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    Synthetic dyes are a major part of dyes utilized by the textile industry. Organic dyes are the new chemicals that are extensively used in the textile industry nowadays. Most of these dyes are toxic and potentially carcinogenic in nature and pose major threats and create environmental problems. While dyeing, not all the dyes are adsorbed by the fabric materials and a considerable part is left as textile effluent. This effluent will mix with water bodies and create environmental hazards. Therefore, the treatment of textile effluents, especially dye removal, is an imperative step for environmental remediation. The removed dye is also a secondary pollutant to the environment. Therefore, the conversion of dye molecules to benign molecules is the ultimate step for environmental remediation. The conversion of carcinogenic dye molecules to an environmentally benign molecule is called dye degradation. From the industrial perspective, the process of conversion should be not only efficient but also cost-effective.




    The editors have chosen the interesting aspects of dye degradation. The book “Advances in Dye Degradation” highlights the recent advantages of dye degradation pathways. However, without a basic understanding, the advanced perspective will have no meaning. Hence, Volume I of this book series deals with the fundamental aspects. In this work, the authors have discussed the nature of dye molecules, adverse effects, environmental problems caused by the dye molecules and their remediation process. The toxicity of the dyes is discussed in detail, and the application of nanotechnology, electrochemical and biological processes is also discussed. Since the advanced oxidation process is one of the important methods of the dye degradation process, the basic mechanism of photocatalytic dye degradation is also discussed in detail. This book deals with the basics of most of the relevant topics in the field of dye degradation, and it will certainly be useful for students as well as researchers.
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    Dye degradation is an important step for the sustainable ecofriendly atmosphere in the dyeing and textile industry. The untreated textile effluent provides severe adverse effects on the ecosystem. This book deals with the mitigation of textile effluents. Chapter 1 is a fundamental chapter that describes the nature of dyes, classification, adverse effects and methods of removal of dyes from a bird’s eye view. The aim of the first chapter is to give a basic idea of dyes and understand the necessity of textile effluent mitigation with respect to the ecosystem. This chapter also gives an overview of the most prevalent methods used for textile effluent mitigation and degradation processes.




    Chapter 2 deals with the toxicity measurements of textile effluents. This chapter deals with the regulation of dyes, and analysis of dyes by means of various methods. This chapter provides a view of toxicological dosages like LD50 and LC50 values of dyes. Also, it provides details about the dose effect and dose response. This chapter also explains how the toxicity is evaluated using live animals. Chapter 3 deals with the microbial degradation of dyes as an overview. This chapter portrays microorganisms as an effective tool to mitigate textile effluents. The biological methods for decolorization and degradation of textile effluent are very successful and have various advantages over traditional procedures. Biological methods for removing toxic textile dyes are both environmentally friendly and cost-effective.




    Chapter 4 pitches a platform about the utility of nanotechnology in dye degradation methods. Materials are always efficient, reusable and cost-effective over any other methods used in all the fields of technology. Nanoscience and technology provide effective solutions for various problems, and also have a deep impact in the field of dye degradation and textile effluent mitigation. The nanotechnology itself provides various methods for dye mitigation. This chapter provides an overview of the utilization of nanotechnology for textile effluent problems.




    Chapter 5 deals with the electrochemical degradation of synthetic textile dyes from aqueous solution. Electrochemical methods are one of the effective methods for the treatment of effluent water. The CV, UV–Vis and chemical oxygen demand (COD) studies are the important parameters for degradation efficiency. This chapter deals with the process of applying electrochemical methods to textile companies for the mitigation of textile effluents. Chapter 6 also deals with the electrochemical processes of dye mitigation. This chapter concentrates on anodic oxidation processes. The mechanisms of еlectrochemical oxidation in anodic oxidation processes are explained in detail. The various anodic electrodes towards dye mitigation and degradation, their mechanism of action and efficiencies are reviewed.




    Chapter 7 explains in detail the Z-scheme, which is a fundamental phenomenon for the photocatalytic degradation of dyes using various photoactive materials. Therefore, this Z-scheme has an impact on environmental remediation. The photocatalysts designed using Z-scheme have several advantages over the traditional photocatalytic processes, like efficient charge separation and electron transfer. Hence, it renders an efficient redox mechanism for the catalytic materials.




