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emerging adsorbents for water
purification: mechanisms, performance, and
applications

Himanshi Soni,ab Monika Bhattu,b Mikhael Bechelany c and Jagpreet Singh *b

The continuously growing interest in sustainable and innovative materials has driven the production of

biochar-based bead adsorbents as recoverable and structurally stable alternatives to powdered biochar.

Owing to their tunable physicochemical properties, enhanced mechanical stability, and cost-

effectiveness, these materials have emerged as promising material for wastewater treatment

applications. This review systematically evaluates recent advancements in the synthesis approaches,

surface functionalization, and applications of biochar-based beads in wastewater treatment. The primary

focus of the present work is to elucidate the adsorption mechanisms, including electrostatic interactions,

surface complexation, p–p electron overlap, hydrogen bonding, ligand exchange, and redox processes

that govern the adsorbent performance, with a focus on the oxygen-containing functional groups,

polymer-derived functional groups, and aromatic domains in bead matrices that influence these

mechanisms. The effects of key experimental parameters such as pH, adsorbent dosage, temperature,

contact time, and initial pollutant concentration on adsorption efficiency are critically analyzed. In

contrast to other review articles that broadly focus on biochar and its applications in wastewater

treatment, the present review specifically focuses on biochar-based bead adsorbents, offering in-depth

insights into their synthesis–structure–property relationships, adsorption behaviour, and regeneration

potential. Furthermore, the review highlights current limitations and outlines future research directions

aimed at enhancing selectivity, stability, scalability, and environmental sustainability.
1. Introduction

Water pollution has emerged as a signicant global health
threat driven by industrialization and urbanization.1–4 Indus-
tries oen discharge large amounts of pollutants (dyes, heavy
metals, pesticides, pharmaceuticals, and surfactants) directly
into rivers, contaminating the water sources.5–10 In addition to
industrial waste, human activities such as agricultural prac-
tices, mining, and urban development also degrade water
quality.11–14 Synthetic dyes from textiles, paper, and printing
industries are released in heavy amounts.15 As stated by WHO,
millions of people are suffering from health diseases due to lack
of access to clean drinking water.16 At present, nearly 2 billion
people live in different regions experiencing water stress, while
around 700 million people have no access to safe and clean
drinking water.17–20 Water is essential to human life, as it plays
a crucial role in maintaining health and well-being.21,22
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However, limited access to pure and clean drinking water leads
to signicant health issues as the contaminated water carries
several toxins that enter the human body.23 Long-term exposure
to such toxins has been associated with serious health issues,
including cardiovascular disease and certain forms of
cancer.24,25 Researchers should focus on low-cost and sustain-
able technologies to mitigate the environmental and health
risks attributed to these contaminants. To address water
contaminants, several conventional processes have been intro-
duced, such as ion exchange, coagulation, zeolite ion-exchanger
resin, distillation, electrochemical methods, ltration, osmosis,
and adsorption processes, which are some known processes
utilized during wastewater treatment.26–29 While these methods
are effective to some extent, they oen require high energy input
and the use of toxic chemicals, reducing their overall sustain-
ability and environmental compatibility. Among these,
adsorption has gained considerable attention as it is one of the
most effective and efficient methods that adsorb up to 99% the
pollutants from wastewater with high efficiency.30–32 Various
adsorbents, such as activated carbon, metal oxides, polymeric
composites, clay materials, and biochar have been extensively
investigated for the removal of contaminants.33–38 Among all
these adsorbents, biochar is one of the well-known adsorbent
identied for its high adsorption efficacy, attributed to its
© 2026 The Author(s). Published by the Royal Society of Chemistry
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highly porous structure and high density of functional groups
on its surface.39–42 The ion exchange, surface precipitation,
complexation, and electrostatic attraction are a few mecha-
nisms that occur during the adsorption of pollutants on the
surface of biochar.43–45 Recent studies investigated the engi-
neered materials for the development of biochar, such as
magnetic biochar, biochar composites, and polymer-modied
biochar composites, to improve the adsorption performance.
For instance, Abdalla et al., prepared biochar using pumpkin
seeds for the efficient removal of organic pollutants. The study
found that the removal rate reached 81.4% for RhB in 60
minutes.46 Also, Kareem et al., prepared biochar using apricot
kernel cake as a natural precursor for the removal of Pb(II) and
Cd(II) ions. The study states that chitosan-modied biochar
achieved maximum adsorption capacity of 150.9 mg g−1 for
Pb2+ ions and 149.3 mg g−1 for Cd2+ ions.47 In another study,
Kareem et al., in 2025 developed magnetic biochar composites
for the removal of Hg2+ and Cu2+ ions. The study found the
maximum adsorption capacity of 141.89 mg g−1 for Hg2+ and
124.78 mg g−1 for Cu2+ ions.48 Despite its effectiveness, biochar
as an efficient adsorbent lacks large-scale applications due to its
low regeneration ability.15 To overcome this limitation,
magnetic materials are introduced to increase the efficiency of
biochar, as pristine biochar may not be suitable for regenera-
tion processes.49 The studies illustrate that incorporation of
magnetic materials into biochar offers a promising approach
for improving its separation efficacy.50 Owing to their magnetic
properties, magnetic biochar facilitates real-time applications,
allowing the adsorbent to be easily recovered and reused. In
addition to magnetization, modication of biochar using
chemical and physical techniques are frequently utilized to
further enhance the performance of biochar.51,52 However,
powdered form of biochar poses limited adsorption capacity
and is somewhat complex to recover the powdered form of bi-
ochar.53 Therefore, to address this issue, biochar-based beads
have been prepared, offering high surface area and facilitating
easy recovery from aqueous solution, making it a promising
approach for the removal of contaminants.54 In the preparation
of such beads, natural polymers like sodium alginate, chitosan,
and other natural-based polymers are utilized for the prepara-
tion of beads. Among these, sodium alginate binds are well
known for their easy binding ability with other molecules
present on the surface of biochar, enhancing the cross-linking
reaction and strengthening the structure. Biochar beads
formed through sodium alginate or chitosan which enhance the
structural integrity and easy recovery. Although, synthesis of
biochar beads reduces the surface area compared to the
powdered form of biochar. Biochar beads offers accessibility
towards functional groups, high mechanical stability, and
porosity. Additionally, the inclusion of sodium alginate
increases the size of biochar-based adsorbents, thus facilitating
their separation from solution.54 In this context, this review
paper explores recent advancements in the use of biochar beads
as adsorbents for water purication. Specically, it explores the
effect of different experimental conditions on the adsorption
performance of biochar beads. Moreover, the review evaluates
the effectiveness of biochar beads in adsorbing various
© 2026 The Author(s). Published by the Royal Society of Chemistry
pollutants and discusses their environmental impact. Although
several review articles have discussed the synthesis methods,
modication, and applications of biochar in wastewater treat-
ment including adsorption mechanisms and surface engi-
neering strategies. To the best of our knowledge, limited
literature was found specically on biochar-based bead adsor-
bents for water remediation. For instance, Olugbenga et al.,
investigated the production methods of biochar and their
applications in wastewater treatment.55 Similarly, Aziz et al.,
investigated various sources for the preparation of biochar,
their modication techniques, and possible mechanisms for
heavy metal removal.10 In another instance, D́ıaz et al., illus-
trated the synthesis techniques, properties, and modications
of biochar-based materials, focusing on their applications in
wastewater treatment.56 However, these studies primarily focus
on the conventional powdered form of biochar instead of
systematically analyzing bead-based adsorbents. The existing
literature is still limited specically to biochar-based bead
adsorbents. The systematic understanding between beads
composition, adsorption mechanisms, structural properties,
and regeneration behavior have not been fully elaborated in
existing literature. Biochar beads provide various positive
attributes such as improved mechanical stability, easier sepa-
ration from aqueous media, and better suitability for real water
treatment systems. As a consequence, a thorough under-
standing of these materials is critical for improving their envi-
ronmental applications. To bridge this gap, the current paper
aims to highlight the recent developments in the preparation of
biochar beads, with a particular focus on their role in
enhancing adsorption capacity for wastewater treatment. By
exploring this key aspect, the study evaluates the potential of
biochar-based beads in environmental remediation and inves-
tigates how experimental parameters affect their adsorption
performance, ultimately contributing to more sustainable water
purication methods.
2. Synthesis techniques

With the continuously increasing interest in biochar bead-
based adsorbents, various synthesis techniques have been
developed to enhance the physicochemical properties and
adsorption performance. This section includes the selection of
raw materials with a focus on post-treatment and processing
approaches.
2.1 Preparation of magnetic biochar beads

