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Abstract

The textile industry moves the economy of several countries, being of great
importance for the internal market and also for the external market, but it is
considered one of the industries that consume a greater volume of water in its
productive process, being one of the largest producers of effluents. Effluents
from the textile industries carry toxic, mutagenic and potentially carcinogenic
substances, and are resistant to chemical and/or biological degradation, pre-
venting traditional effluent treatment methodologies from removing signifi-
cant quantities of these molecules, compromising the quality of receiving
water bodies. The present work aims to demonstrate the conventional me-
thodologies used in the treatment of effluents from textile industries and
present new technologies discovered for this purpose and present a greater
efficiency in the removal of the dyes used in the productive chain of these in-
dustries.
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1. Introduction

Due to the great diversity of the existing industrial processes, the industrial ef-
fluents are extremely different from each other, being derived from the use of

water for non domestic purposes within the industry, acquiring its own charac-
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teristics due to the industrial processes employed [1].

These types of effluents do not allow the determination of a standard treat-
ment methodology for all industrial effluents. The industrial effluents can be
classified into two groups, the first being organic industrial waste and the second
as inorganic industrial waste. Organic industrial wastes are mainly effluents
composed of protein compounds (40% to 60%), carbohydrates (25% to 50%),
fats and oils (10%), urea, dyes and pesticides, the latter in a smaller quantity, etc.
Inorganic industrial waste consists of solid materials such as sand and fibers, and
heavy metals chemicals [2].

In Brazil, there are federal, state and municipal laws that legislate on the dis-
posal and treatment of industrial effluents. Conama Resolution No. 6 of June 15,
1988, repealed by Resolution No. 313 of 2002, in its Article 1, establishes that “in
the process of environmental licensing of industrial activities, the residues gen-
erated should be subject to specific control” [3]. Conama Resolution No. 20,
dated June 18, 1986 classifies the waters, determining the limits and/or condi-
tions for each type of framing class [4]. Resolution No. 430, of May 13, 2011,
which complements and alters Resolution No. 357/2005, provides for the condi-
tions and standards for the discharge of effluents [5].

The textile industry moves the economy of several countries, being of great
importance for the internal market and also for the external market, but it is
considered one of the industries that consume a greater volume of water in its
productive process, being one of the largest producers of effluents.

Azo dyes are among the dyes used by the textile industry in dyeing and fi-
nishing fabrics. In chemical terms, the azo dyes “carry in their structure the
chemical group RN =N —R", wherein N= Nrefers to the azo group and Rand
R’may be either an aryl group or an alkyl group” [1].

These substances are toxic, mutagenic and potentially carcinogenic. Another
problem is that these compounds have resistance to chemical and/or biological
degradation, which hinders the success of the methodologies traditionally em-
ployed in the treatment of textile effluents, even after treating significant
amounts of these molecules, causing the water with regard to the quality para-
meter [6].

Azo dyes also cause high turbidity when present in the textile effluent, da-
maging aquatic life in general. Normally, due to the great complexity of the or-

ganic molecules present in the textile effluent, it has low biodegradability [1].

2. Conventional Processes for the Treatment of Industrial
Effluents

Conventional treatment processes are usually not capable of degrading the mo-
lecular structures of the dyes because they have stable characteristics and are dif-
ficult to biodegrade [7].

The conventional techniques of treatment by the coagulation processes, flota-
tion separation or sedimentation, have efficiency in the removal of particulate

matter, but in the removal of color and dissolved organic compounds they are
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deficient [7] [8].

The first step in the treatment of effluent from the textile industry is the fine
grating (fibrils), whose opening varies from 1 to 2 mm, whose purpose is to
remove debris from fabrics and eventual coarse solids from the production
process that can obstruct pipes and damaging the PTS system. Afterwards, the
effluent is sent to the equalization tank, which has a specific volume to regulate
the flow rate of the treatment, presenting red coloration and a few hours later
completely blue or yellow due to the variety of tissues produced. In the equaliza-
tion/decanter tank one or more surface aerators are used to promote the effluent
mixture and assist in pH regulation (ranges from 6.0 to 11.5), then initiate
physico-chemical or biological treatment where the pH is reduced to 7, by the
dosage of acid solution or via the addition of carbon dioxide. The tank should
still be planned according to the volume of wastewater produced over time,
which can be used the Parshall gauge with ultrasonic sensor to perform the
measurement [9].

