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Abstract

Textile industries are among the largest contributors to global water pollution, discharging wastewater containing dyes, heavy met-
als, and synthetic chemicals that pose significant environmental and health risks. Conventional treatment methods often fall short in
effectively removing these pollutants and are hindered by high operational costs, sludge production, and limited reusability. In this
context, magnetic biochar has emerged as a promising, sustainable, and cost-effective solution for textile wastewater remediation.
This review examines the synthesis strategies of magnetic biochar, primarily focusing on co-precipitation and iron-precursor pyrol-
ysis methods, along with their key physicochemical and magnetic properties, characterized by XRD, SEM, BET, FTIR, and VSM
analyses. The adsorption behavior of magnetic biochar is further discussed through isotherm and kinetic models, such as Langmuir,
Freundlich, pseudo-second-order, and intra-particle diffusion. The mechanisms driving pollutant removal include electrostatic at-
traction, pore filling, 7t—7t interactions, and catalytic Fenton-like catalytic reactions. Case studies on dye and heavy metal removal
demonstrate the material’s high efficiency, ease of recovery, and reusability. Finally, the paper highlights current research gaps, scal-
ability challenges, and prospects for advancing magnetic biochar technologies in industrial-scale wastewater treatment. This review
provides a comprehensive understanding to guide future innovations and practical applications in sustainable water management.
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l. Introduction needs. However, this freshwater is not entirely accessible.

Approximately 68.7%, is stored in glaciers and ice caps,
Water is one of the most essential natural resources for life primarily in Antarctica and Greenland [3]. Another 30.1%
on Earth, however, only a small fraction is readily avail- s stored underground in aquifers, some of which are deep
able and safe for human consumption. The Earth is often  and not easily accessible or renewable [4]. That leaves
referred to as the “blue planet” because about 71% of its just a small fraction, around 1.2% of the total freshwater
surface is covered with water [1]. However, a closer ex-  available in surface water bodies such as rivers, lakes, and
amination reveals that only a tiny fraction of this water is  gwamps. It is well known that only about 0.007% of the
accessible for direct human use. Approximately 97.5% of  Earth’s total freshwater is available for human consump-
the total water on Earth is saline, found in oceans and seas,  tjon, which amounts to roughly 0.03% of the planet’s to-
and is not suitable for drinking, irrigation, or most indus- 3] volume of water [5]. This small quantity of water is
trial purposes without undergoing expensive desalination  peeded for drinking, sanitation, agriculture, industry, and
processes [2]. This leaves only 2.5% of the Earth’s water  ¢cosystem maintenance. Due to population growth, urban-
as freshwater, which could, in principle, support human  jzation, and industrial development, freshwater availabil-
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ity is becoming a serious concern. The imbalance between
supply and demand is leading to water shortages and de-
graded water quality, making effective water management
more urgent than ever. Water pollution has become one of
the most serious global issues, arising from both domestic
and industrial sources [6].

Industrial wastewater is of complex composition
and contains toxic pollutants. The textile industries are
known for their high-water consumption and discharge of
chemically loaded wastewater into the river [7]. When
released into rivers, lakes, or groundwater, this water can
cause severe harm to aquatic life and pose significant risks
to human health [8]. Textile wastewater is highly toxic
because it contains dyes, surfactants, salts, heavy metals
(such as chromium, copper, and zinc), and various organic
chemicals [9]. During processes like dyeing, washing,
and bleaching, a significant portion of the used chemicals
is not fixed onto the fabric and is instead released into
wastewater streams. Dyes, particularly synthetic and azo
dyes, are resistant to degradation and can remain in water
bodies for extended periods, obstructing sunlight pene-
tration and disrupting photosynthetic activity in aquatic
plants [10]. The high biological and chemical oxygen
demand (BOD and COD) of textile wastewater further de-
pletes dissolved oxygen in water, posing a threat to aquatic
organisms [11].

Although conventional wastewater treatment meth-
ods, such as coagulation-flocculation, activated sludge
processes, and membrane filtration, have been widely em-
ployed to manage textile effluents [12]. While these meth-
ods can reduce pollutant loads, they often fall short in
completely removing synthetic dyes and trace heavy met-
als. Moreover, these technologies are energy-intensive,
generate secondary sludge that requires further treatment,
and are expensive to operate and maintain, particularly for
small to medium-scale textile units in developing coun-
tries. The inefficiency in dealing with non-biodegradable
organic pollutants and the economic burden of advanced
methods like reverse osmosis or advanced oxidation pro-
cesses further highlight the need for more sustainable and
cost-effective alternatives [13]. In recent years, biochar
produced through the pyrolysis of biomass has emerged
as a promising adsorbent for wastewater treatment [ 14].

Due to its porous structure, large surface area, and
abundant surface functional groups, biochar can effec-
tively adsorb a wide range of pollutants, including dyes,
heavy metals, and organic compounds. Moreover, biochar
is eco-friendly, cost-effective, and can be derived from
agricultural waste such as water hyacinth, rice husk, co-
conut shells, and other biomass. These materials can
be used to prepare biochar, which is then treated with
Fe;04 to produce magnetic biochar through either the

impregnation-pyrolysis method with iron precursors or
the co-precipitation technique. This study examines twenty
types of biomass to understand the behavior of bioadsor-
bents in terms of their adsorption capacity and removal
efficiency. To enhance its performance, biochar is often
modified with magnetic particles like iron oxide, resulting
in magnetic biochar. This composite not only improves
pollutant removal efficiency through combined adsorp-
tion and catalytic degradation but also facilitates easy re-
covery and reuse using magnetic separation [15]. Thus,
biochar and magnetic biochar represents sustainable, low-
cost, and effective alternatives to traditional treatment
technologies, offering new hope for addressing the chal-
lenges of industrial wastewater, particularly from the tex-
tile sector [16]. Figure 1 illustrates the various types of
biomass used for the preparation of biochar and magnetic
biochar.

