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Abstract: The textile industry is a signifi cant global water consumer, generating wastewater laden with pollut-
ants such as dyes, organic compounds, detergents, and heavy metals. The safe disposal and treatment of these ef-
fl uents are critical to mitigating severe environmental threats, including pollution of water bodies and health risks 
to humans and aquatic life. This paper reviews various methods for treating textile wastewater, focusing on the 
ecological and regulatory demands for sustainable water management. Traditional treatment approaches, of-
ten insuffi  cient, have driven the exploration of advanced and integrated wastewater treatment technologies. Key 
methods include physical, chemical, and biological treatments, alongside emerging techniques like membrane 
fi ltration, activated carbon adsorption, and advanced oxidation processes (AOPs). AOPs, particularly, off er high 
effi  ciency in removing non-biodegradable organic pollutants, making them a promising solution for the textile in-
dustry. This comprehensive review underscores the need for innovative, cost-eff ective, and eco-friendly treatment 
strategies to ensure sustainable operations and compliance with environmental standards.

Keywords: wastewater treatment, textile industry, advanced oxidation processes, membrane fi ltration, 
activated carbon adsorption, environmental sustainability.

OPTIMIZACIJA TRETMANA TEKSTILNIH 
OTPADNIH VODA: OD KONVENCIONALNIH DO 

INOVATIVNIH REŠENJA
Apstrakt: Tekstilna industrija je značajan globalni potrošač vode, koji generiše otpadne vode bogate zaga-
đivačima kao što su boje, organska jedinjenja, deterdženti i teški metali. Bezbedno odlaganje i tretman ovih 
otpadnih voda su ključni za ublažavanje ozbiljnih ekoloških pretnji, uključujući zagađenje vodenih tela i zdrav-
stvene rizike za ljude i akvatične organizme. Ovaj rad daje pregled različitih metoda tretmana otpadnih voda 
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iz tekstilne industrije, sa posebnim osvrtom na ekološke i regulativne zahteve za održivo upravljanje vodama. 
Tradicionalni pristupi, često nedovoljni, podstakli su istraživanje naprednih i integrisanih tehnologija preči-
šćavanja otpadnih voda. Najvažnije metode podrazumevaju fi zičke, hemijske i biološke, uz napredne tehnike 
kao što su membranska fi ltracija, adsorpcija aktivnim ugljem i napredni oksidacioni procesi. Naročito napred-
ni oksidacioni procesi nude visoku efi kasnost u uklanjanju nebiorazgradivih organskih zagađivača, što ih čini 
obećavajućim rešenjem za tekstilnu industriju. Ovaj sveobuhvatni pregled naglašava potrebu za inovativnim, 
isplativim i ekološki prihvatljivim strategijama tretmana kako bi se osigurale održive operacije i usklađenost sa 
ekološkim standardima.

Ključne reči: tretman otpadnih voda, tekstilna industrija, napredni oksidacioni procesi, membranska fi l-
tracija, adsorpcija aktivnim ugljem, ekološka održivost.

1. INTRODUCTION

The textile industry is one of the largest wa-
ter-consuming industries globally, generating waste-
water containing pollutants such as dyes, degradable 
organics, detergents, and heavy metals. Meeting the 
rising demand for water, driven by the worldwide 
expansion of industry, which in turn aff ects environ-
mental stability, ecosystem health, and long-term 
economic development is one of the most critical 
worldwide challenges. The release of textile effl  uents 
poses serious environmental threats, including pollu-
tion of water bodies, endangering human health and 
socioeconomic life of people, aquatic life, and plants 
due to the presence of carcinogenic, mutagenic, gen-
otoxic, cytotoxic, and allergenic pollutants. Ecological 
standards are gaining importance in every step of the 
textile unit, emphasizing the need for an eco-friendly 
model to overcome fl aws and adhere to environmen-
tal standards [1-4]. Diff erent stages of textile process-
ing, such as sizing, scouring, bleaching, dyeing, and 
fi nishing, consume substantial amounts of water, re-
quiring approximately 100-200 liters to process 1 kg 
of textile product [5,6]. Additionally, these processes 
generate multiple wastewater streams with unique 
properties depending on the materials, processes, 
and chemicals used. About 60-90% of the process 
water is utilized for rinsing and washing, which can 
be treated and recycled [7]. Contaminated water con-
taining dyes and various chemicals can also be treat-
ed using diff erent techniques to reclaim water and 
recover chemicals [8,9].

Historically, the primary aim of textile wastewater 
treatment was the safe disposal of wastewater. How-
ever, inadequate treatment and the subsequent dis-
charge of chemically contaminated water have result-
ed in severe pollution of aquatic ecosystems, posing 
signifi cant risks to both the environment and human 
health.

