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ABSTRACT

Pollution from human activities causes water contamination that impacts aquatic ecosystems and threatens public
health while endangering environmental sustainability. This highlights the need for water restoration and biodiversity
protection using indigenous, low-cost, and sustainable technologies. Adsorbents currently used in wastewater
remediation are evolving from traditional materials to more cost-effective options. This study is focused on tracking
advancements and the evolution of adsorbents while maintaining ecological sustainability, and to identify gaps requiring
further research. The review consolidated the ongoing work on adsorbents collected from Google Scholar and dated
2020-2025 to evaluate emerging trends and developments in low-cost adsorbents. The evolution of these materials
demonstrates remarkable adaptability and multi-functionality, enabling low-cost adsorbents to address a wide range of
water quality issues efficiently; however, there is a need to maintain minimal environmental impact. Multifunctional
adsorbents derived from biomaterials, nanotechnology, and stimuli-responsive materials show promising potential
for simultaneous removal of multiple pollutants. These adsorbents also facilitate tailored recycling and secondary
applications of exhausted materials, thereby reducing secondary pollution. The integration of biomaterials,
nanotechnology, and stimuli-responsiveness marks a significant advancement in creating more versatile and effective
wastewater treatment technologies capable of tackling diverse challenges. Their notable features—such as high surface
area for adsorption, responsiveness to environmental stimuli, and photocatalytic abilities—enable low-cost adsorbents

to effectively eliminate pathogens, as well as organic and inorganic contaminants from wastewater. The study highlights

*CORRESPONDING AUTHOR:
Relebohile Hlabana, Department of Life Sciences, Central University of Technology, Free State, Bloemfontein 9301, South Africa; Email: relehla-
bal976@gmail.com

ARTICLE INFO
Received: 5 June 2025 | Revised: 24 June 2025 | Accepted: 1 August 2025 | Published Online: 17 November 2025
DOI: https://doi.org/10.30564/re.v715.10365

CITATION
Hlabana, R., Oke, S., Gumede, T., 2025. Low-cost Adsorbents: Review on Current Trends and Developments. Research in Ecology. 7(5): 120-142.
DOI: https://doi.org/10.30564/re.v7i5.10365

COPYRIGHT

Copyright © 2025 by the author(s). Published by Bilingual Publishing Group. This is an open access article under the Creative Commons Attribu-
tion-NonCommercial 4.0 International (CC BY-NC 4.0) License (https:/creativecommons.org/licenses/by-nc/4.0/).

120


https://journals.bilpubgroup.com/index.php/re
https://orcid.org/0000-0002-0950-1085
https://orcid.org/0000-0003-4200-5187
https://orcid.org/0000-0001-5315-7296
mailto:relehlaba1976@gmail.com
mailto:relehlaba1976@gmail.com
https://doi.org/10.30564/re.v7i5.10365
https://doi.org/10.30564/re.v7i5.10365
https://creativecommons.org/licenses/by-nc/4.0/

Research in Ecology | Volume 07 | Issue 05 | December 2025

current challenges related to real-world pilot studies, secondary pollution, and scaling up. It concludes that integrating

low-cost adsorbents with enabling technologies can be the key to their successful deployment in practical pilot settings

that are easy to scale up, ultimately supporting ecosystem health and enhancing ecological resilience.

Keywords: Low-cost Adsorbents; Environmental Remediation; Wastewater Remediation; Ecosystem Restoration; Water

Quality Maintenance; Aquatic Systems Protection; Ecological Sustainability

1. Introduction

Pollution due to anthropogenic sources leads to
water contamination that affects aquatic ecosystems and
threatens public health while compromising environmen-
tal sustainability. This calls for water restoration and bio-
diversity protection through indigenous technologies that
are low-cost and sustainable. Adsorbents that are currently
applied in the field of adsorption for wastewater remedia-
tion are evolving from conventional to cost-effective ad-
sorbents. Tracing these developments is important to avoid
reinventing the wheel and to ensure that gaps for further
research can be identified. This study will focus on evalu-
ating articles on low-cost adsorbents for wastewater treat-
ment plants. It will only include studies published between
2020 and 2025, retrieved from Google Scholar using key-
words: low-cost adsorbents in removal of pollutants, low-
cost adsorbents in remediation studies, low-cost adsorbents
in environmental remediation, low-cost studies for removal
of pollutants, low-cost adsorbents review paper, and chal-
lenges in low-cost adsorbents. Only articles on the removal
of pollutants from water and wastewater will be consid-
ered, unless an article had some information relevant to
the study. Cross-references were checked from the avail-
able articles as well. The study will identify trends in low-
cost adsorbents as well as new developments in matters
related to low-cost adsorbents’ applications in wastewater
treatment plants. The study will critically highlight areas
of ecological concern as trends and developments evolve
in low-cost adsorbents. The study will end by identifying
areas for further research to make low-cost adsorbents ap-

plicable in real settings.

2. Water Quality Maintenance and
Sustainable Development Goals

Aquatic ecosystems are significant in fostering dif-

ferent forms of life "', However, the pollution of freshwater

ecosystems is rising due to anthropogenic activities, there-
by leading to disastrous decreases in freshwater biodiversi-
ty and threatening public health. Wetlands are also threat-
ened by these human activities, and freshwater species are
now faced with extinction. The main causes of deteriorat-
ing freshwater biodiversity include loss of habitats, incon-
sistent water quality due to pollution and climate change,
among others ", Inadequate management of liquid waste
affects water quality greatly. To achieve the Sustainable
Development Goals (SDG) 6.3, 3 and 12 on access to safe
water for good health and wellbeing, indigenous technol-
ogies that are low-cost, produced and consumed responsi-
bly must be invented to reduce the proportion of untreated
wastewater discharged into the environment, thereby com-
promising biodiversity, public health, and environmental
sustainability .

Toxic substances have diverse sources of origin and
are mostly carried into wastewater treatment plants for
removal before the effluent is discharged back into the en-
vironment. Examples of such toxic substances are micro-
organisms, organic, inorganic, and emerging pollutants. If
this wastewater is released untreated into the environment
the hazardous constituents can affect both the ecological
sustainability and the public health ©'.

