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Abstract The textile industry deals with the design and production of various
fabrics with a web of processes intertwined to produce the final product. Among
these, the dyeing and finishing processes in particular use large quantities of water
and consequently lead to production of large volumes of wastewater. Colour, dis-
solved solids, toxic heavy metals, residual chlorine and other non-degradable
organic materials are the pollutants of major concern present in effluent from textile
industries. Advancements in nanotechnology have enabled us to explore the
applications of nanochemicals for effluent treatment in textile industries.
Nanochemicals have the desired properties required for pollutant and pathogen
removal from wastewater by methods such as chemical oxidation, disinfection and
photocatalysis. This chapter discusses the various pollutants present in wastewater
effluent from textile industries and their sources, the present effluent standards and
the application of nanochemicals for wastewater treatment.

Keywords Textile industry - Wastewater treatment technologies - Novel textile
effluent treatment - Organic and inorganic impurity removal - Nanochemicals for
wastewater treatment

1 Introduction

Textile industry is concerned with the design and production of textile fibres such as
yarn, cotton, wool and silk. This industry plays a crucial part in providing the
society with basic needs. It is also important in the economic perspective, providing
employment and high industrial output. Especially developing countries have high
economic contribution from textile industries.
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The textile industry spans a spectrum of processes. It can range from the
small-scale cottage industries and spinning looms with low economic output,
usually established in rural areas which are of domestic value, to the large-scale
industries which involve dyeing and designing. The present-day industries use
integrated mills which are used to convert different raw materials such as cotton and
silk to different products using a unified facility. They also use modern machines
with advanced technology such as carding machines for producing spun yarn and
draw frames for combining two fibres.

In India, the textile industry has been prevalent for several centuries and has also
been among the important contributors to the economic development of the
country. This industry alone accounted for earnings through export worth US$41.4
billion in the fiscal year 2014-2015, an annual growth of 5.4 %, as released by the
Cotton Textiles Export Promotion Council.

The textiles industry in India is tremendously diverse, with hand-spun and
hand-woven textiles sectors in one end of the spectrum, and the high capital
sophisticated mills sector in the other end as shown in Table 1. The biggest

Table 1 Types of textile industries in India

Type of textile industry Units 2007- |2008- |2009-2010 |2010-2011
2008 2009 (prov.) (prov.)

Cotton/man-made fibre textile

Mills No. 1773 1830 1853 1940

Spinning mills (non-SSI) No. 1597 1653 1673 1757

Composite mills (non-SSI) No. 176 177 180 183

Spinning mills (SSI) No. 1219 1247 1260 1333

Exclusive weaving mills No. 179 184 183 174

(non-SSTI)

Powerloom units Lakh No. 4.69 4.94 5.05 5.18

Capacity installed

Spindles (SSI + non-SSI) Million No. [39.07 |41.34 |42.04 47.58

Rotors (SSI + non-SSI) Lakh No. 6.21 6.60 6.75 7.49

Looms (organized sector) Lakh No. 0.71 0.71 0.71 0.66

Powerloom Lakh No. 21.06 [22.05 |22.46 2291

Handloom Lakh No. 3891 [3891 |23.77# 23.77#

Man-made fibres Million 1659 1763 1763 1765
kilogram

Man-made filaments Million 2101 2143 2188 2196
kilogram

Worsted spindles (woollen) Thousand 604 604 604 604
No.

Non-worsted spindles (woollen) | Thousand 437 437 437 437
No.

(continued)
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Table 1 (continued)

Type of textile industry Units 2007- |2008- |2009-2010 |2010-2011
2008 2009 (prov.) (prov.)

Production of fibres

Raw cotton® Lakh bales 307 290 305 325

Man-made fibres Million 1244 1066 1268 1285
kilogram

Raw wool Million 4520 |45.00 |45.00 45.00
kilogram

Raw silk Million 18.31 | 1837 |19.69 20.41
kilogram

Production of yarn

Cotton yarn Million 2948 2896 3079 3490
kilogram

Other spun yarn Million 1055 1014 1114 1223
kilogram

Man-made filament yarn Million 1509 1418 1523 1550
kilogram

Production of fabric

Cotton Million 27,196 |26,898 | 28,914 31,718
square meter

Blended Million 6888 6766 | 7767 8278
square meter

100 % non-cotton (including Million 21,173 {21,302 | 23,652 21,765

khadi, wool and silk) square meter

Total Million 55,257 | 54,966 | 60,333 61,761
square meter

Per capita availability of cloth | Square meter |41.85 |39.01 |43.12 43.96

Production of textile machinery | Rs. crore 6155 4063 4245 6150

Textile exports

Including jute, coir and Million US$ | 22,147 |20,942 | 22,099 26,561

handicraft

Textile imports

Including jute, coir and Million US$ | 3327 3527 3432 4173
handicraft

Source Third Handloom Census of India 2010, National Council of Applied Economic Research
and Ministry of Textiles

Note Exports/Imports datasource DGCI&S, Kolkata—Foreign Trade Statistics of India (Principal
Commodities and Countries)

“Cotton year
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Fig. 1 Percentage of textile
industries distributed by state.
Source: Ibid

4.50%

= Tamil Nadu = Maharashtra = Gujarat
= Andhra Pradesh Punjab = Others

component of the textile industry is formed mainly by the decentralized power
looms/hosiery and knitting sector.

The Indian textile industry is unique when compared to those in other countries
because of the intimate relation it shares with the Indian agriculture sector in the
way of its dependence for raw materials such as cotton. It also caters to the global
demand for a wide range of textile products as required by various market seg-
ments, making the Indian textile industry truly versatile.

The fundamental function of the textile industry is to convert various fibres into
yarn and further into fabrics and other products. This is followed by the dyeing and
finishing processes which could be done either during the various phases of pro-
duction or separately in the end. Therefore, the textile industry depends on a string
of operation’s to produce the final product.

The state-wise distribution of textile industries (Table 2) shows that Tamil Nadu,
Andhra Pradesh, Maharashtra and Gujarat possess the maximum number of textile
mills, accounting for more than 70 % of the total in the country as shown in Fig. 1.

It is during the processing stage of textile fibres that the operations use several
chemicals such as dyes, auxiliary chemicals and sizing materials, to impart desired
characters to fabrics. During the entire dyeing and printing process, large volumes
of water are used for several processes such as wetting of fibres and dissolving dyes.
This water is released in large amounts and causes most of the water pollution. The
water released carries with it most of the toxic chemicals and therefore needs to be
treated. The wastewater treatment is usually done through primary, secondary and
tertiary stages. However, these treatment processes do not remove many of toxic
materials such as dissolved solids and trace metals. This calls for advanced treat-
ment technologies for the treatment of wastewater effluent from textile industries.
Currently, studies are conducted to explore the possibilities of using nanomaterials
for treating wastewater from textile industries. Some of the techniques include the
use of nanochemicals for photocatalysis, nanosorbents for adsorption and zeolites
for pollutants removal. Also, several treatment technologies are combined together
to form the zero liquid discharge process to purify and recycle virtually all of the
wastewater produced.
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2 An Overview of the Textile Industry

The textile industry can be subdivided into different sectors based on the raw
material being processed: the cotton industry, woollen industries, synthetic fabric
industries, etc. These industries consist of a string of elaborate processes to produce
the final product as shown in Fig. 2. The major process among them is the textile
printing and dyeing process. Some of the steps involved in these two processes are
pre-treatment, the dyeing and printing processes, finishing.

Pre-treatment is carried out by washing, desizing, scouring and other processes.
These processes require large amounts of water. Dyeing is done to transfer the
desired colour to the required fabric and produce the coloured fabric. For this
purpose, the dye is dissolved in water. Printing on the other hand is a kind of dyeing
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which is concentrated on a single portion of the fabric that makes up the design. In
dyeing, the colour is applied using a solution of the dye, where the dye is suspended
in water. Printing on the other hand employs the dye in the form of a thick paste.
After the dyeing or printing processes, it is important for the fabric to undergo the
finishing processes. The finishing processes are necessary to impart specific prop-
erties to the fabric such as strength, softness and durability.

