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Abstract  

This research work focuses on the removal of chromium ions from synthetic and real wastewater 

by electrocoagulation process using copper. The impact of process variables such as pH, current 

density, supporting electrolyte concentration, chromium concentration, and electrode distance for 

the removal of chromium were studied. Chromium removal percentage was found to be more 

than 95 % using a copper electrode. Experimental results showed that the removal percentage 

increased with an increase in current density. The electrical energy consumption was calculated 

in terms of kWh/kg Cu and kWh/m3 and found that the electrical energy consumption increased 

with an increase in electrode distance and pH. Kinetic study of electrocoagulation process was 

carried out and found that chromium removal follows the first-order kinetic model with respect 

to different operating parameters. The rate constant increased with increasing in current density. 

Analysis of sludge was carried out using field emission scanning electron microscopy and energy 

dispersive X-ray spectroscopy, which confirmed the presence of chromium, copper hydroxide 

and other elements in sludge. The mass balance of chromium was carried out after 

electrocoagulation process. The overall mass balance shows that the chromium is the same in the 

residue and filtrate. Overall, copper electrode introduced for removal of chromium from 

synthetic and real wastewater and found good results with low energy consumption and 

operating cost.   

The effect of various operating parameters such as initial Cr(VI) concentration, pH, electrode 

distance, current density and supporting electrolyte (NaCl) concentration for the removal of 

Cr(VI) from synthetic waste water were studied using copper electrode. It was found that current 

density of 41.32 A/m2, electrode distance of 1.4 cm, initial pH of 5.65, Cr(VI) concentration of 

100 mg/L and time of electrocoagulation of 40 min are the optimal operating parameters to attain 

93.33% removal efficiency of Cr(VI) from simulated waste water. The effect of individual 

variable and their combination effects, the response surface methodology using central 

composite design were carried out using Minitap software. It was found that quadratic equation 

model was best fitted with experimental value with high R2 and R2
adj. The high value R2 = 0.981 

and R2
adj = 0.965 shows that fitted model confirms a good agreement with the real and predicted 



Cr(VI) removal percentage. Kinetic study of EC process was carried out and it was observed that 

Cr(VI) ion removal follows the first-order kinetic model. As the current density increased from 

13.77 A/m2 to 41.32 A/m2, the rate constant was increased from 0.0176 min-1 to 0.0685 min-1. 

EDX analysis of the sludge confirmed the capture of chromium ions from water by the copper 

hydroxide flocs.  

Chromium removal from industrial effluent using copper electrode was found very effective. The 

copper electrode showed removal efficiency 99.70% at a current density of 68.87 A/m2, pH of 

5.83, chromium concentration of 82.7 mg/L, electrode distance of 0.7 cm, and time of EC 50 

minutes. Experimental results indicated that the removal of chromium follows the first order 

reaction during kinetic analysis in current density range from 13.77 to 68.87 A/m2. The rate 

constant (k) enhanced from 0.0286 to 0.114 min-1. Copper electrode is found an efficient 

electrode for chromium removal from industrial effluent with a calculated operating cost of 

0.277 US$/m3 and energy consumption of 3.32 kWh/m3. The same effluent were treated using 

iron electrode and it was found that the chromium removal percentage 99.64 %, at the pH of 

5.83, current density of 89.45 A/m2, electrode distance of 0.7 cm, and operating time of 50 

minutes. The operating cost and energy consumption was 0.207 US$/m3 and 2.499 kWh/m3 

respectively. 

Simultaneous nickel and chromium removal from synthetic wastewater using brass electrode. 

The brass electrode demonstrated removal percentage of Cr(VI) and Ni were 99.9 % and 99.38 

% respectively at a concentration of Cr(VI) and Ni was 50 mg/L, current density of 65.79 A/m2, 

electrode distance of 0.7 cm, pH of 4.3 and EC time 50 minutes. The brass electrode 

demonstrated better performance with lower energy consumption (21.58 kWh/m3) and less 

operation cost (1.797 US$/m3) as compared to other electrode material.  