The removal of color can be achieved in biological and non-biological
processes, being the most attractive from the economic point of view. The most
used treatments are the chemical physicists (initially performed) for the very co-
lored and little biodegradable effluents, by the addition of coagulants based on
ferric chloride or aluminum sulphate; and biological when the biodegradable
substances are dissolved.

The biological processes represented by the aerobic activated sludge system
are used more frequently to meet legal and environmental requirements, in-
cluding economic cost issues [10].

This process consists of the agitation of the effluents in the presence of mi-
croorganisms and air, to metabolize and flocculate part of the organic matter.
This system presents about 80% efficiency in the removal of dye loading, but the
accumulation of sludge has become a problem because it cannot be reused be-
cause of high dye content [8].

These systems have a relatively high efficiency, allowing the reduction of the
Chemical Oxygen Demand (COD) and the Biological Oxygen Demand (BOD),
but they are inefficient in the removal of color from the aqueous currents. In
both techniques or when combined the wastes generated by the treatment
process should be densified and dewatered in filter press or centrifuge for final
material disposal.

The effluent treatment system of the textile industry for activated sludge can
be applied to treat large volumes of effluents, and can be associated with other
systems in order to improve treatment efficiency [10].

As for the technologies available for the treatment of textile effluents, the
following processes have been proven: biodegradation, ozone treatment,
physical processes of activated carbon adsorption and membranes utiliza-
tion, heterolytic photocatalysis processes, electrocoagulation and the use of

combined processes.
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2.1. Physical Processes

Usually used as foot-treatment or as a precursor to biological processes, as it is
used in sanitation, the physical and chemical processes aim to reduce the pollu-
tant loads or removing compounds that may disrupt the biological process.

According to Ferreira (2004) [11], physical processes are every method that
uses facilities to separate or combine elements, which are by physical processes
(without chemicals), such as filtration and decantation.

Physical methods for effluent treatment include adsorption with activated
carbon and various types of materials such as peat, fly ash and coal mixture,
wood chips, clay and rice husks; membrane filtration, ion exchange, irradiation
and coagulation/flocculation [12].

The main physical processes currently under study for the treatment of textile

effluent are:

2.2. Adsorption

The adsorption method is one of the main processes currently under study. It is
very efficient for small volumes of effluent, but it is a slow and costly technique.
The most used adsorbent is activated charcoal, which can originate in the most
diverse types of material, such as: wood, peat, coconut and walnut shells, anthra-
cite, bituminous coal, etc. [13].

The method of operation of this process involves the contact between a solid
and a fluid where the mass transfer of the liquid or gaseous phase to the surface
of the solid occurs. This is due to the uncompensated attractive forces on the
surface of the solid. The adsorption efficiency depends on some variables such
as: pH, temperature, polarity of the substance, pressure and surface area [14].

Within the adsorption process, the bonding forces between the adsorbate and
adsorbent molecules designate how adsorption occurs, and this can be separated
in two ways: physical and chemical (chemisorption) as shown in Table 1.

Therefore, to characterize the adsorption effectiveness of different types of
adsorbents, it is necessary to obtain data. One can also study, parameters that
can affect the process, among them, the variables already mentioned in the con-

text.

Table 1. Differences between the physical and chemical adsorption process.

Physical adsorption Chemical adsorption

Non-specific Highly specific
Temperature sensitive
Occurs through intermolecular interactions Occurs through chemical bonds

o . The rate is low due to the existence

The rate is limited by mass transfer since . ]
. . . of an activation barrier

there is no energy barrier of activation . . i o
(associated with chemical kinetics)

Monolayer or multiple layers Monolayer on solid surface

Low adsorption enthalpy variation High enthalpy change of adsorption

Source: Adapted from Radecki (1999) [15] and Ruthven (1984) [16].
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2.3. Membrane

Among the various filter media available on the market, membranes are one of
the most known and used. This is because they are able to separate substances
that conventional filters cannot contain.

