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1. Introduction 
 

Cyanide (CN-) is commonly used in the plating process 

of gold, silver and copper to improve the efficiency and 

quality of plating. However, cyanide released from the 

plating process can react with diverse heavy metals such as 

the Cu, Ni, Cd, Co, Cr, Fe, Pb and Zn present in the plating 

wastewater (Botz et al. 2005, Dash et al. 2009, Johnson, 

2015). Discharge of untreated plating wastewater carries 

harmful pollution to the receiving water bodies and 

increases environmental damage (Smith & Heath 1979). 

Therefore, it is necessary to treat this wastewater in order to 

preserve the aquatic ecosystem.  

Various treatment technologies such as alkaline 

chlorination, biological treatment and iron-cyanide 

precipitation have been developed for the removal of 

cyanide from plating wastewater (Botz 2001, Ghosh et al. 

1999, Ibrahim et al. 2016, Ly et al. 2017, Mekuto et al. 

2016, Yu et al. 2016). Among these technologies, alkaline 

chlorination is most commonly used due to the simplicity of 

the process and low costs. However, this particular process 

requires large amounts of chemicals resulting in fairly high 

operational costs (Dash et al. 2009). Biological treatment is 

another cost-effective method to reduce cyanide 

concentration in wastewater. However, carrying out this 

biological treatment process effectively is not easy because 

of the variations in cyanide load depending on the plating 

process as well as the diverse kinds of bio-toxic substances 

that can be present in the wastewater (White et al. 2000).  
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Iron-cyanide precipitation has exhibited relatively good 

treatment performance but generates a large amount of 

chemical sludge (Botz 2001).  

Electrochemical oxidation has recently gained a huge 

amount of interest as a promising treatment option along 

with advances in the technical state of electrodes that have 

abruptly emerged along with the expansion of the battery 

industry. This method is considered eco-friendly because it 

does not use abundant toxic chemicals and does not 

generate excessive sludge. However, most of these kind of 

electrochemical oxidation processes have been limited to 

use with wastewater containing cyanide concentration at 10 

- 15% or higher. When the cyanide concentration is lower, 

the removal efficiency decreases markedly (El-Ghaoui et al. 

1982). Since the concentration of cyanide in the plating 

wastewater can possibly vary in a relatively wide range, it is 

very important to develop an efficient electrochemical 

oxidation process for low concentration cyanide. Also, 

plating wastewater may contain various polluting 

substances, i.e. heavy metals or organic matters other than 

cyanide and these co-existing substances can affect 

electrochemical oxidation performance (Jung et al. 2019, 

Lee et al. 2016, Li et al. 2019). In case of low concentration 

of cyanide, electrochemical oxidation treatment might need 

supportive oxidizing agents. Chloride (Cl-) is often used as 

an electrolyte in electrochemical oxidation process and also 

plays a role of oxidizing agent by forming chlorine (Cl2) or 

hypochlorite (ClO-), which is known as an indirect 

oxidation of CN- (El-Ghaoui et al. 1982, Tian et al. 2016). 

Therefore, electrolyte concentration is equally important to 

a major operating factor of current density for oxidation of a 

low-strengthened cyanide in real plating wastewater. 

This study explores a method to treat cyanide (CN-) in 

the real plating wastewater through a lab-scale batch 

electrochemical oxidation process. Of the various operating 
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Abstract.  An electrochemical oxidation process was applied to remove cyanide (CN-) from real plating wastewater. CN- removal 

efficiencies were investigated under various operating factors: current density and electrolyte concentration. Electrolyte 

concentration positively affected the removal of both CN- and Chemical Oxygen Demand (COD). As the electrolyte concentration 

increased from 302 to 2,077 mg Cl-/L, removal efficiency of CN- and COD increased from 49.07% to 98.30% and from 23.53% to 

49.50%, respectively, at 10 mA/cm2. Current density affected the removal efficiency in a different way. As current density increased 

at a fixed electrolyte concentration, CN- removal efficiency increased while COD removal efficiency decreased, this is probably due 

to lowered current efficiency caused by water electrolysis. 
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conditions this study specifically focuses on the effects of 

current density and electrolyte concentration on the removal 

efficiencies of CN- and COD in the wastewater.  
 
 

2. Materials and methods 
 

2.1 Wastewater 
 

The plating wastewater was collected from an 

electroplating wastewater treatment plant in Namyangju city, 

Republic of Korea. The amount of plating wastewater 

generated there is 1,000 - 3,000 m3/day, the alkaline 

chlorination method is usually used for removal of cyanide. 

The concentrations of CN-, Cl- and COD in the wastewater 

were 47.8±6.8 mg/L, 302.3±18.7 mg/L and 440.8±65.9 

mg/L, respectively. 
 