Eff orts to address these pollutants include the 
development of eco-friendly and cost-eff ective treat-
ment methods. The complex characteristics of textile 
wastewater, including high color, high biological oxy-
gen demand/ chemical oxygen demand (BOD/COD), 
and salt load, present challenges for eff ective treat-
ment [1,10]. Conventional treatment methods may 
have limitations in effi  ciently removing pollutants 
from textile effl  uents, leading to the need for multi-
step treatments and the exploration of innovative 
and emerging techniques [11,12]. Various treatment 
processes such as physical, chemical, biological, com-
bined, and other technologies are being explored to 
remove these pollutants from textile wastewater. Ad-
vanced treatment technologies such as membrane 
technology, activated carbon method, and advanced 
oxidation processes (AOPs) have shown promise in 
eff ectively removing pollutants from textile wastewa-
ter. Advanced oxidation processes (AOPs) have been 
identifi ed as eff ective techniques for treating textile 
pollutants due to their cost-eff ectiveness, high per-
formance, and lower consumption of materials and 
reagents [13].

The textile industry is focusing on sustainable 
wastewater treatment methods to reduce water foot-
print and operational costs, aligning with the recent 
shift towards environmentally friendly practices in 
business  [14]. This shift is motivated by strict global 
regulations that require sustainable water manage-
ment strategies, such as water reuse [15]. Conse-
quently, effi  cient treatment of textile wastewater has 
become a top priority for water experts and environ-
mentalists, who aim to ensure the textile industry op-
erates sustainably and mitigates environmental harm 
[16]. The selection of wastewater treatment modes 
signifi canly infl uences treatment cost and eff ective-
ness, playing a crucial role in the sustainable develop-
ment of the textile industry [17]. 



48

TEKSTILNA INDUSTRIJA · Vol. 72, No 3, 2024

The treatment of wastewater from the textile in-
dustry generally involves three main stages: prima-
ry, secondary, and tertiary treatment. Each stage re-
moves diff erent impurities, resulting in progressively 
cleaner water. The primary stage focuses on removing 
suspended solids, fl oating debris, and gritty materials. 
The secondary stage aims to reduce oxygen demand, 
chemicals, and the color of pollutants. Tertiary treat-
ment targets the elimination of any remaining con-
taminants after the primary and secondary stages.

Synthetic dyes are stable and non-biodegradable, 
which makes them challenging to remove through 
conventional physical, chemical, or biological meth-
ods. The primary and secondary stages of wastewater 
treatment have been well-established and standard-
ized over the years [18]. Despite these advancements, 
considerable eff ort has been dedicated to enhancing 
the tertiary stage of wastewater treatment, which fo-
cuses on removing any remaining contaminants after 
the initial treatments. Various tertiary treatment tech-
niques have been proposed to achieve the highest 
treatment effi  ciency [19,20].

Signifi cant eff ort has been devoted to developing 
advanced treatment methods that are eff ective, af-
fordable, fl exible, and user-friendly. However, many of 
these methods can be costly, especially when dealing 
with large volumes of waste. The following is an over-
view of treatment methods for wastewater from the 
textile industry. The aim is to highlight the potential 
of these methods to improve the purifi cation process 
and ensure compliance with environmental stand-
ards. This approach could accelerate the shift towards 
more sustainable water management practices.

2. TREATMENT METHODS FOR TEXTILE 
WASTEWATER

Selecting the appropriate method for treating 
textile wastewater depends on various factors, includ-
ing the production process, the chemicals used, and 
the composition of the wastewater. Other important 
considerations include discharge regulations, loca-
tion, business and operational costs, land availability, 
and the potential for reusing or recycling treated wa-
ter. It’s crucial to ensure that treated water, especially 
if intended for drinking, is colorless and free of toxic 
compounds to avoid additional treatment costs.

Wastewater from cotton dyeing industries is par-
ticularly polluted, with high levels of color, Biological 
Oxygen Demand (BOD), Chemical Oxygen Demand 
(COD), and total solids due to the presence of dyes 
and other chemicals. The color in the wastewater can 
interfere with photosynthetic activity and the devel-

opment of aquatic organisms, leading to environ-
mental imbalance. To address these issues, various 
treatment methods have been developed, including 
physical, chemical, and biological processes. Often, a 
combination of these methods is used to eff ectively 
and economically treat textile wastewater before it is 
discharged into rivers [21-23].

2.1. Physical treatment methods

Physical treatment methods remove substanc-
es from wastewater by using natural forces such as 
electrical attraction, gravity, and van der Waals forc-
es, or by employing physical barriers. These methods 
do not alter the chemical structure of the substances 
in the water. Occasionally, the physical state of these 
substances may change, or dispersed substances may 
coagulate [24].

