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Abstract. Much attention has been paid to the study of the electrochemical oxidation of cyanide in 
metal electrowining and mining industry from metal cyanide solutions. Galvanostatic batch elec-
trolyses of strong alkaline copper cyanide wastewaters have been carried out in an undivided cell 
using stainless steel plates as electrodes at different current densities as a function of electrolysis 
time. The influence of these variables on cell voltage, energy consumption, chemical oxygen de-
mand (COD) reduction, removal efficiency of copper and cyanide was reported. At current density 
of 10 mA cm–2 for 90 min of treatment, cyanide and copper removal efficiency was 87.2 and 89.1%, 
respectively, and COD reduction was 81.5% at pH 13 and 25°C. Complete removal of copper is 
achieved during the 100 min of electrolysis at the above-mentioned conditions. Experimental data 
show that it is possible to perform efficient oxidation of cyanide and simultaneous regeneration of 
copper in the form of pure deposits on the cathode and reduce COD using electrochemical batch 
reactor with stainless steel electrodes. 

Keywords: wastewater, copper cyanide, electrochemical treatment, stainless steel.

AIMS AND BACKGROUND

Metal compounds of cyanide are still used a lot in metal finishing industry and 
metal treatments. Large amounts of cyanide are used in mining and especially in 
gold mines. Due to lesser gold reserves, which could simply be extracted by cya-
nide (simple cyanide extractable gold deposits), a large amount of gold processed 
in 21st century was recovered from ores of various gold complex and most of 
them contain soluble copper minerals. It is esteemed that about 20% of all gold 
deposits contains a significant amount of copper mineral1, which are highly soluble 
in cyanide solutions. These copper containing minerals are troublesome due to 
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the fact that copper forms stable copper cyanide complexes with cyanides, which 
are very toxic and require appropriate management. Apart from losing valuable 
materials, i.e. copper, a large amount of cyanides is used for its solution, which 
represents a significant financial loss in gold recovering industry. There are several 
methods for treatment of wastewaters containing copper cyanide complexes2, and 
its treatment is necessary due to recorded animal deaths, i.e. birds and fish, result-
ing from activities of the gold mines using cyanides3,4. Published cases describe 
disposal of cyanide wastewaters due to dam failures in Omai, Guyana and Baia 
Mare, Romania. Copper cyanide complexes are very troublesome because they are 
much more stable than free cyanide ions. Romanian catastrophe warns us about 
this problem since copper cyanide complexes were recovered even 2000 km from 
the River Danube bed5. Due to all aforesaid, in accordance with the new regulation 
by the international institute for cyanide control6, concentration of managed WAD 
(Weak Acid Dissociable) cyanide types (which include copper cyanide complexes) 
is limited to maximum of 50 mg/l. Therefore, the aim of this research was to define 
effect of processing parameters to complexation and creation of optimal condi-
tions for performance of electrochemical treatment of copper cyanide complexes 
in alkaline solution. 

Classic method of cyanide treatment in metal industry is alkaline chlorination7,8. 
Cyanides in alkaline solution react with NaClO when they convert into CNO–, 
CO2, N2 and NH4

+. Apart from high price of chlorination, the biggest drawback is 
inability to treat some stable metal cyanide complexes. Common method of cya-
nide treatment in gold mines understands keeping wastewaters in big lagoons in 
order to achieve slow cyanide dissolution9. Once cyanide is dissolved, metal ions 
settle down as hydroxides and supernatant is forwarded to further neutralisation. 
This type of managing large amounts of wastewaters is a cost both in the view 
of infrastructure and a possibility of accident and outpouring10. Electrochemical 
treatment of cyanide wastewaters and its complexes is a promising and more often 
used technology. This method provides simultaneous regeneration of metals and 
destruction of free and complex cyanides. Electrochemical oxidation of cyanides 
was mentioned as far as in 1913 for the first time11. Since then, many papers on 
wastewater treatment electrochemical methods were published, and most of them 
were published in the past 20 years, period when this technology became more 
popular.

There are many types of copper cyanide complexes in water copper and cya-
nide system whose balance could be described by following ractions12:
      Cu+ + CN–  CuCN(s) 	 (1)

     CuCN + CN–  Cu(CN)2
– 	 (2)

 Cu(CN)2
– + CN–  Cu(CN)3

2–	 (3)

 Cu(CN)3
2– + CN–  Cu(CN)4

3–	 (4)
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 H+ + CN–  HCN(l) 	 (5)

Figure 1 shows Eh-pH diagram for copper–cyanide–waters system. As can 
be seen, there is a large surface of Cu(CN)3

2– complex domination in typical alka-
line conditions, where this complex is mostly applied and this is suitable for our 
researches conditions as well.

