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ARTICLE INFO The world faces numerous problems related to water scarcity and pollution,
largely due to inefficient wastewater treatment and inadequate methods. A
comparative account of five widely known adsorbents-plant powders, activated
carbon, biochar, zeolite, and nanomaterials-includes a comparative analysis of
their adsorption capacities, cost-effectiveness, and environmental sustainability.
On one side, plant powders, being cheap and eco-friendly, on the other side, show
lesser performance or lower adsorption capacity, particularly with heavy metals.
Activated carbon shows a good degree of adsorption, but its production is costlier
and energy-intensive. Due to its moderate performance, biochar also allows carbon
sequestration. Zeolites are highly low in their lowness during the ion exchange
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Keywords: process and removal of metals, and nanomaterials are good in both adsorption and

Wastewater treatment, Plant | catalytic activity, though costs and environmental risks delay their applications.

powders, Activated carbon, Biochar, | This review also emphasizes the case for hybrid systems combining the strengths

Zeolite, Nanomaterials of different materials and their application in efficient and friendly wastewater
treatment.
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1. Introduction

ccess to clean water is essential to

human health, economic

development, and environmental

balance [1,2]. Industrial growth,

urbanization, and agricultural
intensification have significantly contributed to
the quantity and complexity of wastewater
globally [3,4]. Domestic and industrial effluents
may contain different contaminants, including
organic compounds, heavy metals, lead ions,
nutrients, and suspended particulates. These
pollutants pose significant risks to aquatic
ecosystems and human health. Heavy metals
such as lead, cadmium, chromium, mercury,
and arsenic are hazardous as they are
poisonous, non-biodegradable, and accumulate
in living organisms [5,6]. They are involved in

various medical diseases, including
neurological, gastrointestinal, renal, and
cancerous conditions. Their environmental

longevity makes extraction and recovery even
tougher. Additionally, more than 700 organic
and inorganic pollutants have been detected in
global water systems, as indicated by recent
estimates [7]. Dyes, pesticides, drugs,
surfactants, radioactive substances, and other
chemicals discharged by industries such as
textiles, metallurgy, agriculture, and electronics
are some of the contaminants [8-10].
Conventional treatment technologies, including
membrane filtration, advanced oxidation

processes, ion exchange, electrochemical
treatments, coagulation, flocculation, and
chemical precipitation are widely used but have
many disadvantages, including high operational
cost, energy demands, and toxic residues [11-
13]. However, the majority of them are
bedeviled by their high cost of operation,
energy requirement, generation of toxic sludge,
or high infrastructure. Therefore, the quest for
low-cost, sustainable, and scalable technology is
increasing [7,14,15]. Adsorption has been
identified as the most effective and
environmentally sustainable method for water
treatment [9]. This preference is due to its
operational simplicity, low energy
requirements, minimal chemical usage, and the
potential for adsorbent regeneration [2]. The
extensive research has been conducted on
various adsorbent materials, including
activated carbon, zeolite, biochar,
nanomaterials, and plant powders [7,16,17].
Recent studies have also added to this field by
exploring advanced adsorption and
photocatalytic processes, such as the use of
tiger nut with TiO;, natural clay-based
adsorbents for pharmaceutical contaminants
[18], and polyaniline (PANI)-based
nanocomposites for dye removal [19]. Studies
on heavy metal toxins in industrial wastewater
[20] and solar UV-assisted photocatalysis of
organic contaminants [21] also indicate the
growing trend towards hybrid and sustainable
treatment processes.
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This review assesses five critical categories of
adsorbents: plant powders, activated carbon,
biochar, zeolite, and nanomaterials. Focus is
placed on their removal efficiency, adsorption
mechanism, recoverability, cost-effectiveness,
and sustainability. The aim is to present a
comprehensive global account of each
material's merits and demerits and to build
promising hybrid solutions for efficient and
sustainable wastewater treatment.

2. Plant Powder

Plant-based powders, sourced from agricultural
wastes such as Moringa oleifera, psyllium husk,
banana peel, and rice husk, are abundant in
cellulose, lignin, and other organic compounds
[22]. These materials exhibit high surface areas
and possess various functional groups, which
significantly enhance their adsorption capacity
for the removal of heavy metals, dyes, and
organic pollutants [2].