Simultaneously removal of chromium and nickel from an aqueous solution using iron electrode. 

The experimental results show that current density value of 89.45 A/m2, electrode distance value 

of 0.7 cm, pH value of 4.5, operating time of 60 minutes, are the optimal operating parameters to 

achieve 88.45 % and 95.47 % removal efficiency of Ni and Cr(VI) respectively. Electrical 

energy consumption and specific electrical energy consumption of EC process for removal of 

Cr(VI) and Ni was 14 kWh/m3 and 1.16 kWh/kg Fe respectively.  



Brief description on the state of art of the research topic 

Heavy metals are an important material for the preparation and manufacturing of several 

industrial products like leather, drugs, cosmetics, dyes, pigments and textile materials. 

Chromium is a surrogate ingredient of these product and processes. These industries generate 

large amount of wastewater, which contains chromium and other hazard materials. If it 

discharges directly (without any treatment) in any water receiving body, it can damage the 

aquatic system and environment. Apart from this, the advancement in the industry is increasing a 

big problem regarding the contamination of water sources and shortage of energy [1].  Many 

methods have been reported in literature for chromium removal such as membrane separation, 

[2,3] adsorption,[4,5] ion exchange,[6,7] photocatalysis,[8,9] precipitation/ coagulation,[10,11] 

biological treatment,[12,13] electrocoagulation, etc.[14–18]. Each method has an individual set 

of merits and demerits. Compared to all these methods, EC provides more advantages, such as, 

easy in operation, no extra chemicals required and it resulted in to generate secondary pollutants, 

less sludge generate, and high efficiency in minimum time [19,20]. 

In the EC process, the selection of electrodes plays a key role. In the current state, extensive 

investigation has been done on EC with aluminum, metal alloy, and zinc and iron electrodes. 

Very few studies are available in literature for wastewater treatment using copper electrode by 

EC process. EC method was used to investigate the effect of process variables such as pH, 

current density, supporting electrolyte concentration, chromium concentration, and electrode 

distance for the removal of chromium from wastewater. The effect of individual variable and 

their interaction on the removal efficiency cannot be generalized. There is large number of 

experiments required. Therefore response surface methodology (RSM) is applied for EC process 

optimization for chromium removal from wastewater.  

However, copper and brass electrodes are not reported in literature for chromium removal. So 

copper and brass electrodes can be used for Cr(VI) removal by electrocoagulation. In this work 

copper electrode and brass electrode introduced for the removal of chromium from wastewater 

by EC process. Also kinetic study of EC process and optimizations of EC process are carried out 

using RSM with the central composite design (CCD). Operating cost and energy consumptions 

are significant factors for industrial application of EC process so it is calculated in this work.   

 

 



Definition of the problem: 

The present doctoral work addresses the following problems: 

 The treatment of industrial effluent which contains heavy metal ions is big issue by 

conventional methods. 

 Selection of electrode material using EC process, identification of process variables 

affecting the removal percentage of chromium.  

 To study the kinetics and operating cost of EC process.   

Objective and scope of work: 

 To investigate the copper and brass electrode for chromium removal by EC process.   

 To investigate the impact of various parameters (current, pH, electrode distance, 

concentration and supporting electrolyte) of EC process on chromium removal efficiency.  

 To study the kinetics of EC process.   

 To study the electrical energy consumption and operating cost of EC process.  

 To investigate the sludge analysis and mass balance of chromium after the EC process.  

Original contribution by the thesis: 

The EC process using copper electrode and brass electrode for the removal of chromium from 

synthetic wastewater and real wastewater found as an effective treatment method. The effects of 

process variable on the chromium removal percentage were determined. Optimize the process 

parameters for chromium removal using response surface methodology (RSM) with the central 

composite design (CCD). Also, kinetic analysis of EC process were carried out and concluded 

that chromium removal follows first order kinetic model. In addition, the sludge analysis and 

mass balance of chromium were carried out after the EC process. Cost analysis was carried out 

for EC process. Three full-length research papers have already accepted for publication. One 

paper is accepted in Arabian Journal of Chemistry of Elsevier (impact factor 6.21) and Second 

paper is accepted in Journal of Dispersion Science and Technology of Taylor & Francis (impact 

factor 2.05). Third paper is accepted in Journal of Environmental Treatment Techniques. An 

Indian Patent has been published.  

