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The discharge of toxic organic dyes from industrial effluents presents a significant environmental challenge due to their persistence, toxicity, and potential

carcinogenicity. While various physical, chemical, and biological methods exist for wastewater treatment, adsorption is widely regarded as a superior technique

due to its high efficiency, operational simplicity, and cost-effectiveness. This review provides a comprehensive overview of adsorption techniques for the removal

of toxic organic dyes from aqueous solutions. It critically examines different types of adsorbents, with a particular focus on activated carbon (AC) and the

development of low-cost alternatives from agricultural waste materials. The fundamental principles of adsorption, including physisorption and chemisorption,

are discussed, along with key factors influencing the process, such as pH, temperature, initial dye concentration, and adsorbent porosity. Furthermore, the

application of essential isotherm models like Langmuir and Freundlich for analyzing adsorption equilibrium is detailed. The review highlights the potential of

sustainable, bio-derived adsorbents as a promising pathway for efficient and economical dye removal, addressing the limitations of conventional treatment

methods.

The discharge of toxic organic dyes from industrial
effluents, particularly from textile, paper, printing, and
cosmetic industries, poses a significant threat to aquatic
ecosystemsand humanhealth [1]. These dyesare often non-
biodegradable, highly stable, and potentially carcinogenic,
leading to severe environmental pollution and long-term
ecological damage [2]. Conventional wastewater treatment
methods, such as coagulation, flocculation, and biological
degradation, have shown limited effectiveness in removing
these persistent pollutants due to their complex aromatic
structures and resistance to degradation [3].

Adsorption has emerged as a highly efficient, cost-
effective, and versatile technique for the removal of
organic dyes from aqueous solutions [4]. The process
involves the accumulation of dye molecules onto the
surface of an adsorbent material through physical or
chemical interactions, offering advantages such as high
removal efficiency, ease of operation, and the potential for
adsorbent regeneration [5]. A wide range of adsorbents,
including activated carbon, clay minerals, biochar,
metal-organic frameworks (MOFs), and polymer-based
composites, have been explored for dye removal, each
with distinct advantages and limitations [6].

Recent advancements in adsorption technology
have focused on enhancing the adsorption -capacity,
selectivity, and sustainability of adsorbent materials [7].
Modified and nanocomposite adsorbents, for instance,
have demonstrated superior performance due to their
high surface area, tunable porosity, and enhanced surface
reactivity [8]. Additionally, the development of low-cost
and eco-friendly adsorbents derived from agricultural
waste and biomass has gained significant attention,
aligning with the principles of green chemistry and
sustainable wastewater treatment [9].

Currently, activated carbon (AC) is the most widely
utilized adsorbent for the removal of dyes due to its
microporous structure, significant adsorption capacity,
large surface area, and high surface reactivity. In
comparison to other adsorbents, AC offers several
benefits, including effective removal of odors and tastes,
straightforward process design, high molecular selectivity,
low energy requirements, reusability, strong adsorption
potential, and durability in harsh and toxic conditions
[10]. One of the major drawbacks of AC is its high cost
of production, which limits its application extensively.
In generally, any abundantly available, low-cost and safe
organic matter such as agricultural (Plant leaves) can be

Shuka Y (2025) Review on Adsorption Techniques for the Removal of Toxic Organic Dyes: Water Treatment Technology. JSM Chem 11(1): 1066.



@SCiMedCentral

Shuka Y, et al. (2025)

considered as raw materials for AC production [11]. This
is due to plant leaves are easily available and loaded with
various functional groups such as alcohols, carboxylicacids,
ethers, phenols, etc., which are useful in the adsorption
of dye molecules [12]. Some plant-based adsorbents that
have been employed to remove MB from solutions include
waste grape leave [13], Neem (Azadirachta indica) leaves
[14], Typha leaves [15], Rubus idaeus Leaves [16] and
Lippia adoensis (LA) plant leaves adsorbent [17].

This review critically examines the latest developments
in adsorption techniques for the removal of toxic organic
dyes, with a focus on the mechanisms, influencing
factors (pH, temperature, contact time, and initial dye
concentration), and performance of various adsorbents.
Furthermore, the challenges and future prospects of
adsorption technology are discussed to guide further
research in this field.