2. Synthesis of Magnetic Biochar

Biochar is a carbon-rich, porous solid produced through
the pyrolysis of organic biomass under limited oxygen
conditions [ 17]. This process thermally decomposes plant-
based or organic materials, such as agricultural residues,
forestry waste, or aquatic plants like water hyacinth, to
form a stable carbonaceous structure. The characteristics
of the resulting biochar depend on factors such as the type
of biomass used, pyrolysis temperature, residence time,
and heating rate [18]. For instance, low-temperature py-
rolysis (300-500 °C) retains more oxygenated functional
groups and volatile matter, while high-temperature py-
rolysis (above 600 °C) yields biochar with higher car-
bon content, surface area, and porosity. These proper-
ties make biochar effective for pollutant adsorption; how-
ever, unmodified biochar often shows limited affinity
for specific contaminants, such as dyes or heavy met-
als [19]. As a result, researchers have explored chem-
ical and structural modifications to enhance its adsorp-
tive performance, leading to the development of magnetic
biochar. This magnetic functionality allows for the effi-
cient removal and recycling of the adsorbent from aqueous
solutions using an external magnetic field. There are two
methods, namely the co-precipitation technique and the
impregnation-pyrolysis method, which are used as iron
precursors. These can be explained as follows:

2.1. Co-Precipitation Technique

The co-precipitation method is one of the most widely used
and straightforward techniques for synthesizing magnetic
biochar, primarily due to its simplicity, cost-effectiveness,
and efficiency in producing uniformly dispersed magnetic

Kumar, et al.

Sustainable Processes Connect


https://scifiniti.com/
https://scifiniti.com/journals/sustainable-processes-connect

(& SCIFINITI

2025, Vol. 1, Article ID. 2025.0012
https://doi.org/10.69709/SusProc.2025.147565

/™ peanut Shell

8
¥

w"-’ £ Y
,%@ '“‘f_ 5
f (]

kA
. % ‘@"’,‘v
/A 4 L

Figure |: Different biomass is used to prepare biochar and magnetic biochar.

nanoparticles. In this process, the biochar produced from
pyrolysis is immersed in an aqueous solution containing
ferrous (Fe") and ferric (Fe*") ions, commonly provided
by ferrous chloride (FeCl,) and ferric chloride (FeCls) in
a 1:2 molar ratio, respectively [20].

Once the biochar is well-treated with an iron salt so-
lution, and a base such as sodium hydroxide (NaOH) or
ammonium hydroxide (NH4OH) is gradually added drop-
wise under constant stirring, where the pH of the mixture
is carefully adjusted to around 10, creating alkaline condi-
tions that are essential for the simultaneous precipitation
(co-precipitation) of iron ions. Under these conditions,
the Fe?" and Fe* ions react with hydroxide ions (OH™)
to form magnetite nanoparticles (Fe;O4) and produce a
porous structure of the biochar [21]. Figure 2 shows the
flow diagram to prepare Magnetic Biochar by the Co-
precipitation Technique. This step is typically followed
by an aging process, where the suspension is allowed to
stand or continue stirring for a designated period (e.g.,
several hours) at room temperature or mild heating to en-
sure complete precipitation and strong adhesion of Fe;O4
nanoparticles onto the biochar matrix [22]. The resulting
magnetic biochar is then separated from the liquid phase
through filtration or magnetic decantation, followed by

repeated washing with deionized water or ethanol to re-
move unreacted chemicals, excess salts, and impurities.
Finally, the washed material is dried at moderate temper-
atures (e.g., 60-80 °C) to obtain the magnetic biochar
composite. The magnetization of the biochar imparts a su-
perparamagnetic or ferromagnetic character, allowing it to
be easily separated from aqueous solutions using a simple
external magnet [23]. This precipitated composite can be
used for dye adsorption. The detailed flow diagram for the
preparation of magnetic biochar using the co-precipitation
technique is discussed as follows in Figure 2:

2.2. Impregnation and Pyrolysis with
Iron Precursors

In contrast to the co-precipitation method, the impregnation
and pyrolysis technique involves introducing iron precursors
into the raw biomass before the pyrolysis stage [24].

In this step, the dried biomass is immersed in a so-
lution of iron salts, such as FeCl; or Fe(NO3)s, allow-
ing the metal ions to penetrate the plant structure. Af-
ter sufficient impregnation, the biomass is dried and then
subjected to pyrolysis at elevated temperatures (typically
500-700 °C). During the heating process, the iron salts
thermally decompose into iron oxides such as Fe,O3 or

Sustainable Processes Connect

Kumar, et al.


https://scifiniti.com/
https://scifiniti.com/journals/sustainable-processes-connect

2025, Vol. 1, Article ID. 2025.0012
https://doi.org/10.69709/SusProc.2025.147565

(3)) SCIFINITI

Selection of Metal Salts

'

2. Dissolution in Deionized Water

.
3. Stirring to Form a Homogeneous Solution
e
4. Addition of Precipitating Agent (e.g., NaOH, NH40H)

'

5. pH Adjustment (Typically pH 9-11)

'

6. Co-precipitation Reaction (Under Constant Stirring & Temperature)

'

7. Aging of Precipitate (Optional)

'

8. Filtration or Centrifugation

'

9. Washing with DI Water and Alcohol (To Remove Impurities)

'

10. Drying (Oven or Vacuum)

}

11. Calcination (Optional - for Crystallinity or Phase Purity)

Figure 2: Flow diagram to prepare magnetic biochar by co-precipitation technique.

Fe;04, forming a biochar matrix. This method ensures
a strong bond between magnetic particles and the car-
bon structure, often resulting in more stable and efficient
magnetic biochar for pollutant removal [25]. Magnetic
biochar produced by either method is particularly effec-
tive for the removal of dyes, heavy metals, and other in-
dustrial pollutants [26]. Figure 3 shows the flow diagram
to prepare magnetic biochar by impregnation and pyrol-
ysis with iron precursors. Table 1 shows the comparison
of the Co-precipitation Technique and Impregnation and
Pyrolysis with Iron Precursors method.

3. Characterization Techniques of
Magnetic Biochar

Several advanced techniques are required to analyze the
physicochemical structure of bioadsorbents. These tech-
niques evaluate various properties, such as the morpho-
logical structure of the bioadsorbent. In addition, other
characteristics, including the crystal structure and the pres-

ence of organic functional groups in the material, can also
be determined [27].

