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Abstract

This study explores the enhancement of fluoride adsorption using biochar derived from the
brown macroalga Sargassum polycystum, which was treated with iron oxide (Fe3O4). The
macroalgal biomass underwent pyrolysis at 400 ◦C, followed by Fe3O4 impregnation, to
improve surface functionality and create active sites for fluoride ion binding. Various factors
affecting fluoride removal were systematically examined. A maximum fluoride removal
effectiveness of 90.2% was attained under ideal circumstances (pH 2, 60 mg adsorbent
dose, 30 mg/L fluoride concentration, and 150 min contact duration). Adsorption isotherm
analysis showed that the Langmuir model provided a better fit (R2 = 0.998) than the
Freundlich model (R2 = 0.941), with a maximum adsorption capacity (qm) of 3.41 mg/g,
indicating monolayer adsorption on a homogeneous surface. Kinetic modeling revealed
that the pseudo-second-order model best described the adsorption process (R2 = 0.9943),
suggesting chemisorption as the dominant mechanism, while the intraparticle diffusion
model also showed a good fit (R2 = 0.9524), implying its role in the rate-limiting step.
Surface complexation, facilitated by the enhanced surface area and porosity of the iron-
modified biochar, was identified as the primary mechanism of fluoride ion interaction. This
study highlights the potential of Fe3O4-modified macroalgal biochar as an effective and
sustainable solution for fluoride remediation in contaminated water sources.

Keywords: fluoride; Fe3O4; water treatment; brown macroalgae; biochar; adsorption kinetics

1. Introduction

Groundwater is the most abundant and accessible source of freshwater globally and
remains vital for meeting the increasing demands of human consumption, agriculture, and
industrial activities [1]. However, groundwater contamination by fluoride has emerged as
a significant environmental and public health challenge. Fluoride, a naturally occurring
anion, is primarily introduced into the environment through the weathering of fluoride-
containing minerals [2]. Additionally, industrial processes, including semiconductor manu-
facturing, electroplating, glass production, steelmaking, cement manufacturing, aluminum
smelting, ceramics, and fertilizer production, contribute substantially to fluoride contami-
nation through the discharge of wastewater and surface runoff [3]. This contamination is

Phycology 2025, 5, 37 https://doi.org/10.3390/phycology5030037

https://doi.org/10.3390/phycology5030037
https://doi.org/10.3390/phycology5030037
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/phycology
https://www.mdpi.com
https://doi.org/10.3390/phycology5030037
https://www.mdpi.com/article/10.3390/phycology5030037?type=check_update&version=1


Phycology 2025, 5, 37 2 of 17

particularly concerning in arid and semi-arid regions, where groundwater serves as the
primary drinking water source [4,5].

The WHO has established fluoride limits in drinking water at 0.5–1.5 mg/L [6]. Levels
exceeding these thresholds can result in severe health issues, including dental and skeletal
fluorosis, particularly with prolonged exposure [4,5]. In rural areas of developing nations
such as Pakistan, India, Africa, and China, contamination of fluoride in groundwater has
caused socio-economic disruptions, including the abandonment of contaminated bore wells
and adverse health impacts on affected populations [4,5,7,8].

Various remediation technologies for water treatment, including precipitation, ion
exchange, membrane separation, reverse osmosis, flocculation, nanofiltration, and electro-
coagulation chemical treatments, have been used [9–15]. However, these techniques are
costly and create toxicity at the end of the process. Nonetheless, the limitations associated
with many of these approaches encompass elevated operational and maintenance expenses,
the potential for secondary contamination (such as the production of hazardous sludge),
and the intricate nature of the treatment procedures.

However, among them, adsorption has emerged as a widely used, efficient, and
cost-effective technique for fluoride removal [10,16]. Additionally, the use of biochar for
adsorption has grown in popularity because of its simple, affordable, and self-renewing
qualities. Organic matter is pyrolyzed to create biochar, a porous, carbon-rich substance
that has shown promise as an affordable, environmentally safe, and effective adsorbent for
eliminating pollutants from water [17,18]. Its physicochemical properties are influenced by
feedstock characteristics such as elemental composition, density, and ash content, as well
as pyrolysis conditions like temperature [19–21]. Recent investigations have demonstrated
the potential of adsorbents derived from different feedstocks, including corn stovers, pine
wood, and rice husk, for fluoride removal under specific conditions [21–23]. However, the
research on the application of macroalgae (brown seaweed)-derived iron-modified biochar
for fluoride removal is currently unexplored.