The finishing process is carried out using several finishing agents for softening,
creating cross-links within the fabric and waterproofing. All these processes require
some amount of water and therefore can lead to release of harmful chemicals and
toxins into the effluent stream, essentially requiring effective water treatment. In
some cases, mercerization, base reduction processes are carried out before dyeing
and printing.

Bleaching is the process of removal of any undesired colouring from fabric
before dyeing or printing. Bleaching uses three major chemical procedures, namely
sodium chlorite, sodium hypochlorite or hydrogen peroxide bleaching, with the first
two procedures being the most common ones. These bleaching agents are carried in
with water usually to either dilute or for better reaction with fabric due to the ease of
adsorption on fabric. Chlorine dioxide acts as the oxidizing agent. However,
chlorine dioxide being a powerful oxidizing agent is corrosive and highly harmful
in nature. Therefore, proper disposal and treatment of this effluent are highly
necessary.

3 Major Pollutants

The different processes in the textile industry lead to discharge of various toxic
pollutants into the water stream which can be harmful. It is important to understand
the nature of these pollutants in order to ensure the proper removal and application
of the right treatment method (Tiifekci et al. 2007). The major pollutants are the
organic chemicals such as azo dyes, pulp, gum, cellulose, hemicellulose and alkali.
Water from dyeing and printing process accounts for more than 50 % of the total
effluent (Saxena and Kaushik 2011).

Pre-treatment of polyester fibres is done by reduction reaction between the
polyester fibre and 8 % sodium hydroxide at 90° for duration of 45 min. This leads
to decomposition of the fibre into terephthalic acid and ethylene glycol. The COD
of the resulting effluent accounts for about 60 % of the effluent from dyeing and
printing processes even though it accounts for only 5 % by volume of the total
effluent (Razzak 2014).

Chromium is another kind of pollutant in wastewater which causes a lot of
concerns. Chromium is usually used as a catalyst or as chromium dyes for wool
industries or comes from potassium dichromate used for tanning. Depending on the
type of dye and process being employed, the chromium content is 200—500 times
more in effluent than earlier due to the dyeing rate being ceased after process (Wang
et al. 2011).
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Table 3 Pollutants from various processes in textile industry (Wang et al. 2011)

Process Compounds
Desizing Sizes, enzymes, starch, waxes, ammonia
Scouring Disinfectants and insecticides residues, NaOH, soaps, surfactants, fats, waxes,

pectin’s, oils, spent solvents, enzymes

Bleaching H202, sodium silicate or organic stabilizer, high pH
Mercerizing | High pH, NaOH

Dyeing Colour, metals, salts, surfactants, organic dyes, sulphide, acidity, alkalinity,
formaldehyde

Printing Urea, solvents, colour, metals

Finishing Resins, waxes, chlorinated compounds, acetate, stearate, spent solvents,
softeners

pH is another factor which needs to be considered in wastewater from dyeing
processes. During the processes of scouring, desizing and mercerization, which are
carried out before printing and dyeing, the pH of effluent wastewater stays around 10—
11 when treated with alkali at 90°. As already mentioned, reduction of polyester fibres
uses sodium hydroxide base which has a pH ranging between 10 and 11 (Menezes and
Choudhari 2011). Therefore, the effluent wastewater is usually alkaline in nature and
the first treatment process includes adjusting the pH value of the dyeing wastewater.

Nitrogen in ammonia and urea is also major pollutants and harmful. Batik and
other complicated techniques use urea. The total nitrogen content in urea is
300 mg/L, which can be difficult to treat. Phosphorus is also present in wastewater
which usually comes from the phosphor-containing detergents and monosodium
phosphate used as buffer. Phosphorous can lead to rapid eutrophication of water
bodies and therefore must be kept under check. Sulphide mainly comes from the
sulphur used in sulphur dyes which are preferred due to their low price. However,
sulphur is highly toxic and its use is forbidden in a number of developed nations.

A list of the pollutants present in textile wastewater is given in Table 3.

3.1 Colour/Dyes

The presence of colour in the effluent from dyeing and printing processes is one of
the main problems in textile industry. The colour of the dye comes from the
chromophore in the dye. Colour in water is easily visible to the naked eye even at
very low concentration. Hence, colour from textile wastes carries significant aes-
thetic importance. Most of the dyes are stable and is not degradable even under the
effect of light or ozone. Another reason for concern is that the conventional treat-
ment methods do not degrade the dyes completely. Due to this reason, removal of
dyes from the wastewater effluent remains a major problem in most of textile
industries. Aniline is one of the organic compounds which are mainly released from
the dyes used. Dyes such as Congo red, amino or azo groups contain benzene rings
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which lead to increased carbon rings and nitrogen groups in the wastewater streams,
which are extremely difficult to degrade.

3.2 Dissolved and Suspended Solids

Another critical parameter which has to be kept under constant check in effluent from
textile industries is the amount of dissolved solids present. Common salt and Glauber
salt, which are used for the recovery of dyes in textile industries, lead to a rapid
increase in the total dissolved solids (TDS) of the effluent. However, just like dyes, itis
difficult to treat TDS with conventional treatment systems. The presence of high TDS
in the effluent can lead to an increase in TDS of surface water and groundwater sources
which can be catastrophic as groundwater and surface water are subject to human
consumption. The presence of dissolved solids in effluent may also be harmful to
crops and in turn restrict the use of water for agricultural purposes.

The sources of suspended solids during the production process include undis-
solved raw materials, such as cellulose and pulp and fibre scrap. They can be
removed by suitable mechanical separation methods. The secondary sedimentation
tank outflow therefore contains large amount of suspended solids.

3.3 Toxic Metals

The effluent from textile industries contains metal ions as well. There are two main
sources of metal ions. Firstly, the metals present in chemicals such as caustic soda,
sodium carbonate and other salts which are used during alkali reduction or
bleaching can be washed into the effluent as impurity. For instance, mercury can be
present in caustic soda as impurity if it is produced using mercury cell processes
(production of sodium hydroxide). Secondly, the source of metal could be from the
dyes itself, i.e. the metalized mordent dyes. Most of the metal complex dyes contain
a chromium base and as already discussed chromium can easily be washed into
effluent from tanning industries.

3.4 Chlorine

The use of various chlorine carrying compounds such as sodium hypochlorite for
bleaching in textile processing leads to the presence of residual chlorine in the
effluent water stream. This chlorine-containing wastewater if released without
treatment leads to reduction of dissolved oxygen from water bodies and reversely
affects marine life. Chlorine in wastewater can also react with other substances in
water to produce harmful and toxic materials.
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3.5 Refractory Materials

Wastewater effluents from textile industries are often polluted with non-biodegradable
organic materials which are also referred to as refractory materials. An example of
refractory materials includes detergents. The presence of such refractory materials in
turn increases the chemical oxygen demand (COD) of the effluent stream. Other organic
contaminants, such as sizing materials, acids and enzymes are also present in the
effluent. The level of these pollutants in wastewater is controlled by the use of suitable
biological treatment processes.

4 Effluent Standards

4.1 Standards for Various Pollutants Present in Textile
Effluent in India

Every country has a set of effluent standards for every industry, established by the
pollution control board of the country. In India, the Central Pollution Control Board
(CPCB), Ministry of Environment and Forests, Government of India, establishes
the effluent standards for various industries. The effluent standards for effluent from
cotton textile industries as per the Environment (Protection) Rules, 1986 set by the
CPCB is given in Table 4.

The effluent hence released has to comply with these standards, and the treat-
ment methods adopted have to ensure that they work around these standards. There
are several specific standards depending on the final water body into which the
effluent is discharged into. The trade effluent standards for being discharged into
inland surface waters in the state of Tamil Nadu are given in Table 5.

