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Abstract
Organic pollutants, such as dyes and colorants, are water-soluble compounds produced by various industries, including textiles,
food, cosmetics, pharmaceuticals, printing, paints, leather, and plastics. Dyes are of particular concern because their stable aromatic
structures make them toxic, mutagenic, and carcinogenic to living organisms. Therefore, environmental scientists have focused
on developing various physical, chemical, and biological treatment processes to remove these contaminants from wastewater. The
conventional techniques, such as coagulation, flocculation, precipitation, photocatalytic degradation, ion exchange, and membrane
filtration, have been widely adopted. More recently, biomass-based waste materials such as bagasse, green algal biomass, and
household vegetable and agricultural residues have been investigated as promising, low-cost, and sustainable adsorbents for dye
removal. In addition, nanomaterials such as zinc oxide, titanium dioxide, silica powder, carbon nanotubes, and well-structured
biocomposite materials have also shown great potential in wastewater treatment. This review examinesmajor treatment technologies
and highlights their merits and limitations, supported by comparative tables and illustrative figures.
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1. Introduction

A dye is a colored substance, soluble in water or other
solvents, that forms chemical bonds with textiles, paper,
or leather to impart color to these materials [1]. Dyes are
mainly divided in natural dyes and synthetic dyes. Most
of the natural dyes are derived from natural resources
like flowers, bark, plants, animals, and minerals. Natu-
ral dyes are generally biodegradable and typically offer
a narrower color range and lower durability. In contrast,
synthetic dyes are chemically produced from petrochem-
icals and coal tar derivatives, which offer a wider color
range and higher durability [2]. Synthetic dyes are a
relatively recent discovery, and their large-scale produc-
tion commenced in response to the growing demand for
dyes [3]. In 1856, WH Perkin made a groundbreaking
contribution by inventing a wide range of synthetic dyes,
offering vibrant and colorfast shades for various applica-

tions [4]. While this invention resolved the limitations
associated with natural dyes, new challenges emerged as
industries using these synthetics started to discharge into
the open environment without performing waste dye treat-
ment. Approximately 700,000 tons of various coloring
agents, derived from around 100,000 commercially avail-
able dyes, are produced annually. However, untreated dye
effluents are frequently discharged into rivers, ponds, and
lakes. Globally, the textile sector accounts for the largest
share of wastewater discharge (54%), followed by the pulp
and paper industry (21%), paint and tannery industries
(10%), and synthetic dye plants (7%) [5]. The remain-
ing ~8% arises from other sectors, which also contribute
to dye-effluent generation through their respective pro-
cesses. Figure 1 shows the demographic representation of
different industrial contributions to dye effluents. The ex-
tensive use of dyestuffs in various textile processes results
in the generation of large volumes of dye-contaminated
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wastewater [6]. Since the textile industry consumes var-
ious kinds of dyes and chemicals, which involve sig-
nificant amounts of water in different unit operations,

more than 75% of residual dye mixtures are discharged
untreated into rivers, severely affecting aquatic organ-
isms [7].

Figure 1: Demographic representation of different Industrial contribution of dye effluents.

A range of dye-removal methods has been docu-
mented, with varying performance and drawbacks. How-
ever, although a variety of viable technologies exist, not
all of them prove effective or practical due to inherent
limitations. Figure 2 presents a schematic representa-
tion of different types of dye effluents obtained from
various industrial sources. The emphasis must be on
eliminating contaminants from wastewater without pro-
ducing additional hazardous by-products [8]. Synthetic
dyes have become essential components, widely used to
impart color to textiles, cosmetics, plastics, and print-
ing materials [9]. This widespread application is pri-
marily due to their inherent resistance to degradation, as
their complex and stable molecular structures contain aux-
ochromes (water-soluble bonding groups) and chromo-
spheres (color-imparting groups) [10]. This structural
complexity complicates the degradation of dyes through
conventional treatment methods. To ensure that dyed ma-
terials retain their color and do not fade easily, even un-
der extreme heat, exposure to oxidizing agents, or intense
light, dyes are deliberately designed for high stability [11].

However, the dye effluents as industrial waste trans-
form clean water into contaminated water in the river.
This dye reduces the dissolved oxygen (DO) levels, which

in turn increases the biological oxygen demand (BOD)
and causes odor formation, thereby adversely affecting
nearby aquatic ecosystems and human populations [12].
Since most of the village population or poor communities
live near riverbanks, there is a risk of becoming sick from
unknowingly consuming contaminated water [13]. The
gradual degradation of the environment negatively affects
human health, leading to conditions such as skin disorders,
respiratory difficulties, nausea, and vomiting [14]. These
water contamination issues have gained attention over the
past 30 years as health problems have become more appar-
ent. Subsequently, efforts were made to gather informa-
tion on dyes, their applications, and methods to remove
them [15]. A recent review analyzed publication trends
in water-treatment technologies from 2015 to 2024. Fig-
ure 3a illustrates the absolute number of published papers,
indicating that adsorption remains the most researched
technique, with the number of publications steadily in-
creasing from approximately 120 in 2015 to over 260 in
2024. Reverse osmosis andmembrane filtration also show
consistent growth, followed closely by coagulation& floc-
culation, and a notable rise in ultra- and nano-membranes,
especially after 2020 [16]. Ion exchange maintains a
moderate presence, while irradiation consistently has the
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fewest publications. Figure 3b illustrates the percentage
share of publications per technology over time, showing
that although adsorption dominates in absolute numbers,
its percentage share is slowly declining due to the increas-

ing contribution of other technologies [17]. Notably, ultra-
and nano-membranes show a significant upward trend in
percentage share, reflecting growing research interest.

