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Preface

Dyeing is a method which imparts excellence to the textile by applying various colors of
dyes and their shades onto a textile material such as fiber, yarn, fabric or garment, etc. Be‐
fore the beginning of the modern scientific investigation age, most of the coloring matters
were of natural origin obtained from vegetable, animal, or mineral sources. The discovery of
synthetic dyes by William H. Perkin in 1856 has provided a wide color range of dyes. The
development of strongly colored synthetic dyes followed quickly, and by the 1870s, com‐
mercial dyeing with natural dyestuffs was disappearing.

Synthetic dyes are colorfast and come in a wider color range and brighter shades. Due to
these properties, dye application has become a huge industry today. Dyes are applied to
textile goods by dyeing from dye solutions and by printing from dye pastes. These colora‐
tion processes (dyeing and printing), pretreatments, and textile finishing processes are major
consumers of water. In addition, the final operation of all dyeing process involves washing
and rinsing processes to remove unfixed or hydrolyzed dyes. So dyeing, rinsing, and treat‐
ments of textiles use large amounts of freshwater, and millions of liters of wastewater dis‐
charged by mills each year contain chemicals. They may be or are very toxic and may have a
high impact on the wastewater quality.

During the dyeing process, losses of colorants to the water sources can be toxic and muta‐
genic and also decreases light penetration and photosynthesis activity. Shortly, we can say
that textile dyeing and finishing industry has created a huge pollution problem, and textile
effluent is a cause of significant amount of environmental degradation and human illnesses.
In addition, the proportional increase in textile production and the lack of freshwater sour‐
ces have together contributed to dye wastewater becoming one of the substantial sources of
severe pollution problems in current times. Fortunately, in recent years, since textile indus‐
try can generate large volumes of effluents, textile wastewater treatments have received con‐
siderable attention.

The aim of this book is to look into textile wastewater treatments shortly. It is designed for
readers who study on textile dyeing effluent. I would like to record my sincere thanks to
authors for their contributions. In addition I deeply thank Prof. Ayşegül Ekmekçi Körlü for
her kind help during my illness.

Prof. Dr. E. Perrin Akçakoca Kumbasar and Prof. Dr. Ayşegül Ekmekci Körlü
Ege University, Engineering Faculty

Department of Textile Engineering
İzmir, Turkey





Chapter 1

A Review of State-of-the-Art Technologies in Dye-
Containing Wastewater Treatment – The Textile
Industry Case

Serkan Arslan, Murat Eyvaz, Ercan Gürbulak and Ebubekir Yüksel

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64140

Abstract

Recently, new single or hybrid/combined processes have attracted much attention
for treatment of textile and dyeing wastewaters. These processes which may be
termed as “state of the art technologies” are membrane separation processes, ultra‐
sonic, photochemical and electrochemical processes. Although the conventional
methods still have been tried with some new materials such as, new adsorbents or
coagulants, employing the new generation methods such as, electrocagulation-elec‐
trooxidation, sonooxidation or photo oxidation are gaining in popularity when the
treatment of textile wastewaters is discussed. The purpose of the book chapter is to
bring an overview on the new treatment methods for textile wastewaters, one of the
most important source of environmental pollution. Despite the fact that there is no
uniform standard currently, many countries have legalized some strict discharging
standards and scientists and researchers face new technologies including electrical,
sonic, magnetic, optical and thermal methods. Although many researches on treat‐
ment of synthetic or real wastewaters with various methods are available, very few
researches have been carried out on the cutting-edge technologies. Moreover, there
are a lot of review article or book chapters on textile wastewater treatment process‐
es individually based on each conventional process such as coagulation, adsorption,
chemical oxidation, and biological decolorization. Therefore, in this part of the
book, following major and minor titles are stated truly on the aforementioned new
technologies. Besides, these parts are not only about cutting-edge technologies, but
also related with conventional methods and their new applications in colored
wastewater treatment area briefly.

Keywords: Textile wastewater treatment, decolorization, membrane processes, ul‐
trasonic treatment processes, electrochemical treatment processes, photochemical
treatment processes, hybrid processes

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



1. Introduction

Textile wastewaters are one of the most polluted wastewaters due to their characteristics, such
as high chemical oxygen demand (COD) concentration, strong color, high pH and temperature,
and low biodegradability [1–3]. These effluents can exhibit serious environmental problems
and public health concerns if improperly disposed. These highly colored components, when
discharged with wastewater into the water bodies, stop the reoxygenation capacity of the
receiving water and cut-off sunlight, thereby upset biological activity in aquatic life [4]. Since
diversity of textile products increases, different dyestuffs with highly varying chemical
characteristics are used in this sector, which complicates further the treatment of textile
wastewaters [1]. Several conventional methods have been applied for this purpose, such as
adsorption, biological treatment, oxidation, coagulation, and flocculation [5–8]. Although
these methods have been widely applied, they have some disadvantages. For example,
adsorbents are usually difficult to regenerate [9]. Chemical coagulation causes extra pollution
due to the undesired reactions in treated water and produces large amounts of sludge [3].
Biological methods are not suitable for most textile wastewaters due to the harmful effects of
some commercial dyes on the organisms used in the process. Furthermore, these conventional
methods are also usually expensive, and treatment efficiency is inadequate because of the large
variability of the composition of textile wastewaters [10].

The main problem that environmental engineers have to deal with is the elimination of the
wastewater’s color, which is due to the remaining dyes. However, color removal has been a
great challenge over the past decades, and up to now there is no single and economically
attractive treatment that can effectively decolorize dyes, and new technologies for wastewater
decolorization are especially needed [11–13]. Recently, new single or hybrid/combined
processes have attracted much attention for the treatment of textile and dyeing wastewaters.
These processes which may be termed as “state of the art technologies” are membrane
separation, ultrasonic, photochemical, and electrochemical processes. Although the conven‐
tional methods still have been tried with some new materials such as new adsorbents or
coagulants, employing the new generation methods such as electrocoagulation-electrooxida‐
tion, sono-oxidation, or photo-oxidation are gaining in popularity when the treatment of textile
wastewaters is discussed.

The purpose of this chapter is to bring an overview on the new treatment methods for textile
wastewaters, one of the most important sources of environmental pollution. Despite the fact
that there is no uniform standard currently, many countries have legalized some strict
discharging standards, and scientists and researchers face new technologies, including
electrical, sonic, magnetic, optical, and thermal methods. Although many researches on
treatment of synthetic or real wastewaters with various methods are available, very few
researches have been carried out on the cutting-edge technologies. Moreover, there are a lot
of review article or book chapters on textile wastewater treatment processes individually based
on each conventional processes, such as coagulation, adsorption, chemical oxidation, and
biological decolorization. Therefore, in this part of the book, the following major and minor
titles are stated truly on the aforementioned new technologies. Besides, these parts are not only
about cutting-edge technologies but also related to conventional methods and their new
applications in colored wastewater treatment area briefly.
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2. Processes in textile industry

2.1. General process description

The textile industry is a global industry in all around the world, which provides a huge income
and employment for several countries. Besides, textile manufacturing includes several
sequencing processes that are characterized as whole by consumption of resources, such as
water, electricity, and fuel, and usage of several types of chemicals. Another important load
of textile production on environment is the production of wastewater, which consists of many
impurities such as dyes and pigments, heavy metals, and surfactants with high concentrations.
These wastewaters should be treated before discharging into the surface water sources;
otherwise, they can threaten the quality of water source and wildlife. It must not also be
underestimated that a big amount of energy consumption is necessary for the treatment of
wastewaters containing dye. After the treatment of wastewater, sludge remains, which
includes high percentage of chemicals, and needs to be disposed with methods used for
hazardous waste.

All these have totally enormous impact on environment, which makes it necessary to increase
the efficiency and sustainability of processes to decrease the load on environment in long term.
The content of dye of textile wastewater comes mainly from the dyeing and printing processes,
including washing process; but before these processes, pretreatment steps should be applied
for the quality of dyeing/printing. The process stages by textile industry can be summarized
as follows:

• Singeing: The process of burning off protruding fibers from yarn or fabric.

• Sizing: The process of giving a protective coating on the warp yarn to minimize yarn
breakage during the weaving.

• Desizing: The process of removing sizing agent from woven fabric prior to subsequent
processes, such as bleaching, dyeing, and finishing.

• Scouring: The process of removing impurities.

• Bleaching: The process of removing or lightening colored materials.

• Mercerization: The process of improving lustre, dyeability, and strength of cellulosic
material.

• Dyeing: The process of coloring fibers, yarns, or fabrics.

• Printing: The application of colorants in definite, repeated patterns to fabric, yarn, or sliver
by any one of a number of methods other than dyeing.

• Finishing: The final process given to a textile material to give good appearance, functional
properties, such as water-repellent, shrink-resistant, and wrinkle-resistant.

Washing and drying processes are also applied after different process stages, such as desizing,
bleaching, and mercerizing, and especially after dyeing process to remove the dyestuff, which
is not fixed on the textile [14–16].

A Review of State-of-the-Art Technologies in Dye-Containing Wastewater Treatment – The Textile Industry Case
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2.2. Types and chemistry of dyestuffs

To color the final products of textile industry such as fabric, different dyestuffs are used after
pretreatment steps of fabric. The textile dyes is an important part of not only the dyes but also
the chemicals of the world business. The most used dyes in textile industry are on synthetic
basis. They are produced mainly from coal tar and petroleum-based products. The dyes are
sold in market as powders, granules, pastes, or liquid dispersions. The properties of textile
materials such as fabric have been continually changed according to the new developments in
textile industry. The dyes should also meet the demands of these new fabricated materials of
textile industry. These can cause to increase the percent of the active materials in dyes, which
causes more pollution in environmental systems. According to their chemical properties, the
dyes can be classified as follows [17].

• Reactive dyes

• Acid dyes

• Basic dyes

• Disperse dyes

• Vat dyes

• Sulfur dyes

• Mordant dyes

• Direct dyes

• Ingrain dyes (Naphthol dyes)

• Solvent dyes (Lysochromes)

• Pigment dyes (Organic pigments)

• Other dye classes such as food dyes and natural dyes

Not 100% of the dyes are fixed to the fiber during the dyeing process. For example, reactive
dyes show the minimum fixing range with 20–50% to cotton and viscose. A big part of the
colored wastewater coming from textile dyeing processes is caused dyeing process such as
cotton dyeing with reactive dyes with the poorest fixation property. Therefore, the fixation
ratio of dye on textile product is also very important to minimize the dye consumption and
production of colored wastewater from the industry [18].

2.3. Environmental effects of textile industry wastewaters

The most important load on environment caused by the textile industry can be summarized
as follows:

• Consumption of natural and energy sources, such as water, fuel, and electricity.

• Usage of chemicals especially dyes by dyeing and printing processes.

Textile Wastewater Treatment4
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• Production of wastewater with many impurities such as color, which has to be treated before
discharging into the canalization or surface water [19].

During the treatment processes for the textile wastewater, a big amount of energy should be
used and besides after the treatment process, sludge remains, which is evaluated as hazardous
waste, and needs special disposal processes such as incineration which consumes also energy.

As seen, water consumption and pollution belong to the most important environmental issues
regarding the textile industry. Therefore, the production organizations in textile sector should
develop more efficient and environment friendly technologies to consume less water and to
reduce discharged effluent increasing the quality of discharged wastewater at the same time
to meet the discharge limitations [20].

During the production of textile products, big amounts of water are consumed especially by
dyeing and printing processes. A textile facility with a daily production capacity of 8000 kg
has a daily water consumption of nearly 1.6 million liters [21]. Nearly 25% of water of whole
consumption is required for dyeing and printing processes. According to the US EPA [22], 40
liters of water is required averagely for dyeing 1 kg of cloth, changing according to the textile
material and dyeing process. Water is also required for other processes such as washing of
dyed textile material. Table 1 shows the consumption of water, chemicals, and energy for
production of 1 kg of colored fabric.

System unit Input Conventional process

Pre-treatment

Water 20 l

Solvent 120 kg

Gas —

Energy 0.13 kwh

Dyeing

Water 20 l

Solvent 20.98 g

Dyestuff 10 g

Auxiliary 25 g

Energy 3.82 kwh

Washing

Water 10 l

Washing agents 5 g

Energy 0.16 kwh

Drying
Energy 0.04 kwh

Gas 0.27 kwh

Table 1. Global inventory for the dyeing process (functional unit: 1 kg of colored fabric) [23]

There have been several efforts to decrease this enormous effect on environment caused by
textile industry. Especially, the trends to decrease environmental load of textile products on
environment at the design phase is a very important aspect, which affect the later stages of
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supply chain. Low impact dyes and processes managed by green technology, which require
less water, is more effective than the efforts taken after production or during the production.
Also the need for the more effective measurement of the textile processing systems is an
important point. The processes should be traced and measured effectively to determine the
load on environment of each used materials and processes [23].

Figure 1. System boundary of the evaluation and production of screen printing (a) and digital printing (b) fabrics [20].
Water withdrawal (WW) is the volume of water taken from a catchment for production process.
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Figure 1 is a good example to show the effect of using more technological processes to decrease
the water consumption. The system boundaries of two production systems: one of which
includes a screen printing and the other digital printing as printing process. The main water
withdrawal is coming from both systems by the printing process. There is also indirect water
withdrawal from other processes such as vapor production and water used for additives. It
can be seen from Figure 3 also that digital printing system has a more compact system, which
realizes the process without dissolving the dye in the water and reduces water use and
pollution at the dyeing and printing processes. These kinds of technological developments by
dyeing and printing processes are very important besides the increasing of the treatment
efficiency and reuse of treated wastewater in textile industry [20].

In this context, new projects are supported by governmental and regional institutions. One of
them is called BISCOL project co-founded by European commission. The aim of the project is
to develop new technologies in dyeing processes, which make available to convert the raw
material into the eco-viable final products. For this purpose, innovative technologies such as
enzymatic synthesis of dyes or textile pre-treatment based on plasma technology have been
used. The results which compare the environmental loads on environment of both conven‐
tional textile processes and processes supported by BISCOL project are shown in Figure 2. As
shown in Figure 2, the BISCOL processes provide incredible benefits in terms of environmental
pollution and consumption of natural resources [24].

Figure 2. Comparison of dyeing processes for 1 kg woolen fabric production with BISCOL process (auxillary 1 and 2)
and conventional ones (liquid and powder dye) [24].

2.4. Environmental standards for the discharging of textile industry effluents in the world

Typical textile wastewater characteristics in five different containers appearing in a study are
shown in Table 2 [25]. Because of the strong characteristics of the textile wastewaters, there are
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strict limits for discharging of textile wastewater into the canalization or receiving environment
in many countries. Textile facilities are not allowed to discharge their wastewater into aquatic
environment or canalization requiring establishing wastewater treatment plants of which the
outlet water has to meet the discharge limits according to receiving system. Also, polycyclic
aromatic hydrocarbons (PAHs) are included in textile dyeing sludge as components of
synthetic dyes, which are known to be potent carcinogens and given high priority for envi‐
ronmental pollution regulation and in risk assessment of industrial discharges [25, 26]. In Table
3, the discharge standards of water pollutants for dyeing and finishing of textile industry in a
country are shown. The direct discharge limits show the limits to be obeyed when discharging
directly into the aquatic environment. The indirect discharge limits show the limits to be
obeyed when discharging into the canalization system. If the Tables 2 and 3 are considered
together, it is seen that essential removal rate of pollutants in textile wastewater described by
parameters such as COD, biological oxygen demand (BOD5), or TSS (total suspended solids)
at least over 90% which makes necessary to establish well-designed wastewater treatment
plants in the textile mills [27].

Parameters C1 C2 C3 C4 C5 C6

pH 10.95 12.48 12.60 12.34 11.78 11.26

EC (mS/cm) 5.12 8.32 13.22 11.76 6.41 8.26

COD (mg/l) 3089 1916 1838 1463 2220 1871

BOD5 (mg/l) 300 900 600 900 1375 1250

BOD/COD 0.1 0.47 0.33 0.62 0.62 0.67

TOC (mg/l) 898 686 563 614 439 629

TSS (g/l) 0.46 1.07 0.22 1.21 0.67 0.21

VSS (g/l) 0.26 0.61 0.12 0.71 0.01 0.11

Ions (mg/l)

Calcium (Ca) 6.94 1.34 9.33 10.88 11.9 7.64

Potassium (K) 1.13 8.13 68.84 90.84 110.8 17.13

Sodium (Na) 100.4 162.4 142.4 226.0 118.0 142.4

Magnesium (mg) 10.39 40.39 40.13 34.13 40.13 8.39

Heavy metals (mg/l)

Copper (Cu) 0.003 0.001 — 0.011 — —

Zinc (Zn) 0.092 0.018 0.106 0.104 0.179 0.012

Nickel (Ni) — — 0.027 — — —

Chrome (Cr) — — — — — —

Cadmium (Cd) 0.008 0.008 — — — —

C: Container

Table 2. Characteristics of real textile wastewater [28]

Textile Wastewater Treatment8
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ronmental pollution regulation and in risk assessment of industrial discharges [25, 26]. In Table
3, the discharge standards of water pollutants for dyeing and finishing of textile industry in a
country are shown. The direct discharge limits show the limits to be obeyed when discharging
directly into the aquatic environment. The indirect discharge limits show the limits to be
obeyed when discharging into the canalization system. If the Tables 2 and 3 are considered
together, it is seen that essential removal rate of pollutants in textile wastewater described by
parameters such as COD, biological oxygen demand (BOD5), or TSS (total suspended solids)
at least over 90% which makes necessary to establish well-designed wastewater treatment
plants in the textile mills [27].

Parameters C1 C2 C3 C4 C5 C6
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EC (mS/cm) 5.12 8.32 13.22 11.76 6.41 8.26

COD (mg/l) 3089 1916 1838 1463 2220 1871

BOD5 (mg/l) 300 900 600 900 1375 1250

BOD/COD 0.1 0.47 0.33 0.62 0.62 0.67

TOC (mg/l) 898 686 563 614 439 629

TSS (g/l) 0.46 1.07 0.22 1.21 0.67 0.21

VSS (g/l) 0.26 0.61 0.12 0.71 0.01 0.11

Ions (mg/l)

Calcium (Ca) 6.94 1.34 9.33 10.88 11.9 7.64

Potassium (K) 1.13 8.13 68.84 90.84 110.8 17.13

Sodium (Na) 100.4 162.4 142.4 226.0 118.0 142.4

Magnesium (mg) 10.39 40.39 40.13 34.13 40.13 8.39

Heavy metals (mg/l)

Copper (Cu) 0.003 0.001 — 0.011 — —

Zinc (Zn) 0.092 0.018 0.106 0.104 0.179 0.012

Nickel (Ni) — — 0.027 — — —

Chrome (Cr) — — — — — —

Cadmium (Cd) 0.008 0.008 — — — —

C: Container

Table 2. Characteristics of real textile wastewater [28]
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Parameters Limit value (max) Monitoring Location

Direct discharge Indirect discharge

pH 6–9 6–9

Wastewater total outfall
from factory

COD 100 mg/l 200mg/l

BOD5 25 mg/l 50mg/l

TSS 60 mg/l 100 mg/l

Color (dilution) ratio) 70 80

Ammonia nitrogen 12 mg/l 20 mg/l

N total
20 mg/l

35 mg/l (batik industry)

30 mg/l
50 mg/l

(batik industry)

P total 1.0 mg/l 1.5 mg/l

Chlorine dioxide 0.5 mg/l 0.5 mg/l

AOX 15 mg/l 15 mg/l

Sulfide 1.0 mg/l 1.0 mg/l

Anilines 1.0 mg/l 1.0 mg/l

Antimony total 0.10 mg/l 0.10 mg/l

Chromium VI 0.5 mg/l
wastewater outfall from

factory workshop of
production facility

Table 3. Discharge limits of typical contaminants for textile factory effluents [27]

3. Treatment processes of textile industry wastewaters

3.1. Conventional physochemical processes

The dyes could be used in higher amounts than needed actually for the dyeing or printing
processes. As a result of insufficient bounding of dye molecules to the textile, unbounded dye
molecules are released as the waste product. This causes 10% of dyes to be produced yearly
out of the total usage as waste. The dyes have carcinogenic, mutagenic, allergic, and toxic
nature on one hand, and on the other hand, they cause environmental pollution. High
concentrations of BOD, COD, color, pH, and the presence of metals make the textile wastewater
difficult to be treated. Because of these reasons, the combination of different treatment
processes, such as conventional and/or advanced physical, chemical, and biological, is needed
to be combined to treat these wastewaters [17]. Figure 3 shows the major pollutants discharged
from various stages of a textile manufacturing industry.

A Review of State-of-the-Art Technologies in Dye-Containing Wastewater Treatment – The Textile Industry Case
http://dx.doi.org/10.5772/64140

9



Figure 3. The component of major pollutants involved at various stages of a textile manufacturing industry [29].

By the treatment of industrial wastewater, mostly different physical, physicochemical, and
biological treatment processes are used together depending on the pollutants to remove and
discharge quality. These combinations are also used for textile wastewater, which constitutes
an important part of the industrial wastewater.

The conventional physicochemical processes can be considered as follows:

• Coagulation/flocculation

• Adsorption

• Ion exchange
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• Membrane separations

• Oxidation

• Cavitation [30].

According to the wastewater character and discharge limits, more than one process can be
used together and also combined effectively with biological processes for the treatment of
textile wastewater.

Coagulation and flocculation processes (C/F) are used in the treatment of industrial wastewater
effectively. The aim of the process is to destabilize colloidal material using coagulants agents
and after destabilizing to form aggregation of small particles with synthetic or natural
polymers. Herewith, the bigger aggregates can be removed by separation processes like
sedimentation easily [28]. C/F process is also used effectively by treatment of textile wastewa‐
ter. Mostly, inorganic coagulants, such as aluminum sulfate (Al2(SO4)3), aluminum chloride
(Al2(Cl)3), and ferric sulfate (Fe2(SO4)3), are used in the process. However, using inorganic
coagulants has some disadvantages like high residual aluminum concentration, which can
cause development of Alzheimer’s disease and senile dementia [31].

Adsorption is one of the most efficient processes in the physical treatment of wastewater
because of its efficient ability to separate dissolved/undissolved chemical compounds and easy
operation [30]. The adsorption process is based on a surface phenomenon by which organic
and inorganic pollutants are removed by adsorption on the surface of the adsorbent. The
adsorbent materials like active carbon have a very large specific surface area, and if the
absorbable solute comes into contact with the surface structure, they are concentrated on the
solid surface because of the attraction forces between molecules. This process can be used
effectively to remove the dissolved organic content of the textile wastewater [32].

The ion exchange process is also applied in the area of textile wastewater treatment effectively.
Ion exchange is the reversible interchange of ions between a solid (ion exchange material) and
a liquid in which there is no permanent change in the structure of the solid. In industrial
wastewater treatment, the wastewater is the ion-containing solution from which the unwanted
ions should be removed. Mostly, complex ion exchangers like ion exchange resins (function‐
alized porous or gel polymer) are used by industrial wastewater including textile wastewater
for the ion source, which is to be exchanged with ions that are to be removed from aqueous
matrix. Cation ion exchangers like weak acid cation exchange resins exchange the positively
charged ions (cations), and the anion exchangers like weak base resins exchange negatively
charged ions. In Figure 4, a cationic ion exchange resin is schematically shown by which the
hydrogen ions are weakly bound to the negatively charged matrix. By the treatment of
industrial wastewater, the hydrogen ions are given to the aqueous matrix and from the
aqueous matrix; the unwanted ions like calcium (Ca2+) are received and bound to the resin [33].

By textile wastewater treatment, the ion exchange process can be applied with the combination
of other main processes, such as biological treatment or electrochemical techniques. After the
biological treatment process, the residual dissolved organic carbon (DOM) consists of dis‐
solved dye and auxiliaries, which are not biodegradable and can still exhibit acute and chronic
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toxicities. Dyes used by the textile industry are made up of chromophores and auxochromes,
which are defined as typical anionic groups. Therefore, commercially available anion exchange
resins can be employed in dye wastewater treatment for the removal of DOM [28]. However,
ion exchange processes, which are mostly used by industrial wastewater treatments, are
applied in fixed beds, which are expensive and exhibit flux restriction. Fan et al. investigated
the removal of dissolved organic carbon after biological treatment process using magnetic
anion exchange resin to find a more economical way to remove the nonbiodegradable DOM,
which is toxic to aquatic environment. As a result, they found that magnetic anion exchange
resin, which has remarkable regeneration behavior, could be used to remove DOM in actual
biological treatment process effluent of textile wastewater [34–36].