Table 4 Effluent standards for various parameters in India

Common parameters

pH 5.5-9

Suspended solids (mg/L) 100

Biochemical oxygen demand1[3 days at 270C] (mg/L) 150

Oil and grease (mg/L) 10

Bioassay test (mg/L) 90 % survival of fish of after 96 h

Special parameters (mg/L)

Total chromium as (Cr) (mg/L)
Sulphide (as S) (mg/L)
Phenolic compounds (as C4H,OH) (mg/L) 5
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Table 5 Effluent standards for textile industries in Tamil Nadu, India

Parameter Concentration not to exceed, milligram
per litre (mg/l), except pH

pH 5.5-9.0

Total suspended solids 100

Biochemical oxygen demand (BOD) 30

Chemical oxygen demand (COD) 250

Total residual chlorine 1

Oil and grease 10

Total chromium as Cr 2

Sulphide as S 2

Phenolic compounds as C¢gHsOH

Source Standards for Discharge of Trade Effluents into Inland Surface Waters, Tamil Nadu
Pollution Control Board (2015)

Table 6 Pollution standards for textile industry in Germany (Wang et al. 2011)

Serial number Parameters The limits of discharged concentration (mg/L)
1. COD 160

2. BOD 25

3. TP 2.0

4. N 20

5. NH; 10

6. Nitrite 1.0

4.2 Standards for Various Pollutants Present
in Textile Effluent in Germany

The standards for various pollution parameters in textile industry effluent Germany
is shown in Table 6.

4.3 Standards for Various Pollutants Present
in Textile Effluent in the USA

The EPA publishes the effluent requirements using best practical control tech
(BPT) in the USA, the details of which have been shown in Table 7.
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Table 7 Discharge standards  geria) number Parameters Maximum load
for textile industry in the USA (kg/t of fabric)
(Wang et al. 2011)

1. BODs 22.4

2. COD 163

3. TSS 352

4 S 0.28

5 Phenol 0.14

6. pH 6.0-9.0

5 Conventional Treatment Methods

The wastewater effluent from textile dyeing and printing process contains large
concentration of organic matter, most of which is difficult to degrade. The released
effluent has high BOD and COD content which can be perilous to the state of
aquatic life and further to human health. For instance, the presence of coloured
water does not allow penetration of light and therefore restrains growth of life and
the presence of phosphorus can accelerate Eutrophication. In order to check the
adverse effects of these toxic chemicals in the discharged effluent, it is important to
establish suitable treatment methods for textile wastewater.

The conventional treatment techniques that have existed in the past few decades
include physicochemical treatment methods, biological treatment and tertiary
treatment methods which employ a combination of methods.

5.1 Physicochemical/Primary Treatment

5.1.1 Screening

Treatment of wastewater involves a series of unit processes some of which are
physical, chemical and biological in nature. An industry releases different streams
from different points at different times, and hence, the first step in treatment of
wastewater is to mix and equalize these streams. Some industries use screening
process and oil trap processes before mixing various streams. Screening involves
the use of meshes and sieves of appropriate size to hold back the grit and the
undissolved large particulate matter or debris. Oil trap follows the same function
but with the purpose of adhesion separation and removal of oil and grease.

5.1.2 Equalization

Equalization is performed to ensure the uniform distribution of pH, pollution load
and temperature. It is carried out by air agitation or mechanical mixing. It helps to
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fix a single separation process as conditions remain a constant. The hydraulic
retention time for this is around 8 h.

5.1.3 Floatation

Equalization is followed by the floatation process. In this process three phases are
established of liquid, gas and solid due to the production of microbubbles.
Compressed air is usually passed in through the mixture which causes smaller
particles to attach to it due to surface tension, buoyancy of the rising bubble
hydrostatic pressure. Due to lower density compared to water, these bubbles rise,
helping to get rid of tiny fibres and oil particles.

5.1.4 Coagulation, Flocculation and Settling

After all these processes are complete, coagulating chemicals such as alum, ferrous
sulphate, ferric chloride and lime are added to the system in a process called flash
mixing. The colloidal particles which were not separated during settling and
floatation are separated during this process. Colloidal particles usually carry a
charge, either positive or negative and the addition of a coagulating agent exposes
the charged colloid to an oppositely charged agent which leads to coagulation and
further settling due to increase in density. Formation of flocs (aggregates) increases
the density further and helps in rapid settling.

This mixture is then processed through the flocculator and further the coagulated
mass is separated by settling in settling tanks. A clariflocculator helps to remove
sludge content by some amount of adsorption. Choosing the right coagulant
depends on the kind of pollutants present in the effluent stream after equalization.
Coagulation or flocculation helps in removal of suspended solids and to a certain
extent helps in removal of colour from the exit steam as well. They also help reduce
the BOD and COD (Verma et al. 2012).

5.2 Biological Treatment

Biological treatment helps remove dissolved matter and is more efficient than
physicochemical treatment. The ratio between organic load and the biomass present
in the reaction tank, the reactor temperature and oxygen concentration determines
the removal efficiency. Aeration leads to a suspension effect, but it is important to
ensure that a mixing energy that can destroy the flocks is not reached, because it can
inhibit the settling.

The biomass concentration usually is between a range of 25004500 mg/l and
oxygen content is found to be around 2 mg/l. Based on the oxygen availability,
biological treatment can be classified into two main types: aerobic and anaerobic
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treatment methods. Aerobic biological treatment has higher efficiency and wider
application compared to anaerobic treatment methods and therefore is more widely
used (Rai et al. 2005).

5.2.1 Aerobic Biological Treatment

There are different kinds of bacteria which can be classified based on their oxygen
requirements. These include aerobic, anaerobic and facultative bacteria. As the
name suggests, aerobic biological treatment employs aerobic bacteria and some
facultative bacteria. Aerobic biological treatment is usually of two types: activated
sludge process and biofilm process.

Activated Sludge Process

Activated sludge is composed of an aggregate mixture of a number of
micro-organisms and has the ability to decompose and adsorb organic matter (Pala
and Tokat 2002). Once the activated sludge is formed, it can be removed and the
remaining water further purified. The oxidation ditch process and sequencing batch
reactor (SBR) process are types of activated sludge processes.

Oxidation ditch process

Oxidation ditch process is a type of activated sludge process which was first
developed in the Netherlands. The components of an oxidation ditch process
include an aeration equipment, an equipment for the water which has to be purified
to come in or go out and mixing equipment. The ditch can be of different shapes
which include a ring structure, L shape, rectangular or round shapes. Wastewater
activated sludge and various microbes are mixed in a continuous loop ditch. This
completes nitrification and denitrification of wastewater. The oxidation ditch
resembles a plug flow, completely mixed oxidation tank in nature.

The advantages of this process include long hydraulic retention time (HRT),
long sludge age and low organic loading which in turn lead to high degree of
purification, high reliability, easier maintenance, high impact resistance, stability,
lower investment, easy operation and management, and lower energy consumption.
Due to the formation of discrete aerobic, anoxic and anaerobic zones, the oxidation
ditch process performs denitrification efficiently.

Sequencing Batch Reactor Process

SBR treatment process leads to removal of COD and colour from effluent water. This
process has good shock loading which means it can withstand good amount of organic
matter and reserve water. Also, the total residence time, run time and gas supply of
each stage can be altered based on the quantity of water coming in or going out. The
original water contains large amount of organic matter, which provides good condi-
tion for the bacteria to grow. This activated sludge leads to low sludge production
compared to the standby phase when the sludge is in the endogenous respiration
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phase, rendering low sludge yield. Other advantages of this process include less
processing equipment, simple structure requirement and ease of operation.

Biofilm

In this process various micro-organisms are made to attach to a single support and
the wastewater is purified when it flows on this surface by contact. The biofilm
processes can further be divided into three categories which include biological
fluidized beds, biological contact oxidation and rotating biological contactors.

Biological Fluidized Bed
The fluidized bed process is also referred to as the suspended carrier biofilm process
(Chaohai et al. 1998). This is a new and highly efficient wastewater treatment
process which uses the modern fluidization technology whose principle is to keep
the whole system at a fluidized state and in turn enhance the contact time and area
between solid and fluid particles. The substances usually used as carrier or filling in
the system include carbonaceous materials such as sand, activated carbon, anthra-
cite or other particles. The diameter of these particles needs to be less than 1 mm.
A pulse of the wastewater is allowed to pass through the carrier which leads to
fluidization of the carrier particles and in turn leads to formation of biofilm on these
particles. Smaller size of carrier particles is preferred as it leads to higher surface
area (the preferred area is between 2000 and 3000 m2/m3), which in turn can hold
higher amount of biomass. This process yields efficiency of 20-30 times higher
than the conventional treatment processes and hence can be used for treating high
consistency organic effluent from textile industries.