This separation method has the ability to clarify, concentrate and, above all,
continuously separate the dye from the effluent, besides allowing the treatment
of large volumes of effluents, but the costs are high and maintenance is very
problematic due to the difficulty of cleaning the filter parts. Their process is
based on the effective separation of dye molecules of sizes large enough to be se-
parated from the effluent [13].

According to Farrugia apud Carvalho (2013) [17], “membranes are physical
barriers capable of controlling the passage or retention of different substances,
depending on the problem of treatability to be solved”. Because they have pores
of varying sizes, the membranes serve both to separate particles and to fractio-
nate molecules of different weights. The membranes can be made from various
organic and inorganic materials, such as polymers, ceramics, silicon carbide,
stainless steel, among others.

Depending on the size of the pores, each membrane receives a classification

and an application. Currently, in the market, the existing types are:

2.4. Reverse Osmosis

The Reverse Osmosis membrane has small pores through which only small mo-
lecules such as water pass through. By having the ability to hold up to ions, this
type of membrane is applied for water purification.

2.5. Ultrafiltration

This category of membranes is used for processes of concentration, dialysis and
purification, especially in works with macromolecules, such as proteins. One of
the most recurring uses for ultrafiltration membranes is in the treatment of wa-
ter for reuse. With ultrafiltration membranes it is possible to achieve high

quality standards, sometimes higher than those of drinking water.

2.6. Nanofiltration

This type of membrane is thinner than ultrafiltration, but not as thin as reverse
osmosis. The pore diameter is of the order of 0.001 um. The separation mechan-
ism is not only filtration, it also involves solubility and diffusion. The osmotic

pressure begins to influence the flow of solvent through the membrane.

2.7. Microfiltration

The microfiltration membrane is used for the separation of suspended solids in
water and can also be used as protection for nanofiltration and reverse osmosis
membranes. Microfiltration membranes are a safe physical barrier to retention

of microorganism, bacteria and suspended matter, but allowing passage of water
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and soluble components present.

Its application is even more efficient in the use of membrane bioreactors
(MBR), according to Farrugia (2013) [17] in this process the membranes replace
the normally used decantation process, promoting a 100% retention of the bio-
mass and guaranteeing a better treated water that can be used in secondary reuse
(discharge, cooling towers, irrigation, washing in general, among other uses).

Its shelf life cannot be determined; typically, this characteristic is measured by
the filtration capacity of the membrane, which is influenced by the level of ag-
gressiveness that the membrane will have to endure during operations. Accord-
ing to Farrugia apud Carvalho (2013) [17], on average, a membrane of Ultrafil-
tration, Nanofiltration and Reverse Osmosis lasts three years, but the material
from which they are made also influences greatly the useful life. “It can vary
from 1 to 5 years, depending on the operating conditions and what is being

processed by the membranes.”

2.8. Biodegradation

When not properly treated, effluents from the dyeing process of textile fibers can
modify the ecosystem, reducing the transparency of the water and the penetra-
tion of solar radiation, which can modify the photosynthetic activity and the gas
solubility regime.

The great motivation of all researchers involved in biodegradation studies can
be expressed by the continuous search for versatile microorganisms capable of
efficiently degrading large numbers of pollutants at a low operating cost. In
practice, it is very difficult mainly because of the diversity, concentration and
composition of chemical species present in each effluent.

Several organisms can be used in degradation as bacteria, fungi or plants, and
their efficiency depends in many cases on the structure of the molecule and on
the presence of enzymes that are able to degrade the product [18].

Biodegradation refers to the process where a particular microorganism in the
environment is able to convert a complex chemical molecule into a simpler mo-
lecule. These molecules are used by these microorganisms as a source of carbon
in order to obtain energy necessary for their growth and maintenance of meta-
bolism [19].

