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ABSTRACT 

This study evaluated the antifungal efficacy of oil palm finger bioash-supported ZnO Nanocomposites 

(OPfBA-ZnO NCs) synthesized via chemical bath deposition as a sustainable nanomaterial for 

dermatophytosis management. The bioash and nanocomposites were characterized using EDX, 

Brunauer-Emmett-Teller (BET), UV–Vis, Raman, and Fourier transform infrared (FTIR) analyses. 

Antifungal activity was assessed against eight clinically important dermatophyte species. EDX revealed 

that the bioash contained abundant K (42.5 wt%), Ca (18.97 wt%), Si (5.33 wt%), and Ag (2.15 wt%), 

while BET confirmed a mesoporous structure (155.9 m²/g; pore diameter ≈2.13 nm). The NCs exhibited 

pH-dependent optical properties with bandgap energies of 3.48–4.10 eV. Raman and FTIR analyses 

confirmed successful integration of bioash constituents into the ZnO matrix. The OPfBA-ZnO NCs 

showed broad-spectrum antifungal activity with inhibition zones of 10.11–26.80 mm, while the bioash 

alone produced 13.13–30.87 mm. The eco-friendly OPfBA-ZnO nanocomposite demonstrated promising 

anti-dermatophytic activity and potential for topical antifungal, antimicrobial coating, and 

environmental remediation applications. 

 

Keywords— ZnO, Bioash, Nanocomposites, Antifungi, Doping 

 

I. INTRODUCTION 

The rising global burden of fungal infections, compounded by the emergence of antifungal-resistant strains, 

has intensified the search for alternative antimicrobial agents capable of circumventing conventional 

resistance mechanisms [1]. Fungal pathogens such as Candida albicans, Aspergillus niger, and Fusarium 

species are responsible for significant morbidity and mortality, particularly among immune-compromised 

populations, making the development of novel antifungal materials a pressing biomedical priority [2]. 
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In recent years, metal oxide Nanocomposites have attracted considerable attention as broad-spectrum 

antimicrobial agents owing to their unique physicochemical properties at the nanoscale [3]. Among these, 

ZnO NCs stand out as a particularly promising candidate for biomedical applications due to their wide 

bandgap (~3.37 eV), high exciton binding energy (60 meV), excellent biocompatibility, and intrinsic 

antimicrobial activity [4]. ZnO has been classified as a "generally recognized as safe" (GRAS) material by 

the United States Food and Drug Administration, further underscoring its suitability for therapeutic and 

biomedical use [5]. 

 

The antifungal efficacy of ZnO NCs has been demonstrated against a range of pathogenic fungi, including 

Candida albicans, Aspergillus flavus, Aspergillus fumigatus, and Penicillium species [6]. The primary 

mechanism underlying this activity involves the generation of reactive oxygen species (ROS), including 

superoxide anions, hydroxyl radicals, and singlet oxygen, which induce oxidative stress, lipid peroxidation, 

membrane disruption, and ultimately cell death in fungal organisms. Lipovsky et al. [7] demonstrated that 

the antifungal action of ZnO NCs against C. albicans is substantially mediated by ROS, with near-complete 

elimination of antifungal activity upon addition of ROS quenchers.  Djearamane et al. [8] further showed 

that ZnO NCs cause dose-dependent morphological alterations on C. albicans cell surfaces, including 

hyphal damage, cell wall pitting, and membrane rupture. 

 

A key strategy for enhancing the antimicrobial performance of ZnO NCs is doping, which is the deliberate 

introduction of foreign ions into the ZnO crystal lattice. Doping modifies the electronic band structure, 

increases lattice defects and oxygen vacancies, and enhances ROS generation, thereby amplifying 

antimicrobial activity. Several studies have demonstrated the efficacy of this approach using transition 

metals and rare earth elements as dopants. Ding et al. [9] reported that tantalum-doped ZnO 