Coastal regions and water bodies are home to a variety of algae species known as
“seaweed/macroalgae,” which play vital functions as food sources and possible habitats for
a variety of marine organisms [24,25]. In many countries, such as Vietnam, China, South
Korea, and Singapore, macroalgae are used as potential habitats, food, and pharmaceuticals.
Beyond their versatile applications, they can also be considered for the preparation of
adsorbents for adsorption purposes. Because of this potential, macroalgae present a viable
and sustainable solution for problems related to water treatment and other industrial
uses [25,26]. Commercial adsorbents/biochar are used to remove contaminants, but their
efficacy in removing fluoride has not yet been determined. This has been addressed by
impregnating or surface-modifying biochar made from seaweed to improve its adsorption
capabilities for eliminating contaminants, such as fluoride.

Brown macroalgae possess several distinct compositional and structural advantages.
First, they are rich in polysaccharides (e.g., alginate and fucoidan), which upon pyrolysis
yield biochar with higher oxygen-containing functional groups (e.g., -COOH and -OH),
enhancing ion-exchange capacity and surface reactivity for anion adsorption such as
fluoride [24,26–28]. Second, their cell wall structure is more porous and less lignified than
terrestrial biomass, which facilitates the development of higher surface area and porosity
during pyrolysis [27,29]. For instance, biochar derived from Sargassum spp. has been
reported to exhibit higher ash content (up to 30–40%) rich in Ca, Mg, and K, which can
promote mineral precipitation and surface complexation with contaminants [30–32]. In
contrast, corn stover and rice husk biochars are predominantly silica-based and may require
chemical activation to achieve comparable performance.
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Moreover, Sargassum biomass is abundant, fast-growing, and does not compete with
food crops, making it a more sustainable and scalable feedstock compared to agricultural
residues [29,32]. Recent studies have shown that algal biochar can achieve higher ad-
sorption capacities for heavy metals and anions due to its intrinsic functional groups and
mesoporous structure.

Interest in iron modification for magnetic biochar is increasing because iron modifica-
tion of biochar gives magnetic qualities that make it easier to separate the contaminants
from water during the adsorption process [29]. Iron modifications to biochar have been
introduced through the use of magnetic minerals, particularly iron oxide (Fe3O4). This
method tackles simple loss and difficult adsorbent recovery during water treatment [31].
Magnetic biochar is a suitable and efficient option for removing pollutants because it alters
the physical and chemical characteristics of the adsorbent by introducing magnetic species.
It combines magnetic materials’ and biochar’s beneficial qualities [33].

This research aims to investigate the synthesis and application of a marine algae-
derived adsorbent impregnated with iron oxide (Fe3O4) for fluoride adsorption. Macroal-
gae are abundant and renewable biomass sources with unique compositional characteristics,
making them suitable for biochar production. The incorporation of iron oxide onto biochar
surfaces aims to enhance fluoride adsorption through increased surface activity and mag-
netic separation properties. This research evaluates the effectiveness of this novel adsorbent
and its potential for addressing fluoride contamination in water systems, contributing to
sustainable and efficient techniques for water treatment.

2. Materials and Methods

2.1. Biochar Preparation Using Brown Seaweed and Its Iron Modification

Brown seaweed collected from Manora Island, Karachi, Pakistan, was oven-dried for
3 h at 120 ◦C. After crushing and sieving the dried macroalgae, it was placed in a stainless
steel reactor inside the furnace for the production of the biochar at a temperature of 400 ◦C
for 2 h. Then the prepared biochar was modified using 11.1 g of FeSO4·7H2O and 20 g of
FeCl3·6H2O in 600 mL of deionized water. After boiling the solution at 80 ◦C, the biochar
was filtered and washed three times with ethanol and deionized water and finally dried at
70 ◦C for 12 h. This methodology was used in our previous research [28,33,34].

