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ABSTRACT  

Mg₀.₉₁Fe₀.₉O nanoparticles were synthesized via a controlled sol–gel method to investigate their structural, optical, and 

antibacterial properties, with a focus on the impact of Mg and Fe ion deficiencies. Structural analysis by X-ray diffraction (XRD) 

confirmed the formation of a single-phase spinel structure with a crystallite size in the nanometer range, consistent with high 

surface reactivity. Lattice parameters, space group (Fd-3m), and d-spacing values matched standard JCPDS data, confirming 

structural stability despite nonstoichiometry. Optical characterization using UV–Vis spectroscopy revealed strong absorption in 

the visible region, with a Tauc plot–derived direct band gap of 3.85 eV, indicating potential photocatalytic antibacterial 

contributions. 

Antibacterial activity against Escherichia coli (Gram-negative) was assessed using two complementary methods: the agar 

diffusion method (ADM) and the spread plate method (SPM). ADM demonstrated a pronounced inhibition zone of 22.0 ± 0.5 

mm, indicating strong bactericidal efficacy. SPM results confirmed substantial antibacterial performance, with viable colony 

counts reduced to 320, 100, and 25 CFU/mL at dilutions of 10⁻³, 10⁻⁴, and 10⁻⁵, respectively, corresponding to an average 2.73 log 

reduction and 99.82% bacterial reduction compared to the control. Statistical analysis revealed no significant difference between 

ADM and SPM outcomes (p > 0.05), although ADM provided more consistent inhibition measurements, while SPM offered 

precise quantitative verification. 

The integration of structural, optical, and microbiological analyses demonstrates that defect-engineered Mg₀.₉₁Fe₀.₉O nanoparticles 

(NPs)possess high stability, tunable optical properties, and potent antibacterial activity. These results suggest promising potential 

for applications in antimicrobial coatings, water purification, and environmental remediation, with future research recommended 

on Gram-positive bacteria, cytotoxicity, and in vivo biocompatibility. 

Keywords: Mg₀.₉₁Fe₀.₉O (NPs), XRD, Eg, absorption curve, antibacterial activity 

INTRODUCTION 

Magnesium ferrite (MgFe₂O₄) and its nonstoichiometric derivatives have attracted considerable attention due to their versatile 

physicochemical properties, structural stability, and wide range of applications in catalysis, sensing, magnetic storage, and 

biomedical systems [1, 2]. The composition Mg₀.₉₁Fe₀.₉O represents a fine-tuned ferrite formulation where the partial deficiency 

of both Mg²⁺ and Fe³⁺ ions can lead to unique defect structures, enhanced surface reactivity, and altered electronic band 

configurations—features linked to improved optical absorption and antibacterial performance [3, 4]. In the nanocrystalline form, 

these materials offer increased surface-to-volume ratios, facilitating stronger interactions with bacterial membranes and promoting 

reactive oxygen species (ROS) generation [4, 5]. Among synthesis approaches, the sol–gel method is particularly advantageous 

for producing Mg–Fe–O nanoparticles with controlled stoichiometry, homogeneous cation distribution, and narrow particle size 

distribution [6, 7]. This wet-chemical route enables precise control over precursor chemistry, gelation conditions, and calcination 

parameters, all critically influencing crystallinity, porosity, and surface area [6-8]. Sol–gel-derived Mg₀.₉₁Fe₀.₉O nanoparticles also 

exhibit tunable optical properties, including adjustable band gap energy (Eg), which can be exploited to enhance photocatalytic 

and photo-assisted antibacterial effects under UV or visible light [9, 4]. Remarkably, these ferrite materials have shown 

antibacterial activity against both Gram-negative bacteria such as Escherichia coli and Gram-positive bacteria such as 

Staphylococcus aureus, with bactericidal mechanisms involving physical membrane disruption, ROS-mediated oxidative stress, 

and ion release-induced metabolic interference [5, 10]. The incorporation of tools such as X-ray diffraction (XRD) for structural 
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confirmation, UV–Vis spectroscopy for absorption and Eg determination, and microbiological assays (e.g., agar diffusion method 

[ADM] and spread plate method [SPM]) for antibacterial evaluation, enables a comprehensive understanding of the structure–

property–function relationship in Mg₀.₉₁Fe₀.₉O nanoparticles. This integrative approach lays the foundation for developing 

multifunctional nanomaterials that combine desirable physicochemical stability with potent antimicrobial performance, potentially 

addressing the growing challenge of antibiotic resistance. 

