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Biochar, as an efficient, effective, and potential soil improver, has broad application prospects in the field
of defluoridation. This study aimed to evaluate the defluoridation potential of iron (Fe) and manganese
(Mn) co-modified biochar from groundwater. The varied Fe/Mn molar ratio (2 : 1 and 1 ! 2) modified
biochar was prepared by corncob with the pyrolysis temperature of 300°C, 400°C, and 500°C. Batch
experiments for fluoride (F') removal were performed by corncob biochar before and after Fe—Mn
modified. Their composition, structure, and performance were analyzed by multiple characterization
techniques to clarify F~ removal mechanisms. Our results indicated that unmodified corncob biochar
produced at 400 °C (BC400) exhibited the highest F~ adsorption efficiency (87.3%) among three
unmodified samples, attributable to its largest specific surface area (2.55 m%/g). Notably, F~ removal
amounts by Fe-Mn modified BC400 were 2 times higher than BC400. The enhanced F~ removal
performance of Fe-Mn modified biochar can be attributed to several mechanisms: (1) the modification
produced rougher surface textures, resulting in an increased specific surface area (about 3.50 m%/g); (2)
newly formed Fe-O and Mn—O bonds on the biochar surface facilitated the formation of complexes with
F~; and (3) the adsorption results fitted well with pseudo-second-order and Freundlich models (R*>0.98),
indicating that the removal process involved physicochemical adsorption. These findings demonstrate that
Fe—Mn modified biochar is a highly efficient and cost-effective material for F~ remediation and holds
significant potential for application in contaminated groundwater and soil systems.

©2025 China Geology Editorial Office.

1. Introduction

intelligence in children, and even cancer (Mohan D et al.,
2014; Li FY et al., 2021; Kumar Rakesh et al., 2023). The

Fluoride (F) is naturally present in host rocks, soils,
groundwater, and biological systems (Goswami R and Kumar
M, 2018; Corona-Martinez DA et al., 2025). In recent
decades, its environmental and health impacts have drawn
growing attention due to its toxicity, bioavailability,
environmental persistence, and genotoxicity. (Mohan D et al.,
2012; Khan BA et al., 2022; Mwadalu R et al., 2025).
Fluoride is an important micronutrient that supports dental
and bone health. When human exposure to higher F~
contaminated water causes several types of diseases such as
dental, and skeletal fluorosis, liver dysfunction, lower
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World Health Organization (WHO) recommends a maximum
F~ concentration of 1.5 mg/L in drinking water. However, this
limit is exceeded in regions However, F~ levels in various
places, including Italy, Mexico, Japan, the United Kingdom,
India, Pakistan, China, Tanzania, Kenya, and Thailand (Ali S
et al., 2016; Rasool A et al., 2018; Lacson CFZ et al., 2021).
In China, over 80 million people are exposed to excessive F~
levels through drinking water (Wan S et al, 2019). To
overcome this challenge, efficient, low-cost, and
environmental-friendly materials are needed for F~ removal
from soil and groundwater (He J et al., 2020; Li J et al., 2023;
Ning K et al., 2024). Biochar has emerged as a promising
material due to its favorable adsorption properties and
environmental sustainability.

Biochar, a by-product of biomass pyrolysis from sources
is widely used for resource recovery, F~ removal, and
improving soil and water quality (Mei L et al., 2020; Kumar
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R. et al., 2023; Girkar M et al., 2024). In recent years, various
types of biochar, such as eggshell, chitosan, fruit peels, and
rice husks, have been studied for their effectiveness in
removing pollutants from water (Liu H et al., 2020; Meilani V
et al., 2021; Yang MG et al., 2023; Mahdavi Z et al., 2024;
Ning K et al., 2024; Foroutan R et al., 2025). Corn, a major
crop in China, produces about 40 million tons annually,
making corncob a readily available by-product for biochar.
Previous studies have shown that pyrolysis temperature
significantly influences the properties of biochar (Sadhu M et
al., 2021; Zou CJ et al., 2024). However, higher pyrolysis
temperature usually reduces the specific surface area and
functional group diversity of biochar, which can negatively
affect its adsorption capacity (Gourai M et al., 2023; Yang YZ
et al., 2023; Wang J et al., 2025). Therefore, to enhance its
efficiency  during contaminant removal, optimized
modification methods are needed to improve the adsorption
performance of biochar post-pyrolysis.

