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Abstract

Arsenic contamination demands innovative, sustainable remediation. This study presents
a fuzzy approach for synthesizing a magnetic biochar nanocomposite from pecan shell
agricultural waste for efficient arsenic removal. Using a Multi-Input Fuzzy Rules Emulated
Network (MiFREN), a systematic investigation of the synthesis process revealed that pre-
cursor type (biochar), Fe:precursor ratio (1:1), and iron salt type were the most significant
parameters governing material crystallinity and adsorption performance, while particle
size and N2 atmosphere had a minimal effect. The MiFREN-identified optimal material, the
magnetic biochar composite (FS7), achieved > 90% arsenic removal, outperforming the least
efficient sample by 50.61%. Kinetic analysis confirmed chemisorption on a heterogeneous
surface (qe = 12.74 mg/g). Regeneration studies using 0.1 M NaOH demonstrated high
stability, with FS7 retaining > 70% removal capacity over six cycles. Desorption occurs
via ion exchange and electrostatic repulsion, with post-use analysis confirming structural
integrity and resistance to oxidation. Application to real groundwater from the La La-
guna region proved highly effective; FS7 maintained selectivity despite competing ions
like Na+, Cl−, and SO2−

4 . By integrating AI-driven optimization with reusability and
real contaminated water, this research establishes a scalable framework for transforming
agricultural waste into a high-performance adsorbent, supporting global Clean Water and
Sanitation goals.
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1. Introduction
Groundwater arsenic contamination critically undermines progress toward the United

Nations Sustainable Development Goal 6 (SDG 6) and endangers millions of lives, with
severe hotspots in South Asia and the Americas frequently exceeding concentrations of
500 µg/L [1]. Regulatory inertia exacerbates this ongoing crisis, as numerous authorities
uphold less stringent standards rather than adopting the World Health Organization (WHO)
10 µg/L guideline. For example, extreme levels have been recorded in the Ganges River
alluvial deposits and the Bengal Delta Plain (up to 2 mg/L) [2], and in Thailand, where
groundwater concentrations have reached 5 mg/L [3]. Similar high-level contamination has
been documented in Pakistan (2.58 mg/L) and Vietnam (3.05 mg/L) [3]. In Latin America,
concentrations as high as 3.81 mg/L have been reported in Argentina [4]. In response,
the development of sustainable, efficient, and practical water treatment technologies is
paramount. Adsorption has emerged as a frontline remediation strategy, with biochar—a
porous carbonaceous material derived from biomass waste—gaining prominence as a
low-cost and sustainable adsorbent [5–8]. The conversion of agricultural residues, such as
pecan nutshells, into biochar not only addresses water pollution but also contributes to a
circular economy by valorizing waste streams, thereby supporting broader environmental
sustainability goals [9,10].

The performance of biochar is intrinsically linked to its physicochemical properties,
which are governed by feedstock selection and synthesis conditions [7,11,12]. To enhance its
functionality and facilitate practical application, the integration of magnetic nanoparticles,
particularly magnetite (Fe3O4), has proven highly effective [13–16]. This modification
creates magnetic biochar composites that combine the high adsorption capacity of biochar
with the facile separation capability provided by magnetism, significantly improving the
efficiency and cost-effectiveness of water treatment processes [5,6].

Biochar is a highly promising adsorbent for waterborne microcontaminants at scale.
To bridge the gap from lab research to real-world use, its practical application requires
key developments, including pilot-scale validation, stability assessments, and studies on
competing ion effects [17]. In this process, artificial intelligence (AI) is emerging as a
powerful tool to accelerate and optimize the design of such environmental remediation
materials. Algorithms such as Random Forest and MiFREN predict and optimize synthesis
parameters, minimizing the need for extensive experimentation and streamlining the
development of efficient adsorbents. AI-driven frameworks employing ML algorithms
(e.g., Random Forest, Gradient Boosting) are proving highly effective for modeling of
engineered biochar for soil and water contaminant removal. An ML-based framework has
been reported to optimize the key biochar adsorbents’ properties to adsorb antibiotics [18],
phosphorus [19] and heavy metals [20]. Through predictive modeling, these tools optimize
synthesis parameters, which substantially reduce the number of experiments and lead to
significant reductions in development cost and time [21].

However, the synthesis of high-performance magnetic biochar is a complex, multi-
parameter process. Variables such as precursor type (raw biomass vs. biochar), particle
size, iron-to-precursor ratio, and synthesis atmosphere interact in non-linear ways, making
traditional one-variable-at-a-time optimization methods inadequate [22,23]. This complex-
ity creates a pressing need for performance enhancement frameworks that can navigate
these uncertain and interdependent relationships to design superior adsorbents. More-
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over, arsenic adsorption studies consistently demonstrate that initial arsenic concentration,
pH, adsorbent dose, and experimental conditions significantly influence removal effi-
ciency [24,25]. Multiple studies across different adsorbent materials (e.g., activated carbon,
graphene oxide, iron oxides) confirm the critical roles of these parameters [26–29].

This work develops magnetic biochar adsorbents from pecan shells, an agricultural
residue. The material is synthesized by pyrolysis and subsequent incorporation of mag-
netite (Fe3O4) nanoparticles, a strategy that combines sustainability with magnetic func-
tionality to facilitate its recovery. The study focused on As(V) due to its direct rele-vance to
applied water treatment. In practice, As(III) is routinely pre-oxidized to As(V) using stan-
dard chemical methods because the pentavalent form is adsorbed far more efficiently by
materials like magnetic biochar [1]. Evaluating As(V) thus directly measures the adsorbent’s
performance under the most effective and common remediation conditions.

Herein, fuzzy logic emerges as a compelling technological solution for environmental
modeling. Specifically, Fuzzy Decision Networks (FDNs), such as the Multi-Input Fuzzy
Rules Emulated Network (MiFREN), are strategically implemented to model complex,
non-linear systems where the limitations of traditional, deterministic mathematical models
become evident [22]. MiFREN stands out as uniquely well-suited to this study because its
hybrid architecture effectively addresses the critical need for both predictive power and
model transparency in practical remediation applications. By integrating the high-fidelity
mapping of neural networks with the linguistic reasoning of fuzzy systems, MiFREN
moves beyond the ‘black box’ limitation of strictly data-driven approaches. This allows
it to emulate human-like reasoning, handle the inherent imprecision in experimental
data, and, crucially, reveal the explicit rules governing material behavior [23,24]. The
ability of MiFREN to construct robust performance indices and identify most effective
synthesis pathways through interpretable logic represents a significant advancement in
environmental materials science, establishing a more predictive and strategically design-
driven paradigm [25].

Consequently, this study introduces a novel, fuzzy-framework for the synthesis and
optimization of a magnetic biochar nanocomposite derived from pecan nutshells for arsenic
removal. We systematically investigated the impact of key synthesis parameters and em-
ployed the MiFREN architecture specifically to model, assess, and optimize the adsorption
performance at the studied conditions. The primary objectives of this work are three-
fold: (1) to successfully valorize agricultural waste into a high-value magnetic adsorbent;
(2) to precisely decipher the complex, non-linear relationships between synthesis variables
and arsenic removal efficiency, utilizing the interpretable rules offered by MiFREN; and
(3) to empirically demonstrate the potential of this advanced AI-driven fuzzy logic ap-
proach to reliably guide the sustainable design and application of next-generation water
treatment materials.

