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ABSTRACT 

The development of sustainable nanomaterials from renewable biomass has gained attention in environmental 
nanotechnology. This is due to their low-cost production, functional surface properties, and potential biological and 
environmental applications. In the present study, coconut shell, an abundant lignocellulosic agro waste, was utilized as a 
precursor for the green synthesis of nanobiochar with antibacterial potential against selected pathogenic microorganisms. 
Coconut shell-derived biochar was produced through controlled pyrolysis, followed by chemical activation, acid purification, 
mechanical ball milling, ultrasonication, and particle-size fractionation to obtain nanobiochar. The synthesized nanomaterial 
was characterized using Fourier Transform Infrared Spectroscopy (FTIR), Dynamic Light Scattering (DLS), X-ray 
Diffraction (XRD), Scanning Electron Microscopy and Energy Dispersive X-ray analysis (SEM-EDAX). The FTIR analysis 
confirmed the presence of hydroxyl, carbonyl, aromatic, phenolic, and C–O functional groups, indicating chemically active 
surface moieties. The DLS analysis showed an average particle size of 308 nm, confirming the nanoscale formation. While 
the XRD revealed a predominantly amorphous to semi-amorphous carbon structure with limited graphitic ordering, the 
SEM–EDAX demonstrated rough, irregular, flake-like morphology with mineral-associated elemental composition. The 
antibacterial activity of nanobiochar was evaluated using agar well diffusion method against Escherichia coli, 
Staphylococcus aureus, Bacillus subtilis, and Pseudomonas aeruginosa. A dose-dependent increase in inhibition zones was 
observed from 25 µL to 100 µL, with the highest activity against Staphylococcus aureus. The findings suggest that coconut 
shell-derived nanobiochar is a promising green nanomaterial for microbial control, supporting its relevance in environmental, 
biological, and sustainable nanotechnology applications. 

Keywords: Coconut shell; Nanobiochar; Green synthesis; Environmental nanotechnology; Sustainable environment; 
Antibacterial activity. 

 

1. INTRODUCTION 

The rapid spread of pathogenic bacteria and the 
increasing emergence of antimicrobial resistance have 
become major concerns for public health, environmental 
safety, and food security (Kannan et al. 2024). 
Conventional antibiotics and chemical disinfectants are 
gradually losing effectiveness due to resistance 
development, biofilm formation, and microbial 
adaptation (Hasan et al. 2024). In addition, many 
synthetic antibacterial agents are associated with 
ecological drawbacks such as toxic residues, poor 
biodegradability, and long-term environmental 
persistence (Polianciuc et al. 2020). These limitations 
have created a strong need for sustainable, low-toxicity, 
and effective antibacterial materials that can control 
microbial contamination through alternative mechanisms 
(Ren et al. 2026). 

In recent years, biomass-derived carbon 

nanomaterials have gained attention because of their 

renewable origin, surface reactivity, tunable structure, 

and environmental compatibility (Guchhait et al. 2024). 

Among these materials, nanobiochar has emerged as a 

promising antibacterial candidate due to its porous 

carbon structure, high surface area, reactive functional 

groups, and ability to interact with microbial cells (Singh 

et al. 2026). Biochar is generally produced through the 

thermochemical conversion of biomass under oxygen-

limited conditions (Pal and Mahmood, 2026; Li et al. 

2026). When converted into nanoscale particles, its 

surface area, dispersibility, and number of active sites 

increase significantly, thereby improving its interaction 

with bacterial membranes and enhancing its potential 

biological activity (Bhandari et al. 2023). The choice of 

biomass precursor is important because it strongly 
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influences the physicochemical and antibacterial 

properties of nanobiochar. Coconut shell is an ideal 

feedstock due to its high lignin content, high fixed carbon 

fraction, low ash content, mechanical strength, and 

favorable pyrolytic behavior (Chaubey et al. 2024). It is 

also widely available as an agro-industrial waste, 

especially in tropical and subtropical regions. However, 

coconut shell is often underutilized or disposed of 

through open burning and low-value applications. 

Therefore, converting coconut shell waste into 

nanobiochar provides a sustainable waste-to-resource 

approach that supports biomass valorisation, circular 

bioeconomy, and green material development (Ajien et 

al. 2022). 

The antibacterial activity of nanobiochar is 

mainly attributed to its multi-target mode of action. 