2.2. Chemicals and Reagents

A stock solution of fluoride at a concentration of 100 ppm was prepared by dissolving
22.1 mg of sodium fluoride (NaF, 99%) in 100 mL of distilled water. This stock solution
was subsequently diluted with deionized water to create standard solutions with fluoride
concentrations ranging from 5 to 25 mg/L. The pH of these solutions was adjusted using
hydrochloric acid (HCl, 37%) and sodium hydroxide (NaOH, ≥97%, Merck, Darmstadt,
Germany). For the modification of biochar, iron sulfate heptahydrate (FeSO4·7H2O, analyt-
ical grade, ≥99%, Sigma-Aldrich, Burlington, MA, USA) and iron chloride hexahydrate
(FeCl3·6H2O, analytical grade, ≥99%, Sigma-Aldrich) were utilized.

2.3. Analysis

The SPANDS technique and UV spectrophotometer (Perkinelmer, Lamda 365, Springfield,
IL, USA) were used to analyze fluoride. All samples were analyzed through standard methods.

2.4. Characterization of Biochar (BC) and Iron Impregnated Biochar (MBC)

To comprehend their function in adsorption, many physicochemical characteristics
of the BC and MBC were examined. Both BC and MBC’s surface morphology was exam-
ined with a JEOL (Tokyo, Japan) scanning electron microscope (SEM). With the aid of an
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automated nitrogen adsorption analyzer (Micromeritics ASAP 2020N, Norcross, GA, USA),
the Brunauer–Emmett–Teller (BET) surface area was determined. Additionally, energy-
dispersive X-ray spectroscopy (EDS) was used to analyze the elemental composition of the
biochar and iron-impregnated biochar. A Shimadzu FTIR Spectrometer, which operates in
the 400–4000 cm−1 wavelength range with a resolution of 8.0 cm−1, was used to collect the
infrared spectra of the BC and MBC.

2.5. Batch Experiments

Batch adsorption experiments were executed in 100 mL Erlenmeyer flasks containing
fluoride solutions to identify the optimal conditions for the adsorption of fluoride. The
experiments varied in terms of initial fluoride concentration (5 to 25 mg/L), contact time
(30 to 150 min), pH (2 to 10), and adsorbent dosage (10 to 60 mg). The fluoride solutions
were stirred at 180 rpm at a room temperature of 35 ◦C. After equilibrium was reached, all
samples were filtered using 0.45 µm syringe filters. The following formulas were used to
determine the adsorption capacity and fluoride adsorption efficiency [35–37]:

Fluoride removal efficiency (%) =
(C i − Ce)

Ci
× 100 (1)

qe =
(C i − Ce)

m
× V (2)

where Ci is the initial concentration of fluoride (mg/L), Ce is the equilibrium fluoride con-
centration (mg/L), qe is fluoride adsorption capacity (mgg−1), m is the mass of adsorbent
(g), and V is the volume of solution (L).

2.6. Isotherm Modelling

The efficacy of the adsorption mechanism for a batch adsorptive equilibrium is well
understood by introducing the adsorption isotherm models. This model also governs the
determination of instrumental designs of the adsorption mechanism to achieve a more
excellent value and effectiveness in the case of the separation of fluoride content from
wastewater. In the current study on the batch adsorption mechanism, different kinds of
isotherm studies are considered, such as the Langmuir and Freundlich models.

Endorsement of the first isotherm, i.e., the Langmuir model, deals with the adsorbate
molecules having only a single layer that is adsorbed on the surface of the porous adsorbent
molecule. This model infers the existence of a limited and adequate number of porous
adsorption sites having comparable energies and independent of restoring capacity and
removal ability.

Secondly, the removal efficiency relating to the heterogeneous adsorbent surface is
assessed in the Freundlich adsorption isotherm. Furthermore, it demonstrates the surface
heterogeneity as well as the multilayer formation of the adsorbent.

The mathematical equations of the Langmuir and Freundlich models can be defined
as (Equations (3) and (4)):

Ce

qe
=

1
qmhL

+
Ce

qm
(3)

log qe = log Ce

(

1
f

)

+ log hF (4)

where qm defines the maximum adsorption capacity (mg/g), hL and hF are defined as
Langmuir and Freundlich constants, and 1/f is the heterogeneity factor.
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2.7. Kinetic Models

Adsorption kinetics can be elucidated as the study of the prediction of adsorption
uptake over time, either at a fixed concentration or throughout a continuous process. The
study details ideal circumstances, adsorbate diffusion in pores, the sorption process, and
the rate-controlling step. The prosecution and implementation of three kinetic models are
considered to stimulate the predicted data: a model of intraparticle diffusion, pseudo-first-
order kinetics, and pseudo-second-order kinetics. It is acceptable to describe the process of
bioaccumulation of solids or liquid particles using a pseudo-first-order model. It claims
that the alterations in concentration are time-dependent on a quantitative level.

