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Abstract – The possibility of reducing copper ions (Cu2+) 
from a wastewater sample containing 0.1 kgm-3 or 100 parts 
per million (ppm) copper ions concentration to zero at 100% 
current efficiency was investigated in this work. Basic 
parameters and criteria needed to optimise the performance 
of any electrochemical cell were identified. Mathematical 
modelling of the copper electrodeposition process was 
carried out and the appropriate resulting relationships 
necessary to achieve zero copper concentration at 100% 
current efficiency were identified and optimised 
theoretically. Experimental verification of the theoretical 
mathematical optimisation procedure was carried out 
through the fabrication of electrochemical cells, parametric 
studies of relevant variables, operation of cells guided by the 
parametric studies and theoretically predicted optimum 
operating conditions to achieve zero concentration of copper 
at almost 100% current efficiency. A maximum current 
efficiency of 99.56% was obtained at zero final copper 
concentration and optimum current density of 41.05 Am-2. 
The study can enhance researchers to design optimum 
wastewater treatment cells of varying sizes and applications.      
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I. INTRODUCTION 
Electrochemical removal of copper ions from 

water through wastewater effluent and other contaminant 
sources is still undergoing various studies. Copper 
ingestion by humans at various levels adversely affects 
health. Individuals ingesting large doses of copper present 
with gastrointestinal bleeding, haematuria, intravascular 
haemolysis, methaemoglobinaemia, hepatocellular 
toxicity, acute renal failure and oliguria [1]. At lower 
doses, copper ions can cause symptoms typical of food 
poisoning (headache, nausea, vomiting, and diarrhoea).  

Records from case studies of gastrointestinal illness 
induced by copper from contaminated water or beverages 

plus public health department have been reported with 
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acute onset of symptoms. Symptoms generally appear 
after 15 - 60 min of exposure; nausea and vomiting are 
more common than diarrhoea [2, 3, 4, 5, 6, 7]. Copper 
pollution is also harmful to animals and aquatic life.  

In humans, based on various studies [7, 8, 9, 10, 
11, 12, 13, 14], the guideline value of 2 mg/litre (0.002 
kgm-3) is no longer provisional. Acceptable limit should 
permit consumption of 2 or 3 litres of water per day, use 
of a nutritional supplement and copper from foods 
without exceeding the tolerable upper intake level of 10 
mg/day [15] or eliciting an adverse gastrointestinal 
response. 
  Researchers with various techniques and 
equipments have attempted removal of copper from 
solutions with varying degrees of achievements and 
improvements. Electrolytic processes, membrane 
processes and chemical precipitation methods are used for 
recovery of metals from wastewaters. Yijiu et al. [16] 
studied the treatment of copper-electroplating wastewater 
by chemical trapping and flocculation recently. The 
electrolytic process does not generate sludge (requiring 
disposal by landfill), and the recovered metals could also 
be reused or recycled [17]. To mention a few, various 
electrolytic cells designed for the removal of copper ions 
from wastewater solutions include cells with porous plate, 
packed bed, fluidized-bed electrodes, oblique rotating 
barrel electrode and an Inclined Cathode Electrochemical 
Cell (ICEC) recently [17, 18, 19, 20, 21]. By 
electrochemical kinetics of the process, copper ions in the 
solution are deposited on the cathode. The features of a 
good electrolytic cell are easy set-up, easy maintenance 
and good solution flow [22].   

With an initial 100 ppm concentration of a 
CuSO4-Na2SO4 wastewater, Al-Shammari et. al. [18] 
obtained final copper concentrations within 0.7 - 2.6 ppm 
(0.0007 – 0.0026 kgm-3) with current efficiencies of 0.20 - 
0.53. The range obtained by the ICEC was 0.3 – 2.3 ppm 
(0.0003 – 0.0023 kgm-3) with current efficiency range of 
0.275 - 0.656 [21]. Chin [23] obtained efficiencies of 0.26 
– 0.29 with a flow-by porous copper cathode, while Zhou 
and Chin [17] obtained current efficiency values of 0.29 – 
0.39 with a flow-through packed bed cathode.  

The main value of most optimization studies is 
not always in the specific numerical results but, rather in 
the awareness which is achieved about subtle interactions 
within the system [24, 25]. Thus one’s intuition is 
prepared to operate at a higher level of insight. 
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 This work will utilize suitable optimization 
techniques to theoretically and practically optimize the 
fabrication and operation of suitable electrochemical cells 
with the possibility of totally removing copper from a 
CuSO4-Na2SO4 wastewater at almost 100% current 
efficiency.  
 