2.2 Batch electrochemical oxidation process 
 

A 2.5 L rectangular acrylic reactor with a 2.0 L working 

volume (Fig. 1a) was used for our batch electrochemical 

oxidation process. An open electrolytic cell module 

containing double cathodes and anodes was constructed 

(Fig. 1b), each electrode was coated with Ti/RuO2-IrO2 and 

was specially designed like a mesh-plate in order to 

enhance mass transfer from the bulk to the electrode surface 

(Fig.1c). Each electrode cell has a working area of 250.24 

cm2. The electrolysis current was set to be constant with a 

DC power supply (EX 100-18, ODA technologies, South 

Korea). Magnetic stirring at 400 rpm was applied in order 

to homogenize the wastewater inside the reactor.  
Experiments were carried out at room temperature and 

the solution pH of the water was pre-adjusted to 11 by 
adding sodium hydroxide in order to minimize the loss of 
free cyanide at a lower pH. In this study, three different 
parameters were investigated in order to find the optimal 
conditions for cyanide removal. Current density was set to 4, 
6, 8 and 10 mA/cm2. Also, under a fixed current density, 
electrolyte concentrations were varied from 302 to 2,077 
mg Cl-/L. Every experiment was conducted for 1 hr and 
samples were taken every 10 min. 

 

Table 1 Operating conditions of this study. 

 Unit Value 

pH - 11 

Stirring rate rpm 400 

Current density mA/cm2 4 / 6 / 8 / 10 

Electrolyte conc. mg/L 302 / 746 / 1,189 / 2,077 

Time min 0 / 10 / 20 / 30 / 40 / 50 / 60 

 

 
Fig. 2 Effect of current density and electrolyte 

concentration on removal efficiency of CN- 
 

 

2.3 Analytical methods 
 

The concentration of cyanide (CN−), chloride (Cl-) and 

COD were measured by a UV−VIS spectrophotometer (DR 

6000, Hach, USA).  
 

2.4 Statistical analysis 
 

Multiple regression analysis was conducted in order to 

investigate the dependence of the cyanide removal 

efficiency on three major operating factors: current density 

(J), electrolyte concentration (E) and reaction time (t). The  

 
Fig. 1. Electrochemical oxidation system (a: Ti/RuO2-IrO2 electrodes; b: electrode array; c: EO apparatus) 
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multiple regression analysis equation can be expressed as 

follows: 

RCN = a1J + a2E + a3t (1) 

where, RCN is the removal efficiency of CN- (%), J is the 

current density (mA/cm2), E is the electrolyte concentration 

(mg Cl-/L), t is the reaction time (min) while a1, a2, and a3 

are the fitting parameters. The parameter values and 

assumptions of the multiple regression equation are subject 

to uncertainty, i.e. change and error. Thus, a sensitivity 

analysis was carried out to determine how changes to those 

factors (i.e. the variables) affect the removal efficiency 

(Gan et al. 2014). Given the determined parameters, each 

target variable was subject to change from –20 to +20% of 

its initial value in order to determine their impact on CN- 

removal efficiency. 
 

 

3. Results and discussion 
 

3.1 Effect of current density and electrolyte 
concentration on removal of CN-  

 

There are two possible routes of electrolytic oxidation of 

CN-: direct oxidation and indirect oxidation. When CN- 

concentration in the wastewater is high >10,000 ppm, direct 

oxidation of CN- is thought to be dominant through the 

sequential reactions as follows (Comninellis 1994): 

𝑀𝑂𝑋+1 + 𝐶𝑁− → 𝑀𝑂𝑋 + 𝐶𝑁𝑂− (2) 

𝑀𝑂𝑋(∙ 𝑂𝐻) + 𝐶𝑁𝑂−

→ 2𝑀𝑂𝑋 + 𝐶𝑂2 + 0.5𝑁2 + 𝐻2𝑂
+  6𝑒− 

(3) 

However, when the wastewater contained very low CN- 

concentration and a significant amount of COD, it is 

presumed that indirect oxidation is dominant. For indirect  

 

 

oxidation, the chloride ion (Cl-) added in the form of 

electrolyte can be mainly used as an oxidizing agent 

through Eq. 4 - 5 prior to direct oxidation of CN- (Felix-

Navarro et al. 2011). This means that electrolyte 

concentration plays as an important a role as current density 

for enhancing CN- removal. The oxidized form of chloride 

(Cl-), chlorine (Cl2) or hypochlorite (ClO-), might 

oxidatively degrade COD as well as CN- (El-Ghaoui et al. 

1982).  

2𝐶𝑙− → 𝐶𝑙2 + 2𝑒− (4) 

𝐶𝑙2 + 2𝑂𝐻− → 𝐶𝑙− + 𝐶𝑙𝑂− + 𝐻2𝑂 (5) 

2𝐶𝑁− + 5𝐶𝑙𝑂− + 2𝑂𝐻−

→ 5𝐶𝑙− + 𝑁2 + 2𝐶𝑂3
2− + 𝐻2𝑂 (6) 

Figure 2 shows the effect of current density and 

electrolyte concentration of Cl- on the removal efficiencies 

of CN-. As the applied current density was increased from 4 

to 10 mA/cm2, CN- removal efficiency proportionally 

increased (Fig. 2). It has also been reported that CN- 

removal in a flow electrochemical reactor is mainly 

dependent on the current density (Lanza & Bertazzoli 2002). 