Iron and manganese oxide (or hydroxides) are highly
reactive and widely distributed in the environment and Earth’s
crust (Yin G et al., 2020; Foroutan R et al., 2024; Liu JJ et al.,
2025). In fluoride-contaminated soils and groundwater, the
redox potential at the surface of corncob biochar may change
due to interactions with surrounding redox-active species.
Under such conditions, iron and manganese oxides can
deposit onto the biochar surface, forming Fe—-Mn modified
biochar (Mohan D et al., 2014; Dewage NB et al., 2018).
Previous studies have demonstrated that Fe- or Mn-modified
biochars exhibit high removal efficiency for various heavy
metals and pollutants. For instance, Mn oxide-modified
biochar has shown strong adsorption capacity for Pb(Il) in
wastewater (Wang J et al., 2025). Lin L et al. (2017) reported
that Fe-Mn modified corn straw biochar enhanced As(III)
remove compared to raw biochar. Yin G et al. (2020) found
that Fe-Mn modified Pennisetum straw biochar effectively
adsorbed Cd(II) from aqueous solutions. Guo J et al. (2019)
developed a ternary HA—Fe—Mn loaded rice husk biochar
capable of removing both Cd(II) and As(V). Fe—-Mn modified
biochar derived from branches and durian shells improved
Cd(II) adsorption in water and alkaline soils (Yang T et al.,
2022), while while Fe-Mn modified tea branch biochar was
effective in stabilizing Sb(IIT) and Cd(II) in co-contaminated
soil (Wang Y et al., 2019). Although biochar is recognized as
a cost-effective and environmentally friendly adsorbent for F~
remediation, the F~ adsorption capacity of unmodified biochar
remains limited. As F~ can be strongly adsorbed onto the
surface of iron (hydroxide) or manganese oxides (Mahdavi Z
et al.,, 2024; Corona-Martinez DA et al., 2025), Fe-Mn
modification presents a promising strategy to enhance F~
adsorption. However, few studies have investigated the use of
Fe—Mn modified biochar for F~ removal in soil and
groundwater, and the underlying removal mechanisms remain
unclear.

The main objective of this study was to investigate
fluoride (F") enrichment in groundwater, and to evaluate the
potential of Fe-Mn oxides co-modified corncob biochar for F~

remediation. The study aims were considering as follows: (1)
to assess the effect of pyrolysis temperature (300, 400, and
500°C) on the F~ removal efficiency of corncob biochar
before and after Fe-Mn modification; (2) to synthesize
Fe-Mn modified biochars with different Fe/Mn molar ratios
(21 and 1:2, denoted as BCF,M; and BCF;M,,
respectively) using BC400 as the base, and compare their
defluoridation performance; (3) to analyze the adsorption
kinetics (Pseudo-first-order and the Pseudo-second-order
models), adsorption isotherms (Langmuir and Freundlich
models), and characterize biochars using multiple
technologies to clarify the defluoridation mechanism. This
study contributes to developing an effective, low-cost strategy
for minimizing F~ contamination in groundwater and soil
using modified agricultural waste-derived biochar.

2. Materials and methods
2.1. Materials and chemicals

Manganese chloride (MnCl,-4H,0, MW = 197.9 g/mol,
99%), ferric chloride (FeCl;-6H,O, MW=270.3 g/mol, 99%),
ethylene glycol ((CH,OH),, MW = 62.08 g/mol, 98%), sodium
acetate (CH;COONa, MW = 82.03 g/mol, 99%), polyethylene
glycol (PEG-600) and urea (CH4N,O, MW = 60.06 g/mol,
99%) were used for preparation and modification of corncob
biochar. Sodium citrate (Na;C¢Hs0,-2H,0, MW = 258.07
g/mol, 99%), potassium nitrate (KNO3;, MW = 101.1 g/mol,
99%) and nitric acid (HNO;, MW = 63 g/mol, 68%) were
required to prepare total ionic strength adjustment buffer
(TISAB). And sodium fluoride (NaF) was used as a source
compound for F~ standard solution. All chemicals used were
analytical grade, which supplied by Sinopharm Chemical
Reagent Co., Ltd, China. The ultra-pure water (resistivity >
18.2 MQ.cm) was used to prepare standard solutions and
other dilutions.