 

II. RELEVANT ELECTROCHEMICAL OPTIMIZATION 
CRITERIA AND PARAMETERS 

To maximise the performance of any cell for a given 
reaction, three inter-connected basic parameters affecting 
process economics must be optimised [25, 26]. These 
include: 
1.  Electrical current efficiency 
2.  Cell voltage 
3.  Electrical current density 
To optimise the foregoing parameters, emphasis must be 
placed on the following design criteria relating directly to 
the design of the cell hardware [25, 26)]: 
1.  Overall fluid distribution 
2.  Fluid distribution in a cell 
3.  Electricity utilisation 
4.  Electrode surface area to cell volume ratio 
5.  Critical component selection 
6.  Materials of construction 
7.  Assembly and maintenance 
8.  Operating conditions 

 
For any cell bank operated in a continuous mode, the 

parallel flow arrangement is usually advantageous over 
the series flow arrangement. Uniform distribution of 
electrolyte within a cell is necessary to eliminate stagnant 
zones. For batch and continuous mode operation, poor 
fluid distribution in a cell causes concentration 
polarisation, side reactions, low current efficiency and 
high electrode overvoltages. Batch and continuous 
operations are related by the proper interpretation and 
usage of reaction time, space time and space velocity 
[27]. Effective usage of electricity can only be made 
possible by minimising ohmic and power losses. 
Depending on the cell geometry and design, the electrode 
surface area to cell volume ratio must be increased as 
much as possible. The electrode active surface area must 
be increased so as to allow effective contact with the 
electrolyte. Electrodes and cell components must have 
adequate electrical and thermal conductivity, good 
mechanical properties, corrosion resistance and low cost. 
Material properties, useful life, availability and cost are 
prime factors in selection of materials of construction. 
Cells should be easy to assemble and maintain. Most 
importantly, a practical combined usage of these 
parameters must be optimally determined for any 
electrochemical cell in a given process. 

 
 

III. THEORETICAL OPTIMIZATION METHOD 

The following important relationships hold for the first 
order copper electrodeposition reaction: 
 
Cu2+ + 2e- = Cu(s)    (1) 
 
Equation (1) represents the electrodeposition reaction of 
copper on the cathode. 
The first order kinetics of the copper ion concentration at 
a particular time is given as: 
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where CF is final concentration of copper ion after any 
given electrolysis time t, CO is the initial copper 
concentration, SC is the total active cathode surface area, 
VS is volume of the electrolyte solution being treated and 
k is the apparent first order reaction rate constant for 
copper electrodeposition at the cathode.    
The percentage average current efficiency (av) is given 
according to the Faraday’s law of electrolysis as: 
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and  
 
W = VS(CO-CF)     (4) 
 
W is the mass of copper recovered, M is the atomic 
weight of copper, F is the Faraday’s constant, and I is the 
average current. 
 A good optimization technique has to take into 
consideration these basic equations as they relates to the 
copper electrodeposition process as well as their 
interference on one another and the set-out objectives.  

The term (SC/VS) in (2) is the electrode surface 
area to cell volume ratio (RSV) for the cathode area 
controlling eletrodeposition reaction. This term had been 
recognised [25, 26] as one of the criteria that must be 
maximised for the performance of any cell for a given 
reaction. The approach adopted in this work is to 
mathematically maximise the (SC/VS) ratio in (2) that will 
give a CF value of zero, with corresponding optimal k and 
t values.  

For an initial copper concentration CO, and zero 
CF value after an optimal time determined by optimising 
(2), (3) and (4) can be rearranged to give: 
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Equation (5) was optimised for the value of VS 
and I needed to have 100% current efficiency (AV) at the 
optimal time determined by optimising (2).    

By ensuring a higher cathode surface area than 
the anode surface area always, the reaction rate will be 
controlled by the cathode and the cathode current density 
(iC) is given as: 

 

 
C
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The mathematical theoretical optimisation values 

obtained for the operational parameters (variables) in (2) 
to (5) was used to fabricate and operate suitable 
electrochemical cells with the capability of achieving zero 
CF value at almost 100% current efficiency.       
 
