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Abstract: In this paper, a laboratory-scale electrodialysis (ED) system with an 

effective area of 88 cm
2
 was used to remove copper and cyanide in simulated and real 

gold mine effluents. The membrane fouling was characterized by FTIR, SEM-EDX, 

measuring the membrane resistance and static contact angle. The effects of applied 

voltage, initial concentration, and flux rate on removal rate of copper and cyanide 

were investigated. The highest copper (99.41 %) and cyanide (99.83 %) removal rates 

were achieved under following conditions: applied voltage of 25 V, initial 

concentration of C2 (concentration of copper and cyanide were 47 mg/L and 242 

mg/L), and flux rate of 4.17 mL/s. Besides, the lowest concentration of copper (0.44 

mg/L), cyanide (0.48 mg/L) and zinc (0.34 mg/L) in the treated effluent were all 

below the regulatory limits (copper, cyanide ＜0.5 mg/L, zinc ＜2.0 mg/L). The 

results showed the presences of CuCN, [Cu(CN)3]
2-

, Cu(OH)2, and Zn(OH)2 in 

precipitations, and the fouling of anion-exchange membranes(AEMs) can be 

decreased significantly via pH adjustment. This research provides a new insight into 

the removal of copper and cyanide from gold mine effluent. 

Key words: electrodialysis (ED); copper; cyanide; gold mine effluent; membrane 

fouling 

 

1 Introduction 

Due to the dwindling resources of simple cyanide extractable gold deposits, 

currently a large proportion of the gold production is recovered from complex gold 

ores, many of which contain soluble copper minerals 
1
. The cyanidation based 

extraction of gold from its host minerals has remained fundamentally unchanged since 

its inception over 100 years ago 
2
. However, using cyanidation generates a large 

amount of effluent, which contains copper and cyanide 
3
. The discharge of these 

effluents into environment is strictly controlled. Many countries and environmental 

protection agencies have imposed limiting standards for the discharge of gold mine 

effluent 
4
. In view of these considerations, the recovery/removal of copper and 

cyanide is necessary. 
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In order to achieve the regulated concentration of cyanide and copper in the 

discharged effluent (<0.5 mg/L) 
5
, several treatment systems have been developed. 

The majority of current approaches were based on cyanide destruction by chemical 

oxidation and/or recovery by acidification 
4, 6

.
 
The chemical oxidation is very efficient 

in detoxifying free cyanide bearing wastes, however it is less-effective in the case of 

cyanide based metal complex (such as copper) due to slow reaction kinetics 
6-7

. 

Moreover, the toxic intermediates (cyanogen chlorides) produced during the oxidation 

process would produce additional environmental pollution 
8
. On the other hand, the 

acidification treatment approach has been adopted in gold processing facilities, 

whereas the high consumption and cost of reagents have significantly limited their 

application 
9
. Other recent emerging treatment methods including Inco SO2-air 

process, hydrogen peroxide oxidation,
 

active carbon adsorption, biological 

degradation, ozone oxidation, electrochemical oxidation and ion-exchange resins have 

been explored 
1, 10-14

. The comparison of all those methods and theirs in terms of 

advantages and disadvantages has been listed in literature 4. 

The Inco SO2-air process involves the use of SO2 (or other sulfite source), which 

reacts together with oxygen and copper cyanide complexes, resulting in cyanide 

oxidation to cyanate. At the end of the reaction, copper is precipitated out as copper 

hydroxide. In order to meet stringent environmental regulations, the operational cost 

increases significantly 
1, 4, 15

. As to hydrogen peroxide oxidation, excess reagent is 

decomposed to water and oxygen, which results in high cost of reagent 
9
. Activated 

carbon adsorption has an affinity for many metal cyanide compounds, including the 

soluble cyanide species of copper, zinc, nickel and iron. However their low adsorption 

capability has severely hampered their wide application in practice, which is used 

only for low concentrations of cyanide 
8, 11

. Biological degradation is environmental 

friendly and relatively inexpensive, but the technology is not well established and it 

tends to be very site specific with specific evaluation 
12

. Ozone oxidation is efficient in 

cyanide removal, and some regeneration of cyanide is possible. However the reagent 

and equipment is costly. 
10 

In electrochemical oxidation process, all cyanide baths can 

be treated regardless of concentration but it requires post treatment by a number of 
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oxidation methods 
13

. Ion-exchange resins is efficient method but the pretreatment is 

required and it is difficult to find suitable resin, which limited their application 
14

. 

As mentioned above, some of above-mentioned methods have been hindered due 

to either high consumption of reagents or technical obstacles, others require special 

equipment or further treatment, and others are not well established yet. Thus, there is 

an urgent need for the development of an alternative treatment process, which is 

capable of achieving high removal efficiency at low reagent consumption without 

secondary pollution
16-17

. Electrodialysis (ED) could not only lower the concentrations 

of the targeted pollutant, but also concentrate the useful ingredients in wastewater for 

further reuse 
18

., It has proven to be an efficient technology for industrial applications, 

which includes brackish water desalination, boiler feed and process water, 

demineralization of food products, table salt production, waste treatment, etc.
 19-20

. 