WATER POLLUTION

Water pollution is the contamination of water bodies
such as lakes, rivers, oceans, aquifers, and groundwater
by harmful substances or conditions that degrade water
quality, rendering it toxic to humans or the environment.
This contamination occurs when pollutants are discharged
directly or indirectly into water without adequate
treatment to remove them. While natural events like
volcanic eruptions or algal blooms can cause pollution,
the vast majority is a result of human activities [18]. The
impact of a pollutant is relative to the intended use of
the water. For example, a river might be considered too
polluted for drinking (potable use) but still be suitable
for irrigation or industrial cooling. Therefore, managing
water pollution involves assessing the specific water body,
its designated uses, and the type and concentration of
contaminants present [5].

Categories of Water Pollutants

Water pollutants are broadly classified into three main
categories: chemical, biological, and physical as shown in
Figure 1.

Chemical Pollutants: Dissolved or suspended
chemical substances pose significant threats to aquatic
ecosystems and human health, categorized primarily into
inorganic pollutants, organic pollutants, and radionuclides.
Inorganic pollutants include heavy metals such as lead
(Pb), mercury (Hg), and arsenic (As), which are highly toxic
even at low concentrations and can accumulate in living
organisms. Additionally, nutrients like nitrates (NO,") and
phosphates (PO,*") from fertilizers and sewage contribute
to eutrophication, further degrading water quality.
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Organic pollutants encompass carbon-based compounds,
including pesticides, herbicides, industrial solvents, and
petroleum products such as oil and gasoline. Notably,
many of these compounds, particularly Polychlorinated
Biphenyls (PCBs), are classified as persistent organic
pollutants (POPs) due to their resistance to environmental
degradation, allowing them to persist in the environment
for extended periods. Lastly, radionuclides, which originate
from radioactive waste produced by nuclear power plants,
mining operations, and military activities, can contaminate
water sources with radioactive isotopes, posing severe
risks of cancer and genetic damage to exposed populations
[19].

Biological Pollutants: This category refers to
microorganisms that cause waterborne diseases. They
are typically introduced into water from sewage, livestock
operations, and septic systems. Common biological
pollutants include: Bacteria: Such as Escherichia coli (E.
coli) and Vibrio cholerae (the agent of cholera). Viruses:
Including Hepatitis A and Norovirus. Protozoa: Such as
Giardia lamblia and Cryptosporidium, which cause severe

gastrointestinal illness [11-20].

Physical Pollutants: These include materials and
conditions that affect the physical properties of water.
Suspended Solids: Silt, sediment, and other insoluble
particles from soil erosion and industrial discharge
increase water turbidity (cloudiness). This blocks sunlight
from reaching aquatic plants and can clog the gills of fish.
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Thermal Pollution: The release of heated water from power
plants and industrial facilities raises the temperature of
water bodies. Warmer water holds less dissolved oxygen,
stressing or killing fish and other aquatic organisms that
have specific temperature requirements. Solid Waste:
Trash such as plastic bags, bottles, and other debris can
choke, entangle, and poison wildlife. Over time, plastics
break down into microplastics, which can be ingested by
aquatic life and enter the human food chain [21].

Generally, the pollutants come from three
prominent sources- (i) sewage discharged into
the river, (ii) industrial effluents discharged
into the river without any pretreatment and
(iii) surface run off from agricultural land, where chemical
fertilizers, pesticides, insecticides and manures are used
[19], as shown in Figure 1. The sources of pollutants are
categorized as either point source or non-point source,
which dictates the strategy for control and regulation.

Point Source Pollution

Point source pollution refers to contamination that
originates from a single, identifiable source, as illustrated
in Figure 1. Because the specific point of origin is known,
these sources are relatively easy to manage, monitor, and
regulate. Common examples include wastewater flowing
from a factory’s discharge pipe, effluent from a municipal
sewage treatment plant’s outfall, or a direct oil spill from
a tanker [18].

Non-point Source Pollution

This type of pollution comes from diffuse, widespread
sources rather than a single point of origin. It is carried
into water bodies by rainfall or snowmelt moving over
and through the ground. Because of its diffuse nature, non-
point source pollution is much more difficult to control.
Some Examples Agricultural Runoff: Fertilizers, pesticides,
and animal waste from farms and fields; Urban Runoff:
0il, grease, heavy metals, and trash washed from streets,
parking lots, and rooftops and Atmospheric Deposition:
Pollutants from the air (like acid rain) that settle into
water bodies [17-22].

