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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 ȃstate of the art technologiesȄ are membrane separation processes, ultra‐
sonic, photochemical and electrochemical processes. “lthough 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. “lthough 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. ”esides, 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
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ŗ. Introduction

Textile wastewaters are one of the most polluted wastewaters due to their characteristics, such
as high chemical oxygen demand ǻCODǼ concentration, strong color, high pH and temperature,
and low biodegradability [ŗȮř]. 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 [Ś]. 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 [ŗ]. Several conventional methods have been applied for this purpose, such as
adsorption, biological treatment, oxidation, coagulation, and flocculation [śȮŞ]. “lthough
these methods have been widely applied, they have some disadvantages. For example,
adsorbents are usually difficult to regenerate [ş]. Chemical coagulation causes extra pollution
due to the undesired reactions in treated water and produces large amounts of sludge [ř].
”iological 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 [ŗŖ].

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 [ŗŗȮŗř]. 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 ȃstate of the art technologiesȄ are membrane
separation, ultrasonic, photochemical, and electrochemical processes. “lthough 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. “lthough 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. ”esides, 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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Ř. Processes in textile industry

Ř.ŗ. 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. ”esides, 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. “nother 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 sourcesǲ
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. “fter the treatment of wastewater, sludge remains, which
includes high percentage of chemicals, and needs to be disposed with methods used for
hazardous waste.

“ll 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 processǲ 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 followsǱ

• 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 [ŗŚȮŗŜ].
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Ř.Ř. 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. “ccording to their chemical properties, the
dyes can be classified as follows [ŗŝ].

• Reactive dyes

• “cid dyes

• ”asic dyes

• Disperse dyes

• Vat dyes

• Sulfur dyes

• Mordant dyes

• Direct dyes

• Ingrain dyes ǻNaphthol dyesǼ

• Solvent dyes ǻLysochromesǼ

• Pigment dyes ǻOrganic pigmentsǼ

• Other dye classes such as food dyes and natural dyes

Not ŗŖŖ% of the dyes are fixed to the fiber during the dyeing process. For example, reactive
dyes show the minimum fixing range with ŘŖȮśŖ% to cotton and viscose. “ 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 [ŗŞ].

Ř.ř. Environmental effects of textile industry wastewaters

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

• 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



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

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.

“s 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 [ŘŖ].

During the production of textile products, big amounts of water are consumed especially by
dyeing and printing processes. “ textile facility with a daily production capacity of ŞŖŖŖ kg
has a daily water consumption of nearly ŗ.Ŝ million liters [Řŗ]. Nearly Řś% of water of whole
consumption is required for dyeing and printing processes. “ccording to the US EP“ [ŘŘ], ŚŖ
liters of water is required averagely for dyeing ŗ 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 ŗ shows the consumption of water, chemicals, and energy for
production of ŗ kg of colored fabric.

System unit Input Conventional process

Pre-treatment

Water ŘŖ l

Solvent ŗŘŖ kg

Gas ȯ

Energy Ŗ.ŗř kwh

Dyeing

Water ŘŖ l

Solvent ŘŖ.şŞ g

Dyestuff ŗŖ g

“uxiliary Řś g

Energy ř.ŞŘ kwh

Washing

Water ŗŖ l

Washing agents ś g

Energy Ŗ.ŗŜ kwh

Drying
Energy Ŗ.ŖŚ kwh

Gas Ŗ.Řŝ kwh

Table ŗ. Global inventory for the dyeing process ǻfunctional unitǱ ŗ kg of colored fabricǼ [Řř]

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.
“lso 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 [Řř].

Figure ŗ. System boundary of the evaluation and production of screen printing ǻaǼ and digital printing ǻbǼ fabrics [ŘŖ].
Water withdrawal ǻWWǼ is the volume of water taken from a catchment for production process.

Textile Wastewater Treatment6



Figure ŗ is a good example to show the effect of using more technological processes to decrease
the water consumption. The system boundaries of two production systemsǱ 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 ř 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 [ŘŖ].

In this context, new projects are supported by governmental and regional institutions. One of
them is called ”ISCOL 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 ”ISCOL project are shown in Figure Ř. “s
shown in Figure Ř, the ”ISCOL processes provide incredible benefits in terms of environmental
pollution and consumption of natural resources [ŘŚ].