3.2. Biological processes

Almost all kinds of commercial and industrial wastewaters have biological degradable
constituents. Although the textile wastewater is a strong polluted industrial wastewater, an
important part of the organic content is the biodegradable (See the Table 2). Therefore, the
aerobic, anoxic, and anaerobic biological processes and their combinations have been applied
effectively by the treatment of textile wastewaters. Except the biological degradation, the
processes of adsorption and complexation with microorganism play an important role by
treatment processes for the removal of pollutants like heavy metals [37].

Textile  wastewaters contain many refractory compounds,  which are biologically hard or
nondegradable and mostly toxic for environmental systems. The biodegradation can also

Figure 4. Cation exchange resin schematic showing negatively charged matrix and exchangeable positive ions [33].
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occur  for  these  compounds  that  have  organic  structure,  but  in  comparison  with  easy
biodegradable organics, they can need slow processes like anaerobic digestion and specific
microorganisms [37].

Biological treatment systems can be divided into different categories such as aerobic, anaero‐
bic, and anoxic systems or according to growth system of microorganism suspended growth
and attached growth. Figure 5 shows the biological treatment methods, which are applied also
for the treatment of industrial wastewaters including textile wastewater.

Figure 5. Biological wastewater treatment methods [38].

The systems are categorized according to the existence of the air in the treatment system. In
the aerobic systems, oxygen is present in biological systems as the electron acceptor. On the
other hand, oxygen is absent in the anaerobic system and the electron acceptor is the organic
material. Figure 6 shows the principles of two biological treatment processes. The oxygen is
used as oxidation element of organic material and carbon dioxide, water, and new cells are
produced as final products in aerobic system. However, no air (thus molecular free oxygen)
should be absence in the anaerobic medium and methane, carbon dioxide and new cells is
produced at the end of the digestion process.

Recently, both aerobic and anaerobic processes have been applied for the treatments of textile
wastewater successfully. According to the physicochemical and oxidation methods, the
biological treatment methods of textile wastewater have significant advantages. They are
firstly more environmental friendly because no chemical usage is needed mostly and the
produced sludge as the result of the cell production has a low chemical content and amounts.
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They are more cost-competitive because of the less or no usage of chemicals. The yielding end
products are nontoxic or have complete mineralization, and they require less water consump‐
tion compared to physicochemical methods [39, 40].

Conventionally, the biological treatment of textile wastewater occurs under anaerobic,
facultative anaerobic, and aerobic conditions by different groups of bacteria. By the treatment
process, pure cultures of microorganism or composed of mixed microbial populations can be
used. The mixed microbial cultures can be more effective because of their synergistic metabolic
activities compared with the pure cultures by the treatment process of textile wastewater [41].
The dye molecules can be attacked by different individual strains at different positions of
bonds and the co-existing strains may help for the further decomposition processes. This is
very important for the total mineralization of organic content of textile wastewater, because
by not complete degradation of organic content, toxic organic compounds can be present in
the discharge water already [42].

The membrane processes are also used effectively with combination of biological processes by
the treatment of the industrial wastewaters. The system is called as membrane bioreactor and
has many advantages compared with the conventional biological system using final sedimen‐
tation tank. By the biological treatment systems, the microorganisms consume the organic
matter and as a result new cells are produced. The exceeded sludge that contains the old
microorganisms should be removed from the system for the stability of the system. This
separation process of sludge from mixed liquor can be achieved mainly in two ways. The
conventional system, which has been used at many treatment plants, is the sedimentation
process. By the sedimentation process, the sludge flocks are precipitated in the sedimentation
tanks and removed from the bottom of the tank. Sometimes chemicals like flocculants can be

Figure 6. Aerobic (a) and anaerobic (b) degradation principles [38].
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used to accelerate the sedimentation process. Recently, membrane separation processes have
been applied effectively as an alternative separation process to the conventional sedimenta‐
tion. By the membrane process, the separation of sludge from the mixed liquor occurs with
the help of a membrane with a significant pore wide. The biological membrane processes have
many advantages compared to the sedimentation processes like high quality of discharge
water, high sludge age, less excess sludge production, less area need, and more effective
biological degradation. Because of these advantages, membrane bioreactors are also used
effectively by the treatment of textile wastewaters.

4. State of the art processes

4.1. Membrane processes

Membrane process is the transport of substances between two fractions with the help of
membranes, which are permeable or nonpermeable for specific substances to be removed from
the matrix or to be concentrated. For different separation purposes, different membrane
processes are applied, which are classified according to membrane art, size of the particles to
separate, and separation mechanism. Table 4 gives an overview about the membranes operated
under pressure. The transitions between the single membrane processes are flexible [43].

Membrane process Pore width
[nm]

Pressure
interval ∆P

[bar]

Permeability [L/
m2.h.bar]

Membrane type Application

Microfiltration 50–5000 0.1–2 >50 Porous membrane Separation of suspended
solids

Ultrafiltration 2–200 1–5 10-50 Porous membrane Concentration, fractioning
and treatment of

macromolecules in fluid
systems

Nanofiltration 1–2 5–20 1,4-12 Nonporous
membrane

Fractioning of dissolved
materials in fluid systems

Reverse osmosis 10–100 0,05-1,4 Solution-diffusion
membrane

Concentration of dissolved
materials in fluid systems

Table 4. Under pressure operated membranes [43]

The membranes are applied by the treatment of textile wastewater as a separated process or
in combination of other processes especially with biological processes. The membrane
bioreactors are the combination of the membrane and biological processes and have a very
wide application area in industrial wastewater treatment. The separated application of
membranes for the treatment of textile wastewater has also been applied effectively for this
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purpose. The main advantage of membrane processes compared with the chemical treatment
of textile wastewater is no usage of the chemicals. On the other hand, membrane processes
also have disadvantages, mainly fouling. Fouling occurs in time during the operation with the
clogging of the pores of the membranes, which results in the decrease of the flux and increase
of the head loss. The quality of the discharge water from the membranes also decreases
therefore the total performance of membrane process decreases because of the fouling [44].

Imer investigated the treatment performance of the polysulfone (PS) ultrafiltration membranes
by the treatment of textile wastewater. The membranes were produced with phase inversion
method under different temperatures. By the study, real textile wastewater is used with the
following properties—conductivity: 5370 µS/cm, COD: 3094 mg/l, color: 1.47 (abs @530 nm),
pH: 9.0, and suspended solids: 33 mg/l. The phase inversion production was conducted under
four different temperatures from 25 to 65°C. The highest removal efficiency was achieved with
the membrane produced under 65°C with 99% COD and 99% color removal [45].

In another study, hollow fiber nanofiltration membranes were investigated for the treatment
of textile wastewater at laboratory and pilot scale. The operation was conducted under
different conditions, such as temperature, conductivity of textile wastewater, and pH values.
As a result, the recovery potential of the salts included in the textile wastewater was deter‐
mined for the reuse of the salts at the next stage of the dyeing process. Because the textile
wastewaters have high salt concentration, salt accumulation of the membranes in the mem‐
brane (internal concentration polarization) and on the membrane surface (external concentra‐
tion polarization) can decline the flux. This can be prevented with the periodical washing of
the membrane with the antiscaling solution The rejection of dye was over 98% in the study,
which indicates that the membrane technologies are not only a treatment process but also a
method to recover the dye and salt from textile wastewater [46].

4.2. MBR processes

Membrane bioreactor (MBR) is the combination of a membrane process (like ultrafiltration or
microfiltration) with a suspended growth bioreactor. The MBR processes have significant
advantages compared to the conventional biological treatment systems. High quality of
discharge water, less production of exceeded sludge, and high concentration of mixed liquid
suspended solids are the main advantages of MBRs. Except these, they need smaller area than
the conventional systems because the membranes can be operated and installed in the
biological reactor. The nitrogen and phosphorus removal also occurs at higher efficiency in
MBRs. By two steps, membrane configuration nanofiltration or reverse osmosis steps can be
used to meet the discharge limits or salt removal from the outlet of the MBR system. The
recently conducted studies show that the membrane techniques can also exhibit high per‐
formances by the treatment of textile wastewater in the meaning of the high quality of
discharge water and reuse possibilities of the auxiliary chemicals used for dyeing process.

In the study of Yurtsever et al., aerobic and anaerobic bioreactors were compared with regard
to treatment efficiency of textile wastewater including azo dyes. No important change by the
effluent concentration of azo dyes was observed with increasing azo dye concentration by the
influent. This can be explained with the cleavage of the azo dye at low redox potentials [47].
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Friha et al. investigated the treatment efficiency of the aerobic submerged MBR using textile
wastewater as influent. In the system, a flat sheet membrane module was used with operating
transmembrane pressure (TMP) ranging between 70 and 350 mbar. The system was operated
during 6 months, and stable treatment results were gained at the end of the operation. Except
the high removal efficiency for pollution parameter color, COD, BOD5, and SS (color, 100%;
COD, 98%; biochemical oxygen demand (BOD5), 96%; suspended solids (SS), 100%), an
important decrease by toxicity of wastewater was achieved, which indicates that the mem‐
brane processes can be operated effectively by the treatment of textile wastewater [28].

4.3. Ultrasonic oxidation processes

The energy given by the ultrasonic source to the wastewater results in the cavitation, which is
the nucleation and behavior of the bubbles in the wastewater. Cavitation is the formation of
cavities which also grow and collapse with each other. Cavities provide the condition of strong
oxidizing to occur by way of production of hydroxyl radicals and also hydrogen peroxide. In
the wastewater treatment, the cavitation bubbles act as a microreactor in which the volatile
organic compounds are oxidized [47, 48]. The reaction chain of consisting of radicals through
the ultrasonic cavitation is shown as follows [44]:

ultrasound

2H O H HO® +g g (1)

ultrasound

2O 2O® (2)

2H O HOO+ ®g g (3)

2O H O 2HO+ ® g (4)

The ultrasonic catalysis (sonocatalysis) processes are among the advanced oxidation processes,
which are also applied with combination of the other advanced oxidation processes like photo
catalysis. The process is based on the production of radical molecules like hydroxyl radicals
(HO˙) with the help of an energy source. This source can be acoustic, photolytic, or hydrody‐
namic energy for the treatment of textile wastewater. The sonocatalysis reactions can be
applied in combination with other source such as photolytic energy. This can increase the
interaction between radical and dye molecules and therefore the efficiency of the treatment of
the textile wastewaters [48].
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4.4. Photochemical oxidation processes

The photochemical oxidation processes are also among the advanced oxidation processes,
which are applied effectively as alternative method to the conventional processes. The
photochemical oxidation processes are also based on the production of highly reactive radical,
such as hydroxyl radicals, which can degrade the recalcitrant organic materials included in
the textile wastewater. The use of photochemical oxidation processes can be applied under
solar radiation, which enhances the production of hydroxyl radicals (OH˙) and provides to
realize the treatment processes at lower costs [49, 50].

4.5. Electrochemical processes

Electrocoagulation also offers an alternative method for the removal of color by textile
wastewater to the chemical coagulation by which metal salts or polymers and polyelectrolytes
are used to break the stable emulsions and suspensions. By electrocoagulation, metal plates
such as iron or aluminum are used as electrodes to produce highly charged polymeric metal
hydroxide species continuously in the water. These ions with opposite charges destabilize the
colloids, allowing them to coagulate [19]. Because no chemical is applied during the process,
electrochemical processes have been used advantageous as an alternative technology to
chemical coagulation for treatment of industrial wastewaters particularly textile and dyeing
wastewaters [51–56]. Electrochemical process can also be used for the production of ferrous
iron and/or hydrogen peroxide, thereby allowing the generation of hydroxyl radicals. This
process is a similar process with electrocoagulation. The difference between two processes is
adding of H2O2 with in various concentrations before the electrolysis [57, 58].

In a most recent study, four different iron-based processes were applied for the decolorization
of textile wastewater; electrocoagulation, electrochemical fenton, electro-fenton, and peroxi-
coagulation for decolorization of real textile wastewater. The fenton process is an important
process to degrade the refractory chemicals through chemical oxidation by hydroxyl radicals
(OH). The important point of the Fenton process is the production of ferrous iron and/or
hydrogen peroxide for the oxidation of organic materials and other refractory chemicals. At
pH value of 3, they achieved decolorization efficiency by 94.4 %, which indicates the better
oxidation performance of produced hydroxyl radicals at low pH values. The removal efficiency
of color increase by biodegradability and energy consumption for four processes were
compared. In the study, the most important parameters that affect electrocoagulation efficien‐
cy are determined as pH value and the electrical current. The highest removal efficiency for
color was achieved at the pH value of 6.5 and by an electrical current of 300 Ma. They also
determined the optimum electrical current for both the highest energy efficiency and removal
efficiency as 200 Ma [52]. In the study, the biodegradability of textile wastewaters was also
investigated after iron-based electrochemical treatment processes. The biodegradability is an
important parameter for industrial wastewater pointing out how the organic content of
discharged wastewater can be degraded by the microorganisms in aquatic environment. The
ratio of BOD5/COD is the main parameter to determine the biodegradability of wastewater. If
the ratio is high, it shows that the biodegradable part of the organic matrix is high and the
organic constituents in the discharged wastewater can be eliminated more easily at aquatic
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compared. In the study, the most important parameters that affect electrocoagulation efficien‐
cy are determined as pH value and the electrical current. The highest removal efficiency for
color was achieved at the pH value of 6.5 and by an electrical current of 300 Ma. They also
determined the optimum electrical current for both the highest energy efficiency and removal
efficiency as 200 Ma [52]. In the study, the biodegradability of textile wastewaters was also
investigated after iron-based electrochemical treatment processes. The biodegradability is an
important parameter for industrial wastewater pointing out how the organic content of
discharged wastewater can be degraded by the microorganisms in aquatic environment. The
ratio of BOD5/COD is the main parameter to determine the biodegradability of wastewater. If
the ratio is high, it shows that the biodegradable part of the organic matrix is high and the
organic constituents in the discharged wastewater can be eliminated more easily at aquatic
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environment. Figure 7 shows that all iron-based electrochemical treatment methods provide
an increase by biodegradability of raw textile wastewater. The highest increase was seen by
Fenton process supported by electrochemical methods, because hydroxyl radicals (OH.) can
oxidize the resistant organic material to smaller ones, which can be degraded by microorgan‐
isms easier [57].

Figure 7. BOD5/COD ratio after iron-based electrochemical processes treatment [57].

4.6. Novel materials (coagulants, adsorbents)

In textile wastewaters, chemicals and other materials are used to realize the treatment
processes, such as coagulants and flocculants, for coagulation-flocculation process and
adsorbents for adsorption process. New materials are continually tried for a more efficient and
cost-effective processes to develop.

By the coagulation process, mainly the chemical materials such as aluminum sulfate
(Al2(SO4)3), aluminum chloride (Al2(Cl)3), and ferric sulfate (Fe2(SO4)3) are used. New coagulant
agents, such as natural coagulants, have been used successfully by C/F process using the
treatment of textile wastewater instead of inorganic coagulants. Natural coagulants have many
advantages over chemical agents by treatment textile wastewater like particularly biodegrad‐
ability, low toxicity, low residual sludge production, and low cost [31]. Renault et al. [59] also
reported that using natural polymers reduces the required inorganic coagulant dosage, which
results to produce less sludge, because more compact flakes by C/F process are produced. In
the study of Freitas et al., okra mucilage is used (abelmoschus esculentus) as natural coagulant
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aid dissolved in distillated water and their efficiency was compared to chloride ferric (chemical
agent) in C/F process of textile wastewater treatment. They determined an important increase
by the removal of pollution parameters, such as color, COD, and turbidity. The amount of
Fe3+ was also decreased up to 72.5% using a small amount of okra mucilage [31].

Activated carbon is used for the treatment of textile wastewater, but this process is very
expensive; therefore, the cost analysis should be done carefully before the establishment of the
process [60]. There are also cheaper products, which have been recently used by the adsorption
process. Hydroxyapatites (Ca5(PO4)3(OH)) belong to these materials, which are abundant in
the nature, and can be applied effectively by the treatment of textile wastewater. Lemlikchi et
al. investigated the adsorption kinetic of textile dyes on synthetic hydroxyapatite in aqueous
solution. After adsorption process, during the adsorption process, the precipitation is also
applied for the separation of hydroxyapatite saturated with pollutants in the wastewater. The
co-precipitation was carried out at pH = 8 at batch mode, and settling time for the three textile
dyes Hydron Blue (HB), Solophenyl Blue (SB), and Solophenyl Turquoise (ST) was almost 1
day. After settling, the supernatant was filtered and analyzed by UV-vis. By scanning electron
microscope (SEM) analysis, it was seen that HAP grains are strongly bonded for the HB and
for the SB. Lemlikchi et al. explained this adsorption process with the strong interaction
between phenol, sulfonate, and amine groups in the dyes molecule and calcium ions. This
study shows that the textile wastewater can be treated effectively with adsorbent material
different from active carbon with lower costs [60].

4.7. Hybrid processes

Because the textile wastewaters contain many pollutants including hard or nonbiodegradable
compounds, hybrid systems can be applied more effectively to use the advantages of each
process. The physical, chemical, and biological process has advantages and disadvantages. For
example, the chemical usage and production of sludge with high chemical content are the most
important disadvantages of the coagulation-flocculation process. On the other hand, some
nonbiodegradable compounds included in the textile wastewater can be precipitated and
removed wastewater by C/F process. Therefore, the most efficient and cost-effective system
combination has to be investigated according to the structure of the wastewater to be treated.

In the study of Sun et al., the removal of organic compounds and nitrogen in an anaerobic–
anoxic–aerobic membrane bioreactor process (A2O-MBR) for the treatment of textile waste‐
water was investigated. The two different membranes were used and submerged in the aerobic
reactor symmetrically to observe the biofouling behavior of two membranes observed through
the TMP. One of them was hollow fiber membrane made of polyvinylidene fluoride (PVDF)
with a nominal pore size of 0.1 µm, and the other one was flat-sheet membrane. As a result,
the organic matters and nitrogen were removed from the textile wastewater efficiently. For
many organic matters, high removal ratios were achieved. On the other hand, very low
removal efficiencies were seen for some hard biodegradable organic matters such as styrene
with 2%. Also, combinations of acids and oxidizing agents were offered as a good solution for
chemical washing to minimize the biofouling. The schematic diagram of the pilot-scale AO-
MBR system was showed in Figure 8.
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Figure 8. Schematic diagram of the pilot-scale AO-MBR system [61].

Some specific hard biodegradable pollutants can be degraded with the help of advanced
oxidation processes [62]. Lee et al. [62] investigated the elimination of 1,4-dioxane contained
in the textile wastewater by membrane photoreactor. UV lamps was used as photon source
and TiO2 was used as catalyst.As a result, they determined that the depredation in bioreactor
with the support of photocatalytic reactions can satisfy the drinking water guidelines. The
dosage concentration of TiO2 should have been applied in high levels because of the low
adsorption of 1,4-dioxane onto TiO2 particles. The chemical precipitation methods can be
applied before the biological processes to enhance the BOD5/COD ratio. Figure 9 shows the
schematic diagram of a treatment plant for textile wastewater located in Jiangmen of Guang‐
dong Province-China.

Figure 9. Schematic diagram of a textile wastewater treatment plant located in China [63].
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The textile wastewater has the properties of high alkaline, color and organic matter content,
and low biodegradability with 0.25 BOD5/COD ratio. To increase the BOD5/COD ratio before
the biological processes, coagulation with FeSO4 and following precipitation is applied. After
chemical treatment, the two staged anaerobic-aerobic biological treatment processes are
applied. The discharge limits are met according to local regulations.

The biological treatment is not sufficient for the removal and degradation of recalcitrant
compounds in textile wastewaters. Therefore, chemical oxidation methods are applied before
or after the biological processes for increasing biodegradability of wastewater or degradation
of nonbiodegradable compounds. Punzi et al. [64] investigated the degradation of recalcitrant
compounds and the removal of toxicity of textile wastewater by applying ozonation after
anaerobic treatment. In that study, 99% of the color and 85–90% of COD were removed from
a synthetic textile wastewater containing 100–1000 mg/l of the azo dye.

5. Conclusions and recommendations

The purpose of the book chapter is to bring an overview on the new treatment methods for
textile wastewaters, one of the most important sources of environmental pollution. Despite
the fact that there is no uniform standard currently, many countries have legalized some strict
discharging standards, and scientists and researchers face new technologies including
electrical, sonic, magnetic, optical, and thermal methods. Although many researches on
treatment of synthetic or real wastewaters with various methods are available, very few
researches have been carried out on the cutting-edge technologies. Moreover, there are a lot
of review article or book chapters on textile wastewater treatment processes individually based
on each conventional processes, such as coagulation, adsorption, chemical oxidation, and
biological decolorization. Therefore, in this part of the book, following major and minor titles
are stated truly on the aforementioned new technologies.

Textile effluents are highly polluted wastewaters with high concentration of chemical and
biochemical oxygen demand, suspended and colloidal solids, salts, heavy metals, and other
hard or nonbiodegradable organic matters, which is an important threat for environment when
discharge criteria are not carefully considered. These wastewaters have complex structure and
large emissions, which make them very hard to handle. Because mostly only one treatment
process could not be sufficient to remove the pollutants effectively, the biological, physical,
and chemical processes are used separately or in one process to support each other in a
combined treatment plant. Among these processes, for example, membrane systems are very
effective separation systems to be applied in the treatment of various impurities from textile
wastewater. Membrane bioreactors have higher investment and operational costs compared
with conventional biological processes, but they have very high quality of discharge water and
reuse chances of valuable materials included in textile wastewater are high.

The adsorption process is also an important process, which can be combined with membrane
processes like nanofiltration. But the adsorption materials such as active carbons are expensive
materials; therefore, cheaper materials like different natural polymers are preferred. Electro‐
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oxidation or sonophotocatalysis process can be applied before the biological process to
cleavage the bounds of the dye compounds and make them biodegradable. If the wastewater
is desired to be used in the process again, an ion exchange process could be needed at the end
of the process. As seen, the process combination can differ according to the structure of textile
wastewater and discharge purposes. But it must not be forgotten that the green technology
methods by the production of dye are more efficient and cost-effective methods to prevent the
pollution and increase the reuse chances of materials contained in wastewater. Therefore, the
use of natural eco-friendly materials has been investigated recently widely in the world, which
is degraded in the biological treatment systems and environment more easily.
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Abstract

In recent times, enzymatic approaches have been used in treatment of colored wastewa‐
ter/industrial effluents. Peroxidases are very useful in removal of recalcitrant toxic com‐
pounds or transforming them into innocuous products. Although much attention has
been paid in the utilization of biocatalysts in several fields, their involvement in solving
the environmental problems has gained support. Enzymes in soluble states have limita‐
tions of catalytic ability and stability. As the complexity of the effluents increases, the
ability of the enzymes to execute its catalytic potential decreases. Therefore, one of the ap‐
proaches to improve stability, catalytic ability, reusability and shelf life of enzymes is by
immobilization. Work in the area of enzyme technology has provided significant clues
that facilitate using enzymes optimally at large scale by cross-linking, entrapping and im‐
mobilizing. The current article presents an insight into the use of peroxidases immobi‐
lized on several different supports for the dye color removal of synthetic dyes as well as
several different contaminants.

Keywords: Peroxidases, Immobilization, Dye decolorization, Continuous reactor

1. Introduction

Technological innovations have contributed immensely in wastewater treatment especially
with respect to removal of synthetic dye color. Enzymatic approaches have immense potential
and consequently have gained much attention in recent times. These biomolecules are not only
ecofriendly but exhibit specificity in targeting and reducing hazardous wastes. Peroxidases
(EC 1.11.1.7) are a key to wastewater treatment and distributed in a variety of plants, animals
and microorganisms. These are heme-containing enzymes with specificity towards a wide
spectrum of substrates. Essentially, these enzymes require hydrogen peroxide to act on a
variety of aromatic compounds. The enzyme in its presence is oxidized to a catalytically active
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form which subsequently reacts with phenolic contaminants. During their course of action
they get inactivated which is due to the formation of free radicals which are adsorbed on the
enzymes catalytic site and blocks the binding of the substrate molecules.