Nanocomposites exhibit significantly improved bactericidal efficacy compared to pure ZnO, attributed to 

enhanced surface bioactivity and increased electrostatic interactions. Manganese-doped ZnO NCs has been 

documented to display superior antimicrobial activity compared to undoped ZnO, with minimum lethal 

concentrations as low as 40 μg/mL against E. coli and C. albicans [10]. Ogwuegbu et al. [11] recently 

reported that cobalt-doped ZnO NCs synthesized via a green route exhibited enhanced antifungal properties 

against Aspergillus niger, Mucor mucedo, and Penicillium chrysogenum, with minimum inhibitory 

concentrations as low as 0.03 mg/mL. These findings collectively establish that the choice of dopant plays 

a critical role in modulating the structural, optical, and biological properties of ZnO nanostructures. 
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While metallic and rare-earth dopants have been widely explored, the use of bioash, the mineral residue 

obtained from the combustion of biomass — as a dopant source remains largely uninvestigated. Bioash is 

an abundant, low-cost waste product rich in essential elements such as potassium, calcium, magnesium, 

phosphorus, and various trace metals, whose composition varies with biomass feedstock. The incorporation 

of bioash-derived elements into the ZnO matrix presents a novel and sustainable approach that 

simultaneously addresses the dual challenges of waste valorization and functional nanomaterial 

development. Biomass-derived precursors rich in phosphorus, nitrogen, and other heteroatoms can serve as 

effective green dopants for ZnO, enhancing visible-light absorption and modifying electronic properties 

[12].  

 

The synthesis technique also significantly influences the morphology, crystallinity, and functional 

properties of ZnO nanostructures. Chemical bath deposition (CBD) is a wet chemical method that operates 

at relatively low temperatures (typically below 100°C), requires minimal instrumentation, and enables 

controlled deposition of nanocrystalline materials with good reproducibility [13]. Controlling growth 

parameters such as pH, temperature, and precursor concentration, CBD allows fine-tuning of ZnO 

morphology from nano-flowers to nano-flakes with well-defined crystalline hexagonal structures [14] Koao 

et al. [15] further showed that CBD is amenable to the incorporation of dopant ions (e.g., Tb³⁺) into the 

ZnO lattice, with systematic effects on grain size, optical properties, and luminescence. These attributes 

make CBD particularly attractive for the synthesis of doped ZnO Nanocomposites, as it facilitates uniform 

dopant incorporation under mild aqueous conditions that are compatible with the dissolution of bioash 

constituents. 

 

Despite the extensive literature on ZnO NCs and their antimicrobial applications, a significant research gap 

exists at the intersection of bioash doping, chemical bath deposition synthesis, and antifungal evaluation 

for biomedical applications. The present study therefore investigates, the antifungal potentials of bioash-

doped ZnO Nanocomposites prepared by the chemical bath deposition technique. The structural, 

morphological, and optical properties of the synthesized Nanocomposites and the dopant were 

characterized, and their antifungal activity is evaluated against clinically relevant fungal pathogens. This 

work aims to contribute a sustainable, cost-effective nanomaterial platform with enhanced antifungal 

properties for potential biomedical applications, while simultaneously demonstrating the viability of 

biomass waste-derived materials as functional dopant sources in nanotechnology. 
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II. MATERIALS AND METHODS 

A. Sampling and preparation 

Oil palm (elaeis guineensis Jacq.) fingers were collected from the Federal Polytechnic Ado-Ekiti 

community. The bioash was prepared, following the procedure adapted from our previous studies [16] 

except that pyrolysis temperature was increased to 250 ±1oC with a resident time of 30min. The sample 

was later kept in a dessicator for further characterization and use. Similarly, reagents, glass substrate and 

bath preparation methods were adapted from our previous study with slight modification [16]. 

B. Sample characterization 

Optical properties of the dopant and the bioash-supported NCs were studied using Uv-visible 

spectrophotometer (Jenway, 7315 Spectrophotometer) at wavelength ranges 200 – 1000 nm. Structural and 

microstructural properties of both dopant and doped NCs were investigated using FTIR (Agilent 

technologies) at 4000 – 650 cm-1 and Raman spectrophotometer (ProRaman-L-785-BIS Ser. No.196166) 

respectively. Surface morphology and textural characteristics of the both samples were evaluated using 

SEM model Phenom ProX, by phenomWorld Einhoven, The Netherlands) and BET specific surface area 

analyzer (Quantadrome Nova 2200E BET) respectively. 

C. Antifungal studies 

Antifungal activity of prepared both samples were determined by using agar well dilution method as 

described by Marzher et al. [17]. Briefly, a 72 h old-cultured growth of fungal organisms was dislodged 

with 10 mL of 1 % Toluene solution to harvest the spores and form suspension that was adjusted to a density 

of 4 X 105 spores per mL compared with 0.5 McFarland standard. Mueller Hinton Agar was prepared 

according to manufacturer prescription. A 6 mm diameter and 4 mm depth was bored on the prepared 

Mueller Hinton Agar using cork- borer. A 0.1mL (100 μL) antifungal agent each was dispensed into the 

bored hole. The plates were incubated at room temperatures for 72 hours. The diameter inhibition zones 

were measured using graduated meter rule and mean diameter of the inhibition zones. 
 

