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Abstract 

Steel industries are one among the major industries which contribute to the world’s economic 

growth. Over the years, steel production has been ramping up steadily, so there has been a 

significant increase in wastewater discharge. These wastewaters can vary depending on the 

specific units and processes used for a particular steel plant. The generation of wastewater in steel 

industries occurs from various unit operations like blast furnace, coke oven converters, electric arc 

furnace, ladle refining, rolling mills, quenching and tempering, among others. The presence of 

cyanide, phenol, oil and grease, iron, ammonia-N, chlorides, sulphates, and colored compounds 

are pervasive in such type of wastewaters, particularly from the coke oven converters and cold 

rolling mill units. Chemical coagulation and biological methods are typically employed for treating 

such highly impure and contaminated effluent generated from the coke oven converters in the Tata 

steel industry. Anaerobic and aerobic digestion, sequential batch reactors, bio-filters and activated 

sludge process are some of the most commonly used biological methods. The water that is obtained 

after the biological oxidation treatment is known as the biological oxidation treated (BOT) 

wastewater. Although, biological treatments can be effective in reducing the organic loads and 

some inorganic components in steel industry wastewater; however, the presence of coloured 

compounds and different recalcitrant pollutants, may require additional treatment methods, to be 

effectively removed from the wastewater. Similarly, the oil emulsion wastewater from cold rolling 

mills (CRM) of Tata steel industry is one of the unavoidable sector, where further treatment is 

needed before being released into the environment. A typical discharge of CRM wastewater 

contains high concentrations of oil & grease, phenol, iron and COD. Other compounds in small 

quantities may also be present viz. various salts of chromium, copper, nickel, and zinc, depending  
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upon the steel composition. Therefore, there is an urge for a more efficient, economical and facile 

technique for the treatment of toxic contaminated wastewaters from steel industry.    

Ozonation is a widely used technique for both water and wastewater treatment due to its 

effectiveness in removing a wide range of contaminants and disinfecting water. It can significantly 

improve the biodegradability and degrade the refractory organic compounds from both water and 

wastewater via oxidative reactions either through direct molecular ozone  or indirect HO•  free 

radicals formed in a chain reaction mechanism. However, the generation of ozone requires higher 

energy consumption, which may increase the overall operating cost of the process. Therefore, the 

use of a pre/post treatment method may be helpful in addressing the economic challenges and 

increasing the performance efficiency of the overall process. In view of this, the thesis work 

describes the combined effect of ozonation and electrocoagulation methods for the treatment of 

BOT wastewater. Due to the recalcitrant nature of the pollutants, treating BOT wastewater with 

only one treatment system is insufficient. However, the drawbacks of a single method can be 

resolved by using the combined treatment, resulting in a more effective treatment process and 

improved outcomes. The BOT wastewater consisting of coloured compounds, iron, and ammonia-

N from Tata Steel Industry, India was considered here. The effects of operating variables like 

ozone generation rate, current density and treatment time on pollutant removal were analyzed for 

the hybrid process. The experimental conditions such as 1.33 mg s-1 (ozone generation rate), 40 

min (ozonation time), 100 A m-2 (current density), and 30 min (electrolysis time) were found to be 

optimum for reducing all the pollutant concentrations (iron, ammonia-N, and colour) below their 

respective permissible limits of surface water quality. The removal capacity of the hybrid process 

was found to be 98.2%, 90.6%, and 62.8% for colour, iron, and ammonia-N, respectively. A kinetic 

TH-3398_176107027



IX 
 

Abstract 

study was performed for the degradation of the pollutants during the hybrid process. The pseudo-

first-order kinetic model was found to be best suited for the analysis with the R2 value of about 

0.99 for iron, ammonia-N, and colour, respectively, at an optimum ozone generation rate of 1.33 

mg s-1. Further, an image processing software (Image J Software, 9.0) was utilized for analyzing 

the bubble size in which the sauter mean diameter of the microbubble was found to be 425 µm, 

and the range of the microbubble size varied between 20 µm and 650 µm.  Finally, the cost analysis 

study showed that the proposed hybrid process was found to be economical compared to other 

reported literature.   

The work also focuses on the treatment of cyanide and phenol rich steel plant wastewater from 

Tata Steel Industry, India by hybrid ozonation assisted electrocoagulation method. The steel plant 

wastewater consisted of high cyanide and phenol concentrations along with chlorides, COD and 

BOD. The removal efficiency was found to be inadequate when the electrocoagulation or 

ozonation process was performed separately for the removal of cyanide. However, a combination 

of ozonation and electrocoagulation showed highly satisfactory results. The effects of operating 

variables viz. ozone generation rate, current density, and analysis time on pollutant removal were 

primarily analyzed for the hybrid process. The experimental operating condition was optimized 

and was seen that ozone generation rate of 1.33 mg s−1, ozonation time of 40 min, a current density 

of 100 A m−2, and electrolysis time of 30 min were sufficient for reducing the pollutant 

concentration below its permissible limits. The removal efficiencies of the combined process at 

optimum conditions were 99.8%, 99.5%, 94.7%, 95%, and 46.5% for cyanide, phenol, COD, BOD, 

and chloride, respectively. A kinetic study was performed for the degradation of the pollutants 

during ozonation. The pseudo first-order kinetic model was found to be best suited for the analysis 
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with the highest R2 value of 0.99 for cyanide, COD, BOD, and chloride, respectively. Further, the 

mass transfer study illustrates an increase in the dissolved ozone concentration in the solution for 

an increase in the volumetric mass transfer coefficient, Kl a. Finally, the cost estimation study of 

the hybrid process was carried out and compared with that of the other reported literature.  

Further, the work establishes the performance of standalone ozonation and electrocoagulation 

processes for the treatment of CRM wastewater consisting of phenol, COD, BOD, iron, and oil 

content from Tata Steel Industry, India. The operational variables of both the standalone processes, 

viz. current density, ozone generation rate, and treatment time, were addressed to analyse its effect 

on the removal efficiency of each process separately. Optimum experimental conditions of 200 A 

m−2 (current density), 1.12 mg s−1 (ozone generation rate), and 30 min (treatment time) were 

adequate in lowering the amount of all the pollutant content below their respective discharge limits. 

It was observed that, the electrocoagulation process proved to be more efficient (98% phenol, 

97.5% iron, 90.5% COD, 85.7% BOD, and 88% oil & grease) compared to ozonation (93.5% 

phenol, 86.5% iron, 70% COD, 74.3% BOD, and 62% oil & grease) in terms of pollutant removal 

rate for the target wastewater. The electrocoagulated flocs were then characterized to analyse its 

particle size and confirm the presence of pollutants removed during the process. The kinetic study 

conducted showed that pseudo first-order reaction fitted best with the highest R2 of 0.99 for phenol, 

COD, BOD, iron, and 0.98 for oil & grease. Moreover, mass transfer analysis for ozonation 

indicates an increase in the volumetric mass transfer coefficient (Kl a) with an increase in the ozone 

generation rate. The cost of ozonation process was found to be about six times than that of 

electrocoagulation. Nevertheless, the efficiencies and operating costs for both the standalone 

processes were found to be satisfactory compared to other methods reported in the literature. 
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The present chapter provides an overview of the treatment techniques viz. ozonation and 

electrocoagulation adopted for the analysis of various steel industry wastewater. A detailed 

discussion on the importance of operational parameters of both the techniques such as current 

density, ozone flow rate, reaction time, solution pH, and electrode spacing in improving their 

performance efficiency have been clearly depicted. The integration of ozonation and 

electrocoagulation have been explored to create a highly efficient and reliable technique for the 

treatment of industrial wastewater. Wastewaters from various unit operations of Tata steel 

industry were treated by both standalone and hybrid ozone assisted electrocoagulation technique. 

A brief description on the types of wastewater considered were also summarized. All the toxic 

contaminants in the target wastewaters were successfully eliminated, ensuring compliance with 

the water quality standards and regulatory requirements. A preliminary cost analysis has been 

included to understand the economic involvement of the proposed hybrid technique. Altogether, 

this chapter presents a detailed literature review on the various aspects of steel plant wastewater 

treatment including the source of target wastewater, techniques involved, operating parameters 

and contaminant effects on human health.           

1.1 Background  

Water is the most fundamental requirement of life and is used to conduct numerous household and 

industrial activities. However, around 2 billion people in the world lacks convenient access to safe 

drinking water and an average of 7.8 million people die every year due to poor water hygiene and 

sanitation. Moreover, drought affects around 55 million people annually, which in turn causes 
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more than US$5 billion of economic loss. Since 1980, the annual usage of water has increased by 

1%, and this trend is expected to continue until 2050 [1]. The rapid progress in industrial sectors 

viz. mining, distillery, tannery, pharmaceutical, fertiliser, and textile industries among others as 

well as an increase in urbanization, population growth, and living standards has resulted in the 

formation of refractory and toxic pollutants containing wastewater, which has further caused water 

shortages throughout the world in recent years. Such refractory pollutants are distinguished by 

high chemical and biological oxidation demand contents and are defiant to biological treatments 

because of their low biodegradability index. Even the presence of a small quantity of these non-

biodegradable organic compounds in wastewater poses substantial risks to the human health since 

they are regarded as potential endocrine disruptors, and carcinogens. Industries are the primary 

source though which such hazardous and non-biodegradable pollutants are released into the 

environment [2]. On an average, the industries discharge between 300 and 400 million tons of 

waste consisting of refractory organics, heavy metals, toxic sludge, and micro-pollutants into the 

global water bodies annually, thereby posing a greater risk to both human beings and aquatic 

species. Therefore, it is crucial to treat industrial wastewaters on an urgent basis. The removal of 

refractory organics, toxic heavy metals, pharmaceuticals, pesticides, oil & grease from industrial 

wastewaters pose a significant challenge for the current treatment technologies since the working 

mechanism of conventional wastewater treatment systems are designed based on organic loads [3]. 

Thus, it is crucial to integrate biodegradability enhancement with mineralization of refractory 

organics to successfully treat different types of industrial wastewater. The schematic outline of a 

typical wastewater treatment plant is shown in Figure 1.1.  
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Fig. 1.1: Flowchart of a conventional wastewater treatment system 

Ozonation is a class of advanced oxidation process that can significantly improve the 

biodegradability and remove the refractory organic compounds from both water and wastewater 

by oxidative reactions either through direct molecular ozone (acidic conditions) or indirect HO•  

free radicals (alkaline conditions) formed in a chain reaction mechanism [4]. Ozone is an 

immensely reactive and unstable allotrope of O2 with a pungent odour. It effectively decomposes 

the larger organic molecules into short chain intermediate products during the process. These 

intermediate products effectively permeate the cell walls of microbes and can be easily 

biodegraded due to the enhancement in biological oxidation rate by smaller size molecules, thus 

improving the pollutant degradation efficiency. Further, ozonation causes the solubilization of 

sludge and decreases the overall biomass yield [5]. However, the use of ozone alone cannot achieve 

complete mineralization of several refractory organic compounds. Also, the generation of ozone 
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requires higher energy consumption, which in turn increases the overall operating cost of the 

process. As such, the use of a pre/post treatment method may be helpful in increasing the overall 

mineralization rate and to address the economic challenges [6]. Electrocoagulation has been 

reported to be a potential approach for treating both water and wastewater because it is flexible, 

easy to operate, and can degrade a variety of contaminants. Electrocoagulation is very effective 

even in the removal of the tiniest colloidal particles via application of an electric field, responsible 

for assisting in coagulation and flotation of the contaminants. Due to its high removal rate and 

cost-effectiveness, electrocoagulation is considered as a viable alternative to various water 

treatment processes for the treatment of highly contaminated wastewaters. As no chemical 

coagulant is added, electrocoagulation does not pose any risk of secondary contaminant generation 

unlike chemical coagulation. Also, the particle size of the metal hydroxide flocs produced during 

the process are stable and large that can be easily separated via decantation or simple filtration [7]. 

These flocs contain less water (acid resistant compound), thus making it easier to remove them via 

filtration.     

1.2 Ozone oxidation process 

Since the early 20th century, ozone (bluish gas) has been broadly utilized to treat drinking water 

and industrial wastewater. The use of ozone has emerged as a very promising wastewater treatment 

alternative that produces zero amount of sludge along with the formation of oxygen and water as 

end products via residual ozone decomposition [8]. The application of ozone for the treatment of 

various wastewater is shown in Table 1.1. The most commonly used technique for producing 

ozone depends entirely on the corona discharge principle, that involves the use of high voltage 

discharge in a dried/cooled gaseous (air or O2) environment. It electrically charges the oxygen 

molecules to a higher energy state, thereby causing the molecules to break apart. The resultant free 
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oxygen atoms then react with other available oxygen molecules to produce ozone [9]. The ozone 

oxidation is governed by several operating parameters, viz. ozone flow rate, reaction time, and 

solution pH, that determine the process effectiveness. However, the ideal values of these 

parameters may differ depending on the target contaminants. Therefore, proper optimization is 

required to ensure the desired outcome of the ozonation process. The schematic diagram of the 

ozonation process is shown in Figure 1.2. 

 

Fig. 1.2: Schematic layout of the ozonation process 

 

TH-3398_176107027



Chapter 1 

 

6 

 

Table 1.1. Application of ozone in wastewater treatment 

Types of  

wastewater 
Experimental conditions Results References 

Textile wastewater Volume flow rate: 5 m3 h-1,  

Ozone dose: 35 mg L-1, 

COD: 147.5 mg L-1,  

pH: 7.4-7.9, 

Reaction time: 1.27 h, 

Temperature: 35°C 

The COD and TSS 

content were reduced 

by 50% and 70% 

respectively. 

[10] 

Pulp and paper 

wastewater 

Volume: 1 L, pH: 7.9,  

Ozone dose: 1100 mg L-1 

COD: 1310 mg L-1,  

Reaction time: 10 min, 

Temperature: 20°C 

20% removal of COD 

with around 50% 

removal of lignin, 

colour and turbidity 

were obtained.  

[11] 

Winery wastewater Volume: 9 L, pH: 4, 

Ozone flow rate: 100 mg min-1,  

COD: 4650 mg L-1,  

Reaction Time: 3 h, 

Temperature: 27°C 

The degradation rates 

of COD and total 

carbon were 12% and 

37% respectively. 

[12] 

Synthetic 

pharmaceutical 

wastewater 

Volume: 1 L, pH: 7.8, 

Ozone dose: 3 mg L-1,  

Clofibric acid: 1.8 μg L-1,  

Reaction Time: 10 min, 

Temperature: 23°C 

The clofibric acid and 

bezafibrate were 

reduced up to 40% and 

50% respectively.  

[13] 

Acrylic fiber 

manufacturing 

wastewater 

Volume: 6 L, 

Ozone flow rate: 0.5 L min-1, 

NH3-N: 67 mg L-1, pH: 8, 

Reaction Time: 2 h, 

Temperature: 20°C 

Removal rates of 

around 42% and 21% 

were obtained for 

COD and NH3-N 

respectively. 

[14] 
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Oil sands affected 

pit water 

Volume: 8.5 L, pH: 8.31, 

Ozone dose: 30 mg L-1 

Naphthenic acid: 19.7 mg L-1,  

Reaction Time: 48 h, 

Temperature: 23°C 

A reduction of 67.5% 

naphthenic acid and 

20.7% acid-extractable 

fraction were obtained.  

 

[15] 

Synthetic anti-

inflammatory drug 

wastewater  

Volume: 1 L, pH: 6.3, 

Ozone dose: 15.3 g m-3, 

Ibuprofen: 200 mg L-1, 

Reaction Time: 1 h, 

Temperature: 25°C 

The ibuprofen content 

was reduced by 86% 

with a mineralization 

rate of 15%.  

[16] 

Landfill leachate Volume: 3.5 L,  

Ozone dose: 66.7 g m-3,  

DOC: 523 mg L-1, pH: 7-8,  

Reaction Time: 25 min, 

Temperature: 23°C 

78% reduction in UV-

254 absorbing 

compounds with 23% 

DOC removal were 

achieved.   

[17] 

Textile wastewater Volume: 2 L, pH: 8.0,  

Ozone flow rate: 120 L h-1, 

Dye content: 400 mg L-1,  

Reaction time: 26 min, 

Temperature: 20°C 

The degradation of 

COD and colour 

content were observed 

to be around 41% and 

90% respectively. 

[18] 

 

1.2.1 Operational parameters  

1.2.1.1 Ozone flow rate 

It is crucial to select an adequate ozone flow rate for the oxidation of the target contaminants to 

effectively optimize the ozone doses. High ozone doses substantially enhances the HO• radical 

production, which improves the rate of mineralization and the degradation efficiency of the 

process. Higher ozone flow rates can enhance the disinfection efficiency of ozone-based processes 
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for water and wastewater purification by increasing the dissolved ozone content in the solution 

[19]. As a result, ozone-based treatments can degrade the refractory contaminants more quickly, 

thereby reducing the treatment time and increasing productivity. Ozone generators with higher 

flow rates can handle larger volumes of water, making them ideal for large-scale applications. 

However, higher ozone doses require more energy to produce and deliver ozone, which can 

significantly increase the operating cost. Besides, it is difficult to control the ozone distribution at 

higher flow rates, resulting in uneven treatment and reduced process effectiveness. Also, higher 

ozone flow rates can put more strain on ozone generators and other equipment, which can increase 

maintenance and repair costs over time [20]. The energy consumption can be lowered by 

adequately optimizing the ozone doses supplied to the aqueous solution. The volumetric mass 

transfer rate of ozone from the gaseous to the aqueous phase should be effectively monitored and 

controlled to reduce the uneven treatment of the target solution. Besides, the use of a pre or post-

treatment process can reduce the adverse effects of high ozone flow rates on the maintenance and 

functioning of ozone generators [21].   

1.2.2 Solution pH 

The solution pH is a vital parameter as it regulates the mass transfer rate and ozone decomposition 

during the ozonation process. The removal efficiency of ozonation significantly relies upon the pH 

of the solution since it controls the reaction pathway of ozone. In an alkaline medium, the reaction 

mechanism undergoes a radical pathway and forms high amount of OH• free radicals, whereas, in 

an acidic medium, it undergoes a selective direct reaction pathway [8]. The HO• radical has an 

oxidation potential of 2.8 V, much higher than the molecular ozone (2.1 V). As such, a higher 

solution pH is needed to improve the ozone decomposition rate and produce more HO• radicals, 

which increases the oxidation of recalcitrant organic compounds and leads to higher pollutant 
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removal. The electric charge properties of surface HO• groups at the catalyst interface are also 

governed by the solution pH. However, ozone oxidation results in the generation of acidic by-

products (inorganic acids along with organic anions) [22]. The solution pH becomes highly acidic 

during oxidation due to the reaction of ozone with the degraded products generated via OH− anions 

and HO• radicals (typically carboxylic acids). The pH reduction is very prominent in the initial 

stage of oxidation due to higher ozone consumption. As such, the solution pH should be properly 

maintained at alkaline conditions to enhance the pollutant degradation efficiency. The integration 

of ozone with a post treatment method especially electrocoagulation can substantially increase the 

solution pH from acidic to alkaline condition. The production of OH− anions at the cathode surface 

and the evolution of H2 gas at the cathode vicinity may be credited to the increased solution pH 

during the process. Besides, an equilibrium state can be attained after a certain alkaline pH because 

of the buffering capability of M(OH)n / M(OH)𝑛
− coagulants [23].  

1.2.3 Reaction time 

The reaction time plays a substantial role in governing the rate of contaminant degradation during 

ozonation. Prolonged reaction time can increase the duration of contact between ozone and the 

contaminants, leading to an enhanced removal performance of the ozonation process [24]. It can 

also improve the disinfection rate by destroying a wider range of microbes, viz. bacteria, viruses, 

and protozoa. Also, an increase in reaction time can lead to reduced chemical usage, as it may be 

possible to achieve the desired level of treatment with lower ozone doses. Besides, the 

effectiveness of ozone can be maximized by using a recirculation system to ensure that the water 

is exposed to ozone for a longer period, or a dissolved ozone system can be employed, where ozone 

is added to water in the form of tiny bubbles, thereby increasing the contact time between the two 
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[25]. Although a longer treatment time can enhance the ozonation performance, increasing the 

reaction time beyond a certain period can have adverse effects on the process removal rate. It is 

worth noting that prolonged reaction time can also result in higher energy consumption which in 

turn enhances the operating cost. It can also increase the production of undesirable by-products, 

viz. bromate and aldehydes. However, the use of larger reaction tanks or increasing the flow rate 

of water through the reaction tanks can improve the interaction between ozone and the water being 

treated, thus reducing the reaction time of the process [26]. Besides, optimizing the solution pH 

and process temperature or using a catalyst considerably lowers the treatment time since these 

parameters affect the reaction rate of ozone with the organic contaminants. Also, the combination 

of ozone with post/pre-water treatment methods can significantly reduce the overall reaction time.    

1.2.2 Challenges of ozone oxidation process 

1.2.2.1 Energy requirement 

Although the ozonation process is very efficient in oxidizing the toxic contaminants from various 

wastewater sources, challenges such as high energy requirement and intermediate formation 

during ozonation need to be resolved before considering a large-scale implementation of such 

hybrid approaches. Since the degradation of wastewater contaminants by ozonation is an energy-

intensive process, it is regarded as one of the most crucial parameters while evaluating the ozone-

based treatment of wastewater [27]. Most of the energy consumption during ozonation arises from 

the high electrical energy needed for ozone production and its subsequent treatment process. The 

international union of pure and applied chemistry (IUPAC) has recommended two figures of merit 

for the use of electricity by AOPs, viz. (i) electrical energy per order (EEO): the unit of electricity 

(kWh) needed to lower the pollutant content by one order of magnitude (90%) in 1 m3 of 

wastewater, and (ii) electrical energy per mass (EEM): the unit of electricity (kWh) needed to lower 
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the amount of pollutant by one kg. EEO is typically used for determining the electrical energy of 

advanced oxidation processes because of the presence of trace organic pollutants in low 

concentrations [28]. For batch ozonation process, EEO can be calculated as shown below [29]: 

EEO = 
𝑃 × 𝑡 × 100

𝑉 ×𝑙𝑜𝑔 (
𝐶𝑖

𝐶𝑓
)
                     (1.1) 

ln (
𝐶𝑖

𝐶𝑓
) = k′ × t                                 (1.2) 

Here P = power required (kW), t = treatment time (min), V = sample volume (L), Ci and Cf = initial 

and final pollutant concentrations, respectively, and k′ = reaction rate constant (min-1) of pseudo 

first-order kinetics. As per equation (2), EEo for various AOPs can be evaluated primarily via log 

(
𝐶𝑖

𝐶𝑓
) irrespective of the type of oxidation processes. The physico-chemical and structural 

characteristics, along with the concentration variation  of the target pollutants, significantly affect 

the outcome of log (
𝐶𝑖

𝐶𝑓
). The ozone doses required for the removal of organic pollutants are highly 

diverse because of the variations in their reaction rate constant towards molecular ozone or OH• 

radicals [30]. Thus, the EEO values may significantly vary during the oxidation of multiple 

wastewater pollutants.  

1.2.2.2 Intermediate formation 

During the ozonation of wastewater, bromate is primarily produced from bromide oxidation via 

direct ozone attack or indirect radical pathway. Bromate production may increase due to the 

sequential or simultaneous contribution of OH• radicals and molecular ozone to the oxidation 

process. Bromate formation is a major challenge during ozonation, especially in water sources 

containing bromide. Bromate may also be produced when Br• is formed during the reaction 

between HO• radicals and Br−, although this hypothesis needs to be confirmed [31]. Pre-treatment 
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of water can remove bromide ions, thus reducing the potential for bromate formation. Maintaining 

the solution pH between 6-8 during ozonation can also inhibit the bromate formation. Besides, the 

in-situ formation or incorporation of reducing agents, especially hydrogen peroxide and the 

reduction in ozone doses can minimize the bromate formation by converting bromate to bromide. 

Hypobromous acid (HOBr) on deprotonation forms hypobromite anion (BrO−), which reacts with 

H2O2  to convert back to bromide through immediate supply and accumulation during the process 

[32]. The in-situ formation of H2O2 due to the recombination of HO2
•  radicals produced during 

ozone decomposition results in the generation of more HO• radicals while lowering the bromate 

production. Low H2O2 concentrations may be inadequate to convert the BrO− ions to bromide. On 

the other hand, higher concentrations of H2O2 effectively hinder the bromate production; however, 

it also reduces the pollutant oxidation rate by scavenging the OH• free radicals [33]. In addition, 

the electrochemical formation of in-situ H2O2 during ozone assisted electrocoagulation process 

can also considerably reduce the bromate production rate.  

1.3 Electrocoagulation process 

Electrocoagulation is an electrochemical process that is widely used in water and wastewater 

treatment for the removal of various contaminants, including suspended solids, colloids, metals, 

and organic compounds. Electrocoagulation involves the application of an electrical current to 

electrodes immersed in the water or wastewater to facilitate coagulation and flocculation. It has 

gained popularity as a sustainable and cost-effective alternative to traditional coagulation methods 

[34]. It consists of atleast two electrodes (usually made of aluminum or iron) connected to a direct 

current (DC) power supply to provide the necessary voltage for the electrodes. Both the voltage 

and current are crucial parameters for optimizing the process. When a direct current is applied, the 
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electrodes release ions into the water, initiating electrolysis. During electrolysis, metal ions (e.g., 

Al³⁺ or Fe²⁺) are released from the electrodes. These ions neutralize the charged particles in the 

water, destabilizes them and forms coagulants. The coagulants generated cause the suspended 

particles, colloids, and dissolved contaminants to aggregate. Subsequent flocculation enhances the 

particle size, making them easier to settle or be removed by either decantation or simple filtration 

[35].  The schematic layout of the electrocoagulation process is shown in Figure 1.3.  

   

Fig. 1.3: Schematic diagram of the electrocoagulation process 

1.3.1 Electrode materials  

1.3.1.1 Aluminium and iron electrodes 

Aluminium (Al) is commonly employed as an electrode material during the EC process. 

Application of current density leads to the formation of aluminium cations (Al3+) via dissolution 

of sacrificial anodes. The anodic and cathodic reaction using aluminium electrodes are shown in 
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Eqs. 1–3 [36]. The metal concentration in the solution increases due to electro-dissolution and 

eventually precipitates at the bottom of EC chamber as metal hydroxides. Al3+ ions undergo a 

complex equilibrium with various monomeric and polymeric species viz. Al(OH)3, Al(OH)2+, 

Al (OH)4
−, Al (OH)2

+, Al6 (OH)15
3+, Al7 (OH)17

4+, Al8 (OH)20
4+, Al13 (OH)34

5+  and Al13O4 (OH)24
7+ 

depending upon the solution pH [37]. However, Al(OH)3 produced via complex precipitation 

mechanisms is primarily responsible for the formation of flocculates and aggregates.  

At anode: 

Al (s) → Al3+ (aq) + 3e−          (1.3) 

At cathode: 

3H2O + 3e− → 
3

2
 H2 (g) + OH− (aq)         (1.4) 

Overall: 

Al3+ (aq) + 3H2O → Al(OH)3 (s) + 3H+       (1.5) 

Similarly, utilization of applied potential across the iron (Fe) electrodes leads to the production of 

in-situ coagulants via electro-dissolution of sacrificial electrodes. Hydroxyl ions are generated at 

the anode vicinity via reduction, whereas H2 bubbles are produced at the cathode vicinity via 

oxidation, which assist in driving the generated floc to the water surface. The anodic and cathodic 

reaction using Fe electrodes are shown in Eqs. 4–6. At low solution pH and oxygenated water, 

ferrous ions are easily transformed into ferric ions [38]. Depending upon the pH, the 

electrogenerated ferric ions undergoes hydrolysis reaction to form different monomeric and 

polymeric species in the solution viz. Fe(OH)3, Fe(H2O)5OH2+, Fe(H2O)6
3+, Fe(H2O)4(OH)2

+, 

Fe(OH)4−, Fe2(H2O)6(OH)4
2+ and Fe2(H2O)8(OH)2

4+. These Fe complexes have a very strong 

tendency to polymerize at a pH range of 3–7. Moreover, the primary complex formed viz. 
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Fe(OH)3 remains in the aqueous solution as gelatinous suspension, thereby assisting in the removal 

of wastewater contaminants by either electrostatic attraction or complexation phenomenon with 

subsequent coagulation [39].   