Figure 2: Diagram for representation of different types of dye effluents obtained from various resources.

Figure 3: (a) Bibliography of publications (technology-wise) (b) the percentage share of publications based on dye removal [2–30].

Meanwhile, reverse osmosis, coagulation & floccu-
lation, and ion exchange show a steady to slight decline
in percentage contribution over the years [18]. This re-
view evaluates physical, chemical, and biological treat-
mentmethods, including coagulation, flocculation, precip-
itation, ion exchange, membrane filtration, and photocat-
alytic degradation [19]. In addition, it seeks to explore the

potential of emerging low-cost and eco-friendly materials,
including biomass-based waste like bagasse, green algal
biomass, and agricultural residues, as well as advanced
materials like carbon nanotubes, zinc oxide, titanium diox-
ide, silica powder, and engineered biocomposites for im-
proving the efficiency and sustainability of dye removal
from wastewater [20].
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1.1. Various Dyes and Their Applications

Synthetic dyes can be classified based on their molecular
structure, application, or solubility. Soluble dyes include
categories like acid, basic, direct, mordant, and reactive
dyes, while insoluble dyes encompass azo, disperse, sul-
fur, and vat dyes [21]. Among these, azo dyes stand out as
the most widely produced type, accounting for 70% of the
total production and being extensively applicable world-
wide [22].

Despite their structural diversity, all synthetic dyes
share a common drawback due to their hazardous nature.
Figure 4 shows the various types of dyes used in differ-
ent applications. So, it is necessary that untreated wa-
ter should not be discharged into the atmosphere where
it can contaminate water sources due to its toxicity [23].
Some names of essential types of dye, like reactive dyes,
are water-soluble colorants that form covalent bonds with
hydroxyl groups in cellulose or amino groups in proteins,
giving them high wash fastness and bright shades. They
are extensively applied to printing inks, silk, wool, cel-
lulosic fibers, and cotton [24]. Solvent dyes, such as Sol-
vent Red 26 and Solvent Blue 35, are non-polar and water-

insoluble, which allows them to dissolve in organic sol-
vents. This makes them particularly suitable for color-
ing lubricants, oils, waxes, plastics, and varnishes, where
good solubility and transparency are required. Sulfur
dyes, with Sulfur Black being the most common, are ap-
plied to rayon, silk, wood, leather, paper, and polyamide
fibers [25]. These dyes are typically insoluble in wa-
ter and must first be reduced in an alkaline solution of
sodium sulfide to a soluble form. Afterward, they pene-
trate the fiber and are re-oxidized to their original insolu-
ble form, producing excellent wash durability. Vat dyes,
such as Vat Blue 4 (indanthrene), rely on a reduction–
oxidation process: they are first reduced to a soluble
leuco form, which allows them to penetrate fibers such as
cotton, cellulosic fibers, rayon, polyester–cotton blends,
and wool, before being oxidized back to their insoluble
state within the fabric. Azo dyes, characterized by their
–N=N– azo linkage, are widely used due to their versa-
tility and bright color range, including bluish-red shades.
They are applied to cotton, rayon, polyester, cellulose, and
acetate, and their chromophore–auxochrome system pro-
vides good strength [26].

Figure 4: Different types of dyes used in different applications.
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2. Different Methods of Dye
Removal

Historically, dye removal relied on primary treatments
such as equalization and sedimentation, partly because
specific discharge limits for dyes were absent. However,
these primary methods are insufficient to meet permis-
sible limits, are not cost-effective due to higher mainte-
nance and operating costs, and can generate secondary
pollutants [27]. Currently, extensive research is being

conducted to identify the ideal dye removal method that
would allow for the recovery and reuse of dye wastewa-
ter [28]. In modern times, or currently, the water treat-
ment of dye-removal treatments is generally categorized
as physical, chemical, or biological. Although numerous
dye removal technologies have been developed, only a se-
lect few are useful in industrial systems due to the limi-
tations associated with most of these methods [29]. The
schematic diagram for different dye removal methods is
shown in Figure 5.

Figure 5: Schematic diagram of different dye removal process.

2.1. Physical Treatment of Dye

Physical treatment techniques such as coagulation, floc-
culation, ion exchange, nanofiltration, and reverse os-
mosis membrane filtration are important water treatment
technologies based on mechanical and mass transfer pro-
cesses [30]. Among the various approaches, including
physical, chemical, and biological methods, physical tech-
niques are preferred at the initial stage of dye removal due
to their high efficiency [12]. Here, the summary of vari-
ous physical methods with their respective advantages and
disadvantages [31–38] is given in Table 1 as follows.