Peroxidases are very useful in removal of recalcitrant toxic compounds or transforming them
into innocuous products [1, 2]. The characteristic of a given waste upon treatment with
peroxidases is sufficiently changed so that it is more amenable to subsequent treatments. Being
enzymes, they have higher reaction rates, milder operating conditions (relatively low temper‐
ature and in the entire aqueous phase pH range) greater stereo-specificity, and consequently
in comparison to chemical catalysts are selective and efficient. Although, biocatalysts have
been exploited in several areas, their use in dealing with environmental problems is the need
of the time. Soluble form of enzymes has inherent limitations of stability and the complexity
of effluents make them vulnerable to denaturation and consequently loss of catalytic potential.
To a certain extent these limitations can be overcome by immobilizing these enzymes on
suitable supports which would improve their catalytic parameters.

Peroxidases in conjunction with hydrogen peroxide have been extensively used in removal of
aromatic compounds present in effluent discharge. Enzymatic treatment of wastewater has
certain merits over conventional strategies. While there is simplicity in controlling the
enzymatic processes, they can be exploited in a wide range of pH, temperature, salinity,
contaminant concentration, recalcitrant materials. Nevertheless, the effective use of these
enzymes was limited due to their non-reusability, high purification cost and sensitivity to the
denaturants in wastewater. In order to overcome some of these constraints immobilization of
these enzymes on various supports opens up new avenues for exhaustive utilization. With the
advancement of technology, enzymes can be immobilized optimally at large scale on several
different supports by cross-linking and entrapping. The current article provides an insight of
using simple supports to immobilize peroxidases and testing it for dye color removal of
synthetic dyes

2. Enzyme Immobilization: Characteristics and applications

2.1. Immobilization of polyphenol oxidase on Celite 545

Achieving immobilization of enzymes by simple adsorption has a practical advantage of
regeneration of support and consequently easy replacement of deactivated enzymes with a
fresh batch of active catalysts [3]. An insoluble support is not only inexpensive but the
relatively simple adsorption techniques make the approach interesting. Polyphenol oxidases
(PPO) finds application in the analytical determination of cyanide, azide, aromatic amines,
phenols and catechols such as neurotransmitter substances and related metabolites [4-6]. PPO
have been immobilized on various supports and used for the treatment of wastewater [7].
Although, several techniques based on the PPO treatment have been developed for the
remediation of industrial wastewater but the cost of the processes has limited its use [8, 9].
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Celite is an inexpensive diatomite carrier with properties desirable for the immobilization of
enzymes. It has been used as a support even while using partially purified protein preparations
[10]. Celite exhibits preferential selectivity for tyrosinase and other blue proteins indicating
that this material is useful for isolating copper containing proteins [11]. PPOs from potato were
immobilized on Celite 545 [12]. The adsorption of PPO on Celite 545 was significantly affected
by varying the pH of the buffer [13]. Maximum binding was recorded at pH 7.0 whereas above
and below this pH, the binding decreased. For instance upon altering the pH to 5.0, the bound
enzyme activity was only 68% as compared to the maximum at pH 7.0. Similar variation has
also been documented for immobilization of PPO on various other matrices [14]. While
studying the influence of pH on soluble and Celite-PPO, immobilized preparation exhibited
wider pH-activity profile with no difference in pH-optima between pH 5.0 and pH 6.0. Also,
immobilized PPO retained significantly higher fraction of enzyme activity in the acidic range
[15]. Celite bound PPO from brinjal shows higher pH-optima as compared to potato PPO [7].

Temperature activity profile is an important parameter to assess the functional suitability of
the enzyme which may be subjected to varying thermal conditions. Celite - PPO retained
greater fraction of the catalytic activity at higher temperatures. A complete loss in activity was
noticed at 80°C with soluble PPO fractions whereas the immobilized counterpart retained 27%
of the original PPO activity [7]. Similar alteration in temperature optima was reported for fig
tree latex ficin immobilized on Celite [15]. The retention of biological activity in thermal
denaturation studies suggested that Celite bound preparation was significantly more stable
as compared to soluble counterpart. Celite bound potato PPO has better stability as compared
to the Celite bound brinjal PPO [7].

As compared to soluble counterparts, immobilized states of enzymes were superior in stability
towards denaturants. Immobilized enzymes exhibited an enhancement in catalytic activity as
against soluble states which were able to exhibit half of its initial activity after an incubation
of 2 h. Treatment with 4.0 M urea for 2 h under similar conditions did not cause much loss in
catalytic potential. Effluent discharge is also loaded with several detergents. It was observed
that soluble form of peroxidases in 1.0% SDS for 1 h lost 61% of its original activity, the
immobilized counterparts retained over 83% of initial activity under similar experimental
conditions. Potato PPO on incubation with increasing concentration of Triton X 100 and Tween
20 (0.2 – 1.0%, v/v) underwent catalytic stimulation. Immobilized preparations of PPO were
more activated as compared to soluble states of enzymes. Findings are suggestive of existence
of potato PPO in its partially active form, which was fully activated in presence of lower
concentrations of various detergents [16, 17]. The activation of immobilized potato PPO
activity by the presence of some pure detergents suggested that this behavior is significantly
fruitful for using such preparations for the treatment of organic pollutants even in the presence
of such type of detergents.

The behavior of soluble and immobilized enzyme preparations upon exposure to various
water-miscible organic solvents like (dimethylformide) DMF, dioxane, n-propanol and
acetonitrile suggested that the immobilized enzyme preparation exhibited retention of very
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high enzyme activity even when the strength of the organic solvent was very high whereas
the soluble enzyme preparation lost its activity rapidly when exposed to water-miscible
organic solvents. The immobilized enzymes exhibited over 38% of its initial activity as
compared to soluble form which could retain only about 24% activity under identical exposure
to 60% dimethylformide. In the presence of 60% n-propanol immobilized enzymes showed
enhanced activity whereas soluble form underwent a decrease in activity, manifesting only
75% of its initial activity. An exposure of these two states of enzymes to 60% (v/v) acetonitrile
suggested better performance of immobilized preparation expressing 40% in comparison to
soluble forms with only 19% of the original activity. The activity of Celite bound PPO and free
form enzymes underwent stimulation in enzymatic activity at concentrations of organic
solvent up to 30% (v/v). In case of immobilized PPO, the stimulation was more pronounced.
Several investigators have shown the immobilization of potato PPO via adsorption on chitin,
chitosan, and Eudragit S-100, etc. supports resulted in the stabilization of PPO activity against
water-miscible organic solvents [3, 18].

2.2. Immobilization of bitter gourd (Momordica charantia) peroxidase on DEAE cellulose

An anion exchanger, diethyl aminoethyl (DEAE) cellulose has been used to immobilize the
salt fractionated and dialyzed bitter gourd proteins (BGP) [19]. DEAE-BGP preparation was
compared with its soluble counterpart for its stability against pH, heat, urea, detergents, water-
miscible organic solvents and proteolytic enzyme (trypsin). BGP was immobilized in very high
yield on DEAE cellulose and it bound 590 units of BGP/g of the ion exchanger. The preparation
was highly active and exhibited very high effectiveness factor. Effectiveness factor of an
immobilized enzyme is a measure of internal diffusion and reflects the efficiency of the
immobilization procedure. In this case, the yield of immobilization was quite superior over
other methods used for the immobilization of peroxidases [20, 21]. BGP was tightly associated
with DEAE cellulose as treatment with 0.5 M NaCl did not resulted in any significant detach‐
ment of enzyme molecules. This matrix bound BGP exhibited high degree of stabilization
against pH, thermal and denaturation with urea. These findings suggested the use of DEAE
cellulose as matrix for high yield and stabilization of enzymes and proteins that have also been
supported by other workers [22, 23]. The immobilized BGP preparation exhibited broadening
in pH–activity profiles as was the case with Con A-Sephadex bound BGP. DEAE cellulose and
Con A-Sephadex bound BGP was remarkably stable against trypsin mediated proteolysis [24].
DEAE cellulose bound BGP was quite resistant against denaturation induced by detergents.
The native conformation of enzymes is unaffected in the presence of lower concentration of
detergents. Lower concentration of detergents improves the catalytic activity of enzymes more
so in immobilized states which also exhibit remarkable stability against higher concentrations
of detergents [4].

The structure of enzymes can be affected by the presence of organic solvents and several
aromatic compounds present as pollutants. Therefore, it is essential to assess the stability of
enzymes against such solvents. BGP immobilized on DEAE matrix are stable on exposure to
dioxane, DMSO and propanol. Immobilization involving multipoint confers protection against
organic solvents in co-solvent mixtures [25, 26]. Several workers have shown that potato
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polyphenol oxidase adsorbed on chitin exhibited variation in their properties as compared to
free form in aqueous-organic co-solvent mixtures. They have also dwell on polyphenol
oxidase, peroxidase, trypsin and acid phosphatase and showed that within a specific concen‐
tration range of water-miscible organic solvent in the medium the activity of enzymes are
stimulated [3]. It has also been shown that enzymes immobilized on protein supports were
also quite resistant to denaturation induced by various water-miscible organic solvents [27, 28].

BGP preparation has enhanced stability against pH, heat, urea, proteolysis, detergents and
water-miscible organic solvents when immobilized on DEAE matrix. This aspect of improved
stability to various form of denaturing conditions upon immobilization has been described
elsewhere [22, 29, 30]. The resistance to protease is an additional attribute to the adsorption of
BGP on anion exchanger. Looking at the convenience of immobilization and retention of
catalytic activity, DEAE bound BGP may open up new avenues in treatment of organic
pollutants in effluents from industrial units. As only non-covalent interactions hold the BGP
to DEAE cellulose, desorption of enzyme from support cannot be ruled out. Additionally, these
enzymes could cross-linked by bi-functional or multifunctional reagents to prevent the leakage
of peroxidases from matrix.

2.3. Immobilization of turnip (Brassica rapa) peroxidase on bioaffinity support

Polysaccharides could be used for bioaffinity based purification of Con A from the extract of
jack bean. Bioaffinity based media can be prepared for immobilizing enzymes obtained from
crude preparations. Turnip peroxidase (TP) was immobilized on Con A-cellulose support and
it retained 672 U of TP/g of the matrix [24, 31, 32]. Con A-cellulose bound TP exhibited very
high stabilization against the inactivation induced by pH, heat, urea and guanidinium-HCl
denaturation.

Several earlier investigators have also reported about the use of Con A support for high yield
and stable immobilization of glycoenzymes [31, 33]. Lower concentrations of various deter‐
gents enhanced activity of soluble and immobilized TP. Immobilized TP preparation was
sufficiently stable against high concentration of several detergents. Such immobilized systems
could be used for treatment of hazardous aromatic substances. Enzymatic structure are
affected by pollutants in wastewater. Con A cellulose bound TP was remarkably more resistant
against the inactivation mediated by DMF, dioxane and n-propanol. Akhtar et al. [24] have
demonstrated that bitter gourd peroxidase immobilized on Con A-Sephadex support behaved
differently compared to soluble enzyme in aqueous–organic co-solvent mixtures.

Fernandes et al. [34] improved HRP organic solvent tolerance by immobilization. The immo‐
bilized soybean seed coat peroxidase exhibited full activity in the presence of organic solvent
of concentration range (5-70%, v/v). The soluble form of enzyme was almost inactive in 50%
(v/v) of solvents assayed. Enzyme catalysis in organic solvents is possible if structural losses
are kept minimum in organic solvents and to achieve such performances from enzymes the
Con A- cellulose associated TP seems feasible [35, 36]. Stability to heat, pH, urea, guanidinium-
HCl, detergents and several water-miscible organic solvents is remarkable on using Con A-
cellulose as matrix to immobilize TP. Immobilization of glycoenzymes on Con A lectin support
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improves the stability against several denaturants as reported elsewhere and consequently
holds potential in wastewater treatment [31, 37].

2.4. Concanavalin A-wood shaving immobilized turnip peroxidase in dye color removal

Wood shaving (WS) is an inexpensive support that finds use in immobilizing enzymes.
Bioaffinity support has been prepared using concanavalin A from Jack bean. Salt fractionated
turnip peroxidase was immobilized on Con A-WS support. This immobilized protein under
varying internal conditions was compared with soluble form in its ability to decolorize direct
dyes and its mixtures in batch and continuous reactor system [38]. Con A-WS immobilized TP
retained an activity of about 67% as that of initial value. The non-covalent binding of glyco‐
protein to bioaffinity column adsorbed with Con A is a successful strategy to enhance
glycoprotein immobilization. While studying its effectiveness it was observed that immobi‐
lized TP (ITP) exhibited a higher dye color removal as compared to soluble forms. Con A-WS
served as an excellent bioaffinity column that conferred additional resistance to enzymes in
extremes of pH [39]. DR23 and dye mixtures were effectively decolorized by ITP in batch
processes at elevated temperatures where as performances were limited to soluble TP. At
elevated temperatures the thermal stability improved due adsorption of enzymes with lectin
[24, 40].

Dye solutions with sodium chloride (0.5 M) were effectively decolorized by ITP up to 70%.
Textile effluents are often contaminated with heavy metals [41, 42]. ITP exhibited better
performance in dye color removal of dye solutions containing metal ions suggesting its
importance in removal of aromatic pollutants from industrial discharge. The potential of ITP
in dye color removal in the presence of 10% and 30% dioxane is excellent. Although soluble
enzymes are susceptible to denaturation, ITP showed better catalytic potential as multipoint
attachment stabilized the protein structure and prevents the ease of denaturation [39].
Enzymatic catalysis in organic solvents is possible if the organic solvent does not substantially
disturb the active site structure [36]. As immobilized enzymes are reusable the processes
becomes cost effective. Over 40% of decolorizing activity was still retained when DR23 was
treated with eighth repeated use of ITP.

One of the important advantages of immobilized enzyme is its reusability, which influences
the cost of industrial applications [24]. Further, the efficiency of ITP was assessed at large scale
using two-reactor system [38]. The performance of the reactors was quite efficient as they
fulfilled the following requirements: (i) limited accessibility to the immobilized enzyme does
not seem to play a role since decolorization by free enzyme was never better than with
immobilized preparation [43], (ii) retention of the immobilized enzyme in the reactor in order
to maintain an effective operation [44], (iii) maintenance of a good flow rate in order to ensure
efficient dye decolorization/degradation [45], and (iv) the performance of the continuous
reactor was improved in terms of dye degradation by using activated silica in the second
reactor, which helped in the adsorption of toxic reactive species [46].

Water free of dyes (DR 23 and mixture) was obtained when applied on to a double reactor
system. ITP present in the first column acted on the dyes which were adsorbed in the second
column containing activated silica. The reactors functioned efficiently for over 90 days. In the
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presence of redox mediator, 1-hydroxybenzotriazole (HOBT); ITP caused significant dye color
removal of DR 23 and its mixtures. While studying the absorption spectra it was noticed that
the disappearance of peak in the visible region was either due to the removal of pollutants in
the form of insoluble products or due the degradation of chromophores in the dyes [24, 47, 48].

The decolorization efficiency of DR 23 and mixtures were different. As compared to individual
phenol/dye, biodegradation of complex mixtures of dyes and phenolic compounds were quite
slower [24, 49]. One of the possible explanations could be the competition between various
phenols/dyes for the enzyme catalytic site or the compounds were recalcitrant and underwent
slow transformation. Argument supports the view that industrial effluents containing dyes
and its mixtures could be subject to treatment by ITP.

In the presence of ITP the treated polluted water had significantly lower level of TOC (total
organic carbon). ITP treated dye solutions exhibited greater loss of TOC. Immobilized HRP
removed ~88% of TOC from simulated wastewater containing mixture of chorophenols [50].
Significant amount of TOC from polluted water containing dyes/dye-mixtures and dyeing
effluent was removed when treated with soluble and immobilized bitter gourd peroxidase
[24]. These findings are suggestive that ITP could be successfully used in removal of dye from
effluents of textile, printing and etc.

The support did not showed any signs of physical adsorption of direct dye or mixtures. The
dye solution was stable when exposed to bioaffinity support, silica gel, H2O2 or enzyme alone.
If this is so, than decolorization was an outcome H2O2-dependent enzymatic reaction which
may involve formation of free radical followed by polymerization and precipitation. The loss
of dye color in batch processes was due to removal of aromatic compounds by precipitation.
The decrease in aromatic pollutants from the dye solutions was because of adsorption of initial
product, free radical compound on the activated silica present in second column.

2.5. β-cyclodextrin-chitosan-horseradish peroxidase (β-CD-chitosan-HRP) complexes for
dye color removal

Cyclodextrins (CDs) are formed from the enzymatic degradation of starch by bacteria. These
cyclic oligosaccharides containing 6 (α-CD), 7 (β-CD) or 8 (γ-CD) linked with α-(1, 4) linked
glucose units. The most important structural features of these compounds include their
toroidal shape with an interior cavity that is hydrophobic and exterior hydrophilic [51]. CDs
are capable of forming inclusion compounds both in solution and in the solid state with a
variety of guest molecules, whereby the guest molecules are placed in their hydrophobic
interior cavity [52]. To improve the chemical stability, absorption, bioavailability and control‐
led release of some drugs the CDs find wide applications in pharmaceutical science [53]. In
addition, CDs because of their low production cost have attracted considerable attention in
many others fields (e.g., agriculture, nanocomposites, chromatography, biotechnology and
bioremediation).

With the progressive adoption of industrial-based lifestyle and the increasing global popula‐
tion have increased the anthropogenic impact on the biosphere. Textile industry discharges
hazardous compounds that can seep into aquifers and subsequently contaminate under‐
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ground water or surface waters. These pollutants of various natures have far reaching impact
on aquatic life and human health [54]. These dyes are difficult to remove by conventional
wastewater treatment as they possess highly complex chemical structures [55, 56]. The
development of enzyme based strategy to treat dyes from wastewater has received much
emphasis in recent times [24, 57, 58].

Peroxidases can be used in the detoxification and biotransformation of several aromatic
pollutants present in wastewater [4, 59]. HRP was immobilized in very high yield with β-CD-
chitosan. The immobilized preparation was highly active and showed a very high effectiveness
factor. This method of immobilization was far superior as compared to other strategies [20, 21,
60]. The immobilization of different enzymes with CDs involves forces that are responsible for
the stability were ionic, hydrogen, Van der Waals and hydrophobic interactions [61].

At pH 8.0, maximum binding was achieved for HRP with β-CD-chitosan. The adsorption of
enzymes on different types of support is pH dependent [35, 62]. Zhu et al. [63] reported a novel
immobilization approach based on the supramolecular function between β-CD polymer and
HRP in which maximum binding of the enzymes on the support was obtained in a phosphate
buffer solution of pH 7.0. It was concluded that the optimization of the enzyme concentration
is also of most importance because higher enzyme concentrations shows no significant
influence on dye decolorization. The dye color removal by soluble HRP increased as the
incubation time was enhanced with maximum achievement after 2 h. There was no significant
effect on decolorizing ability on prolonging the time further. On treatment with fenugreek
(Trigonella foenum-graecum L.) seed peroxidase the textile effluent from the carpet industry
decolorized to 68% of original in 2.5 h [64].

At concentrations above 0.6 mM H2O2 soluble HRP was inactivated. Buchanan and Nicell [65]
had earlier reported the inactivation of peroxidases by higher concentrations of H2O2. Once,
the substrate is fully consumed, most of the enzyme is expected to react with residual H2O2.
Therefore, if a treatment process is to be designed in order to reuse residual enzyme activity,
it will be necessary to limit the quantity of H2O2 supplied during the treatment [66, 67]. The
decolorization of the textile effluent is pH dependent because it affects the solubility and
concentrations of the counter ions, with subsequent impact on the functional groups of the
used reagents and the degree of ionization during reaction. The decolorization of an effluent
by soluble calcium alginate-entrapped bitter gourd (Momordica charantia) peroxidase; 48% and
71% removal of color were recorded at pH 5.0, by the soluble and immobilized peroxidase
respectively [68].

Color removal efficiency by the free and immobilized enzyme preparations increased with
increasing temperature; the soluble enzyme exhibits a lower optimal temperature than the
immobilized samples. The improvement in thermal stability of the complex may be an outcome
of a multipoint complexation of peroxidase with the support. A similar rationale was made to
explain why lectin bound enzymes were more stable than the soluble form [68]. The color
removal efficiency in a batch process was lower for the soluble form of HRP than the bound
enzyme. This may be due to the fact that the immobilized enzyme preparation would be less
sensitive to the inactivating metabolites produced from the catalytic reaction, which accumu‐
late in batch processes [69].
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Two continuous bed reactors containing both of the immobilized preparations were operated
simultaneously for the continuous oxidative removal of azo dye from textile effluent. These
reactors had high color removal efficiency. A similar observation reported that the oxida‐
tive degradation and removal of endocrine disrupting compound, bisphenol A, in a spiral
bed reactor [69]. The spiral bed reactor at operational parameters was functional in oxida‐
tive  removal  of  bisphenol  A  for  approximately  a  month.  Immobilized  preparations  of
enzymes  have  dual  advantages  of  stability  as  well  as  reusability.  In  comparison to  un-
crosslinked enzymes, the cross-linked preparation retained a remarkable high decolorizing
activity. Calcium alginate-starch-entrapped cross-linked bitter gourd peroxidase was shown
to polymerize and remove benzidine from model wastewater. Even after its sixth repeated
use, the immobilized enzyme was able to catalyzed oxidation and polymerizes 58% of the
benzidine [70].

2.6. Immobilized cauliflower (Brassica oleracea) bud peroxidase (CBP) on calcium alginate
gel beads in dye color removal

Synthetic dyes are difficult to remove from effluents by conventional biological processes as
they are highly stable and resistant to microbial attack [71]. Although physico-chemical
methods are available for dye color removal but being expensive finds limited application [72].
Another concern of such approaches are the generation of intermediates and end products that
are carcinogenic and mostly more toxic than the dyes per se. Approaches utilizing biodegra‐
dative abilities of some white rot fungi and peroxidases from vegetable sources seems
promising [73, 74]. Owing to their extracellular nonspecific free radical-based enzymatic
system, they can completely eliminate a variety of xenobiotics as well as synthetic dyes, giving
rise to nontoxic compounds [75, 76].

B. oleracea popularly known as cauliflower is widely planted in tropical areas and consumed
as vegetables and has earlier been shown by our group to be significantly effective in decol‐
orizing synthetic recalcitrant dye. Salt fractionated immobilized CBP with lectin Con A was
entrapped into calcium alginate-pectin beads [77]. Peroxidases in conjunction with hydrogen
peroxide can act on specific recalcitrant pollutants to remove them either by precipitation or
transformation to often innocuous products. They can change the characteristics of a given
waste rendering it more amenable for treatment [78]. Their catalytic action is extremely
efficient and selective as opposed to chemical catalysts due to higher reaction rates, milder
reaction conditions (relatively low temperature and in the entire aqueous phase pH range) and
greater stereo-specificity [79]. Though much attention has been paid in the utilization of
biocatalysts in several fields, their involvement has been felt very recently in solving the
environmental problems [80, 81]. Soluble enzymes have inherent limitations of losing catalytic
potential due structural variations influenced by the complexity of effluents. Immobilization
is a way out to improve their catalytic characteristics with enhancement in their reusability.
Different polymeric materials have been employed for encapsulation of enzymes and their
ability in treating the effluents containing pollutants [82, [83]. However, appropriate selection
of encapsulation material specific to the enzyme and optimization of process conditions is still
under intensive investigation.
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Immobilizing enzymes directly from crude homogenate is relatively a much cheaper approach
[84]. Although the immobilized form of bio-molecules holds commercial importance, protocols
available for such preparations are limited. Immobilization by adsorption is an effective
procedure for binding enzymes directly from partially purified preparations or even from
crude homogenates [29]. Calcium alginate mediated entrapment is a simple, economical,
effective and sustainable approach for using enzymes either from crude extract or directly
from partially purified preparations for detoxification and degradation of phenolic com‐
pounds in waste water [24, 39, 77].