Diverse types of wastewater contain different types
of pollutants, each with associated problems. Municipal
wastewater is a type of wastewater mainly from toilets,
showers and bathrooms, kitchen sinks, and washing ma-
chines in residential areas and commercial organizations
that contains pathogenic organisms, organic matter, sus-
pended organic matter, nutrients (predominantly nitrogen
and phosphorus), and many other household chemicals.
Dyes from textile, paint, cosmetics, plastics, paper, leath-
er, and food industries are produced in tons worldwide
and form the constituents of wastewater. If waste from
these industries is not properly treated, it may be dis-
charged into the environment, posing adverse effects on

both humans and animals, causing toxicity, carcinogenic-
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ity, and mutagenicity . There are increased levels of
both trace and toxic metals due to storm runoff, leachate,
and industrial wastewaters, with a tendency to cause dis-
eases that harm the kidneys, heart, memory, liver, skin,
eyes, gastrointestinal tract, and the central nervous sys-
tem ”*. The emerging pollutants like hormones, pharma-
ceuticals, pesticide residues, fertilizers, and personal care

products are also found in wastewaters, most of which

are potentially hazardous enough to disrupt aquatic life
and cause non-communicable diseases, as shown in Fig-
ure 17,

Pollutants originate from point and non-point sourc-
es. Point source pollutants come from one source, where-
as non-point source pollutants are derived from diverse
sources. Examples of different sources of wastewater are

presented in Figure 2 ©.
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Figure 1. A variety of diseases due to emerging contaminants [,
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Figure 2. Schematic presentation of wastewater .
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2.1. Wastewater Treatment Plants and Reme-
dial Technologies

Wastewater is collected through sewer systems into
wastewater treatment plants for removal of impurities
through pre-treatment, primary, secondary, and tertiary
stages. In wastewater treatment plants, pollutants are re-
moved using different techniques. The conventional and
advanced techniques include physico-chemical and bio-
logical methods, and examples according to Rashid et al.
(2021) are illustrated in Figure 3; these are coagulation/

flocculation, membrane filtration, adsorption, advanced

PHYSICAL
METHOD

Adsorption

CHEMICAL
METHOD
Advance
oxidation

Ozonation

Membrane filtration
Coagulation/
flocculation

oxidation, ozonation, enzymes, and microbes "'\
Homaeigohar (2020), in his study on “The Nano-
sized Dye Adsorbents for Water Treatment,” summariz-
es what is shown in Figure 3. He states that amongst the
main techniques employed in wastewater treatment, name-
ly coagulation, flocculation, biodegradation, adsorption,
ion-exchange, and advanced oxidation, adsorption is the
most favorable since it can remove diverse kinds of pollut-
ants, thereby making adsorption both energy and cost-ef-
fective [*'?. Other authors argue that adsorption supports
the circular economy, enabling repair, reuse, and recycling

of the adsorbent .

BIOLOGICAL
METHOD

Enzyme
Microorganisms

Figure 3. Conventional and advanced techniques used for wastewater treatment 12,

2.1.1. Types of Adsorbents

From the literature, there are diverse ways in which
adsorbents are made and from what they are made, result-
ing in several types of adsorbents. Examples of such types
are activated carbon, natural adsorbents, synthetic adsor-
bents, industrial by-products and solid waste, nano(ad)sor-
bents, emerging adsorbents, and hybrid systems.

a.  Activated Carbon is the Conventional Adsorbent

The use of carbon for water treatment is historical,
with ancient Indians and Egyptians; nevertheless, the com-

mercial activated carbons were patented by Raphael von

Ostrejko, filed in 1900 and 1901. Commercial activated
carbons, also known as charcoal, although effective, are
relatively expensive. Activated carbon has since been the
mainstream adsorbent dominating the market. However,
low-income countries find it expensive. Low-cost adsor-
bents, which are made from carbon precursors obtained
from locally available materials, are alternatives to this ac-
tivated carbon that is widely used to remove contaminants
from polluted bodies of water '*. Other authors note that
non-conventional adsorption techniques for wastewater
treatment are better in performance, and higher efficiencies

compared to other conventional methods "*'.
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The surface integrity of activated carbon has stood
the test of time minimizing secondary contamination of
ecological systems and habitats. Exhausted activated car-
bon is generally disposed of landfills as the mainstream
form of disposal. However, leaching might still occur con-
taminating underground water.

b.  Natural Adsorbents

These are sustainable and cost-effective adsorbents
made from materials of natural origin. They can be of
plant, mineral, or microbial (biomass) origin. Examples are
agricultural, wood, leaves, manure, and tree roots wastes,
natural polymers, cellulose, biochar, sawdust, zeolites,
soils, rocks, clays, iron oxide, microalgae, bacteria, and
71 Biomass is sometimes used to describe
% These
adsorbents of natural origin are prepared and modified to
(2022)

animal waste

. . . . . -2
organic material or microbial biomass, or fungi '

remove pollutants from wastewater. Bilal et al.

reported that some can be used untreated. However, pore
clogging is the main challenge facing unmodified natural
adsorbents. They can remove organic and inorganic con-
taminants such as biopharmaceuticals, heavy metals, pesti-
cides, and pentachlorophenol from effluent waters "

The natural adsorbents obtained from biological or-
igins are called biosorbents. Biosorbents are considered
ecologically sustainable as they are renewable. Renew-
able adsorbents are those that can be replaced as quickly
as they are consumed. Biosorbent materials can be divid-
ed according to sources of origin, like wood-based, her-
baceous-based, crop-based, biomass-based, and animal
waste-based biosorbents ! Figure 4 summarizes these
categories. However, one noted disadvantage of biosor-
bents is that they are susceptible to biodegradation, which
raises concerns about their surface stability and is likely to

cause secondary pollution in ecological systems.

-

Common biosorbent
materials

.

- ’ Fish scales

Wooden
materials
Crab shells
Orange |
Herbaceous L '
materials \ ' a Shrimp shells
\ Sugarcane ‘
Commercial b%gasse | TR
dry yeast :
T Chicken
\ ‘ —‘ feathers
Blue green Corn husk
algae . Animal bones
\—I

Figure 4. Categorization of common biosorbent materials *'1.

c¢.  Synthetic Adsorbents

These are adsorbents derived from man-made materi-

als. Examples are silica gel, metal oxides, and polymers "%,

1

Pollution from byproducts, side reactions, and unreacted
reagents used during the synthesis of these adsorbents is of

ecological concern.

24



Research in Ecology | Volume 07 | Issue 05 | December 2025

d. Industrial By-products and Solid Waste

Industrial by-products are wastes from the industries
that can be used to make low-cost adsorbents for decon-
taminating wastewater. Industrial wastes are helpful in that
they are low-cost and readily available, and are a form of
waste management for ecological sustainability, but still
need more research to understand their application. Exam-
ples of such industrial wastes are blast furnace slag (BFS)
and red mud **. They remove pollutants such as pharma-
ceutical pollutants, Cu (II), and U (VI) # .

e. Nano(ad)sorbents

Nanomaterials are adsorbents made from substances
less than 100 nm in diameter. They can be made from both
natural and synthetic sources. There are two ways of syn-
thesizing them: “bottom up” and “top down”. Bottom-up
methods involve assembling atoms, and “top-up” involves
breaking down solids into finer particles to an atom’s
level . The synthesis of nanomaterials can also be con-
ventional (traditional) or non-conventional. Conventional
methods use physical or chemical means of production. In
these methods, hazardous chemicals and extremely high
temperatures are employed; thus, they are of ecological
concern. In non-conventional methods, green nanotech-
nology that involves low-cost, safe, and environmentally
friendly processes is employed. In green methods of pro-
ducing nanoparticles and their derivatives, plant extracts
or components serve as reducing, capping, and stabilizing
agents ). However, surface stability, leaching of unre-
acted nanoparticles and disposal of used-up nanosorbents
remains an environmental, ecological and public health
threat.