This study represents a significant advancement by being the first to employ the inter-
pretable MiFREN architecture for the coupled synergistic enhancement of magnetic biochar
synthesis and subsequent arsenic adsorption performance. Unlike prior studies that rely on
empirical or ‘black-box’ modeling techniques, this work delivers a transparent, rule-based
computational framework that allows for the direct linkage between synthesis parameters
and real-world adsorption efficiency, offering a robust tool for designing sustainable water
treatment systems. The results of this study are obtained through a four-part methodology
focused on the synthesis, characterization, arsenic adsorption performance, and computa-
tional optimization of the magnetic biochar nanocomposite. Key synthesis parameters were
systematically varied, including precursor type, particle size, Fe:Precursor ratio, and synthe-
sis atmosphere (N2 gas vs. air). The resulting composites were tested in batch adsorption
experiments across five different conditions (EXP I–V). Finally, the experimental data were
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used to construct the MiFREN network, allowing for the modeling of complex, non-linear
relationships and the subsequent refinement of the synthesis pathway for superior arsenic
removal. Based on this approach, the key hypothesis tested in this work is that the MiFREN
model can accurately and reliably predict the optimal combination of material synthesis
and operational parameters for maximizing arsenic removal, thereby demonstrating its
superior utility over conventional modeling approaches in materials science.

2. Materials and Methods
2.1. Synthesis of Magnetic Biochar Composites via Co-Precipitation

Pecan nutshell-derived adsorbents were synthesized in sequential steps. First, raw
pecan shells were cleaned with deionized water, dried at 60 ◦C for 24 h, ground, and
sieved into two particle size ranges (0.105–0.18 mm and 0.38–0.7 mm). The powder was
pyrolyzed at 500 ◦C for 1 h under a nitrogen atmosphere to produce biochar. This pyrolysis
temperature was selected based on literature precedents [16,30,31], as it balances carbon
yield with surface functional group development.

Magnetic biochar composites were synthesized via co-precipitation. For magnetic
modification, FeCl3·6H2O (0.1 mol) and FeSO4·7H2O (0.05 mol) were dissolved in 600 mL
of water. NaOH was added dropwise under vigorous stirring (80 ◦C, 500 rpm) to adjust the
pH to 10. Pecan biomass (PM) or biochar was then added and stirred for 30 min at 80 ◦C,
either with or without N2 gas purging. Finally, the resulting magnetic nanocomposites
were magnetically separated, washed until neutral, and dried at 60 ◦C.

This study evaluated the effect of various factors on properties of the adsorbent for
arsenic removal, including precursor (biomass and biochar), iron salt (FeSO4·7H2O and
FeSO4(NH4)2SO2·6H2O), particle size (0.10–0.18 mm and 0.38–0.7 mm), Fe:precursor ratio,
and N2 gas.

Ten magnetic composites were synthesized via co-precipitation to evaluate specific
experimental parameters. FS1 utilized a unique iron source (FeCl3·6H2O+Mohr’s salt),
while FS2–FS10 employed a standard FeCl3·6H2O/FeSO4·7H2O mixture. The effects of
biomass particle size were tested under ambient air (FS2, FS3, FS8) and N2 atmosphere (FS4,
FS5, FS6). Additionally, the study assessed the use of biochar as a support (FS7) and varied
the Fe:precursor mass ratio from the standard 1:1 (FS1–FS8) to 1:2 (FS9) and 1:3 (FS10).

2.2. Characterization

The synthesized magnetic biochar composites were characterized to determine their
crystallinity, surface morphology, and textural properties. X-Ray Diffraction (XRD) analysis
was performed to identify the crystalline phases present and assess their crystallinity.
Measurements were carried out using a Bruker diffractometer (D8 ADVANCE, Karlsruhe,
Germany) equipped with a Göbel mirror and a Cu-Kα radiation source. Data were collected
over a 2θ range of 20◦ to 80◦. Surface morphology and elemental composition were
examined using a Philips XL30 Environmental Scanning Electron Microscopy (ESEM)
(Eindhoven, the Netherlands). The microscope was equipped with an Energy Dispersive
X-ray Spectroscopy (EDS) system for elemental analysis.

Textural properties, including specific surface area, pore volume, and pore size dis-
tribution, were determined by nitrogen physisorption at 77 K using a Quantachrome
Instruments analyzer (NOVA touch 2LX) (Boynton Beach, FL, USA). The specific surface
area was calculated using the Brunauer-Emmett-Teller (BET) method, while the pore size
distribution was derived from the adsorption isotherms using the Quenched Solid Density
Functional Theory (QSDFT) model for carbon slit pores.

https://doi.org/10.3390/technologies14010043

https://doi.org/10.3390/technologies14010043


Technologies 2026, 14, 43 5 of 26

2.3. Preliminary Arsenic Adsorption Evaluation

Batch adsorption experiments were conducted as a preliminary screening to evaluate
the arsenic removal performance of the synthesized adsorbents (FS1–FS10) and raw pecan
nutshell (PM). The objective of these tests (EXP I–V) was to identify the most versatile and
robust composite by challenging the materials across a spectrum of initial concentrations
(1, 5, or 10 mg/L), pH levels, and adsorbent doses. The arsenic concentrations of 1, 5, and
10 mg/L were selected to reflect the elevated levels commonly found in global groundwater
contamination hotspots [1].

To maximize the scope of the study, the adsorbents were tested under five distinct
experimental conditions representing various stress levels. While these screening tests
were performed as single runs to expedite the selection of the lead adsorbent, the high
degree of internal consistency observed across the diverse experimental matrix supports
the reliability of the identified trends. Following this selection process, systematic studies
were performed for pH (3, 4, or 5), adsorbent dose (1 or 2 g/L), and agitation speed (100 or
150 rpm) to isolate and quantify the impact of each individual parameter.

The specific parameters for each condition are detailed below:

• EXP I: As 1 mg/L, 2 g/L adsorbent (50 mg/25 mL), 24 h, agitation at 100 rpm, pH 3;
• EXP II: As 1 mg/L, 2 g/L adsorbent (50 mg/25 mL), 24 h, agitation at 100 rpm, pH 4;
• EXP III: As 5 mg/L, 2 g/L adsorbent, 24 h, agitation at 150 rpm, pH 3;
• EXP IV: As 10 mg/L, 1 g/L adsorbent, 24 h, agitation at 150 rpm, pH 3;
• EXP V: As 10 mg/L, 1 g/L adsorbent, 24 h, agitation at 150 rpm, pH 5.

Adsorption performance was evaluated using arsenic removal efficiency (%), which
was determined as:

% As Removal = [(C0 − Ce)/C0] × 100 (1)

where C0 and Ce are the initial and equilibrium arsenic concentrations (mg/L), respectively.

2.4. Analysis of Fuzzy Decision Network

The proposed method for analyzing the performance of the Fuzzy Decision Network
involved constructing the MiFREN based on experimental data. This process began with
defining the input parameters, such as normalized removal quality qeN , and designing
membership functions µL−Z to represent the fuzzified inputs. The architecture of MiFREN
integrates weight vectors, w, which were tailored to experimental setups, ensuring adapt-
ability to varying conditions. The performance index Qr was formulated as a summation
of weighted basis functions, ϕj, derived from combinations of membership functions.
These basis functions encapsulate the nonlinear interactions between the input parameters,
enabling the network to emulate complex decision-making processes.

The computational framework was implemented using unity functions for simplicity,
while simultaneously ensuring generality in the derivation of ϕj. Experimental results
were validated by comparing Qr values across multiple samples, thereby providing
insights into the influence of material properties, particle size, and preparation methods
on the overall system performance. This analytical approach highlighted the efficacy
of MiFREN in modeling nonlinear relationships and tailoring performance in arsenic
removal applications.

2.5. Kinetic Adsorption Experiments

The adsorption kinetics of arsenic onto the selected magnetic biochar nanocomposites
(FS4, FS7, FS8) were investigated through batch experiments. A stock solution of arsenic
(As(V)) with a concentration of 35.99 mg/L was prepared. For each experiment, 150 mL
of this solution was placed in a glass vessel, and the pH was adjusted to 3.5 using 0.1 M
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HCl or NaOH. A precise adsorbent dose of 300 mg was added to the solution, resulting
in a constant concentration of 2 g/L. The mixture was agitated on an orbital shaker at a
constant speed of 150 rpm. Samples were withdrawn at predetermined time intervals (10,
20, 30, 60, 120, 240, 360, 480, and 600 min), immediately filtered through a 0.45 µm syringe
filter to separate the adsorbent, and the filtrate was preserved for arsenic analysis.