At anode: 

Fe (s) → Fe2+ (aq) + 2e−          (1.6) 

At cathode: 

2H2O + 2e− → H2 (g) + 2OH+ (aq)         (1.7) 

Overall: 

4Fe2+ + 10H2O + O2 (aq) → 4Fe(OH)3 (s) + 8H+      (1.8) 

Al and Fe electrodes are widely preferred among all the other electrodes in EC process due to their 

high pollutant removal efficiency, cost-effectiveness and easy availability. The high performance 

of Al and Fe electrodes is associated with the reduction in the electrical double layer by higher 

charge valency of Al3+ and Fe3+ ions as compared to copper, zinc and magnesium, thereby assisting 

even more in the coagulation-flocculation process [40]. Although the use of Fe electrodes can 

minimize the cost of the EC process as compared to Al electrodes, however, it may develop a 

reddish-brown tinge to the treated EC samples, which in turn produces a turbid solution. On the 

other hand, Al electrode constitutes high strength to weight ratio, corrosion resistant property and 

high electrical conductivity. Also, it does not impart any colour to the treated solution and can 

easily outperform Fe electrode in terms of removal efficiency depending upon the wastewater [41]. 

As such, the selection of appropriate electrode material based on the targeted pollutants and cost-

benefit analysis is very important. 
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1.3.1.2 Other miscellaneous electrodes 

In addition to Al and Fe electrodes, utilization of copper (Cu) as an electrode material also assist 

in the removal of various wastewater pollutants during electrocoagulation. A comparative analysis 

carried out between Al and Cu electrodes reported that, Cu electrodes provide higher removal 

efficiency against Al electrodes and uniform corrosion was observed at the surface of Cu electrodes 

after the treatment. During the utilization of Cu electrodes in electrocoagulation process, typical 

H2 formation takes place at the cathode vicinity, while copper cations (Cu2+) ions were 

simultaneously released at the anode [42]. Eqs. 10–12 represent the reactions that occur during 

electrocoagulation process using Cu electrodes, at which Cu2+ ions and Cu(OH)2 are generated in 

situ to act as a coagulant in the removal of wastewater contaminants. Hydrolysis of Cu2+ and 

Cu3+ ions lead to the formation of both monomeric and polymeric species viz. CuOH2+, Cu(OH)2
+, 

Cu(OH)4
−, Cu2(OH)2

4+, Cu(H2O)2
+, Cu(H2O)4(OH)2

+ and Cu(H2O)5OH2+. The colloidal particles 

(net negative charge) are adsorbed onto the surface of Cu(OH)2, which get neutralized and 

subsequently precipitates due to its heavy mass [43]. 

Moreover, several studies have also suggested the use of alternate anodic materials viz. magnesium 

(Mg) and zinc (Zn) during electrocoagulation. The principle is similar as stated formerly for Al, 

Fe and Cu electrodes, which consist of anodic dissolution for Mg and Zn respectively) followed 

by coagulation and precipitation. Depending upon the solution pH, the generated ions (Mg2+ and 

Zn2+) further lead to the formation of its corresponding hydroxides viz. Mg(OH)2 and Zn(OH)2 

[44]. Al and Fe ions consist of higher charge valency as compared to Mg and Zn ions, thereby 

allowing for an improved coagulation process with low coagulant concentrations. On the other 

hand, the assessment of other electrochemically produced coagulants is based on the coagulant 

residual concentrations present in the treated water. For example, the United States Environmental 
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Protection Agency (USEPA) recommends the limiting Al concentration to 0.2 mg/L, whereas the 

limit for Mg is set at 30 mg/L, to avoid any health related issues [38].  

 

1.3.2 Operational parameters 

 

1.3.2.1 Current density 

 

Current density or current applied per effective electrode surface area is considered a very 

significant parameter determining the electrocoagulation performance. During the application of 

EC process, current density regulates the rate of electron release, occurring as a result of metal ion 

dissociation from the electrodes. The range of applied current density may differ depending upon 

the types of effluent. This variation in current density is mostly due to the changes in ionic 

interaction, caused by the type of contaminants present in the effluent [45]. In most cases, the 

applied current density in EC process may typically vary from 0.01 to 880 A m−2. Despite the fact 

that, the applied current density closely corresponds to the release and dissociation of metal ions 

in solution, however, a surplus of current may considerably reduce the performance of EC process 

by allowing in-situ secondary reactions along with the formation of colloidal charge reversal due 

to overdosing of coagulants [46]. Such phenomenon has the potential to shorten the electrode life 

span and formation of a thin film layer on the electrode surface, thereby lowering the process 

efficiency. Thus, the current density should be suitably optimized based on the target contaminants 

to achieve the desirable treatment performance. Also, the use of larger electrode surface area at 

lower or optimized current density can overcome the aforementioned challenges [47].  

1.3.2.2 Inter-electrode distance 

In EC process, the inter-electrode distance is considered to be a very crucial parameter, as it 

governs the electrostatic field between the cathodes and anodes. A decrease in the inter-electrode 
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distance eventually increases the electrostatic field. Thus, the metal hydroxides which assist in the 

formation of flocs to promote coagulation deteriorates due to the intense collisions caused by the 

high electrostatic attraction. Consequently, at a shorter inter-electrode distance, the efficiency of 

the EC process significantly increases [48]. However, an increase in the electrode distance leads 

to higher resistance to mass transfer and slow charge transfer. Higher inter-electrode distance 

delays the subsequent production of metal hydroxide based flocs due to low electrostatic forces. 

Excessive electrode distance also lowers the process efficiency, thereby resulting in high power 

consumption to compensate for the slower release of metal ions between the cathodes and anodes. 

As such, it is very important to operate the electrocoagulation process at an optimal inter-electrode 

distance. In most of cases, the optimum range of inter-electrode distance typically vary from 0.5–

1 cm depending upon the types of wastewater [49].    

1.3.2.3 Solution pH 

The solution pH plays a very significant role in determining the performance of EC process. The 

solution pH greatly controls the release and formation of coagulants during the EC process. The 

effect of pH is directly associated with the formation of coagulants in solution, which exhibits 

several species in equilibrium viz. metal ionic complexes and monomeric/polymeric hydroxide-

complexes. The variety and quantity of such complexes are important since they all exhibit 

different interactions with wastewater contaminants, thereby providing different coagulant 

performances. Also, the monomeric and polymeric species formed at highly alkaline condition 

shows very low adsorption capacity [50]. For instance, the species formed at highly alkaline 

conditions for Fe and Al electrodes viz. Fe(OH)4
− and Al(OH)4

− respectively performs very poorly 

with regards to adsorption efficiency. On the other hand, Fe(OH)3
− and Al(OH)3

− formed under 

neutral and slightly alkaline/acidic conditions significantly enhance the adsorption capacity of the 
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coagulants. Thus, the solution pH has a considerably influence on the physiochemical 

characteristics of coagulants viz. (i) particle size of coagulant species and (ii) solubility 

and electrical conductivity of metal hydroxides [51]. Also, the net charges and electrostatic 

interactions of the pollutants are directly influenced by the protonation/deprotonation (based on 

pKa values) of its functional groups. As such, the double layer gets altered which in turn affects 

the coagulant formation. Besides, the evolution of H2 at the cathode vicinity and the formation of 

OH− ions considerably increases the solution pH. However, inappropriate pH conditions may alter 

the double layer, which in turn may decrease the coagulant formation [52]. Therefore, the variation 

in solution pH needs to be effectively optimized according to different physico-chemical nature of 

the target pollutants and the effluent characteristics in order to improve the pollutant adsorption 

capacity of the coagulant species throughout the EC process.      

1.3.2.4 Electrode configuration 

The electrode configuration mode not only affects the pollutant removal efficiency but also the 

operational cost and energy consumption of the EC process. The most commonly used electrode 

arrangements are bipolar electrodes in serial connection (BP-S) and monopolar electrodes in serial 

(MP-S) and parallel connection (MP-P). The arrangement of various electrode connection modes 

in an EC reactor is shown in Figure 1.4. Depending on the electrical polarity, each electrode in a 

monopolar configuration mode functions as either cathode or anode in the electrochemical cell. In 

case of MP-P connection, the sacrificial anodes are interlinked directly with one another in the EC 

cell; besides the cathodes are also connected in a similar configuration [53]. Meanwhile, in MP-S 

connection, each set of electrode (anode-cathode) is connected internally; however, they are not 

linked to the outer electrodes. In BP-S connection, the electrodes which are monopolar (except the 
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outer electrodes) exhibit different polarity at each of the electrode vicinity, based on the charges 

of previous electrodes. The bipolar electrodes are always connected in series configuration. It is 

worth noting that, series connection necessitates the use of higher potential difference, while the 

same current is spread across all electrodes. Two electrochemical cells act together in a bipolar 

electrode configuration, resulting in a higher surface area compared to monopolar configuration 

[54]. This adequately favours the anodic oxidation in bipolar mode which in turn improves the 

efficiency of the electrocoagulation process. On the other hand, the efficiency of monopolar 

electrode configuration is considerably lower with the same applied current density for both 

connections due to the less available surface area. Besides, the electric current in parallel 

connection is distributed among all the electrode interconnection as a function of its resistance. 

Nevertheless, parallel connection mode provides significant benefits in terms of energy 

consumption. Taken together, the BP-S connection mode aids in high pollutant removal, whereas 

use of MP-P connection provides low cost of operation [55]. Therefore, it is necessary to 

adequately select and optimize the electrode configurations to minimize the energy consumption 

and achieve the desired treatment performance.  
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Fig. 1.4: Different electrode configurations in an electrochemical cell. (a) monopolar-parallel 

connection, (b) monopolar-series connection and (c) bipolar-series connection 

1.4 Ozone assisted electrocoagulation process 

Ozone assisted electrocoagulation is an advanced wastewater treatment process that combines 

electrocoagulation and ozone oxidation to efficiently remove a wide range of contaminants. The 

synergy between these two processes enhances the removal of pollutants from water and 

wastewater. Ozone assisted electrocoagulation process typically consumes less energy compared 

to ozonation alone, making it more energy-efficient. The use of electrocoagulation as a post 

treatment process could completely mineralize the complex species in the solution by mitigating 

the intermediate by-products formed during ozonation [56]. The integrated process can be 

designed to be scalable and adaptable to various water treatment scenarios, including small-scale 

applications, such as point-of-use household drinking water treatment, as well as larger treatment 
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facilities such as industrial or municipal wastewater treatment, making it an appropriate water and 

wastewater treatment system. Besides, the integrated process is capable of meeting stringent water 

quality standards and regulatory requirements, by efficiently removing heavy metals, pesticides, 

surfactants, pathogens and microorganisms from different types of contaminated water sources 

[57]. Table 1.2 shows the benefits of combining electrocoagulation with various water treatment 

techniques. Among the wide array of available applications of the ozone assisted 

electrocoagulation process, few have been briefed down below:      

Industrial wastewater treatment: Ozone-assisted electrocoagulation is widely used in industrial 

settings to treat wastewater produced by different manufacturing processes. It can effectively 

remove heavy metals, organic pollutants, oil & grease, and other toxic chemicals commonly found 

in industrial effluents [56]. 

Grey water treatment: Ozone-assisted electrocoagulation can also be applied for the treatment 

of grey water to enhance the removal of suspended solids, detergents, organic matter, and 

pathogens. It can improve the overall water quality before being discharged into the water bodies 

or for reuse [57].     

Distillery wastewater treatment: Ozone-assisted electrocoagulation is extensively used for the 

treatment of distillery wastewater. It can completely degrade the organic matter, heavy metals, 

colour, suspended solids, nutrients, and volatile organic compounds (VOCs) present in the 

wastewater, thus minimizing its environmental impact [58].            

Groundwater treatment: Contaminated groundwater can be treated using ozone-assisted 

electrocoagulation to remove various pollutants, such as heavy metals, sulphate, chloride, 

pesticides, and volatile organic compounds (VOCs). It is particularly useful for cleaning up 

groundwater at industrial sites or areas with historical pollution [59].  

TH-3398_176107027



   

Chapter 1 

 

23 

 

Surface water treatment: Ozone-assisted electrocoagulation can be employed to treat surface 

water sources, such as ponds, lakes, rivers, and reservoirs, to remove suspended solids, pathogens, 

dissolved oxygen, algae, and antibiotics. This is critical for ensuring a reliable source of clean 

water for municipalities and industries [60].  

Textile wastewater treatment: The textile industry produces wastewater containing surfactants, 

colorants, dyes, suspended solids, and organic chemicals. Ozone-assisted electrocoagulation can 

assist in decolorizing and removing these harmful pollutants, ensuring compliance with the 

regulatory standards [61].  
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Table 1.2: Combination of electrocoagulation with different water treatment methods    

Hybrid 

methods 

Types  

of 

wastewater 

Pollutants Operating conditions Removal  

efficiency 

Improvement in 

process performance 

via hybrid method  

References 

EC Oxidation 

O3/EC Steel 

industry 

wastewater 

Cyanide, 

COD and 

BOD 

Current density = 50-

150 A m-2, Electrode 

distance = 0.005 m, 

Reaction 

time = 30 min, 

pH = 7.7, Electrode 

connection = BP-S 

Ozone generation 

rates = 1.00-

1.33 mg/s, Reaction 

time = 40 min 

The removal rate for 

cyanide, COD and 

BOD were 62%, 

60% and 61% 

respectively 

An improved removal 

rate of 99.8% cyanide, 

94.7% COD and 95% 

BOD were achieved. 

The operating cost of 

the overall process was 

5.822 US$ m-3. 

[62] 

O3/EC Grey water COD, TOC 

and  

Escherichia 

coli (E.coli) 

Current density = 5-

20 mA cm-2, 

Electrode 

distance = 2 cm, 

Reaction 

time = 60 min, 

pH = 7 

Ozone 

concentration = 22.3

-56 mg/L, Treatment 

time = 60 min 

A COD removal 

rate of 77% and 

TOC of 64.5% were 

obtained. 

The removal rates of E. 

coli, COD and TOC 

were 89%, 86% and 

70.2% respectively. 

The total cost of the 

process was found to 

be 1.9 US$ m-3. 

[57] 
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EO/EC Groundwater Nitrate and 

Ammonium 

ion  

(NH4
+-N) 

Current 

density = 40 mA   

cm-2, Electrode 

distance = 0.3 cm, 

Reaction 

time = 60 min, 

pH = 7.8 

Current 

density = 75 mA cm-

2, Hydraulic 

retention time = 25-

50 min, 

Volumetric flow 

rate = 4-8 mL/min 

The removal 

efficiency of nitrate 

content varied 

between 90 and 

100% over a 60 min 

of treatment time. 

Also, an increase in 

the NH4
+-N ion 

content up to 

6.7 mg/L was seen. 

The concentration of 

the NH4
+-N ion was 

completely removed 

(100%) at a volumetric 

flow rate of 4 mL min-

1. No toxic by-products 

were formed.   

[63] 

EO/EC  Synthetic 

deep aquifer 

Trace 

organic 

compounds 

(TrOCs) 

Current 

density = 5.55 mA 

cm-2, Electrode 

distance = 1 cm, 

Electrolysis 

time = 5 min, 

pH = 6, Electrode 

connection = MP-P 

Current 

density = 14.8 mA 

cm-2, Treatment 

time = 20 min, 

pH = 7.5 

The removal rates 

of trimethoprim and 

benzyldimethyl- 

decylammonium 

chloride  were ̴ 10% 

& 5% respectively. 

An improved removal 

efficiency of ̴ 87% 

TMP and ̴ 70% BAC-

C10 were obtained. 

The electrical energy 

per order (EEO) was 

found to be around 10–

75 kWh m-3. 

[64] 

Peroxi-

EC 

Pharmaceutic

al wastewater 

COD Current 

density = 1.7-

H2O2 content = 300 

mg/L 

The removal of 

COD from the 

The removal rate was 

increased to around 

[65] 
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1.9 mA cm-2, 

Electrode 

distance = 2.5 cm, 

Reaction 

time = 60 min, 

pH = 7, Electrode 

connection = BP-S 

treated wastewater 

was observed to be 

34.2%.  

58% (residual 205 mg 

L-1). Also, the energy 

consumption was 

reduced by 50.6%. 

Peroxi-

EC 

Industrial 

park 

treatment 

plant 

COD, 

Colour and 

Total 

coliform 

count 

Current 

density = 14.2 mA 

cm-2, Electrode 

distance = 2.5 cm, 

Electrolysis 

time = 30 min, 

pH = 2.8, Electrode 

connection = MP-P 

Amount of 

H2O2 added = 40 mL 

0.6 L-1 

A COD removal 

rate of 56% was 

obtained. 

The removal rates of 

COD, colour and total 

coliform count were 

found to be 78%, 97% 

& 99.9% respectively. 

[66] 
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1.5 State of the art 

 
With a brief overview of the contemporary research, this section summarizes the outcome of 

various literatures so as to identify few potential areas of research that needs to be addressed for 

this thesis work. The state of the art has been presented for both standalone and hybrid ozone 

assisted electrocoagulation methods used for the treatment of highly contaminated water and 

wastewater.    

1.5.1 Ozone assisted electrocoagulation process for the removal of cyanide and phenol from 

steel industry wastewater     

The steel industry contributes enormously to the economic development of the world. However, 

due to its high manufacturing rate, the generation of wastewater in steel industries is enormous. 

These wastewaters can vary depending on the specific units and processes used in a particular steel 

plant. The generation of wastewater in steel industries occurs from various unit operations like 

smelting of pig iron in a blast furnace, coke oven, ladle refining, rolling mills, quenching and 

tempering, shearing, pickling and scaling among others. The presence of cyanide is pervasive in 

such type of wastewaters, particularly from the blast furnace discharges [67]. Cyanide exists in 

wastewater mainly in two forms, HCN and CN− ions. The permissible limit of cyanide into surface 

water is less than 0.2 mg L−1. Cyanide is a highly toxic compound that, when present in wastewater 

or in the environment, can pose significant health risks to human beings. The adverse effects of 

cyanide exposure are well-documented and can be severe. Ingesting or inhaling even small 

amounts of cyanide can lead to acute poisoning. Symptoms can develop within minutes and 

include headache, dizziness, seizures, nausea, vomiting and respiratory failure. Cyanide-

contaminated water can also lead to chronic health effects. Chronic exposure to cyanide may result 
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in long-term health effects, including neurological problems, thyroid dysfunction, and damage to 

the cardiovascular system [68]. Therefore, wastewaters with high cyanide content should only be 

discharged into the environment once its recommended limit is reached. Besides, the presence of 

phenol and its compounds are very significant in coke oven and rolling mill wastewaters of steel 

plants refineries. The permissible limit of phenol in potable water is 0.5 μg L-1, whereas the 

discharge limit for surface water is 1 mg L-1. High concentration of phenol in drinking as well as 

surface water results in considerable health concerns amongst human beings, and animals. Phenol 

is a strong irritant to the skin, eyes, and respiratory tract. Exposure to even relatively low 

concentrations of phenol can cause skin and eye irritation, leading to redness, burning, and pain. 

Ingestion, inhalation, or dermal exposure to higher concentrations of phenol can result in systemic 

toxicity. Symptoms may include headache, dizziness, nausea, vomiting, abdominal pain, and in 

severe cases, cardiovascular and neurological effects [69]. As such, it becomes necessary to 

prevent the release of wastewaters with high phenol content into the natural water bodies without 

proper treatment. Further, the presence of chlorides, a major environmental pollutant found in ladle 

furnace wastewater, also causes harmful effects on human beings like hypertension, dehydration, 

and diarrheal symptoms among others. Apart from these, some of the adverse effects of chlorides 

within the steel industry involve blockage of pipes, demineralization, corrosion, and scaling. The 

permissible limit of chloride is 1000 mg L−1 for surface water. High chloride concentrations can 

also harm aquatic eco-system, particularly freshwater invertebrates and fish by disrupting the 

osmoregulation and physiology of these species [70]. Thus, strict monitoring and regulation of 

chloride contaminated wastewaters must be done before being discharged into the environment.    
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1.5.1.1 Literature review 

There are numerous reports on the treatment of real industrial effluents based on different 

techniques. Amongst these, the most commonly used techniques are adsorption [71], chemical 

precipitation , nanotechnology [72], UV-irradiation, membrane filtration [73] and biological 

treatment [74]. Although the afore-mentioned techniques are widely used, however, a deep insight 

into all these methods indicate various drawbacks, associated with each of the them [75]. Also, it 

is well established that the individual/standalone techniques have several limitations in effectively 

treating real industrial effluents with multiple contaminants due to its complex nature. In this 

context, various combinational and/or hybrid techniques have received remarkable attention due 

to their high degradation efficiency, faster reaction rate, reduced treatment time, and minimal 

operational cost.  

Ozone is one of the most potential alternatives that have attracted researchers to treat highly 

contaminated effluents from different industrial sources. The utilization of ozone can be 

categorized into a strong oxidant and a powerful disinfectant. Highly reactive molecular ozone, as 

well as hydroxyl radicals produced during the reaction mechanism is primarily responsible for the 

oxidation process [5]. By increasing the inhibitor concentration, the ozone reaction becomes more 

inclined towards direct reaction. Therefore, either a direct ozone attack and/or an indirect free 

radical reaction (generation of hydroxyl radicals via ozone decomposition) signifies the 

phenomenon of ozone reaction with various inorganic and organic compounds, resulting in their 

efficient removal from the effluent [76]. Similarly, electrocoagulation has been studied intensively 

by various researchers for its effectiveness in removing toxic wastewater contaminants. This 

method primarily involves three vital steps, i.e., an electrolytic reaction at the electrode surface, 

in-situ coagulant production, and adsorption of colloidal particles onto the produced metal 
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hydroxide flocs, followed by precipitation. The contaminant removal from the aqueous solution 

was further aided by the production of hydrogen gas (cathode) and oxygen gas (anode) during the 

process via floatation phenomenon. The selection of proper electrode materials is essential for 

effective removal of the target contaminants [37]. Aluminum and iron are often utilized as 

electrode materials, as both the materials exhibit better results compared to other electrodes.    

Even though the ozonation process is highly efficient; however, the use of ozone alone to treat 

highly contaminated industrial effluents necessitate higher ozone doses which consumes a lot of 

energy and may also result in incomplete mineralization due to intermediate by-product formation. 

Nevertheless, integration of a pre/post treatment method with ozone may significantly aid in 

reducing its high operational cost and enhancing the overall process efficiency [6]. In view of this, 

electrocoagulation is considered as a viable pre/post treatment method to ozonation due to its high 

removal rate and cost-effectiveness. As such, the synergy between these two processes results in 

low energy consumption and mitigation of the intermediate by-products, making the hybrid ozone 

assisted electrocoagulation approach highly promising and energy-efficient. Besides, it is capable 

of meeting stringent water quality standards and regulatory requirements, by efficiently removing 

both organic and inorganic pollutants from different types of contaminated water sources [77].         

1.5.1.2 Scope of research  

Highly toxic contaminants in industrial wastewater necessitates the use of strict regulations and 

proper wastewater management practices. Although several studies have been conducted on the 

treatment of real industrial effluents by different techniques; however, it is envisaged that the use 

of hybrid ozone assisted electrocoagulation process for the analysis of cyanide and phenol rich 

steel plant wastewater has not been investigated yet. As such, the cyanide and phenol rich 

wastewater was collected from Tata steel industry (India). A combination of ozone and 
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electrocoagulation was adopted for the simultaneous removal of cyanide, phenol, and chloride 

from Tata steel plant wastewater. Variation of ozone flow rate, current density, treatment time and 

solution pH was studied to evaluate the degradation pattern of the contaminants by the proposed 

hybrid approach. Kinetic modelling and mass transfer study were performed during the ozonation 

process to predict the movement of ozone gas between different phases. The relation between the 

increased ozone concentration in the solution and the volumetric mass transfer coefficient (Kl a) 

was also determined. Finally, a preliminary economic analysis was carried out to assess the total 

energy consumption and the cost-effectiveness of the hybrid ozone assisted electrocoagulation 

process.     

1.5.2 Treatment of steel plant generated biological oxidation treated (BOT) wastewater to 

remove colour, ammonia-N and iron  

Steel industries generate various types of wastewater during their production stage. These 

wastewaters can vary depending upon the unit operations and processes used in a particular steel 

plant. The wastewaters generated are toxic, hazardous, and contains persistent colour and foul 

odour. Typically, chemical precipitation and biological oxidation methods are used for treating 

such contaminated wastewaters in Tata steel industry (India) [78]. The water that is obtained after 

the biological oxidation of coke oven effluent is known as the biological oxidation treated (BOT) 

wastewater. Although it is biologically treated; however, the presence of iron, colour, and 

ammonia-N in high concentrations are most prevalent in BOT wastewater. Ammonia is a crucial 

environmental pollutant found in steel plant wastewater, which exists in either of the two forms 

depending on the pH: unionized ammonia (NH3) and ionized ammonia (NH4
+). The lethal 

concentration of ammonia for aquatic organisms varies from 0.2 to 2.0 mg L-1, while the 
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permissible limit of ammonia in the surface water is 50 mg L-1. High concentration of ammonia in 

the natural water bodies not only leads to eutrophication but is also harmful to human beings, 

animals, and plants. Prolonged contact with ammonia contaminated wastewater can cause skin 

irritation, redness, dermatitis, and even chemical burns in extreme cases [79]. Ingestion or 

exposure to high ammonia concentrations can irritate the gastrointestinal tract, leading to 

symptoms like nausea, vomiting, and abdominal pain. Thus, it is crucial to restrict the discharge 

of wastewaters with high ammonia content into the environment without proper treatment. 

Besides, iron content in steel plant wastewater can be intolerable in terms of discoloration, 

turbidity, and unpleasant odour. While these aesthetic issues are not directly harmful to human 

health, yet they can be unappealing and affect public perception of water quality. The permissible 

limit of iron in drinking water and surface water is 0.3 mg L-1 and 1.0 mg L-1, respectively. 

Consuming water with excessive iron content may lead to gastrointestinal issues, such as stomach 

cramps, nausea, and diarrhoea. Also, chronic exposure to iron contaminated wastewater can result 

in iron overload or hemochromatosis [80]. This condition can have various health effects, 

including joint pain, fatigue, liver damage, and diabetes. As such, high levels of iron contaminated 

wastewaters should only be released into the natural water bodies once its recommended limit is 

reached. Apart from these major contaminants, the primary concern emerges from the presence of 

residual colour, generated from the coke oven plant of the steel industry. The permissible limit of 

colour in surface water is 300 Hazen. Discharge of the coloured wastewater is a major source of 

problem as it can pose a threat to aquatic life and, by extension to human health if they are used 

for drinking or agricultural purposes. The coloured compounds in wastewater can promote the 

growth of specific algae species, leading to harmful algal blooms that can release toxins into the 

water and affect both the aquatic life and drinking water sources [81]. Also, coloured wastewater 
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can reduce light penetration, potentially impacting the photosynthesis in aquatic plants and thus 

altering the food chain. Therefore, the presence of residual colour in wastewaters should be strictly 

monitored and controlled before being discharged into the environment.    

