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A B S T R A C T 

This study delves into electrocoagulation for removing copper and cadmium from synthetic water, exploring 

both individual and binary removal. Employing the Box‒Behnken design method, the research fine-tuned 

process operating factors including current density (10 to 50 mA/cm2), starting pH (3 to 7), and metal ion 

concentration (100 to 300 ppm). Optimal conditions for single-element systems yielded 99.02% copper 

removal (pH value of 5.63, current density value of 50 Am-2, copper concentration 100 ppm) and 98.45% 

cadmium removal (pH 6.15, current density 50 A/m2, cadmium concentration 124 ppm). Findings 

underscored the substantial current density impact on removal efficiency, surpassing the effect of pH and 

metal ion concentration. Notably, the current played a more pivotal role in cadmium removal than in copper 

removal. A robust R2 analysis of variance (98.85% for Cu and 99.50% for Cd) confirmed the satisfactory 

agreement between the second-order regression model and the experimental data, affirming the optimization 

validity of the electrocoagulation process. In binary systems, copper presence hindered cadmium removal, 

reducing efficiency from 63.63% to 50.91%. Conversely, the inhibitory effect on copper removal was 

comparatively lower due to copper's stronger selectivity towards Al(OH)3. 

© 2024 University of Al-Qadisiyah. All rights reserved.    

1.  Introduction 

       The electroplating industry generates various industrial effluents that 

contain large quantities of metal ions, including cadmium, lead, chromium, 

zinc, nickel, and copper. Wastewater containing heavy metals is considered 

a major concern owing to its nonbiodegradability characteristics as well as 

the higher toxicity of these heavy metals in addition to being carcinogenic 

[1, 2]. In plating processes, only 30-40% of all metals were used in plating 

the articles. The rest would be discharged as rinsing water during the plating 

process to the environment. According to international environmental 

standards, electroplating rinsing water can contain up to 103 mgL-1 of 

harmful heavy metals, which must be kept under control to an allowed level 

before being released into the environment [3]. 

 

There are several approaches, including ion exchange, adsorption, chemical 

coagulation, and chemical precipitation, for removing heavy metals from 

wastewater [4-9]. Nonetheless, these techniques each have their own 

drawbacks. Pretreatment of the adsorbents is necessary for the adsorption 

process and long-term processing. Byproducts of chemical processing, 

coagulation, and precipitation are produced in large amounts and have 

adverse effects on the ecosystem. Ion exchange is thought to be costly and 

necessitates significant maintenance costs[10]. Compared with the above 

methods, electrocoagulation (EC) was shown to be one of the best 

techniques for removing heavy metals [11-18]. Since coagulants are 

naturally formed during the EC process, heavy metals can be eliminated at 

considerable rates without the need for chemical additions [19].  
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When current is supplied within the aqueous medium, oxidation occurs at 

the anode while reduction occurs on the cathode side, [20]. Metal hydro-

oxides are created when the metal ions formed at the anode hydrolyser in 

the solution and function as coagulants to facilitate the removal of heavy 

metals. In the electrocoagulation process with an aluminum anode, the main 

reactions occurring at the electrode area are [21]: 

At the anode: 

 

(𝐴𝑙)(𝑠) → 𝐴𝑙(𝑎𝑞)
3+ + 3𝑒−                                                                       (1) 

2𝐻2𝑂 → 𝑂2(𝑔) + 5𝐻+ + 5𝑒−                                                                    (2) 

 

At the cathode: 

2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻−                                                     (3)   

 

In solution  

𝐴𝑙3+ + 3𝑂𝐻− → 𝐴𝑙(𝑂𝐻)3(𝑠)                                                                     (4) 

 

Landfill leachate [22], textile [23], tannery [24], municipal [25], restaurant 

[26], pharmaceutical [27], and petroleum refinery wastewaters [28] are 

industrial effluents that have been effectively treated with EC in recent 

years. RSMs are mathematical and statistical techniques that are utilized to 

assess the impact of process parameters and establish the ideal 

circumstances for a certain response [29]. Regression statistical analysis is 

used in this method to identify the model that minimizes residual 

differences. Earlier optimization methods required several runs to enhance 

the process parameters, which increased the cost and duration of the trials. 

As a result, the process parameters are optimized using the RSM and the 

input and output models. There are several studies on the removal of Cu 

and Cd in combination with EC [30-36]. However, eliminating copper and 

cadmium in wastewater using EC and the RSM tool is not the subject of 

any published research papers. The goals of this work were to use the Box‒

Behnken design (BBD) of RSM to optimize the EC process parameters 

including current density, beginning pH, and metal ion concentration at the 

onset for eliminating copper and cadmium separately from simulated 

wastewater. Then based on the BBD outcomes, the effect of the weight 

percent of the binary system (Cd-Cu) on the concurrent elimination 

efficiency of heavy metals was investigated. 

2. Materials and methods 

A rectangular Perspex glass electrochemical reactor with a volume of 1250 

mL (0.12 m wide × 0.12 m long × 0.12 m high) including a Perspex cover 

(0.15 m × 0.15 m × 0.028 m), was utilized in the EC runs. The lid has slits 

and holes for holding the electrodes and inserting the pH device probe or 

conductivity device probe respectively. Three stainless steel plates were 

used as cathodes in the electrochemical reactor's parallel plate design of the 

electrochemical reactor of (0.13 × 0.08 × 0.003 𝑚) and double aluminum 

plates operating as anodes with the same demotions were used.  