 

IV. EXPERIMENTAL OPTIMIZATION METHOD 

 Removal of copper from a solution initially 
containing 100 ppm Cu2+ ions and 0.05M Na2SO4 was 
carried out in copper cathodes and graphite anodes 
electrochemical cells. The experimental set-up involved a 
d.c. power source, a voltmeter connected in parallel and 
an ammeter connected in series. All runs were carried out 
at 28oC and the final copper concentration after each run 
was determined by an Atomic Absorption 
Spectrophotometer (AAS).  

Three stages were involved in the experimental 
technique. Firstly, effective cathode surface area to cell 
volume ratios of 50, 60, 70, 75, and 80 m-1 were used to 
fabricate and operate electrochemical cells to remove 
copper from the copper solution. Average values recorded 
for the total time of 90 minutes for each run was used. 
One litre of electrolyte was used per run. This stage was 
to establish the importance of some parameters in the 
optimisation procedure. 

The second stage involved the fabrication and 
operation of electrochemical cells with effective cathode 
surface areas to cell volume ratios from 100 to 180 m-1, to 
achieve final copper concentration of zero. Total 
electrolysis time of 90 and 180 minutes were used so as to 
ensure good comparison with the possibility of complete 
removal of copper ions.  
  In the third stage, optimally determined values 
and parameters were used to fabricate and operate 
electrochemical cells so as to achieve zero final copper 
concentration at almost 100% current efficiency. 
Effective cathode surface areas to cell volume ratios of 
200 to 550 m-1 were used. The outcome of stages one and 
two served as a guide for stage three. 
 
 
 
 

V. RESULTS 

 The experimental results obtained in the first 
stage were used to observe some important phenomena 
and interactions of important variables in the 
eletrodeposition process. Figures 1-6 were obtained at two 
far apart average voltages of 4.83 V and 2.82 V and 
widely different average currents of 1.72 A and 0.93 A. 
The voltages and currents were so chosen to have good 
parametric observations on the operational variables. 

In Figures 1 and 2, the final concentration of 
copper in ppm and kgm-3 as shown can be seen to 
decrease as the active cathode surface area to cell volume 
ratio increases. This implies that maximising the active 
cathode surface area to cell volume ratio can enable the 
achievement of zero final copper concentration. Figures 3 
and 4 clearly indicated that the average current efficiency 
also increased with the active cathode surface area to cell 
volume ratio. Maximising this ratio therefore implies 
maximising the average current efficiency. The fractional 
conversion of Cu2+ ions to elemental copper at the 
cathode, which is a fractional measure of the amount of 
copper recovered, increased as the active cathode surface 
area to cell volume ratio increased in Figures 5 and 6. It 
could be seen that operation at lower voltages and 
currents produced higher current efficiencies, but lower 
final copper concentrations and fractional conversions. 
This type of situation requires an optimal determination of 
parameters.        
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Figure 1: Dependence of final copper concentration on 
active cathode surface area to cell volume ratio at a mean 
voltage of 4.83 V and mean current of 1.72 A.  
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Figure 2: Dependence of final copper concentration on 
active cathode surface area to cell volume ratio at a mean 
voltage of 2.82 V and mean current of 0.93 A.  
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Figure 3: Dependence of average current efficiency on 
active cathode surface area to cell volume ratio at a mean 
voltage of 4.83 V and mean current of 1.72 A.  
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Figure 4: Dependence of average current efficiency on 
active cathode surface area to cell volume ratio at a mean 
voltage of 2.82 V and mean current of 0.93 A.  
 
The numerical optimisation of (2) and (5) which are non-
linear equations were solved with the MPL for Windows 
4.2 Optimization software, Maximal Software Inc, 
Copyright 1988 – 2007. The software utilised the 
Lipschitz-Continuous Global Optimizer (LGO) for the 
non linear optimization. According to Pinter [28], a 
practically important point to emphasize is that a 
specialized model structure is not assumed or exploited by 
LGO. 
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Figure 5: Dependence of fractional conversion on active 
cathode surface area to cell volume ratio at a mean 
voltage of 4.83 V and mean current of 1.72 A.  
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Figure 6: Dependence of fractional conversion on active 
cathode surface area to cell volume ratio at a mean 
voltage of 2.82 V and mean current of 0.93 A. 
 