    Chapter 8 deals with several photocatalytic materials for dye degradation, like metal oxides, metal sulfides, and metal ferrites. It also discusses with strategies to improve photocatalysts, such as doping the materials. This book strives to give collectively about the nature of dyes, the adverse effects of dyes and the basics of degradation methods. The editors aim to format the first volume of this series to pitch a basic idea of dye degradation. The upcoming volumes will develop the basic ideas into target-oriented dye mitigation for a better environment.
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      Abstract




      Without colour, life is incomplete. Dye refers to the compounds that give goods their colour. Even though natural dyes have been used for generations, their limitations have led to the development of synthetic dyes. By addressing the history and significance of natural dyes, the limitations of natural dyes, the introduction of synthetic dyes, the negative effects of synthetic dyes, and an overview of several techniques used for the treatment of disposed dyes in the environment, this chapter serves as a foundation for the discussion of the entire upcoming book. The goal of this chapter is to provide a brief overview of the need for and the concept of dye degradation.
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      INTRODUCTION




      Dyes are coloured substances that adhere to the substrate and give items their colour. Otto N. Witt developed a dyeing theory in 1876 that was based on functional groups like auxochrome and chromophore. According to his idea, certain auxochromic groups, which are responsible for dyeing properties, and certain unsaturated chromophoric groups, which are responsible for colour, are present in all coloured organic compounds (also known as chromogens) [1]. Dyes absorb visible wavelength ranges of radiation, and the appearance of colour depends on the wavelength ranges that are both absorbed and reflected. The term “visible” was created since the human eye can perceive light between 380 nm




      (violet) and 700 nm (red) [2]. Two distinct indices are used to represent the commercial dyes. First The first is called a “colour index generic number” (CIGN), and it is used by businesses. The second one is the colour index constitution number (CICN), which has to do with the chemical makeup of the dye and is primarily employed by producers and academics [3].




      Based on the chemical components found in the compounds, which determine the colour of dye, dyes are divided into numerous categories (Fig. 1) [4].
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Fig. (1))


      Classification of dyes.

    




    

      Natural Dyes




      Natural dyes and synthetic dyes are the two main classifications, which are based on their manufacturing techniques. Animals and other plant components, including the root, bark, leaf, flower, fruit, and seed, are used to make natural colours [5]. All civilizations have a very long history associated with the dyeing industry. Chinese dyeing techniques have been used for 5000 years [6]. The Ajantha cave paintings from the Ellora caves in India date to between 600 and 1000 CE, and those at Sittanavasal belong to the seventh century [7, 8]. These paintings are painted with vegetable oil colours, which have been around for more than a thousand years, on lime plaster. In order to categorize natural dyes, several criteria are taken into consideration, including their chemical makeup (anthracenes, carotenoids, xanthophylls, flavonoids, betacyanins, tannis, indigo, and chlorophyll dyes), their sources (animal and plant sources), their application techniques (direct dyes, acidic dyes, and basic dyes), and their colour [4]. The portions of plants from which the colour is derived are used to further categorize them. Based on colour, one of the most common classes is made. They are listed in the Colour Index based on their uses and chemical makeup of natural dyes. According on the application category they fall under, natural dyes have their own area in the Colour Index. Most red colour dyes are made from plant bark [9]. The predominant colour that can be derived from most plant parts is yellow.




      The plant Iindigofera tinctoria is the source of the significant blue dye known as indigo (Fig. 2). 6000 years ago, this dye was used for the first time in Peru [10]. Indigo uprising occurred in Bengal, a region of the Indian Subcontinent, as a result of the extensive cultivation of this dye during the colonial era [11]. Lichens, which are fungi-algae composite creatures, are some of the organisms used to colour clothes. They come in a variety of colours, including orange, red, pink, and yellow. Because these creatures must be grown in an environment free of pollution and impurities, industrial-scale production is not feasible [12].
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Fig. (2))


      Examples of natural colourants.