 

The gap between electrodes was maintained at 0.015 m. A power supply 

(digital type) (UNI-T- UTP3315PF) was utilized to provide a constant 

current during the operation of the run. One liter of distilled water was put 

in a 1 L beaker, and the required amount of heavy metals, such as CdCl2 or 

CuCl2 was added. Then Na2SO4  and  KCl were added as supporting 

electrolytes at concentrations of 0.05 M and 0.013 M respectively to 

increase the conductivity and prevent the formation of deposits on the 

cathode surface hence lowering the cell voltage    [33] . The solution was 

stirred with a magnetic mixer to ensure suitable stirring and then placed in 

the geometry body. The electrodes were connected to the power supply in 

a parallel configuration. This configuration was chosen because it can 

efficiently deliver the necessary levels of electrical conductivity and current 

dispersion in the electrolyte solution. All runs were performed for 60 min 

at a fixed temperature of 25 ±2°C utilizing a water bath type (Memmert, 

WNB22, Germany). Fig. 1 displays an illustrative representation of the EC 

test arrangement. A pH meter (digital type) (HNNA Instrument Inc., 

PH211, Romania) was utilized to test the pH of the electrolyte, and the pH 

was then adjusted to the appropriate acidity level for the experiment by 

adding 1 M HCl or 1 M NaOH. Conductivity and TDS were assessed 

utilizing (HM Digital Inc. Model COM-100, Korea). Every 10 minutes 

throughout the electrochemical treatment, samples were taken and 

evaluated for the presence of heavy metals utilizing atomic absorption 

spectroscopy (Varian SpectrAA 200 spectrometer). 

 

 

Figure 1. The electrochemical apparatus: 1) Cell geometry, 2) Al 

anode,3) Stainless steel cathode, 4) Power supply, 5) Voltmeter, 6) 

Ameter, 7) pH-device, 8)Water bath 

 

The removal efficiency was determined utilizing the following equation 

[33]: 

 

Nomenclature: 
 

 

BBD Box‒Behnken Design RSM Response surface methodology 

Co concentrations of metal ions before EC [ppm] 𝑥1, 𝑥2 … 𝑥𝑘  coded format of operational variables 

C concentrations of metal ions after EC [ppm] Y Removal Efficiency percent term 

cp  

DOF 

reiterated number of the central point 

Degree of freedom 

Greek symbols  

EC Electrocoagulation 𝛽0  intercept term 

i , j  patterns index numbers 𝛽𝑖  Linear 1st order main effect 

k operational variables number 𝛽𝑖𝑖  2nd oder main effect 

N Experiments number 𝛽𝑖𝑗  interaction effect 

RE removal efficiency 
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𝑅𝐸% =
𝐶𝑜−𝐶

𝐶𝑜
× 100 %                                                                               (5) 

2.1. Box‒Behnken design 

The BBD experimental design of response surface methodology has been 

utilized in several studies [37-40] as it requires fewer experimental runs 

than other techniques as well as it provides precise estimation of the model 

parameters; it is best suited for studies involving several independent 

variables (3 to 10). Three levels of factors are used by BBD to create 

quadratic models. For BBD to function, three elements of each level must 

be present    [41] . Equation 6 could be applied to determine total experiments 

(N) required to develop BBD. 

 

𝑁 =  (2𝑘2 − 2𝑘) +  𝑐𝑝                                                                             (6) 

 

Here: k symbolizes the number of operational variables  

while cp reiterated the number of central points. 

 

Table 1. Process parameters and their ranges. 

Operational factors Box–Behnken design range 

Coded levels Low (-1) Middle (0) High (+1) 

x1(Current density) 

[mA cm-2] 

10 30 50 

x2 (pH) 3 5 7 

x3 ([M
+2]) [g/l] 

 

100 200 300 

 

Table 2. Experimental design array in coded form 

Run Bulk x1 x2 x3 

1 1 -1 1 0 

2 1 -1 0 -1 

3 1 -1 -1 0 

4 1 -1 0 1 

5 1 0 0 0 

6 1 0 -1 -1 

7 1 1 1 0 

8 1 0 -1 1 

9 1 0 1 1 

10 1 0 0 0 

11 1 0 0 0 

12 1 1 0 -1 

13 1 0 1 -1 

14 1 1 -1 0 

15 1 1 0 1 

 

BBD offers correlation for evaluating the outcomes, where the data are 

placed in the following 2nd order polynomial equation:  [42 ] : 

 

𝑌 = ∑(𝛽𝑖 𝑥𝑖) + ∑(𝛽𝑖𝑖 𝑥𝑖
2) + ∑(𝛽𝑖𝑗𝑥𝑖𝑥𝑗) +  (𝛽0)                               (7) 

In this case, Y is denoted by RE%, i and j stand for pattern index numbers, 

βo is the intercept term, and x1, x2,……, and xk are variables in coded 

format. The linear 1st-order main effect is denoted by βi, the 2nd-order main 

effect by βii, and the interaction effect by βij. After performing ANOVA, 

the regression coefficient (R2) was calculated to evaluate how well the 

model matched the data. Table 1 shows the process parameters and their 

ranges based on BBD, while Table 2 shows the array of experimental 

designs. Three replications for the same run were conducted and the 

average value was adopted in the results with standard deviation less than 

5% 

3. Results and discussion 

3.1. Individual removal 

Fifteen tests were conducted for the optimization of copper removal and the 

same number for the removal of cadmium using a Box‒Behnken design. 

The obtained data are shown in Table 3 

 

Table 3. Results of BBD 
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1 10 7 200 90 89.737 70 70.575 

2 10 5 100 94 94.562 76 75.875 

3 10 3 200 86 86.112 66 64.825 

4 10 5 300 87 86.887 63 63.725 

5 30 5 200 95 95.666 81 81.667 

6 30 3 100 95 94.325 75 76.300 

7 50 7 200 98 97.887 97 98.175 

8 30 3 300 89 89.300 70 70.450 

9 30 7 300 92 92.675 76 74.700 

10 30 5 200 97 96.666 82 82.137 

11 30 5 200 96 96.120 83 82.667 

12 50 5 100 99 100.31 99 98.675 

13 30 7 100 98 97.700 85 84.550 

14 50 3 200 95 94.762 92 91.425 

15 50 5 300 99 97.937 95 95.125 

 

The removal of copper ranged between 86 and 99.9%, while the removal 

of cadmium ranged between 63 and 99.4%. The results showed that the 

removal of copper was greater than that of cadmium under the same 

operating conditions. The outcomes of removal efficacy for each metal are 

further analysed utilizing Minitab-17 software. Eq. (8) and Eq. (9) show an 

empirical relationship between the independent variables and their response 

in terms of real units of independent variables utilizing the quadratic model 

of removal efficiency (RE). Table 4 outlines the ANOVA results. The 

model of copper removal is highly obvious, with a p value=0.0001 and F 

value=47.66, leading to a coefficient of determination (R2) as well as R2 

(adjusted) and R2 (predicted) values of 98.85%, 96.77%, and 85.21%, 

respectively. The variation between R2(adjusted) and R2(predicted) was 

lower than 20.0%. Incompatibility is nonsignificant, with a p value of 

0.325, which is greater than 0.05, confirming the model significance [43] . 

