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ABSTRACT 

 
In this study, the effects of initial pH (3, 5, 7, 9) and current density (25, 50, 75, 100, 125, 150, 175, 
200 A/m

2
) on the removal of Al

3+
, Co

2+
, Cr

6+
 and Zn

2+
ions from metal processing wastewater by 

electrocoagulation method were examined. Iron and stainless steel electrodes were used as anode and 
cathode materials. All of the removal efficiencies were insignificant at the initial pH value of 1.32 . As 
the initial pH values were increased the removal efficiencies increased in all stages of the experiments. 

With increasing the pH from 3 to 9, removal efficiencies increased from 67.4% to 99.2% for Al, from 
18.1% to 99.7% for Co, and from 36.6% to 99.9% for Zn, while removal efficiencies for Cr were over 
99% for each pH. Although the inital concentration of Co was relatively low, it was only removed 
with over 99% efficiency at long electrocoagulation times or at relatively high final pH values. A 
similar trend was determined for Zn, but this case was explained by a relatively high concentration of 
Zn. While the maximum removal efficiency was achieved with a current density of 50 A/m

2
 for Cr, 

the efficiency increases were more obvious with increasing current density for Al, Co, and Zn.   
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1. INTRODUCTION 

 

Most of the metals such as aluminium, cobalt, chromium, and zinc are toxic or carcinogenic and cause 
toxic effects. Therefore, it is very important to treat metal-containing wastewaters before discharging 
into receiving environments.The most used heavy metal removal from wastewaters containing metal 
ions is precipitation with Ca(OH)2, NaOH, and coagulation with FeSO4 or Al2(SO4)3 compounds 
[1,2,3,4]. Other technologies include chemical precipitation [5], ion-exchange [6], adsorption [7], 
biosorption [8] membrane filtration [9], coagulation-flocculation [3], flotation [10] and 

electrocoagulation (EC) [4,11]. Although chemical precipitation of these methods seems appropriate 
in terms of applicability, it produces a large amount of sludge [12]. The electrocoagulation method is 
more economical because of low sludge production [11]. EC is a method that can be easily applied 
without the need for additional chemicals [13,14,15]. The fact that the sludge flocs formed in this 
method are relatively large, contain less bound water, and are stable, allowing them to be separated 
easily by filtration [16-18]. Also, it is known that sludge flocs formed in this method are effective in 
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removing the smallest colloidal particles. In most of the studies reported in the literature [11,19-24] 

except that of Heidmann and Calmano [25], the metal concentrations in their wastewaters were 
relatively low.  
 
Unlike these studies, the wastewater used in the present study contained Zn in high concentrations. In 
this context, this paper deals with the mechanisms influencing heavy metal removal performance from 
original real wastewater by electrocoagulation method. It was studied the effects of initial pH and 

current density on the removal of Al, Co, Cr, and Zn.  
 
2. MATERIALS AND METHODS 

 

2.1. Wastewater characterization 

The wastewater samples were collected from an aluminum-zinc metal processing facility located in 

Sinop city. In this facility, using the alloy obtained by adding aluminum and copper to pure zinc, the 
production of the door handle, window handle, decorative aluminum products (Furniture and Table 
Leg, etc.), hinges, fittings, and auxiliary accessories are carried out. Using the electro galvanizing 
method, the materials produced are subjected to zinc and chromate coating to prevent corrosion that 
may occur on product surfaces. The annual consumption of aluminum and its alloys are 7891 tons. 
The amount of wastewater consisting of metal coating effluents is 83 m

3
 per day. Wastewater samples 

were collected from this facility and filtered through a coarse filter to separate the soluble solids 
before use in experiments. The composition of the wastewater is presented in Table 1. It is pointed out 
that very high zinc concentration in wastewater characterization was due to zinc solutions used 
extensively in the facility. 
 
Table 1. Composition of the wastewater. 