3.1. Structural and Morphological
Analysis (XRD, SEM)

X-ray diffraction (XRD) is important for identifying the
crystalline phases present in magnetic biochar. It helps
to determine the crystal structure of magnetic iron ox-
ides, such as Fe;O4 or Fe;0;, in the carbon matrix. In
the case of WH magnetic biochar, XRD patterns typi-
cally show distinct peaks around 30°, 35°, 43°, 57°, and
63° (20), corresponding to magnetite (Fe3O4) [28]. This
confirms the magnetic modification. Scanning Electron
Microscopy (SEM) provides insight into the morphologi-
cal structure, revealing a rough, porous texture with uni-
formly distributed iron oxide particles across the surface.
This porous structure is beneficial for the adsorption of
dyes and other pollutants [29]. Table 2 presents the com-
parative analysis of XRD and FTIR Spectra of Biochar
and Magnetic Biochar.
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1. Collection of Biomass Material

|

2. Drying and Grinding of Biomass

|

3. Preparation of Iron Precursor Solution (e.g., FeCl3z, Fe (NO3)3)

l

4. Impregnation of Biomass

(Soaking Biomass in Iron Salt Solution)

5. Stirring/Soaking (2-24 hours, to ensure uniform loading)

|

6. Drying the Impregnated Biomass (e.g., Oven at 80-105°C)

|

7. Pyrolysis under Inert Atmosphere
(e.g., N2 or Ar at 400-800°C for 1-3 hours)

l

8. Cooling under Inert Atmosphere

9. Washing (To Remove Residua Salts or Impurities)

|

10. Drying of Final Product

Figure 3: Flow diagram to prepare magnetic biochar by impregnation and pyrolysis with iron precursors.

Table I: Comparison of the co-precipitation technique and impregnation and pyrolysis with iron precursors method.

Aspect

Co-Precipitation Technique

Impregnation + Pyrolysis with Iron
Precursors

Advantages
Simple and low-cost synthesis

Uniform particle distribution
High magnetic properties
Environmentally friendly

Fast reaction time
Disadvantages

pH-sensitive process
Particle agglomeration
Low thermal stability
Complex post-processing

Limited loading capacity

Easy to perform at low temperatures
Good control over nanoparticle size and
distribution

Effective in forming magnetic
nanoparticles (e.g., Fe304) [30]
Aqueous medium, minimal toxic
solvents

The co-precipitation Technique requires
a short synthesis time [31]

Requires precise pH control for
precipitation

Nanoparticles may cluster without
surfactants or stabilizers [32]

Not suitable for high-temperature
applications

Requires washing, filtration, and drying

Metal ion incorporation is limited by
solubility [35]

Simple method for metal loading

Reasonable dispersion of iron on biomass
Magnetic properties retained after pyrolysis
Biomass-based, sustainable approach

Efficient in bulk production

Not highly pH-sensitive, but the process can
affect material structure.

Risk of metal sintering or uneven distribution
during pyrolysis [33]

High temperatures may reduce surface area or
porosity [34]

Requires a high-temperature furnace and an
inert gas environment

Iron loading depends on precursor soaking
and biomass reactivity
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Table 2: Comparative analysis of XRD and FTIR spectra of biochar and magnetic biochar.

. Biochar . FTIR Observations (Major
Biomass Source Type/Treatment XRD Observations Functional Groups) Ref.
Broad peak at 28 ~ 22-24° —OH (3400 cm™"), Si—O-Si
Rice Husk Plain biochar (500 °C)  (amorphous carbon), sharp (1080 cm™!), C-H (2920 cm™'),  [36]
peaks at 26.6° (SiO,—quartz) C=C (1620 cm™")
Magnetic biochar N o Fe-O (580-590 cm™!), Si—O-Si
Rice Husk (FeCls impregnation + 13:;’36%4 Z;"g‘f 22[72?°~63206£ ’ (1080 cm™"), ~OH (3430 ecm™ "),  [37]
pyrolysis) CooTm T C=0 (1700 cm™")
P —OH (3410 cm™ '), COOH
Water Hyacinth Plain biochar Bé;jfé‘l?e“g ?jtazgo’“ ZS? o small 1710 em~"), C=C (1610 cm™"),  [38]
p 3, D12 Si-0 (1030 cm™")
Magnetic biochar Fe-O (580 cm™!), C-O-C
+
Water Hyacinth (FeSOy4 + FeCls st&l pgﬂfiela‘;‘:&(’rﬁ;l:euss (1120 cm™), ~OH (3400 cm™),  [39]
co-precipitation) : P C=0 (1710 cm™ )
o . —OH (3430 cm™ '), aromatic
Coconut Shell Untreated biochar iﬁa‘;fiecakeztksm - mmumor C=C (1600 cm™"), C-H (2910 [40]
ganicp em™1), C-0 (1230 em™")
Magnetic biochar o o  Fe-O (around 570 cm™!), -OH
Coconut Shell (Fe(NO3); Z;asl? of Fe205 at ~=33.1% 35.6% 340 em™"), COOH (1705 [41]
impregnation) ’ cm™!
. o Broad amorphous carbon hump, ~ —OH (3420 ecm™ "), C=C (1590
Peanut Shell Biochar at 500 °C Jow crystallinity om~1), C-0 (1235 cm~ ) [42]
| — 71 —
Magnetic biochar with  Characteristic Fe;O4 peaks, Fe-0 (575 | 590 cm )T OI:I
Peanut Shell Fe.O better crvstallinit (3425 cm™ "), carboxylic C=0 [43]
30 Yy Y (1710 cm™")
. o Zn-0 (520 cm™ "), ~OH (3400
Corn Stover ZpClz-actlvated Weal.< peak at23°, ZnO or em~1), C=0 (1710 cm~"), C-H  [44]
biochar Zn-silicates 1
(2915cm™)
. . . . + - —1 . —
Corn Stover Magnetlc biochar with ~ Magnetite (Fe;O4) peaks + Zn Fe-O (580 cm™ "), ~OH, C=0, [45]
iron salts peaks C-O observed
— 71 —
KOH-activated Broad amorphous carbon peaks, 01}1(343_5 em” ), C 91(110_0
Sawdust . cm ), C=C (1600 cm™"),C=0  [40]
biochar some K,COs or KCl1 0
(1700 cm™ ")
. Fe-O (580 cm™ '), ~OH (3400
Sawdust Magnetic biochar Magnetite peaks (Fe;04), em™ ), C-H (2910 cm™), [47]

suppressed K signals

aromatic groups

3.2. Surface Area and Porosity (BET)

The BET analysis is used to determine the specific surface
area, pore size distribution, and pore volume of biochar [48].
These properties are directly related to the adsorption po-
tential of the material. A higher surface area provides
more active sites for pollutant binding. Magnetic biochar
derived from WH often shows an increase in surface area
compared to unmodified biochar due to the development
of additional microspores during iron incorporation [49].

3.3. Functional Groups and Surface
Chemistry (FTIR)

(FTIR) is used to know the functional groups present on
the surface of the biochar. These functional groups—
such as hydroxyl (-OH), carboxyl (-COOH), and carbonyl

(C=0O)—play a key role in adsorption through mecha-
nisms like hydrogen bonding and electrostatic interaction
For WH magnetic biochar, FTIR spectra often show peaks
related to O—H stretching, C—H bending, and Fe—O vibra-
tions, representing the successful loading of iron oxides
and the retention of oxygen-containing groups that con-
tribute to effective dye or heavy metal removal [50].