2.1.1 Raw materials. The primary source required during
the preparation of biochar is biomass, which is derived from
different organic sources.57 The most common types of biomass
utilized for the preparation of biochar include agricultural
waste, forestry waste, and other solid wastes.58,59 The selection
of a particular biomass depends on the desired properties of the
beads for wastewater treatment. On the other side, the synthesis
of magnetic biochar beads includes magnetic materials such as
iron oxide and iron salts, which are mixed with biomass during
the pyrolysis process.60,61 Additionally, natural and synthetic
RSC Adv., 2026, 16, 15814–15830 | 15815
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binders are also added, which give a spherical shape to the
beads. Iron-based materials are commonly used in the prepa-
ration of magnetic adsorbents due to their magnetic properties,
which enable efficient separation and recovery of the beads
from aqueous systems.62 To enhance the interaction between
biochar and magnetic particles, chemical precursors such as
acids, alkalis, or metal salts are oen introduced.63 These
precursors are utilized to improve the binding properties of
magnetic particles. The preparation of a powdered form of bi-
ochar does not involve any gelation–calcination process. In
contrast, the preparation of biochar-based beads includes
a gelation–calcination process or cross-linking techniques to
form stable, spherical beads.64 Once the appropriate precursors
are selected, further treatment is essential to ensure perfor-
mance and reusability.

2.1.2 Post-treatment for magnetic biochar beads. Post-
treatment is a critical step in ensuring the stability, reus-
ability, and performance of magnetic biochar beads.65 Several
studies, therefore, have highlighted the effectiveness of various
post-treatment processes in enhancing their adsorptive capa-
bilities. For instance, Li et al., investigated the preparation of
MBC beads designed for the removal of humic acid. In this
study, pretreatment of beads with peroxymonosulfate (PMS) has
been done to improve the removal rate. The study observed that
without adding PMS, humic acid led to signicant fouling of the
UF membrane, resulting in a nal transmembrane pressure.66

In contrast, when the pretreatment process was carried out, the
removal rate increased with contact time. Moreover, the study
illustrates the effect of the pretreatment process on the pH of
the solution. Specically, at high pH values, humic acid and
polysaccharide organic pollutants are not dissolved in water.
This is because the pretreatment affects the solubility by
stabilizing the pollutants in a high pH values, owing to iron ion
hydrolysis and weak acid generation.66

2.1.3 Gelation–calcination process for the preparation of
beads. In the preparation of biochar-based beads, the gelation–
calcination process is utilized, and the liquid mixture converts
into a gel-like substance due to the presence of cross-linking
agents.67 Typically, biochar-based beads involve combining bi-
ochar with alginate (gel-forming substance) or other biopoly-
mers and some addmagnesium or iron ions.68,69 In this process,
the gel-like structure forms when the polymer chain cross-links,
resulting in a semi-solid network that encapsulates the biochar
particles and magnetic material.70 Another important process
that occurs is in situ cross-linking, in which a solution con-
taining gel precursor is mixed with calcium chloride for alginate
that induces the gel to form immediately, binding the compo-
nents together into a bead-like structure.71,72 On the other hand,
calcination involves the thermal treatment where the gelated
materials are heated at high temperatures, which serves to
harden the gel, remove the volatile compounds, and decompose
the biochar, enhancing the adsorptive properties.73,74 Further-
more, calcination involves the incorporation of metal ions into
a biochar matrix to improve the magnetic properties of beads.
Specically, the gelation process involves the cross-linking of
biochar with lanthanum alginate to form beads, while calcina-
tion plays an important role in stabilizing the beads and
15816 | RSC Adv., 2026, 16, 15814–15830
incorporating magnetic materials that enhance the removal of
contaminants.75,76 Overall, gelation–calcination is widely
utilized technique for the development of adsorbent beads with
tailored surface properties, dened morphology, and magnetic
functionality for wastewater treatment. Several studies have
utilized the gelation–calcination process to prepare magnetic
beads. For instance, Wang et al. prepared lanthanum alginate
beads incorporated with MgFe2O4-biochar for efficient phos-
phate ion removal. In this study, the authors utilized a gelation–
calcination approach using Mg/Fe, BM, and Mg/Fe–BM
precursors to prepare slurries, which were subsequently heat-
treated at different temperatures in a nitrogen-purged muffle
furnace. The study developed BM–La(b), MgFe2O4–La(b), and
MgFe2O4–BM–La(b), which were recognized for their ability to
remove phosphate ions.77 In another instance, Wei et al.
focused on the preparation of MgFe2O4-doped biochar beads for
removing Sb(V) ions. The study illustrates the gelation–spher-
oidization–carbonization process for the synthesis of biochar
beads.78 In summary, the gelation–calcination process was
found to be efficient for the preparation of biochar-based
magnetic beads with controlled surface characteristics,
morphology, and improved adsorption and magnetic perfor-
mance. Notably, the calcination is basically a heating process
for optimizing the roughness of the surface, which is usually
a challenging part for the effective removal of environmental
contaminants.
3. Applications of biochar-based
beads for wastewater treatment

Biochar-based bead adsorbents have demonstrated their
versatility in addressing various kinds of pollutants, including
dyes, heavy metals, pharmaceutical pollutants, and nutrients,
by integrating biochar with polymers, clays, and magnetic
materials. Owing to their unique surface properties, ease of
recovery, and cost-effectiveness, biochar-based composite
beads have gained increasing interest in research for the
effective removal of pollutants using different techniques. A
comprehensive summary of recent studies investigating
biochar-based bead composites for the removal of pollutants,
their compositions, removal capacities, and synthesis methods
is illustrated in Table 1. For instance, Zou et al. developed FCB
beads and FCH beads utilizing coffee grounds as a natural
precursor. In this study, the authors utilized radical and non-
radical pathways for the degradation of oxytetracycline hydro-
chloride (OTC). This process involves several reactions during
the study, including ring-opening reactions, demethylation,
and hydroxylation.79 The study observed that oxygen-containing
species in the adsorbent contribute to the removal of OTC via
the quenching mechanism. The key nding of the study
suggests the combined action of radicals and nonradical path-
ways for the elimination of OTC. The preparation of beads
during pyrolysis increases the generation of oxygen-containing
reactive species, showing the Fenton-like reactions through
the abundance of functional groups. In another study, Das et al.
developed CA–B/ABC beads for the removal of MB with the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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maximum adsorption capacity of 47.393 mg g−1.80 Likewise, for
the removal of nutrients, Hu et al. explored the magnesium-
modied biochar beads which showed high potential towards
the removal of phosphate. This work utilized the ball milling
technique to functionalize the biochar with metal oxides, using
MgCl2$6H2O as a precursor. Additionally, biochar beads were
made from sodium alginate and Fe3O4, which have a high
adsorption ability for phosphate removal, with a value of
53.2 mg g−1. The large surface area, oxygen-containing func-
tional groups, and reduced particle size all help with adsorp-
tion.81 The adsorption capacity of bare biochar is ∼3.2 mg g−1,
while magnesium-modied biochar beads have an adsorption
capacity of 53.2 mg g−1 for phosphate (PO4–P). Furthermore,
shiing the focus to heavy metal pollutants, Ben Salem et al.
investigated magnetic-biochar/alginate beads that demonstrate
their strong ability for the adsorption of Cu2+ ions. The prepared
beads achieved the maximum adsorption capacity of 234.06 mg
g−1, which was derived using peanut shells by the cross-linking
process. The study states that the interaction occurs between
the functional groups present on the surface of the bead and
Cu2+ ions through physical adsorption.82 This occurs due to the
solution pH being 5, where the surface was positively charged
and interacts with negatively charged metal ions via electro-
static interactions. The study indicates that complexation, van
der Waals forces, and ion exchange were the main mechanisms
followed during the adsorption of toxic Cu2+ ions. The combi-
nation of biochar, magnesium ferrite, and sodium alginate
enhances the performance of the material, improving its sepa-
ration efficiency and making it more effective for the removal of
pollutants. This combination also enhances the adsorption
efficacy of biochar.78 Moreover, to enhance the magnetic func-
tionality, Wei et al. developed MgFe2O4-doped biochar beads
through a gelation–spheroidization–carbonization process. To
evaluate the changes in the adsorption capacity of antimony
using composite beads, different adsorbents with modied
materials were tested. In addition, pristine biochar along with
MgFeO, MgFeO–BC, Fe–BC, and Fe/(MgFeO–BC) were examined
for their adsorption ability to adsorb antimony. The study
reveals that pristine biochar and MgFeO show a somewhat
negligible adsorption effect, while the adsorption capacity of Fe/
BC is also limited. Moreover, the inclusion of MgFe2O4 plays
a signicant role in serving as an active adsorption centre
within the beads. Also, the formation of sphere structures
enhances the performance of Fe/(MgFeO–BC), which promotes
the dispersion of NPs. However, pre-experiments in the study
show a synergistic effect between MgFeO, biochar, and the bead
structure in Fe/(MgFeO–BC) adsorption capacity. Owing to this,
the study shows that Fe and Mg proportions remain constant
throughout the adsorption process, which makes the material's
stability constant. The Sb element is adsorbed indicating the Fe
and Mg elements are involved in the adsorption process.
Furthermore, MgFe2O4 plays a key role with superparamagnetic
properties in the adsorption of Sb, acting as a binding site for
adsorption, which is due to its surface properties, which
exhibits interactions with Sb molecules. The study reveals that
the adsorption of Sb(OH)6