2.2. Chemical Methods for Dye Removal

The chemical approach involves the application of chem-
ical principles to extract dyes from waste for use in vari-
ous separation techniques. The treatment methods encom-
pass oxidation, electrochemical destruction, photochem-
ical or ultraviolet irradiation, Fenton oxidation, ion ex-
change, and ozonation processes. A comparative sum-
mary of their descriptions, advantages, and disadvantages
is provided in Table 2, based on references.
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Table 1: Different physical dye removal methods.

Method Description Advantages Disadvantages

1. Adsorption

Adsorption is a mass transfer
process that involves the use of
adsorbents with high capacity that
accumulate dye molecules on
active surfaces [31]

It is excellent for removing a
variety of dyes, and
adsorbents can be reused or
regenerated.

It can be expensive.

2. Coagulation and
Flocculation

In this process, some coagulants
and flocculants are used to settle
down the aggregate of the dye
molecules. After this operation,
filtration is applied to remove the
dye molecules and water [32]

It is cost-effective and
suitable for dispersant, sulfur,
and vat dye effluents.

Generates significant
concentrated sludge.

3. Ion Exchange
This treatment method removes
ionic contaminants, such as dye
molecules, from water [33]

It is regenerable and
effective for dye removal,
producing high-quality
water.

Limited effectiveness for
certain dyes.

4. Irradiation Uses radiation to eliminate
molecules of dye from wastewater.

Effective at the laboratory
scale, but requires
substantial dissolved oxygen.

Irradiation is Expensive,
not suitable for dye
removal, prone to fouling,
and results in concentrated
sludge [34].

5. Membrane Filtration
It is a thin membrane that is
applied to separate dye and water
molecules [35]

Membrane Filtration is
considered best for water
recovery and reuse.

Initial investment can be
costly, and membranes are
prone to fouling.

6. Ultra And Nano
Membrane Process

wastewater of dye effluent is
passed through a thin-size
membrane [36]

It is Capable of removing
any dye type.

Ultra and Nano Membrane
Process is also high cost,
high energy consumption,
and needs backwashing
[37]

7. Reverse Osmosis

Reverse Osmosis utilizes pressure
to pass water through a fragile
membrane, allowing osmosis to
remove contaminants and produce
pure water [38]

Widely applied for water
recycling, effective in
decolorizing and desalting
various dyes, yielding pure
water.

Costly and necessitates
high pressure

Table 2: Chemical treatment method along with its advantages & disadvantages.

Method Description Advantages Disadvantages

Advanced
Oxidation
Process

(AOPs) refers to a set of chemical
treatment methods that generate
highly reactive species, particularly
hydroxyl radicals (•OH), to degrade
and mineralize organic pollutants,
including dyes, in wastewater. AOP
processes are highly effective for
breaking down complex dye
molecules that are resistant to
conventional treatment methods [39]

Effective for toxic materials.
Suitable for unusual
conditions.

The Advanced Oxidation
Process is Expensive. Inflexible.
Produces undesirable
by-products. PH-dependent.
High electricity cost. Less
effective at high flow rates [40]
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Table 2: Cont.

Method Description Advantages Disadvantages

Electrochemical
Destruction

Electrochemical methods are
attractive for dye removal due to
their high efficiency, ability to
operate without chemical additives,
and potential for complete
mineralization of dyes without
secondary sludge formation.
However, electrochemical methods
face challenges related to high
energy consumption and electrode
material degradation, which need to
be optimized [41]

Electrochemical Destruction
does not consume. No
sludge buildup. Suitable for
soluble and insoluble
dyes [42]

A greater production of
potentially hazardous substances.
High cost of electricity. Less
successful at high flow rates

Fenton reaction

The Fenton reaction involves a
reaction between hydrogen peroxide
(H2O2) and ferrous iron (Fe2+) in the
presence of acidic conditions
(typically using sulfuric acid,
H2SO4) [43]

It is suitable for both soluble
and insoluble dyes,
effectively eliminating
harmful pollutants. This
method is typically
well-suited for wastewater
with a high solid content [44]

This process is ineffective for
eliminating disperse and vat dyes
and tends to produce a
substantial amount of iron
sludge. Furthermore, it is noted
for its delayed reaction and
operates most efficiently under
acidic conditions (low pH) [45]

Ozonation Utilizes ozone from oxygen to
eliminate dye particles.

Effective for color removal
and disinfection. Not
generate chemical residuals.

High equipment and energy
costs. It may not remove all
dyes.