Bacterial degradation involves an enzymatic step where cleavage of azo bonds
occurs from an azoreductase enzyme and an electron donor. The resulting
products, for example, some aromatic amines can be degraded by the hydrox-
ylase and oxygenase enzymes produced by these bacteria. However, many other
by-products of the discoloration of solutions, such as amino benzene sulphonic
or acidic sulfonylnaphthylamines are recalcitrant to the bacterial attack, since
the sulfonyl groups correspond to a xenobiotic structural element, where its
strongly charged anionic portion prevents the penetration of the compound
through the bacterial membrane. Thus the application of bacteria in the treat-

ment of azo dyes becomes somewhat restricted [20].
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The use of bacteria such as Pseudomonas sp and Sphingomonassp have been
reported in the degradation of dyes. These microorganisms are particularly use-
ful for degradation of azocorates since it has the ability to carry out reductive
cleavage in the azo bonds of this type of compound, a fact which is generally as-
sociated with the enzyme azoreductase.

On the other hand, fungi may degrade or even mineralize several recalcitrant
organic substances due to their extracellular lignolytic system with low substrate
specificity. The most used fungi in the biological treatments are the filamentous
ones that are present abundantly in the environment, are able to quickly adapt
their metabolism to different sources of carbon and nitrogen in the search for
their survival [21].

This metabolic activity of fungi is obtained through the production of a large
set of intra- and extracellular enzymes, capable of degrading complex organic
pollutants such as poly aromatic hydrocarbons, organic residues, dye-containing
effluents, among others. These enzymes are lignolytic, such as lignin peroxidase,
manganese peroxidase and laccase [22]. The most used fungi are Phanerochae-
techrysosporium, Aspergillusoryzae [23], Aspergillusterreus, Aspergillusniger
[24]; Trametessp [25] among others.

Researchers have increased interest in the versatile white fungus Phanero-
chaetechrysosporium. This fungus has the capacity to mineralize, in addition to
lignin, at least partially and in some cases completely, a variety of pollutants re-
sistant to degradation [26].

The lignolytic system of this fungus is represented mainly by the enzymes lig-
nin and manganese peroxidase, which are produced in media containing sources
carbon and nitrogen. These enzymes have the ability to depolyelise lignin and a
wide variety of other compounds.

The use of other fungi such as Pleorotusostreatus and Trametesversicolor for
dye degradation has also been studied. These fungi are characterized as being
good producers of laccase, a copper-dependent phenol oxidase enzyme. This
lignolytic enzyme has the ability to catalyze demethylation reactions, which is an
initial and important step in biodegradation processes of polymer chains, with
subsequent decomposition of lignin macromolecules by the disruption of aro-
matic rings and C, - C, bonds in phenolic structures. In oxidation processes of
many compounds (mainly phenolic compounds) laccase presents a high speci-
ficity for a large number of xenobiotic compounds and industrial effluents [27].

Another recent alternative for the treatment of effluents and compounds re-
sistant to degradation refers to the use of natural chelating agents, produced by
some fungi and bacteria. These compounds, called siderophores, have a high af-
finity for metals, mainly iron, forming complexes of high stability. The biological
function of siderophores is to sequester iron in environments with this deficien-
cy.

There are basically two types of siderophores characterized so far, the cate-
cholate type and the hydroxamate type. The presence of the catecholate type was
detected in several lignolytic fungi, which was not so frequently observed with
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the hydroxamate type. Recent studies show very interesting results with some
fungi and bacteria producing these compounds, demonstrating a mimetic activ-
ity of phenoloxidase, which allowed the discoloration of effluents and the de-

gradation of compounds of difficult degradation [28].

2.9. Treatment with Ozone

A viable alternative both environmentally and economically for the treatment of
textile effluents is the ozone process. This method has been shown to be effective
in the discoloration of the effluent, in the oxidation of refractory compounds, in
the removal of toxicity and in the increase of the biodegradability of the effluent,
and also in the COD reduction, making it more suitable to be released back into
the environment. What makes its application even more attractive, besides the
fact that the system does not generate solid waste, is to be easy to install and op-
erate.