The intraparticle diffusion model specifies the rate-controlling phase of the sorption
system, which is a crucial kinetics-based stage. Three steps are involved in aqueous dye
adsorption onto the surface of the adsorbent. Molecular diffusion moves Sorbate particles
from a bulk phase to an external adsorbent surface. This procedure is often referred to as
outward diffusion or film. The second stage consists of the distribution and movement of
sorbate particles from the surface of the adsorbent to the interior porous adsorption sites.
The third phase involves the chemisorption of sorbate particles from interior locations to
internal pores. The most sluggish stage, the rate-controlling phase, regulates the rate of the
entire biosorption method.

The mathematical equations of pseudo-first and second-order- and infraparticle diffu-
sion kinetics models can be expressed as:

ln (q e − qt
)

= ln qeh1t (5)

t
qt

=
t

qe
+

1
h2q2

e
(6)

qt = C + bt0.5 (7)

where h1 (min−1) and h2 (g mg−1 min−1) are the coefficients of pseudo first and second
orders, C is the plot’s intercept, and b represents the constant of infraparticle diffusion
(mg g−1 min−1).

2.8. Desorption Study

After the adsorption equilibrium was reached, the adsorbent within the sample solu-
tion was filtered using a 0.45 µm Whatman filter. The adsorbed fluoride was then desorbed
from the adsorbent using a 0.1 mol/L NaOH solution. The adsorbent was then collected
using a 0.45 µm Whatman filter and underwent several washes with deionized water to
guarantee complete removal and dried for 2 h at 105 ◦C.

3. Results and Discussion

3.1. Characterization

3.1.1. Surface Morphology of the Biochar

The surface morphology of BC and MBC was examined through SEM analysis. The
unmodified biochar displayed its typical structural traits, including an irregular yet smooth
surface, as illustrated in Figure 1a, consistent with findings reported in earlier studies [37,38],
in which the authors described the structure of the biochar as having a relatively low
surface area and limited interaction with adsorbates. In contrast, impregnating the biochar
with FeSO4 and FeCl3 significantly altered its surface. As seen in Figure 1b, the surface of
the MBC became rougher and more heterogeneous, indicating the formation of clusters
due to the iron deposition compounds onto the biochar. This occurrence was explained as a
result of magnetic forces combined with the effects of surface tension, as described by [39],
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who reported that iron-modified biochar exhibits increased surface heterogeneity, which
could enhance the material’s ability to interact with contaminants.

 

Figure 1. SEM images of the biochar (a) before and (b) after iron modification.

The surface area of BC and MBC was determined using Brunauer–Emmett–Teller
(BET) analysis. The findings indicated that the unmodified biochar possessed a surface area
of 0.52 m2/g. In contrast, the iron-modified biochar demonstrated a markedly enhanced
surface area of 168.29 m2/g. Additionally, the pore volume of the unmodified biochar
was measured at 0.013 cm3/g, which significantly increased to 0.746 cm3/g following
iron modification.

3.1.2. Elemental Composition of the Biochar

Energy-dispersive X-ray spectroscopy (EDS) was employed to examine the elemental
analysis of both raw and iron oxide-impregnated biochar. The findings revealed that the
surfaces of both types of biochar included various elements. This diversity in surface
composition suggests a high degree of stability, attributable to the inherent properties
of biochar. Additionally, it revealed that the most prevalent elements in raw biochar
were carbon (33.8%) and oxygen (49.93%). Significant levels of oxygen, carbon, sulfur,
phosphorus, sodium, chlorine, and iron were the primary elements identified in the MBC.
The percentages of these elements’ atomic and compound weights in the raw and iron-
impregnated adsorbents are summarized below in Table 1. However, iron modification
raised the percentages of carbon and iron while decreasing the percentage of oxygen,
demonstrating iron oxide modification on the biochar surface, which also corroborated
the observations of [38], highlighting that iron impregnation increases the carbon content
due to the deposition of iron oxide on biochar. Nevertheless, the percentages of calcium,
phosphorus, magnesium, sodium, potassium, silicon, and aluminum also decreased with
the iron-treated biochar, as observed before by [40].