Photochemical
Reaction

Photochemical reactions can involve
the breaking or formation of
chemical bonds, resulting in the
creation of new substances or the
alteration of existing molecules [46]

It is effective for color and
organic matter removal. It
can treat a wide range of
dyes [47]

Hydrogen peroxide cost. Sludge
generation

2.3. Biological Methods for Dye Removal
& Their Efficiency

Biological methods include aerobic and anaerobic pro-
cesses to use dye effluents before their discharge into
the environment. The conventional approach is predomi-
nantly favored due to its efficacy, which ranges from 85%
to 98% [48]. Among these techniques, adsorption stands
out as the most effective method for degrading a broad
spectrum of dyes, either individually or as mixtures. Typi-
cally, the adsorption and enzyme degradationmethods can
be employed iteratively until the adsorbent reaches its sat-

uration point [49]. The only drawback to this approach is
the potentially higher cost associated with specific adsor-
bents, which can be mitigated by exploring cost-effective
raw materials to create alternative adsorbents. Given the
effectiveness of both enzyme degradation and adsorption
techniques in dye removal, there is a compelling case for
investigating the integration of these methods into a uni-
fied, comprehensive technology for future dye removal
applications. In the same way, a comparative analysis
among Enzyme vs. Microbial vs. Algal Approaches is
also presented as Table 3 [50–62]:

Table 3: Comparative analysis: enzyme vs. microbial vs. algal approaches.

Parameter Enzyme-Based Approach Microbial Approach Algal Approach Ref.

Mechanism
Direct oxidation or
breakdown of dyes via
enzymes

Biodegradation or
biosorption using
bacteria/fungi

Bio sorption +
biodegradation using algae [50]

Common
Agents/Species

Laccase, peroxidase,
manganese peroxidase

Pseudomonas, Bacillus,
Phanerochaete, Aspergillus

Chlorella vulgaris,
Spirulina, [51]
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Table 3: Cont.

Parameter Enzyme-Based Approach Microbial Approach Algal Approach Ref.

Typical Removal
Efficiency 70–95% 50–90% 40–80% [52]

Reaction Time Minutes to hours Hours to days Several days [53]

Operational
Conditions

Optimal pH, temperature,
and enzyme stability are
needed

Tolerates moderate variation
in pH and temperature

Requires light, CO2, and
stable pH [54]

Sludge Generation Minimal Moderate Low [55]

Advantages Fast, highly specific, no
microbial growth required

Inexpensive, adaptable to
multiple dyes

Eco-friendly, biomass reuse
possible [56]

Limitations High enzyme cost, sensitive
to inhibitors

Sensitive to toxicity, slow
degradation for complex
dyes

Slower rate, needs sunlight
and CO2, lower tolerance to
toxicity

[57]

Byproduct Toxicity Often non-toxic Possibly toxic intermediates Usually, non-toxic [58]

Scalability Challenging (due to the cost
of enzymes)

Highly scalable in
bioreactors

Scalable in ponds or photo
bioreactors [59]

Environmental Impact Low (enzyme residues are
biodegradable)

Low–moderate (depends on
sludge disposal)

Very low (uses renewable
light
and CO2)

[60]

Energy Demand Low–Medium (if
immobilized or reused) Low Low [61]

Reuse/Recovery Possible via immobilization Difficult Biomass can be harvested
and reused [62]

3. Application of Advanced Dye
Removal Technology

Several methods have been thoroughly tested, but treat-
ment through adsorption is one of the best techniques for
dye removal due to having excellent capacity to eliminate
different types of dye [63]. It is widely recognized that
conventional methods are inefficient in eliminating syn-
thetic dyes from dye wastewater, making adsorption one
of the most suitable approaches for dye removal [64]. Dye
effluents treated using the adsorption method have consis-
tently yielded higher water quality compared to other dye
removal techniques [65]. The one drawback associated
with this method is the high cost of adsorbents. However,
the discovery of cost-effective yet equally efficient adsor-
bents has transformed this approach into an economically
viable method for dye removal on a global scale. Adsorp-
tion is a mass transfer process in which adsorbate accu-
mulates at the surface of adsorbents. The adsorption pro-
cess is driven by various forces, including physical inter-
actions, electrostatic forces, and chemical bonding, result-
ing in the concentration of solutes on the solid surface [66].
The existing advanced technology for the removal of dye
may be explained as follows:

3.1. Mechanism of Natural Adsorbent

Adsorption is a process in which substances are captured
or accumulated at the interface of two phases, typically
a solid surface and a fluid, such as a liquid or gaseous
solution obtained from the environment [67]. This phe-
nomenon effectively reduces the concentration of dis-
solved dye particles present in dye-containing wastew-
ater. The term adsorbate refers to the material that is
adsorbed, while the substance used to carry out the ad-
sorption process is known as the adsorbent. Adsorption
can occur through either physical or chemical mecha-
nisms. Among these, physical adsorption is more com-
monly employed, whereas chemisorption is utilized in
specific applications [68]. In physisorption, various weak
forces such as van der Waals interactions, hydrogen bond-
ing, and polar interactions are involved. Adsorption is
considered a highly effective method for dye removal due
to its low dependence on specialized treatment systems
and its relatively simple operation. Van der Waals forces
are weak, non-specific interactions that occur between
all atoms or molecules, including London dispersion
forces, Debye forces, and Keesom forces. These forces
play a crucial role in physisorption, particularly in dye
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adsorption on nonpolar surfaces, such as activated carbon
or untreated biomass [69]. They enable reversible dye
attachment without strong chemical bonding. While π–
π interactions, on the other hand, involve non-covalent
stacking between aromatic rings in both dyes and adsor-
bents. These are stronger and more specific, enhancing
dye removal when adsorbents like biochar have graphitic
or aromatic structures, making them particularly effective
for aromatic dyes like methylene blue and Congo red. Ad-
ditionally, no pre-treatment is necessary to initiate the ad-
sorption process. Sometimes, adsorption is used in con-
ventional methods to decolorize dye effluents; the effec-
tiveness of the adsorption is enhanced when a suitable ad-
sorbent is used, ensuring efficient dye removal [70]. An-
other desirable feature of adsorption is that it does not
produce additional hazardous materials during operation.
Figure 6 shows the various adsorbents, while an essen-
tial overview of Adsorption Kinetics, Reactor Design, and
Toxicological Assessment is given as follows in Table 4.