Nanomaterials that play a significant role in waste-
water treatment by adsorption of pollutants are termed
nanosorbents. They provide opportunities for higher effi-
ciency in removing pollutants in a low-cost, simple, and
environmentally acceptable way. Examples of biosynthe-
sized nanomaterials that are used in water pollution con-
trol are biopolymer-coated metal nanoparticles, zinc oxide
nanoparticles, and silver nanoparticles >\

Homaeigohar (2020), a strong advocate for nanosor-
bents, argues that the agricultural waste-derived adsorbents
are inexpensive and that they have earned research interest

in a significant way . However, he notes that despite their

promising applicability in environmental remediation, they
are used as microparticles . This surface area at the mi-
cro-level seems to give a slower adsorption process than
the nano-level size, he argues. He further shows that appli-
cation of biosorbents poses significant challenges for in-
dustrial applications and therefore recommends nano-sized
adsorbents whose production is both fast and low-cost at a
large scale .

From the literature, there is evidence of hybrid ad-
sorbents in which biosorbents are functionalized with met-
al oxides and/or reduced to a nano size to enhance adsorp-
tion. The use of plant extracts with polyphenols that “serve
as reducing, capping, and stabilizing agents” can increase
the environmental friendliness of the nanosorbents **!,
In their study on a review of the synergic effect of plant
extracts on nanomaterials for the removal of metals in in-
dustrial effluents, whereby titanium dioxide nanoparticles
were synthesized by different plant extracts for wastewa-
ter treatment, Vishnu and Dhandapani (2021) found that
metal oxide nanoparticles portray increased stability, mag-
netic inertness, and optical and electrical properties. They
also noted that some nanomaterials that were applicable
in medical applications are also applicable in adsorption.
The duo concluded their study by narrating that integrating
plant extract with metal/metal oxide nanoparticles seems
to be efficient in specific reactivity for the elimination of
organic and inorganic pollutants from the industrial waste-
water *%,

Combination of biomaterials and nanomaterials with
anti-microbial activity is likely to overcome the problem of
biodegradation in biosorbents. Nanomaterials made from
polyphenolic compounds and flavonoids can enhance their
effectiveness in the removal of pollutants from the envi-
ronment with added antimicrobial properties and reduced
surface degradation, thereby safeguarding the natural eco-
systems.

f. Emerging Adsorbents

Other adsorbents have been developed but are only
starting to be relevant recently. Examples include stimu-
li-responsive materials like metal-organic frameworks,
polymers, polysaccharide/stimuli-responsive polymer
composites, and composite materials, and magnetic sor-

bents for water treatment. Stimuli-responsive materials are

125



Research in Ecology | Volume 07 | Issue 05 | December 2025

adsorbents that respond to stimuli like light, pH, and mois-

B2 They are unique in their ways of recovery and

ture
regeneration that include “magnetic separation, pH and gas
responsiveness, thermal and light activation” . However,
much remains to be established about these emerging ad-
sorbents before their real-setting application can be rolled
out. Their methods of syntheses are rather complex involv-
ing many reagents with stability that is not established.
Therefore, further research is required to finally apply
these emerging adsorbents in real-setting, and during the
course of their investigation it is important to take precau-
tions to protect the ecosystems, environment, and public
health.
g.  Hybrid Systems

Another recommended type of adsorbents is hybrid
systems. Hybrid systems are materials in which adsorbents
are combined with other materials, such as metal oxides,
polymers, and nanoparticles, to diversify their functional-
ity [27

afforded the ability to perform distinct functions in wa-

], Multifunctional adsorbents are adsorbents that are

ter treatment issues. They however are characterized by
complex synthesis made of composites of various kinds.
They are evolving with extraordinary capacity to remove
diverse types of pollutants from wastewater even at minute
concentrations, yet with extraordinary ecological, environ-

mental, and public health risks **.

2.1.2. Arguments and Debates on Low-cost
Adsorbents in the Last Decade

There is notable progress in the last decade of ad-
sorption research in areas such as nanotechnology, biosor-
bents, and functionalised adsorbents for multiple pollut-
ants. However, there are concerns as well.

a)  Nanotechnology and Adsorption

One notable progress is a breakthrough in the fab-
rication and application of nano-adsorbents in the field of
nanotechnology. This breakthrough comes with merits such
as higher surface area and the ability to be functionalized
to increase specificity and affinity for target pollutants. Ex-
amples include metal oxides, zeolites, magnetic nanoparti-
cles, and metal-organic frameworks ", These innovations
have improved specificity, reusability, and precise removal

of pollutants such as heavy metals, organic compounds,

pharmaceutical pollutants, and hormone disruptors "'

However, there are still challenges in real-world
practical application, reusability, adsorbent stability, and
safe disposal of exhausted nanosorbents. Although car-
bon-based adsorbent nanocomposites are applicable for
use in wastewater treatment of contaminants, and although
their nano-size may increase surface area, it is claimed that
their tiny size “enhances toxicity as well” and bioaccumu-

230 1t is also

lation in host and predator is highly likely '
highlighted that synthesis of nano-adsorbents can be both
complex and costly, with uncertainties regarding their sta-
bility and potential impact on the environment ',

b) Biosorbents

Biosorbents are currently receiving much attention in
research. In their study on wastewater treatment techniques
Rashid et al. (2021) point out that agricultural waste is
considered to be one of the best alternatives because of its
low-cost and high adsorption efficiency, noting that these
materials are inexpensive, environmentally friendly, and
viable for use to remove dyes and heavy metals from the
aqueous systems due to their unique chemical composition,
abundant availability, and renewable nature "*'*. Other
authors argue that biosorption is now the dominant process
even in methods of pathogen removal in bioreactors using

**!I The biological materials are

adsorbents like biochar '
abundantly available, exhibit notable structural differenc-
es, and contain various ligands in their structure. These
make biosorbents potential removers of a diverse range of
pollutants, thereby making them strong alternatives to con-
ventional adsorbents *!).
¢) Functionalised Adsorbents for Multiple Pollutant

Removal

In recent studies, it has been found that carbon pre-
cursors can be functionalized to obtain multiple properties.
Chua et al. (2021), in their study on the emergence of mul-
tifunctional adsorbents, claim that multifunctional adsor-
bents remove multiple pollutants simultaneously, as shown
in Figure 5. This route is promising since it overcomes
a challenge of wastewater composition in which pollut-
ants exist in combinations, and a challenge of combined
desorption ®*. An example of such functionalized adsor-
bents is a magnetized adsorbent that is expected to desorb
the magnetic adsorbates by applying a magnetic field of a

higher strength ',
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Figure 5. Multifunctional adsorbents ..