1.5.2.1 Literature review  

The steel industry has fuelled the economic development of the entire world for more than a 

century and a half. Over the years, steel production has been ramping up steadily, so there has been 

a significant increase in effluent discharge. In the steel manufacturing sector, around 90% of the 

water (on average, 88% for an integrated steel mill and 94% for an electric arc furnace-based plant) 

is released after cleaning and/or cooling of various units and are often reused by other utilities in 

the steel plant. On average, Tata steel industry (India) consumes 25 m3 of water per ton of steel 

produced, generating wastewater at 5 m3 per hour of operation [67]. Tata steel manufacturing plant 

generates wastewater from different unit operations, such as coke oven, blast furnace, ladle 

refining, continuous casting, rolling mills, annealing, shearing, galvanizing and coating, as well as 

several other auxiliary processes [82,83]. Amongst these various operations, the BOT wastewater 

obtained after the biological oxidation of coke oven plant effluent is one of the unavoidable sector 

of Tata steel industry, where further treatment and neutralization is required before it can be 

released into the environment. Anaerobic and aerobic digestion, sequential batch reactors, bio-

filters and activated sludge process are some of the biological treatment methods generally used 

in the steel industry. Although, biological treatments can be effective in reducing the organic loads 

and some inorganic components in steel industry wastewater; however, the presence of coloured 

compounds and recalcitrant pollutants, may require additional treatment methods, to be effectively 

removed from the wastewater [84].    
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Therefore, there is a need for a more reliable, highly efficient, and scalable technology that is 

sustainable, eco-friendly, and cost-effective with high capacity throughput. Ozone assisted 

electrocoagulation is an advanced wastewater treatment technology that combines the benefits of 

electrocoagulation and ozone oxidation to effectively remove a wide range of toxic contaminants. 

The reason may be attributed to its high oxidative ability, fast reaction rate, easy operation, simple 

equipment design, low energy consumption and minimum cost of operation [61]. The hybrid 

process can be designed to be scalable and adaptable to various water treatment scenarios, 

including small-scale applications, such as point-of-use household drinking water treatment, as 

well as larger treatment facilities such as industrial or municipal wastewater treatment, making it 

an appropriate water and wastewater treatment system [85]. Thus, it is versatile and can be tailored 

to address the specific treatment requirements and challenges of highly contaminated wastewaters 

from steel industry.   

1.5.2.2 Scope of research 

Wastewater from various unit operations of steel manufacturing plants are a major concern to the 

research and development section of an industry. Although several studies have been conducted 

on the removal of toxic contaminants from various industrial wastewater; however, it is envisaged 

that the treatment of biological oxidation treated (BOT) wastewater from steel industry via hybrid 

ozone assisted electrocoagulation process has not been investigated yet. As such, the BOT 

wastewater obtained after the biological oxidation of coke oven effluent from Tata Steel industry 

(India) was considered here. A combination of ozone and electrocoagulation was adopted for the 

simultaneous removal of ammonia-N, iron and coloured compounds from the BOT wastewater. 

The efficiency of the hybrid approach was evaluated at various operating parameters viz. ozone 

flow rate, current density, treatment time, and solution pH to effectively remove the target 
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contaminants. Kinetic modelling and size determination study of ozone microbubbles were carried 

out to predict the degradation performance of the ozonation process under different conditions. 

The corrosion of electrodes and variation in film thickness during the electrocoagulation process 

was also estimated. Finally, a preliminary cost estimation was carried out to evaluate the total 

energy requirement and the mass of electrode material used during the hybrid ozone assisted 

electrocoagulation process.  

1.5.3 Treatment of cold rolling mill (CRM) wastewater of steel industry to remove phenol, 

iron and oil & grease content 

Steel industry wastewaters are generated through various processes within the steel manufacturing 

plant. These wastewaters can be complex and highly polluted due to the presence of heavy metals, 

oil & grease, suspended solids, and various chemical compounds. Managing and treating steel 

plant wastewater is crucial to minimize the environmental impact and comply with regulatory 

standards [86]. Amongst the various contaminated wastewater generated, the oil emulsion 

wastewater from cold rolling mills (CRM) of Tata steel industry (India) is one of the unavoidable 

sector, where further treatment is needed before being released into the environment. A typical 

discharge of CRM wastewater contains high concentrations of oil & grease, phenol, iron and COD. 

Other compounds may also be present such as various salts of chromium, copper, and nickel, 

depending upon the steel composition. The presence of oil & grease in water can be very harmful 

to both human beings and aquatic species. Oil & grease can provide a suitable environment for the 

growth of harmful microorganisms, including bacteria and viruses. These contaminated water can 

increase the risk of waterborne diseases in both infants and adults. The permissible limit of oil & 

grease in surface water is 10 mg L-1. Dermal exposure to high levels of oil and grease may result 

TH-3398_176107027



Chapter 1 

 

36 

 

in dermatitis, respiratory disorders, and chronic health issues [87]. Besides, the presence of phenol 

in drinking as well as surface water results in considerable health concerns amongst human beings, 

and animals. Exposure to even relatively low concentrations of phenol can cause skin and eye 

irritation, leading to redness, burning, and pain. The permissible limit of phenol in potable water 

is 0.5 μg L-1, whereas the discharge limit for surface water is 1 mg L-1. Ingestion, inhalation, or 

dermal exposure to higher concentrations of phenol can result in systemic toxicity. Symptoms may 

include headache, dizziness, nausea, vomiting, abdominal pain, and in severe cases, cardiovascular 

and neurological effects [69]. Further, iron contaminated wastewater can be intolerable in terms 

of discoloration, turbidity, and unpleasant odour. While these aesthetic issues are not directly 

harmful to human health, yet they can be unappealing and affect public perception of water quality. 

The permissible limit of iron in drinking water and surface water is 0.3 mg L-1 and 1.0 mg L-1, 

respectively. Consuming water with excessive iron content may lead to gastrointestinal issues, 

such as stomach cramps, nausea, and diarrhoea. Also, chronic exposure to iron contaminated 

wastewater can result in iron overload or hemochromatosis [80]. Therefore, wastewaters with such 

toxic contaminants should only be discharged into the environment once the water quality 

standards and regulatory requirements are complied.      

1.5.3.1 Literature review 

 

The steel manufacturing sector is one of the largest manufacturing industries globally, producing 

over 1.8 billion tons of steel annually. Tata steel industry (India) produces steel through several 

methods, including basic oxygen furnace (BOF), electric arc furnace (EAF), and secondary 

refining (ladle furnace) process. The choice of method depends on factors such as the desired steel 

quality (ductility and hardness), steel types (sheets and bars), and specialty steels (stainless steel 

and high strength alloys) among others [88]. The produced steel then undergoes continuous casting 
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before being subjected to final rolling (hot and cold rolling) operations. Cold rolling is a crucial 

operation in the steel industry that involves reducing the thickness of steel sheets or strips while 

improving their surface finish and mechanical properties with various sub-processes like pickling, 

rolling, annealing, and tempering. Cold rolling mill (CRM) is often used to produce high-quality 

steel products with increased hardness and tensile strength [89]. During the operation, the steel 

strip may be lubricated with oil or emulsion to reduce friction and prevent surface defects. Cooling 

is also applied to maintain product quality and control the temperature of the steel strip. As such, 

a substantial quantity of oily wastewater is released, out of which the oil emulsion wastewater 

from cold rolling mill is the most problematic to tackle. The CRM wastewaters are residues from 

the cold rolling operation and exhibit great carbonation potential due to their alkaline 

characteristics. It requires proper treatment to achieve the standard water quality parameter before 

being discharged into the environment [90]. Some of the prevalent techniques used for the 

treatment of CRM wastewater include membrane separation [91], magnetic filtration [92], 

chemical coagulation [93], and biological treatment [94]. However, there are various pitfalls 

associated with each of the technique amid good outcomes.      

In view of this, ozonation and electrocoagulation methods have received significant recognition 

for effectively treating highly contaminated wastewaters from various industries. Also, both these 

methods have a high success rate in the separation of oil & grease from oily emulsions compared 

to other available techniques [95,96]. Electrocoagulation process is based on the phenomenon of 

electrochemistry, in which oxidation or loss of electrons takes place at the anode, whereas 

reduction or gain of electrons occurs at the cathode surface. It is very effective even in the removal 

of the tiniest colloidal particles via application of an electric field, responsible for assisting in 

coagulation and flotation of the contaminants. It has gained popularity as a sustainable and cost-
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effective alternative to traditional coagulation methods [7]. Similarly, ozone has also emerged as 

a promising wastewater treatment alternative that produces zero amount of sludge along with the 

formation of oxygen and water as end products via residual ozone decomposition. Depending upon 

the pH, the dominant oxidants viz. molecular ozone (acidic conditions) and hydroxyl radical 

(alkaline conditions) are primarily responsible for the oxidation of various organic and inorganic 

compounds in the wastewater [76]. It is often used as a tertiary or advanced treatment step in 

wastewater treatment plants to address specific water quality concerns.   

1.5.3.2 Scope of research  

Environmental regulations are crucial for steel plant wastewaters to ensure that the treatment 

processes involved meets the required discharge standards. Although several techniques have been 

reported on the removal of various industrial wastewater contaminants; however, it is envisaged 

that the use of either ozonation or electrocoagulation process for the treatment of oily CRM 

wastewater from steel industry has not been investigated yet. As such, the CRM wastewater 

generated from the cold rolling operation of Tata steel industry (India) was considered here. Both 

ozonation and electrocoagulation were carried out separately for the simultaneous removal of oil 

& grease, phenol, and iron from the CRM wastewater, followed by a feasibility study. The 

performance efficiencies based on the pollutant removal rate and economic analysis were 

compared to obtain a highly efficient and cost-effective technique for the target wastewater. The 

degradation rate of the pollutants was evaluated at different experimental variables such as current 

density, ozone flow rate, treatment time, and solution pH. Kinetic modelling of the pollutants 

showed that, pseudo first-order reaction model fitted perfectly for the analysis. Mass transfer 

analysis was conducted to predict the effect of volumetric mass transfer coefficient (Kl a) on 

pollutant degradation. Several characterization study of sludge and electrode materials were also 

TH-3398_176107027



   

Chapter 1 

 

39 

 

performed. Finally, a preliminary cost estimation was carried out to obtain a basic understanding 

of the economic involvement of both the processes.    

1.6 Scope and objectives of the present work 

 
This thesis is focused on the treatment of wastewaters from different units and processes of steel 

manufacturing plant by standalone and hybrid ozone assisted electrocoagulation technique. The 

main objectives are: 

1. Hybrid ozone assisted electrocoagulation technique for the treatment of cyanide and phenol 

rich steel plant wastewater.    

2. Removal of ammonia-N, iron and colour from steel plant generated biological oxidation 

treated (BOT) wastewater via hybrid ozone assisted electrocoagulation.  

3. Treatment of oil, phenol, and iron rich cold rolling mill (CRM) wastewater of steel plant 

by standalone electrocoagulation and ozonation techniques.      

1.7 Organization of the thesis 

To accomplish the above objectives, the thesis has been organized in six chapters. A brief content 

of each chapter is given below: 

Chapter 1 addresses the state of the art literature, research motivation of present work, possible 

scope of research, along with the objectives and organization of the thesis. Chapter 2 describes 

the materials and experimental methods used for the present study. The unit operations and source 

of the wastewater considered were elaborately discussed. The mechanism and reactor set-up of 

both ozonation and electrocoagulation methods were covered. It also includes the characterization 

techniques used for the analysis of the wastewater samples. Chapter 3 discusses the effectiveness 

of the hybrid ozone assisted electrocoagulation technique in treating cyanide and phenol rich steel 
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plant wastewater. Variation of ozone flow rate, current density, treatment time and solution pH 

was studied to evaluate the degradation pattern of the contaminants by the proposed hybrid 

approach. Kinetic modelling of the pollutants showed that, pseudo first-order reaction model fitted 

perfectly for the analysis. Mass transfer study was performed during ozonation to predict the 

movement of ozone gas between different phases. The co-relation between the increased ozone 

concentration and the volumetric mass transfer coefficient (Kl a) was also determined. Chapter 4 

presents the treatment of steel plant generated BOT wastewater to remove ammonia-N, iron and 

coloured compounds. A combination of ozone and electrocoagulation was adopted for the 

simultaneous removal of the target contaminants. Kinetic study and size determination of ozone 

microbubbles were carried out to predict the degradation performance of the ozonation process 

under different conditions. The corrosion of electrodes and variation in film thickness during the 

electrocoagulation process was also estimated. Finally, an economic analysis was carried out to 

evaluate the total energy consumption and the cost-effectiveness of the hybrid technique. Chapter 

5 evaluates the performance of standalone electrocoagulation and ozonation techniques for the 

simultaneous removal of oil & grease, phenol, and iron from CRM wastewater of steel 

manufacturing plant. The degradation rate of the pollutants was evaluated at different experimental 

variables such as current density, ozone flow rate, treatment time, and solution pH. Mass transfer 

analysis was carried out to predict the effect of volumetric mass transfer coefficient (Kl a) on 

pollutant degradation. To determine the morphological and functional properties of the wastewater 

generated sludge, different characterization techniques were also performed. Finally, a cost 

estimation was done to understand the economic involvement of both the techniques. Chapter 6 

outlines the inferences drawn from the experimental chapters presented in this thesis along with 

few recommendations towards scope for future work.      
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Chapter 2 

Materials and experimental methods 

This chapter depicts the use of different materials and treatment techniques for the degradation of 

toxic contaminants from Tata steel industry wastewaters. The sources of biological oxidation 

treated (BOT) and cold rolling mill (CRM) wastewaters were elaborately described to understand 

the unit operations of iron and steel industry. Also, the types of chemicals and electrode materials 

used during the analysis and experiments have been clearly depicted. In the experimental methods, 

the mechanism and reactor set-up of the ozonation and electrocoagulation techniques as well as 

the need for the integration of both the treatment approaches have been critically assessed and 

summarized. Further, the working principle of the analytical techniques (atomic absorption 

spectrometry and photometry) and their use in determining the pollutant concentration from the 

target wastewaters were covered in details. More importantly, to understand the morphological 

and functional properties of the wastewater generated sludge, different characterization 

techniques were also taken into consideration. In general, this chapter covers all the necessary 

materials and experimental methods including analytical and characterization techniques for 

improving the reusability of the highly contaminated wastewaters, which can assist the subsequent 

chapters in effectively carrying out the thesis work.                    

2.1 Materials 

2.1.1 Steel industry wastewater and its source  

Steel industries generate various types of wastewater during their production stage. These 

wastewaters can vary depending upon the specific unit operations and processes utilized in any 
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particular steel plant. Some common types of wastewater generated in steel industries and their 

sources of origin include [1,2]:  

1. Blast furnace wastewater: Generated during the cleaning of blast furnace gas to remove 

impurities like sulfur compounds.  

2. Coke oven wastewater: Generated during the heating and carbonization of coal in coke 

ovens at high temperatures to produce coke.  

3. Pickling wastewater: Generated during the pickling process to remove scales and oxides 

from steel surfaces.  

4. Rolling mill wastewater: Generated during the rolling of steel (hot rolling and cold rolling) 

into various shapes and sizes.  

5. Quenching wastewater: Generated during the rapid cooling of hot steel products in a 

quenching bath. 

6. Annealing wastewater: Generated during the annealing process, which is used to soften 

and improve the properties of steel.  

7. Plating and coating wastewater: Generated during the application of protective coatings or 

plating to finished steel products.  

2.1.1.1 Biological oxidation treated (BOT) wastewater 

The coal is heated in a coke oven convertor to generate coke, which is then transferred to a blast 

furnace for smelting, leading to the production of pig iron. During this process, highly impure and 

contaminated effluent is generated, which undergoes subsequent biological treatment. Anaerobic 

and aerobic digestion, bio-filters and activated sludge process are some of the commonly utilized  
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biological methods in the steel industry. The water that is obtained after the biological oxidation 

treatment is known as the biological oxidation treated (BOT) wastewater. Although, biological 

treatments can be effective in reducing the organic loads and some inorganic components in steel 

industry wastewater; however, the presence of coloured compounds and recalcitrant pollutants, 

may require additional treatment methods, to be effectively removed from the wastewater. 

Therefore, the BOT wastewater with high concentrations of iron, colour, and ammonia-N was 

collected from Tata Steel Industry, India to conduct the experiments for the present study.       

2.1.1.2 Cold rolling mill (CRM) wastewater  

The coarse iron ore is converted into molten steel via basic oxygen furnace, which then undergoes 

continuous casting before being subjected to the rolling processes (hot and cold rolling). Cold 

rolling is a process by which the metal is passed through rollers at temperatures below its 

recrystallization temperatures. It is used in the manufacturing of metal sheets and strips, in which 

the metal is compressed and squeezed, thereby increasing its yield strength and hardness. These 

rolling mills use large amounts of water for cooling purposes. As hot metal passes through the 

rolling process, it is cooled with water to achieve the desired material properties. This cooling 

water becomes contaminated with metal fines, scales, and other impurities from the rolling 

process. The cold rolling mills also requires substantial amounts of lubricants and emulsions to 

reduce friction and ensure a smooth operation. These lubricants can mix with water and become a 

byproduct of the process, resulting in oily wastewater. These contaminated water generated during 

the cold rolling process is known as the cold rolling mill (CRM) wastewater. For the present study, 

highly contaminated CRM wastewater was collected from Tata Steel Industry, India to perform 

the experiments.   
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2.1.2 Chemicals 

98% sulphuric acid (H2SO4) and 0.1 M sodium hydroxide (NaOH) were procured from Merck 

(Darmstadt, Germany) for pH adjustment of the wastewater sample and for washing the electrodes 

to retain its efficiency. High performance liquid chromatography (HPLC) grade methanol 

(CH3OH) and acetic acid (CH3COOH) were also procured from Merck (Darmstadt, Germany) for 

determining the phenol intermediates during HPLC analysis. These analytical reagent (AR) grade 

chemicals were used for all the experiments and analysis without any further purification.    

2.1.3 Electrode materials 

Electrode materials used for the electrocoagulation experiments were made of aluminum sheets. 

These aluminum sheets were bought from the local market of IIT, Guwahati. The electrodes were 

washed and gently scrubbed with the help of diluted H2SO4 (0.01 M) and 120–grit (28 cm × 22 

cm) sandpapers to maintain their efficiency after each experiment. The electrode arrangement used 

for all the experiments was bipolar electrode connection, as it was found to be optimum during 

preliminary investigations.    
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2.2 Experimental methods 

2.2.1 Ozonation 

Ozonation is a water treatment process that involves the use of ozone gas (O3) to treat and disinfect 

water. Ozone is a powerful oxidising agent consisting of one-strong double bond and one-week 

single bond. It may either react as a nucleophile or an electrophile, considering the presence of its 

two inter-convertible resonance structures. It can break down and remove a wide range of 

contaminants in both water and wastewater. It can also effectively reduce the color and odour in 

wastewater, thereby making it suitable for various reuse applications [3]. It is often used as a 

tertiary or advanced treatment step in wastewater treatment plants to address specific water quality 

concerns. 

The corona discharge method is typically employed for the generation of ozone. It electrically 

charges the oxygen molecules to a higher energy state, thereby causing the molecules to break 

apart. The resultant free oxygen atoms then react with other available oxygen molecules to produce 

ozone [4]. During the ozonation process, the decomposition of ozone in water accompanies a chain 

mechanism, combined with initiation, propagation, and termination. Depending upon the pH, the 

dominant oxidants viz. molecular ozone (under acidic conditions) and hydroxyl radical (under 

alkaline conditions) are primarily responsible for the oxidation of various organic and inorganic 

compounds in the wastewater. Both molecular ozone and hydroxyl radical have significantly 

higher oxidation potential of 2.1 V and 2.8 V, respectively, compared to other oxidants [5]. Fig. 

2.1 shows the schematic layout of the corona discharge method.    
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Fig. 2.1: Schematic diagram showing the corona discharge method for ozone formation 

2.2.1.1 Mechanism of ozone oxidation 

There are two different mechanisms through which ozone reacts with the wastewater 

contaminants: (i) direct reaction mechanism via molecular ozone, and (ii) indirect reaction 

mechanism via HO• free radicals [6]. Both these mechanisms result in the generation of various 

oxidation products and are governed by separate kinetic reactions. 

2.2.1.1.1 Direct reaction mechanism 

 Oxidation-reduction reaction 

The high redox potential of ozone allows it to react with a broad range of contaminants via 

oxidation-reduction reactions viz. reaction of O3 with HO2
− and O2

•− (Eq. 1 and Eq. 2), in which 

the electron transfer mechanism plays a crucial role [7].   

O3 + HO2
− → O3

•− + HO2
•                                                                                                           (2.1) 

O3 + O2
•− → O3

•− + O2                (2.2) 
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 Cycloaddition reaction 

In general, the electrophilic species react with unsaturated molecules (π electrons) to produce a 

variety of compounds (Eq. 3). Cycloaddition reaction refers to the addition of two or more π 

electrons to produce a cyclic adduct, having a net reduction in bond multiplicity [8].  

– C = C – + XY → – XC – CY –           (2.3) 

A three-step mechanism was proposed by Criegee (1975) for the cycloaddition reaction involving 

ozone and olefinic compounds: (i) production of ozonide compounds, (ii) formation of zwitterion 

molecules, and (iii) different chain reactions of zwitterion and formation of end products viz. 

ketones, aldehydes, and acids (in aqueous phase) [9].    

 Electrophilic substitution reaction 

Ozone has the potential to attack the nucleophilic site of organic compounds due to its electrophilic 

nature, thereby resulting in the replacement of one electron from the organic molecule. Moreover, 

-NO2
−, -Cl, and -OH− groups of the aromatic compounds has a substantial effect on the ozone 

reactivity of the aromatic rings. Thus, different substitution reactions might take place depending 

upon the properties of the replacement groups. The triggering groups aids in the replacement of -

H in the para- and ortho- positions, while the deactivating groups replaces -H at the meta- position 

[10].    

 Nucleophilic reaction   

The ozone molecule acquires a negative charge on one of the terminal oxygen atoms due to its 

resonance structure. Thus, it exhibits nucleophilic properties and may react with the electrophilic  
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compounds if they contain double, triple or carbonyl carbon-nitrogen linkages. However, only 

non-aqueous environments are suitable to validate such reactions [6].     

2.2.1.1.2 Indirect reaction mechanism 

The OH• free radicals formed may participate in hydrolysis reactions (Eq. 4 and Eq. 5) [11]. 

O3 + OH−→ HO4
−              (2.4) 

HO4
− ↔ HO2

•  + O2
•−            (2.5) 

The generated O2
•− and HO2

•  radicals may disproportionate to HO2
− and O2 in absence of ozone, 

which in turn protonate to H2O2. However, the presence of ozone can effectively produce OH• 

radicals (Eqs. 6-8) [12].    

O2
•− + O3 → O2 + O3

•−                      (2.6) 

O3
•−→ O2 + O•−                       (2.7) 

O•− + H2O → OH• + OH−                      (2.8) 

The OH• radicals have the potential to degrade both organic and inorganic contaminants due to its 

non-selective and strong oxidising properties. However, the production of OH• radicals is severely 

restricted under acidic or neutral conditions because of the poor stability of ozone molecules. 

According to Eqs. 9-12, the formation of OH• radicals is also constrained in the presence of 

scavengers such as  H2PO4
−, HPO4

2−, CO3
2− and HCO3

− [13]. 

OH• + HCO3
− → OH− + HCO3.K2 = 1.5 × 107 M-1 s-1                             (2.9) 

OH• + CO3
2− → OH− + CO3

−.K2 = 4.2 × 108 M-1 s-1                  (2.10) 

OH• + H2PO4
− → OH− + H2PO4 .K2 < 105 M-1 s-1                   (2.11) 

OH• + HPO4
2− → OH− + H2PO4

− .K2 < 107 M-1 s-1                                 (2.12) 
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2.2.1.2 Ozonation set-up 

 

High purity oxygen was produced with the help of an oxygen concentrator (HG 03, Oz-Air, India), 

which works on the pressure swing adsorption technique. The oxygen produced was fed to the 

ozone generator (ISM 10 Oxy EC, Oz-Air, India), where it gets circulated through a rotameter. 

Typically, the rate of ozone generation varies from 0 to 3 mg s-1. The corona discharge method 

converts the supplied oxygen into ozone inside the ozone generator. Ozone was then fed to the 

reactor via a sparger, which generates microbubbles. The excess ozone was transformed into 

oxygen with the help of an ozone destructor (Dest 50, Oz-Air, India). The volume of the glass 

reactor used for conducting the experiments was of 2 L capacity, and the amount of wastewater 

sample taken for each test was 1 L.     

2.2.2 Electrocoagulation 

Electrocoagulation is a wastewater treatment technique that has received significant attention for 

its effective degradation of organic and inorganic contaminants from different wastewater sources. 

It is a sustainable and low-cost treatment technique that breaks the stable emulsion and suspension 

in a solution using salt polymers or polyelectrolytes. The electrocoagulation process is based on 

the phenomenon of electrochemistry, in which oxidation or loss of electrons takes place at the 

anode, whereas reduction or gain of electrons occurs at the cathode surface [14]. The electrolysis 

effect is responsible for chemical and physiochemical phenomenon in electrocoagulation. This 

indicates that, electricity is required for in-situ coagulants (metal hydroxides) production, 

destabilization of particulate and pollutant suspension as well as floc formation due to aggregation 

of the destabilised phase. The metal hydroxides produced in-situ acts as an adsorbent, in which the  
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contaminants such as suspended solids, heavy metals, oils, and other compounds gets adsorbed on 

its surface [15]. Besides, the electrocoagulation process does not necessitate the use of added 

chemicals, as in-situ coagulants are formed during the treatment. Since no chemicals are added, 

electrocoagulation does not pose any risk of secondary contaminant generation unlike chemical 

coagulation. Also, the particle size of flocs produced during electrocoagulation are stable and large 

and can be easily separated via decantation or simple filtration. The flocs contain less water (acid 

resistant compound), thereby making it easier to remove via filtration [16].     

 

2.2.2.1 Mechanism of electrocoagulation 

 

The electrocoagulation process is widely used to destabilize the pollutants present in the form of 

dissolved or suspended particles in the electrolytic solution through the application of electric 

current. The electrocoagulation set up comprises of an electrolytic cell and a series of sacrificial 

metal electrodes (usually Fe or Al) coupled to a controlled DC power source. The cathodes and 

anodes used during the process can be made either from the same or different materials [17]. The 

pollutant removal mechanism via electrocoagulation process is shown in Fig. 2.2. There are seven 

important steps in electrocoagulation mechanism viz. (i) formation of metal cations due to the 

supply of electric current to the anodes; (ii) production of hydroxyl ions due to cathode hydrolysis; 

(iii) interaction of metal cations with hydroxyl ions to form metal hydroxides; (iv) oxidation of 

toxic contaminants into harmless intermediate products; (v) charge neutralization of contaminants 

due to its reaction with the metal hydroxides; (vi) adsorption of charge neutralized contaminants 

on metal hydroxides, followed by its removal via sweep coagulation and (vii) gas formation (H2 

gas) at the cathode lifts the generated flocs to the solution surface via sweep flotation [18,19].  
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Thus, the degradation of contaminants in EC process is primarily attributed to three phenomena 

viz. adsorption, coagulation, and floatation. In-situ coagulants are generated in the 

electrocoagulation chamber due to anodic dissolution, along with the formation of H2 gas at the 

cathode and hydroxyl ions at the anode. These electrogenerated coagulants are accountable for the 

formation of floc encircled by metal hydroxides, which functions as an efficient adsorbent [20].    