 
 
 
 

 

 

 

 

 

 

2.2. Experimental apparatus and procedure 

The experiments were carried out in an 8.95 x 8.95 x 8.85 cm (width x length x depth) plexiglass 

reactor. EC experiments were evaluated for 30 minutes of electrolysis time. As the anode and the 
cathode, iron and stainless steel electrodes of rectangular shape with 4.5 cm width x 5.7 cm length x 
0.3 cm thickness were used in all experiments. The EC reactor, which contained 3 anodes and 3 
cathodes connected in monopolar parallel with a total active anode surface area of 148.60 cm

2
, was 

connected to a direct current power source (GW GPC-3060D DC Power Supply 0-30 V, 0-6 A), 
which was operated at a galvanostatic mode. In other words, even if the resistance against the current 

changed, constant current flow was provided in all conditions. pH and conductivity measurements 
were made with a Thermo Scientific Orion 4-Star Plus Portable pH/Conductivity Meter. The 
experiments were carried out with 600 mL of wastewater at 200 rpm mixing speed. The metal oxide 
layers formed on the anode and cathode surfaces during the experiments were cleaned with 

Characteristics    Value 

Al  (mg/L)    29.33 
Co (mg/L)    37.72 
Cr  (mg/L)    64.89 
Zn  (mg/L)    2385.9 

Suspended solids (g/L)        6.36 
pH    1.32 
Conductivity (mS/cm)    75.2 
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hydrochloric acid (37% HCl) and dried at 110 °C for 30 minutes. Metal analysis in treated wastewater 

samples taken at 5 mL periodically was performed using inductively coupled plasma optical emission 
spectroscopy (Perkin ELMER ICP-OES, Optima 7000 DV) according to the standard methods for the 
examination of water and wastewater [26]. Wastewater was used in all experiments in original 
conductivity (75.2 mS/cm) to prevent current resistance, which was enough for transferring the 
electrons from the anode, without the addition of electrolyte was made [4]. Although the effects of 
experimental parameters were determined without optimization, at the end of the experimental studies, 

by using the optimum experimental values obtained for each experimental stage, the maximum 
achievable removal efficiencies were determined with electrical energy consumptions.   
 

2.2.1. Calculations 

In the EC reactor, the anode and the electrical energy consumption were calculated according to 
Faraday’s law [27] and (Eq. 1) to the mathematical expression [28] given in Eq. (2), respectively. 

 

m=
I.t.M

z.F.V
             (1)

          
where m is the amount of the dissolved anode material (g), I is the current (A), t is the electrolysis 

time (s), M is the molar mass of aluminum and iron (g/mol), z is the number of electron transfer, F 
is the Faraday's constant (96,485.34 As/mol), and V is the volume of wastewater (m

3
) 

 

E =
I.t.U

V
              (2)

        
Where E is the electrical energy consumption, I is the current (A), t is the electrolysis time (s), U is a 
voltage (v), V is the volume of wastewater (m

3
). 

 

3. RESULTS AND DISCUSSION 

 

3.1. Effect of pH 

pH is a very effective operating parameter in removing pollutants in EC systems [22]. The initial pH 
values ranging from 1.32 (original) to 9 were studied under constant experimental conditions (current 
density: 100 A/m

2
, stirring speed: 200 rpm, inter-electrode gap: 0.6 cm) as shown in Fig (1-4). After 

30 minutes of EC, the removal efficiencies of Al, Co, Cr, and Zn were insignificant at an initial pH of 
1.32. Fig. 5 shows the variations in final pH values concerning their initial values. 
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Figure 1. Effect of initial pH on Al removal efficiency. 

 
 
 
 
 
 

 
 
 
 
 
 

Figure 2. Effect of initial pH on Co removal efficiency. 
 

 
 
 
 

 
 
 
 
 
 

 
 
 

Figure 3. Effect of initial pH on Cr removal efficiency. 
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Figure 4. Effect of initial pH on Zn removal efficiency. 
 

Figure 5. Variations of the final pH values at the end of electrolysis time. 
 