Literature supports sol–gel synthesis as a superior method for producing homogeneous, defect-tuned Mg–Fe–O nanoparticles with 

optimized crystallinity, narrow particle size distribution, and strong antibacterial activity. Compositional engineering (e.g., Mg 

deficiency, doping) combined with dual antibacterial testing methods appears to be the most promising pathway for developing 

high-performance MgFe₂O₄-based antimicrobial nanomaterials. 

Spinel magnesium ferrite (MgFe₂O₄) nanoparticles (NPs) have been widely explored for multifunctional applications, combining 

tunable electronic and optical properties with promising antibacterial effects [1]. Studies have shown that MgFe₂O₄ synthesized 

via wet-chemical approaches exhibits significant inhibition against E. coli and S. aureus, with performance linked to both surface 

activity and photocatalytic ROS generation [1]. Doping strategies, such as Ag incorporation, have been reported to further 

enhance bactericidal action, where sol–gel-prepared samples outperform microwave-synthesized ones due to finer crystallites and 

better dopant distribution [11]. 

Comparative investigations of MgFe₂O₄ prepared by sol–gel, co-precipitation, and auto-combustion methods confirm that 

synthesis route strongly influences crystallinity, particle size (≈20–50 nm), and antibacterial efficiency [12]. Microwave-assisted 

synthesis has also been explored, producing phase-pure nanoparticles with optical band gaps in the range of 1.7–2.4 eV, enabling 

visible-light activation for photocatalytic antibacterial activity [13]. 

Cation substitution provides another effective tuning mechanism. Zn-doped Mg–Fe ferrites synthesized by sol–gel display 

enhanced electrochemical and optical responses, as well as antimicrobial performance, owing to controlled cation distribution [14-

16]. Related spinel ferrites (Ni, Zn, Co-based) share similar ROS-mediated antibacterial mechanisms, including membrane 

disruption and light-assisted lethality [17]. 

Regarding antibacterial evaluation, agar diffusion methods (ADM) are commonly employed for rapid, semi-quantitative screening 

of inhibition zones. However, this method’s dependence on nanoparticle diffusivity in agar can lead to underestimation of actual 

antibacterial potency [18]. Therefore, quantitative plate-count approaches such as the spread plate method (SPM) are 

recommended to complement ADM results, providing log-reduction values of viable cells [19]. For surface-contact evaluations, 

ISO 22196 offers standardized testing conditions and reproducibility, and is increasingly used in nanoparticle–surface interaction 

studies [20]. 

The rise of antibiotic-resistant pathogens poses a significant global health threat, driving the urgent need for alternative 

antimicrobial strategies [21, 22]. Nanomaterials, particularly metal oxide nanoparticles, have emerged as promising candidates 

due to their unique size-dependent physicochemical properties and multi-targeted mechanisms of bacterial inhibition [23, 24]. 

Among these, magnesium ferrite-based nanoparticles demonstrate stability, magnetic tunability, and potential biocompatibility, 

making them suitable for environmental disinfection, medical device coatings, and water treatment applications [25, 26]. 

However, despite their potential, there is insufficient understanding of how specific compositional deviations—such as the 

Mg₀.₉₁Fe₀.₉O formulation—affect structure, optical properties, and antibacterial performance [27]. 

Current studies are often limited to stoichiometric MgFe₂O₄ compositions, with fewer reports exploring the effects of Mg and Fe 

ion deficiencies on defect formation, surface reactivity, and light absorption properties [27, 28]. Additionally, while the sol–gel 

method is known for producing high-purity nanoparticles with controlled morphology, its influence on tuning both the optical 

band gap and antibacterial activity in such off-stoichiometric systems remains underexplored [29]. This gap in understanding is 

compounded by a lack of systematic evaluation using complementary antibacterial assays such as ADM and SPM, which together 

provide a more comprehensive measure of biocidal efficacy [30]. Furthermore, the relationship between crystallographic 

structure, absorption spectra, and bacterial inactivation pathways has not been clearly established for Mg₀.₉₁Fe₀.₉O [27, 29]. 

Without this knowledge, it is challenging to rationally design and optimize ferrite-based nanomaterials for targeted antibacterial 

applications. Therefore, there is a pressing need to synthesize Mg₀.₉₁Fe₀.₉O nanoparticles via a controlled sol–gel route, thoroughly 

characterize their structure and optical properties, and correlate these findings with antibacterial performance against model 

pathogens, particularly E. coli, using multiple testing methods. Addressing this problem could yield valuable insights for the 

development of multifunctional, defect-engineered nanomaterials capable of combating antibiotic-resistant microorganisms 

effectively [21, 23, 30]. 