The investment cost and operating cost (energy consumption) of ED are becoming 

more acceptable in these applications, and the cost of this method can be further 

reduced because of space saving, chemicals saving and the recovery of useful 

ingredients 
21-23

. 

More recently, the ED technology has attracted increasing attention in galvanic 

industries effluent treatment because of its inherent advantages including less reagent 

consumption, convenient operation, environmental friendly, compact and durable 

equipment, etc. 
18, 24-25

. However, there is only a few works on the application of ED 

to remove the toxic substances and reuse ionized species in gold mine effluent 
26-27

. 

The satisfactory removal of cyanide and metals is necessary to be achieved in order to 

meet the discharge limits. On the other hand, Ion-exchange membranes fouling is one 

of the major problems that affects the ED process, which can reduce the flux, increase 

membrane resistance and energy consumption, and even destroy the membranes 
18

. 

Although there are some studied about ion-exchange membranes fouling in the 

treatment of other effluents such as cadmium electroplating wastewater, seawater, 

polymer-flooding produced wastewater and so on 
24, 28-30

. To the best of our 

knowledge, the Ion-exchange membrane fouling has rarely been investigated in the 

treatment of gold mine effluent. 
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In this research, the feasibility of using ED technology to treat both real and 

simulated gold mine effluents was investigated to remove cyanide and copper, and the 

operational parameters were optimized to improve the removal efficiency. In addition, 

the membrane fouling was studied to understand the fouling behavior during the gold 

mine effluent treatment process. 

 

2 Experimental 

2.1 Solutions 

The gold mine effluent was provided by Zhaoyuan gold smelter plant (Shandong, 

China) and the main compositions of effluent are shown in Table 1. The simulated 

solutions were made up from CuCN (A R Grade, Aladdin) and NaCN (A R Grade, 

Aladdin) by referring to the mole ratio of cyanide and copper in the effluent. The 

concentrations of cyanide and copper in simulated solutions are presented in Table 2. 

Sodium hydroxide solution was added to adjust the pH of the simulated solution to 

9.5. In this work, with the copper/or zinc and cyanide mole relationship used in the 

solutions, copper and cyanide were predominately present under the [Cu(CN)4]
3-

, 

[Cu(CN)3]
2-

and CN
-
 forms 

2, 31-34
, zinc and cyanide were mainly present in the forms 

of [Zn(CN)4]
3-

 
35

. 

 

Table 1 The main compositions in gold mine effluent  

Parameter Concentration (mg/L) 

sodium 275 

copper 47 

zinc 31.2 

potassium 6.3 

iron 0.59 

aluminum 0.06 

gold 0.02 

cyanide 242 

chloride 159 

 

Table 2 The concentrations of total copper and cyanide in simulated solutions 

Concentration Cyanide (mg.L
-1

) Copper (mg.L
-1

) 

C1 121 23.5 

C2 242 47 

C3 363 70.5 
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C4 484 94 

 

2.2 Apparatus 

The experimental set-up was consisted of three separated circuits, and each one 

included a centrifugal pump (CXB-30 Wenzhou Erle Pump Co., Ltd.), a rotameter 

(0-25 L/h) and a 5 L tank (Fig.1.a). The direct current was supplied by a CV/CC 

regulated power supply (WYL1702, Hangzhou Siling Electrical Instrument Ltd.). The 

ED stack was composed of two electrodes made of a titanium plate coated with 

ruthenium, five anion exchange membranes (AEM) and six cation exchange 

membranes (CEM). Ionic species transportation in the ED stack was shown in Fig.1.b 

Ion-exchange membranes can be considered as ion-exchange resins in film form. 

There are two different types of ion-exchange membranes: (1) CEMs which contain 

negatively charged groups (typically –SO3
-
, –COO

-
, –PO3

2-
, –PO3H

-
 and C6H4O

-
) 

fixed to the polymer matrix, and (2) AEMs which contain positively charged groups 

(typically –NH3
+
, –NRH2

+
, –NR2H

+ 
and –NR3

+
) fixed to a polymer matrix. In a CEM 

the fixed anions are in electrical equilibrium with mobile cations in the interstices of 

the polymer. The mobile cations in solution are referred to as counter-ions. The 

mobile anions are called co-ions and are more or less completely excluded from the 

membrane matrix because of their electrical charge which is identical to that of the 

fixed ions. Due to the exclusion of the co-ions, a CEM is preferentially permeable to 

cations. AEMs carry positive charges fixed on the polymer matrix. They therefore 

exclude cations and are preferentially permeable to anions 
19, 36

. 
 