2.1. Mechanisms of action

Table 1 indicates the wide range of adsorption
capacities of plant adsorbents, from the lowest
value of 0.5mg/g for almond shells to the
highest value of more than 237.9 mg/g for
banana peel for lead adsorption. Psyllium husk
and Moringa oleifera are repeatedly high-
performing materials for all contaminants and
are good options for low-cost processes. In
contrast, typical agro-wastes, such as rice husk
and orange peel, exhibit poor to moderate
adsorption efficiency. These differences stem
from the impact of material constitution,
treatment protocol, and operation conditions
on adsorption traits. In most cases, the table
indicates raw agricultural waste's potential but
states the need to optimize the level of
performance of commercial adsorbents.

2.2. Effectiveness of plant powder

Plant powders have shown considerable
potential to remove different impurities,
including heavy metals and colorants. However,
its adsorption capacity is lower than that of
more advanced materials like activated carbon

2025, Volume 7, Issue 4

or engineered nanomaterials. Due to its high
porosity, excellent adsorption capacity, and
superior surface reactivity, activated carbon
has been widely used as an adsorbent
commercially [16].

Besides conventional sources, activated carbon
has also been produced using agricultural by-
products (such as olive, apricot, and peach fruit
seeds), as well as almond, hazelnut and coconut
shells [30]. As an environmentally friendly
substance that has shown promise in various
fields, biochar, which is made from wvarious
agricultural wastes, has attracted the attention
of numerous researchers [9,31,33] (Figure 1).
Some improvement can be achieved through
surface modification techniques or integration
with other materials hull was treated with a
sodium nitrate solution [34]. Teff husk was
treated with alkali, followed by carbonization at
550 °C [35], and the calabash peel was treated
with nitric acid and formaldehyde [36]. Senna
siamea seedpods impregnated with zinc
chloride were activated by thermal treatment at
550 °C [37]. Dead palm leaves were
impregnated with ferric chloride in an alkaline
medium and then treated at 600 °C to develop a
nanocomposite [37].

Poplar sawdust was used to develop activated
carbon by impregnating it in potassium
hydroxide and zinc chloride separately under
different conditions and then pyrolyzing at 300-
600 °C [38]. Jackfruit peel was impregnated in
concentrated sulphuric acid, rinsed with
distilled water, soaked in sodium carbonate
solution, pyrolyzed at 400-600 °C, and
subjected to microwave pyrolysis at 200 W for
10 min. to prepare a biochar [38,39].

The study by [40] established that Moringa
oleifera seeds deflocculated turbidity and
removed pathogens in water. A typical example
of a low-cost natural biosorbent, this is an
exemplary display of eco-friendly and efficiency
factors of water treatment, especially in terms
of cost in developing countries. However, the
reality remains that the ability to recycle plant
powders still poses challenges, with several
reuses being limited. Numerous cost-effective
biosorbents derived from agricultural waste
have been documented for their efficacy in
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Table 1. Summary of plant-based adsorbents used for the removal of organic and inorganic pollutants from
aqueous solutions

Adsorbents Adsorbates Max adsorption Key operating Ref.
capacity (mg/g) conditions
Time (h) pHT (°C)
Moringa Lead (Pb?*) 132.0 2 6 25 [23]
Oleifera
Powder
Psyllium Husk Methylene Blue 156.0 3 6 30 [24]
Powder
Coconut shell- methylene blue (MB) 33.1and 9.2 48 25 [17]
based biochar
Bannan Peel Cd2+ and Pb2+ 84.25 for Cd?* and [25]
powder 237.90 for Pb2*
Orange Peel Cu (II) and Cd (II) 2.78 for Cu (II) 2 25 [5]
Powder 2.57 for Cd (II
Almond shell Pb (1) 0.5 6.0 [26]
powder
Rice husk Lead ions 28.6 7 3.9 25 [27]
Wheat shells Cd%* and Pb%* 62.49 0.5 Wide [28]
149.33 range
Chestnut shell Cu (11) 200.3 24 6 25 [29]
Sunflower Cd%* and Pb%* Cd 8.42 x 10-2 2.5 5 25 [30]
Staks Pb 8.95 x 10-2
Guar gum Chromium (Cr®*) 100.0 4 4.5 30 [31]
Powder
Psyllium husk Methylene Blue 206.6 0.6 4 30 [32]
powder

removing heavy metals [41]. These biosorbents
typically require minimal pre-treatment
processes, such as washing, drying, grinding, or
mild acid or alkali treatment, thereby
eliminating the need for extensive physical or
chemical modifications.

