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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 
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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.  
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CHAPTER 1 

Introduction 

1.1 Background 

Environmental pollution control and energy consumption is worried issue in various 

countries. The major concerned environmental pollution is air pollution, noise pollution 

and water pollution. But water pollution is more important and main concern as “water is 

the source of life” to our planet. Water pollution is main issue because all the living 

animals, plants, human are dependent on it. It is causes various health problems to all the 

living beings and so is one of the most important public health concerns. So it is necessary 

to prevent water pollution and save water.  

Water pollution is the spent water coming out after use from various sources for example 

homes, commercial establishments, industries, agriculture land and public institutions 

which used water for various purposes. It contains organic impurities (oils and grease, 

detergents minerals, organic salts,), inorganic matter (heavy metals, halides, radioactive 

materials, etc.) and micro-organisms (Bacteria, Algae, Viruses, etc.). The amount of 

polluted water increases everyday because of increases in population, industrial expansion 

and overall effect is reduction in the availability of fresh water decreasing. The 

management of huge volume of polluted water is a big issue for industrial society. 

Industries cannot discharge or reuse of polluted water without treatment. Therefore, proper 

treatment is required for the treatment of wastewater, with a process that consumes less 

energy, low capital, and operational cost.   

1.2 Various Components of Polluted Water 

There are various components of polluted Water such as carbonic compounds, oil and 

derivatives, heavy metals, thermal pollution, oxygen demanding wastes, pH, suspended 

impurities, algae and bacteria and others. These components of polluted water are very 

harmful for aquatic system and environment. Among them heavy metals is dangerous for 

aquatic system and environment. Industries are using heavy metals for their meaningful 

product. The importance of heavy metals has increased because of industrial revolution. 

Hence, the waste water containing heavy metals increase now days.      
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1.3 Sources of heavy metals in water   

In general, heavy metals have relatively high densities, atomic numbers or atomic weights 

and also known as trace metals [1]. There are two sources of heavy metals in wastewater, 

first is natural source and second one is manmade source. Soil erosion, volcanic activities, 

aerosol particles and urban run offs are main natural sources of heavy metals in 

wastewater. Soil erosion is source of heavy metal in water and its causes by water and 

wind. Soils contains heavy metal such as Cd, As, Cr, Ni, Pd, Cu, and Hg due to uses of 

phosphate fertilizers in agricultural activities [2]. Also volcanic eruption are responsible 

for the existence of metals such as As, Hg, Al, Rb, Pb, Mg, Cu and Zn in water and soils 

[3]. In addition, atmospheric water droplets (aerosol particles) may contain heavy metals. 

It accumulates on leaf surfaces and can enter the leaves by means of stomata [4].  

The man-made sources of heavy metals include industrial effluent of dyes, pigments, 

leather, electroplating, metallurgical, and paint industries. The dyes and pigment industries 

widely use heavy metals such as chromium (Cr), Nickel (Ni), lead (Pb), Copper (Cu) and 

Cadmium (Cd) for the manufacture of their products [5]. The electroplating and metal 

finishing industries are the major sources of heavy metals in effluent. The waste water 

coming out from electroplating and metal finishing industries contain various heavy metal 

ions such as Cu, Fe, Ni, Mn, Cd, Co Pb,  Zn etc. [6]. The tanning leather industry is also 

one of the major sources of effluent containing heavy metals such as lead, mercury, 

cadmium, copper, selenium, arsenic and chromium [7]. The paint industries are using 

solvents, pigments, and other additives, which contains heavy metals such as Cr, Co, Pb, 

Cu and Ni [8]. Similarly, mining industry wastewater also contains toxic metal such Cr, 

As, Zn, Pb, Cu and Cd [9]. The waste water containing these heavy metals are releas to the 

environment and these heavy metals deposits are found in soil, water, vegetable and crops.  

In few cases, nuclear plants also discharge heavy metals such as zinc and copper in 

wastewater. In the nuclear operation, huge amount of water is used and after operation, the 

wastewater containing heavy metals are released into water bodies which is harmful for 

environment and aquatic systems [1].  

1.4 Effects of wastewater containing heavy metals 

If the wastewater containing heavy metals is not properly treated, then it will deteriorate 

human health and the environment. The heavy metals can cause severe effects on human 
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body such as damage kidney, lungs and liver, it can affect softens bones, central nervous 

system [10].  The heavy metals presence in the environment it can pollute water, soil and 

air [11]. Each type of heavy metals has their own adverse effect on the environment and 

human life and it has been reported in literatures [12–14]. But chromium is more toxic in 

nature and it is available in trivalent Cr(III) and hexavalent Cr(VI) forms. Chromium 

[Cr(VI)] is more toxic and carcinogenic as compared to Cr(III). Chromium is consumed in 

various industries such as dyes, pigments, leather, electroplating, metallurgical, paint etc. 

for the production of their final product [15]. These industries generate a huge amount of 

effluent containing chromium ions. These chromium ions are very dangerous for human 

life and the environment [16,17]. It has several effects such as damage of lungs, liver and 

kidney, it can causes headache, diarrhea, nausea, respiratory problems, vomiting, skin 

rashes, and deteriorate immune system [18,19].  So it is compulsory to remove chromium 

ions from effluent before discharging it into any water receiving body. The wastewater can 

be released having chromium concentration 0.05 mg/L as the national environment 

protection act [20]. The discharge limit of Cr(VI) for industrial effluent as per the Gujarat 

Pollution Control Board (GPCB) is 3 mg/L [21].  

1.5 Research gaps 

Electrocoagulation process is depends on several parameters such as Current, 

concentration of pollutants, pH, types of electrolyte, electrode material, and electrode 

distance. Among them the electrode material is most important parameter because of 

energy consumption and operating cost of EC process. Iron and Aluminum electrodes 

have been reported in literature for chromium removal [22–26]. However copper electrode 

is not reported in literature for chromium removal. Very few studies report  for the 

removal of COD, BOD, Color and other impurities from the wastewater using copper 

electrode [27–30].  So copper and the brass electrodes can be used for Cr(VI) removal by 

electrocoagulation. The following points have been considered as research gap: 

 Copper and brass electrodes have not been reported for Chromium removal using 

electrocoagulation.  

 The study of various process parameters of EC is required.   

 The electrical energy consumptions and operating cost of EC process is important 

to address the application of copper and brass electrodes. 

 The study of kinetics of EC process is needed.   
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1.6 Definition of problem 

Now a day’s large quantity of industrial effluent containing heavy metal ions is generating 

by industry and facing a big challenge for treatment of effluent. The effluent containing 

chromium is very dangerous for living and non-living things. The available conventional 

methods such as adsorption, precipitation, photocatalysis, coagulation ion exchange, and 

membrane separation are used for chromium removal. But industries demand a process 

that consumes less energy and required low treatment cost. So, compared to these 

conventional methods, electrocoagulation (EC) provides good results for the removal of 

chromium. But it required the choice of electrode that may increase energy consumption. 

Selection of an appropriate and efficient electrode is a big challenge, as it affects energy 

consumption and operating cost. Very few literatures are available for the wastewater 

treatment by EC using copper electrode. So, copper and the brass electrodes can be an 

alternate choice for Cr(VI) removal in place of iron and aluminum electrodes by EC 

process. Therefore Cr(VI) removal by EC process using copper electrode can be seen as 

the newest technology and a possible area of research.  

1.7 Objectives and Scope of the research work  

The current work aims to removal of Cr(VI) from wastewater using copper electrode. The 

main objectives and scope of the present work is listed as:  

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

process.   

2. To investigate and optimize the impact of various parameters (current, pH, 

electrode distance, concentration and supporting electrolyte) of EC process on 

Cr(VI) removal efficiency.  

3. To study the kinetics of EC process.   

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

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

process.  
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1.8 Organization of the thesis   

Chapter 2 presents a detailed of literature review of current work.  

Chapter 3 presents a detailed of experimental methods followed for the removal of 

Cr(VI).  

Chapter 4 deals with Cr(VI) removal from aqueous solution by electrocoagulation with 

copper electrode.  

Chapter 5 addresses the chromium removal from industrial effluent with copper 

electrode. 

Chapter 6 addresses the chromium removal from industrial effluent with Iron electrode.  

Chapter 7 includes simultaneous nickel and chromium removal from synthetic 

wastewater using brass electrode. 

Chapter 8 includes the simultaneous removal of chromium and nickel from aqueous 

solution using iron electrode. 

Chapter 9 presents various conclusions drawn from the research work. It also provides 

possible directions for future work.  
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CHAPTER 2 

Literature Review 

2.1 Treatment methods of chromium removal 

At present a variety of methods are available for treatment of chromium containing 

wastewater such as adsorption [31–40], precipitation [41–46], photocatalysis [34,47–53], 

coagulation [54–58] ion exchange [51,59–66], membrane separation [62,67–73], 

electrocoagulation [74,75] , biological treatment [76–79]. These methods can be used for 

chromium treatment and each process has their plus points and negative points.   

2.1.1 Adsorption 

In adsorption process different types of adsorbents such as natural adsorbent, charcoal, 

clay etc. have been used for chromium removal from water treatment since ancient times. 

It gives fast removal with less removal percentage and it required large amount of 

adsorbent which is produce sludge [80]. Li et al. [81] studied on efficient adsorption-

reduction of Cr(VI). The effect of pH and kinetic analysis of adsorption was carried out 

and S,N,O-co-doped porous carbon used as a adsorbent. The Cr(VI) removal was 97% at 

room temperature. The author concluded that the necessary suggestion for understanding 

the relations between porous carbon and impurity in wastewater. Hsini et al. [82] studied 

on Cr(VI) removal using an Arginine-polyaniline composite adsorbent. The author 

examined the effect of various parameter such as dose of adsorbent, temperature, pH, time, 

Cr(VI) concentration on the Cr(VI) removal. The maximum removal percentage i.e. 

98.14% was achieved at Cr(VI) concentration 100 mg/L, pH 2, adsorbent dose 0.5 g/L, 

temperature was 20 ◦C and adsorption time 240 min. Kebir et al.[83] studied Cr(VI) 

removal using red peanut skin as adsorbent. Various parameters such as time, initial 

concentration, pH and temperature were studied and the removal percentage was more 

than 58% of Cr(VI) after 2 hrs. Bhattacharya et al.[84] studied low cost adsorbent such as 

such as clarified sludge-a steel industry waste material, activated alumina, rice husk ash, 

fly ash, fuller’s earth, neem bark and saw dust and were used for Cr(VI) removal. The 

maximum removal efficiency i.e. 99.8% of Cr(VI) found using clarified sludge-a steel 

industry waste material. Chen et al.[85] studied modified wheat residue as a adsorbent for 
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Cr(VI) removal. The maximum adsorption capacity was 322.58 mg/g at 328 K and the 

kinetics of adsorption was pseudo-second-order. Uysal et al.[86] studied the Cr(VI) 

removal from industrial effluent using saw dust as a adsorbent. It was found that the 

Cr(VI) removal depends of pH and initial concentration of Cr(VI). Baral et al.[87] studied 

about the selection of suitable adsorbent for the removal of Cr(VI) by using fuzzy logic. 

The fuzzy logic was used for the chosen an appropriate adsorbent for the Cr(VI) removal 

and multiple attribute decision making was used to work out the relative weighting values 

for the chosen sorbent. The normalized value connected with each parameter has given on 

the basis of effect on the removal of Cr(VI). Baral et al.[88] also studied the adsorption of 

Cr (VI) by treated weed salvinia cucullata and found the kinetics mechanism of 

adsorption.  

The limitation of adsorption processes is the large amount of sludge production and the 

removal efficiency is depends on the types of adsorbent.  The regeneration of adsorbent is 

not possible.   

2.1.2 Precipitation and coagulation 

Precipitation and coagulation methods are mostly used for treatment of wastewater. It is 

simple in operation and less operating cost is required. The drawback of this method is 

requirement of large amount of chemicals that resulted in production of the secondary 

pollutants [89]. Bora et al. [58]  studied on the removal of Pb, Cd, Cu, Cr, Ni, and Co from 

drinking water using oxidation-coagulation-absorption. They have checked the effect of 

residence time and initial concentration on the heavy metal ions removal and it was found 

that the removal percentage of Cd 79.0%, Co 94.8%, Ni 94.4%, Cu 98.0%, Cr 98.3%, Pb 

99.5%, respectively achieved at the initial concentration of 2 mg/L. FeCl3, NaHCO3, and 

KMnO4 were used as coagulant. Jing-Mei Sun et al. [42] studied on Cr(VI) removal with 

copper precipitation by dosing Na2CO3. The author found that the maximum formation of 

precipitation was observed at pH of 5 and concluded that the CuCO3.Cu(OH)2 precipitates 

formed in majority and Cu(OH)2 formed in minority. The limitation of this process is 

required additional chemicals for the production of coagulant. These chemicals produce 

the secondary pollutants and also produce the sludge.   
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2.1.3 Biological process 

Biological treatment processes, have lower impact on the environment. It’s easy in 

operation but required large space as compared to other methods. Its gives the lower 

removal percentage for heavy metal removal and takes more time for operation [90]. Chen 

et al. [78] studied on the continuous Cr(VI) removal by anaerobic–aerobic activated sludge 

process. The authors observed that the 100 % Cr(VI) and total Cr 98.56% achieved when 

the inlet concentration was of 20 mg/day. As the inlet concentration was increased up to 

40 mg/day, the removal percentage decreased up to 98.64% Cr(VI) and total Cr  97.16%, 

respectively. Mamais et al. [76] studied the Cr(VI) removal by biological groundwater 

treatment method at anaerobic conditions. The removal percentage was achieved more 

than 95%.  It was concluded that the anaerobic systems gaves higher Cr(VI) removal as 

compared to aerobic process. The limitation of this process is required the maintenance of 

operating conditions and nutrition. It is a slow process and less efficient.   

2.1.4 Ion exchange process 

In ion exchange method, resins are used for heavy metal ions removal. It has high removal 

efficiency, high treatment capacity, and fast kinetics. But it is used for selected metal ions 

and is a costly process [91,92]. Sofia et al. [65] treated electroplating waste water by ion 

exchange resins. The effluent contained heavy metal ions such as Cr, Cu, Ni, Zn, Mg and 

Pd. Two resins was tested for the removal of heavy metal ions, first was weak cationic 

resin (Amberlite IRC86) and second was chelating exchange resin (Diaion CR11) and it 

was found that both resins were effective for the removal of metal ions.  Nam et al. [64] 

used Amine-Functionalized Acrylic ion exchange fiber for treatment of Cr(VI). The 

Cr(VI) removal was 95.96 % and it was concluded that the removal favours acidic 

conditions.  The limitation of this process is required high operating cost and the removal 

efficiency is depends on the selected resins.   

2.1.5 Photocatalysis process 

Photocatalysis process is based on the creation of hydroxyl radical (•OH) using UV/H2O2 

and UV/TiO2. It gives high removal efficiency, simple design and high stability but this 

process is costly and has limited application for the treatment of heavy metals. Wang et al. 

[47] studied on graphitic carbon nitride based photocatalysis removal of Cr(VI) and 

arsenic(III). It was found that the negligible impact of pH in the rage of 3 to 6. The 
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graphitic carbon nitride based photocatalysis is tough in the treatment of Cr(VI) and 

As(III). Li et al. [34] studied on chitosan/g-C3N4/TiO2 nanofibers for Cr(VI) removal via 

adsorption/photocatalysis. The effect of various factor such as pH, contact time, initial 

concentration were studied and it was concluded that the photocatalysis using CS/CNT 

nanofibers giaves the 50 % higher removal of Cr(VI) than the adsorption. The drawback of 

this process is the high operating cost and catalyst separation is not easy. It has limited 

application in the wastewater treatment.   

2.1.6 Membrane separation 

Membrane separation processes separates impurities from waste water using semi- 

permeable membranes based on molecular weight and size. It also depends on pore size of 

membrane. It provides high removal efficiency, but this process is costly. Wei et al. [73] 

used negatively charged nanofiltration membrane for Cr(VI) removal under acidic 

conditions. pH was varied in the range of 2.5 -11, and it was concluded that the Cr(VI) 

removal i.e. 92%  achieved at pH 4. Habibi et al. [69] used polysulfone membrane for 

Cr(VI) removal. The effect of various parameters such as pH, operating time, initial 

Cr(VI) concentration were investigated. The separation efficiency of Cr(VI) of  94% at pH 

= 3 and water flux at 13 L m-2 h-1. The limitation of this process is membrane fouling and 

it is a very expensive process.   