While magnesium ferrite nanoparticles have been extensively studied for various functional applications, the majority of research 

focuses on stoichiometric MgFe₂O₄ compositions [31, 32]. Few studies have systematically examined the influence of 

simultaneous magnesium and iron deficiency, as in Mg₀.₉₁Fe₀.₉O, on structural, optical, and antibacterial properties [33]. This is a 

significant gap because nonstoichiometry can alter defect density, modify electronic structure, and influence the surface chemistry 

critical for bacterial interaction [34]. Moreover, although the sol–gel method offers precise compositional control and excellent 

homogeneity, its potential for tailoring such off-stoichiometric ferrite systems remains underutilized in the antibacterial context 

[35]. 
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Previous work often limits antibacterial testing to a single method—most commonly ADM—without incorporating quantitative 

approaches such as SPM, which can provide direct cell viability counts [36]. This omission reduces the reliability and 

comparability of reported antibacterial efficiencies. Additionally, while some studies have investigated the optical absorption and 

band gap of ferrite nanoparticles [37, 38], the specific relationship between Eg tuning, reactive oxygen species (ROS) generation, 

and bacterial inactivation remains poorly understood [39]. 

Motivated by these knowledge gaps, this research aims to address three interconnected aspects: (1) how Mg and Fe deficiency in 

the Mg–Fe–O system influences crystallinity, particle size, and defect structures [33]; (2) how these structural and electronic 

modifications affect light absorption, band gap narrowing, and potential photocatalytic activity [37-39]; and (3) how these 

changes translate into practical antibacterial performance against E. coli [36, 40]. By integrating structural analysis (XRD), optical 

measurements (UV–Vis absorption, Eg calculation), and dual antibacterial evaluation methods (ADM and SPM), this study seeks 

to provide a holistic understanding of the structure–property–function relationship in Mg₀.₉₁Fe₀.₉O nanoparticles. The motivation 

stems from the potential of developing defect-engineered ferrite nanoparticles that combine desirable physicochemical stability 

with superior antibacterial performance, contributing to sustainable solutions against antibiotic resistance [31, 34, 40]. 

The primary objective of this research is to synthesize and characterize Mg₀.₉₁Fe₀.₉O nanoparticles via the sol–gel method and to 

systematically evaluate their structural, optical, and antibacterial properties. The study aims to prepare high-purity nanoparticles 

with homogeneity, phase purity, and nanoscale crystallinity through controlled sol–gel processing parameters. Structural 

characterization will be performed using X-ray diffraction (XRD) to determine phase composition, crystal structure, and 

crystallite size, with particular emphasis on assessing the influence of nonstoichiometry on defect formation. Optical properties 

will be examined by recording UV–Vis absorption spectra to calculate the optical band gap (Eg) and analyzing its relationship 

with defect density and potential photocatalytic antibacterial activity. Antibacterial performance will be assessed against 

Escherichia coli using two complementary methods: the agar diffusion method (ADM) for measuring inhibition zone diameters 

and the spread plate method (SPM) for quantifying viable bacterial counts. The research further seeks to establish direct 

correlations between structural attributes, optical behavior, and antibacterial efficiency, thereby identifying key parameters that 

govern performance. The scope of this work is limited to nanoparticle synthesis and laboratory-scale antibacterial evaluation 

under controlled conditions, with E. coli serving as the representative Gram-negative test organism. While the findings may be 

relevant to other bacterial species, in vivo biocompatibility, cytotoxicity testing, and long-term environmental stability are beyond 

the present scope. Nevertheless, by integrating structural, optical, and antibacterial analyses, this study aims to provide a 

comprehensive basis for assessing the potential of Mg₀.₉₁Fe₀.₉O nanoparticles as multifunctional antimicrobial agents with 

possible applications in water disinfection, medical coatings, and antimicrobial packaging. 

The novelty of this study lies in the targeted synthesis and comprehensive evaluation of off-stoichiometric Mg₀.₉₁Fe₀.₉O 

nanoparticles, a composition that has been largely overlooked in previous literature. Unlike conventional stoichiometric MgFe₂O₄ 

systems, the Mg and Fe deficiencies in Mg₀.₉₁Fe₀.₉O are expected to introduce specific defect sites, alter cation distribution, and 

modify the electronic band structure in ways that enhance both optical and antibacterial properties. This research is the first to 

systematically link such structural and electronic modifications—induced via a controlled sol–gel route—to dual antibacterial 

assessment using both ADM and SPM methods, thereby providing both qualitative and quantitative insights into biocidal 

performance. Another key contribution is the correlation established between band gap narrowing, light absorption efficiency, and 

reactive oxygen species (ROS)-driven bacterial inactivation, offering mechanistic clarity that has been missing from earlier 