2.3. Limitations of the plant powder

Despite their economic and environmental
benefits, plant-based powder adsorbents face

several limitations, especially in large-scale or
industrial wastewater treatment applications.
These limitations include:

Lower adsorption capacity: Compared to
advanced materials like activated carbon or
nanomaterials, plant-based adsorbents
generally have lower surface areas, porosity,
and fewer reactive functional groups, resulting
in inferior adsorption capacity [42].
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Effectiveness of Plant Powders
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Figure 1. Effectiveness of plant powders

Poor selectivity: These biosorbents often exhibit
poor selectivity when treating composite
wastewater that contains multiple pollutants,
which reduces their overall efficiency.

Low regeneration capacity: Most plant powders
are used in a single treatment process and are

not easily reusable, making them less
sustainable over time.
Performance  variability:  The  chemical

composition of agricultural residues can vary
depending on the type of plant, growing
conditions, and processing methods, leading to
inconsistencies in performance.

Susceptibility to biodegradation: Raw plant
materials are prone to biodegradation and
microbial infection during storage or prolonged
use, compromising their stability and
operational efficiency.

These challenges underscore the need for
further research and development to improve
the structural and functional properties of
plant-based adsorbents through modification
and hybridization approaches [22].

2.4. Enhancement of plant powder

Plant adsorbents have gained increasing
attention as low-cost and environmentally
friendly adsorbents for wastewater treatment.
Being by-products of agricultural waste such as
Moringa oleifera, banana peel, psyllium husk,
rice husk, and orange peel, these adsorbents are
rich in lignocellulosic content and contain a
variety of functional groups (e.g., hydroxyl and

carboxyl) that facilitate the adsorption of
contaminants [9,31,33].

The mechanism of action is often ion exchange,
complexation,  hydrogen  bonding, and
electrostatic attraction. Biodegradability and
their local availability make them particularly
attractive to use in low-resource and rural
communities [43].

However, despite their versatility, raw plant
powder adsorption capacity is typically lower
than that of advanced materials such as
activated carbon and nanomaterials. For
instance, while Moringa oleifera or Psyllium
husk has a high capacity for some dyes and
metals, their overall capacity and selectivity
may not be as good as synthetic analogs under
complex water conditions.

3. Activated Carbon

Activated carbon is a type of carbonaceous tool
that has an abnormally large surface area and
porosity and is primarily made from organic
materials such as coconut endocarp, and rice
husk. It has traditionally been the standard in
the area of water treatment industry [44].

When designing pyrolysis conversions, it is
crucial to consider various parameters, as
changes in preparation conditions can impact
the effectiveness of activated carbon (AC) [45].
The two main methods for converting
lignocellulosic biomass (LB) to AC are
activation and pyrolysis [46]. This section
explores the operational factors that influence
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the yield and quality of AC produced through
biomass pyrolysis and activation, including pre-
treatment techniques, activation procedures,
reaction temperature, and heating technology.
A visual summary of the activated carbon
production and activation process is provided
(Figure 2).

3.1. Mechanisms of adsorption

Carbon had to be carbonized at temperatures as
high as 900 °C. For the activation step, the
carbon is then crushed to the appropriate size
[44]. Chemical, physical, or a mixture of
chemical and physical activation known as
physiochemical activation can all be used to
activate carbon. The mechanism of AC
adsorption is typically attributed to the carbon
micropore or weak van der Waals forces that
might draw impurities [47].

Natural active monomeric molecules separated
from herbal medicines have emerged as the
most effective option in recent years for
minimizing adverse effects of preparation and
creating high-value products [47-49].

The primary active component of Andrographis
paniculata (A. paniculata), andrographolide, is
already sold in China and Southeast Asia and is
used as a natural antibiotic to treat a variety of
conditions, including sore throats, chills,
influenza, and other illnesses.3. The steps
involved in extracting andrographolide from A.

paniculata are extraction, decolorization,
concentration, removal of impurities, and
crystallization [50]. An abundance of

chlorophyll, primarily chlorophyll a (Chl a) and

biomass
conversion
technology

catbonization ,
Pyrolysis
,Hydrothermal
,gazification,,

Journal of Chemical Reviews

chlorophyll b (Chl b), is typically present in
extracts of A. paniculata. Direct concentration of
the extract will result in a thick, dark green
lump that will interfere with the separation and
purification process that follows. Furthermore,
a lack of chlorophyll during the crystallization
process gives andrographolide crystals a green
appearance, which detracts from the product's
purity, worth, and biological activity.
Consequently, decolorization is crucial [51].

In fact, several countries have made it their
standard procedure for  decolorization.
However, it was discovered that the removal
rates of Chl a and Chl b from AC made by
various manufacturers varied significantly,
even if they had comparable adsorption values
of iodine and methylene blue, which are often
used to evaluate the adsorption effectiveness of
AC[52].