The adsorption capacity at time t (qt) was calculated using the mass balance equation:

qt = [(C0 − Ct) × V]/m (2)

where Ct is the concentration at time t (mg/L), V is the solution volume (L), and m is the
mass of adsorbent (g).

To elucidate the adsorption mechanism and rate-controlling steps, the experimental
data were analyzed using non-linear regression (R software v4.0.3) with three kinetic
models: Pseudo-First Order (PFO), Pseudo-Second Order (PSO), and the Elovich model [32].
The goodness-of-fit for each model was evaluated using correlation coefficients (R2) and
root mean square error (RMSE).

2.6. Desorption and Regeneration Studies

To evaluate the stability and economic feasibility of the magnetic biochar nanocompos-
ite, desorption and reusability tests were performed. FS7 was first saturated with arsenic
under adsorption kinetic conditions, washed with deionized water, and dried. Desorption
efficiency was initially screened using four eluting agents—NaCl (0.1 M), HCl (1 M), NaOH
(0.1 and 0.2 M), and KOH (1 and 2 M)—at a solid-to-liquid ratio of 1.5 g/L. The mixtures
were agitated for 2–6 h to identify the most effective conditions.

Subsequently, six consecutive adsorption–desorption cycles were conducted to assess
reusability. Each cycle involved:

Adsorption: Treatment of arsenic solution at pH 3.0 (2 g/L dose) for 7 h.
Desorption: Exposure to the the best eluant (0.1 M NaOH) for 4 h at 150 RPM.
Regeneration: Washing and pH adjustment to 3.0 to re-activate the adsorbent surface.
The desorption efficiency was calculated as follows [33,34]:

Desorption efficiency =
amount o f metal desorbed

amount o f metal ions adsorbed
× 100 (3)

To evaluate the chemical and structural of the composite, XRD was performed on
both the magnetic biochar (FS7) and the material recovered after adsorption–desorption
cycles (FS7-D6).

2.7. Application of FS7 Nanocomposite for Arsenic Remediation in Real Groundwater

The practical efficacy of the FS7 nanocomposite was evaluated using natural ground-
water from the Main Aquifer of the La Laguna Region (Torreón, Coahuila, Mexico). The
raw water was characterized by an initial As concentration of 0.075 mg/L and a natural
pH of 11.37. Batch experiments were conducted by adding 20 mg of FS7 to 10 mL of
groundwater (2 g/L dose) in reaction vessels. To identify most favorable remediation
window, the solution pH was adjusted to 3.5, 5.0, and 6.0 using 0.1 M HCl. The mix-
tures were agitated on an orbital shaker for 6 h to reach equilibrium. Post-adsorption,
the FS7 particles were isolated via an external magnetic field, and the supernatant was
filtered (0.45 µm) for residual arsenic analysis to determine the removal efficiency and
equilibrium capacity.
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2.8. Analytical Method

The residual arsenic concentration for the preliminary adsorption, kinetic, isotherm,
and desorption studies was determined by Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) using a PerkinElmer Optima 8300 spectrometer (Shelton, CT, USA).
For the study of application with groundwater, arsenic concentration was measured by
an ICP-OES Analyzer and Qtegra softwareversion 2.4.1800.192 (iCAP7400 Duo, Thermo
Scientific, Waltham, MA, USA).

3. Results
3.1. Impact of Synthesis Parameters on Magnetic Phase Crystallinity

X-ray diffraction (XRD) analysis, as presented in Figure 1, confirmed the successful
synthesis of magnetite (Fe3O4) nanoparticles within all magnetic biochar composites (FS2–
FS10). The analysis is presented alongside the standard reference pattern for Fe3O4.

Figure 1. X-ray Diffraction (XRD) Patterns of Raw Pecan Shell Biomass (PM), Magnetic Biochar
Composites (FS1–FS10), and Magnetite Reference Standard [14].

The diffractogram of the raw pecan nutshell biomass (PM) exhibits a broad, diffuse
hump centered between 2θ ≈ 20◦ and 25◦, which is characteristic of amorphous lignocellu-
losic materials (cellulose and lignin) with no defined crystalline peaks [35].

For samples FS2 through FS10, the diffractograms display a similar crystalline profile
with five characteristic diffraction peaks clearly visible at 2θ values of approximately 30.1◦,
35.4◦, 43.1◦, 57.0◦, and 62.6◦. These correspond to the (220), (311), (400), (511), and (440)
lattice planes, respectively, matching the standard diffraction data for the cubic spinel
structure of magnetite (Fe3O4) [36,37]. The diffraction peaks for FS2–FS10 are notably
broadened, indicating the formation of crystallites in the nanometer range. In contrast,
sample FS1 showed distinct sharp peaks at 2θ values of approximately 18◦, 20◦, and 28◦,
which do not correspond to the magnetite structure, indicating the method used for FS1
was unsuccessful in forming the target magnetic phase.

The crystallinity and peak intensity of the Fe3O4 phase, primarily reflected by the
prominent (311) plane, varied systematically with the synthesis parameters [38]. The
biochar-derived composite (FS7) exhibited sharper and more intense Fe3O4 peaks compared
to biomass-derived counterparts (e.g., FS2, FS4), suggesting improved crystallinity. The

https://doi.org/10.3390/technologies14010043

https://doi.org/10.3390/technologies14010043


Technologies 2026, 14, 43 8 of 26

use of FeSO4·7H2O (FS2) resulted in significantly higher peak intensity, compared to
FeSO4(NH4)2SO4·6H2O (FS1), confirming that the choice of iron precursor is critical for
successful synthesis.

The initial biomass particle size (e.g., FS2 vs. FS3; FS5 vs. FS6) and the application of
an N2 atmosphere during synthesis (FS2 vs. FS4) did not produce a visually significant
effect on the Fe3O4 crystal structure as observed by XRD peak intensity or width. A 1:1
ratio (FS8) yielded the most intense Fe3O4 peaks. Increasing the biomass proportion (1:2
in FS9, 1:3 in FS10) led to a marked reduction in peak intensity, suggesting that excessive
biomass hinders the successful formation or isolation of the magnetite phase.

The average crystallite size (D) for each magnetic composite (FS1–FS10) was deter-
mined using the Debye-Scherrer equation (Equation (4)).

D =
Ks · λ

B · cosθ
(4)

In this formula, KS represents the dimensionless shape factor (0.9), λ is the X-ray
wavelength (0.15405 nm for Cu Kα radiation), B is the full width at half-maximum (FWHM)
in radians, and θ is the Bragg diffraction angle.

The crystallite size analysis of the FS series reveals a clear distinction between the
synthesis methods, with most composites falling within the true nanometric range (below
20 nm).

The use of Mohr’s salt as a unique iron source in sample FS1 resulted in the largest
average crystallite size of 31.21 nm. This suggests that the precursor chemistry signifi-
cantly influences nucleation and growth rates, leading to more ordered and larger crystals
compared to standard co-precipitation.

Samples synthesized under ambient air and nitrogen atmospheres showed varying
crystallite sizes ranging from 9.61 nm to 14.52 nm. Specifically, the smallest crystallite
size was recorded for FS2 (9.61 nm) under ambient air with small pore size, while the
introduction of N2 gas in FS4 facilitated slightly larger crystal growth (14.52 nm).