Unlike conventional antibiotics that usually act on 

specific cellular targets, nanobiochar may inhibit 

bacterial growth through surface adsorption, disruption 

of cell membrane integrity, oxidative stress generation, 

nutrient sequestration, and interference with cellular 

metabolism (Urper et al. 2026). Its surface functional 

groups, such as hydroxyl, carboxyl, phenolic, and 

carbonyl groups, may promote electrostatic and 

hydrophobic interactions with bacterial cell walls and 

membranes (De Rossi et al. 2025). These combined 

mechanisms may reduce the likelihood of rapid 

resistance development and make nanobiochar a suitable 

candidate for antibacterial applications (Mridha et al. 

2025). Pathogenic bacteria such as Escherichia coli, 

Staphylococcus aureus, Pseudomonas aeruginosa, 

Salmonella spp., and Klebsiella pneumoniae are 

commonly associated with foodborne infections, 

hospital-acquired infections, wound contamination, and 

waterborne diseases (Kannan et al. 2026; Sahli et al. 

2022). Since Gram-positive and Gram-negative bacteria 

differ in cell wall structure and membrane composition, 

their response to nanobiochar may vary (Beveridge, 

1999). Therefore, evaluating coconut shell-derived 

nanobiochar against representative pathogenic bacteria is 

essential to understand its antibacterial effectiveness and 

possible mechanism of action. In the present study, 

coconut shell-derived nanobiochar was synthesized 

through a sustainable approach and evaluated for its 

antibacterial potential against pathogenic bacteria. The 

synthesized nanobiochar was characterized using 

Dynamic Light Scattering (DLS) for particle-size 

distribution, Scanning Electron Microscopy with Energy 

Dispersive X-ray analysis (SEM-EDAX) for surface 

morphology and elemental composition, X-ray 

Diffraction (XRD) for crystalline nature, and Fourier 

Transform Infrared Spectroscopy (FTIR) for surface 

functional groups. Its antibacterial efficacy was assessed 

using standard microbiological assays such as disc 

diffusion and zone of inhibition methods (Katika and 

Boddu, 2025). This study highlights the potential of 

coconut shell waste as a renewable precursor for 

developing green antibacterial nanomaterials and 

contributes to the broader field of sustainable 

nanobiotechnology. 

2. METHODOLOGY 

2.1 Preparation of Coconut Shell Biomass 

The coconut shells were collected from local 

shops and sun dried for 7 days to remove moisture and 

avoid fungal growth. After drying, the shells were 

manually broken into small pieces using a clean hammer. 

The shell fragments were washed with tap water followed 

by and distilled water until all the dirt and debris were 

removed. The washed pieces were dried in a hot air oven 

at 80 ℃ for 24 hours to get an oven-dried biomass 

(Nuryana et al. 2020). The dried coconut shell pieces 

were then ground into smaller particles using a 

mechanical grinder and sieved to obtain uniform particle 

size (Chadar, 2025).  

2.1.1 Production of Coconut Shell Biochar 

The dried coconut shell powder was pyrolysed 

in an oxygen-starved environment. A ceramic crucible 

with a lid was filled with about 100 g of dried coconut 

shell powder and heated in a muffle furnace to 400-500 

℃ at 2-3 hours. The absence of oxygen favoured the 

pyrolysis of biomass to produce biochar. Once pyrolysis 

was complete, the furnace was cooled down to room 

temperature. The resulting black carbon product was 

carefully removed, crushed and kept in a sealed container 

for future use (Da Silva et al. 2024). 

2.2 Purification of Biochar 

The prepared biochar was chemically activated 

using potassium hydroxide through an alkali 

impregnation method. Briefly, biochar and KOH were 

mixed at a 1:1 weight ratio in 100 mL of deionized water 

and stirred continuously for 4 hours at room temperature 

to ensure uniform activation. The resulting slurry was 

dried at 80 ℃ overnight and subsequently reheated at 500 

℃ for 1 hour under limited oxygen conditions. After 

cooling, the activated biochar was washed thoroughly 

with 0.1 M HCl to remove residual inorganic impurities 

and unreacted KOH. Washing continued until neutral pH 

was achieved, followed by rinsing with deionized water 

and oven-drying at 80 ℃ for 12 hours (Fan and Zhang, 

2025). 