Biological Contact Oxidation

Biological contact oxidation is a process which is primarily used for treating
wastewater from the dyeing process (Guosheng 2000). Fillers are set in tanks called
aeration tanks and the set-up mimics that of the activated sludge process. A biofilm
is formed on the fillers placed in the tank and the wastewater in the tank contains a
certain quantity of activated sludge. Aerobic micro-organisms are present in the
biofilm and these microbes degrade the organic matter present in wastewater when
they come in contact with each other.

Rotating Biological Contactor

Rotating biological contactor is a wastewater treatment process which is modelled
based on the conventional biological filter (Abraham et al. 2003). It consists of a
series of discs which are usually composed of low weight materials such as plastic
or glass platers. The diameter of the discs used ranges from 1 to 3 m. The disc is
constructed such that half of the disc area is exposed to air while the other half is
submerged in the supplied wastewater. The Rotating device makes the discs rotate
slowly in the horizontal axis which in turn helps to completely mix the wastewater
due to continuous rotational motion. The micro-organisms present in the wastew-
ater form a biofilm on the disc when the disc is exposed to the wastewater. When
the same disc is exposed to air, the biofilm comes in contact with oxygen and gets
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adsorbed. The micro-organisms oxidize and degrade the organic matter present in
wastewater by catalysis reaction using enzymes and release the metabolite at the
same time. Hence, an adsorption—oxidation—oxidative decomposition process
which is followed continuously is used to treat the wastewater.

The rotating biological contactor has good power saving, has high shock load
capability, produces very little sludge, is easy to maintain and manage and produces
very little noise. The shortcomings of this equipment include the need for
larger-area and well-maintained buildings. Main parameters which affect the per-
formance of the RBC are speed of rotation, wastewater residence time, area of disc
submerged and temperature.

5.2.2 Anaerobic Biological Treatment

The anaerobic biological treatment process is carried out in the absence of oxygen.
Bacteria called anaerobic bacteria are used to degrade organic matter under
anaerobic conditions. This process has been used for treatment of both high and low
concentration organic wastewater such as textile dyeing wastewater (Delée et al.
1998). Effluent from textile industries contains organic matter with organic matter
content as high as 1000 mg/L. Anaerobic biological treatment is usually adopted
for the treatment of high concentration wastewater while aerobic treatment is used
to treat wastewater with low organic matter.

Presently the most widely used technique for anaerobic biological treatment is the
hydrolysis acidification process. In this process, the anaerobic and facultative bacteria
decompose the biodegradable organic matter present in wastewater into small
molecular organic matter. This principle can be used for biodegradation of coloured
groups of dye molecules present in textile dyeing wastewater. The acids released by
these bacteria can also be used to reduce the amount of alkalinity in textile effluent and
in turn make the water more suitable for marine life. Other processes used for treat-
ment of effluent from textile industries include upflow anaerobic fluidized bed
(UABF), upflow anaerobic sludge bed reactor (UASB) and anaerobic biological filter.

6 Advanced Treatment Methods

6.1 Adsorption

Adsorption is a surface phenomenon which is used to remove suitable organic
matter from wastewater effluents (Kumar et al. 2014; Oliveira et al. 2002).
Chemicals such as cyanides and phenol derivatives can be removed using this
process. This process is particularly useful as it can be used to remove compounds
difficult to remove by conventional treatment methods. As the wastewater is passed
through the adsorbent, the organic pollutants keep getting adsorbed. Activated
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carbon is the most widely used adsorbent. Activated carbon is usually produced by
treatment of petroleum products or wood. The material is burned in the presence of
air, creating a char. Oxidation of this charred substance at high temperature gives a
porous substance which is activated carbon. An important characteristic of activated
carbon is its high surface area which is important for adsorption of the organic
matter onto the adsorbent.

The activated carbon once completely used up, i.e. when all its pores are clogged
requires regeneration. Regeneration is usually done chemically or thermally; how-
ever, latest methods include solvent, electrochemical, microwave induced and
supercritical regeneration. Suitable acids or chemicals can be passed to partially
regenerate the adsorbent and this process leads to need for frequent regeneration (Leng
and Pinto 1996). In case of thermal regeneration, the spent adsorbent (activated
carbon) is transported in water slurry to a regeneration unit. In this unit, the adsorbent
is dewatered by application of heat using a furnace and reheated under controlled
conditions (Dabrowski et al. 2004). This complete process oxidizes the impurities and
allows the volatile substances to escape leaving adsorbent with increased pore vol-
ume. In order to remove excess heat, the hot adsorbent is quenched with water and
moved back to the column. This process has higher efficiency than chemical regen-
eration. Other materials used as possible adsorbents include clay, silica and fly ash.

6.2 Ion Exchange

The ion exchange process is another modern method of removal of inorganic salts,
heavy metals and few specific organic anionic compounds from wastewater
(Dabrowski et al. 2004). Salts are usually ionic compounds usually composed of a
positive ion from an alkali and a negative ion from an acid. The ion exchange resins
or membranes have the ability to exchange suitable ions present in electrolytic
solutions, in this case wastewater with soluble ions. A cation exchanger when
contacted with an electrolyte such as calcium chloride will scavenge the positively
charged ion, in this case calcium, from the electrolyte and in turn replace it with the
soluble ions which in this case is sodium. Hardness in water arises from salts of
calcium and magnesium, and this method provides a convenient technique to
reduce hardness in wastewater. Ion exchange resins can be made of different
compounds such as phenolic compounds and sulphonic styrene’s.

6.3 Membrane Filtration

6.3.1 Reverse Osmosis

Reverse osmosis follows the principle that certain semipermeable membranes are
selective in nature and allow the flow of only selective ions through them
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(Fritzmann et al. 2007). The commonly used membranes include nylon and cel-
lulose membranes such as cellulose acetate. The wastewater to be treated is passed
at high pressure through the semipermeable membrane as shown in Fig. 3.

The applied pressure has to be high enough to act as a driving force to overcome
the overall osmotic pressure of the stream. When this criterion is met, water flows
from the wastewater chamber to the clear water chamber through the semiperme-
able membrane. A reverse osmosis system consists of a pre-treatment section
through which the wastewater is passed to remove suspended solids by mechanical
separation methods and if necessary, ions such as iron and magnesium. This is
necessary to ensure that these suspended solids and ions do not foul the semiper-
meable membrane. After pre-treatment the wastewater is pressurized and sent to the
reverse osmosis chamber. When the applied pressure is greater than the osmotic
pressure across the membrane, clear water passes from wastewater to the clear
water chamber, emerging at atmospheric pressure.

Reverse osmosis can be used to treat effluent from primary, secondary and
tertiary stages of wastewater treatment. The reverse osmosis models include spiral
wound system, tubular systems, Hollow fibre membranes and the disc module. The
main downfall of this process is fouling of the membranes in use due to organic
materials, colloids and micro-organisms. Also scale formation can take place due to
hardness-causing constituents (carbonates) in the effluent stream. Chlorine and
ozone can oxidize the membrane and hence should not be present in wastewater to
be treated.

6.3.2 Ultrafiltration

Ultrafiltration and reverse osmosis follow similar techniques. The difference
between the two processes is primarily the retention properties of the membranes.
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Ultrafiltration membranes have higher pore size and can retain only
macro-molecules and suspended solids. Reverse osmosis membranes on the other
hand have smaller pore size and hence can be used for removal of all solutes
including salts. The osmotic pressure difference across an ultrafiltration membrane
is negligible as the salts pass through along with the permeate water. This makes it
necessary for a much lesser pressure to be applied for the process to take place
(Babu et al. 2007). Ultrafiltration membranes materials include cellulose derivatives
such as cellulose acetate, polymers of nylon and other inert polymers. This makes it
possible to treat acidic or caustic streams and not limiting the process unlike that for
reverse osmosis due to chemical attack of the membranes.