3. The Principle of Adsorption

In the adsorption process, target substances adhere
to a modified solid surface. The surface onto which the
substance sticks is called the adsorbent, while the adhered
substance is called the adsorbate. The adsorbed species are
bound to the adsorbent through physicochemical interac-
tions, as shown in Figure 6 ">>%,

Carbon precursors, which are substances with high
carbon content forming their structural backbone, are con-
sidered reliable sources of low-cost adsorbents. Examples
of such carbon precursors are wood, coal, cellulose, ag-

ricultural waste/biomass, coconut shells, and lignite %,

These low-cost adsorbents can be modified by different
methods of activation to increase the potential of function-
al groups such as chlorine, oxygen, nitrogen, sulfur, and
hydrogen, thereby increasing the adsorption capacity of ad-
sorbents, resulting in high affinity for the organic or inor-
ganic pollutants. Activation also increases the surface area
for sorption through pores, as shown in Figure 7 !'****,
Activation alters the physicochemical properties of
the resulting low-cost adsorbent, as shown in Figure 8,
thereby increasing its affinity and ability to sorb pollutants.
The choice of activating agents will leave the surface of
the adsorbent positively charged to sorb anions or nega-

tively charged to sorb cations.
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Figure 6. The adsorption process by adsorbent and adsorbate 1321,

Figure 7. Formation of porous adsorbent through chemical activation .
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Figure 8. Effect of activating agent on physicochemical property of resultant carbons 1*%..
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3.1.Steps in Carbon Precursor Surface Acti-
vation

3.1.1. Pretreatment

The preparation of the activated carbon precursors
involves pre-treatment steps which are then followed by
activation. Examples of such pre-treatment steps are addi-
tional washing to remove impurities, drying at =100 °C for
a defined period to remove free moisture in the material,
which could affect the carbonization step **. Milling and
sieving of the carbon precursors to obtain a defined stan-

dardized starting material is another preparation step .

3.1.2. Surface Activation

Examples of methods of activation to modify the
surface chemistry and surface area of carbon precursors
are listed in Table 1.

Rehman et al. (2019) report what happens during
carbonization (activation of carbon precursors), moisture
and volatile compounds escape, leaving behind char. Phys-

ical or chemical activation methods can further be applied

to generate highly porous activated carbons. They confirm
that these low-cost adsorbents have been widely studied
as effective adsorbents due to their porous structure, and
enriched surface chemistry with the highly reactive surface
sites P,

Devi et al. (2021), in their study on “Modification
techniques to improve the capacitive performance of bio-
carbon materials”, define activation as the introduction
of high surface area as well as well-organized pore struc-
ture and functional groups into a carbon skeleton using
activation agents 7. They highlight that the properties of
the carbon materials, such as surface area and functional
properties, can also be improved by controlling the differ-
ent processing parameters, such as activation temperature,
duration, environment, and biomass/biocarbon to reagent
ratio P!, They therefore classify activation processes into
physical, chemical, physicochemical, and microwave-as-
sisted activation based on these conditions.

The most common activation methods are physical/
thermal and chemical, as shown in Figure 9 and described

below.

Table 1. Examples of methods of activation for carbon precursors.

Physical Methods Thermal Methods

Chemical Methods Composite Formation

Microwave, ultrasonic, me-
chanical

Pyrolysis, carbonization, steam
activation

Acid, alkali, oxidation, green
nanotechnology

Combining low-cost adsorbents
with other materials

—@ @-

Transport

| a8 Pollutants &~ ...=
A \

\ Pgl;e_vgater

\
\. Adsorption /
N e

~ 3 ~

Modification processes
(chemical, physical, and others)

Stirrer for mixing

Adsorbent production
(Pyrolysis, gasification,and others)

Figure 9. Biosorbents from synthesis to application 2!,
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3.1.3. Examples of Surface Ctivation Methods

i) Physical/Thermal Activation
Devi et al. (2021) describe physical and thermal acti-

vation as being synonymous. They argue that it is a simple,

yet economical and environmentally friendly approach to
modify surface functional groups, hydrophobicity, and po-
larity of carbon precursors, and this includes low-cost ad-
sorbents. Physical activation is a two-step process involv-
ing carbonisation and activation. Carbonization is achieved
under an inert atmosphere (N, and Ar), while activation is
achieved through oxidising gases such as steam, carbon
dioxide (CO,), and at temperatures between 700 °C and

1100 °C "' Gao et al. (2020) concur and summarise phys-

ical activation as a two-stage process using an inert gas (N,

or Ar) followed by the activation (O,, CO,, H,0O steam) at

temperatures ranging between 8001200 °C 7.

During physical activation, inaccessible and new
pores are developed resulting from burning away the
trapped reactive products and from selective oxidation.
There is also the widening of the intrinsic pores of the car-
bon skeleton "', Gases such as CO, CO,, H, or CH, are
burnt off and evolved, and this controlled burn-off is im-
portant in porosity development. On the other hand, poros-
ity development is greatly dependent on the nature of the
precursor, activation gas used, flow rate, activation tem-
perature, and duration of activation *”. Devi et al. (2021)
divide types of physical activation processes into three:

1.  CO, activation, in which CO is burnt off and evolved
B37]

2. Steam activation (normally combined with pyroly-
sis). It is a common activation approach since it is
easily available, low-cost, and can produce high ox-
ygen-containing surface functional groups. The reac-
tions are as follows "7,

C+H,0—- CO+H,

CO +H,0 — CO, +H,

It is noted that steam is more reactive than CO,, and
therefore requires a lower activation temperature, resulting

in a large volume of meso/macro pore formation.

3. Air (or oxygen) has also been used at a lower acti-
vation temperature (< 500°C). It has very high reac-

tivity with carbon. This also requires low activation

energy and cost. It is, however, difficult to control

the reaction, and excessive burn-off is possible 7.