At anode: 

M (s) → Mn+ (aq) + ne−          (2.13) 

2H2O → O2 (g) + 4H+ (aq) + ne−         (2.14) 

At cathode: 

2H2O + ne− → H2 (g) + 2OH− (aq)         (2.15) 

Overall: 

Mn+ (aq) + nOH− → M(OH)n (s)         (2.16) 
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Fig. 2.2: Mechanism of pollutant degradation by electrocoagulation process 

2.2.2.2 Electrocoagulation set-up 

An acrylic electrochemical reactor of 500 mL volume (semi-batch system) was used for 

conducting the experiments. Aluminum sheets having dimensions of 0.07 m × 0.035 m and an 

effective surface area of 0.00245 m2 were used as electrode materials for both anode and cathode. 

The quantity of wastewater sample taken for each test was 300 mL. Four electrodes with bipolar 

arrangement were connected to a direct current (DC) power supply (Crown, DC regulated power 

supply, 0–30 V/10 A) with galvanostatic mode to provide constant current. On applying a potential 

to the end of the electrodes, induced polarization occurs, thus resulting in the bi-polarization of the  
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entire assembly. A distance of 0.005 m was maintained between the electrodes throughout the 

process, based on preliminary investigations. The laboratory scale electrocoagulation set-up is 

shown in Fig. 2.3.  

 

Fig. 2.3: Lab-scale set up of electrocoagulation process 

2.2.3 Integrated ozone-electrocoagulation process 

During the treatment of steel industry wastewater, the ozonation and electrocoagulation methods 

when performed individually failed to reduce the pollutants concentration below their assigned 

permissible limits. Therefore, both the methods were combined, and a hybrid approach viz. ozone 

assisted electrocoagulation was considered for carrying out further experiments.    

The ozonation process has the potential to enhance the decolorization of the target wastewater. 

The decolorization process mainly involves dissociation of the chromophore groups (usually 

double bonds) present in the organic compounds and aromatic hydrocarbons (primarily responsible  
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for the brown color of the steel plant wastewater), which gets oxidized resulting in bond cleavage, 

thus losing the ability to absorb visible light. However, it was observed that after the completion 

of the ozonation process, if the treated sample is kept idle for a longer period (24 h or more) without 

any further treatment, it gradually starts to re-attain its color. This may be attributed to the re-

association of bonds present in the chromophore groups, thereby regaining the potential to absorb 

visible light. Moreover, the ozonation process increases the dissolved oxygen concentration in the 

treated solution as all the ozone supplied to the solution did not take part in the reaction. In this 

context, the electric field generated during electrocoagulation can convert the dissolved ozone in 

the solution to reactive oxygen species, thereby enhancing the overall pollutant removal efficiency. 

Besides, preliminary investigations showed that when electrocoagulation was used as a post-

treatment method to ozonation, the color reoccurrence phenomenon completely diminished. 

Further, the ozone assisted electrocoagulation process was found to be quite significant both in 

terms of performance and cost-effectiveness when compared to other hybrid treatment processes. 

As such, the hybrid approach of ozonation followed by electrocoagulation was adopted. The 

schematic diagram of ozonation assisted electrocoagulation process is shown in Fig. 2.4.   
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Fig. 2.4: Schematic diagram of ozone assisted electrocoagulation process  

2.3 Analytical techniques 

2.3.1 Atomic absorption spectrometry (AAS) 

 

Atomic absorption spectrometry (AAS) is an analytical technique used to determine the 

concentration of specific chemical elements in a wide range of samples by measuring the 

absorption of characteristic wavelengths of light by atoms in their ground state. It is a widely used 

technique in analytical chemistry, particularly for trace metal analysis.  

AAS relies on the fundamental principles of atomic spectroscopy. When a sample is atomized and 

introduced into a flame or furnace, the atoms absorb light at specific wavelengths that correspond 

to electronic transitions in the atom's structure. By measuring the decrease in the intensity of the 

emitted light at the characteristic absorption wavelength, the concentration (μg/L or mg/L) of the 

target element in the solution can be quantified. The variation in the pollutant concentration of all 

the wastewater samples during the standalone and hybrid processes were measured using an atomic  
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absorption spectrometer (Make: M/s Varian; Model: Spectra AA 220 FS). The instrument 

determines the metal ion concentration via flame mode and the burner used is either air-acetylene 

or nitrous oxide-acetylene. It is equipped with vapor generation accessory and electro thermal 

controller for carrying out flameless hydride vapor analysis.     

2.3.2 Photometer 

Photometers are analytical instruments used to measure the intensity of light, typically in the 

visible or ultraviolet spectrum, to quantify the concentration of substances, and monitor chemical 

reactions. Photometers often require calibration using standard solutions of known concentration 

to establish a linear relationship between absorbance and concentration.  

Photometers rely on the Beer-Lambert law, that relates the concentration of a solute in a solution 

to the amount of light it absorbs. This law is used to relate the absorbance to the concentration of 

a solute in a solution, forming the basis for quantification. Transmittance measures the fraction of 

incident light that passes through the sample, while absorbance quantifies the amount of light 

absorbed by the sample. These values are inversely related; higher transmittance corresponds to 

lower absorbance and vice versa. The variation in the cyanide concentration of steel plant 

wastewater sample was determined using a photometer (Make: Palintest; Model: 7100) during 

both the standalone and hybrid processes. The instrument determines the light intensity as 

Transmittance (%T) or Absorbance (A) and subsequently compare these values to the calibration 

tables stored within the Photometer 7100. The stored calibration tables convert the transmittance 

or absorbance to concentration (μg/L or mg/L) for quantification.         
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2.4 Characterization techniques 

 
2.4.1 Field emission scanning electron microscopy (FESEM) 

 

Field Emission Scanning Electron Microscopy (FESEM), also known as Field Emission Electron 

Microscopy (FEEM), is an advanced and high-resolution imaging technique that uses electrons to 

visualize the surface morphology and ultrastructure of materials at a nanoscale level. The FESEM 

in contrary to conventional scanning electron microscopy (SEM), produces clearer, less 

electrostatically distorted images with high spatial resolution down to 1 nanometer. It employs a 

field emission electron source, consisting of a sharp, nanometer-sized tungsten or other refractory 

metal tip that emits electrons when subjected to a high electric field. The field-emission cathode 

in the electron gun of the instrument provides narrower probing beams at both low and high 

electron energy, resulting in an improved spatial resolution, minimized sample charging and less 

damage though the detectors viz. in-lens SE (in-lens secondary), SE (secondary electron) and BS 

(backscatter electron) detectors. The surface morphology of the electrode materials prior and after 

to the electrocoagulation treatment along with the electrocoagulated sludge was determined by a 

Field Emission Scanning Electron Microscope (Make: Zeiss; Model: Sigma 300).   

2.4.2 Fourier transform infrared (FTIR) spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) is a widely used technique in analytical 

chemistry to study the interaction of matter with infrared (IR) radiation by identifying and 

analyzing the chemical composition of various substances. FTIR spectrometers consist of an IR 

light source, a sample holder, a beam splitter, a detector, and a computer with Fourier transform 

algorithms. The sample is exposed to broad spectrums of IR radiation, and the resulting transmitted 
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or reflected light is directed into an interferometer, which modulates the incoming IR beam using 

a movable mirror. The interferogram is generated by recording the intensity of the modulated beam 

as a function of the mirror's position. The interferogram is then subjected to a Fourier transform 

algorithm, which converts it into a spectrum of intensity versus frequency. This spectrum 

represents the unique IR absorption pattern of the sample. FTIR covers a broad spectral range, 

typically from 4000 cm-1 to 400 cm-1, which corresponds to the mid-infrared region. The wide 

range of chemical functional groups and molecular vibrations of the dried electrocoagulated sludge 

were determined by a FTIR spectrometer (Make: M/s Shimadzu; Model: IRAffinity-1).     

2.4.3 Particle size analyzer 

Particle size distribution analysis, also known as particle sizing, is an analytical technique used to 

measure and characterize the size and distribution of particles within a sample. A Particle size 

analyzer mainly uses three approaches to measure the particle size, viz. laser diffraction, dynamic 

light scattering, and image analysis. Amongst these, laser diffraction is one of the most common 

approach which involves passing a laser beam through a sample and measuring the angles and 

intensity of scattered light to determine the particle size of a sample. The system consists of 

detectors that capture the scattered light or diffracted light patterns produced by the particles in the 

sample and provides information in the form of a particle size distribution curve, which shows the 

frequency or percentage of particles at different size ranges. It can measure particle sizes over a 

wide range, from 0.6 nm to 7.0 micron with forward 15º & backscatter 165º. The particle size 

distribution of the electrocoagulated sludge at different treatment time was measured by a particle 

size analyzer (Make: M/s Beckman Coulter; Model: Delsa Nano C). 
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Hybrid ozone assisted electrocoagulation technique for the 

treatment of cyanide and phenol rich steel plant 

wastewater 

This work focuses on the treatment of cyanide and phenol rich steel plant wastewater from Tata 

Steel Industry, India by hybrid ozonation assisted electrocoagulation method. The steel plant 

wastewater consisted of high cyanide and phenol concentrations along with chlorides, COD and 

BOD. The removal efficiency of the pollutants was found to be inadequate when the 

electrocoagulation or ozonation process was performed separately. However, a combination of 

ozonation and electrocoagulation showed highly satisfactory results. The effects of operating 

variables viz. ozone generation rate, current density, and analysis time on pollutant removal were 

primarily analyzed for the hybrid process. The experimental operating condition was optimized 

and was seen that ozone generation rate of 1.33 mg s−1, ozonation time of 40 min, a current density 

of 100 A m−2, and electrolysis time of 30 min were sufficient for reducing the pollutant 

concentration below its permissible limits. The removal efficiencies of the combined process at 

optimum conditions were 99.8%, 99.5%, 94.7%, 95%, and 46.5% for cyanide, phenol, COD, BOD, 

and chloride, respectively. A kinetic study was performed for the degradation of the pollutants 

during ozonation. The pseudo first-order kinetic model was found to be best suited for the analysis 

with the highest R2 value of 0.99 for cyanide, COD, BOD, and chloride, respectively. Further, the 

mass transfer study illustrates an increase in the dissolved ozone concentration in the solution for 

an increase in the volumetric mass transfer coefficient, Kl a. Finally, the cost estimation study of 

the hybrid process was carried out and compared with that of the other reported literature. 
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3.1 Experimental 

3.1.1 Measurement and analysis  

Cyanide and phenol rich steel plant wastewater was collected from Tata Steel industry, India to 

carry out the experiments for the present study. The initial characteristics of the wastewater sample 

were measured. The concentration of the pollutants targeted in this work were: cyanide: 150 mg 

L−1, phenol: 150 mg L-1, COD: 2050 mg L−1, chloride: 1820 mg L−1, and pH: 7.72. An acrylic 

electrocoagulation reactor of 500 mL volume and an ozonation reactor of 2 L volume were used 

for conducting the experiments. All the experiments were performed at a constant temperature of 

20℃. The sample analysis was done at an interval of 5 min, and the residual concentration of all 

the pollutants was measured using an atomic absorption spectrometry (Make: M/s Varian; Model: 

Spectra AA 220 FS) and a photometer (Make: Palintest; Model: 7100). The change in solution pH 

was determined using a benchtop pH Meter (Make: Eutech; Model: 700). The details of all the 

measurement and analysis have been elaborately reported in section 2.3 of chapter 2.    

3.1.2 Operational parameters  

Both the ozonation and electrocoagulation experiments were carried out at different operational 

parameters. In the ozonation process, the effect of ozone generation rates and reaction time on the 

pollutant removal efficiency was determined. Three different ozone generation rates viz. 1.00 mg 

s-1, 1.11 mg s-1 and 1.33 mg s-1 were selected for carrying out the experiments and the reaction 

time was varied between 10-40 min. In the electrocoagulation process, the effect of current density 

and electrolysis time on the pollutant removal efficiency was measured. Three different current 

densities viz. 50 A m-2, 100 A m-2, and 150 A m-2 were chosen for conducting the experiments and  
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the electrolysis time was varied between 10-30 min. The spacing between the electrodes was 

constantly maintained at 0.005 m during the process. During the application of three different 

ozone generation rates viz. 1.00, 1.11, and 1.33 mg s−1, it was found that the experiments carried 

out beyond 1.33 mg s−1 significantly increased the energy consumption of the entire hybrid 

process. Moreover, the permissible limits of all the target parameters were effectively reached at 

an ozone generation rate of 1.33 mg s−1. Further, a marginal increase in the pollutant removal rate 

was observed on prolongation of the oxidation time beyond 40 min. Therefore, the optimum 

operating conditions were taken as 1.33 mg s−1 and 40 min for the ozonation process. During the 

application of three different current densities viz. 50, 100, and 150 A m−2, it was observed that 

the experiments conducted beyond 100 A m−2 yielded similar results in terms of pollutant removal 

efficiency. Further, prolongation of the electrolysis time beyond 30 min significantly increased the 

operating cost of the entire hybrid process. Moreover, an electrolysis time of 30 min was sufficient 

to reduce the pollutant concentrations below their assigned permissible limits. Therefore, the 

optimum operating conditions were taken as 100 A m−2 and 30 min for the electrocoagulation 

process.              

3.2 Results and discussion 

3.2.1 Variation in solution pH during hybrid ozone assisted electrocoagulation process   

The change in solution pH with time was observed at 20°C (operating temperature) during the 

hybrid process. The pH rapidly decreases from 7.72 to 3.20 during the initial stage of the ozonation 

process, i.e., within 5–10 min of the experiment, followed by a further decrease in pH in the 

subsequent ozonation time until a steady-state condition is achieved at pH 3.0. This was since 

molecular ozone oxidation resulted in the formation of acidic by-products (such as organic anions  
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and inorganic acids) [1]. Since ozone reacts with both the degradation products produced during 

oxidation via hydroxyl radicals (usually carboxylic acids) as well as with the hydroxyl anions, the 

solution pH decreases during the experiment. Due to the higher consumption of ozone in the 

primary phase of the process, the reduction in the solution pH is very eminent (particularly for 

alkaline solutions) [2]. Besides, this study mainly concentrated on the influence of the operating 

parameters viz. ozone generation rate, current density, and analysis time on the removal of 

pollutants at pH 3.0. Thus, the operational parameters were controlled in such a way that the impact 

of different ozone generation rates (1.00-1.33 mg s−1) and current densities (50-100 A m−2) on the 

experimental results can be investigated. However, the effect of varying pH on pollutant removal 

is not the primary focus of this study. On the contrary, the solution pH during electrocoagulation 

increases from 3.0 to 8.30, where it reaches an equilibrium condition due to the buffering capacity 

of Al(OH)3/Al(OH)4
−. The evolution of H2 at the cathode vicinity and the formation of ions at the 

cathode surface can be attributed to the increase in the solution pH [3]. Further, TDS and 

conductivity were found to decrease from an initial concentration of 2670-2050 mg L−1 and 3.26-

2.35 mS cm−1, respectively, for an optimum operating condition of 1.33 mg s−1 and 100 A m−2.  

3.2.2 Removal of cyanide by hybrid ozone assisted electrocoagulation process  

Figure 3.1 shows the cyanide removal efficiency with ozone generation rate and ozonation time. 

It was observed that with an increase in ozone generation rate from 1.00 to 1.33 mg s−1, the cyanide 

removal percentage also increases from 76.7% to 94.0%, respectively. Moreover, for an optimum 

ozone generation rate and operating time of 1.33 mg s−1 and 40 min, respectively, cyanide 

decreases from an initial concentration of 150 mg L−1 to a final concentration of 9 mg L−1. Free  
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cyanide ion undergoes a rapid degradation when it comes in contact with ozone, as seen from 

Figure 3.1. In case of cyanide, oxidation of ozone follows a two-step reaction mechanism [4].   

CN− + O3 → CNO− + O2           (3.1) 

2CNO− + 3O3 + H2O → 2HCO3
− + N2 + O2        (3.2) 

It is well established that the first reaction occurs rapidly, while the oxidation of cyanate by ozone 

is the slow and rate-determining step. The ozone is one of the most powerful oxidizing agents, 

oxidizes the cyanide ions to cyanate, and releases oxygen gas in the process. Continued ozonation 

converts cyanate ions to carbonate ions and nitrogen gas. The rate of ozonation of the cyanate ion 

is approximately one-fifth that of cyanide ozonation [5].  

CNO− + 2H2O → NH3 + CO2 + OH−         (3.3) 

At low pH, the cyanate ion rapidly undergoes acid hydrolysis to form carbon dioxide and ammonia. 

During the ozonation process, the pH of the effluent remained in the acidic range and attained a 

minimum value of 3.0, which favored the formation of gaseous products. The evolution of nitrogen 

and carbon dioxide gases during the reaction makes the liquid phase to swell exponentially [6]. 

Nearly three-fourths of the initial cyanide content is oxidized (at an optimum ozone generation 

rate of 1.33 mg s−1) within the first 15 min of treatment time. Besides, an increase in the ozone 

generation rate increases the percentage removal of cyanide. However, there is a decline in the rate 

of cyanide removal with further progress of the experiment, and eventually, after 40 min of 

reaction time, no significant reduction in cyanide concentration was observed. This trend was 

independent of the ozone generation rates. It was found that ozonation alone was insufficient to 

reduce the contamination below its permissible limit of 0.2 mg L−1, for safe surface discharge. In  
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addition, ammonia produced during the hydrolysis reaction of cyanate at acidic pH further reacts 

with ozone, leading to ammonia oxidation and the formation of nitrates and nitrogen gas as the 

final product. As a result of this, ammonia decreases from a concentration of 130 mg L−1 to 48.5 

mg L−1, which is well below its permissible limit of 50 mg L−1.   

 

Fig. 3.1: Effect of ozone generation rates on cyanide removal with treatment time. Outset: 100 A 

m−2 current density, Inset: 50 A m−2 current density 

The electrocoagulation process with Al-Al electrodes removed the remaining cyanide via surface 

adsorption and or sweep coagulation mechanism. As a result, during the electrocoagulation 

process, the cyanide concentration further decreases from 9 mg L−1 (obtained at 1.33 mg s−1) to 

0.1 mg L−1 for an optimum current density of 100 A m−2 and electrolysis time of 30 min, as shown  
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in Figure 3.1. The surface of aluminum hydroxyl flocs, which is formed during electrocoagulation, 

traps and removes soluble and colloidal contaminants from aqueous environments through a 

deposition. Anodic oxidation of aluminum electrodes releases trivalent aluminum ions (Al3+) and 

produces a plethora of various monomeric and polymeric species like Al(OH)2
+, Al(OH)2+, 

Al(OH)4−, Al2(OH)2
4+, Al6(OH)15

3+, Al7(OH)17
4+, Al8(OH)20

4+, Al13(OH)34
5+ [7,8]. The produced 

hydroxyl species and hydroxyl ions are proficient in removing ionic contaminants. Thus, the 

electrocoagulation process further reduced the remaining concentration of cyanide ions after the 

ozonation process. The cyanide concentration declines linearly with electrocoagulation time, and 

this trend remains invariant of the change in current density [9]. However, a high current density 

yields a high removal efficiency. The maximum removal efficiency attained during the 

electrocoagulation process was 98.8% for a current density and electrolysis time of 100 A m−2 and 

30 min, respectively.   

3.2.3 Removal of phenol by hybrid ozone assisted electrocoagulation process 

The HO• radicals are formed during the ozonation of phenol. The reason may be due to the transfer 

of an electron from phenolate/phenol to ozone (E7 phenol = 0.86 V; E7 ozone = 1.03 V) [10]. 

PhO−/PhOH + O3 → PhO•/PhOH•+ + O3
•−       (3.4) 

In Eq. (3.4), the reaction of ozone with phenol occurs through direct transfer of an electron, which 

leads to the formation of an ozonide radical and a phenoxyl radical. Ozone oxidizes inorganic 

compounds to their higher oxidation states while oxidizing organic compounds into carbon dioxide 

and water. The higher the amount of dissolved ozone present in the effluent, the higher will be the 

rate of phenol oxidation. Degradation of phenol occurs through its oxidation which results in the  
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formation of catechol as well as hydroquinone at para-position, which then rapidly transforms to 

p-benzoquinone and o-benzoquinone [11]. Further reports suggest that the formation of 

benzoquinone is due to hydroquinone oxidation which is attributed either due to the direct ozone 

attack at the para-position and successive H2O2 loss or via the attack of HO2
•  at the para-position 

of the phenoxyl radical, with successive water loss. During the ozonation process, the system pH 

reduces (pH 3 was attained in our study), which facilitates oxidation of benzoquinone to organic 

acids as well as a reduction in benzoquinone yield i.e., the aromatic rings are opened, resulting in 

the decomposition of p-benzoquinone and o-benzoquinone to organic acids. Oxidation of these 

organic acids finally produces carbon dioxide and water as the end products [12]. The formation 

and subsequent oxidation of various phenolic by-products into CO2 and H2O signify the reduction 

in phenol concentration. Thus, it can be concluded that the phenol concentration decreases 

drastically with the progress of the ozonation experiment. As a result, for an optimum ozone 

generation rate and operating time of 1.33 mg s-1 and 40 min, respectively, phenol decreases from 

an initial concentration of 150 mg L-1 to a final concentration of 11 mg L-1. Figure 3.2 shows the 

phenol removal efficiency with respect to ozone generation rate and reaction time. It was observed 

that, with an increase in ozone generation rate from 1.00 mg s-1 to 1.33 mg s-1, the phenol 

degradation rate also increases from 79.5% to 92.6%. 
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Fig. 3.2: Effect of ozone generation rates on phenol removal with treatment time. Outset: 100 A 

m−2 current density, Inset: 50 A m−2 current density 

Moreover, during the electrocoagulation process, phenol concentration further decreases from 11 

mg L-1 (obtained at 1.33 mg s-1) to 0.5 mg L-1 for an optimum current density of 100 A m-2 and 

electrolysis time of 30 min, as seen in Figure 3.2. Using the Al electrodes, it is seen that the phenol 

removal increases with electrolysis time and current density. The chemical interaction of phenol 

and organic acids with trivalent cations, results in the formation of insoluble species by integrated 

complexation, precipitation, and/or coagulation processes. Besides, phenol, as well as similar 

organic compounds, inclines to shift towards the aqueous solution. They are thought to get 

adsorbed onto the surface of the hydrolyzed products formed during electrocoagulation, which can 

then be simultaneously trapped within the forming hydroxides (coagulation process), and then the  
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resulting particulate compounds can interact physically to form flocs (flocculation process) [13]. 

Also, adequate current density leads to a reduction of phenol (like other organic compounds) to 

smaller molecules at the cathode. Al(OH)3, as well as other monomeric and polymeric hydroxides 

formed during the process, adsorbs these small organic molecules and the suspended solids, 

followed by subsequent removal as a result of sedimentation or H2 flotation. Thus, it can be 

ascertained that an increase in current density leads to an increase in bubble density and a decrease 

in its size, thereby intensifying the removal efficiency by creating a greater upward flux as well as 

the sludge flotation [14]. This corresponds to the fact that the amount of aluminum dissolution 

increases with higher current density, resulting in a greater amount of precipitation, thus assisting 

in the phenol removal. The maximum removal efficiency attained during the electrocoagulation 

process was 95.4% for the current density and electrolysis time of 100 A m-2 and 30 min, 

respectively. 

3.2.4 Removal of COD by hybrid ozone assisted electrocoagulation process 

During ozonation, the reduction in COD and BOD can be attributed to the fact that ozone oxidizes 

the pollutants present in the sample, leading to a decrease in COD and BOD concentration. The 

pathways for ozonation involves either direct oxidation by ozone or radical oxidation by OH. 

radical. Direct oxidation is more selective and predominates under acidic conditions, while radical 

oxidation is less selective and predominates under alkaline conditions [15]. At high pH, there is a 

possibility of substantial ozone wastage via scavenging reactions with both organic and inorganic 

substances present in the solution, due to the predomination of indirect hydroxyl–radical-mediated 

reactions. However, at low pH, ozone wastage is less through the scavenging reactions in solution  
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as compared to hydroxyl radicals, due to the predomination of molecular ozone (O3) [16]. As such, 

the COD and BOD removal efficiency increase under acidic conditions. Figure 3.3 shows the COD 

removal efficiency with respect to ozone generation rate and reaction time. It was observed that at 

pH of 3.2-3.0, the percentage of COD reduction increases from 58.5% to 72.2% when the ozone 

generation rate increases from 1.00 to 1.33 mg s−1 at the end of 40 min of ozonation time. However, 

no noticeable increase in COD removal was found beyond 40 min. Therefore, an ozone generation 

rate of 1.33 mg s−1 and an operating time of 40 min were considered to be the optimum operating 

conditions. The initial concentration of COD was found to decrease from 2050 mg L−1 to a final 

concentration of 570 mg L−1.  

 

Fig. 3.3: Effect of ozone generation rates on COD removal with treatment time. Outset: 100 A 

m−2 current density, Inset: 50 A m−2 current density 
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Moreover, during the electrocoagulation process, the COD concentration further decreases from 

570 (obtained at 1.33 mg s−1) to 110 mg L−1 for an optimum current density and electrolysis time 

of 100 A m−2 and 30 min, respectively as shown in Figure 3.3. The production of OH− ions at the 

cathode having outstanding absorptive behavior played a significant role in reducing COD content 

from the solution. Free cation i.e. Al3+ is the predominant form under acidic condition. Charge 

neutralization of colloids in the solution and adsorption of pollutants to the insoluble metal species 

due to electrostatic forces reduces the COD content during electrocoagulation. An increase in the 

cationic metal ion concentration with electrolysis time helps in removing the pollutants [17]. It can 

be concluded that the increasing rate of reaction time and current density is directly proportional 

to the pollutant removal. The maximum removal efficiency attained during the electrocoagulation 

process was 80.8% for a current density and electrolysis time of 100 A m−2 and 30 min, 

respectively. 

Furthermore, the BOD reduction efficiency also showed a similar decreasing trend, as shown in 

Figure 3.4. For the optimum operating conditions viz. ozone generation rate of 1.33 mg s−1 and 

current density of 100 A m−2 of the hybrid process (ozonation assisted electrocoagulation), it was 

found that BOD decreases from an initial concentration of 490 mg L−1 to a final concentration of 

24 mg L−1. Like COD, the decreasing trend of BOD was also observed to reduce at a current 

density of 50 A m−2 (inset of Figure 3.4). The decreasing trend of BOD could be attributed to the 

phenomenon of oxidation (ozonation) followed by flocculation (electrocoagulation) during the 

ozone assisted electrocoagulation process [18,19].          
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Fig. 3.4: Effect of ozone generation rates on BOD removal with treatment time. Outset: 100 A 

m−2 current density, Inset: 50 A m−2 current density  

3.2.5 Removal of chloride by hybrid ozone assisted electrocoagulation process   

Ozone participates in the reaction with chloride ions to produce Cl2 and H2O as the end product. 

In highly acidic media, the rate of the reaction O3 + Cl− considerably increases. Hence, it can be 

assumed that H+ ions are the catalyst of the reaction i.e. О3 reaction with Cl−(aq) proceeds rapidly 

due to catalysis by Н+ ions [20]. The final product of the reaction between О3 and Cl−(aq) is the 

formation and subsequent release of molecular chlorine (Cl2) into the gaseous phase, leading to a 

decrease in the chloride content [21]. Thus, it was found that the chloride concentration decreases 

from 1820 mg L−1 to 1260 mg L−1 for the optimum operating condition of 1.33 mg s−1 and 40 min, 

respectively. Figure 3.5 shows the chloride removal efficiency with respect to the ozone generation  
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rates and reaction time. It was observed that the chloride removal efficiency increases from 22.0% 

to 30.5% with an increase in the ozone generation rate from 1.00-1.33 mg s−1, respectively.       