6.3.3 Nanofiltration

When the salt concentration in the permeate water is not of prime importance as
compared to the reverse osmosis operation, nanofiltration can be used for
wastewater treatment (Nguyen et al. 2012). Hardness-causing elements in water are
salts of calcium and magnesium, and nanofiltration can be used to remove these
salts. It can also be used for the removal of micro-organisms such as bacteria and
viruses. Nanofiltration is suitable to use when permeate with TDS, but without
colour, COD and hardness is acceptable. It is a more cost-effective method. For
higher efficiency, turbidity and the amount of colloidal content in wastewater
should be low.

Fouling is a major problem whenever membrane separation techniques are used
for purifying wastewater (Jiraratananon et al. 2000). Wastewater has dissolved
elements such as silica, calcium, barium, iron and strontium which may precipitate
on the surface of the membrane and in turn clog the pores of the membrane. This
phenomenon is termed as fouling of the membrane. Bacteria present in wastewater
which proliferates in warm environmental conditions can also cause fouling of
membranes. This may cause increased pressure difference across the membranes
and reduced flux leading to higher expenditure. Fouling can be avoided or reduced
by selecting a suitable chemical dose to counteract the deposition and precipitation
of organic matter. Antiscalents can be used for the removal of mineral scales. Back
washing with acid also reduces fouling.

6.4 Ozonation

Ozone is known to be one of the strongest oxidizing agents commercially available
and it can be used for disinfection purposes on wastewater. Ozonation can be used
to break down complex large molecules such as phenols (Langlais et al. 1991).
Oxidation of organic and inorganic materials, removal of odour and removal of
colour are the main applications of ozone in industries. Naturally, ozone is present
as an unstable gas; under normal conditions, it decomposes to give molecular
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oxygen and nascent oxygen. Due to this property, ozone has to be produced on the
site for industrial applications. There are several methods of producing ozone, but
the corona discharge method is the most widely used. An ozone generation unit
usually consists of a series of electrodes. These electrodes are fit with cooling
arrangements mounted in a gas tight container. The source gas use to produce ozone
is usually air or oxygen. When this gas is passed between two electrodes which are
separated by a narrow gap between them, the oxygen gets converted into ozone.
The ozone released by the ozone generation unit is brought in contact with
wastewater in the ozone contact basin by means of diffuser tubes or turbine mixers
as shown in Fig. 4. Complete removal of colour and pollutants present in
wastewater can be achieved by using 2 mg/l of ozone. The treated water is treated
with sand (sand filtration) for the final cleaning.

6.5 Evaporation

6.5.1 Multiple-Effect Evaporation

In evaporation, the wastewater is heated in multiple-effect evaporators with the
concentrate from one evaporator being fed to the next evaporator while the clear
water is allowed to exit the system for further treatment. The fresh liquor and steam
are added only to the first evaporator. The steam obtained by evaporation from the
first stage acts as input steam for the next stage. The vapours and used steam are
collected in the condenser.

Evaporators reduce the volume of the effluent and leads to an increase in con-
centration of salts in the stream. This makes their recovery more viable whenever
intended. One problem of evaporation is the formation of scales on the walls and
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tubes of the evaporator due to the presence of salts of calcium and magnesium is
wastewater. This leads to a reduction in rate of heat transfer and in turn the
evaporation rate is also reduced. Cleaning is required for removal of these scales.
Cleaning can be of both chemical and mechanical type. Chemical means involve
acid treatment where acid is poured along the scale to loosen it from the surface of
the tube. A scale cutter is a device mounted on a flexible shaft which is inserted
from the top of the pipe. This device is moved up and down repeatedly to remove
the scale in the entire length of tube. Once all the stages have been cleaned, the
evaporator is closed and tested to check for any leaks. Proper seals are made to
close these leaks.

6.5.2 Mechanical Vapour Compression

The mechanical vapour compression technique is used to concentrate the
wastewater effluent. A heat exchanger is used which also acts as an evaporator or
condenser. The heat is provided by the simultaneous condensation of the distillate.
Latent heat is exchanged between hot and cool water in the evaporation—conden-
sation process. A compressor which is present provides the energy required for
separating the solution by heat transfer.

6.6 Crystallization

In crystallization, solid crystals are obtained from a homogeneous solution. It is a
solid-liquid separation technique. Crystallization occurs only when a solution is
supersaturated. Supersaturation of a solution is its state in which the solvent has
higher concentration of solute than what can be dissolved in it at that temperature.
By using this method, salts can be recovered from the mother liquor. Crystallizers
are of two types, namely single-stage and multi-stage. The common chemicals
removed from the effluent by crystallization include calcium sulphate, sodium
chloride, calcium chloride and sodium sulphate. Therefore, the scale causing
chemicals can be removed from wastewater and this can be used a pre-treatment
method for wastewater being used for membrane purification and evaporation.

6.7 Zero Liquid Discharge (ZLD)

Zero liquid discharge is a modern separation technique which leads to a solid (or
near solid) waste stream and purified water stream which can be treated further or
used for domestic applications (Dalan 2000). Reverse osmosis and thermal methods
can be used for concentrating the waste stream and formation of pure water.
However, since reverse osmosis is more cost-effective, it is more widely used



Nanochemicals and Effluent Treatment in Textile Industries 79

(Heijman et al. 2009). ZLD consists of a series of wastewater treatment techniques
which include microfiltration (MF) for pre-treatment, reverse osmosis (RO) for
pre-concentration of waste solutions followed by the application of a multiple-effect
evaporator. The major objective is to produce a solid concentrated stream which can
be sent for land-based disposal and a relatively clean water stream for domestic use
or sewer discharge. This leaves a clean effluent stream without any dissolved solids
for further treatment while the filtered or concentrated solids can be sent for suitable
disposal.

7 Application of Nanochemicals for Effluent Treatment

Nanoscience is the field of science which deals with the study of materials at the
nanoscale. The smaller size of nanomaterials highly influences their properties as
compared to their bigger counterparts. Nanotechnology is an application of
nanoscience and it deals with the control, integration and manipulation of various
atoms and molecules to form different materials at the nanoscale (Hornyak et al.
2008, 2009). The past decade has been subjected to drastic increase in the appli-
cation of nanotechnology in applied science, especially in the area of water
purification, opening up a new potential alternative to treat wastewater more effi-
ciently and cost-effectively (Baruah et al. 2012; Baruah and Dutta 2016) Some of
the key advantages of nanochemicals include their small size, high reactivity, high
accuracy and most importantly, their capability to be produced by
environment-friendly techniques, most of which are potentially cost-effective as
well. Two of the promising applications of nanochemicals for wastewater treatment
in textile industries are:

e Photocatalysis
e Nanosorbents.

7.1 Photocatalysis

Photocatalysis is a process which can be defined as a “change in the rate of a
chemical reaction or its initiation under the action of ultraviolet, visible, or infrared
radiation in the presence of a substance—the photo catalyst—that absorbs the light
and is involved in the chemical transformation of the reaction partners” (McNaught
and Wilkinson 1997). It is a process which is used to degrade pollutants in
wastewater. A nanostructured catalyst medium which is sensitive to exposure to
light is mainly employed.

The catalyst medium usually in use is a semiconductor material, which generates
an electron—hole pair upon absorption of light with energy higher than its band gap
energy. The electron—hole pair then reacts with water to produce highly reactive
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oxidizing and reducing radicals, such as super oxides, hydroxyl ions or other
radicals. These radicals then degrade any organic/inorganic pollutant molecules
present in the contaminated water through some secondary reactions. Photocatalysis
is a surface phenomenon and its general mechanism is a complex process, which
involves five basic steps (Pirkanniemi and Sillanpai 2002).

Reactants diffusing to the surface of the catalyst

Reactants getting adsorbed on the surface of the catalyst
Reaction taking place at the surface of the catalyst

Products undergoing desorption from the surface of the catalyst
Products diffusing away from the surface of the catalyst.