3.1.1. Different Adsorbents Used for Dye
Removal

All adsorbents are porous materials capable of trapping ad-
sorbate on their surface. Adsorbents can be made from a
variety of raw materials, not limited to solid substances,
and can even include enzymes.

The cost of the adsorbent is a common concern asso-
ciated with the adsorption technique. To address this issue,
researchers have identified and developed cost-effective
adsorbents, drawing on research from various sources to
demonstrate the existence of inexpensive yet effective ad-
sorbents [71]. The key characteristics of a good adsor-
bent include its good adsorption capacity to trap solute
molecules, high surface area (higher porosity results in
greater surface area and higher adsorption capacity), short
adsorption time (rapid equilibrium reaching), and versatil-
ity to remove molecules of different sizes (ability to func-
tion under varying dye concentrations), pH levels, and
temperatures.

Table 4: Overview of adsorption kinetics, reactor design, and toxicological assessment

Aspect Model/Type Key Features/Assumptions Application/Relevance

Kinetic Models Langmuir isotherm
Monolayer adsorption on a
homogeneous surface; finite number of
identical sites.

Used to determine the maximum
adsorption capacity and the
favorability of the process.

Kinetic Models Freundlich isotherm
Empirical model; adsorption on
heterogeneous surfaces; multilayer
possible.

Suitable for systems with diverse
active sites; good for low
concentration ranges.

Kinetic Models Pseudo-first-order (PFO)
Adsorption rate is proportional to the
number of unoccupied sites; this
relationship often fits early-time data.

Describes physical adsorption or
initial stage kinetics.

Kinetic Models Pseudo-second-order
(PSO)

The adsorption rate depends on the
square of the unoccupied sites; this is a
chemisorption mechanism.

Commonly used for dye and heavy
metal adsorption with a better
overall fit.

Reactor Design Batch reactors Simple setup, closed system; easy to
control pH, dosage, temperature.

Laboratory studies, small-scale
wastewater treatment,
kinetic/isotherm analysis.

Reactor Design
Continuous reactors
(fixed-bed, fluidized-bed,
CSTR)

Steady influent/effluent; scalable;
requires hydrodynamic and
regeneration considerations.

In industrial applications,
fixed-bed systems are widely used
for large-scale adsorption
processes.

Toxicological
Assessments

Identification of
by-products

Analytical tools (LC-MS, GC-MS,
FTIR, and NMR) to detect degraded
intermediates.

Ensures that no harmful or
persistent by-products remain after
treatment.

Toxicological
Assessments Bioassays

Tests on algae, Daphnia, fish embryos,
or cell cultures for acute/chronic
toxicity.

Evaluates the real environmental
and health impact of effluent.

Toxicological
Assessments Risk assessment Compare concentrations to permissible

limits (PNEC, WHO, EPA standards).
Confirms treated water is safe for
discharge or reuse.
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Figure 6: Various adsorbents (a) activated carbon (b) silica gel (c) plant bark (d) chitosan (e) cotton waste (f) rice husk (g) saw
dust (h) natural coal.

3.1.2. Factors Influencing Adsorption

The rate of adsorption is influenced by several key param-
eters related to the adsorption process. Any changes in
these five parameters can impact the adsorption rate. To
achieve the desirable removal rate, it’s essential to estab-
lish optimal adsorption conditions, which outlines the five
most significant parameters presented as:

Adsorbent Dosage: It measures the quantity of ad-
sorbent containing an active site to adsorbate, which de-
pends on dye concentration and pH of dye solution [65].

Contact Time: It measures the duration of contact
between the adsorbate and adsorbent. As the contact pe-
riod between the active site and the adsorbate is increased,
the chances of adsorption are enhanced [72].

Dye Concentration: it also affects the adsorption
process of available binding sites and the adsorbent's sur-
face. Whenever dye concentration is increased, then the
number of available active sites is reduced, causing a de-
crease in the efficiency of dye removal [65].

pH: It indicates the solution’s acidity or alkalinity.
Adsorption rates can be influenced by pH, which deter-
mines the electrostatic interactions between charged dye
molecules.

Temperature: Adsorption is significantly influenced
by the solution’s temperature processes based on the dye
effluent’s features. For an endothermic reaction, high tem-
perature is suited for the adsorption of dye, while for an

exothermic reaction, low temperature is suited for the ad-
sorption of dye [73].

3.2. Photocatalytic Processes

Photo oxidation utilizes light, typically in the form of
ultraviolet or sunlight, and a catalyst to produce highly
reactive species, such as hydroxyl radicals (OH), which
break down and mineralize organic pollutants, including
dyes [74]. When the catalyst is exposed to UV light, it
becomes excited, generating electron-hole pairs.