Immobilization turns out be an articulated approach as the enzyme activity must not be
severely compromised. Where enzymes are glycosylated proteins, the glycosyl moieties can
be exploited for immobilization as they are generally not engaged in catalysis. While lectins
are useful in characterizing glycoproteins, glycoenzymes have been immobilized on concana‐
valin A affinity column or as Con A-glycoenzyme complexes [37, 39]. Peroxidase from
cauliflower bud is a better choice than other vegetable peroxidases as it is sufficiently ther‐
mostable, operates in a wide range of pH, economic and effective with low concentration of
redox mediators in decolorizing recalcitrant synthetic dyes [85].

2.6.1. Activity of Soluble and Immobilized CBP

The specific activity of peroxidase preparation increased to 3.5 fold over crude enzyme which
exhibited an initial specific activity of 98 U/mg of protein. This enzyme preparation was used
for direct immobilization as enzyme–Con A complex. Peroxidases in free form have a better
chance to leak out of calcium alginate pectin gel and therefore the leaching of enzymes from
porous beads is checked by complexing peroxidases and using the insoluble CBP-Con A
complex for entrapping into calcium alginate pectin gel. By selecting these concentrations,
encapsulation efficiency increases to 93% and leakage decreases to lower than 6%. With 0.2 ml
of Con A, the CBP–Con A complex expressed an activity of 84% which on entrapment into
calcium alginate–pectin gel resulted in further decrease (64%) of peroxidase activity. Further,
the effect of enzyme loading on entrapped activity was evaluated by entrapping increasing
concentration of enzyme. Optimum concentration (512 U/ml) was sufficient for maximum
expression of peroxidase activity by entrapped preparation. Pre-immobilized or cross-linked
enzymes that remain inside polymeric matrices for longer duration than their soluble coun‐
terparts provide higher mechanical and operational stability [19, 86]. It also indicated that
enzymes with high molecular mass stay for longer duration inside polymeric matrix. Pre-
immobilization increases molecular dimensioning of the enzyme and thereby prevents its
leaching from alginate beads.

Immobilized peroxidase preparations exhibited maximum peroxidase activity at 40°C which
was true even for soluble counterpart of CBP. However, CBP–Con A and entrapped CBP–Con
A complex retained greater fraction of catalytic activity at higher temperatures. A comparative
analysis showed that entrapped CBP-Con A expressed 79.6% activity whereas CBP-Con A
complex with 62.6% and soluble state 48.4% were relatively poor performers under identical
experimental conditions. The peroxidase activity was sufficiently high in the first 1 h for
different immobilized forms (79.6% & 89.6% for CBP–Con A complex and entrapped states
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respectively) whereas a relatively progressive decline was observed with the soluble CBP on
prolonging the time duration.

2.6.2. Activity of CBP under different operational conditions

2.6.2.1. Temperature and pH

Immobilization enhanced the resistance/stability of enzyme to high temperatures. At reason‐
ably high temperatures of 60°C the enzyme expressed 66.6% and 83.7% peroxidase activity as
CBP–Con A complex and calcium-alginate entrapped CBP–Con A complex respectively. On
increasing the temperature further to 80°C the entrapped immobilized form of CBP exhibited
46.5% peroxidase activity which declined to 31.2% at 90°C. The entrapment of CBP-Con A
complex conferred higher retention of its molecular structure and as a result the catalytic
activity was improved at elevated temperatures. Such systems could prove useful where
operational temperatures are high. As peroxidases are glycoprotein in nature, lectin associa‐
tion immobilizes the molecular conformation by multipoint attachment contributing to
stability and thus serves even better when entrapped in calcium-alginate pectin gel [28]. pH
activity profile of soluble CBP, CBP–Con A and entrapped CBP–Con A was evaluated by
incubating these preparations in the buffers of varying pH values (2.0–9.0). The pH range 4.0–
6.0 was sufficient for optimum enzyme activity. While comparing the activity in varying pH
medium, it was noticed that immobilized preparations were more stable at pH 4; whereas
soluble CBP exhibited a maximum activity (96%) at pH 5.0 which declined in alkaline medium.
Interestingly, immobilized CBP could withstand wide alkaline medium in comparison to
soluble forms. This broadening in pH-activity suggested that entrapment of enzymes in gel
beads provides a microenvironment for enzyme, which may play an important role in the state
of protonation / deprotonation of protein molecules [29]. Formation of CBP–Con A complex
promotes retention of molecular structure and consequently confers additional resistance to
enzyme against extreme conditions of pH [24, 87].

2.6.2.2. Denaturants

Urea (4.0 M) is a strong denaturant of some proteins and it irreversibly denatures soluble CBP
[88]. Upon subjecting the soluble and immobilized CBP preparation to urea entrapped CBP-
Con A complex retained profound activity with progressive increase in the incubation time.
The free enzyme lost almost 78% of initial activity, whereas in case of CBP-Con A complex the
activity diminished by 35% under identical experimental conditions.

The mechanism of urea induced denaturation is not completely understood. However, it is
suggested that protein molecule unfolds by direct interaction of urea molecule via non-
covalent interactions with the peptide backbone. The peptide backbone essentially contributes
to the structure of the molecule and therefore the loss of structure results in the loss of catalytic
activity [24, 29]. Fatima and Husain [89] have reported the enhancement of resistance to
denaturation by complexing glycoenzymes with lectin like Con A. In the presence of lower
concentration of dioxane the free and immobilized states of enzymes showed over 60% of
peroxidase activity. However, the activity manifested by immobilized counterparts was
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sufficiently higher. With higher concentration of dioxane (60% v/v) soluble enzyme retained
only 29.8% while CBP–Con A complex and entrapped CBP– Con A retained nearly 41.6% and
54.1% of their actual activity, respectively. It was interesting to note that at even higher
concentration of dioxane (80% v/v) soluble form of CBP lost 92% peroxidase activity as
compared to immobilized and entrapped CBP-Con A complex exhibiting 29.9% and 48.2%
respectively.

Enzyme catalysis is affected by the presence of water miscible organic solvents. As the
wastewater is often contaminated by organic pollutants hence the stability of CBP preparations
against some water miscible organic solvents needs to be explored. It was observed that
entrapped CBP–Con A complex retained remarkably high stabilization against inactivation
caused by dioxane and DMF as compared to soluble CBP and CBP–Con A complex. This is
substantiated by earlier findings that bioaffinity bound enzymes were significantly more stable
likely due to decrease in flexibility and increased molecular rigidity against exposure to water
miscible organic solvents [24].

Immobilized peroxidases are reported to be significantly stabilized against denaturation
induced by some commonly used detergents (Triton X 100, Tween 20, SDS) [29]. The immo‐
bilization of protein by attachment to matrix is sufficient enough to accords protection from
denaturation mediated by organic solvents. Moreover, the stabilization of immobilized
enzymes against various forms of water-miscible organic solvents could perhaps be due to
low water requirement or enhanced rigidity of the enzyme structure. In organic solvents
enzymes can perform catalytic activity if the organic solvent does not adversely alter the active
site conformation [36].

A number of studies have already been performed on the inhibitory effect of such compounds
such as horseradish peroxidase where sodium azide has been shown to be a potent inhibitor
of many heme protein-catalyzed reactions [90]. While the effect of sodium azide, on enzyme
was adverse, ethylenediamine tetra-acetic acid showed no significant effect on the activity of
soluble and immobilized CBP even when its concentration was raised 30 mM. Peroxidase in
the presence of sodium azide and H2O2 mediates one electron oxidation of azide ions forming
azidyl free radicals which bind covalently to the heme moiety of peroxidase, thus inhibiting
the enzyme activity [91]. EDTA did not have any significant effect on the activity of CBP and
such an observation on enzyme activity has already been reported [92].

The chemical contamination of water by a wide range of toxic derivatives, particularly, heavy
metals are a serious environmental problem owing to their potential human toxicity. In view
of their presence in wastewater, it became necessary to evaluate the effect of some heavy metals
on the activity of CBP. Our results revealed that CBP exhibited more resistance to heavy metal
induced inhibition; a concentration-dependent gradual inhibition of CBP activity by HgCl2

was observed. Some recent reports indicated that horseradish peroxidase was remarkably
inhibited by heavy metal ions [42, 93].

However, the inhibition of immobilized CBP by HgCl2 was quite low as compared to the
soluble enzyme. Although, metals induce conformational changes in enzymes, however
peroxidases remain active even in the presence of a number of metal ions, as a part of their
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detoxifying role. The effect of different metal ions on the activity of different enzymes is related
to their affinity to different functional groups present in the enzymatic structure [94, 95]. The
stability of immobilized CBP against several metal compounds showed that such enzyme
preparations could be exploited for the treatment of aromatic pollutants even in the presence
of heavy metals.

2.6.2.3. Kinetics

The kinetic parameters of soluble and immobilized CBP were determined using different
concentrations of o-dianisidine HCl. The plot of initial enzyme activity versus different
concentrations of o-dianisidine HCl for both the enzyme preparations followed a hyperbolic
pattern as expected according to the Michaelis–Menton kinetics. Lineweaver–Burk plots of
soluble and immobilized CBP were also found to be linear and Michaelis– Menton constant,
Km, for soluble and entrapped CBP–Con A complex was 0.076 and 0.089 mM, respectively. The
Vmax values for soluble and immobilized CBP were found to be 22.4 and 16.6 mM/min,
respectively. Vmax of soluble enzymes was more than that of immobilized states, although
Km values were closely related. Thus, the immobilization of CBP-Con A complex by entrap‐
ment using calcium alginate pectin did not affect the conformation of enzyme, however the
accessibility for the substrate was slightly altered.

Glutaraldehyde crosslinking enhances the structural rigidity of protein and also maintains the
native structure [96]. The structural rigidity and consequently the native structure of a protein
is enhanced by crosslinking [96]. Immobilization by entrapment serves similar functions due
to which the CBP becomes more resistant to environment. Since the entrapment of CBP–Con
A complex is non-specific and masking of certain amino acids at or near the active site
contributed towards lesser formation of enzyme-substrate complex, a decrease in Vmax was
observed in the case of immobilized enzyme preparation. It is well documented that the Km

values of several immobilized enzymes were either unaltered or exhibited minor alteration as
compared to those of their respective soluble counterparts.

2.6.2.4. CBP and dye decolorization

Entrapped immobilized CBP decolorized 93.7% and 88.2% of DR 19 and mixture of dyes
(DR19+DB9) after 2 h of incubation, respectively. Immobilized CBP was more effective as
compared to its soluble counterpart in the decolorization of both DR 19 and mixture of dyes.
The decolorization achieved by entrapped Con A-CBP complex was reasonably higher for
DR19 and dye mixture (DR19+DB9), respectively after 20 days. Even after operation of the two-
reactor system for 120 d and 80 d decolorization achieved for DR19 and disperse dye mixture
was 64.8% and 56.8% respectively. In the presence of redox mediator, riboflavin the loss of
color was significant for both DR19 and dye mixtures. The enzyme catalyzed the breakdown
of chromophoric groups present in dyes [47].

In case of continuous reactors TOC decreased significantly on treatment of polluted water with
immobilized CBP. The significant loss of TOC from wastewater indicates that the major toxic
compounds may have been eliminated from the treated samples. Akhtar and Husain [97] have
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reported that significant amount of TOC was removed from water polluted with dyes/dye-
mixtures and dye effluents on treatment with soluble and immobilized bitter gourd peroxi‐
dases. These evidences strongly proved that immobilized CBP–Con A complex could be
successfully used for the removal of dye effluents loaded with recalcitrant synthetic dyes.

2.6.2.5. Reusability of Immobilized Enzymes

The immobilized enzyme could be easily removed and assessed for its left over catalytic
activity. To demonstrate the reusability of encapsulated enzyme, capsules were separated after
120 min of reaction time and then rinsed thoroughly with distilled water. After 5 times of
repeated use test, the dye removal efficiency was reduced to 67.9% for DR 19 and 63.5% for
dye mixture (DR 19+DB 9). This efficiency showed progressive decrease with the increase in
the cycle numbers. This downfall in the catalytic efficiency might be an outcome of the
plugging of the pore membrane and accumulation of radicals in the interior of each capsule
which entraps the enzyme active site that leads to the inactivation of enzyme molecules.

While inorganic compounds require acidic conditions to be effective, they may increase costs
associated with initial pH of waste waters, corrosion of hardware during treatment and pH
neutralization of wastes prior to their release. Enzyme based catalysis reflects preference over
intact organisms (containing a multitude of enzymes) because the isolated enzymes act with
greater specificity, thereby allowing specific group of pollutants to be targeted for treatment;
their potency can be better standardized, they are easier to handle and store and enzyme
concentration is not dependent on bacterial growth rates. Enzymes are naturally occurring
chemical species and our source comprises of readily renewable resources. Moreover, in
contrast to many other enzymes, CBP retains its catalytic activity over wide ranges of temper‐
ature, pH, contaminant concentration, consequently making it particularly suitable for
application in industrial environment. In addition unlike other enzymes with similar functions
CBP is relatively non-specific in terms of its organic substrates, making it applicable for
treatment of large variety of aromatic pollutants.

A critical aspect that governs and probably limits the industrial applications of enzymes is
inactivation through mechanical, chemical and thermal processes that interact to influence
enzyme activity. In particular inactivation of CBP can result from oxidation of the enzyme to
inactive forms, phenoxy radical inhibition and adsorption and/or entrapment of the enzyme
in precipitating polymers. Therefore reducing the cost of the catalysts has been the focus of
much attention. The catalytic lifetimes of pointed gourd peroxidase as well as CBP improves
significantly when the reaction is conducted at the optimal pH, temperature while maintaining
a low instantaneous enzyme concentration [85]. The efficiency of the crude enzyme prepara‐
tion was independent of its purity as earlier reported by Alberti and Klibanov [98]. By
immobilization using entrapment on calcium alginate pectin beads, the apparent rate of
enzyme inactivation was reduced which allowed a significant reduction in enzyme require‐
ments for treatment. This increase in enzyme lifetime represents a very significant saving in
terms of treatment costs.
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2.7. Diethylaminoethyl Cellulose Immobilized Pointed Gourd (Trichosanthes dioica)
Peroxidase (PGP) in Decolorization of Synthetic Dyes

PGP cross-linked with glutaraldehyde and adsorbed on DEAE cellulose was efficient in
catalyzing the dye color removal of disperse dyes viz., DR19 and dye mixture (DR19+DB9) [99,
100, 101]. Immobilized PGP (I-PGP) was reusable up to seven times to decolorize DR19 and
dye mixture to over 50% in comparison to free enzymes. The immobilized states of enzymes
are relatively easier to handle and can be stored for longer durations. Immobilized states of
PGP have better storage stability and can be used in reactors for the treatment of effluents
containing phenolic and other aromatic pollutants including dyes which are predominantly
present in textile effluents. The findings on reusability and storage ability suggests that the use
of cheaper source of enzyme and support will definitely minimize the cost of immobilization
and would provide a suitable strategy for treatment of huge volumes of wastewater in
continuous as well as batch processes.

The peroxidases functions better in the presence of redox mediator. Thus it’s essential that the
enzyme catalytic activity is effective in conjunction with redox mediators and optimum
concentration of hydrogen peroxide [102, 103]. The enzymes work well in acidic pH generally
in the range of 3 to 6. The findings indicate that immobilized enzymes at operational pH
catalyze sufficient dye color removal. The presence of redox mediators enhances the enzymatic
dye color removal. Perhaps a correlation exists between redox potential and dye reduction
rates. The closer the redox potential is between dye and redox mediator, the faster is dye
reduction, because electron transfer is facilitated due to the low potential difference. Such
behavior explains the better catalytic properties of riboflavin. However, dye reduction rate is
not only determined by redox potential, but also by other factors such as chemical structure,
environmental conditions and anaerobic sludge affinity and concentration. The chromophore
cleavage by PGP in conjunction with redox mediators was favorable for azo dyes, because the
reduction occurs in the nitrogen bonds, which have more affinity to receive electrons, based
on electronegative properties, as compared to carbon-carbon bond chromophore of the
anthraquinone dyes. Therefore, the effect of redox mediators on dye reduction is related to the
molecular structure, being more evident for azo dyes with low decolorization rates in the
absence of these compounds, and ineffective for anthraquinone dyes because of the structural
stability of the latter [102].

Immobilized peroxidase was much more effective in removing dye color as compared to
soluble enzyme in a batch process. A possible reason could be that immobilization shielded
the number of reactive free amino groups, which are not protected in soluble case and hence,
were more susceptible to reaction with the reactive products like free radicals [50]. Our findings
are in accordance to our earlier studies using immobilized PGP-Concanavalin A complex on
calcium alginate pectin gel in decolorization of synthetic dyes [29]. To evaluate the efficiency
of immobilized PGP on a large scale for the removal of dye color, a vertical continuous reactor
system was designed and operated continuously with a flow rate of 15 mL h-1. The reactors
worked for more than 60 d approximately, thus explaining their efficiency towards dye
decolorization. A significant loss of color appeared when DR19 or mixture of dyes was treated
with I- PGP in the presence of redox mediator, riboflavin in a continuous reactor system.
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3. Conclusion

The preparation and application of immobilized enzymes has received greater attention in
recent times. The experimental results obtained revealed the effectiveness of the immobilized
peroxidases in sustainable dye color removal and remediation of other toxic pollutants. The
immobilized preparations exhibited adequate storage stability and protein content. The
immobilization confers a shielding effect on peroxidases against inactivation and/or inhibition
and therefore, higher dye color removal can be reached with the same concentration of
immobilized preparation as soluble peroxidases. The performance of dye color removal was
found to be highly dependent on enzyme dose, hydrogen peroxidases, temperature and
aqueous pH. The encapsulated enzyme activity shows higher relative activity in acidic
solutions over a broader range which are the most common conditions appeared in waste
stream. Enzyme retention activity, encapsulation and leakage percentage of enzymes are
influenced by gel preparation condition and finding a proper value for above quantities totally
depends on the used support. The reusability experiment showed that these biocatalysts can
be used up to several cycles without serious deficiency in their catalytic performance. A two-
reactor system with simple operational protocol for decolorization /degradation of disperse
dyes can be designed for the potential future use of immobilized peroxidases. Interestingly,
the described system is developed with a cheaper biocatalyst and support matrix that is quite
effective in treating dyes continuously. Thus, immobilized peroxidase preparations could be
exploited for developing bioreactors for the treatment of phenolic and other aromatic pollu‐
tants including synthetic dyes present in industrial effluents.
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Abstract

Treatment of industrial wastewaters based on oxidative efficiency of ozone is still of great
interest due to the high removal percentages of the initial pollutants and their by-prod‐
ucts. In particular, the industrial dyes and their wastewaters have received special atten‐
tion considering the large volumes of water produced daily with high concentration of
chemical oxygen demand. In addition, the dyeing processes use some chemical additives
to enhance the final quality of dyeing. The effect of all these additives on the wastewater
treatment has been insufficiently explored. This chapter is focused on the study of differ‐
ent additives commonly used in dyeing process (Na2SO4 and Na2CO3 for Reactive Black 5
– RB5, Na2SO4 at different concentrations for Direct Red 28 – DR28, and acetic acid for
Basic Green 4 – BG4) and their effect on ozonation efficiency in discoloration and dye de‐
composition. Moreover, the distribution of by-products obtained throughout the ozona‐
tion was compared when the additives are or not participating in the reaction. The
influence of additives and dyes’ chemical nature, their concentration, and the induced pH
variation on dye solutions are explained using the results of ozone based on the treat‐
ment of the three dyes mentioned earlier. The characteristics of each dye combined with
the corresponding additives over degradation and decomposition efficiency by ozone,
and the by-product distribution was also studied.

Keywords: Dyes, discoloration, degradation, additives, ozonation

1. Introduction

1.1. Dyes and additives regularly used in textile industry

Dyes are colored unsaturated organic molecules that have strong affinity to natural and
synthetic fabrics Kas131. Dyes are physically bound to the fiber by one or more physical forces,
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including hydrogen bonding, van der Waals, and ionic forces, and in certain cases chemically
bound by covalent interaction Zol87.

Dyes are classified accordingly to different criteria such as color, intended use, trade name,
chemical structure, and application Sar98, Per99. However, these last two options are the most
widely used. Chemical structure indicates the chromophore groups in dyes, but it only
designates basic structural aspects of them Teh10. This classification scheme and the major dye
classes are detailed in Table 1.

Type of dye Example of dye

Dyes containing anionic functional groups Acid, direct, mordant, and reactive dyes

Dyes requiring chemical reaction before applications Vat, azoic, and sulfur dyes

Dyes containing cationic groups Basic dyes

Special colorant classes Disperse, solvent, pigments, and natural dyes

Table 1. Classification of dyes and some examples

In this study, some examples of regular dyes were considered to prove the effect of ozone on
discoloration and dye decomposition. Benzidine-based azo dyes (BBADs), such as Reactive
Black 5 (RB5) and Direct Red 28 (DR28) are classical examples Kal07, Cho96, are the principal
compounds in diverse industrial products and several secondary processes. BBADs corre‐
spond to about 20–30% of dyes used in the textile industry.

Dyes derived from triphenylmethane (TPM), which include Basic Red 9 (BR9), Basic Green 4
(BG4), and Basic Violet 3 (BV3), are largely used by textile industries in several dyeing practices.
This collection of dyes is a primary matter in coloring plastics, gasoline, varnish, fats, oil, paper,
leather, and waxes. BBA and TPM dyes are the most extended colorants used in industrial
processes AnS02.

The improvement of the dyeing process requires some other chemical reagents known as
auxiliaries or additives. These compounds increase the quality properties of the final product
and improve the silkiness, texture, light resistance, stability, and so on. The surfactants,
inorganic and organic salts, polymers, oligomers, and solubilities are compounds regularly
used as additives, among others Zha04. Table 2 shows some examples of dyeing additives used
in the textile industry considering the dye nature Gui.

Dye Additive

Acid Na2SO4, H2SO4, CH2O2, C2H4O2, CH3COONH4, (NH4)2SO4

Basic CH2O2, C2H4O2, C2H2O4, C76H52O46

Direct NaCl, Na2SO4, NaNO2, HCl

Reactive NaCl, CON2H4, Na2CO3, P2O5, Na3P2O7

Table 2. Additives used in the textile industry

Textile Wastewater Treatment56



including hydrogen bonding, van der Waals, and ionic forces, and in certain cases chemically
bound by covalent interaction Zol87.

Dyes are classified accordingly to different criteria such as color, intended use, trade name,
chemical structure, and application Sar98, Per99. However, these last two options are the most
widely used. Chemical structure indicates the chromophore groups in dyes, but it only
designates basic structural aspects of them Teh10. This classification scheme and the major dye
classes are detailed in Table 1.

Type of dye Example of dye

Dyes containing anionic functional groups Acid, direct, mordant, and reactive dyes

Dyes requiring chemical reaction before applications Vat, azoic, and sulfur dyes

Dyes containing cationic groups Basic dyes

Special colorant classes Disperse, solvent, pigments, and natural dyes

Table 1. Classification of dyes and some examples

In this study, some examples of regular dyes were considered to prove the effect of ozone on
discoloration and dye decomposition. Benzidine-based azo dyes (BBADs), such as Reactive
Black 5 (RB5) and Direct Red 28 (DR28) are classical examples Kal07, Cho96, are the principal
compounds in diverse industrial products and several secondary processes. BBADs corre‐
spond to about 20–30% of dyes used in the textile industry.

Dyes derived from triphenylmethane (TPM), which include Basic Red 9 (BR9), Basic Green 4
(BG4), and Basic Violet 3 (BV3), are largely used by textile industries in several dyeing practices.
This collection of dyes is a primary matter in coloring plastics, gasoline, varnish, fats, oil, paper,
leather, and waxes. BBA and TPM dyes are the most extended colorants used in industrial
processes AnS02.

The improvement of the dyeing process requires some other chemical reagents known as
auxiliaries or additives. These compounds increase the quality properties of the final product
and improve the silkiness, texture, light resistance, stability, and so on. The surfactants,
inorganic and organic salts, polymers, oligomers, and solubilities are compounds regularly
used as additives, among others Zha04. Table 2 shows some examples of dyeing additives used
in the textile industry considering the dye nature Gui.