2.2. Synthesis and modification of Biochar

Corncob biochar synthesized methods were according to
previous studies (Montero JIZ et al., 2018; Wang BL et al.,
2024). Firstly, fresh corncobs were collected from local
markets (Wuhan City, Hubei, China), then were washed with
deionized water for several times to remove impurities.
Secondly, corncobs were dried completely at 105°C for 24 h,
then ground diameter around 1 cm. Thirdly, the ground
corncobs were placed into a ceramic crucible using a quartz
tube furnace, and were heated to 300°C, 400°C, and 500°C,
respectively, under a nitrogen gas environment for 1 h, with
the heating rate set at 5°C/min to facilitate carbonization.
After corncob biochar cool at room temperature and grind up
to 100 mm mesh. Finally, corncob biochar was washed with
deionized water several times and dried at 60°C. The
corncobs synthesized under different pyrolysis temperatures
were labeled as BC300, BC400, and BC500, respectively.

Here, modification of corncobs biochar was selected at
400°C (BC400) with different Fe/Mn molar ratios followed
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previous methods (Yang T et al., 2022). FeCl; : MnCl, (2 1
or 1:2) were dissolved with 40 mL ethylene glycol
(CH,OH), and stirred with a magnetic stirrer at room
temperature (25°C). Then, 4 g BC400, 3.6 g CH;COONa, 1.0
g polyethylene glycol (PEG-600), and 2.0 g CH4N,O were
added successively under the continuous stirring condition for
6 h, followed by filtration and drying at 60°C. The above
drying samples were placed in a quartz tube furnace with
5°C/min heating rate and kept constant at 200°C for 1 h under
a nitrogen gas environment, after cooling at room
temperature, washed with ultra-pure water and dried at 60°C
after filtration. Finally, Fe and Mn modified biochar are
labeled as BCF,M, and BCF M, based on their molar ratio.

2.3. Batch adsorption experiment for fluorine removal

To determine the effect of pyrolysis temperatures (300°C,
400°C, and 500°C) of corncob biochar on F~ remediation.
Thus, we synthesized corncob biochar BC300, BC400, and
BC500 for batch experiments. To evaluate the effect of Fe/Mn
molar ratio (2:1 and 1:2,) on corncob biochar modification for
F removal, we compare corncob biochar before (BC400) and
after modification (BCF,M; and BCF;M,) for the batch test.
For five different corncobs biochar (BC300, BC400, BC500,
BCF,M;, and BCFM,), both isotherm and kinetic adsorption
experiments were considered as follows:

The isotherm experiment was performed to evaluate the
effect of initial F~ concentration. At first, 0.10 g of corncob
biochar was added into 20.0 mL NaF solution at room
temperature (25°C) and was completely mixed on a reciprocal
shaker at 150 rpm for 24 h. The concentrations of F~ in
solutions were 1 mg/L, 2 mg/L, 5 mg/L, 10 mg/L, and 20
mg/L. After the adsorption of F~ on corncob biochar reached
equilibrium, each sample was filtrated using a 0.45 pm
membrane filter, then measure F~ concentration by fluoride
ion-selective electrode. More details for the measurement and
calculation of F~ concentration in the solution can be found in
Section 2.4.

The kinetic experiment was done to determine the effect
of contact time. Firstly, weight 0.10 g of corncob biochar into
50 mL polyethylene plastic centrifuge tube. Then, 20 mL NaF
solution was added with F~ concentration of 20 mg/L at room
temperature (25°C), and were completely mixed on a
reciprocal shaker at 150 rpm for different time intervals (20
min, 30 min, 60 min, 120 min, 240 min, 480 min, 720 min,
and 1440 min). Finally, each sample was filtrated using a 0.45
um membrane filter, then measure F~ concentration. All
experiments were conducted in triplicate at 25°C and the
removal concentrations of F~ were calculated.

For investigation of the defluoridation mechanism of
varied corncob biochar, Langmuir, and Freundlich isotherms
were used to explore the adsorption mechanism based on the
data of the isotherm experiment (Langmuir [, 1917;
Freundlich, 1926; Li YX et al., 2023). Meanwhile, Pseudo-
first-order and Pseudo-second-order models were used fitting
parameters based on the results of the kinetic experiment (Ho
YS, 2006; Liu J et al., 2016). Equations of these models we

used are shown in supporting information (Text S1 and Text
S2).