The effects of water pollution are far-reaching, with
devastating consequences for human health, entire
ecosystems, and the economy. From a human health
perspective, contaminated drinking water is a leading
cause of acute illnesses worldwide, including cholera,
typhoid, and dysentery. Beyond immediate sickness, long-
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term exposure to chemical pollutants in water can lead to
chronic conditions such as cancer, neurological disorders,
and severe organ damage [13-24].

Environmentally, the disruption to ecosystems
is profound. One of the most significant impacts is
eutrophication, a process where nutrient pollution from
fertilizers and sewage triggers massive algal blooms. When
these algae die, their decomposition by bacteria consumes
vast amounts of dissolved oxygen, creating hypoxic “dead
zones” where fish and other aquatic life cannot survive.
Furthermore, many industrial chemicals and heavy metals
like mercury are persistent toxins that bioaccumulate,
building up in the tissues of individual organisms. As these
organisms are consumed by others, the toxins become
increasingly concentrated up the food chain in a process
called biomagnification, ultimately endangering top
predators like birds, marine mammals, and humans [14-
26].

These health and environmental crises translate
directly into significant economic costs. The financial
burden includes the high expense of treating contaminated
water to make it safe for consumption, major losses in
tourism and recreational revenue due to phenomena like
beach closures, the collapse of commercial fisheries, and
a decrease in property values near polluted water bodies.

A dye is an organic pigment that selectively absorbs
light at specific wavelengths and can adhere to fibers
due to its inherent physical and chemical properties.
Dyes are employed to impart color to various substrates.
The blue dye indigo was the first organic dye utilized
approximately 4,000 years ago, notably in the wrappings
of mummies in ancient Egypt. Currently, there are around
100,000 different dyes available for commercial purchase
worldwide [20]. Dyes can be categorized in various ways
according to different research groups, but classifications
based on chemical properties and applications have gained
significant relevance in contemporary studies. Traditional
classifications, primarily used by chemists, focus on
the chromophoric groups present in dye molecules.
Chromophores are typically electron-withdrawing
groups, while auxochromes serve as electron donors. Key
chromophores include -C=C-, -C=N-, -C=0-, -N=N-, -NO,,
and -NO, whereas notable auxochromes include -NHR,
-NH,, -OH, -NR,, -COOH, -SOH, and -OCH,. Based on the
structural characteristics of chromophores, dyes can be
divided into 20 to 30 distinct groups, with some of the most
significant being azo, anthraquinonoid, phthalocyanine,
and triarylmethane. The classification system based on
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usage or application is recognized by the Color Index
(C.I) and is widely employed by professionals in the dye
industry and dye technology [21].

Generally, the dyes <can be classified into
three categories: (i) cationic, (ii) anionic and (iii)
non-ionic dyes. Based on the solubility, dyes are classified
in to two water-soluble dyes and water-insoluble dyes.
Water-soluble anionic dyes are direct, acid, and reactive
dyes; a water-soluble cationic dye is basic whereas
disperse, Sulphur, and azoic indigo and vat dyes are some
other examples of the insoluble dyes [22].

Reactive dyes

Reactive dyes have become very popular due
to their high wet fastness, brilliance and range
of hues. These dyes are widely used because of the ability
of their reactive groups to bind to the fibers, their stability
and their processing conditions, etc., and are the second
largest classes of dyes. These dyes are capable of forming
a covalent bond with the amine or sulthydryl groups of
proteins in textile fibers [23].

Acid dyes

Acid dyes are predominantly composed of carboxylic or
sulfuric acid salts, exhibiting high solubility in water and
possessing anionic characteristics. These dyes primarily
establish ionic bonds during the dyeing process, although
van der Waals and hydrogen bonds may also contribute to
the overall interaction. Acid dyes are utilized in an acidic
dye bath, making them particularly effective for dyeing
protein fibers and polyamide materials. Their application
extends to thermoplastic hydrophobic fabrics, as these
dyes are water-soluble and demonstrate significant
efficacy on the aforementioned substrates [24].

Direct dyes

Direct dyes are applied on rayon, linen, cellulosic fibers
and can also be used to dye wool and silk. These dyes are
loosely bound to the molecules of the fiber. Thus, after
being applied to fabrics, they do not rapidly dry up. Such
dyes are used at temperatures between 79.4 °C-93.3 °C.
It can only be cold washed because they lack the fixative
property. One of the benefits of direct dye is the cheapest
price compared to all other dyes [25].