Figure Ř. Comparison of dyeing processes for ŗ kg woolen fabric production with ”ISCOL process ǻauxillary ŗ and ŘǼ
and conventional ones ǻliquid and powder dyeǼ [ŘŚ].

Ř.Ś. 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 Ř [Řś]. ”ecause 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. “lso, polycyclic
aromatic hydrocarbons ǻP“HsǼ 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 [Řś, ŘŜ]. In Table
ř, 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 Ř and ř are considered
together, it is seen that essential removal rate of pollutants in textile wastewater described by
parameters such as COD, biological oxygen demand ǻ”ODśǼ, or TSS ǻtotal suspended solidsǼ
at least over şŖ% which makes necessary to establish well-designed wastewater treatment
plants in the textile mills [Řŝ].

Parameters Cŗ CŘ Cř CŚ Cś CŜ

pH ŗŖ.şś ŗŘ.ŚŞ ŗŘ.ŜŖ ŗŘ.řŚ ŗŗ.ŝŞ ŗŗ.ŘŜ

EC ǻmS/cmǼ ś.ŗŘ Ş.řŘ ŗř.ŘŘ ŗŗ.ŝŜ Ŝ.Śŗ Ş.ŘŜ

COD ǻmg/lǼ řŖŞş ŗşŗŜ ŗŞřŞ ŗŚŜř ŘŘŘŖ ŗŞŝŗ

”ODś ǻmg/lǼ řŖŖ şŖŖ ŜŖŖ şŖŖ ŗřŝś ŗŘśŖ

”OD/COD Ŗ.ŗ Ŗ.Śŝ Ŗ.řř Ŗ.ŜŘ Ŗ.ŜŘ Ŗ.Ŝŝ

TOC ǻmg/lǼ ŞşŞ ŜŞŜ śŜř ŜŗŚ Śřş ŜŘş

TSS ǻg/lǼ Ŗ.ŚŜ ŗ.Ŗŝ Ŗ.ŘŘ ŗ.Řŗ Ŗ.Ŝŝ Ŗ.Řŗ

VSS ǻg/lǼ Ŗ.ŘŜ Ŗ.Ŝŗ Ŗ.ŗŘ Ŗ.ŝŗ Ŗ.Ŗŗ Ŗ.ŗŗ

Ions ǻmg/lǼ

Calcium ǻCaǼ Ŝ.şŚ ŗ.řŚ ş.řř ŗŖ.ŞŞ ŗŗ.ş ŝ.ŜŚ

Potassium ǻKǼ ŗ.ŗř Ş.ŗř ŜŞ.ŞŚ şŖ.ŞŚ ŗŗŖ.Ş ŗŝ.ŗř

Sodium ǻNaǼ ŗŖŖ.Ś ŗŜŘ.Ś ŗŚŘ.Ś ŘŘŜ.Ŗ ŗŗŞ.Ŗ ŗŚŘ.Ś

Magnesium ǻmgǼ ŗŖ.řş ŚŖ.řş ŚŖ.ŗř řŚ.ŗř ŚŖ.ŗř Ş.řş

Heavy metals ǻmg/lǼ

Copper ǻCuǼ Ŗ.ŖŖř Ŗ.ŖŖŗ ȯ Ŗ.Ŗŗŗ ȯ ȯ

Zinc ǻZnǼ Ŗ.ŖşŘ Ŗ.ŖŗŞ Ŗ.ŗŖŜ Ŗ.ŗŖŚ Ŗ.ŗŝş Ŗ.ŖŗŘ

Nickel ǻNiǼ ȯ ȯ Ŗ.ŖŘŝ ȯ ȯ ȯ

Chrome ǻCrǼ ȯ ȯ ȯ ȯ ȯ ȯ

Cadmium ǻCdǼ Ŗ.ŖŖŞ Ŗ.ŖŖŞ ȯ ȯ ȯ ȯ

CǱ Container

Table Ř. Characteristics of real textile wastewater [ŘŞ]