    




    

      Advantages of Natural Dyes




      Natural dyes are made from natural materials and are therefore not bad for the environment. Natural colours are biodegradable and renewable [2]. They can be used without risk, and there are no disposal issues. The plants used to make colours are frequently also used as medicines. Despite being used for generations, many of their therapeutic benefits have only recently come to light [12]. The dye made from henna, walnut, and alkanet, which is high in napthoquinone, also has antibacterial, antifungal, and anti-inflammatory properties. The use of natural dyes in dye-sensitive solar cells is one of their more recent applications. This is because a variety of dye compounds with plausible absorption mechanisms are readily available [13]. Natural dye-sensitized solar cells (NDSSC) have a high efficiency for converting solar energy [14]. For direct application of NDSSC, for instance, dye combinations like chlorophyll/anthocyanin and chlorophyll/betalain are used. The UV-Visible absorption spectra of natural dyes provide evidence of the cause. Anthocyanin dye absorbs light with a wavelength range of 480 to 580 nm. Chlorophyll dye absorbs light between the wavelengths of 500 and 600 nm, and by making synthetic alterations, this range can be increased to 600 to 700 nm. Betalain dye absorbs light between 470 and 600 nanometres (Fig. 3). As a result, for effective energy harvesting, the absorption rage range spans most of the visible zone [15]. The energy conversion efficiency is improved by the physical coating or chemical anchoring of these dyes on semiconductor materials like TiO2. Electrons can be injected into semiconductor materials by the stimulation of natural dye mixes with a wide range of absorption in the visible region [16]. Electron flow is created by the excited electrons from the dye that are injected to the materials (such ZnO, TiO2, and Nb2O5). Increased surface area and effective dye mixture dispersion on the surface lead to efficient solar energy production [12].
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Fig. (3))


      Normalized absorption spectrum of a mixture of fresh natural dyes in ethanol solvent.

    




    

      Limitations of Natural Dyes




      In terms of commercial applications, natural dyes also have significant limitations. The main drawbacks of natural dyes are as follows [17-19].




      

        Cost




        As there is a large demand for dyes, there should be a high level of production. To produce dye, a significant number of raw materials are required, from which natural dye can be recovered. For the commercial manufacture of dyes, it is cost-effective to produce large quantities of the raw materials used to make dyes, such as the collection of leaves, flowers, bark, etc. Because of this, natural colours are pricey.


      




      

        Colour




        Natural dyes have a strong photobleaching of colour and low selectivity. Only selective dyes can be derived from natural dyes for selective colours. Synthetic dyes, on the other hand, come in a wider range.


      




      

        Availability




        Due to their cultivation circumstances, the availability of stating materials is limited. Consequently, it is challenging to produce all the basic ingredients in one location.


      




      

        Harmful Effects




        Natural dyes can sometimes be dangerous. Along with the environmentally harmful mordants, natural colours are employed. The use of organic solvents is part of the synthetic colour extraction process. Consequently, they also have a sizable number of environmental issues.


      




      

        Sustainability




        For the manufacturing of raw materials, land must be set aside for the cultivation of plants and trees that produce natural colours. In order to produce goods efficiently, this procedure needs labour.


      


    




    

      SYNTHETIC DYES




      The limitations of natural dyes prompted researchers to look for alternatives to meet demand and to begin developing synthetic colours. Dyes are artificial organic substances that are used in many industries, including textiles. Perkin created the first synthetic dye, known as mauveine, in 1856 [6]. The advantages of synthetic dyes over natural dyes are several, including their wide colour range, low cost, and resilience to fading from sunlight, water, and perspiration [19-21]. Natural dyes have been supplanted by synthetic dyes, and their industrial scale manufacture has increased dramatically—nearly 8× 105 tons of synthetic dyes are produced annually. The textile sector uses over 75% of the world's dyestuffs. More than ten thousand different dyes and pigments are used in the global market to colour garments. The main users of synthetic dyes include also other sectors including printing, painting, and cosmetics. In addition to the heavy and light industrial sectors, one significant industry using synthetic dyes within acceptable limits is the food industry. The intriguing food colouring is utilized in jams, creams, and baking goods [22].


    




    

      Classification of dyes based on application




      

        Direct Dyes




        Direct dyes are colours that already have the ability to bond with fabric. Since most of them are water-soluble, direct dyes do not require mordants. The primary cause of the substantivity of direct dyes is the secondary valence bonding between dye and fabric. According to the Society of Dyers and Colourists (SDC), there are two categories for direct dyes: 1. Based on bleaching or leaving ability and 2. Chemical structure [23].


      




      

        Reactive Dyes




        Reactive dyes, a family of synthetic dyes that have had great success and outstanding fastness properties with most materials, are used in a variety of products. They have chromophores with pendant groups that can join with nucleophilic fibre material locations to generate covalent connections. The development of polyfunctional reactive dyes that can react or form bonds with two dye-fibre bonds is a breakthrough in reactive dyes [24-26].