Basic dyes

Basic dyes are characterized by their solubility in water
and their ability to generate positively charged cations in
aqueous environments. These dyes find application across
various domains, including the dyeing of paper, modified
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nylon, and polyester, as well as cationic polyethylene.
Additionally, they are utilized in certain medical
applications and were historically employed within
industries focused on tannin-etched fabrics [26].

Sulfur Dyes

Sulfur dyes are characterized by their insolubility in
water and, with few exceptions, are primarily utilized for
dyeing cellulosic fibers. For application to the substrate,
these dyes are first reduced to their water-soluble Leuco
form using a sodium sulfide solution. Subsequently,
the sulfur dye is generated within the pores of the fiber
through either atmospheric or chemical oxidation. This
class of dyes is significant for producing economically
viable tertiary shades, particularly black, on cellulosic
materials. A notable example is C.I. Sulphur Black 1, which
is synthesized by heating 2,4-dinitrophenol in the presence
of sodium polysulfide [27].

Disperse dyes

These dyes exhibit significantly low water solubility.
Their molecular structure is characterized by a small,
planar configuration that is non-ionic, featuring polar
functional groups such as -NO, and -CN. Primarily, they are
employed for dyeing polyester fibers due to their ability to
engage with the polyester polymer chains, leading to the
formation of dispersed particles [28].

Indigo dyes

Indigo, classified as a vat dye, is characterized by its
initial insolubility in water, which is altered through an
alkaline reduction process that renders it soluble. During
the textile dyeing procedure, the water-soluble leuco form
of indigo is utilized. Upon exposure to atmospheric oxygen,
this form undergoes oxidation, reverting to its original
insoluble keto state, thereby facilitating optimal adhesion
of the dye to the fabric. Indigo dyes are predominantly
employed in the dyeing of blue denim, resulting in their
extensive production on a global scale [29]. In their
composition, these dyes typically consist of a keto group
and require the vatting process to become water-soluble.
This process involves alkaline conditions and is similar to
the application techniques used for sulfur dyes. Vat dyes
are primarily employed for dyeing cotton-based textiles,
particularly denim and jeans [30].

Current color removal treatment approaches involve
chemical, physical and biological processes. These
technologies, however, have both advantages and
disadvantages. Most of these traditional procedures are
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Table 1: Various physical dye removal methods along with its advantages and disadvantages [29-34].
Method Description Advantages Disadvantages
Adsorption Adsorbents fashioned from high adsorption capacity Excellent removal method for a wide Adsorbents can be costly

materials to adsorb dye molecules.

variety of dyes. Re-generable adsorbent.

Agents are added to dye wastewater where dye
particles clump together. Clumps can then be removed
through filtration

Coagulation and
flocculation

Generation of huge amounts of
concentrated sludge. Not suitable for
water-soluble dyes

Cheap. Robust method. Suitable only for
disperse, Sulphur and vat dye effluents.

A reversible chemical process whereby ions from the
dye wastewater swaps with similar ions attached to a
stationary solid surface.

Ion exchange

Can be regenerated. Good dye removal

method. Produces high quality water. Effective to a limited number of dyes

Radiation is used to remove dye molecules from dye

Irradiation
wastewater.

A huge amount of dissolved oxygen is

Effective at laboratory scale . .
required. Expansive.

Dye wastewater is passed through a membrane which

Membrane filtration .
separates dye particles from clean water.

Costly initial investment.
Unsuitable for dye
removal.

Effective for water recovery and reusing.

Pressure driven system where water is passed
through an extremely thin membrane leaving
contaminants on one side and water on the other

Reverse osmosis

Common water recycling method.
Effective for decolouring and desalting a
variety of dyes. Produces clean and pure

water.

costly. Requires high pressure.

inapplicable on a broad scale because of the high expense
and disposal issues associated with the significant the
quantity of sludge produced in the final treatment process
[28], as highlighted in Figure 2.

Physical treatment

Physical methods as shown in Table 1 are pre-
dominantly employed to segregate substantial dissolved
substances and to reclaim valuable materials utilized in
primary processes. Various physical technologies have
beenimplemented for dye removal, includingion exchange,
adsorption, and membrane filtration techniques. Filtration
approaches such as reverse osmosis, microfiltration, and
nanofiltration are utilized to extract dyes from aqueous
solutions for potential reuse; however, these methods
are often economically unfeasible due to their high
maintenance requirements. Conversely, adsorption has
demonstrated greater efficacy in the decolorization of
dyes compared to coagulation methods. This technique
leverages low-cost adsorbents, such as polymeric resins
and bentonite clay; nevertheless, it faces economic
limitations as these adsorbents are typically employed in a
single-use capacity without opportunities for regeneration
[31].