 

Fig. 1. Eh-pH diagram for the Cu–CN–H2O system at 25°C (Ref. 13)

Products and cyanide oxidation mechanism depends on pH value, potential and 
concentration. In alkaline conditions, product of cyanide oxidation is cyanate:
 CN– + 2OH–  CNO– + H2O + 2e–	 (6)

Electrochemical treatment of wastewaters containing cyanides was described 
by many research groups14–19. Likewise, there are many papers describing elec-
trochemical cells, mechanisms and products of electrochemical treatment of 
wastewater containing copper and copper–cyanide complexes20–28. According to 
Easton21, Dart et al.22, copper deposition on cathode releases free cyanide which is 
oxidised to cyanate on the anode. Drogen and Pasek23 proposed direct oxidation, 
i.e. copper–cyanide complexes oxidise in cyanate and Cu+ ions directly. Tan et 
al.24 believe that copper–cyanide complexes oxidise into cyanate first by releasing 
Cu+ ions, which oxidise to copper–hydroxide afterwards. Hwang et al.25 studied 
electrolytic oxidation of copper cyanide complex solution with CN:Cu molar ratio 
from 2.8 to 20 on different pH values using platinum anode. In strong alkaline 
solution (pH >12), copper cyanide complex is oxidised directly to cyanate and 
copper oxide according to the following mechanism:
 Cu(CN)n

(n–1)– + 2nOH– → Cu+ + nCNO– + nH2O + 2ne–	 (7)
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 2Cu+ + 2OH– → Cu2O + H2O	 (8)

 Cu2O + 2OH– → CuO + 2H2O + 2e–	 (9)

Electrochemical oxidation of copper-cyanide results in creation of copper 
oxide, which effects oxidation of free cyandes catalytically29–31. In studies research-
ing high concentration of copper and hydroxide, settled black deposit, identified 
as CuO, is formed on anode24,29,31 (with some copper hydroxide, which also par-
ticipates in creation of the film32). This layer works as heterogeneous catalyst of 
cyanide oxydation24 and larger range of organic compounds32. It is assumed that 
copper(III) intermediate is included in the surface as well29. 

Due to copper-cyanide complexes chemistry, studies of treating this type of 
wastewaters provide various mechanisms and efficacies depending on applied 
conditions such as pH, cyanide and copper concentration, reactor construction 
and technological parameters. Hence the aim of this study is to examine effects 
of the basic electrochemical parameters in concentration ranges typical for waste-
waters. 

EXPERIMENTAL 

For the purpose of experimental researches, we used commercially available 95% 
sodium cyanide (NaCN), Acros Organics, Belgium, 99% copper cyanide (CuCN), 
Sigma Aldrich, South Korea and 98% sodium hydroxide (NaOH), Lachner, Czech 
Republic. All the listed chemicals are of p.a. purity. In order to prepare synthetic 
cyanide wastewater of the mentioned concentration (Table 1) we used 0.1 M sodium 
hydroxide solution (NaOH), and stainless steel as electrode material (EN 1.4301/
AISI 304). Electrochemical batch reactor is made of polypropylene of capacity 
250 cm3 with possibility of constant mixing (500 rpm/min) which contains two 
electrodes of the same dimensions. Electrodes are made of metal sheet dimensions 
80 mm × 30 mm × 1 mm. Total effective area of an electrode is 30 cm2, and mu-
tual distance is 30 mm. Electrodes are connected to digital power source (Atten, 
APS3005SI; 30V, 5A).

All the experiments were performed at a starting temperature of sample 25°C 
and 200 ml of synthetic wastewater volume. Current density was fixed for desirable 
value before each treatment. Electrodes were mechanically cleaned and washed 
with detergent and acetone before each treatment in order to remove surface grease 
and electrode surfaces were cleaned by emerging (5 min) in diluted (1:1) solution 
of HCl and HNO3 before each treatment. Prepared sample of synthesised waste-
water was analysed before and after the treatment for the following parameters: 
free cyanides concentration, copper concentration, total dissolved solids (TDS), 
pH-value, electrolytes resistance (ρ), conductivity (κ) and chemical oxygen demand 
(COD). TDS, ρ, pH-value, κ, free cyanides concentration and copper concentra-
tion were determined in accordance with standard methods33. TDS, pH-value and 
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conductivity were determined on a multimeter (Consort C861), and measuring 
COD was performed by closed colorimetric reflux method on thermal block (COD 
Reactor, Hach, USA) and colorimeter (COD CheckItDirect, Lovibond, Germany) 
using standard cuvette (Test Tube MR, Lovibond, Germany) (Table 1).