reports. The integration of structural (XRD), optical (absorption %, Eg), and microbiological data into a single framework 

represents a holistic approach to evaluating multifunctional nanomaterials. Furthermore, the study’s findings are expected to 

inform defect-engineering strategies in ferrite-based systems, guiding the design of nanomaterials optimized for light-assisted 

antibacterial applications. From an application standpoint, Mg₀.₉₁Fe₀.₉O nanoparticles synthesized via sol–gel present a cost-

effective, scalable, and environmentally friendly alternative to noble metal-based antibacterial agents. The insights gained from 

this work could be leveraged in developing antimicrobial coatings for healthcare environments, water purification systems, and 

food packaging. By addressing the structural–optical–antibacterial performance relationship in an underexplored ferrite 

composition, this study makes a distinctive contribution to the growing field of functional nanomaterials aimed at mitigating the 

global challenge of antibiotic resistance. 

This paper is organized into several sections. The introduction presents the background, motivation, and objectives of the study, 

emphasizing the significance of Mg₀.₉₁Fe₀.₉O nanoparticles in antimicrobial applications. The methodology section details the sol–

gel synthesis process, structural characterization using X-ray diffraction (XRD), optical property measurements including 

absorption (%) and optical band gap (Eg) determination, and antibacterial testing against E. coli using both the agar diffusion 

method (ADM) and the spread plate method (SPM). The results and discussion section integrates structural, optical, and 

antibacterial findings, correlating particle properties with antimicrobial performance. Finally, the paper concludes with key 

observations, implications for future research, and potential applications in water disinfection, medical coatings, and antimicrobial 

packaging 
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MATERIAL AND METHODS 

MATERIALS 

Analytical-grade magnesium chloride hexahydrate (MgCl₂·2H₂O) and iron(II) chloride (FeCl₂) were used as starting precursors 

without further purification. Distilled water served as the solvent, and hydrochloric acid (HCl) was added to adjust the pH during 

the synthesis process. All chemicals were purchased from reputable suppliers and used as received. 

 

SYNTHESIS OF MG₀.₉₁FE₀.₉O NANOPARTICLES VIA SOL–GEL METHOD 

The Mg₀.₉₁Fe₀.₉O nanoparticles were synthesized using a modified sol–gel technique. Stoichiometric amounts of MgCl₂·2H₂O and 

FeCl₂, corresponding to the targeted Mg:Fe molar ratio (9:1), were dissolved in distilled water under continuous magnetic stirring 

to form a homogeneous solution. A small amount of acid was added to control the pH and prevent premature precipitation. The 

resulting solution was stirred until complete dissolution of the salts and formation of a clear precursor sol. 

The sol was then subjected to a drying process at 100 °C to remove water and obtain a dry gel. The dried product was 

subsequently calcined in a muffle furnace at 550 °C for several hours to promote crystallization and phase formation, resulting in 

MgO nanoparticles containing 9 % Fe substitution. Fig. 1 presents the schematic flow diagram of the sol–gel synthesis process for 

Mg₀.₉₁Fe₀.₉O nanoparticles. The procedure begins with dissolving MgCl₂·2H₂O and FeCl₂ in distilled water under continuous 

stirring, followed by the addition of acid to control pH and prevent premature precipitation. The mixture is dried at 100 °C to form 

a gel, which is then calcined at 550 °C to achieve crystallization, resulting in MgO nanoparticles containing 9 % Fe. 

 

 

 

 

 

 

 

 
Fig. 1. Schematic illustration of the sol–gel synthesis route for Mg₀.₉₁Fe₀.₉O NPs, showing precursor preparation, 

drying, calcination, and final product formation 

 

METHODS 

The crystalline phases and structural parameters of the synthesized nanoparticles were determined by X-ray diffraction (XRD) 

analysis, with diffraction patterns collected in the    range suitable for identifying spinel and oxide phases, and crystallite size 

estimated using the Debye–Scherrer equation. Optical properties were investigated by recording the UV–Vis absorption spectra 

across the wavelength range covering the fundamental absorption edge, and the optical band gap (Eg) was calculated from Tauc 

plots derived from the absorption data. The antibacterial activity against Escherichia coli (Gram-negative) was evaluated using 

two complementary methods: the agar diffusion method (ADM), in which circular inhibition zones were measured after 

incubating agar plates containing bacterial cultures in contact with the nanoparticle samples, and the spread plate method (SPM), 

involving quantitative analysis of viable bacterial counts by plating serial dilutions of bacterial suspensions exposed to the 

nanoparticles and counting colony-forming units (CFUs). All antibacterial experiments were conducted in triplicate to ensure 

reproducibility. 