There are currently few studies on the removal
of Chl a and Chl b from herbal extracts using AC
microstructure and adsorption mechanisms,
and the majority of AC studies focus mainly on
dyes and metal ions [52-53]. A higher specific
surface area or micropore volume can enhance
adsorption performance by providing more
adsorption sites [4]. The pore size must be
sufficiently large to accommodate the
dimensions of the adsorbed molecules [52].
Mesopores (2-50 nm) are primarily responsible
for adsorbing large molecular weight organic
molecules, macropores (> 50 nm) are suitable
for the adsorption of microorganisms, and
micropores (0-2 nm) mainly adsorb
compounds of low molecular weight [54].

S

Physical activation

chemical activation ‘

Y

=)

activated carbon

Physio chemical
activation

Microwave assisted
activation

Figure 2. Primary techniques for producing activated carbon from biomass
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3.2. Effectiveness of activated carbon

Adsorption is a promising technique for
removing various pollutants from wastewater
[45]. The use of inexpensive adsorbents derived
from sources such as agricultural waste can
effectively  eliminate contaminants [15].
Extensive studies have been conducted on the
adsorption of pollutants in activated carbon
[55], which can be produced from various
agricultural wastes and has a high surface area
[56].

Activated carbon obtained by biomass pyrolysis
is effective in removing a wide range of
contaminants, including Pb, Hg, Cu, Ar, Cd, Cr,
Fe, and Ni. There is a growing demand for
environmentally friendly solutions to address
heavy metal-induced river contamination.
Traditional methods of removing metal ions

from wastewater include ion exchange,
membrane filtration, electrochemical
treatment, precipitation, electrodialysis,

reverse osmosis, and adsorption. Despite the
significant overhead and capital expenses
associated with other technologies, adsorption
is preferred due to its versatility in handling,
design, and operation [45,57,58].

Flexible surface functional groups in carbon-
based materials facilitate the adsorption of HM
ions. The efficiency of carbon-based compounds
in adsorbing metal particles has been
confirmed by research. The capacity of a
carbon-based adsorbent (CBA) to adsorb
chemical constituents depends on the
adsorbate's properties (pore size, polarity,
molecular weight (MWs), and functionality),
and the solution environment's (acidity, ionic
strength, and temperature) [59], [60].
Chemicals bind and aggregate on different
adsorbents in the aqueous phase due to donor-
acceptor forces such as hydrogen bonding,
induced dipole, van der Waals, and dipole-
dipole. Important adsorption activities include
the  hydrophobic effect, covalent and
electrostatic interactions, hydrogen, and m-
mbonding [61]. Typically, biomass pyrolysis is
used to create AC, which is then activated to
increase the active surface area [60,62].

The activation pathway is selected based on the
properties of the raw material, including

2025, Volume 7, Issue 4

density, size, and heating value. During the
pyrolysis process, a designated reactor is
selected and rapidly heated to the target
temperature while surrounded by an inert
atmosphere [63]. Pyrolysis is crucial because it
removes moisture and volatile biomass
components [64]. Pyrolytic variables, which
encompass temperature, feed content, reactor
types, and heating rate, have a considerable
impact on the Ac properties. The biomass
pyrolysis into AC has been the subject of
extensive research. However, the majority of
applications and research so far have been on
the use of AC in fertilizers and soil
amendments. Review publications have
addressed the subject of AC adsorption on
numerous occasions [11,45,55,58].

4. Biochar

The porous product rich in carbon obtained
from the pyrolysis of biomass in a limited
oxygen atmosphere is biochar [65,66]. Although
it lacks a universally accepted definition,
biochar is generally described as a particular
kind of charcoal, which mainly consists of
amorphous carbon and is derived from organic
raw materials such as wood residues,
agricultural waste, sewage sludge, and animal
manure [67,68]. The promising applicability in
environmental remediation by recent studies is,
particularly, wastewater treatment and soil
fertilization [7,69].

4.1. Mechanism of biochar

The ability of biochar to remove pollutants is
largely dependent on its surface chemistry and
porous structure [2]. In the absence of oxygen,
biomass is thermally broken-down during
pyrolysis to produce a substance high in carbon
and functional groups like carboxyl and
hydroxyl. Because of these characteristics,
biochar can adsorb organic contaminants (such
as dyes and pesticides), heavy metals (such as
lead and cadmium), and nutrients (such as
phosphate and nitrogen). The technique to
produce biochar and its adsorption mechanism
is depicted in (Figure 3).
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Figure 3. Biochar production and adsorption mechanism

Table 2. Applications of biochar in wastewater treatment and key supporting studies

Application
Nutrient removal
Heavy metal adsorption
Organic pollutant removal

4.2. Advantages of biochar

Biochar offers numerous benefits, making it one
of the most sustainable and economical
materials for wastewater treatment (Table 2).
Its production from renewable resources such
as agricultural residues and forest waste
enhances biomass utilization and reduces
waste [73]. Biochar converts biomass into
stable carbon, helping to sequester carbon and
mitigating climate change [74].