2.1.1 Adsorption

Adsorption methods hold signifi cant promise for 
future industrial wastewater treatment due to their ef-
fectiveness in removing organic and mineral contam-
inants, simplicity, and low cost. This process involves 
the removal of soluble molecules (adsorbates) from a 
solution by attaching them to the surface of a solid 
substrate (adsorbent). Adsorption of textile dyes or 
heavy metals can occur through physical adsorption, 
driven by Van der Waals forces and hydrogen bonds, 
or through chemical adsorption, involving reactions 
or complex formations between the adsorbent and 
the adsorbate.

Biosorption is a specifi c type of adsorption that 
occurs on living or dead microbial cells, trapping dyes 
and pollutants within the microbial biomass without 
breaking the dye’s physical structure [25]. Common 
adsorbents include activated carbon, biochar, chi-
tosan, clay, resins, and zeolite. Researchers are also 
exploring low-cost adsorbents based on diff erent 
waste materials such as those derived from agricul-
tural waste for the simultaneous removal of heavy 
metals and organic dyes [26,27] as well as waste cot-
ton and cotton/polyester yarns combined with fl y ash 
from thermal power plant for heavy metals removal 
[28]. Nanoparticles, with their large surface area and 
porosity, off er better eff ectiveness and faster removal 
rates than traditional adsorbents [29,30]. Metal oxide 
composites have also shown greater adsorption ef-
fectiveness compared to single metal oxides [31].

Several key factors infl uence the adsorption pro-
cess, including particle diameter, adsorbate concen-
tration, temperature, and pH. Adsorption has gained 
signifi cant interest for its high effi  ciency in decoloriz-
ing wastewater containing various dyes. However, it is 
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a time-consuming process, and managing the sludge 
byproduct can be challenging. Despite these chal-
lenges, ongoing research is focused on developing 
effi  cient, low-cost adsorbents and improving adsorp-
tion techniques to enhance the overall process.

Adsorption on activated carbon

Activated carbon is a microporous, homogeneous 
material characterized by a large specifi c surface area, 
where 1 g can have a surface area of up to 500 m². 
It is produced from bituminous coal, coconut shells, 
wood, and anthracite through thermal or chemical 
activation processes. Although it is not eff ective in re-
moving all contaminants, activated carbon excels at 
binding with substances in liquid, solid, and gaseous 
states.

When treating wastewater from the textile in-
dustry, activated carbon is particularly eff ective at 
removing chlorophenols, chlorinated hydrocarbons, 
dyes (color), surfactants, and substances that cause 
unpleasant odors. Additionally, it signifi cantly reduc-
es contamination from metals such as copper (Cu), 
mercury (Hg), and lead (Pb), as well as disinfection 
byproducts.

Mechanism of dye adsorption on activated car-
bon during textile wastewater treatment is schemati-
cally presented in Figure 1 [32].

Activated carbon is available in two primary 
forms: powdered (PAC - Powdered Activated Carbon) 
and granular (GAC - Granular Activated Carbon) with 
a diameter of 1.2-1.6 mm. The treatment process 
typically occurs in adsorption columns packed with 
activated carbon, usually utilizing GAC, which simul-

taneously fi lters the water and conducts adsorption. 
The fl ow of wastewater through the columns can be 
either downward or upward.

One of the advantages of using GAC is that it can 
be regenerated, which involves washing with acids or 
alkalis, steam, organic solvents, or thermal treatment. 
This regeneration process can result in a 10% loss of 
the adsorbent, but it signifi cantly reduces the prob-
lems and costs associated with the disposal and man-
agement of contaminated adsorbent. Furthermore, it 
lowers the cost of acquiring new adsorbent by up to 
50% [33].

2.1.2 Membrane fi ltration

In the textile industry, membrane technology 
proves to be highly versatile and practical. This ap-
proach is both cost-eff ective and energy-effi  cient, 
requiring fewer chemicals and less equipment. These 
factors contribute to its eff ectiveness in removing 
various dyes and contaminants from wastewater, en-
abling signifi cant water reuse.

The core component of these operations is the 
membrane, a thin fi lm that acts as an interface sep-
arating two phases and serves as either an active or 
passive physical barrier to the transfer of substances 
between these phases. This separation process in-
volves semipermeable membranes, which rely on 
a diff erence in chemical potential between the two 
phases. The size of the membrane pores is crucial in 
defi ning the separation process.

Membranes are primarily composed of polymers, 
which can be derived from modifi ed natural and syn-
thetic materials such as cellulose acetates, polyamide, 

 

Figure 1: Mechanism of textile dye adsorption on activated carbon [32]
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polysulfone, acrylonitrile, polyethersulfone, Tefl on, 
nylon, polypropylene, and polycarbonate. Inorganic 
membranes are typically ceramic and are made from 
oxides, nitrides, and carbides of metals like aluminum 
(Al), zirconium (Zr), and titanium (Ti). These ceramic 
membranes are used for separating organic solvents, 
a task that polymeric membranes cannot perform as 
they would dissolve in the process. Based on their ge-
ometry, membranes are categorized as either fl at or 
cylindrical, with the latter being further divided into 
tubular forms or hollow fi bers.