The adsorption capacity of F (g,, mg/g) and removal rate
of F~ (R, %) onto corncob biochar were calculated by the
following equations (Eq. 1-2).

= (Co—CYXV )

nm

(G -Co)

0

R(%l) = X 100(% (2)
Where ¢, gives the adsorption capacity of F~ on corncobs
biochar, (mg/g); C, is the concentration of F~ in solution under
varied adsorbed times, (mg/L); C, and C, refer to the initial
and equilibrium concentration of F~, (mg/L); V is the volume

of F~ solution for reaction, (L); and m refers to the amount of
biochar we added, (g).

2.4. Calculation of fluorine concentration

The determination of F~ concentration refers to the water
quality determination of the fluoride-ion selective electrode
method (GB7484-1987, 1987). The main reagents used in this
method are total ionic strength regulator (TISAB), standard F~
storage solution (100 mg/L), and standard F~ solution (10
mg/L). For each test, the different fluorine concentrations
should be provisionally configured to draw the curve.

Standard curve drawing: 1 mL, 3 mL, 5 mL, 10 mL, and
20 mL F~ standard solutions were absorbed with a pipetting
gun, placed in 50 mL volumetric flask, added 10 mL TISAB,
diluted with pure water to the line, shaken well, poured into
150 mL polyethylene cup and put into a magnetic stirring
rotor with the solution was continuously stirred. The electrode
was inserted in order from low to high concentration. After
the potential was stabilized, the potential value was read when
the stirring continued. Before each measurement, the
electrode should be washed with pure water and dried with
filter paper. The measured data should be processed, and the
standard curve should be drawn with the potential value as the
abscissa and the log value of the concentration as the ordinate.

The determination steps are as follows: 10 mL samples
were transferred into a 50 mL volumetric flask with pipetting
gun, added 10 mL TISAB, diluted with pure water to the line,
shaken well, poured into 150 mL polyethylene beaker, put
into a magnetic stirring rotor and inserted electrode with the
solution was continuously stirred. Reading the potential value
after potential stabilized. Before each measurement, the
electrode should be washed with pure water and dried with
filter paper. The fluorine ion concentration was calculated
according to the potential value of the sample and the
standard curve.

2.5. Instrumental characterization

A series of characterization methods were used to evaluate
the possible adsorption mechanisms of F~ by corncob biochar
and the Fe-Mn modified biochar. The Brunauer-Emmett-
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Teller method (BET, ASAP2460, Micromeritics, USA) was
applied to determine the surface area, and pore size, and pore
size distribution of biochar before and after Fe-Mn
modification. Scanning electron microscopy with an energy
dispersive spectrometer (SEM—-EDS, SU8010, Hitachi, Japan)
was used to observe the surface morphology of BC400 and
BCF,M; Dbiochar and perform the elemental semi-
quantification. Fourier transform infrared spectrometer (FTIR,
Nicolet 6700, Thermo Scientific, USA) was carried out for
identifying the characteristic surface functional groups present
in BCF,M; biochar before and after the adsorption of F . X-
ray diffractometer (XRD, D8-Focus, Bruker, Germany) was
used to analyze the mineral composition and crystal structure
of BC400 and BCF,M, biochar, as well as BCF,M, after the
adsorption of F.

3. Result and discussion
3.1. Characterization of corncob biochar

The characterization of corncob biochar involved
measuring surface area, pore structure, morphology, and
element distribution. BET and SEM-EDS analyses were
conducted to evaluate changes before and after Fe-Mn
modification and to assess their influence on F~ adsorption
capacity.

Surface area, pore volume, and average pore diameter
were measured for biochars produced at different pyrolysis
temperatures (BC300, BC400, BC500) and for Fe-Mn
modified biochar (BCF,M, and BCF|M,), as shown in Table 1.
The specific surface arecas and pore volume of pyrolysis
temperatures treated corncob biochar from large to small in
the order: BC400 > BC500 > BC300, which indicated BC400
may shows the highest adsorption capacity of F~ (Table 1).