− on Fe/(MgFeO–BC) takes 400
minutes, which is signicantly longer compared to the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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adsorption on the composite bead. In contrast, the composite
bead exhibited extremely high adsorption, with 80% removal of
Sb(OH)6

−within just 45 minutes. The study shows that aer 350
minutes, equilibrium was reached, and no further adsorption
occurred. The highest adsorption rate of Fe/(MgFeO–BC)
towards Sb(OH)6

− facilitates synergistic adsorption effect.78

Also, Al-Wabel et al. synthesized chitosan–biochar beads
derived from Conocarpus for the efficient removal of sulfathia-
zole for wastewater treatment.83 Likewise, Fan et al. investigated
the coconut shell-derived biochar-based sodium alginate
composite for the adsorption of methylene blue. The authors
prepared Fe3O4-modied coconut shell biochar using a cross-
linking-gelation process.54 In addition, Jacob et al. prepared
biochar–alginate beads utilizing sugarcane bagasse as the
feedstock for the adsorption of chlorpyrifos. The prepared
beads show high potential for the removal of chlorpyrifos with
contributing high surface area of 131.09 m2 g−1 and a pore
volume of 0.165 cm3 g−1. The study revealed that enhancement
in biochar surface and pore volume is attributed to the incor-
poration of sodium alginate, which enhances the density of
functional groups and structural stability conrmed using SEM
analysis.84 To explore the thermal modication techniques,
Kang et al. developed calcined alginate beads using alum sludge
to enhance the adsorption of arsenic (As) ions. In this study,
adsorbent beads were prepared using the calcination process of
polyvinyl alcohol and sodium alginate in powder form. The
adsorption capacity of the calcination process decreases
compared to the un-calcined adsorbent.85 Also, Fu et al.
prepared biochar beads using Hydrocotyle vulgaris to enhance
the recovery rate of phosphorus. The prepared adsorbent
reveals a surface area of 266.423 m2 g−1 with a pore size of
9.216 nm, resulting in better adsorption. In the initial time of
160minutes, the adsorption was completed. During the starting
stage, adsorption was rapid and then reached equilibrium. The
initial concentration of MBCB was increased to enhance the
diffusion rate and hence the adsorption rate.86 The DH values
indicate that the reaction was endothermic and showed the
hydrogen bonding, van der Waals force, and dipole interac-
tions. The initial concentration of MBCB was increased from
5 mg L−1 to 15 mg L−1. As a result, the inltration curve also
increased, while both the inltration time and saturation time
were shortened. This increase in concentration enhances the
acceleration and internal driving force while reducing the
contact time between adsorbents and adsorbates. Also, Faouzia
et al. investigate the morphology of ABC–PA–SG using SEM
analysis, which reveals the surface before and aer adsorption
of methylene blue. The study indicates that the surface of the
prepared adsorbent has many holes, which are useful for better
adsorption.87 The change in surface morphology was observed
in which the surface became smooth aer adsorption, indi-
cating that methylene blue molecules were successfully adsor-
bed onto the surface.

The study reported by Wang et al. follows the Langmuir
equation to explain the adsorption of prepared sorbents over
the Freundlich equation. In this study, the interaction between
Cd(II) ions and the prepared adsorbent was mainly due to the
occurrence of oxygen-containing species on the adsorbent
© 2026 The Author(s). Published by the Royal Society of Chemistry
surface. The larger the availability of functional groups on the
adsorbent surface, the higher the active sites. The mixture of
calcium alginate and biochar-based beads improves the
adsorption potential of CA-BMB.88 Furthermore, Li et al. inves-
tigated the use of magnetic biochar beads, pretreated with
peroxymonosulfate, to prevent membrane clogging in the
ultraltration process. In this study, the authors utilized
magnetic biochar-iron cross-linked alginate beads (MBCA)
made from coffee grounds as a natural precursor. The study
explains the adsorption mechanism of MBCA beads, where
pollutants are adsorbed through H-bonding, electrostatic
interactions, and chemical and physical forces.66 These
processes generate radicals via different pathways. The study
focuses on radical oxidation and coagulation for the removal of
humic acid and sodium alginate, with hydroxyl radicals playing
a signicant role in the process. The survey of previous studies
shows that to further improve the selectivity, stability, and
multi-contaminant removal capabilities of biochar-based
composite beads, more research in this area is required.
Despite the promising results of these composites, more
research is needed to optimize synthesis methods and to
understand their long-term impact on the environment. To
better understand the effectiveness of biochar-based bead
composites, the next section explores fundamental mecha-
nisms that govern their enhanced adsorption performance
against various pollutants.
3.1 Mechanism of biochar-based beads in water treatment

Biochar-based beads have demonstrated promising results in
the adsorption/removal of various contaminants from water.
The mechanisms involved during the adsorption process are
electrostatic forces, hydrogen bonding, and p–p stacking, as
well as ligand exchange and redox reactions. Based on the
previous experimental evidence, this section categorizes and
discusses these mechanisms in detail. Moreover, a clear
understanding of these interactions is crucial for optimizing the
performance of biochar-based bead adsorbents in real-world
water treatment applications.

3.1.1 Electrostatic interactions. Electrostatic attraction
plays a major role in the adsorption of charged contaminants
onto biochar-based beads.97 For instance, the study by Fan et al.
reported that the adsorption mechanism through four steps: (i)
diffusion of methylene blue on aerogel beads, (ii) intra-particle
diffusion, (iii) lling of active sites, and (iv) electrostatic inter-
action. The study demonstrated electrostatic interaction was
the dominant mechanism during MB dye adsorption onto
mCSB/SA aerogel beads, as shown in Fig. 2b. Additionally, the
incorporation of SA into the composite introduced more
hydroxyl-like groups on the bead surface that form hydrogen
bonds with N+ groups, thereby increasing adsorption efficacy.
The enhancement in adsorption capacity from 65.27 mg g−1 to
124.0 mg g−1 was ascribed to the synergistic effect of functional
groups and a highly porous structure.54 In another study, Jacob
et al. suggested that hydroxyl groups on the biochar surface
attract the phosphate group of chlorpyrifos following electro-
static interaction. The adsorption of CPS was followed the
RSC Adv., 2026, 16, 15814–15830 | 15819
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Yoon–Nelson kinetic model, indicating availability of active
sites enhances the adsorption performance. Moreover, the
dominant adsorption mechanism involves electrostatic inter-
actions, p–p stacking, and hydrogen bonding.84 In addition, p–
p interactions occur between the aromatic, carbon-rich surface
of biochar, while hydrogen bonding occurs between hydrogen
atoms on the biochar surface and negatively charged phosphate
groups of CPS.