Textile Wastewater Treatment8



Parameters Limit value ǻmaxǼ Monitoring Location

Direct discharge Indirect discharge

pH ŜȮş ŜȮş

Wastewater total outfall
from factory

COD ŗŖŖ mg/l ŘŖŖmg/l

”ODś Řś mg/l śŖmg/l

TSS ŜŖ mg/l ŗŖŖ mg/l

Color ǻdilutionǼ ratioǼ ŝŖ ŞŖ

“mmonia nitrogen ŗŘ mg/l ŘŖ mg/l

N total
ŘŖ mg/l

řś mg/l ǻbatik industryǼ

řŖ mg/l
śŖ mg/l

ǻbatik industryǼ

P total ŗ.Ŗ mg/l ŗ.ś mg/l

Chlorine dioxide Ŗ.ś mg/l Ŗ.ś mg/l

“OX ŗś mg/l ŗś mg/l

Sulfide ŗ.Ŗ mg/l ŗ.Ŗ mg/l

“nilines ŗ.Ŗ mg/l ŗ.Ŗ mg/l

“ntimony total Ŗ.ŗŖ mg/l Ŗ.ŗŖ mg/l

Chromium VI Ŗ.ś mg/l
wastewater outfall from

factory workshop of
production facility

Table ř. Discharge limits of typical contaminants for textile factory effluents [Řŝ]

ř. Treatment processes of textile industry wastewaters

ř.ŗ. Conventional physochemical processes

The dyes could be used in higher amounts than needed actually for the dyeing or printing
processes. “s a result of insufficient bounding of dye molecules to the textile, unbounded dye
molecules are released as the waste product. This causes ŗŖ% 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 ”OD, COD, color, pH, and the presence of metals make the textile wastewater
difficult to be treated. ”ecause 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 [ŗŝ]. Figure ř shows the major pollutants discharged
from various stages of a textile manufacturing industry.
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Figure ř. The component of major pollutants involved at various stages of a textile manufacturing industry [Řş].

”y 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 followsǱ

• Coagulation/flocculation

• “dsorption

• Ion exchange

Textile Wastewater Treatment10



• Membrane separations

• Oxidation

• Cavitation [řŖ].

“ccording 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 ǻC/FǼ 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 [ŘŞ]. C/F process is also used effectively by treatment of textile wastewa‐
ter. Mostly, inorganic coagulants, such as aluminum sulfate ǻ“lŘǻSOŚǼřǼ, aluminum chloride
ǻ“lŘǻClǼřǼ, and ferric sulfate ǻFeŘǻSOŚǼřǼ, are used in the process. However, using inorganic
coagulants has some disadvantages like high residual aluminum concentration, which can
cause development of “lzheimer’s disease and senile dementia [řŗ].

“dsorption 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 [řŖ]. 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 [řŘ].

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 ǻion exchange materialǼ 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 ǻfunction‐
alized porous or gel polymerǼ 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 ǻcationsǼ, and the anion exchangers like weak base resins exchange negatively
charged ions. In Figure Ś, a cationic ion exchange resin is schematically shown by which the
hydrogen ions are weakly bound to the negatively charged matrix. ”y the treatment of
industrial wastewater, the hydrogen ions are given to the aqueous matrix and from the
aqueous matrixǲ the unwanted ions like calcium ǻCaŘ+Ǽ are received and bound to the resin [řř].

”y textile wastewater treatment, the ion exchange process can be applied with the combination
of other main processes, such as biological treatment or electrochemical techniques. “fter the
biological treatment process, the residual dissolved organic carbon ǻDOMǼ 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 [ŘŞ]. 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. “s 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 [řŚȮřŜ].

ř.Ř. Biological processes

“lmost all kinds of commercial and industrial wastewaters have biological degradable
constituents. “lthough the textile wastewater is a strong polluted industrial wastewater, an
important part of the organic content is the biodegradable ǻSee the Table ŘǼ. 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 [řŝ].

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

Figure Ś. Cation exchange resin schematic showing negatively charged matrix and exchangeable positive ions [řř].
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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 [řŝ].

”iological 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 ś shows the biological treatment methods, which are applied also
for the treatment of industrial wastewaters including textile wastewater.

Figure ś. ”iological wastewater treatment methods [řŞ].

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 Ŝ 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 ǻthus molecular free oxygenǼ
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. “ccording 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 [řş, ŚŖ].

Conventionally, the biological treatment of textile wastewater occurs under anaerobic,
facultative anaerobic, and aerobic conditions by different groups of bacteria. ”y 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 [Śŗ].
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 [ŚŘ].