There are several types of membrane fi ltration 
available, as illustrated in Figure 2. Generally, micro-
fi ltration and ultrafi ltration alone do not effi  ciently 
treat wastewater. Therefore, these processes are of-
ten followed by nanofi ltration and reverse osmosis to 
achieve superior results.

Microfi ltration

Microfi ltration membranes feature pores that 
range in size from 0.1 to 10 m, evenly distribut-
ed across the membrane. This technology primarily 
works through a sieving process to separate macro-
molecules, colloids, and suspended particles from 
solutions. It is frequently employed in various fi l-
tration applications but has limited eff ectiveness in 
treating textile wastewater due to its similarity to tra-
ditional fi ltration methods.

In textile wastewater treatment, microfi ltration is 
often used to process dye baths containing dye pig-
ments, with pore sizes around 0.1–1 m. Additionally, 
it serves as a pretreatment step before processes like 
reverse osmosis or nanofi ltration [34].

Ultrafi ltration

Ultrafi ltration (UF) membranes typically have 
pore diameters between 2 and 10 nm and operate 
best under a pressure gradient of around 25 bar. UF is 
commonly used to remove undissolved or suspended 
particles and to retain macromolecules and colloids 
in water. These membranes are usually made from 
synthetic polymers such as polyvinyl chloride (PVC), 
polyamides (PA), and polyacrylonitrile (PAN).

In textile wastewater treatment, UF membranes 
can struggle to eff ectively fi lter dye molecules that are 
smaller than the membrane pores. While enhanced 
UF methods with aggregation have been explored for 
dye removal, they are not widespread. UF can separate 
macromolecules and particles sized between 1 nm and 
0.05 m but does not eff ectively remove dissolved pol-
lutants like dyes, limiting its ability to prepare water for 
sensitive applications such as textile fabric dyeing [35]. 
UF is often combined with biological reactors or used 
as a pretreatment for reverse osmosis.

Figure 2: Types of membrane fi ltration with their advantages and disadvantages
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Nanofi ltration

Nanofi ltration (NF) is a highly promising method 
for treating textile effl  uent. NF membranes have an 
average pore size of around 1 nm and operate under 
pressures of 5–35 bars. They eff ectively fi lter small 
organic molecules and ions sized between 10-9 and 
10-8 m. NF membranes are particularly eff ective at re-
jecting divalent and trivalent ions due to the formal 
charges on the NF membrane polymers.

Nanofi ltration stands out because it requires 
minimal maintenance, has low discharge volumes, 
high solvent permeability, scalability, and produces 
high-quality water suitable for reuse. However, opera-
tional challenges such as fouling and salt breakdown 
can complicate its use, especially in the presence of 
salts. NF is typically used after biological treatment or 
ultrafi ltration and sometimes before reverse osmosis 
to enhance performance [36,37].

In textile effl  uent treatment, NF handles solutions 
of nanometer-sized particles with retention weights of 
about 80–1000 da. A combination of adsorption and 
nanofi ltration can be used to manage polarization con-
centration during fi ltration processes. NF membranes 
eff ectively retain low molecular weight divalent ions, 
large monovalent ions, hydrolyzed reactive dyes, and 
other dyeing auxiliaries. This method is an effi  cient and 
environmentally favorable solution for treating com-
plex and highly concentrated textile effl  uents.

Reverse Osmosis

Reverse osmosis (RO) involves membranes that 
are permeable to water but impermeable to salt or 
contaminant molecules. By applying pressure to the 
high-concentration side, water is forced through the 
semipermeable membrane to the low-concentration 
side, leaving pollutants behind. Although it is an en-
vironmentally friendly method with high removal ef-
fi ciency, RO requires a signifi cant hydrostatic pressure 
gradient (20–80 bar), leading to high energy consump-

tion. Given the high conductivity of textile wastewater, 
RO is often necessary for eff ective water recovery [38].

RO can decolorize and remove chemical com-
pounds from dye house wastewater in a single step, 
achieving retention rates of 90% or higher for most 
ionic compounds. This process excludes all mineral 
salts, hydrolyzed reactive dyes, and chemical com-
pounds. The osmotic pressure needed for separation 
correlates directly with the concentration of dissolved 
salts, aff ecting the energy required.