Chemical treatment

Physical methods alone are inadequate for the
complete removal of dyes from textile effluents, as they
necessitate additional treatment to eliminate solid waste,
thereby incurring extra costs in the overall treatment
process. (Table 3) also present certain disadvantages,
they are frequently favored due to their relative ease of
implementation and cost-effectiveness. Techniques such
as flocculation and coagulation are commonly employed
to remove organic pollutants. Although coagulation is
particularly effective in degrading insoluble dyes, its
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Methods for removal of pollutant
Physical methods Chemical methods Biological methods

Ty Ozonation . .
Adsorption e Microorganisms

Category of Pollutant removal techniques

efficacy diminishes when addressing soluble dyes present
in textile effluents. A significant limitation of these chemical
methods is the generation of sludge, which requires further
management and disposal, ultimately contributing to an
increase in the total operational costs associated with the
treatment process [32].

Biological Treatment

Biodegradation and bioremediation as shown in
Table 3 naturally through a diverse array of specialized
microorganisms, including bacteria, fungi, algae, and yeast,
that inhabit wastewater and contaminated environments.
This process can also be artificially stimulated in a
laboratory setting by isolating and characterizing suitable
microorganisms, followed by scaling up the process
to facilitate the treatment and decolorization of textile
effluents.

Adsorption is a surface phenomenon in multi-
component fluid (gas or liquid) where a molecule (solute)
is attached to the surface of a solid substance by chemical
and physical bonds. Such substances that provide the
surface (space) are called adsorbents, while the molecule
which is removed from the liquid phase is known as the
adsorbate [42].
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Table 2: Various chemical dye removal methods along with its advantages and Disadvantages [35-37].

Method Description

Advantages

Disadvantages

Multiple oxidation process done

Advanced oxidation .
simultaneously to remove dye

Can remove dye
in unusual conditions. Good dye removal

Expansive. Not flexible. pH dependent.

process particles. method.
. Chemicals do not get consumed and no Additional hazardous material production. High cost
Electrochemical non-soluble anodes are used to eat up . . - . .
. sludge build-up. Fairly suitable soluble and | of electricity. Less effective dye removal compared to
destruction dye molecules

insoluble dye removal method.

other methods due to high flow rate.

Fenton'’s reagent (mixture of catalyst
and hydrogen peroxide) to remove dye
particles from wastewater.

Fenton reaction

Fairly suitable dye removal method for
soluble. and insoluble dyes. Removes all
toxins in water.

Cannot remove disperse and vat dyes. High iron sludge
generation. Long reaction time. Works only on low pH.

Fenton reaction coupled with
ultraviolet light to

Effective dye removal method. No foul

to eliminate dye particles.

Photochemical odours Expansive. Forms a lot of by-products
remove dye molecules from . .
production. No sludge production.
wastewater.
Ozonation Ozone produced from oxygen is used Can be used in its gaseous state. Does not Has an extremely short half-life for only 20 min. High

increase waste water volume.

cost. Produces toxic by-products.

Table 3: Various biological dye removal methods along with its advantages and disadvantages [34-41].

growth.

Method Description Advantages Disadvantages
Adsorptl(fn by microbial Mlxt'ure of organic living organisms Selected dyes hav.e an e'xce]l)tlonal affinity Not an effective method for all dyes.
biomass fashioned to adsorb dye molecules. towards microbial biomass.
Algae degradation Algae consumes dye particle for self- Able to consume dyes. Cheap. Easily assessable. Unstable system.

Environmental friendly process.

Extracted enzyme used to degrade dye

Enzyme degradation molecules.

Cheap. High efficiency. Non-toxic. Possesses the
ability to degrade dyes using enzymes. Reusable.

Unreliable amount of enzyme
production.

Fungus breaks down dye molecules and

Fungal cultures
& consumes them for self-growth

Can eliminate various types of dyes at once.

Lengthy growth phase. Requires large

Flexible method. reactors for complete dye removal.

Bacteria mixed with chemicals or other
bacteria to remove dye
particles.

