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Abstract - The porphyry copper Malmyzh deposit is situated in the Russian Federation (Khabarovskiy kray). Diorite-

porphyritic ores of the oxidation zone of the Malmyzh deposit have low copper content from the production and economic 
point of view of (less than 0.3%) and the increased content of gold (0.1-1.2 ppm). Cyanide-free leaching of refractory gold 
oxidized and primary gold-copper porphyritic ore were carried out. Cyanide tests were comparative. Sodium bicarbonate and 
chloride leach solution were activated with electrolysis and UV-radiation. Theoretical aspects of formation of active 
oxidizers as a result of electro and photo-activation are stated in the article. Sulfuric acid was applied for the sulphatization 
and formation of a Fe2(SО4)3 surface layer. Surface passivation of iron reduces the detrimental precipitation of gold-
containing complexes. NaCN (0.7 %) and sulfate-chloride lixiviants demonstrate best results and provide for 93 % gold 
recovery. Low-concentrated NaCN solution (0.05 %) provide for 65 % gold recovery, similar to the direct chloride leaching 

results (64 % gold recovery). Equal results are demonstrated by cyanide-carbonate schemes with sulfate (80 % gold 
recovery) and ammonium hydrate (81 % gold recovery) addition. Two-stage leaching of primary Malmyzh ore provided 91 
% gold recovery. First stage was electrochemical oxidation of sulphide minerals and the second was cyanidation. The 
analysis of the methods applied for the processing of this type of ores is carried out. Heap leaching is the optimal processing 
method from the economic and technological point of view. 
 

Keywords - Gold-Copper Recovery Methods, Malmyzh Deposit, Photo-Electro Activated Leaching, Cyanide, Sulfuric-

Carbonate Preparation.  

  

I. INTRODUCTION 

 

Oxidized gold-copper ores are often low-grade in 

target elements content. Pyrometallurgical recovery 

processes are energy and water demanding. 

Hydrometallurgy has proved to be advantageous for 
copper oxides and is the standard extraction method 

in industry today. Hydrometallurgical gold extraction 

from gold-copper ore is complicated by the presence 

of copper minerals. It is well known that cyanide 

soluble copper dissolves in cyanide solutions to form 

toxic copper-cyanide complexes such as Cu(CN)2−, 

Cu(CN)3
2 −, Cu(CN)4

3 – [1]. As a result, cyanide 

consumption is high and can reach up to 2.3 kg/kg Cu 

recovered [2]. Cyanide should be added to keep 

CN:Cu molar ratio above 4 [3]. 

 
Increasing amounts of gold is extracted from 

refractory ores now, and direct cyanidation cannot 

efficiently recover gold from these ores. Thus the 

problem of winning precious metals from refractory 

ores is attracting all aspects of applied mineral 

research and development. Furthermore, there is a 

general interest in reducing of cyanide consumption 

by using active forms of oxygen for the formation of 

complex hydrated clusters in the aqueous phase of 

leach solution [4-5] or replacing cyanide by lixiviants 

which are nontoxic and environmentally safe [6]. 

Researches of many domestic and foreign geologists 
and geochemists revealed that gold and platinum 

metals concentrate in ore minerals both in the mode 

of micron and submicroscopic inclusions, coating and 

in ultra-fine, chemically bound modes of occurrence 

[7-9]. 

The choice of lixiviant is caused by the element 

composition of a “coated” part of a gold cluster. 

Clustered chloride complexes can be used both for 

dissolution of “coated” structures (for example 

sulfide) and for gold complexing. These complexes 

can be synthesized by sodium chloride electrolysis. 
Hypochlorous acid (HClO) and perhypochlorous acid 

(H2Cl4O4)*nH2O are produced in the anode region; 

sodium hypochlorite (NaClO) is formed in inter-

electrode space. Extremely active oxidizers are 

produced in the process of UV–radiation of the water-

gas emulsion formed at electrolysis. These oxidizers 

are atomic oxygen, atomic chloride, superoxide 

radical ion (O*–), ozone (O3), hydroxyl radical 

(ОН*), and hypochlorite radical (ClO*). Clustered 

hydrated complexes are produced at electro-

photochemical processing of aqueous solutions of 
lixiviant. These complexes are highly active in 

relation to a coated part of a gold cluster [10]. 