2.2. Chemical treatment methods

During wastewater treatment, various chemicals 
are used to speed up the disinfection process. These 
chemical methods, known as chemical unit process-
es, involve a range of chemical reactions and are of-
ten used in combination with physical and biological 
processes. Common chemical treatment methods 
include coagulation, fl occulation, chemical precipi-
tation, chemical oxidation, and advanced oxidation 
processes (AOPs). Techniques such as electrochemical 
treatments and Fenton oxidation are also frequently 
employed to treat textile wastewater [24].

2.2.1 Conventional chemical methods

The coagulation/fl occulation (CF) process is widely 
used for dye removal from wastewater, particularly in 
the textile industry, due to its cost-effi  ciency and ease 
of operation. This method is commonly employed to 
destabilize particles or colloids, making it an eff ective 
approach for purifying residual dye baths. For example, 
it is used to treat wastewater from a cotton/polyamide 
blend dyed black. The process relies on the addition 
of coagulants, which associate with pollutants to form 
coagulates or fl ocks. These then precipitate and are re-
moved by fl otation, settling, fi ltration, or other physical 
technologies, ultimately forming sludge that requires 
further treatment to reduce its toxicity [39,40]. The 
schematic presentation of the coagulation/fl occulation 
process is given in Figure 3.

Figure 3: Scheme of the coagulation/fl occulation process
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Various coagulants play critical roles in the CF process, 
including inorganic coagulants such as iron and alu-
minum salts, which are widely used in textile waste-
water treatment [41,42]. However, the use of these 
conventional coagulants poses environmental and 
health risks, prompting the search for safer alterna-
tives. Environmentally friendly substances, such as 
chitosan, Moringa oleifera seeds, tannins, and Jat-
ropha curcas seeds, are being increasingly studied as 
viable options [43].

In addition to dye removal, the CF process is eff ec-
tive in reducing Biological Oxygen Demand (BOD), 
Chemical Oxygen Demand (COD), Total Dissolved 
Solids (TDS), and color from effl  uents. However, the 
method has its drawbacks, particularly the high cost 
associated with treating the resulting sludge and the 
restrictions on its disposal into the environment. De-
spite these challenges, CF remains a widely adopted 
method for treating textile wastewater, with ongoing 
research focused on improving its effi  ciency and sus-
tainability.

2.2.2 Electrochemical processes

Electrochemical processes are highly eff ective in 
wastewater treatment, particularly for the discolor-
ation and breakdown of reactive dyes. These dyes, 
known for their vibrant and durable color proper-
ties, account for approximately 20-30% of the total 
dye market. Reactive dyes are challenging to remove 
because traditional biological treatments are often 
inadequate, and physicochemical processes tend to 
leave behind residues that need additional treatment. 
Additionally, absorbent materials used in these pro-
cesses require regeneration after several uses. The 
effi  ciency of electrochemical treatments in handling 
reactive dyes is signifi cant because these dyes are not 
only resistant to biodegradation but also pose envi-
ronmental risks due to their stable chemical struc-
tures. The electrochemical approach addresses these 
challenges by decomposing the dyes into non-toxic 
substances. Moreover, the versatility of electrochem-
ical processes allows for the simultaneous removal of 
various contaminants, including heavy metals, which 
are common in industrial wastewater.

One of the main advantages of electrochemical 
processes is their ability to achieve high removal ef-
fi ciencies without the need for extensive chemical 
additives. This reduces the secondary pollution often 
associated with chemical coagulation and other tra-
ditional methods. Additionally, electrochemical sys-
tems can be designed for continuous operation, mak-
ing them suitable for industrial-scale applications.

Electrocoagulation

Unlike chemical coagulation, electrocoagulation 
does not rely on chemicals and is more eff ective at re-
moving a wide variety of pollutants. This method can 
eliminate heavy metals, suspended solids, bacteria, 
COD, BOD, pesticides, and herbicides more effi  ciently 
than chemical coagulation. Electrocoagulation works 
by using electrical energy to break down substances; 
a direct current is passed through metal electrodes, 
generating charged metal atoms that bind with dis-
solved contaminants, causing them to precipitate out 
of the solution [44].

The reactions in the electrocoagulation process 
can be summarized as follows:

Anode half-cell reaction: 

M  Mn+ + ne-

Cathode half-cell reaction: 

2H2O + 2e-  2OH- + H2

Formation of metal hydroxide: 

Mn+ + nOH-  M(OH)n

Electrocoagulation can be carried out in either 
batch or continuous modes. Batch processes are typ-
ically used in laboratory settings, while continuous 
processes are better suited for industrial applications 
due to easier control over operational parameters, 
which enhances effi  ciency.

However, this method has some drawbacks, such 
as the frequent need to replace electrodes and the 
potential formation of toxic organic compounds. Ad-
ditionally, an impermeable oxide layer can form on 
the cathode, creating resistance to the electric cur-
rent, increasing power consumption, and raising op-
erational costs [33].