2.1.7 Electrocoagulation process 

The electrochemical process for wastewater treatment consists of electrochemical 

oxidation, electrocoagulation, electro flotation and electro reduction. Electrochemical 

processes have emerged technology for wastewater treatment because of their several 

benefits such as higher efficiency, less power requirement, less sludge production, and 

easy operation [93]. The electrochemical process is used to treatment of polluted water 

using electricity based on the concept of electrolysis. The concept of electrolysis was 

found by Michael Faraday in 1820 [91].  

Electrocoagulation (EC), process is based on in-situ generation of coagulants as a form of 

metal ions by applies a direct current across electrodes surface in a solution, this result in 

the dissolution of the anode. These ions then form metal hydroxides complex which 

absorb contaminants and precipitate from wastewater. These metal hydroxides act as 

coagulants, flocculating with contaminants in solution. Due to their oxidizing potential and 
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polar moment, metal hydroxyl ions form polymeric complexes with contaminants, and it 

resulting in floc formation. Coagulation occurred as these metal ions interact with the 

negative ions carried by electrophoretic movements to the anode. It happen due to 

destabilization process by "charge neutralization" of negatively charged colloids through 

cationic hydrolysis products and "sweep flocculation" in which pollutants are adsorbed in 

the amorphous hydroxide precipitate produced.  

EC provides additional benefits as compare to other techniques for example gives high 

removal efficiency in less time, no additional chemicals are required, easy operation, very 

less amount of sludge produce. Advantages and disadvantages of all methods are 

presented in Table 2.1. Bhatti et al. [94] used EC process for Cr(VI) removal using Al 

electrode. Authors concluded that the highest removal of 90.4% was attained at pH 5 and 

operating time 24 minutes with consumption of 137.2 KWhm−3 of electrical energy. 

Table 2.1: Merits and Demerits of different methods. 

Name of Process  Advantages Disadvantages Ref. 
Adsorption Easy operation, low cost, wide 

range of pH, high removal with 
selected metal 

Low selectivity, large amount of  
sludge production, regeneration 
of adsorbent 
 

[19] 

Precipitation and 
coagulation 

Easy in operation, cost effective 
and efficient  

Additional chemical required, 
sludge production 

[10] 

Biological treatment  Helpful in removing heavy 
metals, simple operation and 
cost effective 

Slow process, maintenance  
operating conditions and nutrition 

[90,95] 

Ion exchange  Fast removal, adsorbent can be 
regenerated, selectivity for 
metals   

Operational cost is high [96] 

Photocatalysis No sludge production, high 
removal efficiency  

Operating cost is high, catalyst 
separation problem 

[90,97] 

Membrane separation High removal efficiency, eco-
friendly, low space required   

Pembrane fouling, very 
expensive,  

[98] 

Electrocoagulation High removal efficiency, less 
sludge production, eco-friendly, 
No additional chemical 
required  

Electrical energy consumption,  [96,98] 

 

At present a variety of methods are available for treatment of chromium containing 

wastewater. A detailed literature survey of chromium removal from wastewater by other 

techniques is presented in Table 2.2.   
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Table 2.2: Chromium removal by different methods. 

Sr. 
No. 

Process Type of 
solution 

Species removed C0 pH Time R.P. Ref. 

1 Coagulation/pr
ecipitation 

S. E. Phenol, Cr6+, KCN 10 7 1 hr 57 [46] 
R. E. Cr3+ 5363 8 3 hrs >99 [99] 
S. E. Cu2+,Zn2+,Cr3+,Pb2+ 100 7-11 1 hr 99.37-

99.6 
[44] 

2 Ion exchange S. E. Cr6+ 0.5 6 1.5 hr 80 [63] 
R. E. Cr 729 2.5 135 min - [65] 
S. E. Pb2+ 1036 4 2 hrs 55 [100] 
S. E. Ni2+ 25 7 45 min 93.6 [101] 

3 Adsorption S. E. Cr6+ 10 3 2 hrs 95.43 [31] 
R. E. Cr3+ 3.9 3.43 24 hrs >90 [40] 
S. E. Cr6+ 100 3 1 hr 44.85 [102] 

Cr6+ 100 1 1.5 hr 95 [103] 
Zn2+, Pb2+ 1000 6.5-7.5 24 hrs >95 [104] 

Cr6+ 60 3 2 hrs 70 [105] 
Cr6+ 100 2 24 hrs 97 [81] 
Hg2+ 100 8 70 min 80 [106] 
Cr6+ 500 4.5 12 hrs 51 [107] 
Cr6+ 10 7.4 5 min 98 [108] 
Cr6+ 30 6.5 3hrs 90 [109] 

4 Membrane 
process 

S. E. Cr6+ 100 7 24 hrs 97.9 [62] 
R. E. Cr 2481 4.4 2 hrs 97.6 [72] 
S. E. Cr6+ 5 3 9.25 hrs 94.41 [69] 

Cr3+, Cr6+ 5, 50 6-7, 5-6 - 82-100 [110] 
Cu2+ 160 5.5 4 hrs 99.5 [111] 
Cd2+ 112.4 6.32 - 99 [112] 
Cr6+ - 6.5-11 30 min 99.5 [113] 

Cu2+, Ni2+ 500 7.8 - 99.5 [114] 
5 Photocatalysis S. E. Cr6+, As3+ 96, 67 3 2.5 hrs 99 [53] 

Cr6+ 10 3 1 hr 98 [52] 
Cr6+ 10 3 2 hrs 60 [115] 
Cr6+ 10 - 4 hrs 92 [116] 
Cr6+ 10 - 1 hr 96 [117] 
Cr6+ 50 7 1.5 hrs 99.5 [118] 
Cr6+ 50 5.3 40 min 99 [119] 

6 Biological 
treatment 

S. E. Cr6+ 100 8 24 hrs 85 [120] 
Cr6+ 10 5 72 hrs 100 [121] 
Cr6+ - 7 72 hrs 45 [122] 
Cr6+ 100 6 120 hrs 60 [123] 

R. E. Cr6+ 18 3 168 hrs 96.3 [124] 
S. E. Cr6+ 10 6 24 hrs 100 [79] 

S.E.: Synthetic effluent, R.E.: Real effluent, R.P.: Removal percentage     

 

2.2 Chromium removal by electrocoagulation 

Iron (Fe) and Aluminum (Al) have been studied widely for chromium removal from waste 

water using EC process. These electrodes have shown good chromium removal efficiency 

with less energy consumption. Fe, Al and other electrode have been reported in literature 
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for heavy metals removal using EC process. A detailed literature survey of EC process for 

chromium removal from wastewater is presented below.     

2.2.1 Iron electrode  

Arroyo et al. [75] studied Cr(VI) removal by EC process using iron electrode. The aim 

was to check the effect of pH and chloride ions on Cr(VI) removal from wastewater.  They 

are found that as low pH the reduction of Cr(VI) to Cr(III) is favored. But at this condition 

no precipitation of Cr(VI) was found. The precipitation of iron/chromium hydroxides ions 

produced at pH higher than 3. Chloride ions increases the anodic dissolution which helps 

the reduction of Cr(VI) to Cr(III).   

Heidmann and Calmano [125] studied Cr(VI) removal by EC process. The main objective 

was to increases the Cr(VI) removal percentage using Fe electrode at various current. 

Operating parameters such initial concentration (10-50 mg/L), low current (0.05 0.1 A), 

high current (1- 3 A), and time (0 – 120 min) were studied. It was found that the complete 

removal obtained after 45 min when initial Cr(VI) concentration 10 mg/L and higher 

concentration favours higher current. The process at low current was more efficient and it 

is applicable for Cr(VI) removal.   

Zhou et al. [126] studied on Cr(VI) removal by EC process using direct and AC current.  

The objective was to explore the Cr(VI) removal percentage using direct and pulse current 

and determine the optimal operation conditions such as conductivity, electrode spacing, 

pH, current density, and duty ratio. They are obtained optimum Cr(VI) removal percentage 

above 99% at direct current, pulse current and alternating pulse current. Among these 

three types of current using EC, single pulse current consumed the low electrical energy 

and pulse current generated low amount of sludge. The studieds on EC process using iron 

electrode by various researcher for chromium ions removal from wastewater is shown in 

Table 2.3.     
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Table 2.3: Chromium removal by EC process using iron electrode.   

Type 
of 

soluti
on 

Electro
de 

CD ED S. R. C0 V. 
T. 

pH T EEC O. C. R. P. Ref. 

R. E. Fe 200 A/m2 1 Cr(VI) 75 3 L 3 1 hr 22 - 100 [127] 
S. E. Fe 0.5 A - Cr(VI)  1 L 2-5 5 hrs - - 85 [75] 
S. E. Fe 30 V 0.5 Cr(VI) 100 2 L 4.5 30mi

n 
2.299 - 100 [128] 

R. E. Fe 2.5 V 2 Cr 2000 0.5 
L 

- 100 
min 

- 1.76 90.27 [45] 

S. E. SS 0.5A 5 Cr(VI) 1000 350 
ml 

6 140 
min 

- - 100 [129] 

R. E. Fe 90 A/m2 0.6 Cu(II), 
Cr(VI)
, Ni(II) 

12.6, 
13.9, 
165 

610 
ml 

2.42 1 hr 6.42 - 100, 
100, 
100 

[130] 

R. E Fe 7.94 
mA/cm2 

- Cr(VI) 1 1L 8 5 
min 

- - 100 [22] 

S. E. Fe 50 A/m2 1.4 Cr(VI) 15 - 2 40 
min 

- - 100 [131] 

R. E Fe 20 
mA/cm2 

- Cr(VI) 1000 - 2.4 1 hr 2.68 - 100 [132] 

R. E Fe 2.5 V - Cr - 100 
ml 

7 1 hr - - 88.35 [133] 

R. E Fe 73.5 
A/m2 

1 Cr(VI) 55.3 1.5 
L 

3.5 90 
min 

17.14 1.86 91.7 [134] 

S. E. Fe 5 A 0.6 Cr(VI) 485 1.2L 2.3 - - - 99 [135] 
S. E. Fe 1 A 0.87 Cr(VI) 100 1.5L 4.66 14 

min 
- - 56.3 [17] 

R. E Fe 97.7 
A/m2 

1 Cr 98.3 1.3L 6.5 35 
min 

- 3.77 100 [136] 

R. E Fe 68 
mA/cm2 

4 Cr 44 5L  60 
min 

- 1.64, 99 [137] 

S. E. Fe 50 A/m2 1.5 Cr(VI) 50 500 
ml 

5 40 
min 

- - 97 [138] 

S. E. Fe 1A/dm2 4 Cr(VI) 45 900 
ml 

7 1 hr - - 99 [139] 

R. E. S. S. 7.4A 0.2 Cr(VI) 1470 1.8L 1.8 70 
min 

- - 100 [140] 

S. E. Fe 40 V 1.5 Cr(VI) 50 1 L 3 1 hr - - >90 [141] 
S. E. Fe 67-267 

A/m2 
0.4  Cr(VI) 1000 250

ml 
8 20-

100 
min 

  97 [142] 

S. E. Fe 190 A/m2 - Cr(VI) 500 510
L 

1.5 102 
min 

- - 100 [143] 

R. E Fe 30-35 
A/m2 

3 Cr 358 500 
ml 

5 1 hr - - 98.9 [144] 

R. E Fe 20 mA/ 
cm2 

0.5 Cr(VI) 96 250
ml 

4.5 40 
min 

8.4 - 99 [145] 

CD: current density, ED: electrode distance in cm, S.R.: Species removed, C0: Initial concentration, V.T.: 
Volume treated, T: time, EEC: electrical energy consumption in kWh/m3, O.C.: Operating cost in US$/m3, 
R.P.: removal percentage     
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2.2.2 Aluminum electrode and other electrode 

In EC process, aluminum electrodes have been used for chromium removal from 

wastewater. Lu et al. [146] used Al electrode for removal of heavy metal ion. The authors 

was studied the mass transfer of Ni2+ in continuous EC process and introduced molar ratio 

of Ni2+/Al to quantify the utilization rate electro-generated Al ions. The authors have been 

concluded that the Ni2+/Al ratio decrease with increasing in current density and residence 

time. Hanay et al [147] have been studied on the performance of EC process using Al 

electrode for the treatment of Cu2+,Zn2+ and Mn2+. Best removals of three metal ions favor 

high pH value. The removal percentage of Cu2+ and Zn2+ were almost 100% at pH value 

greater than 7.  Mn2+ removal was 85% after 35 minutes.  

Electrode material is the heart of the EC process [160]. Generally iron and aluminum 

electrode used as most common electrode material in EC process. Hussin et al. [89] used 

Cu, Fe, Al and Zn electrodes for lead removal using EC process. The authors concluded 

that Zn electrode was best electrode in term of removal efficiency and energy consumption 

as compare to Cu, Fe and Al electrodes because of its high spontaneous reactivity. Safwat 

[161] used zinc and titanium electrodes for treatment of real printing wastewater. The 

author was found the 50% COD removal using Zn electrode and 46% COD removal using 

Zn electrode in 90 minutes. Various electrode materials such as Fe, Al, Zn, Cu, Mg, SS, 

MS, carbon steel, graphite and other coated material have been reported in literates for 

wastewater treatment by EC process [27,29,89,162–164]. A detailed literature survey of 

chromium removal by EC process using Al and other electrode materials is presented in 

Table 2.4. 

Table 2.4: Chromium removal by EC process using Al and other electrode. 

Type 
of 

soluti
on 

Electro
de 

CD ED S. R. C0 V.T. pH T EEC O. C. R. P. Ref. 

R. E. Al 200 A/m2 1 Cr(VI) 75 3 L 3 1 hr 59.34 - 100 [127] 
R. E. Alloy 

Al 
200 A/m2 2 Cr(III) 3200 2L 3.8 4hrs 1.09 - 99.7 [148] 

R. E. Al 3V 2 Cr 2000 0.5 
L 

- 110 
min 

 2.16 97.76 [45] 

S. E. Al 9.14 V 1 Cr 200 - 4.2 10 
min 

3.536 - 91 [149] 

R. E. Al 90 A/m2 0.6 Cu(II), 
Cr(VI)
, Ni(II) 

12.6, 
13.9, 
165 

610 
ml 

2.42 1 hr 6.42 - 100, 
100, 
100 

[130] 

R. E. Al 150 A/m2 1 Cr(VI) - - 7 - - - 60 [150] 
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S. E. Al–Zn–
In-alloy 

0.2 A 
dm−2 

0.5 Cr(VI) 5 900 
ml 

7 30 
min 

- - 98.2 [151] 

R. E. Al 2.5 V - Cr - 100 
ml 

3 1 hr - - 72.65 [133] 

R. E Al 75 A/m2 3 Cr 18.4 1 7.15 45 
min 

- - >90 [152] 

S. E. Al-Fe 56–222 
A/m2 

1.5 Cr(VI) 50-
1000 

700 
ml 

5 20–
110
min 

4–58 - >99 
 

[153] 

R. E Al 68.50 
A/m2 

1 Fe, Cr, 
Pb, 
Mn, 

and Cu 

115, 
7, 

2.7,  
1 & 
0.3 

1L 7.09 1 hr 3.93 0.612 99.9, 
99.4, 
99.3, 
97.9, 
73.44 

[154] 

S. E. Al 10 A/m2 1 Cr(VI) 200 100 7 30 - - - [155] 
R. E. Fe 7.94 

mA/cm2 
- Cr(VI) 1 1L 8 10 

min 
- - 100 [22] 

R. E. Al 10 
mA/cm2 

1 Cu, Cr, 
Ni 

45,4
4.5, 
394 

650 
ml 

3 20 
min 

10.07  100 [23] 

S. E. Al 8.33mA/
cm2 

2 Cr(VI) 50 2.5L 5 40 
min 

- - 99.3 [156] 

R. E. Al 600 mA - Cr 30.1
1 

180 11.4
1 

30 
min 

- - 100 [157] 

R. E. Al 3A - Cr 29.3
3 

1.5L 2.2 80 
min 

- - 100 [158] 

R. E. Al 250 A/m2 - Cr(VI) 325 500
ml 

8 90 
min 

- 34.8 75 [159] 

R. E. Cu 2 V 2 Cr 2000 0.5 
L 

- 100 
min 

- 0.49 69.91 [45] 

S.E. Mg-Fe 0.025 
A/dm2 

0.5 Co, 
Cu, 
and Cr 

10 1L 7 45 
min 

- - >95 [74] 

S. E. Fe-Cu 12.2 
A/m2 

- Cr(VI) 100 - 2 - - - 100 [160] 

R. E. Carbon 
-steel 

104 A/m2 - Cr(VI) 1000 2.4L 1.2 13mi
n 

- - 100 [161] 

S. E. Steel 100 A/m2 - Cr(VI) 500 2 L 4.5 2 hr - - 100 [162] 
S. E. Carbon 

felt 
400 A/m2 - Cr(VI) 50 5L 3.5 230 

min 
- - 90 [163] 

S. E. Gold 
electrod
e 

10-400 
mV/s 

- Cr(VI) 15 20 
ml 

1-3 - - - - [164] 

S. E. Polypyr
role 
(ppy)-
modifie
d 
electrod
e 

0.8 V - Cr(VI) - 20 
ml 

- 36 
min 

- - 92 [165] 

CD: current density, ED: electrode distance in cm, S.R.: Species removed, C0: Initial concentration, V.T.: 
Volume treated, T: time, EEC: electrical energy consumption in kWh/m3, O.C.: Operating cost in US$/m3, 
R.P.: removal percentage     
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2.3 Heavy metals and other impurities removal by 

electrocoagulation 

EC process have been successfully applied for the treatment of industrial effluent [166]. 