The homogeneous anion exchange membranes and the cation exchange 

membranes were purchased from Qianqiu Environmental Protection & Water 

Treatment Corporation (China) and their main characteristics are listed in Table 3. The 

effective areas of membrane and electrode were both 88cm
2
. The whole experimental 

set-up was fixed by brackets in stainless steel, which was purchased from Shandong 

Tianwei Membrane Technology Co., Ltd (Shandong, China) 
28

. 
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7 

 

 

Fig. 1 Flow diagram of the experimental setup (a) and ionic species transport in the ED stack with 

the simulated solution (b) (AEM, anion exchange membrane; CEM, cation exchange membrane; 

DS, diluted solution; CS, concentrated solution; ES, electrode solution; P1—pump for ES, P2—

pump for DS, P3—pump for CS; R1—rotameter for ES, R2—rotameter for DS, R3—rotameter 

for CS.) 

 

Table 3 The main characteristics of the ion-exchange membranes 

Membrane Thickness 

(mm) 

Exchange 

capacity 

(meqg
−1

) 

Area resistance 

(Ω cm
2
) 

Selectivity 

(%) 

Heat 

stability 

(≤℃) 

AEM 0.16-0.23 1.8-2.0 5-9 90-95 40 

CEM 0.16-0.23 1.8-2.2 2-5 95-99 40 

 

2.3 Experimental procedure 
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Laboratory-scale tests were mainly performed to investigate the technological 

parameters of the ED process. 5% Sodium sulfate solutions was added to the electrode 

compartment, the diluted compartment and concentrated compartment were fed with 

effluents. Each tank contained 2 L solution and all the solutions had an alkaline pH in 

order to avoid HCN formation. The experiments were performed under room 

temperature. All experiments were conducted in potentiostatic mode. 

The effects of applied voltage, initial concentration and flux rate on the removal 

rate, current efficiency and energy consumption were investigated with simulated 

solution. After the treatment of the simulated solution, the real gold mine effluent was 

treated by ED with the optimized operational parameters. The total time of each 

experimental run was 100 or 140 min. During each run, current was recorded and the 

concentrations of copper and cyanide were measured in the diluted sample.  

The measurement of pH was made with a pH-meter (DELTA 320, Mettle–Toledo 

international incorporated company) using a combined glass electrode. The contents 

of copper and zinc in the solution were determined through the AA320N atomic 

absorption spectrophotometer (Shanghai Precision & Scientific Instrument Co., Ltd.). 

The content of cyanide (total cyanide) was analyzed by distillation and the content of 

free cyanide (CN
-
) was analyzed by titration with silver nitrate 

7
. It is worth 

mentioning that three replicates of each experiment were performed and then their 

average value was reported in order to minimize the experimental errors. The ion 

removal rate, current efficiency and energy consumption were calculated accordingly. 

 

2.4 Data analysis 

The ion removal rate (η ) is calculated as equation (1): 

0

t0

C

CC −
=η  (1) 

where η is the ion removal rate (%), C0 and Ct are the concentration of cyanide (or 

copper) in dilute compartment at time 0 and t(s) (mol/L), respectively. 

The current efficiency (ce %) is given by equation (2): 
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NIt

FV )ZC(C t0ce
−

=                           (2) 

where Ct and C0 are the concentration of free cyanide (CN
-
) in the diluted 

compartment at time t (s) and 0 (mol/L), respectively. Z is the ion’s absolute valence 

(Z=1), and V is the circulated volume of solution in the salt cycle (L). I is the current 

(A), F is the Faraday constant (96,485 A s/mol), and N is the number of stack triplets 

(N=5), and t is the operation time (s). Since the volume change in each compartment 

is negligible during the whole operation, V was fixed at 2 L.  

The energy consumption (E, kwh/m
3
) (not including the energy consumption 

used in driving solution circulation in the different compartments) can be defined by 

equation (3): 

dt
V

UI
E  t

0∫=
                           (3) 

where U is the potential (V), I is the current (A), V is the circulated volume of in the 

salt cycle (0.002 m
3
), and t is the operation time (h). 

 

2.5 Membrane fouling analysis 

According to the methods in the literature 
35

, fouling of ion-exchange membrane 

could be characterized by measuring the membrane resistance and static contact angle, 

using scanning electron microscopy and surface elemental analysis. To measure the 

electrical resistance of ion-exchange membranes, a six compartment cell with a 

four-electrode arrangement was used. The measuring set-up was made from plexiglass 

and consisted of six separate compartments with a solution volume of 2 dm
3 37

. The 

measurement of static contact angle was performed by the sessile drop method 

(DSA100, Germany KRUSS) at 298.15 K with a relative humidity of (30±2)%.
 