2.3 Preparation of Nanobiochar  

The dried activated biochar was further 

processed to obtain nanobiochar through mechanical size 

reduction and ultrasonic dispersion. Briefly, the activated 

biochar powder was subjected to planetary ball milling at 

300 rpm for 4 hours using zirconia milling jars and balls 

to reduce the particle size to the nanoscale range. The 

resulting milled powder was then dispersed in ethanol at 
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a concentration of 10 g L-1 and ultrasonicated in a bath 

sonicator for 1 hour to break down particle aggregates 

and improve dispersion stability. After sonication, the 

suspension was centrifuged at 3000 rpm for 10 minutes 

to separate larger particles from the finer fraction. The 

supernatant containing uniformly dispersed nanobiochar 

particles was carefully collected. Ethanol was 

subsequently removed by rotary evaporation at 60 ℃, 

and the concentrated nanobiochar fraction was oven-

dried at 80 ℃ for 6 hour (Fig. 1). The final nanobiochar 

powder was stored in airtight vials for characterization 

and further experimental applications (Naghdi et al. 

2017). 

2.4 Characterization of Synthesised 
Nanobiochar  

The synthesized coconut shell-derived 

nanobiochar was characterized using standard analytical 

techniques to confirm its nanoscale properties, structural 

features, surface morphology, elemental composition, 

and functional groups. Dynamic Light Scattering 

analysis was performed to determine the average particle 

size distribution and dispersion stability of the 

nanobiochar suspension. X-ray Diffraction analysis was 

used to evaluate the crystalline or amorphous nature of 

the synthesized nanobiochar. Surface morphology and 

particle structure were examined using SEM-EDAX 

analysis coupled with SEM was employed to determine 

the elemental composition of the sample. Fourier 

Transform Infrared Spectroscopy was carried out to 

identify the major surface functional groups present on 

the nanobiochar, including hydroxyl, carbonyl, carboxyl, 

and aromatic groups. These characterization techniques 

collectively confirmed the successful synthesis, 

nanoscale formation, and physicochemical properties of 

coconut shell-derived nanobiochar (Aziz et al. 2023). 

2.5 Application of Nanobiochar for Antibacterial 
Activity  

The antibacterial activity of coconut shell-

derived nanobiochar was assessed against Escherichia 

coli, Staphylococcus spp., Bacillus spp., and 

Pseudomonas spp. using the agar well diffusion method. 

Fresh bacterial cultures were maintained on nutrient agar 

slants and sub-cultured before analysis. The bacterial 

suspension was adjusted to standard turbidity and 

uniformly swabbed onto sterile nutrient agar plates. Wells 

were prepared aseptically using a sterile corkborer, and 

nanobiochar suspension was added into each well. Plates 

were incubated at 37 ℃ for 24 hours. A standard 

antibiotic was maintained as positive control, while 

sterile distilled water served as negative control. 

Antibacterial activity was recorded by measuring 

inhibition zones in millimetres, similar to the way 

recorded by Sisay et al. (2023). 

3. RESULTS AND DISCUSSION  

3.1 Synthesis of Nanobiochar  

Nanobiochar was successfully synthesized from 

coconut shell biomass through sequential drying, 

crushing, pyrolysis, chemical activation, acid washing, 

ball milling, ultrasonication, centrifugation, and ethanol 

removal, as illustrated in Fig.  1. The final product 

appeared as a fine, dark carbonaceous powder, 

confirming the effective transformation of coconut shell 

waste into value-added nanobiochar suitable for further 

characterization by FTIR, SEM–EDAX, XRD, and DLS. 

 

Fig. 1. Schematic representation of coconut shell-derived nanobiochar synthesis process 
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3.2 Characterization of Surface Functional 
Groups Using FTIR Spectroscopy 

The FTIR spectrum of coconut shell derived 

nanobiochar reveals several characteristic peaks, 

confirming the successful conversion of lignocellulosic 

biomass into a functional carbonaceous nanomaterial. 