3.1.2 p–p electron donor–acceptor interactions. The p–p

stacking is a key mechanism involves during the adsorption of
aromatic compounds. Various studies have demonstrated the
interaction of aromatic ring structures in dyes with graphitic
domains of biochar-based adsorbent via p–p donor–acceptor
mechanisms. The study by Al-Wabel et al. demonstrates that
STZ adsorption follows multiple mechanisms, including elec-
trostatic interactions, H-bonding, and p–p EDA interactions. At
below pH 3, the STZ behaves as a cation, and between pH 3 and
6, it acts as an anion. The study reveals the highest removal of
STZ at pH 5, and at pH > 6, the adsorption decreases due to
repulsions between the negatively charged adsorbent and the
negatively charged STZ. This indicates that electrostatic repul-
sions were not the dominant removal mechanism during the
study. When the pH of the solution exceeds 6, lewis acid–base
reactions and p–p EDA interactions become the dominant
mechanisms for STZ removal. The amino and sulfonamide
groups of STZ interact with the hydroxyl groups of the adsor-
bents through Lewis acid–base reactions.83 Under acidic
conditions, STZ acts as a p electron acceptors, which promote
the p–p EDA interactions and thus enhance the removal of STZ.
Compared to BC and CBC, the highest adsorption capacity was
observed in CBC–Fe, attributed to its high surface area, more
surface functional groups, and strong magnetic properties. The
study shows that the main adsorption mechanisms followed
Fig. 1 (a) Schematic illustration of the adsorption mechanism of levoflo
from ref. 89 with permission from Elsevier, copyright 2025. (b) Mechanis
polyaniline/alginate composite beads. This figure has been reproduced

15820 | RSC Adv., 2026, 16, 15814–15830
during the study are pore diffusion, hydrogen bonding, Lewis
acid–base reactions, and p–p EDA interactions. The rate of
adsorption was higher initially, likely due to the presence of
more available active sorption sites. However, with the occu-
pancy of active sites, their activity decreased, and equilibrium
was eventually reached. As per the study, the adsorption
capacity of STZ reached 75.84 mg g−1 with CBC–Fe, whereas
CBC and BC exhibited lower values of 42.73 mg g−1 and
34.05 mg g−1, respectively. The adsorption capacity increases
with the number of functional groups and the higher surface
area of CBC–Fe. The rate of adsorption was higher initially,
likely due to the presence of more available active sorption sites.
The higher efficiency of CBC–Fe for STZ is mainly due to highly
conducting microsphere beads, which degrade the STZ mole-
cule through the generation of HOc radicals. Also, the study by
Faouzia et al. reveals that the p–p stacking mechanism plays
a major role in explaining the adsorption phenomenon of
methylene blue. Moreover, electrostatic attractions take place
between the negatively charged oxygen-containing groups and
cationic dye molecules. The study also found that the H-
bonding between the acidic protons and the nitrogen atoms
of methylene blue molecules enhances the binding affinity, as
shown in Fig. 1b. The synergistic interactions that occur
between the biochar/polyaniline/alginate composite beads
facilitate a higher adsorption capacity over bare substrates.87

The study by Küçük et al. prepared biochar with magnetite and
alginate beads using orange peel as a natural precursor for the
adsorption of methylene blue. The surface area and pore
volume of the prepared adsorbent were found to be 455.4 m2

g−1 and 0.268 cm3 g−1, respectively. The optimal conditions that
resulted in maximum removal of methylene blue (MB),
achieving 98% removal efficiency using BCA-Mag/AB dosage of
0.10 g/50 mL in 150 minutes.90. The synthesized BCA-Mag/AB
xacin onto LDH–BC/CS–PVA beads. This figure has been reproduced
tic representation of the adsorption of methylene blue using biochar/
from ref. 87 with permission from Elsevier, copyright 2025.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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adsorbent was found to contain variety of functional groups
which are associated with alcohols, phenols, or ethers. The
synergistic interactions play main role during the adsorption of
MB dye using m-(BCA-Mag/AB) adsorbent. Also, Mosaffa et al.
utilized Hydrocotyle vulgaris (HV) as a biomass for the prepa-
ration of CS/PVA–biochar@Co–Ni–Al LDH beads with a surface
area of 176.21 m2 g−1. This was prepared by incorporating
layered-double hydroxide-modied biochar with polyvinyl
alcohol and chitosan matrix. For levooxacin removal, the
adsorption mechanism was attributed to synergistic interac-
tions of complexation, anion exchange, H-bonding, and p–p

interactions89. Furthermore, the porosity of the beads increases
due to the occurrence of hydrogen bonds of PVA with LDH
hydroxide groups, which simultaneously improves the cross-
linking between LDH particles and polymer matrix. The
mechanistic representation of adsorption of levooxacin on
LDH–BC/CS–PVA beads has been demonstrated in Fig. 1a.

3.1.3 Hydrogen bonding. Hydrogen bonding is frequently
involved in the adsorption of organic contaminants. For
instance, the study by Bahsaine et al. investigated the prepara-
tion of biochar–alginate beads derived from argan nutshells for
the effective removal of methylene blue. The study performed
the adsorption process using 120 mg L−1 of methylene blue
concentration with the pH of 8, contact time of 50 minutes,
under which the maximum adsorption efficacy of 96.4% was
achieved. Moreover, the temperature of the process highly
inuences the adsorption efficiency of MB, as at low tempera-
tures, the adsorption capacity was also low, and vice versa. The
adsorption of methylene blue onto BC/Alg composite beads
involved multiple mechanisms, including hydrogen bonding,
pore diffusion, electrostatic attraction, and p–p interactions.93

These interactions are inuenced by the type of functional
groups and surface electrical properties. The study found that
p–p stacking plays the main role due to the interaction between
the graphitic carbon domains of biochar and the aromatic rings
of MB. The XRD analysis has shown that biochar can act as p–
electron donors, and on the other hand, methylene blue has
positively charged cationic nitrogen that acts as p–electron
acceptors. This synergistic effect facilitates strong p–p and p+–

p interactions. Additionally, hydrogen bonding between MB
molecules and oxygen-containing functional groups on the
adsorbent surface contributes to an increase in adsorption
efficiency. These interactions contribute to the strong affinity of
BC/Alg composites towards MB removal.

3.1.4 Ligand exchange and complexation. Ligand exchange
and metal complexation are dominant mechanisms in the
removal of heavy metals. For instance, He et al., prepared bi-
ochar skeletal sodium alginate beads using municipal sludge as
a natural precursor for the removal of phosphate. The SA-KBC-
Fe/La composite was synthesized via sol–gel method, which
exhibits a 46.65 mg per g phosphate uptake capacity. The
adsorption mechanism of sludge-derived biochar alginate
beads doped with iron and lanthanum (SA-KBC-Fe/La) is per-
formed at optimal pH 6 with the surface area of 54.22 m2 g−1,
and was found to involve ligand exchange, electrostatic attrac-
tion, and H-bonding. The ligand exchange mechanism involves
oxygen-rich phosphate species that form inner-sphere
© 2026 The Author(s). Published by the Royal Society of Chemistry
complexes with Fe and La atoms by replacing surface hydroxyl
groups, resulting in the formation of stable Fe–O–P and La–O–P
bonds. Additionally, electrostatic attraction is facilitated by the
formation of La–OH2

+ on the adsorbent surface, which attracts
negatively charged phosphate ions to form outer-sphere
complexes.91 These ndings suggest that phosphate adsorp-
tion occurs through a synergistic combination of physical and
chemical mechanisms, including electrostatic interaction,
hydrogen bonding, and strong chemisorption through ligand
exchange, thereby contributing to the enhanced removal effi-
ciency of the composite beads. Also, the occupancy of func-
tional groups signicantly enhances the formation of active
adsorption sites, as reported by Wei et al. The study found that
the adsorption mechanism involves multiple steps, including
surface protonation, electrostatic interaction, ligand exchange,
and hydrogen bonding. Initially, surface hydroxyl groups
undergo protonation:78

Protonation: bead–M–OH + H+ / bead–M–OH2
+

Electrostatic attraction: bead–M–OH2
+ + Sb(OH)6

− /

bead–M–OH2
+/Sb(OH)6

−

Ligand exchange/inner-sphere complexation: bead–M–OH

+ Sb(OH)6
− / bead–M–O–Sb(OH)5

− + H2O

Bead–M–OH2
+ + Sb(OH)6

− / bead–M–O–Sb(OH)5
− + H3O

+

Hydrogen bonding: bead–M–OH/Sb(OH)6
−

3.1.5 Redox reactions. Redox interactions are essential in
adsorbing redox-active pollutants such as hexavalent chromium
(Cr6+). For instance, Faouzia et al. demonstrated that Fe3+ sites
in alginate–chitosan–biochar beads acted as reducing agents,
converting Cr6+ to Cr3+, which is then adsorbed onto the bead
surface. This dual mechanism of reduction followed by
complexation signicantly increased Cr6+ removal efficiency.87

In another study, He et al. developed AFB/Alg beads with poly-
ethyleneine (PEI) modier to achieve the improvement in
removal rate of Cr(VI) ions. Thereby, maximum adsorption
capacities of EC-alg/PEI-3 were noted as 714.3 mg g−1 at 10 °C
and 769.2 mg g−1 at 25 °C. The authors evaluates at low pH
values, electrostatic interactions play main role where amino
groups present on the bead surface gain protons and become
positively charged.92 Simultaneously, Cr(VI) exists in its nega-
tively charged HCrO4