 

1.1 Cluster mode of occurrence of ultra-fine gold  

Researches of many domestic and foreign geologists 

and geochemists revealed that gold and platinum 

metals concentrate in ore minerals both in the mode 

of micron and submicroscopic inclusions, coating and 

in ultra-fine, chemically bound mode of occurrence. 

Ultra-fine mode of occurrence of these metals in 

mineral substance is generally presented by poly-

element or mono-element clusters bound with 
element sulfur. These compounds (particularly with 

gold) are described by the formula AunSm. It is 

supposed that “nuclear” part is presented by 

monoelement gold compounds and the “external 

coating” consists of sulfur atoms in these cluster 
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compounds. Existence of bi-element gold-sulfur 

compounds in ores is proved by both the electron 
microscopy pictures and by the significant amount of 

experiments with simulated colloidal gold solutions 

and sulfur-containing reducer. Nano-gold is rather 

wide-spread in the weathering crust of deposits of 

gold-sulfide and gold-sulfide-quartz formations. The 

main types of nano-gold forms are individual 

particles and their aggregates of various 

configurations situated at the hollows of surface 

micro- and nano-relief of placer gold grains. Nano-

gold is extracted from sulfides during the process of 

their chemical alteration and transition to hydroxides 

of iron. Then nano-gold particles precipitate in the 
surface of placer gold grains due to their huge surface 

energy or under influence of natural amalgamation 

process. 

 

Both silicium and sulfur have high extent of 

geochemical affinity with gold. The fact of clustering 

of silicon with hydrogen and alkali metals was 

established experimentally. Clusters are presented by 

silicon fullerene-similar compounds with 

incapsulated hydrogen and alkali metal atoms: НnSim, 

NanSim, KnSim, RbnSim, CsnSim. 
 

The existence of bi-element clusters of gold and 

silicon (AunSim) is possible in gold-quartz and gold-

sulfide-quartz ores. Similar gold-carbon 

nanostructures (AunCm) could be formed in 

carbonaceous shale in the process of biogeochemical 

recycling. It is necessary to provide the access of 

oxidizers and complex-forming compounds for the 

extraction of cluster gold mode of occurrence from 

ores. These compounds first react with the “external 

capsule” (sulfur, silicium, carbon, etc.);the second 

stage is the reaction the “nuclear” part (gold).As 
atoms of “external capsule” elements are also 

clustered, bounded “nuclear” gold clusters can be 

leached to the solution keeping bound with “external 

capsule” elements. Further dissolution of gold 

clusters takes place by declustering of such structures 

and by formation of complex compound with 

cyanide, halogens, etc. It is necessary to provide both 

formation of a soluble complex of a “capsulate part” 

of gold clusters and complexing with their clustered 

“nuclear” gold part for leaching of cluster mode of 

occurrence of ultra-fine gold. For the solution of 
these tasks lixiviants should contain oxidizers and 

complex-forming compounds. And these reagent 

complexes have to be in a hydrated cluster form.  

 

Formation of hydrated clustered chemically active 

complexes can be provided with various methods of 

processing of lixiviant solutions. Presence of active 

forms of oxygen is the main condition for the 

formation of hydrated clustered chemically active 

complexes. 

 

1.2 Theoretical aspects of cluster structure of 

water 
The theoretical and experimental proof of cluster 

structure of water is one of the most considerable 

achievements in this sphere. The presenceof clusters 

in water is experimentally proved and theoretically 

substantiated. Clusters are compacted molecular 

structures characterized by high binding energy. 

Clustering of water is accompanied by formation of 

hydrogen bonds (O–H) between water molecules and 

one-element bonds (H–H, O–O).Usually the 

clustering of water molecules consists in the 

hydration of dissolved solid or gas molecules/atom. 