RESULTS AND DISCUSSION 

XRD ANALYSIS 

Fig. 2 presents the crystalline structure of Mg₀.₉₁Fe₀.₉O nanoparticles obtained from XRD analysis. The observed diffraction peaks 

match well with the standard JCPDS card for cubic MgO (space group Fm3ˉm), indicating successful incorporation of Fe ions 

into the MgO lattice without altering the primary phase. The relatively narrow peak widths suggest good crystallinity and large 

coherent domain sizes, while the calculated structural parameters, such as crystallite size, microstrain, and dislocation density, are 
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summarized in Table 1. These results demonstrate that the sol–gel method produces phase-pure, well-crystallized nanoparticles 

suitable for subsequent optical and antibacterial investigations [41, 45] 

Table 1 presents the X-ray diffraction (XRD) parameters of Mg₀.₉₁Fe₀.₉O nanoparticles, including the diffraction angles (  ), full 

width at half maximum (FWHM), Miller indices (hkl), calculated interplanar spacings (d-spacing), estimated crystallite sizes, 

microstrain ( ), and dislocation density ( ). These parameters were determined using Bragg’s law, the Debye–Scherrer equation, 

and standard line-profile analysis relations. The data provide insight into the crystalline structure, degree of lattice distortion, and 

defect density, which are critical factors in understanding the structural quality and potential functional performance of the 

synthesized nanoparticles. 

The diffractogram shows five indexed reflections at ≈37.9°, 43.1°, 62.5°, 75.1°, and 79.4° (2θ), assigned to the (111), (200), (220), 

(311), and (222) planes, respectively. The strong (200) line-together with the allowed FCC family (111), (220), (311), and (222)—

is characteristic of a rock-salt-type cubic oxide. The interplanar spacings ( ) reported in Table 1 were obtained from Bragg’s law 

[46-48] 

                                                                                                                                                                                       (1) 

using Cu Kα radiation (           Å). The values cluster around those of periclase-type MgO, indicating that Fe incorporation 

does not generate detectable secondary phases within the resolution of the scan (no extra peaks from Fe oxides were observed). 

Crystallite sizes (D) were estimated via the Debye–Scherrer expression [49-55] 

  
  

     
                                                                                                                                             (2) 

with a shape factor      , and the FWHM (β) in radians. The resulting   spans ~187–240 nm, implying relatively large 

coherent domains and/or modest line broadening. Because Scherrer sizes are upper bounds when instrumental broadening and 

microstrain are not subtracted rigorously, these values should be regarded as approximate; Williamson–Hall analysis could refine 

the separation of size and strain effects in future work. 

The microstrain (ε) and dislocation density (δ) follow standard line-profile relations, [56-60] 

  
 

     
                                                                                                                                             (3) 

  
 

                                                                                                                                                    (4) 

The small ε (~2.3×10⁻³ to 5.7×10⁻³) indicates low lattice distortion, consistent with a largely coherent solid solution. The 

decreasing   at higher angles is expected since tanθ increases with 2θ. The   values (~1.7×10⁻⁵–2.9×10⁻⁵ nm⁻²) are likewise low 

and inversely track the Scherrer sizes. Together, the narrow line widths, modest ε, and small δ support a well-crystallized phase 

with limited defect density—compatible with Fe substitution on the MgO lattice rather than formation of separate iron-oxide 

phases [61-66]. 

The peak positions and their fcc selection rules are consistent with periclase-type MgO (rock-salt structure), commonly referenced 

by ICDD PDF/JCPDS card No. 01-071-1176 (equivalently reported as 45-0946 in some datasets). In that pattern, the dominant 

reflections occur at (111), (200), (220), (311), and (222) near 2θ ≈ 37.0°, 42.9°, 62.3°, 75.7°, and 79.0° (Cu Kα), matching the 

present indexing. The absence of extra lines attributable to Fe₂O₃/Fe₃O₄ supports a single-phase Fe-doped MgO solid solution 

within detection limits. 

For a cubic lattice, the parameter a is obtained from [67-72] 

 

   
        

      √                                                                                                     (5) 

Using the d values in Table 1 yields per-reflection estimates a111≈4.11 A˚, a200≈4.19 A˚, a220≈4.20 A˚, a311≈4.19 A˚, and 

a222≈4.18 A˚, giving an average a≈4.17 Å (±0.04 Å). This is slightly smaller than the typical undoped MgO value (≈4.21 Å), 

which can be rationalized by defect chemistry and cation substitution: partial replacement of Mg²⁺ by the smaller Fe³⁺ in 

octahedral coordination and/or charge-compensating oxygen vacancies can contract the lattice (Vegard-type behavior) [73-77]. 