The significant increase in iron content (from undetectable to 32.25% atomic weight) is
a direct result of the successful co-precipitation of Fe3O4 nanoparticles onto the biochar
surface, which was confirmed by new Fe–O vibrational peaks in the FTIR spectrum. This
iron impregnation is the primary reason for the enhanced fluoride adsorption, as Fe3O4

provides abundant active sites for chemisorption via ligand exchange, explaining the high
adsorption capacity and the excellent fit to the pseudo-second-order kinetic model. The
apparent increase in carbon content and decrease in oxygen content are attributed to the
deposition of heavy iron oxide particles (a “dilution effect” on the EDS signal) and the
consumption of surface oxygen functional groups during iron oxide formation, respectively,
corroborating findings from reference [38,41]. The reduction in other ash elements (Ca,
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Mg, K, etc.) is similar due to this dilution effect, as the iron dominates the elemental
composition.

Table 1. Elemental analysis of BC and MBC using EDS.

Elements
Total (%)

C O Mg K Na Si N Al Cl P Ca S Fe

BC
Atomic weight (%) 37.85 52.24 1.13 1.22 0.59 2.48 - 1.47 - 1.44 1.58 - - 100

Compound weight (%) 33.79 49.93 1.40 1.84 1.34 4.66 - 2.35 - 1.96 1.58 - - 100

MBC
Atomic weight (%) 40.52 24.46 0.22 - 0.83 1.03 0.09 - 0.27 - - 0.33 32.25 100

Compound weight (%) 41.93 16.25 0.36 - 1.54 2.28 0.33 - 1.40 - - 0.86 35.05 100

These elemental changes are fundamental to the material’s superior performance.
The introduced Fe3O4 nanoparticles are the main drivers for fluoride removal, enabling
strong chemical binding. Furthermore, the FTIR analysis shows a significant increase in
the intensity of the O–H absorption band in MBC, indicating that the iron modification
creates a new population of highly reactive surface hydroxyl groups, which are the crucial
functional groups for the ligand exchange reaction with fluoride ions.

3.1.3. Functional Groups Analysis of BC and MBC Using FTIR

As illustrated in Figure 2, the functional groups available on the BC and MBC surfaces
were determined using FTIR analysis. The spectral peaks for BC and MBC showed similar-
ities in terms of wavenumbers. Peaks near 1782 cm−1 and 1627 cm−1 were attributed to
C=O and C–O groups, representing the existence of carboxyl and aromatic compounds [39].

 

Figure 2. FTIR spectrum of macroalgae BC and MBC.

In the case of MBC, a significant increase in the intensity of the O–H absorption band
was noted, suggesting a high concentration of hydroxyl groups due to the integration of
iron. Additionally, new peaks at 620 cm−1 and 817 cm−1 were identified, which correspond
to Fe–O vibrations associated with iron oxides like Fe2O3 and Fe3O4. These hydroxyl
groups enhance the hydrophilicity and reactivity of the biochar surface, thereby improving
its adsorption capacity. Similar observations have been reported in studies where iron
modification significantly increased O–H functional group signals in FTIR spectra [42].
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Overall, the FTIR results indicate that the chemically modified biochar notably altered
the biochar’s surface properties. The new active sites were formed by increasing the intensity
of the functional groups, which could enhance the biochar’s potential for fluoride adsorption.

3.2. Fluoride Removal Batch Experiments

3.2.1. Influence of Fluoride Initial Concentration

The study investigated the impact of varying initial fluoride concentrations on the
adsorption process, observing significant changes in adsorption capacity. Under optimal
conditions (including stirring time, pH, and adsorbent dosage), the adsorption capacity
was enhanced substantially as the fluoride content rose from 5 to 30 mg/L. Specifically,
the capacity surged from 2.4 to 21.3 mg/g, as illustrated in Figure 3. Fluoride adsorption
efficiency was achieved at 85.24% at the highest tested fluoride concentration of 30 mg/L.
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Figure 3. Influence of fluoride levels on the adsorption efficiency of an iron-impregnated adsorbent.

This observed trend supports the principle that high concentrations of adsorbate tend
to enhance the capacity of the adsorbent. This phenomenon occurs because a greater
concentration of adsorbate molecules results in more frequent interactions between the
adsorbate and the functional groups on the adsorbent, thereby enhancing the overall
adsorption process [27].