These electron-hole pairs react with water and oxy-
gen to produce reactive oxygen species, primarily hy-
droxyl radicals. These radicals then attack and degrade
the dye molecules, breaking them down into smaller and
less harmful compounds [75]. Photo oxidation is effective
against a wide range of organic dyes. For example, the
methylene blue was removed by photochemical decompo-
sition using a combined system. To further enhance color
removal in this process, titanium dioxidewas immobilized
with polyvinyl alcohol [76]. The starting concentration
of dye of 20 mg/L, the UV light intensity of 4 W, the
liquid volumetric flow rate of 2 mL/min, and the wave-
length of 254 nm were found to be the ideal process pa-
rameters. Contact time is less than 20 h, which is needed
for the maximum dye removal reaction time—90%Maxi-
mum Efficiency, [77]. The principle of the Mechanism of
Photocatalytic Dye Degradation is illustrated in Figure 7
as follows.
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Figure 7: Mechanism of photocatalytic dye degradation.

3.3. Ozonation

The ozonation process uses ozone (O3), a powerful oxidiz-
ing agent, to treat wastewater. Ozone is bubbled through
the water, and it reacts with organic pollutants, includ-
ing dyes, leading to their degradation [78]. Ozone reacts
with the double bonds and aromatic rings present in dye
molecules. Photo oxidation reaction involves the trans-
fer of oxygen atoms, leading to the cleavage of chemical
bonds within the dye molecules [79]. Ozonation breaks
down the dye into simpler, less harmful compounds.
Ozonation is effective against a wide variety of dyes, in-
cluding those resistant to biological treatments [80]. It’s
also valuable for decolorizing and dropping the COD of
industrial wastewater. It’s a potent and fast-acting oxidiz-
ing agent, capable of degrading a wide range of pollutants.
The ozonation method was carried out in a batch reactor.
The optimal conditions for processing were a pH of 9, a
6-h reaction duration, and a constant temperature of 35
◦C [81]. The research findings revealed that a reaction
time of one-fourth of an hour, a dye concentration of 50
mg/dm3, an ozone dosage of 300 mg/dm3, and an acidic
pH were the optimal conditions for dye removal. Specif-
ically, Acid Red 183 can be eliminated with noteworthy
efficiency, up to 97%, through the ozonation method. To
optimize the traditional method of ozonation for remov-
ing dyes, a composite design featuring a central core was
implemented [82].

3.4. Photocatalytic Degradation of Dyes
Using LED-Based Light Sources

Photo-catalytic degradation of dyes using LED-based
light sources, which is based on the activation of semicon-
ductor photo-catalysts (like TiO2 or ZnO) by LED light
of suitable wavelength, generating electron-hole pairs.
These charge carriers produce reactive oxygen species
such as hydroxyl (•OH) and superoxide radicals (•O2

−),
which attack and break down dye molecules into harmless
end products like CO2, H2O, and inorganic ions. LEDs
offer several advantages over traditional UV lamps, in-
cluding lower energy consumption, wavelength tenabil-
ity, longer lifespan, and minimal heat generation [83].
This makes LED-driven photo-catalysis an efficient, eco-
friendly, and emerging technology for wastewater treat-
ment, as demonstrated in recent studies [84]. The mecha-
nism of dye degradation using LED-activated photocatal-
ysis begins with the absorption of photons by a semicon-
ductor photocatalyst, where LED light of suitable wave-
length excites electrons from the valence band (VB) to
the conduction band (CB), generating electron-hole pairs.
These charge carriers drive redox reactions: electrons re-
duce oxygen molecules on the catalyst surface to form
superoxide radicals (•O2

−), while holes oxidize water or
hydroxide ions to produce hydroxyl radicals (•OH) [85].
These reactive oxygen species subsequently attack the dye
molecules, breaking down their complex chromophoric
structures into smaller intermediates and ultimately min-
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eralizing them into CO₂, H₂O, and inorganic ions. This
makes the process highly efficient for the treatment of dye-
contaminated wastewater [86].

3.5. Ultraviolet (UV) Irradiation

This method uses ultraviolet light, typically in the UV-
C range (200–280 nm), to disinfect and degrade organic
compounds, including dyes, by disrupting their chemical
structure. UV light at specific wavelengths directly inter-
acts with the chemical bonds in the dye molecules, break-
ing them [77]. This leads to the degradation of the dye
into smaller fragments, which are often less colored and
toxic. UV irradiation is effective against various dyes, es-
pecially those that absorb UV light within the appropriate
wavelength range [77]. It is commonly used for disinfec-
tion and is helpful for breaking down dyes into less harm-
ful substances. The process operates without the use of
chemicals, leaves no toxic residues, and efficiently inac-
tivates microorganisms in water, thereby functioning as a
dual-purpose technique for wastewater purification. The
experimental polysulfonate ultrafiltration membrane un-
derwentminormodifications by incorporating acrylic acid
onto its surface. In this study, optimal operating condi-
tions include an irradiation time exceeding 30 min and a
pressure of approximately 4 bars [87]. Lower-molecular-
weight dyes are more likely to be entirely removed by this
process. For instance, dyes such as Acid Green 20 and
Acid Blue 92 can be effectively eliminated through UV
irradiation, achieving a remarkable maximum removal ef-
ficiency of up to 99.9% [88]. The experiment involving
pulsed discharge plasma for water treatment demonstrated
that the discharge operated in the spark-streamer mixed
mode yielded the highest rate of dye removal. For optimal
performance, the process should be conducted at a wave-
length exceeding 300 nm, under acidic conditions (pH ≈
3.5), with a dye concentration of 0.01 g/L and a reaction
time of more than 100 min. Of particular note, Ultraviolet
(UV) Irradiation can successfully remove Methyl Orange,
Rhodamine B, and Chicago Sky Blue, with a maximum
efficiency of 95% [89].