Microbial cultures such as
mixed bacterial

Takes a maximum of 30 h in decolourization of
dye wastewater which is considered fast

Effective to a limited number of dyes

Type of adsorption

Depending upon the energy of the interaction of
adsorbed species with the adsorbent, one can differentiate
physisorption and chemisorption.

Physisorption: It involved intermolecular force
of attraction. It is based on the fact that there is a
concentration gradient ofadsorbate in solution and
adsorbent so that adsorbate migrates from solution into
the pores of adsorbent to reach the point of maximum
force of attraction and thus get adsorbed. Physisorption
is generally reversible, nonselective, and associated with
smaller enthalpy change, typically 5-40 k]/mol [43].

Chemisorption: Chemisorption involves chemical
bonding between the adsorbent and adsorbate molecule.
The chemical bonds may be covalent or ionic in nature. In
general most of the solids have a property to adsorb the
solute from solution but few of them are actually used
commercially. It is usually deemed to be irreversible,
selective and accompanied with higher heat change usually
in the range of 40-125 kJ/mol. The removal of chemicals
by chemisorption is more challenging than the removal
of substances by physisorption because of the type of
bonding and forces between the adsorbent and adsorbate.
If the circumstances are right, the two processes may
happen one after the other or simultaneously [44].
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Activated Carbon

Activated carbon is one of the commonly adopted
adsorbent material for the removal of organic pollutants
from textile effluents. Dyes which are less soluble in water
shows slow rate of adsorption on carbon content while,
water soluble dyes like acidic-basic dyes and reactive
dyes do not get readily adsorbed on carbon. The reason
behind their poor adsorption is the polar nature of these
dyes vs. non polar nature of carbon. Hence, adsorption
on carbon would be less efficient when used alone. But it
becomes more efficient adsorbent when used along with
coagulants. Although, Activated carbon has been found
to be quite effective in removal of dyes but due to its high
cost and loss of adsorbent during the deactivation, forces
the researchers in seek of replacing it with some low cost
adsorbents [45]. Production of AC was achieved typically
through two routes, physical activation and chemical
activation [46].

Physical activation: Physical activation is a two-step
process. It involves carbonization of raw material followed
by activation at elevated temperatures in the presence of
suitable oxidizing gases such as carbon dioxide, steam,
air or their mixtures. Carbonization temperature ranges
between 400 °C to 800 °C, and activation temperature
ranges between 800 °C to 1100 °C [47].
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Chemical Activation: Preparation of activated carbon
by chemical activation is a single step process in which
carbonization and activation is carried out simultaneously.
Initially the precursor is mixed with chemical activating
agent, which acts as dehydrating agent and oxidant.
Chemical activation offers several advantages over physical
activation which mainly include (i) lower activation
temperature (< 800 °C) compared to the physical activation
temperature (800 - 1100 °C), (ii) single activation step,
(iii) higher yields, (iv) better porous characteristics, and
(v) shorter activation times. The most commonly used
chemical activating agents are H,PO,, ZnCl,, NaOH, H,SO,,
NaCl and KOH [48].

Factors Affecting Adsorption of Dye

There are many factors affecting dye adsorption such
as solution pH, temperature, initial dye concentration,
etc. Thus, the effects of these parameters are to be taken
into account. Optimization of such conditions will greatly
help in the development of industrial-scale dye removal
treatment process. In this section, some of the factors
affecting adsorption of dyes are discussed below.

Effect of initial dye concentration: The impact of
initial concentration on adsorption is contingent upon
its ratio to the available binding sites on the adsorbent’s
surface. At low concentrations, only a limited number
of adsorption sites are occupied. As the concentration
of pollutants increases, a greater proportion of these
sites becomes occupied until saturation is achieved, at
which point no additional binding sites are available.
Consequently, for a constant quantity of adsorbent, the
percentage of the pollutant removed through adsorption
diminishes as the concentration increases [49].