3.4. Magnetic Properties (VSM)

VSM analysis is conducted to determine the magnetic prop-
erties of the synthesized biochar, particularly to assess its
suitability for applications involving magnetic separation.
VSM is a powerful technique that determines key magnetic
parameters such as saturation magnetization (Ms), coerciv-
ity (Hc), and remanent magnetization (Mr). These param-
eters afford the strength of the magnetic response of the
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material. Magnetic biochar often demonstrates superpara-
magnetic behavior, which is desirable for environmental
remediation [51]. The typical saturation magnetization
values for WH-based magnetic biochar range between
10-30 emu/g, which are sufficient for fast and efficient
magnetic recovery from aqueous systems. This magnetic
recoverability eliminates the need for time-consuming

and costly separation methods such as filtration or cen-
trifugation. As a result, magnetic biochar can be eas-
ily reused, making it an economical and sustainable so-
lution for wastewater treatment applications [52]. Ta-
ble 3 presents a comparative analysis of magnetic and non-
magnetic biochar in wastewater treatment.

Table 3: Comparative analysis of magnetic vs. non-magnetic biochar in wastewater treatment.

Non-Magnetic Magnetic
. . g Biochar Advantages of .
S.No Biomass Pollutant Biochar Removal Magnetic Disadvantages of References
=7 Source Removal Efficienc Bioghar Magnetic Biochar
Efficiency (%) (%) ¥
Crystal Enhanced E:ctgggzl forollution
1 Rice Husk Viclet ~50% >90% adsorption oot orooet] [53]
capacity managpe dp y
Improved
2 Soconut Acid Orange  ~60% >95% removal Inereased [54]
. . efficiency P ) i
3 Chicken Rhoda mine ~45% 759% Better adsorption  Possible leaching of [55]
Bones B kinetics iron
Methylene Faster Reduced surface
4 Wheat Straw Y ~70% >90% e . area due to [56]
Blue equilibrium time tizati
Slight Marginal benefits
18
5 Simagee gﬁ?ylene ~54% ~56% improvement in over non-magnetic [57]
g removal biochar
. Significant .
6 Partheniumstero Methylene 94% 99,999 e;%lr;;::%gllent n Complex synthesis [58]
phorus Blue efficiency process
7 Rice Bran Ni(II) ~60% >90% e on Potential [59]
° ° capa?i)ty environmental risks
500 o Improved heavy Possible iron
8 Bagasse Cr(VI) 50% >85% metal removal leaching [60]
<0 o Enhanced Higher synthesis
9 Corn Stalk Pb(1I) 65% >90% adsorption sites cost [61]
Water Methylene Better pollutant Potential for
10 Hyacinth Blue ~70% =95% removal nanoparticle release [62]
Improved Increased
11 Peanut Shell Cr(VD ~55% >80% adsorption production [63]
efficiency complexity
. Potential
12 Bamboo I];/Iliglylene ~60% >90% f:tztser adsorption environmental [64]
concerns
Sugarcane N Higher removal Possible secondary
13 Bagasse Pb(I) 70% >95% efficiency pollution [63]
Enhanced Increased synthesis
14 Corn Cob Ni(ID) ~60% >85% adsorption cost Y [66]
capacity ' )
15 Sawdust cdq ~50% ~80% Improved heavy Potential for iron [67]
metal removal leaching
16 gilgfnlass glliteh}]lene ~65% >90% ?eer:nttg{/:lye grzgle{)rlaet)i(on process [68]
17 FritPeels  Cr(VI) ~55% >85% Enhanced Higher production 1)
adsorption sites cost
. ) o Improved heavy Potential
18 Wood Chips Pb(I) 60% >90% metal removal environmental risks [70]
19 Rice Straw Il;/llethylene 0% ~959, Higher removal Possible [71]
ue efficiency nanoparticle release
Enhanced ;
20 OrangePeel  Cd(IN) ~50% >80% adsorption Increased synthesis 1,
capacity complexity
Sustainable Processes Connect Kumar, et al.
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4. Properties and Applications of
Magnetic Biochar in Wastewater
Treatment

4.1. Adsorption Capabilities

Magnetic biochar is a planned material created by integrat-
ing magnetic nanoparticles—commonly iron oxides such as
Fe;O4 or y-Fe,Os—into traditional biochar derived from
biomass sources like agricultural waste [73]. This modifica-
tion imparts the resulting composite with distinctive physic-
ochemical and magnetic properties, significantly enhanc-
ing its adsorption capacity and facilitating its separation in
wastewater treatment applications. A key advantage of mag-
netic biochar lies in its physicochemical properties, which
render it highly effective for the removal of dyes and heavy
metals from contaminated water [74]. Its high surface area
provides a larger number of active sites for adsorption, while
its porous structure—particularly the presence of micro- and
mesopores—facilitates the diffusion and trapping of pol-
lutants like dye molecules and metal ions. Furthermore,
magnetic biochar surfaces often contain abundant oxygen-
containing functional groups such as hydroxyl (~OH), car-
boxyl (-COOH), and amino (-NH;) groups, which ac-
tively interact with pollutants through mechanisms like
hydrogen bonding, electrostatic interactions, and surface
complexation [75]. The pH-responsive nature of these
functional groups plays a crucial role in adsorption effi-
ciency, particularly for metal ions, as it influences their
ionization states and binding affinities.

4.2. Essential Magnetic Property

Another distinctive feature of magnetic biochar is its inher-
ent magnetic property, which allows for easy recovery after
treatment. This feature provides a significant operational
benefit in post-treatment processes. After adsorption, the
magnetic biochar can be separated from the treated water
using an external magnet [76]. This eliminates the need
for multifaceted filtration or centrifugation systems, reduces
processing time, and minimizes operational costs. More im-
portantly, it reduces the risk of secondary pollution caused
by the loss of fine biochar particles in the effluent stream.
Such ease of separation is particularly advantageous in con-
tinuous treatment systems or large-scale operations, where
time and material recovery are important parameters [77].