      




      

        Basic Dyes




        Basic dyes are Cationic dyes. Most of them have a water-soluble nature and will adhere to the negative sites of the fibre materials. Due to electrostatic attraction, there is also a possibility of uneven dyeing. They are mostly used to dye fabrics made of wool, silk, and acrylic. Along with mordant, they are also used to color fabrics made of other materials, such cotton [27-29].


      




      

        Acid Dyes




        Acidic dyes are those that are frequently processed for dyeing under an acidic pH condition. The process through which these dyes interact with the fibres is crucial.


        


        


        


        The ion exchange mechanism contributes to their strong binding. With the charged groups contained in the fibre materials, they are establishing ionic connections. The most popular fibre types for acid dying at low pH are protein fibres (such as wool and silk) and polyamides with amide groups [30-32].


      




      

        Mordant or Chrome Dyes




        Many dyes have a weak affinity for fabric. A mordant is a chemical that is used to increase the affinity of dyes for fabric. The word “modere” means “to bite” in Latin. Tannins, metallic mordants, and oil-mordants are the three different types of mordants. For stable coordination compounds with fibre materials, chrome dyes, which are acidic mordant dyes, can be used [33-37].


      




      

        Disperse Dyes




        These have a high substantivity to hydrophobic fibres, such as nylon, cellulose, cellulose acetate, and acrylic fibres, and are insoluble in water. Nonionic and water insolubleness are two crucial characteristics of dispersion dyes. Additionally, they are not altered chemically during the colouring process [38-40].


      




      

        Vat Dyes




        Vat dyes are insoluble in water. These dyes can be converted into a water-soluble form known as “Leuco form” by reducing them with inorganic ions. They were re-oxidized after the dyeing process to return them to their original state. The fabric receives stable colour as a result of the dyeing process. These dyes are insoluble in water due to their hefty conjugated structure. Additionally, the conjugation offers superior optical qualities that can be used in optoelectronic devices [41-43].


      




      

        Sulphur Dyes




        Sulphur colours are water-insoluble dyes that contain sulphur. They are significant in the dyeing business because of their inexpensive cost and affinity for cellulose. Alkali metals like sodium are used to decrease sulphur dyes to create water-soluble thiols. They are restored to their natural state after the colouring procedure [44].


      




      

        Azoic Dyes




        The most common synthetic dyes are azo dyes. Azo dyes make up 70% of synthetic organic dyes. They are easier to synthesize, have more structural variety, and high fastness. By diazotizing aromatic primary amine with amino and hydroxyl groups, azo dyes are synthesised. Azo dyes are categorized into monoazo, diazo, triazo, and polyazo dyes based on the number of azo links [45-47].


      


    




    

      ADVANTAGES OF SYNTHETIC DYES




      Crude oil (a fossil fuel) is the main source of synthetic dye because most synthetic dyes are made from petrochemicals. As a result, the raw resources are inexpensive and accessible. These dyes are effective at dying and produce a consistent, uniform colour. The availability of dyes for various types of materials is another crucial consideration. As opposed to natural dyes, synthetic dyes may be produced affordably and with less energy use by adjusting the hues and strength of the colours to suit the needs [19]. Since the colour is directly tied to the structural characteristics of dye molecules, synthetic dyes produce more striking coloration than conventional pigments. Whereas, the conventional pigments are mostly influenced by the physical properties [6]. For instance, dyes containing the azo, coumarin, and perylene groups are responsible for the vibrant colour [48]. Due to the commercial effect and the numerous benefits of synthetic dyes, two thirds of the synthetic dyes produced are commercial organic dyes with a wide variety of structural diversity and applications. Like the food sector and the pharmaceutical industry, synthetic dye-using industries are also growing. Safranine T, Thioflavin T, and other synthetic dyes make up most of the MRI contract agents and stains used for oncological investigation [49].


    




    

      Toxic effect of synthetic dyes




      Synthetic dyes released into the environment, including water bodies, untreated or partially treated, have negative environmental effects (Fig. 4). For dyeing, fixing, washing, and other processes, the textile industry uses enormous amounts of water, and 15% of the synthetic dyes used in these processes are released with the waste water [50, 51].