Ozonation is part of the advanced oxidative processes (AOPs), which are
technologies that use an oxidizing agent (such as Os;, H,O,) and/or catalysts (Fe,
Mn) in the presence or absence of irradiation source, for hydroxyl radicals
(OH-), highly reactive, capable of mineralizing organic substances present in
industrial effluents [29].

Ozone is able to react with a large class of organic compounds, due to its high
oxidation potential, higher than that of known oxidizing compounds, such as
H,0, and chlorine. In certain conditions, ozone leads to the formation of a hy-
droxyl radical, whose oxidation potential is even higher (Almeida et al, 2004).

Ozone is a gas that may be colorless to unstable blue, has water solubility for a
partial pressure equal to 1 atm in the gas phase of 570 mg-L™' —1°C at 20°C, ie.
12 times lower than chlorine under the same conditions [30]. This gas can be
produced in three different ways: corona discharge, exposure of O, to ultraviolet
light and electrolysis of perchloric acid, with the corona discharge being the
most used commercially.

The advantages of using ozone, according to Ornelas and Aisse (2004) [31]
are:

* Ozone is 3.125 times faster than chlorine in inactivation of bacteria, being
100 times more soluble in water;

* Does not produce toxins in water;

* Itis generated at the place of use;

*  When consumed, it decomposes naturally into oxygen;

* Transportation, handling and inventory costs are not required;

* In the treatment of water and food it configures technology of easy handling,
presenting satisfactory results;

* Organic by-products of ozonation of domestic effluents treated at secondary
level have little or no acute toxicity;

* Color reduction, even at low dosages required for disinfection, has been
shown to be effective.

The main disadvantage of the ozonation process is the toxicity of the formed
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products. The dye molecules contain nitrogen, chlorine and sulfur (N, CI, S) and

the oxidation of these molecules can generate new molecules of toxicity superior

to that of the original. Ozone efficiency in the removal of ammonia is low [32].

Although ozone production costs have declined in recent years, ozonation is
still a costly process. Other disadvantages of the process are the high reactivity
and instability of the oxidizing agent, preventing its transport, storage and
long-term residence in water. In cases of compounds that are difficult to break
down, the cost-benefit ratio of ozonation to conversion to CO, and H,O is not
always favorable because of high dosages. In cases such as this, ozone can be ap-
plied as a pretreatment [33].

There are two ways, either directly or indirectly, to carry out the oxidation of
pollutants or effluents:

* Direct Oxidation: In this process the ozone molecule can react directly with
other organic or inorganic molecules via electrophilic addition. The electro-
philic attack of ozone can happen to atoms with a negative charge density (N,
P, O or nucleophilic carbons) or to double or triple bonds of carbonocarbon,
carbon-nitrogen and nitrogen-nitrogen types.

* Indirect Oxidation: With this method ozone can react through radical reac-
tion (mainly OH) that is generated by the decomposition of ozone. The hy-
droxyl radical is a powerful and non-selective oxidant (E° = 2.80 V) that can
react through three distinct mechanisms:

— abstraction of hydrogen;

— transfer of electrons; or

— radical addition. The secondary radicals formed during these reactions can
again react with ozone or the other compounds.

According to Rodrigues (2004) [33], ozone studies in the treatment of efflu-
ents from the textile industry demonstrate the improvement in the coagulation
and flocculation process due to the formation of carboxylic and phenolic groups
after ozonization, which helps the adsorption of organic compounds and hy-

droxides metallic.

2.10. Heterogeneous Photocatalysis Process

Pruden and Ollis (1983) [34] demonstrated for the first time the application of
photocatalysis for decontamination of waste water, oxidizing chloroform by ir-
radiating a suspension of this compound with titanium dioxide (TiO,) by UV
light. Since then, this technique has been heavily researched due to its potential
for destruction of pollutants [1].