The 

SEM (scanning electron microscopy) images and elemental analyses were performed 

with a scanning electron microscopy (S-4800, Hitachi High-Technologies Corporation, 

Japan) and an X-ray energy dispersive spectrometer (EDX) (EMAX 7593H, Horiba, 

Japan), respectively. FTIR (Tensor 27, BRUKER OPTIK GmbH) was employed and 

the spectra were recorded in the range of 400-4000 cm
-1

. 
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3 Results and discussion 

3.1 Current density of ED process on potentiostatic operation mode 
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Fig. 2 The current density across the stack with various voltages (Initial concentration of C2, flux 

rate of 4.17 mL/s) 

Fig. 2 showed the influence of applied voltage on current density over time. For 

certain solution, the current density across the membrane stack was proportional to 

voltage. It is because that the ratio of the irreversible (the voltage drop or energy used 

to overcome the electrical resistance) to reversible contribution to the electric 

potential became larger with increasing current density 
28

. During the initial 70 min 

operation of ED, current density decreased rapidly over time, which was closely 

related to the conductivity of the stack with the constant voltage (including the 

conductivity of the membranes and the DS, CS and ES). The decrease of DS 

concentration resulted in lower conductivity and higher electrical resistance of the 

stack, thus the stack current density was decreased rapidly according to Ohm's law 
38

. 

Then, the current density kept relatively unchanged in the remaining period of ED 

operation (70-100 min) because the equilibrium of ion migration determined the 

constant of total conductivity of DS and CS. 
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3.2 The effects of the ED operation conditions in the circulation experiment 

3.2.1 Effect of applied voltage 

Applied voltage is one of the most important parameters for the removal 

efficiency in potentiostatic mode 
36

. Fig. 3 depicts the removal rates of cyanide and 

copper as a function of operation time under different applied voltage. As expected, 

the removal rate was improved with the increase of voltage due to higher driving 

force (direct current, DC) accompanied with higher voltage. Under a higher voltage, 

ions were faster transferred from the diluted compartment to the concentrated 

compartment through the ion-exchange membrane. When the applied voltage was 45 

V, the removal of cyanide and copper were 99.83% and 99.41%, respectively. After 

100 min, both of the concentrations of copper (0.28 mg/L) and cyanide (0.41 mg/L) in 

DS were below 0.5 mg/L, which can meet the grade one of “the national integrated 

wastewater discharge standards” GB8978-1996 
5
. 
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Fig. 3 The removal rates of cyanide (a) and copper (b) with various applied voltages (Initial 

concentration of C2, flux rate of 4.17 mL/s) 

Fig. 4 shows that the current efficiency of CN
-
 increased sharply from 14.31 % at 

15 V to 21.37 % at 25 V, and then relatively plateaued after 35 V at a level of around 

22 %. According to the Eq. (2), this phenomenon could be attributed to the variation 

of removal rate and current with time. In terms of the energy consumption, it 

increased linearly from 3.72 kwhm
-3

 to 28.47 kwhm
-3

 with the voltage increasing from 

15 V to 45 V. This trend was mainly attributed to that a greater part of the total 

electrical energy was consumed to overcome the electrical resistance as the voltage 
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increased 
23

. As a result, in the view of removal rate, energy consumption and current 

efficiency, 25 V was adopted as the optimal applied voltage for ED process in 

simulated gold mine effluent treatment. 
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Fig. 4 Variation of the energy consumption and current efficiency of CN
-
 with various applied 

voltages (Initial concentration of C2, flux rate of 4.17 mL/s) 

 

3.2.2 Effect of initial concentration 

The effect of the initial concentration of effluents is of great importance in order 

to assess the optimum domain of applicability of the ED process investigated 
39

. In 

order to study the influence of initial concentrations (cyanide and copper), four 

effluents with different concentrations were used in this experiment and their detailed 

compositions are presented in Table 2. Fig. 5 shows that the removal rates of cyanide 

and copper increased with more operational time, and a higher ion removal rate could 

be achieved with a lower initial concentration. Fig.6 shows that higher concentrated 

solution led to higher energy consumption of ED process, which could be attributed to 

that the higher concentrated solution led to higher electrical conductivity of solution 

and lower electrical resistance. According to Ohm's Law 
38

, operating current would 

be higher at a constant voltage, which would result in higher energy consumption in 

accordance with Eq. (3). In terms of the current efficiency, increasing initial 

concentration increases current efficiency of CN
- 
up to a maximum value of 21.37 % 

at initial concentration of C2 (concentration of copper and cyanide were 47 mg/L and 
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242 mg/L) and then decreases it to about 19.86 % for the more concentrated effluent. 