      The effluents from textile factories contain a variety of organic and inorganic pollutants, including soaps, sequestering agents, dyes, pigments, chromium compounds, other heavy metals, chlorinated compounds, nitrates, sulphur, naphthol, formaldehyde, and benzidine [52]. Numerous harmful substances continue to exist in effluents even after the treatment process and cause multiple contaminants, such as soil, water, and air pollution [22]. The receiving water bodies (such as the sea, river, lake, natural ponds, and streams) are where the textile industry's effluents have the greatest impact on the living environment and ecosystem. Even at low dye concentrations (>1 mg/L), dyes can produce intense colours, but wastewater effluents typically have dye concentrations of 300 mg/L or higher along with other harmful substances. The pH impact of these effluents is their initial effect. The pH changes will cause a mass extinction of the animals and plants (planktons) present in the water bodies. The dark colour caused by the dyes prevents sunlight from penetrating, which significantly restricts the photosynthetic activity. As a result, the level of dissolved oxygen decreases [22].
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Fig. (4))


      The direct and indirect effect of synthetic dye on the environment [22].

    




    

      Dye degradation techniques




      Researchers have consequently paid a lot of attention to the degradation of colours from textile industry effluents (Fig. 5). Four categories—physical processes, chemical processes, biological processes, and combinatorial processes—are used to categorize the colour degradation approaches [53]. In addition to coagulation, reverse osmosis, photodegradation, ion exchange, oxidation, biodegradation, nanotechnology, an improved oxidation process, and adsorption, these procedures also include other elements [54]. The focus of current research is on safe, efficient, and environmentally acceptable methods for removing colours from contaminated water [55-57]. Microorganisms are likely to take a while for the chemical components of the dyes to biodegrade. All the traditional physical and chemical techniques used to eliminate dyes are frequently too expensive, only partially effective, and generate waste that is challenging to dispose of [58]. The majority of traditional techniques only successfully transfer dyes from one phase of water to another, which results in secondary contamination. Additional treatment is needed for the secondary contamination, and the procedure is not economical [59].
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Fig. (5))


      Methods for degradation of dyes.

    




    

      PHYSICAL PROCESSES




      Physical dye removal is the removal of dyes without chemical modification. There are three types of physical processes; 1. Adsorption, 2. Filtration and 3. Ion exchange [60].




      

        Adsorption




        The solid-state removal of colours and pigments is centuries old technique [28]. Although the adsorption mechanism was not fully known in the past, adsorption technology has been studied since the turn of the twentieth century [61]. In many different industries, water-soluble synthetic dyes are utilized; these colours are typical industrial effluent water pollutants [62]. Due to their structural makeup, most synthetic dyes are stable when exposed to light and heat as well as resistant to aerobic digestion and oxidizing chemicals [63]. Adsorption is the effective method for removing dyes before they are broken down into benign chemicals [64]. Activated charcoal, silica, zeolites, bone charcoal, alumina, carbon molecular sieves, polymeric polymers, carbonized materials, and other materials are all accessible as adsorbents (Fig. 6) [65]. The efficiency and selectivity of the adsorption materials can be adjusted by physical activation and chemical surface modification [60]. There are two types of adsorption processes: physical and chemical. An essential technique for activating surface adsorption is carbonization. The base materials for this approach range from biological wastes to synthetic polymeric materials [66, 67].
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Fig. (6))


        Various adsorbent materials and the processes of adsorption [65].

      




      

        Filtration




        Adsorbent materials are always used in conjunction with filtering techniques [68]. Coagulation and filtration are frequently combined. Using filters such as filter papers, membrane filters, etc., the suspended particles can be separated [69]. Adsorbent materials will be crucial if there is no coagulation in the effluents. By combining adsorbent and filter units into a single unit, porous materials and membrane technology make filtration a sophisticated process [70]. When treating waste water, the pore size becomes a determining factor in the filtration process (Fig. 7) [71].


      




      

        Ion Exchange




        Cationic, anionic, and non-ionic dyes are the three main categories of dyes. Ionic dyes are unsightly pollutants that are challenging to remove. This occurs as a result of their electrical charge and water solubility. Since anionic dyes are acidic in nature and produce intense colours, they significantly modify pH. These dyes have a high level of ecosystem interference and are resistant to biological and chemical means of degradation. Adsorption is thought to be an effective strategy since charged molecules have a high inclination for it due to their individual charges and Vander Walls forces.
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Fig. (7))


        Molecular weight cut off/pore size and component separation at various filtration level.