III. RESULTS AND DISCUSSION 

A. Optical characterization 

The UV–visible spectrum of the bioash (Figures 1a) exhibits a broad absorption profile, cutting across the 

UV and visible regions (≈250–1000 nm), with a pronounced peak around ~500 nm and secondary features 

near ~600–900 nm, indicating the presence of conjugated π–π* and n–π* electronic transitions associated  

with carbonaceous and oxygenated functional groups [18]. The strong absorption in the UV region suggests  
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high photon-harvesting capability, while the extended tail into the visible region reflects defect states and 

surface functionalities typical of bio-derived ash materials. Such optical behavior implies that FBfBA can 

effectively act as a sensitizer and defect-inducing dopant when incorporated into ZnO, reducing electron–

hole recombination and enhancing light absorption into the visible range. This is particularly advantageous 

for antifungal activity, as improved charge separation promotes the generation of reactive oxygen species 

(ROS), which are critical for disrupting fungal cell membranes and metabolic pathways [19]. Additionally, 

the presence of surface functional groups can facilitate Zn²⁺ ion interaction and improve nanoparticle 

dispersion and adhesion to microbial surfaces. Beyond antifungal applications, these properties make 

FBfBA a promising dopant for photocatalysis, environmental remediation, and optoelectronic devices.  

On the other hand, optimization studies were carried out at various deposition parameters to investigate the 

optimal deposition conditions and results presented in figures 1b and c. Figure 1b summarily show the 

effect change in pH on the properties of the as-deposited bioash-doped ZnO NCs. Except for pH 8 which 

absorbed in the visible region, all other films absorbed maximally in the Uv-region of the spectrum at 350 

nm, indicating hypsochromic shift. This is also similar to what obtained for the samples doped with biochar-

doped and also in the work reported by Casa et al., [20].  Shoulder of peak position around 350 nm gives 

evidence that the as-prepared particles are in the nanometer range [20]. Therefore, the red shift or absorption 

in visible region can be said to be due to certain defects like oxygen deficiency causing oxygen vacancy 

between zinc and oxygen interstitials [21]. 

All the as-deposited bioash doped ZnO NCs have wide bandgap energies (Figure 1c) in the range of 3.48 – 

4.10 eV. This is similar to the values reported by Khan et al., [22] and has possible application in 

optoelectronic industries. Wide bandgap semiconductors with a bandgap especially the ones >3 eV offer 

possible solutions because the wider bandgap allows them to withstand rapid switching frequencies and 

high power loads while maintaining insulating properties. Additionally, wide bandgap semiconductors have 

the advantage of stability at high temperatures, working under high voltages and currents, and exhibit high 

carrier density and mobility. As we know, bandgap is the minimum amount of energy needed to free an 

electron from its bond, and differs depending on the semiconductor material. Hence, low band gap materials 

have the advantage of absorbing low-energy photons, whereas high band gap materials can use high-energy 

photons [22]. The improvement in the optical bandgap energies could be linked to our earlier submission 

of multiple metals doping, which either reduces or boosts the bandgap and properties [23].  
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Refractive index of the as-deposited films were in the range 2.44 – 2.64 (Figure 2a), which were in tandem 

with the range values reported by Bolarinwa et al., [24] and Hu, [25] respectively for oxygen-deficient and 

nearly stoichiometric ZnO. Figure 2b showed a continuous decrease of extinction coefficient with the 

increase in photon energy except for pH 9 and 10 which increased at photon energy of 4.13 eV and 

continuously dropped. However, the reverse was the case for optical conductivity (Figure 2d) which 

dropped at photon energy of 4.13 eV and then increased. Similarly, graph of the dielectric (Figure 2c) shows 

the same trend as that of the conductivity. The sharp increase in the conductivity and dielectric constant 

around the bandgap can be attributed to the strong interaction between the photon and electron. The optical 

dielectric constant is a marker for the attraction of grains to light [26].  
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Figure 1: Plot of absorbance (a) Absorbance of the bioash-dopant (b) Doped ZnO NCs at 

different pH (c) Bandgap evaluation 
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B. Structural and microstructural analysis 