Nanostructured semiconductor materials possess higher surface area which
enables them to have better photocatalytic properties compared to their larger bulk
counterparts. This property makes it possible for the generated electrons and holes
to be available at the surface of the nanophotocatalyst rather than to be available in
the bulk of the material. An ideal photocatalyst should exhibit the following
properties:

high photoactivity

biological and chemical inertness
photostability

non-toxicity

cost-effectiveness.

Some examples of typically used nanostructured semiconductor photocatalysts
are zinc oxide (ZnQ), titanium dioxide (TiO,), zinc sulphide (ZnS), ferric oxide
(Fe,03) and cadmium sulphide (CdS).

The wide band gap semiconductors absorb light in the UV region of the solar
spectrum. However, using high-energy UV light sources to excite the photocata-
lysts may not be a cost-effective solution in all cases. Therefore, research is cur-
rently focusing on using visible portion of the solar spectrum for conducting
photocatalysis experiments. The advantages of using solar light for photocatalysis
are that solar energy is free and abundantly available. Some of the key areas in
which photocatalysis can be used for the treatment of textile wastewater include
removal of:

e Organic contaminants.
e Inorganic contaminants.
e Heavy metals.

7.1.1 Removal of Organic Contaminants

Photocatalysis is widely used for the decomposition of harmful organic contami-
nants present in wastewater into harmless by-products, mostly carbon dioxide and
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water. The organic contaminants that can be removed from wastewater using
photocatalysis include carboxylic acids, alcohols, phenolic derivatives and chlori-
nated aromatic compounds (Bhatkhande et al. 2002; Mills et al. 1993). Dyes being
the major pollutants released into the effluent stream have to be treated and the
nanophotocatalysts shown to be successful in this regard are semiconductor metal
oxides such as TiO, and ZnO.

Additionally, photocatalysis has been employed to degrade natural organic
matter also called as humic substances. Humic substances are naturally occurring
yellow—brown organic materials with high molecular weight. TiO, nanoparticles
have made it possible to achieve almost 50 % reduction in humic acid concentration
in drinking water, observed under irradiation from a mercury lamp (Eggins et al.
1997).

7.1.2 Removal of Inorganic Contaminants

Inorganic contaminants include chemicals such as halide ions, cyanide, thiocyanate,
ammonia, nitrates and nitrites that can be effectively decomposed by photocatalytic
reaction (Hoffmann et al. 1995; Mills et al. 1996). The photocatalytic removal of
toxic Hg(Il) and CH3Hg(I) chlorides using TiO, nanoparticles under simulated
solar light (AM1.5) (Serpone et al. 1987) and the removal of toxic potassium
cyanide and Cr(VI) ions from water using visible light and ZnO nanoparticles have
been achieved. Recently it has been found that CdS/titanate nanotubes are useful in
photocatalytic oxidation of ammonia in water (Lee et al. 2002).

7.1.3 Removal of Heavy Metals

Heavy metals present in wastewater streams is another area of concern as it directly
affects human health and presents a challenge for treatment plants, since the amount
of can vary, depending upon the type of industry. However, due to the rare
availability and high cost of some metals, recovery of the metals is mostly preferred
over removal of the metals itself. Photocatalysis has been shown to successfully
remove heavy metals in several cases. TiO, catalyst dispersion has been shown to
help in the recovery of gold(Ill), platinum(IV), and rhodium(II), from a mixture of
gold(Il), platinum(IV), and rhodium(IIl) chloride salts (Borgarello et al. 1986).
Recovery of gold from samples containing cyanide ions was also performed along
with the degradation of CN by employing two peroxides, H,O, and S,0,. TiO,
has also been used for removing cadmium (Cd) from effluents by irradiating the
stream with a source producing light rays of 253.7 nm wavelength. A combination
of activated carbon obtained from sewage sludge along with TiO, nanoparticles has
been used to reduce Hg** ions (Asenjo et al. 2011) followed by recovery of metallic
Hg(0).
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7.2 Nanosorbents

Sorption is a process in which a material referred to as sorbate gets adsorbed on
another substance, called sorbent, by some physical or chemical interaction.
Sorbents are used extensively for the removal of organic pollutants from wastewater
such as those from textile industries. The sorption process usually takes place in
three steps:

e Transport of the pollutant particle from water to the surface of the sorbent
e Adsorption of pollutant at the surface of the sorbent
e Transport within the sorbent.

Nanoparticles possess higher specific surface areas than the bulk particles. They
also have the ability to functionalize easily with a variety of chemical groups and
therefore improve their affinity towards the target contaminants. The aforemen-
tioned two properties make them very effective as sorbents. Moreover, nanosor-
bents possess nanosized pores that aid the sorption of contaminants. Nanosorbents
have the ability to be used again through a regeneration operation where the
absorbed pollutants are removed by suitable processes. Some of the nanosorbents
are listed below.

7.2.1 Carbon Nanosorbents

Carbon-based nanomaterials are extensively used for the adsorption of various
organic and inorganic pollutants in wastewater. Out of the carbon-based nanoma-
terials used, activated carbon is very popular because of its high adsorption
capacity, high thermal stability, excellent resistance against attrition losses and low
cost. Benzene and toluene are used as solvents for mixing dyes in the textile
industry. Removal of benzene and toluene from the effluent stream is important as
they add to the organic matter content and can be harmful. Adsorption of benzene
and toluene from industrial wastewater on activated carbon has been carried out
(Kadirvelu et al. 2001) and high adsorption capacity for benzene (~400-500 mg/g)
and toluene (~ 700 mg/g) was noticed. Activated carbon has been proven effective
for the removal of heavy metal ions, such as Hg(II), Ni(I), Co(II), Cd(II), Cu(ID),
Pb(I), Cr(Ill) and Cr(VI) (Kobya et al. 2005; Al-Omair and El-Sharkawy 2007;
Zhong et al. 2006).

7.2.2 Metal Oxide Nanosorbents

The common metal oxides used as adsorbents are mostly oxides of iron (Fe),
manganese (Mn), silicon (Si), titanium (Ti) and tungsten (W). As adsorbent
materials, metal oxides have the advantages of being low-cost materials and can be
functionalized easily to tune their adsorption capacity and selectivity. Fe oxides
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nanosorbents have recently been tested for the removal of several organic pollutants
in wastewater (Luo et al. 2011; Zhang et al. 2010, 2013; Iram et al. 2010). The
magnetic properties of Fe oxide nanosorbents allow them to be magnetically sep-
arated from water (Hu et al. 2010) The Fe oxides also showed excellent adsorption
capacity for heavy metal ions (Nassar 2010; Jeon and Yong 2010). Nanostructured
tungsten oxide (WQO,) has also displayed very high adsorption capacity for organic
dyes in water (Abdolmohammad-Zadeh et al. 2013). A zinc—aluminium layered
double hydroxide nanosorbent has been developed and successfully applied for the
removal of reactive yellow dyes from several textile wastewater streams (El-Safty
et al. 2012). Applications of non-metallic oxide, such as silica (SiO,), as
nanosorbents have also shown promising results in removing organic pollutants and
heavy metals present in effluents (Yantasee et al. 2010; Zamzow et al. 1990; Maliou
et al. 1992; Ouki and Kavannagh 1997; Ibrahim and Khoury 2002).

7.2.3 Zeolites as Sorbents

Zeolites have high specific surface area and high ion exchange capacity, making
zeolites a sought after adsorbent for water treatment. Most of the zeolites occur
naturally and can also be produced commercially. Zeolites are used widely for the
adsorption of heavy metal ions (Pansini et al. 1991). The adsorption of lead and
cadmium using two natural zeolites chabazite and clinoptilolite has been studied
(Kesraoui-Ouki et al. 1993). Using the two natural zeolites pre-treated with NaOH,
the authors demonstrated very high adsorption capacity for lead (Pb) and cadmium
(Cd), with metal removal efficiency of more than 99 %. The high porosity of zeolite
gives it a higher adsorption capacity, and the photocatalytic reduction ability of
zeolite aids in reducing higher valence metal ions to the corresponding lower ones,
thus decreasing their toxicity.