The contribution of the current density is the highest at 56.19%, followed 

by that of the metal ion concentration and then that of the pH. These results 

are in agreement with the electrocoagulation mechanism, which depends on 

aluminium dissolving into the solution and is controlled by the current 

density [35] .  

 

𝑅𝐸𝐶𝑢% = 77.04 + 0.2519 𝑥1 + 7.15 𝑥2 − 0.0577 𝑥3 −
2.646 

103
(𝑥1)2 –  0.6208(𝑥2)2 +

3.2 

105
(𝑥3)2– 

3.13

103
 𝑥1𝑥2  +

6.63

104
∗ 𝑥1𝑥3 + 0.000 𝑥2𝑥3             (8) 

𝑅𝐸𝐶𝑑% = 42.16 −  0.051 𝑥1  +  11.46 𝑥2 +  0.0148 𝑥3 + 
8.04 

103
 (𝑥1)2–  0.908(𝑥2)2 −

1.53 

104
(𝑥3)2 + 

6.2 

103
 𝑥1 𝑥2 +

1.075 

103
𝑥1𝑥3 −

5

103
𝑥2𝑥3             (9) 
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Table 4. ANOVA for Cu removal 

Source.  DOF  Seq. SS 
Contr. 

(%) 
Adj. SS Adj. MS F value P value 

Model. Cu 9 248.263         98.85   248.263    27.585     47.660 0.0001 

Linear 3 214.403         85.37  214.403    71.468    123.47     0.0001 

(x1)  1 141.120         56.19  141.120   141.12    243.80     0.0001 

(x2)  1 22.7810          9.070 22.781    22.781     39.360     0.002 

(x3) 1 50.5010        20.11 50.501    50.501     87.250     0.0001 

Square 3 26.7760         10.66    26.776     8.9250     15.420     0.006 

x1*x1 1 3.04800         1.210   4.136     4.1360      7.1400    0.044 

x2*x2 1 23.3570          9.300 22.770    22.770     39.340     0.002 

x3*x3 1 0.37000         0.150   0.370     0.3700     0.6400     0.460 

2-Way Inter 3 7.08500          2.820    7.085     2.3620      4.0800     0.082 

x1*x2 1 0.06300          0.020    0.063     0.0630      0.1100     0.756 

x1*x3 1 7.02200          2.800    7.022     7.0220     12.130     0.018 

x2*x3 1 0.00000          0.00 0   0.000     0.0000      0.0000     1.000 

Error 5 2.89400          1.150   2.894     0.5790   

Lack of Fit 3 2.22700          0.890    2.227     0.7420      2.230     0.325 

 

Pure-Error 2 0.667          0.270    0.667     0.3330   

Total 14 251.157        100.0     

Model-summary S. R2 R2(adj.) PRESS R-sg(pred.) 

85.21% 0.7608   98.85%      96.77%   37.14       

 

 

Table 5. ANOVA for Cd REMOVAL 

P value F value Adj. MS Adj. SS Contr. (%) Seq. SS DOF Source 

0.0001 111.37 199.500    1795.51    99.50  1795.51         9 Model. Cd 

0.0001 310.79     556.730    1670.19    92.56   1670.19 3 Linear 

0.0001 819.96     1468.82    1468.82   81.40   1468.82         1 (x1)  

0.001 43.610     78.1300     78.130     4.33    78.130          1 (x2)  

0.0001 68.800     123.240     123.24    6.83  123.25          1 (x3) 

0.004 19.090     34.1900     102.58     5.68   102.58        3 Square 

0.006 21.330     38.2000     38.200     2.66    48.000          1 x1*x1 

0.003 27.210     48.7400     48.740     2.54     45.900          1 x2*x2 

0.079 4.8500     8.6800      8.6800      0.48     8.6800          1 x3*x3 

0.077 4.2300     7.5800      22.740      1.26   22.740          3 2-Way Inter 

0.724 0.1400     0.2500      0.2500      0.01     0.2500         1 x1*x2 

0.024 10.320     18.490     18.490     1.02    18.490          1 x1*x3 

0.195 2.2300     4.0000      4.0000      0.22     4.0000          1 x2*x3 

  1.7900 8.9600      0.50     8.9600          5 Error 

0.110 8.29000     2.7600      8.2900     0.46      8.2900          3 Lack of Fit 

  0.3300 0.6700      0.04      0.6700          2 Pure-Error 

    100.00% 1804.47        14 Total 

R-sg(pred.) PRESS R2(adj.) R2 S. Model-summary 

92.57% 134.14       98.61%   99.50%      1.33841   

With respect to cadmium removal, Table 5 shows the ANOVA results, 

in which R2, R2(adjusted), and R2(predicted) are 98.61%, 99.50%, and 

92.57%, respectively, with p values less than 0.0001 and an F value of 

111.37, confirming that the model is more significant than the copper 

removal model. The contribution of the current density is also the 

highest, at 81.40%, followed by the contribution of the metal ion 
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concentration and then the pH. The contribution of the current to 

cadmium removal was greater than that to copper removal, confirming 

that electrocoagulation is controlled by the current density. 