3.2.2. Influence of Contact Time

Under optimal conditions (fluoride concentration: 25 mg/L, pH: 4, adsorbent dosage:
60 mg), the influence of contact time on fluoride adsorption by iron-modified biochar
was studied. The fluoride adsorption capacity increased from 12.1 mg/g to 17.2 mg/g as
contact time extended from 30 to 150 min. The highest fluoride removal efficiency of 82.4%
was obtained at 150 min. Initially, the adsorption efficiency rose rapidly from 58.3% to
76.8% within the first 90 min and then increased gradually up to 150 min (Figure 4). This
rapid initial adsorption was due to the abundance of available adsorption sites and the
high fluoride concentration, which created a strong driving force for fluoride removal. As
the process continued, the rate of fluoride uptake slowed significantly. This deceleration
was attributed to the decreased accessibility of adsorption sites and the lower fluoride
concentration in the solution, which weakened the concentration gradient driving the
adsorption process [43].
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Figure 4. Impact of contact time on the adsorption capacity of the iron-modified adsorbent (adsorbent
dosage: 60 mg/L, fluoride concentration: 25 mg/L, pH: 4, temperature: 35 ◦C).

3.2.3. Influence of Adsorbent Dose

The influence of adsorbent dose on fluoride adsorption capacity was examined using
iron-modified biochar. The highest fluoride adsorption efficiency of iron impregnated
biochar (MBC) reached 90.2% at an adsorbent dosage of 60 mg. The fluoride adsorp-
tion efficiency increased from 50.8% to 90.2% with increasing adsorbent dosage from
10 to 60 mg, as shown in Figure 5. Higher adsorbent dosages probably result in more active
binding sites being available, which boosts efficiency. Moreover, the adsorption capacity
of fluoride dropped from 101.6 to 30 mg/g within the given solid/liquid ratio range. The
decrease in fluoride concentration in the single solution and on the WMP surface can be
ascribed to the disturbance of the flux and concentration gradient. Therefore, considering
removal efficiency and economic factors, the optimal adsorbent dose of WMP for fluoride
adsorption was selected at 60 mg.
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Figure 5. Impact of adsorbent dose on the adsorption capacity of the iron-modified adsorbent (contact
time: 150 min, fluoride concentration: 25 mg/L, pH: 4, and temperature: 35 ◦C).
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3.2.4. Effect of pH

Another strong factor, which depends on adsorption, is pH. Figure 6 illustrates that the
highest fluoride adsorption capacity was attained at the lowest pH. As the pH increased,
the adsorption efficiency decreased. Nevertheless, the removal efficiency drastically de-
creased from 84.24 to 66.91% at a pH of 6. But there was not much difference observed
in the adsorption efficiency between the pH of 2 and 4. When the pH is lower, there
are more H+ ions present. These ions help in the hydroxylation process, which makes
the adsorbent sites more attractive to fluoride ions. As a result, the efficiency of fluo-
ride adsorption increases. This phenomenon is also supported by the findings of recent
studies [43], which emphasize the importance of protonation and the role of H+ ions in
promoting the interaction between fluoride ions and the adsorbent surface. However, at
higher pH, the surface became negatively charged and showed the repulsion between
fluoride ions and the iron-modified adsorbent, which led to a reduction in adsorption effi-
ciency, and a similar trend was also observed by [27,44,45], who observed that at pH values
above 5, the fluoride adsorption capacity of iron-modified adsorbents sharply decreased,
attributed to the electrostatic repulsion between the adsorbent surface and the F− ions.
Additionally, the high concentration of OH− ions in alkaline conditions can lead to the for-
mation of hydroxylated species, which can further reduce the availability of active sites for
fluoride adsorption.
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Figure 6. Influence of pH on the adsorption efficiency of the macroalgae-derived adsorbent modified
with iron (contact time: 150 min, fluoride concentration: 25 mg/L, adsorbent dosage: 60 mg, and
temperature: 35 ◦C).

3.3. Isotherm Modeling

It is essential to comprehend the interactions between contaminants and the surface
of biochar. Equilibrium adsorption by biochars has been analyzed using various isotherm
models. However, in this study, Langmuir and Freundlich isotherms were employed to
evaluate the fluoride adsorption behavior on macroalgae-derived biochar impregnated
with iron oxide. The data are presented in Figure 7, and the associated parameters are
shown in Table 2.