The prepared bioash were characterized using FTIR so as to ascertain the organic functional groups and 

complexes present in the biomass by comparing the vibration frequencies in wave numbers of the sample 

spectrograph obtained from an FT-IR spectrophotometer with those of an IR correlation chart. The  bioash 

showed strong vibrational bands at 2981.9 cm-1 and 2083.6 cm-1 corresponding to the existence of C-H and 

N=C=S stretching of alkane and isothiocyanate for FBBA. There was also a medium band at 1636.3 cm-1 

which corresponds to the C=C stretching of conjugated alkenes. Other bands were found at 1457.4 cm-1,  
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Figure 2: Plot of (a) Refractive index (b) Extinction coefficient (K) (c) Real dielectric constant 

(d) Optical conductivity spectra 



                                                              

9 
 

Journal of Pure and Applied Sciences (JPAS), 
Volume 2, Issue 2, Page 1-18, 2026 

 

1401.5 cm-1 and 990.3 cm-1 which are related to strong C-H bending of the alkyls, strong bending of S=O 

stretching (sulphonyl chloride) and C=C bending of alkene.  

Figure 4 is the Raman spectrum of the bioash-supported ZnO Nanocomposites. Result show that it exhibited 

distinct vibrational features that confirm the successful formation of ZnO with bio-derived surface 

functionalities. The prominent high-intensity peak observed at ~2872 cm⁻¹ is attributable to C–H stretching 

vibrations, indicating the presence of residual organic moieties from the bioash matrix. These surface-bound 

functional groups are crucial, as they can enhance nanoparticle stability and facilitate interaction with 

microbial cell membranes [27]. The band around ~1776 cm⁻¹ can be assigned to C=O stretching vibrations, 

further supporting the incorporation of oxygenated functional groups from the bio-template. 

In the lower wavenumber region, peaks around ~684 cm⁻¹ and ~834 cm⁻¹ are characteristic of Zn–O lattice 

vibrations, confirming the crystalline formation of ZnO. The peak near ~412 cm⁻¹ corresponds to the E₂ 

(high) mode of hexagonal wurtzite ZnO, which is a signature Raman-active mode indicating good 

crystallinity and phase purity [28]. The relatively broad but discernible bands suggest nanoscale crystallite 

size and slight lattice distortions, likely induced by bioash incorporation. The coexistence of ZnO phonon 

modes and bioorganic functional groups demonstrates a successful hybrid structure, where the bioash not 

only acts as a support but also modifies the surface chemistry of ZnO Nanocomposites. 

From an application standpoint, these structural and surface features strongly support the antifungal 

potential of the material. The nanoscale ZnO provides a high surface area for reactive oxygen species (ROS) 

generation, a key mechanism in antifungal activity [29]. Meanwhile, the bioash-derived functional groups 

enhance adhesion to fungal cell walls and may facilitate sustained release of Zn²⁺ ions. Additionally, the 

defect states implied by peak broadening can promote electron–hole separation, further boosting reactive 

oxygen species (ROS) production under ambient or photo-activated conditions. Overall, the Raman analysis 

confirms the formation of a structurally integrated, bio-functionalized ZnO nanocomposite with enhanced 

surface reactivity, making it a promising candidate for antifungal applications in biomedical and 

environmental systems. 

 

 

 

 



                                                              

10 
 

Journal of Pure and Applied Sciences (JPAS), 
Volume 2, Issue 2, Page 1-18, 2026 

 

 

 

 

 

 

 

 

 

 

 

C. Elemental and surface morphology of the dopant 

The EDX elemental composition of the oil palm fingers bioash reveals a mineral-rich dopant dominated by 

potassium (42.5 wt%), calcium (18.97 wt%), and chlorine (14.05 wt%), with notable amounts of silicon 

(5.33 wt%), phosphorus (3.82 wt%), zinc (2.31 wt%), and silver (2.15 wt%), alongside trace quantities of 

magnesium, aluminium, iron, sulphur, sodium, and carbon. This multi-element composition makes the 

bioash an exceptionally suitable support for ZnO NCs because the heterovalent cations, particularly Ca²⁺, 

K⁺, and Mg²⁺; can substitute into or interact with the ZnO wurtzite lattice, creating crystalline defects such  