With the increase of the initial pH to 3, a maximum of 99.6% Cr removal was achieved in 20 minutes 
of electrolysis time, while the maximum removal of Al, Co, and Zn was 68.2%, 19.6%, and 36.6%, 
respectively. The highest pH increase rate was determined at an initial pH of 3, and the final pH 
achieved to 6.14 after 30 min of electrolysis time. These fast increases in pH were attributed to the 
occurred hydroxyl ions at the cathode, which increases the ambient pH until consumed by the Fe

2+
 

ions formed at the anode [27]. At an initial pH of 5, over 99% Cr removals were obtained at all times 

of the EC while the removal efficiencies of Al, Co, and Zn were 93.5-99.3%, 23-68%, and 31-95.2% 
were achieved at electrolysis times ranging from 2.5 to 30, respectively. At an initial pH of 7, by 
increasing the electrolysis time from 2.5 to 30 minutes, the removal efficiencies increased from 37.9 
to 99.1% for Al, from 31% to 94.5 for Co, from 99.6 to 99.7% Cr, and from 27.8 to 98.8% for Zn with 
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electrolysis time, respectively. At the initial pH of 9, all of the metal ions were removed over 99% 

over the entire EC period. At high pH, the removal of the high initial concentration of Zn with high 
efficiency indicates that the hydroxide precipitation was dominant [4). Long electrolysis times were 
required for Zn removal at high concentrations. This result was also observed by Chen et al. [28]. 
Particularly in Zn removal, it was understood that specific adsorption on Fe(OH)n flocs was effective 
in combination with the hydroxide precipitation of Zn ions. The removal of Zn ions over 99% at all 
electrolysis times for the first 2.5-30 minutes can be attributed to the change in the final pH between 

9.1 and 10.14 in this period time since the precipitation of Zn (OH)2 is significant at pH 8.6 [29]. 
Providing high removal efficiencies at high pH indicated that metal ions were removed by 
precipitation, mainly in the form of their hydroxides [19]. It was found that the initial pH and final pH 
(Fig. 5) values were high enough for the metal removal, especially for Co ions. The removal of Co at 
efficiencies of over 99% at an initial pH of only 9 can be explained by the precipitation in the form of 
hydroxides of Co ions at final pH values of 8 to 9. Fe(OH)2 or/and Fe(OH)3  flocs in the EC cell were 

found not to be significantly effective at lower initial or final pH values when removing Co at close to 
an efficiency of 100%. As the time of EC increased, significant increases in the removal efficiencies 
were observed at pH of 7 for Al, Co, and Zn, pH of 3 for Cr. With the increase of electrolysis time 
from 2.5 to 30 minutes, the removal rates of Al, Co, and Zn were up from 37.9% to 99.1%, 31.5% to 
94.5%, and 27.8% to 98.8% respectively, at pH 7, while the Cr removal increased from 46% to 99.6% 
at pH 3. In varied times of EC between 2.5 to 30 minutes the electrical energy consumptions for initial 

pH values of 3, 5, 7 and 9 were 0.154-1.973, 0.154-1.850, 0.164-1.973 and 0.175-2.220 kWh/m
3
. 

Anode consumption increased from 0.107 to 1.285 kg/m
3
 by Faraday's law, with the EC period 

increasing from 2.5 to 30 minutes. The electrical conductivity values decreased from 75 to 38.9 
mS/cm at initial pH values ranging from 3-9 after 30 minutes of electrolysis time. In varying times 
between 2.5-30 minutes of EC, the final pH values for initial pH values of 3, 5 , 7, and 9 varied 
between 3.99-6.14, 5.10-6.56, 6.89-7.23, and 9.10-10.34. 

 

3.2. Effect of current density 
The current density directly affects the formation of coagulant formation rate, bubble size , and large 
flocs that provide removal of pollutants [12]. To determine the effect of current density on the 
removal of Al, Co, Cr, and Zn ions a series of experiments were carried out with the current density 
ranging from 50 to 200 A/m

2
 under constant experimental conditions (pH: 3, stirring speed: 200 rpm, 

inter-electrode gap: 0.6 cm). The effects of current densities on the metal removal efficiency are given 
in Fig. 6-9 as a function of the electrolysis time. The final pH values are shown in Fig. 10. 
 
 
 
 

 
 
 
 
 
 

 
 

 

Figure 6. Effect of current density on Al removal efficiency. 
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Figure 7. Effect of current density on Co removal efficiency. 

