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Fluoride (F") contamination affects over 260 million people globally, surpassing the WHO limit of 1.5 mg/L (dos
Santos et al., 2023). Addressing this requires advanced materials like maghemite (y-Fe,O3), known for its stability
and superparamagnetic recovery (Barzallo et al., 2025). This study utilizes pecan nutshells (Carya illinoinensis)
as a biochar support to prevent nanoparticle agglomeration (Anfar et al., 2020). Synthesized via modified co-
precipitation and pyrolysis, the composite achieves a synergistic effect where maghemite provides hydroxyl-rich
active sites and biochar ensures high surface area (Arab et al., 2024).

This study aims to synthesize and evaluate a pecan nutshell-derived maghemite-biochar composite for
aqueous fluoride removal. The research utilizes agricultural waste to produce a magnetic biochar through modified
co-precipitation and pyrolysis. It assesses the effects of particle size, pyrolysis temperature, and physical activation
and physical activation on adsorption performance while employing Response Surface Methodology (RSM) to
optimize the initial concentration, pH, and adsorbent dose for maximum efficiency.

Maghemite-biochar nanocomposites were synthesized from pecan nutshells using a modified co-
precipitation and pyrolysis method (Han et al., 2016; Khamkure et al., 2024). Biomass was impregnated with
FeCls.6H,0, aged, and pyrolyzed under N, gas at 500 °C or 650 °C (heating rate: 10°C/min; duration: 1 h). This
produced four magnetic composites: PMGH-500, PMPH-500, PMGH-650, and PMPH-650. The PCGHA650 and
PCPHAG650 materials were prepared through carbonization at 500°C followed by subsequent physical activation
at 650°C. Characterization was performed via Fourier Transform Infrared (FTIR) using a PerkinElmer Frontier
IR/NIR system, and nitrogen physisorption at 77.35 K was performed on a Quantachrome NOVA touch after
vacuum degassing at 200°C for 6 h. Batch adsorption and RSM were used to optimize fluoride removal across
variables including initial concentration (5-15 mg/L), pH (4-10), and dosage (1-3 g/L).

FTIR spectroscopy confirmed the successful integration of maghemite (y-Fe.Os) within the pecan nutshell
biochar matrix. Distinct absorption bands at 651, 593, and 552 cm™! represent Fe—O stretching vibrations,
verifying the spinel lattice structure (Han et al., 2016). The graphitic backbone was identified by C=C stretching
at 1588 cm™1, while oxygen-containing groups (carboxyl and phenolic) facilitate fluoride capture via electrostatic
attraction and hydrogen bonding (Anfar et al.,, 2020). Although pyrolysis at 650°C improved maghemite
crystallinity and porosity, higher temperatures may reduce the density of functional groups essential for chemical
adsorption (Liang et al., 2022). The PMPH500 sample is predominantly microporous, exhibiting a BET surface
area of 238.87 cm?/g and a total pore volume of 0.113 cm®/g. With an average pore size of 0.94 nm and a DFT
mode radius of 0.53 nm, the structure is defined by micropores with negligible mesoporosity.

Preliminary fluoride adsorption tests (Co: 10 mg/L, pH 5) revealed that maghemite-biochar
nanocomposites, specifically PMPH500 and PMGHG650, achieved nearly 100% removal and capacities exceeding
5.0 mg/g. These results significantly outperform raw biomass (PBP) and biochar (PCP500), which remained below
35% efficiency. Higher pyrolysis temperatures (650 °C) improved performance in granular composites due to
enhanced maghemite crystallinity. While activated powder (PCPHA650) showed high efficiency, granular
activated carbon (PCGHAG650) underperformed at 64% due to mass transfer limits and a lack of specific Fe—-OH
sites. Adsorption is driven by electrostatic attraction and ligand exchange on the protonated maghemite surface.



& A @ e e & GPd F removal qt -

—— — [J i A wof /u—’;{\"‘\ - 2 ' ) s
ey | M e — ~3
VI \ B

\
\ |
)

PMGH-650

= = I RN

% F removal
=
-

@

qt (mg/g)

PCPHA-650

Transmittance (a.u.)

PCGHA-650
a0

3500 3000 2500 2000 1500 1000 700 600 500

Wavenumber (cm ") a) b)

Figure 1. (a) FTIR spectra of maghemite-biochar nanocomposites highlighting the effects of particle size,
pyrolysis temperature, and physical activation; (b) fluoride adsorption performance of the synthesized materials.

RSM was employed to optimize fluoride removal efficiency by evaluating three key variables: initial
fluoride concentration (x;), pH (x2) and adsorbent dose (x3), with the interactions visualized through 3D response
surface plots (Figure 2). Statistical analysis identified the adsorbent dose as the most significant positive factor (p <
0.01). The results confirmed the adequacy of a quadratic model (p = 0.0354, R? = 0.8774), which predicted a
maximum removal efficiency of 99.58% under the optimized conditions of pH 7.0, an initial concentration of 5.0
mg/L, and an adsorbent dose of 3.0 g/L. This relationship is mathematically expressed by the quadratic model,
accounting for main effects, binary interactions, and second-order terms:

% F removal = 30 - 15.4x; + 0.01x; + 23.4x5 - 3.07 x/* X2 - 12.41x;* x5 + 4.49 xo* x5 + 9.87xf + 2.69)(5 -2.31x§
The mechanism is primarily driven by electrostatic forces and surface attraction, governed by pH-
dependent surface charges (Arab et al., 2024). Maghemite’s hydroxyl-rich surface facilitates ion exchange and

coordination, while the biochar framework provides the high surface area and physical trapping necessary for
high-capacity remediation (Liang et al., 2022).
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Figure 2. 3D response surface plots for fluoride (F’) removal efficiency, showing the interactive effects of initial
concentration, pH, and adsorbent dose.

This study successfully developed an efficient, eco-friendly maghemite-biochar nanocomposite derived
from pecan nutshells for the remediation of fluoride-contaminated water. The synergistic combination of the
porous biochar matrix and the magnetic properties of maghemite provides a dual advantage: high-capacity
adsorption through surface coordination and rapid, energy-efficient recovery via magnetic separation.
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