The integration of biochar supports (FS6 and FS7) maintained consistent crystallite
sizes of 13.40 nm and 14.68 nm, respectively, indicating that the biochar matrix effectively
stabilizes the iron oxide nanoparticles and prevents excessive agglomeration. Furthermore,
varying the Fe:Precursor ratio (FS9 and FS10) showed a moderate increase in size from
12.88 nm to 15.07 nm as the precursor concentration increased.

The crystallite size analysis confirms the successful synthesis of magnetic nanocrys-
talline composites, with most samples falling within the 9.61 to 15.07 nm range. A significant
outlier was observed in FS1 (Mohr’s Salt), which exhibited the largest crystallite size at
31.21 nm, indicating that this specific iron precursor promotes faster crystal growth or
higher crystallinity compared to standard salts.

3.2. Impact of Synthesis Parameters on Morphology

Scanning Electron Microscopy (SEM) analysis at low and high magnifications (Figure 2)
was employed to investigate the surface morphology and structural characteristics of
selected magnetic biochar composites (FS4, FS7, and FS8). SEM confirmed the successful
formation of Fe3O4 nanoparticles across all synthesized composites. At high magnification,
spherical-like particles, likely Fe3O4 nanoparticles [39], can be observed, corroborating our
XRD analysis, which indicated peak broadening due to nanostructured Fe3O4. All samples
exhibited a porous structure inherited from the carbonaceous precursor and showed a clear
tendency for nanoparticle agglomeration into clusters [31].

At low magnification, the composite FS4 displayed a uniform distribution of agglom-
erated nanoparticles, creating a rough, porous surface (Figure 2a). High-magnification
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imaging (Figure 2d) revealed that these agglomerates were composed of well-defined,
spherical nanoparticles with individual sizes in the 8.79–37.41 nm range.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 2. SEM micrographs of FS4 (a,d), FS7 (b,e), and FS8 (c,f) magnetic biochar composites at
different magnifications.

The biochar-based composite FS7 showed a similar distribution of agglomerated
nanoparticles (Figure 2b). The underlying matrix appeared denser and more consolidated
than the biomass-based samples. The high-magnification image (Figure 2e) confirmed
spherical nanoparticles of comparable size to FS4, embedded within the carbonaceous
framework. The size of these nanoparticles (17.59–22.72 nm) appears to be within the
nanometer range, were observed to be well-distributed and embedded within this porous
carbon framework, indicating a homogeneous nanocomposite structure.

The morphology of FS8 (Figure 2c,f) was visually indistinguishable from its N2-treated
counterpart, FS4, showing similar nanoparticle size (14.31–28.58 nm), shape, and agglomer-
ation patterns [16].

3.3. Impact of Synthesis Parameters on Textural Properties

The textural properties of the selected magnetic biochar nanocomposite (FS4, FS7, FS8), as
determined by nitrogen physisorption, are summarized in Table 1. The analysis revealed that
synthesis parameters significantly influenced surface area and porosity. The biochar-derived
composite FS7 exhibited the most favorable textural properties, with the highest DFT surface
area (31.49 m2/g) and total pore volume (0.0801 cm3/g). The biomass-derived composite
synthesized under an N2 atmosphere, FS4, showed intermediate values (24.28 m2/g for surface
area; 0.0739 cm3/g for pore volume). In contrast, FS8 (biomass-based, no N2) possessed
the lowest surface area (21.74 m2/g) and pore volume (0.0573 cm3/g). All composites were
confirmed as mesoporous, with average pore sizes ranging from 7.65 to 9.34 nm.
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Table 1. Surface Area and Pore Characteristics of Fe3O4/Biomass (FS4, FS8) and Fe3O4/Biochar
(FS7) Composites.

Parameter Unit FS4 FS7 FS8

Surface Area m2/g 24.28 31.49 21.74
Total Pore Volume cm3/g 0.0739 0.0801 0.0573
Average Pore Size nm 9.2 9.34 7.65

3.4. Evaluation of Adsorption Performance and the Impact of Synthesis Parameters

Figure 3 presents the arsenic removal percentages for the magnetic biochar nanocom-
posite (FS1–FS10) compared to the raw pecan nutshell control (PM). PM demonstrated very
low removal efficiency, generally below 30%, confirming that the incorporation of Fe3O4

is crucial for effective arsenic adsorption. This enhancement is expected, as iron oxides,
particularly magnetite, are well-known for their high affinity for arsenic species [40–43].

Figure 3. Arsenic removal efficiency of magnetic composites (FS1–FS10): influence of precursor,
particle size, N2 atmosphere, and Fe:precursor ratio [14].

The arsenic removal efficiency was highly dependent on the initial solution pH across
the five experimental conditions [44]. In the EXP I, III, and IV (pH 3), the composites
consistently achieved the highest removal rates, typically > 95%, regardless of variations
in arsenic concentration (1–10 mg/L) and adsorbent dose (1–2 g/L). This research is
particularly relevant to real-world conditions. It targets the acidic to neutral pH range (pH 3–
5), which is most commonly found in arsenic-contaminated groundwater or industrial
wastewater, thereby ensuring immediate environmental applicability. However, the study
did not explore the adsorbent’s performance in neutral or alkaline conditions, which may
be encountered in some real-world water sources. Future research could expand the pH
range to assess the adsorbent’s versatility and effectiveness under varying environmental
conditions. A slight reduction in removal efficiency in EXP II (pH 4) was observed compared
to pH 3, but performance remained high. A notable and general decrease in removal
efficiency in EXP V (pH 5) occurred for most composites at this higher pH, underscoring
the importance of pH control for adsorption.

Several synthesis parameters were directly linked to the performance of arsenic ad-
sorption. The effect of the Fe:precursor ratio was evaluated by comparing FS1, FS8, FS9,
and FS10, which shared a biomass particle size of 0.18–0.38 mm. As the ratio decreased
from high iron content (e.g., 1:1 in FS1, FS8) to lower iron content (e.g., 1:2 in FS9 and 1:3
in FS10), a significant decline in arsenic removal was observed. Composites with a lower
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biomass proportion (higher iron loading, e.g., FS1–FS7) generally outperformed those with
a higher biomass ratio (FS8–FS10).

When comparing composites synthesized from biochar (FS7) and raw biomass
(FS1, FS8) at a constant particle size (0.18–0.38 mm) and Fe:precursor ratio (1:1),
the biochar-derived sample (FS7) consistently exhibited higher arsenic removal, con-
firming the advantage of the pyrolyzed precursor. Composites synthesized with
FeCl3·6H2O + FeSO4·7H2O mixture (e.g., FS2–FS10) showed excellent performance. FS1,
synthesized with FeSO4(NH4)2SO4·6H2O, also demonstrated consistently high arsenic
removal, though FS2–FS10 were superior overall.

In contrast, parameters such as precursor particle size and the use of an N2 atmosphere,
did not produce significant, consistent differences in arsenic removal efficiency across the
tested conditions.

This research is particularly relevant to real-world conditions. It targets the acidic to
near-neutral pH range, which is most commonly found in arsenic-contaminated ground-
water or industrial wastewater, thereby ensuring immediate environmental applicability.
However, the study did not explore the adsorbent’s performance in neutral or alkaline
conditions, which may be encountered in some real-world water sources. Future research
could expand the pH range to assess the adsorbent’s versatility and effectiveness under
varying environmental conditions.

3.5. Fuzzy Logic Optimization of Adsorbent Performance Using MiFREN

Referring to the results of arsenic removal, the network architecture of the MiFREN
was initially constructed, as shown in Figure 4.

Figure 4. The network architecture of the MiFREN model utilizing normalized adsorption capacity
(qeN) and experimental weight vectors (w) for the assessment of arsenic removal efficiency.

The MiFREN utilized the normalized adsorption capacity, denoted as qeN, as its pri-
mary input variable. This normalized metric served as a standardized measure of removal
performance, allowing for consistent comparison across all experimental conditions.