Temperature: The adsorption efficacy of an adsorbent
is significantly influenced by the temperature of the
adsorbate solution. The process of dye adsorption onto
an adsorbent can be classified as either endothermic or
exothermic. In endothermic adsorption processes, an
increase in temperature enhances adsorption efficiency
due to heightened mobility of dye molecules and greater
accessibility of active adsorption sites, which is a
consequence of thermal energy. Conversely, in exothermic
adsorption processes, higher temperatureslead toadecline
in uptake; this phenomenon occurs because elevated
temperatures weaken the binding interactions between
the dye molecules and the active sites on the surface of the
adsorbent, resulting in diminished adsorption capacity.
The adsorption thermodynamics are measured using the
Gibbs equation, as follows:
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In Eq. (1), g, is the equilibrium adsorption capacity,
Ce is the equilibrium adsorbate concentration AS’ is the
standard entropy, R is the gas constant, AH’ is the standard
enthalpy, and T is the absolute temperature. In Eq. (3),
AG, indicates the nature of the adsorption reaction. If
the randomness (AS) of the dye adsorption increases,
then the change in enthalpy (AH) indicates the nature
of the reaction, such as whether it is an endothermic or
exothermic reaction [50].

pH: The pH of a solution is a critical parameter
influencing the adsorption of dyes, as it affects both the
surface characteristics of the adsorbent and the chemical
speciation of the adsorbate. The effect of pH is typically
assessed by preparing a suspension in an electrolyte
solution, followed by the introduction of the adsorbate
into the equilibrated mixture. The pH is then adjusted to
the desired level using standardized solutions of HNO, and
NaOH. Generally, an increase in solution pH correlates with
an enhancement in the adsorption capacity for cationic
dyes, whereas the adsorption of anionic dyes tends to
decline with rising pH levels. Therefore, optimizing the
solution pH is essential for maximizing dye removal
efficiency; however, the specific optimal pH value is
contingent upon the chemical nature of the dye involved
[51].

Porosity of the Adsorbent: The efficacy of adsorption
is significantly influenced by the accessibility of the
internal surface of the adsorbent. A critical characteristic
of adsorbent materials is their pore structure, which
encompasses the total number, morphology, and
dimensions of pores. These factors collectively dictate
both the adsorption capacity and the kinetics of the
adsorption process. The role of pores in adsorption
mechanisms is predominantly contingent upon their
dimensional attributes. Many solid adsorbents exhibit
intricate architectures comprising pores of varying
sizes and geometries, which contribute to their overall
adsorption performance [52]. The International Union
of Pure and Applied Chemistry (IUPAC) classifies the
size of pores for adsorbents as, i, micropores (r<2 nm), ii
mesopores (1<r<25 nm) and iii, macropores (r>25 nm).
Macropores exist at the entrance of activated carbon, and
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serve as carriers. The size of pore must conform to the
particle diameter of pollutants. If the molecular size of
the adsorbate is close to the pore size of the adsorbent,
the force of gravity will increase. The surface area of the
activated carbon is important, because pollutants are
adsorbed on the surface of the activated carbon [43].

Application of various isotherm models in dye
removal

Equilibrium adsorption isotherm models are essential
requirements for the design of adsorption systems and
the interaction between adsorbent and adsorbent. Models
used to analyze equilibrium adsorption data include the
Langmuir and Freundlich models [53].

Langmuir isotherm: Langmuir is one of the most
prominent isotherm models that describe the nonlinear
equilibrium between the amount of adsorbed analyte
and its free amount in solution at a constant temperature.
This model is simple and provides a good description of
the experimental behavior in a wide range of working
conditions. This isotherm is based on the assumption
of monolayer adsorption on an adsorbent with a
homogeneous structure that (i) all adsorption sites are
uniform and equal in energy, (ii) only one sorbate, (iii)
one sorbate molecule reacts with one active site , (iv)
no interaction between adsorbed species The Langmuir
relationship is expressed as follows [27].

1 1
Ce__ " 4

Imax.Kp,

de ‘?max. €

Where ¢ equilibrium adsorption capacity, q,_:
maximum adsorption capacity (mg/g), K;: Langmuir
constant, C, : equilibrium adsorbate concentration (mg/L).

Further analysis of the Langmuir equation can be made
using a dimensionless equilibrium parameter, also known
as the separation factor, given by

1
L=14kie,

Where: KL = Langmuir adsorption constant related
to the free energy of adsorption (L/mg), Co = The initial
solution concentration (mg/L). The value of RL reflects
the type of isotherm to be either: (i) irreversible (RL =
0); (ii) favorable (0 < RL < 1); (iii) linear (RL = 1); or (iv)
unfavorable (RL < 1) [54,55].

Freundlich isotherm: The Freundlich adsorption
model Eq. (6) is an empirical relation which indicates
that adsorption takes place in multiple layers. The linear-
equation of Freundlich isothermal adsorption equation is
as follows:
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log g.=log K¢ +ilogce 6

where g, Equilibrium adsorption capacity (mg/g),
K. Freundlich constant, C: equilibrium adsorbate

concentration (mg/L), n: a constant, always larger than 1.