Methodology of research and results  

Experiment Set-up 

All experiments were performed in batch mode. The experimental setup is shown in Figure 1. 

Experiments were carried out in a 1 L glass reactor with 500 mL volume of wastewater sample. 



Three types of electrode were used for chromium removal in this work. First copper electrode 

was used for the treatment of synthetic solution and industrial wastewater. Second iron electrode 

was used for the treatment of synthetic solution and industrial wastewater. Third brass electrode 

was used for simultaneous removal of chromium and nickel from synthetic solution. All 

electrodes having dimensions 15 cm × 4.6 cm × 0.1 cm were utilized in EC cell with an active 

surface area of 0.00726 m2. The electrodes were attached with a DC power supply (Aplab, L-

1285). The electrode distance was maintained from 0.7 to 3.5 cm by using a hanging wooden 

block as shown in Figure 1. Wastewater sample was continuously stirred by magnetic stirrer and 

experiments were carried out at room temperature. Samples were taken in 10 minutes interval for 

the analysis. Chromium concentration for synthetic solution was measured by colorimetrically 

(Standard Methods, method no.3500-Cr D) [21]. 1, 5-Diphenylcarbazide (molecular weight 

242.28 g/mol) was utilized as complexometric reagent for Cr(VI) estimation at 540 nm using 

double beam UV–visible spectrophotometer (UV-1800 240 V, Shimadzu Corporation Kyoto, 

Japan). Chromium concentration for real effluent was measured by Atomic Absorption 

Spectrometer (AA201, CHEMITO Instruments India) at 358nm wavelength. pH was varied by 

using 1N H2SO4 and NaOH. The chromium and nickel removal percentage was determined by 

the following equation: 

              𝑅𝑒𝑚𝑜𝑣𝑎𝑙 % =
  

 
× 100                               (1) 

 

 

Figure 1. Experimental setup 



The specific electrical energy consumption (SEEC) (kWh/ kg of Cu) and electrical energy 

consumption (kWh/m3) were calculated as equations [22,23]:    
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∆Mexperimental is weight loss of electrode during experiment. ∆Mtheoretical is theoretical weight loss 

of electrode and it was calculated according to the Faraday’s law equation (3): 
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      𝑆𝐸𝐸𝐶 =
n× F×U

× ×
                                                                                                    (4) 

where F is Faraday constant (F = 96487 C mol-1), I is current (A), U is voltage (volt),  M is 

molecular weight of copper (g mol-1), φ is current efficiency, n is moles of electron, and tEC is the 

time of EC (minute). Energy consumption per unit volume (kWh m-3) for various process 

variables was estimated by equation (5):  

 

                              𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝐸) =
   

                                                    (5) 

Where, E denotes energy consumption (kWh/m3), U indicates voltage (V), I denotes current (A), 

V indicates volume of effluent (L), and tEC indicates the total time of EC (h).  

Procedure of redissolve sludge and analyze the flocs 

The residue after the EC process was collected. The residue was separated by filtration and dried. 

This dried residue was dissolved in aquarezia with slowly heating (at temperature 80 0C) until 

the residue mixed completely. After that chromium concentration in residue and filtrate were 

measured by AAS.  

Outcomes of research work: 

 Copper electrode employed effectively for chromium removal from synthetic solution as 

well as real effluent and found good results.      



 Impact of process variables was determined for the removal efficiency. Current density, 

concentration, electrode distance, and pH are significant process parameters.       

 The statistical analysis, response surface methodology applied with central composite 

design was used to design the experiments. Quadratic equation model was best fitted with 

experimental results. The predicted removal efficiency and experimental removal 

efficiency was almost same at optimized process parameters.  