In general, the process is based on the irradiation of a photocatalyst (inorganic
semiconductor), in this case TiO,, whose photon energy must be greater than or
equal to band gap energy to excite the electron) of the semiconductor to trigger
the electronic transition. Thus, under irradiation, an electron is promoted from
the valence band (BV) to the conduction band (BC) forming oxidizing and re-

ducing sites that catalyze chemical reactions, oxidizing organic compounds to
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CO, and H,0, and reducing dissolved metals or other species present [11].

This process has the advantage that depending on the semiconductor used,
sunlight can be used as the energy source for semiconductor activation. Many
organic compounds are degradable in this process, for example alkanes,
chloraliphatics, alcohols, carboxylic acids, phenols, chlorophenols, herbicides,
surfactants and dyes, being destroyed with good efficiency over conventional
oxidation methods. TiO, stands out among the semiconductor oxides, being the
most used because of their non-toxic nature, low cost, water insolubility, pho-
tostability, chemical stability over a wide range of pH and possibility of activa-
tion by sunlight [1].

Although it is a highly efficient process, allowing the rapid mineralization of
chemical compounds, several practical problems limit the use of this process on
a large scale. Some limitations are related to the need for artificial sources of
radiation, since most of the photocatalysts present a band gap corresponding to
the ultraviolet region; difficulties in the penetration of radiation into the reaction
medium and difficulties in separating thephotocatalysts, since these are used in
the form of fine suspensions and; difficulties in the implementation of
large-scale continuous systems, mainly due to the previous drawbacks [8].

On an industrial scale, the limitations are in relation to the use of ultraviolet
light that makes treatment expensive, due to the need to construct stations that
use continuous sunlight; the immobilization of the semiconductor generates
losses in the photocatalytic activity; and there is a need to separate the fine par-
ticles from the catalyst [35].

Some alternatives are being studied to solve the presented problems, some of
them being the development of more efficient photocatalysts (doping); imple-
mentation of systems that operate with immobilized photocatalysts; and the use

of photocatalysts that can be activated by sunlight or by sensitizing systems [8].

3. Discussion

According to the literature cited in the reference, for effluent treatment, a very
effective solution is the use of combined processes in the treatment system. The
methods used complement the treatment, since the processes, when carried out
separately, may present deficiencies, which are remedied in the combined
processes.

Among the various methods of treatment of effluents, three of them are the
main factors, classifying them as physical, chemical and biological. To combine
the treatment of an effluent with these factors together, one must have in defini-
tion the objective that one wishes to attain in the treatment.

In the treatment of textile effluents, the combined process method proved to
be most suitable due to the presence of dyes in the effluent and which are highly
resistant to degradation in conventional treatment systems.

Therefore, a greater emphasis was placed on methodologies that combine bi-

ological processes with other physical or physico-chemical alternatives, such as
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flocculation, adsorption or electrochemical oxidation.

With very promising results, the combination of advanced oxidative processes
(AOPs), using hydrogen peroxide, ozone, ultraviolet light, TiO,, has been tested
as an alternative to currently established treatment processes.

Physical processes using membrane technologies combined primarily with
ozone have also received special attention because of the potential for reuse of
water. In addition, the combination of biological processes (anaerobic-aerobic)
is also useful as it allows for efficient discolouration, especially when azo dyes are
present in this effluent.

In the tests carried out, white decomposition fungi, when combined with bio-
logical and chemical methods, are very efficient in the discoloration of textile ef-

fluents and dyes.

4. Conclusions

Due to the complexity and difficulty of treating textile and industrial effluents in
general, new alternatives in methodologies for the treatment of these types of
tailings have been frequently sought.

We currently have a diversity in physical, chemical and biological methods
and the definition of the best or best methods to be used should be carried out
safely observing the specific objectives to be achieved with the treatment.

With the current knowledge and results, following a technological vision re-
garding industrial effluents, we must constantly follow through clean technolo-
gies, a search to minimize the generation of waste, the objective should be to
solve the problem inside the factory, in the point of generation, and not only af-

ter having already generated the effluent.
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