Despite these challenges, electrocoagulation of-
fers signifi cant advantages, including the capability 
to treat large volumes of water at a low cost, reduced 
waste sludge generation compared to traditional co-
agulation, and simpler sludge treatment, which low-
ers disposal costs. With an effi  ciency rate of over 95%, 
electrocoagulation is an excellent pretreatment step 
for membrane technologies that require high-quality 
water.

2.2.3 Advanced oxidation processes

Advanced Oxidation Processes (AOPs) off er a 
highly eff ective alternative to traditional wastewater 
treatment methods. These processes rely on the gen-
eration and use of highly reactive free radicals, espe-
cially hydroxyl radicals, which can oxidize and remove 
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even the most stubborn, non-biodegradable organic 
compounds found in wastewater. The most promi-
nent and widely studied AOPs include ozone oxida-
tion (O3), ozone oxidation combined with hydrogen 
peroxide (H2O2), ultraviolet (UV) radiation, and the 
photo-Fenton process. These methods are often used 
in conjunction with high pH ozonation and the Fen-
ton process to enhance their eff ectiveness.

AOPs are particularly effi  cient in treating waste-
water from the textile industry, where they excel at re-
moving dyes and organic components that are either 
slowly biodegradable or entirely non-biodegradable. 
For example, ozonation at high pH values allows for 
rapid decolorization of textile wastewater, while the 
combination of UV radiation and hydrogen peroxide 
enhances the degradation of persistent pollutants. 
The photo-Fenton process, which uses a combination 
of ferrous sulfate and hydrogen peroxide in the pres-
ence of UV light, enables high effi  ciency in the oxida-
tion of organic compounds and reduction of chemical 
oxygen demand (COD).

Additional potential of AOPs lies in their ability to 
integrate with other treatment methods to achieve 
even higher levels of effi  ciency. For instance, after 
applying AOPs, the treated water can be further pro-
cessed using membrane technologies or biological 
processes to achieve complete elimination of pollut-
ants and allow for water reuse. In this way, advanced 
oxidation processes not only improve the quality of 
wastewater but also contribute to sustainable water 
resource management in the textile industry.

Ozonation

Ozonation is a highly eff ective method for treat-
ing textile wastewater due to ozone’s excellent solu-
bility in water and its potent disinfection capabilities. 
One of the key challenges in the ozonation process 
is the mass transfer of ozone from the gas phase to 
the liquid phase, which can infl uence the overall ef-
fi ciency of the treatment. The eff ectiveness of ozone 
treatment is highly dependent on the characteristics 
of the wastewater, including pollutant concentration 
and pH value.

The scheme of the ozonation process iz given in 
Figure 4 [11].

Ozonation is an environmentally friendly treat-
ment method as it does not produce harmful residues 
or chlorinated byproducts after oxidizing color, odor, 
and microorganisms. Typically, this process is per-
formed under alkaline conditions (pH > 9) because 
ozone decomposes more rapidly at higher pH levels, 
enhancing its eff ectiveness. Ozone oxidizes inorganic 

and dissolved organic substances through two prima-
ry mechanisms [45]:

1. Direct reaction by ozone molecules- This 
reaction is more selective, occurs slowly 
and is favored in acidic conditions.

2. Indirect reaction by free radicals (e.g., 
OH• and HOO•)- This reaction is less 
selective but occurs more rapidly, and is 
favored in basic conditions.

Therefore, the reaction pathway and overall effi  -
ciency of ozonation depend on the medium’s pH and 
the ozone dosage used [46].

Ozone is typically produced by corona discharge 
or UV radiation and introduced into the wastewater 
reactor using a diff user or turbine mixer. Optimizing 
process parameters such as temperature, pH value, 
and ozone dose can signifi cantly enhance treatment 
effi  ciency [33]. Any remaining ozone that is not con-
sumed in the process is safely destroyed using a ther-
mal catalytic unit.

The introduction of ozone into wastewater not 
only reduces the toxicity of textile dyes but also en-
hances their biodegradability. This leads to a signifi -
cant reduction in the content of toxic substances in 
the wastewater.

Advantages of ozonation include its simplicity, the 
elimination of conventional coagulation processes, 
and its ability to remove pesticides and organic com-
pounds. Additionally, ozonation eff ectively reduces 
BOD, COD, TOC, and the organic load for secondary 
biological treatment, making it an integral part of 
advanced wastewater management. Furthermore, 
ozonation can be integrated with other treatment 
processes to achieve comprehensive purifi cation, en-
suring that the treated water meets environmental 
safety standards.