Other significant advantages include its low
production cost compared to conventional
adsorbents such as activated carbon and
nanomaterials [75]. This affordability improves
accessibility, especially in developing countries
with limited resources for wastewater
treatment [75]. Biochar's physical and chemical
properties, such as high porosity and

Pollutants removed Key studies
Phosphorus and nitrogen [68,70]
Lead, cadmium, and arsenic [71,72]
Dyes and pesticides [68,70]

abundance of functional groups, make it highly
effective against various contaminants [76].
Research by Osman et al. (2023) investigates
the development of biochar from agricultural
wastes like jackfruit peels and poplar sawdust
for the removal of heavy metals from
wastewater [37]. Biochar regeneration cycles
are crucial to its economic viability. Studies
indicate that biochar can be regenerated using
thermal processes, which must be evaluated in
terms of capital expenditure (CAPEX) and
operational expenditure (OPEX) [77].

4.3. Limitations of biochar

Despite its growing popularity as a sustainable
and low-cost adsorbent, biochar has some
limitations in wastewater treatment. Its
performance is highly dependent on the
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feedstock type and pyrolysis conditions,
resulting in  differing  physicochemical
characteristics such as surface area, porosity,
and functional group content [76]. Such
variability leads to inconsistent adsorption
efficiency and limits standardization for large-
scale applications. Additionally, biochar has
been observed to exhibit moderate adsorption
capacity compared to advanced materials like
activated carbon or engineered nanomaterials
and is generally not selective in treating
complex or multi-pollutant wastewater. Biochar
regeneration and reuse is also an issue, as
thermal or chemical regeneration processes
could damage its structure or be costly [72]. In
other cases, biochar can leach undesired
chemicals, such as heavy metals or
polyaromatic hydrocarbons, especially when it
is produced from contaminated or improperly
managed feedstocks. Its adsorption behavior is
also affected by environmental conditions like
pH, temperature, and ionic strength, which can
detract from its dependability in fluctuating
field conditions. Besides, diminished adsorption
kinetics and scalability issues of production
also reduce its useful application. These issues
emphasize the need for novel modification
techniques and hybrid technologies to enhance
the efficiency and reliability of biochar in
wastewater treatment operations [65,67].

5. Zeolite

Zeolite is a crystalline microporous material
extensively utilized in wastewater treatment
due to its exceptional ion exchange and
adsorption properties. Its framework consists
of aluminosilicate tetrahedra arranged in a
regular lattice, which facilitates the selective
adsorption of pollutants [22,78].

Zeolitic tuffs have been discovered globally
since the initial identification of zeolitic
minerals in volcanogenic sedimentary rocks.
Over the last few decades, natural zeolites have
found numerous applications in the
construction industry, agriculture, adsorption,
soil remediation, energy, and catalysis [79].
Natural zeolites are porous, hydrated
aluminosilicate  minerals with  valuable
physicochemical properties, including sorption,

2025, Volume 7, Issue 4

catalysis, molecular sieving, and cation
exchange [80]. Due to these properties and
their widespread availability, natural zeolites
are increasingly popular for environmental
applications [81].

5.1.  Mechanism of zeolite synthesis and
application in wastewater treatment
The synthesis of aluminosilicate zeolites

primarily involves hydrothermal synthesis, a
thermally activated process carried out in an
alkaline supersaturated solution [82]. The
transformation of a mixture containing silicon,
aluminum, metal cations, organic molecules,
and water into a crystalline microporous
aluminosilicate occurs in three major steps:
Preparation: A highly concentrated solution of
silica, alumina, and other constituents is
prepared in an alkaline environment.
Nucleation: It begins when supersaturation is
achieved. At this stage, the initial entities that
form the building blocks of the zeolite lattice
start to assemble. These nuclei act as seeds for
the formation of crystalline structures.
Crystalline growth: following nucleation,
crystalline growth develops the microporous
zeolite.  Crystallization is  temperature-
dependent, with  higher  temperatures
enhancing the growth and yield of the crystals.
Before crystallization, the gel was aged at sub-
crystallization temperatures to stabilize it and
ensure the quality of the crystals in the final
synthesis phase.