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. ”y 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. ”y 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 Ŝ. “erobic ǻaǼ and anaerobic ǻbǼ degradation principles [řŞ].
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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. ”y 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. ”ecause of these advantages, membrane bioreactors are also used
effectively by the treatment of textile wastewaters.

Ś. State of the art processes

Ś.ŗ. 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 Ś gives an overview about the membranes operated
under pressure. The transitions between the single membrane processes are flexible [Śř].

Membrane process Pore width
[nm]

Pressure
interval ∆P

[bar]

Permeability [L/
mŘ.h.bar]

Membrane type Application

Microfiltration śŖȮśŖŖŖ Ŗ.ŗȮŘ >śŖ Porous membrane Separation of suspended
solids

Ultrafiltration ŘȮŘŖŖ ŗȮś ŗŖ-śŖ Porous membrane Concentration, fractioning
and treatment of

macromolecules in fluid
systems

Nanofiltration ŗȮŘ śȮŘŖ ŗ,Ś-ŗŘ Nonporous
membrane

Fractioning of dissolved
materials in fluid systems

Reverse osmosis ŗŖȮŗŖŖ Ŗ,Ŗś-ŗ,Ś Solution-diffusion
membrane

Concentration of dissolved
materials in fluid systems

Table Ś. Under pressure operated membranes [Śř]

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 [ŚŚ].

Imer investigated the treatment performance of the polysulfone ǻPSǼ ultrafiltration membranes
by the treatment of textile wastewater. The membranes were produced with phase inversion
method under different temperatures. ”y the study, real textile wastewater is used with the
following propertiesȯconductivityǱ śřŝŖ µS/cm, CODǱ řŖşŚ mg/l, colorǱ ŗ.Śŝ ǻabs @śřŖ nmǼ,
pHǱ ş.Ŗ, and suspended solidsǱ řř mg/l. The phase inversion production was conducted under
four different temperatures from Řś to Ŝś°C. The highest removal efficiency was achieved with
the membrane produced under Ŝś°C with şş% COD and şş% color removal [Śś].

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.
“s 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. ”ecause the textile
wastewaters have high salt concentration, salt accumulation of the membranes in the mem‐
brane ǻinternal concentration polarizationǼ and on the membrane surface ǻexternal concentra‐
tion polarizationǼ 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 şŞ% 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 [ŚŜ].

Ś.Ř. MBR processes

Membrane bioreactor ǻM”RǼ is the combination of a membrane process ǻlike ultrafiltration or
microfiltrationǼ with a suspended growth bioreactor. The M”R 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 M”Rs. 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
M”Rs. ”y 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 M”R 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 [Śŝ].
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Friha et al. investigated the treatment efficiency of the aerobic submerged M”R using textile
wastewater as influent. In the system, a flat sheet membrane module was used with operating
transmembrane pressure ǻTMPǼ ranging between ŝŖ and řśŖ mbar. The system was operated
during Ŝ months, and stable treatment results were gained at the end of the operation. Except
the high removal efficiency for pollution parameter color, COD, ”ODś, and SS ǻcolor, ŗŖŖ%ǲ
COD, şŞ%ǲ biochemical oxygen demand ǻ”ODśǼ, şŜ%ǲ suspended solids ǻSSǼ, ŗŖŖ%Ǽ, 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 [ŘŞ].

Ś.ř. 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 [Śŝ, ŚŞ]. The reaction chain of consisting of radicals through
the ultrasonic cavitation is shown as follows [ŚŚ]Ǳ

ultrasound

ŘH O H HO® +g g ǻŗǼ

ultrasound

ŘO ŘO® ǻŘǼ

ŘH O HOO+ ®g g ǻřǼ

ŘO H O ŘHO+ ® g ǻŚǼ

The ultrasonic catalysis ǻsonocatalysisǼ 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
ǻHO˙Ǽ 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 [ŚŞ].
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Ś.Ś. 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 ǻOH˙Ǽ and provides to
realize the treatment processes at lower costs [Śş, śŖ].

Ś.ś. 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. ”y 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 [ŗş]. ”ecause 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 [śŗȮśŜ]. 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 HŘOŘ with in various concentrations before the electrolysis [śŝ, śŞ].