The most intensive clustering takes place in oxygen-
saturated hydrated layer. This fact is explained by the 

formation of O–O bonds. According to the theory of 

Prof. V.L. Voyeykov (Moscow State University), the 

dissolved oxygen is reduced into water by oxidation 

of hydrogen atoms [11]. Presence of radical and an 

ion - radical forms of oxygen significantly intensify 

this process. In theprocess of reduction of active 

oxygen by water, electromagnetic quantum is 

released. It activates one of the nearest water 

molecules. This molecule becomes a source of 

electron for other molecule of the dissolved oxygen. 
Thus, process of activation of water molecules and 

the dissolved oxygen is characterized as a chain 

reaction [11]. 

 

The process of reduction of dissolved oxygen in 

water is accompanied by the oxidation of water 

molecules. It enhances the probability of their 

dissociation. The positively charged ions-protons are 

formed in this process. They become electron 

acceptors for dissolved anions and transfer them to 

the condition of active radicals. Hydroxyl ions are 

reduced to radicals. Complex-forming ions, for 
example CN–, are transformed to a radical form –

CN*. CN* radicals transform into ionic form. If the 

water cluster is created around a molecule or an ion 

of the dissolved compound, including several oxygen 

atoms with O–O bonds, produced protons and 

hydroxyl ions create a metastable system of clustered 

ions. Such clustered ion systems actively interact with 

complex-forming ions transformed them to active 

radical form. This interaction combines them in the 

joint hydrated cluster. These clustered systems of 

hydrogen and hydroxyl-ions stimulate the collective 
electronic shells of cluster inclusions (including gold) 

when contacting with mineral substance.   

The formation of compounds containing clustered 

atoms of oxygen in aqueous solutions is provided by 

the processes of transformation of H–O to O–O 

bonds. This transformation is realized by the 

saturation of an aqueous solution by active UV-

radiated oxygen. Molecular oxygen is generated by 

water electrolysis; it is UV-transformed to atomic 

state and ozone. Presence of atomic oxygen and 

ozone promotes H–O to O–O bonds 

transformation.The choice of lixiviant is caused by 
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the element composition of a “coated” part of a gold 

cluster. Clustered chloride complexes can be used 
both for dissolution of “coated” structures (for 

example sulfide) and for gold complexing.  

 

1.3. Mechanism of gold leaching by electro-photo 

activated solutions and electrolysis 

Complex polymer (clustered) structures are more 

effective then single hydrated anions (nН2О*CN–) or 

radicals (nН2О*CN*) for dissolution of a “nuclear” 

part of gold clusters because of stimulated interaction 

between the collective electronic shells of it clusters 

and clustered inclusions (including gold) when 

contacting with mineral substance. Interaction 
between gold cluster and hydrated complex, 

containing complex-forming substance and oxygen, 

can be demonstrated by the reaction of 3-atomic gold 

cluster and potassium ferrocyanide: 

Au3+K4(Fe(CN)6)nН2О*mO=3H[Au3(CN)6]+ 

4KOH+Fe(OH)3+(n-4)Н2О*(m-3)O (1) 

Cluster formed as a result of NaCN hydratation can 

be presented by the following formula:  

m[(CN*)(OH–H+)CN- nН2О
*(Na+)ОН–] (2) 

The collective protons transform CN– ions to reactive 

metastable CN* radicals and stimulate electronic 
shells of gold clusters, providing the possibility of 

chemical interaction. The gold clusters, formed by 

this way, can be described by the formula: 

[nAu*m(CN)2]
n- kН2О. 

The decrease of concentration of “free” cyanide ions 

(determined by titration) proves the formation of 

clusters in electro-photo activated solution. This 

provides reduce it consumption in leaching process. 

The same growth of cyanide ions concentration is 

observed after the first hour after electro-photo 

activation of solution. The growth of concentration of 

the oxidized forms of sodium cyanide (CNO–) in 
pregnant solution is not observed. This fact proves 

absence of oxidation process [12]. 