 
 
 
 
 
 

 
 
 
 
 
 

Figure 8. Effect of current density on Cr removal efficiency. 
 

 
 
 
 

 
 
 
 
 
 

 
Figure 9. Effect of current density on Zn removal efficiency. 

 
As shown in Fig. 6-9, as the current density increased, the metal removal efficiencies increased for all 
electrolysis times. After 30 minutes of EC exposure with increasing current density from 25 A/m

2
 to 

200 A/m
2
, the removal efficiencies increased from 0.0% to 99.3% for Al, from 11% to 53% for Co, 

from 44.2% to 99.7% for Cr and from 0.0% to 73.5% for Zn. As shown in Fig. 6-9, sudden increases 
in the removal of Al, Cr, and Zn were observed after 30 minutes of EC exposure with increasing 
current density from 25 A/m

2
 to 50 A/m

2
.  Al was removed above 99% at 150 A/m

2
  and Cr was also 

removed above 99% at 50 A/m
2
.  There were no significant changes in Cr removal efficiencies 
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obtained for different current densities ranging from 25-200 A/m
2
 after 30 minutes of EC. The effect 

of current density on the removal of ions other than Co was higher. Co and Zn reached their 
maximums of 53% and 73.5% at 200 A/m

2
 respectively and at 5.920 kWh/m

3
 and 2.570 kg/m

3
 after 

30 minutes of EC, respectively. As can be seen in Fig. 7 and Fig. 9, at initial pH 3, the high removal 
of Co and Zn could not be achieved at any current density. Because the fixed initial pH value of 3 
increased between 25 and 200 A/m

2
, in 150 A/m

2
 and increased to a maximum value of 6.65 after 20 

minutes of EC. This pH value was not sufficient to precipitate in the form of Co and Zn hydroxides. 

Thus, the high initial concentration of Zn (2385.9 mg/L) in the wastewater caused low Zn removal. 
Also, it was concluded that the iron hydroxide flocs formed in the EC cell were not significantly 
effective for the removal of Co and Zn in high concentrations, and low removal efficiencies were due 
to the relatively low final pH values achieved after 30 minutes of EC.  

Figure 10. Variations of the final pH values at the end of electrolysis times. 

 
Fig. 10 shows the change of final pH values with current densities as a function of the electrolysis 
time. The final pH values also increased with increasing the current density from 25 to 100 A/m

2
. The 

final pH changes after 100 A/m
2
 were insignificant. In 25, 50, 75, 100 A/m

2
, the initial pH values 

increased to 3.72, 5.17, 5.58 and 6.14, while in 125, 150, 175 and 200 A/m
2
 had it on 6.21, 6.14, 6.12 

and 5.99. The amount of anodes consumed at current densities ranging from 25 to 200 A/m
2
 was 

calculated as 0.321, 0.422, 0.964, 1.285, 1.606, 1.927, 2.249, and 2.570 kg/m
3
 after 30 minutes of EC 

period according to the Faraday law (Eq. 1) The initial electrical conductivity values of 39.2 mS/cm at 
pH 3 varied from 38-39 mS/cm at current densities of 25-200 A/m

2
.  It was observed that the high 

initial conductivity values of the wastewater did not affect the increase in the amount of flocs that 
formed due to the increases in the current densities. 

 

4.CONCLUSION 

 
The removal efficiency of metal ions from real wastewater was directly dependent on the initial pH 
and current density. The obtained experimental results revealed that initial wastewater pH was a 
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much more effective parameter on the removal efficiencies of metal ions when compared to applied 

current density into electrodes in the reactor. Despite its low concentration in wastewater, it was 
difficult to remove cobalt ions efficiently except for the relatively high final pH of the wastewater, 
which was due to increased hydroxyl ions with increasing electrolysis time. This means that cobalt 
ions were mainly removed by its hydroxide precipitation. It was concluded that it is much more 
important to provide sufficient electrolysis time rather than high current densities for achieving high 
removal efficiencies. Also, the EC method can be used efficiently and economically in the treatment 

of real metal processing wastewaters containing very high concentrations of metal ions as long as 
sufficient electrolysis time is provided. 
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