Figure 3: FTIR spectra of the Bioash-dopant 

Figure 4: Raman Spectra of the as-deposited Bioash-doped ZnO NCs at pH 9 
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as zinc vacancies, oxygen vacancies, and interstitial defects that enhance reactive oxygen species (ROS) 

generation, which is the principal mechanism of antifungal action. The presence of silver (2.15 wt%) is 

especially significant, as Ag doping in ZnO has been shown to synergistically amplify antimicrobial 

activity, with 5% Ag/ZnO identified as optimal for antifungal efficacy as it facilitates charge separation that 

boosts ROS production and releasing Ag⁺ ions that directly damage fungal cell membranes [30]. The silicon 

content (5.33 wt%) further adds value, as silica can form a protective coating on ZnO that improves 

colloidal stability and biocompatibility while maintaining antifungal efficacy, making the composite 

suitable for agricultural and biomedical applications [31]. Collectively, this naturally derived multi-element 

dopant profile eliminates the need for expensive synthetic precursors and provides a synergistic cocktail of 

antimicrobial, photocatalytic, and surface-modifying elements that render the bioash-doped ZnO NCs a 

cost-effective, eco-friendly, and potent antifungal nanocomposite with broad-spectrum applicability [32].  

 

Table 1: EDX Elemental compositions of the Bioash-dopant 

Element No Symbol Name  Sample and weight conc.  

                                 FBfBA 

19 K Potassium  42.5 

 6 C Carbon 2.38 

20 Ca Calcium 18.97 

17 Cl Chlorine 14.05 

14 Si Silicon 5.33 

15 P Phosphorus 3.82 

16 S Sulphur 1.83 

12 Mg Magnesium 2.28 

13 Al Aluminum  0.29 

8 O Oxygen 0.41 

11 Na Sodium 0.12 

26 Fe Iron  0.36 

47 Ag Silver  2.15 

30 Zn Zinc 2.31 

Others - - 3.90 

Total - - 100 
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Figure 5 is the SEM micrograph of the bioash-dopant which revealed a highly heterogeneous, irregular 

morphology, composed of agglomerated particles with rough surfaces and an interconnected porous 

framework. The presence of micro- to meso-scale pores and fissures indicates incomplete carbonization 

and the retention of volatile-derived voids, which significantly enhance surface area and active site 

availability [33]. This textural complexity is advantageous for doping ZnO Nanocomposites, as it promotes 

strong interfacial anchoring, improved dispersion, and efficient charge transfer between the bioash matrix 

and ZnO. The porous and defect-rich structure can facilitate adsorption of oxygen and moisture, thereby 

enhancing reactive oxygen species (ROS) generation, a key mechanism underpinning antifungal activity 

[34]. Additionally, these structural attributes make the bioash a promising candidate for applications in 

photocatalysis, environmental remediation, adsorption of pollutants, and as a support material in energy 

storage systems. 

D. N2 Adsorption 

The BET surface area analysis of the oil palm fingers bioash, prepared via slow pyrolysis at 250°C for 30 

minutes. Figure 6 reveals a moderate specific surface area of 155.9 m²/g, a total pore volume of 0.076 cc/g, 

and an average pore diameter of 2.13 nm, which classifies it as a mesoporous material. This level of surface 

area, derived from the Type IV isotherm with a characteristic hysteresis loop (visible in the provided plot), 

suggests a well-developed porous structure composed primarily of mesopores, which is favorable for acting 

as a support or dopant [35]. The moderate surface area and mesoporous nature make this bioash highly 

suitable as a dopant for ZnO Nanocomposites, as it can provide abundant anchoring sites to prevent 

nanoparticle agglomeration and enhance the composite's active surface area for antifungal activity [36]. 

Furthermore, the carbon-rich and mineralized structure of such bioash can improve the charge separation 

and stability of ZnO under light irradiation, extending its potential applications to photocatalytic 

degradation of organic pollutants, gas sensing, and as a reinforcing filler in polymer composites. 

 

 

 

 

 

 

 

 

 

 Figure 5: SEM Micrograph of the oil palm bioash-dopant 
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E. Antifungal investigation 

Table 2 reveals that both the bioash-doped ZnO NCs and the bioash-dopant exhibited appreciable antifungal 

activity against all eight tested dermatophyte species, with inhibition zone diameters ranging from 10.11 to 

26.80 mm for the doped ZnO and 13.13 to 30.87 mm for the bioash alone. Notably, the bioash consistently 

produced larger inhibition zones than the bioash-doped ZnO NCs across all fungal species, suggesting that 

the mineral-rich bioash, which contains silica, potassium, calcium, and magnesium oxides, possesses 

intrinsic antifungal potency, likely attributable to its ultra-alkaline nature and direct ion-mediated disruption 

of fungal cell membranes. Both materials showed the strongest activity against Trichophyton schoenleinii 