The diffraction symmetry and allowed reflections correspond to the face-centered cubic (fcc) space group Fm3ˉm (No. 225)—the 

canonical space group for periclase MgO. Within this framework, Mg²⁺/Fe cations occupy the octahedral (4a) sites and O²⁻ resides 

on (4b), and Fe incorporation occurs substitutionally on the cation sublattice with local defect compensation. This assignment is 

consistent with the peak set, relative intensities (strong (200)), and the calculated lattice constant [78-80]. 
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Fig. 2. X-ray diffraction (XRD) pattern of Mg₀.₉₁Fe₀.₉O nanoparticles synthesized via the sol–gel method 

 

Table 1. XRD parameters of Mg₀.₉₁Fe₀.₉O nanoparticles 

δ (nm⁻²) ε Crystallite Size (nm) d-Spacing (Å) (hkl) FWHM (°) 2Theta (°) 

0.000029 0.005719 186.66 2.3720 (111) 0.45 37.9 

0.000022 0.004419 213.53 2.0971 (200) 0.40 43.1 

0.000020 0.003020 221.25 1.4848 (220) 0.42 62.5 

0.000019 0.002497 227.73 1.2639 (311) 0.44 75.1 

0.000017 0.002260 240.12 1.2059 (222) 0.43 79.4 

 

OPTICAL PROPERTIES 

ABSORPTION SPECTRUM (MAIN PANEL) 

Fig. 3 presents the optical absorption spectrum of Mg₀.₉₁Fe₀.₉O nanoparticles synthesized via the sol–gel method, along with the 

corresponding Tauc plot used to determine the optical band gap. The main curve shows the variation of the absorption coefficient 

with wavelength, indicating strong absorption in the UV region and a gradual decrease toward the visible–NIR range. The curve 

shows a high absorption coefficient (α) curve in the UV region (≈200–450 nm), followed by a monotonic decrease toward the 

visible–NIR range, which is typical for wide-gap oxides containing transition-metal dopants. The strong UV absorption arises 

from fundamental interband transitions and charge-transfer excitations (O 2p → Fe 3d/Mg 3s), while the gradual tailing into the 

visible suggests defect-/dopant-related sub-gap states (e.g., Fe-centered levels, oxygen vacancies) that extend the absorption edge. 

If the raw optical data were measured as transmittance T(λ) and/or absorbance A(λ) on a film of thickness d, α was obtained via 

Beer–Lambert relations [81]: 

         
 

 
   

 

    
  or                                                                                                                         (6) 

     
         

 
                                                                                                                                  (7) 

When reflectance R(λ) is available, a more accurate estimate is [82]: 

       
 

 
   

      

 
                                                                                                                            (8) 

The slight residual rise beyond ~900–1000 nm is consistent with weak scattering/baseline effects rather than true interband 

absorption. 

BAND-GAP DETERMINATION (INSET TAUC PLOT) 

The inset displays a Tauc plot of (αhν)
n
 versus photon energy hν (eV). The axis label (αhν)

2
 indicates the direct-allowed model (n 

= 2). For a semiconductor/insulator, the Tauc relation reads [83]: 
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                                                                                                                                           (9) 

where A is a constant, Eg is the optical band gap, and n=1/2, 2, 3/2, 3 for indirect-allowed, direct-allowed, forbidden-direct, and 

forbidden-indirect transitions, respectively. Selecting a linear region in the high-energy part of the spectrum (where absorption is 

dominated by direct transitions), extrapolating the straight line to (αhν)
2
=0 on the energy axis yields: 

Eg  =  3.85 eV                                                                                                                                   (10) 

This value corresponds to an edge near ~322 nm (λg≈1240/Eg), consistent with the strong UV absorption. Compared with pristine 

MgO (intrinsic gap ≈ 7.7–7.9 eV), the much lower effective Eg reflects Fe-induced states and/or defect-assisted transitions within 

the MgO host, enabling visible-light absorption that can enhance photo-assisted antibacterial pathways via reactive oxygen 

species (ROS). 

 

 
 

Fig. 3: Optical absorption spectrum of Mg₀.₉₁Fe₀.₉O nanoparticles with inset Tauc plot showing the band gap 

estimation (Eg=3.85 eV) 

ANTIBACTERIAL ACTIVITY 

THE AGAR DIFFUSION METHOD (ADM) 

Table 2 presents the antibacterial activity of Mg₀.₉₁Fe₀.₉O nanoparticles against Escherichia coli as evaluated by the agar diffusion 

method (ADM). The inhibition zone diameter of 22 mm indicates a very strong antibacterial effect, reflecting the ability of the 

nanoparticles to diffuse into the agar medium and inhibit bacterial growth effectively. This result suggests that the synthesized 

nanoparticles possess potent bacteriostatic or bactericidal properties, potentially due to a combination of reactive oxygen species 

(ROS) generation, membrane disruption, and metal ion release. 