The network architecture processed this input through two node functions. The
second function employed a predefined weight vector, w = [0.5, 0.6, 0.7, 0.85, 1]T, which was
assigned to correspond with the five distinct experimental setups (EXP I–V). These weights
prioritize the influence of the respective experiments, enabling the model to effectively
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capture and interpret the variations in arsenic removal efficiency under different operational
parameters (e.g., pH, concentration, dose).

Furthermore, the linguistic variables within the fuzzy inference system were defined
by a set of membership functions, µ_(L-Z). The design and distribution of these functions,
which translated the crisp input value (qeN) into fuzzy sets (e.g., “Low,” “Medium,” “High”
removal), were graphically detailed in Figure 5. These functions were fundamental to
establishing the intuitive, rule-based relationships between adsorption performance and
the synthesis variables, ultimately facilitating a robust assessment and optimization of
the process.

Figure 5. Architecture of the MiFREN model: input membership functions (µ_(L-Z)) for the normal-
ized adsorption capacity (qeN).

Within the MiFREN architecture, the performance index Qr was computed as a
weighted sum of fuzzy rule outputs. The quality index Qr was determined according to
the Equation (5):

Qr = ∑16
j=1 β jϕj (5)

Here, βj represents the weight parameter associated with the jth fuzzy rule. These
weights are crucial as they quantify the relative importance or contribution of each specific
rule to the final overall performance score. The term ϕj denotes the basis function for the
jth rule. This function is the mathematical core of the fuzzy logic, calculating the degree
to which a given input activates a specific rule. In this implementation, the basis function
is defined as the product of two membership function evaluations: ϕj = µL(f 1)·µS(wf2).
This formulation allows the model to simultaneously evaluate the input against two
different linguistic concepts (e.g., “Large” and “Small”) that are defined by their respective
membership functions µL and µS.

To streamline the model for this specific application, the functions f 1(qeN) and f 2(qeN)
were both designated as unity functions. This was a purposeful simplification that means
the input to the membership functions is the normalized adsorption capacity qeN itself, with-
out any further transformation. Consequently, the basis function ϕj simplifies from its gen-
eral form to a more direct and computationally efficient expression: ϕj = µL(qeN)·µS(w·qeN).
This simplified form retains the essential fuzzy logic operation of combining two member-
ship evaluations while being explicitly tailored to process the qeN input. Therefore, referring
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to the network architecture in Figure 5, the basis functions were conducted as established
in the Equations (6)–(8).

ϕ1 = µL(qeN)µL(wqeN) (6)

ϕ8 = µS(qeN)µM(wqeN) (7)

and
ϕ16 = µZ(qeN)µZ(wqeN) (8)

This configuration means that the activation of each fuzzy rule is determined by
comparing the measured adsorption performance (qeN) against two predefined fuzzy
sets, with one of the evaluations being scaled by the experiment-specific weight vec-
tor w. The weighted sum of these activations across all rules yields the final, robust
performance index Qr.

Furthermore, the nonlinear relationship between Qr and qeN, which highlights the
advantage of MiFREN in capturing complex interactions, is demonstrated by the plots
in Figure 6. This capability underscores the network’s effectiveness in modeling intricate
dependencies between variables, further validating its application in performance analysis.

Figure 6. Nonlinear relation between performance index ( Qr) and adsorption performance ( qeN).

The relationship between qeN and the MiFREN-derived performance index (Qr) was
presented in Figure 6. The results demonstrated a distinct nonlinear correlation between
these parameters. This nonlinearity confirmed that the arsenic removal efficiency is gov-
erned by complex, interdependent relationships among the experimental variables, rather
than by simple, linear dependencies.

The performance index ( Qr), derived from the MiFREN model, integrates the ad-
sorption performance across all experimental conditions to provide a definitive ranking
of the synthesized adsorbents. As shown in Figure 7, composite FS7 achieved the highest
Qr value, establishing it as the most effective adsorbent, closely followed by FS2 and FS5.
The superior performance of FS2 can be attributed to its previously discussed physical
structure and chemical properties. In stark contrast, FS10 registered a significantly lower
Qr value, confirming its limited effectiveness compared to other samples. These obser-
vations align with the trends in arsenic removal efficiency, emphasizing the influence of
factors such as material properties, particle size, and preparation methods on the overall
adsorption performance.
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Figure 7. Ranking of adsorbent performance (FS1–FS10) for arsenic removal based on the fuzzy logic
performance index ( Qr).

3.6. Kinetic Model Fitting for Arsenic Adsorption

The kinetic behavior of arsenic adsorption onto the magnetic biochar composites (FS4,
FS7, and FS8) is illustrated in Figure 8. All three samples exhibited a similar two-stage
adsorption profile: a rapid initial uptake occurring within the first 30–60 min, followed by
a slower, gradual increase approaching equilibrium over the remaining 600 min. While
the final adsorption capacities were comparable across all composites (13.0–14.0 mg/g),
FS7 achieved the highest value. Regarding reaction rates, FS4 displayed the steepest initial
slope, indicating the fastest uptake, whereas FS8 showed a slightly more gradual onset.

Figure 8. Adsorption kinetics of arsenic onto FS4, FS7, and FS8 fitted with Pseudo-first order,
Pseudo-second order, and Elovich models.
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To elucidate the adsorption mechanism, the experimental data were fitted to three
kinetic models: Pseudo-First Order (PFO), Pseudo-Second Order (PSO), and the Elovich
model. The calculated kinetic parameters and error analysis values (R2 and RMSE) are
summarized in Table 2. As seen in Figure 8, both PFO (red line) and PSO (green line) models
predicted a premature plateau, underestimating the adsorption capacity at extended contact
times. The Elovich model (blue line) provided the best fit for all three adsorbents. The
R2 values were significantly higher, ranging from 0.8708 to 0.9640, and the RMSE values
were the lowest among the tested models (0.2791–0.6040 mg/g). The Elovich curve closely
tracked the experimental data points throughout both the fast initial phase and the slower
continuous uptake phase.

Table 2. Kinetic parameters and error analysis for the adsorption of arsenic onto FS4, FS7, and FS8.

Kinetic Model Parameter Unit FS4 FS7 FS8

Pseudo-First
Order (PFO) qe mg/g 11.973 12.115 11.842

k1 1/min (or min−1) 0.1023 0.1145 0.0722
R2 - 0.4572 0.2614 0.3725

RMSE mg/g 1.0831 1.4441 1.5025

Pseudo-Second
Order (PSO) qe mg/g 12.520 12.737 12.604

k2 g/(mg·min) (or mg−1·min−1) 0.0115 0.0111 0.0072
R2 - 0.7346 0.5512 0.6590

RMSE mg/g 0.7573 1.1258 1.1076

Elovich Model beta (β) g/mg 0.8178 0.7522 0.6461
alpha (α) mg/(g·min) 94.545 55.323 13.555

R2 - 0.9640 0.8708 0.9205
RMSE mg/g 0.2791 0.6040 0.5348

3.7. Desorption and Regeneration Studies
3.7.1. Effect of Desorbing Agents on Arsenic Recovery

The regeneration of FS7 using alkaline desorbing agents (NaOH and KOH) achieved
the highest arsenic desorption efficiencies (69–96% for 0.1 M NaOH/KOH at 2–4 h). This
high efficiency is attributed to hydroxide-driven disruption of Fe–O–As bonds and surface
charge reversal, with 0.1 M NaOH at 4 h identified as the optimal condition [45]. While HCl
showed moderate efficiency (23–32%), NaCl was largely ineffective (<4%), highlighting
the dominance of pH-dependent mechanisms over ionic strength. Notably, higher con-
centrations (e.g., 0.2 M NaOH or 2 M KOH) did not consistently improve performance,
confirming that optimal desorption occurs at 0.1 M for 2–4 h.

3.7.2. Reusability and Regeneration Cycles

The stability and performance of the FS7 composite over six consecutive adsorption–
desorption cycles are presented in Figure 9.

