ahmad Hassanzadeh. Physicochem. 
Probl. Miner. Process. 2023. 59 (5). 183176. DOI: 10.37190/ppmp/183176.

6.	 Carbon nanodots as light-activated oxidase nanozyme for ecofriendly leaching of copper from scrap. 
Velichka Arahangelova, Alexandre Loukanov. Sustainable extraction and processing of raw materials 
journal. 2022.

7.	 Chanturia V.A., Bunin I.Z., Ryazantseva M.V., Chanturia E.L., Khabarova I.A., Koporulina E.V., Anashkina 
N.E. Modification of structural, chemical and process properties of rare metal minerals under treatment 
by high-voltage nanosecond pulses. Journal of Mining Science. 2018. 53. 4. 718-733.

8.	 Bayeshov A., Zhurinov M.Z., Zhumakanova A.S., Bayeshova A.K., Syzdykova B.B., Dospayev D.M, Kakenov 
K.S. Physical-and-chemical regularities of forming chrysocolla mineral in metasilicate solutions. News of 
the academy of sciences of the Republic of Kazakhstan, series of geology and technical sciences. Almaty. 
2018. 5 (431). 107-112.



44

Труды университета №1 (102) • 2026

9.	 Dospayev M.M., Figurinene I.V., Gabdullin S.T. Combined electrochemical sulfidization of refractory 
oxidized copper ores. Obogashchenie Rud. 2024. 5. 19-24. https://doi.org/10.17580/or.2024.05.04, 
https://www.rudmet.ru/catalog/journal/2354/

10.	Dausheva M.R., Songina O.A. Behavior of a suspension of poorly soluble substances on electrodes. 
Uspekhi khimii. 1973. 42. 2. 323-342.

Жезқазған тотыққан үйінді кендерінің құрамына кіретін қиынбайытылатын 
малахит мыс минералын электрохимиялық жолымен сульфидтендіру
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Аңдатпа. Жұмыстың мақсаты – тотыққан кендер құрамына кіретін қиын байытылатын 
малахит мыс минералының электрохимиялық тотықсыздануын және сульфидтеуші нат-
рий сульфитінің қатысуымен вольтамперлік поляризациялау жағдайында жеңіл флота-
цияланатын мыс сульфиді (І) түзілуін зерттеу. Зерттеулер өте ұсақ кен минералдарды, 
ерітіндідегі деполяризаторларды вольтамперлік поляризациялау және олардың микроэ-
лектролизын арнайы конструкцияланған электродта потенциалды бақылау жағдайында 
өткізілді. Малахит минералының және натрий сульфитімен бірлесіп катодтық тотықсызда-
ну кезінде бір валентті мыс сульфиді түзілунің электродтық механизмі анықталды. Суль-
фит-ионы қышқыл ортада белсенділігі жоғары коллоидты элементті күкіртке дейін жеңіл 
тотықсызданады, сондықтан малахит минералын сульфидтейтін тиімді сульфидтеуші бо-
лып саналады. Микроэлектролиз жағдайында малахит минералынан және дәлелденген 
натрий сульфитінің сульфидтеуші әсерінің негізінде мыс сульфиді синтезделді. Синтез-
делген Cu2S-тің катодтық ыдырауына электрод материалының әсері анықталды.

Кілт сөздер: тотыққан мыс кені, малахит минералы, натрий сульфиті, вольтамперометр-
лік, электрохимиялық сульфидтендіру.
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Аннотация. Целью исследований является изучение процесса электрохимического восста-
новления труднообогатимого минерала меди малахита из состава окисленных руд в при-
сутствии сульфидизатора сульфита натрия и формирования легкофлотируемого сульфи-
да меди (I) в условиях вольтамперной поляризации. Исследования проведены с помощью 
специально сконструированного электрода для вольтамперных исследований и проведе-
ния микроэлектролиза при контролируемом потенциале как дисперсных рудных мономи-
нералов, так и растворов деполяризаторов. Установлены электродные механизмы образо-
вания сульфида одновалентной меди при совместном катодном восстановлении минерала 
малахита и сульфита натрия. Сульфит-ион легко восстанавливается в кислотной среде до 
высокоактивной коллоидной элементной серы, поэтому является эффективным сульфи-
дизатором минерала малахита. В условиях микроэлектролиза был синтезирован сульфид 
меди из минерала малахита и подтверждено сульфидирующее действие сульфита. Обнару-
жено влияние материала электрода на катодное разложение синтезированного Cu2S.

Ключевые слова: окисленная медная руда, минерал малахит, сульфит натрия, вольтам-
перометрия, электрохимическое сульфидирование.