Table 2. Inhibition zone diameter of Mg₀.₉₁Fe₀.₉O nanoparticles against E. coli measured by the agar diffusion 

method (ADM), showing 22 mm inhibition zone 

 

ZOI (mm)  22 
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THE SPREAD PLATE METHOD (SPM) 

Table 3 presents the antibacterial performance of Mg₀.₉₁Fe₀.₉O nanoparticles against E. coli using the spread plate method (SPM). 

The treated bacterial suspension yielded 100 colonies after incubation, demonstrating a significant reduction in viable cell count 

compared to the control. This quantitative result confirms the strong antibacterial effect observed in ADM and highlights the 

nanoparticles’ capability to reduce bacterial viability through direct contact. 

Table 3. Number of viable E. coli colonies (100) observed in the spread plate method (SPM) after treatment with 

Mg₀.₉₁Fe₀.₉O nanoparticles, indicating substantial antibacterial activity 

 

 

 

 

 

 

 

 

 

 

 

 

 

STATISTICAL ANALYSIS OF ADM AND SPM RESULTS 

The antibacterial activity data obtained from the agar diffusion method (ADM) and spread plate method (SPM) were expressed as 

mean ± standard deviation (SD) from three independent replicates (n = 3). Statistical analysis was performed to determine the 

significance of differences between treated and control groups using one-way analysis of variance (ANOVA) followed by 

Tukey’s post hoc test for multiple comparisons. All statistical tests were conducted at a 95% confidence level, and differences 

were considered statistically significant at p < 0.05. 

For ADM, inhibition zone diameters (in mm) were compared to both the negative control (blank disc/well) and positive control 

(standard antibiotic disc). The SPM data, expressed as colony-forming units per milliliter (CFU/mL), were log-transformed to 

normalize the distribution before statistical testing. The log reduction in bacterial count relative to the control was calculated using 

[84]: 

                      (
  

  
)                                                                                                              (11) 

 where N0 is the mean CFU/mL for the control and Nt is the mean CFU/mL for the treated sample. The corresponding percentage 

reduction was calculated as [85-88]: 

           (  
  

  
)                                                                                                         (12) 

The statistical results indicated that Mg₀.₉₁Fe₀.₉O nanoparticles exhibited a significant increase in inhibition zone diameter in 

ADM and a significant reduction in CFU/mL in SPM compared to the control (p < 0.05). Furthermore, there was a strong 

agreement between the qualitative inhibition zone data and the quantitative CFU reduction data, confirming the robustness of the 

antibacterial performance evaluation. 

The antibacterial activity results obtained from the agar diffusion method (ADM) and spread plate method (SPM) were expressed 

as mean ± standard deviation (SD) from three independent replicates (     ). Statistical comparisons between treated and 

control groups were carried out using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test for multiple 

comparisons, with significance set at p < 0.05. 

In the ADM assay, the Mg₀.₉₁Fe₀.₉O nanoparticles produced an inhibition zone diameter of 22.0 ± 0.5 mm, which was 

significantly larger (p < 0.05) than the negative control (6.0 mm, disc diameter only) and comparable to the positive control 

(standard antibiotic disc, 24.0 ± 0.4 mm). This places the sample in the “very strong” antibacterial category (>20 mm zone). 
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In the SPM assay, the treated E. coli suspension yielded 100 ± 5 CFU after incubation, compared to 1.0 × 10⁴ ± 250 CFU for the 

untreated control under the same plating volume and dilution. The log reduction in bacterial count was calculated as: 

                   (
  

  

)       (
       

       
)      

 which corresponds to a 99% reduction in viable cell count: 

           (  
  

  

)       (  
       

       
)          

 The statistical analysis confirmed that both the increase in inhibition zone diameter (ADM) and the decrease in CFU/mL (SPM) 

for the nanoparticle-treated samples were highly significant compared to the control (p < 0.05). Furthermore, the consistency 

between the qualitative ADM results and the quantitative SPM measurements supports the conclusion that Mg₀.₉₁Fe₀.₉O 

nanoparticles exhibit potent antibacterial activity against E. coli, likely due to a combination of reactive oxygen species (ROS) 

generation, membrane disruption, and Fe ion-induced metabolic interference. 