This variation of current efficiency with initial concentration could be also explained 

by the decrease in the electrical resistance of the solutions when increasing 

concentration 
39

. Hence, data in Fig.6 suggested that the enhancement in the migration 

rate was greater than the increase in current intensity on the concentration range C1 to 

C2, and therefore current efficiency increased in accordance with Eq. (2), while the 

situation was reversed for the concentrations higher than C2 investigated here and 

thus resulted in lowering of current efficiency values. 
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Fig. 5 The removal rate of cyanide (a) and copper (b) with various initial concentrations  

(Applied voltage of 25 V, flux rate of 4.17 mL/s) 
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Fig. 6 Variation of the energy consumption and current efficiency of CN
-
 with various initial 

concentrations (Applied voltage of 25 V, flux rate of 4.17 mL/s) 

 

3.2.3 Effect of flux rate 
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Fig. 7 shows that the removal rate of cyanide increased from 66.12 % to 94.21 % 

after 100 minutes’ operation. With the initial increase of the operational flux, the 

removal rate of copper increased as well, with the highest removal rate obtained at 

4.17 mL/s. This could be ascribed to that the increase of flow rate could shorten the 

cycle time and increase the cycle number. The turbulence in compartments would be 

strengthened so that the migration rate of [Cu(CN)4]
3-

, [Cu(CN)3]
2-

and CN
- 
would also 

be increased. As a result the removal rate of cyanide and copper was increased with 

the initial rise of the flux rate. Further increase the flux rate of higher than 4.17 mL/s 

did not significantly improve the removal rate of cyanide and even led to reduced 

removal rate of copper. This phenomenon could be attributed to that over-high flow 

rate would limit the retention time of solution in DC, and some ions in solution were 

taken out of ED stack without penetrating through the membrane. Therefore, the 

removal rate of copper or cyanide wasn’t increasing sustainably as flow rate increased. 

Moreover, the increase of flow rate would raise the hydraulic pressure between 

membranes. It might damage membranes and shorten the membrane life 
39

. At the 

same time, the energy consumption of ED process would also be increased due to the 

energy requirement of higher flux. As a result, in the view of ions removal rate, the 

best flux rate was 4.17 mL/s (Average flow velocity at the membrane water interphase 

1.32 cm/s) for the ED system. 
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Fig. 7 The removal rate of cyanide (a) and copper (b) with various flux rates (Applied voltage of 

25 V, initial concentration of C2) 
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Fig. 8 Variation of the energy consumption and current efficiency of CN
-
 with various flux rates 

(Applied voltage of 25 V, initial concentration of C2) 

As shows in Fig. 8, the energy consumption increased slowly with the flux rate 

increasing from 1.39 mL/s to 4.17 mL/s, while it increased sharply with the flux rate 

increasing from 4.17 mL/s to 5.56 mL/s. This variation of energy consumption was 

closely related to the conductivity of the solutions in compartments with a constant 

voltage. It could be explained by the increase of current intensity as the flux rate 

increased according to Eq. (3). After all, the increased electrical energy was consumed 

as the current intensity increased. The current efficiency of CN
-
 with various flux rates 

was also calculated, which is also presented in Fig. 8. It increased nearly linearly from 

12.99 % at 1.39 mL/s to 21.37 % at 4.17 mL/s but decreased from 21.37 % at 4.17 

mL/s to 19.61 % at 5.56 mL/s. As mentioned above, the ion migration rate was 

closely related to the flux rate. The variation of current efficiency can be ascribed to 

that the migration rate of CN
- 

increased with the initial rise of the flux rate but 

decreased with the continuing increase of flow rate. On the other hand, according to 

Eq. (1) and Eq. (2), the increase of removal rate (η) of CN
- 
could lead to an increase of 

current efficiency of CN
- 
with the constant value of C0, Z, N, V, F and t. Therefore, the 

variation trend of current efficiency of CN
- 
with various flux rates was similar to that 

of removal rate. For our simulated solution, the optimized operational parameters 

were voltage of 25 V, initial concentration of C2 (concentration of copper and cyanide 

were 47 mg/L and 242 mg/L), and flux rate of 4.17 mL/s with the removal rate of 
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94.21 % (cyanide) and 91.72 % (copper). 

 

3.3 The removal of cyanide and copper from gold mine effluent 

After the optimization of the ED parameters with simulated solution, the real 

gold mine effluent was also treated by applying the optimized parameters (voltage of 

25 V and flux rate of 4.17 mL/s). In addition to copper, zinc is also a toxic heavy 

metal and presented in the gold mine effluent, thus the content of zinc in the samples 

was determined and the removal rate was calculated. The results were represented in 

Table 4. On the other hand, in order to lower the concentrations of copper and cyanide, 

the voltage of 45 V was applied in the ED process, and the results were represented in 

Table 5. Due to the higher current flowing through the ED stack, the energy 

consumption values obtained from the experiments performed with the gold mine 

effluent were higher than that of simulated solution. This could be explained by the 

presence of salts, and especially sodium cyanide, which was used excessively in the 

process of gold extraction 
18

. 