 

Fig. 3.5: Effect of ozone generation rates on chloride removal with treatment time. Outset: 100 A 

m−2 current density, Inset: 50 A m−2 current density  

Besides, during the electrocoagulation process, the chloride concentration further decreases from 

1260 (obtained at 1.33 mg s−1) to 975 mg L−1 for an optimum current density and electrolysis time 

of 100 A m−2 and 30 min, respectively, as shown in Figure 3.5. It was found that even with an 

increase in electrolysis time (30 min) and current density (100 A m−2), the highest removal rate 

obtained was just 22.5%, indicating that modifications in the electrocoagulation technique may be 

required to increase the removal percentage of chloride. The reduction in pollutant concentrations 

viz. cyanide, phenol, COD, BOD, and chloride via the ozone assisted electrocoagulation process  
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is shown in Table 3.1. Further, Table 3.2 provides a comparative analysis of the ozone assisted 

electrocoagulation process with other reported hybrid treatment techniques for industrial 

wastewater. The present study resulted in a much effective removal of the target pollutants 

compared to other hybrid techniques reported in the literature.         
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Table 3.1: Removal rate of pollutants (cyanide, phenol, COD, BOD, and chloride) during ozone assisted electrocoagulation process              

Parameters Feed 

(mg L-1) 

Final concentration (mg/L) Permissible 

limit      

(mg L-1) 

[WHO] 

Current density 50 A m-2 Percentage 

removal* 

(%) 

Current density 100 A m-2 Percentage 

removal* 

(%) 

1.00  

mg s-1 

1.11  

mg s-1 

1.33  

mg s-1 

1.00  

mg s-1 

1.11  

mg s-1 

1.33  

mg s-1 

Cyanide 150 23 ± 2 16.5 ± 3 6.0 ± 1 96.0 20 ± 2 12.5 ± 2 0.1 ± 0.05 99.8 0.2 

Phenol 150 18.0 ± 0.5 13.5 ± 0.3 6.0 ± 0.2 96.0 15.0 ± 0.4 9.5 ± 0.2 0.5 ± 0.1 99.5 1.0 

COD 2050 445 ± 5 370 ± 3 250 ± 4 87.7 340 ± 4 250 ± 5 110 ± 3 94.7 250 

BOD 490 108 ± 5 88 ± 2 57 ± 3 88.4 96 ± 3 68 ± 4 24 ± 2 95.0 30 

Chloride 1820 1250 ± 5 1185 ± 3 1085 ± 4 40.5 1180 ± 4 1100 ± 5 975 ± 4 46.5 1000 

* At the optimum ozone generation rate of 1.33 mg s-1 for both current densities 50 and 100 A m-2.  
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Table 3.2: Comparison of performance efficiency in terms of pollutant removal with other hybrid 

treatment processes  

Ozone-based hybrid 

process 

Types of wastewater Pollutant removal References 

Ozone-UV 

Jewellery 

manufacturing effluent 

98% cyanide removal 

[22] 

Ozone-H2O2 

and 

H2O2-Ozone 

Synthetic wastewater 

O3/H2O2 process 

73% cyanide removal 

H2O2/O3 process 

99.5%  cyanide removal 

[23] 

UV/Ozone/H2O2 Plating wastewater 99%  cyanide removal 
[24] 

Ozone-EC Olive mill wastewater 87.5% phenol removal 
[25] 

EC-Ozone Industrial wastewater 67.3% COD and 57% BOD 
[26] 

UV/Ozone/H2O2 

Engine manufacturing 

wastewater 

76.6% cyanide removal 

[27] 

Ozone-Biological 

treatment 

Textile wastewater 82.8% COD 

[2] 

Ozone-EC 

Steel plant 

wastewater 

99.8% cyanide, 99.5% 

phenol, 94.7% COD and 

95% BOD removal 

Present 

Work 
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3.3 Kinetic modelling of cyanide, phenol, chloride and COD reduction    

Various kinetic models were investigated to analyze the kinetics of pollutant removal. Here, the 

pseudo first-order kinetic model was fitted well to explain pollutant degradation [28].  

dCp

dt
 = −kobs Cp           (3.5) 

Integration of Eq. (5) gives:   

Cp = Cp
0 e−kobst           (3.6) 

where, Cp = pollutant concentration (mg L−1), Cp
0 = Initial pollutant concentration (mg L−1), t = 

residence time (min) and kobs = observed first-order rate constant (min−1). The kobs (min−1) was 

determined from the regression of ln Cp versus residence time (t) of the well-known pseudo first-

order reaction. The values of R2 and kobs for cyanide, phenol, COD, BOD, and chloride at three 

different ozone generation rate is shown in Table 3.3. It was found from the regression line of ln 

Cp versus t that for cyanide and phenol, the rate constants (kobs = 0.1208 min−1 and kobs = 0.1401 

min−1) were highest at an ozone generation rate of 1.33 mg s−1, whereas it decreases for 1.11 mg 

s−1, (kobs = 0.1030 min−1 and kobs = 0.1305 min-1) and 1.00 mg s−1 (kobs = 0.0908 min−1 and kobs 

= 0.1229 min-1) respectively. Similarly, highest rate constants were also observed for COD (kobs 

= 0.0309 min−1), BOD (kobs = 0.0338 min−1) and chloride (kobs = 0.0125 min−1) at an ozone 

generation rate of 1.33 mg s−1.     

The results from Table 3.3 depict that the pollutant removal obeyed pseudo first-order kinetics 

quite well with the highest R2 value of 0.99 for cyanide, phenol, COD, BOD, and chloride 

respectively. With increasing, ozone generation rate from 1.00 to 1.33 mg s−1, the kobs values for  
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cyanide and phenol removal increases from 0.0908 to 0.1208 min−1 and 0.1229 to 0.1401 min-1, 

respectively. A similar trend was observed during the removal of COD, BOD, and chloride. It was 

hence concluded that with increasing ozone generation rate, the rate of reaction for the removal of 

pollutants increased. As such, the generation of more ozone molecules paved the way for enhanced 

pollutant reduction in the wastewater.    

Table 3.3: Observed reaction rate and R2 values for the removal of target pollutants during the 

ozonation process 

Pollutants Kinetic 

model 

Model 

equation 

Ozone Generation 

Rate (mg s−1) 

R2 Kobs 

Cyanide Pseudo 

First-order 

ln Cp = kobs × t + 

ln Cp0 

1.33 0.99 0.1208 

1.11 0.99 0.1030 

1.00 0.98 0.0908 

Phenol Pseudo 

First-order 

ln Cp = kobs × t + 

ln Cp0 

1.33 0.981 0.1401 

1.11 0.972 0.1305 

1.00 0.978 0.1229  

COD Pseudo 

First-order 

ln Cp = kobs × t + 

ln Cp0 

1.33 0.99 0.0309 

1.11 0.98 0.0252 

1.00 0.99 0.0219 

BOD Pseudo 

First-order 

ln Cp = kobs × t + 

ln Cp0 

1.33  0.99  0.0338  

1.11 0.99 0.0301 

1.00 0.98 0.0240 

Chloride Pseudo 

First-order 

ln Cp = kobs × t + 

ln Cp0 

1.33 0.99 0.0125 

1.11 0.99 0.0104 

1.00 0.98 0.0088 
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3.4 Mass transfer study of ozone 

A mass balance equation results from the simultaneous absorption of gaseous ozone into the 

aqueous solution and its self-decomposition reaction; which typically determines the phenomenon 

of volumetric mass transfer coefficient of ozone [29]. 

dXt

dt
 = Kl a (Xt

∗ - Xt) – K dXt
∗          (3.7) 

The concentration of ozone diffused in the solution intensifies with the increase in operating time 

and reaches a steady-state, which correlates to the equilibrium concentration of dissolved ozone in 

the solution (Xe). The following equation represents the ozone equilibrium concentration in the 

solution: 

Xe = (
Kl a

Kl a+ Kd
) Xt

∗           (3.8) 

The mass balance equation may be given as [30]: 

dXt

dt
 = (Kl a + Kd) × (Xe - Xt)          (3.9) 

The above equation can be integrated to: 

Xt = Xe [1 - exp {- (Kl a + Kd) × t}]         (3.10) 

ln (
𝑋𝑒

𝑋𝑒− 𝑋𝑡
) = (Kl a + Kd) × t           (3.11) 

Figure 3.6 (inset) shows the plot of ln (
𝑋𝑒

𝑋𝑒− 𝑋𝑡
) vs t, which results in a straight line with slope (Kl a 

+ Kd). The values of the diffusion coefficient, Kd at different pH can be evaluated from the 

correlation given by Sotelo et al. (1987) [31]. For Kd value of 2.6 × 104 s−1 (at pH 3), the values 

of Kl a were found to be 0.43 × 103, 0.55 × 103, and 0.74 × 103 s−1 for an ozone generation rate of  
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1.00, 1.11, and 1.33 mg s−1, respectively. Thus, the volumetric mass transfer coefficient (Kl a) 

increases with an increase in the ozone generation rate as shown in Table 3.4. This enhances the 

mass transfer from the gaseous phase to the aqueous phase. As such, the concentration of the 

dissolved ozone in the solution increases with an increase in the ozone generation rate.       

 

Fig. 3.6: Plot of (
Xe

Xe−Xt
) vs t at different ozonation rates. Inset: Plot of ln (

Xe

Xe−Xt
) vs t for the 

determination of volumetric mass transfer coefficient (Kl a). 
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Table 3.4. Volumetric mass transfer coefficient (kl a) at different ozone generation rates 

pH Kd × 104 (s−1) 

(Sotelo et al., 1987) 

Ozone generation rate 

(mg s-1) 

Kl a × 103 (s−1) 

3 2.6 

1.33 0.74 

1.11 0.55 

1.00 0.43 

 

3.5 Evaluation of operating cost and energy consumption of the hybrid process 

The energy cost of the entire operation was mainly considered during the preliminary cost estimate 

of the ozonation process (US$ m−3 of solution). For the ozonation process, Figure 3.7 (inset, top) 

shows the change in operating cost with a change in ozone generation rate (1.00 - 1.33 mg s−1). 

The cost of operation was determined by the following equation: 

Operating cost(ozonation) = b × Eenergy       (3.12) 

where Eenergy represents the consumption of electricity required for pollutant removal, and ‘‘b” 

represents the rate of electrical energy. The consumption of electrical energy can be given as [32]: 

Eenergy = 
𝑉 × 𝐼 ×𝑡

𝑉𝐿
           (3.13) 

Here I represent the current (A), V represents the voltage (V), t represents the analysis time (s), 

and VL represents the effluent volume (m3). The electricity cost was taken as per its price for the 

state of Assam (India) in the year 2019 (0.0924 US$ kWh−1). The experiments establish that for 

an optimum ozone generation rate of 1.33 mg s−1, the power consumption of the ozonation process  
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estimates to be 105.2 W. This leads to an increase in the energy cost from 14.64 to 58.53 US$ m−3 

as the ozonation time increases from 10 to 40 min, respectively. Therefore, the operating cost was 

increased from 1.30 US$ m−3 after 10 min of analysis time to 5.37 US$ m−3 at the end of the 

ozonation process.  

 

Fig. 3.7: Variation in operating cost during the ozone assisted electrocoagulation process. Inset 

(top): Operating cost with ozonation process, Inset (bottom): Operating cost with 

electrocoagulation process  

During electrocoagulation, the operating cost includes electricity, chemical, sludge disposal, 

electrode cost, and fixed cost. However, for simplicity, the determination of the operating cost for  

 

TH-3398_176107027



99 

 

Chapter 3 

the electrocoagulation process involves only the electricity rate and the cost of electrodes. The cost 

of operation was calculated from the following equation [33]:  

Operating cost(electrocoagulation) = a × Eelectrode + b × Eenergy     (3.14) 

where, Eelectrode and Eenergy represent the consumption of electrode materials and electrical 

energy, respectively. ‘‘a” represents the cost of electrode materials (2.0436 US$ kg−1 of aluminum) 

and ‘‘b” represents the cost of electricity consumption (0.0924 US$ kWh−1). Consumption of 

electrode material was determined from the following Faraday’s law [34]:  

Eelectrode = 
I × t × M.W

F × z × VL
           (3.15) 

Here M.W represents the molar mass of aluminum (26.98 g mol−1), I represent the current (A), t 

represents the electrocoagulation time (s), VL represents the effluent volume (m3), F represents 

the Faraday’s constant (96,487 C mol−1) and z represents the number of electrons transferred (z = 

3). For the electrocoagulation process, Figure 3.7 (inset, bottom) shows the change in operating 

cost with a change in current density (50 - 150 A m−2). From the experiments conducted, it was 

found that for an optimum current density of 100 A m−2, the electrode, and the energy cost were 

found to increase from 0.000353 to 0.00106 US$ m−3 and from 1.04 to 3.12 US$ m−3, respectively, 

as the electrocoagulation time increases from 10 to 30 min. As such, the operating cost was 

increased from 0.113 US$ m−3 after 10 min of operation to 0.340 US$ m−3 at the end of the 

electrocoagulation process. Therefore, by combining the operating cost of both the processes, the 

total cost of operation for the ozone assisted electrocoagulation process was found to be 5.801 US$ 

m−3. The operating cost of the entire hybrid process is shown in Figure 3.7.      
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3.6 Summary of work  

For the hybrid ozone assisted electrocoagulation process, ozone generation rate and current density 

played a significant role in pollutant removal as the percentage removal increases with both the 

parameters. During ozonation, the pH of the effluent rapidly decreases from an initial pH of 7.72 

to 3.0. However, the pH later increases up to 8.30 after electrocoagulation, owing to the generation 

of OH− ions at the cathode surface. The combined process of ozonation and electrocoagulation 

was very effective in reducing the concentration of cyanide, phenol, COD, BOD, and chloride 

below their respective permissible limit of surface water quality. The kinetic study performed 

indicates that the degradation of all the target contaminants can be well explained by the pseudo 

first-order kinetic model. Both the removal efficiency and rate constant (kobs) of the target 

contaminants were found to be highest at an ozone generation rate of 1.33 mg s−1. On the other 

hand, with a decrease in the ozone generation rate to 1.11 and 1.00 mg s-1, the percentage removal 

of the contaminants was also decreased. The mass transfer study showed that an increase in the 

ozone generation rate increases the volumetric mass transfer coefficient (Kl a), which leads to an 

increase in the ozone concentration in the solution. The efficiency of the hybrid process was 

compared with that of other reported literature, and the performance was found to be satisfactory. 

The preliminary cost for the hybrid ozone assisted electrocoagulation process was found to be 

5.801 US$ m−3. The treatment cost of this hybrid process is comparably lower than the reported 

literature.            
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Removal of ammonia-N, iron and colour from steel plant 

generated biological oxidation treated (BOT) wastewater 

via hybrid ozone assisted electrocoagulation  

This chapter describes the combined effect of ozonation and electrocoagulation for the treatment 

of steel industry wastewater since only ozonation or electrocoagulation is incompetent to reduce 

the pollutant concentrations below the assigned permissible limits. Biological oxidation treated 

(BOT) wastewater consisting of coloured compounds, iron, and ammonia-N from Tata Steel 

Industry, India was considered here. The effects of operating variables like ozone generation rate, 

current density and treatment time on pollutant removal were analyzed for the hybrid process. The 

experimental conditions such as 1.33 mg s-1 (ozone generation rate), 40 min (ozonation time), 100 

A m-2 (current density), and 30 min (electrolysis time) were found to be optimum for reducing all 

the pollutant concentrations (iron, ammonia-N, and colour) below their respective permissible 

limits of surface water quality. The removal capacity of the hybrid process was found to be 98.2%, 

90.6%, and 62.8% for colour, iron, and ammonia-N, respectively. A kinetic study was performed 

for the degradation of the pollutants during the hybrid process. The pseudo-first-order kinetic 

model was found to be best suited for the analysis with the R2 value of about 0.99 for iron, 

ammonia, and colour, respectively, for an optimum ozone generation rate of 1.33 mg s-1. Further, 

an image processing software (Image J Software, 9.0) was used for analyzing the bubble size in 

which the sauter mean diameter of the microbubble was found to be 425 µm, and the range of the 

microbubble size varied from 20 µm to 650 µm.  Finally, the cost analysis showed that the 

proposed hybrid process was economical compared to other reported literature.    
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4.1 Experimental 

4.1.1 Measurement and analysis  

Biological Oxidation Treated (BOT) wastewater was obtained from Tata Steel Industry, India to 

carry out the experiments for the present study. The initial characteristics of the wastewater sample 

were measured. The concentration of the pollutants targeted in this work were:  colour (dark 

brown): 2450 hazen, ammonia-N: 130 mg L−1, iron: 7.3 mg L−1, conductivity: 3.26 mS cm-1, TDS: 

2670 mg L-1 and pH: 7.72. An acrylic electrocoagulation reactor of 500 mL volume and an 

ozonation reactor of 2 L volume were used for conducting the experiments. All the experiments 

were performed at a constant temperature of 20℃. The sample analysis was done at an interval of 

5 min, and the residual concentration of the pollutants was measured using an atomic absorption 

spectrometry (Make: M/s Varian; Model: Spectra AA 220 FS) and a photometer (Make: Palintest; 

Model: 7100). The quality of the untreated and treated water such as pH, conductivity, and total 

dissolved solids were determined using a microprocessor based water analyzer kit (Make: VSI 

electronics; Model: VSI-302). The details of all the measurement and analysis have been 

elaborately reported in section 2.3 of chapter 2.        

4.1.2 Operational parameters  

The experiments involving ozonation and electrocoagulation were conducted using varying 

operational conditions. The study aimed to investigate the impact of ozone generation rates and 

reaction time on the efficiency of pollutant removal during ozonation. Three distinct ozone 

generation rates, specifically 1.00 mg s-1, 1.11 mg s-1, and 1.33 mg s-1, were chosen to conduct the 

experiments. The reaction time was varied within the range of 10-40 min. The study also evaluated  
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the impact of current density and electrolysis time on the efficiency of pollutant removal during 

electrocoagulation. Three distinct current densities, viz. 50 A m-2, 100 A m-2, and 150 A m-2, were 

selected for the experiments. The electrolysis time was varied within the range of 10-30 min and 

the inter-electrode distance was maintained at 0.005 m throughout the process.  

During the application of three different ozone generation rates viz. 1.00 mg s-1, 1.11 mg s-1 and 

1.33 mg s-1, it was observed that an ozone generation rate of 1.33 mg s-1 was sufficient to effectively 

reduce all the target parameters below their assigned permissible limits. Further, continuation of 

the experiments beyond 1.33 mg s-1 substantially increased the operating cost of the hybrid process. 

Moreover, the removal rate of the pollutants remained constant on prolongation of the oxidation 

time beyond 40 min. Therefore, the optimum operating conditions were taken as 1.33 mg s−1 and 

40 min for the ozonation process. During the application of three different current densities viz. 

50, 100, and 150 A m-2, it was found that the experiments conducted at current density higher than 

100 A m-2, showed only a marginal increase in the pollutant removal rate. Further, prolongation 

of the electrolysis time beyond 30 min resulted in negligible removal of the pollutants as the 

process efficiency reaches saturation. Moreover, the energy consumption of the hybrid process 

was substantially increased beyond 30 min of electrolysis time. Therefore, the optimum operating 

conditions were taken as 100 A m−2 and 30 min for the electrocoagulation process.                         

4.2 Results and discussion 

4.2.1 Variation in solution pH during hybrid ozone assisted electrocoagulation process    

Figure 4.1 shows the change in pH at 20 °C (operating temperature) with ozonation assisted 

electrocoagulation process, indicating that the initial pH value decreases rapidly from 7.72 ± 0.1  
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to 3.2 during the first 5-10 min of the experiment and from 3.2 to 3.0 in the subsequent period of 

ozonation time. It was observed from Figure 4.1 that the initial pH of the effluent decreases from 

7.72 as the ozonation process continues until a steady-state condition is achieved at pH 3. This 

shows that ozone oxidation leads to the production of by-products of acidic nature (organic anions 

along with inorganic acids). During the experiment, the pH of the effluent tends to decrease as 

ozone reacts with both the degradation products produced during oxidation via hydroxyl radicals 

(usually carboxylic acids) as well as with the hydroxyl anions. During the initial stage of the 

process, pH reduction is very prominent (particularly for alkaline solutions) due to higher ozone 

consumption [1].  

 

Fig. 4.1: Variation in solution pH with treatment time at different ozone generation rates. Outset: 

100 A m-2 current density, Inset: 50 A m-2 current density.     
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During electrocoagulation, the pH gradually increases from 3.0 until it reaches a plateau at around 

a pH of 8.2, where it attains a steady state due to the buffering capacity of Al(OH)3/Al(OH)4
−. This 

increase in pH is due to the evolution of H2 at the cathode vicinity as well as the formation of OH− 

ions at the cathode surface [2]. Thus, from Figure 4.1, it can be ascertained that as 

electrocoagulation time increases, the pH of the solution also increases. Further, the TDS and 

conductivity of the treated solution were determined at the end of each experiment. For the 

optimum operating conditions (ozone generation rate: 1.33 mg s-1, reaction time: 40 min and 

current density: 100 A m-2, electrolysis time: 30 min), the TDS and conductivity were found to 

decrease from an initial concentration of 2670 to 1850 mg L-1 and 3.26 to 2.35 mS cm-1, 

respectively, for the hybrid ozone assisted electrocoagulation process. 

Further, the experiments carried out in this study primarily focused on the impact of ozone 

generation rate, current density, and analysis time on the pollutant removal efficiency under highly 

acidic condition. Thus, the study was conducted at a constant acidic pH of 3 to support the 

feasibility of the operating parameters used for the removal of the target pollutants.  

4.2.2 Removal of colour by hybrid ozone assisted electrocoagulation process  

The pH of the effluent directly affects the decomposition of ozone. As already discussed, at higher 

pH, the decomposition of ozone leads to the formation of hydroxyl radicals, while at low pH 

values, the main oxidant being the molecular ozone. The extent of decolourization at low pH value 

is favored by direct ozone attack. At low pH, molecular ozone (O3) predominates, and as such less 

ozone is wasted on scavenging reactions in solution compared to hydroxyl radicals, which are 

more effective at higher pH [3]. At high pH, indirect hydroxyl–radical-mediated reactions  
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predominate, leading to ozone wastage through scavenging reactions with non-colored saturated 

bonds, as well as inorganic and organic compounds in solution. Therefore, under acidic conditions, 

the decolorization efficiency of the solution increases [4]. Furthermore, the chromophore groups 

present in lignin are mainly responsible for the brownish color of the BOT wastewater. By 

increasing the ozone generation rate, a higher amount of molecular ozone can be formed under 

acidic conditions. As such, the molecular ozone leads to the destruction of the chromophore groups 

(usually double bonds), which gets oxidized to single bonds resulting in a bond cleavage, thus 

losing the ability to absorb visible light, leading to decolorization of the sample [5]. As a result, 

for an optimum ozone generation rate and operating time of 1.33 mg s-1 and 40 min, respectively, 

the color decreases from an initial concentration of 2450 hazen to a final concentration of 250 

hazen. Figure 4.2 depicts a decreasing trend for color removal with ozone generation rate and 

operating time. From Figure 4.2, it was observed that with increasing ozone generation rate from 

1.0 to 1.33 mg s-1, the decolorization percentage also increases from 75.3% to 90%, respectively. 

Also, at the initial stage of the experiment, decolorization efficiency was found to be higher, as 

molecular ozone attributes to the destruction of most of the chromophore groups within the first 

5-15 min of the ozonation process. However, due to higher oxidation potential and less selectivity 

of hydroxyl radicals compared to molecular ozone, decolorization efficiency decreases at higher 

pH.  
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Fig. 4.2: Effect of ozone generation rates on colour removal with treatment time. Outset: 100 A 

m−2 current density, Inset: 50 A m−2 current density. 

During electrocoagulation, the color concentration further decreases from 250 hazen (obtained at 

1.33 mg s-1) to 45 hazen for an optimum current density of 100 A m-2 and electrolysis time of 30 

min as seen in Figure 4.2. The quantity of electricity consumed as well as the initial pH of the 

solution is important parameters that affect the decolorization efficiency of the process during 

electrocoagulation. Another important parameter in the decolorization process is the role of 

different species generated during the experiment. Lower initial pH is responsible for stimulating 

hydroxy polymeric species and retarding the formation of Al(OH)3 flocs [6]. The efficient 

precipitation of the colored compounds is responsible for higher reduction efficiencies even at a 

low pH value of 3. Two important interaction mechanisms are responsible for color removal, viz. 
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adsorption and precipitation, each one being suggested for a different range of pH. Higher 

decolorization efficiency is primarily caused by the precipitation process, while adsorption of the 

polymeric species colloidal precipitates by Al(OH)3 flocs have a more secondary effect. 

Flocculation in the high pH range of >6.5 can be described as adsorption, while that in the lower 

pH range of 3-6 can be described as precipitation. Cationic monomers such as A13+ and Al(OH)2
+ 

are the dominant species, during the application of low initial pH along with aluminum as a 

sacrificial anode [7]. Double-layer compression is the main mechanism for the coagulation of the 

organic molecules containing the chromophore group. In such instance, coagulant (A13+) at a high 

concentration is required for effective removal of the colored compounds present in the sample. 

Polymeric species (Al13O4(OH)24
7+) and precipitate such as Al(OH)3(s) was formed in the pH range 

of 4-9. As such, the mechanisms of adsorption, charge neutralization, and enmeshment are 

responsible for effective coagulation and precipitation of the organic molecules (having the 

chromophore groups). Besides, with the increase in the electrocoagulation time decolorization 

capacity increases, indicating the continuous generation of surplus flocs formed due to the 

application of current density to the aqueous solution [8]. As such, due to the analogy between the 

effects of current density as well as operating time, these two variables can be combined into one 

variable viz. the quantity of electricity consumed per cubic meter of effluent, which can be 

indicated as faradays per cubic meter. The maximum removal efficiency attained during the 

electrocoagulation process was 82% for the current density and electrolysis time of 100 A m-2 and 

30 min, respectively. The schematic diagram of color change during the integrated process is 

shown in Figure 4.3.  
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Fig. 4.3: Schematic diagram of colour change. a) raw sample, b) ozonated sample and c) O3 

assisted EC sample 

4.2.3 Removal of ammonia-N by hybrid ozone assisted electrocoagulation process  

Depending upon temperature and, most importantly the pH, ammonia exists in two forms in the 

aqueous solution viz. ionized form (NH4
+) and/or un-ionized form (NH3). The proportion of NH3 

and NH4
+ in the solution is mainly determined by the solution pH. From the literature, it can be 

ascertained that NH4
+ is found mostly at initial pH < 7.0, while NH3 content increases at initial pH 

> 7.0. Since the initial pH of BOT wastewater is 7.72, most of the ammonia exist as molecular 

NH3 and not as NH4
+ (Eq. (1) [9]. 

NH4
+ + OH− ↔ NH3 + H2O          (4.1) 
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The reaction of molecular ozone (Eqs. 4.2 - 4.5) during the ozonation process leads to the oxidative 

decomposition of ammonia in water. Ammonia, on direct reaction with O3, oxidizes to nitrite, 

nitrate as well as nitrogen gas. Nitrite on further oxidation by O3 gets converted to nitrate (Eq. 4.3). 