In the first cycle, FS7 exhibited excellent remediation potential, achieving 93% arsenic
removal with an adsorption capacity of 3.2 mg/g. A gradual, non-precipitous decline in
performance was observed across subsequent cycles. By Cycle 3, the removal efficiency re-
mained robust at 89%. Even by the final cycle (Cycle 6), the adsorbent retained a significant
removal efficiency of 71% and a capacity of 2.0 mg/g. A sharp fluctuation was observed in
Cycle 2, where the qe value dropped to ~2.3 mg/g before recovering to ~2.7 mg/g in Cycle 3.
Despite rigorous chemical processing—alternating between acidic adsorption (pH 3.0) and

https://doi.org/10.3390/technologies14010043

https://doi.org/10.3390/technologies14010043


Technologies 2026, 14, 43 16 of 26

strongly basic desorption (0.1 M NaOH)—the composite successfully maintained over 70%
of its initial functionality after six full cycles.

Figure 9. Reusability of the FS7 adsorbent for Arsenic removal over six consecutive adsorption–
desorption cycles.

3.7.3. Structural Stability Analysis of FS7 After Desorption

Figure 10 illustrates the XRD patterns for magnetic biochar (FS7) and the material
recovered after six adsorption–desorption cycles (FS7-D6). After six cycles of arsenic
loading and 0.1 M NaOH regeneration, the XRD profile remained highly consistent with the
pristine sample. All characteristic magnetite peaks were preserved, and no new crystalline
phases (e.g., hematite or goethite) were detected. However, a slight decrease in peak
intensity and a marginal increase in background noise were observed compared to the
fresh material.

Figure 10. X-ray diffraction (XRD) patterns of the pristine FS7 nanocomposite and the regenerated
material (FS7-D6) after six consecutive adsorption–desorption cycles.
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3.8. Application of FS7 Nanocomposite for Arsenic Remediation in Real Groundwater
3.8.1. Groundwater Analysis and Arsenic Contamination

The groundwater from the Main Aquifer in the La Laguna Region, Mexico, presents
a significant remediation challenge. Analysis reveals an initial arsenic concentration of
0.075 mg/L, which is nearly 8 times higher than the WHO and Mexican regulatory limit
of 0.01 mg/L. The water is characterized by a highly alkaline pH of 11.11, low hardness
(5.4 mg/L), and moderate total solids (267.0 mg/L). Major ions include Na+, Cl−, and
SO4

2−, while other heavy metals (Cd, Pb, Cr, etc.) remain below detection limits.

3.8.2. Influence of pH on Adsorption Performance

The FS7 magnetic biochar demonstrated a distinct pH-dependent performance com-
pared to the PM adsorbent. As shown in Figure 11, FS7 reached its maximum efficiency
at pH 5.0, achieving ≈ 100% arsenic removal with an adsorption capacity of 0.038 mg/g.
In contrast, the PM material was significantly less effective, removing only 10% of arsenic
under the same conditions.

Figure 11. Effect of pH adjustment on Arsenic removal efficiency and adsorption capacity from real
groundwater samples (La Laguna Region) using FS7 composite and pristine biochar (PM).

4. Discussion
4.1. Impact of Synthesis Parameters on Magnetic Phase Crystallinity

The XRD analysis provides critical insights into how the synthesis parameters influ-
enced the formation and quality of the Fe3O4 magnetic phase. The results confirms that
precursor type, Fe:Precursor ratio, and iron salt selection are the dominant factors control-
ling Fe3O4 crystallinity. The superior crystallinity observed in the biochar-derived sample
(FS7) is attributed to the more stable and graphitic carbon matrix formed during pyrolysis.
This matrix provides a superior scaffold for the nucleation and growth of well-defined
Fe3O4 nanocrystals compared to the raw, amorphous lignocellulosic biomass [30,46]. The
presence of a carbon structure from both raw biomass and biochar effectively aids in the
dispersion and formation of Fe3O4 nanoparticles.

The standard mixture of FeCl3·6H2O and FeSO4·7H2O (used in FS2–FS10) proved
more effective than the ammonium-based salt FeSO4(NH4)2SO4·6H2O used in FS1. The
distinct pattern for FS1 suggests the ammonium ions or the specific solubility limits of
Mohr’s salt interfered with the co-precipitation mechanism required to form the spinel
structure, likely resulting in non-magnetic iron hydroxide intermediates. The FeSO4·7H2O
promotes the formation of better-crystallized Fe3O4 particles [38].

Conversely, several parameters had a negligible structural impact within the tested
range. Comparing samples synthesized under ambient air (FS2, FS3, FS8) with those under
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N2 protection (FS4, FS5, FS6), no significant structural difference was observed. Both sets
exhibit clear characteristic magnetite peaks. This finding is significant as it suggests the
co-precipitation onto the biomass matrix is robust enough to form magnetite even without
an inert atmosphere. This characteristic considerably enhances the industrial scalability of
the process by simplifying its operational requirements. A comparison of FS2 with FS3 and
FS5 with FS6 revealed that initial particle size of the biomass precursor had a negligible
impact on Fe3O4 formation. This indicates that the co-precipitation reaction is primarily
governed by solution chemistry and the chemical functionalization of the carbon matrix,
rather than the solid precursor’s macroscopic surface area [22].

In this study, synthesis variations directly influenced the crystallite size, which is con-
sistent with reported literature where crystallite sizes range from 9.9 nm in iron-manganese
modified carbons [47] to 40.74 nm in leaf-derived biochars [48].

Variations in iron sources (e.g., Mohr’s salt vs. standard chlorides) and Fe2+/Fe3+

ratios are primary drivers of growth. As noted by Zhao et al. [22], these ratios determine
the nucleation rate and final particle size. While pyrolysis temperature typically promotes
higher crystallinity and sharper Fe3O4 peaks [48], our results show that at moderate
temperatures, the stabilizer effect of the biochar matrix helps maintain sizes below 20 nm,
preventing excessive agglomeration. The use of activation agents and specific support
materials (like FS7) provides a favorable environment for the high crystallization of Fe3O4

without significantly increasing the crystallite size, thereby strengthening the bond between
the magnetic phase and the carbon matrix [49].

Therefore, the precise control of the precursor type, Fe:Precursor ratio, and iron salt
selection is essential for creating a nanocomposite with a highly crystalline magnetic phase,
which directly enhances adsorption performance. The peak broadening observed across
successful composites (FS2–FS10) is typical for nanoparticle systems, where the limited
crystal growth is attributed to the dispersion of iron nuclei on the rough, amorphous surface
of the pecan nutshell precursor [36,37].

4.2. Impact of Synthesis Parameters on Morphology

The observed spherical Fe3O4 nanoparticles have been observed and characterized
through high-resolution imaging (Figure 2), revealing the nanoscale morphology and
structural transformations, with sizes in a similar range to those found in previous stud-
ies [22,39,50]. The most significant morphological distinction arises from the precursor
type. The raw biomass in FS4 and FS8 serves as a relatively amorphous scaffold, resulting
in nanoparticles deposited primarily on the surface. In contrast, the pre-pyrolyzed biochar
in FS7 possesses a more rigid and intrinsically porous carbon matrix [22]. This structure
acts as a confining template, leading to Fe3O4 nanoparticles that appear better integrated
within the matrix [51].

This integration is crucial as it can enhance stability and increase the accessibility of
active sites by preventing the dense aggregation commonly seen on biomass surfaces [16].
Furthermore, the ubiquitous nanoparticle agglomeration observed across all samples is
consistent with the broadened peaks in the XRD patterns, confirming that the composites
are composed of nanoscale crystallites. The comparison between FS4 (with N2) and FS8
(without N2) reveals that the use of an inert atmosphere during synthesis has no discernible
effect on the final nanoparticle morphology, size, or degree of agglomeration [52]. This
finding aligns with the XRD result, reinforcing the conclusion that the N2 atmosphere plays
a minimal role in defining the physical and crystalline properties of the Fe3O4 nanoparticles
under these specific synthesis conditions.

