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ABSTRACT

This study compares pristine biochar (BC) with graphene-biochar nanocomposites (GBC) synthesized using
green and economical methods for multi-metal adsorption. FTIR, XRD, SEM-EDX, BET, and UV-Vis analyses
confirmed that graphene incorporation significantly enhanced surface area, porosity, and functional groups
in GBC. Adsorption tests for Pb?z, Cd?z, and Crvz showed that GBC achieved much higher removal
efficiencies and Langmuir monolayer capacities than BC. Kinetic modeling indicated pseudo-second-order
chemisorption. Overall, GBC demonstrates strong potential as a high-performance, sustainable adsorbent
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Introduction

Heavy metals such as Pb?, Cd?*, and Cr** are persis-
tent environmental contaminants known for their
toxicity, carcinogenicity, and ability to
bioaccumulate. Industrial activities like electroplat-
ing, mining, battery production, and tanning release
these metals into water systems, where their re-
moval becomes difficult due to their chemical stabil-
ity (Heryanto, et al., 2025). Biochar is widely studied
as a low-cost, eco-friendly adsorbent, but its moder-
ate surface area and limited active sites restrict its
efficiency. Incorporating grapheme a two dimen-
sional material with exceptional surface area and

reactivity can significantly enhance the performance
of biochar. The resulting graphene-biochar
nanocomposites (GBC) combine biochar’s porosity
with graphene’s surface functionality, offering im-
proved metal adsorption potential (Setiawan et al.,
2025). This work provides a comparative evaluation
of BC and GBC, emphasizing their structural differ-
ences, adsorption behavior toward multiple heavy
metals, and the mechanisms driving improved
metal uptake.

Synthesis of Biochar (BC)

Agricultural biomass was washed, dried at 80 °C,
ground, and pyrolyzed at 500 °C for 2 hours under
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limited oxygen. The obtained biochar was washed,
dried, and stored.

Synthesis of Graphene-Biochar Nanocomposites
(GBQ)

Graphene oxide (GO) was prepared using a modi-
fied Hummers method. Biochar was mixed with GO
(1:1 w/w) and ultrasonicated for 60 min, then hy-
drothermally treated at 180 °C for 12 hours to re-
duce GO and form the composite (Veeravelan. K et
al., 2024). The product was filtered, washed, dried,
and powdered.

Characterization

FTIR identified functional groups, XRD examined
structural ordering, and SEM-EDX analyzed mor-
phology and elemental composition. BET deter-
mined surface area and porosity, while UV-Vis con-
firmed GO reduction to graphene in the composite.

Results and Discussion

Structural and Surface Characterization

The BC spectrum shows characteristic functional
groups including O-H stretching (3400-3200 cm™),
C=0 stretching (1700-1600 cm™), aromatic C=C
(1580-1500 cm™), and C-O vibrations (1100-1000
cm). In the GBC spectrum, enhancement of oxy-
genated functional groups and sharpening of the
aromatic C=C band confirm successful integration
and partial reduction of graphene oxide onto the
biochar matrix. These modifications indicate im-
proved surface chemistry supporting enhanced
metal ion adsorption.

The BC sample exhibits a broad diffraction peak
around 20 = 2224°, corresponding to the amorphous
carbon structure with low graphitization. In con-

Table 1. FTIR Functional Groups Identified
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Fig. 1. FTIR spectra of pristine biochar (BC) and
graphene-biochar nanocomposite (GBC).

trast, the GBC pattern shows a sharper and more
intense peak near 20 = 24°, indicating improved
structural ordering due to the incorporation and
partial reduction of graphene oxide. A secondary
broad feature around 42-44° further confirms the
formation of layered graphitic domains. The en-
hanced crystallinity and graphitic stacking in GBC
support improved adsorption performance by offer-
ing more active sites and conductive pathways
(Akouibaa, et al., 2024).
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Fig. 2. XRD patterns of biochar (BC) and graphene-
biochar nanocomposite (GBC)

The BC sample displays a Type IV isotherm with
an H3 hysteresis loop, indicating the presence of
mesoporous structures formed during pyrolysis. In

S.No Wavenumber (cm™) Biochar (BC)

Graphene-Biochar (GBC)

1 3400-3200 O-H stretching
2 1700-1600 C=0 stretching
3 1580-1500 Aromatic C=C

4 1100-1000 C-O stretching

Enhanced O-H, sharper
Stronger C=0

Sharper C=C (graphene)
Increased intensity

Table 2. XRD Peak Summary

S.No 2e(° Biochar (BC) Graphene-Biochar (GBC)
1 22-24 Broad amorphous carbon peak Sharper peak indicating graphitic ordering
2 42-44 Weak carbon band Graphene layered structure peak
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Table 3. BET Surface Area and Porosity
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S. Parameter Biochar ~Graphene-Biochar Improvement (%)

No (BC) (GBC)

1 Surface area (m?2/g) 68 192 182%

2 Pore volume (cm?3/g) 0.21 0.46 119%

3 Average pore diameter (nm) 12.3 8.7 Reduced — improved microporosity

contrast, the GBC sample exhibits a significantly
larger adsorption volume and a more pronounced
hysteresis loop, reflecting increased mesoporosity
and enhanced surface texturing due to graphene in-
corporation. The BET surface area increases from 68
m?/g for BC to 192 m?/g for GBC, accompanied by
higher pore volume and reduced average pore di-
ameter. These improvements confirm that graphene
loading effectively enhances pore accessibility and
provides abundant active sites favorable for multi-
metal adsorption.

Nitrogen Adsorption-Desorption Isotherms (BET)
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Fig. 3. Nitrogen adsorption—-desorption isotherms and
BET surface area analysis of biochar (BC) and
graphene-biochar nanocomposite (GBC)

Table 4. Langmuir Adsorption Capacities (qmax)

S. No Metal Ion BC (mg/g) GBC (mg/g)
1 Pb%z 92 168
2 Cd2z 71 142
3 Crvz 54 126

SEM

The BC sample exhibits a rough, heterogeneous sur-
face with irregular pores and fragmented carbon-
aceous structures typical of pyrolyzed biomass. In
contrast, the GBC micrograph shows uniformly dis-
tributed, wrinkled graphene sheets anchored onto
the biochar surface, forming a highly interconnected
porous network. The appearance of layered nano
sheets and increased surface roughness in GBC con-
firms successful graphene incorporation, providing

additional active adsorption sites and enhanced
structural accessibility for heavy-metal uptake
(Sharma, et al., 2024).

Graphene-biochar
nanocomposites 1 um

Fig. 4. SEM micrographs of pristine biochar (BC) and
graphene-biochar nanocomposite (GBC)

Conclusion

The comparative study clearly indicates that
graphene-biochar nanocomposites provide substan-
tial improvements in structural, chemical, and ad-
sorption characteristics compared with pristine
biochar. GBC demonstrated significantly higher sur-
face area, increased porosity, and a richer array of
functional groups, enabling 1.6-2.3 enhanced ad-
sorption of Pb?*, Cd?", and Cr®. These findings high-
light GBC as a robust, scalable, and high-perfor-
mance adsorbent for wastewater treatment applica-
tions, with potential for integration into industrial
effluent management systems.
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