Hubbe et al. [167] studied on treatment of paper mill effluent. The removal efficiency of 

Dissolved Organic Carbon (DOC), COD, and arsenic was investigated at different density 

using Fe and Al electrode. Gomes et al. [168] was treated truck wash wastewater using EC 

process Fe and Al electrodes. The truck wash wastewater was contains COD, iron, zinc, 

and lead. The best results was obtained using Fe electrode. Kabdasli et al. [169] treated 

metal plating effluent using stainless steel electrode. The effluent were contains nickel, 

zinc and TOC. The author was concluded that the nickel and zinc removal were 100% as 

well as TOC removal was 60%. Valente et al. [170] used artificial neural network (ANN) 

for  prediction of COD in dairy industry effluent treated by EC process. The effect of 

various variables such as current density, pH, time and electrodes distance was examined 

on the removal percentage of COD, TDS and turbidity. Beiramzadeh et al. [171]  applied 

response surface methodology (RSM) for  heavy metal removal from power plant 

wastewater by EC process. Nickel and iron were removed from power plant effluent using 

Fe electrode. Nickel and iron removal percentage was 99.9 at 1.5A current. Zodi et al. 

[172] studied on direct red 81 dye removal by a continuous flow EC process using Al 

electrode. The author examined various operating parameters such current, flow rate, 

COD, SS and turbidity on dye removal percentage.  With the increasing of flow rate, the 

electrical energy consumption was 52–58 kW h/kg Al at 150 A/m2. A detailed literature 

survey of heavy metals and other impurities removal by EC process is presented in Table 

2.5. 

Table 2.5: Heavy metals and other impurities removal by EC process. 

Type of 
solution 

Electrode S. R. CD pH T R. P. Ref. 

S. E. Fe As 2.5 A/m2 6.5 15 min 93.5 [173] 
R. E. Al As 5 mA /cm2 7.5 - 100 [174] 
S. E. Fe As 1.2 A/dm2 - - >98 [175] 
S. E. Al As 3–30 mA/cm2 4-10 1hr 97.8 [176] 
R. E. Al As 4 mA /cm2 7.6 - 100 [177] 
S. E. Al Cd 6 V 6 10 min 99.5 [178] 
S. E. Al Cd 0.2 A/dm2 7 150 min 97.5 [179] 
S. E. Fe Cd 10.85 mA/cm2 7 30 min 98.11 [180] 
S. E. Al Cd 9.7 V 7 1hr 100 [181] 
S. E. Al Cu 1.5 mA/cm2 2 1hr 98 [182] 
S. E. Al Cu 11.55 mA/cm2 7.8 1hr 100 [183] 
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S. E. Al Cu 36 A/m2 7 10 min 80 [184] 
S. E. Fe Cu 0.02 A/dm2 7 35 min 97.8 [185] 
R. E. S.S Pb 0.01A 6.5 90 min 99.6 [186] 
S. E. Al Pb 0.3A 6 13 min 100 [187] 
S. E. Al Pb 2.6A 7 30 min >90 [188] 
S. E. Al Pb 6 mA/cm2 5 40 min 96.7 [189] 
S. E. Zn Pb 1.13 mA/cm2 5.68 10 min 99.9 [89] 
S. E. Fe Hg 3.12 A/dm2 3-7 25 min 99.9 [190] 
S. E. Al Hg 0.15 A/dm2 7 35 min 98 [191] 
S. E. Al Hg 30 A/m2 3-7 30 min 99 [192] 
S. E. Al Ni 42 A/m2 6 1 hr 95 [193] 

S. E. 
Magnesium 

alloy 
Ni 1.5 V 7 35 min 99 [194] 

R. E. MS Ni 48.78 mA/cm2 7.2 1 hr 85 [195] 
R. E Fe Ni 97.7 A/m2 6.5 35 min 100 [136] 
S. E. Fe Ni 25 mA/cm2 5.68 50 min >96 [196] 
S. E. Fe Zn 25 V 7 150 min 97 [197] 
R. E. Fe Zn 80 A/m2 7 1 hr 99.8 [198] 
S. E. SS Zn 11.7 mA/cm2 5 30 min 99 [199] 
S. E. Al Zn 8.3 mA/cm2 5.3 20 min 95 [200] 
S. E. Fe Zn 8 mA/cm2 6 1 hr 99 [201] 
S. E. Al Boron 5.5 mA/cm2 8 1 hr 70 [202] 
S. E. Al Boron 1.2 A 7 90 min 99 [203] 
R. E. Fe Uranium 70 A/m2 - 2 hrs 99.7 [204] 
S. E. Al Phosphates 11 mA/cm2 7.5 1 hr 95 [205] 
S. E. Al Nitrates 1.2 A/m2 9.8 1 hr 89.4 [206] 
R. E. Fe Selenium 1.68A 5 6 hrs 90 [207] 
S. E. Fe DR31 30 mA 3 20 min 93.3 [208] 
S. E. Al Mn 10 V 9 195 min 92 [209] 
R. E. Fe COD 20 mA/cm2 6.74 15 min 90 [210] 

S. E. Fe 
Brilliant 

green dye 
41.7 A/m2 4 30 min 99.59 [211] 

R. E. Al Oil 0.57A/dm2 7 15 min 89 [212] 
CD: current density, S.R.: Species removed, T: time, R.P.: removal percentage     
 

2.4 Conclusion and work done 

From the literature cited, it was clear that there was a need to more investigation of copper 

electrode is required. Also, to fine the effect of various process parameters on the Cr(VI) 

removal. EC process is commonly accepted as the most recent method of treating 

wastewater for removal of heavy metals. Therefore, Cr(VI) containing wastewater can be 

treated efficiently using EC process for its reuse or recycle in industries process. Cr(VI) 

containing wastewater coming out from various industries such as dyes, pigments, leather, 

electroplating, metallurgical, paint etc. So it’s necessary to treat this wastewater using 

efficient and cost effective process. 

The presence of Cr(VI) with other impurities in wastewater makes it hazardous for living 

and non-living environment.  It cannot be discharge or reuse in any process. It must be 
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treated before reuse or discharge in any water receiving body. The EC process has been 

provided several benefits with compared to other processes such as most effective and 

eco- friendly process, required less time, no need to addition chemical, less sludge produce 

and cost effective process. The performance of the EC process is depends on various 

operating parameter such as current, pH, electrode material and initial concentration of 

metal ions. The electrode material plays an important role in EC process because it affects 

the operating cost and removal efficiency. As very few literatures are available for 

wastewater treatment using copper electrode by EC process [27,29,89,213,214].  

Keeping in view the importance of removal of Cr(VI) from polluted water, the present 

study reports the feasibility of Cr(VI) removal by copper and brass electrode using EC 

process. Therefore, in the present work, electrocoagulation of Cr(VI) has been carried out 

using copper and brass electrode. So copper and the brass electrodes can be an alternate 

choice for Cr(VI) removal in place of iron and aluminum electrodes by EC process. So, 

Cr(VI) removal by EC process using copper electrode  can be seen as the newest 

technology and a possible area of research. The effect of various process parameters such 

as current, pH, electrode distance, supporting electrolyte and initial concentration of 

Cr(VI) have been studied.  

The objective of this study was Cr(VI) removal from aqueous solutions and real effluent 

by electrocoagulation. In this work detailed experiments were performed for studying the 

impact of various operating parameters such as pH, current, initial Cr(VI) concentration, 

electrode distance, and supporting electrolyte on removal efficiency by electrocoagulation 

using copper and brass electrode. Optimize the process parameters affecting the removal 

percentage of chromium. Also, investigated the kinetics of EC process. The electrical 

energy consumptions and operating cost of EC process were calculated. Sludge was 

collected after EC process and FESEM-EDX analysis was carried out.  
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CHAPTER 3 

Experimental Studies 

3.1 Introduction 

This chapter describes the methods and chemicals used in this work. The 

electrocoagulation process used for research works and describe in details with all 

reactions. The chemicals used for preparation of stock solution and used during the 

experimental work are describes in this chapter. Also describe the analytical instruments 

and the equations were used for calculations.    

3.2 Materials 

3.2.1 Chemicals  

Potassium dichromate (K2Cr2O7, 99.50%, Nice Chemicals Pvt. Ltd. India) and Nickel 

sulfate heptahydrate (NiSO4.7H2O, 99%, Central Drug House Ltd. India) used as a feed 

stock solution with distilled water. Sodium Sulfate (Na2SO4, 98%, Avra Synthesis Pvt. 

Ltd. India), Potassium Chloride (KCl, 99.50%, Finar Ltd. India), Sodium Carbonate 

(Na2CO3, 99.50%, ACME Chemicals, India), Sodium Chloride (NaCl, 99.90%, LEONID 

Chemicals Pvt. Ltd. India) are used as supporting electrolyte. Sodium hydroxide (NaOH) 

and sulfuric acid (H2SO4) are used for maintaining pH of solution. All chemicals were 

used as received without any further purification.  

3.2.2 Instruments and equipments   

A one liter glass beaker was used to conduct the experiments. Volumetric flask was used 

to measure exact quantity of distilled water. Vials and pipette were used to collect the 

sample. High accuracy digital balance with readability of 0.0001g (MAB 250, WENSAR, 

India) used for weighing the chemicals. The concentration of Cr(VI) ions in aqueous 

solution was measured by double beam UV–visible spectrophotometer (UV-1800 240 V, 

Shimadzu Corporation Kyoto, Japan).  The concentration of chromium ions in real 

effluent was measured by atomic absorption spectroscopy (AA201, CHEMITO 

Instruments India). The digital pH and conductivity meter (CL-110, Chemiline, India) 

were used for pH and conductivity measurement respectively. The solution was 
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continuous stirred during the process by magnetic stirrer (Q-19, Remi instrument, India). 

DC power supply (L-1285, Aplab, India) used for the supply of current. Sludge analysis 

was carried out using Field Emission Scanning Electron Microscopy and Energy-

Dispersive X-ray Analysis (FESEM Sigma 300 with an EDX, AMETEK, Germany).  

3.3 Electrochemical cell 

A schematic batch EC experimental setup is shown in Figure 3.1 a. A 1 L glass beaker 

with 500 mL volume of sample was used for experiment. Copper plate, brass plate and 

iron plate (15 cm × 4.6 cm × 0.1 cm) used as electrodes in monopolar mode. Electrodes 

(anode and cathode) were connected to a DC power supply and adjusted to get required 

current. Distance between the anode and cathode (0.7 to 3.5 cm) were maintained by 

wooden block.  During the experiment sample were taken in each 10 min intervals and 

solution was continuously stirred with magnetic stirrer during EC process. Each 

experiment was repeated two times and the average experimental error was around 3%. 

Figure 3.2 b shows the electrocoagulation cell used in this study. 

Figure 3.1: (a) An apparatus of electrocoagulation cell 

 



 

Figure 3.

3.4 Determination of EC process parameter 

3.4.1 Concentration of chromium  

A synthetic solution of Cr(VI) was 

dichromate (K2Cr2O7). The treated samples were collected at different time intervals and 

filtered with normal filter paper. The concentration was 

Method IS 3025 (part 52)

experiments were performed two times and the experimental

real effluent, concentration of chromium was measured 

atomic absorption spectrometer

follows:  

  Cr(VI)removal % =

Where, 0C is the initial Cr(VI)

any time t.  

 

3.4.2 Determination of pH, TS, TDS, COD, and BOD 

pH of solution was measured by pH meter and adjusted by adding 1N H

COD was measured by open reflux method (APHA 22
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Figure 3.1: (b) Experimental setup of EC process 

of EC process parameter  

.1 Concentration of chromium   

Cr(VI) was prepared by dissolving a required amount

. The treated samples were collected at different time intervals and 

filtered with normal filter paper. The concentration was measured using diphenylcarbazide

Method IS 3025 (part 52) using UV–visible spectrophotometer at 540 nm

experiments were performed two times and the experimental error was around 3%. 

real effluent, concentration of chromium was measured at 358 nm wavelength

pectrometer (AAS). The Cr(VI)  removal efficiency

× 100                                                                      

Cr(VI) concentration (mg/L), tC is the concentration of 

Determination of pH, TS, TDS, COD, and BOD  

pH of solution was measured by pH meter and adjusted by adding 1N H2

COD was measured by open reflux method (APHA 22nd Edition Method 5220 B). Total 

Experimental Studies 

amount of Potassium 

. The treated samples were collected at different time intervals and 

measured using diphenylcarbazide 

at 540 nm [94]. All the 

error was around 3%. For 

nm wavelength using 

efficiency calculated as 

                                                                      (3.1) 

is the concentration of Cr(VI) at 

2SO4 and NaOH. 

Edition Method 5220 B). Total 
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solids and total dissolved solids were measured by APHA 22nd Edition Method 2540 B 

and 2540 C, respectively.  BOD was measured using Winkler method [215].  

3.4.3 Current efficiency 

The current efficiency (φ) was calculated based the experimental and theoretical weight 

loss of electrode during experiment as per the following equation [211]: 

100exp 





ltheoritica

erimental

M

M
                                                                                              (3.2) 

Where, ∆Mexperimental and ∆Mtheoretical is the experimental and theoretical weight loss of 

electrode respectively.  

3.4.4 Theoretical weight loss/Electrode consumption 

The theoretical weight loss of electrode was calculated by the Faraday’s law equation 

[216]: 

Fn

tIM
M EC

ltheoritica .

..
                                                                                                (3.3) 

Where, Faraday constant is denoted by F (F = 96487 C mol-1), I is current (A), M is 

molecular weight of copper electrode (g mol-1), tEC is time of EC and n is moles of 

electron (n=2, Cu2+ valency factor).  

3.4.5 Specific electrical energy consumption (SEEC) 

The specific electrical energy consumption (EEC) in kWh/ (kg electrode) was determined 

as per the following equation [217]:  

  𝑆𝐸𝐸𝐶 =
n. F.U

.
                                                                               (3.4) 

Where, U is voltage (volt) and φ is current efficiency.  
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3.4.6 Operating cost and electrical energy consumption (EEC) 

At the lab scale operation, the cost of electrode material and electricity are the main 

parameters of the operating cost. So operation cost based on the electricity and electrode 

material was calculated by following equation [89]:            

 Operating cost of EC= A. Celectrode + B. Cenergy                                            (3.5)                                      

 

where, A is the cost of metal in US$/kg and B = 0.083 US$/kWh, electricity cost  per unit 

as per the Indian market.  