10.0kV 8.1mm x3.00k SE(UL) 5/2

This trend suggests that moderate pyrolysis temperatures
enhance porosity, consistent with previous findings (Kumar
Rakesh et al., 2023). Following Fe-Mn modification, surface
areas increased to 3.50 m?/g for BCF;M, and 3.76 m?/g for
BCF,M;. Both modified biochars also showed higher pore
volumes and average pore diameters compared to BC400.
These enhancements are attributed to the activation effect of
Fe-Mn coatings, which improve the pore structure and
provide additional active sites for F~ adsorption (Yin G et al.,
2020).

To investigate the morphology and elemental distribution
of corncob biochar before (BC400) and after Fe—Mn
modification (BCF,M,;), SEM-EDS analysis was conducted
to describe their characterizations. SEM images in Fig. |
illustrate the morphological differences between BC400
(Figs. la-b) and BCF,M; (Figs. lc—d) at different
magnifications. Fig. 1(a) shows that BC400 consisted of
irregular particles with varied sizes and morphologies,
including retained tubular and layered structures. Some
tubular features had collapsed, forming layered porous carbon
structures. As shown in Fig. 1(b), the surface of BC400 was
relatively smooth and dense, with uniform pore distribution
ranging from 1 pm to 4 pum and well-defined pore structures.
In contrast, Fig. 1(c) reveals that BCF,M; exhibited a rougher

Table 1. BET results of pyrolysis temperature treated corncob
biochar and the Fe—-Mn modified biochar.

Samples BET su12rface Pore \ Ayerage pore
area/(m°/g) volume/(cm/g)  diameter/nm

BC300 1.21 0.00078 1.80

BC400 2.55 0.0020 3.17

BC500 2.08 0.0011 2.85

BCF,M; 3.50 0.010 11.00

BCF M, 3.76 0.005 5.56

LB
10.0kV 8.1mm x10.0k SE(UL) 5/22/2019 21:50

Fig. 1. SEM images of BC400 at X500 (a); x5000 (b); and BCF,M; at x3000 (c); x10000 (d).
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surface with more complex and irregular pore structures,
enhancing its physical adsorption capacity (Sadhu M et al.,
2021; Mwadalu R et al., 2025). This observation aligns with
BET results. Additionally, Fig. 1(d) shows the presence of
irregular, needle-like particles (400—700 nm) on the surface of
BCF,M;, attributed to the deposition of Fe—Mn oxides.

Meanwhile, EDS analysis (as shown in Supporting
Information Fig. S1 and Table S1), revealed that the surface
of BC400 primarily contained carbon and oxygen, while Fe
and Mn were clearly detected on BCF,M;, confirming the
successful synthesis of Fe—-Mn modified corncob biochar.
Notably, no aggregated metal oxide particles were observed,
suggesting a uniform dispersion of Fe and Mn, which is
conducive to increasing the adsorption site and improving the
adsorption capacity of corncob biochar. Compared to BC400,
the atomic percentage of carbon in BCF,M; decreased from
77.80% to 70.39%, while Fe and Mn increased to 4.18% and
1.65%, respectively. This shift indicates that Fe and Mn
partially replaced surface carbon, forming active sites for
fluoride binding (Sadhu M et al., 2021; Ning K et al., 2024).
Additionally, the increased presence of oxygen-containing
functional groups on the modified biochar surface further
supports its improved defluoridation performance.

3.2. Effect of pyrolysis temperature for fluorine removal

The effect of pyrolysis temperature (300°C, 400°C, and
500°C) on the adsorption performance of corncob biochar was
investigated. Batch adsorption experiments were conducted
under varying initial F~ concentrations (1 mg/L, 2 mg/L, 5
mg/L, 10 mg/L, and 20 mg/L). The adsorption capacity and
removal efficiency of F~ for BC300, BC400, and BC500 are
presented in Fig. 2.