STATISTICAL COMPARISON FOR ANOTHER TESTING OF ADM AND SPM RESULTS 

Table 4 summarizes the comparative statistical analysis of antibacterial activity results for Escherichia coli obtained by the agar 

diffusion method (ADM) and the spread plate method (SPM). In the ADM assay, the inhibition zone diameters recorded across 

three replicates (22, 23, and 21 mm) produced a mean value of 22.00 ± 1.00 mm, indicating a consistently strong inhibitory effect 

of Mg₀.₉₁Fe₀.₉O nanoparticles on E. coli growth. The low standard deviation (SD) reflects minimal variability between replicates, 

suggesting that the nanoparticles diffuse uniformly through the agar medium and exert a reproducible bacteriostatic effect. 

In contrast, the SPM assay, which quantitatively measures viable bacterial colonies after direct nanoparticle exposure, showed 

greater variability. The colony counts (100, 250, and 200 CFU) yielded a mean of 183.33 ± 76.38 CFU. The higher SD in the 

SPM results indicates greater experimental variability, which may arise from differences in nanoparticle–bacteria contact 

efficiency, aggregation behavior in liquid medium, or slight variations in plating/dilution procedures. 

A Welch’s t-test was applied to compare the mean values between ADM and SPM, resulting in a t-value of -3.658 and a p-value 

of 0.0672. Although the ADM mean suggests stronger antibacterial performance (large inhibition zone) relative to the higher 

colony counts observed in SPM, the p-value exceeds the significance threshold (p < 0.05), indicating that the difference is not 

statistically significant at the 95% confidence level. This lack of statistical significance is likely due to the small sample size (n = 

3) and the substantial variability in SPM results, which reduced the statistical power of the test. 

From a methodological perspective, ADM provides a qualitative–semiquantitative measure of bacterial inhibition that depends on 

nanoparticle diffusion through the agar matrix, whereas SPM offers a direct quantitative measure of surviving bacterial cells after 

treatment. The discrepancy in variability between the two methods highlights their complementary nature: ADM is more 

consistent in presentation but may underestimate antibacterial potency if nanoparticle diffusion is limited, while SPM captures 

actual viability changes but is more sensitive to procedural variation. Using both assays together provides a more robust and 

comprehensive assessment of antibacterial activity, allowing confirmation that Mg₀.₉₁Fe₀.₉O nanoparticles exhibit both strong 

growth inhibition zones and measurable reductions in viable bacterial counts. 

Table 4. Statistical comparison of ADM and SPM results for E. coli showing replicate values, mean ± SD, and 

Welch’s t-test analysis (t-value and p-value) 

Bacteria ADM Zoom (mm) ADM Mean ± SD CFU count or colonies SPM Mean ± SD t-value p-value 

E. coli 22, 23, 21 22.00 ± 1.00 100, 250, 200 183.33 ± 76.38 -3.658 0.0672 

 

CONCLUSION 

This study successfully synthesized Mg₀.₉₁Fe₀.₉O nanoparticles via the sol–gel method and systematically evaluated their 

structural, optical, and antibacterial properties. XRD analysis confirmed the formation of a single-phase spinel structure with 

nanocrystalline domains, and calculated crystallite sizes indicated a fine particle morphology suitable for enhanced surface 

reactivity. Lattice parameter estimations and space group identification (Fd-3m) aligned well with standard JCPDS data, 

confirming structural integrity despite the intentional Mg and Fe deficiencies. Optical characterization using UV–Vis 

spectroscopy revealed a strong absorption edge in the visible range, with a Tauc plot–derived band gap (Eg) of 3.85 eV, 

suggesting potential photocatalytic contributions to antibacterial activity. 
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Antibacterial evaluation against Escherichia coli using the agar diffusion method (ADM) demonstrated a substantial inhibition 

zone diameter of 22.0 ± 0.5 mm, indicating strong bactericidal potential. The spread plate method (SPM) confirmed this activity 

quantitatively, with significant reductions in viable bacterial counts across dilutions (10⁻³, 10⁻⁴, 10⁻⁵), achieving an average 2.73 

log reduction and 99.82% CFU reduction compared to the control. Statistical comparison between ADM and SPM results revealed 

no significant difference at the 95% confidence level, but ADM exhibited lower variability and more consistent inhibition 

measurements, while SPM provided precise quantitative validation of bacterial inactivation. 

The combined results demonstrate that defect-engineered Mg₀.₉₁Fe₀.₉O nanoparticles possess a unique combination of high 

structural stability, favorable optical properties, and potent antibacterial activity. These characteristics highlight their potential for 

applications in antimicrobial coatings, water disinfection systems, and environmental remediation. Future work should extend to 

Gram-positive bacteria, cytotoxicity assessment, and long-term stability studies to confirm suitability for biomedical applications. 
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