4.3. Performance of Dyes and Heavy
Metal Removal

In textile wastewater treatment, magnetic biochar has
been found to perform well in removing heavy metals and

dyes from the solution. Studies have shown that magnetic
biochar performs excellently in removing cationic dyes
like methylene blue (MB) and anionic dyes like Congo
red (CR). These dyes are adsorbed through various mech-
anisms, including 7—7t interactions, electrostatic attrac-
tions, and pore-filling effects [78]. The Removal efficien-
cies for methylene blue using magnetic biochar frequently
exceed 90-95% under optimal conditions, while Congo
red, owing to its anionic nature, is efficiently captured
via electrostatic attraction to positively charged functional
groups on the biochar surface. In the case of heavy met-
als such as hexavalent chromium (Cr®"), lead (Pb*"), and
copper (Cu?"), magnetic biochar shows strong adsorption
through ion exchange, and electrostatic interactions [68]
Several studies have reported Cr®" removal efficiencies
close to 98-99%, while Pb** and Cu?* are also effectively
removed by interacting carboxyl COOH- and hydroxyl
groups OH- group present on the magnetic biochar ma-
trix [79]. In addition to its high adsorption efficiency,
magnetic biochar demonstrates excellent regeneration and
reusability potential. The Spent magnetic biochar can be
regenerated through desorption methods using mild acid,
base, or salt solutions, and in some cases, by thermal reac-
tivation. These regeneration methods can restore the ad-
sorption capacity, allowing the biochar to be reused multi-
ple times. Studies show that magnetic biochar retains over
80-90% of its original adsorption performance even after
four to five cycles of use [80]. This not only reduces the
overall cost of treatment but also contributes to the devel-
opment of an environmentally friendly and circular water
treatment system.

5. Adsorption Isotherm and
Kinetic Modelling

It is important to understand and validate adsorption and
kinetic models, as they are fundamental for estimating
the efficiency, mechanism, and feasibility of adsorbents
in wastewater treatment applications [81]. Adsorption
isotherms describe how pollutants interact with the sur-
face of the adsorbent at equilibrium and also help quantify
the adsorption capacity. Table 4 presents a comparative
review of biochar performance based on pollutant type.

5.1. Adsorption Isotherm

The adsorption kinetic models define the rate at which
adsorption occurs and provide information about the rate-
controlling steps. It is important to understand adsorption
isotherms and kinetic models to know the feasibility of ad-
sorbents in wastewater treatment and how pollutants inter-
act with the surface of the adsorbent at equilibrium, help-
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Table 4: Comparative table: biochar performance based on pollutant type.

. s . . Target Adsorption Behav-
Biochar Source Acnvatmn/MOdlﬁcatmnPollutants Pollutant Type ior/Performance Ref.
High surface area,
. . Methylene Blue  Cationic dye, electrostatic
Rice Husk H3PO4 activation (MB), Pb** Heavy metal attraction, and pore [82]
diffusion
Good removal via
. Magnetic biochar Congo Red Anionic dye, electrostatic binding
Water Hyacinth (Fes04) (CR), Cr(VD Metal ion and redox with [83]
Fe¥*/Fe?*
ZnCl, improves
L Rhodamine B, Cationic dye, microporosity;
Coconut Shell ZnCl, activation Cu2* Metal adsorption via [84]
surface complexation
Fe provides reactive
Fe-impregnated Arsenic Metalloid, sites for ligand
Corn Stover biochar (As(V)), Nitrate ~ Anion exchange and [85]
reduction
Surface functional
Untreated/base- PTRSRA groups (—OH,
Banana Peel treated Pb", Cd Heavy metals ZCOOH) aid metal [86]
ion complexation
. Magnetic separation +
Peanut Shell ?lgggget-lccoate d) I(\:/Ireitill}gene Blue, Dye, Metal ion  high surface binding;  [87]
34 Fe; 0, aids reduction
Reactive Black High surface area and
Wheat Straw KOH activation 5 Anionic dye 7—71 interactions with ~ [88]
aromatic rings
Carboxylic groups
Sugarcane . Tannic acid, Organic acid, bind metals and
Bagasse Acid treatment Zn* Metal ion organics; a low-cost [89]
sorbent
. Surface oxygen
Sawdust NaOH activation Phenol, Ni?* 81;lgamc, Metal functional groups [90]
enhance binding
Dual
. Magnetic with Fe/Co  Cr (VI), redox-adsorption
Pine Wood oxides Methylene Blue Metal, Dye pathways; good [o1]

recyclability

ing to determine the adsorption capacity [92]. One of the
most widely used isotherms is the Langmuir model, which
assumes monolayer adsorption onto a homogeneous sur-
face with finite, identical sites. This model is particularly
useful for predicting maximum adsorption capacities and
aids in the design of adsorption systems for industrial ap-
plications.

While with the help of the Freundlich isotherm ac-
counts for multilayer adsorption on a heterogeneous sur-
face and is better suited for describing adsorption in real
and complex systems such as textile wastewater containing
multiple pollutants [93]. Figure 4a shows single-layer ad-
sorption, and Figure 4b Multilayer adsorption process. Ad-
ditionally, the Temkin isotherm considers the effect of in-
direct adsorbate/adsorbent interactions, while the Dubinin—
Radushkevich (D-R) model helps to distinguish between
physical and chemical adsorption processes based on the

mean free energy of adsorption. These models all provide
insight into adsorption mechanisms—whether driven by ion
exchange, pore filling, or chemical bonding—and support
optimization of operational parameters [94].

5.2. Adsorption Kinetics

The pseudo-first-order kinetic model is often used for sys-
tems where physical adsorption dominates, as it assumes
that the rate of occupation of adsorption sites is proportional
to the number of unoccupied sites. However, many studies
find the pseudo-second-order model better describes the ki-
netics of biochar and magnetic biochar systems, indicating
chemisorption as the primary mechanism involving electron
sharing or exchange between adsorbent and adsorbate [95].
The applicability of these kinetic models is typically as-
sessed through correlation coefficients and error analysis.
To further investigate the adsorption mechanism, models
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Figure 4: (a) Single-layer adsorption (b) Multilayer adsorption process.

such as the intra-particle diffusion model are employed to
determine whether pore diffusion or boundary layer diffu-
sion is the rate-limiting step. Similarly, the Elovich model is
helpful for systems with heterogeneous surfaces and where
adsorption activation energy varies during the process [96].
Together, these isotherm and kinetic models offer a com-
prehensive understanding of how pollutants such as dyes or
heavy metals are removed from wastewater using magnetic
or non-magnetic biochar. They guide the scaling-up of labo-
ratory findings to real-world applications by predicting per-
formance under various conditions. More importantly, vali-
dating these models helps researchers and engineers in opti-
mizing adsorbent dosage, contact time, pH, and temperature
to achieve cost-effective and sustainable water purification
solutions. Hence, incorporating and verifying both isotherm
and kinetic modelling is not only scientifically significant
but also crucial for advancing practical applications in envi-
ronmental remediation [97]. Table 5 presents a comparative
review of the removal efficiency of biochar and its magnetic
counterpart prepared from various biomass sources.