Although physical activation of carbon precursor
materials results in relatively cheaper adsorbents with good
physical strength and reduced surface degradability, their
economic value can only be significant if the waste materi-
al such as industrial waste or agricultural waste are used as
carbon precursors since this will significantly promote cir-
cular economy. If natural resources are used without being
replaced, then the evolution is environmentally costly. An-
other issue of concern is the high consumption of energy
(high activation temperatures) for a considerable amount
of time with a low yield that is associated with the use of
physical activation, making it economically unviable. Pos-
sible emission of greenhouse gases and toxic fumes also
poses ecological concern. However, the fact that physical
activation is applicable on a commercial scale makes phys-
ical activation viable for large scale synthesis of low-cost

adsorbents 7.

ii) Chemical Activation

In their study titled “Insight into activated carbon
from different kinds of chemical activating agents: A re-
view”, Gao et al. (2020) say chemical activation is also
known as wet oxidation. While in other studies, chemical
activation is called chemical modification “***!. It is a one-
step process in which carbonization and activation take
place simultaneously at temperatures around 450-850°C
B3 Tt involves the application of chemical reagents to mod-
ify the surface chemistry of a carbon precursor by porosity
development. Chemical activation includes treatments like
impregnation, grafting, and coating of chemicals on the

[14

surface of the adsorbent 'Y, Chemical modification may

induce degradation, dehydration, and complexation reac-

437 Chemical

tions on the surface of a low-cost adsorbent '
activation is advantageous in that it requires a low heating
temperature, short processing time to give a high carbon
yield, well-controlled porosity, high specific surface arca
charge, and hydrophobicity **. However, chemical activa-
tion causes corrosivity and necessitates extensive washing.
Devi et al. also emphasize the importance of post-activa-
tion washing to remove intercalated chemicals "7,

Physical treatment is limited for remediation of dyes,

but chemical treatment, which uses chemicals such as ac-
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ids, bases, organic solvents, surfactants, chelating agents,
and other compounds, not only increases the surface area
of biosorbents, but also activates the available pore sites
while introducing new surface functional groups "**). The
added functional groups increase the affinity of the adsor-
bent for the adsorbates and help in binding the dye mole-
cules, resulting in enhanced adsorption potential.

Examples of activating agents include bases “such as
potassium hydroxide (KOH), sodium hydroxide (NaOH)
and potassium carbonate (K,CO,); acids such as phos-
phoric acid (H;PO,), nitric acid (HNO,) and sulphuric
acid (H,SO,); and transition metal salts like zinc chloride
(ZnCl,) and calcium chloride (CaCl,)” ®”". Examples of
surface functional groups that can be added on the low-
cost adsorbent are carboxyl, hydroxyl, sulphonic acid, pri-
mary and secondary amine and amides, olefinic, methylene
groups, and C-O bonds .

Unless chemical activation agents used in synthesis
of adsorbents are of low toxicity with lower concentrations
and reduced volumes, the environmental and economic
impact of such activation processes remains questionable.
It is also in the interest of eco-friendliness that activating
chemicals are recovered or neutralized to minimize eco-

system contamination.

iii) Thermochemical Activation

This modification is a simultaneous heat and chem-
ical treatment to enhance the adsorbents with much lower
adsorption potential. An adsorbent derived from Sapindus
mukorossi (reetha) bio-waste (RBW), involved treatment
with 0.1 M H,SO, at room temperature (rtp) for 4 h in a
mass ratio of 1:1, resulting in a chemically modified bio-

mass .

3.2.Surface Activation, Selectivity and Non-
specificity

For low-cost adsorbents to be sustainable, research-
ers should target activation that yields selectivity and pro-
hibits non-specificity "'*. This is mostly desirable if the
pollutant is to be recovered for reuse. Selectivity depends
on several factors, such as adsorbent physicochemical
properties, like functional groups on the surface, pore size
and distribution, molecular shape and size of adsorbent,

polarity, and charge. Also, selectivity is very much depen-

dent on adsorption operating factors like pH, temperature,

and ionic strength (initial concentration) .

3.2.1. Selectivity through Optimization

Selectivity that maximizes adsorption and minimizes
competition on the binding sites between organic mole-
cules and water (polar) molecules is called selectivity by
optimization. Selectivity also minimizes the competitive
adsorption effect resulting from a variety of adsorbate spe-
cies competing for limited binding sites on the adsorbent,
especially when the initial concentration of the adsorbates
in solution increases "'*!. In this case, selectivity can be
achieved through optimization—finding optimum condi-
tions for maximum adsorption of individual adsorbates on

the adsorbent within the shortest possible time.

3.2.2. Selectivity through Surface Functional-
ization

Through the years, activation involving a combina-
tion of methods has evolved. This is called multifunctional
activation. Multifunctional activation results in adsorbents
that can remove various categories of contaminants in
wastewater due to multiple functionalities *”. They can
remove different types of pollutants (organic, heavy met-
als, inorganic, or emerging pollutants) or ions of different
charges of pollutants of the same molecular species (anion
or cation) by a single treatment. Multifunctionalization af-
fords adsorbents with different surface functional groups.
Magnetization, for example, involves magnet-responsive
composites. The resulting adsorbent is highly efficient,
with better adsorption, desorption capacity, and selectivity
1 When optimizing spent adsorbents, specificity can be
achieved through targeted research during design. This can
be achieved through specific targeting 7.

Multifunctionalized adsorbents are adsorbents
made from materials such as metal oxides, polymers, and
nanoparticles to produce adsorbents with multiple func-
tions to adsorb diverse pollutants "', This gives the result-
ing hybrid adsorbents with selectivity towards pollutants.
They may have antibacterial properties, photocatalytic
functions, and oil/water separation properties. Examples
of multi-functional adsorbents, some of which are listed

in Table 2, are magnetic microspheres, graphene, poly-
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mer-based aerogel, and hydrogel, and they are very suit- They can be carbon-based, carbon nanomaterial-based,

able for wastewater with a complex mixture of adsorbents. polymer-based, and inorganic-based **.

Table 2. Types of carbon-based multifunctional adsorbents with adsorbate, adsorption mechanism, and additional functions %!,

Adsorbent Adsorbate Adsorption Mechanism Addm.o nal
Functions
Iron oxide Pb* -Electrostatic attraction, ion exchange
modified-clay-Ac cd -Electrostatic attraction, inner sphere complexes -
beads AsO,” -Electrostatic attraction
cd™ -Electrostatic attraction
ACC Phenol -m-m interaction )
JONPACs BPA -Hydrogen bonding, surface coordination, (phenolic group) )
NOM -Surface coordination (carboxyl group)
SnO,-NPs-AC- Pb*", Cd*", Cu* -Electrostatic attraction i
MnO,-NPs Pb*"Cr'” -Electrostatic attraction
Halloysite nano- MB -Chemical interaction (Cr (III) and carboxyl group )
tube@carbon -Electrostatic interaction, n-m interaction
TC -Electrostatic attraction, chelation, complexation reaction
MMIC-Fe (I11I) cd™ -Electrostatic attraction, formation of ternary complexation -
MB -lon-dipole interaction, hydrogen bonding, electrostatic attraction
ZnONPs-PWAC MB -lon-dipole interaction, hydrogen bonding, electrostatic attraction -
crt -lon-dipole interaction hydrogen bonding, electrostatic attraction .
TNTs@ACF cd™ -Electrostatic attraction Photocatalysis
Cd2+
KOH-CSs CR -Electrostatic attraction Photocatalysis
C-TiO2 RhB, MO -Physical electrostatic attraction Photocatalysis
Delonix regia AC RR-120 -Hydrophobic effect, n-m interaction and electrostatic interaction Antibacterial
AC-HKUST-1-  CV, Disulfine blue (DSB), -Electrostatic attraction, hydrogen bonding, ion exchange, soft-soft . .
A . L . Antibacterial
MOF Quinoline Yellow and dipole ion interaction
MOP-AC Bromocresol Purple (BCP) -Hydrogen bonding, complexes, antibacterial hydrophobic interaction Antibacterial
chhi;\?gd AC/ Indigo carmine -Electrostatic attraction, redox reaction Antibacterial

However, it is evident that multi-functionalization
of adsorbents involves a lot of reactants. Any excess re-
agents may remain in solution after activation and some
may form unwanted or unknown byproducts. Leaching of
these residues from the surface of the adsorbents, or during
disposal may find their way into the aquatic and terrestrial
ecosystems thereby endangering life. This is another form
of unwanted secondary pollution.