Dye Additive

Acid Na2SO4, H2SO4, CH2O2, C2H4O2, CH3COONH4, (NH4)2SO4

Basic CH2O2, C2H4O2, C2H2O4, C76H52O46

Direct NaCl, Na2SO4, NaNO2, HCl

Reactive NaCl, CON2H4, Na2CO3, P2O5, Na3P2O7

Table 2. Additives used in the textile industry

Textile Wastewater Treatment56

1.2. Textile industry wastewater

Textile manufacturing processes consume considerable volumes of water. About 200–350 m3

of wastewater per ton of finished products are regular volumes of textile industry where large
amounts of dyes are used Pin04, Rob01. This particular type of wastewater is a complicated
mixture of dyes, surfactants, inorganic and organic salts, polymers, oligomers, and stabilizing
agents with other recalcitrant organics such as alcohols, aldehydes, and organic acids. All of
these aforementioned compounds are used as additives in the dyeing, bleaching, scouring,
and printing processes, except dyes Eco08.

Textile industry effluents contain high concentrations of toxic chemicals; high levels of
biological oxygen demand (BOD, 110–5600 mg/L) and chemical oxygen demand (COD, 50–
18,000 mg/L), a wide range of the pH values (2–14) and temperatures (15–70°C), a large
quantity of total suspend solids (50–23,900 g/L), and a high degree of coloration Pal02, Raj06.

Despite the nature of dyes and their method of treatment, the decomposition of dyes produces
different by-products that may be considered toxic to the human health and the aquatic life.
BBADs have been identified as toxic compounds to aquatic life Khl10, and they are also
considered as a possible source of a broad spectrum of immune suppression, respiratory,
central nervous, and autoimmune diseases like leukemia, among others Wan02. The reaction
of azo bonds of these dyes with different oxidants releases benzidine and other aromatic
amines, which may cause adverse systemic health effects or even cancer Bey98. On the other
hand, the TPM dye affects health, causing carcinogenesis, mutagenesis, teratogenesis, and
respiratory infections Sha04.

2. Dyeing wastewater treatment

2.1. Regular methods of treatment for dyeing wastewater process

Dyeing wastewaters are usually treated using physical, biological, and chemical methods. In
the last two decades, many results describing the physical treatment of these dyes have been
presented. Adsorbents such as activated carbons, several industrial wastes, natural materials,
bioadsorbents, and enhanced adsorption forces by ultrasound treatments have been described
as remarkable examples of physical methods of treatment. The majority of dyes have high
molecular weight and complex chemical structure. These characteristics yield to low biode‐
gradability of dyeing wastewater due to the mixture toxicity of compounds. A few of the
aforementioned results have proven that only complex bacterial consortium can decompose
partially low concentrated dye solution (less than 50 mg/L).

To overcome the low efficiency of biological treatments, different chemical oxidation methods
can be applied. In particular, the so-called advanced oxidation processes (AOPs) are effective
to degrade dyes in water by the destruction of double bonds in molecules associated with
chromophores Gog04, Koc02, Lia97, Maj97, Per03, Rob011, Wan03.
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2.2. Ozonation of dyeing wastewater

Dye degradation by the ozone oxidative capacity may proceed in two mechanisms: direct
(reaction between molecular ozone and dye) and indirect (based on chemical radicals pro‐
duced by the interaction between ozone and hydroxyl ions) reactions. When pH is acid,
molecular ozone selectively reacts with some specific sections of organic molecules such as
double bonds or aromatic systems of reactive dyes in direct reaction. When pH is above 7.0,
hydroxide radicals obtained by the reaction of ozone decomposition interact with many
organic compounds Poz, Poz08.

Therefore, alkaline to neutral pH of dyeing wastewater motivates the unspecific radical
reaction. However, the pH of the solution may decrease as a consequence of the formation of
organic acids that are common final ozonation by-products. The reaction mechanism shifts
toward the selective direct oxidation. Then, mixed mechanisms appear during the reaction
despite the initial pH fixed in the reactor.

Conventional ozonation is an effective method to degrade rapidly these dyes in aqueous
solutions (3–5 min, under the initial dye concentrations up to 50–150 mg/L) achieving a
complete discoloration and degradation of the dye solution LiB07, Poz07. However, the
formation of toxic by-products generated throughout the ozonation process must be a major
issue when ozonation is proposed as the main treatment of textile industry wastewaters. The
final compounds formed after ozonation are less toxic (simple organic acids), while the partial
mineralization is confirmed by the decrease in the total organic carbon (TOC) and COD.

2.3. Additives in the dyeing industry: their effect on wastewater treatment

The presence of additives has not been considered in most of the chemical treatments of
wastewaters produced by dyeing processes from different industries. These compounds can
have different effects on treatment efficiency.

Indeed, their effect on the discoloration and decomposition dynamics of dyeing wastewater
in ozonation can be very strong Fei07, Mut04. Nevertheless, the effect of additives has not been
well studied.

The BBADs are usually added with inorganic salts in order to stabilize the mixture, but these
compounds might generate some complexes with dyes. If some salts like carbonates are
considered as additives, these inorganic salts appear as radicals’ scavengers. Therefore, the
presence of additives can change severely the ozonation kinetics by the concentration and
nature of additives.

The aims of this study can be described as follows:

a. To study the effects of a textile additive such as Na2SO4 and Na2CO3 in the ozonation of
two commercial BBADs (RB5 and DR28) and acetic acid (AA) in the degradation of BG4
by ozone.

b. To explain how additives accelerate or decelerate both the discoloration and the decom‐
position of studied dyes by a simple kinetic study of all systems.
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c. To identify and characterize the final products formed in ozonation by high-performance
liquid chromatography (HPLC).

3. Materials and methods

The experimental procedure was divided into four stages. The first stage was developed to
study the interaction between ozone and additives without dyes. These experiments were used
to understand the stoichiometric relationship between ozone and additives. In the second
stage, the effect of three additives on the discoloration and the decomposition of three dyes
during ozonation was studied. In the third stage, the reaction’s by-products were previously
identified using a simple spectrophotometric analysis. On the basis of the results obtained in
these three stages, a kinetic study was performed to design a simplified reaction mechanism.

3.1. Preparation of dye solution

A set of synthetic textile dye solutions of DR28, RB5, and BG4 with concentrations of 50 and
150 mg/L dissolved in distilled water was prepared. The dyes, additives, and their concentra‐
tions to the ozonation process are summarized in Table 3.

The 50 mg/L solution was used to analyze discoloration kinetics, whereas the 150 mg/L
concentration was used to identify the distribution of by-products and decomposition
dynamics.

3.2. Ozonation procedure

Figure 1 shows the laboratory platform used to execute all the ozonation experiments. The
temperature (23 ± 3°C) was fixed in a semi-batch reactor (batch for the liquid phase and
continuous for the ozone) with a volume of 250 mL. An initial ozone concentration of 20 and
35 mg/L was selected to develop two sequences of experiments. Ozone concentrations were
obtained using an ozone generator (discharge type), HTU500G (“AZCO” Industries Limited,
Canada) with an oxygen flow of 0.5 L/min.

Dye concentration (50 and 150 mg/L) Additive

Reactive Black 5

Na2SO4 (30 g/L), Na2CO3 (100 g/L);
individually and in mixture
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Direct Red 28

Na2SO4 (10, 40, and 80 g/L)

Basic Green 4

CH3COOH 80% (3% v)

Table 3. Determination of dye systems and additives

Figure 1. Experimental platform used to develop the ozonation: the oxygen tank (T), the ozone generator (G), the glass
reactor (mR), the ozone sensor (S), the computer, the by-pass with solenoid valves (EV1, EV2, and EV3).

The ozone/oxygen mixture was distributed in the reactor using a porous ceramic diffuser
located in the bottom section of the reactor. The ozone concentrations at the reactor’s inlet and
outlet gas streams were measured using an ozone analyzer model BMT-930, which was
connected to a personal computer. Data acquisition software was used to obtain the current
ozone concentration.

3.3. Analytical methods

Along the oxidation process, samples were taken at different times, which were analyzed by
UV–Vis Spectrophotometer (Lambda 2B, Perkin Elmer). These samples were analyzed to
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obtain the discoloration dynamics (under dye concentration of 50 mg/L) by UV–vis spectrum
variation at 343 nm for DR28, 311 nm for RB5, and 250 nm for BG4. The pH variation throughout
the ozonation was measured using a potentiometer (Portable pH/CON 10 and Waterproof pH/
CON 10 meter, OAKTON).

The identification of by-products was performed by a HPLC analysis, (Perkin Elmer) equipped
with UV–vis detector series 200 (190–360 nm) with a dye concentration of 150 ppm and an
ozone concentration of 30 ppm. To obtain the dye degradation dynamics, a Platinum C18100A
column (PerkinElmer, Inc.; 25034.6 mm) was used for three dyes. The mobile phase was
acetonitrile–water (95:5) at 311 nm for RB5, acetonitrile–water–methanol (50:5:45) at 343 nm
for DR28, and acetonitrile–water (2:98) at 250 nm for BG4. To identify the intermediates
(formation and decomposition), a Spherisorb Silica column (25034.6 mm; Alltech, Nicholas‐
ville, Kentucky) was used at 255 nm. In this instance, the mobile phase was acetonitrile–water
(80:20). In the case of the BG4 ozonation, the final products were identified using a column of
prevail organic acid (150 × 4.6 mm, Alltech). The mobile phase was monobasic potassium
phosphate 2.25 mM at pH 2.5 (for dye without additives at 211 nm) and 3.6 mM for analyzing
the solution of dye complemented with AA. The HPLC analysis for all samples was performed
using a sample volume of 30 µL, and the carrier flow was fixed to 0.8 mL/min.

4. Results and discussion

4.1. Additive ozonation

In order to interpret correctly, the possible interactions between the ozone dye and the ozone
additive are necessary to study in each system separately. The concentrations of all additives
correspond to those used in the textile industry. Table 4 shows the ozone consumption and
characteristic pH to each additive solution.

Additive Concentration (g/L) Ozone consume (mole) pH

Water – 0.0075 5.6

Na2CO3 30 0.0263 12.4

Na2SO4 100 0.0067 7.8

Na2CO3/Na2SO4 30/100 0.0305 12.7

Na2SO4 10 0.0076 7.8

Na2SO4 40 0.0068 6.5

Na2SO4 80 0.0066 6.3

CH3COOH (80%) 3% V 0.0082 1.52

Table 4. Characteristics of additive solutions

The pH of the additive solutions has different values depending on the nature of the additive.
In general, the Na2SO4 solutions have shown neutral pH (6.3–7.8), the Na2CO3 solutions have
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shown basic pH (12.4), and the AA solution has shown acidic pH (1.52). The solution of the
additive mixture (Na2CO3/Na2SO4) has basic pH due to the influence of the Na2CO3 presence.

Figure 2 shows the ozonograms of the four additive solutions in comparison with the ozone
saturation in distilled water as reference. The Na2SO4 and the AA did not show any interaction
with ozone. On the other hand, the ozonograms of the Na2CO3 and the salt mixture (Na2CO3/
Na2SO4) solution are different to the reference with a final concentration smaller than the one
used at the reactor’s input. This confirms the partial ozone decomposition (about 30%) to other
oxidative species.
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Figure 2. Ozonograms of the additives: (a) Na2CO3 and Na2CO3/Na2SO4, (b) Na2SO4 at different concentrations, and (c)
CH3COOH.

When the pH of the solution is above 7.0, the ozone decomposition promotes the formation of
hydroxyl radicals. The hydroxyl radicals interacted with the carbonate ion (CO3

2−), following
the well-known scheme to form the carbonate ion radical (CO3

•−) that did not react with ozone
but can react with dye and constitute another method of oxidation Bel05.

The difference between distilled water and sulfate solutions of ozone consumption was
practically undetectable. This condition could be a consequence of the poor sulfate ions
reaction with the ozone at that detected pH interval. A similar behavior was determined for
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the AA solution because there is no ozone consumption. Furthermore, those kinds of com‐
pounds have lower reaction kinetic constant with ozone (10−3 to 10−1).

4.2. Additive effect on ozonation dynamics of dyes

In general, the main parameter used to characterize the treatment efficiency of the textile
wastewaters is the presence of the color and the discoloration degree. However, the removal
of color does not mean that the dye was completely decomposed during the same time. In the
present investigation, dye decomposition was also studied and compared with the dynamics
of the color elimination by HPLC. In this case, the initial colorant concentration was 150
mg/L. To evaluate the effect of the additives on their discoloration and decomposition
dynamics, the dye solutions with and without additives were ozonated at the same operation
conditions. By the determination of the stoichiometry of the reaction with ozone, it is possible
to propose the scheme of the decomposition mechanisms. These experiments were executed
to evaluate the ozone consumption by the dye and the interactions with the additive.

Table 5 shows the stoichiometric results obtained during dye ozonation with and without
additives. This relationship was determined using the total ozone consumed during the
reaction and the total moles of dye. This ratio is usually called the ozone dose.

In case of RB5 added with sulfate decreased the amount of ozone consumed per mole of dye.
The formation of peroxysulfate radicals can be the cause to produce this decrement. One must
recall that only a portion of ozonogram is used to perform the ozone dose determination that
corresponds to the expected kinetic behavior of the decomposition of the initial dye. When
carbonate was the only additive for RB5, the ozone dose increased almost 20% that confirms
the scavenger nature of this salts in the ozonation of dyes. Moreover, when both additives
(sulfate and carbonate) were in the reaction, the ozone dose increased 33%. So, a synergic effect
occurred between both additives and ozone, yielding to consume more ozone in this case.

System Concentration (g/L) Ozone dose (mole O3/mole dye)

RB5 – 3.966

RB5 – Na2SO4 30 3.465

RB5 – CaCO3 100 4.753

RB5 – Na2SO4 – CaCO3 30/100 5.297

DR28 – 3.432

DR28 – Na2SO4 (10 g/L) 10 6.165

DR28 – Na2SO4 (40 g/L) 40 5.194

DR28 – Na2SO4 (80 g/L) 80 4.594

BG4 – 2.701

BG4 – CH3COOH 3% V 3.629

Table 5. Stoichiometric ratio of ozone consumed during dye decomposition
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When the DR28 dye was evaluated, the ozone doses in systems with sulfate showed an inverse
relation with the additive concentration. This means that 80 mg/L of ozone consumption was
74% smaller than the result obtained when the additive concentration was fixed at 10 mg/L.
Nevertheless, despite the additive concentration, the ozone dose was higher than the case
when there was no additive in the reaction. The BG4 ozonation is carried out in the presence
of AA as additive; it was shown that the acid presence has a significant effect on the ozone
consumption being 34% higher than the additive and dye solutions, this may be by the
interactions between the additive and the dye generating some kind of chemical complexes.

As a preliminary conclusion, the presence of additives increased ozone consumption because
the ozone decomposes itself to another compound as hydroxyl radicals or reacts with the ions
from the additives to generate new oxidative species. 
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Figure 3. Discoloration dynamics of all the three dyes with and without additives 
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4.3. Effect of additives on pH variation

Different studies Poz07,Fei07 have proven that pH decreases along the ozonation. This fact
has been explained considering that initial molecule decomposition yields to organic acid such
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When the DR28 dye was evaluated, the ozone doses in systems with sulfate showed an inverse
relation with the additive concentration. This means that 80 mg/L of ozone consumption was
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the ozone decomposes itself to another compound as hydroxyl radicals or reacts with the ions
from the additives to generate new oxidative species. 
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4.3. Effect of additives on pH variation

Different studies Poz07,Fei07 have proven that pH decreases along the ozonation. This fact
has been explained considering that initial molecule decomposition yields to organic acid such
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as oxalic, formic, maleic, and so on, which triggers the acid pH. Table 6 shows the pH variation
of all ozonation with and without additives.

In particular, when additives were in the reactor and the initial pH was basic, the final pH of
solutions remained alkaline. This is a remarkable consequence of additives that brings a basic
pH, while the concentration of organic acids generated in the ozonation reaction is not enough
to force the decrement of this parameter. So, the buffer capacity promoted by additives (in the
case of inorganic salts) modifies the reaction mechanism. Moreover, the null variation of pH
observed when carbonate was in the reactor can obey a different process where carbonate
served as scavenger of free radicals. Finally, when AA was considered as additive, pH did not
vary because initial pH was already strongly acid (2.8). The poor variation of pH can be a
consequence of the different pKa of all other organic acids that are higher than the pH fixed at
the beginning of the reaction.

Dye pH initial pH final

RB5 5.5 3

RB5 – Na2SO4 7 9.5

RB5 – CaCO3 11 11

RB5 – Na2SO4 – CaCO3 11 11

DR28 7.8 4

DR28 – Na2SO4 (10 g/L) 11 11

DR28 – Na2SO4 (40 g/L) 7.8 4

DR28 – Na2SO4 (80 g/L) 7.8 4

BG4 4 3

BG4 – CH3COOH 2.8 3

Table 6. Average variation of pH determined in ozonation experiments with and without additives

4.4. Additive effect on dye solution discoloration and decomposition dynamics by ozone
oxidative activity

4.4.1. Discoloration dynamics

According some researchers Zha04,Wan03,LiB07, the first stage in ozone reaction with dye is
the attack to the chromophore groups that give the color properties to the molecule.

In order to follow the presence of chromophore groups through ozonation process, the UV–
vis spectroscopy was used at each dye’s characteristic wavelength: 311 nm for RB5, 343 nm for
DR28, and 250 nm for BG4. Table 7 contains the information of the total time discoloration for
each ozonation system when the dye initial concentration was 50 mg/L.

In case of RB5, the discoloration process was faster when the mixture of additives participated
in the ozonation. The total discoloration time was reduced about 90% when compared with
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the case with no additives. This percentage decreased to 82.5% when only the carbonate was
used as additive.

Treatment system
Discoloration time
(min)

Discoloration (k,
L/mol s)

Decomposition time
Decomposition (k,
L/mol s)

NR5 4.0 3.51 × 104 5.0 0.0335 × 104

NR5 – Na2CO3 0.75 0.140 × 104 3.0 0.0858 × 104

NR5 – Na2SO4 0.75 0.502 × 104 0.75 0.176 × 104

NR5 – Na2SO4/Na2CO3 0.5 42.9 × 104 6.0 0.0682 × 104

RD28 3.0 5.68 × 104 15 0.0201 × 104

RD28 – Na2SO4 (10 g/L) 1.0 1.07 × 104 6.0 0.0987 × 104

RD28 – Na2SO4 (40 g/L) 4.0 1.70 × 104 6.0 0.0897 × 104

RD28 – Na2SO4 (80 g/L) 5.0 0.63 × 104 6.0 0.0395 × 104

VB4 2.0 3.02 × 104 1.0 0.0813 × 104

VB4 – CH3COOH 1.0 9.6 × 104 15 1.37 × 104

Table 7. Summary of discoloration and decomposition dynamics including reaction periods of time as well as the
pseudo-monomolecular kinetic reaction rate constants

If sulfate was the additive to the dye solution, the percentage reduction of discoloration time
was equal (82.5%). This can be explained considering that some by-products such as hydro‐
quinone or catechol bring some kind of coloration to the solution.

In the case of DR28 ozonation without additives, the discoloration was observed after 3 min
of the reaction; however, when sulfate was added with a concentration of 10 gm/L, this time
decreased more than 65%.

When the additive concentration increased, the discoloration times also increased. This
condition can be a consequence of the solution pH that was fixed to 11.0 and that may yield
to increase in the hydroxyl radicals’ formation, which in turn promotes the peroxysulfate
radical (2.01 V) development accelerating dye solution discoloration. The formation of
mechanisms was explained in reference.

At alkaline pH, the ozone decomposes itself to hydroxyl radicals, which can react with sulfate
ions, originating the peroxysulphate ions which due to its oxidative nature (2.01 V) attacks the
dye molecule in different positions resulting in its faster fragmentation [32].

The AA does not represent a significant effect on discoloration time because in both systems
the same efficacy (95%) was observed in the first minute.

Some reaction mechanisms described a feasible reaction scheme of RR22 decomposition when
the peroxysulfate radical appears in the reactor [39]. According to this scheme, there are two
possible stages when the dye can be decomposed. The first considers the interaction with the
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chromophore group where possible links may be formed by the interactions of additives or
ions. The second one involves the complete molecule decomposition generating some by-
products and finally some short-chain acids. In ozonation, this scheme confirms that the
complete reaction did not yield to complete mineralization.

4.4.2. Decomposition time

Actually, the main parameter used to characterize the efficacy of wastewater treatment from
the dyeing process is the discoloration time; however, this does not mean that total dye
decomposition may occur at that stage. So, it is necessary to study this part of the reaction in
order to characterize the total time decomposition with and without the additive presence.

Table 6 also presents the total decomposition time, where it has been proved that the additive
presence has a strong effect on this parameter depending on the additive and the dye under
analysis. A set of HPLC studies were carried out to study the decomposition of the dye
molecule. These analyses were executed considering an initial dye concentration of 15 mg/L.

When the ozonation of RB5 without additives was evaluated, a decomposition efficiency of
90% was reached after 5 min of reaction. When additives participated in the reaction (indi‐
vidually), this efficiency was reached before 1 min of the reaction and 3 min when the
corresponding additives were mixed. This time decreased when additives were in the reactor
due to the presence of diverse oxidative ions that accelerated dye molecule decomposition.
The same effect was observed in the case of DR28 dye where the decomposition time decreased
from 15 min to 6 min. At that reaction time, a 60% of decomposition in the first reaction minute
was observed.

If the BG4 dye was ozonation, the presence of the AA increased in the degradation time. Under
these conditions, 90% of degradation after 15 min of the reaction was achieved when compared
with the dye without additive where the same efficiency was reached before 1 min of reaction.

Discoloration and decomposition times were reduced under the presence of additives
enhancing the respective efficiencies in the cases of RB5 and DR28 systems. However, BG4
does not have the same behavior.

4.5. Discoloration and decomposition kinetics

According to some researchers WYu06, Lop07,HSh06, WZh06, MSL07, the study of reaction
kinetics was made based on discoloration dynamics, using an equation of pseudo-first order.
The following equation was used to determine the reaction kinetic constant.

The model used to characterize either discoloration or decomposition during the dye ozona‐
tion has the mathematical structure given by:

( ) ( ) ( )3 ,r

dDye t
k Dye t O t

dt
= - (1)
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where kr ,  the reaction rate, is constant associated to the viscosity changes, Dye(t) is the variation
of either discoloration or decomposition during ozonation, and O3(t) is the calculated dissolved
ozone concentration measured indirectly by the ozonogram.

The model described by Equation (1) is linear with respect to their corresponding parameters.
However, the model has as an independent variable the time derivative of the variable under
modeling analysis. This situation complicates the parametric characterization of the reaction
proposed to model the effect of ozone on these two variables.

The solution of the parametric identification problem that is to get kr  can be obtained by the
application of a robust exact differentiator. This differentiator can be implemented by the
super-twisting algorithm. So, consider that the signal f (t) to be differentiated satisfies
| f̈ (t)| < f + ,∀ t >0. Hence, the super-twisting algorithm obeys the following structure:

( ) ( )( )
( )( )

1/ 2

1 2 1 1 1

2 2 1

( ) ( ) ( ) ( ) ( )

( ) ( )

z t v t z t z t f t z t f t

z t z t f t

l

l

= = - - -

= - -

&

&

sign
sign

(2)

A sufficient condition to recover the differentiation of function f (t) is to select λ1, λ2 >0. As an
example, under the condition proposed to the gains, the model presented in Equation (1) can
be represented as follows:

( ) ( ) ( ) ( )3 ,ry t k x t O t te= - + (3)

where the variable y(t) is the approximation of the time derivative of the variable under
analysis. The term ε(t) describes the approximation error produced by the implementation of
the differentiator.

The parametric identification problem presented in Equation (3) can be solved by the well-
known least mean square method. This method cannot be applied directly because the signals
of x(t) and O3(t) are measured with different sampling times. Therefore, an interpolation
algorithm was applied to homogenize the number of samples that can be used in the parametric
identification method. The interpolation algorithm used an approximation based on third-
order polynomials (cubic). The interpolation algorithm used the interpolation based on
ozonogram. The same algorithm was applied to characterize both the double-bond dynamics
and the color or dye concentration variation. The constants obtained by this method were
summarized in Table 7.