        Ion exchangers are more effective at removing charged dyes. By releasing harmless ions and releasing the dye pollutants in the regenerant solution, ion exchangers are temporarily replacing the charged dyes [72]. Although the fundamental structure of resins is universal, they can be synthetically altered to match the needs of a certain application [73, 74]. The creation of macro reticular and microporous resin structures has improved dye removal capabilities (Fig. 8) [75].
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Fig. (8))


        Composition of resin matrices: (a) acrylic-divinylbenzene skeleton, (b) macroporous, (c) gel.

      


    




    

      CHEMICAL PROCESSES




      The chemical processes involved in dye degradation include a variety of oxidation, coagulation, and ozonolysis processes (Fig. 9). One significant method of degradation among these processes is the oxidation of dye molecules into a benign product [76]. A variety of oxidants, including hydrogen peroxide, can be used to accomplish this. In order to achieve high efficiency, direct oxidation of dyes needs extreme circumstances such high temperature and pressure, which raises the overall cost of the degradation process. Due to their advantageous conditions and practical benefits, sophisticated oxidation techniques such catalysis, photocatalysis, electrocatalysis, ozonolysis, and Fenton processes are employed [77].




      

        Advanced Oxidation




        One of the most effective ways to degrade dyes into ecologically safe substances is using the advanced oxidation process (AOP) [50, 78]. Utilizing catalysis is the greatest technique to reduce energy consumption and costs for performing AOP under milder circumstances, which is necessary to accomplish efficient AOP [79]. The crucial stage in the reaction to break down the resistant and stable pollutant is the production of strong oxidizing radicals brought on by catalysis [80]. The key elements that influence the dye degradation efficiency are the radical production efficiency, reaction phase, electron transfer, selectivity, stability, surface area, and porosity. Small molecules that are friendly to the environment should be the result of the oxidation of hazardous pigments. As a result, catalysis depends greatly on the selectivity and sensitivity of the catalyst. In the end, the cost of catalyst manufacture and its capacity for reuse are crucial for industrial economic concerns [81].
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Fig. (9))


        Various oxidation processes of dye.

      




      

        Photolysis




        Dye degradation through photolysis involves the use of radiation (Fig. 10). No radiation sensitizer is used in this situation [83]. Hydrogen peroxide is a typical oxidant utilized in this procedure. When exposed to UV light, the resulting •OH radical radicalizes the dye molecules, causing degradation [84]. The absence of any sensitizer in photolytic degradation is the primary distinction between photolysis and photocatalysis [77, 85-87].




        
[image: ]


Fig. (10))


        Photolytic and photocatalytic dye degradation mechanism [82].

      




      

        Photocatalysis




        A sensitizer is employed during the photocatalysis (Fig. 10). The two main types of photocatalysis are heterogeneous catalysis and homogeneous catalysis [88]. Heterogeneous catalysis has shown to be an effective treatment approach for managing hazardous compounds like dyes [89]. The ability to oxidize low concentration dyes at ppb levels is one of the benefits of photocatalysis [90]. The photooxidation process is an efficient method of treating effluents since it is a fully active, inexpensive catalyst and reactor system. Since light is used as the energy source, secondary risks like spent catalyst and secondary pollution like thermal pollution are avoided in this process [91-94].


      




      

        Sonolysis




        Chemicals can be broken down via sonolysis, which involves ultrasound (US). This energy source is completely distinct from conventional energy sources like heat, light, or ionizing radiation. Utilizing a US with a frequency range of 20-1000 kHz, organic compounds are broken down into small molecules. Because of this, this method is also effective for treating industrial effluents [95]. Since sound is a pure source of energy like light and there are no byproducts from using US, environmental sonochemistry is a rapidly expanding field [96]. Simple techniques for applying ultrasonic irradiation include submerging the reactor in an ultrasonic bath or placing the ultrasonic generator directly within the treatment facility [97]. The cheapest way to produce ultrasound is in ultrasonic cleaning bath, however the sonochemical impact it produces is ineffective at breaking down organic chemicals [98]. The ultrasound generated in the solution during sonolysis causes the dissolved gases to erupt into tiny bubbles. These micro-bubbles expand while the sonication continues, and at one point they collapse adiabatically by releasing high warmth in a little period of time. Cavitation is the development, expansion, and abrupt collapse of micro-bubbles that cause localized, transient “hot spots” in an irradiated liquid [99]. The thermal dissociation of water molecules into •H and •OH was caused by high temperatures (5000 K) and pressures (1000 atm) caused by cavitation in an aqueous solution. The interior of a collapsing gaseous bubble, the interface between the gas bubble and bulk liquid, where there are high temperature gradients (roughly 1000-2000 K), and the bulk solution at room temperature, which receives diffused •OH from the interface, are the three potential reaction sites in homogeneous liquids exposed ultrasonically. The sonochemical effect, or the oxidation of organic molecules, occurs at the gas-liquid interface because of the presence of •OH as well as, to a lesser extent, in the bulk solution because of diffused •OH. Along with oxidation via •OH, dyes also undergo direct pyrolytic breakdown. Using •OH, non-volatile substances like hydrophilic and dye molecules are broken down both in bulk solution and at the interface. On the other hand, pyrolytic breakdown occurs inside the bubbles to disintegrate the hydrophobic molecules (Fig. 11) [100].