− or Cr2O7
2− forms, which are attracted to

the positively charged adsorbent surface. The electrostatic
interaction can be represented as:

–NH3
+ + HCrO4

− / –NH3
+/HCrO4

−

At lower pH values, Cr(VI) is reduced to its more stable form,
Cr(III). The redox reactions are facilitated by hydroxyl and amino
groups present on the adsorbent surface which act as electron
donors to Cr(VI). The redox reaction involved in this study are as
follows:
RSC Adv., 2026, 16, 15814–15830 | 15821
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Fig. 2 (a) Mechanistic representation of phosphate removal by biochar, chitosan, Fe3O4, and MCB13. This figure has been reproduced from ref.
95 with permission from Elsevier, copyright 2021. (b) Adsorption of MBmolecules on the surface of mCSB/SA aerogel beads. This figure has been
reproduced from ref. 54 with permission from Elsevier, copyright 2025.
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HCrO4
− + 3e− + 7H+ / Cr3+ + 4H2O

Cr2O7
2− + 6e− + 14H+ / 2Cr3+ + 7H2O

Aer the formation of Cr(III), it sticks on the adsorbent
surface via coordinate interactions with the amino groups.
15822 | RSC Adv., 2026, 16, 15814–15830
R–NH2 + Cr3+ / R–NH2 / Cr3+

Therefore, the removal of Cr(VI) using EC-alg/PEI-3 beads is
governed by a synergistic combination of electrostatic attrac-
tion, redox transformation, and subsequent chelation with
functional groups on the adsorbent surface.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.1.6 Pore lling and physical adsorption. Pore lling is
one of the key mechanisms that play a crucial role in the
adsorption efficiency of biochar-based beads. The effective
adsorption of contaminants requires a highly porous structure
of adsorbent, owing to its large surface area and active
adsorption sites. For instance, Li et al., investigated the sludge-
based biochar beads for the adsorption of phosphate ions. The
study shows that the porous structure of biochar plays a vital
role in adsorption. The study observed the porosity of biochar
with and without N2 gas, and it was noted that in the presence of
N2 gas, biochar exhibited a highly porous volume. Due to the
low affinity of biochar towards the phosphate ion, it fails to
adsorb signicant amounts of phosphorus molecules.95 In
contrast, MCB13 and Fe3O4 exhibit enhanced adsorption
performance aer loading with phosphorus ions. The mecha-
nistic representation of phosphate removal by biochar, chito-
san, Fe3O4, and MCB13 is shown in Fig. 2a. Aer some time,
a decrease in surface area, total pore volume, and mesopore
volume is observed due to the pore occupation by phosphorus
molecules. In another study, the primary absorption mecha-
nism follows monolayer chemisorption, dominated by strong
ionic and covalent bonds. Electrostatic interactions, hydrogen
bonding, ion-exchange, complexation, and p–p stacking inter-
actions are the key mechanisms involved during the study. At
solution pH below 8.4, the adsorbent surface acquires positive
charge, mainly due to the protonation of hydroxyl and carboxyl
groups. The anionic LFX species and positively charged species
follow electrostatic interactions. Hydrogen bonding occurs
between biochar, LDH, –NH2 (from chitosan), and heteroatoms
in LFX (–COOH, F, –NR2). These synergistic interactions enable
high adsorption capacity and selectivity for LFX.89
3.2 Experimental parameters

This section discusses the impact of optimization of different
experimental parameters on the adsorption performance of the
prepared adsorbents.

3.2.1 pH. The pH of the solution is one of the most
important parameters that affects the adsorption efficiency of
Fig. 3 Structural forms of LFX at different pH levels and their possible inte
89 with permission from Elsevier, copyright 2025.

© 2026 The Author(s). Published by the Royal Society of Chemistry
biochar-based beads. It signicantly alters both the surface
charge of the adsorbent and the speciation of the target
contaminants. At low pH values, a large number of H+ ions are
released into the solution that compete with the positively
charged methylene blue molecules for the availability of active
adsorption sites. The increased concentration of H+ ions can
displace the methylene blue molecules from the surface of the
adsorbent. However, at high pH values, the concentration of
hydroxide ions increases, which deprotonates the functional
groups. The positively charged methylene blue molecules bind
through the electrostatic force of attraction with the negatively
charged surface functional groups. The study by Fan et al.
observed that with an increase in pH value, adsorption capacity
increases, reaching 124.0 mg g−1 at a pH 7.54 Moreover, the pH
of the solution highly inuences the adsorption potential of the
prepared composite. The study reveals that when solution pH
exceeds, the surface of the adsorbent becomes negatively
charged which facilitates more attraction of methylene blue
cations. On the other side, at low pH values, the surface
becomes positively charged which repels the methylene blue
molecules and decreases the adsorption capacity. Furthermore,
with a rise in pH, the adsorption of MB increases because the
hydroxide ion deprotonates the NH2

+ groups, which create more
negative sites that attract more cationic methylene blue. The
prepared composite ABC–PA–SG had acidic pHpzc because
polyamine contains more positively charged groups.87 The study
by Mosaffa et al. showed that varying the pH from 4–10 affects
the adsorption rate. The maximum adsorption was achieved
using 5 mg of prepared adsorbent and 20 mL of 100 mg L−1

levooxacin solution at a pH of 8.5. The increase in pH up to
a certain limit also increases the availability of –NH2 and –OH
functional groups on the adsorbent surface, which helps to
improve adsorption performance. However, the authors
conrmed that with further rise in pH values, decreases in
adsorption performance were found, which happens due to
surface characteristics of the beads being altered.89 Addition-
ally, the study describes the adsorption performance of the
prepared adsorbent at different pH values. Initially, pH
increases from acidic (5.59) to neutral value (7.94), it undergoes
ractions with the adsorbent. This figure has been reproduced from ref.

RSC Adv., 2026, 16, 15814–15830 | 15823
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deprotonation, forming a zwitterionic structure. The electro-
static attraction occurs between the negatively charged carbox-
ylate groups and the positively charged adsorbent surface.
Above pH 7.94, deprotonation of the tertiary amine group of
LFX molecules producing the anionic form of molecules. At the
end stage, up to pHpzc z 8.4, the adsorbent surface gets posi-
tively charged, which facilitates electrostatic attraction,
hydrogen bonding, and chelation. However, when pH exceeds
8.5, removal efficiency starts decreasing because of the repul-
sion between the negatively charged adsorbent surface and
anionic LFX.89 The different structural forms of LFX at different
pH levels and their possible interactions with the adsorbent
have been shown in Fig. 3. In another study, He et al. examined
the pH effect on the adsorption of Cr(VI) by varying the pH
values of the solution. In contrast to this, Cr(VI) behaves
differently in different pH conditions as per the applicability of
the types of interaction at that pH value. The study revealed that
adsorbents show a reduction in adsorption capacity with an
increase in pH value due to the ionic size of CrO4

2−. Further-
more, different forms of Cr(VI) under varying pH values are
categorized into (i) H2CrO4, at pH < 2; (ii)HCrO4

−, between pH
2–3; (iii) CrO4

2−, when pH > 6.8. Among these, HCrO4
− is the

predominant form for Cr(VI) adsorption; it adsorbs easily in
solution, and facilitates better adsorption. Therefore, the
maximum adsorption capacity, reaching 350.5 mg g−1, was
observed at pH 2. When pH exceeds 6.8, competitive adsorption
between hydroxyl ions and the larger ionic radius of CrO4

2−

hinders Cr(VI) removal efficiency.92 This was explained based on
the fact that at lower pH values, various positively charged
species are present, which reduces from Cr(VI) to Cr(III). The
study by He et al. found that the adsorbent surface contains
carboxyl and amino groups, making the adsorbent surface
positively charged. In contrast, the H+ ions start decreasing with
an increase in pH, resulting in decline in Cr(VI) adsorption
efficiency. Likewise, the solution pH plays signicant role in
governing the adsorption potential of phosphate using the SA-
KBC-Fe/La composite. At pH 2, adsorption capacity was
21.37% at pH 2 which rises with an increase in pH and reached
a maximum at pH 6. With a further increase in pH from 7 to 11,
the removal rate decreases. The maximum adsorption capacity,
46.65 mg g−1, was achieved at pH 6. When the pH < 2, the
adsorbent surface carries a positive charge which contains
H3PO4 and H2PO4