4.6. By-product distribution in dye wastewater treated by ozone with and without additives

Several studies have reported that the final compounds formed by the reaction between dyes
and ozone, which are short-chain organic acids, without reaching full mineralization due to
those compounds have low reactivity with the ozone.

Table 8 shows the final compounds identified by the HPLC technique and their respective
concentrations. Oxalic, formic, fumaric, and maleic acids where the principal compounds
identified being oxalic acid that has a higher accumulation (40–120 mg/L).
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System By-product Concentration (mg/L)

RB5 Oxalic acid
Formic acid

4
50

RB5 – Na2SO4 Oxalic acid
Maleic acid

50
Traces

RB5 – Na2CO3 Maleic acid
Fumaric acid
Oxalic acid

Traces
Traces
100

RB5 – Na2SO4 – Na2CO3 Maleic acid
Fumaric acid
Oxalic acid

Traces
Traces
Traces

DR28 Fumaric acid
Maleic acid
Oxalic acid
Formic acid

Traces
Traces
10
40

DR28 – Na2SO4 (10 g/L) Oxalic acid 120

DR28 – Na2SO4 (40 g/L) Oxalic acid 80

DR28 – Na2SO4 (80 g/L) Oxalic acid 50

BG4 Maleic acid
Oxalic acid
Formic acid

Traces
18
20

BG4 – CH3COOH Maleic acid
Oxalic acid
Formic acid

Traces
50
Traces

Table 8. Composition and the concentrations of main products formed in ozonation

So, in the case of DR28 ozonation, the fumaric (traces), maleic (traces), oxalic (10 mg/L), and
formic (40 mg/L) acids were identified. The presence of the last acid attributes to the partial
decomposition of oxalic acid. However, in the presence of additives, only oxalic acid was
formed (50–120 mg/L), and its concentration was inversely proportional to the sodium sulfate
concentration. In addition, the additive has a significant effect on the formation dynamics of
the acid.

When RB5 was ozonated, the concentrations of organic acids changed in the presence of
additives. So, without additives, 50 mg/L of formic acids and 4 mg/L of oxalic acid were
detected. With sodium carbonate, the content of oxalic acid increased up to 100 mg/L, and in
the presence of sodium sulfate, the oxalic acid concentration was 80 mg/L. In the system with
the salt mixture, practically, organic acids are not observed (traces). This fact is attributed to
the summary effect of the hydroxyl and sulfate radicals, and the peroxysulfate ions formed,
which provokes, practically, the complete mineralization of acids.

During BG4 ozonation, several organic acids were generated, such as maleic, oxalic, and formic
acids (0.3, 18.0, and 20.0 mg/L, respectively). In the presence of AA, the oxalic acid concentra‐
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tion was increased to 50 ppm. In particular, the AA has a significant effect on acid accumula‐
tion. This effect is negative.

5. Conclusions

Ozonation is an efficient process for the treatment of textile wastewater that has been proven
through the studies of discoloration and decomposition of RB5, RD28, and BG4 without and
with salt and organic acid additives.

The effect of additives on ozonation dynamics of salts and acids without dye could be observed
because of OH8 formed by the ozone decomposition reaction. These radicals likely react with
salt ions of additives (and) with the formation of some reactive species that serve as oxidizing
agents in the reaction. In the presence of additives, pH was modified (for the systems of RB5/
Na2SO4, Na2CO3, and RB5/Na2CO3), and the sodium carbonate effect was strong. AA did not
react with ozone, but it increased the discoloration and the decomposition initial rates of BG4.
This was confirmed by the comparison of the values of the reaction rate constants with and
without additives.

Maleic, oxalic, and formic acids were formed in dye ozonation, and the presence of the additive
increased their concentration except for formic acid.

Actually, the pH remained constant through the reaction. Carbonate stabilizes pH, and, very
probably, it serves as a buffer. The presence of additives increases the discoloration and the
decomposition rate of dyes studied. This was confirmed by comparing the values of the
reaction rate constants with and without additives. In dye ozonation, fumaric, maleic, oxalic,
and formic acids were formed, and the presence of additives increased their concentration in
all systems studied. A plausible and possible mechanism for each dye was proposed based on
the results achieved in this study and those reported in different preliminary studies.
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Abstract

The aim of this chapter is to demonstrate the technical and economic feasibility of an inte‐
grated process for microbial treatment of dye(s) containing wastewater from textile efflu‐
ent that evaluates the efficiency and effectiveness to meet the dye(s)’ maximum
contaminant level. This chapter covers the whole process of microbial treatment methods
that are adopted for dye removal to make an eco-friendly system. The purpose of this
treatment technology includes process modifications and engineering approaches. It
comprises existing technologies with new advancement technology at all stages of the
process. This chapter evaluates the reliability of technologies for small and large systems
to make the system cost-effective. It also demonstrates how genetically engineered micro‐
organism works and shows that the “microbial treatment platform for dye removal” can
operate with positive economical balance to economize the bioprocess technology. Thus,
future prospects of microbial treatment technology should be directed not only how to
economically improve bioremediation but also how to effectively commercialize such
economically sounded “bio-based” treatment methods in different industries.

Keywords: Dye(s), color, bioremediation, technology, genetic engineering

1. Introduction

The increasing demand for rapid urbanization, changing consumption, population growth,
and fast socioeconomic development has inevitably led to an increased water pollution on the
biosphere, which leads to environment pollution [1]. The effluents generated from domestic
and industrial activities constitute the major sources of the natural water pollution load such
as dye(s), heavy metal, cyanide, toxic organics, nitrogen, phosphorous, phenols, suspended
solids, color, and turbidity. This pollution load is a great obligation in terms of wastewater
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management, which not only increases treatment cost considerably but also introduces a wide
range of chemical pollutants and microbial contaminants to water sources. Dye(s) and
pigments used in textile industries are playing a crucial role in value addition, appearance,
and fulfillment of customers’ desire. It has been found that the use of synthetic dye(s) has been
rapidly increased in textile industries due to cost-effectiveness in synthesis and high stability.
In addition, various colors can be synthesized when compared to natural dye(s). In conse‐
quences, a huge discharge of polluted effluent was found in different industries. It has been
reported that color can be visible at a concentration higher than 1 mg/L [2,3]. It is obvious that
the dye(s) containing water interferes with penetration of sunlight, which retards photosyn‐
thesis. In addition, it also inhibits the growth of aquatic flora and fauna by interfering with gas
solubility [4]. In addition, it was experimented that there are so many dyes that are carcinogenic
in nature [5]. As the use of synthetic dye(s) has tremendously increased in the industrial process
and humans are being exposed to them more, water pollution due to these dyes is a critical
issue in terms of human health concerns and serious ecological consequences. Hence, there is
an urgent need for removal of these dyes from the effluents.

There are several methods applied for the removal of these dyes from wastewater, which
include physical, chemical, and biological. However, these technologies vary in terms of their
efficiency, cost, and environmental impact. Hence, there is an urgent need for all researchers
to find out an efficient, inexpensive, and environmentally friendly system to reduce dye
content in wastewater at acceptable levels.

2. Background to dye(s)

Colorants are chemicals that give color to the materials to which they are applied. Colorants
can be classified into pigments and dye(s), and the pigments and dye(s) mainly differ from
each other based on their solubility. Pigments retain their crystalline or particulate nature
during the application. They are always combined in some medium that is applied to a surface.
On the other hand, dyes are soluble and diffuse into the material and become an integral part.
The former are usually used in paints, inks, and polymers, and the latter are applied not only
mainly to textiles but also to paper, leather, food, and other products. For a colored substance
to be regarded as a useful dyestuff, factors beyond solubility are required. A dyestuff must be
substantive for a textile and thus be preferentially taken up by the fiber, usually from an
aqueous solution [6].

3. The physical basis of color

Dyes possess color due to the absorbance of light in the range of 400–700 nm, i.e., in the visible
spectrum; a dye possesses at least one chromophore (color-possessing group); it should have
a conjugated system such as structure with alternate double bonds and single bonds. The dye
molecule exhibits resonance of electrons, which is a stabilizing force in organic compounds [7].
When among these properties if anyone is not present, then the molecular structure of color
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will be lost (dye chemistry). Chromophore undergoes π–π* and n–π* transitions. Auxo‐
chromes are also present in most dyes that will influence the solubility of the dyes, for example,
carboxylic acid group, amino group, sulfonic group, and hydroxyl group. Auxochromes
cannot undergo π–π* transitions but can undergo transition of n electrons.

4. Classification of dye(s)

Dye(s) are the organic compounds that will impart color to different substrates, which include
paper, printing, textile, cosmetics, waxes, plastics, pharmaceuticals, and so on; there are two
colorants present: dyes and pigments. Dyes are mostly soluble in water and diffuse into the
material and are fixed for colorizing the material, whereas pigments are mostly insoluble in
water and do not interact with the substrates. The preparation of the synthetic dyes involves
the conversion of basic organic chemicals such as benzene, anthracene, and so on into dye
intermediates through the addition of different functional groups such as nitro, amino, bromo,
choloro, and so on [7]. Dyes are classified based on their chemical structure and color index
(CI). Some common classes of dyes are mono-azo, di-azo, tri-azo, anthroquinone, triarylme‐
thane, and phthalocyanines. Further, dyes can be classified based on the usage in textile
industry such as anionic, cationic, and non-ionic (Fig. 1). On the basis of the color, dyes can be
subclassified or subdivided into yellow, orange, red, violet, blue, green, and black [7].

Figure 1. Classification of dye(s) [8].

Some properties of dyes classified on their usage [9–11] are discussed elaborately as follows:

1. Acid dyes: They are water-soluble anionic dyes in nature and negative in soluble form.
The functional groups that are present in acidic dyes are azo (including premetallized),
triphenylmethane, anthroquinone, azine, xanthene, nitro, and nitroso. They are made for
dyeing of nylon, wool, and silk. However, it can be used for paper, leather, ink-jet printing,
food, and cosmetics.

2. Cationic (basic) dyes: They are also soluble in water after modification. However, they
produced colored cations in solution; therefore, it is also called cationic dyes. The
functional groups that are present in basic dyes are triarylmethane, diazahemicyanine,
cyanine, hemicyanine, thiazine, oxazine, and acridine. Basic dyes are extensively used for
dyeing of jute, cut flowers, dried flower, coir, and so on.
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3. Disperse dyes: They are almost insoluble in water and remained as suspended micro‐
scopic particles. These dyes are only effective for dyeing of polyester. Some types are also
used for nylon and acetate. The functional groups remained for disperse dyes are azo,
anthroquinone, styryl, nitro, and benzodifuranone.

4. Direct dyes: They are anionic dyes and normally applied together with electrolyte, sodium
chloride, and sodium sulfate for high affinity to cellulosic fibers. These dyes are molecules
that can hold on cellulosic fibers without help from other chemicals. They are used for
dyeing of cotton, rayon, paper, leather, and nylon.

5. Reactive dyes: They create a covalent bond between the dye and the fiber. They exhibit a
reactive group that may be haloheterocycle or an activated double bond. They are
normally used in alkali condition through the formation of chemical bond with a hydroxyl
group on the cellulosic fiber. It has been found that during application the chromophore
group is activated and allowed to react to the surface of the substrate. It is used as colorant
for dyeing of cotton and cellulosics.

6. Solvent dyes: They are normally soluble in organic solvents. They are used as colorants
for organic solvents, hydrocarbon fuels, waxes, lubricants, and plastics. They are nonpolar
and do not ionized in solution. The principal chemical groups are predominantly azo and
anthroquinone, but phthalocyanines and triarylmethane dyes are also used.

7. Sulfur dyes: They are synthetic organic molecules used for the coloration of cellulosic fiber.
These dyes contain sulfur group as chromophore. These are ionized through thionization
or sulfurization of organic intermediates. They are not soluble in water and do not have
any affinity for the cellulosic fiber. However, when treated with a weak alkaline solution
of sodium sulfide or reducing agent to form a leuco compound that is soluble in water
and has affinity to cellulosic materials. They are used for the coloration of cotton and rayon
and have limited use with polyamide fibers, silk, leather, paper, and wood.

8. Vat dyes: They are normally insoluble in water. They are indigo and the anthraquinone
derivatives, which are used for the coloration of cellulosic fibers. The dye is applied in a
soluble or reduced form through the impregnation of fiber. It is further oxidized in the
fiber back to its original insoluble form.

5. The production and discharge of dye(s)

More than 10,000 dyes are commercially available [12] and currently used in various materials
such as textiles, paper, plastic, leather, food, drugs, and cosmetics [13]. In 2005, about 108
tonnes of dyestuffs were produced in the world. As textile industries have long been the largest
consumer of dyes, it was foreseeable that the demand of dyes in the world will continue to rise
in the forthcoming years because the fiber consumption has generally increased at a rate faster
than the growth of population [6].

The rapid growth in the use of reactive dyes is due to the increasing use of cellulosic fibers and
the technical and economic limitations of other dyes used for these fibers [14]. It is estimated
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that 2% of dyes produced annually are discharged in effluents from manufacturing operations,
and 10% of dyes were discharged from textile and associated industries. Therefore, a large
amount of dyes are lost into the effluents. The discharge of highly colored effluent is currently
one of the major environmental problems. It can be seen that reactive dyes have rather low
rates of fixation while the highest fixation rates are basic dyes. After the reactive dyeing process
is complete, up to 800 mg/L of hydrolyzed dyes may remain in the bath. Therefore, a high
concentration of reactive dyes is discharged into the effluent. In addition, reactive dyes are not
easily biodegradable and thus may still remain in the effluent even after extensive treatment
[15]. It has been found that large volumes of water and chemicals are normally required for
textile industries. In consequence, huge unused dye(s) and auxiliary chemicals along with large
amounts of water are found in wastewater streams from the textile dyeing operation. It has
been reported that about 8–20% of the total pollution load was contributed due to incomplete
exhaustion of the dyes. It is obviously true that the presence of dyes about as to 1 ppm in water
is usually unacceptable [16].

6. The toxicity of dye(s)

Dye toxicity has been studied in many researches. The acute toxicity of dyes is generally low.
Only a few dyes and pigments are considered to be carcinogenic by U.S. regulatory agencies.
Among these are benzidine and benzidine congener dyes such as CI Direct Black 38, CI Acid
Red 114, CI Direct Blue 15, and CI Direct Blue 218 [17]. Azo dyes contain one or more nitrogen–
nitrogen double bonds (–N=N–) called azo groups in the chemical structure. Azo dyes are
seldom directly mutagenic or carcinogenic except for some azo dyes with free amino groups
[18]. Under reductive condition, the azo groups can be cleaved to form two aromatic amines.

After cleavage of azo linkages, toxic amines are released to water. These intermediate products
cause severe detrimental effects on human beings and aquatic life. For human being, these
intermediates damage the vital organs such as the brain, liver, kidneys, central nervous system,
and reproductive system. However, they can also prevent photosynthetic activity by reducing
light penetration. In this way, the hazardous effects of dye(s) peculate from their discharge
point to receive water. Therefore, it is urged for researchers to find out the way for removal of
such toxic components in industrialized countries in the world [19]. Wastewater treatment is
a difficult task by conventional methods such as physical, chemical, and biological due to its
complex molecular structure of dyes. Some new technologies are being investigated by which
decoloration of the problem could be solved.

7. Pollution from the dye-containing effluents

The colored effluent brings a negative esthetic effect on the wastewater because the color can
also be observed by our eyes even when the concentration is less than 1 ppm. In addition, the
absorption and reflection of sunlight by the colored effluents affect the water transparency and
gas solubility of water bodies. The heavy-metal ions from textile effluents have also been
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reported at high concentrations in both algae and higher plants [20]. Even worse, some of the
dyes and their biodegraded products are also toxic, carcinogenic, and mutagenic [17].

Sometimes, it has been found that due to the accessibility of small-scale industries in the greater
extent, it was stared the decentralized treatment methods for individual industry. As the
treatment process for such toxic pollutants in proper manner is an expensive, they are
eventually discarded into the environment that is about 40% of the total industrial wastewater.
As far the environmental protection is an urgent issue in connection with industrial develop‐
ment, it promotes to develop eco-friendly technologies that will reduce the consumption of
freshwater and lower output of wastewater. The release of important amounts of synthetic
dyes to the environment causes public concern and minimizes legislation problems [21,22].

8. Dye removal techniques

The strategy for removal of dyes and pigments from textile effluents is just a simple separation
process from a purely engineering point of view. Theoretically, there is a great number of
separation processes tailored to the removal of a specific compound. Dye-containing waste‐
water can be treated in different ways such as physical, chemical, and biological approaches.
Physical treatment methods employ the application of physical forces for the separation of
dyes from wastewater. Physical methods include different precipitation methods (such as
coagulation, flocculation, and sedimentation), adsorption (on a wide variety of inorganic and
organic supports), filtration, reverse osmosis, ultra filtration, and nanofiltration. However,
chemical method is brought about by the addition of chemicals or by chemical reactions (such
as reduction, oxidation, complex metric methods, ion exchange, and neutralization). However,
biological treatments normally carried out aerobically or anaerobically that will depend on the
presence or absence of oxygen to the system. Biological treatments happen in the presence of
biological catalyst that stimulates the degradation are also called biodegradation. Chemical
treatment methods are normally carried out by the addition of chemicals through chemical
reaction such as reduction, oxidation, complex metric methods, ion exchange, and neutrali‐
zation [23]. It may eventually generate toxic intermediate products. It is obviously true that
the treatment of colored wastewaters depends not only on ecological parameters such as
chemical oxygen demand (COD), biological oxygen demand, total organic carbon, absorbable
organic halide, temperature, and pH but also on initial dye concentrations in wastewaters [23].
The entire process is considered environmentally friendly when the by-product stream has
negligible environmental effects. Otherwise, additional treatment is required, and the problem
of the removal of the hazardous compounds from the raw influent has been just relocated.

8.1. Physical treatment

8.1.1. Coagulation–flocculation

Coagulation–flocculation methods were successfully applied for color removal of sulfur and
disperse dyes, whereas acid, direct, reactive, and vat dyes presented very low coagulation–
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flocculation capacity. Coagulant agents that are normally used for decolorization of colorants
are aluminum sulfate, ferrous, ferric sulfate, ferric chloride, calcium chloride, and copper
sulfate as well as several co-polymers such as penta ethylene, hexamine, and ethylediene
dichloride. The mechanism behind this coagulation process is by the formation of flocs with
the dyes, which can be separated by filtration or sedimentation [23]. Polyelectrolyte can also
be dosed during the flocculation phase to improve the floc settleability [24]. It is obviously
advantageous that there is no question of decomposition of dyes, which can produce more
potentially harmful and toxic compound. In addition, only separation of colorants has been
taken place, which is economic. However, the production of sludge is only disadvantage for
coagulation–flocculation processes [25].

In coagulation process, chemicals are rapidly dispersed in wastewaters, which can change the
characteristics of the suspended particles such that they tend to coalesce and form flocs that
sink rapidly. Conventional physical process is not efficiently separate the negatively charged
colloidal suspensions. However, the decoloration of effluent stream can be made economically
through the application of coagulation process. Coagulation process is normally carried out
by the addition of positive ions that will reduce the electro kinetic repulsion between the
particles. It has been reported by Marmagne and Coste that the color removal of sulfur dyes
can be efficiently carried out by coagulation. They did their experiment in bench flocculators.
The good-quality flocs were produced; therefore, minimum time was taken for settling. It was
reported that the removal efficiency in terms of COD and color was found to be 83.9% and
96.1%, respectively [26,27]. Coagulation process is also affected by the chemicals, pH, and
temperature of the system [27].

8.1.2. Filtration technology

The filtration technology is the prime module that is used in drinking water and wastewater
treatment. This technology constitutes microfiltration, ultrafiltration, nanofiltration, and
reverses osmosis. For the removal of the color, this technology showed some promising results.
Individual membrane is significant for the water treatment process. Microfiltration is not
suited for the wastewater treatment due to its large pore size; nanofiltration and ultrafiltration
are efficiently remove different sorts of dyes. Generally, the dye molecule clogged in the
membrane and limits the separation process for the usage of dyeing effluent treatments. The
limitation of this process is its high pressure, momentous energy consumption, cost of
membrane is high, and life span is also short, and these properties are creating hindrance for
the treatment of dyestuff or organic pollutant removal. The reverse osmosis process is better
for rejecting salts. It gives better results in decolorizing and desalting against various dye
effluents and can be applied for recycling. The treated wastewater is near to pure water.

8.1.3. Adsorption

Adsorption is the process in which dissolved molecules are attached to the surface of an
adsorbent by physical and chemical forces. Adsorption by activated carbon has been widely
used for wastewater treatment. Activated carbon and other materials can remove the dyes in
the wastewater, either by adsorption or by combined adsorption and ion exchange. Adsorption
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gives good results and has gained favor recently due to its ability to remove different types of
dyes, excellent adsorption ability [28,29], ease of operation, and insensitivity to toxic pollutants
and can be used in fixed bed columns for treating the water continuously [30]. However, its
widespread use is restricted due to high cost [31]. Therefore, researchers have been looking
for low cost adsorbents as alternatives to activated carbon.

8.2. Chemical treatment

Chemical treatment of the wastewater is carried out with the help of coagulants and floccu‐
lants, and it gives quiet promising results. Chemicals that are being used in this treatment are
aluminum, calcium, and ferric ions for the removal of the dye effluents and induce flocculation.
For the betterment of the process, the combination of two might be used to augment the
process. Sometimes, the process is economically sound, but, in some instances, it could be
expensive due to the price of the chemicals. The process gives satisfactory removal of disperse,
vat, and sulfur dyes. However, the limitation of this technique is the production of concen‐
trated sludge in large quantity, and the removal of reactive, azo, and basic dyes by this
technique is not at par or up to the mark.

8.2.1. Oxidation

Oxidation is the one of the most commonly used chemical decoloration process due to its
simplicity of application. Oxidation processes can include oxidation through biological
organisms, ozone, sodium hypochlorite, hydrogen peroxide, and even acids. The oxidative
process will produce smaller molecules because the dyes are broken down. Conventional
oxidation treatments are incapable to oxidize dyes (mainly for removing color) and toxic
organic compounds completely from textile effluents. The above-mentioned limitation can
overcome through the development of advanced oxidation processes (AOPs) where the
generation of free hydroxyl radicals (OH) takes place. It is obviously true that these free radicals
increase the rate of reaction with several folds when compared with normal oxidants. OHs can
oxidize both the dyes and the toxic organic compounds that normally cannot be oxidized by
conventional oxidants [25]. In AOPs, oxidizing agents such as ozone and hydrogen peroxide
are used with catalysts (such as Fe, Mn, and TiO2) either in the presence or in the absence of
an irradiation source [24]. Chemical oxidation removes the dyes from the dye-containing
effluent by oxidation, resulting in aromatic ring cleavage of the dye molecules [32].

8.3. Biological techniques

Recent application of several physicochemical methods has been used for azo dye decolori‐
zation, but these methods are expensive and produce large amounts of sludge after treatment.
Extensively used coagulation or flocculation techniques create or generate large amounts of
sludge that requires safe disposal. Adsorption and, to a certain extent, membrane filtration
techniques lead to secondary waste streams that need further treatment. There are many
reports on the use of physicochemical methods for color removal from dye-containing effluents
[33–35] apart from that present scenario biological treatment methods are most suitable and
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widely used due to their cost effectiveness, ability to produce less sludge, and eco-friendly
nature [36,37].