Table 1. Characteristics and composition of the copper cyanide synthetic wastewater
Cu 

(mol l–1)
CN–

total  
(mol l–1)

CN–
free

(mol l–1)
pH-value TDS

(g l–1)
κ 

(mS cm–1)
ρ

(Ω cm)
COD 

(mg l–1)
0.0056 0.0225 0.0066 13.6 27.1 40.2 25 515

RESULTS AND DISCUSSION 

First experiments were performed in order to determine effect of applied current 
density on efficiency of cyanide removal (Fig. 2) and copper (Fig. 3) and kinetics 
of electrochemical reactions. At current density of 10 and 20 mA/cm2 in 90 min 
electrolyses, it is possible to remove 87.2 and 94% cyanide, respectively, and 89.1 
and 93.5% copper, respectively, from solution. Reaction going on in electrolyses 
of copper cyanide complexes in comparison to cyanides represents first order rate 
reaction, which is confirmed by Fig. 2c, with order rate constant from k = –0.011 
to k = –0.030 min–1 for applied current density from 2.5 to 20 mA/cm2. 

Fig. 2. Electrochemical treatment of cyanide as a function of the electrolysis time: a – effect of cur-
rent density on removal efficiency of cyanide; b – cyanide concentration decay as a function of the 
current density; c – calculation of reaction order, lg (molar concentration) against electrolysis time; 
d – rate constant for cyanide oxidation evolution with applied current density
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Figure 2d shows logarithm dependence in behavior of order rate constant in 
function on applied current density (R2 = 0.994). In mentioned conditions, cyanide 
oxidation is performed over cyanate producing CO2 and N2 as end products34 (equa-
tion (6)). Results match similar researches where efficiency of cyanide removal 
from solution of the similar constitution for 90 min per 20 mA/cm2 amounted to 
97% in temperature of 25–30°C using Ti/Pt anode in batch reactor20. The same 
group of researchers determined order rate constant of cyanide decay of k = –0.007 
to k = –0.030 min–1, but they analysed effect of pH value and chloride addition with 
constant current density amounting to 20 mA/cm2. It is obvious that if pH-value 
(≥13) is set and optimum current density chosen we could have satisfying results 
without adding other substances.

Figure 3c shows that reaction of copper removal from cyanide solution also 
represents first order rate reaction in comparison to copper where order rate con-
stants go from k=–0.002 to k=–0.030 min–1 for applied current density from 2.5 
to 20 mA/cm2. Copper removal is strictly connected to decay of its complex with 
cyanide and it depends on pH-value25. Apart from copper removal rate, pH-value 
effects form and composition to be settled down on electrode34. Most authors agree 
the best results are achieved at pH≥13 when catalytic film CuO is created on anode, 
and pure metal copper is separated on cathode20,24,29,31. 

Fig. 3. Electrochemical treatment of copper ions as a function of the electrolysis time: a – effect of 
current density on removal efficiency of copper; b – copper concentration decay as a function of the 
current density; c – calculation of reaction order, lg (molar concentration) against electrolysis time; 
d  – rate constant for copper reduction evolution with applied current density
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In the previously mentioned study20 for similar conditions and current density 
of 20 mA/cm2, but at pH =13 for anode of Ti/Pt copper removal efficiency was 
approx. 94%, and for anode made of stainless steel approx. 78%. Lower values for 
stainless steel could be associated to lower pH-value, and the way of surface elec-
trode preparation has a significant effect, which effects adhesion of copper deposit. 

Current density effect to reduction of COD-values in function of electrolyses 
time is shown in Fig. 4. We notice a similar dependency as in cyanide and cop-
per removal which is an assumption that reduction of COD-value happens at the 
simultaneously with cyanide and copper removal reactions. The highest efficiency 
amounted to 90.5% in current density of 20 mA/cm2. Figure 4d shows current 
density effect on reduction rate of COD-value in copper cyanide solution.

Fig. 4. Effect of electrochemical treatment on COD as a function of the electrolysis time: a – effect 
of current density on removal efficiency of COD; b – COD value decay as a function of the current 
density; c – calculation of reaction order, lg (COD) against electrolysis time; d – rate constant for 
COD evolution with applied current density

CONCLUSIONS

Treatment of copper cyanide wastewaters in electrochemical batch reactor with 
stainless steel electrodes is an alternative to conventional techniques if performed 
in very alkaline conditions (pH≥13) and with current densities from 10 to 20 mA/
cm2. Such conditions provide efficiency of removal of cyanide, copper and COD-
value from 87.2 to 94%, 89.1 to 93.5% and 81.5 to 90.5 % for 90 min of treatment 
respectively, bearing in mind that lower current density means less usage of power. 
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Due to kinetics of aforementioned reactions, it is important to mention that in 
as little as 30 min of treatment (1/3 of total studied time) removal efficiency for 
mentioned parameters amounts to 58.5, 49.0 and 58.5% which is a half of starting 
concentration. Due to this, final choice of process parameters should be individual 
and it depends on manufacturing plant and desirable effects.

Reason of having results similar to reference, referring to anode of Ti/Pt (a big 
difference in comparison to stainless steel) lies in the fact that copper oxide film, 
which has catalytic features for cyanide oxidation, is created on anode so that Ti/
Pt anode can have better results only at the beginning of electrolyses before the 
oxide film is created. This is the reason we give priority to stainless steel due to 
availability and better price.
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