−, with H3PO4 having almost no contribution
to adsorption. From the pH range of 2–12, H2PO4

− and HPO4
2−

are the dominant phosphate species. However, at pH > 8, the
deprotonation of functional groups competes with phosphate
for active species, which reduces the electrostatic attraction and
leads to a decline in adsorption efficiency.91

PO4
3− + H2O # HPO4

2− + OH−

HPO4
2− + H2O # H2PO4

− + OH−

H2PO4
− + H2O # H3PO4 + OH−

The pH is a critical parameter since it inuences the chem-
ical stability of both the adsorbent materials andmetal ions. For
15824 | RSC Adv., 2026, 16, 15814–15830
instance, Ben Salem et al. evaluated the wide range of pH values
to nd out the optimum pH value for maximum removal effi-
ciency. In acidic conditions, electrostatic repulsion occurs,
caused by competing ions. Conversely, at higher pH values, the
surface gets negatively charged, which binds the positively
charged metal ions, thereby affecting the adsorption efficiency.
The study shows that the optimal pH value selected for the
study is 5, and surface complexation and chelation occur due to
density of functional groups.82 Several studies observed the
same trend, an increasing adsorption efficiency with rising pH.
Also, Zou et al., reported decrease in adsorption rate was
observed at a pH value 3 decreased due to highly acidic
medium. The removal efficiency of oxytetracycline hydrochlo-
ride at pH value 3 decreased due to the presence of competing
ions and electrostatic repulsion between the positively charged
metal ions and the surface of beads. At a pH value of 3, the
removal efficiency starts increasing from 90.34%, and at pH of
4.5, the highest removal rate of 91.24% was observed for FCB
beads/H2O2 and 91.31 for FCH beads/H2O2 respectively. When
the pH was further increased, a decrease in removal rate was
observed due to the formation of the complex. The solution pH
is a main parameter that affects the adsorption of pollutants by
dissociation of functional groups on the adsorbent surface.79

Also, Das et al., optimize the variation in pH from 2–8 with
constant adsorbent dosage and concentration of methylene
blue. At higher pH value, the adsorbent surface becomes
negative and the molecules of methylene blue are positively
charged which attracts each other enhances the adsorption
capacity. In contrast at low pH values, the molecules of meth-
ylene blue dissociates into negatively charged which attracts
positive charge species on the surface of adsorbent.80 Due to
electronegative charge density on biosorbent, the adsorption is
higher on high pH values rather than at low pH values. Also, Hu
et al. observed the effect of solution pH on adsorption efficacy,
noting that low pH values decreased adsorption due to elec-
trostatic repulsions. At pH 4, the surface of the beads is nega-
tively charged, and the binding between the functional groups
on the bead surface and pollutants enhances adsorption effi-
cacy.81 In another study, Wang et al. observed changes in the
adsorption rate with varying solution pH. The study examined
MgFe2O4–BM–La(b) for phosphate removal over a pH range of
2–12. At acidic conditions, adsorption capacity increased until
reaching a pH of 2.8, where the adsorption reached 35.36 mg
g−1. With a further increase in pH, adsorption capacity
decreases.77 Similarly, Wei et al. show that Sb(OH)6

− adsorption
is low under acidic condition owing to excessive release of
protons. In contrast, adsorption rate starts increasing at high
pH due to negatively charged Sb(OH)6

− anions and positively
charged surface.78 The study by Afzal et al. shows the maximum
adsorption of ciprooxacin (CIP) using chitosan/biochar
hydrogel beads at pH 5. At high pH values, the adsorbent
shows a decrease in adsorption capacity due to occupation of
active sites. At pH values 3–7, the surface of the adsorbent is
negatively charged, which enhance the electrostatic interaction
between adsorbent and CIP.94 Also, Li et al. investigated the
sludge-based magnetic gel beads for the removal of phosphorus
using the macro–micro hybrid method. The study observed that
© 2026 The Author(s). Published by the Royal Society of Chemistry
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phosphate ions exhibit different dissociation constants, which
change with the solution pH. The pH dissociates at 2.13, 7.20,
and 12.36 in which the study revealed that the positively
charged surface of biochar attracts negatively charged anions of
phosphate (H2PO4

− and HPO4
2−). At high pH values, the

negative charge on the phosphate increases, and the adsorption
also increases from pH 2–8. However, as pH exceeds 8.55, the
increasing negative charge on phosphate ions leads to electro-
static repulsion between the biochar surface and phosphate
ions resulting in decreased adsorption efficiency.95 The study by
Küçük et al. also reveals that increasing the pH enhances the
adsorption rate of MB dye. Furthermore, increasing the adsor-
bent dosage from also improves the adsorption performance
owing to availability of binding sites on the BCA-Mag/AB
surface.90 Another study within a pH range of 3–9 reported
maximum adsorption of STZ at pH 5.0. The maximum
adsorption is found at pH 5, aer which it decreases with
a further increase in the pH of the solution. At pH 5, the
adsorption capacity of CBC–Fe was 78.21 mg g−1, which was
higher compared to BC and CBC alone. At pH > 5, the adsorp-
tion capacity continuously decreased compared to other
adsorbents. CBC–Fe shows 83% of removal rate aer 1140
minutes which was higher than efficiencies of CBC and Fe.83

3.2.2 Effect of contact time. According to the study of Fan
et al., the adsorption performance is strongly inuenced with
the variation occur in contact time. The mCSB/SA adsorbent
exhibit continuous increase in adsorption capacity 50 to 160
minutes and reached equilibrium at 400 minutes with the
adsorption capacity of 124.0 mg g−1.54 The study by Ben Salem
et al. observed the effect of contact time from 5 to 360 minutes
to observe the fast adsorption process of prepared magnetic
beads. In the beginning, the adsorption process increases up to
92% of the adsorption rate till 60 minutes. The adsorption rate
attained equilibrium at 180 minutes, aer which no increase in
adsorption efficiency was observed for Cu2+ ions.82 In another
study, the adsorption process was carried out using pH 8.5 at
time intervals of 5–90 minutes. Initially, the adsorption effi-
ciency was fast owing to the availability of a large number of
active sites. During the starting stage, the adsorption capacity
reached 373.320 mg g−1, resulting in physical adsorption. Aer
this equilibrium starts reaching, the highest adsorption
reached 392.92 mg g−1, following chemisorption.89 The study by
Küçük et al., found that with increase in time from 20 minutes
to 180 minutes, the removal efficiency also increased. The
longer the time, the dye molecules have more chances to enter
the pores of BCA-Mag/AB and stick inside.90

3.2.3 Temperature. Temperature is a critical factor inu-
encing the adsorption performance of biochar-based beads, as
it directly affects reaction kinetics and adsorption processes. In
the study by Fan et al., observed a decrease in adsorption effi-
cacy with an increased temperature which was directed by
thermodynamics.54 In another study, Zou shows that with an
increase in temperature, the removal efficiency rises from
89.27% to 93.35% for FCB beads/H2O2 and from 88.09% to
93.23% for FCH beads/H2O2. This increase occurs because
higher temperatures provide more energy, which activates H2O2

to generate cOH radicals. As a result, collisions between the
© 2026 The Author(s). Published by the Royal Society of Chemistry
pollutant and free radicals increase, enhancing the removal
efficiency.79 Furthermore, the adsorption efficacy of the Ca-
alginate–bentonite/biochar composite was investigated by Das
et al. observing the change within 25 to 40 °C of temperature
range. This improvement in the adsorption efficacy is associ-
ated with the enhanced solubility of particles, driven by
increased Brownian motion.80 Also, Qiao et al., investigated the
degradation of polycyclic aromatic hydrocarbons using
a microbial consortium in biochar gel beads. The study opti-
mized the temperature of gel beads from 15–35 °C to observe
the high degradation efficiency. The degradation efficiency of
HMW-PAHs increases with increasing temperature and reaches
a maxima at 30 °C.98 Furthermore, He et al. reported an increase
in temperature also increase the adsorption potential by varying
temperature ranges. Among all, the maximum adsorption
reached 769.2 mg g−1 at 25 °C. Even at low temperatures, the
prepared composite demonstrated high adsorption perfor-
mance, which highlights its applicability over a broad temper-
ature range and its potential for wastewater treatment.92