It is essential to characterize the adsorbent’s surface
structure, porosity, and functionality after each regener-
ation cycle to fully understand the regeneration process

P In a study by Osman et al. (2023), the most generally

applied methods for synthesizing magnetic sorbents, for
example, sol-gel, thermal decomposition, co-precipitation,
hydrothermal, poly-ol, microwave, and micro-emulsion 1,

Multifunctionalized adsorbents seem to come with
high costs, especially when incorporating photocatalysts,
although Chua et al. (2021) explain that photocatalytic
degradation is a low-cost pollutant degradation process
8 Another challenge is that although it minimizes the
spent adsorbent disposal problem, intermediate byproducts
formed during degradation need to be addressed. To incor-

porate or integrate multiple functions in low-cost adsor-

bents, cost issues must then be resolved. Other challenges
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to consider are the scalability, long-term stability, and
probable environmental risk to maximise their large-scale
applicability ",

However, Neeti et al. (2023) in their study on the role
of green nanomaterials as effective adsorbents in wastewa-
ter treatment, state that green nanomaterials can be made
from biological materials like microbes, trees, organic
polymers such as lipids, carbohydrates and proteins, and
that due to their small size, these nanomaterials play a crit-
ical role in wastewater treatment with higher efficiency in
removing pollutants. Examples of such polymers include
silver nanoparticles in Aloe-Vera plant extract, magnetic
nanoparticles, and silver-impregnated cyclodextrin nano-
composites, which are biosynthesized nanoadsorbents
used in water quality management. They argue that green
nanoparticles offer a wastewater treatment method that
is cost-effective and environmentally friendly, with phy-
to-capping to prevent secondary pollution during landfill-

2041 However, their surface stability is still in question

ing
as surface degradation will contaminate the water and soil
with nanoparticles thereby threatening aquatic and terrestri-

al life.

3.3. Surface Degradation and Stability

This concept has been mentioned under types of ad-
sorbents in previous sections. The surface degradation and
stability of an adsorbent refer to the ability of an adsorbent
to maintain its structure, performance, and function during

14 The mor-

the surface activation and adsorption process
phology of the adsorbent, its chemical composition, and
crystallinity are especially important for low-cost waste-
water adsorbents to withstand the harsh environmental
conditions of the wastewater. The degradation and stability
of the adsorbent material depend on factors such as the ad-
sorbent’s chemical composition, crystallinity, morphology,
the adsorbate’s acidity, redox potential, biodegradability,
and the operating conditions, such as temperature, pH, and
contact time, as highlighted in Table 3 "*. For a low-cost
adsorbent to be sustainable, it needs to have a relatively
high stability compared to the harsh and complex condi-
tions of wastewater. The adsorbent’s stability and degrad-
ability must not decrease as contact time or repeated use

increase ",

Table 3. Challenges and Recent Breakthroughs in Improving Stability of Adsorbent Materials 4,

Adsorbent Challenges

Advancements

Activated carbon

Surface oxidation, functional group loss, pore collapse

Surface medication, templating synthesis

MOFs

Structural collapse, linker degradation, thermal stability

Designer linkers, post synthetic modifications,
dual passive heat dissipation approach

Zeolites

Dealumination, lattice collapse

Hydrothermal stabilization, silylation

Polymer resins

Physical aging, swelling, chain scission

Crosslinking, imprinting

Biosorbents Biodegradation, pore blockage Chemical modification, immobilization
Silica gels Dissolution in high pH environments Surface modification, composite formation
Alumina Loss of porosity and surface area Sol-gel synthesis, doping
CNTs Oxidation, loss of walls/layers Functionalization, encapsulation

Graphene oxide

Loss of functional groups, restacking

Reduction methods, composite formation

3.4. Surface Recovery and Reusability

Regeneration (recovery or reusability) of adsor-
bents is defined as the process in which the adsorbent
can be separated from the adsorbate. Several regenera-
tion or desorption methods exist, as shown in Figure 10.

Factors that affect regeneration, according to Satyam and

Santra (2024), are the characteristics of the adsorbent,
the adsorbate, and the regeneration operating conditions
1?1 However, Alsawy et al. (2022) claim that the perfor-
mance of any chemical regeneration depends on adsorp-
tion methods, functional groups on an adsorbent, adsor-
bent pore configuration, and changes in active adsorbent

sites .
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Figure 10. Different regeneration or desorption techniques proposed for adsorbents' reactivation 2%,

3.4.1. Adsorption Mechanisms

Adsorption mechanisms are the processes by which
adsorbates attach to adsorbents. They are important be-
cause they create bonds between the adsorbent and the
adsorbates. The bond type and strength between these two
entities depend on the type of adsorption and influence the
number of adsorption/desorption cycles through which the
adsorbent can go *'. Just like the collisions between the
adsorbent and the adsorbate depend on surface activation,
desorption also depends on adsorption mechanisms, which
are in turn dependent on the type of collisions between the
adsorbent and the adsorbate. Adsorption mechanisms di-
rectly affect the method of regeneration.

Figueiredo et al. (2021) classify the strength of re-
moval mechanisms into chemisorption (strong) and phys-
icosorption (weak) “*. It is also reported that chemisorp-
tion, precipitation, and complexation are characterized
by high-impact mechanisms, while n- m-interactions and
ion exchange are characterized by low-impact mecha-
nisms ™. From the literature, it appears that the biochar’s
chemisorption of pollutants results in lower regeneration
performance than when adsorption occurs via physisorp-

“#1 This is because in chemisorption, pollutants bind

tion !
to the active adsorbent sites to irreversibly form complexes
or precipitates on the adsorbent surface . As a result, the
active sites on the adsorbent gradually decrease in number
per cycle because the pores get blocked “**”. The biochar
therefore loses its functionalities and degrades with the ad-
sorption/desorption cycles “”. In terms of secondary pol-

lution and ecological sustainability, chemisorption is good

in keeping pollutants bound to the active sites. It is also
a guarantee that leaching out will not happen during land
filling, although economically speaking the adsorbent will
only be used once and twice before it gets saturated and
disposed. Physisorption on the other hand allows easy es-
caping of pollutants from the active sites of the adsorbents,
allowing for several regeneration cycles but risking sec-

ondary pollution.