3.2. Influence of test factors on removal efficiency 

RSM may be shown graphically to show the combined effects of the 

proposed parameters and their impact on the answer. Fig. (2-a & b) 

illustrates the influence of pH and metal ion concentration on the RE% of 

copper for various current densities (10–50 mA/cm2) and constant times of 

60 min. The results show that increasing the current density results in an 

increase in the RE% at any pH or initial copper concentration, and this 

relation is almost linear. This phenomenon can be explained by the fact that 

a rise in current density could lead to an intensification in the generation of 

OH- and the dissolution of Al, leading to more generation of Al(OH)3 as a 

coagulant (increasing coagulant dosage rate), which then results in an 

increase in the adsorption of copper in addition to increasing the current 

density, enhancing the bubble production rate and size and leading to faster 

removal of pollutants. Similar observations were made in previous studies 

[33-35]. Based on the literature, pH has a vital role in EC efficiency; 

furthermore, a change in pH occurs during the test, and this change depends 

on the anode type and initial pH [44]. Fig. 2 shows that increasing the pH 

results in an increase in the RE% up to a pH of 6, after which it starts to 

decrease slightly over all current density ranges. This behavior can be 

explained by the fact that Al(OH)3 is amphoteric in nature, so at low acidity, 

it can solubilize to Al+3, and at high acidity, it can convert to Al(OH)4
- at 

acid concentrations greater than 8. In either case, the efficiency would 

decrease [45]. Similar observations were confirmed by previous studies 

[33-35, 46, 47]. Increasing the initial concentration of copper has an adverse 

effect on the RE% and can be clearly observed at a low current density, but 

at a higher current density, the effect is more sluggish. The interpretation 

of this phenomenon can be described as follows: since the current density 

is constant, the rate of Al(OH)3 generation will be constant; hence, the 

adsorption rate will be constant. Therefore, any increase in the metal ion 

concentration will not participate in the adsorption process, leading to a 

lower removal efficiency. Similar trends were found in previous work [33, 

47]. 

With respect to cadmium, the effect of metal ion concentration and pH on 

the RE of cadmium can be seen in Fig. 3-a & b for different current density 

ranges (10-50 mA cm-2) and at a fixed time of 60 min. A similar impact of 

the current density on the RE% in the case of copper removal was also 

observed in the case of cadmium removal; however, the relation deviated 

from linearity. In addition, a similar relationship between the RE% and pH 

as well as the initial concentration of cadmium was observed for copper 

removal, where the RE% increased with increasing pH and decreasing 

initial metal concentration. 

3.3. The optimum operating conditions for the confirmation test 

System optimization for electrocoagulation is required to minimize energy 

waste. Throughout the optimization process in this discipline, a variety of 

criteria must be used to maximize the desired function (DF) and produce the 

optimal response [48]. Minimize, maximize, objective, within the extent, 

and none are all thought of as potential substitutes for the desired function. 

The removal of copper or cadmium was maximized by setting DF=1.0. The 

method variables evaluated in this study were adopted based on Table 1. 

The highest and lowest limits were set for copper removal and cadmium 

removal, respectively. Two confirmatory tests were carried out utilizing the 

modified parameters, as indicated in Table 6. The optimization outcomes 

for these parameters and settings are shown in Table 7. A greater than 98% 

removal efficiency was reached for the removal of copper or cadmium, 

which falls within the range for optimum removal obtained by the software 

of the program. This is an indication of the successful application of BBD 

in the removal of heavy metals by EC. In addition, the EC could be more 

efficient under acidic conditions when the initial concentration did not 

exceed 125 ppm. 

 

 
 

 
(a) 

 
(b) 

Figure 2. Impact of metal ion concentration and pH at various current 

densities on Cu removal efficiency. a) Response surface and contour maps 

for the effect of pH and current density at 200 ppm Cu. b) Response 

surface plots and contour plots for the impact of metal ion concentration 

and current density at pH=5. 

 
 

 
(a) 

 
(b) 

Figure 3. Impact of metal ion concentration and pH at current densities on 

cadmium removal efficiency. a) Response surface and contour maps for 

the effect of pH and current density at 200 ppm Cd. b) Response surface 

and contour maps for the impact of metal ion concentration and current 

density at pH=5. 

 

 

Table 6. Reliability of the ideal COD elimination efficiency 

 

3.4 Binary removal 

To study the binary effect of the two existing metals at the same time, the 

values of current density and pH should be determined. Since the maximum 

removal efficiency approached 100%, the study was performed under 

minimum conditions based on the Minitab-17 software optimizer to clearly 

determine the interaction effect between metals. The minimum operation 

conditions are shown in Table 8. To clarify how copper and cadmium 

interact in the EC process, the impact of the weight percentage of Cd on the 

removal efficiency of both copper and cadmium is shown in Fig. 4.  
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Table 8. Minimum operating conditions for copper and cadmium removal 

 

 

Aim 

Response Lower% Upper% Weight Important 

RECu(%) 86 99.9 1 1 

RECd (%) 63 99.4 

Minimum 
Current density 

(mA/cm2) 
pH 

[M+2] 

(ppm) 

RE% 

Fit 

RE% 

EXP. 
DF 

SE. 

Fit 
95% CI 95% PI 

Cu 10 3 300 82.592 81 1 0.899 
(80.281; 

84.902) 
(79.564; 85.619) 

Cd 10 3 300 58.22 55 1 1.58 
(54.15; 

62.28) 
(52.89; 63.54) 

 

This effect was studied at a current density of pH 3 (10 mA/cm2) with a 

total concentration of 300 ppm for the individual and mixed metals. The 

results revealed that the presence of copper led to a decrease in cadmium 

removal from 55% to lower than 25%. This is expected since the solubility 

of copper is greater than that of cadmium; in this case, the copper ions will 

cross cadmium ions and adsorb more quickly than cadmium on the surface 

of Al(OH)3. In addition, the presence of cadmium will reduce the copper 

removal efficiency from 80% to less than 55% for different weight 

percentages of copper. Xu et al. [34] reported that adding zinc ions to 

cadmium ions negatively affected cadmium removal efficiency during the 

EC process. 