 For a wastewater with an initial Cu2+ ions 
concentration of 100 ppm (0.1 kgm-3), the optimum 
numerical solution of (2) resulted in the following values:  
Optimum final copper concentration, CFO ≤ 1 x 10-15 ppm 
≤ 1 x 10-18 kgm-3 ≈ 0   
Optimum active cathode surface area to cell volume ratio, 
RSVO ≥ 153.6 m-1 
Optimum time, tOP ≤ 153.6 s 
Optimum apparent first order reaction rate constant, kOP ≥ 
4.88 x 10-4 ms-1   
 With these results, the second stage 
experimentation was set-out to achieve final copper 
concentration of zero from an initial Cu2+ ions 
concentration of 100 ppm (0.1 kgm-3). With the 
experimental parameters listed below, the results obtained 
were plotted as shown in Figures 7 and 8. 
Average current = 1.72 A, Average voltage = 3.21 V, 
Wastewater volume = 0.00015 m3 
As could be seen, the main objective of achieving a zero 
copper concentration was done at the expense of a very 
long electrolysis time and very small volume of 
wastewater, which resulted in apparently low current 
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Figure 7: Dependence of final copper concentration on 
active cathode surface area to cell volume ratio at a mean 
voltage of 3.21 V and mean current of 1.72 A.  
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Figure 8: Dependence of average current efficiency on 
active cathode surface area to cell volume ratio at a mean 
voltage of 3.21 V and mean current of 1.72 A.  
 
efficiencies. Zero Cu2+ ions concentration was obtained 
when the active cathode surface area to cell volume ratio 
was 180 m-1 at 180 minutes (10800 s) as shown in Figure 
7. This corresponds to a current efficiency of 0.2454% as 
shown in Figure 8.  

By optimising (5), the optimum electrolyte 
volume VS and current I needed to have 100% current 
efficiency at the optimal time tOP of about 153.6 s was 
plotted as shown in Figure 9. As a guide, the current 
range was chosen to vary from 1A to 2A based on the first 
and second stage experimental operations.  

Experiment to achieve a zero final concentration 
of copper at almost 100% current efficiency necessitated 
the third stage fabrication and operation of 
electrochemical cells at conditions that satisfied 
theoretically predicted optimal parameters from (2) to (5).    
With the parameters listed below, the results obtained 
were shown in Figures 10 and 11. 
Electrolysis time, t = 153 s (because optimum time, tOP ≤ 
153.6 s), Average current = 1.72 A, Average voltage = 
2.90 V, Wastewater volume = 0.000862 m3 
As shown in Figure 10, zero Cu2+ ions concentration was 
obtained when the active cathode surface area to cell 
volume ratio was 550 m-1 (optimum active cathode 
surface area to cell volume ratio, RSVO ≥ 153.6 m-1). 
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Figure 9: Variation of optimum electrolyte volume with 
optimum current.  
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Figure 10: Dependence of final copper concentration on 
active cathode surface area to cell volume ratio at a mean 
voltage of 2.90 V and mean current of 1.72 A.  
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Figure 11: Dependence of average current efficiency on 
active cathode surface area to cell volume ratio at a mean 
voltage of 2.90 V and mean current of 1.72 A.  
 
 

As shown in Figure 11, this corresponds to a 
current efficiency of 99.56% which is approximately 
100% at an optimum current density of 41.05 Am-2. A 
plan view of the cells’ arrangement is represented in 
Figure 12. 
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Figure 12: Plan view of cells’ arrangement. 
 
 

VI. CONCLUSION 

The reduction of copper ions (Cu2+) from a 
wastewater sample containing 0.1 kgm-3 (100 ppm) 
copper ions concentration to zero at near 100% current 
efficiency was investigated. The identification of the basic 
parameters and criteria needed to optimise the 
performance of any electrochemical cell were identified. 
Mathematical modelling and optimisation indicated an 
optimum active cathode surface area to cell volume ratio 
RSVO greater than or equal to 153.6 m-1, and an optimum 
time tOP that must be less than or equal to 153.6 s. 
Fabrication of electrochemical cells, parametric studies of 
relevant variables, operation of cells guided by the 
parametric studies in addition to theoretically predicted 
optimum operating conditions achieved zero 
concentration of copper at a maximum current efficiency 
of 99.56% and an optimum current density of 41.05 Am-2. 
The study serves to enhance researchers to design 
optimum wastewater treatment cells of varying sizes or 
capacities, with the possibility of achieving zero 
contaminant concentration at almost 100% efficiencies.      
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