3.4.2. Functional Groups

Reciprocated contact between functional groups and
the pollutants also affects regeneration. One adsorbent with
the same functional groups is likely to interact differently
with different pollutants. It is reported that in biochar and
heavy metals adsorption, the dominant adsorption mecha-
nism is generally chemisorption. The removal mechanisms
of heavy metals from biochar were therefore complexation
with O-O functional groups, precipitation with OH— and
C-O groups, and m-interactions, all of which influence the
dominance of chemisorption over physisorption “”. The
biochar lost some of its active sites with each desorption
cycle because of the strong chemical bonds in chemisorp-
tion, thereby affecting the regeneration process negatively.
On the other hand, the same functional groups behaved
differently during organic dye adsorption, which is rich in

electrons.

3.4.3. Stimuli-responsive Adsorbents

Stimuli-responsive adsorbents are reversible adsor-
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bents that respond to stimuli like light and changes in pH.
They can go through well-ordered cycles of pollutant ad-
sorption/desorption. For example, they can capture metals
in acidic water and release them when the pH changes.
Because of their reversibility, such adsorbents may go
through sequential recycling and renewal, thereby lower-
ing the cost [***,

Studies in stimuli-responsive materials are trying to
develop prompt desorption of pollutants in a multi-func-
tionalized spent adsorbent. Future studies are still needed

to fully confirm the concept ",

4. Exhausted Adsorbent Management
and Disposal

For the low-cost adsorbent to be sustainable, it must
be able to go through several cycles before it is worn out.
This is called adsorbent regeneration/recycling/reusability
or surface recovery as covered in Section 2.4. After a cer-
tain time, a recycled adsorbent gets exhausted and needs to

be disposed of sustainably to protect the environment.

4.1.Secondary Pollution

Secondary pollution is pollution associated with the
disposal of contaminated adsorbents. To manage exhausted
adsorbents, processes like reuse, landfill disposal, and/or

incineration are carried out. However, these methods are

not sustainable as they come with significant environmen-

tal and economic costs "

. Landfilling is a common meth-
od for disposing of spent adsorbents after a hazard assess-
ment of the adsorbent; pretreatment will be needed before
landfilling. Other pre-treatment stabilization strategies of
heavy metal-loaded adsorbent that could also be applied
are microwave irradiation, phyto-capping, and phytoreme-
diation .

Conventional desorption techniques for saturated ad-
sorbents are divided into two groups: decomposition and
desorption. Techniques like oxidation, electrochemistry,
ultrasound, and microbiology fall under decomposition.
Desorption techniques include thermal and non-thermal
methods **. These conventional methods of desorption
affect the quality of the adsorbent thereafter. During ther-
mal treatment, the surface area of carbonaceous spent ad-
sorbents is reduced. This lowers the regeneration cycles
of the adsorbent. Chemical desorption methods use acids
or alkalis, and these pose serious environmental risks **,
On the other hand, discarding nano-enabled sorbents poses
significant harm to ecological and environmental systems
because of their inherent toxicity. Incineration is costly due
to combined combustion, plant operations, and disposal
fees. All these challenges call for sustainable and economi-
cal ways for recycling conventional spent adsorbents, turn-
ing them into secondary products for other industries—a
process also referred to as repurposing, as depicted in Fig-

ure 11 27

* Forensic science labeling agent for latent fingerprints

Medical

* Photocatalysis and adsorption using spent materials

¢ Use of spent adsorbents as fertilizer

Agriculture

* Brown glass and cementitious materials using spent adsorbents /

adsorbents reuse

Monitoring
&
Sensing

* Sensing volatile organic compounds with spent adsorbent

Opportunities for spent

¢ Desulfurization of gasoline using spent adsorbents ‘

Figure 11. Sequential application of conventional spent adsorbents 7).
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4.2. Tailored Recycling

In the study on regeneration of adsorbent and recov-
ery of metals, Renu and Sithole (2024) propose that it is
necessary to design the bioadsorbents with their secondary
and final destination in mind *¥. Faheem et al. (2024) call
it tailored recycling *”'. Tailored recycling is an approach
that reuses exhausted adsorbents and turns them into valu-
able resources. This can be achieved through targeted re-
search from design to functionalization to optimize speci-
ficity, faster response times, and enhanced reusability '),
Numerous organic pollutants, like endocrine-disrupting
substances and persistent organic pollutants, are efficient-
ly removed with photocatalytic degradation ", Combin-
ing an adsorbent with these photocatalysts, like ZnO, will
effectively degrade the pollutants. Tailored recycling is
achieved by functionalization during adsorbent production,
which allows a range of recovery and regeneration tech-
niques such as separation by magnetic properties, response
to pH change, gas responsiveness, and activation by heat

1271 After regeneration, the recovered

and light energies
adsorbents can be transformed into secondary products
such as agents with antimicrobial activity, catalysis, fer-
tilizers, and secondary adsorbents, thereby promoting
[21

eco-friendly regeneration methods ' During the design
of the bioadsorbents, life cycle assessment metrics like
energy costs, emission of greenhouse gases, resource use,
and environmental implications should be considered to
make their secondary and final destination environmental-
ly friendly *”.

Studies show that the used-up adsorbents “can be re-
cycled for soil fertilizers, energy transfer, storage devices,
capacitors, and catalyst/catalyst support”, also in construc-
tion, as fertilizers, anti-microbial agents, and secondary

2127 pyblications show that nutrient-enriched

adsorbents '
biochar can be turned into an organic fertilizer, thereby re-
placing synthetic fertilizers *'"’. It is also reported that met-
al-impregnated green adsorbents could be used to replace
carbon nanotubes or tar as supercapacitors *”. The study of
Blagojev et al. (2022) demonstrates one possibility to solve
the post-adsorbent challenges of spent biosorbent. The
used adsorbent was incinerated, the obtained ash was used

as a filler in rubber production, preventing the premature

start of vulcanization. Verifications showed no sign of sec-
ondary pollution through copper leakage from rubber. This
green approach can therefore be used to turn saturated bio-
sorbents into rubber fillers **. Exhausted biosorbents with
hazardous oxyanion-forming elements and heavy metals
would need lime or cement to stabilize them, with incurred
costs. However, such spent adsorbents could be integrated
into ceramic production materials, reducing both economic
and environmental impacts . Other views are that spent
adsorbents with adsorbed pollutants may be turned into ce-
ment composite, and that the exhausted adsorbents or cat-
alysts used in wastewater treatment due to their inorganic
components, may improve the quality of cement composite

. . . . 53
materials in biomass-derived ash .

4.3. Stimuli-responsive Materials

In the past two decades, studies have been conducted
to enable regeneration of saturated adsorbents with min-
imal damage to the morphology of the adsorbent. These
efforts were achieved through the development of stim-
ulus-sensitive systems. These kinds of adsorbents that
respond to stimuli enhance controlled desorption, allow-
ing individual pollutants to be detached from the spent
adsorbent separately. There are single-stimuli responsive
adsorbents and multi-stimuli responsive adsorbents. Sin-
gle-stimuli responsive adsorbents respond to one stimulus
for desorption. Multi-stimuli responsive adsorbents react

to two or more stimuli *”.