It could also be seen from the table 4 and 5 that the removal rate of copper was 

close to that of zinc, whereas the removal rate of cyanide was higher than that of 

copper or zinc. The reason was that the [Cu(CN)4]
3-

, [Cu(CN)3]
2-

 or [Zn(CN)4]
3- 

was 

more voluminous than CN
-
, which indicated that it was more difficult to transport 

larger ions through the anion exchange membrane 
24

. When the real gold mine 

effluent was tested, current efficiency of CN
-
 decreased, and longer time was required 

for the same removal rates of ion. In terms of cyanide, with simulated solution, the 

removal rate of 93.0 % was achieved after 80 min with energy consumption of 9.35 

kwhm
-3

, whereas with the gold mine effluent, the removal rate of 93.0 % was 

achieved after 140 min with energy consumption of 17.88 kwhm
-3

. The reason should 

be associated to the competition between the much more anions which presented in 

real gold mine effluent ([Cu(CN)4]
3-

, [Cu(CN)3]
2-

, [Zn(CN)4]
3-

, CN
-
, Cl

-
, etc.)

 25
 Still, 

the concentrations of copper (0.44 mg/L), cyanide (0.48 mg/L) and zinc (0.34 mg/L) 

in treated effluent were all below the regulatory limits (copper, cyanide ＜0.5 mg/L, 
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zinc ＜2.0 mg/L)
 5

. The highest removal rates were 99.80 %, 99.07 % and 98.90 %, 

respectively. Another point should be noted that the removal rates of cyanide and 

copper in this work were higher than that in similar research (cyanide 93.3 %, copper 

93.9 %) 
8, 27

. Thus, the results could verify the feasibility of the removal copper and 

cyanide in gold mine effluent by using the ED technique. The removal rate of cyanide 

and metals has been improved after conditions optimization. 

 

Table 4 Performance of ED in real gold mine effluent (25V) 

Time 

(min) 

Current 

(A) 

Removal rate 

of cyanide (%) 

Removal rate  

of copper (%) 

Removal rate  

of zinc (%) 

Current efficiency 

of CN
-
 (%) 

Energy consumption 

(kwhm
-3

) 

0 1.73 0 0 0 0 0 

20 1.04 32.14 22.00 19.45 6.50 5.77 

40 0.74 53.94 38.54 36.37 7.67 9.48 

60 0.52 71.49 55.82 57.28 9.64 12.10 

80 0.41 82.35 68.18 67.33 10.56 14.04 

100 0.34 88.44 80.34 78.51 10.94 15.60 

120 0.27 91.02 85.67 86.18 11.82 16.88 

140 0.21 93.22 91.00 91.50 13.34 17.88 

Table 5  

Performance of ED in real gold mine effluent (45V) 

Time 

(min) 

Current 

(A) 

Removal rate  

of cyanide (%) 

Removal rate  

of copper (%) 

Removal rate  

of zinc (%) 

Current efficiency  

of CN
-
 (%) 

Energy consumption 

(kwhm
-3

) 

0 2.76 0 0 0 0 0 

20 1.37 55.12 42.55 43.80 8.46 15.49 

40 0.83 73.96 65.91 68.26 9.37 23.74 

60 0.55 87.05 79.53 79.50 11.10 28.91 

80 0.36 94.16 89.63 92.11 13.75 32.33 

100 0.24 96.73 95.04 94.07 16.95 34.58 

120 0.21 98.94 97.51 96.95 16.52 36.26 

140 0.20 99.80 99.07 98.90 14.99 37.80 

 

3.4 Ion-exchange membranes fouling analysis 

It is well known in ED that the precipitation on ion-exchange membranes can be 

a consequence of operating above the limiting current density 
24

. In this case water 

could be dissociated in H
+
 and OH

-
 ions, which might cause changes in the pH of the 

boundary layer formed in the membrane/solution interface, leading to a local change 

Page 17 of 28 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



18 

in the characteristics of the ionic species presented in the solution. Insoluble 

compounds can be formed and then precipitated on the ion-exchange membrane 
25

. In 

order to understand the membrane fouling behavior during the gold mine effluent ED 

treatment process, experiments were carried out with following parameters: for test 1, 

with the voltage of 25 V and the flux rate of 4.17 mL/s, the sodium hydroxide was 

added to adjust the pH of DS to alkaline range 9-10 during ED process. For test 2, 

with the voltage of 25 V and the flux rate of 4.17 mL/s, and without pH adjustment, 

pH of DS in the late process changed from 9.89 to 7.02, and even 3.57. 

3.4.1 Analysis by FTIR 

The FTIR spectrum of the original and used membranes is presented in Fig. 9. 