In a most recent study, four different iron-based processes were applied for the decolorization
of textile wastewaterǲ 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
ǻOHǼ. 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. “t
pH value of ř, they achieved decolorization efficiency by şŚ.Ś %, 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 Ŝ.ś and by an electrical current of řŖŖ Ma. They also
determined the optimum electrical current for both the highest energy efficiency and removal
efficiency as ŘŖŖ Ma [śŘ]. 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 ”ODś/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 ŝ 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 ǻOH.Ǽ can
oxidize the resistant organic material to smaller ones, which can be degraded by microorgan‐
isms easier [śŝ].

Figure ŝ. ”ODś/COD ratio after iron-based electrochemical processes treatment [śŝ].

Ś.Ŝ. Novel materials ǻcoagulants, adsorbentsǼ

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.

”y the coagulation process, mainly the chemical materials such as aluminum sulfate
ǻ“lŘǻSOŚǼřǼ, aluminum chloride ǻ“lŘǻClǼřǼ, and ferric sulfate ǻFeŘǻSOŚǼřǼ 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 [řŗ]. Renault et al. [śş] 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 ǻabelmoschus esculentusǼ as natural coagulant
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aid dissolved in distillated water and their efficiency was compared to chloride ferric ǻchemical
agentǼ 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
Feř+ was also decreased up to ŝŘ.ś% using a small amount of okra mucilage [řŗ].

“ctivated carbon is used for the treatment of textile wastewater, but this process is very
expensiveǲ therefore, the cost analysis should be done carefully before the establishment of the
process [ŜŖ]. There are also cheaper products, which have been recently used by the adsorption
process. Hydroxyapatites ǻCaśǻPOŚǼřǻOHǼǼ 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. “fter 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 = Ş at batch mode, and settling time for the three textile
dyes Hydron ”lue ǻH”Ǽ, Solophenyl ”lue ǻS”Ǽ, and Solophenyl Turquoise ǻSTǼ was almost ŗ
day. “fter settling, the supernatant was filtered and analyzed by UV-vis. ”y scanning electron
microscope ǻSEMǼ analysis, it was seen that H“P grains are strongly bonded for the H” and
for the S”. 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 [ŜŖ].

Ś.ŝ. Hybrid processes

”ecause 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 anaerobicȮ
anoxicȮaerobic membrane bioreactor process ǻ“ŘO-M”RǼ 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 ǻPVDFǼ
with a nominal pore size of Ŗ.ŗ µm, and the other one was flat-sheet membrane. “s 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 Ř%. “lso, 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 “O-
M”R system was showed in Figure Ş.
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Figure Ş. Schematic diagram of the pilot-scale “O-M”R system [Ŝŗ].

Some specific hard biodegradable pollutants can be degraded with the help of advanced
oxidation processes [ŜŘ]. Lee et al. [ŜŘ] investigated the elimination of ŗ,Ś-dioxane contained
in the textile wastewater by membrane photoreactor. UV lamps was used as photon source
and TiOŘ was used as catalyst.“s 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 TiOŘ should have been applied in high levels because of the low
adsorption of ŗ,Ś-dioxane onto TiOŘ particles. The chemical precipitation methods can be
applied before the biological processes to enhance the ”ODś/COD ratio. Figure ş shows the
schematic diagram of a treatment plant for textile wastewater located in Jiangmen of Guang‐
dong Province-China.

Figure ş. Schematic diagram of a textile wastewater treatment plant located in China [Ŝř].
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The textile wastewater has the properties of high alkaline, color and organic matter content,
and low biodegradability with Ŗ.Řś ”ODś/COD ratio. To increase the ”ODś/COD ratio before
the biological processes, coagulation with FeSOŚ and following precipitation is applied. “fter
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. [ŜŚ] investigated the degradation of recalcitrant
compounds and the removal of toxicity of textile wastewater by applying ozonation after
anaerobic treatment. In that study, şş% of the color and ŞśȮşŖ% of COD were removed from
a synthetic textile wastewater containing ŗŖŖȮŗŖŖŖ mg/l of the azo dye.

ś. 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. “lthough 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. ”ecause 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. “mong 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. ”ut the adsorption materials such as active carbons are expensive
materialsǲ 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. “s seen, the process combination can differ according to the structure of textile
wastewater and discharge purposes. ”ut 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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