As shown in Fig. 2, the adsorption capacity of F~ on
BC300, BC400, and BC500 increased with rising initial F~
concentrations (1-20 mg/L). For BC400 (orange color), the
removal rate increased from 61.4% to 87.8%, while the
adsorption capacity (g.) rose from 0.061 to 1.76 mg/g as the
initial concentration increased. BC400 and BC500 showed

2.0
(a) [CIBC300 []BC400 []BC500
100 —1——1——1—
(b)
1.5 -\= sol
gﬁ ’% 60
Biof:
;“ a0t BC300 T
BC400
) BC500
05F 20 1 2 5 10 20
Cy/(mol/L) W
P e e B 5 0 0 0
1 2 5 10 20
C,/(mol/L)

Fig. 2. Adsorption capacity (a) and removal rate (b) of F~ on
biochar BC300, BC400, and BC500 under different initial concentra-
tion of F~ (1-20 mol/L).

similar adsorption performance, with maximum removal
efficiencies of 87.8% and 87.3%, respectively, at 20 mg/L,
and BC300 reached 86.2% under the same condition. When
comparing the three biochars wunder identical F-
concentrations, BC400 consistently showed superior
adsorption efficiency, aligning with its higher specific surface
area and pore volume (Table 1). Based on these results,
BC400 was selected for Fe—Mn modification in subsequent
experiments.

3.3. Effect of initial concentration for fluorine removal

Under varying initial concentrations of F~ (1 mol/L to 20
mol/L), Fig. 3 illustrates the adsorption capacity and removal
efficiency of F~ by BC400 before and after Fe-Mn
modification (BCF,M; and BCF;M,). In all treatments,
adsorption capacity of F~ increased with rising F~ initial
concentration. Notably, Fe-Mn modification significantly
enhanced fluoride adsorption, especially at concentrations
above 5 mg/L, where removal rates exceeded 90%. These
findings were consistent with the studies of Lin L et al.
(2017), who have reported that Fe-Mn modified corn straw
biochar presented greater adsorption of As(IIl) than corn
straw biochar. Moreover, the improved performance in this
study can be attributed to the modification process:
unmodified BC400 carries a negatively charged surface post-
pyrolysis, which limits anion adsorption due to electrostatic
repulsion (Yin G et al., 2020; Yang T et al., 2022). Under the
same initial concentration of F, the adsorption capacity of F~
by Fe—-Mn modified BC400 were significantly improved 2
times higher than BC400. This was also consistent with our
BET results (Table 1), the specific surface area of BC400 was
increased around 1.5 times after modified by Fe-Mn. Thus,
Fe—Mn modification effectively enhanced the adsorption
capacity of F~ by increasing surface area, pore structure, and
available active sites.

Besides, there is no significate difference was observed
between BCF,M; and BCF;M, in terms of F  adsorption,
indicating that both Fe/Mn ratios (2 : 1 and 1 : 2) effectively

5
(a) [ IBc400 [IBCFM, [_]BCFM,
100 b
T : seed
§ 80
@ | G
E [Ew
2 L ~ BC400
BCF,M,
20 . , BCF‘II\/II
1 2 5 10 20
1 Cy/(mol/L)
ol I 1, . .
1 2 5 10 20
C,/(mol/L)

Fig. 3. Adsorption capacity (a) and removal rate (b) of F~ on
biochar BC400, BCF,M,, and BCF;M, under different initial con-
centration of fluoride (1-20 mol/L).
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enhanced defluoridation. In this study, BCF,M,; was selected
for further analysis, as iron is generally more abundant than
manganese in soils and sediments (Cheng J et al., 2019). With
increasing initial F~ concentrations (1.0 mol/L to 20.0 mg/L),
the adsorption capacity of BCF,M; increased markedly from
0.16 mg/g to 3.78 mg/g. In contrast, the removal efficiency
rose more gradually, from 81.3% to 94.6%. These results
confirm that Fe—Mn modification significantly improved the
fluoride removal performance of corncob biochar, and both
Fe/Mn ratios tested contributed effectively to this
enhancement.

3.4. Mechanism of corncob biochar removal fluoride after
Fe—Mn modification

3.4.1. Adsorption kinetic models

The effects of contact time on the adsorption of F~ by
unmodified (BC400) and Fe-Mn modified corncob biochar
(BCF,M)) is presented in Fig. 4. As contact time increased,
the F~ adsorption capacity of both BC400 (Fig. 4a) and
BCF,M; (Fig. 4b) was increased. Notably, the adsorption
capacity of F~ on BCF,M; at different contact times (g;) was
much higher than that on BC400, indicating that Fe—Mn
modification enhanced the adsorption performance.