Compared with the FTIR spectrum of original membrane (spectrum a-1), the 

absorption band at 2174 cm
-1

 (spectrum a-2) and 2175 cm
-1

 (spectrum a-3) could be 

attributed to the presence of CuCN, the absorption band at 2099 cm
-1

 (spectrum a-2) 

and 2098 cm
-1

 (spectrum a-3) could be attributed to the presence of [Cu(CN)3]
2- 2, 40-41

. 

The two peaks in spectrum a-3 are much stronger. Besides, the absorption bands at 

3571 cm
-1

 and 686 cm
-1

 arise from stretching and bending vibrations of bulk OH 

groups of Cu(OH)2, strongly suggesting the presence of Cu(OH)2 on the surface of 

AEM a-3
 42-43

. Metal–oxygen characteristic bands are typically observed in an interval 

from 600 cm
-1

 to 400 cm
-1

. A band at 445 cm
-1

 and a shoulder at around 500 cm
-1

 can 

be due to Zn-O and Zn-OH lattice vibrations
44-47

. In addition, the absorption band at 

1617 cm
-1

 (HOH bending) and the broad bands around 3400 cm 
-1

 (O-H stretching) 

are assigned to both OH group of the precipitations and water molecules absorbed 

from air 
41, 43, 48

. 

Page 18 of 28RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



19 

4000 3500 3000 2000 1500 1000 500

494

445

a-3

a-2

a-1

2099
2174

T
h
a
n
sm

it
ta
n
c
e

686

2098
2175

Wave numbers/(cm
-1
)

3571

 

Fig. 9 the FTIR spectra of the original AEM (a-1), the used AEM (a-2) in test 1, the used AEM 

(a-3) in test 2 

3.4.2 Analysis by SEM-EDX 

In order to further understand fouling compositions and surface morphologies of 

membranes, samples including original membranes, and used membranes in two tests 

were analyzed by SEM-EDX. The SEM images are shown in Fig.9. It could be clearly 

seen that the surface morphologies of AEMs and CEMs were distinctly different. 

Compared to AEMs, the surfaces of CEMs were smooth and no obvious fouling was 

found (Fig. 9 (b)). However, the surfaces of AEMs were rough with crevices, and 

membrane fouling was more likely to happen as shown in Fig.9 (a). In terms of AEMs, 

the precipitation was observed clearly on the surface of a-3 (test 2), which was much 

more than that on the surface of a-2 (test 2). 
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Fig. 10 SEM images (original magnification, 5000＊) of the original AEM (a-1), the used AEM 

(a-2) in test 1, the used AEM (a-3) in test 2; the original CEM (b-1), and the used CEM (b-2) in 

test 1, the used CEM (b-3) in test 2. 

The results of elemental analysis are presented in table 6. It was observed that 

the surface of the original AEM a-1 is consisted of two elements: carbon (C) and 

oxygen (O). Compared with a-1, the used AEM a-2 has a decrease in C contents but 

there are 2.3 % of Cu and 3.01 % of N in its surface indicating precipitation occurred.  

This phenomenon is in agreement with the present of CuCN and [Cu(CN)3]
2-

, which 

has been proven via FTIR spectrum. On the other hand, the used AEM a-2 has even 

more decrease in C content and a large amount of Cu, the contents of O and N also 

increase on the surface of a-3. This can be ascribed to the increase of CuCN and 

[Cu(CN)3]
2-

 and the present of Cu(OH)2, which has been mentioned in the results of 

a-1 

a-2 

a-3 

b-1 

b-2 

b-3 
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molecular analysis (FTIR). In addition to the increase of O, N and Cu, the increase of 

Zn and the present of Fe, Na, and Cl also resulted in the decrease of C percent.  

According to literature 13, 31, and 49,
 
the copper cyanide complex might be 

destructed and subsequent formed on the electrode and membranes surface of 

CuOOH (Eq. 4-1), which could change into Cu(OH)2 and/or CuO species (Eq. 4-2).  

 [Cu(CN)n]
1- n

 + 2H2O ⟺ CuOOH + 3H
+
 + nCN

-
 + 2e

-  
       (4-1) 

CuOOH + e
- 

 ⇆ Cu(OH)2 + CuO                    (4-2) 

Combined with the results of molecular analysis (FTIR), the specie presented on 

membrane (a-3) surface was Cu(OH)2. In addition to copper and cyanide, zinc and 

cyanide were mainly present in the forms of [Zn(CN)4]
3-

 in the gold mine effluent as 

mentioned above. There is equilibrium between compounds with cyanide and 

hydroxyl as it can be seen in the reaction below (Eq. 5) 
50

:  

[Zn(CN)4]
2- 

+ 4OH
-
 ⟺ [Zn(OH)4]

2-
 + 4CN

-
 

 
        (5) 

This demonstrated that Zn could present in the forms of zinc cyanide or zinc 

hydroxide on the surface of membrane. Combined with the existence of Zn-O and 

Zn-OH characteristic bands in FTIR spectrum, It was obvious that Zn(OH)2 exist in 

the precipitation (a-3). 