3.2.4 Adsorbent dosage. Adsorbent dosage is also one of
the important parameter in adsorption studies, as it directly
governs the availability of active sites. Consequently, various
studies have investigated the inuence of adsorbent dosage on
the adsorption process. For instance, as per the study by Zou
et al., increasing the adsorbent dosage leads to improvement in
removal efficiency. In this study, the removal efficiency of
40.78% was observed at 0.1 g L−1 of concentration of adsorbent,
and 77.44% at 0.5 g L−1 removal rate for oxytetracycline
hydrochloride. This increase in removal rate was attributed to
the increase in available active sites with higher adsorbent
dosage. The removal rate was maintained up to 92.43% by
increasing the concentration of adsorbent from 0.1–0.5 g L−1.
However, aer a further increase in adsorbent dosage, the
adsorption efficacy decreases due to the blockage of active sites,
leading to a decrease in the adsorption rate. This decrease in
adsorption rate was attributed to the overlap or aggregation of
active sites.79 Similarly, in a study by Das et al., the adsorption
capacity increased with higher dosage, rising from 0.5 g to 1.5 g
L−1, due to the presence of more active pores. Nonetheless, aer
a certain point, further increases in the adsorbent dosage led to
a decrease in adsorption efficacy, with the capacity dropping
from 43.2 to 16.55 mg g−1.80 Also, Wang et al. observed the effect
of adsorbent dosage on the removal of Cd(II) ions by varying the
CA-BMB dosage. Initially, the increase in adsorbent dosage
enhances the adsorption of Cd(II) ions due to the larger avail-
ability of active sites. The removal of Cd(II) ions increases
sharply up to a certain limit attributed to the enlarged surface
area. Aer reaching the maximum value, the removal efficiency
declines as active sites become saturated. Another possible
reason is the aggregation of particles at high concentrations,
which reduces the total surface area.88 Moreover, He et al. found
that increasing the adsorbent dosage also increase removal rate
of phosphate. When the adsorbent dosage was increased from
30 mg g−1 to 41 mg g−1, the removal efficiency also increased
from 36% to 94%. This occurs as the adsorbent amount offers
greater adsorption sites. The study also suggests that when the
adsorbent dosage was further increased, the adsorption
RSC Adv., 2026, 16, 15814–15830 | 15825
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capacity declines attributed to the aggregation of polymeric
materials. The study selected 50 mg of adsorbent for better
adsorption.91 Additionally, the adsorbent dosage highly affects
the adsorption potential of LFX demonstrated by Mosaffa et al.
in which the high dosage of LFX led to an increase in the
interaction of LFX molecules with active sites. On the other
hand, low adsorbent dosage limits their interaction, which
results in the attainment of equilibrium. The results from this
study reveal that attainment of equilibrium slows down with
a rise in dosage, which leads to better possible interactions with
adsorbate species.89

3.2.5 Initial concentration of pollutant. Numerous studies
have reported that varying the initial concentration signicantly
inuences the adsorption capacity of the prepared adsorbent.
In particular, to nd out the mechanism involved during the
adsorption process and the type of interaction involved in the
study, the impact of initial concentration provides insights. The
study revealed that the adsorption potential of the prepared
adsorbent increases with an increase in the initial concentra-
tion of Cr(VI) and reached a maximum at 769.2 mg g−1.92 The
concentration was varied up to 500 mg L−1, which revealed that
(ii) at low concentration from 2–200 mg L−1, both the removal
efficiency and adsorption capacity increase. The obtained
removal efficiency was 87.82% at the 200 mg L−1 concentration.
This happens due to the presence of a large number of vacant
active sites and less competition between the adsorbing mole-
cules for adsorption. The prepared beads at the pH of 8.5 have
a large surface area with positive sites that attract the negatively
charged LFX. (ii) At high concentration (200 to 500 mg L−1), the
removal efficiency starts decreasing due to the limited vacant
sites le on the surface of the adsorbent. Aer the adsorption of
LFX molecules, the adsorbent surface gets saturated, leading to
no more space le for adsorption.89 Furthermore, the study by
Jacob et al., optimized the initial concentration of chlorpyrifos
by varying it from 10, 30, and 50 ppm to obtain maximum
adsorption capacity. The study suggests that an increase in
concentration facilitates the faster breakthrough, with extended
adsorption times observed to be 540, 600, and 570 minutes,
respectively.84
4. Regeneration and recyclability of
biochar-based beads

Desorption and regeneration of the adsorbent play a signicant
role in ensuring sustainability, cost-effectiveness, and large-
scale applications. The regeneration of adsorbent is the
process of removing adsorbed pollutants from the adsorbent
material, which makes it reusable for further cycles of pollutant
removal. Several studies have determined the regeneration
process of the prepared adsorbent to ensure its large-scale
applications. For instance, Afzal et al., investigated the use of
chitosan/biochar hydrogel beads for the removal of ciprooxa-
cin. In their study, 0.1 N NaOH was utilized as an eluent for the
recyclability and reusability of the prepared adsorbent. Their
results demonstrate the removal of ciprooxacin up to six
adsorption–desorption cycles with a slight reduction in
15826 | RSC Adv., 2026, 16, 15814–15830
adsorption capacity. The study indicated that the reduction in
adsorption capacity was mainly due to the loss of functional
groups on the surface of the adsorbent during the regeneration
process.94 Similarly, in another instance, Fan et al. reveal
a slight decrease in the adsorption rate in ve adsorption cycles.
Specically, the adsorption performance decreases using HCl
eluent from 99.2% to 95.4% aer ve to desorb the methylene
blue from the surface of the adsorbent.54 The study by Zou et al.
reported iron-doped biochar beads and hydrogel beads for the
removal of oxytetracycline hydrochloride (OTC) using coffee
grounds as natural precursors. In this study, the authors
utilized H2O2 as a catalyst to enhance the beads' ability to
remove OTC from aqueous solutions. The results showed that
study observed a 91% removal efficacy within 60 minutes. The
reduction in removal efficiency occurs due to the slight leaching
of iron ions from the surface of the catalyst, leading to
a reduction in active sites.79 Furthermore, another study of the
reusability of prepared magnetic biochar-based beads was
conducted by Ben Salem et al., using 0.1 MNaOH as a desorbing
agent. In this study, adsorption was maintained up to 3 cycles
with a slight decrease in adsorption efficacy from 66.6% to
55.3% with varying concentrations of Cu2+ ions.82 Specically,
the adsorption efficacy of Cu2+ metal ions was observed at
60.1% at copper metal ion concentrations of 200 mg L−1,
88.70%, and 78.46% at 50 mg L−1 for the desorption conducted
by NaOH and HCl, respectively. Moreover, in another study,
0.1 M HCl was utilized as a desorbing agent, in which the
adsorbent remains stable up to 4 adsorption–desorption cycles.
The adsorption experiment was carried out by mixing 0.2 g of
the BC/Alg composite beads in a 20 mL of MB dye solution. Aer
the addition of beads, the mixture was continuously stirred for
50 minutes to make the methylene blue completely attached to
the adsorbent surface.93 Furthermore, the recyclability of SA-
KBC-Fe/La was assessed aer 5 consecutive adsorption–
desorption cycles. The sorption capacity was found to be
43.19 mg g−1 for the rst cycle, which gradually decreased to
35.48 mg g−1 by the h cycle.91 Finally, the regeneration
potential of the prepared adsorbent in another study by Jacob
et al. was tested by using it multiple times, which exhibits
stability up to 6 adsorption–desorption cycles. In the rst cycle,
the desorption rate was found to be 90% which was reduced to
60% in the sixth cycle. This decrease in removal efficiency was
attributed to the blockage of pores, which reduces sorption
sites.99 Overall, these ndings highlight that the prepared
adsorbents exhibit promising regeneration performance with
minimal loss in adsorption capacity over multiple cycles. Table
2 illustrates the regeneration performance of various biochar-
based bead adsorbents.

5. Comparison of biochar-based
bead performance with powdered
biochar composites and other
adsorbents

In past decades, water pollution has become a major concern
due to increasing population growth, economic development,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of the regeneration performance of various biochar-based bead adsorbents

S/N Adsorbent Eluent Number of cycles Adsorption capacity
Adsorption capacity
(aer regeneration) Ref.