8 Nanochemicals Used for Textile Wastewater Treatment

Several commercial and advanced technological developments are employed for
water treatment; however, nanotechnology has been established as one of the most
advanced wastewater treatment techniques. Developments in nanoscale research
has paved way for economically feasible and environmentally stable treatment
technologies for effectively treating wastewater meeting the ever increasing water
quality standards. Nanotechnology can possible address many of the water quality
issues by using different types of nanoparticles. Nanotechnology uses materials of
sizes smaller than 100nm in at least one dimension meaning at the level of atoms
and molecules as compared with other disciplines such as chemistry and materials
science (Masciangioli and Zhang 2003; Eijkel and Van den Berg 2005).

At this scale, materials possess new and significantly changed physical, chemical
and biological properties mainly due to their structural variation, higher surface
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area-to-volume ratio offering several uses for pollution control such as treatment,
remediation and detection (Rickerby and Morrison 2007; Vaseashta et al. 2007).
These unique properties of nanomaterials, for example, high reactivity and strong
sorption, are explored for application in water/wastewater treatment based on their
functions in unit.

Nanoparticles can penetrate deeper and thus can treat water/wastewater which is
generally not possible by conventional technologies. Their higher surface
area-to-volume ratio enhances the reactivity with environmental contaminants.
Nanotechnology has the potential to provide both water quality and quantity in the long
run through the use of, for example, membranes enabling water reuse, desalination. In
addition, it yields low-cost and real-time measurements through the development of
continuous monitoring devices (Riu et al. 2006; Theron et al. 2008). Nanoparticles,
having high absorption, interaction and reaction capabilities, can behave as colloid by
mixing mixed with aqueous suspensions and they can also display quantum size effects
(Alivisatos 1996). Energy conservation leading to cost savings is possible due to their
small sizes; however, overall usage cost of the technology should be compared with
other techniques in the market (Crane and Scott 2012).

Membrane technology, considered as one of the advanced water/wastewater
treatment processes due to its efficient and low-cost filtration technique (Allabashi
et al. 2007), has been developed to be even more efficient using nanomaterials.
Nanoparticles have been frequently used in the manufacturing of membranes,
allowing permeability control and fouling resistance in various structures and rel-
evant functionalities (Li et al. 2009; Kim et al. 2008). Both polymeric and inorganic
membranes are manufactured by either assembling nanoparticles into porous
membranes or blending process. The examples of nanomaterials used in this for-
mation include, for example, metal oxide nanoparticles such as TiO,. CNTs have
resulted in desired outputs of improved permeability, inactivation of bacteria and so
forth (Chae et al. 2009; Barhate and Ramakrishna 2007).

Finally, nanofibrous media have also been used to improve the filtration systems
because of the high permeability and small pore size properties they possess
(Escobar et al. 2001). They are synthesized by a novel fabrication technique called
electrospinning. Depending on the polymers selected, they exhibit different prop-
erties. In short, the development of different nanomaterials such as nanosorbents,
nanocatalysts, zeolites, dendrimers and nanostructured catalytic membranes has
made it possible to disinfect disease-causing microbes, removing toxic metals, and
organic and inorganic solutes from water/wastewater. An attempt is made to
highlight the factors that may influence the efficiency of the removal processes
based on the available literature in the following section.

8.1 Disinfection

Biological contaminants are generally classified under three categories, namely
micro-organisms, natural organic matter (NOM) and biological toxins. Microbial
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contaminants include human pathogens and free living microbes (Majsterek et al.
2004; Berry et al. 2006; Dugan and Williams 2006; Srinivasan et al. 2008; Jain and
Pradeep 2005). Adsorbents such as activated carbon have reasonably good removal
efficiencies and again a number of factors influence the removal process.

Groundwater can get easily polluted by bacteria and protozoa. The easiest
method for treating micro-organisms is using oxidizing agents such as chlorine and
ozone. However, chlorine dioxide is expensive and results in the production of
hazardous substances such as chlorite and chlorate in manufacturing process.
Ozone, on the other hand, has no residual effects but produces unknown organic
reaction products. For UV disinfection, longer exposure time is required for
effectiveness and also there is no residual effect. So, advanced disinfection tech-
nologies must, at least, eliminate the emerging pathogens, in addition to their
suitability for large-scale adoption. There are many different types of nanomaterials
such as Ag, titanium and zinc capable of disinfecting waterborne disease-causing
microbes present in effluent. Their antibacterial properties arise from their charge.
TiO, photocatalysts and metallic and metal oxide nanoparticles are a set of
promising nanomaterials that exhibit antimicrobial properties. The ability of metal
ions to produce the desired results in water disinfection has been highlighted by
many researchers (Sondi and Salopek-Sondi 2004). The possible nanomaterials that
can be utilized as disinfectants are listed.

8.1.1 Silver Nanoparticles

Silver has low toxicity and microbial inactivation and hence is the most widely used
nanomaterial. Silver nanoparticles can be derived from its salts such as silver nitrate
and silver chloride, and their effectiveness as biocides is widely known (Baker et al.
2005; Panacek et al. 2006; Makhluf et al. 2005). Though the antibacterial effect is
size dependent, smaller Ag nanoparticles (8 nm) were most effective, while larger
particle size (11-23 nm) resulted in lower bactericidal activity (Xiu et al. 2011).
There are several mechanisms which have been found to explain the bactericidal
effects of Ag nanoparticles such as, the damaging of the bacterial membranes due to
the formation of free radicals (Xiu et al. 2012; Esteban-Cubillo et al. 2006) inter-
actions with DNA, alteration of membrane properties due to adhesion on cell
surface and enzyme damage.

Immobilized nanoparticles possess high antimicrobial activity (Balogh et al.
2001). In a study, cellulose acetate fibres embedded with Ag nanoparticles by direct
electro spinning method were shown effective against both Gram-positive and
Gram-negative bacteria. Ag nanoparticles are also incorporated into different types
of polymers for the production of antimicrobial nanofibres (Chen et al. 2003; Botes
and Cloete 2010; Chou et al. 2005). Water filters prepared using polyurethane foam
coated with Ag nanofibres have shown good antibacterial properties against
Escherichia coli (E. coli) (Lee et al. 2007).

Ag nanoparticles also find their applications in construction of filtration mem-
branes, for example, in polysulphone membranes, for biofouling reduction. These
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Ag nanoparticles laden membranes had good antimicrobial activities
against E. coli, Pseudomonas and so forth (Adesina 2004; Li et al. 2008). Although
Ag nanoparticles have been used efficiently for inactivating bacteria and viruses as
well as reducing membrane biofouling, in the long term their capacity against
membrane biofouling decreased considerably due to the loss of silver ions with
time. Therefore, for long-term control of membrane biofouling, further work to
reduce this loss of silver ions is required. Alternatively, doping of Ag nanoparticles
with other metallic nanoparticles or its composites with metal oxide nanoparticles
can solve the issue and this could also lead to the parallel removal of
inorganic/organic compounds from wastewater.

8.1.2 TiO, Nanoparticles

TiO, nanoparticles are among the emerging and most promising photocatalysts for
water purification. TiO, exposed to 8 h of simulated solar light, has been reported
to reduce the viability of aqueous microbial pathogens, mainly protozoa and fungi.
Nitrogen-doped TiO, nanoparticles catalysts have proved their efficiency for
reduction in microbial contaminants in wastewater (Chaturvedi et al. 2012).
Nanostructured TiO, films and membranes are capable of both disinfecting
micro-organisms and decomposing organic pollutants under UV and visible light
irradiation (Choi et al. 2009). Due to its stability in water, TiO, can be incorporated
in thin films or merged onto membrane filters.