 
Figure 4: Scheme of the ozonation process [11]
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Photocatalysis

Photocatalytic oxidation is highly eff ective for de-
grading a variety of organic and inorganic pollutants 
in wastewater. It is particularly popular in the textile 
industry due to its unique benefi t of optical absorp-
tion, a feature not found in other Advanced Oxidation 
Processes (AOPs). This process involves using a semi-
conductor as a catalyst to generate free radicals, like 
hydroxyl radicals (OH•), which oxidize organic com-
pounds and convert them into non-toxic substances 
such as carbon dioxide (CO2) and water (H2O) through 
photon absorption. The basic mechanism of this pro-
cess is illustrated in Figure 5 [47].

Figure 5: Scheme of the photocatalytic oxidation 
basic mechanism [47]

Several semiconductor oxides display signifi cant 
photocatalytic activity, with nano-TiO2 standing out 
due to its numerous advantages, including chemical 
and biological inertness, low cost, ease of produc-
tion and application, non-toxicity, and environmen-
tal acceptability. TiO2’s photocatalytic properties are 
due to the generation of photo-generated holes (h+) 
and electrons (e-) when ultraviolet light is absorbed 
at an energy level matching its bandgap energy (Ebg). 
When the surface of TiO2 is irradiated with light en-
ergy equal to or greater than its Ebg, electrons are ex-
cited from the valence band to the conduction band, 
creating positive holes in the valence band. These 
electron-hole pairs (h+e-) can either recombine, re-
leasing heat, or migrate separately to the semicon-
ductor surface where they react with adsorbed spe-
cies. Positive holes react with water molecules to pro-
duce hydroxyl radicals (OH•). These holes and radicals 
oxidize organic molecules on the TiO2 surface, while 

electrons reduce oxygen to form superoxide radical 
anions (O2•−). If oxygen reduction and pollutant ox-
idation do not occur simultaneously, electron accu-
mulation in the conduction band leads to recombi-
nation of electron-hole pairs, reducing the effi  ciency 
of photocatalysis [48].

A successful photocatalytic system relies on the 
catalyst, light source, and reactor confi guration. Given 
that this process depends on light, the reactor or pho-
tocatalyst can be designed to use sunlight, which is a 
readily available energy source, to drive the reaction 
and reduce costs [49]. The type of radiation and the 
placement of the light source within the reactor sys-
tem are critical for eff ective reactor design. In hetero-
geneous semiconductor photocatalysis, the design is 
more complex than in traditional homogeneous pro-
cesses due to the presence of a solid photocatalyst. 
Despite this complexity, photocatalysis is among the 
most eff ective methods for removing dyes and reduc-
ing Biochemical Oxygen Demand (BOD) and Chemi-
cal Oxygen Demand (COD) in wastewater from the 
textile industry.

2.3. Biological treatment methods

Biological degradation of dyes is an environmen-
tally friendly technique for removing dyes from textile 
wastewater. This method is cost-eff ective and can be 
performed under optimal conditions with minimal 
operational costs. Ali recommends using biomateri-
als such as algae, bacteria, fungi, and yeasts, which 
can decompose and absorb various synthetic dyes, to 
achieve eff ective biological degradation.

Biological treatment methods are particularly ef-
fective and environmentally sustainable for handling 
textile wastewater. These methods utilize bacteria to 
remove dyes from wastewater through discoloration 
processes that occur under both anaerobic and aer-
obic conditions. Compared to clarifl occulator treat-
ment methods, biological approaches are more effi  -
cient in removing dissolved materials by mimicking 
natural self-purifi cation processes [22,50].

The effi  ciency of biological treatments depends 
on the ratio of organic load to biomass in oxidation 
ponds, as well as the temperature and oxygen concen-
tration. Aeration increases biomass concentration in 
the oxidation pond but must be controlled to prevent 
disrupting the biomass. Biological treatment process-
es are divided into aerobic and anaerobic methods, 
with aerobic treatment being the most widely used 
due to its high effi  ciency and broad applications.
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2.3.1 Sequencing batch reactor 
activated sludge process