On the homogeneous surface of an adsorbent, the Langmuir isotherm presumes a
single molecular layer adsorption process. This implies that a site cannot be used for
additional adsorption after a molecule has occupied it. With a strong correlation coef-
ficient (R2 = 0.998) and the highest removal capacity (qm) of 3.41 mg/g, the Langmuir
isotherm was found to match the data better. This indicates that the adsorption process
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forms a uniform, irreversible monolayer of molecules with consistent adsorption energy
across the surface [46]. Furthermore, [40] explored the role of surface functional groups
and their effect on adsorption by biochar. In their study, they found that the interaction
between fluoride ions and biochar surfaces modified with iron oxide resulted in a higher
adsorption capacity, consistent with the Langmuir isotherm’s prediction of a monolayer
adsorption process.
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Figure 7. Linear graph of (a) the Langmuir and (b) Freundlich isotherm models.

In contrast, this model describes adsorption on a heterogeneous surface, typically
involving chemical bonding. It accounts for varying adsorption energies and sites. The
study authors found a lower correlation coefficient (R2 = 0.941) for the Freundlich model,
suggesting it was less effective than the Langmuir isotherm model in explaining the
adsorption behavior [40].

The findings, summarized in Table 2 and demonstrated in Figure 7a,b, reveal that the
Langmuir isotherm presents a better fit, indicating its effectiveness in describing fluoride
adsorption on iron-modified biochar. The Langmuir isotherm indicates that the adsorption
process forms a uniform, irreversible monolayer of molecules, with consistent adsorption
energy across the surface.
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Table 2. Fluoride adsorption isotherms and kinetics using macroalgae-derived biochar impregnated
with iron oxides.

Parameters Units Values

Isotherms

Langmuir Isotherm

qm mgg−1 3.41

hL Lmg−1 0.2

R2 - 0.998

Freundlich Isotherm

f - 0.4

hF (mgg−1) (Lmg−1)1/n 3.55

R2 - 0.941

Kinetics

Pseudo-first-order kinetics

h1 min−1 0.000242

qe mgg−1 25.2

R2 - 0.89

Pseudo-second-order kinetics

h2 (g mg−1min−1) 0.003

qe mgg−1 19.61

R2 - 0.994

Infraparticle Diffusion Kinetics

qt mgg−1 12.1

B g/mg−1min−0.5 0.8

C - 7.74

R2 - 0.95

3.4. Adsorption Kinetics

Adsorption kinetics studies aim to analyze how fluoride molecules interact with
iron-modified biochar over time and to uncover the mechanisms driving this adsorption
process [46]. To achieve this, three well-known kinetic models were evaluated: the pseudo-
first-order, pseudo-second-order, and intraparticle diffusion kinetics.

The pseudo-first-order model states that the rate of adsorption is determined by the
difference between the saturation capacity of the adsorbent and the concentration of the
adsorbate in the solution. Nonetheless, the pseudo-second-order kinetic model suggests
that chemical adsorption probably governed the process, which includes interactions
like bonding between the adsorbent and the adsorbate [30,35,36]. Last but not least, the
intraparticle diffusion model examines how adsorbate molecules move into the interior
structure of the adsorbent particles from the solution phase, affecting the total adsorption
rate [30,35,36].

The study’s findings, summarized in Table 2, compared the model parameters and
evaluated their effectiveness using the correlation coefficient (R2). The findings, illus-
trated in Figure 8a–c, showed that the pseudo-first-order kinetic model had the lowest R2

value, making it unsuitable for predicting fluoride adsorption kinetics. Conversely, the
pseudo-second-order kinetics had the highest correlation (R2 = 0.9943), indicating that
chemisorption dominated the process due to strong chemical interactions between the
functional groups of the adsorbent and adsorbate.

Additionally, the intraparticle diffusion model also demonstrated a relatively strong
fit with an R2 value of 0.9524. The linear relationship between fluoride content and the
square root of time further suggested that intraparticle diffusion is crucial in controlling the
adsorption process. The adsorption kinetics of fluoride on iron-modified biochar are most
effectively explained by pseudo-second-order and intraparticle diffusion kinetics, and these



Phycology 2025, 5, 37 13 of 17

results align with earlier research [47], the authors of which concluded that chemisorption
and intraparticle diffusion play significant roles in fluoride adsorption.
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Figure 8. Linearized graphs of (a) first-order kinetics (b) second-order kinetics (c) Infraparticle
diffusion kinetics.