Bioremediation is normally carried out by the use of microorganisms to remove the pollution
from the environment, which is a key research area in the environmental engineering [38]. In
such approaches, microorganisms adapt themselves to the toxic wastes and develop into new
resistant strains naturally, which then transform various toxic chemicals into less harmful
forms. The mechanism behind the biodegradation of recalcitrant compounds in the microbial
system is based on the action of the biotransformation enzymes [39]. Several reports demon‐
strate the degradation of complex organic substances that can be brought about by enzymatic
mechanisms, such as those associated with laccase [40], lignin peroxidas [41], NADH–DCIP
reductase [42], tyrosinase [43], hexane oxidase [39], and aminopyrine N-demethylase [44].
There are several treatment approaches successfully applied by the biotechnologists to remove
the dyes from effluent streams with regard to tackling azo dye pollution in an eco-efficient
manner. It is reported that the use of bacteria followed by physicochemical processes may used
for successful removal of azo dyes. As azo dyes are xenobiotic in nature and recalcitrant to
biodegradation, the use of microbial or enzymatic treatment method may be useful for the
complete removal or degradation of such dyes from textile effluent. In this approach, several
advantages have eco-friendly, inexpensive, and less sludge production. In addition, the
intermediate products that are formed are nontoxic due to complete mineralization, and the
process requires less water consumption when compared with physicochemical methods [38].
The effectiveness of microbial decolorization depends on the adaptability and the activity of
the selected microorganisms. Consequently, a large number of species have been tested for the
decolorization and mineralization of various dyes in recent years [45]. The isolation of potent
species and their degradation is one of the interesting biological aspects of effluent treatment
[46]. A wide variety of microorganisms are capable of decolorizing a wide range of dyes,
including bacteria [39], fungi [47], yeasts [48], actinomycetes [48,49], and algae [50].

8.3.1. Decolorization and degradation of dyes by plants (phytoremediation)

Phytoremediation is an emerging technology that promises the effective and inexpensive
approach for the remediation of soils and groundwater contaminated with heavy metals and
organic pollutants [51]. As phytoremediation is an autotrophic system and requires little
nutrient input, the main advantages of phytoremediation are easier to manage and accepted
by public due to both of its esthetic appeal and environmental sustainability [38,52]. More
specifically, narrow-leaved cattails have been studied in synthetic reactive dye wastewater
treatment under caustic conditions [53,54], where approximately 72–77% can be reduced with
coco yam plants. It has been reported that the three plant species namely Brassica juncea,
Sorghum vulgare, and Phaseolusmungo from different agronomic consequences have been used
to evaluate the decolorization efficiency by using azo dyes in textile effluent. It has been
reported that B. juncea, S. vulgare, and P. mungo showed 79%, 57%, and 53% efficiency,
respectively [38,55]. Similarly, an herb Blumea malcommi was found to degrade textile dyes
(Reactive Red 5B). Extensive research has been undertaken to develop effective and efficient
phytoremediation techniques. It was reported that hairy root cultures of Tagetes patula L.
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(Marigold) are effective in the decolorization of Reactive Red 198, and the enzyme system in
the plant responsible for this was determined [51]. However, there are several disadvantages
related to large-scale phytoremediation process. It includes pollutants tolerance by the plant,
the bioavailable fraction of the contaminants along with the transpiration of volatile organic
pollutants and large areas to implant the treatment [38,56].

8.3.2. Microbial treatment

Microorganisms are already present in the wastewater treatment feed on the complex sub‐
stances in the wastewater, converting them into simpler substances, improvement treatment.
The biological treatment is nowadays common and extensive technique employed in dye
wastewater treatment. There are several reports where a huge number of species have been
used for the removal and complete mineralization of different sorts of dyes. The main
advantage of this process is inexpensive, low running costs, and nontoxic end products.
However, these process may be aerobic (in the presence of oxygen), anaerobic (without
oxygen), or combined aerobic–anaerobic. Bacteria and fungi are normally used in aerobic
treatment for their ability to treat dye wastewaters [11].

8.3.2.1. Aerobic treatment

In aerobic treatment, enzymes secreted by bacteria present in the wastewater breakdown the
organic compounds. The work to identify and isolate aerobic bacteria capable of degrading
various dyes has been going on since more than two decades. A number of triphenylmethane
dyes, such as magenta, crystal violet, pararosaniline, brilliant green, malachite green, and ethyl
violet, have been found to be efficiently decolorized (92–100%) by the strain Kurthia sp. It was
reported by the researchers that after biotransformation, the extent of COD reduction of the
cell free extracts of triphenylmethane dyes was more than 88% in all dyes except in the case of
ethyl violet (70%). Since last two decades, various researchers have investigated Phanerochaete
chrysosporium, among various fungi, extensively for its ability to decolorize a wide range of
dyes. Besides this, microorganisms including Rhyzopus oryzae, Cyathus bulleri, Coriolus versi‐
colour, Funalia trogii, Laetiporous sulphureus, Streptomyces sp., Trametes versicolour, and so on have
also been tested for the decolorization of dyes. It has been found that different operating
parameters such as initial concentration of pollutants, initial pH, and temperature of the
effluent affect the removal process. Several strategies may be used after fungal treatment. It
has been reported thatthe treatability of the effluent by other microorganisms can be impro‐
vedfor satisfactory removal of dyes. It is obviously true that these techniques are suitable for
some dyes; however, most of the dyes are recalcitrant to biological breakdown or are non‐
transformable under aerobic conditions [11].

8.3.2.2. Anaerobic treatment

The anaerobic treatment is quiet promising for the degradation of an extensive range of
synthetic dyes has been well demonstrated and established. From the literature, it has been
reported that under anaerobic conditions, some dyes have been degraded or mineralized. Since
last few decades, researchers reported that decolorization of azo dyes showed some positive
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result in case of mordant orange-1 and azo-disalicylate could be reduced and decolorized
under anaerobic conditions using methanogenic granular sludge. Another study proved the
feasibility of the application of anaerobic granular sludge for the total decolorization of 20 azo
dyes. An anaerobic pre-treatment step could be a cheap alternative compared with aerobic
systems as expensive aeration is absent and problems with bulking sludge are avoided. It is
reported that anaerobic treatment of effluent for dye removal can be efficiently carried out;
however, heavy metals can be retained through sulfate reduction. In addition, due to foaming
problems, associat for surfactants and high effluent temperatures along with high pH is the
main limitation for degradation of dyes. Nevertheless, it is also mentioned that BOD removal
can be insufficient; dyes and other refractory organics are not mineralized; nutrients (N and
P) are not removed; and sulfates give rise to sulfides [11].

8.3.2.3. Combined aerobic–anaerobic treatment

For the better removal of dyestuff from the wastewater of textile effluent, the combination of
aerobic and anaerobic treatments may give promising results. It is advantageous because the
complete mineralization is achieved due to the synergistic action of different organisms. It has
been reported that the reduction of the azo bond can be achieved under the reducing conditions
in anaerobic bioreactors. In consequence, colorless aromatic amines may be formed, which are
mineralized under aerobic conditions. Therefore, the combined anaerobic–aerobic azo dye
treatment system is an attractive approach for the researchers [11]. Thus, an anaerobic
decolorization followed by aerobic post-treatment is generally recommended for treating dye
wastewaters. Generally, the operating conditions such as initial concentration of dyes, initial
pH of solution, and temperature of the effluent play an important role for decolorization of
dyes. In addition, this technique is cost competitive and suitable for various dyes. However,
the main limitation of the biological treatment is low biodegradability, less flexibility in design
and operation, larger land area requirement, and longer times required for decolorization
processes. Therefore, it is an urge for scientist for removal of dyes from effluent on a continuous
basis in liquid-state fermentations [11].

8.3.2.4. Enzyme-mediated dye removal

From the literature, it has been found that the white-rot fungi, which produce nonspecific
extracellular ligninolytic enzymes are most efficient to remove synthetic dyes. These enzymes
are lignin peroxidase (ligninase, LiP, EC 1.11.1.14), manganese peroxidase (MnP, EC 1.11.1.13),
and copper-containing laccase (benzenediol:oxygen oxidoreductase, EC 1.10.3.2). Of these
enzymes, laccases (EC 1.10.3.2) have great potential in bioremediation due to their ability to
oxidize a broad range of substrates. Laccases belong to the group of oxidases, which contain
four copper atoms in their catalytic site. The capability of laccases to degrade phenolic
compounds makes them suitable for the degradation of xenobiotic compounds in the treatment
of wastewaters [57].

There is an extensive research carried out for laccase-mediated dye removal using wild strain
owing to their potential industrial applications. Screening of proper microorganism is
important criteria to get the desired product. The microorganism that will be used for laccase
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production should produce adequate yields and should not produce toxins or any other
undesired products. The main challenges using wild strain are the availability of potent
microbial strain and the application of this biocatalyst for industrial-scale dye removal [58]. It
is also important to note that this strain should be robust under industrial conditions. It is
advantageous that there is no batch-to-batch variation of laccase production found using wild
strain. However, low yield is main drawback for laccase production using wild strain. In
addition, the isolation of potent strain for removal of dyes is tedious and time consuming. The
microbial diversity during the degradation of dyes under natural conditions needs to be
evaluated, and the isolation, screening, and characterization of new well-adapted microbial
strains are used to potentially improve enzyme production.

The main challenges for the engineered strategy include the availability of tools that can be
modified by recombinant DNA technology and the application of these tools, so that a desired
laccase will be produced with high yield and robustness under industrial conditions. In this
strategy, the enzyme that is more suitable for industrial applications has been chosen [59]. The
main challenge for recombinant DNA technology is to improve the fermentation characteris‐
tics of genetically engineered organisms by introducing genes. It has been found that the
robustness of engineered laccase enzymes is often required for industrial applications. There
are several reports where cloning of laccase gene, random mutagenesis, site-specific muta‐
genesis, or the combination of both have been frequently used to get robust engineered laccase
enzymes for industrial applications [60]. Iterative saturation mutagenesis (ISM) is a directed
evolution method to improve the favorable characteristics of enzymes. The repetitive cycles
of saturation mutagenesis are applied in ISM at chosen sites of two or three amino acids of the
protein and protein structure. Beneficial mutations were found by performing 3–4 rounds of
ISM, and these beneficial mutations are systematically incorporated into the libraries [61]. The
grafting of the above three enzymes [lignin peroxidase (ligninase, LiP, EC 1.11.1.14), manga‐
nese peroxidase (MnP, EC 1.11.1.13), and copper-containing laccase (benzenediol:oxygen
oxidoreductase, EC 1.10.3.2)] to chimeric enzymes could be the alternative path to improve
the efficiency of the bioprocess and cost-effective dye removal. In addition, it also decreases
the required cost of the applied enzymes. It is obvious that the primary goal is to decrease the
process cost of the overall bioprocess. In the 21st century, the development of bioprocesses has
been focused on enzyme mediated bioprocess, which is an attractive tool to reach the eco‐
nomical and ecological goals.

There are several papers published on cellular recognition of dyes through genetic regulation
and expression of laccase enzyme in presence of such complex organic compounds. It has been
found that laccases are synthesized when microorganisms are cultured on dyes because it
induced the activity of enzyme complexes in microorganisms [62]. It is interested to note that
dyes did not directly enter inside the cell to influence the regulation of gene and the expression
of laccase enzyme. As enzyme secretion is an induction process, there should be a physical
contact between part of the regulatory machinery of the cell and the inducer. The inducers
have some recognition site on the surface of cell that regulates the process. The expressed
enzyme will secrete extracellularlly and hydrolyze the complex structure that can be easily
transported inside.
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the efficiency of the bioprocess and cost-effective dye removal. In addition, it also decreases
the required cost of the applied enzymes. It is obvious that the primary goal is to decrease the
process cost of the overall bioprocess. In the 21st century, the development of bioprocesses has
been focused on enzyme mediated bioprocess, which is an attractive tool to reach the eco‐
nomical and ecological goals.

There are several papers published on cellular recognition of dyes through genetic regulation
and expression of laccase enzyme in presence of such complex organic compounds. It has been
found that laccases are synthesized when microorganisms are cultured on dyes because it
induced the activity of enzyme complexes in microorganisms [62]. It is interested to note that
dyes did not directly enter inside the cell to influence the regulation of gene and the expression
of laccase enzyme. As enzyme secretion is an induction process, there should be a physical
contact between part of the regulatory machinery of the cell and the inducer. The inducers
have some recognition site on the surface of cell that regulates the process. The expressed
enzyme will secrete extracellularlly and hydrolyze the complex structure that can be easily
transported inside.
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A fermentation process involving microbial cells requires the investigation of raw materials,
biomass, and how they are treated and mixed with other ingredients required for cells to grow
well. A pure strain of a microorganism is normally introduced into the vessel. The bioreactor
supports the natural process by providing suitable conditions such as optimum temperature,
pH, nutritional elements, enabling cells to grow and form metabolites and enzymes. The cells
will start to multiply exponentially after a certain period of lag time and reach a maximum cell
concentration as the medium is depleted. In addition, the fermentation process may be
constituted anywhere between 5% and 50% of the total fixed and operating costs of the process
that is basically different depending on the type of product, the concentration level it produces,
and the purity desired [63]. Therefore, optimal design and operation of a bioreactor frequently
dominate the overall technological and economic performance of the process. To carry out a
bioprocess on a large scale, it is necessary to investigate and develop three principle areas. To
obtain a potent biocatalyst (such as microorganisms, animal cell, plant cell, or enzyme) along
with medium, optimization is a primary criterion for a fermentation process. In addition, it is
required to create the best possible environment for the catalyst to perform by designing the
bioreactor and operating it in the most efficient way. However, low stability and high pro‐
duction cost are the key factors for the application of free enzyme for dye removal. However,
the immobilized laccase-based system can overcome the limitations such as low stability and
high production cost. The stability of enzyme in extreme environment condition or in the
presence of chemical is the main advantage of immobilized system. It is also obvious that
immobilized laccase can be separated easily from the reaction, allowing the enzymes can be
used in continuous manner [64,65].

Recently, Kaushik et al. (2014) experimented with Aspergillus lentulus for the production of
xylanase through solid state fermentation. In this experiment, various low-cost agro residues
were used as substrate. The maximum xylanase production (158.4 U/g) was reported on the
4th day of incubation where wheat bran was used as the substrate. However, 153.0 U/g, 129.9
U/g, and 49.4 U/g of xylanase production were achieved in presence corn cob, sugarcane
bagasse, and wheat straw as substrate, respectively. It was experimented to solve the problem
associated with pulp and paper industries to control pollution that is due to pulp bleaching
and release of colored wastewater [65]. The enzyme showed good stability at high pH and
temperature (>75% activity retained at pH 9 and 70°C). They also experimented to remove
anionic (>85.0% removal) and cationic (>96.0% removal) dyes. It was revealed that dye removal
can be possible significantly to meet the requirements of pulp and bleaching industries through
an effective and sustainable approach [66].

9. Conclusion

There are, however, various technological and economic obstacles that have to be overcome
before industrial-scale enzyme-mediated dye removal can take place. The selection and
successful large-scale cultivation of strain for maximum enzyme production remain a major
upstream challenge. On the other hand, the development of an effective genetic-engineered
strain is critical for the successful fermentation processes. Despite the routine use of laboratory-
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scale cloning, the variables affecting recombinant strain are not well understood, and no
method for industrial scale is currently established. This manuscript attempts to address the
knowledge gap surrounding enzyme-mediated bioprocess technology for development of
commercial dye removal process from textile effluent.
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Abstract

Organic dyes constitute one of the largest groups of wastewater’s pollutants. In general,
they are released into the environment by textile industries. Approximately 100,000 dyes
are widely used in the textile industry, and a large wastewater of dyestuff is generated
annually. Among these, indigoid class is commercial dyes used mostly for cotton cloth
dyeing. Indigo carmine (IC) is also one of the oldest dyes and still one of the most used in
textile industry and is considered as a very toxic indigoid dye. Most toxic dyes are recal‐
citrant to biodegradation, causing a decrease in the efficiency of biological wastewater
treatment plants. Titanium dioxide is a well-known photocatalyst mostly used in suspen‐
sions in photoreactions for wastewater treatment. The use of TiO2 has some advantages
such as ease of handling, low cost, low toxicity, high photochemical reactivity, and non-
specific oxidative attack ability. In this way, it can promote the degradation of different
target organic compounds with little change of operational parameters. The aim of this
chapter is to present the different approaches already used in our team for the remedia‐
tion of waters containing IC mainly through heterogeneous photocatalysis with TiO2. Ad‐
sorption over activated carbon (AC) and photocatalytic degradation of IC mediated by
titanium dioxide will be revised as well as some studies on the phototoxicity of the pho‐
toproducts with aquatic and terrestrial organisms. This chapter makes a comprehensive
approach to the different results on the remediation of model effluents containing IC un‐
dertaken by this team of researchers.

Keywords: photocatalysis, titanium dioxide, wastewater treatment, Indigo carmine, eco‐
toxicology

1. Introduction

Textile industry process generates a significant amount of wastewaters containing 5–15% of
an untreated dye, which can be released into the environment. Around 100,000 dyes are

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



currently in use by the global textile industry, and 7 × 105 ton of dyestuff is produced annually
worldwide. Moreover, the effluent of textile industries has intense color, chemical oxygen
demand (COD), suspended solids, and several refractory compounds like heavy metals [1].
Discharges of untreated dye effluent into the water body produce colored effluents that not
only cause esthetic deterioration but also affect oxygen and nitrogen cycles through photo‐
synthesis, and they may also be toxic to aquatic biota [2]. Indigo is a commercial dye used
mostly for cotton cloth dyeing (blue jeans), and the main constituent is indigotin that is
extracted from the leaves of Indigofera tinctoria [3–5]. Indigo carmine (IC; 3,3-dioxo-2,2-bis-
indolyden-5,5-disulfonic acid disodium salt) is also one of the oldest dyes and still employed
extensively today for dyeing cotton with annual consumption around 33 million kg [6]. The
wastewater-containing indigo is characterized by a dark blue color due to cross-conjugated
system or H-chromophore, consisting of a single –C=C– double bond substituted by two NH
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IC is a toxic dye once its contact with skin and eyes can cause permanent injury to cornea and
conjunctiva. Moreover, the oral exposure can cause a disturbance in the reproductive,
developmental, and neuronal systems [8]. Most toxic dyes are recalcitrant to biodegradation,
causing a decrease in the efficiency of biological wastewater treatment plants. Furthermore,
traditional physical–chemical methods have some operational problems such as sludge
generation, membrane fouling, and phase change of the pollutants [2, 9]. To avoid these
problems, the use of advanced oxidative processes (AOPs) for wastewater treatment from
textile industries has been proposed. AOPs are emergent and promising processes for removal
of persistent organic pollutants. The main factor in the degradation of pollutants is by the
generation of highly oxidant and nonselective hydroxyl radicals (•OH) that promote the
reaction of different classes of organic compounds. This technology can lead the complete
mineralization or promote the formation of more biodegradable intermediates. The AOPs can
be applied to a large set of different matrixes and that decontamination occurs through
pollutants of degradation instead of their simple phase transfer. These methodologies become
even more attractive when they use the sunlight as the source of energy [10, 11]. Although
different advanced oxidation processes use several different reaction systems, all of them have
the same chemical characteristic, i.e., the production and use of •OH [12–14].
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IC is a toxic dye once its contact with skin and eyes can cause permanent injury to cornea and
conjunctiva. Moreover, the oral exposure can cause a disturbance in the reproductive,
developmental, and neuronal systems [8]. Most toxic dyes are recalcitrant to biodegradation,
causing a decrease in the efficiency of biological wastewater treatment plants. Furthermore,
traditional physical–chemical methods have some operational problems such as sludge
generation, membrane fouling, and phase change of the pollutants [2, 9]. To avoid these
problems, the use of advanced oxidative processes (AOPs) for wastewater treatment from
textile industries has been proposed. AOPs are emergent and promising processes for removal
of persistent organic pollutants. The main factor in the degradation of pollutants is by the
generation of highly oxidant and nonselective hydroxyl radicals (•OH) that promote the
reaction of different classes of organic compounds. This technology can lead the complete
mineralization or promote the formation of more biodegradable intermediates. The AOPs can
be applied to a large set of different matrixes and that decontamination occurs through
pollutants of degradation instead of their simple phase transfer. These methodologies become
even more attractive when they use the sunlight as the source of energy [10, 11]. Although
different advanced oxidation processes use several different reaction systems, all of them have
the same chemical characteristic, i.e., the production and use of •OH [12–14].
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Among AOPs, heterogeneous photocatalysis has been very attractive because the use of
sunlight activated the process, allowing energy economy [15]. Heterogeneous photocatalysis
produces oxidizing species able to promote degradation of organic pollutants through
semiconductor as the catalyst. Typically, TiO2, ZnO, CdS, and ZnS semiconductors are
employed in photocatalysis due to the electronic structure. It has a fully occupied valence band
(VB) and an empty conduction band (CB). In this way, excited electrons can be transferred to
chemicals into the semiconductor particle environment, and at the same time, the catalyst
accepts electrons of oxidized species [12, 13]. Photocatalysis action mechanism can be visual‐
ized in Figure 2.

The semiconductor (TiO2) absorbs photons equal or higher than that of the band gap to
promote an electron from the VB to the CB. Consequently, an electron/hole pair is formed as
described by the following set of equations:

+ -
2 VB CBTiO  hu h + e+ ® (1)

The hole produced in the VB can oxidize the water presents in the medium producing •OH
and oxidize hydroxide ions or the substrate itself, according to Figure 2.

Figure 2. Mechanism of semiconductor (TiO2) particle surface.

( )+ +
2 VB 2 adsorv 2 adsorvTiO h   H O TiO OH  H·+ ® + + (2)

( )+ -
2 VB adsorv 2 adsorvTiO h   OH TiO + OH·+ ® (3)
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( )+ +
2 VB adsorv 2 adsorvTiO h   RX TiO + RX•+ ® (4)

Moreover, the electrons promoted to the CB are also able to reduce the oxygen available for
superoxide radicals. Thus, the presence of oxygen is essential in all oxidative processes:

( )-
2 CB 2 2 2TiO e  + O TiO + O •-® (5)

Titanium dioxide is a well-known photocatalyst mostly used in photoreactions for wastewater
treatment [16]. Fujishima and Honda [17] studied the heterogeneous photocatalysis of water
extensively by TiO2. As a consequence, several studies have reported the use of titanium
dioxide as process able to degrade all persistent pollutants [18–23] and wastewater textile dyes
from industries [24, 25]. The TiO2 has low cost and toxicity, high photochemical reactivity, and
non-specific oxidative attack. In this way, it can promote the degradation of organic com‐
pounds with little change of operational parameters [26]. TiO2 has significant advantages for
environmental application at the fact converted persistent organic molecules to safe oxidation
products such CO2 and H2O [27]. Additionally, it can be used as an antibacterial agent due to
its strong oxidation activity and hydrophilicity [28].

To perform a heterogeneous photocatalytic reaction is necessary to use semiconductors with
the adequate “band gap” to be activated by solar energy. TiO2 has a high band gap, of 3.2 eV,
being consequently activated only by radiation below 380 nm. On the other hand, metal oxides,
such as TiO2, are resistant to photocorrosion with an adequate application on photocatalysis [28].

The decolorization of a model water effluent containing IC dye mediated by TiO2 indicated
that IC photodegradation depends on various parameters, e.g., the initial concentration of the
dye, the amount of TiO2, pH of the solution, the presence of inorganic anions, temperature,
and the addition of different concentrations of hydrogen peroxide. Furthermore, the efficiency
of the photocatalytic process strongly depends on the geometry of the photoreactor, which
should enable all photocatalyst particles to be fully illuminated. Different photoreactors under
artificial and solar irradiation were used, and their efficiency tested on the photodegradation
of IC dye. On the other hand, photocatalytic degradation may generate photoproducts more
toxic than their parent compounds. Thus, it is important to assess the toxicity of the resultant
solution after treatment to determine potential threats to biodiversity of the treated waste to
be released into the environment.