When copper was present, cadmium removal effectiveness was much lower 

than that in a system with only one element. As a result, copper had a severe 

inhibitory effect on Al(OH)3's ability to absorb cadmium, as shown by [49]: 

 

𝐼𝐸(%) =
𝐶𝑑(𝐶𝑎𝑑𝑚𝑖𝑢𝑚)−𝐶𝑑(𝐶𝑎𝑑𝑚𝑖𝑢𝑚−𝐶𝑜𝑝𝑝𝑒𝑟)

𝐶𝑑(𝐶𝑎𝑑𝑚𝑖𝑢𝑚)
× 100                             (10)   

   

where Cd(Cd) and Cd(Cd-Cu) are the Cd removal percentages in the single and 

binary systems, respectively. The IE of cadmium was in the range of 63.63 

to 50.91% for Cd% from 20 to 80% in the presence of copper. However, 

due to the stronger selectivity of copper for Al(OH)3, cadmium had a 

substantially less inhibitory effect on copper removal. The characteristics 

of the metal ions that exist, such as their ionic radius, electronegativity, 

potential, and redox potential, can be used to interpret the results in binary 

systems 

Table 9 Properties of cadmium and copper ions [51] 

ion Coordination 

number 

Ionic 

radius 

(Å) 

Hydrated 

ionic 

radius (Å) 

Pauling 

electronegativity 

Cu(II) 6 0.73 8.38 1.9 

Cd(II) 6 0.95 8.52 1.69 

 

. Hence, the removal effectiveness of a target metal ion might be impacted 

by the presence of additional metal ions in the solution [50].  Several ionic 

properties of copper and cadmium are presented in Table 9 [50].Cadmium 

ions have a larger hydrated radius (8.52 Å) than copper (8.38 Å). Therefore, 

copper could be easily adsorbed on the Al(OH)3 flocks. The surface of the 

Al(OH)3 flocks will be more strongly drawn to more electronegative ions. 

Copper has the highest electronegativity [51]. Previous research employing 

various adsorbents revealed similar findings [49, 52]. Ghernaout et al. 

studied the removal of Cu and Cd utilizing EC and reported that copper 

removal was greater than cadmium removal. However, the binary effect 

was not considered in their work. 

 

Figure 4. Effect of cadmium weight present on the removal 

efficiencies each of cadmium and copper (current density 

10mA/cm2,pH=3,total ions concentration=300ppm). 

4. Conclusions   

Electrocoagulation is considered safe as well as an easy route for the 

efficient removal of heavy metals such as copper and cadmium. Response 

surface methodology has been applied successfully for the optimization of 

Table 7. Optimization of copper and cadmium removal. 

 

 

Aim 

Response Lower% Upper% Weight Important 

RECu(%) 86 99.9               1 1 

RECd (%) 63 99.4 

Maximum 
Current density 

(mA/cm2) 
pH 

[M+2] 

(ppm) 

RE% 

Fit 
DF 

SE. 

Fit 
95% CI 95% PI 

Cu 50 5.63   100.00 100.56              1 0.676   (98.821; 102.296)   (97.942; 103.174) 

Cd 50 6.15  124.24  100.00      1  (97.31; 102.84) (95.66; 104.49) 
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the best operating conditions for the removal of copper and cadmium. The 

results showed that copper could be removed at the highest removal 

efficiency of 99.02% when using a current density of 50 mA/cm2 from a 

solution containing Cu2+ ions at 100 ppm with a pH of 5.63, while cadmium 

was removed at the highest removal efficiency of 98.45% when using a 

current density of 50 mA/cm2 from a solution containing Cd2+ ions at 124 

ppm with a pH of 6.15. The results revealed that the contribution of the 

current density to the removal efficiency increased with increasing metal 

ion concentration and then increased with increasing pH in both cases 

(copper and cadmium removal). However, the contribution of the current 

to cadmium removal was greater than that to the removal of copper, 

confirming that electrocoagulation is sensitive to variations in the current 

density. The results for the binary system demonstrated that, in comparison 

to the single-element system, the removal efficiency of cadmium 

significantly decreased in the presence of copper. Therefore, copper 

strongly depressed cadmium uptake by Al(OH)3. The same conclusion was 

attained with respect to cadmium addition to copper but to a lesser extent. 

 

Authors’ contributions 

All authors contributed equally to the preparation of this article. 

 

Declaration of competing interest 

The authors declare no conflicts of interest. 

 

Funding source 

This study did not receive any specific funds. 

 

Data availability  

The data that support the findings of this study are available from the 

corresponding author upon reasonable request. 

 

Acknowledgments  

The authors would like to express appreciation to the staff of the Chemical 

Engineering Department, College of Engineering, Al-Qadisiyah 

University, and the staff of the Biochemical Engineering Department, Al-

Khwarizmi College, University of Baghdad, for their cooperation in 

assisting this study. 

REFERENCES 

 

[1] A. Shamkhia, H. and A. D. Z. Albdiria, Simultaneous Extraction of Lead, 

Copper, and Cadmium from Aqueous Solution using Emulsion Liquid 

Membrane Technique. Al-Qadisiyah Journal for Engineering Sciences, 

2020. https://doi.org/10.30772/qjes.v13i3.705 

[2] Fei, Y. and Y.H. Hu, Recent progress in removal of heavy metals from 

wastewater: A comprehensive review. Chemosphere, 2023. 335: p. 139077. 

https://doi.org/10.1016/j.chemosphere.2023.139077 

[3] Sivaperumal, P., T. Sankar, and P. Viswanathannair, Heavy metal 

concentrations in fish, shellfish and fish products from internal markets of 

India vis-a-vis international standards. Food Chemistry, 2007. 102(3): p. 