5.2 Application of zeolite

The applications of zeolites in wastewater
treatment are based on their microporous
crystalline structure and ion exchange
capabilities (Figure 4). These properties are
directly related to the process of synthesizing
zeolites, which determines the size of the pores
that the material will have, its chemical

composition, and its adsorption efficiency
[22,83-84].
Adsorption and molecular sieving: The

microporous framework traps molecules based
on size, thus enabling the removal of organic
pollutants and specific nutrients such as
ammonium and phosphorus.
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Figure 4. Zeolite synthesis and application

Ion exchange: Zeolites exchange their intrinsic
cations, such as Na* and K*, with contaminants
including heavy metals like Pb%*+ and Cd** and
ammonium ions, NHg*, thus purifying the water.
Catalysis: Acid-base properties of zeolites
derived from their synthesis promote chemical
reactions in wastewater treatment, such as
partial decomposition of complex pollutants.

5.3. Advantages of zeolites

Zeolites are naturally abundant minerals that
can be synthesized at relatively low costs,
particularly in resource-poor regions [85].
Their ion exchange capacity and molecular
sieving properties enable the selective removal
of specific contaminants, including ammonium,
phosphorus, and heavy metals such as lead,
cadmium, and arsenic [86].

Zeolites have low environmental impacts
during use and at the end of their lifecycle, as
their regeneration produces less waste
compared to synthetic adsorbents, enhancing
sustainability in environmental applications
[86].

Munir et al. (2024) explores the use of zeolite
nanocomposites to remove microplastics,
ammonia, and trace metals from wastewater,
emphasizing their efficiency and cost-
effectiveness.

5.4. Limitations of zeolites in waste-water
treatment

Natural zeolites also vary in composition and
purity, leading to inconsistent performance in

wastewater treatment processes [71,76,87].
This variability makes it challenging to achieve
predictable outcomes in different treatment
systems [14,22].

Overcoming these shortcomings requires
further development, either by modifying the
structure of zeolites or incorporating them with
other materials to extend their applicability and
improve efficiency in complex wastewater
cases [22,86,88-89].

6. Nanomaterials

Nanomaterials are materials engineered at the
nanoscale, typically ranging from 1 to 100
nanometers. The small size makes them unique
in many properties compared to their bulk
counterparts. It is these unique properties that
make them so useful in many applications in
various fields [90,91].

6.1. Application of nanomaterials

Nanomaterials are highly effective in
wastewater  treatment due to  their
extraordinary physical, chemical, and optical
properties [90]. With sizes less than 100 nm,
they have a high surface area-to-volume ratio,
exceptional reactivity, and multifunctionality.
These nanomaterials are prepared through
adsorption, photocatalysis, or antimicrobial
activity. For instance, carbon-based
nanomaterials, such as graphene oxide and
carbon nanotubes, effectively adsorb heavy
metals and organic pollutants, while metal
nanoparticles, including silver and copper,
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exhibit strong antimicrobial properties, and are
capable of inactivating pathogens present in
water. According to MDPI-Nanomaterials,
semiconductor nanoparticles such as TiO; and
ZnO are among the most popular photocatalytic
materials for the degradation of organic
pollutants, leading to the decomposition of
complex compounds into harmless substances
[1].

Nanomaterials have indeed transformed
wastewater treatment by offering innovative
solutions for multiple processes. Their high
surface area and reactivity make them effective
in adsorbing heavy metals and dyes. Advanced
oxidation is possible with catalysts such as ZnO
and TiO2. Nanocomposite membranes can
improve filtration efficiency, whereas silver
nanoparticles provide potent disinfection
properties. Magnetic nanoparticles are effective
in heavy metal removal, and superhydrophobic
materials allow efficient oil-water separation.
Additionally, nano biosensors detect pollutants
more precisely, while nanomaterials in
microbial fuel cells enhance energy production
during wastewater treatment. This indicates
that nanotechnology has the potential to
revolutionize water management, making it
cleaner and more sustainable (Table 3).

6.2. Advantages of nanomaterials

Nanomaterials are significantly more effective
in adsorption and catalytic efficiency, and hence
very efficient in wastewater treatment. With a
high surface area, they can selectively adsorb

High
surface area

2025, Volume 7, Issue 4

various pollutants, such as heavy metals and
organic contaminants. Moreover, nanomaterials
can be prepared for multifunctional
applications, such as combining adsorption
with catalytic degradation, thereby improving
overall treatment efficiency [92].