The weak bands around 3138–3004 cm-1 indicate the 

presence of surface hydroxyl groups and hydrogen-

bonded –OH stretching, which may originate from 

residual phenolic, alcoholic, or adsorbed moisture groups 

(Zhou et al. 2022). The peaks observed at 2117 and 2001 

cm-1 may be assigned to carbonized structural features, 

with the 2117 cm-1 peak corresponding to possible C≡C 

stretching vibrations and the 2001 cm-1 peak indicating 

C=C=N stretching or combination/overtone peaks 

associated with condensed aromatic carbon frameworks 

(Nandiyanto et al. 2019).  A strong peak at 1602 cm-1 

suggests conjugated C=O groups, indicating the 

formation of stable aromatic domains during pyrolysis 

(Coates, 2000).  Peaks at 1498, 1416, and 1382 cm-1 

correspond to aromatic skeletal vibration, C–H bending, 

and phenolic/carboxylate-related groups (Al-Omran et 

al. 2023).  The intense peaks between 1282 and 1047 cm-

1 are associated with C–O, C–O–C, and phenolic 

stretching vibrations, reflecting oxygenated surface 

functionality (Alemdar et al. 2005). Lower-frequency 

peaks at 916, 831, and 764 cm-1 indicate aromatic C–H 

out-of-plane bending (Morsch et al. 2016). Overall, the 

spectrum confirms that coconut shell nanobiochar 

contains aromatic carbon networks with abundant 

oxygen-containing functional groups, supporting its 

surface reactivity and adsorption potential. 

 

Fig. 2: FTIR spectrum of nanobiochar synthesised using 
coconut shell  

3.3 Dynamic Light Scattering 

Dynamic light scattering was employed to 

determine the hydrodynamic diameter and particle-size 

distribution of the synthesized nanobiochar in colloidal 

suspension by measuring Brownian motion–induced 

fluctuations in scattered light intensity. The nanoparticles 

exhibited a z-average diameter of 308 nm, confirming 

their nanoscale dimension and indicating moderate 

dispersion stability (Fig. 3). 

 

Fig. 3: Dynamic Light Scattering (DLS) analysis graph of 
synthesized nanobiochar 

3.4 XRD Patterns of Nanobiochar Synthesised 
Using Coconut Shell  

The XRD pattern of coconut shell–derived 

nanobiochar shows a predominantly broad and low-

intensity diffraction profile, confirming the formation of 

an amorphous carbonaceous structure after pyrolysis, 

chemical activation, acid washing, ball milling, and 

ultrasonication. Several weak crystalline reflections were 

observed at approximately 2θ = 5.0°, 6.3°, 8.3°, 11.0°, 

12.6°, 15.6°, and 16.8°, which may be tentatively indexed 

to low-order planes such as (001), (010), (011), (020), 

(021), (110), and (111), indicating the presence of 

residual ordered carbon domains or trace mineral-

associated phases (Koutenaei et al. 2022; Aftab et al. 

2022; (Özgün et al. 2025). The broader reflections 

around 23.8° and 25.5° can be indexed to the (002) lattice 

plane, characteristic of turbostratic or partially 

graphitized carbon structures. The peak near 35° may be 

assigned to the (100)/(101) plane, suggesting limited in-

plane ordering of aromatic carbon layers (Fig. 4). The 

absence of sharp, highly intense peaks indicates poor 

long-range crystallinity, which is typical for biochar-

derived nanomaterials (Ngernyen et al. 2023). The XRD 

results confirm that the synthesized nanobiochar 

possesses a semi-amorphous carbon framework with 

limited graphitic ordering, a structural feature favorable 

for high surface reactivity and adsorption behaviour. 

3.5 SEM Coupled with EDAX of Coconut Shell-
derived Nanobiochar 

The SEM micrographs of coconut shell-derived 

nanobiochar revealed an irregular, fragmented, and rough 

surface morphology with flake-like carbonaceous 

particles distributed over a heterogeneous matrix. The 

surface showed visible grooves, cracks, layered textures, 

and fine particulate deposits, indicating that pyrolysis, 
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chemical activation, acid washing, ball milling, and 

ultrasonication effectively disrupted the original 

lignocellulosic structure. The presence of broken flakes 

and small agglomerated particles suggests successful size 

reduction and formation of nanobiochar with increased 

surface irregularity, which may enhance surface 

reactivity, adsorption sites, and interactions (Fig. 5a & 

5b). The EDAX spectrum confirmed the mineral-rich 

nature of the synthesized nanobiochar. The major 

elements detected were Si (38.56 wt%) and O (31.92 

wt%), followed by Zn (13.03 wt%), Cl (12.03 wt%), P 

(3.53 wt%), and Al (0.93 wt%) (Fig. 5c). The strong 

oxygen signal supports the presence of oxygen-

containing functional groups, consistent with FTIR 

observations, while Si, P, Al, and Cl indicate residual 

inorganic/ash-associated components derived from 

coconut shell biomass and processing steps. Carbon was 

not prominently quantified in the displayed EDAX table, 

possibly due to instrumental setting or carbon-

tape/background exclusion. Thus, SEM–EDAX confirms 

the successful development of structurally rough, 

mineral-associated nanobiochar with reactive surface 

characteristics. 