8.2 Removal of Heavy Metals Ions

The major heavy metals and metal ions present in wastewater from textile industries
include copper, arsenic, lead, cadmium, mercury and chromium. Different types of
nanomaterials have been introduced for removal of heavy metal ions from
wastewater such as nanosorbents including CNTs, zeolites and dendrimers, and
they have exceptional adsorption properties (Savage and Diallo 2005) The ability of
CNTs to adsorb heavy metals such as Cd** (Li et al. 2003), Cr’* (Di et al. 2006),
Pb** (Li et al. 2005), and Zn** (Lu et al. 2006) and metalloids such as arsenic
(As) compounds (Peng et al. 2005) has been well documented. CNT composites
with iron and cerium oxide (CeO,) have been used for the removal of heavy metal
ions in few studies (Lu et al. 2005). CeO, nanoparticles supported with CNTs are
used effectively to adsorb arsenic. Fast adsorption kinetics of CNTs is predomi-
nantly to the easily accessible adsorption sites and small intraparticle diffusion
distance.

Metal-based nanomaterials are better in removing heavy metals than activated
carbon (Sharma et al. 2009), for example, adsorption of arsenic by using
TiO, nanoparticles and nanosized magnetite. Also, a nanocomposite of
TiO, nanoparticles anchored on graphene sheet was used to reduce Cr(VI) to Cr
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(IID) in sunlight (Zhang et al. 2012). Similar Cr treatment was carried out by using
palladium nanoparticles in another experiment (Omole et al. 2009). The capability
of removing heavy metals such as As has also been investigated by using iron oxide
nanomaterials (Fe,Os and Fe;0,) as cost-effective adsorbents.

Iron nanoparticles (Fe®) are very effective in reducing heavy metals such as As
(III), As(V), Pb(1l), Cu(Il), Ni(Il) and Cr(VI) (Ponder et al. 2000; Kanel et al. 2005,
2006; Yang and Lee 2005; Li and Zhang 2006). Novel self-assembled iron oxide
nanostructures were also used to successfully adsorb both As(V) and Cr(VI) (Zhong
et al. 2006). The 3D nanostructures of CeO, are used as good adsorbents for both
As and Cr. Finally, there are commercial products for efficient removal of arsenic
and these include FeO, nanoparticles and polymers and nanocrystalline
TiO, medium as beads (Sylvester et al. 2007).

8.3 Removal of Organic Contaminants

Natural organic matter (NOM) constitutes a diverse group of hydrophobic (humic
and fulvic acids) and hydrophilic organic compounds and it contributes signifi-
cantly towards water contamination. Adsorption is the major principle used for
removal of NOM from wastewater effluent and carbon-based adsorbents have been
widely used for the same.

8.3.1 CNTs

Nanosorption has been carried out using nanosorbents, namely zeolites, polymeric
materials such as dendrimers and carbon nanotubes (CNTs). These nanosorbents
have exceptional adsorption properties and are used for removing organic content
from wastewater (Savage and Diallo 2005). CNTs have exceptional water treatment
capabilities due to their ability to adsorb high amount of organics on their surface
(Rao et al. 2007) The removal of NOM by CNTs is higher in comparison with other
carbon-based adsorbents because of the provision of large surface area in CNTs
(Saleh et al. 2008). CNTs are also effective in removing polycyclic aromatic
compounds (Di et al. 2006) and hence find special application in the textile industry
as the dyeing process releases maximum amount of aromatic compounds into the
effluent stream. Activated carbon fibres prepared by electrospinning of CNTs which
are nanoporous in nature showed much greater organic sorption for benzene,
toluene, xylene and ethyl benzene (which are used as solvents in the textile
industry) than granular activated carbon (Mangun et al. 2001). Multi-walled CNTs
functionalized with Fe nanoparticles can be used as effective sorbents for aromatic
compounds such as benzene and toluene (Jin et al. 2007).
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8.3.2 TiO, Nanoparticles

Nanomaterials of metal oxides such as TiO, in addition to CeO, have also been
used as catalysts for quick and relatively higher degree of degradation of organic
contaminants in ozonation processes (Nawrocki and Kasprzyk-Hordern 2010;
Orge et al. 2011). Polychlorinated biphenyls (PCBs) which are highly toxic to
the environment are majorly used in nylon industries and can enter the effluent
stream during discharge. Photocatalysts such as TiO, nanoparticles are used
effectively for treating wastewater polluted by organic contaminants such as
polychlorinated biphenyls (PCBs), benzenes and chlorinated alkanes (Kabra et al.
2004). Removal of total organic carbon from wastewater has been enhanced by
the use of TiO,.

Decomposition of organic compounds can be enhanced by noble metal doping
into TiO, due to enhanced hydroxyl radical production and so forth. For example,
the doping of Si into TiO, nanoparticles was proved to be effectual in improving
its efficiency due to the increase in surface area and crystallinity (Iwamoto et al.
2000, 2005). TiO, nanocrystals modified with noble metal deposits and so forth
were used for degrading methylene blue dye in the visible light range (Liu and
Gao 2005; Wu et al. 2006). Nitrogen- and Fe(Ill)-doped TiO, nanoparticles are
useful in degrading azo dyes and phenol, respectively, than commercially avail-
able TiO, nanoparticles. TiO, nanotubes have been effectively used to degrade
organic compounds and were found to be more efficient than TiO, nanoparticles
(Macak et al. 2007).

8.3.3 Zero-Valent Iron

Azo dyes are among the pollutants of significant concern that are being let out by
most of the textile industries. Nanocatalysts including semiconductors, zero-valent
metals, and bimetallic nanoparticles have been used for the removal of several
organic pollutants, namely PCBs, pesticides and azo dyes. The main property that
enables them to be effective is their greater surface area and shape specific prop-
erties (Zhao et al. 2011).

Other class of chlorinated organic compounds and PCBs have been transformed
successfully using nanoscale zero-valent iron (nZVI) (Wang and Zhang 1997) and
inorganic ions such as nitrate and perchlorate (Choe et al. 2000; Cao et al. 2005).
The stabilized nZVI particles could also be an efficacious way for in situ treatment
of industrial effluents such as the textile industry (Xu and Zhao 2007). The nZVI
and bimetallic nZVI can be used as effective redox reagents for reducing a variety
of organic pollutants released by textile industries such as PCBs and organic dyes
owing to larger surface areas and higher reactivity (Schrick et al. 2002; Nurmi et al.
2005).
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8.4 Other Nanomaterials

The nanocatalyst of Ag and amidoxime fibres was used efficiently for the degra-
dation of organic dyes useful for treating effluent from textile industries (Wu et al.
2010). Manganese dioxide (MnO,) films have been used for the mineralization of
organic dyes (Espinal et al. 2004). Similarly, MnO, hierarchical hollow nanos-
tructures have been put to use for the removal of organic pollutant in wastewater
(Fei et al. 2008). Several millions of dollars are invested into the material research
of such useful nanochemicals.

9 Challenges and Limitations of Using Nanochemicals

The uses of nanochemicals for wastewater treatment remains to be relatively less
explored. Several academic breakthroughs and research are yet to be translated to
benefit the industry and their allied applications. The use of nanochemicals for photo-
catalysis and nanosorption for the wastewater treatment in textile industries requires
skilled personnel with particular expertise in the area. Multiple modifications in the
existing treatment equipment are also necessary for the application of nanochemicals to
be functional and efficient. The lack of knowledge on the fate of nanochemicals in water
and the difficulty to predict their properties and behaviour is of concern. Unintended
pollution—catalytic effects on the environment through reactions in macro-interfacial
processes accounts as a potential hazard (Yao et al. 2013).

10 Conclusion

The textile industry consists of a series of processes which lead to discharge of
harmful pollutants into the effluent stream. These pollutants if released unchecked
and untreated can cause adverse effects to the environment and aquatic life. Hence,
the effluents from textile industries need to be properly treated and discharged.
Present techniques are finding it difficult to keep up with effluent standards and
volumes of pollutants being released. Novel techniques are being developed and
one of the most promising solutions could be the use of nanochemicals for the
treatment of wastewater from textile industries.

Nanochemicals are capable of removal of pollutants by photocatalysis or
nanosorption. They can also be moulded to form nanofiltration membranes.
Nanochemicals can be used for the removal of organic dyes released throughout the
dyeing process, solvents released during the scouring process, heavy metals and
ions released during both the dyeing and printing process. TiO,, nZVI, zeolites are
some of the nanochemicals which are of great use and can be used practically for
the treatment of wastewater effluent from textile industries.
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