Electrode consumption per unit volume and Cost of energy consumption per unit volume 

(kWh m-3) were computed as follows:  

C
  

  ( )×    ( )×     )

   ( )×   ×   ( )

(3.6) 

 

                              𝐶 =
×  ( ) ×    ( )

    ( )
                          (3.7) 

 

3.4.7 Kinetic analysis of EC process 

Kinetic study of EC process has been carried out in present study. Many literature 

suggested that EC process follows the pseudo first order kinetic [218–221].  The rate 

expression of Cr(VI) removal is proportional to the Cr(VI) concentration and amount of 

metal hydroxides formed. So, rate of Cr(VI) removal can be given by the following 

equations:  

= −𝑘𝐶𝐶                                                                                                                   (3.8) 

 
As the production of metal hydroxide can be assumed constant for a given current density 

and time. So above equation can be rewrite as pseudo first-order kinetics: 

= −𝑘𝐶                                                                                                                     (3.9) 

∫ =  −k ∫ dt                                                                                                     (3.10) 
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𝑙𝑛 =  𝑘𝑡                                                                                                           (3.11) 

where, k is denoted rate constant (min-1), C0 and C are initial concentration and 

concentration at time ‘t’ of Cr(VI) respectively. 

3.4.8 Mass balance and sludge analysis  

Mass balance of Cr(VI) has been carried out for the confirmation of present in sludge. The 

residue was filtered using filter paper and dried. This dried residue was dissolved in 

aquarezia with slowly heating (at temperature 80 0C) until the residue mixed completely. 

After that the Cr(VI) concentration was measured in filtrate and residue using AAS. The 

percentage error in mass balance was calculated by using following equation: 

Percentage error =
(      ) (  )

 
× 100               (3.12) 

 

For the confirmation of Cr(VI) removal, the elemental analysis were carried out using  

Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive X-Ray 

Spectroscopy (EDX). The SEM analysis was used to examine the surface morphology of 

sludge. EDX analysis was carried out for confirmation of Cr(VI) present in the sludge.  

3.5 Electrocoagulation (EC) process 

Electrocoagulation process is now known as promising electrochemical process due to 

their more advantages and more efficient than other processes. Theory of EC process 

using Fe and Al electrodes has been discussed by various authors [176]. EC process 

strongly depends on pH of solution, concentrations, current, and electrode material.   

In the electrocoagulation process, the cell consists of two electrodes (anode and cathode), 

which are directly connected with a DC power supply. During the process, anode will 

release metal ions in the solution due to oxidation. While at the cathode reduction 

reactions take place and forms hydroxyl ions and hydrogen gas. These hydroxyl ions and 

metal ions react with each other and form the metal hydroxide, which acts as a coagulant 

in the process. In the end, pollutants (heavy metals) are removed by the adsorption and co-

precipitation with the metal hydroxide coagulant. In general, EC process with Fe, Cu, and 

brass electrode, the following reactions take place.  
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Electrode Reactions  Ref. 

Iron Anode  4Fe(s) → 4Fe(aq)
2+ + 8e−                                                                                 (3.13) [222] 

Cathode  8H+
(aq) + 8e− →  4H2(g)                                                                            (3.14) 

In solution: 4Fe(aq)
2+ +10H2O(l) + O2(aq) → 4Fe(OH)3(s) + 

8H+
(aq)                                                

(3.15) 

Overall  4Fe(s) +10H2O(l) + O2(aq)  → 4Fe(OH)3(s) + 

4H2(g)                                                        

(3.16) 

Copper Anode  Cu(s) → Cu2+
(aq)+ 2e−                                                                            (3.17) [27,223] 

Cathode 2H2O +2e- → 2OH-
(aq)  + H2(g)                                                          (3.18) 

In solution: Cu2+ 
(aq)

 + 6H3O
+

(aq) →[Cu(H2O)6]
2+ 

(aq) + 6H 

+
(aq)                               

(3.19) 

Overall  Cu 
(s)

 + 2H2O(l) → Cu(OH)2(s)+ H2
 
(g)                                                    (3.20) 

Zinc Anode  Zn(s) → Zn2+
(aq)+ 2e−                                                                            (3.21) [223–225] 

Cathode 2H2O +2e- → 2OH-
(aq)  + H2(g)                                                          (3.22) 

In solution: 2H+
(aq)  → H2(g)                                                          (3.23) 

Overall  Zn 
(s)

 + 2H2O(l) → Zn(OH)2(s)+ H2
 
(g)                                                    (3.24) 

 

At lower pH, Fe2+ is easily converted to Fe3+ in the oxygenated water. The Fe(OH)n(s) 

formed remains in the aqueous stream as a gelatinous suspension, which can remove the 

impurities from wastewater either by complexation or by electrostatic attraction followed 

by coagulation. This metal hydroxide may form monomeric and polymeric species, 

depending on the pH range. Electrocoagulation can occur via serial steps:  

 Electrolytic reactions occur at electrode surfaces and produce coagulants in 

aqueous phase. 

  Adsorption of soluble or colloidal pollutants on coagulants, which are removed by 

sedimentation or flotation.  

 The metal ions generation takes place at the anode and hydrogen gas is released 

from the cathode.  

 The hydrogen gas would also help to float the flocculated particles out of the 

water.  
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3.6 Statistical design 

The statistical design of EC process for Cr(VI) removal was carried out using  response 

surface methodology (RSM). It can be used to optimize the various process parameters 

which affect the process efficiency. In the present work, the RSM was used in combine 

with central composite design (CCD) for optimizing process parameters of EC process for 

Cr(VI) removal. The impact of three key parameters such as pH (X1), current density (X2) 

and Cr(VI) concentration (X3) on the Cr(VI) removal efficiency were explored in this 

study. These three factors have been introduced as RSM input and their experimental 

ranges with coded and uncoded values are presented in Table 3.1. As per CCD, 20 

experiments were carried out, and Cr(VI) removal efficiency (%) (Y) was Calculated, as 

discussed in Chapter 4.  

Table 3.1:  Real and coded values of independent parameters utilized for design. 

Variables Level 

 α = -1.68 -1 0 1 α = 1.68 

Initial pH, X1 2.64 4 6 8 9.36 

CD (A/m2),  X2 4.41 13.77 27.54 41.32 50.68 

Cr(VI) concentration, X3 58 75 100 125 142 

 

3.7 Operating conditions  

The chosen parameters in the present experiments were current, Cr(VI) concentration, pH, 

electrode distance, supporting electrolyte and operating time are taken based on 

experiment. Table 3.2 shows the operating conditions of Chapter 4 which deals with 

chromium Cr(VI) removal from aqueous solution by EC with copper electrode. 

Table 3.3 is summaries operating conditions for the EC using copper and iron electrode. 

The Chapter 5 and 6 deals with the real effluent treated using copper and iron electrode 

respectively. 
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Table 3.2: Operating conditions for Cr(VI) removal with copper electrode. 

Variables Range of deviation Fix variable 

pH 2-12 C0= 100 mg/L, Current= 0.3 A,   ED= 1.4 cm 

Cr(VI)  concentration (C0) 
(mg/l) 

50-150 Current= 0.3 A,  ED= 1.4 cm, pH= 5.65 

Current(A) 0.1- 0.30 C0= 100 mg/L, Current= 0.3 A,   ED= 1.4 cm. 
pH= 5.65 

Supporting electrolyte (NaCl) 
(g/l) 

0.2-1.0 C0= 100 mg/L, Current= 0.3 A, pH= 5.65, ED= 
1.4 cm. 

Electrode distance (ED) (cm) 0.7-3.5 C0= 100 mg/L, Current= 0.3 A, pH= 5.65 

Time of EC (minute) 40 

 

Table 3.3: Operating conditions for real effluent with copper and iron electrode. 

Variables Range of deviation Fix variable 

pH 3 - 11 C0= 82.7 mg/L, Current= 0.5 A,   ED= 0.7 cm, 

Electrode distance (ED) 
(cm) 

0.7- 3.5 C0= 82.7 mg/L, Current= 0.5 A, pH= 5.83 

Current (A) 0.1- 0.50 C0= 82.7 mg/L, Current= 0.5 A,   ED= 0.7 cm, 
pH= 5.83, 

NaCl (g/L) 0.2 - 1.5 C0= 82.7 mg/L, Current= 0.5 A, pH= 5.83, ED= 
0.7 cm. 

Time of EC (minute) 50 
 

Table 3.4 shows the operating conditions of Chapter 7 which includes simultaneous nickel 

and chromium removal from synthetic wastewater using brass electrode. 

Table 3.4: Operating conditions for Cr(VI) and Ni removal with brass electrode. 

Variables Range of deviation Fix variable 

Concentration of Cr(VI) 
and Ni (mg/L) 

10-50 Current= 0.5 A,  ED= 0.7 cm, pH= 4.5, 

pH 2- 10 Cr(VI) and Ni concentration= 50 mg/L, Current= 
0.5 A,   ED= 0.7 cm, 

Electrode distance (ED) 
(cm) 

0.7 - 3.5 Cr(VI) and Ni concentration= 50 mg/L, Current= 
0.5 A, pH= 4.5 

Current (A) 0.1-0.5 Cr(VI) and Ni concentration= 50 mg/L, Current= 
0.5 A,   ED= 0.7 cm, pH= 4.5, 

EC time (minute) 50 

 

Table 3.5 shows the operating conditions of Chapter 8 which includes the simultaneous 

removal of chromium and nickel from aqueous solution using iron electrode. 
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Table 3.5: Operating conditions for Cr(VI) and Ni removal with brass electrode. 

Variables Range of deviation Fix variable 

Composition of Cr(VI) and Ni 
(mg/L) 

20:80, 40:60, 60:40, 
80:20, 100:100 

Current= 0.5 A,  ED= 0.7 cm, pH= 4.5, 

pH 2- 10 Cr(VI) and Ni concentration= 100 mg/L, 
Current= 0.5 A,   ED= 0.7 cm, 

Electrode distance (ED) (cm) 0.7- 2.1 Cr(VI) and Ni concentration= 100 mg/L, 
Current= 0.5 A, pH= 4.5 

Current (A) 0.10- 0.50 Cr(VI) and Ni concentration= 100 mg/L, 
Current= 0.5 A,   ED= 0.7 cm, pH= 4.5, 

EC time (minute) 60 
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CHAPTER 4 

Electrocoagulation of Cr(VI) With Copper 

Electrode 

4.1 Introduction  

Electrocoagulation process has been widely accepted method for wastewater treatment 

[226]. The performance of EC process is depends on the current, pH and electrode 

materials. The electrode material can affect the efficiency and energy consumption [89]. 

The literature survey shows that Fe or Al electrodes are normally used electrode materials 

in EC process. Relevant studies also consumed more power and large time for treatment 

[127,129,134]. Copper electrode for Cr(VI) removal by EC process is not reported in 

literature. Therefore, copper electrode is investigate for Cr(VI) removal from synthetic 

wastewater by EC process. This chapter details with application of copper electrode, 

optimization of various process parameters, and the electrocoagulation kinetics, and power 

consumption for Cr(VI) removal. 

 

4.2 Result and discussions 

4.2.1 Development of EC models  

The statistical investigation of EC process was performed by the Response Surface 

Methodology (RSM) with Central Composite Design (CCD). Total 20 nos. of experiments 

with 8 cube points, 6 axial points (coded as −1.68 (−α) and +1.68 (+α)), and 6 center 

points in the cube. Total 20 nos. of experiments required with three process parameters 

(k=3) at three levels as per formula 2k+2k+6 [227]. Table 4.1 presented experimental 

design with experimental removal percentage and predicted removal percentage.   

The experimental second order polynomial model used in the response (Y) given in 

equation (4.1) 

𝒀 = 𝒃𝟎 + ∑ 𝐛𝐣 
𝒋 𝑲
𝒋 𝟏 𝐗𝐣 + ∑ ∑ 𝐛𝐢𝐣 𝐢 𝐗𝐢  𝐗𝐣  + ∑ 𝐛𝐣𝐣 𝐗𝐣

𝟐𝐣 𝐊
𝐣 𝟏                                          (4.1)                                        
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Where, 
Y: The response, Cr(VI) removal efficiency  
Xi, Xj: coded values of the variable 
 b0: constant coefficient  
bi: The first order coefficient of the model 
bjj: The quadratic coefficient of j factor 
 bij: The linear coefficients of the model for the interaction between i and j factors 
K: The number of variables studied and optimized in the experiment 

Table 4.1: CCD design of experimental and predicted Cr(VI) removal efficiency. 

Exp. 
no. 

pH (uncoded 
value) 

CD(A/m2) 
(uncoded value) 

Cr(VI) concentration 
(mg/L) (uncoded 

value) 

Yexp (%) Ypre (%) Error % 

 X1 X2 X3    

1 -1(4) 1(41.32) 1(125) 80.3 83.7 4.3 

2 1(8) 1(41.32) 1(125) 78.2 78.6 0.6 

3 0(6) 0(27.54) 0(100) 73.1 74.4 1.7 

4 1(8) -1(13.77) -1(75) 58.1 54.7 5.8 

5 -1.689(2.64) 0(27.54) 0(100) 75.4 73.3 2.7 

6 0(6) 0(27.54) 0(100) 76.8 74.4 3.2 

7 0(6) 0(27.54) -1.68(58) 68.0 69.3 1.9 

8 0(6) 0(27.54) 0(100) 75.3 74.4 1.2 

9 1(8) 1(41.32) -1(75) 78.2 78.6 0.6 

10 0(6) 0(27.54) 1.68(142) 70.1 68.7 2.0 

11 -1(4) 1(41.32) -1(75) 93.2 94.4 1.3 

12 -1(4) -1(13.77) 1(125) 46.9 46.5 0.8 

13 1(8) -1(13.77) 1(125) 65.8 64.7 1.7 

14 0(6) 0(27.54) 0(100) 73.7 74.4 0.9 

15 0(6) 1.68(50.0) 0(100) 92.3 89.1 3.5 

16 0(6) -1.68(4.44) 0(100) 34.5 37.6 9.1 

17 -1(4) -1(13.77) -1(75) 47.6 47.2 0.8 

18 0(6) 0(27.54) 0(100) 72.8 74.4 2.1 

19 0(6) 0(27.54) 0(100) 74.9 74.4 0.7 

20 1.68(9.36) 0(27.54) 0(100) 73.0 75.4 3.3 
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In the equation 4.2, the variables with plus sign indicate positive impact on the removal 

percentage, while the variables with negative sign indicate that decreases in the removal 

percentage. The experimental result responses were fitted quadratic polynomial, two-

factor interaction, linear and square and linear using CCD. It was observed that the 

quadratic model was best fit due to lower P-value, high F value and high R2 as presented 

in Table 4.2. 

The Cr(VI) removal response Y, calculated as per the following equation:  

 Y = 74.43 + 0.605 X1 + 15.282 X2 - 0.173 X3 - 0.084 X1
2- 3.903 X2

2-1.905X3
2- 5.812 

X1X2 + 2.663 X1X3 - 2.488 X2X3                                                                             (4.2) 

Table 4.2: CCD response of EC model for finest fit with experimental results. 

Response Model Sum of 
squares 

Degree 
freedom 

(DF) 

Mean 
Square 

F-value P-value R2 

Cr(VI) 
removal % 

Linear 3194.94 3 1064.98 24.19 0.000 0.819 

Linear+ 
Square 

3450.82 6 575.14 16.67 0.000 0.885 

Linear+ 
Interaction 

3571.43 6 595.24 23.60 0.000 0.916 

Quadratic 3827.31 9 425.26 59.11 0.000 0.982 

 

The p-value should be less than 0.05 is preferred as mentioned in Table 4.3. The 

importance of every regression coefficient is suggested by the probability error. The p-

value <0.0001 and F-value of 59.11 shows the CCD model confirmed with applied 

quadratic model. It indicates the regression model is best fit for Cr(VI) removal. The 

variable pH (X1), current density (X2) and concentration (X3) have a strong impact on the 

Cr(VI) removal efficiency. The variables and their interaction such as X2, X2
2, X1X2, 

X1X3, X2X3 and X3
2 with p-values ˂ 0.05 are exposed that the model was significant. . The 

quadratic model having 3.80% coefficient of the variation, indicates a high accuracy and a 

close consistency with experimental data. The value of R2 = 0.9815, R2
adj = 0.9646 and 

R2
pred = 0.8770 shows the predicted model and experimental values are in good agreement.  
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Table 4.3: Estimated regression coefficients and model statistics for Cr(VI) removal. 