Although most of the experiments with IC reported in the literature were performed with the
photocatalysts dispersed in water to enable the post-treatment photocatalysts removal, it is
most important to use an immobilized catalyst. This chapter makes a comprehensive approach
to the different results on the remediation of model effluents containing IC dye.
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photocatalysts dispersed in water to enable the post-treatment photocatalysts removal, it is
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2. Heterogeneous photocatalysis degradation of Indigo carmine dye

2.1. Degradation of Indigo carmine dye under different geometry reactors

Heterogeneous photocatalysis processes require the maximum utilization of photons gener‐
ated by artificial light or solar irradiation. The photochemical solar technology included the
geometry design reactors for efficient solar photon collections to promote the photodegrada‐
tion of organic pollutants presents on wastewater effluents [6]. The degradation of the IC dye
was studied under different irradiation source and geometry reactors. Figure 3 shows the
reactors that have been used to study the degradation at a laboratory bench top scale. First,
Figure 3A shows a batch magnetically stirred reactor, irradiated with a high pressure of 125
W mercury vapor lamp (Reactor 1). Due to lamp geometry, a single point of stirring is applied.
Second, Figure 3B shows a batch magnetically stirred with irradiation being ensured by four
parallel 20 W daylight lamps; as light distribution is always identical below the lamps,
multipoint stirring can be used (Reactor 2). The reactor presented on Figure 3C consists of a
glass tubular continuous-flow reactor illuminated by one 20 W daylight lamp, fitted inside the
tubular reactor (Reactor 3). The dye solution is pumped through this reactor, between lamp
and inside’s reactor wall, circulating to/from a storage beaker.

Figure 3. Reactors used on photocatalytic degradation of Indigo carmine dye in water [29].
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In all cases, the efficiency of photocatalytic degradation of IC was directly related to the amount
of photocatalyst. The optimum concentration of TiO2 (i.e., the minimum photocatalyst
concentration enabling the highest photodegradation rate) depended on the geometry of the
photoreactor that should enable all photocatalyst particles to be fully illuminated. For im‐
provement of the photocatalysis efficiency, especially under solar irradiation, an equipment
that makes a more efficient collection of photons could be applied. This equipment, already a
pilot plant reactor, is a solar collector coupled to the tubular reactor where degradation itself
takes place, and it usually represents the largest source of operating costs of a photocatalysis
unit for treatment of effluents. This reactor, whose simplified diagram is presented in Figure
4, is a tubular reactor with compound parabolic solar concentration. These reactors are static
parabolic collectors with a parabolic reflective surface that have their axis (where sunlight
concentrates the most) a tubular reactor, where wastewater to be remediated flows through
as shown in Figure 4. They had demonstrated to provide an excellent efficiency in the treatment
of low pollutant’s concentration effluents [29].

Figure 4. Simplified diagram of a compound parabolic collecting (CPC) reactor (CPC) [29].

Reactor 1 demonstrated the best results in photocatalytic degradation for IC. Photocatalysis
efficiency at 96% and 92% was achieved in 30 minutes for concentrations of 1 g L−1 and 1 × 10−1

g L−1 of TiO2, respectively. On the other hand, the photodegradation on Reactors 2 and 3 was
very slower with 100% of IC degradation at 1440 minutes of irradiation time under the same
TiO2 concentrations [29]. The results obtained for Reactor 1 were very similar to the ones obtained
under sunlight irradiation during summer because the photon flux used in both processes was
similar. It is possible to replace artificial light source by natural solar light irradiation with the
same efficiency. Furthermore, experiments carried out in winter months also demonstrated
reasonable efficiencies. The photolysis of the dye was negligible for the compound parabolic
reactor (CPC) like for the experiments in batch lab reactors. On the other hand, in distilled water,
its photodegradation was observed to be complete for an accumulated UV energy of 15 kJ L−1,
correspondingly approximately to only 12 minutes of irradiation time [29].
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The absorbance of the IC dye at 610 nm decreased gradually with prolonged light exposure
due to an increase in decolorization and light-induced degradation. Figure 5 shows the fast
decolorization of 610 nm and also the changes of the spectra in the UV region. The decolori‐
zation of IC solutions is associated with the cleavage of double-bond carbon (–C=C–), charac‐
teristic of indigoid dye molecules (Figure 1) [30]. Absorption in the UV region can be assigned
to the aromatic rings and exhibited peaks at 286 and 250 nm [31]. The intermediates may have
been formed as demonstrated the changes of indigo dye UV–visible spectra. Lower molecular
weight (MW) organic compounds or carbon dioxide probably is the most intermediates formed
by oxidation of original IC structure [32].

Figure 5. Time dependent UV–visible spectrum of Indigo carmine. Initial concentration of IC: 30 mg L−1; dosage of
TiO2: 1×10−2 g L−1. Spectra from top to bottom correspond to irradiation times of 0, 15, 30, 45, 60, 90, 120, 180, and 300
min, respectively. Experiments performed with Reactor 1, in Figure 3A [29].

The solar irradiation batch lab experiments were very helpful to establish the best conditions
for different geometries and light source for the photodegradation of IC dye. It facilitates the
correspondence between various reactors with artificial irradiation and solar irradiation on
the photodegradation of IC dye [29]. The summarized results indicate the feasibility of solar
photocatalysis with TiO2 to the treatment of IC effluents from a textile industry, mainly in
regions with available sunlight throughout the year. Moreover, titanium dioxide application
to be activated by sunlight is compatible with the green chemistry principles [32].

2.2. Influence of different parameters on the photodegradation of Indigo carmine dye

2.2.1. Effect of catalyst amount

The effect of the TiO2 amount on the photocatalytic degradation of IC was evaluated. Moreover,
the significance of adsorption on the catalyst surface should also be assessed from results
obtained in the absence of light. The IC adsorption on TiO2 was found to be about 10% after
90 minutes of contact, and adsorption/desorption equilibrium time was 30 minutes in the dark.
The color of indigoids dyes is influenced by the presence of associated chromophores and
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auxochromes groups. IC can be oxidized by positive hole or •OH or reduced by electrons in
the CB where all processes were leading to the decrease in the color of water [7].

The photocatalysis efficiency is apparently directly proportional to the amount of photocata‐
lyst used, according to Figure 6. These results can be rationalized regarding an availability of
active sites on TiO2 surface and on the light penetration for activation of TiO2 suspensions [24].
Moreover, in suspensions containing 1 g L−1 of TiO2 (first-order kinetic = 0.8442 min−1), the
depth of light penetration is considerably smaller than in those containing only 0.1 g L−1 of
TiO2 (first-order kinetic = 0.9002 min−1). However, the availability of active sites is much higher.
Additionally, agglomeration and sedimentation of TiO2 particles also occur in suspensions
containing a high concentration of TiO2 [33]. In this way, the optimum amount of TiO2 has to
be determined for each solution to be treated to avoid the unnecessary use of a catalyst in
excess.

Figure 6. Effect of TiO2 suspension concentration on the photocatalytic degradation of 30 mg L−1 of IC [34].

2.2.2. Effect of initial dye concentration

The photocatalytic degradation of the dye decreased with increase in its concentration in the
sample solution. The reduction in the photodegradation rate constant can be attributed to
adsorption of dye molecules on the catalyst surface and consequent decrease on the generation
of •OH radicals because the active sites were occupied by dye cations [35]. Also, a significant
amount of light may be absorbed by the indigo dye rather than TiO2. Probably reducing the
efficiency of the catalytic reaction, the concentration of oxidant species decreases [36]. Another
possible cause of the decline of decolorization is the competition between intermediate
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products formed in photocatalytic processes for the limited adsorption and catalytic site on
the surface of TiO2 [37].

2.2.3. Effect of inorganic ions

Several anions commonly used in dye-containing industrial wastewater such as Cl−, HCO3
−,

SO4
−2, and HPO4

−2 should be tested. Dissolved inorganic ions may compete for the active sites
on the TiO2 surface or deactivate the photocatalyst and, subsequently, decrease the degrada‐
tion efficiency [38]. In the same approach, Chen et al. [39] found that the addition of H2PO4

and HCO3 significantly inhibited the degradation of Acid Orange 7 in the TiO2 system.

For IC photodegradation, the inhibition of decolorization is exhibited:

- - -2 -2
3 4 4HCO  Cl  HPO  SO< < < (6)

Inhibition effect of anions can be explained as the reaction of positive holes (hvb
+) and resulting

from the high reactivity and non-selectivity of •OH toward non-target compounds present in
the water matrix. The HCO3

− and Cl− ions were with less inhibition effect on IC decolorization.
In TiO2/UV system, HCO3

− can trap •OH to produce CO3
●−, which is less reactive [40]. This

reaction appears to be of minor importance on the photodegradation of the IC. Additionally,
in the case of Cl− under neutral or alkaline conditions, the addition of Cl− ion did not influence
the reaction [41]. On the other hand, the SO4

−2 ions demonstrated more inhibition on the
decolorization rate because it is possible for a high competitive adsorption of the dye on the
TiO2 surface, and they can trap both positive holes (h+) and ●OH [41].

2.2.4. Effect of temperature

The IC photodegradation is temperature dependent, and it decreases with the rise of solution
temperature.

It is known that an increase in temperature can affect the efficiency of e−/h+ recombination
and adsorption/desorption processes of dye molecules on the TiO2 photocatalyst surface [42].
Some of the most important surface phenomena are dye molecule aggregation, tautomeriza‐
tion,  and geometric  (cis–trans)  isomerization,  and all  those  processes  can be  affected by
temperature variation. The increase in solution temperature causes disaggregation of the dye
molecules [24].

Habib et al. [24] considered MW and anion site (sulfate and a carboxylic group), which can
interact with molecules by ion–dipole interactions. According to these authors, the dye has
low MW and less anionic showed a significant variation under different temperatures.
Consequently, the change of the temperature of the solution has a significant effect on the
effective collisions between dyes and the TiO2 photocatalyst. In this case, the IC molecules
possess a comparatively low MW (466.36 g mol−1) and only two anion sites (sulfate groups).
Therefore, the variation of the temperature should also affect its photodegradation.
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2.2.5. Effect of hydrogen peroxide addition

The principal problem found in most photocatalysis processes using TiO2 is the undesired
electron/hole recombination, which represents the major energy-wasting step, thus restricting
the feasible quantum yield of the photodegradation process. Hydrogen peroxide is an electron
donor favoring the photocatalytic process inhibiting electron–hole recombination [43]. In this
sense, the effect of H2O2 on the photocatalytic degradation of IC is examined. It was noted that
when the hydrogen peroxide concentration increases, the photodegradation suffers an initial
increase up to H2O2 0.022M and decrease at higher concentrations. Hydrogen peroxide at low
concentration acts mainly as a source of •OH and as an electron scavenger inhibiting the
electron–hole recombination (Eq. 7) [44].

- -
2 2 CBH O + e OH•+ OH® (7)

However, at higher concentrations, H2O2 reacts with •OH and acts itself as a scavenger of the
photoproduced holes. The H2O2 excess acts itself as a scavenger of the photoproduced holes.
In this way, they behave like the self-quenching process of ●OH to form hydroperoxyl radicals
(OOH●) (Eq. 8), where oxidation potential is much lower than that of ●OH [45], leading to a
decrease in the photocatalytic efficiency.

2 2 2H O   OH  H O  OOH· ·+ ® + (8)

The optimum dosage of H2O2 is variable and has been reported that it was dependent on the
initial dye concentration.

2.2.6. Effect of Initial pH

The effect of pH changes on the photodegradation rate is studied in the range of pH 2–11. The
photocatalytic reaction occurs on the surface of the catalyst and is dependent on TiO2 surface
charge. In this way, the adsorptive properties of TiO2 particles depended strongly on the
solution pH [46]. The degradation of IC is faster in acid solutions (i.e., pH ranges from 2 to 5).
At neutral and basic medium, the rate of dye degradation is slow, nevertheless in accumulated
energy of Quv 70 kJ L−1, all IC solutions are degraded. This effect can be explained by the surface
charge density of TiO2. The point of zero charge (pzc) of TiO2 is at pH = 6.8. Thus, the TiO2

surface is fully protonated in medium acidic solution and negatively charged under alkaline
conditions (Eqs. 9 and 10) [47]:

+ +
2pH   pzc : TiOH + H TiOH< Û (9)

-     -
2pH   pzc : TiOH + OH TiO + H O < Û (10)
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- -
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Considering the IC structure has sulfuric groups, which are negatively charged, at pH < 5.0,
the positive charge through protonation (Eq. 9) on the photocatalyst surface promotes active
interaction of a dye onto the catalyst surface and improves the photocatalytic degradation. On
the other hand, for the basic solutions (pH > pzc), the surface of the catalyst is negatively
charged through the proton abstraction by hydroxide ion (Eq. 10). Consequently, repulsions
between a negative-charged surface of the catalyst and anionic dye fragments retard the
surface adsorption, resulting in a low-photodegradation activity [48].

2.2.7. Effect of water matrix

In distilled water IC degradation is observed to be complete for an accumulated UV energy of
15 kJ L−1, correspondingly ~12 minutes of irradiation time. However, for complex matrices of
water like freshwater and simulated municipal wastewater treatment plant (MWWTP)
secondary effluent, the degradation of the dye is slower. The freshwater and simulated
MWWTP secondary effluent required ~25 kJ L−1 for complete photodegradation. When a real
MWWTP secondary effluent was carried out, the complete IC photodegradation occurred at
accumulated energy around 33 kJ L−1. It is demonstrated that as the matrix more complex, the
degradation rate of organic compounds is slower. This fact can be explained the presence of
carbonate species on real wastewater that act as scavengers of the •OH generated on photo‐
catalysis [49], as showed in Figure 7. Table 1 exhibited a high concentration of inorganic carbon
in the real effluent, which is widely found in real wastewater [50].

Type of
water

Inorg.
Carbon
(ppm)

TOC
(ppm)

COD
(ppm)

pH
Conduc.
(µs cm-1)

Ionic species (mM)

Na+ Ca+2 Mg+2 K+ NH+4 PO4 -3 Cl- SO4 -2

Fresh
water

13.89 3.40 11.6 7.4 206 0.76 0.36 0.44 0.1 – – 0.09 0.04

Synthetic
MWWTP
secondar
y effluent

9.98 17.76 57.59 8.0 261 1.27 0.36 0.45 0.17 0.35 0.01 0.04 0.93

Real
MWWTP
secondar
y effluent

69.92 26.9 81.2 8.3 1504 8.2 1.5 1.3 0.63 2.96 0.05 9.94 1.02

Table 1. Characteristics physical and chemical of different water matrices [29]

The total degradation of organic dyes leads to the conversion of organic carbon into gaseous
CO2, whereas nitrogen and sulfur heteroatoms are converted into inorganic ions, such as
nitrate or ammonium and sulfate ions, respectively. In distilled water, the mineralization of
the IC dye was completed around 90 kJ L−1 of accumulated energy. When complex matrices
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were tested, the mineralization was not complete. However, considering the theoretic TOC of
the IC (12 mg L−1) and initial TOC of the matrices (see Table 1), the dye was totally mineralized
even in the presence of scavenger species [29].

Figure 8. Ions and carboxylic acid concentrations formed during photodegradation of Indigo carmine [29].

Figure 7. Photodegradation of Indigo carmine for different type of water mediated by 0.1 g L−1 of TiO2 suspensions
[29].
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The structure of IC dye has two sulfonic groups attached to two aromatic rings, and these
results indicate that SO4

−2 ions are formed during the process. However, the sulfate ion
concentration is lower than expected from theory stoichiometry, because by adsorption of
SO4

−2 at the surface of titanium dioxide [51]. The evolution of NH4
+ suggests that this ion is the

primary N-containing mineralization product. It indicates its origin as first products resulted
from the initial attack on the carbon-to-carbon double bond of IC. The formic and oxalic acids
remain for the UV-accumulated energy of 80 kJ L−1 indicating the evaluation of ecotoxicology
tests, according to Figure 8.

2.2.8. Recycling of TiO2

One of today’s main industrial wastewater treatment strategies is focused on the development
of green technologies and management practices for environmental benefit. To attend this
“new”concept, the recycling of the photocatalyst should be performed. In this study, the
TiO2 catalyst was recycled for consecutive reuse on this procedure up to eight times [34].

According to the results (Figure 9), the effectiveness of the TiO2 decreased from 98% (first cycle)
to 80% (fifth cycle) and subsequently to 50% (sixth cycle onward). However, the rate of
degradation was kept significant even after eight cycles of TiO2 reuse. The effectiveness of
complete separation of photocatalysts from treated water is a critical step required to maintain
a satisfactory degradation [52]. Moreover, agglomeration and sedimentation of IC around
TiO2 particles after each cycle of photocatalytic degradation are a possible cause of the observed
decrease in its efficiency [53]. This study further shows that the reuse of the TiO2 presents a
promising photocatalytic performance with little variation of decay rate after eight consecutive
usages and also high photochemical stability.

Figure 9. Recycling and reuse of TiO2 on the photocatalytic degradation of Indigo carmine for an accumulated energy,
Quv, of 15 kJ L−1 [34].
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2.3. Supported TiO2 on photodegradation of Indigo carmine dye

In the large-scale applications, the use of TiO2 suspensions requires the separation and
recycling of TiO2 particles, mainly of nanometric dimension, from treated wastewater before
discharge into the water bodies. This fact can be a great drawback for the application of this
treatment once it is a time-consuming and an expensive process. Alternatively, the catalyst
may be immobilized on a suitable solid inert material, which eliminates the need for catalyst
removal step [1] and permits its reuse for several times.

On another study [29], the solar CPC photocatalytic degradation of IC using TiO2 slurry for a
treatment of real MWWTP secondary effluent demonstrated the greater efficiency of this
procedure than with supported TiO2. Probably, this indicates that the catalyst coated on glass
spheres is not fully illuminated. Indeed, there are large amounts of TiO2 particles inside the
CPC tube, and a considerable amount of TiO2 supported on glass spheres having some sites
not activated for photocatalysis and lower surface area of the catalyst. However, supported
TiO2 has the enormous advantage of eliminating the catalyst removal step and thus reducing
the costs of treatment considerably.

It should be emphasized that the decrease in the color of the IC solutions not provide complete
data on the IC dye degradation. The TOC decrease suggests that during the irradiation
processes of supported TiO2, a large number of low MW compounds are formed. Furthermore,
hydroxylation of aromatic reaction products leads to cleavage of the aromatic ring, resulting
in the formation of oxygen-containing aliphatic compounds [31]. On the other hand, after the
fading stage, a breakdown of carbon-to-carbon double bond of IC may form inorganic ions.
Formate, acetate, and oxalate are detected during degradation in real MWWTP secondary
effluent containing IC as shown in Figure 10.

Figure 10. Evaluation of the concentrations of carboxylic acids followed by ion chromatography; formed during solar
CPC photodegradation of Indigo carmine with supported TiO2 in real MWWTP secondary effluent [34].
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2.4. Decolorization of Indigo carmine dye using activated carbon/TiO2/UV

First, the use of activated carbon (AC) is an efficient water and wastewater treatment; the
treatment is based on the use of adsorbent substrates and has many applications on textile
dye’s wastewater treatments [54]. AC is probably the most versatile adsorbent because of its
large surface area, polymodal porous structure, high adsorption capacity, and variable surface
chemical composition. Furthermore, what makes ACs attractive to (textile) wastewater
treatment is the possibility of tailoring their physical and/or chemical properties to optimize
their performance on top of its, already powerful, strong hydrophobic and amorphous
character [55]. The synergic role of AC with TiO2 is also a parameter to investigate once it opens
the opportunity to combine adsorption and photocatalytic remediation. In this way, the
decolorization of the model effluent containing indigo dye is revised using AC in the dark and
under irradiation and AC/TiO2/UV.

The AC is used in two different situations. First, the AC in various concentrations is add in the
solution of IC dye and kept in the dark. Furthermore, AC is submitted to the same conditions
but kept under artificial irradiation during the all-time experiment. Similar decolorization rates
are obtained when comparing experiments with different amounts of AC in the dark. Only in
high concentrations, AC is able to remove the dye, but in this case, the determinant removal
mechanism is adsorption of the dye in AC microporous structure. On the other hand, AC is
not able to produce strong photocatalytic activity and had only adsorptive properties with an
adsorption capacity of 28.5 mg IC per gram of carbon. The decolorization of AC/TiO2/UV
following the same profile of TiO2/UV, but the constant K in TiO2/UV was by itself more
efficiency when compared with AC/TiO2/UV. TiO2 activity decreased in the presence of AC
not only because AC can absorb light—i.e., by reducing the light flux in the sample—but also
because AC can adsorb TiO2, reducing the amount of photocatalyst available.

2.5. Ecotoxicological assessment

Photocatalytic degradation may generate toxic photoproducts. Thus, it is important to assess
the toxicity of the solution after treatment. The ecotoxicological tests of IC and its photoprod‐
ucts obtained by photocatalytic remediation treatment were evaluated. Two essays, two
aquatic organisms, and one terrestrial organism were used. Aquatic organism represented by
algae Pseudokirchneriella subcapitata (Chlorophyceae), a primary consumer Daphnia similis
(Cladocera), and earthworm Eisenia andrei as terrestrial organism [29, 56, 57].

For all organisms, ecotoxicity tests are performed comparing the effects of solutions containing
IC before and after photocatalytic treatment with TiO2. Chronic toxicity tests with P. subcapi‐
tata indicated no significant toxic effect for any tested samples (Table 2), but sample containing
IC, the sample with photoproducts in pH 7 and sample with TiO2 filtered strongly stimulated
algal growth indicating nutritional effects. Thus, the release of IC dye or its photoproducts into
aquatic ecosystems may be expected to cause algal growth.

The species D. similis had a different response. Acute toxicity tests showed that IC dye caused
a low toxicity, but photoproducts are highly toxic (Table 2). Photoproducts in pH 4 and 7,
respectively, caused a mortality of 100%. According to Vautier et al. [7], photocatalysis of IC
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produces mainly aromatic metabolites such as 2-nitrobenzaldehyde and anthranilic. More‐
over, carboxylic acids fragments are also present, such as malic and tartaric acids [29]. On the
other hand, studies demonstrated that in the presence of TiO2, absorption of some toxicants
can be increased [29, 58]. In this approach, it a significant challenge to complete the removal
of nano-TiO2 after releasing treated effluents to prevent its contamination of aquatic ecosys‐
tems [29].

Furthermore, terrestrial acute ecotoxicological tests with E. andrei earthworms are performed.
The earthworms are affected by various organic and inorganic compounds, which may cause
bioaccumulation, and their preliminary results serve as a rapid indicator of the toxicity of the
compounds. Moreover, it can be used as a complementary test for risk assessment of polluted
areas [59]. Effects of different IC concentration and its photoproducts on earthworms are
studied. In all cases, no mortality is observed. No significant difference (p > 0.05) of a reduction
in mean weight earthworms is found from the paper treated with different concentrations of
IC. Toxicity tests with earthworms are also carried out for the photodegradation products of
IC, and no mortality is observed after 24 h exposure to different treatments. These results
suggest that the presence of IC and its photoproducts do not demonstrate an effect on the
earthworms for acute contact test (24 h). However, more tests must be performed for a better
understanding of the IC toxicity for E. andrei.

3. Conclusions

Photodegradation of IC by TiO2 was successful to remove colour from water; nevertheless, the
degradation of IC in water with powdered TiO2 depends on various parameters. Among the
systems evaluated, the Reactor 1 (125 W mercury vapour lamp) was the most efficient. Solar

Samples

P. subcapitata chronic test D. similis acute test

Mean ± SD
(#cells ml−1)

Observed Mortality (%) pH

Response

Blank 119± 5 None 0 7.8

Indigo carmine only 315± 99 164% growth 20 7.1

Photoproducts generated by TiO2

photocatalysis (pH 4)
113± 20 5% inhibition 100 4.2

Photoproducts generated by TiO2

photocatalysis (pH 7)
395± 48 231% growth 100 7.0

Indigo carmine + TiO2 – without
photodegradation (time 0)

135± 15 13% growth 0 7.1

TiO2 + ultrapure water 389± 37 227% growth 20 7.2

Table 2. Number of Pseudokirchneriella subcapitata cells per ml after 72h exposition, and percent immobilization of
Daphnia similis after 48h exposition [29]
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photocatalysis demonstrated better efficient in the summer but degraded the dye in the winter
completely; then both seasons allow the solar photocatalysis efficient. CPC pilot plant
photocatalysis simulated real situations of environmental remediation, reducing the duration
and costs of the treatment. Moreover, a TiO2 catalyst supported on glass spheres proved to
have high efficiency to remove IC in different water matrices even in the presence of various
ions that acted as scavengers. Ecotoxicological tests revealed that photoproducts generated on
photocatalysis promoted different biological responses to both tested organisms as growth
effect on the algae and toxicity higher for D. similis. These results show the importance of
photoproducts toxicity evaluation and the need for a complete removal process for TiO2 before
its release in the environment.
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