As such, nitrite in the solution can hardly be estimated. Moreover, at higher pH, the decomposition 

of ozone leads to the formation of hydroxyl radicals (HO•), while at low pH values, the main 

oxidant being the molecular ozone (O3) [10]. Since the pH value of the solution rapidly decreases 

to 3 (highly acidic pH) during the very initial period of the experiments conducted, as such only 

molecular ozone was involved in the oxidation of ammonia during ozonation. The following are 

the reactions of ammonia with O3 (produced via the chain of reactions of O3 decomposition) [11].  

NH3 (aq) + 3O3 (aq) → H+ (aq) + NO2
− (aq) + H2O (l) + 3O2 (g)     (4.2) 

NO2
− (aq) + O3 (aq) → NO3

− (aq) + O2 (g)        (4.3) 

NH3 (aq) + 4O3 (aq) → H+ (aq) + NO3
− (aq) + H2O (l) + 4O2 (g)     (4.4) 

4NH3 (aq) + O3 (aq) → 2N2 (g) + 3H2O (l) + 6H+ (aq)      (4.5) 

Eq. (4.2) to Eq. (4.5) explains the major pathway of NH3 reduction. This attributes to the reaction 

of molecular ozone with ammonia upon ozone decomposition, with NO3
− being the end product. 

Thus, the formation and increase in the nitrate (NO3
−) concentration in the BOT wastewater, as 

shown in the above-mentioned reactions, corresponds to the decrease in the concentration of 

ammonia, indicating that ammonia was oxidized by ozone. The reactions have also elucidated the 

lowering of solution pH due to the formation of hydrogen ions (H+) during ammonia oxidation, 

i.e., the decrease in solution pH is directly associated with the extent of ammonia decomposition. 

Also, the decomposition of ammonia was found to be much more at higher initial pH compared to 
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a lower one, resulting in the production of more H+ ions, and as such, the pH decreased more [12]. 

As a result, for an optimum ozone generation rate and operating time of 1.33 mg s-1 and 40 min, 

respectively, the initial concentration of ammonia decreases from 130 mg L-1 to a final 

concentration of 72 mg L-1. Figure 4.4 shows the ammonia removal efficiency with ozone 

generation rate and ozonation time. It was observed from Figure 4.4 that the ammonia 

decomposition increases from 20.2% to 44.7%, with an increase in ozone generation rate from 

1.00 mg s-1 to 1.33 mg s-1. Moreover, an increase in nitrate concentration with the decomposition 

of ammonia for the optimum ozone generation rate of 1.33 mg s-1 and treatment time of 40 min is 

shown in Figure 4.5. In Figure 4.5 at time (t) = 0, the nitrate concentration of 12 mg L-1 corresponds 

to the initial concentration of nitrate present in the feed, which eventually increases during the 

oxidation of ammonia with analysis time. Although the nitrate formation intensifies with the 

continuation of ammonia decomposition, it was observed that the concentration of NO3
− increases 

from 12 mg L-1 and reaches a maximum concentration of 31 mg L-1 at the optimum operating 

condition, which is well below its permissible limit (45 mg L-1).    
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Fig. 4.4: Effect of ozone generation rates on ammonia-N removal with treatment time. Outset: 

100 A m−2 current density, Inset: 50 A m−2 current density 

 

Fig. 4.5: Effect of ammonia oxidation on nitrate formation at optimum ozone generation rate 
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During electrocoagulation, the concentration of ammonia further decreases from 72 mg L-1 

(obtained at 1.33 mg s-1) to 48.5 mg L-1 for an optimum current density of 100 A m-2 and 

electrolysis time of 30 min as seen in Figure 4.4. It was seen during electrocoagulation that the 

corresponding elimination rate was only 32.5%, even though a higher current density (100 A m-2) 

was applied. Electrocoagulation contributes less significantly to the reduction of NH3, suggesting 

a weaker affinity of ammonia towards the electrogenerated coagulants. However, ammonia 

stripping due to an increase in pH to alkaline values as well as an increase in temperature (Joule 

effect) may be responsible for the reduction in ammonia concentration during the process. The 

process, as such, is intensified under alkaline conditions as the evolution of hydrogen on cathode 

enhances the reduction of ammonia by stripping [13]. The generation of OH− ions during oxygen 

evolution partly decomposes ammonia into nitrogen under neutral and acidic conditions and not 

by direct electrode reaction. Besides, reduction in ammonia concentration could also be due to the 

chlorides already present in the wastewater, which plays an important role in indirect oxidation of 

ammonia during the electrochemical reaction as well as due to the generation of molecular 

chlorine, i.e., at the anode, chloride (Cl−) is oxidized to chlorine during electrolysis [14]. A 

protective oxide film is formed on the electrode surface as the electrodes used in the experiment 

are reactive, causing erosion of the metal. Chlorine ions are discharged due to the increased 

potential caused by the film, resulting in the generation of chlorine gas during electrolysis. 

Hypochlorous acid is formed from the hydrolyzes of molecular chlorine, which depending upon 

the pH, consecutively changes to hypochlorite ion. Ammonia could be easily decomposed into by-

products, presumably to nitrogen gas by both hypochlorite ion and hypochlorous acid due to their 

high oxidative potentials. Thus the presence of chlorides showed significant improvement in terms  
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of capacity and selectivity for the transformation of ammonia into N2 gas during the 

electrochemical process as shown in the reactions below [15]: 

2Cl− → Cl2 + 2e−           (4.6) 

Cl2 + H2O → HOCl + H+ + Cl−         (4.7) 

HOCl → OCl− + H+           (4.8) 

2NH3 + 3HOCl → N2 + 3H+ + 3Cl− + 3H2O        (4.9) 

2NH3 + 2OCl− → N2 + 2H+ + 2Cl− + 2H2O + 2e−       (4.10) 

In addition, the amount of nitrates formed during ozonation was found to decrease from 31 mg L-

1 to 7.8 ± 0.5 mg L-1 at the end of the electrocoagulation process. The phenomenon for nitrate 

degradation can be attributed to the adsorption of nitrate ions onto the surface of the growing 

aluminum hydroxide flocs, followed by its removal via sedimentation or flotation from the treated 

water.    

4.2.4 Removal of iron by hybrid ozone assisted electrocoagulation process 

During the oxidation of iron by O3, ferrous ions (Fe2+) gets converted to ferric state (Fe3+), followed 

by precipitation of the oxidized salts as ferric hydroxide (Fe(OH)3). The clear solution is analysed 

for residual (Fe2+). Under acidic condition, ozone oxidizes Fe2+ rapidly into Fe3+ as suggested by 

the Eq. (12) and Eq. (13). For the generation of HO• radicals, Fe2+ acts as a catalyst during the 

decomposition of ozone. Meanwhile, an intermediate species FeO2+ is formed which rapidly 

evolves to HO• radical during the reaction of O3 with Fe2+ [16]. Several runs were performed to 

validate the effect of the operating parameters such as ozone generation rate and ozone reaction 

time on the removal efficiency of Fe2+ ions. Thus, iron removal involves transformation of the  
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soluble form into insoluble oxides, which can be filtered out of water. Fe2+ can therefore be easily 

oxidized by O3 as shown in the reactions below [17]:  

Fe → Fe2+ (aq) + 2e−           (4.11) 

Fe2+ + O3 → FeO2+ + O2          (4.12) 

FeO2+ + H2O → HO• + Fe3+ + OH−         (4.13) 

Fe3+ + 3OH− → Fe(OH)3          (4.14) 

2Fe2+ + O3 + 5H2O → 2Fe(OH)3 + O2 + 4H+       (4.15) 

Ferric ions (Fe3+), depending upon the pH range, transform into Fe(OH)3 and precipitates. Thus, 

the formation of Fe(OH)3 precipitates due to the oxidation of Fe2+ to Fe3+ is responsible for the 

reduction of Fe2+. Since the oxidation of Fe2+ is faster, less oxidation power is required for the 

conversion of Fe2+ to Fe(OH)3. Since Fe(OH)3 is not soluble in water, it is assumed that under 

equilibrium, it will have gradually descended to the bottom of the container and will not contribute 

further to any kind of reaction in the solution and can be easily filtered out of the water [18]. Ozone 

solubility in water is higher at low temperatures (in this study, the operating temperature is 20 °C). 

Therefore, the oxidation reaction of soluble iron salts is increased as long as the solubility of ozone 

is increased, resulting in higher percent removal of Fe2+ from the solution. During ozonation, the 

direct reaction between Fe2+ and O3 predominates at lower pH resulting in efficient iron oxidation. 

As a result, for an optimum ozone generation rate and operating time of 1.33 mg s-1 and 40 min, 

respectively, the initial concentration of iron decreases from 7.3 mg L-1 to a final concentration of 

2.6 mg L-1. Figure 4.6 shows the iron removal efficiency with ozone generation rate and ozonation 

time. It was observed that with an increase in ozone generation rate from 1.00 mg s-1 to 1.33 mg s-

1, the iron removal percentage also increases from 51.4% to 64.5%, as shown in Figure 4.6.   
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Fig. 4.6: Effect of ozone generation rates on iron removal with treatment time. Outset: 100 A 

m−2 current density, Inset: 50 A m−2 current density  

Moreover, during the electrocoagulation process, the iron concentration further decreases from 2.6 

mg L-1 (obtained at 1.33 mg s-1) to 0.6 mg L-1 for an optimum current density of 100 A m-2 and 

electrolysis time of 30 min, as seen in Figure 4.6. The phenomenon for iron removal by 

electrocoagulation can be explained by the formation of aluminum hydroxide flocs and the 

simultaneous adsorption of Fe2+ on its surface. The pH and the redox potential determines the state 

of iron in the solution. When the pH of the solution is above 4, the dissolved iron species are mostly 

divalent as very little soluble Fe(OH)3 are formed by Fe3+ ions. Even though the bulk pH remains 

well below the value corresponding to the solubility product, the formed Fe(OH)2 particles remain 

insoluble even after their transport to the liquid bulk [19]. As such, improvement in removal  

TH-3398_176107027



123 

 

Chapter 4 

efficiency is mainly due to the local formation of Fe(II) hydroxide and its subsequent oxidation on 

the surface of the Al flocs. As per Faraday’s law, the amount of adsorbent (Al(OH)3) generated is 

directly proportional to the applied current density. Thus, an increase in the concentration of the 

adsorbent (with an increase in current density) increases the amount of iron adsorption on its 

surface. This indicates the dependency of the adsorption process upon the available binding sites 

for iron. Aluminum hydroxide generated upon hydrolysis reaction results in the formation of 

reactive Al(III) – Fe(II) complexes, which enhances Fe2+ oxidation as well as adsorption of Fe2+ 

on the surface of Al(OH)3 flocs [20]. With the increase in solution pH, the dissolved iron, i.e., Fe2+ 

hydrolyzes and forms precipitates. The shape and size of the particles formed after coagulation 

and its subsequent adsorption on the active sites of the generated Al(OH)3 flocs mainly determines 

the precipitation process. An adequate amount of coagulants in the medium leads to the adsorption 

of iron hydroxide (in the form of brown flocks), which determines the removal of iron at higher 

pH. As such larger flocs were formed that settled down as precipitates at the bottom of the reactor 

and can be observed in the form of a reddish-brown sludge after the completion of the experiment. 

The reason may be due to the production of more amount of Al(OH)3 which in turn results in 

increased adsorption of Fe(OH)2 from the solution and subsequent precipitation at the bottom [21]. 

The maximum removal efficiency attained during the electrocoagulation process was 77.0% for 

the current density and electrolysis time of 100 A m-2 and 30 min, respectively. The mechanism 

of iron removal by ozone assisted electrocoagulation process is shown in Figure 4.7.   
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Fig. 4.7: Iron removal mechanism via ozone assisted electrocoagulation process 

Furthermore, Table 4.1 depicts the feed/initial composition and the percentage reduction in 

pollutant concentration viz. color, ammonia, and iron using ozone assisted electrocoagulation 

process. Table 4.2 provides a comparative analysis of the ozone assisted electrocoagulation 

process with other reported hybrid water treatment techniques for industrial wastewater. It was 

found that the present study resulted in a much effective degradation of the target pollutants as 

compared to other hybrid techniques reported in the literature.       
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Table 4.1: Removal rate of pollutants (color, ammonia-N, and iron) during ozone assisted electrocoagulation process 

Parameters Feed 

(mg L-1) 

Final concentration (mg/L) Permissible 

limit      

(mg L-1) 

[WHO] 

Current density 50 A m-2 Percentage 

removal* 

(%) 

Current density 100 A m-2 Percentage 

removal* 

(%) 

1.00  

mg s-1 

1.11  

mg s-1 

1.33  

mg s-1 

1.00  

mg s-1 

1.11  

mg s-1 

1.33  

mg s-1 

 Color (Hazen) 2450 370 ± 5 285 ± 5 140 ± 3 94.2 300 ± 4 205 ± 5 45 ± 2 98.2 300 

Ammonia-N 130 92 ± 3 80.5 ± 2 63 ± 3 51.4 84 ± 2 70 ± 2 48.5 ± 1 62.8 50 

Iron 7.3 2.4 ± 0.4 2.0 ± 0.2 1.4 ± 0.3 79.5 1.9 ± 0.2 1.4 ± 0.2 0.6 ± 0.1 90.6 1.0 

* At the optimum ozone generation rate of 1.33 mg s-1 for both current densities 50 and 100 A m-2. 
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Table 4.2: Comparison of performance efficiency in terms of color degradation with other hybrid 

treatment processes  

Ozone-based hybrid 

process 

Type of wastewater Pollutant removal Reference 

Ozone-UV Synthetic samples of 

citrus wastewater 

68.4% color removal [22] 

Ozone-UV Polyester and acetate 

fiber dyeing effluent 

93% color removal [23] 

Ozone-UV Azo dyes 95% color removal [24] 

Ozone-H2O2 Textile industry 

wastewater 

60–63% color removal [25] 

Ozone-EC C.I. reactive blue 19 in 

synthetic water 

96% color removal [26] 

Ozone-EC Industrial  

wastewater 

90% color removal [27] 

Ozone-EC Azo dyes 94% color removal [28] 

Heterogeneous 

catalytic ozonation 

Textile dyeing 

wastewater 

85% color removal [29] 

Ozone-EC Steel plant  

wastewater 

98.2% color removal and 

90.6% iron removal 

Present  

Work 
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4.3 Kinetic modelling of colour, ammonia-N and iron reduction 

Degradation of the pollutants can be described with the help of the pseudo first-order kinetic model 

as [30]:  

dCp

dt
 = −kobs Cp           (4.16) 

where, Cp is the concentration of the pollutant and kobs (min−1) is the observed first order rate 

constant. Integrated form of the above equation is as below: 

Cp = Cp
0 e−kobst            (4.17) 

where, Cp
0 is the initial concentration of the pollutant (mg L-1) and t is the residence time (min). 

Therefore, kobs (min−1) was evaluated from the residence time versus regression of ln Cp. In this 

study, it was observed that the highest pollutant reduction was obtained at an ozone generation rate 

of 1.33 mg s-1, whereas with a decrease in the ozone generation rate up to 1 mg s-1, the reduction 

percentage decreases. The increase in pollutant reduction at an O3 generation rate of 1.33 mg s-1 

was attributed to the higher oxidation of the pollutants. Hence with the increasing generation rate 

of O3, the percentage reduction of pollutants also increases. 

Table 4.3 represents the values of kobs and R2 at different ozone generation rates for colour, iron, 

and ammonia-N, respectively. The regression line of ln Cp versus t for ammonia-N showed that 

the rate constant (kobs = 0.0107 min−1) is highest at ozone generation rate of 1.33 mg s-1 whereas 

it decreases for 1.11 mg s-1, (kobs = 0.0073 min−1) and 1.0 mg s-1 (kobs = 0.0051 min−1), 

respectively. Similarly, the rate constants of color, and iron were kobs = 0.0951 and 0.0229 min−1, 

respectively, for an ozone generation rate of 1.33 mg s-1. However, at a lower ozone generation  
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rate of 1.11 mg s-1, the rate constants were found to decrease (kobs = 0.0927 and 0.0203 min−1, 

respectively). Similar trend was also observed for an ozone generation rate of 1.0 mg s-1 (kobs = 

0.0915 and 0.0175 min−1, respectively). The results obtained from Table 4.3 depicted that for 

cation (e.g. iron) the pseudo first-order kinetics fitted the reaction quite well R2 = 0.988, 0.981, 

0.973 for increasing O3 generation rate of 1.33, 1.11 and 1.0 mg s-1, respectively. It can also be 

observed that for an ozone generation rate of 1.33 mg s-1, the highest R2 of 0.985 and 0.977 were 

obtained for ammonia and color, respectively. The fitting of reaction kinetics, according to pseudo 

first-order reaction, revealed that the cations responded well to the reaction. The results depicted 

that the nascent oxygen of the O3 had a greater affinity towards cations compared to other 

compounds. However, it can be concluded that the cations, as well as the other compounds, 

responded quite well to the pseudo first-order reaction kinetic.       

Table 4.3: Observed reaction rate and R2 values at different ozone generation rates 

Parameters 1.33 mg s−1 1.11 mg s−1 1.0 mg s−1 

kobs (min−1) R2 kobs (min−1) R2 kobs (min−1) R2 

Colour 0.0951 0.977 0.0927 0.973 0.0915 0.968 

Ammonia 0.0107 0.985 0.0073 0.977 0.0051 0.974 

Iron 0.0229 0.988 0.0203 0.981 0.0175 0.973 

 

4.4 Size determination of ozone microbubbles 

The photographic technique was utilized for measuring the size of the microbubble, whereas the 

sauter mean diameter of the bubble was calculated from Eq. (18). A digital camera (D5300 24  
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M P, Nikon, India) was used to capture the images of the microbubble. An image processing 

software (Image J Software, 9.0) was utilized for analyzing the bubble size. A total of 3–4 images 

were taken for each ozone generation rate, and the best quality image was chosen for the analysis. 

The sauter mean bubble diameter (d32) can be calculated from the following equation [31]:  

d32 = 
∑ nidbi

3n
i=1

∑ nidbi
2n

i=1

           (4.18) 

The sauter mean diameter of the microbubble was found to be 425 µm, and the range of the 

microbubble size varied between 20 µm and 650 µm. The bubble size increases as it rises upward 

and hence larger bubbles were obtained at the top of the reactor. The sauter mean diameter and the 

range of microbubble size were found to be in accordance with the study carried out by Patel et al. 

(2019) [32].        

4.5 Electrode corrosion and variation in film thickness 

The electrode corrosion study provides an overview on the sustainability of the EC process. This 

phenomenon is typically measured in terms of electrode weight reduction during the experiment. 

Corrosion is often accelerated by higher current densities and high pollutant concentrations in the 

target water; nevertheless, as the electrode distance increases, corrosion decreases. Also, higher 

dissolution of metal ions at elevated current densities increases the electrode corrosion [33]. It was 

found that the corrosion increased from 27.2 to 45.1 mg with an increase in the current density 

from 50 to 150 A m−2. Nonetheless, with an increase in the electrode distance from 0.005 to 0.02 

m, the extent of corrosion decreases from 45.1 to 33.3 mg. The reason may be attributed to the 

change in the production of aluminium hydroxide flocs during the process. As electrocoagulation  
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continues, a gelatinous hydroxide layer gradually forms around the electrodes. With prolonged 

electrolysis time, more amount of hydroxides are formed, which in turn adheres to the electrode 

surface and produces an extra blockade for anodic dissolution, thus lowering the process 

performance. The film thickness can be calculated from the equation below [34]: 

δ ≈ 
(𝑚1− 𝑚2) × 10−6

 𝜌 × 𝐴
           (4.19) 

Here, δ is the film-thickness (µm), m1 is the weight of the electrodes (mg) after the experiment 

without cleaning, m2 is the weight of the electrodes (mg) after the experiment with cleaning, ρ is 

the density of the film (g L−1) and A is the area of the electrodes (m2). Increase in film thickness 

was observed from 6.1 to 8.8 µm as current density proceeds from 50 to 150 A m−2. The increase 

in current density favoured the anodic oxidation that leads to the rise in the generation of gelatinous 

hydroxide. This hydroxide in turn adheres itself to the surface of the electrode (cathode) in the 

form of a film which increases with the increase in the EC time. On the other hand, at higher 

electrode distance it was found that lesser gelatin hydroxide was produced. As such, the film 

thickness increases from 6.7 to 7.6 µm over the electrode surface, when the inter-electrode distance 

decreased from 0.02 to 0.005 m at the optimum current density of 100 A m−2 for 30 min.  

4.6 Estimation of energy consumption and operating cost of the hybrid process 

During ozonation, a primary cost analysis was conducted which mainly considers the energy cost 

of the whole operation (US$ m-3 of solution). Figure 4.8 (a) depicts the change in operating cost 

and energy cost with ozonation time, for an optimum ozone generation rate of 1.33 mg s-1. 

Estimation of the operating cost was carried out as per the following: 
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Operating cost(ozonation) = q × Qenergy        (4.20) 

where, Qenergy is the electricity consumption needed for the removal of pollutants. ‘‘q” is the rate 

of electrical energy. The cost of electricity consumption was taken as per its price in the year 2019 

(0.0936 US$ kWh-1), for the state of Assam (India). The electrical energy consumption can be 

expressed as [35]:  

Qenergy = 
ƞG × GO3× C × t

VL
          (4.21) 

Here, ƞ𝐺 represents the specific energy consumption of ozone generation (21.97 kWh kg-1), GO3
is 

the ozone generation rate (mg s-1), C is the unit conversion factor, t represents the ozonation time 

(min), and VL represents the effluent volume (m3). Considering the power consumption of the 

ozonation process to be 51 W for an ozone generation rate of 1.00 mg s-1, the energy cost was 

found to increase from 7.13 to 27.53 US$ m-3, with an increase in the operating time. Thus, the 

operating cost increases from 0.667 US$ m-3 for 10 min of operating time to 2.67 US$ m-3 after 

40 min. Likewise, for an ozone generation rate of 1.33 mg s-1 with a power consumption of 105.2 

W, the energy cost was found to increase from 14.71 to 58.61 US$ m-3, as the operating time 

increases. As such, the operating cost increases from 1.37 US$ m-3 for 10 min of operating time to 

5.48 US$ m-3 at the end of 40 min. 
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Fig. 4.8: At optimal operating condition: (a) Change in operating cost with ozonation time. Inset: 

energy cost with ozonation time, and (b) Change in operating cost with electrolysis time. Inset 

(top): energy cost with electrolysis time, Inset (bottom): electrode cost with electrolysis time. 
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Similarly, the total cost sustained during the treatment determines the feasibility of the 

electrocoagulation process. In this case, the cost of operation involves electricity, chemical, sludge 

disposal, electrode cost, and fixed cost. For simplicity, the determination of the operating cost for 

the electrocoagulation process involves only the electricity rate and the cost of electrodes. The 

operating cost was calculated as follows [36]: 

Operating cost(electrocoagulation) = p × Qelectrode + q × Qenergy     (4.22) 

where, Qenergy and Qelectrode are the consumption of electrical energy and electrode materials 

respectively. ‘‘p” represents the electrode cost (2.0462 US$ kg-1 of aluminum) and ‘‘q” represents 

the electricity cost (0.0936 US$ kWh-1) for the state of Assam (India) in the year 2019. The 

electrical energy consumption can be expressed as: 

Qenergy = 
I × V × t

VL
           (4.23) 

Here I represent the current (A), V represents the voltage (V), t represents the electrocoagulation 

time (s), and VL represents the effluent volume (m3). Electrode consumption was estimated from 

Faraday’s law as follows [37]:    

Qelectrode = 
I × t × M.W

F × z × VL
           (4.24) 

Here M.W represents the molar mass of aluminum (26.98 g mol-1), I represent the current (A), t 

represents the electrocoagulation time (s), VL represents the effluent volume (m3), F represents 

the Faraday’s constant (96,487 C mol-1) and z represents the number of electrons transferred (z = 

3). Figure 4.8 (b) depicts the change in energy cost, electrode cost, as well as an operating cost,  
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with electrocoagulation time, for an optimum current density of 100 A m-2. The energy cost and 

the electrode cost increase as the current density increases due to high energy consumption and 

enhanced anodic oxidation, respectively. As such, the electrode cost is increased from 0.00061 to 

0.0018 US$ m-3, and the energy cost is increased from 1.57 to 4.70 US$ m-3. The total cost of 

operation was thus increased to 0.157, 0.342, and 0.443 US$ m-3 with increasing current densities 

of 50, 100, and 150 A m-2, respectively, at the end of 30 min of analysis time. Hence, the overall 

operating cost of the combined process after 70 min of total treatment time (O3 + EC) is given as: 

Operating cost(Total) =  Operating cost(ozonation) + Operating cost(electrocoagulation)  (4.25)      

     = 5.822 US$ m-3   

The operating cost for the present study was found to be economical when compared with other 

hybrid techniques utilized for treating industrial wastewater, as shown in Table 4.4. 
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Table 4.4: Comparison of cost estimation for the ozone assisted electrocoagulation process with other hybrid treatment methods 

Methods used Types of wastewater 

 

Operating cost References 

Electrocoagulation-Microfiltration (EC-MF) Synthetic wastewater 7.91 US$ m-3 [38] 

Electrocoagulation-Ozonation (EC-O3) Textile wastewater 11.86 US$ m-3 [39] 

Ion Exchange-Reverse Osmosis (IE-RO) Potato processing wastewater 1.8 US$ m-3 [40] 

Electrocoagulation-Microfiltration (EC-MF) Synthetic wastewater 197 US$ m-2 [41] 

Electrochemical Oxidation-Ozonation (EO-O3)  Synthetic wastewater (SW) 

and 

Olive mill wastewater (OW) 

12.4 US$ m-3 (OW) 

80.8 US$ m-3 (SW) 

[42] 

Hydrogen Peroxide-Ultraviolet lamp (H2O2/UV) 

and Ozonation (O3) 

 

Textile dye wastewater H2O2/UV lamp 

74 € m-3 =̃ 83 US$ m-3 

Ozonation 

54 € m-3 =̃ 60.6 US$ m-3 

[43] 

Ultrasonication-Ozonation (US-O3) 

 

Bore well water Ultrasonication-Ozonation 

8.0 US$ m-3 

[44] 

Ozonation-Electrocoagulation (O3-EC) Steel plant wastewater 

 

5. 822 US$ m-3 Present 

Work 
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4.7 Summary of work 

This work established the use of a hybrid ozone assisted electrocoagulation process for the 

treatment of color, iron, and ammonia from real BOT wastewater of the steel industry. A decrease 

of initial pH was observed from 7.72 to 3.0 during the ozonation process, owing to the formation 

of by-products (organic anions along with inorganic acids) of acidic nature. On the other hand, the 

pH increased to 8.2 after the subsequent electrocoagulation process. For an optimum ozone 

generation rate of 1.33 mg s-1, the ozonation process alone was sufficient for the reduction of 

colour below its permissible limit. However, the combined process of ozone assisted 

electrocoagulation was required for other parameters viz. iron, and ammonia to ensure compliance 

with the water quality standards and regulatory requirements. The kinetic study performed 

indicated that the degradation of the pollutants followed the pseudo first-order kinetic model. The 

highest rate constant (kobs) and pollutant reduction were obtained at the optimum ozone generation 

rate of 1.33 mg s-1 for all the contaminants viz. iron, ammonia, and color. Size determination study 

of the ozone microbubbles showed that the bubble size varied between 20 µm and 650 µm, with 

the sauter mean diameter of 425 µm. The combined effect of ozone and electrocoagulation process 

was found to be very efficient not only in terms of pollutant removal, but also from the economic 

perspective. The hybrid ozone assisted electrocoagulation process showed a much lower operating 

cost of 5.822 US$ m-3. Hence, this combined method could be efficient and useful for the treatment 

of different industrial effluents. However, a pilot plant study might be needed before an industrial-

scale implementation.   
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Treatment of oil, phenol, and iron rich cold rolling mill 

(CRM) wastewater of steel plant by standalone 

electrocoagulation and ozonation techniques 

The present chapter establishes the performance of standalone ozonation and electrocoagulation 

processes for the treatment of Cold Rolling Mill (CRM) wastewater consisting of phenol, COD, 

BOD, iron, and oil content from Tata Steel Industry, India. The operational variables of both the 

standalone processes, viz. current density, ozone generation rate, and treatment time, were 

addressed to analyse its effect on the removal efficiency of each process separately. Optimum 

experimental conditions of 200 A m−2 (current density), 1.12 mg s−1 (ozone generation rate), and 

30 min (treatment time) were adequate in lowering the amount of all the target pollutants below 

their respective discharge limits. The electrocoagulation process proved to be more efficient (98% 

phenol, 97.5% iron, 90.5% COD, 85.7% BOD, and 88% oil & grease) compared to ozonation 

(93.5% phenol, 86.5% iron, 70% COD, 74.3% BOD, and 62% oil & grease) in terms of pollutant 

removal rate for the target wastewater. The electrocoagulated flocs were then characterized to 

analyse its particle size and confirm the presence of pollutants removed during the process. The 

kinetic study conducted showed that pseudo first-order reaction fitted best with the highest R2 of 

0.99 for phenol, COD, BOD, iron, and 0.98 for oil & grease. Moreover, mass transfer analysis for 

ozonation indicates an increase in the volumetric mass transfer coefficient (Kl a) with an increase 

in the ozone generation rate. The cost of ozonation process was found to be about six times than 

that of electrocoagulation. However, the efficiencies and operating costs for both the standalone 

processes were found to be satisfactory compared to other methods reported in the literature.   
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5.1 Experimental 

5.1.1 Measurement and analysis   

Cold rolling mill (CRM) wastewater was collected from Tata Steel Industry, India to carry out the 

experiments for the present study. The initial characteristics of the wastewater sample were 

measured. The concentration of the pollutants targeted in this work were: phenol: 15 mg L−1, COD: 

750 mg L−1, BOD: 105 mg L−1, iron: 6 mg L−1, oil & grease: 25 mg L−1, and pH: 7.8. An acrylic 

electrocoagulation reactor of 500 mL volume and an ozonation reactor of 2 L volume were used 

for conducting the experiments. All the experiments were performed at a constant temperature of 

20℃. The sample analysis was done at an interval of 5 min, and the residual concentration of the 

pollutants was measured using an atomic absorption spectrometry (Make: M/s Varian; Model: 

Spectra AA 220 FS) and a photometer (Make: Palintest; Model: 7100). The change in solution pH 

was determined using a benchtop pH Meter (Make: Eutech; Model: 700). The details of all the 

measurement and analysis have been elaborately reported in section 2.3 of chapter 2.        