Source Coefficient Coefficient 

p-value 

SS DF MS F-value P-
value 

 

Model   3827.31 9 425.26 59.11 0.0001  

 b0(74.43) 0.000       

pH,X1 b1(0.605) 0.424 5.00 1 1.65 0.19 0.670  

Current density, X2 b2(15.282) 0.000 3189.52 1 3188.41 372.81 0.0001  

Cr(VI) 
concentration,X3 

b3(-0.173) 0.816 0.41 1 14.62 1.71 0.220  

X1
2 b11(-0.084) 0.907 0.10 1 0.24 0.03 0.869  

X2
2 b22(-3.903) 0.000 219.51 1 241.09 28.19 0.0001  

X3
2 b33(-1.905) 0.022 52.31 1 54.87 6.42 0.030  

X1X2 b12(-5.812) 0.000 270.28 1 274.95 32.15 0.0001  

X1X3 b13(2.66) 0.019 56.71 1 69.03 8.07 0.018  

X2X3 b23(-2.488) 0.025 49.50 1 51.51 6.02 0.034  

Residual - - 71.95 10 7.19 - -  

Lack of fit - - 60.39 5 12.08 5.23 0.047  

Pure-error - - 11.55 5 2.31 - -  

Total - - 3899.26 19 - - -  

Std. Dev. - - 2.68231 R2 - - - 0.981 

Mean - - 70.41 R2
adj - - - 0.965 

C.V. - - 3.80 R2
pred - - - 0.877 

 

Figure 4.1a shows the actual removal percentage vs. predicted removal percentage of 

Cr(VI). The points should lie near the Y=X line for high-quality agreement of model. 

Figure 4.1b shows the probability plot of the residuals. It shows a reasonably straight line. 

Figure 4.1c shows the goodness of model fit. It suggests the minimum value of residual for 

predicted data. It was observed that the all residuals of experiments lie in the interval of 

±5.00. It indicates the minimum residual error. The observation outside of this interval 

indicates an experimental error or any error in the model [227].  
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Figure 4.1a: Predicted Vs. actual Cr(VI) removal % Figure 4.1b: Normal probability plot of residual 

 

 

 

 

Figure 4.1c: Residual V fits plot 

 

Figure 4.2a and 4.2b represents the surface and contour plot respectively for the variable 

interaction impact of current density and pH. It was observed from figure 4.2a and 4.2b 

that initially the removal percentage of Cr(VI) increased with the increase in current 

density and decrease in pH. Also, It was observed that the removal percentage of Cr(VI) 

increased in acidic pH.  It was due to the reactions occurred under acidic medium.  The 

first reaction was evolution of hydrogen gas at copper surface dissolving Cu2+ in solution 

as per equation (4.3). The second reaction was reduction of Cr(VI) by Cu0 that was speed 

up in acidic medium as per equations (4.5) [27,127,228]. The metal hydroxides led to the 
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final removal of Cr(VI) [229,230]. Figure 4.2c and 4.2d represents the surface and contour 

plot, respectively for the variable interaction impact of current density and concentration 

of Cr(VI). From figure 4.2c and 4.2d, it can be observed that the Cr(VI) removal increases 

with increases in current density at low concentration. At constant current density, Cr(VI) 

removal decreases with the increases in Cr(VI) concentration. It was due to the increases 

in Cr(VI) concentration at fix current density, the adsorption capability of Cu(OH)n is 

decreased and therefore the percentage removal decreases [24].  

 

2Cu + 4H+ → 2Cu2+ + 2H2                                                                                       (4.3)  

At cathode   4H2O(l) + 4e− → 2H2(g) + 4OH−
(aq)                                                                                   (4.4)  

In solution 2HCrO4 + 3Cu0 + 14H+  → 2Cr3+
(aq) + 3Cu2+

(aq) + 8H2O                       (4.5)  

Followed by precipitation: 

Cr3+ + 3OH- → Cr(OH)3                                                                                          (4.6)  

 

Figure 4.2a: Surface plot: Removal %(Y) V pH (X1) 
and Current density (X2) 

Figure 4.2b: Contour plot: Removal %(Y) V pH (X1) and Current 
density (X2) 

  
Figure 4.2a and 4.2b: Contour and surface plot of interaction of pH (X1) and Current density (X2) on Cr(VI) removal % (Y). 
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Figure 4.2c: Surface plot: Removal %(Y) V 
concentration (X3) and Current density (X2) 

Figure 4.2d: Contour plot: Removal %(Y) V concentration (X3) 
and Current density (X2) 

 
 

Figure 4.2c and 4.2d: Contour and surface plot of interaction of concentration (X3) and Current density (X2) on Cr(VI) 
removal % (Y). 

 

 

4.2.2 Parametric study   

4.2.2.1 Effect of current density 

The current density (CD) is a major factor for controlling the rate of reaction in 

electrocoagulation process (EC) [22]. It can be seen from figure 4.3a, the residual 

concentration decreased from 100 mg/L to 6.64 mg/L at CD of 41.32 A/m2 in 40 min of 

EC. The optimum time of EC was 40 min since there was no change in Cr(VI) removal  

after 40 and 50 minutes. As the CD increased from 13.77 to 41.32 A/m2, the removal 

percentage increased from 49.48% to 93.33% and the corresponding decreases in residual 

concentration of Cr (VI) from of 50.19 to 6.64 mg/L. It was due to increasing in copper 

hydroxide at higher CD [22].  It also explained by Faraday's law, as per the equation (4.7) 

a relationship between CD and the amount of electrode (anode) that dissolves in the EC 

cell [27,229]. 

                                                 𝑚 =
 ( )

 
                                                           (4.7)                    

where,  F is the Faraday’s constant (96,487 C/mol), n is the number of electrons, m is the 

theoretical quantity of ion provided per unit area, t is time, M is the molecular weight of 

copper electrode, and CD is current density. The number of Cu2+ ion increases with 

increases CD, as m is directly proportional to CD. As a result, increases of production of 

coagulant (Cu2+ ions) at higher CD which increase the Cr(VI) removal percentage [138]. 
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The kinetic study of EC process was carried out for CD parameter. Figure 4.3b shows 

ln(C0/C) vs time. First order kinetic data fitted well. The data show the enhancement in 

Cr(VI) removal with increase in CD. It was due to the presence of more quantity of Cu2+ 

ions in the EC cell as explained previous. The equation (4.8) was found to fit for rate 

constant k with CD.   

𝑘 = 2.32 ×  10 × 𝐶𝐷                        𝑅 = 0.890                                                        (4.8) 
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Figure 4.3: (a) Effect of CD on Cr(VI) ion removal with time. (b) Determination of the kinetic constants for 
different CD. 

 

 

4.2.2.2 Effect of Cr(VI) concentration 

To check the impact of Cr(VI) concentration on its removal, the Cr(VI) concentration was 

varied in the range of 50 to 150 mg/L. Figure 4.4a shows the impact of Cr(VI) 

concentration on its removal at various concentrations. It was observed from Figure 4.4a 

that the Cr(VI) concentration decreases with  time. The removal efficiency decreased from 

94.88% to 67.06%, as Cr(VI) concentration increased from 50 to 150 mg/L. It was due to 

the equal amount of copper hydroxide ions produced at fix current density and time. So, 

the produced flocs at higher Cr(VI) concentration were insufficient to adsorb Cr(VI) ion 

from waste water [24]. The plot of ln(C0/C) vs time is showing in Figure 4.4b for different 

Cr(VI) concentration. Form Figure 4.4b it was observed that the removal rate decreases 

with the increase in Cr(VI) concentration. It was due to formation of less flocs which do 

not allow to adsorb all Cr(VI)  ion , and hence the removal efficiency decreases. In 
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general, the decreases in k with Cr(VI) concentration was found to fit according to 

equation (4.9): 

𝑘 = −5.00 × 10 × 𝐶                        𝑅 = 0.900                                     (4.9) 
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Figure 4.4: (a) Effect of concentration on Cr(VI) ion removal with time. (b) determination of the kinetic constants for 
different Concentration 

 

 

4.2.2.3 Effect of electrode distance 

Figure 4.5a shows the impact of electrode distance (ED) on the removal of Cr(VI). From 

figure 4.5a it can be seen that the Cr(VI) removal increases with decreasing in electrode 

distance. As the ED increased from 0.7 to 3.5 cm, the removal efficiency decreased from 

95.21 % to 76.88 %. It was because of interactions between Cu2+ ions and OH- ions 

produced from electrodes get delayed.  As a result, the rate of flocs generation decreases 

and contact with these flocs and Cr(VI) ions decreases. So, Cr(VI) removal percentage 

[216]. The linear plot of ln(C0/C) versus time is shown in figure 4.5b for various ED. The 

values of k for various ED were 0.0732, 0.0685, 0.0532, 0.0488 and 0.0381 min-1 for ED 

of 0.7, 1.4, 2.1, 2.8 and 3.5 cm, respectively. The value of k decreases with increasing in 

ED and it was due to the less production of OH- at higher ED. The rate equation with ED 

as following equation (4.10): 

𝑘 = −0.0139 × 𝐸𝐷 (𝑐𝑚)                     𝑅 = 0.973                                          (4.10) 
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Figure 4.5:  (a) Impact of electrode distance (ED) on Cr(VI) ion removal with time. (b) Calculation of the rate constants for 
different electrode distance (ED). 

 

4.2.2.4 Effect of Supporting electrolyte and SEEC 

NaCl was used as supporting electrolyte to increase the conductivity of the solution. 

Supporting electrolyte plays the major role in the power consumption and rate of removal.  

For industrial application of EC, the power consumption analysis plays an important role 

[144]. Experiments were performed for various concentrations of NaCl (Cs) and the 

results are demonstrated in Figure 4.6a. The NaCl concentration was varied in the rage of 

0.2 g L-1 to 1.0 g L-1 and it was found that the removal percentage increased from 67.94% 

to 84.29%. The results indicates that the Cr(VI) removal increase with increasing in NaCl 

concentration. It was due to the decreases in resistance between the electrodes. Also, 

voltage drop decreases at fix current density and decrease the electrical energy 

consumption [128]. The variation of SEEC with various ED and CD is shown in Figure 

4.6b. The Figure 4.6b indicates that, as ED increased from 0.7 cm. to 3.5 cm, the SEEC 

increased from 12.90 kWh/kg Cu to 63.20 kWh/kg Cu at CD 41.32 A/m2. The variation in 

SEEC with various ED and current is presented in Table 4.4. A comparison of Cr(VI) 

removal by other researcher with the current work is presented in Table 4.5. Several 

researchers have studied on Cr(VI) removal by EC technique using Fe and Al electrodes 

[17,129,231]. But, only a few authors have studied the energy consumption of the EC 

process [23,127,128,149]. Table 4.5 presents the comparison of SEEC of Cr(VI) removal 

by EC with the current work. 
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a. Effect of NaCl doses on removal of Cr(VI) ion removal 
efficiency. 

b. Deviation in Cr(VI) ion removal percentage and SEEC 
with various CD and ED after 40 min of EC. 
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Figure 4.6: (a) Effect of NaCl doses on removal of Cr(VI) ion removal efficiency. (b) Deviation in Cr(VI) ion removal 
percentage and SEEC with various CD and ED after 40 min of EC. 

 

Table 4.4: Variation of SEEC with various ED and current 

SEEC (kWh/kg Cu) Cr(VI) removal % 

Current 
ED 

0.30 A 0.20A 0.10A ED 0.30 A 0.20A 0.10A 

0.7 12.90 9.13 3.81 0.7 95.21 78.0 55.0 

1.4 20.00 15.95 8.40 1.4 93.33 75.09 49.49 

2.1 34.34 24.24 11.79 2.1 88.51 71.00 44.50 

2.8 49.48 32.09 13.89 2.8 84.93 69.00 41.20 

3.5 63.20 41.25 16.97 3.5 76.88 61.00 30.80 

 

Table 4.5: Comparison of Chromium ion removal from aqueous solutions by other 
researcher with the current work.  

Sr. No. Electrode 
material 

Type of 
waste water 

CD, Current 
or Voltage 

Removal 
Efficiency 

SEEC 
(KWh/ kg Cr) 

Ref. 

1 Fe and Al 
electrode 

Synthetic  200 A/m2 100% 22.07 with Fe and 
59.34 with Al 

[127] 

2 Fe electrode Synthetic 1 A 56.3 % 0.02 [17] 
3 Fe electrode Synthetic 10.02 A/m2 94.97 % 16.14 [128] 
4 Al electrode Synthetic 9.14 V 91% NA [149] 
5 Cu electrode Synthetic 41.32 A/m2 95.21 12.90 Present 

study 
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4.2.2.5 Effect of pH 

The pH is most important parameter for EC process because the rate of removal is depends 

on the pH of solution. To examine the effect of pH, the experiments were performed in the 

range of 2 to 12 as shown in Figure 4.7. It was observed that the Cr(VI) removal decreased 

from 94.69 to 20.43%, as pH increased from 2 to 12. It was seen that the removal 

percentage favours acidic medium [17]. The removal percentage was 94.69%, 93.48% and 

93.20% at the value of pH 2, 4 and 6 respectively. For basic medium, the removal 

percentage was 77.01%, 46.1% and 20.43% at the value of pH 8, 10 and 12 respectively. 

As results indicates that the removal percentage increased in acidic pH and decreased in 

basic pH. The same results have been reported in the literatures  [27,127,228].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Effect of pH on removal of Cr(VI) ion removal efficiency 

4.2.3 Characterization of sludge 

The FESEM- EDX was used for the elemental analysis of the sludge produced after EC 

process. The structural characteristics analysis of the flocs was done by FESEM analysis. 

Figure 4.8a shows the FESEM image of the flocs. From Figure 4.8a, it can be seen that 

flocs are porous and homogeneous in structure and it may indicate that the generated 

Cu(OH)2 flocs are coagulated well during EC process. The EDX spectrum obtained from 

FESEM-EDX is shown in Figure 4.8b. The Figure 4.8b indicates that chromium, copper, 
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carbon and oxygen are present in the sludge and the presence of chromium ions confirms 

capture of chromium by copper flocks. 

 

Figure 4.8a: SEM image of EC produce sludge 

 

 

Figure 4.8b: EDX spectrum of EC produced sludge 

Table 4.6: Elements weight percentage.  

Element Weight % Atomic % Net Int. Error % Kratio Z A F 

C K 3.18 9.61 21.40 13.94 0.0404 1.5065 0.8456 1.0000 

O K 20.41 46.39 96.03 13.37 0.2719 1.3989 0.9524 1.0000 

CrL 1.99 1.39 2.50 20.57 0.0186 0.9429 0.9916 1.0000 

CuL 74.43 42.61 71.10 17.15 0.6539 0.8818 0.9962 1.0000 
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4.3 About next chapter 

In this chapter copper electrode was used to treat the synthetic wastewater and found very 

good results. It required less time and consumed less power. The next chapter tells about 

the application of copper electrode for the treatment of real effluent. In next chapter 

copper electrode used for the chromium removal from the real effluent and studied the 

dependency on various process parameters.  
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CHAPTER 5 

Electrocoagulation of Real Effluent with Copper 

Electrode 

5.1 Introduction  

The previous chapter 4 reveals that the copper electrode can be used for Cr(VI) removal 

from synthetic solution and also studied the impact of various process variables on the 

Cr(VI) removal  percentage. Based on the preliminary study the work is further extended 

to investigate the application of copper electrode for the treatment of real effluent. Also to 

investigate the operating cost and electrical energy consumption by EC process using 

copper electrode. The main objective of this chapter is to treat real effluent for Cr(VI) 

removal using copper electrode and its dependency on various process parameters. Also, 

kinetics analysis of EC process is studied.     

5.2 Characterization of effluent 

The real industrial effluent containing chromium was used in this chapter. The industrial 

effluent was collected from dyestuff industry, GIDC Ankleshwar, Gujarat India. A single 

sample was collected for experimental analysis and it was stored at 4 0C in the refrigerator. 

The real effluent (RE) is characterized mainly for Cr, pH, COD, BOD, TDS, TS and color. 

The initial and final concentrations after treatment are presented in Table 5.1.  