The Comparison of magnetic and non-magnetic
biochars derived from various biomass sources reveals a
significant enhancement in pollutant removal efficiency
upon magnetization. Rice husk biochar demonstrated an
increase in Crystal Violet removal from approximately
50% to over 90% under conditions of pH 6, 40 °C,
a dosage of 0.5 g/100 mL, and 60 minutes of contact
time [98]. Similarly, coconut shell biochar showed im-
proved Acid Orange removal from ~60% to >95% at pH 3,
30 °C, and 1 g/100 mL dosage over 90 min [99]. Chicken
bone-based biochar improved Rhoda mine B adsorption
efficiency from ~45% to 75% under pH 7, 25 °C, 0.3 g/50
mL, in 60 min [44]. Wheat straw exhibited an increase
in Methylene Blue removal from approximately 70% to

over 90% at pH 8, 35 °C, with a dosage of 0.5 g/100 mL,
and a contact time of 120 minutes [100]. Notably, sewage
sludge biochar showed minimal improvement in Methy-
lene Blue adsorption, rising only slightly from ~54% to
~56%, under pH 6, 25 °C, 1 g/100 mL for 90 min [101].
Ruthenium hysterophorus-derived biochar displayed high
efficiency, increasing Methylene Blue removal from 94%
to nearly complete at 99.99%, with optimal parameters of
pH 9,30 °C, and 0.2 g/50 mL in 60 min [102]. Rice bran-
based bio char’s Ni(I) removal rose from ~60% to >90%
at pH 6, 40 °C, and 1 g/100 mL in 120 min [103], while
bagasse showed a significant improvement in Cr(VI) re-
moval from ~50% to >85% at pH 2, 25 °C, and 1 g/100
mL for 90 min [104]. Corn stalk biochar enhanced Pb(II)
removal from approximately 65% to over 90% under con-
ditions of pH 5, 25 °C, a dosage of 0.5 g/100 mL, and
60 minutes of contact time [105]. Water hyacinth biochar
showed a substantial improvement in Methylene Blue re-
moval from ~70% to >95% at pH 7, 30-50 °C, with 20-30
mg in 25 mL solution for 60-90 min [106]. For Cr(VI),
peanut shell-based biochar improved from ~55% to >80%
under pH 2,40 °C, 1 g/100 mL, and 120 min [107], while
bamboo-based biochar increased Methylene Blue removal
from ~60% to >90% at pH 7, 30 °C, and 0.2 g/50 mL in 60
min [108]. Sugarcane bagasse improved Pb (II) removal
from ~70% to >95% at pH 6, 25 °C, with 0.5 g/100 mL
in 90 min [109]. Corn cob enhanced Ni(II) removal from
~60% to >85% at pH 5.5, 40 °C, and 0.4 g/100 mL in 90
min [110], and sawdust-based biochar increased Cd(II) ad-
sorption from ~50% to >80% under pH 5.5,30 °C, 1 g/100
mL, and 60 min [111]. Algal biomass biochar improved
Methylene Blue removal from ~65% to >90% at pH 8§,
25 °C, and 0.3 g/50 mL in 90 min [112], while fruit peel
biochar enhanced Cr(VI) removal from ~55% to >85% at
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Table 5: Comparison review of the removal efficiency of biochar and its magnetic biochar prepared from various biomass.

Non-

Magnetic g[iz%ll:;:-lc
S Biomass Pollutant Isotherm Kinetic ﬁle(;;l;il,;l Removal Parameters Ref.
No. Source Models Models Effi- Effi- :
ciency ciency
w
Coconut Acid . Pseudo- pH 3,30°C, 1 _
1 Langmuir  Second- ~60% >95% 2/100 mL, 90 min [98]
Shell Orange -
Order contact time
. . Langmuir, pH 7,25 °C, 0.3
o Chicken  Rhodamine Pseudo- 450 75% g/50mL, 60 min  [99]
Bones B . First-Order 2
undlich contact time
. Pseudo- pH 8, 35 °C, 0.5
3 Wheat  Methylene Langmuir, .05 ~70% ~90% /100 mL, 120 min  [100]
Straw Blue Temkin Order contact time
Sewage Methylene PH 6,25 °C, 1
4 & y Freundlich Elovich ~54% ~56% 2/100 mL, 90 min [101]
Sludge Blue contact time
Parthenium Methvlene Langmuir, Pseudo- pH9,30°C, 0.2
5 hysteron Y Fre- Second- 94% 99.99% 2/50 mL, 60 min [102]
Blue . 2
phorus undlich Order contact time
Pseudo- pH 6,40 °C, 1
6 Rice Bran  Ni(Il) Langmuir  Second- ~60% >90% g/100 mL, 120 min  [103]
Order contact time
. Pseudo- pH2,25°C, 1
7 Bagasse  Cr(VD) ~ KANEMUIL  gegong. ~50% >85% ¢/100mL, 90 min  [104]
Temk :
emiin . Order contact time
g  Com Pb(II e S 65% >90% D06 oL, G0min  [105
Stalk (IT) re- article ~65% 0 g mL, 60 min [105]
undlich Diffusion contact time
Water Methylene L2ngmuir,  Pseudo- gggbslg_%oS ncqi
9 Hvaci Y Fre- Second- ~70% >95% & ’ [106]
yacinth  Blue . 60-90 min contact
undlich Order time
0 Peanut c Langmulr, . . , pH2,40°C, 1 '
r(VI) Dubinin-  Elovich ~55% >80% g/100 mL, 120 min  [107]
Shell Radushkevich contact time
Methylene . Pseudo- , , pH 7, 30 °C, 0..2
11 Bamboo Langmuir  Second- ~60% >90% g/50 mL, 60 min [108]
Blue . Order contact time
Sugarcane Langmuir, Pseudo- , , pH 6,25 °C, 0.5.
12 Pb(II) Fre- - ~70% >95% g/100 mL, 90 min [109]
Bagasse undlich First-Order contact time
Pseudo- pH 5.5,40°C, 04
13 Corn Cob  Ni(II) Freundlich Second- ~60% >85% g/100 mL, 90 min [110]
Order contact time
Langmuir, Pseudo- , , pH5.5,30°C, 1
14 Sawdust Cd(II) . Second- ~50% >80% 2/100 mL, 60 min [111]
Temkin Order contact time
Langmuir, Intra- pH 8,25°C, 0.3
15 Algal Methylene Fre- Particle ~65% >90% 2/50 mL, 90 min [112]
Biomass Blue . g )
undlich Diffusion contact time
. Pseudo- pH 2,35 °C, 0.5
16 Fruit Cr(VI) Freundlich ~Second- ~55% >85% ¢/100 mL, 120 min ~ [113]
Peels Order contact time
Wood ' Pseudo- , , Flow rate 5
17 Chips Pb(ID) Langmuir  Second- ~60% >90% mL/min, bed [114]
Order height 5 cm, pH 5
Rice Methylene Langmuir, Pseudo- \ , pH 7,30 °C, 0.5
18 Fre- Second- ~70% >95% g/100 mL, 60-90 [115]
Straw Blue undliqh Order min contact time
Orange Temkin, . \ , pH6,25°C, 1 .
19 Cddr) Fre- Elovich ~50% >80% g/100 mL, 60 min [116]
Peel undlich contact time
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pH 2, 35 °C, and 0.5 g/100 mL in 120 min [113]. Wood
chip biochar exhibited an increase in Pb(II) removal from
approximately 60% to over 90% under continuous flow
conditions at 5 mL/min, with a 5 cm bed height and pH
5 [114]. Rice straw-based biochar increased Methylene
Blue removal from ~70% to >95% at pH 7, 30 °C, 0.5
¢/100 mL, and 60-90 min of contact [115]. Lastly, or-
ange peel biochar enhanced Cd(II) removal from ~50% to
>80% at pH 6, 25 °C, 1 g/100 mL, and 60 min [116].