In conclusion, while the fundamental chemistry of Fe3O4 formation is consistent
across samples, precursor is the paramount factor in engineering a superior composite
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morphology, with biochar yielding a more advanced and potentially higher-performing
adsorbent structure.

4.3. Impact of Synthesis Parameters on Textural Properties

The superior surface area and pore volume of FS7 compared to FS4 and FS8 are direct
consequences of utilizing a biochar precursor. The pyrolysis process creates a rigid, car-
bonaceous scaffold that serves as an effective template for dispersing Fe3O4 nanoparticles
and preventing dense agglomeration—a finding consistent with SEM observations. While
the nitrogen environment used for FS4 also helped mitigate pore collapse compared to
the oxidative environment of FS8, FS7 remains the most texturally developed composite
in this study. However, it is important to note that the specific surface area (SSA) of FS7
(31.49 m2/g) is lower than that of many pristine, non-modified biochars. This reduction is a
well-documented result of pore blockage and surface coverage by Fe3O4 nanoparticles dur-
ing the magnetization process [16,47]. Despite this relative reduction in physical porosity,
FS7 maintains a competitive arsenic adsorption capacity of 12.74 mg/g. This performance
indicates that arsenic removal on these magnetic composites is primarily governed by
chemical sorption and surface complexation with iron-related functional groups rather
than traditional physical adsorption [53]. In this context, the introduction of reactive metal
sites outweighs the limitation of physical surface area. This mechanism is consistent with
recent literature, where magnetic adsorbents with similar SSA ranges (13–40 m2/g) have
demonstrated effective contaminant sequestration through chemical affinity [54]. Conse-
quently, the enhanced textural properties of FS7 facilitate the accessibility of these chemical
sites, providing a synergistic effect that explains its superior performance over FS4 and FS8.

4.4. Evaluation of Adsorption Performance and the Impact of Synthesis Parameters

The stark performance contrast between the composites and the raw precursor
material unequivocally identifies Fe3O4 nanoparticles as the primary active sites for
arsenic adsorption.

The pH-dependent behavior is characteristic of As(V) removal. The maximum effi-
ciency performance at pH 3 is attributed to the protonation of surface hydroxyl groups
on the Fe3O4, creating a positive charge that electrostatically attracts the anionic arsenate
(H2AsO4

−/HAsO4
2−) species [24,55]. As the pH increases to 5, the surface becomes less

protonated, which reduces the electrostatic attraction and causes a decline in efficiency.
The consistently high performance of both biomass and biochar-derived composites

suggests that while the biochar matrix enhances porosity, the presence of well-dispersed
Fe3O4 is the dominant factor for adsorption. The Fe3O4 benefits from the biochar’s de-
veloped porous structure and higher surface area, which facilitates stable attachment and
prevents aggregation, thus enhancing the availability of active sites [24,55,56].

The superior performance of FS7 is primarily attributed to its use of biochar as the
precursor, as opposed to raw biomass. Pyrolysis at 500 ◦C creates a more stable, porous
carbon structure with a higher surface area.

The superior performance of composites with a lower Fe:precursor ratio (e.g., FS1–FS7)
indicates that an appropriate iron loading is critical. Conversely, an excess of precursor (as
in FS8–FS10) hinders adsorption performance. This excess likely leads to agglomeration or
incomplete Fe3O4 coverage, effectively reducing the density of accessible active sites. A 1:1
ratio was identified as most effective under these conditions.

The minimal impact of particle size and N2 atmosphere suggests that within the
studied ranges, the surface chemistry governed by iron oxide prevails over these physical
and procedural factors.
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In conclusion, the adsorption performance is predominantly controlled by the synergy
between solution chemistry (pH) and the density and accessibility of Fe3O4 active sites,
which are optimally engineered through a balanced Fe:precursor ratio.

4.5. Fuzzy Logic Optimization of Adsorbent Performance Using MiFREN

The observed nonlinearity in the Qr versus qeN relationship underscores a key advan-
tage of the MiFREN framework over conventional regression models. While traditional
methods often struggle with complex, multi-parameter interactions, MiFREN successfully
captures these intricate dynamics through its adaptive membership functions and fuzzy
rule-based inference. This allows the model to map how subtle changes in synthesis pa-
rameters (e.g., precursor type, particle size) non-linearly amplify or diminish the final
adsorption performance.

This capability is critical for optimization. The model identifies critical thresholds and
synergistic effects between parameters, revealing where specific adjustments yield the most
significant gains in removal efficiency. Furthermore, this robust handling of nonlinearity
and uncertainty highlights MiFREN’s potential for advanced process control. The frame-
work is not merely a diagnostic tool but a foundation for developing adaptive systems for
real-time monitoring and optimization in water treatment applications, ensuring sustained
efficiency under varying operational conditions.

The Qr ranking provides a robust, data-driven validation of the impact of synthesis
parameters. The superior performance of FS7 is directly attributable to its biochar-based
precursor. The thermal treatment during pyrolysis creates a material with an enhanced
surface area and a mesoporous structure, which facilitates superior dispersion of Fe3O4

nanoparticles and provides more accessible active sites for arsenic binding. The high
ranking of FS2 underscores the effectiveness of refined synthesis from raw biomass, likely
benefiting from its favorable physical structure and chemical composition.

Conversely, the poor performance of FS10 highlights the negative consequences of a
inadequate Fe:precursor ratio. An excess of biomass likely hinders the effective formation
and dispersion of Fe3O4 nanoparticles, reducing the density of active adsorption sites [30].
This clear hierarchy confirms that precursor selection and stoichiometric balance are critical
factors governing adsorption efficacy.

Furthermore, the success of the MiFREN model in generating this reliable performance
index demonstrates its significant advantage over single-condition comparisons. Its ability
to handle complex, multi-parameter data and output a unified performance score under-
scores its potential for optimization in environmental technology. This approach is not only
valuable for arsenic removal but is also readily adaptable to the design and optimization
of adsorbents for a wide range of environmental contaminants, paving the way for more
efficient and sustainable water treatment solutions.

4.6. Adsorption Kinetics and Mechanism

The experimental data for all composites were best described by the Elovich
model, evidenced by the significantly higher coefficient of determination R2 values
ranging from 0.8708 to 0.9640) and the lowest Root Mean Square Error (RMSE) values
(0.2791–0.6040 mg/g) [57,58].

The PSO model plots for FS4 and FS8 exhibit a distinct step-like shape (a rapid rise
followed by a horizontal plateau) that deviates significantly from the experimental data
points in the later stages (100–600 min). This visual discrepancy arises because the PSO
model assumes a homogeneous surface with a definitive equilibrium point. However, the
experimental data shows a continuous, slow adsorption typical of heterogeneous surfaces.
Consequently, the regression algorithm forces a rapid equilibration to minimize statistical
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error, resulting in an unusual fit profile. This failure of the PSO model contrasted with the
excellent fit of the Elovich model (R2 > 0.92)

The superior fit of the Elovich model, compared to the PFO and PSO models, strongly
suggests that the adsorption process involves chemisorption on a highly heterogeneous
surface. The Elovich model assumes that the active sites are heterogeneous in energy,
and the adsorption rate decreases exponentially as the surface coverage increases. This
is strongly supported results, as the composites are Fe3O4 nanoparticles dispersed on a
rough, porous carbon matrix (as seen in the SEM and BET analyses). The PSO model
showed a moderate fit, whereas the PFO model was largely unsuitable for describing the
adsorption kinetics, suggesting that the adsorption mechanism is neither limited by simple
external diffusion nor fully explained by chemisorption on a homogeneous surface [59].
Furthermore, the kinetic studies for all magnetic composites (FS4, FS7, FS8) consistently
revealed a two-stage adsorption profile: a rapid initial uptake followed by a slower, gradual
approach to equilibrium.