Table 6  

The elemental analysis (expressed as atomic percentage %) of AEMs 

Membrane 
Atomic percentage (%) 

C O N Cu Zn Fe Na Cl 

a-1 90.32 9.68       

a-2 83.88 9.98 3.01 2.34 0.79    

a-3 49.63 15.59 13.82 15.47 3.46 1.38 0.36 0.29 

 

3.4.3 Analysis by membrane resistance and static contact angle 

The membrane resistance and static contact angle were also measured before and 

after the experiments, and the results are shown in Table 7. Compared to Original 

membranes (a-1 and b-1), no significant increase of membrane resistance was 

observed from the used CEMs (b-2 and b-3) and AEM a-2, whereas the membrane 

resistance of a-3 increased obviously. This phenomenon suggested that there was 
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more fouling on the surface of a-3 
28-29

. On the other hand, in comparison to a-1, the 

significant decrease of static contact angle only observed from a-3, the static contact 

angle of a-2 decreased slightly. The result was in agreement with that of membrane 

resistance and demonstrated that the ion-exchange membranes fouling of AEM can be 

decreased significantly via pH adjustment, which has been proven in the results of 

FTIR and SEM-EDX. 

Table 7  

Membrane resistance and contact angle of membranes in experiment 

Project Original Test 1 Test 2 

AEM (a-1) CEM (b-1) AEM (a-2) CEM (b-2) AEM (a-3) CEM (b-3) 

Membrane resistance (Ωcm-2) 5.78 3.67 5.82 3.73 6.12 3.77 

Static Contact angle (◦) 64.05-66.56 60.90-62.28 61.21-63.17 58.12-60.87 33.04-41.35 56.91-64.13 

 

4. Feasibility analysis 

ED has proven to be an efficient technology for many industrial applications. In 

this research, the removal rates of cyanide (99.80 %) and copper (99.07 %) has been 

improved and were higher than that in similar research 
8, 27

. The concentration of 

copper (0.28 mg/L) and cyanide (0.41 mg/L) in the treated effluent were below the 

regulatory discharge limits (＜0.5 mg/L). In addition, the ion-exchange membrane 

fouling can be controlled to a minimum with pH adjustment. Generally, the capital 

and operating costs of an ED plant depend strongly on the quality of feed and product 

water, the total membrane area, the plant capacity, the site characteristics, the prices 

for membranes, and other plant components and their useful life under operating 

conditions so it is difficult to analyse and to compare the costs of electrodialysis and 

other methods 
51-52

. However, many industrial applications and studies have proven 

the economic feasibility of ED in many cases 
19-21

. The ion-exchange membranes, 

electrodes and spacers are easy to get and the cost of them is becoming more 

inexpensive along with the development of related technologies
19, 22-23

. Therefore, ED 

is worth to be studied and used for the treatment of gold mine effluent. At least it can 

be used as a complementary method in some cases. 

This method has advantages such as little chemicals consumptions or no sludge 
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problems. However, the experiment was carried out without considering the further 

treatment of CS. In addition to the application mentioned above for the treatment of 

gold mine effluent, the operation cost of this method could be further reduced by 

reusing the useful ingredients in CS. Thus, it was indispensable for further study to 

recover the cyanide and metals in concentrated gold mine effluent. 

 

5 Conclusions 

In the present work, ED was proposed for the treatment of simulated and real 

gold mine effluents. The effects of applied voltage, initial concentration, and flux rate 

on ED performance were investigated. The results showed that increasing flow rate 

and initial concentration increased current efficiency to a maximum value and further 

increasing decreased it. The increases of removal rate and current efficiency were fast 

firstly and then slow with applied voltage increasing from 15 to 45 V. It was found out 

that the removal rates of cyanide and copper has been improved after optimization of 

the conditions. Then, the lowest concentration of copper and cyanide in the treated 

effluent were below the regulatory discharge limits. Therefore, the results could verify 

the feasibility of the removal copper and cyanide in gold mine effluent by using the 

ED technique. In addition, ion-exchange membrane fouling was studied and the 

results showed The results showed the presences of CuCN, [Cu(CN)3]
2-

, Cu(OH)2, 

and Zn(OH)2 in precipitations, and the ion-exchange membrane fouling of AEM can 

be decreased significantly via pH adjustment. This research provides a new insight 

into the removal of copper and cyanide from gold mine effluent. 
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Fig. 1 Flow diagram of the experimental setup (a) and ionic species transport in the ED stack with 

the simulated solution (b) (AEM, anion exchange membrane; CEM, cation exchange membrane; 

DS, diluted solution; CS, concentrated solution; ES, electrode solution; P1—pump for ES, P2—

pump for DS, P3—pump for CS; R1—rotameter for ES, R2—rotameter for DS, R3—rotameter 

for CS.) 
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