The adsorption kinetic behaviors of F~ onto biochar can be
divided into two-stage process. In the initial phase (< 200
min), the adsorption capacity increased rapidly due to the
abundance of available active sites. In the second phase (>
200 min), with the increase of time, the adsorption capacity
continued to increasing slightly and reached to equilibrium
around 1440 min. Finally, an adsorption equilibrium was
achieved due to saturation of active sites on biochar, and the
adsorption and desorption rates remain constant.

Meanwhile, the kinetic data results were fitted to both
pseudo-first-order and pseudo-second-order models, with the
corresponding parameters were summarized in Table 2. The
model fitting results help clarify the adsorption mechanism
and rate-controlling steps involved in the fluoride removal
process.

Both the pseudo-first-order and pseudo-second-order
kinetic models showed high coefficient of determination (R> >

@

B BC400
***** Pseudo-first-order

Pseudo-second-order

0 200 400 600 800 1000 1200 1400 1600
Time/minutes

0.95), indicating these two models were efficient and effective
in describing the adsorption process of F~ onto both BC400
and BCF,M,. This suggests that the adsorption process is
governed by a combination of physical adsorption on the
biochar surface and chemisorption within its structure (Kumar
R. et al., 2023; Hota A et al., 2024).

3.4.2. Adsorption isotherm models

To evaluate the interaction between F~ and corncob
biochar, adsorption isotherms were examined under varying
initial fluoride concentrations (1-20 mg/L) using the
Langmuir and Freundlich models. Detailed descriptions of the
isotherm models are provided in the Supporting Information
(Text S2). Biochars produced at different pyrolysis
temperatures (BC300, BC400, and BC500) and Fe-Mn
modified variants (BCF,M,; and BCF;M,) were investigated.
The corresponding isotherm parameters of F~ adsorption on
corncob biochar are summarized in Table 3.

As shown in Table 3, the adsorption equilibrium data for
BC300, BC400, and BC500 were better described by the
Langmuir model, with higher R? values ranging from 0.934 to
0.965. This suggests that F~ adsorption onto these biochars
primarily involved homogeneous monolayer physical or
chemical adsorption (Liu JJ et al., 2016; Hota A et al., 2024).
Besides, BC400 exhibited the highest Langmuir constant (K; =
0.044 L/mg), indicating superior adsorption capacity
compared to BC300 and BC500. For Fe-Mn modified
biochars (BCF,M; and BCF;M,), both Langmuir and
Freundlich models showed excellent fits (R* > 0.98),
indicating a combination of homogeneous monolayer and
heterogeneous multilayer physicochemical adsorption. The
Freundlich constant (Kj), reflecting adsorption capacity, was
higher for BCE,M; (3.13 mg'™"/"L"".g7!) than for BCF,M,
(1.98 mg' V"LV g1 Thus, the adsorption capacity of F~ on
BCF,M; would be much better than that on BCF;M,. These
results validate the successful coating of Fe-Mn oxides on
corncob biochar and their role in enhancing fluoride
adsorption via surface heterogeneity.

The Langmuir isotherm model for corncob is presented in

Fig. 5. As the initial F~ concentration increased, the

®)
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Fig. 4. Adsorption kinetic curve of F~ on corncob biochar BC400 (a), and BCF,M, (b). The dashed and solid curves fitting using pseudo-first-

order and pseudo-second-order models, respectively.
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adsorption capacity of the biochar also increased, consistent
with previous findings (Borno ML et al., 2018). However, the
adsorption equilibrium was not fully achieved at
concentrations below 20 mg/L may due to insufficient initial

Table 2.
corncob biochar.

Parameters of kinetic models for removal of F~ by

Pseudo-second-order

g, /(mg/g) k /(1/min) R? q. /(mg/g) K, /(1/min) R
1.76 0.024 0.968 1.85 0.017 0.977
3.64 0.02 0.953 3.95 0.01 0.968

Samples Pseudo-first-order

BC400
BCF,M,

Table 3. Parameters of Langmuir and Freundlich isotherm
models for removal of F~ by corncob biochar.
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F~ levels.