 

Fig. 4: XRD pattern of nanobiochar synthesised using 
coconut shell 

 

(a) 

 

(b) 

 

(c) 

Fig. 5. (a)  SEM image of coconut shell-derived nanobiochar 
at 2.62 KX magnification (b) SEM image at 3.55 KX 
magnification and (c) EDX spectrum of coconut shell-
derived nanobiochar  

3.6 In vitro Antibacterial Activity Assay 

The antibacterial activity of coconut shell-

derived nanobiochar showed a clear dose-dependent 

response against all tested bacterial strains. The 

inhibition zone increased progressively with increasing 

nanobiochar volume from 25 µL to 100 µL, indicating 

that higher nanobiochar loading enhanced antibacterial 

efficacy. Among the tested organisms, Staphylococcus 

aureus. showed the highest sensitivity, followed by 

Bacillus subtilis, Escherichia coli, and Pseudomonas 

aeruginosa. The comparatively stronger inhibition 

against Gram-positive bacteria may be related to their 

relatively simpler cell wall structure, whereas the lower 

response of Pseudomonas aeruginosa may be associated 

with its higher intrinsic resistance and protective outer 

membrane characteristics (Sathe et al. 2023). 

Table 1. Antibacterial activity of coconut shell-derived 
nanobiochar 

Bacterial 

Strain 

25 

µL 

50 

µL 

75 

µL 

100 

µL 

Positive 

Control 

Negative 

Control 

Escherichia 

coli 

7.6 

± 

0.3 

10.4 

± 0.4 

13.2 

± 

0.5 

15.6 

± 

0.5 

26.4 ± 

0.7 
0.0 ± 0.0 

Staphylococcus 

aureus 

9.8 

± 

0.4 

13.1 

± 0.5 

16.4 

± 

0.6 

19.1 

± 

0.6 

30.2 ± 

0.8 
0.0 ± 0.0 

Bacillus 

subtilis 

8.9 

± 

0.3 

12.2 

± 0.4 

15.3 

± 

0.5 

17.4 

± 

0.5 

28.5 ± 

0.7 
0.0 ± 0.0 

Pseudomonas 

aeruginosa 

6.5 

± 

0.2 

8.9 ± 

0.3 

11.1 

± 

0.4 

13.2 

± 

0.4 

24.3 ± 

0.6 
0.0 ± 0.0 

At the maximum tested dose of 100 µL, the 

nanobiochar produced inhibition zones ranging from 

13.2 ± 0.4 mm to 19.1 ± 0.6 mm, confirming its 
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promising antibacterial potential (Table 1). The positive 

control exhibited the highest inhibition zones, validating 

the assay, while the negative control showed no inhibition 

(Fig. 6). The results suggest that coconut shell-derived 

nanobiochar possesses concentration-dependent 

antibacterial activity and may be considered a sustainable 

bio-based nanomaterial for antimicrobial applications. 

 

Fig. 5: Antibacterial activity of coconut shell-derived 
nanobiochar 

4. CONCLUSION 

The present study successfully demonstrated the 

green synthesis of coconut shell-derived nanobiochar as 

a sustainable and low-cost antibacterial nanomaterial. 

The characterization results confirmed the formation of 

functional nanobiochar with reactive surface groups, 

nanoscale particle distribution, semi-amorphous carbon 

structure, rough surface morphology, and mineral-

associated elemental composition. FTIR indicated the 

presence of hydroxyl, carbonyl, aromatic, and C–O 

functional groups, while DLS confirmed nanoscale 

formation. XRD revealed a largely amorphous carbon 

framework, and SEM–EDAX showed irregular, flake-

like particles with surface features that may enhance 

microbial interaction. The antibacterial assay revealed a 

clear concentration-dependent inhibition against 

Escherichia coli, Staphylococcus aureus, Bacillus 

subtilis, and Pseudomonas aeruginosa, with the strongest 

activity observed against Staphylococcus aureus. These 

findings suggest that coconut shell waste can be 

effectively converted into value-added nanobiochar for 

antimicrobial applications. Further studies should 

evaluate its mechanism of antibacterial action, 

cytotoxicity, long-term stability, activity against broader 

microbial strains, and practical application in water 

treatment, biomedical coatings, and environmental 

disinfection systems. 
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