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Abstract: The fungus Fusarium oxysporum extract was used to synthesize iron/zinc oxide (Fe,Os/Zn0O)
bimetallic nanoparticles (NPs). To maximize NP yield, a central composite design (CCD) with
independent variables, including pH, metal concentration, shaking speed, and incubation duration, was
adopted. The greatest yield of the NPs was 1.985 mM at a pH of 7, a metal concentration of 7 mM, an
incubation period of 48 hours, and a shaking speed of 140 rpm. These NPs showed potential
antimicrobial effectiveness against both gram-positive and gram-negative bacteria. Furthermore, the
NPs’ activity, which eradicates methyl blue ions, was assessed. The impacts of independent variables
(pH, adsorbent concentration, dye concentration, contact time, and shaking speed) were investigated on
dye ion biosorption during CCD. The findings indicated that methyl blue concentration, pH, and
shaking speed all affected the optimization process. The biosorption of methyl blue ions was modeled
using the Langmuir and the Freundlich equilibrium models. The Langmuir model demonstrated a
better fit to the experimental data than the Freundlich model. A pseudo-first-order model was used to
simulate the methyl blue adsorption process. This study’s novel contribution demonstrates the
feasibility and effectiveness of using biosynthesized Fe/Zn oxide NPs as adsorbing agents for removing
the environmental pollutant methyl blue dye.

Keywords: Bimetallic nanoparticle, Central composite design, Fusarium oxysporum, Kinetic process, Methyl blue ion.

1. Introduction

The field of nanotechnology has developed many novel medical techniques and applications using
nanoparticles (NPs) [17. These NPs are typically synthesized using a variety of chemical and physical
techniques. Unfortunately, these techniques are time-consuming and expensive and can produce toxic
waste that negatively affects the environment and human health. Therefore, innovative and eco-friendly
procedures for creating NPs are urgently needed to circumvent such limitations.
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Green chemistry aims to develop chemical and biological processes that reduce waste and the
negative environmental impact of existing production methods. One notable modern method in green
nanotechnology is substituting harmful compounds with biomaterials [27. A full range of biological
sources provides environmentally friendly precursors for the preparation of small and stable NPs,
including plants, bacteria, fungi, yeast, and viruses [37.

The synthesis of NPs using fungi is more eftective than using bacteria due to the larger surface area
provided by mycorrhizal fungi for the reduction process [47]. Additionally, fungi secrete higher amounts of
protein than bacteria, which accelerates the conversion of mineral salts into metal NPs [57]. A novel aspect of
this study is that Fusarium oxysporum is used as a reducing agent for the production of Fe/Zn bimetallic
NPs (BNPs).

BNPs have attracted considerable interest because of their enhanced physical characteristics,
including size, shape, and surface morphology. Their distinctive surface properties offer wide application
prospects as catalysts and antibacterial agents [6, 7.

Antibacterial agents or antibiotics have broad-spectrum antibacterial capabilities and are used in
medical and veterinary applications. They effectively treat and prevent a variety of bacterial infections
[8-107]. Chemically produced antibiotics prevent bacterial development and protect living cells from
hazardous infections. However, antibiotic efficacy has dramatically declined owing to antibiotic-resistant
bacteria, and thus, treatment failure may occur. This problem has motivated the search for novel ways to
create antibacterial agents. BNPs made from biological sources have promising applications in several
fields, and BNP-based antibacterial drugs have become a major subject of interest [67].

A traditional optimization method involves changing one independent variable while keeping all
other variables constant. It is time-consuming and involves a large number of variables. The main
drawback is that interactive effects among variables are not included. The response surface methodology
has been widely used to optimize biological processes. The central composite design (CCD) model is a
main part of response surface methodology. The main advantages of this model are that it is accurate
and does not require a three-level factorial experiment to create a second-order quadratic model.

The expansion of industries producing materials, such as dyes, paper, and plastics, which cause
pollution, could be toxic to the ecosystem. Dyes are carcinogenic, and their presence in water, even at
low concentrations, can cause serious health problems. Ecosystems and aquatic life can be adversely
affected by decreased photosynthetic activity and sunlight transmission [11-137.

NPs have an important role in the treatment of textile wastewater. A wide range of dyes and
colorants can be eftectively decolorized by using a variety of nanomaterials [14-17].

Methyl blue (MB) dye is a water-soluble cationic molecule. It is used as a coloring agent for the
paper and textile industries. Adsorption is an effective, versatile, low-cost, highly efficient, and simple
method for removing toxic dyes that resist biological degradation. The number of surface groups, high
surface area, pore size distribution, thermal stability, ease of regeneration, reusability, disposal, and
abundance of the material are all important factors when adsorption is considered in examining a
solution [117].