612-620. https://doi.org/10.1016/j.foodchem.2006.05.041 

[4] Ahmed, S., S. Chughtai, and M.A. Keane, The removal of cadmium and 

lead from aqueous solution by ion exchange with Na Y zeolite. Separation 

and Purification Technology, 1998. 13(1): p. 57-64. 

https://doi.org/10.1016/s1383-5866(97)00063-4 

[5] Park, H.J., et al., Removal of heavy metals using waste eggshell. J Environ 

Sci (China), 2007. 19(12): p. 1436-41. https://doi.org/10.1016/s1001-

0742(07)60234-4 

[6] Fu, F. and Q. Wang, Removal of heavy metal ions from wastewaters: a 

review. J Environ Manage, 2011. 92(3): p. 407-18. 

https://doi.org/10.1016/j.jenvman.2010.11.011 

[7] Mitra, S., et al., Removal of Pb(II) and Cr(VI) by laterite soil from synthetic 

waste water: single and bi-component adsorption approach. Desalination 

and Water Treatment, 2015. 57(39): p. 18406-18416. 

https://doi.org/10.1080/19443994.2015.1088806 

[8] Thakur, L.S. and P. Mondal, Simultaneous arsenic and fluoride removal 

from synthetic and real groundwater by electrocoagulation process: 

Parametric and cost evaluation. J Environ Manage, 2017. 190: p. 102-112. 

https://doi.org/10.1016/j.jenvman.2016.12.053 

[9] Ubeed, A., et al., Expulsion of Cadmium from a Simulated Wastewater 

using Ckd as Adsorbent: Optimization with Isotherm Study. Periodicals of 

Engineering and Natural Sciences (PEN), 2021. 9: p. 998–1015. 

https://doi.org/10.21533/pen.v9i2.2022 

[10] Kobya, M., et al., Treatment of cadmium and nickel electroplating rinse 

water by electrocoagulation. Environ Technol, 2010. 31(13): p. 1471-81. 

https://doi.org/10.1080/09593331003713693 

[11] Bharti, M., P.P. Das, and M.K. Purkait, A review on the treatment of water 

and wastewater by electrocoagulation process: Advances and emerging 

applications. Journal of Environmental Chemical Engineering, 2023. 11(6): 

p. 111558. https://doi.org/10.1016/j.jece.2023.111558 

[12] Shah, A.A., S. Walia, and H. Kazemian, Advancements in combined 

electrocoagulation processes for sustainable wastewater treatment: A 

comprehensive review of mechanisms, performance, and emerging 

applications. Water Res, 2024. 252: p. 121248. 

https://doi.org/10.1016/j.watres.2024.121248 

[13] Alaa Hawass, Z. and F. Yasir AlJaberi, Effect of mono and bipolar 

connection modes on the electrocoagulation removal efficiency of multi-

heavy metals from simulated wastewater. Al-Qadisiyah Journal for 

Engineering Sciences, 2022. 15(1): p. 48-54. 

https://doi.org/10.30772/qjes.v15i1.813 

[14] Ghanim Najeeb, R. and A.H. Abbar, Treatment of Al-Dewaniya hospital 

wastewater by electrocoagulation method using SS/Fe electrodes. Al-

Qadisiyah Journal for Engineering Sciences, 2021. 

https://doi.org/10.30772/qjes.v14i2.768 

[15] Hawaas, Z.A., et al., Removal of heavy metals using electrocoagulation 

technology: A mini-review. AIP Conference Proceedings, 2023. 2787(1): p. 

040005. https://doi.org/10.1063/5.0149064 

[16] Ilhan, F., et al., Optimization and effect of pH on treatability of metal plating 

wastewater by electrocoagulation process: a pilot study. International 

Journal of Environmental Science and Technology, 2023. 20(7): p. 7671-

7688. https://doi.org/10.1007/s13762-023-04972-z 

[17] Shahedi, A., et al., An overview of the application of electrocoagulation for 

mine wastewater treatment. Environmental Monitoring and Assessment, 

2023. 195(4): p. 522. https://doi.org/10.1007/s10661-023-11044-9 

[18] Hamid Khashan, M. and A.K. Mohammad, Comparative study for Pb2+ 

adsorption from simulated wastewater of battery manufacture on activated 

carbon prepared from rice husk with different activation agents. Al-

Qadisiyah Journal for Engineering Sciences, 2022. 15(3): p. 147-155. 

https://doi.org/10.30772/qjes.v15i3.827 

[19] Thakur, L. and P. Mondal, Techno-economic evaluation of simultaneous 

arsenic and fluoride removal from synthetic groundwater by 

electrocoagulation process: optimization through response surface 

methodology. 2016. https://doi.org/10.6084/M9.FIGSHARE.3443141.V1 

[20] Shankar, R., et al., Sulphide Removal from Water Through 

Electrocoagulation: Kinetics, Equilibrium and Thermodynamic Analysis. 

Journal of The Institution of Engineers (India): Series A, 2021. 102(2): p. 

603-621. https://doi.org/10.1007/s40030-021-00536-x 

[21] Alkurdi, S.S. and A.H. Abbar, Removal of COD from Petroleum refinery 

Wastewater by Electro-Coagulation Process Using SS/Al electrodes. IOP 

Conference Series: Materials Science and Engineering, 2020. 870(1): p. 