In a Sequential Batch Reactor (SBR), a discontinu-
ous biological wastewater treatment process occurs 
using activated sludge. This represents a modifi cation 
of the activated sludge process (ASP), the usually ap-
plied aerobic method that removes both the dissolved 
organic solids and the suspended solids. The activat-
ed sludge contains heterotrophic microorganisms, 
with bacteria playing the most crucial role, compris-
ing about 95% of the total biomass. Besides breaking 
down organic and inorganic pollutants in the water, 
some bacteria can secrete extracellular sticky polymer-
ic substances (polysaccharides and/or polypeptides), 
which enable the formation of activated sludge fl ocs, 
where degradation occurs both on the surface and 
within the fl ocs. The process primarily involves aerobic 
oxidation reactions of organic pollutants and anaero-
bic denitrifi cation. To maintain the necessary oxygen 
concentration for oxidation, as well as for the exchange 
of substrates and metabolites, aeration of the activat-
ed sludge suspension and wastewater is required. The 
prerequisite for the denitrifi cation process, which is the 
reduction of nitrites and nitrates to atmospheric nitro-
gen, is the lack of oxygen; thus, the process in the SBR 
involves alternating aerobic and anaerobic conditions. 
The procedure consists of fi lling the reactor, carrying 
out aerobic and anaerobic reactions, sedimentation, 
decanting or discharging treated water, and removing 
excess activated sludge from the reactor. After sedi-
mentation, the purifi ed water is discharged, and the 
sludge remains stored at the bottom of the basin. Ex-
cess sludge is removed using pumps or an air lift during 
the resting phase. After resting, the tank is refi lled with 
wastewater, and a new cycle begins. In an SBR-based 
treatment plant, processes are carried out in a single 
volume within specifi ed time periods for the various 
previously mentioned cycles. Oxygen supply is provid-
ed by an aeration system, and bacteria oxidize organic 
substances as in conventional activated sludge plants, 
but only during part of the treatment [24].

Shematic presentation of the operation of the 
SBR, consisting of six phases: 1. water infl ow (fi lling 

the reactor), 2. mixing, 3. aeration, 4. sedimentation 
and decanting, 5. discharge of treated water and re-
moval of excess activated sludge, and 6. resting, is 
given in Figure 6.

Figure 6: SBR operating cycle

The advantages of the SBR process lie in its eff ec-
tive control and fl exibility in handling a variety of pol-
lutants, allowing compliance with increasingly strin-
gent regulations regarding wastewater discharge. 
The main disadvantage is the slow rate of microbial 
degradation, resulting in a treatment duration of up 
to 30 hours [33].

2.3.2  Membrane Bioreactor

A Membrane Bioreactor (MBR) is a combination 
of a conventional biological wastewater treatment 
system (bioreactor) with activated sludge and a mem-
brane fi ltration unit (microfi ltration and ultrafi ltra-
tion). By incorporating the membrane component 
into the reactor, the need for a separate secondary 
clarifi er and additional fi ltration of the wastewater is 
eliminated. Figure 7 illustrates the wastewater treat-
ment process in MBR in a traditional activated sludge 
system compared to MBR technology [51].

Figure 7: Wastewater treatment in MBR [51]
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By aer  ating the water and maintaining an optimal 
concentration of activated sludge for the growth of 
microorganisms for 10-15 days in the bioreactor ba-
sin, a suffi  cient number of microorganisms are estab-
lished, which can effi  ciently treat all the present or-
ganic matter in the wastewater within a short period. 
The concentration of activated sludge ranges from 8.0 
to 12.0 g of dry matter per liter, compared to 2.0 to 3.0 
g of dry matter per liter in conventional systems. The 
higher biomass concentration ensures better removal 
of dissolved and suspended biodegradable substanc-
es from wastewater with increased organic content. 
Extended retention time of activated sludge (more 
than 15 days) also facilitates the nitrifi cation process, 
even during cold weather.

After biological treatment, the water passes 
through membranes that retain microorganisms and 
residual organic and inorganic substances while allow-
ing high-purity water to pass through. The cleaning of 
the separation system – microfi ltration membranes – is 
performed through backwashing at short intervals.

The use of membrane bioreactors is on the rise and 
will continue to be employed wherever high-quality 
effl  uents are required, whether due to sensitive nat-
ural receivers or for water reuse as process water. The 
increasing effi  ciency of MBR technology, along with 
the growing interest in water for both industrial (re-
use and recycling technology) and human consump-
tion, indicates a bright future for this method [51,52].

3. CONCLUSION

The treatment of wastewater from the textile 
industry presents signifi cant challenges due to the 
complex and variable nature of the effl  uents, which 
often contain high levels of color, BOD/COD, and salt 
load. Untreated textile wastewater can lead to severe 
environmental pollution, adversely aff ecting aquatic 
life, ecosystems, and human health due to the pres-
ence of dyes, heavy metals, and other hazardous 
substances. This review has highlighted several ef-
fective treatment methods. Conventional treatment 
methods have limitations in eff ectively removing all 
pollutants, necessitating the use of multistep treat-
ments and the exploration of innovative and emerg-
ing techniques. The innovative approaches aim to 
improve the purifi cation process, ensuring that the 
treatment of wastewater from the textile industry 
meets the stringent standards required for environ-
mental sustainability. Future research should focus on 
optimizing these treatment technologies to enhance 
pollutant removal effi  ciency and develop sustainable 
water management practices. Emphasis should be 

placed on economically viable and environmental-
ly friendly methods, including zero liquid discharge 
and resource recovery, to align with the global shift 
towards sustainable practices.
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