      




      

        Electrochemical Dye Degradation Process




        The electrochemical advanced oxidation processes (EAOPs), among other AOPs, attracted attention because of their potential applications [101]. When an electric current and a catalyst are applied, a large amount of hydroxyl radicals is produced, which destroy the dye molecules in the EAOP [102]. Using electrochemical technologies in remote locations offers benefits like automation and control. Electrochemically induced coagulation (EC), electrochemical reduction, and electrochemical oxidation are the three main electrochemical processes [103]. When Al or Fe electrodes are used as sacrifices during electrocoagulation, metal ions are released into the treatment solution at the application current. Inducing coagulations are these metal ions. Internal micro-electrolysis is one type of electrocoagulation [104-106]. Microelectrolysis performs galvanic cell-like functions. When treatment effluents are combined with iron chips and granular activated carbon, the interaction between the iron and activated carbon causes the treatment effluent in its whole to release electrons. The electron of mixture flow has the ability to break down organic contaminants like dyes into tiny benign molecules [102].
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Fig. (11))


        Sonolysis mechanism of dye degradation [100].



        Organic dyes are reduced at the cathode using electrochemical reduction to degrade them. However, electrochemical performance is less effective than oxidation because of side processes including hydrogen evolution [107]. Direct oxidation and mediated oxidation are the two fundamental electrooxidation processes. Dye is directly oxidized at the anode surface during the direct oxidation process. Even though the anode surface appears to have a high efficiency, the reaction is still possible. As a result, the amount of oxidation that may occur in a given amount of time limits its use in industry. The process of mediating oxidation entails the creation of active species that have the ability to oxidize the dye molecules found in the bulk solution. Reagents such as catalyst are added to the bulk solution to produce reactive species. The catalysts play a role in the creation of reactive species like singlet oxygen and occasionally they also work to lower the energy required for reactive species activation, which makes it feasible to degrade dyes more efficiently. It is also important to note that, in addition to the mediated oxidation process, direct oxidation also takes place at the electrode surface (Fig. 12) [108].
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Fig. (12))


        General classification of electrochemical treatment processes.

      




      

        Fenton Process




        H.J.H. Fenton developed the Fenton reaction in 1894 and observed that ferrous (Fe2+) salts may activate H2O2 to oxidize tartaric acid [109]. The Fenton (F) process is the name given to the reactive species that are produced when hydrogen peroxides interact with iron ions. Utilizing the reactive species created, organic pollution compounds like dyes are oxidized (Fig. 13). Hydrogen peroxide's interaction with ferrous ions causes the ferric ion to be oxidized, which produces a hydroxyl radical. The dye molecules in the effluents are attacked by the hydroxyl radicals, which break them down into smaller, harmless molecules [110]. The Fenton procedure has benefits including handling under pressure and at room temperature. The chemicals are inexpensive, and handling and storing them are relatively simple. The Fenton process can be used with other methods to create effective dye degradation, and it can be tailored to the specific needs of the industry [111-117].


      




      

        Ozonolysis




        Ozonolysis is the process of oxidizing organic contaminants like colours utilizing ozone (O3) as an oxidant [118]. One of the main justifications for using ozone as an oxidant is its high oxidation potential (2.08 V). Due to the large oxidation potential, oxidation at low concentrations is also achievable in this approach and is far more efficient than with other oxidants. Ozonolysis is a safe process in which no harmful substances are produced as byproducts [119]. For ozonolysis, there are two distinct pathways: direct oxidation and radical reaction. In the direct oxidation process, the ozone molecule interacts with organic molecules through functional groups like double bonds and aromatic groups. Most of this process takes place when the pH is acidic [120]. Ozone-produced hydroxide radicals react with organic substances at alkaline pH, which causes deterioration. Due to the characteristics of the hydroxyl radical, the interaction of radical processes is generally non-specific [121]. Organic molecules can be oxidized to form organic acids, which can locally change the pH. Through this procedure, dye molecules are directly oxidized by ozone [122].
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Fig. (13))


        Types of fenton processes.