An increase of electrolyte concentration, especially Cl-, 

positively affected the electrochemical oxidation 

performance resulting in increase in the removal efficiency 

of CN- as shown in Fig. 2. 

In order to demonstrate the effects of current density and 

electrolyte concentration more clearly, 3-D mesh plots are 

presented in Fig. 3. Impact of electrolyte concentration and 

reaction time were more significant than current density. A 

CN- removal efficiency higher than 90% could be achieved 

if the current density was greater than 6 mA/cm2. However, 

the required electrolyte concentration for achieving an 

identical CN- removal efficiency of 90% was at least 1,200 

mg Cl-/L for 60 min reaction time. Thus, for ensuring 

satisfactory performance of CN- removal from the plating 

 
Fig. 3. 3-dimensional response surface graph for the CN- removal efficiency as function of current density and electro

lyte concentration at a fixed reaction time of 60 min 
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Fig. 4 Effect of current density and electrolyte 

concentration on removal efficiency of COD 

 

 

wastewater used in this study, the optimal current density, 

electrolyte concentration and reaction time suggested are 6-

10 mA/cm2, 1,200-2,100 mg Cl-/L and 40-60 mins, 

respectively. 

 

3.2 Electrochemical oxidation of COD and 
relationship between CN- and COD removal 
efficiencies 

 

Figure 4 shows the effect of current density and 

electrolyte concentration of Cl- on the removal efficiencies 

of COD. In contrast to CN-, the removal efficiency of COD 

tended to slightly decrease with the increase of current 

density even though the reason for this is not still clear.  

In electrochemical oxidation, CN- and COD probably 

have a competitive relation depending on current density. 

Removal efficiencies of COD seem to inversely relate to 

 

 

those of CN- in terms of current density increases (Fig. 5). 

Excessive current density can adversely affect COD 

removal due to decreased efficiency (Xu et al. 2012). That 

earlier study described the decrease of current efficiency is 

associated with the parasitic reaction of water electrolysis 

on the anode at a high current density. The lowered current 

efficiency might relate to COD removal but not the 

decomposition of CN-. The current efficiency can be 

directly related to the energy consumption, and thus the 

optimal combination of current density and electrolyte 

concentration must be considered carefully in real plating 

wastewater treatment. 

 

3.3 Multiple regression analysis and sensitivity 
analysis for cyanide efficiency 

 

Experimental data was analyzed by multiple regression 

analysis using the IBM SPSS program (Version 22.0). The 

multi linear regression of CN- removal efficiency with three 

variables (i.e., current density, electrolyte concentration and 

reaction time) is noted in Eq. 1:  

RCN = 2.117J + 0.020E + 1.181t – 30.369 (7) 

The adjusted R2 is 0.948, the P-values for the estimated 

coefficients are 5.036x10-7, 6.936x10-28 and 2.339x10-49 for 

a1, a2, and a3. Based on the results of the statistical analysis, 

Eq. 7 represents the relationship of CN- removal efficiency 

to the three variables well. 

   Figure 6 shows the sensitivity of changes in CN- 

removal efficiency (RCN) depending on the change of the 

fitting parameter (a1, a2, and a3). Absolute values of slopes 

shown in Fig. 6 can explain the degree to which each factor 

affects CN- removal efficiency. These, in order, are 

Reaction time (0.711) > Electrolyte concentration (0.356) > 

Current density (0.067). The reaction time is a kind of 

comprehensive factors representing both electrolyte 

concentration and current input. The reaction time directly 

affects the electrochemical oxidative removal efficiency of 

 

 

 
Fig. 5. The relationship between CN- and COD removal efficiencies as a function of current density (a: 302 mg Cl-/L; b: 746 

mg Cl-/L; c: 1,189 mg Cl-/L; d: 2,077 mg Cl-/L) 
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Fig. 6. Sensitivity of the fitting parameters affecting CN- 

removal efficiency 

 

 

CN- by increasing both indirect oxidation time for 

converting electrolyte (Cl-) to oxidized forms (Cl- or OCl-) 

and time for direct oxidation of CN-. According to the 

results of sensitivity analysis, when the current density is 

constant, the indirect oxidation reaction can improve the 

CN- removal efficiency due to the long reaction time and 

high electrolyte concentration. Therefore, higher cyanide 

removal efficiency can be achieved by increasing the 

reaction time and electrolyte concentration rather than the 

current density. 

 

 

4. Conclusion 
 

The effects of current density and electrolyte 

concentration on removal of CN- and COD were 

investigated. Electrolyte concentration, especially Cl-, 

dominantly affected the electrochemical removal of both 

CN- and COD. The increase of current density could 

improve the electrochemical removal of cyanide but not 

COD. Statistical analysis indicates that reaction time and 

electrolyte concentration were the more important factors 

affecting CN- removal performance.  
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