The present work aims to (i) biosynthesize iron oxide/zinc oxide (Fe.O3/ZnO) BNPs using the
fungal extract of K oxysporum, (ii) characterize the Fe,Os/ZnO BNPs through ultraviolet (UV)
spectroscopy, Fourier transform infrared (FTIR) spectroscopy, energy-dispersive X-ray (EDX),
transmission electron microscopy (TEM), and X-ray diffraction (XRD), (iii) investigate the
antimicrobial activity of nanoparticles (NPs) against gram-negative and gram-positive bacteria, (iv)
optimize the biosynthesis of Fe,Os/ZnO BNPs using central composite design (CCD), (v) optimize
methylene blue (MB) eradication through CCD, and (vi) apply equilibrium models and kinetic processes
for MB sorption by Fe,Os/ZnO BNPs.
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2. Materials and Methods
2.1. Biosynthesis of Nanoparticles (NPs) by Fusarium Oxysporum

E oxysporum was cultivated by growing fungal biomass obtained as agar discs (8—5 discs were used)
in a liquid medium of malt glucose yeast peptone medium (MGYP; malt extract, 3 g/L; yeast extract, 3
g/L; peptone, 5 g/L; and glucose, 10 g/L). An MGYP medium (100 mL) was used for each batch, and
the biomass was incubated under continuous rotation (130 rpm) for 72 h at 25 £ 1 °C. After the
incubation period, the fungal biomass was separated from the media by filtration and washed three times
with sterile distilled water to remove media residue. Each 20 g of the fungal biomass extract was
immersed in 100 mL of sterile deionized water and incubated under the same conditions for 24 h at an
adjusted pH of 6. Ferric chloride and zinc nitrate salts (FeCls and Zn(NOs).-6H20) were then added to
the medium to a final concentration of 5 mM. The flasks were incubated under the same standard
conditions, but placed in the dark to prevent photooxidation of metal ions. The flasks containing cell-
free filtrate without metal ions were also incubated under similar conditions to serve as controls. The
tormed BNPs were obtained from the incubated flasks by drying the biomass at 80 °C, then calcining
them at 400 °C for 2 h. As far as we know, using this fungal strain in synthesizing Fe/Zn BNPs has not
been reported in the literature.

2.2. Optical Properties of the Synthesised Nanoparticles (NPs)
2.2.1. Ultraviolet—Visible (UV-Vis) Spectroscopy Study

The NPs were characterized using ultraviolet—visible (UV-Vis) absorption spectroscopy with a UV—
Vis spectrophotometer (JENWAY-UK) between 200 and 500 nm. The formation of NPs was
characterized by the appearance of a new characteristic peak within the 200-500 nm range [187].

2.2.2. X-ray Diffraction Analysis (XRD)

The structural symmetry and structure of the BNPs were observed using an XRD system (D8
ADVANCE, Germany) with Cu-K,, A = 1.54 A, at ambient temperature and in continuous scanning
range mode.

2.2.8. Transmission Electron Microscopy (TEM) Analysis

For the detection of the BNPs” shapes and sizes, an NP suspension was dried and dropped on a
Gilder G200 TEM grid (standard 200 square mesh, 3.05 mm diameter) and analyzed using JEOL JEM
2100 (HRTEM) operated at a voltage of 200 kV. The crystalline structure of the NPs was examined
through selected area electron diffraction (SAED) according to the homogeneity and arrangement of
concentric diffraction rings and crystalline planes [197].

2.2.4. Fourier Transform Infrared Spectroscopy (F'TIR) Analysis
Functional groups and biomolecules that reduced the metal ions and promoted the formation of
BNPs were investigated using an I'TIR device (Bruker VERTEX 80, Germany).

2.2.5. Energy-Dispersive X-ray (EDX) Analysis

The presence of elemental iron was confirmed through EDX. EDX microanalysis was carried out
with an X-ray micro-analyser (Oxford 6587 INCA) attached to a JEOL JSM-5500 LV scanning electron
microscope at 20 kV. The crystal shapes of the BNPs were analysed using Quanta 200 FEG [207].

2.8. Optimisation of Parameters Affecting Nanoparticle (NP) Biosynthesis by Using Central Composite Design
(CCD)

To find the optimal conditions for the biosynthesis of NPs, response surface methodology (RSM)
was used to gauge the influence of experimental conditions on the yield of the biosynthesis process.
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The following conditions were included in the RSM analysis: pH, incubation time (h), vibration (rpm),
and metal salt concentration (mM) in the solution.