4.1.2 Operational parameters  

The study on electrocoagulation and ozonation were carried out under diverse operational 

conditions. The objective was to examine the correlation between the operational parameters of 

both the processes and the efficiency of pollutant removal. During ozonation, the experiments were 

conducted at three discrete ozone generation rates, such as 0.85 mg s-1, 1.00 mg s-1, and 1.12 mg 

s-1. The reaction time was altered between 10 and 30 min. During electrocoagulation, three discrete 

current densities were selected for the experiments such as 100 A m-2, 150 A m-2, and 200 A m-2.  
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The electrolysis time was regulated between 10 and 30 min, while the inter-electrode spacing was 

kept constant at 0.005 m during the process.    

During the application of three discrete ozone generation rates viz. 0.85 mg s-1, 1.00 mg s-1, and 

1.12 mg s-1, it was found that the experiments conducted at an ozone generation rate higher than 

1.12 mg s−1 yielded similar results in terms of pollutant removal efficiency. Further, the energy 

consumption of the ozonation process was significantly increased beyond an ozone generation rate 

of 1.12 mg s−1. Moreover, an oxidation time of 30 min was sufficient to effectively reduce all the 

target parameters below their assigned permissible limits. Therefore, the optimum operating 

conditions were taken as 1.12 mg s−1 and 30 min for the ozonation process. During the application 

of three discrete current densities viz. 100, 150, and 200 A m−2, it was observed that the 

experiments carried out beyond 200 A m−2 significantly increased the operating cost of the 

electrocoagulation process. Further, the permissible limits of all the target parameters were 

effectively reached at a current density of 200 A m−2. Moreover, the pollutant removal rate was 

only marginally improved on prolongation of the electrolysis time beyond 30 min. Therefore, the 

optimum operating conditions were taken as 200 A m−2 and 30 min for the electrocoagulation 

process.                         

5.2 Results and discussion 

5.2.1 Performance of ozonation and electrocoagulation processes on pH variation     

In ozonation processes, the initial pH of the solution was reduced from 7.8 ± 0.1 to a final pH of 

3.5 at 20 °C. The pH remains unchanged thereafter. The reason for the decrease in solution pH 

was because of the oxidation by ozone, which resulted in derivatives of acidic character such as  
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inorganic acids and organic anions [1]. Also, the reaction of ozone both with hydroxyl anions and 

the degradation products formed by oxidation via hydroxyl radicals (usually carboxylic acids) 

tends to decrease the pH of the solution during treatment. Further, the decrease in solution pH was 

observed due to higher ozone consumption at the beginning of the experiment [2]. Furthermore, 

the principal focus during ozonation process was to validate the impact of experimental variables 

viz. ozone generation rate (0.85–1.12 mg s−1) and treatment time (30 min) on the reduction 

efficiency of the pollutants, at a constant pH of 3.5. 

However, in the electrocoagulation process, the solution pH steadily increased from 7.8 ± 0.1 until 

an equilibrium condition was achieved around a pH of 8.5. The equilibrium state was reached 

owing to the buffer capability of Al(OH)3/Al(OH)4
− formed during the experiment. The pH was 

increased because of the generation of OH− ions at the cathode surface as well as H2 evolution at 

the cathode vicinity. Moreover, as the current density and the analysis time was increased, more 

amount OH− ions and H2 gas get generated during the experiment [3]. Thus, the solution pH gets 

enhanced with the progress of the electrocoagulation process.         

5.2.2 Effect of ozonation and electrocoagulation processes on phenol degradation  

Figure 5.1 (inset) depicts the change in the reduction of phenol concentration with varying ozone 

generation rates. From Figure 5.1 (inset), it is observed that, phenol reduction percentage increases 

from 63.5% to 93.5% as the ozone generation rate is increased from 0.85 to 1.12 mg s−1, 

respectively, after 30 min of operation. During ozonation, phenol oxidation leads to the production 

of HO• radicals. This was because of the shifting of an electron from phenol/phenolate ion to 

ozone, as shown in the equation below [4]:  
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PhO−/PhOH + O3 → PhO•/PhOH•+ + O3
•−        (5.1) 

The generation of a phenoxyl radical and an ozonide radical may be attributed to the direct electron 

transfer during the ozone oxidation of phenol. The phenol decomposition rate increased as the 

dissolved quantity of ozone was increased in the solution. Oxidation of phenol resulted in the 

generation of hydroquinone at para-position, which immediately oxidized to o-benzoquinone and 

p-benzoquinone. Hydroquinone formation was attributed to the addition of HO• to phenol, which 

resulted in the generation of di-hydroxycyclohexadienyl radicals that eventually led to the addition 

and elimination of dioxygen (O2
•−) and HO2

•  radicals, respectively [5]. Moreover, HO2
•  attack at the 

para-position of the phenoxyl radical with consecutive loss of H2O or direct attack by ozone at the 

para-position followed by the successive H2O2 loss was considered to be the reason behind 

benzoquinone formation. When benzoquinone was further oxidized under acidic conditions (pH ≈ 

4), its aromatic rings were unfolded. As such, p-benzoquinone and o-benzoquinone get 

decomposed, resulting in the generation of various organic acids. These organic acids were finally 

converted into CO2 and H2O as the end products during subsequent ozone oxidation. HPLC 

analysis was conducted to identify the phenolic intermediates formed during ozonation [6]. Figure 

5.2 displays the HPLC chromatogram of phenol degradation. It could be seen that oxidation of 

phenol resulted in the formation of aromatic compounds, viz. hydroquinone and benzoquinone. 

The retention times of hydroquinone and benzoquinone were 4.42 and 7.92 min, respectively. The 

formed intermediates were coincident with those reported in the literature [7]. In addition, the 

formation of catechol was found to be insignificant at acidic pH of 3, whereas it is formed as an 

essential primary product during the oxidation of phenol at pH 7. As such, no peaks for catechol 

were observed during the analysis of the intermediate compound. Thus, the intermediates formed 
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during phenol degradation are hydroquinone, benzoquinone as well as organic acids. These 

intermediates do not remain in their present form for a more extended period as they get quickly 

oxidized into CO2 and H2O as the final product, i.e., lowering of the phenol content may be denoted 

by the production of different phenolic by-products and its successive oxidation into carbon 

dioxide and water [8]. As such, it was inferred that with an increase in ozone oxidation, the phenol 

content decreases in the solution. Thus, at an optimum treatment time of 30 min and an ozone 

generation rate of 1.12 mg s−1, the phenol content reduces from 15 mg L−1 (initial concentration) 

to 0.95 mg L−1 (final concentration).    

 

Fig. 5.1: Effect of electrocoagulation and ozonation on phenol removal. Inset: ozonation process, 

Outset: electrocoagulation process 
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Fig. 5.2: Typical HPLC chromatogram showing the intermediates formed during phenol 

oxidation 

From Figure 5.1 (Outset), it is seen that as the current density is increased from 100 to 200 A m−2, 

the efficiency of phenol reduction also increases from 70% to 98% after 30 min of operation. 

During electrocoagulation, the phenol reduction efficiency was found to increase with respect to 

electrolysis time using aluminum electrodes. Various literatures have reported the generation of 

insoluble species by the integrated complexation, coagulation, and precipitation processes, 

resulting from the chemical synergy of trivalent cations with phenols and its compounds. Also, 

phenol, along with other organic substances, tends to incline towards the aqueous solution. The 

hydrolyzed products formed during electrocoagulation adsorbed the phenolic compounds on its 

surface (coagulation process), followed by the formation of flocs due to the physical interaction of 

the resulting particulate compounds (flocculation process). Due to current density, phenol and its 

various by-products get reduced to smaller organic molecules at the cathode surface [9]. The 

aluminum flocs along with other polymeric and monomeric hydroxides generated in situ adsorb  
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the formed organic molecules onto its surface, followed by precipitation at the bottom or flotation 

due to the H2 bubble evolution. The current density was increased due of an increase in the bubble 

density of H2 as well as a simultaneous reduction in the bubble size during the experiment. As 

such, the removal efficiency gets intensified due to higher upward flux and thereby leading to an 

increase in the floc floatation. Moreover, the in-situ generation of aluminum hydroxide flocs gets 

enhanced due to high current density, which eventually resulted in a higher amount of floc 

precipitation, thereby facilitating in the reduction of phenol concentration [10]. Thus, from the 

experiments conducted at an optimum treatment time of 30 min and a current density of 200 A 

m−2, it was found that the phenol content reduces from 15 mg L−1 (initial concentration) to 0.3 mg 

L−1 (final concentration).   

5.2.3 Effect of ozonation and electrocoagulation processes on iron removal   

Figure 5.3 (inset) represents the change in reducing iron content in the effluent with varying ozone 

generation rates. From Figure 5.3 (inset), it is observed that iron reduction efficiency increases 

from 58.5% to 86.5% as the ozone generation rate is increased from 0.85 to 1.12 mg s−1, 

respectively, after 30 min of operation. During the experiment, ozone oxidation converted the 

ferrous ions (Fe2+) into the ferric state (Fe3+), with subsequent formation of ferric hydroxide due 

to the precipitation of the oxidized salts. As shown in Eq. 3 and Eq. 4, Fe2+ gets rapidly oxidized 

into Fe3+ under acidic conditions. During ozone decomposition, Fe2+ played the role of a catalyst 

for the production of HO• radicals. Also, the formation of an intermediate species FeO2+, during 

Fe2+ oxidation, quickly gets transformed into HO• [11]. Various reactions involving oxidation of 

O3 with Fe2+ are as follows [12]:    
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Fe → Fe2+ (aq) + 2e−           (5.2) 

Fe2+ + O3 → FeO2+ + O2          (5.3) 

FeO2+ + H2O → HO• + Fe3+ + OH−         (5.4) 

Fe3+ + 3OH− → Fe(OH)3          (5.5) 

2Fe2+ + O3 + 5H2O → 2Fe(OH)3 + O2 + 4H+       (5.6) 

Based on the pH range, the Fe3+ ions were converted into ferric hydroxides (Eq. 5), followed by 

its precipitation at the bottom of the reactor. Thus, the generation of ferric hydroxide and its 

subsequent precipitation, owing to the soluble form's oxidation into insoluble oxides, was 

primarily responsible for the removal of iron content in the effluent. Under equilibrium condition, 

it was considered that as ferric hydroxides were insoluble in water, it gradually descended to the 

bottom of the reactor without participating in any type of reaction and, as such, can be effortlessly 

sieved out of the solution. The clear solution was then examined for residual Fe2+. Also, ozone 

solubility was much higher in the water at lower temperatures [13]. Higher the ozone solubility in 

water, more will be the oxidation of soluble iron salts, and as such, the removal efficiency of Fe2+ 

from the solution increases. Thus, at an optimum treatment time of 30 min and an ozone generation 

rate of 1.12 mg s−1, the iron content reduces from 6.0 mg L−1 (initial concentration) to 0.8 mg L−1 

(final concentration).    
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Fig. 5.3: Effect of electrocoagulation and ozonation on iron removal. Inset: ozonation process, 

Outset: electrocoagulation process 

From Figure 5.3 (Outset), it is seen that with an increase in current density from 100 to 200 A m−2, 

the efficiency of iron reduction also increases from 65% to 97.5% after 30 min of operation. The 

principal cause of iron removal via electrocoagulation was the adsorption of Fe2+ ions on the 

surface of the in-situ generated Al(OH)3 flocs. The state of iron was mainly governed by both the 

redox potential and the solution pH. The dissolved species of iron are usually divalent as long as 

the solution pH remains above 4. The transport of the Fe(OH)2 particles produced in situ to the 

liquid bulk remained insoluble, even after the bulk pH remained well beneath the value signifying  
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the product solubility. Thus, an increase in iron reduction efficiency was primarily because of the 

adsorption of Fe(OH)2 on Al flocs surface [14]. Moreover, as the current density was increased, 

the in-situ production of aluminum hydroxide flocs also gets increased, and as such, iron 

adsorption on its surface was enhanced. As such, the available binding sites played a significant 

part in the adsorption process of iron. During the hydrolysis reaction, Al(OH)3 produced leads to 

the generation of reactive Al(III)–Fe(II) complexes, thus enhancing the oxidation of Fe2+. Fe2+ 

hydrolyses and forms precipitates as the pH of the solution increases. Thus, it may be inferred that 

as the pH increases, the reduction of iron was mainly because of the generation of in situ Al(OH)3 

flocs, resulting in an enhanced Fe(OH)2 adsorption on its surface, which later settled down as 

precipitates in the form of reddish-brown sludge at the bottom of the reactor and can be easily 

separated [15]. From the experiments conducted at an optimum treatment time of 30 min and a 

current density of 200 A m−2, it was found that the iron content reduces from 6.0 mg L−1 (initial 

concentration) to 0.15 mg L−1 (final concentration). 

5.2.4 Effect of ozonation and electrocoagulation processes on oil & grease content 

Figure 5.4 (inset) depicts the reduction of oil concentration in the effluent during ozonation, with 

three different ozone generation rates viz. 0.85, 1.00 and 1.12 mg s−1. From Figure 5.4 (inset), it is 

observed that oil reduction efficiency increases from 32% to 62% as the ozone generation rate is 

increased from 0.85 to 1.12 mg s−1, respectively, after 30 min of operation. The oily contaminants 

found in industrial effluents are primarily aliphatic hydrocarbons. During ozonation, the aliphatic 

hydrocarbons get oxidized, with the cleavage of σ-bond between the carbon and hydrogen atom 

through the formation of free radicals. These moieties on interaction with the hydroxyl ion resulted  
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in the generation of alcohols, carboxylic acids, and ketones as intermediates [16]. Reactions of O3 

with saturated hydrocarbons are as follows [17]:  

RH + O3 → RO• + HOO•          (5.7) 

RH + O3 → R• + O2 + HO• → R2C = O + RCOOH       (5.8) 

RH + O3 → RO2
•  + HO•          (5.9) 

RH + O3 → R• + HO3
•  → ROH + O2

•          (5.10) 

RH + O3 → R• + HO3
•  → ROOOH         (5.11) 

The HO3
•  radical is produced when the ozone molecule abstracts the hydrogen atom from the 

carbon-hydrogen single bond system. The hydrotrioxide radical upon reaction with alkane again 

abstracts an H-atom to produce an alkyl radical, leading to the transient intermediate hydrotrioxide 

ROOOH molecule, and HOOOH, which finally decomposes into H2O and CO2. The above 

mechanism completely mineralizes the intermediate hydrophilic compounds such as ROH, R2C = 

O, and RCOOH [18]. However, the mineralization reactions are kinetically sluggish than the 

precursors due to the functional group's inductive effect on the electron cloud distribution in the 

molecule. The HO• radicals produced, when ozone interacts in the aqueous phase, can abstract 

hydrogen atoms from the saturated hydrocarbons, albeit straight-chained or branched alkanes, or 

even cycloalkanes. Oxidation by HO• via abstraction of H atom results in the formation of the alkyl 

radical, which further react to form hydrophilic compounds and eventually reduces the oil content 

in the solution as shown by the following equation [19]: 

RH + HO• → R• + H2O          (5.12) 
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The above-discussed pathway is predominant at low pH due to reaction selectivity. Thus, the 

experiments performed showed that at an optimum treatment time of 30 min and an ozone 

generation rate of 1.12 mg s−1, the oil content reduces from 25 mg L−1 (initial concentration) to 9.5 

mg L−1 (final concentration).  

 

Fig. 5.4: Effect of electrocoagulation and ozonation on oil & grease removal. Inset: ozonation 

process, Outset: electrocoagulation process 

From Figure 5.4 (Outset), it is seen that with an increase in current density from 100 to 200 A m−2, 

the efficiency of oil reduction also increases from 40% to 88% after 30 min of operation. During 

electrocoagulation, it was found that the efficacy of oil removal increases as the current density  
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increases from 100 to 200 A m−2. An increase in current density was realized by increasing the 

current supplied to the electrodes, because a hike in the supplied current eventually increased the 

dissolution of Al3+ from the anode, as per Faraday's law of electrolysis [20]. The emulsified oil 

droplets are known to have a high negative surface charge, which, when neutralized by the 

positively charged Al3+ ions, coalesce. Moreover, flocs of amorphous Al(OH)3, Al(OH)4
−, and its 

polymers that get generated in the electrocoagulation process having large surface areas, aided in 

the adsorption of the oil droplets, followed by its subsequent precipitation at the bottom of the 

container [21]. Also, O2 and H2 gases formed at the vicinity of anode and cathode, respectively, 

helped in the floatation of both oil droplets and flocs due to its higher upward flux, which increased 

the probability of adsorption and thus assisted in the reduction of oil content from the solution 

[22]. Further, it was seen from the experiments that, at an optimum treatment time of 30 min and 

a current density of 200 A m−2, it was found that the oil content reduces from 25 mg L−1 (initial 

concentration) to 3 mg L−1 (final concentration).  

5.2.5 Effect of ozonation and electrocoagulation processes on COD removal  

Figure 5.5 (inset) shows the change in reduction of COD content in the effluent with varying ozone 

generation rates. From Figure 5.5 (inset), it is seen that COD reduction efficiency increases from 

50.5% to 70% as the ozone generation rate is increased from 0.85 to 1.12 mg s−1, respectively, 

after 30 min of operation. The contaminants present in the effluent get oxidized during ozonation, 

which lowered both the COD and the BOD content. Ozone oxidation followed two pathways: 

either radical oxidation by HO• radicals, which were less selective and prevailed under alkaline 

state or direct oxidation by molecular ozone (O3) having more selectivity, which prevailed under  
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acidic state [23]. Owing to the predomination of indirect hydroxyl radical-mediated reactions, 

there may be a potential for a considerable amount of ozone wastage through the scavenging 

activity with both inorganic and organic content of the effluent under alkaline conditions. 

However, the molecular ozone predominated under acidic conditions, and as such, the ozone 

wastage was substantially low via scavenging reactions in the solution in comparison to the HO• 

radicals. Thus, the removal rates of both COD and BOD were increased at lower pH [24]. 

Moreover, at an optimum reaction time of 30 min and an ozone generation rate of 1.12 mg s−1, the 

COD content reduces from 750 mg L−1 (initial concentration) to 225 mg L−1 (final concentration).   

 

Fig. 5.5: Effect of electrocoagulation and ozonation on COD removal. Inset: ozonation process, 

Outset: electrocoagulation process 
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From Figure 5.5 (Outset), it may be seen that with an increase in current density from 100 to 200 

A m−2, the COD reduction efficiency also increases from 58.5% to 90.5% after 30 min of operation. 

During electrocoagulation, the absorptive nature of OH− ions generated at the surface of the 

cathodes helped in decreasing the COD content present in the effluent. At low pH, free cation, i.e., 

Al3+ ions, was the most predominant solution. The decrease in COD content of the solution was 

attributed to both pollutant adsorptions into the insoluble metal hydroxide species and charge 

neutralization of colloids. The removal of pollutants increased as the cationic metal ion 

concentration was increased [25]. Thus, an increase in current density enhanced the reduction 

percentage of COD content in the solution. Also, it can be seen from the experiments that, at an 

optimum treatment time of 30 min and a current density of 200 A m−2, the COD content reduces 

from 750 mg L−1 (initial concentration) to 70 mg L−1 (final concentration). 

Also, Figure 5.6 shows a similar decreasing trend for BOD content in the solution. In both the 

ozonation and electrocoagulation processes, the reduction efficiencies of BOD content were found 

to be 74.3% and 85.7%, respectively, for the optimum experimental conditions obtained. Similar 

to the COD, phenomena such as oxidation (during ozonation) and flocculation (during 

electrocoagulation) are primarily responsible for the BOD content's declination trend in the 

wastewater [26,27].  
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Fig. 5.6: Effect of electrocoagulation and ozonation on BOD removal. Inset: ozonation process, 

Outset: electrocoagulation process 

Furthermore, the feed composition and the pollutant reduction efficiency of both ozonation and 

electrocoagulation processes for phenol, COD, BOD, oil & grease, and iron concentration are 

shown in Table 5.1, as per the WHO permissible guidelines for surface water. Table 5.2 depicts a 

comparative analysis between the removal efficiencies of different wastewater treatment methods 

reported in the literature and the present methods (electrocoagulation and ozonation) used in this 

study.       
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Table 5.1: Comparison of pollutant removal efficiency between ozonation and electrocoagulation process 

Pollutants Initial 

concentration 

(mg L−1) 

Ozonation Percent 

Removal* 

(%) 

Electrocoagulation Percent 

Removal* 

(%) 

Permissible 

Limit    

(mg L-1) 

[WHO] 

Analysis Time = 30 min Analysis Time = 30 min 

0.85  

mg s-1 

1.00 

mg s-1 

1.12 

mg s-1 

100 

A m−2 

150 

A m−2 

200 

A m−2 

Phenol 15 5.5 ± 1 3 ± 0.5 0.95 ± 0.1 93.5 4.5 ± 1 2 ± 1 0.3 ± 0.1 98.0 1 

COD 750 370 ± 5 290 ± 3 225 ± 3 70.0 310 ± 4 200 ± 5 70 ± 2 90.5 250 

BOD 105 64 ± 3 42 ± 3 27 ± 2 74.3 60 ± 2 35 ± 3 15 ± 1 85.7 30 

Iron 6.0 2.5 ± 0.5 1.75 ± 0.5 0.8 ± 0.2 86.5 2.1 ± 0.5 0.85 ± 0.3 0.15 ± 0.2 97.5 1 

Oil 25 17 ± 2 14 ± 2 9.5 ± 0.5 62.0 15 ± 2 9.5 ± 1 3 ± 1 88.0 10 

* At the optimum ozone generation rate of 1.12 mg s-1 and current density of 200 A m-2.   
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Table 5.2: Comparison of pollutant removal efficiencies by different wastewater treatment 

methods 

Methods used Type of wastewater Pollutant Removal efficiency Reference 

Ozonation 
Olive mill 

wastewater 

80% phenols in 40 min 
[28] 

Electrocoagulation 

Olive mill  

wastewater 

91% phenols in 25 min 

[9] 

Bio mineralization 

Natural  

Groundwater 

47.86% iron in 10 min 

[29] 

Adsorption 

Alau Dam reservoir 

water 

90.35% iron in 70 min 

[30] 

Biological digestion Synthetic wastewater 85.3% iron in 24 h 
[31] 

Ozonation Textile wastewater 64% COD in 90 min 
[32] 

Electrocoagulation 

Simulated laundry 

wastewater 

62% COD in 40 min 

[33] 

Coagulation-

flocculation 

Paper mill wastewater 76% COD in 31 min 

[34] 

Electrocoagulation 

Ozonation 

Steel plant 

wastewater 

 

98.0% and 93.5% (phenol), 

90.5% and 70% (COD), 97.5% 

and 86.5% (iron) and 88% and 

62% (Oil) in 30 min 

Present 

Work 
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5.3 Electrode and sludge characterization  

Figure 5.7 (a) and Figure 5.7 (b) shows the FESEM image of the electrode before and after the 

electrocoagulation treatment. It can be seen from both the figures that before the application of the 

electrocoagulation process, the electrode surface appears to be smooth with few indentations that 

may have occurred due to acid cleaning, whereas after the treatment, the electrode appears to be 

rough and contoured due to the uneven deposition of cations and sludge on its surface. The sludge 

generated during the experiment was monitored by evaluating its dry (70 mg) and wet weight (10 

mg), structural morphology, particle size distribution, and the types of bonds present. Figure 5.7 

(c) shows the FESEM image of the dried sludge, which indicates that the sludge does not inherit 

any specific shape after electrocoagulation treatment. Also, Figure 5.7 (d) indicates the size of the 

generated sludge, determined with the help of a particle size analyzer (Delsa nano). It is observed 

that the sludge size varies from 211 to 387 µm with a variation in treatment time from 10 to 30 

min. The increase in sludge size indicates the formation of more amount of Al (OH)3 sludge, which 

assists in the reduction of pollutants from the effluent by the phenomenon of adsorption followed 

by sedimentation. Furthermore, Figure 5.7 (e) shows the FT-IR spectra of the dried sludge. 