Table 5.1: Characteristic composition of RE before and after treatment by EC at optimum 
condition (CD = 68.87 A/m2, ED = 0.7 cm, pH=5.83, C0= 82.7 ppm, EC time= 50 min.). 

Parameters Effluent without 
treatment 

Effluent with treatment % of removal 

Chromium mg/L 82.7 0.250  99.70  
COD mg/L 3642.86 461.54  87.33 

BOD mg/L 1638.17 242.60  85.19 
pH 5.83 9.45  Acidic to basic pH 

TDS mg/L 14984 4967.2  66.85 

TS mg/L 20252 6748.0  66.68 
Color Dark Brown Light Brown (transparent) 
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5.3  Materials and methods 

All materials and methods used as discussed in chapter 3. In this chapter the real effluent 

used to check the application of copper electrode for the chromium removal from 

wastewater. To check the feasibility of EC process using copper electrode for the 

industrial application it is necessary to treat the real effluent.   

5.4  Result and discussions  

5.4.1 Effect of current density  

Electrocoagulation process is controlled by electrolysis time and current. Therefore, 

current and electrolysis time are the significant parameters. The reaction rate and removal 

percentage can be influenced by the current and time of EC process.  In order to study the 

impact of CD on removal efficiency, experiments were performed at a CD range from 

13.77 A/m2 to 68.87 A/m2. Figure 5.1a illustrates the removal efficiency of chromium at 

different current densities. From Figure 5.1a, it can be observed that the removal 

efficiency of chromium increased with increases in CD. As the CD enhanced from 13.77 

A/m2 to 68.87 A/m2, the removal percentage of chromium increased from 78.6% to 

99.7%. The highest removal percentage of chromium 99.70 %, 95.39%, 90.36 % was 

achieved in 50 minutes at CD value of 68.87, 55.10, 41.32 A/m2 respectively. The cause 

can be explained by Faraday’s law (as per equation 3.3). The generation rate of metal ions 

is directly proportional to the CD. Thus the metal ions production rate increases with 

increases in value of CD. The metal hydroxides (copper hydroxide) increases and it helps 

in to removal efficiency. As copper hydroxides production rate increases, the chromium 

removal rate increases by adsorption/co-precipitation [126,134].                 

Reaction kinetic study was carried out for EC process and it follows the first order reaction 

kinetics for different CD. A plot ln(C0/C) Vs t, found the best fit as shown in Figure 5.1b. 

As CD raised from 13.77 to 68.87 A/m2, the value of k enhanced from 0.0286 to 0.144 

min.-1. The rate equation (5.1) with CD as follows: 

 

𝑘 = 14 ×  10 × 𝐶𝐷                                   𝑅 = 0.942                                            (5.1)                                         
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5.4.2 Effect of electrode distance 

To check the impact of electrode distance (ED) on the chromium removal, the ED was 

varied from 0.7 to 3.5 cm as shown in Figure 5.2a. The removal percentage can be 

affected by ED and an active surface area of electrode in EC process. A relationship 

between voltage drop, ED and area of electrode is given by following equation:  

a. Variation of chromium removal % with 
time at different current densities.  

b. 1st order equation plot for various current 
densities.  

0 10 20 30 40 50
0

20

40

60

80

100

C
hr

o
m

iu
m

 r
e

m
o

va
l %

Time (min)

 CD 13.77 A/m2

 CD 27.55 A/m2

 CD 41.32 A/m2

 CD 55.10 A/m2

 CD 68.87 A/m2

 

0 10 20 30 40 50
0

1

2

3

4

5

6  CD- 13.77 A/m2

 CD- 27.55 A/m2

 CD- 41.32 A/m2

 CD- 55.10 A/m2

 CD- 68.87 A/m2

ln
(C

0
/C

)

Time (min)

 

Figure 5.1a: Variation of chromium removal % with time at different current densities. b. 1st order 
equation plot for various current densities. 

 

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑑𝑟𝑜𝑝 =  𝐼 
 

                                                                                             (5.2) 

where, k is specific conductivity, I is current, A is dipped area of the electrode. The 

equation (5.2) indicates that, at constant conductivity of solution and constant area of the 

electrode, the voltage drop increased with increased in ED. It was due to increases in 

electrical resistance among electrodes at constant CD.  It was observed from figure 5.2a 

that the chromium removal decreases with increasing in ED. As the ED increased from 0.7 

to 3.5 cm, the percentage of chromium removal decreased from 99.70% to 79.62%. It was 

because of a decrease in copper hydroxide flocs in the RE [219]. The voltage drop rose as 

the increased of ED. It was to increases in electrical resistance among electrodes at 

constant CD. So, contacts with Cu2+ and OH- ions produced during EC get delayed and it 

resulted in to the rate of Cu(OH)2 production reduces and thus, the percentage of removal 

decreases [232]. Figure 5.2b shows the plot between ln(C0/C) V time at different ED. As 

the ED increases from 0.7 to 3.5 cm. the rate constant (k) decreased from 0.144 to 0.0299 
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min.-1. It was due the less amount of copper hydroxide produced at higher ED.  The 

equation of rate for various ED as given equation (5.3): 

𝑘 = −0.027 × 𝐸𝐷 (𝑐𝑚)                                  𝑅 = 0.802                                                (5.3)                         

 

a. Effect of electrode distance on chromium removal from 
RE. 

b. Rate constant (k) calculation for different electrode 
distance (ED).  
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Figure 5.2a: Effect of electrode distance on chromium removal from RE. b. Rate constant (k) calculation for different electrode 
distance (ED). 

 

5.4.3 Effect of chromium concentration   

To examine the impact of chromium concentration on its removal, the chromium 

concentration was varied from 82.7 to 10.34 mg/L. Figure 5.3a illustrates the effect of 

chromium concentration on its removal with time. It was observed from Figure 5.3a that 

the removal percentage decreased from 99.90 to 99.70% with decreased in initial 

chromium concentration 82.7 to 10.34 mg/L. corresponding residual concentration of 

chromium decreased from 0.25 to 0.01 mg/L.  The removal percentage greater than 99% 

was attained in less time of 20 minutes, at the lower concentration i.e. 20.66 to 10.34 

mg/L. For the chromium concentration of above 41.35 mg/L, it required 40 minutes to get 

the removal percentage greater than 99%. It was due to insufficient amount of copper 

hydroxide to adsorb all the chromium ions in EC cell. Therefore, removal percentage 

decreased with increase in chromium concentration [138]. But at the lower concentration 

the availability of metal ions was easy thus production of copper hydroxide was high. 

Chromium removal kinetics for various concentrations were found to follow 1st order 
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kinetics model. Figure 5.3 shows the rate constant (k) for different concentrations. As the 

concentration increased from 10.34 to 82.7 mg/L, the value of k decreased from 0.148 to 

0.114 min.-1. Overall, k was found to fit according to equation (5.4): 

𝑘 = −4 × 10 × 𝐶                                           𝑅 = 0.689                                               (5.4)                   

a. Effect of chromium concentration on its removal 
from DIE. 

b. Rate constant (k) calculation for different 
chromium concentration (Cc). 
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Figure 5.3a: Effect of chromium concentration on its removal from RE. b. Rate constant (k) 
calculation for different chromium concentration (Cc). 

 

5.4.4 Effect of pH 

Initial pH is a key factor for the treatment of industrial effluent by EC process [139]. The 

experiments were performed in the rage of 3 to 11 pH as shown in Figure. 5.4a. It was 

observed that the chromium removal was increased, as pH increased from 3 to 7 and 

decreased as pH was increased up to 11. The chromium removal percentage was 77.03%, 

92.88, and 99.78% attained at pH of 3, 5, and 7 respectively. It was observed that the 

highest removal percentage was attained at pH 7 and lower removal at pH > 7 and pH < 7. 

This might be because of generation of hydroxide is depend on the pH of effluent during 

the EC process. It is necessary required to balance between H+ ions and metallic ions for 

the optimum productions of hydroxide. Also, the maximum copper hydroxide ions 

generated at a particular pH of solution [27]. The various literatures suggested that the 

maximum amount of copper hydroxides formed in the range of pH 6 to 9 [74,233]. 

Therefore, the maximum chromium removal was achieved at pH 7. The electrical energy 
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was studied at various pH and the variation in electrical energy with pH is shown in Figure 

5.4b. The Figure 5.4b indicates that the electrical energy consumption increased from 1.66 

to 4.15 kWh/m3, as pH increased from 3 to 11.  This is may be due to the rate of flocs 

generation increases with increase in pH. The produced flocs stick on electrode surface 

which offers resistance among electrodes and it resulted high cell voltage at constant CD 

[134].  
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Figure 5.4a: Effect of pH on chromium removal 
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Figure 5.4b: Electrical energy consumptions at various pH  

5.4.5 Effect of supporting electrolyte (NaCl) 

The conductivity of solution is an important factor and it can be varied by using various 

electrolytes. KCl, NaCl, KI, BaCl2, and Na2SO4 have been used as supporting electrolytes 

in EC process [234]. In this work NaCl was used as a supporting electrolyte. The 

conductivity of effluent can affect the electrical energy consumption and it is significant 

parameter for industrial application of EC process [144].  The impact of NaCl on the 

chromium removal is shown in Figure 5.5. It was observed that the removal percentage of 

chromium increased from 90.81% to 97.7% as the NaCl increased from 0.3 g/L to 1.5 g/L. 

It was due to the decreases in voltage drop with increasing in NaCl dose [77]. It was also 

observed that beyond NaCl concentration of 1.2 g/L there was no change in removal 

percentage. A high conductive effluent does not provide a guarantee of high degradation 

of pollutants, but it can increase the value of CD. The degradation of pollutants increases 

upto a certain limit thereafter decreases. It may be due to the presence of ions is not 

sufficient to carry out the current so the electric resistance of the cell gets higher. It 

resulted in to decreases in removal percentage and electrical energy consumption. 

Literatures also recommended that the addition of any electrolyte leads to addition of 

impurity in wastewater [17,211,231].       
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Figure 5.5: Effect of supporting electrolyte concentration on chromium removal 

5.4.6 Calculation of operating cost at different current densities and EEC 

The assessment of operating cost of EC process for chromium removal from real effluent 

is calculated. The variation in EEC and removal percentage at different ED is shown in 

Figure 5.6a. As the ED increased from 0.7 to 3.5 cm the EEC increased from 2.19 kWh/kg 

Cu to 12.25 kWh/kg Cu and removal efficiency decreased from 99.70 to 79.62% at fix CD 

of 68.87 A/m2. The variation in operating cost and electrical energy at different CD is 

presented in figure 5.6b. It was observed that as CD increased from 13.77 to 68.87 A/m2, 

the energy consumption and operating cost increased from 0.166 to 3.32 kWh/m3 and 

0.014 to 0.277 US$/m3 respectively. It was due to the higher production rate of Cu2+ ions 

at higher CD as per the Faraday's law. Therefore, the consumption of electrode increased.  

The values of operating cost and electrical energy were fitted with values of CD. The 

correlation for cost with CD is given by equation 5.5 and the correlation for energy with 

CD is given by equation 5.6.  

 

Operating cost = 0.0033 × CD                                                                                      (5.5) 

 

Electrical energy consumption = 0.0393 × CD                                                          (5.6) 
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Figure 5.6a: Variation of EEC and chromium removal with different ED at a fix CD value 

of 68.87 A/m2. 
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Figure 5.6b: Operating cost and energy consumption at different current density 
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5.4.7 Mass balance of Chromium 

The mass balance for chromium is carried out in this work and it is presented in Table 5.2. 

In general mass balance illustrates that the chromium is the same with a maximum error of 

6.56 %. Chromium can be recovered by various physicochemical treatment methods 

[26,27].  The mass balance equation is given as: 

Initial chromium in ppm =  [chromium in residue + chromium in iltrate ]        (5.7)            

Table 5.2: Mass balance of chromium at various pH. 

pH Initial chromium in 
DIE (mg/L) 

Chromium in 
residue (mg/L) 

Chromium in 
filtrate (mg/L) 

Total chromium 
(mg/L) (Residue + 

Filtrate) 

Error % 

3 82.7 59.17 19.0 78.17 5.47 
5 82.7 75.65 5.89 81.54 1.40 
7 82.7 77.11 0.18 77.29 6.56 
9 82.7 62.43 15.04 77.47 6.32 
11 82.7 61.58 19.06 80.64 2.49 

 

5.4.8 Comparison of chromium removal by other methods with the 

present work 

Comparison of the current work with other researcher for chromium removal by other 

methods is presented in Table 5.3. 

Table 5.3: Comparison of chromium removal by other methods with the current work. 

Name of process Type of 

solution 

pH C0 Time R.P. Ref. 

 Ion exchange S.E. 6 0.5 90 min. 80 [63] 

Adsorption S.E. 3 100 60 min. 44.85 [102] 

Membrane process  S.E. 7 100 24 hr. 97.9 [62] 

Coagulation/Precipitation S.E. 7 10 60 min. 57 [46] 

Electrocoagulation R.E. 3.5 55.3 90 min. 91.7 [134] 

Electrocoagulation R.E. 5.83 82.7 50 min. 99.7 Present work 

S.E.: Synthetic effluent, R.E.: Real effluent, R.P.: Removal percentage, C0: initial chromium concentration 

in ppm.     
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5.4.9 Analysis of sludge produced by EC 

FESEM- EDX was used for elementals analysis in sludge constituents. It can be observed 

from Figure 5.7a, that the sludge is porous in structure and porous structure indicates that 

formed copper hydroxides flocs are coagulated well in EC process. The EDX spectrum is 

shown in Figure 5.7b. It indicates that the carbon, chromium, oxygen, copper and nickel 

were presented in sludge. The presence of copper and chromium is indicates that 

chromium is adsorbed on copper hydroxide. 

 

 

Figure 5.7a: FESEM picture of sludge 

 

 

Figure 5.7b: EDX spectra of sludge 
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Table 5.4: Elements weight percentage. 

Element Weight % Atomic % Net Int. Error % Kratio Z A F 

C K 7.79 20.82 11.9 11.33 0.0361 1.3143 0.3526 1.0000 

O K 22.62 45.38 68.02 6.92 0.1714 1.2486 0.6072 1.0000 

CrL 1.85 1.14 1.21 14.27 0.0123 0.9358 0.7092 1.0000 

CuL 1.57 0.86 2.24 19.78 0.0144 0.9443 0.973 1.0000 

AuM 61.39 31.02 82.89 4.19 0.4729 0.8984 0.8574 1.0045 
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CHAPTER 6 

Electrocoagulation of Real Effluent with Iron 

Electrode 

6.1 Introduction 

Chapter 5 reveals that the copper electrode used for the treatment of industrial effluent for 

chromium and other impurities removal from real effluent. Also the impact of various 

process variables on chromium removal percentage was studied. Based on the preliminary 

study the work is further extended to investigate the application of iron electrode for the 

treatment of same effluent which was used in chapter 5. Also to investigate the operating 

cost and electrical energy consumption by EC process using iron electrode. The main 

objective of this chapter is to investigate the impact of various process variables such as 

current density, pH, supporting electrolyte, and electrode distance on chromium removal 

from real effluent. Also, kinetics analysis of EC process was studied.    

6.2 Characterization of effluent 

The real industrial effluent containing chromium was used in this chapter. The industrial 

effluent was collected from dyestuff industry, GIDC Ankleshwar, Gujarat India. A single 

sample was collected for experimental analysis and it was stored at 4 0C in the refrigerator. 

The real effluent (RE) was characterized mainly for Cr, pH, COD, BOD, TDS, TS and 

color. The initial concentration and final concentration after treated is presented in Table 

6.1.  

Table 6.1: Characteristic composition of RE before and after treatment by EC at optimum 
condition (CD = 89.45 A/m2, ED = 0.7 cm, pH=5.83, C0= 82.7 ppm, EC time= 50 min.). 

Name of parameters Effluent without treated Effluent with treated  % of removal 
Chromium mg/L 82.7 0.291 99.64 

COD mg/L 3642.86 618.18 83.03 
BOD mg/L 1638.17 304.97 81.38 

pH 5.83 7.71 - 
TDS mg/L 14984 4491.6 70.02 
TS mg/L 20252 7052 65.17 

Color Dark Brown Light Brown (transparent) 
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6.3 Result and discussions 

6.3.1 Effect of current density  

CD directly affected the treatment efficiency in the EC process. The electrolysis time and 

current are the main factors that influence the removal efficiency and the reaction rate. 