6. Mechanisms of Pollutant
Removal Using Magnetic Biochar

This allows pollutants to be physically trapped within the
micropores and mesopores, a process known as pore fill-
ing. At the same time, surface complexation occurs when
metal ions form coordination bonds with surface func-
tional groups such as -COOH and —OH [117]. These in-
teractions are often stronger and more specific than phys-
ical adsorption and lead to chemisorption [118]. Evi-
dence of complexion can be observed through techniques
like FTIR, which reveal shifts in characteristic functional
group peaks following adsorption. Another important
class of interactions includes 7—t interactions and hy-
drogen bonding [119], especially relevant in the adsorp-
tion of organic pollutants with aromatic structures. The
7—Tt interactions take place between the aromatic rings
present in dye molecules and the conjugated aromatic
systems in lignin or carbonized biomass surfaces [120].
Hydrogen bonding, on the other hand, involves interac-

tions between polar functional groups on the pollutant
and the biomass, particularly -OH, -NH,, and -COOH
groups [121]. These interactions not only enhance adsorp-
tion capacity but also contribute to the stability of the ad-
sorbed species on the biomass surface [122]. Figure 5 il-
lustrates the mechanisms of pollutant removal using mag-
netic biochar.

6.1. Fenton-like Catalytic Degradation
Potential

Beyond passive adsorption, certain biomass-derived mate-
rials exhibit Fenton-like catalytic degradation properties,
especially after thermal or chemical treatment. These ma-
terials may retain residual transition metals such as iron
(Fe), copper (Cu), or manganese (Mn), which can acti-
vate hydrogen peroxide (H,0O;) to produce highly reactive
hydroxyl radicals (¢OH). This oxidative process results
in the degradation of complex organic pollutants [123].
The classical Fenton reaction involves Fe?* reacting with
H,0,; to generate ®«OH radicals, which then oxidize dye
molecules or other contaminants into smaller, less harm-
ful products. Such reactions provide a dual mechanism
of pollutant removal—adsorption followed by chemical
degradation—which enhances the overall efficiency [ 124].
For example, calcined water hyacinth ash, which retains
iron content, has demonstrated Fenton-like activity, en-
abling the degradation of Methylene Blue dye beyond the
levels achievable through adsorption alone. Table 6 illus-
trates the relationship between pollutant removal mecha-
nisms and the corresponding adsorption kinetics.

Table 6: Linkage between pollutant removal mechanism and appropriate adsorption kinetics.

Best-Fit Kinetic

Why This Model is

Pollutant Removal Mechanism Model Appropriate Ref.
: . Chemisorption dominates via
Electrostatic attraction to -
Methylene Blue (MB) negatively lchaurged sites; Pseudo-second-order  iectron sharing/exchange [125]
(Cationic dye) s } between the dye and surface
pore diffusion; 7—7t stacking functional groups
Congo Red (CR) Electrostatic interaction Involves valence forces or
180 ] with a positively charged Pseudo-second-order surface complexation, indicating  [126]
(Anionic dye) . . ” .
surface; H-bonding chemisorption
Reactive Black 5 Electrostatic bonding and Pseudo-second-order ﬁl?tt:rtacc(:in(;[rrl(;llrc;gtb{/lsstuéfice [127]
(Anionic dye) 77T interactions S, ot J Y
concentration )
2+ . Surface complexation with Pscud d-ord S}tlr ong 1111t§raczit}on aqdhp ossflble 128
Pb™" (Lead ion) _COOH/-OH; ion exchange seudo-second-order 1c em(lica onding with surface [128]
’ 1gands
lon exchanee. surface Chemisorption is likely due to
Cd** (Cadmium ion) compl exati(g) o Pseudo-second-order inner-sphere complexation on [129]
active sites
Ion exchange; precipitation Involves coordination-type
Cu*" (Copper ion) on surface; coordination Pseudo-second-order adsorption—slower and more [130]
with O/N groups chemically controlled
. . . Complexation with surface Adsorption governed by a
2+
Ni™" (Nickel ion) oxygen functional groups Pseudo-second-order rate-limiting chemisorption step [131]
Electrostatic attraction; Adsorption + redox (chemical
Cr(VI) redox reaction (Cr(VI) — Pseudo-second-order transformation), fitting [132]

Cr(I1D))

second-order assumptions
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6.2. Synergistic Effects of lron
Nanoparticles in Pollutant Removal

The incorporation of iron nanoparticles (Fe;O4) into
biomass-based adsorbents introduces powerful synergis-
tic effects in pollutant removal. These composites not
only exhibit enhanced adsorption but also enable mag-
netic separation, facilitating easy recovery and reuse [ 133].
Iron nanoparticles contribute to pollutant degradation
through several pathways, including reductive transforma-
tion, where zero-valent iron (Fe®) reduces contaminants
like Cr (VI) to less toxic forms such as Cr (III). Addi-
tionally, in the presence of H,O,, Fe-based nanocompos-
ites can catalyse Fenton-like reactions, as previously dis-
cussed, further breaking down dyes, pharmaceuticals, and
pesticides [134]. The synergistic effects stem from the
combination of high surface area, active metal sites, and
reactive oxygen species generation. These features make
Fe-loaded biomass materials, such as Fe—biochar or Fe—
modified water hyacinth adsorbents, highly effective and
versatile platforms for treating a wide range of water pol-
lutants [135].