Absorption bands at 3550 and 1015 cm−1 corresponds to the −OH and −Al−O stretching mode of 

vibration, respectively. An absorption band at 2100 cm−1 was assigned due to alkyne C−C 

stretching present in the aliphatic chain. Also, the distinguishing peak at 1640 cm−1 corresponds 

to C=C bond stretching. Also, the absorption band at 1310 cm−1 represents the bending mode of 

vibration of −OH group due to phenol, and 680 cm−1 confirms the presence of hydrous metal oxide 

(Fe−O) bond present in the complex. The sludge produced during the EC process can be easily 

removed either by the decantation process or with the help of a filter paper.     
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Fig. 5.7: Characterization of electrodes and sludge. FESEM images of (a) electrodes before EC 

treatment, (b) electrodes after EC treatment, and (c) dried EC sludge. Particle size analysis of (d) 

sludge produced during EC treatment, and FT-IR spectra of (e) dried EC sludge. 
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5.4 Kinetic modelling of phenol, iron, oil and COD reduction 

Pseudo first-order reaction was effectively utilized to explain the degradation of pollutants during 

ozonation [35]. 

dCp

dt
 = −kobs Cp           (5.13) 

Integration of Eq. (13) gives:  

Cp = Cp
0 e−kobst           (5.14) 

here, Cp = pollutant concentration (mg L−1), Cp
0 = Initial pollutant concentration (mg L−1), t = 

residence time (min) and kobs = observed first-order rate constant (min−1). As such, the plot of 

residence time versus regression of ln Cp was used to evaluate the rate constant (kobs). The values 

of R2 and kobs at three ozone generation rates such as 1.12, 1.00, and 0.85 mg s−1 for phenol, COD, 

BOD, iron, and oil are shown in Table 5.3. From the kinetic study conducted, it was observed that 

the reduction in pollutant efficiency gets enhanced as the ozone generation rate is increased. Thus, 

an improved reduction in pollutant concentration at 1.12 mg s−1 compared to 0.85 mg s−1 is 

primarily because of the existence of a high amount of dissolved quantity of ozone in the solution, 

resulting in higher oxidation of pollutants. At 1.12 mg s−1, kobs for phenol (0.0705 min−1) was 

found to be the highest, whereas kobs starts decreasing for 1.00 mg s−1 (0.0548 min−1) and 0.85 

mg s−1 (0.0352 min−1), respectively. Likewise, the highest kobs for COD (0.0817 min−1), BOD 

(0.1136 min−1), iron (0.1121 min−1), and oil content (0.0492 min−1) were found at 1.12 mg s−1. 

However, with a decline in the ozone generation rate from 1.00 to 0.85 mg s−1, the rate constant 

kobs also decreases, as observed from Table 5.3. Also, the highest R2 of 0.99 for phenol, iron, 

BOD and COD and 0.98 for oil and grease, respectively, was obtained at 1.12 mg s−1. As a result,  
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reaction kinetics displayed that both the cations and the anions acknowledged the fitting of the 

kinetic model perfectly. Therefore, it can be inferred that all the compounds present in the effluent 

responded quite significantly to the pseudo first-order kinetic model.     

Table 5.3: Observed reaction rate and R2 values for different pollutants at three ozone generation 

rates.   

Parameters 

1.12 mg s−1 1.00 mg s−1 0.85 mg s−1 

kobs (min−1) R2 kobs (min−1) R2 kobs (min−1) R2 

Phenol 0.0705 0.99 0.0548 0.99 0.0352 0.99 

COD 0.0817 0.99 0.0657 0.99 0.0484 0.99 

BOD 0.1136 0.99 0.0780 0.99 0.0613 0.99 

Iron 0.1121 0.99 0.0909 0.99 0.0676 0.99 

Oil 0.0492 0.98 0.0304 0.98 0.0247 0.98 

 

5.5 Mass transfer study of ozone     

The conversion of gaseous ozone into the liquid phase along with its self-decomposition reaction 

governs the phenomenon of volumetric mass transfer coefficient (Kl a) of ozone. The ozone mass 

transfer study was investigated to determine ozone transport from the gaseous phase into the 

aqueous phase. This phase change solely depends upon the Kl a values. Two phenomena are 

involved in evaluating the Kl a values of ozone, viz. self-decomposition rate of ozone absorbed 

into the solution, and mass transfer of the gaseous ozone into the aqueous phase [36]. The details 

of the mass transfer equations have been elaborately reported in chapter 3. The experiments were  
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carried out at 20 °C. The diffusion coefficient (kd) for various pH ranges were determined using 

the correlation mention by Sotelo et al. (1987) [37]. At pH 3.5, the values of Kl a were found to be 

0.26 × 103 s−1, 0.43 × 103 s−1, and 0.55 × 103 s−1, for ozone generation rates of 0.85 mg s−1, 1.00 

mg s−1, and 1.12 mg s−1 respectively, when kd was 2.6 × 104 s−1. It can be concluded that an 

increase in Kl a with respect to ozone generation rates corresponds to the enhanced mass transfer 

of gaseous ozone into the liquid phase i.e. the ozone generation rate is directly proportional to Kl 

a. Thus, the amount of dissolved ozone concentration increases in the solution, with an increase in 

the ozone generation rate from 0.85 to 1.12 mg s−1, as shown in Figure 5.8. 

 

Fig. 5.8: Concentration profile of ozone at different ozone generation rates 
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5.6 Estimation of energy consumption and operating cost of each process    

During the lab scale (batch operation) application of ozonation process, the economic aspect is 

investigated by the evaluation of electrical energy per order (EEO). The figures-of-merit for 

technical development, based on the electrical energy per order (EEO) (also termed as the efficiency 

index) was calculated. EEO is the amount of electrical energy required in kWh for decreasing the 

pollutant content by 1 order of magnitude in 1 m3 of contaminated water. For pseudo-first order 

reactions, the EEO (kWh m-3) values for batch operations was calculated with the help of following 

equation [38]:  

EEO = 
P × t × 1000

V × log10 
Ci
Cf

           (5.15) 

where P = power required for the process (kWh), t = reaction time (h), V = volume of sample 

treated, Ci and Cf are the initial and final concentration of the pollutants. In ozonation, the EEO 

values for the pollutants are as follows: for COD, EEO = 69.32 kWh m−3, for BOD EEO = 61.4 kWh 

m−3, for phenol EEO = 30.25 kWh m−3, for iron EEO = 41.40 kWh m−3, for oil EEO = 86.25 kWh 

m−3. Similarly, in case of electrocoagulation the values of EEO obtained are as follows: for COD, 

EEO = 43.70 kWh m−3, for BOD EEO = 53.25 kWh m−3, for phenol EEO = 26.52 kWh m−3, for iron 

EEO = 28.05 kWh m−3, for oil EEO = 48.85 kWh m−3. It is clearly evident that electrical energy per 

order for electrocoagulation is lower than that of ozonation, indicating that the electrocoagulation 

process is more energy-efficient with respect to the removal of specified pollutants. 

Furthermore, in the present work, the cost estimation for ozonation primarily considered the cost 

of energy requirement during the entire operation (US$ m−3 of solution). The operational cost was 

calculated from the equation below: 
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Operating cost(ozonation) = q × Qenergy         (5.16) 

here, q = Electricity cost (0.0948 US$ kWh−1) and Qenergy = Electrical energy consumption for 

pollutant removal. The electricity cost was considered in accordance with its price for Assam 

(India) in the year 2020. Considering the power utilization to be 33, 51, and 72.5 W at 0.85, 1.00, 

and 1.12 mg s−1, the price of electrical energy was observed to be 14.11, 27.50, and 44.75 US$ 

m−3, respectively. As such, the cost of operation for the ozone generation rate of 0.85, 1.00, and 

1.12 mg s−1 was calculated as 1.36, 2.65, and 4.30 US$ m−3, respectively at the end of 30 min. 

 

Fig. 5.9: Effect of electrocoagulation and ozonation on operating cost. Inset: ozonation process, 

Outset: electrocoagulation process 
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The cost of operation for electrocoagulation consists of sludge disposal cost, fixed cost, cost of 

chemicals, electricity, and electrode cost. Nevertheless, for simplicity, the cost estimation in this 

study mainly involved the rate of electricity and the electrode cost. The operating cost was 

determined from the equation given below [39]:  

Operating cost(electrocoagulation) = p × Qelectrode + q × Qenergy     (5.17) 

Here, Qenergy = Electrical energy consumption for pollutant removal, Qelectrode = Electrode 

materials consumption, p = Cost of electrode (2.0475 US$ kg−1 of aluminum) and q = Cost of 

electricity (0.0948 US$ kWh−1). The equation for electrical energy consumption is given as: 

Qenergy = 
I × V × t

VL
            (5.18)  

Here, I = Current (A), V = Voltage (V), t = treatment time (s) and VL = Wastewater volume (m3). 

However, consumption of electrodes was evaluated from the equation below (Faraday's law) [15]: 

Qelectrode = 
I × t × M.W

F × z × VL
           (5.19) 

Here, M.W = Molar mass of aluminum (26.98 g mol−1), F = Faraday’s constant (96,487 C mol−1) 

and z = Number of transferred electrons (z = 3). The work done showed that, with an enhanced 

current density, both the cost of energy and the electrodes was increased. The reason can be 

attributed to higher anodic oxidation and energy consumption during the process. Thus, with a rise 

in current density from 100 to 200 A m−2, the cost of electrodes as well as the cost of energy varied 

from 0.00106 to 0.00242 US$ m−3 and 2.82 to 6.5 US$ m−3, respectively. The operating cost as 

such was calculated to be 0.381, 0.553, and 0.742 US$ m−3 for a current density of 100, 150, and 

200 A m−2, respectively after a reaction time of 30 min. Figure 5.9 shows the cost of operation for 

both ozonation and electrocoagulation processes. It is seen from Figure 5.9 that electrocoagulation 
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is much more economical compared to the ozonation process. Also, the operational cost for this 

study was found to be economical for both the processes, when compared with other reported 

treatment methods, as shown in Table 5.4.   

Table 5.4: Comparison of cost estimation for the ozonation and electrocoagulation process in 

treating different types of wastewater 

Methods used Types of wastewater Operating cost References 

Electrocoagulation Metalworking wastewater 4.74 US$ m−3 [40] 

Electrocoagulation Synthetic wastewater 1.62 US$ m−3 [41] 

Electrocoagulation Kraft pulp bleaching 

filtrates 

14.21 US$ m−3 [42] 

Electrocoagulation Synthetic wastewater 6.05 US$ m−3 [15] 

Ozonation Microalgae lipid strain 

slurry 

7.44 US$ (kg of dry algal 

mass)−1 

[43] 

Ozonation Textile dye wastewater 63.5 US$ m−3 [44] 

Ozonation Olive oil mill  

wastewater 

95 US$/m3 [45] 

Ozonation Municipal wastewater 4.50 US$ m−3 [46] 

Electrocoagulation 

Ozonation 

Cold rolling mill 

wastewater 

EC = 0.742 US$ m−3 

O3 = 4.30 US$ m−3 

Present 

Work 
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5.7 Feasibility study of the ozonation and electrocoagulation processes       

The economic advantage of operating an electrocoagulation setup over an ozonation unit is quite 

evident. A preliminary cost analysis study was also conducted for both the processes, which 

indicated that the electrocoagulation process is much more economical than ozonation, as shown 

in Figure 5.9. The capital cost of setting up an ozonation unit will be higher due to the greater 

complexity of fabrication and erection than an electrocoagulation unit. Moreover, the efficacy of 

the electrocoagulation process is remarkably higher for reducing all the available pollutants in the 

effluent compared to the ozonation process, as evident from Figure 5.10. Besides, there are other 

downsides of ozonation, such as the treated water stream is highly acidic, complete mineralization 

of complex contaminants is sometimes not possible, and generation of toxic intermediates can 

cause more damage [47]. On the other hand, the degraded products formed during 

electrocoagulation get adsorbed and securely locked in the generated sludge, which the decantation 

process can easily separate. The stream coming out of the electrocoagulation chamber is non-

corrosive and slightly alkaline. Moreover, there is no risk of releasing noxious fumes from an 

electrocoagulation chamber, while proper precautions must be taken to prevent an accidental 

release of ozone. Hence, the targeted effluent electrocoagulation process is more suitable than 

ozonation, owing to its better performance efficiency and utilization of a lesser amount of current. 

The results reported here depicted the feasibility of the techniques considered herein and not 

scalable to continuous operation at the level of 10–30 m3 h−1. However, the range of values of 

crucial factors like; the current density, residence time within the reactor, inter-electrode distance, 

and electrode materials considered herein might be helpful to design a continuous flow reactor. 

For example, the reactor volume for a 30 m3 h−1 capacity treatment plant can only be known from 
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the residence time obtained from this study. However, the hydrodynamic and mixing properties of 

the reactors must be taken care of before designing the reactor for a continuous mode of operation. 

 

Fig. 5.10: Comparison of pollutant reduction efficiency by electrocoagulation and ozonation. 
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5.8 Summary of work 

This study focuses on the standalone application of ozonation and electrocoagulation processes for 

the removal of phenol, COD, BOD, iron, and oil content from the CRM wastewater of Tata Steel 

industry (India). Ozonation leads to a decrease in initial pH from 7.8 to 3.5 due to the formation 

of various derivatives of acidic character. Nevertheless, the pH increases from 7.8 to 8.5 during 

electrocoagulation, owing to the generation of OH− ions at the cathode surface. The optimum 

operating conditions of 1.12 mg s−1 (ozone generation rate), 200 A m−2 (current density), and 30 

min (treatment time) were sufficient in lowering all the target contaminants below their respective 

permissible limits, thus fulfilling the environmental requirement for its discharge/reuse. Also, at 

the optimized operating conditions, the electrocoagulation process was found to achieve better 

removal efficiency for all the target contaminants (phenol, iron, COD, BOD, and oil & grease) 

compared to ozonation. Besides, if the ozone generation rate was increased above 1.12 mg s−1 

(optimized condition), there is only a slight increase in the pollutant removal efficiency, whereas 

a significant increase in the operational cost was observed. Further, the decomposition of pollutants 

pursues pseudo first-order kinetics, in which the highest rate constant (kobs) for all the target 

contaminants was achieved at the optimum ozone generation rate of 1.12 mg s−1. Particle size 

analysis showed that the size of electrogenerated sludge increases with an increase in electrolysis 

time. The increase in sludge size indicates the formation of more amount of Al(OH)3 with respect 

to electrolysis time. Additionally, the preliminary cost estimation showed that the operating cost 

of ozonation (4.30 US$ m−3) was about six times than that of electrocoagulation (0.742 US$ m−3) 

for the CRM wastewater. Thus, it may be concluded that electrocoagulation is highly economical 

and showed better pollutant removal efficiency than ozonation for the target wastewater.     
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Chapter 6 

Conclusions and Future scope of work 

The present chapter has been categorized into two sections: first section contains the conclusions 

of all the experimental results presented in this thesis and the inferences drawn from it, while the 

second section includes recommendations towards scope for future work.   

6.1 Conclusion 

Chapter 1 addresses the state of the art literature, research motivation of present work, possible 

scope of research, along with the objectives and organization of the thesis. Chapter 2 describes 

the materials and experimental methods used for the thesis work. The mechanism and reactor set-

up of both ozonation and electrocoagulation methods were discussed. It also includes the 

characterization techniques used for the analysis of the wastewater samples.   

Chapter 3: Hybrid ozone assisted electrocoagulation technique for the treatment of cyanide 

and phenol rich steel plant wastewater.  

1. During ozonation, the pH of the effluent rapidly decreases from an initial pH of 7.72 to 3.0. 

However, the pH later increases up to 8.30 at the end of the electrocoagulation process. 

2. The hybrid ozone assisted electrocoagulation process was very effective in reducing the 

concentration of cyanide, phenol, COD, BOD, and chloride up to 0.1 mg L-1 (99.8 %), 0.5 

mg L-1 (99.5 %), 110 mg L-1 (94.7 %), 24 mg L-1 (95.0 %), and 975 mg L-1 (46.5 %), 

respectively, which is well below their respective permissible limit of surface water.  
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3. The kinetic study performed indicated that the degradation of all the target contaminants 

can be well explained by the pseudo first-order kinetic model. The highest contaminant 

reduction with rate constant (kobs) of 0.1208, 0.1401, 0.0309, 0.0338, and 0.0125 min−1 and 

R2 values of 0.99 were obtained for cyanide, phenol, COD, BOD, and chloride, 

respectively, at an ozone generation rate of 1.33 mg s−1.   

4. Mass transfer study showed that an increase in the ozone generation rate increases the 

volumetric mass transfer coefficient (Kl a), resulting in an increased ozone concentration. 

5. The hybrid ozone assisted electrocoagulation process showed an operating cost of 5.801 

US$ m-3.  

Chapter 4: Removal of ammonia-N, iron and colour from steel plant generated biological 

oxidation treated (BOT) wastewater via hybrid ozone assisted electrocoagulation.  

1. An optimum ozone generation rate of 1.33 mg s-1 was sufficient to reduce the colour 

content up to 45 mg L-1 (98.2 %). However, a combination of ozone assisted 

electrocoagulation process was required to lower the concentration of iron, and ammonia-

N up to 0.6 mg L-1 (90.6 %), and 48.5 mg L-1 (62.8 %), respectively, which was well below 

their permissible limit of surface water. Even though the removal rate of ammonia-N was 

found to be much lower, no further treatment was carried out since the WHO permissible 

limit of the pollutant has already been reached.  

2. The kinetic modelling showed that the degradation of the target contaminants followed the 

pseudo first-order kinetic model. The highest contaminant reduction with rate constant 

(kobs) of 0.022, 0.010, and 0.095 min-1 as well as R2 values of 0.988, 0.985, and 0.977 were  
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obtained for iron, ammonia, and colour, respectively, at an ozone generation rate of 1.33 

mg s-1.     

3. Size determination study of the ozone microbubbles showed that the bubble size varied 

between 20 µm and 650 µm, with the sauter mean diameter of 425 µm.  

4. The corrosion increased from 27.2 to 45.1 mg with an increase in current density from 50 

to 150 A m−2. Further, an increase in film thickness was observed from 6.1 to 8.8 µm over 

the electrode surface as current density proceeds from 50 to 150 A m−2.    

5. Preliminary cost analysis for the hybrid ozone assisted electrocoagulation process was 

found to be 5.822 US$ m−3. 

Chapter 5: Treatment of oil, phenol, and iron rich cold rolling mill (CRM) wastewater of 

steel plant by standalone electrocoagulation and ozonation techniques.  

1. Ozonation leads to a decrease in the initial pH from 7.8 to 3.5. On the other hand, the pH 

increases from 7.8 to 8.5 during electrocoagulation. 

2. At the optimized conditions, electrocoagulation was found to achieve better removal 

efficiency for all the target contaminants viz. 98% phenol, 97.5% iron, 90.5% COD, 85.7% 

BOD, and 88% oil & grease; whereas the ozonation process showed relatively lower 

removal rates of 93.5% phenol, 86.5% iron, 70% COD, 74.3% BOD, and 62% oil & grease.  

3. The degradation of the target contaminants pursues pseudo first-order kinetics. The highest 

contaminant reduction with rate constant (kobs) of 0.0705, 0.1121, 0.0817, 0.1136, and 

0.0492 min-1 and R2 values of 0.99 were obtained for phenol, iron, COD, BOD, and oil & 

grease, respectively, at an ozone generation rate of 1.12 mg s−1.  
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4. Particle size analysis showed that the sludge size increases from 211 to 387 µm with a 

variation in treatment time from 10 to 30 min. The increase in sludge size indicates the 

formation of more amount of Al(OH)3 with respect to electrolysis time.  

5. The operating cost of ozonation (4.30 US$ m−3) was found to be about six times than that 

of electrocoagulation (0.742 US$ m−3) during the treatment of the CRM wastewater.   

 

6.2 Future scope of work 

 
Research findings of this thesis work provided a good number of insights on both 

electrocoagulation and ozonation techniques used for the treatment of industrial wastewater. Few 

recommendations for future work are outlined below:    

Electrocoagulation: 

1. Though the combination of electrocoagulation with other technique resulted in high 

process performance, yet factors like non-uniform coagulant dosing and electrode 

passivation continue to restrict its industrial application. However, this can be resolved by 

the use of alternate current and reverse polarization. Future studies should extensively 

focus on minimizing the electrode passivation rate as it greatly determines the removal 

efficiency of the process.  

2. Further research must be carried out to reduce the electrode consumption and increase the 

pollutant reduction efficiency of the process. This might be achieved by evaluating the 

performance of dielectrophilic improved electrodes, which are projected to minimize the 

electrode consumption while also improving the water quality of permeates. Such research  
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would assist in understanding the fouling control mechanism by the electrocoagulation 

process along with future reactor design of the combined techniques. 

3. Significant importance should be given to the development of simulation and modelling 

approach such as artificial neural network (ANN) and Taguchi models for the prediction 

of pollutant removal efficiency in complex wastewaters. The use of machine learning tools  

viz. AutoCAD and Python is another emerging area which could be explored for designing 

the process reactor and operational control of the EC system. 

4. It is highly recommended to develop a sustainable approach for the utilization of generated 

H2 gas and proper disposal of sludge formed during the EC process. This can significantly 

make the process more efficient, eco-friendly and cost-effective apart from providing a 

feasible alternative for the degradation of different wastewater contaminants. 

Ozonation: 

5. Although the ozone-based treatment processes showed higher pollutant degradation 

efficiency; however, the removal mechanism for most of the refractory organic 

contaminants has not yet been established. As such, major attention should be given on the 

development of rate expressions, water chemistry correlation, aspects of mineralization, 

and selection of scale-up parameters based on established reaction mechanisms.  

6. Further studies should be conducted on the evaluation of electrical energy required to 

oxidize different types of pollutants during ozone-based treatment of real wastewater so 

that a perceptible comparison could be achieved. The application of solar energy may be a 

cost-effective solution to treat and reuse different wastewater, which could present 

ozonation as an economically feasible process. 
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7. More studies need to be carried out on the implementation of real-time monitoring and 

control systems to adjust the ozone dosing based on variations in wastewater properties. 

This ensures that the process remains efficient and effective under changing conditions. 

Also, optimizing the method of ozone delivery, via fine bubble diffusion or the use of  

ozone-resistant diffusers, is another emerging area which could be explored to ensure 

maximum contact between the ozone gas and water samples. 

8. Prolonged reaction time can result in higher energy consumption, thereby increasing the 

overall operating cost of the process. Further studies should be conducted on the use larger 

reaction tanks or increase the flow rate of water through these reaction tanks, which can 

significantly improve the mass transfer of ozone from its gaseous phase into aqueous phase, 

thus reducing the reaction time of the process.  

9. Based on the results obtained from the treatment of steel industry effluents, a pilot plant 

study is strongly recommended to treat different types of wastewater and to investigate its 

feasibility in industrial scale.  
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Appendix A: Determination of oil and grease 

concentration using UV-Vis spectrophotometer 

The concentration of oil and grease in both the ozonated and electrocoagulated samples is 

determined by first creating a calibration curve. The oil and grease concentration in the CRM 

wastewater was 25 mg L-1. In view of this, millipore water and particular volumes of wastewater 

samples were used to create standard oil and grease emulsions with concentrations ranging from 

10 to 25 mg L-1. The prepared standards were sonicated for 7-8 hours before analysis. The 

absorbance of the resulting emulsions at various concentrations was measured using a UV-Vis 

spectrophotometer at a wavelength of 235 nm. The measured absorbance values were then 

plotted against variations in emulsion solution concentration. Since the absorbance varied 

linearly with changes in the proportion of oil and grease, the concentration of both the ozonated 

and electrocoagulated samples were determined by calculating the absorbance using the 

calibration curve that was created.  
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Appendix B: Determination of metal ion concentration 

using atomic absorbance spectrophotometer 

The determination of metal ion concentration in the treated samples is carried out by first 

preparing a fresh stock solution of 1000 mg L-1 for the target metal ion. Standard solutions in 

the range of 10-100 mg L-1 as per requirement were prepared from the stock solution. The 

obtained standard solutions with varied concentrations were analyzed for their absorbance using 

atomic absorbance spectrophotometer at the corresponding wavelength for the target metal ion 

to fit the calibration values in the software analyzing the standard samples. The obtained 

absorbance values were plotted with respect to variations in solution concentration. 

Subsequently, the calibration values were used in measuring the unknown concentration of the 

treated samples. The AAS method detection limit for metal of interest (iron in this study) ranges 

between 0.06 to 15 μg/mL at a wavelength of 248.3 nm. 
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Appendix C: Calibration standard curve for particle size 

analyzer 

The particle size analyzer typically works on the principle of dynamic light scattering (DLS). 

The particle size diameter of the electrocoagulated samples is determined by first creating a 

calibration standard curve. The measurement cell for the analysis was made of glass and the 

measurement angle was automatically set to back scatter. The filter optical density and the focus 

position were taken as 4.039 and 3.1 mm respectively. The solvent used was water, having a 

refractive index of 1.3303 and the time for each run was 10 sec. The particle size distribution 

peak was then plotted against variations in particle size diameter. The average hydrodynamic 

diameter of the standard curve was found to be 63.25 nm with a mean intensity of 290.4 

kcounts/s. Also, a diffusion coefficient of 7.4 μm²/s was reported for the standard curve.  

 

Fig. A1: Calibration curve for the standard solution during particle size analysis 
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Appendix D: Hypothesis test to demonstrate the synergy for 

the ozone-electrocoagulation process 

A hypothesis test based on mean efficiency calculation has been developed to demonstrate the 

synergy for the integrated process. The mean efficiency of the integrated process (O3/EC) was 

significantly higher than the standalone processes (EC and O3).  

To quantify this, t-statistical test was conducted using a two-sample ANNOVA. The null 

hypothesis assumes that the difference in the mean value of the standalone and the integrated 

processes is the same, while the alternate hypothesis assumes both are significantly different. 

In this study, three samples are taken from the experimental data for both standalone and 

integrated processes. As the sample size is low, “t” statistics are considered instead of the “z” 

distribution. Also, the value of “α” was considered to be 0.005 since the difference of the means 

has a greater significance. While comparing the mean efficiency of standalone ozonation with 

the integrated process, the t-stat was found to be 8.98 with a p value < 0.0001. As the p-value 

is drastically lower than α, the null hypothesis could be rejected with good conviction. Further, 

comparing the mean efficiency of standalone electrocoagulation with the integrated process 

showed a t-stat of 13.04 with a p value < 0.0001, which again rejects the null hypothesis. Thus, 

in both the cases, the alternate hypothesis can be adapted which implies that the synergy of the 

integrated process has a significant impact in enhancing the performance efficiency of the 

process compared to the standalone methods. 
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Fig. A2: Hypothesis testing establishing the synergy of the integrated process in enhancing 

the performance efficiency 
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Appendix E: Error analysis 

The errors in experimentally measured quantities and in parameters calculated from those 

measurements are important in that they determine the accuracy of calculation and 

predictions using those quantities. There are two types of errors viz. systematic error and 

random error. Systematic errors are the results of faulty assumptions or improper 

experimental measuring techniques. In this work, care was taken in eliminating systematic 

errors by appropriately designing the experiments and adopting qualified methods for 

analysis of the data. On the other hand, random errors result from variation in the precision of 

measuring parameters and the slight variations that occur in successive measurements made 

by the same observer under nearly identical conditions. Random errors cannot be eliminated. 

The focus of the error analysis presented in this section is on the random errors.  

In most of the experiments performed in this work, the quantity that is measured 

directly is the pollutant concentrations, which is used to determine the removal (%) in the 

target wastewater samples.   

Error in the measurement of concentration of pollutants 

The pollutant concentrations in the solution were determined using atomic absorbance 

spectrophotometer and UV-Vis spectrophotometer. Calibration curves were prepared and the 

absorbance values at various concentrations was measured. From the calibration curves, it 

was observed that the standard deviation of the predicted value from actual value of 

concentration is 0.9917 for three different cases. Thus, every measurement of concentration is 

associated with an error of 0.80 % whose effect on the removal values can be ignored. 
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