(26.33 and 30.87 mm), T. mentagrophyte (26.80 and 28.60 mm), and T. rubrum (26.41 and 27.66 mm), 

which are clinically significant anthropophilic dermatophytes responsible for tinea capitis and tinea 

corporis, which are consistent with the known susceptibility of Trichophyton species to ZnO-based 

Nanocomposites. Conversely, T. violaceum (10.11 mm) and Microsporum canis (10.88 mm) were the least 

susceptible to the doped ZnO NCs, indicating species-dependent resistance that may relate to differences 

in cell wall composition and ergosterol content. The slightly reduced inhibition zones of the doped ZnO 

NCs relative to the bioash alone do not diminish their significance; rather, doping introduces the advantage 

of reactive oxygen species (ROS) generation and bandgap-tunable photocatalytic activity that the bioash 

lacks, enabling a dual-mechanism antifungal action (direct contact killing plus ROS-mediated oxidative  

Figure 6: BET specific surface area plot of the empty Oil Palm Fruit bunch fingers bioash 



                                                              

14 
 

Journal of Pure and Applied Sciences (JPAS), 
Volume 2, Issue 2, Page 1-18, 2026 

 

stress) particularly useful under UV or visible light exposure [37]. Overall, the inhibition diameters 

recorded, many exceeding 15 mm, compare favorably with values reported for other doped ZnO systems 

against dermatophytes and even standard antifungals like griseofulvin, confirming the therapeutic relevance 

of this bioash-doped ZnO nanocomposite [38]. These results support the potential application of the bioash-

doped ZnO NCs not only as topical antifungal agents against dermatophytosis, but also in antibacterial 

textile coatings, photocatalytic water treatment, and agricultural antifungal formulations where sustained 

antimicrobial activity is desired.  

 

   Table 2: Zones inhibition of the bioash-doped-ZnO NCs and Bioash on fungi species  

Fungal Species Bioash-doped ZnO NCs (mm) Bioash (mm) 

Trichophyton verrucosum 12.33 ± 0.13ᵇ 18.31 ± 0.00ᵃ 

Trichophyton rubrum 26.41 ± 0.00ᵃ 27.66 ± 0.00ᵃ 

Trichophyton soudanense 15.37 ± 0.00ᵇ 26.31 ± 0.12ᵃ 

Trichophyton tonsurans 18.77 ± 0.22ᵇ 25.67 ± 0.00ᵃ 

Trichophyton violaceum 10.11 ± 0.40ᵇ 19.55 ± 0.00ᵃ 

Microsporum canis 10.88 ± 0.00ᵇ 13.13 ± 0.00ᵃ 

Trichophyton schoenleinii 26.33 ± 0.00ᵇ 30.87 ± 0.00ᵃ 

Trichophyton mentagrophytes 26.80 ± 0.20ᵃ 28.60 ± 0.00ᵃ 

Values are expressed as mean ± SD (n = 3). Means within a row bearing different superscript letters (a,b) are 

significantly different at p < 0.05 according to Student's t-test. Overall paired t-test comparison between Bioash-doped 

ZnO NCs and Bioash showed a significant difference (t = 3.73, p = 0.007). 

 

IV. CONCLUSION 

In conclusion, this study successfully demonstrated that oil palm fingers bioash (OPfBA), a low-cost 

agricultural waste, serves as an effective multi-element dopant and mesoporous support for ZnO 

Nanocomposites, yielding a structurally integrated hybrid nanocomposite with broad-spectrum antifungal 

activity against eight clinically relevant dermatophyte species. The dual antifungal mechanism — 

combining direct ion-mediated membrane disruption from the mineral-rich bioash with reactive oxygen 

species generation from defect-engineered ZnO — produced inhibition zones (up to 26.80 mm for doped 

ZnO NCs and 30.87 mm for bioash) that rival conventional antifungals, offering a viable alternative amid 

rising drug resistance. The valorization of oil palm biomass waste into a functional nanomaterial directly 

advances several United Nations Sustainable Development Goals, particularly SDG 3, 9,12, and 13. This  
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work therefore establishes a sustainable, circular-economy paradigm in which agro-industrial waste is 

transformed into multifunctional nanomaterials that simultaneously address public health, environmental 

remediation, and industrial innovation challenges. 
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