3.4.3. Characterization after adsorbed fluoride

To evaluate defluorination efficiency, understanding the
sorption mechanism of F~ on corncob biochar is essential. In
this study, we characterized corncob biochar before
modification (BC400), after Fe-Mn modification (BCF,M,),
after adsorbed F~ (BCF,;M;-F) using Fourier-transform
infrared spectroscopy (FTIR) and X-ray diffraction (XRD)
analyses. Here, FTIR spectra of BC400, BCF,M, and
BCF,M;-F are shown in Fig. 6, revealing the presence of
various functional groups on the biochar surfaces.

The FTIR spectra of the three biochar samples revealed
common absorption peaks at 3420 cm ' (—OH stretching),
1615 cm™! (aromatic C=C and C=0 bending), and 1440 cm™!
(—CHj stretching), consistent with previous studies (Kumar R.
et al., 2023; Mwadalu R et al, 2025). In BCF,M,; and
BCF,M;-F, an additional peak at 1270 cm ' was observed,
attributed to aromatic C-O and phenolic —OH vibrations
(Khan BA et al., 2022; Mahdavi Z et al., 2024). Meanwhile,
Two further peaks at 537 cm ™' and 420 cm™!, corresponding
to Fe-O and Mn-O bonds in BCF,M,;, confirmed the

4
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Langmuir isotherm of F~ by the pyrolysis temperature treated corncob biochar (a) and the Fe-Mn modified biochar (b).

Samples Langmuir Freundlich
G/ K, R K /(mg™™  1m R
(mg/g)  /(L/mg) L"g™)
BC300  1.88 0.026 0.965 0.225 1.80 -1.73
BC400 230 0.044 0.964 0.0287 1.80 —2.76
BC500  2.06 0.010 0.934 1.45 1.79 -2.83
BCF,M; 2020.1 0.0015  0.980 3.13 1.63  0.993
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Fig. 6. FTIR spectra of BC400, BCF,M, and BCF,M; after F~ adsorption (BCF,M,-F).
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successful coating of Fe-Mn oxides on the biochar surface
(Foroutan R et al., 2024; Wang J et al., 2025). Besides,
BCF,M;,-F exhibited two stretching vibrations at 1035 cm™
and 1082 cm !, attributed to Fe~OH groups (Foroutan R et al.,
2024; Fu C et al., 2024). The weakening or disappearance of
these peaks after F~ adsorption indicates that hydroxyl groups
were replaced by F~. This suggests that —OH groups on
Fe—Mn modified biochar participate in ion exchange with F~,
while Fe-O and Mn-O bonds contribute to complex
formation, enhancing fluoride removal efficiency.

The XRD patterns of BC400, BCF,M,; and BCF,M;-F are
presented in Fig. 7. All samples exhibited broad, diffuse
background signals without distinct crystalline peaks,
indicating the amorphous nature of the corncob biochar
(Zhang L et al., 2023; Kumari N et al., 2024). This suggests
that the biochar did not undergo graphitization during
pyrolysis or Fe-Mn modification.

4. Conclusions

The main conclusions of this study are as follows:

(1) Addressing ecological health risks is a key focus of the
United Nations Sustainable Development Goals. This study
specifically examined the environmental risk posed by
fluoride (F ) contamination in groundwater.

(il)) Fe-Mn modified corncob biochar was successfully
synthesized using an environmentally friendly and simple
method involving FeCl; and MnCl,. The modification
significantly enhanced fluoride adsorption capacity due to the
formation of Fe—O and Mn—O surface bonds, which facilitate
complexation with F~. SEM-EDS analysis revealed that
BCF,;M; exhibited a rougher surface, more complex pore
structure, and increased active sites for defluoridation. The
fluoride removal mechanism involved heterogeneous, multi-

400 | BC400
200 |
W
0 L
BCF,M,
5 400 |
]
} L
£200
L
0 i 1
BCF,M,-F
400 |
200 W
0 L 1 1 1
0 20 40 60 80

20/(°)

Fig. 7. XRD of corncob biochar before modification by Fe—-Mn
(BC400), after modified by Fe and Mn with the ratio of 1:2
(BCF,M,), and BCF,M; after adsorbed F* (BCF,M,-F).

layer, and physicochemical adsorption.

(iii) Fe—Mn coated corncob biochar is a low-cost, highly
efficient, and environmentally sustainable material for
fluoride remediation in soil and groundwater. This study
highlights its potential for reducing fluoride pollution and
improving water and soil quality in contaminated
environments.
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