6.3. The Reusability of the Biochar
Material

The reuse performance of biochar as an adsorbent is in-
fluenced by several critical factors. One primary issue is
the saturation of active sites, where adsorption sites be-
come occupied by pollutants, reducing the biochar’s ca-
pacity in subsequent cycles [136]. Additionally, struc-
tural degradation can occur during repeated washing or re-
generation processes—especially under high-temperature
treatments or chemical exposure—which may lead to the
breakdown of the biochar’s porous structure. Another key
factor is the loss of surface functional groups such as —
OH and -COOH, which play a crucial role in pollutant
binding; these groups can be stripped away during acid
or base regeneration, resulting in diminished adsorption
efficiency [137]. Furthermore, incomplete desorption of
previously adsorbed pollutants can block microspores or
active sites, limiting the material’s effectiveness in later
cycles. For magnetic biochar, particularly those based on
iron (Fe), corrosion or iron leaching may occur, result-
ing in reduced magnetic recovery efficiency and a decline
in reactive surface functionality. In terms of observable
trends across reuse cycles, a noticeable decline in perfor-
mance is often recorded. Between the first and second
reuse cycles, an efficiency loss of about 5-15% is com-
monly observed [138]. This loss can increase to 10-25%
by the third cycle. If regeneration is not properly opti-
mized, biochar may experience up to 40% efficiency re-

duction after five cycles. These performance losses high-
light the importance of understanding and mitigating the
degradation mechanisms associated with biochar reuse.

6.4. Method or Approach to
Demonstrate the Reusability of the
Biochar Material

To evaluate and demonstrate the reusability of biochar,
several methods can be employed. Batch desorption—
adsorption studies involve measuring the recovery of ad-
sorption capacity by desorbing pollutants with mild agents
(e.g., acid, base, or ethanol) after each cycle and reintro-
ducing the pollutant to assess performance. Thermal re-
generation tests assess the structural stability of biochar
by heating it at 300-500 °C under an inert atmosphere and
monitoring changes in surface area. Characterization tech-
niques, including FTIR, XRD, and SEM, are employed be-
fore and after reuse cycles to assess changes in functional
groups, surface morphology, and crystallinity [139]. For
magnetic biochar, magnetic recovery tests help determine
separation efficiency and magnetic strength across cycles.
Additionally, leaching tests are performed to ensure en-
vironmental safety by assessing the release of metal ions
(e.g., Fe, Zn) from spent biochar. A standard approach to
test reusability includes running at least five adsorption—
desorption cycles using a fixed biochar dose (e.g., 20
mg/25 mL) and known pollutant concentration under con-
trolled pH and temperature conditions. Regeneration is
performed using a mild desorbing agent such as 0.1 M HC1
for metals or 0.1 M NaOH for dyes. Performance is eval-
uated through removal efficiency, desorption efficiency,
and mass loss per cycle. After the final cycle, compara-
tive characterization (BET, FTIR, SEM-EDS) is used to
assess structural and chemical changes [140]. For exam-
ple, adsorption efficiency may decrease from 92% in the
first cycle to around 74% by the fifth, with corresponding
decreases in desorption efficiency and remaining capac-
ity. This protocol provides a comprehensive and practical
framework to demonstrate the reusability and long-term
efficiency of biochar-based adsorbents.

1. Future Perspectives

Despite considerable progress in the use of biomass-
derived adsorbents, particularly those based on water hy-
acinth, several research gaps and limitations still persist.
Most studies have focused on batch experiments under
controlled laboratory conditions, often with synthetic dye
solutions [141]. These do not always represent the com-
plex matrices found in real industrial effluents. Further-
more, there is a lack of understanding regarding the long-
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Figure 5: Mechanisms of pollutant removal using magnetic biochar (adopted from [122]).

term stability, desorption behavior, and regeneration ca-
pacity of these adsorbents over multiple cycles. Lim-
ited insights into the exact mechanistic pathways, partic-
ularly under variable environmental conditions such as
fluctuating pH, ionic strength, and competing ions, also
constrain the comprehensive application of these materi-
als [142]. Additionally, in-depth toxicological studies on
the release of any potentially harmful by-products or resid-
ual materials after treatment are still underexplored. One
of the most pressing concerns is the scale-up and indus-
trial feasibility of using water hyacinth-based or magnetic
biochar materials. Although lab-scale results are promis-
ing, scaling up the production process to an industrial level
presents challenges, including ensuring a consistent raw
material supply, maintaining cost-effectiveness in activa-
tion or nanoparticle loading processes, and managing sec-
ondary waste streams [143]. The variability in biomass
composition due to geographic, seasonal, or environmen-
tal differences may also affect reproducibility and adsor-
bent performance on a commercial scale. Moreover, in-
tegration into existing wastewater treatment systems re-
quires standardized operating parameters and compliance
with regulatory frameworks, which are yet to be fully
addressed. In terms of future directions, there is grow-
ing interest in developing magnetic biochar composites
with enhanced functionalities [144]. The advantages in-
clude easy separation using external magnetic fields, en-
hanced reusability, and dual functionality for both adsorp-
tion and catalytic degradation. Future research could fo-
cus on green synthesis techniques for embedding iron or
other transition metal nanoparticles into biochar matrices,

reducing the reliance on harsh chemicals and minimizing
environmental impact. Advanced characterization tech-
niques, such as synchrotron-based spectroscopy, electron
tomography, and real-time in situ monitoring, can help
elucidate the dynamic interactions between pollutants and
biochar surfaces [145]. Additionally, exploring synergis-
tic combinations with photo-catalytic or microbial sys-
tems may lead to the next generation of hybrid pollutant
removal technologies.

8. Conclusions

Water hyacinth-based bioadsorbents, particularly when
modified into magnetic nanocomposites, represent a sus-
tainable and low-cost approach for addressing water pollu-
tion. Their multifaceted adsorption mechanisms, coupled
with catalytic and magnetic properties, make them suit-
able candidates for real-world applications. However, to
fully realize their potential, future research must address
scale-up challenges, ensure environmental safety, and op-
timize performance under practical conditions. Continued
interdisciplinary collaboration among material scientists,
environmental engineers, and industrial stakeholders will
be essential to translate laboratory innovations into field-
ready solutions for sustainable wastewater treatment.
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