The Freundlichmodel shows thatahigher concentration
of initial analyte would lead to a higher adsorption rate
of nanoparticles. The Freundlich model assumes that
the number of positions in the adsorption action with
free energy can be potentially reduced by increasing
free energy [31]. According to this assumption, with an
increasing solute concentration in the solution, the surface
concentration never reaches saturation due to high free
energy surface sites for adsorption.

The values of K, and n can be obtained from the
slope and intercept of the plot of log g, against log C, of
the Freundlich Plots. The Freundlich isotherm basically
indicates whether the adsorption proceeds with ease or
difficulty. Where n is dimensionless, represents Freundlich
constants characteristics of the system and the measure of
the nature and strength of the adsorption process and the
distribution of active sites. The relationship between the
Freundlich constant characteristics (n) and the strength
of the bond energy in the sorption process (N) indicates
that as surface density decreases (n > 1), all surface sites
become equivalent (n = 0) [47].

This review addresses the critical issue of water
pollution caused by toxic organic dyes released from
various industries. It begins by outlining the classification
of dyes and the severe environmental and health impacts
associated with their discharge into aquatic systems. A
comparative analysis of different dye-removal technologies
physical, chemical, and biological is presented, highlighting
their respective advantages and disadvantages. The review
establishes that among these methods, adsorption is a
particularly effective and economically viable approach for
treating dye-laden wastewater.

The core of the review focuses on the principles of the
adsorption process, differentiating between physisorption
and chemisorption mechanisms. It extensively discusses
therole of activated carbon (AC) as abenchmark adsorbent,
noting its high efficiency but also its significant drawback
of high production cost. To counter this limitation, the
review emphasizes the growing trend towards developing
low-cost, sustainable adsorbents from widely available
agricultural byproducts and plant-based materials, which
are rich in functional groups conducive to dye uptake.
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Key operational parameters that govern the efficiency
of the adsorption process, including solution pH,
temperature, initial dye concentration, and the physical
characteristics of the adsorbent, are thoroughly analyzed.
The importance of understanding the equilibrium of the
adsorption process through isotherm models is explained,
with adetailed look atthe Langmuirand Freundlich models.
In essence, this review synthesizes the current knowledge
on adsorption-based dye removal, underscoring the shift
towards sustainable and green adsorbent materials as the
future of wastewater treatment.

While significant progress has been made in using
adsorption for dye removal, several areas warrant further
investigation to enhance its practical applicability and
sustainability.

1. Development of Advanced Adsorbents: Future
research should focus on fabricating novel composite
and hybrid adsorbents (e.g., polymer-biochar composites,
magnetic nanocomposites) that offer enhanced adsorption
capacity, selectivity for specific dyes, and easier separation
from water. Tailoring the surface chemistry of adsorbents
through advanced modification techniques can lead to
materials with superior performance for complex, multi-
dye industrial effluents.

2. Regeneration and Reusability: The economic
feasibility of adsorption on an industrial scale heavily
depends on the ability to regenerate and reuse the
adsorbent. More research is needed to develop efficient,
low-cost, and environmentally friendly regeneration
methods that do not damage the adsorbent’s structure or
create secondary pollutants.

3. Bridging Lab-Scale to Industrial Application:
Most studies are conducted under controlled laboratory
conditions using single-dye solutions. Future work must
focus on testing the performance of promising adsorbents
with real industrial wastewater, which contains a complex
mixture of dyes, salts, and other organic matter. Pilot-
scale studies are crucial to validate the practicality and
scalability of these technologies.

4. Mechanistic Understanding: Deeper insights
into the adsorption mechanisms at a molecular level are
needed. The use of advanced analytical techniques and
computational modeling can help elucidate the interactions
between dye molecules and adsorbent surfaces, enabling
the rational design of next-generation adsorbents.

5. Integrated Treatment Systems: Combining
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adsorption with other treatment processes, such as
photocatalysis or biodegradation, could create powerful
hybrid systems. Adsorption can concentrate the pollutants,
which canthenbe degraded by asecondary process, leading
to complete mineralization of the dyes and overcoming the
limitations of any single method.

By addressing these areas, the field of adsorption can
move towards more robust, sustainable, and commercially
viable solutions for mitigating the environmental impact
of dye pollution.
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