012052. https://doi.org/10.1088/1757-899x/870/1/012052 

[22] Shu, J., et al., Simultaneous removal of ammonia and manganese from 

electrolytic metal manganese residue leachate using phosphate salt. Journal 

of Cleaner Production, 2016. 135: p. 468-475. 

https://doi.org/10.1016/j.jclepro.2016.06.141 

[23] Kobya, M., E. Gengec, and E. Demirbas, Operating parameters and costs 

assessments of a real dyehouse wastewater effluent treated by a continuous 

electrocoagulation process. Chemical Engineering and Processing: Process 

Intensification, 2016. 101: p. 87-100. 

https://doi.org/10.1016/j.cep.2015.11.012 

https://doi.org/10.30772/qjes.v13i3.705
https://doi.org/10.1016/j.chemosphere.2023.139077
https://doi.org/10.1016/j.foodchem.2006.05.041
https://doi.org/10.1016/s1383-5866(97)00063-4
https://doi.org/10.1016/s1001-0742(07)60234-4
https://doi.org/10.1016/s1001-0742(07)60234-4
https://doi.org/10.1016/j.jenvman.2010.11.011
https://doi.org/10.1080/19443994.2015.1088806
https://doi.org/10.1016/j.jenvman.2016.12.053
https://doi.org/10.21533/pen.v9i2.2022
https://doi.org/10.1080/09593331003713693
https://doi.org/10.1016/j.jece.2023.111558
https://doi.org/10.1016/j.watres.2024.121248
https://doi.org/10.30772/qjes.v15i1.813
https://doi.org/10.30772/qjes.v14i2.768
https://doi.org/10.1063/5.0149064
https://doi.org/10.1007/s13762-023-04972-z
https://doi.org/10.1007/s10661-023-11044-9
https://doi.org/10.30772/qjes.v15i3.827
https://doi.org/10.6084/M9.FIGSHARE.3443141.V1
https://doi.org/10.1007/s40030-021-00536-x
https://doi.org/10.1088/1757-899x/870/1/012052
https://doi.org/10.1016/j.jclepro.2016.06.141
https://doi.org/10.1016/j.cep.2015.11.012


370 HUSSEIN ALAYDAMEE ET AL./AL-QADISIYAH JOURNAL FOR ENGINEERING SCIENCES   17 (2024) 363–370 

 

 

[24] Elabbas, S., et al., Treatment of highly concentrated tannery wastewater 

using electrocoagulation: Influence of the quality of aluminium used for the 

electrode. J Hazard Mater, 2016. 319: p. 69-77. 

https://doi.org/10.1016/j.jhazmat.2015.12.067 

[25] Al-Shannag, M., et al., Enhancement of COD-Nutrients Removals and 

Filterability of Secondary Clarifier Municipal Wastewater Influent Using 

Electrocoagulation Technique. Separation Science and Technology, 2013. 

48(4): p. 673-680. https://doi.org/10.1080/01496395.2012.707729 

[26] Chen, X., G. Chen, and P. Yue, Separation of Pollutants from Restaurant 

Wastewater by Electrocoagulation. Separation and Purification 

Technology, 2007. 19: p. 65-76. https://doi.org/10.1016/S1383-

5866(99)00072-6 

[27] Basiriparsa, J., T. Panahb, and F. Nabizadeh Chianeh, Removal of 

Ciprofloxacin from aqueous solution by a continuous flow electro-

coagulation process. Korean Journal of Chemical Engineering, 2015. 

https://doi.org/10.1007/s11814-015-0196-6 

[28] Faisal, G., T. Mohammed, and A. Abbar, Treatment of Al-Muthanna 

Petroleum Refinery Wastewater by Electrocoagulation Using a Tubular 

batch Electrochemical Reactor. Vol. 779. 2021  

https://doi.org/10.1088/1755-1315/779/1/012094 

[29] Song, H., H. Chung, and K. Nam, Response surface modeling with Box-

Behnken design for strontium removal from soil by calcium-based solution. 

Environ Pollut, 2021. 274: p. 116577. 

https://doi.org/10.1016/j.envpol.2021.116577 

[30] Escobar, C., C. Soto-Salazar, and M. Toral, Optimization of the 

Electrocoagulation Process for the Removal of Copper, Lead and Cadmium 

in Natural Waters and Simulated Wastewater. Journal of environmental 

management, 2007. 81: p. 384-91. 

https://doi.org/10.1016/j.jenvman.2005.11.012 

[31] Vasudevan, S., J. Lakshmi, and G. Sozhan, Effects of alternating and direct 

current in electrocoagulation process on the removal of cadmium from 

water. J Hazard Mater, 2011. 192(1): p. 26-34. 

https://doi.org/10.1016/j.jhazmat.2011.04.081 

[32] Assadi, A., et al., Optimization of lead removal by electrocoagulation from 

aqueous solution using response surface methodology. Desalination and 

Water Treatment, 2015. 57(20): p. 9375-9382. 

https://doi.org/10.1080/19443994.2015.1029529 

[33] Tezcan Un, U. and S.n. Öcal, Removal of Heavy Metals (Cd, Cu, Ni) by 

Electrocoagulation. International Journal of Environmental Science and 

Development, 2015. 6: p. 425-429. 

https://doi.org/10.7763/IJESD.2015.V6.630 

[34] Xu, L., et al., Simultaneous removal of cadmium, zinc and manganese using 

electrocoagulation: Influence of operating parameters and electrolyte 

nature. J Environ Manage, 2017. 204(Pt 1): p. 394-403. 

https://doi.org/10.1016/j.jenvman.2017.09.020 

[35] Varma, A.K., et al., Simultaneous removal of lead and copper from 

synthetic water by electrocoagulation and techno-economic evaluation: 

optimization through response surface methodology. International Journal 

of Engineering, Science and Technology, 2021. 13(1): p. 61-68. 

https://doi.org/10.4314/ijest.v13i1.9S 

[36] Singh Thakur, L., et al., Simultaneous removal of lead, chromium and 

cadmium from synthetic water by electrocoagulation: Optimization through 

response surface methodology. Materials Today: Proceedings, 2023. 72: p. 

2697-2704. https://doi.org/10.1016/j.matpr.2022.09.031 

[37] Aguilar-Ascon, E., L. Marrufo-Saldana, and W. Neyra-Ascon, Enhanced 

chromium removal from tannery wastewater through electrocoagulation 

with iron electrodes: Leveraging the Box-Behnken design for optimization. 

Heliyon, 2024. 10(3): p. e24647. 

https://doi.org/10.1016/j.heliyon.2024.e24647 

[38] Chibani, A., et al., Box-Behnken design optimization of sulfate reduction 

from natural water by electrocoagulation process. Phosphorus, Sulfur, and 

Silicon and the Related Elements, 2023. 198(2): p. 164-171. 

https://doi.org/10.1080/10426507.2022.2134372 

[39] Elhadeuf, K., et al., Optimization of textile wastewater treatment by 

electrocoagulation-microfiltration using recycled electrodes and Box-

Behnken design. Reaction Kinetics, Mechanisms and Catalysis, 2023. 

