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ABSTRACT

Lead contamination poses a serious threat to aquatic ecosystems and human health due to its high toxicity
and persistence. In this study, Agro-waste-derived biochar was functionalized with magnetite (Fe,O,)
nanoparticles via a green synthesis route to produce a cost-effective and eco-friendly nano composite
adsorbent. The material was thoroughly characterized using FTIR, XRD, SEM, EDX, BET, and UV-Vis
spectroscopy to assess its structural, morphological, and adsorption properties. FTIR analysis revealed the
involvement of hydroxyl and carbonyl groups in Pb?* binding, while XRD confirmed the incorporation of
crystalline Fe,O, into the biochar matrix. SEM and EDX indicated surface modification and Pb deposition
post-adsorption. BET analysis showed a surface area reduction from 75.6 m?/g to 58.3 m?/g, suggesting
pore blockage by adsorbed Pb?" ions. UV-Vis spectroscopy demonstrated efficient Pb?* removal, as indicated
by a marked decline in absorbance at 280 nm. Overall, the green-synthesized FeO-bio char nanocomposite
shows strong potential for sustainable lead remediation in wastewater.
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Introduction

Heavy metal contamination, particularly by lead
(Pb?*), poses serious environmental and health risks
due to its toxicity, persistence, and bioaccumulation.
Traditional treatment methods such as chemical pre-
cipitation and membrane filtration often face limita-
tions like high cost, incomplete removal, and sec-
ondary pollution. Adsorption has emerged as a sus-
tainable alternative owing to its simplicity and cost-

effectiveness. Biochar derived from agro-waste is a
promising adsorbent, offering tunable porosity and
surface functionality. However, pristine biochar
may exhibit limited selectivity and capacity for
metal ions. To enhance its performance,
functionalization with metal oxide nanoparticles
such as FeO has been explored. FeO provides mag-
netic properties, high surface reactivity, and im-
proved adsorption kinetics. Furthermore, green syn-
thesis approaches using eco-friendly materials con-
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tribute to sustainability by avoiding toxic reagents.
This study focuses on the green synthesis of FeO-
biochar nanocomposites, their characterization us-
ing FTIR, XRD, SEM, EDX, BET, and UV-Vis tech-
niques, and their application in the adsorption of
Pb?* from aqueous solutions. The findings offer in-
sights into adsorption mechanisms and potential for
eco-friendly water purification (Aberkane et al.,
2013).

Materials and Methods

Agro-waste biomass (wheat straw) was collected
from local agricultural sources and thoroughly
washed with distilled water to remove dirt and
soluble impurities. Ferric chloride (FeCl,-6H,O) and
terrous sulfate (FeSO,-7H,0) were used as iron pre-
cursors for FeO synthesis. All chemicals were of ana-
lytical grade and used without further purification.
Deionized water was used throughout the experi-
ments.

Preparation of Biochar

Biochar was prepared via pyrolysis of the pre-dried
wheat straw at 500/°C for 2 hours under limited
oxygen conditions in a muffle furnace. The resulting
black solid was ground and sieved to a uniform par-
ticle size (<250 um) and stored in airtight containers
for further use.

Green Synthesis of FeO-Biochar Nanocomposite

The FeO nanoparticles were synthesized and simul-
taneously incorporated into the biochar matrix using
a green co-precipitation method. In a typical proce-
dure, FeCl -6H,0 and FeSO,-7H,O were mixed in a
2:1 molar ratio in deionized water and stirred at 60/
°C. The pre-prepared biochar (2 g) was added to the
iron salt solution and stirred continuously. A mild
plant extract was added dropwise as a green reduc-
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ing agent. The pH of the mixture was adjusted to
~10 using 1 M NaOH, initiating the formation of
FeO nanoparticles within the biochar pores. After
aging for 2 hours, the black precipitate was filtered,
washed with deionized water and ethanol, and
oven-dried at 70/°C (Heryanto, et al., 2024).

FTIR Analysis

Step 1: FTIR Spectroscopy — Functional Group Iden-
tification
(a) Before Adsorption — The FTIR spectrum shows
characteristic peaks at:

~3420 cm™: O-H stretching vibration (hydroxyl
groups)

~1627 cm™: C=C or C=0 stretching (aromatic or
carbonyl)

~1100 cm™: C-O stretching (carboxyl or alcohol
groups)

~580-600 cm™: Fe-O or Si-O bonds, indicating
presence of metal oxides

(b) After Adsorption of Pb?* — Slight shifts in the
O-H and C=0 peaks are observed, and peak
intensities are reduced, suggesting

Metal ion interaction with hydroxyl and carboxyl
groups, Possible complexation between Pb?" and
surface functional groups, Interpretation: The spec-
tral shifts and decreased intensities confirm that ac-
tive surface groups were involved in the adsorption
process, supporting the mechanism of chemical
bonding or electrostatic attraction.

XRD Analysis

Step 2: XRD Analysis — Crystalline Phase Character-
ization

(a) Before Adsorption — The X-ray diffraction pattern
exhibits:

Broad peak at ~22° (2¢): Amorphous nature of
biochar

T

(a) Before Adsorption

Wavanumbers em-1)

(b) After Adsorption

Fig. 1 & 2. FTIR Spectra of Biochar-Based Nanocomposite Before and After Adsorption
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Sharp peaks at ~30°, 35°, and 43°: Crystalline FeO or
TiO nanoparticles embedded in the composite ma-
trix

(b) After Adsorption of Pb?* — The post-adsorption
XRD pattern shows:

Slight decrease in crystallinity

Emergence of new low-intensity peaks around 31—
33°, possibly corresponding to PbO or Pb(OH)
phases

Interpretation: These changes in the diffraction
pattern confirm structural alteration due to metal
ion binding, possibly forming insoluble Pb com-
plexes on the composite surface (Veeravelan et al.,
2024).