3.5. Comparison of the Fluoride Adsorption Efficiencies of Different Adsorbents

A summary of previous research on the adsorption of fluoride via various adsorbents is
given in Table 3. Notably, a large number of these capacities were measured at equilibrium
times between 60 to 200 min in solutions with pH levels ranging from slightly acidic to
neutral (1–7). Regarding arsenic adsorption kinetics, Fe-BC biochar is unique and expresses
quick removal within 1.5 h. Additionally, it shows a good capacity for adsorbing arsenic
at pH 6, 0.25 mg/L of the initial arsenic concentration. It also shows that the majority of
kinetics reported the following pseudo-second order kinetics.

Table 3. Comparison of the adsorption of fluoride using macroalgae-derived iron-modified biochar
with other adsorbents.

Adsorbent Materials
Adsorption Efficiency/

Capacity qm (mg/g)
Operational Conditions References

Moringa oleifera leaves 1.14 mg/g pH = 1, fluoride concentration = 2 mg/L, adsorbent dosage =
250 mg, contact time = 150 min [24]

Dunaliella salina 98.22% pH=7, temperature = 42.50 ◦C, fluoride concentration =
50 mg/L, contact time = 40 min, adsorbent dosage = 0.6 g/L [25]

Blue–green algae, Phormidium sp. 60% Fluoride concentration = 3 mg/L, pH = 4.5, contact time = 90
hrs, adsorbent dosage = 4.5 g [26]

Waste marble powder (WMP) 1.165 mg/g, 97.13% pH = 6, fluoride concentration = 6 mg/L, dosage = 500 mg,
contact time = 60 min [16]

Fe3O4 modified Rhodophytes (red algae) 96.4 mg/g pH = 2, fluoride concentration = 60 g/L, adsorbent dosage =
50 g, contact time = 200 min [27]

Activated carbon of avocado seeds 1.2 mg/g, 86% pH = 6, Fluoride concentration = 5.2 mg/L, dosage = 190 mg,
contact time = 60 min [28]

Iron oxide magnetic biochar using brown
seaweed (Fe-BC) 3.41 mg/g, 90.2% Fluoride concentration = 30 mg/L, contact time = 150 min,

pH = 2, adsorbent dosage = 60 mg This study
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3.6. Desorption Study

Regeneration plays a crucial role in creating cost-effective adsorbents for fluoride
adsorption. In this experiment, 0.1 M NaOH was employed as the regenerating means over
five cycles. The desorption efficiency gradually declined from 91% during the first cycle
to 53% by the fifth cycle, as shown in Figure 9 These results suggest that 0.1 M NaOH is a
viable option for regenerating spent biochar, making it a practical choice for industrial and
commercial applications.

Figure 9. Regeneration efficiency of the iron-modified adsorbent up to the 5 cycles (at an initial
fluoride content of 25 mg/L, an adsorbent dosage of 60 mg, and a pH of 4).

4. Conclusions

Magnetic Fe3O4 nanoparticles have been successfully added to brown macroalgae
charcoal to create a bio-adsorbent that is both economically feasible and biologically sound.
This adsorbent is an excellent, economical, highly effective, environmentally friendly, sus-
tainable, and green adsorbing agent that can separate materials quickly when exposed to an
external magnetic field. Following modification with Fe3O4 particles, the macroalgae-based
bio-adsorbent demonstrated a remarkable affinity for the adsorption of harmful fluoride
ions from its aqueous solution. Several successful batch sorption tests were carried out to
ascertain the equilibrium condition. The use of the magnetic bio-adsorbent for fluoride
adsorption from water could be advanced by conducting techno-economic assessments,
evaluating the environmental impact, promoting interdisciplinary relationships, optimizing
synthesis for increased efficiency, and investigating this study on a large scale for trials.
The study was well-established using the Langmuir and Freundlich isotherms that were
well-fitted to intraparticle diffusion kinetics and pseudo-second-order kinetics, with a
sorption capacity of 3.4 mg/g. For the adsorption of fluoride ions from wastewater and
other large-scale applications, MBC was found to be an efficient bio-adsorbent.
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