Although nanomaterials such as CNTs and
metal nanoparticles have excellent adsorption
and catalytic activity, they are costly to produce
and hence not affordable for daily use. Studies
such as [92] present the cost barriers of the use
of nanomaterials for wastewater treatment. For
example, [57] describes the use of graphene
oxide and silver nanoparticles for the removal
of heavy metals and pathogens from water.
However, scalability is an issue due to the high
cost of production and the potential
environmental impact of nanoparticle waste
disposal.

6.3. Limitations of nanomaterials

As nanomaterials have become more
affordable, they are now more competitive for
cleaning up water and wastewater. However,
there are some challenges in using these
nanoparticles directly in water and wastewater
treatment processes [93,94] First, in a
fluidized system or a rigid bed, nanoparticles
have a tendency to aggregate, which causes a
considerable decrease in efficiency and
increases pressure drop.

Selective
Adsorption

Nanomaterials

/

Multifunctionality

Catalytic
degradation

Figure 5. Functional benefits of nanomaterials in wastewater remediation
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Table 3. The applications of nanomaterials in wastewater treatment

Journal of Chemical Reviews

Application Description Example Ref.
Adsorption Nanomaterials, especially carbon nanotubes, CNTs have been widely [92]
provide a huge surface area-to mass ratio and are  researched in the removal
extremely effective in adsorbing contaminant of heavy metal ions and
species such as toxic heavy metals and dyes onto dyes in wastewater.
their surfaces, which are normally difficult to
remove from wastewater.
Catalysis Nano-catalysts, metal or metal oxide ZnO nanoparticles have [97]
nanoparticles, promote the oxidation of organic been utilized in organic
pollutants through advanced oxidation processes, pollutant degradation in
hence enhancing the breaking down of harmful wastewater.
substances.
Membrane The integration of nanomaterials into membranes These nanocomposite [88]
filtration enhances their filtration efficiency and selectivity membranes, with
for the effective removal of pathogens, organic embedded nanoparticles,
compounds, and heavy metals from wastewater. enhance the separation of
contaminants.
Disinfection Silver nanoparticles are highly effective in their The silver nanoparticles [97]
antimicrobial action by inactivating bacteriaand  serve in water disinfection
viruses in water, thus serving as a strong because of their
disinfectant. antimicrobial properties.
Heavy metal Magnetic nanoparticles can be functionalized to The application of [92]
removal bind selectively and remove toxic heavy metals functionalized magnetic
such as arsenic and lead in contaminated water, nanoparticles removes
hence facilitating the extraction. heavy metals from water.
Oil-water Nanostructured material with Superhydrophobic nano [97]
separation superhydrophobicity has been employed for coatings can help separate
separating oil from water and thus may find oil from water in
application in treating industrial effluents and oil industrial wastewater.
spills.
Sensors Nanomaterial-based sensors detect trace amounts Nano-biosensors are [97]
of pollutants, enabling sensitive monitoring of being developed to detect
water quality and helping in the early detection of contaminants such as
contaminants. nitrates and phosphates in
water.
Energy Nanomaterials increase the efficiency of microbial =~ Nanomaterials are being [97]
recovery fuel cells to effectively deal with wastewater used in microbial fuel cells

treatments along with power generation,
primarily through their enhancement of electron
transfer processes.

to treat wastewater while
generating electricity.

Second, it is still challenging to separate the
majority of exhausted nanoparticles (apart
from magnetic nanoparticles) from the treated
water. From a financial perspective, it is
economically unfeasible [95]. Third, there is
uncertainty about the effects of nanomaterials
on human health and the aquatic environment,
as well as the behavior and long-term impacts
of nanoparticles in water and wastewater
treatment processes [96].

7. Comparative Analysis of Materials in
Wastewater Treatment

The selection of the appropriate material for
wastewater treatment should be based on its
efficiency, cost, and environmental impact.
Different materials are used for various types of
treatment, from simple turbidity and pathogen
removal to complicated contaminant
degradation. This section compares the use and
performance of five key materials: plant
powders, activated carbon, biochar, zeolite, and
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nanomaterials, highlighting their strengths,
limitations, and market trends to extract insight
on their practical applications (Figure 4).
Plant-derived powders, such as Moringa
oleifera, represent natural and ecological
materials that are widely used in wastewater
treatment. They are highly effective coagulants,
which can efficiently remove turbidity and
pathogens [40]. However, their adsorption
capacity for heavy metals and organic
pollutants is relatively low compared to
synthetic materials [98]. Although they are
biodegradable and cost-effective, the potential
for regeneration of plant powders is limited, as
they are mostly single-use and then discarded
[99,100].