The biochar-derived composite, FS7, achieved the highest final capacity (qe ≈ 14.0 mg/g),
which aligns with its superior textural properties as determined by BET analysis. However,
based on the Elovich parameter α (representing the initial adsorption rate), FS4 exhibited
the fastest initial kinetics [16]. This suggests its Fe3O4 sites were potentially more exposed
on the external surface of the raw biomass precursor compared to the more integrated
structure of the biochar-based FS7. The slow second phase suggests intraparticle diffusion
into the porous matrix becomes the rate-limiting step after the easily accessible external
sites are saturated [16,24].

4.7. Desorption and Regeneration Studies
4.7.1. Effect of Desorbing Agents on Arsenic Recovery

Desorption increased with contact time; however, higher alkaline concentrations did
not consistently improve results, potentially leading to material damage. This research
confirms the regeneration potential of biochar with alkaline agents (0.1 M NaOH) for water
treatment, which also emphasize the need for proper waste management and assessment
of adsorbent stability. Future work should explore eco-friendly desorbents and multi-
cycle regeneration.

4.7.2. Reusability and Regeneration Cycles

The ability to regenerate and reuse an adsorbent is a critical determinant of its economic
viability. The results confirm that FS7 possesses high chemical stability. The use of 0.1 M
NaOH as an eluting agent effectively facilitates arsenic desorption through two primary
mechanisms: (1) ion exchange which OH− ions successfully replace adsorbed H2AsO4

−

species on the iron oxide surfaces, and (2) electrostatic repulsion which the high pH
environment shifts the adsorbent surface charge to negative, repelling the anionic arsenic
species into the solution.

These results align with recent findings by Hamid Ali et al. (2022) [16], who reported
that 0.1 M NaOH can achieve up to 96.3% desorption efficiency for As(V) in magnetic
biochar systems.

The sharp drop in qe observed during Cycle 2 can be attributed to experimental
variability in the initial arsenic concentration (C0 = 5.566 ± 0.405 mg/L). Since adsorption
capacity is directly proportional to the initial concentration gradient. Importantly, the
recovery of the qe value in Cycle 3 confirms that the fluctuation in Cycle 2 was an artifact
of concentration variability rather than a permanent loss of active adsorbent sites or a
structural collapse of the magnetite phase.
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The observed reduction in removal efficiency (from ~93% to ~71%) over six cycles is
consistent with similar magnetic biochar studies [60] and can be attributed to the irreversible
chemisorption, physical mass loss, and/or surface degradation [61]. While some efficiency
is lost, retaining > 70% removal capacity after six cycles distinguishes FS7 as a promising,
cost-effective candidate for groundwater treatment.

4.7.3. Structural Stability Analysis of FS7 After Desorption

Despite repeated exposure to pH 3.0 (adsorption) and 0.1 M NaOH (desorption),
the magnetite core did not dissolve or collapse. The persistence of key peaks proves the
material remains structurally intact [16]. The absence of a peak at 33◦ confirms the material
resisted oxidation into hematite or goethite throughout the oxidative stress of six cycles [62].
The minor drop in peak intensity correlates with the decrease in adsorption efficiency from
~93% to ~71%. This is attributed to surface site passivation, minor leaching, or irreversible
chemical binding of arsenic [63]. The retention of the bulk crystal structure confirms that
FS7 is a robust, reusable adsorbent for long-term water treatment applications.

4.8. Application of FS7 Nanocomposite for Arsenic Remediation in Real Groundwater

The superior performance of FS7 at pH 5.0 is primarily driven by the protonation of
the adsorbent surface, which facilitates a strong electrostatic attraction toward dominant
arsenate species like H2AsO4

− and HAsO4
2− [48,55]. This adsorption relies heavily on

chemisorption mechanisms, specifically surface complexation and ligand exchange with
the iron oxide components Fe3O4, making the iron content critical for effective removal
even when physical surface area is limited [53,64]. Practically, the use of FS7 offers the
advantage of magnetic recovery, allowing for facile separation via an external magnetic
field and preventing secondary pollution [22]. However, for successful application in the
La Laguna region, a pre-treatment acidification step to pH 5.0 is mandatory to ensure the
effluent meets the WHO guideline of 10 mg/L.

The presence of major ions in the La Laguna groundwater, specifically Na+, Cl−,
and SO2−

4 is expected to have a negligible impact on arsenic removal. According to the
competitive affinity hierarchy (PO3−

4 > SO2−
4 > CO2−

3 > Cl−, Cl− and SO2−
4 ) exhibit

minimal interference, often resulting in less than a 1% reduction in efficiency [65,66].
Furthermore, monovalent cations like Na+ do not compete for iron-oxide active sites and
may even slightly enhance adsorption by compressing the electrical double layer [67]. These
findings confirm that FS7 maintains high selectivity for arsenic even within a complex
groundwater matrix.

5. Conclusions
This study successfully developed and engineered a magnetic biochar nanocomposite

derived from low-cost pecan shell agricultural waste, demonstrating its significant po-
tential for sustainable arsenic remediation. The co-precipitation method yielded Fe3O4

nanoparticle–biomass and biochar composites with high arsenic affinity. Key factors in-
fluencing arsenic adsorption performance included Fe3O4 loading, precursor type, and
the Fe:precursor ratio. Characterization (XRD, SEM, and BET) confirmed that the precur-
sor type (biochar vs. biomass) and the Fe:precursor ratio were the most critical factors
governing the material’s crystallinity, morphology, and textural properties, which directly
controlled adsorption performance. The Fe3O4 nanoparticles were the primary drivers of
arsenic adsorption.

The Fuzzy Decision Network (MiFREN) approach demonstrated high efficacy in evalu-
ating and differentiating arsenic removal efficiency across varying experimental conditions.
By leveraging normalized removal quality (qeN), tailored weight vectors, and fuzzified
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membership functions, the MiFREN model successfully captured nonlinear interactions
and yielded an interpretable performance index (Qr). For sample differentiation, the results
reveal that FS7 consistently achieved the highest performance. Conversely, the significantly
lower Qr value for FS10 indicated its limited effectiveness, which validates the sensitivity of
the MiFREN model in differentiating sample performances based on synthesis parameters.
Furthermore, Qr quantified a 50.61% difference (or derivation) between the best and worst
samples, which clearly demonstrates the superior capabilities of MiFREN evaluation.

The practical application of the FS7 nanocomposite demonstrated exceptional efficacy
for arsenic remediation in real groundwater from the La Laguna Region, achieving ~100%
As removal at pH 5.0. Regeneration studies confirmed the material’s stability, with the
composite retaining 71% efficiency after six consecutive cycles.

This research resulted in the formulation of crop-derived, magnetic nanocomposites,
environmentally benign and readily recoverable. These adsorbent materials are a highly
promising solution for the remediation of arsenic in water.

The experimental design of this study was based on the strategic evaluation of critical
parameters for arsenic adsorption, selected to represent realistic operating conditions
and ensure the acquisition of comparable data at equilibrium. This intentionally limited
approach aimed to generate a robust, multidimensional dataset to serve as the basis for the
development and validation of the MiFREN artificial intelligence model.

The innovative contribution of this work lies in this computational framework, which,
once trained, is capable of predicting adsorbent performance for a wide range of untested
parameters, elucidating complex nonlinear relationships between synthesis and operat-
ing conditions, and establishing a rational, AI-guided methodology for material design.
Consequently, the scope and predictive power of the MiFREN model significantly tran-
scend the limitations inherent in purely experimental optimization approaches, offering
a powerful and efficient tool for the advanced development of adsorbents applied to
environmental remediation.
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