1 Chitosan/biochar hydrogel beads 1.0 N NaOH 6 36.72 mg g−1 25.73 mg g−1 94
2 Biochar/polyaniline/alginate composite

beads
— 5 821 mg g−1 821 mg g−1 87

3 Magnetic-biochar/alginate bead 0.1 M NaOH 3 — — 82
4 Fe3O4-modied coconut shells/sodium

alginate aerogel beads
0.5 M HCl 5 — — 54

5 Modied biochar beads NaOH 5 255.88 mg g−1 — 86
6 CS/PVA–BC@CoNiAl-LDH beads NaOH 6 — — 89
7 BC/Alg composite 0.1 M HCl 4 — — 93
8 Biochar/alginate beads 0.1 M NaOH 6 318 mg g−1 148 mg g−1 92
9 Sugarcane bagasse-based biochar

alginate beads
NaOH 6 — — 84

10 SA-KBC-Fe/La beads — 5 43.19 mg g−1 35.48 mg g−1 91
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and largely increasing industrial activities to fulll human
needs. Water pollution has become a serious global threat, and
there is an urgent need to take steps to minimize it and to use
advanced methods to clean wastewater. Several studies have
reported that wastewater treatment using biochar-based
composites in their powdered form exhibits higher adsorption
capacities due to their smaller size and large surface area.
However, despite these advantages, powdered form of biochar
presents difficulty in real-time applications in terms of separa-
tion and recovery from treated solutions. To separate the bi-
ochar from treated solutions requires additional processes,
including centrifugation, which is difficult on a large scale. To
overcome these challenges, recent work has focused on the
preparation of biochar-based beads, which have a lower surface
area compared to the powdered form of biochar and are easy to
handle. The beads are present in a solid and discrete form,
making them more suitable for industrial applications. Several
studies have reported that bead structure exhibits higher
stability and improved reusability compared to the powdered
form of biochar-based composites. For instance, Wei et al. re-
ported Sb(V) removal using magnetic MgFe2O4-biochar
composite beads. Their results demonstrates that Fe/(MgFeO–
BC) beads provided high stability and get easily separated
compared to their powdered form. The adsorption capacity of
bare biochar is less than 23.38 mg g−1 due to less active sites
compared to beads having large active sites.78 In contrast to
other reported natural adsorbents, biochar-based adsorbents
exhibit high adsorption capacity due to their unique properties
having a highly porous structure and larger surface area. Other
natural adsorbents, including clay, zeolite exhibit low adsorp-
tion capacities over biochar-based composites. Moreover,
biochar-based composites are cost-effective prepared using
natural precursors mostly from agricultural residues, compared
to other adsorbents including activated carbon, zeolites which
is more expensive due to its production process. To further
enhance the adsorption capacities, biochar-based composites
can be functionalized by introducing surface groups such as
carboxyl, hydroxyl, and carbonyl moieties onto the adsorbent.
The most important thing is biochar-based adsorbents are
© 2026 The Author(s). Published by the Royal Society of Chemistry
reusable and can be easily regenerated to re-treat the waste-
water. In contrast, recovering the activated carbon, and
powdered biochar is challenging which restricts their real time
applications. Magnetic biochar-based beads, however, are not
only reusable and cost-effective but also suitable for large-scale
and industrial applications. For instance, Wang et al. investi-
gated calcium-alginate biochar beads to improve the removal
rate of Cd(II) ions. The study found a maximum adsorption
capacity of 227.1 mg g−1 for the prepared adsorbent. To evaluate
the inuence of different adsorbents, the study compared
calcium-alginate (CA), calcium-alginate incorporated with ball-
milled biochar (CA-BMB), and bare ball-milled biochar. The
results showed that the adsorption capacities were 251.8 mg g−1

for CA-BMB, 227.1 mg g−1 for CA, and 40.0 mg g−1 for ball-
milled biochar, respectively. The bare ball-milled biochar
exhibited an adsorption capacity of only 40.0 mg g−1 for Cd(II)
ions, which is signicantly lower than the 227.1 mg g−1

observed for the calcium-alginate ball-milled biochar beads.88

Similarly, Fan et al., prepared CSB/SA for the effective adsorp-
tion of methylene blue for wastewater treatment. The modied
aerogel beads facilitate high adsorption rate and easy separa-
tion compared to powdered form adsorbents.54 In another
study, the modication of sodium alginate beads also enhances
the adsorption capacity compared to bare beads. The authors
reported that EC-Alg/PEI-3 exhibited 51.8 m2 g−1 of surface area,
signicantly higher than the unmodied beads. Simulta-
neously, the pore volume of the adsorbent increases with an
increase in pore size from 12.1 nm to 26.4 nm. With occupancy
of active sites, the pore size, volume, and surface area starts
reducing. Moreover, the modied material EC-Alg/PEI-3 con-
tained more active sites compared to unmodied biochar. For
example, the surface area of bare biochar was 79.711 m2 g−1,
which was much less compared to Mg-modied biochar having
308.120 m2 g−1.92 Furthermore, Faouzia et al. prepared biochar/
polyaniline/alginate composite beads (ABC–PA–SG) using Cra-
taegus azarolus seed (CAS) waste as a natural precursor for
removal of MB. Their study utilized a calcination process, which
enhanced the ash content of the natural precursor (CAS) in the
activated biochar samples. Initially, the ash content was 0.64%,
RSC Adv., 2026, 16, 15814–15830 | 15827
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which increased to 2.3% due to the release of carbon during
thermal decomposition.87 The prepared samples featured
mesopores of 2–50 nm and mesopores with a size >50 nm. The
modication of biochar yielded enhanced adsorption capacity.
For instance, pristine biochar was found to have a less porous
structure and negligible surface area. Aer functionalization,
the pore diameter increased up to ∼2–3 nm. Although bare
biomass contains several functional groups, its low surface area
results in pore adsorption capacity. To determine the maximum
adsorption capacity, the study optimized parameters such as
pH, concentration of methylene blue, and temperature condi-
tions. The results revealed an enhancement in sorption capacity
at a methylene blue concentration of 100mg L−1 and a pH of 6.4
at room temperature. These ndings demonstrate that biochar-
based bead adsorbents offer promising results over the
powdered form of biochar, combining ease of separation, high
stability for real-world water purication processes.
6. Conclusion and future
perspectives

Biochar-based beads are gaining attention as efficient materials
for wastewater treatment owing to their distinctive surface
properties and eco-friendly nature. The incorporation of
magnetic materials, polymer matrices, and clay materials
enhances the density of functional groups on the adsorbent
surface and can improve the structural stability and adsorption
performance of bead-based adsorbents. Although bead forma-
tion may decrease the surface area compared to powdered bi-
ochar, it signicantly enhances recovery, handling, and
reusability, making beads more suitable for practical and large-
scale applications.

This review highlights recent advances in synthesis
approaches, natural precursors, and structural integrity of
biochar-based beads. Furthermore, the study discusses the
adsorption mechanisms including electrostatic interaction,
hydrogen bonding, p–p stacking, ligand exchange, and redox
processes, and assesses their effectiveness in the removal of
a wide range of pollutants such as heavy metals, dyes, and
organic contaminants. Some studies follow synergistic interac-
tions that signicantly enhance the adsorption performance
and broaden their applications for different types of contami-
nants. Despite this, to further strengthen the applicability of
biochar-based beads, several key aspects remain unexplored.
Subsequent studies may emphasize the selectivity of fabricated
adsorbents towards specic types of contaminants by tailoring
their functional groups. Moreover, it is essential to improve the
regeneration ability of adsorbents, which is crucial to make the
material cost-effective. The optimization of these materials
under different environmental conditions remains unexplored.
Various studies have yet to work on the lab-scale, so scaling up
the production to the industrial level by introducing continuous
ow or xed-bed systems into beads will be vital for practical
deployment. In addition to this future work should be focus on
addressing the potential mass-transfer limitation with intra-
particle diffusion within the beads. The hydraulic performance
15828 | RSC Adv., 2026, 16, 15814–15830
and pressure drop behavior of bead-based adsorbents must also
be evaluated. In order to avoid secondary contamination,
mechanical integrity during extended operational stress and
multiple regeneration cycles, as well as the possibility of long-
term leaching of polymeric binders or integrated metal
components, should be carefully examined.

Moreover, understanding the long-term impact, toxicity, and
complex formation of these adsorbents on the environment is
crucial. Interdisciplinary approaches combining computational
modelling, environmental engineering, and material science
can drive the development of next-generation biochar-based
beads for efficient, affordable, and sustainable water treat-
ment technologies.
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beads
FCH
 Ferric crosslinked alginate-based
hydrogel beads
CA–B/ABC beads
 Calcium alginate–bentonite/activated
biochar composite
BAB
 Biochar alginate beads

EDA interactions
 Electron donor–acceptor interactions

SA/H3PO4-activated
CC-ABC
Sodium alginate/H3PO4 activated
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