 Kinetic analysis of EC process was done for various operating parameters and it was 

concluded that chromium removal follows first order kinetic model with respect to 

various variable such as current density, concentration of chromium, electrode distance. 

The rate constant (k) was enhanced with increased in current density. 

 The energy consumption and operating cost of EC process for chromium removal was 

calculated and found that the brass and copper electrode are best electrode as compared to 

Fe and Al electrode. 

 Brass electrode was used for simultaneous nickel and chromium removal from synthetic 

wastewater and found very effective. Brass electrode required less energy and minimum 

operation cost as compared to Cu, Fe, and Al electrode. 

 Chromium and nickel removal was confirmed by FESEM-EDX analysis of sludge after 

electrocoagulation and mass balance of chromium and nickel was done in residue and 

filtrate.   

 

Achievements with respect to objectives: 

Objectives Fulfillment of defined objective 

To introduce the copper and brass electrode for 

chromium removal by EC process.   

Copper and brass electrode introduced 

effectively for chromium removal from 

synthetic solution as well as real effluent and 

found good results 

To investigate the impact of various parameters 

(current, pH, electrode distance, concentration 

and supporting electrolyte) of EC process on 

Impact of process variables was determined for 

the removal efficiency. It was found that the 

current density, concentration, electrode 



chromium removal efficiency. distance, and pH are significant process 

parameters.       

To optimize the process parameters affecting 

the removal percentage of chromium.    

Response surface methodology with central 

composite design was used to optimize 

parameters. The predicted removal efficiency 

and experimental removal efficiency was 

almost same at optimized process parameters. 

To study the kinetics of EC process.   Kinetic analysis of EC process was carried out 

and it was concluded that chromium removal 

follows first order kinetic model with respect 

to various parameters.  

To study the electrical energy consumptions 

and operating cost of EC process. 

The energy consumption and operating cost of 

EC process was calculated and found that the 

brass and copper electrode is best electrode as 

compared to other electrode. 

To investigate the sludge analysis and mass 

balance of chromium after the EC process. 

Chromium and nickel removal was confirmed 

by FESEM-EDX analysis of sludge and mass 

balance of chromium and nickel was done in 

residue and filtrate.   

 

Conclusion:  

In this work, the electrocoagulation with copper and brass electrode were used, for the removal 

of Cr(VI) and Ni from wastewater were studied. Various operating parameters (current, pH, 

electrode distance, concentration and supporting electrolyte) were studied. Optimize the process 

parameters by RSM of EC process was done. Kinetics of EC process and elemental analysis was 

carried out. Also, the electrical energy consumptions and operating cost of EC process was 

calculated. Based on the experimental results, the significant conclusions of the present study are 

outlined below: 

 Copper electrode has been successfully used to remove the Cr(VI). 

 Various operating parameters, CD, ED, pH, time were optimized using RSM. 

 Maximum Cr(VI) removal was 93.33 %.  



 Removal kinetics followed the pseudo first order model in terms of concentration Cr(VI), 

ED and CD. 

 The polynomial model was developed with R2 = 0.981, which indicated high accuracy 

between experimental and predicted results.  

 The newly proposed copper electrode was also used to treat the real industrial waste. The 

maximum Cr(VI) removal of 99.70% was achieved.  

 Real effluent also followed the same kinetic models. 

 Iron electrode was also used to treat the real effluent. The maximum Cr(VI) removal was 

99.64%. 

 Industrial effluent having Cr(VI) and Ni was successfully treated using newly proposed 

brass electrode with 99.9% and 99.38 % removal, respectively. 

 Another Iron electrode was also used to treat wastewater having Cr(VI) and Ni with 

88.45 % and 95.47% removal , respectively. 

 Brass electrode comes out to be the best electrode for heavy metal removals in case of 

multi heavy metal waste water 

All the cited objectives are achieved. Three papers have been published and an Indian Patent has 

been published. Therefore, the synopsis of doctoral work is hereby, submitted to Gujarat 

Technological University.  
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