Inline to examine the impact of CD on chromium removal percentage, the experiments 

were carried out in the range of CD from 17.89 A/m2 to 89.45 A/m2. Figure 6.1 shows that 

the removal percentage increased with an increase in CD. The removal efficiency 

increased from 50.24 to 99.64 % as CD increased from 17.89 to 89.45 A/m2. The removal 

efficiency were 50.24%, 63.55%, 81.69%, 92.90% and 99.64% at value of CD 17.89, 

35.78, 53.67, 71.56 and 89.45 A/m2 respectively. As the current density is enhanced, the 

removal percentage of chromium increases. The cause can be explained by Faraday’s law 

(as per equation 3.3). The generation rate of metal ions is directly proportional to the CD. 

Thus the metal ions production rate increases with increases in value of CD. The iron 

hydroxides increases and it helps in to removal efficiency. As iron hydroxides production 

rate increases, the chromium removal rate increases by adsorption/co-precipitation [134]. 

Kinetic study was carried out at different current densities and it found that the rate 

constant increased from 0.013 to .109 min.-1, as the CD increased from 17.89 to 89.45 

A/m2.  

𝑘 = 12.5 ×  10 × 𝐶𝐷                          𝑅 = 0.910                                             (6.1)                                                         

 

6.3.2 Effect of electrode distance 

The effect of electrode distance (ED) is shown in Figure 6.2a. As the ED increased from 

0.7 to 3.5 cm, the chromium removal efficiency decreased from 99.64 % to 72.37 % and 

corresponding residual concentration was raised from 0.291 to 22.84 mg/L. The reason of 

this observation is thought to be the fact that the produced Fe2+ and OH- get delay in the 

formation of iron hydroxides. Therefore the removal percentage decrease [235].  
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Figure 6.1: Variation of chromium concentration with different current densities 
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Figure 6.2a: Variation of chromium concentration with different ED. 

 

Furthermore, the SEEC rises from 2.499 to 4.998 kWh/m3, with changes in ED from 0.7 to 

3.5 cm, at constant CD i.e. 89.45 A/m2. It was due to increase in voltage from 3.0 to 6.0 

volt with increasing in ED from 0.7 to 3.5 cm. So, the energy consumption increase [236]. 
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The variation in SEEC with different ED is presented in Table 6.2. The kinetic analysis for 

ED is concluded that the rate constant (k) decreased from 0.109 to 0.024 min-1 as ED 

increased from 0.7 to 3.5cm. The rate constant (k) with ED is given as: 

 
𝑘 = −26.6 × 10  × 𝐸𝐷 (𝑐𝑚)                 𝑅 = 0.715                                           (6.2)                                   
 

Table 6.2: Effect of ED on SEEC and chromium removal efficiency 

ED in cm. SEEC Removal efficiency % 
 kWh/ (kg Fe) kWh/m3  

0.7 3.57 2.499 99.64 
1.4 4.29 2.9155 91.96 
2.1 5.63 3.7485 85.17 
2.8 6.41 4.165 78.03 
3.5 7.81 4.998 72.37 
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Figure 6.2b: Variation of SEEC with different ED.  

 

Figure 6.2b shows the effect of ED on the SEEC at various current densities. It was 

observed that the SEEC enhanced from 3.57 to 7.81 kWh/ (kg Fe) as ED increased from 

0.7 cm to 3.5 cm at a fix CD of 89.45 A/m2. It was due to increases in resistance between 

the electrodes, therefore the voltage drop increases and it resulted in rises in SEEC at 



Electrocoagulation of Real Effluent with Iron Electrode 

 

59 
 

higher ED for constant CD.  The variation in removal percentage with different ED and 

current densities is shown in Figure 6.2c. It was observed that chromium removal 

decreases with increases in ED. The minimum removal of 63.87 % was observed at ED of 

3.5 cm and maximum removal of 99.64% was observed at ED of 0.7 cm. The reason of 

this observation is thought to be the fact that the produced Fe2+ and OH- get delay in the 

formation of iron hydroxides at higher ED. Therefore the removal percentage decrease and 

same results have been reported in the literature  [216,237].                 
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Figure 6.2c: Variation of chromium removal efficiency at different ED 

 

6.3.3 Effect NaCl concentration 

In generally, NaCl is used to maintain the conductivity of solution in EC process and 

conductivity may affect removal efficiency and SEEC. Inline to check the impact of NaCl 

concentration, it was varied from 0.25 g L-1 to 1.0 g L-1. Figure 6.3 shows the effect of 

NaCl concentration on chromium removal. It can be observed that the removal percentage 

increases from 78.21 % to 86.99 % with increasing NaCl concentration from 0.25 g L-1 to 

1.0 g L-1. It was due the voltage drop reduces at constant current and decreases the 

electrical energy in EC cells. In general, the conductivity increases with an increasing 

NaCl concentration and a reduction in residual concentration [17]. In addition, it was 
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observed that the overall removal percentage decreases. It indicates that the rise in NaCl 

dose may not be helpful for chromium removal. It may be due to the insufficient ions to 

carry out the current and it resulted in the increase in electric resistance. Therefore, the 

removal efficiency and SEEC decrease. Literature also suggests that the addition of any 

supporting electrolyte leads to the addition of impurity in wastewater [231,238].                 
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Figure 6.3: Effect of NaCl concentrations on chromium removal 

6.3.4 Effect of pH 

For any electrolytic process, the pH is a major variable to influence the performance of the 

process [194]. The impact of pH on chromium removal percentage is shown in Figure 6.4. 

It was seen that the removal percentage favors acidic medium. The maximum removal 

percentage i.e. 99.76% was observed at pH 3, whereas the minimum removal percentage 

i.e. 87.16% was observed at pH 11. Figure 6.4 indicates that the removal percentage 

decreases from 99.76 to 87.16 % as the pH increased from 3 to 11. It was due to more 

production of Fe2+ ions under acidic condition and this is confirmed by the simultaneous 

chemical dissolution of anode jointly with the electrochemical dissolution [127]. The 

chromium removal percentage increases with decreasing in pH and chromium removal 
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percentage decreases with increase in pH. The same results have been reported in the 

literature [17,75,216,231].                
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Figure 6.4: Effect of pH on chromium removal 

 

6.3.5 Assessment of operating cost at different current densities   

The operating cost plays a major role for the industrial application of EC process. The 

variation in operating cost and electrical energy at different current densities is shown in 

figure 6.5. It was observed that the energy consumption and operating cost increases from 

0.333 to 2.499 kWh/m3 and 0.0277 to 0.207 US$/m3 respectively, as CD increased from 

35.78 to 89.45 A/m2. It was due to the high dissolution rate of electrode at high CD as per 

the Faraday's law.  It resulted in increases in the consumption of electrode [17].   
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Figure.6.5: Operating cost and energy consumption at different current density 

 

6.3.6 Mass balance of Chromium 

The mass balance of chromium is presented in Table 6.3. The overall mass balance shows 

that the chromium is the same with a maximum error of 4.85 %.  

Table 6.3: Mass balance of chromium at various pH 

pH Initial Cr in effluent 
(mg/L) 

Cr in residue 
(mg/L) 

Cr in filtrate 
(mg/L) 

Total Cr (mg/L) 
(Residue + Filtrate) 

Error % 

3 82.7 80.21 0.91 81.12 1.91 
5 82.7 79.42 0.21 79.63 3.71 
7 82.7 76.51 2.18 78.69 4.85 
9 82.7 73.11 6.3 79.41 3.98 

11 82.7 70.48 10.61 81.09 1.95 
 

6.3.7 Characterization of sludge 

Figure 6.6a illustrates the FESEM picture of the flocs. The FESEM image shows the flocs 

are porous in the structure and it can be assumed that the Fe(OH)2 flocs are well 

coagulated during the EC process. Figure 6.6b shows the EDX spectrum and it confirms 

that chromium, carbon, oxygen, iron, and copper are the elements present in the sludge. 

The presence of chromium and iron indicates that chromium is adsorbed on iron 

hydroxide.  
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Figure 6.6a: FESEM image of EC produces sludge 

 

 

Figure 6.6b: EDX spectra of EC produced sludge 

 

Table 6.4: Elements weight percentage. 

Element Weight % Atomic % Net Int. Error % Kratio Z A F 

C K 11.25 24.45 13.63 8.94 0.1087 1.3496 0.7165 1.0000 

O K 36.12 58.97 43.71 7.07 0.3745 1.2667 0.8183 1.0000 

CrL 2.8 1.4 0.78 18.29 0.0207 0.9063 0.8165 1.0000 

CuL 17.32 8.1 6.24 10.01 0.1303 0.8993 0.8365 1.0000 

AuM 9.93 4.08 3.9 15.52 0.075 0.8618 0.8771 0.9986 
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CHAPTER 7 

Electrocoagulation of Cr(VI) and Ni(II) With 

Brass Electrode 

7.1 Introduction 

 

Chapter 6 iron electrodes were used for the treatment of industrial effluent for 

chromium and other impurities removal from real effluent. Also the impact of various 

process variables on chromium removal percentage was studied. Based on the 

preliminary study the work is further extended to investigate the application of brass 

electrode for the simultaneous removal of Cr(VI) and Ni from aqueous solution. Also 

to investigate the operating cost and electrical energy consumption by EC process 

using different types of electrodes. The main objective of this chapter is to investigate 

the impact of various process variables such as current density, pH, types of 

supporting electrolyte, types of electrode material and electrode distance on the 

removal of Cr(VI) and Ni from aqueous solution.  

7.2 Result and discussions 

7.2.1 Effect of concentration of Cr(VI) and Ni 

The industries produce wastewater with different levels of metal ion concentrations 

and it depends on the process [231].  To check the impact of Cr(VI) and Ni ions on 

the removal percentage, the concentration of Cr(VI) and Ni were varied from 10 to 50 

mg/L. The results are presented in Figure 7.1a and Figure 7.1b. The residual 

concentration of chromium (CC) and concentration of nickel (CN) slightly increases as 

increase in concentration up to 50 mg/L. It is revealed from Figure 7.1a that CC 

increases from 1.1 to 6.56 mg/L and corresponding removal percentage decreases 

from 89 to 86.88 % in 20 min of EC. It can be seen from Figure 7.1b, similarly, the 

residual concentration of CN increases from 1.2 to 8.47 mg/L and corresponding 

removal percentage decreases from 88 to 83.06 % in 20 min of EC as shown in Figure 

7.1b.  It was due to high amount of present metal ions in the EC cell as compared to 
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less amount of metal hydroxide as the coagulant remains same in EC cell at fixed 

current density [211].  It was also observed that more than 99% removal was achieved 

in 50 min of EC for both metal ions. 

0 10 20 30 40 50 60

0

10

20

30

40

50
C

r 
(V

I)
 c

on
ce

n
tr

at
io

n 
m

g/
L

Time (min)

 C
c
 10 mg/L

 C
c
 20 mg/L

 C
c
 30 mg/L

 C
c
 40 mg/L

 C
c
 50 mg/L

(a)

 

0 10 20 30 40 50

0

10

20

30

40

50

60

N
i c

o
n

ce
n

tr
a

tio
n 

m
g

/L

Time (min)

 C
N
 10 mg/L

 C
N
 20 mg/L

 C
N
 30 mg/L

 C
N
 40 mg/L

 C
N
 50 mg/L

(b)

 

Figure 7.1: Effect of concentration (a) Cr(VI) concentration (b)Ni concentration 
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7.2.2 Effect of current density  

Current density is key parameter for EC process and plays a significant role for the 

removal of Cr(VI) and Ni by EC process [231,239]. Figure 7.2a and 7.2b indicates the 

deviations in removal percentage of Cr(VI) and Ni ions as Cd varied from 13.16 to 

65.79 A/m2 at the fix concentration of 50 mg/L. Results from Figure 7.2a reveal that 

the removal percentage of Cr(VI) increased from 69.6 to 99.9 % as Cd increases from 

13.16 to 65.79 A/m2, while the residual concentration of Cr(VI) were 15.2, 8.8, 4.3, 

1.5, 0.05 mg/L at 13.16, 26.32, 39.47, 52.63, 65.79 A/m2 respectively. Similarly it can 

be seen from Figure 7.2b that the removal percentage of Ni increased from 63.8 to 

99.38 % as Cd increases from 13.16 to 65.79 A/m2, while the residual concentration of 

Ni were 18.1, 13.4, 8.1, 3.4, 0.31 mg/L at 13.16, 26.32, 39.47, 52.63, 65.79 A/m2, 

respectively. The motive can be given by Faraday’s law as Cd increased, it results in 

the increase of dissolution rate of anode which leads to the formation of more 

hydroxide ions and hence the removal efficiency of both metal ions enhances [27]. 

Almost 100% removal was attained for both metal ions in 50 min at 65.79 A/m2. 
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Figure 7.2: Effect of current density (a) on Cr(VI) removal and (b) Ni removal 

 

7.2.3 Effect of electrode material 

Material of electrodes plays key role in EC Process. It influences the coagulant 

production and the removal percentage [240]. Electrode material can affect the 

operating cost and energy consumptions during EC process. So the selection of 

correct materials is very important. In line to study the effect of electrode material on 

Cr(VI) and Ni removal efficiency, experiments were carried out with Fe, Al, Cu, and 

brass electrode, as shown in figure 7.3. It can be seen from Figure 7.3 that the highest 

removal was achieved for Cr (VI) and Ni using brass electrode with minimum energy 

consumption. Figure 7.3a shows that the Cr(VI) removal percentage of 97.8%, 94.6%, 

90%, 82.6% was achieved using brass, Cu, Fe, Al electrode respectively in 30 min of 

EC process. Figure 7.3b shows that the Ni removal percentage of 95.2%, 92.4%, 

84.4%, 85.2% was achieved using brass, Cu, Fe, Al electrode respectively in 30 min 

of EC process. It was may be due to the higher production rate of coagulant in short 

time during EC process [89,241]. It is also given by Faraday’s law, in EC process the 

more dissolution of anode results in to more metal hydroxide formation. These metal 
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hydroxide ions give the higher removal efficiency. In this study, experimental weight 

losses of anode were 0.60 gm for brass electrode, 0.57gm for Cu electrode, 0.36 gm 

for Fe electrode and 0.31 gm for Al electrode at fix Cd of 65.79 A/m2.This amounts 

indicate that, there were more cations released in solution which results in to higher 

rate of metal hydroxide production.     