      


    




    

      Biological Processes




      

        Biosorption




        Biosorption is the use of biological waste to absorb contaminants like dyes. For biosorption, bioproducts such agricultural wastes, industrial by-products, microorganisms, seeds, leaves, and bark of different plants are employed (Fig. 14) [123]. Although biosorption techniques have been used for the treatment of effluents for more than three decades, the field of biosorption research is still advancing, as seen by the number of publications in recent years [124]. For the removal of dye, sophisticated biosorbent materials including biopolymeric composites and biopolymers are employed [125]. The choice of biosorbents is influenced by the physical and chemical properties of dye molecules [126]. The source of the biomass and the price are crucial considerations for industrial scale applications [127]. Among the several additional biosorbent materials, the dead biomass should be given priority [128].
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Fig. (14))


        Biomass sorbent materials and their mode of actions.

      




      

        Bioaccumulation and Bioremediation




        The definition of bioaccumulation is the intracellular accumulation of living sorbate. The first stage of bioaccumulation is when contaminants adsorb on sorbent. The biosorption procedure is comparable to this. The second mechanism involves dye pollution entering the intracellular space. Cell metabolic activity is required for this complicated process. Bioaccumulation results from the culture of organisms with living sorbates present [125, 129-131].




        The process of biologically breaking down dyes and other contaminants into safe molecules is known as bioremediation [132]. Numerous benefits of bioremediation include techniques that are economical and environmentally friendly (Fig. 15). The chemical structure of textile dyes is degraded by bacteria, which results in mineralization or transformation [133]. The microbes use a variety of methods to digest the contaminants and use them as food sources. These contaminants are degraded by digestion. The key to efficient degradation is the choice of microbes for the specific effluent [134]. Since metabolism is the primary mechanism for dye oxidation, enzymes for this process enable effective oxidation. The use of particular enzymes for particular dyes was shown to be highly effective [135, 136]. Environmental factors play a role in microbial development, which results in efficient decomposition [137]. To speed up the bioremediation process, the ambient conditions can be adjusted to encourage greater microbial growth [138]. Bioremediation provides a number of possible benefits over other traditional wastewater treatment methods. The bioremediation technique is very economical and environmentally benign because it is an entirely natural process. Because this method requires little maintenance and may be used on a wide scale, it can be implemented in higher surface waste treatment facilities [139]. This method's implementation is relatively easy and requires little effort. The number of labours required to manipulate this is reduced. The full degradation of contaminants is ensured by this method [140]. The main drawbacks of this technology are that it uses biodegradable contaminants and requires skilled human labour. This process takes a lot of time as well [141]. The study of bioremediation is developing. In order to achieve complete breakdown of organic pollutants like dyes, efficient bioremediation involving new microbial development and environmental changes is being researched [142].




        
[image: ]


Fig. (15))


        Strategy of bioaccumulation and bioremidiation [132].

      




      

        Mineralization and Alleviation




        Mineralization is the process of turning dye-containing biomass that is both active and dead into harmless compounds (Fig. 16) [143]. Elimination is the term for mineralization [144]. As mentioned in the previous sections, the mineralization process can be triggered by a number of factors, including chemical or biological processes [96].
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Fig. (16))


        Mineralization of azo dye by means of photocatalytic oxidation [145].

      


    




    

      CONCLUSION




      The dye molecule is a significant contaminant in textile wastewater. The dye molecules have a negative impact on the environment and human health. The structure of the dye molecules and the way they interact with light both make them cancer-causing substances. Both natural and artificial dye molecules have the characteristic of absorbing specific light wavelengths and sensitizing the surrounding environment through energy transfer and electron transfer reactions. Different degradation techniques are used to convert dyes into harmless chemicals. The field of dye degradation is affected equally by physical, chemical, and biological processes. The requirement and fundamental ideas of the most common dye degrading procedures were reviewed in this chapter. The individual concepts will be discussed in detail in the individual chapters.
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