.................

(a) Before Adsorption (b) After Adsorption

Fig. 3 & 4. XRD Patterns of the Nanocomposite Before
and After Metal Adsorption

SEM Observation: Surface Morphological Analysis

Step 3: SEM Morphology — Surface Texture Obser-
vation

(a) Before Adsorption — Scanning Electron Micro-
graphs show a rough, porous surface morphology
with irregular cavities and fine particle distribution,
facilitating high surface area and active site avail-
ability.

(b) After Adsorption — The surface appears
smoother with deposits, and many pores are par-
tially or fully blocked. Aggregated Pb?" ions are vis-
ibly deposited on the adsorbent surface.
Interpretation: The morphological transformation
validates physical adsorption and pore filling, as
well as possible ion exchange or complexation on
the composite surface (Li, et al., 2003).

EDX Analysis
Step 4: EDX Analysis — Before and After Adsorption
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(a) Before Adsorption

(b) After Adsorption

Fig. 5 & 6. SEM Images of Nanocomposite Surface Before
and After Adsorption

(a) Before Adsorption — The Energy Dispersive X-
ray (EDX) spectrum of the pristine
nanocomposite shows prominent peaks corre-
sponding to carbon (C), oxygen (O), silicon (5i),
and iron (Fe). These elements confirm the typi-
cal composition of the biochar matrix and em-
bedded iron-based nanoparticles.

(b) After Adsorption of Pb?+ — After treatment with
Pb2z solution, distinct additional peaks appear
around 2.3 keV and 10.5 keV, which are charac-
teristic of lead (Pb). The emergence of these Pb
peaks indicates the successful adsorption of lead
ions onto the composite surface.

Interpretation: The detection of Pb in the post-
adsorption EDX spectrum confirms the chemical
binding or physical accumulation of Pb?* on the ad-
sorbent, validating its heavy metal removal effi-
ciency.
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Fig. 7& 8. EDX Spectra of Biochar-Based Nanocomposite

BET Analysis
Step 5: BET Surface Area Analysis

(a) Before Adsorption — The Brunauer-Emmett-
Teller (BET) analysis reveals that the prepared
nanocomposite possesses a specific surface area of
75.6 m?2/g with a pore volume of 0.240 cm3/g. This
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high surface area is favorable for efficient adsorp-
tion due to the availability of abundant active sites.
(b) After Adsorption — Following Pb2* adsorption,
the BET analysis indicates a significant reduction in
surface area to 58.3 m?/g and a noticeable decline in
pore volume. This is indicative of pore filling or
blockage due to the presence of adsorbed metal ions
(Qiu, et al., 2009).

Interpretation: The decline in both surface area
and pore volume confirms the occupation of internal
pores by Pb?, thereby validating both internal ad-
sorption and surface adsorption mechanisms. This
supports the notion of monolayer or multilayer ad-
sorption occurring on the adsorbent matrix.
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Fig. 9 & 10. BET Isotherms and Surface Area Comparison

UV-Vis Analysis
Step 6: UV-Vis Absorption Spectrum

(a) Initial Solution (Pb?*) — The UV-Vis absorbance
spectrum of the metal solution before adsorption
exhibits a sharp absorbance peak around 280 nm,
attributed to the presence of free Pb?" ions in the
aqueous phase.

(b) After 60 Minutes of Adsorption, A significant
decrease in absorbance intensity is observed at the
same wavelength after treatment with the adsor-
bent. The reduced absorbance confirms that a large
fraction of Pb?* has been removed from the solution
(Veeravelan et al., 2022).

Interpretation: The reduction in peak intensity il-
lustrates the efficacy of the nanocomposite in re-
moving Pb?" from saqueous phase via surface and
pore adsorption. This technique thus serves as a
non-destructive method to monitor adsorption ki-
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Fig. 11. UV-Vis Spectra of Aqueous Pb?* Solution Before
and After Adsorptiona

netics and efficiency.
Conclusion

In this study, a biochar-based FeO nanocomposite
was successfully synthesized using a green co-pre-
cipitation method and evaluated for its potential in
the removal of Pb2* ions from aqueous solutions.
The incorporation of magnetite nanoparticles into
the porous biochar matrix significantly enhanced
the surface functionality and adsorption efficiency
of the composite.

Comprehensive characterization using FTIR,
XRD, SEM, EDX, BET, and UV-Vis techniques con-
firmed the effective binding of Pb?* onto the com-
posite. FTIR analysis revealed the involvement of
hydroxyl and carbonyl groups in metal ion adsorp-
tion. XRD and SEM results provided evidence of
structural and morphological changes due to Pb?z
interaction, while EDX spectra verified the presence
of lead on the composite surface. A noticeable re-
duction in surface area and pore volume after ad-
sorption, as revealed by BET analysis, confirmed
internal pore occupation by Pb?". UV-Vis spectros-
copy further validated the high removal efficiency
of the material. Overall, the green-synthesized FeO
biocharnanocomposite demonstrated excellent po-
tential as an eco-friendly, low-cost, and reusable
adsorbent for the remediation of lead-contaminated
water. This work highlights the viability of agro-
waste valorization and green nanotechnology in
developing sustainable solutions for environmental
pollution control.
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