136(2): p. 981-1003. https://doi.org/10.1007/s11144-023-02395-y 

[40] Pacheco, H.G.J., et al., Box-Behnken Response Surface Design for 

Modeling and Optimization of Electrocoagulation for Treating Real Textile 

wastewater. International Journal of Environmental Research, 2022. 16(4): 

p. 43. https://doi.org/10.1007/s41742-022-00419-4 

[41] Ferreira, S.L., et al., Box-Behnken design: an alternative for the 

optimization of analytical methods. Anal Chim Acta, 2007. 597(2): p. 179-

86. https://doi.org/10.1016/j.aca.2007.07.011 

[42] N. Kassob, A. and A. H. Abbar, Treatment of petroleum refinery wastewater 

by adsorption using activated carbon fixed bed column with batch 

recirculation mode. Al-Qadisiyah Journal for Engineering Sciences, 2022. 

https://doi.org/10.30772/qjes.v15i2.820 

[43] Ahmadi, E., et al., Synergistic effects of α-Fe2O3-TiO2 and Na2S2O8 on 

the performance of a non-thermal plasma reactor as a novel catalytic 

oxidation process for dimethyl phthalate degradation. Separation and 

Purification Technology, 2020. 250: p. 117185. 

https://doi.org/10.1016/j.seppur.2020.117185 

[44] Vik, E.A., et al., Electrocoagulation of potable water. Water Research, 

1984. 18(11): p. 1355-1360. https://doi.org/10.1016/0043-1354(84)90003-

4 

[45] Vasudevan, S., J. Lakshmi, and G. Sozhan, Studies on the Removal of Iron 

from Drinking Water by Electrocoagulation – A Clean Process. CLEAN – 

Soil, Air, Water, 2009. 37(1): p. 45-51. 

https://doi.org/10.1002/clen.200800175 

[46] Escobar, C., C. Soto-Salazar, and M.I. Toral, Optimization of the 

electrocoagulation process for the removal of copper, lead and cadmium in 

natural waters and simulated wastewater. J Environ Manage, 2006. 81(4): 

p. 384-91. https://doi.org/10.1016/j.jenvman.2005.11.012 

[47] Hanay, O. and H. Hasar, Effect of anions on removing Cu2+, Mn2+ and 

Zn2+ in electrocoagulation process using aluminum electrodes. J Hazard 

Mater, 2011. 189(1-2): p. 572-6. 

https://doi.org/10.1016/j.jhazmat.2011.02.073 

[48] Bezerra, M.A., et al., Response surface methodology (RSM) as a tool for 

optimization in analytical chemistry. Talanta, 2008. 76(5): p. 965-77. 

https://doi.org/10.1016/j.talanta.2008.05.019 

[49] Sdiri, A. and T. Higashi, Simultaneous removal of heavy metals from 

aqueous solution by natural limestones. Applied Water Science, 2014. 3. 

https://doi.org/10.1007/s13201-012-0054-1 

[50] Nabih, E., et al., Removal of Cadmium, Copper, and Lead From Water 

Using Bio-Sorbent From Treated Olive Mill Solid Residue. Environmental 

Health Insights, 2021. 15: p. 1-10. 

https://doi.org/10.1177/11786302211053176 

[51] Mohan, D., C.U. Pittman, Jr., and P.H. Steele, Single, binary and multi-

component adsorption of copper and cadmium from aqueous solutions on 

Kraft lignin--a biosorbent. J Colloid Interface Sci, 2006. 297(2): p. 489-

504. https://doi.org/10.1016/j.jcis.2005.11.023 

[52] Xue, Y., Z. Hu, and Y. Niu, Single and coadsorption of copper, cadmium, 

lead and zinc onto basic oxygen furnace slag. Desalination and Water 

Treatment, 2020. 179: p. 242-251. https://doi.org/10.5004/dwt.2020.24868 

 

https://doi.org/10.1016/j.jhazmat.2015.12.067
https://doi.org/10.1080/01496395.2012.707729
https://doi.org/10.1016/S1383-5866(99)00072-6
https://doi.org/10.1016/S1383-5866(99)00072-6
https://doi.org/10.1007/s11814-015-0196-6
https://doi.org/10.1088/1755-1315/779/1/012094
https://doi.org/10.1016/j.envpol.2021.116577
https://doi.org/10.1016/j.jenvman.2005.11.012
https://doi.org/10.1016/j.jhazmat.2011.04.081
https://doi.org/10.1080/19443994.2015.1029529
https://doi.org/10.7763/IJESD.2015.V6.630
https://doi.org/10.1016/j.jenvman.2017.09.020
https://doi.org/10.4314/ijest.v13i1.9S
https://doi.org/10.1016/j.matpr.2022.09.031
https://doi.org/10.1016/j.heliyon.2024.e24647
https://doi.org/10.1080/10426507.2022.2134372
https://doi.org/10.1007/s11144-023-02395-y
https://doi.org/10.1007/s41742-022-00419-4
https://doi.org/10.1016/j.aca.2007.07.011
https://doi.org/10.30772/qjes.v15i2.820
https://doi.org/10.1016/j.seppur.2020.117185
https://doi.org/10.1016/0043-1354(84)90003-4
https://doi.org/10.1016/0043-1354(84)90003-4
https://doi.org/10.1002/clen.200800175
https://doi.org/10.1016/j.jenvman.2005.11.012
https://doi.org/10.1016/j.jhazmat.2011.02.073
https://doi.org/10.1016/j.talanta.2008.05.019
https://doi.org/10.1007/s13201-012-0054-1
https://doi.org/10.1177/11786302211053176
https://doi.org/10.1016/j.jcis.2005.11.023
https://doi.org/10.5004/dwt.2020.24868