5. Conclusions

The state of clean aquatic and drinking water, sanita-
tion, and hygiene is still challenging in sub-Saharan Africa
(SSA). However, robust research in low-cost adsorbents
can lead to indigenous sustainable low-cost solutions to
address Clean Water and Sanitation (SDG 6) and Life on
Land (SDG 15). Successful application of low-cost adsor-
bents in wastewater remediation has the potential to pro-
tect ecosystems, leading to their ecological resilience. It
is in protecting the ecosystems that those ecosystems will
be able to provide ecosystem services, such as providing

food, water, and therapy to humankind.
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This study has observed the latest trends towards
the development of low-cost materials from biomaterials,
nanomaterials, and stimuli-responsive materials. These
three types of materials make biosorbents, nanosorbents,
and stimuli-responsive sorbents that are low-cost compared
to conventional methods. They are emerging as ground-
breaking innovative solutions in the field of wastewater re-
mediation in different aspects, including their multi-func-
tionality, targeted pollutant removal, sequential desorption,
and tailored recycling, portraying their adaptive nature.
They each have special properties, which can be merged
to give an ultimate solution to the complex composition of
wastewaters.

Multi-functionality

. Stimuli-responsive adsorbents are those adsorbents
with the ability to modify their chemical or physical
characteristics in response to stimuli like light and
pH. This unique ability to respond to external stimuli
can enhance the selectivity of these stimuli-respon-
sive adsorbents. Functional groups can be added to
their structures to enhance their affinity towards pol-
lutants, including metal ions or organic pollutants as
contaminants. In this way, stimuli-responsive adsor-
bents can be used to remove multiple contaminants
from wastewater at the same time, overcoming the
challenge of the complex nature of wastewaters.

. Multifunctional adsorbents are adsorbents character-
ised with high efficiency and extraordinary specific-
ity to sense and capture contaminants, in addition to
removing pollutants from wastewater systems due
to their dynamic behaviour. This can allow real-time
detection and removal of pollutants in a complex
wastewater treatment, allowing multifunctional ad-
sorbents to address a diversity of water quality chal-
lenges with high efficiency while decreasing envi-
ronmental impact.

. Stimuli-responsive adsorbents allow for tailored re-
cycling due to the possibility of sequential desorp-
tion occurring in an organized manner. This can
allow for recovery of some useful compounds. Tai-
lored recycling allows for the manufacturing of low-
cost adsorbents with their secondary application in
mind. This can solve the problem of spent adsor-

bents’ disposal that threatens environmental safety.

. In recent developments, functionalizing biomaterials
by incorporating other particles to give them distinct
functions while affording them the capacity to ad-
sorb multiple pollutants has become common. This
has brought about multifunctional biosorbents that
simultaneously remove bacteria, organic, and inor-
ganic pollutants from wastewaters.

. Finally, designing multipurpose (composite) adsor-
bents that integrate several functions into one sys-
tem can be a breakthrough in the field of wastewater
remediation. An example is designing an adsorbent
with enabled antibacterial, catalytic, and adsorption
competencies. Such adsorbents would provide an ad-

vanced resolution to water treatment.

6. Further Developments

6.1. Ecological Implications and Future Direc-
tions

This study, however, does recognize that publica-
tions on the practical application of these low-cost ad-
sorbents to restore ecosystems and promote public health
are still rare. In the meantime, water pollution continues
to cause public health threats and ecosystem degradation.
Ecosystem degradability interferes with the ecosystem’s
health, functionality, and ability to provide ecosystem ser-
vices like food security, thereby denying communities and
habitats essential biodiversity benefits. Future research
should therefore focus on bridging economic gaps, sus-
tainability in disposal methods, pilot studies of these ad-
sorbents in real settings through enabling technologies as
methods of deployment, to enable scalability and perfor-
mance monitoring for further improvements, as summa-

rized in Figure 12.

6.2. Scalability

Scalability is still challenging because it is depen-
dent on large-scale production of the adsorbents, well-de-
veloped disposal mechanisms, or secondary applications
of exhausted adsorbents, as well as established deployment
methods. Also, to justify the application of all adsorbents
industrially, reliance on maximum batch adsorption capac-

ities is not recommended.
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Figure 12. Evolution of adsorbents and desired future outcomes.

6.2.1. Large-scale Synthesis of the Adsorbents

One of the biggest challenges to the successful ap-
plication of low-cost adsorbents in water treatment is the
large-scale synthesis of these technologies.

‘For biosorbents, there is no record of a commer-
cial-scale product being found. Large-scale synthesis
means an increased amount of chemicals for activation,
which might have negative environmental implications.
The abundance of natural materials to make biosorbents
makes biosorbents economically competitive compared to
the commercial adsorbents in the market.

-Stimuli-responsive adsorbents, multi-functionalized
adsorbents, and nanoadsorbents require complex, costly,
and energy-intensive processes. However, these costs can
be reduced through bulk production. Additionally, special
reagents are needed for the successful recovery of ad-
sorbents to enable multiple regeneration cycles. Further
research is necessary to assess these materials’ ability to
maintain their structural integrity and functionality over
repeated regenerations. Nanosorbents can also lower costs
when scaling up because they need less space for produc-
tion. The synthesis of nanosorbents and multi-functional

adsorbents provides a variety of products with customiz-

able structural properties.

6.2.2. Disposal Mechanisms

Disposal of spent low-cost adsorbents remains chal-
lenging to scale up unless specific recycling methods
are used. Although landfills are applicable in this regard,
greener methods need to be in place. Developing low-cost
adsorbents with secondary uses or ways to recover both the
pollutant and the spent adsorbent for recycling will greatly
improve scalability. Therefore, further research is needed

in this area.

6.2.3. Deployment Methods

The integration of low-cost adsorbents into current
water treatment systems does not seem straightforward.
It may need broad modification to incorporate adsorbents
into the existing water treatment facilities. New systems
that will act as vehicles or anchors to properly deploy low-
cost adsorbents on a pilot scale are therefore needed. Some
studies have shown that stimuli-responsive polymers can
be integrated into hydrogels or membranes, thereby en-

abling a higher surface area for adsorption, filtration, and

138



Research in Ecology | Volume 07 | Issue 05 | December 2025

photocatalysis. The integration of some adsorbents into
membrane materials and photocatalysts, combined with
permanent magnets on fiber optics, has been reported.
It has been observed that such integrations can enhance
wastewater purification. Hybrid systems can also be ex-
plored on a broader scale. These are systems in which a
low-cost adsorbent is coupled with another technology
to enable their application in real settings. Deployment
through enabling technologies such as 3D devices is anoth-
er promising way forward in the application to a real-world

setting.
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