3.6. Combined Application of Different
Adsorbents for Dye Removal

Recent studies indicate that the combined application of
adsorbents increase the effectiveness of dye removal. The
studies suggest that blending traditional physical adsor-
bents with biocatalysts, specifically biological adsorbents,
can yield remarkable outcomes in dye removal. There is
also the proposition that activated carbon, known for its
highly efficient dye adsorption properties, could poten-
tially achieve even greater results when combined with

equally effective enzymes [90]. Furthermore, combin-
ing adsorbents may prove effective not only in remov-
ing dyes but also in simultaneously tackling various haz-
ardous substances. If these combined adsorbents syner-
gize effectively, their efficiency in dye removal could sur-
pass current records. Additionally, the use of combined
adsorbents tends to expedite the dye removal process [91].
Moreover, it is believed that this combined application
of different adsorbents could lead to improvements such
as prolonged retention times and reduced overall costs,
mainly due to the reuse capability of such a type of com-
bined adsorbent [92]. In contrast, the development of ad-
sorbents generally results in single-use materials, thereby
increasing overall production costs.

4. Future Prospects of Dye
Removal Methods

4.1. Physical Methods

There are different methods, such as adsorption, mem-
brane filtration, and sedimentation, that are expected to
remain central to dye removal due to their operational sim-
plicity and broad applicability [93]. Adsorption, in partic-
ular, is widely favored because of its cost-effectiveness
and versatility. The future direction of adsorption-based
treatment lies in the development of low-cost, renewable
adsorbents such as biochar, activated carbon from agricul-
tural waste, magnetic composites, and nanostructured ma-
terials [94]. These innovations aim to improve adsorption
capacity, reduce material cost, and facilitate regeneration
for multiple cycles. Moreover, the potential for scaling
up physical methods makes them suitable for small- to
medium-scale industries, particularly in decentralized set-
tings [93]. However, limitations such as adsorbent satura-
tion, disposal issues, and regeneration cost persist. Future
research must address these challenges by improving ad-
sorbent recovery and reusability, particularly in magnetic
and photocatalytic systems [94].

4.2. Chemical Methods

The prospect of chemical methods such as coagulation–
flocculation, ozonation, and advanced oxidation processes
(AOPs) is also promising for dye removal due to their abil-
ity to degrade complex dyemolecules into less harmful by-
products [95]. Future research in this area is anticipated
to emphasize sustainable and environmentally friendly ap-
proaches, including the utilization of green coagulants,
nanocatalysts, and LED-based visible-light-driven photo-
catalysis [96]. These innovations can enhance the degra-
dation efficiency while reducing energy costs and chem-
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ical residues. Despite these advantages, chemical meth-
ods face economic and practical constraints, particularly
in terms of high energy consumption, chemical usage, and
operational complexity [97]. Nevertheless, improvements
in catalyst recovery systems, low-cost oxidants, and inte-
gration with renewable energy sources could significantly
enhance the cost-effectiveness and scalability of chemical
treatments in the near future [98].

4.3. Biological Methods

While the future of biological methods offers an envi-
ronmentally sustainable and economically attractive ap-
proach to dye removal, particularly for low-concentration
and biodegradable dyes [99]. These methods employ dye-
degrading bacteria, fungi, algae, and enzymes, which can
break down dyes into non-toxic metabolites [100]. The
primary benefits of biological methods include low en-
ergy input, minimal chemical requirements, and ease of
integration with natural systems like wetlands and bioreac-
tors. Looking ahead, future developments may consist of
genetically engineered microorganisms, enzyme immobi-
lization, and microbial consortia tailored for specific dye
types and wastewater characteristics [101]. However, bio-
logical methods are still limited by slow degradation rates,
sensitivity to environmental changes, and lower efficiency
for non-biodegradable dyes. Hybrid approaches, where
biological processes are combined with physical or chem-
ical pre-treatment steps, are likely to emerge as a viable
solution to overcome these limitations and enhance over-
all efficiency and applicability [102].