Similar to cyanide solution, cluster reactions can take 

place with chloride-based complexes:  

nAu + m[Н2Cl4O4*(H
+OH-)H2O] =  

[nAu*mCl4(OH)4]
-*H2O

+mО= 

 n*[AuCl4]
-
*2(m-n)Cl2*2mH2O*3mO (3) 

Sulphide gold ore is usually refractory because 

cyanide solution cannot react with the gold, which is 

locked within the sulphide lattice. Destruction of the 

sulphide mineral lattice by electrolytic oxidation is a 
possible low temperature pretreatment option for 

refractory arsenopyritic gold ore. As a result of pyrite 

oxidation Fe(II) and Fe(III) are formed and S(0) and 

S(VI) are formed [13]. 

Fe(II) reduces the dissolved gold complexes; 

therefore, it is necessary to provide its oxidation 

toFe(III) by preparation of ore for leaching. 

Ore preparation by electro-photoactivated carbonate 

and acid solutions provides iron passivation, due to 

its fixing on the contact surface of the iron-containing 

oxide and oxide-hydroxide minerals by 

transformation to an oxide-sulfate form:  

Fe2О3+2H2SО4∙nH2O*Н2O2= 

2[Fe(OH)(SО4)]О*(n+2)Н2О
  (4) 

2[Fe(OH)(SО4)]О*(n+2)Н2О+2H2SО4 

=Fe2(SО4)3+*(n+5)Н2О   (5) 

Iron(III) oxide-sulfate does not reduce a gold cation 

(as a part of complex anion) in comparison with iron 

(II) sulfate of (Fe2(SO4)). Iron (III) oxide-sulfate does 

not precipitate gold from solution to a mineral phase 

[14]. 

The present research is devoted to vat gold leaching 

of oxidized and primary gold-copper ore by cyanic 

and sulfate, chloride, carbonatesolutions in different 

combinations. 

 

II. MATERIALS 

 

1. Oxidized ore sample from Malmyzh deposit with 

0.8 ppm gold content was examined. Porphyry copper 

Malmyzh deposit is situated in Russian Federation 

(Khabarovskiy kray).Oxidized ore samples have the 

following mineralogical composition: magnetite, 

hematite, limonite, jarosite, melaconite-cuprite. The 

ground mass of tests is made by vein minerals.  

Free gold is not found in the researchedsamples of the 

oxidized ore of the Malmyzh deposit. Since high 
content (0.3-1 ppm) it is obvious that the main mode 

of occurrenceis dispersed and encapsulated. 

 

2. Prymary Malmyzhsample is made of halves of a 

boring core and presented by the following types of 

minerals: fine-grained and medium-grained sandstone 

(partly light and mostly hornstoned) with quartz-

sericite changes; dark brown siltstone (partly light 

and mostly hornstoned) with fine-grained and 

medium-grained sandstone layers.Gold content in one 

of the representative technological samples of the 

oxidized ore (TP-6S-O) provided for testing was 0.8-
0.85 ppm, iron content is 12.2% and copper content is 

0.09 %. Initial gold content in the primary ore sample 

is0.33-0.65 ppm; copper content is0.37-0.52 %. 

 

III. METHOD 

 

Vat leaching had several stages for each experiment. 

Ore was crushed to 60% 71 µm. The solid/liquid ratio 

was ½; slurry was agitated by rolling the bottle on a 

bottle roll at 50 rpm. Each stage lasted for 4 hours. 

Filtrate was analyzed for gold by using atomic 
absorption spectrometry (AAS Shimadzy AA-7000). 

Different reagent combinations were applied for 

oxidized and primary Malmyzh ore. 

Reagent regimes for oxidized Malmyzh ore are listed 

below: 

1. 0.7 % cyanide (NaCN) solution.  

2. 0.05 % cyanide (NaCN) solution.  

3. Three stage leaching with the subsequent 

application of sulfuric acid solution (H2SO4, 

pH=3), carbonate and 0.05 % NaCN solution. 

Carbonate solution was prepared by air 

saturation, electrolysis of 10 g/l NaHCO3 
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solution and UV radiation. Electrolysis of 

sodium bicarbonate (NaHCO3) produces 
metacarbonic and percarbonic acids 

(Н2CO4,Н2C2O6) in the anode zone and 

superoxides of alkali metals (Na2C2O6,К2C2O6) 

in the interelectrode space [11]. 