Activated carbon is an established material in
wastewater treatment due to its large surface
area and porosity, which provide excellent
performance in the adsorption of organic
pollutants and heavy metals [55,101]. It is
versatile and efficient; however, its production
involves moderate to high costs, and thermal
regeneration is energy-intensive [102]. The
carbon footprint of its production and disposal
is also a concern for the environment. However,
activated carbon remains one of the most
widely used materials for the treatment of
many contaminants [103].

Biochar, produced through the pyrolysis of
organic biomass, offers a sustainable and cost-
effective alternative to wastewater treatment
[103]. Its adsorption capacity, influenced by the
type of feedstock and pyrolysis conditions, is
generally moderate, making it promising for the
recovery of nutrients and the removal of
organic pollutants [77]. Additionally, biochar
contributes to sustainability through carbon
sequestration [94,104,105]. However, the
current methods are still underdeveloped, and
their performance is generally lower compared
to activated carbon [62,76].

Both natural and synthetic zeolites exhibit
excellent selective adsorption, particularly for
cations and small molecules [22]. Their ion-
exchange properties make them ideal for
removing ammonia and heavy metals [85,106-
107]. Zeolites are moderately priced and have a
high regeneration potential through ion

2025, Volume 7, Issue 4

exchange [85]. Their lower environmental
impact improves their attractiveness for
wastewater treatment applications [78,86,108].
Nanomaterials are at the forefront of
wastewater treatment due to their catalytic
properties and their excellent adsorption [109].
The high surface area-to-volume ratio enables
advanced treatment processes such as
photocatalysis and disinfection. However, high
production costs and limited regeneration
methods hinder practical applications, raising
concerns about toxicity and environmental
persistence.  Despite  these  challenges,
nanomaterials have great potential to address
complex and advanced contaminants in
wastewater [92,110,111].

Due to high costs and environmental concerns,
nanomaterials make up only 10% of the
wastewater treatment market, despite their
high adsorption capacities [112,113]. On the
other hand, activated carbon, with proven
efficiency, is the market leader at 40%, while
zeolite takes second place at 25%. Therefore,
the trends in use underscore the need for
balancing efficiency, sustainability and cost in
material selection (Figure 7).

The choice in wastewater treatment depends
on efficacy, cost-effectiveness, and scalability.
Activated carbon leads with a market share of
about 40% due to its high adsorption efficiency
and versatility [55,114]. Zeolite enjoys a market
share of 25%, especially because of its ion-
exchange properties in the removal of ammonia
and heavy metals [22,115]. Biochar, which
takes 15%, is the upcoming green alternative
[116-118]; nanomaterials hold 10% due to
market share due to high production cost and
environmental concerns [119,120]. Plant
powders also account for 10% and are mainly
used in regions that focus on low-cost solutions
[42] (Figure 5).

Each material has its strengths and limitations,
and the choice of material depends on specific
treatment objectives, economic feasibility, and
environmental impact considerations. Hybrid
systems could optimize the combined benefits
of multiple materials, allowing sustainable and
efficient wastewater treatment solutions
(Figure 6).
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Figure 6. Comparison of plant powders, activated carbon, biochar, zeolite, and nanomaterials based on
adsorption capacity, cost, regeneration potential, environmental impact, and scalability
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Figure 7. Estimated percentages of market share for various materials in wastewater treatment
8. Conclusion provides a sustainable alternative with
moderate adsorption capacity and other
benefits such as carbon sequestration. Zeolites,
by their selective ion exchange capability, are
particularly effective for ammonia and heavy
metal removal. Nanomaterials, despite offering
increased efficiency and multifunctionality, are
constrained by large barriers like high expense,
potential environmental toxicity, and reduced

This review highlights the distinctive
advantages and limitations of various materials
used in wastewater treatment. Every material
has particular merits applicable to specific
environmental, technical, and financial
situations. Plant powders are inexpensive,
sustainable materials best adapted to turbidity

and pathogen removal in low-resource settings,
yet their adsorption capacity is usually low.
Activated carbon remains one of the best and
most widely used adsorbents for organic
pollutants and heavy metals, but its high
regeneration and production costs is an
environmental and economic concerns. Biochar

scalability.

Future research needs to focus on further
developing hybrid systems that combine the
low cost and environmental sustainability of
natural materials with the efficiency of
advanced technologies such as nanomaterials.
This course of action will be crucial in shaping
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the future of sustainable, scalable, and high-
performance wastewater treatment technology.
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