4.4. Emerging Technologies for
Next-Generation Dye Treatment

Next-generation dye wastewater treatment is advancing
beyond traditional physical, chemical, and biological pro-
cesses, integrating smart materials, digital tools, and nan-
otechnology to improve efficiency, selectivity, and sus-
tainability [103]. One promising approach is the use of
machine learning (ML) for process optimization. ML al-
gorithms can analyze large datasets from treatment pro-
cesses to predict optimal operating conditions—such as
pH, temperature, adsorbent dosage, and contact time—
for maximum dye removal efficiency [104]. Techniques
such as artificial neural networks (ANNs), support vec-
tor machines (SVMs), and genetic algorithms are being
used to model complex, nonlinear adsorption or degra-
dation systems, thereby minimizing experimental costs
and accelerating process design. Smart adsorbents are an-
other breakthrough [105]. These materials, often stimuli-
responsive (e.g., pH- or temperature-sensitive), can selec-
tively adsorb dyes and regenerate under specific triggers.

For example, thermo-responsive hydrogels or magnetic
biochar composites can be easily separated and reused,
making dye removal more sustainable [106]. Their tun-
able surface properties and selective binding capabilities
offer significant advantages in complex textile effluents.
Bio-nanomaterials, which integrate principles of biotech-
nology and nanotechnology, possess large surface areas, a
wide variety of functional groups, and strong catalytic ac-
tivity [107]. Enzyme-immobilized nanoparticles, metal–
organic frameworks (MOFs), and nano-biochar from agri-
cultural waste are gaining attention for catalytic degra-
dation and adsorption of synthetic dyes. These materi-
als can act as nanozymes, mimicking enzymatic activ-
ity to break down resistant dye molecules under mild
conditions. Hybrid systems that combine photocatalysis,
biosorption, and advanced oxidation processes (AOPs)
with smart materials are also gaining significant atten-
tion [108]. Such systems facilitate synergistic interactions
that allow for the concurrent degradation of dyes and elim-
ination of heavy metals, resulting in more comprehensive
wastewater treatment. Eco-friendly dye treatment meth-
ods, such as bioadsorption and solar-driven photocataly-
sis, reduce energy consumption, minimize waste gener-
ation, and lower carbon emissions compared to conven-
tional chemical processes.

4.5. Case Study

Sustainability in wastewater treatment focuses on re-
source recovery, including the reuse of water, energy gen-
eration, and nutrient recovery, while minimizing the over-
all environmental burden. The concept of the carbon
footprint plays a vital role by quantifying greenhouse gas
(GHG) emissions from different stages of treatment, such
as aeration, sludge handling, and chemical dosing, thereby
guiding industries toward the adoption of low-emission
and energy-efficient technologies [109]. In parallel, ma-
chine learning (ML) offers significant advantages through
predictive analytics, process optimization, and real-time
tracking, allowing the industries to enhance operational
efficiency, reduce costs, and minimize environmental im-
pacts. In practice, these innovations are being increas-
ingly integrated into industrial wastewater systems. For
instance, in the textile hub of Tirupur, India, dyeing units
have adopted zero-liquid-discharge (ZLD) plants that re-
cycle nearly 90% of wastewater, reducing freshwater con-
sumption and chemical load. Similarly, in the Nether-
lands, the Heineken brewery utilized anaerobic digestion
of sewage to reduce its reliance on fossil fuels, result-
ing in an approximate 40% reduction in carbon dioxide
emissions. In the USA, petrochemical plants have ap-
plied ML-based models to predict pollutant fluctuations
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such as COD and TSS, optimize coagulant dosing, and
dynamically control aeration, resulting in around 20% en-
ergy savings and improved regulatory compliance [110].
Together, these cases demonstrate how sustainability, car-
bon footprint management, and machine learning can be
effectively integrated to create efficient, low-carbon, and
adaptable wastewater solutions.

5. Conclusions

From an economic and practical standpoint, the photo-
catalytic process has emerged as an auspicious approach
for treating low to moderate-strength dye wastewater, par-
ticularly in scenarios where significant color and toxic-
ity reduction is required. Despite the relatively high ini-
tial investment needed for photocatalyst materials and
reactor systems, the long-term advantages, including re-
duced chemical usage, effective harnessing of solar en-
ergy, and limited secondary pollution, position photocatal-
ysis as a promising and sustainable technology for ad-
vanced dye removal. Its practical application is increas-
ingly evident in real effluent systems, especially when
deployed as a pre- or post-treatment step in hybrid con-
figurations, where it works synergistically with adsorp-
tion or biological methods to enhance overall treatment
efficiency. Looking ahead, the future of photocatalytic
dye removal lies in material science innovations, such
as the development of 2D nanostructures, heterojunction
photo catalysts, and photoelectrocatalytic systems, which
offer improved degradation rates, selectivity, and reusabil-
ity under visible light. In parallel, the use of combined
adsorbents—composites derived from natural or modified
materials—have demonstrated significant potential in en-
hancing dye removal performance, often surpassing the
capabilities of single-component adsorbents. These mate-
rials are typically derived from readily available and low-
cost raw sources, making them particularly attractive for
large-scale industrial applications. Their economic fea-
sibility and ease of preparation support their integration
into existing wastewater treatment frameworks. Future re-
search should focus on optimizing their surface properties,
functional group interactions, and regeneration capabili-
ties to handle the diverse and complex nature of industrial
dye effluents.
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