4. Sulfate leaching (H2SO4, pH=3) with chloride 

leaching in the second stage. Chloride leach 

solution was prepared by electrolysis of NaCl 

solution (с0(NaCl) = 20 g/l). Hydrochloric acid 

(HCl) was added to the solution on the final stage 

of electrolysis. Obtained solution was then UV-

radiated.   

5. Carbonate (10 g/l NaHCO3 after electrolysis and 
UV radiation) and 0.05 % NaCN solution with 

NH4OH addition. 

6. Chloride (20 g/l NaCl) leach solution after 

electrolysis and UV-radiation. 
 

Reagent regime for prymary Malmyzh ore included 

two stages. Pulp of fine grained material (60% of 71 

µm) was prepared 3g/l NaOH solution (S/L=1/2.5). 

Then electrolysis of the pulp was carriedout for 1 h/l. 
Parameters of electrolysis: electrode voltage is 15 V, 

operating current is8А. Cyanidation (0.35 g/l NaCN 

in solution) was carried out then for 4 hours.  

 

IV. RESULTS AND DISCUSSION 

 

4.1. Results of laboratory tests of oxidized ore 

sample 

Results of hot cyanide fraction leaching are given in 

the table 1. 

 
Table 1: Results of hot cyanide leaching of different fractions 

 

 
Fig. 1. Gold recovery for different reagent lixiviants 

Results of laboratory tests of oxidized ore sample are 

indicated in figure 1. 
 

NaCN (0.7 %) and sulfate-chloride lixiviants 

demonstrate best results and provide 93 % gold 

recovery. Low-concentrated NaCN solution (0.05 %) 

provide 65 % gold recovery that can be compared 

with a direct chloride leaching results (64 %). Equal 

results are demonstrated by cyanide-carbonate 

schemes with sulfate (80 %) and ammonium hydrate 

(81 %) addition.  

4.2 Results of laboratory tests of prymary ore sample 

We could reach 91 % of gold recovery in the process 

testing of primary Malmyzh ore. First 
electrochemical oxidation of sulphide minerals was 

carried out by electrolysis of pulp made up on the 

basis of 3g/l NaOH solution. Then cyanidation was 

carried out (0.35 g/l NaCN). Copper is planned to be 

extracted at the second stage with the different type 

lixiviant (leaching solution). 

 

CONCLUSIONS  

 

Oxidized ore contains iron minerals. Presence of iron 

ions in pregnant solution leads to the cathodic 
reduction of the aurocyanide ion to metallic gold 

according the following reaction: 

Au(CN)2
– + e = Au0 + 2CN–  (6) 

Sulphatization of iron oxides and hydroxides by 

sulfate - peroxide solution promotes the formation of 

a Fe2(SО4)3 surface layer. Surface passivation of iron 

reduces the detrimental precipitation of gold-

containing complexes. 

Electrolysis of sodium chloride solution produces 

hypochloric acid (НClO) perhypochloric acid 

(Н2Cl4O4) in the anode zone and sodium 

hyperchlorine (NaClO) in the interelectrode space. 
UV irradiation of water-and-gas emulsion after the 

electrolysis generates such highly active oxidizers in 

the gas bubbles as atomic oxygen, superoxide radical 

ion (О*–), ozone and hydroxide radical (ОН*), 

which, under interaction with film water around the 

gas bubbles, create both ion radical and radical-

bearing clusters.   

The combination of sulfuric acid treatment and 

chloride leaching provide high level of gold 

extraction (reagent regime 4). Similar extraction is 

provided by cyanic solution of extended 
concentration (reagent regime 1), that is not 

economically viable. 

Oxidation of primary sulphide ore by electrolysis in 

NaOH solution and cyanidation provide 91 % of gold 

recovery to the pregnantsolution.  

There are increasing public and environmental 

concerns and restrictions on the discharge of cyanide 

and copper-cyanide complexes to tailings dams. The 

results of the present research demonstrate that 

combine sulfate-chloride leaching of low-grade 

oxidized copper-gold ore can be technologically 

viable. 
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