0 10 20 30 40 50
0

20

40

60

80

100

C
r(

V
I)

 r
e

m
o

va
l %

Time (min)

 Brass electrode
 Copper electrode
 Iron electrode
 Aluminum electrode

(a)

 

0 10 20 30 40 50
0

20

40

60

80

100

N
i r

em
ov

al
 %

Time (min)

 Brass electrode
 Copper electrode
 Iron electrode
 Aluminum electrode

(b)

 

Figure 7.3: Effect of electrode material (a) on Cr(VI) removal and (b) Ni removal 
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7.2.4 Operating cost and EEC for different electrode material 

Operating cost and energy consumption are important parameters in any treatment 

process [242]. Generally, the operating cost includes the cost of electrode material, 

electricity, labor, chemicals, maintenance, sludge disposal and equipment for the 

commercial application of EC process. But for lab scale operation the cost of 

electrode material and electricity are  the main parameters of the operating cost 

[173,243]. So operation cost based on electricity and electrode materials were 

calculated. Figure 7.4 shows the variation in energy consumption and operating cost 

for different electrode material at fix Cd of 65.79 A/m2. The experiment results shows, 

the brass electrode had the lowest operating cost (1.797 US$/m3) and energy 

consumption (21.58 kWh/m3). The operating cost for Cu, Fe and Al electrode were 

1.931, 2.135, 2.342 US$/m3 respectively and the energy consumption for Cu, Fe and 

Al electrode were 23.24, 25.73, 28.22 kWh/m3, respectively. Based on the experiment 

results, the brass electrode confirmed better performance for the Cr(VI) and Ni 

removal percentage, operating cost and energy consumption. The operating cost is 

also calculated in terms of US$/ kg of Cr(VI) and Ni. The operating cost for Brass, 

Cu, Fe and Al electrode were 0.00180, 0.00193, 0.00214, 0.00234 US$/kg of Cr(VI) 

and Ni, respectively. 
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Figure 7.4: Effect of electrode material on operating cost and energy consumption 
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7.2.5 Effect of electrode distance 

To assess the effect of electrode distance (Ed) on the Cr(VI) and Ni removal 

percentage, the Ed was varied from 0.7 to 3.5 cm.  Figure 7.5 illustrates the effect of 

Ed on the removal of Cr(VI) and Ni from wastewater. From Figure 7.5a, it was 

observed that the residual of Cr(VI) enhance from 0.05 to 9.4 mg/L with increasing in 

Ed from 0.7 to 3.5cm. Corresponding the removal percentage decrease from 99.9 to 

81.2 %. Similarly trend was obtained for Ni removal, the residual of Ni enhance from 

0.31 to 12.1 mg/L with increasing in Ed from 0.7 to 3.5cm as shown in figure 7.5b and 

the corresponding removal efficiency decrease from 99.38 to 75.8 %. It was due to the 

decreases in metal hydroxide ions in the EC cell [219]. The electrical resistance 

increases between electrodes as increases Ed. As a result, the interaction between 

metal ions and OH- get delayed during electrocoagulation. Therefore, the rate of metal 

hydroxide reduces and hence the Cr(VI) and Ni removal efficiency decreases [244].  
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Figure 7.5: Effect of electrode distance (a) on Cr(VI) removal (b) on Ni removal 

 

7.2.6 Effect of pH 

Initial pH of solution is a very significant variable for any treatment method because 

its affect the removal efficiency [139]. In the line, to check the effect of pH on the 

removal efficiency, the experiments were performed in the range of 2 to 10. Figure 

7.6 illustrates the impact of pH on the removal of Cr(VI) and Ni. It was observed from 

Figure 7.6a that Cr(VI) removal was enhanced with increasing pH from 2 to 6 and 

decreased when pH was enhanced from 8 to 10. The Cr(VI) removal percentage were 

97.8%, 99.9%, 99.96%, 80.4%, and 76.4% at pH of 2, 4, 6, 8, and 10, respectively. 

Similarly trend was obtained for Ni removal as shown in Figure 7.6b. The Ni removal 

percentage was 97.4%, 99.38%, 99.8%, 85.2%, and 71.8% at pH of 2, 4, 6, 8, and 10, 

respectively. The highest removals were 99.96% and 99.8% of Cr(VI) and Ni, 

respectively. It may be due the formation of highest metal hydroxide at pH of 6. The 

production rate of metal hydroxide is depends on pH of solution and it generates at a 

particular pH [27,89].  Various literatures suggested that maximum metal hydroxides 

generated in the range of pH 6–9 [74,245,246].  
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Figure 7.6: Effect of initial pH (a) on Cr(VI) removal (b) on Ni removal 
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7.2.7 Effect of supporting electrolyte 

Electrolyte is used to increase the conductivity of solution and conductivity is a vital 

variable for energy consumption and removal percentage. To check the impact of   

supporting electrolyte types, in the present work NaCl, KCl, Na2CO3 and Na2SO4 

were used as supporting electrolyte. During the experiments the concentration of each 

supporting electrolyte was 1g/L. Figure 7.7 shows the impact of various types of 

supporting electrolyte on the Cr(VI) and Ni removal. It can be seen from Figure 7.7 

that, NaCl had the highest removal percentage of Cr(VI) and Ni i.e. 99.1 % and 98.22 

%, respectively.  The removal percentages of Cr(VI) were observed 98.34%, 95.14%, 

and 90.4% with KCl, Na2SO4 and Na2CO3 electrolyte, respectively. The removal 

percentages of Ni were observed 97.3%, 94.4%, and 91.68% with KCl, Na2SO4 and 

Na2CO3 electrolyte, respectively. The experimental results show that, NaCl and KCl 

having almost same removal efficiency.  It is recognized that Cl− ions can demolish 

the produced passivation layer on electrode surface so increase anodic dissolution rate 

of electrode. It results in to produce more hydroxide [182,232,247,248]. In the case of 

Na2SO4 metal removal decreased. It may be due to  the sulfate ions that obstruct the 

anodic dissolution of the electrode and effect the passivating layer [17]. The lower 

removal percentage was observed with Na2CO3
 due to presence of carbonate [232].  
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Figure 7.7: Effect of supporting electrolyte on Cr(VI) and Ni removal 
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7.2.8 Characterization of sludge 

For the confirmation of Cr(VI) and Ni removal, the elemental analysis carried out 

using  FESEM-EDX. Figure 7.8a shows the SEM image of sludge. It can be seen 

from the image that the flocs are permeable in the structure, it indicates that the metal 

hydroxide well coagulated during the process. EDX spectrum of sludge is presented 

in figure 7.8b. Figure 7.8b illustrates the following elements such as  nickel, oxygen, 

chromium, zinc,  carbon, and copper was present in sludge which gives the 

confirmation of  Cr(VI) and Ni on metal hydroxide. 

 

Figure 7.8a: FESEM image sludge 

 

Figure 7.8b: EDX spectra of sludge. 
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Table 7.1: Elements weight percentage. 

Element Weight % Atomic % Net Int. Error % Kratio Z A F 

C K 6.61 16.5 69.63 9.88 0.0531 1.3451 0.5973 1.0000 

O K 27.94 52.4 361.58 6.3 0.2957 1.2622 0.8385 1.0000 

CrL 4.83 2.79 15.25 8.92 0.0386 0.903 0.885 1.0000 

NiL 2.12 1.08 10.06 20.26 0.019 0.9042 0.9897 1.0000 

CuL 27.66 13.06 124.74 6.39 0.2293 0.8585 0.9657 1.0000 

ZnL 30.84 14.16 114.99 7.62 0.2341 0.8569 0.8859 0.9997 
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CHAPTER 8 

Electrocoagulation of Cr(VI) and Ni(II) with Iron 

Electrode 

8.1 Introduction 

In chapter 7 brass electrode was used for the simultaneous removal of Cr(VI) and Ni from 

aqueous solution. Also the impact of various process variables on Cr(VI) and Ni removal 

percentage was studied. Based on the preliminary study the work is further extended to 

investigate the application of iron electrode for the simultaneous removal of Cr(VI) and Ni 

from aqueous solution. Also to investigate the operating cost and electrical energy 

consumption by EC process using iron electrodes. The main objective of this chapter was 

to investigate the impact of various process variables such as pH, current density, 

composition of Ni and Cr(VI) and electrode distance on the removal of Cr(VI) and Ni 

from aqueous solution.  

8.2 Result and discussions 

8.2.1 Effect of composition of Cr(VI) and Ni 

To examine the effect of composition of Cr(VI) and Ni on EC method, the composition of 

Cr(VI) and Ni was varied in the ratio of 20:80, 40:60, 60:40, and 80:20 mg/L, 

respectively. Figure 8.1a, 8.1b, 8.1c and 8.1d show the impact of composition of Cr(VI) 

and Ni on removal percentage with time. Figure 8.1a, 8.1b, 8.1c and 8.1d show the 

concentration of Cr(VI) and Ni decrease with increase time of EC up to 60 min. Figure 

8.1a demonstrates that when the initial concentration of Cr(VI) and Ni were 20 and 80 

mg/L, the removal percentage 99.8 % and 99.65 % were achieved in 40 and 60 minutes, 

respectively.  Figure 8.1b illustrates when the initial concentration of Cr(VI) and Ni were 

40 and 60 mg/L, the removal percentage 99.87 % and 99.53 % was achieved in 50 and 60 

minutes, respectively. Figure 8.1c demonstrate that when the initial concentration of 

Cr(VI) and Ni were 60 and 40 mg/L, the removal percentage 99.95 % and 99.87 % were 

achieved in 50 minutes. Figure 8.1d demonstrates thatwhen the initial concentration of 

Cr(VI) and Ni was 80 and 20 mg/L, the removal percentage 99.93 % and 99.9 % were 
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achieved in 50 and 40 minutes respectively. It is due the presence of metal ions is higher 

while the Cr(VI) and Ni concentration is lower as a result production of iron hydroxide 

monomers and polymers are high. So at lower concentration of Cr(VI) and Ni, the higher 

removal percentage was achieved in a short time period. But at a higher concentration of 

Cr(VI) and Ni, the iron hydroxide complexes are insufficient to adsorb all the Cr(VI) and 

Ni ions present in the solution. It resulted in to the increase residual concentration with 

increased Cr(VI) and Ni concentration [138].    
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Figure 8.1a: Effect of composition of Cr(VI) and Ni on its removal. 
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Figure 8.1b: Effect of composition of Cr(VI) and Ni on its removal. 
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Figure 8.1c: Effect of composition of Cr(VI) and Ni on its removal. 
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Figure 8.1d: Effect of composition of Cr(VI) and Ni on its removal. 

 

8.2.2 Effect of current density  

Current is very important parameter for EC process. It increases the removal percentage as 

well as energy consumption. To observe the impact of current density CD, the experiments 

were carried out at CD range from 17.88 to 89.45 A/m2 at an initial concentration of 100 

mg/L of Cr(VI) and Ni. Figure 8.2a and 8.2b shows the variation in the removal 

percentage at various CD. From Figure 8.2a, it can be observed that the Cr(VI) removal 
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percentage increased from 68.3 to 95.47 % as CD increased from 17.88 to 89.45 A/m2. 

Similarly, from Figure 8.2b, it can be observed that the Ni removal percentage increased 

from 61.67 to 88.45 % as CD increased from 17.88 to 89.45 A/m2. This is in accordance 

with Faraday's law which says that the rate of metal ions production is directly proposnal 

to the CD.  As the CD increases metal ions production rate also increases. It resulted in to 

increases the rate of iron hydroxides production which absorb metal ions from wastewater 

[126].  
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Figure 8.2a: Effect of current density on Cr(VI) removal. 
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Figure 8.2b: Effect of current density on Ni removal. 
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8.2.3 Effect of pH  

pH is key parameter for EC process. So, to find the optimum value of pH for removal of 

Cr(VI) and Ni, pH was varied from 2 to 10. Figure 8.3a and 8.3b shows the effect of pH 

on the removal percentage of Cr(VI) and Ni. From Figure 8.3a and 8.3b it was observed 

that as pH increased from 2 to 6, the removal percentage of Cr(VI) and Ni increased from 

78.6 to 97.8 % and 66.79 to 91.3 %, respectively and the maximum removal was achieved 

at pH 6. The removal percentage of Cr(VI) and Ni decreased as pH increased up to 10. 

The reason may be due to generation of iron hydroxide and it depends on the pH of 

wastewater during EC process. The balance among H+ ions and iron ions is required for 

the optimal productions of hydroxide. In other words various percentage of Cr(VI) and Ni 

removal at different pH were because of amount of iron hydroxide ions produced at 

particular pH [27]. It is reported by various investigator that the higher amount of metal 

hydroxides formed in the range of pH 6 to 9 [74,249].  

 

0 10 20 30 40 50 60
0

20

40

60

80

100

C
r(

V
I)

 r
e

m
ov

al
 %

Time(min)

 2 pH
 4 pH
 6 pH
 8 pH
 10 pH

 

Figure 8.3a: Effect of pH on Cr(VI) removal 
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Figure 8.3b: Effect of pH on Ni removal 

 

 

8.2.4 Effect of Electrode distance 

The impact of ED on the removal of Cr(VI) and Ni showed in Figures 8.4a and 8.4b. It 

was seen from Figure 8.4a and 8.4b that the Cr(VI) and Ni removal decreased with 

increases in ED. Figure 8.4a shows the ED effect on the Cr (VI) removal and it was 

observed that the Cr(VI) removal decreased from 95.47 % to 77.11 % with increasing ED 

from 0.7 to 2.1 cm. corresponding the residual Cr(VI) concentration increased from 4.53 

to 22.89 mg/L. Figure 8.4b shows the ED effect on the Ni removal and it was observed 

that the Ni removal decreased from 88.45 % to 72.49 % with increase ED from 0.7 to 2.1 

cm. corresponding the residual Ni concentration increased from 11.55 to 27.51 mg/L. This 

was because of decrease in Fe(OH)2 flocs in the solution [219]. The electrical resistance 

among the both electrode increases with increases in ED. So contact with Fe2+ and OH- 

ions generated during EC got delayed. As a result, rate of Fe(OH)2 production reduced and 

therefore, the removal percentage decreased [241].  
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Figure 8.4a: Impact of ED on Cr(VI) removal 
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Figure 8.4b: Impact of ED on Ni removal 

 

The electrical energy consumption (EEC) in kWh/m3 and specific electrical energy 

consumption (SEEC) in kWh/kg Fe calculated for the removal of Cr(VI) and Ni at various 

ED. The variation in EEC and SEEC are shown in Figure 8.4c at different ED. It was 

observed from Figure 8.4c that the EEC increased from 14 to 38 kWh/m3 and SEEC 

increased from 1.16 to 3.15 kWh/kg Fe as ED increased from 0.7 to 2.1 cm, respectively. 

This is due to the voltage drop rises as the raises of ED. So at constant CD, the electrical 
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resistance among the both electrode increases. It resulted in to increase EEC and SEEC 

[216].    
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Figure 8.4c: Energy consumption and SEEC at various ED 

8.2.5 Mass balance of Cr(VI) and Ni 

Mass balance of Ni and Cr(VI) has been carried out for the confirmation of present in 

sludge.  The residue was filtered using filter paper and dried. This dried residue was 

dissolved in aquarezia with slow heating up to 80 0C until the residue gets mixed 

completely. Ni and Cr(VI) concentration was measured using AAS. The mass balance of 

Ni and Cr(VI) is presented in Table 8.1 and Table 8.2, respectively. Mass balance of Ni 

and Cr(VI) shows same amount present in residue with maximum error of 4.93% and 6%, 

respectively.   

Table 8.1: Mass balance of Ni at various pH 

pH Initial Ni in 
solution (mg/L) 

Ni in residue 
(mg/L) 

Ni in filtrate 
(mg/L) 

Total Ni (mg/L) 
(Residue + Filtrate) 

Error % 

2 100 62.47 33.21 95.68 4.32 
4 100 83.79 12.57 96.36 3.64 
6 100 88.4 8.87 97.27 2.73 
8 100 75.52 20.47 95.99 4.01 
10 100 66.84 28.23 95.07 4.93 
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Table 8.2: Mass balance of Cr(VI) at various pH 

pH Initial Cr(VI)  in 
solution (mg/L) 

Cr(VI) in 
residue (mg/L) 

Cr(VI)  in 
filtrate (mg/L) 

Total Cr(VI)  (mg/L) 
(Residue + Filtrate) 

Error % 

2 100 59.17 19.0 78.17 5.47 
4 100 75.65 5.89 81.54 1.40 
6 100 77.11 0.18 77.29 6.56 
8 100 62.43 15.04 77.47 6.32 
10 100 61.58 19.06 80.64 2.49 
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CHAPTER 9 

Conclusions and Future Work 

Electrocoagulation is one of the most effective techniques to remove heavy metals and 

other pollutants from wastewater. Electrocoagulation was used to remove Cr(VI) and Ni 

from wastewater by using of copper and brass electrode. The effects of various operational 

parameters such as pH, current density, concentration, electrode distance, supporting 

electrolyte, and electrical energy consumption on removal efficiency were investigated. 

Also, kinetic study of EC process was carried out. In this chapter of this thesis, the major 

conclusions are presented based on the objectives defined in Chapter 1.  

9.1 Conclusions  

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%. 
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 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. 

 

9.2 Scope of Future Work 

The present research work demonstrated that the copper and brass electrode can be an 

alternate choice for Cr(VI) and Ni removal by EC process. The experimental results shows 

that, the copper and brass electrode is efficient electrode for the removal of Cr(VI) and Ni. 

But the operating cost is major factor for industrial application of EC process and it 

depends on electrode material and energy consumption. However, copper is costly metal 

as compared to iron and aluminum. In order to minimize the operating cost, the coating of 

metal oxide on electrode surface or surface modified electrode could provide the future 

scope of research. The surface modified or coated electrode may increase the removal 

efficiency and reduce operating cost. In general DC power or AC power is used in EC 

process. However, the EC process with solar power could also provide a future scope of 

research in the line of green and renewable mission. It may be helpful in reduction in 

operating cost of EC process.         
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