CCD was used to optimize the four conditions that affect the production of NPs, and the optimal
conditions for the biosynthesis of NPs were determined. The four-factor and three-level CCD of 30
trials was conducted, and the correlations among the four variables and NP biosynthesis were studied.
Four parameters were investigated at the low level (—1), central level (0), and high level (+1) with a =2
(Table 1). Statistical analysis (ANOVA) for the results was carried out using the Design-Expert 13
software from Stat-Ease [21-247].

Table 1.
Independent variables for the CCD experiment: incubation time, pH, temperature, shaking speed, and salt concentration.
StdOrder RunOrder Level pH Shaking (rpm) Salt Conc (mM) Time (h)
20 1 (8] 6 130 6 72
19 2 8] 6 130 6 72
16 3 1 5 140 5 96
18 El 1 7 140 7 96
12 5 1 7 140 5 48
14 6 1 5 140 7 48
13 7 1 7 120 7 48
11 8 1 5 120 5 48
15 9 1 7 120 5 96
17 10 1 5 120 7 96
22 11 —1 8 130 6 72
30 12 (8] 6 130 6 72
21 13 —1 4 130 6 72
27 14 -1 6 130 6 2%
23 15 —1 6 110 6 72
2% 16 —1 6 150 6 72
29 17 (8] 6 130 6 72
25 18 -1 6 130 4 72
26 19 -1 6 130 8 72
28 20 —1 6 130 6 120
1 21 1 7 120 5 48
10 22 8] 6 130 6 72
3 23 1 5 120 7 48
2 2% 1 5 140 5 48
6 25 1 7 140 5 96
5 26 1 5 120 5 96
8 27 1 5 140 7 96
4 28 1 7 140 7 48
9 29 0 6 130 6 72
7 30 1 7 120 7 96

2.4. Evaluation of Antimicrobial Activity and Mimimum Inhibitory Concentration (MIC) of Bimetallic
Nanoparticles (BNPs)

The antimicrobial activity of the biosynthesized nanoparticles (NPs) was investigated against
various pathogenic strains. The gram-positive bacterial strains included Staphylococcus aureus (ATCC
6538), Staphylococcus epidermidis (EMCC number 1353t), Bacillus cereus (EMCC number 1080), Bacillus
subtilis (DMS 1088), and Streptococcus sp. The gram-negative bacterial strains used were Escherichia coli
(ATCC 10536), Klebsiella pneumoniae (ATCC 10031), Enterobacter sp., and Salmonella typhi (ATCC 25566).
Additionally, the fungus Candida albicans was tested on potato dextrose agar (PDA) media, which
consisted of potato infusion, 20 g of dextrose, and 20 g of agar. The agar well diffusion technique was
employed for testing. All pathogenic strains were cultured in Luria—Bertani (LB) media, containing 10 g
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of tryptone, 5 g of yeast extract, 10 g of NaCl, and 20 g of agar. Agar wells with a diameter of 9 mm
were punched using a cork borer and filled with different biosynthesized NPs solutions at a
concentration of 1 mg/mL. The plates were incubated overnight at 37 °C, and the inhibition zone
diameter was measured in millimeters. Double-distilled water served as a negative control, and each
experiment was performed in triplicate. The minimum inhibitory concentration (MIC) was determined
by testing various concentrations of NPs (0.25, 0.50, 0.75, 1, 2, and 3 mg/mL). The concentration that
exhibited approximately 99% inhibition was identified as the MIC value [25, 267].

2.5. Removal Efficacy of the Biosynthesized Bimetallic Fe203/ZnO BNPs for Metlyl Blue (MB) Dye

The methyl blue (MB) dye was utilized to evaluate the adsorption capacities of the nanoparticles
(NPs). Adsorption tests involved mixing 0.1 g of’ biosynthesized nanoparticles (BNPs) with 100 mL of
MB solution at a concentration of 25 ppm in a 250 mL beaker. The pH of the MB solution was adjusted
to 7.0 using 0.01 mol L' HCI or 0.1 mol L' NaOH, or both, to maintain optimal conditions for
adsorption. The study examined the effects of contact time and initial dye concentration on the
adsorption capacity. All experiments were conducted in a rotary incubator set at 150 rpm and a
temperature of 30°C. The dye concentrations were measured using a UV-Vis spectrophotometer
(JENWAY-UK) at 600 nm for MB dye. The adsorption capacity and dye removal efficiency of the
biosynthesized NPs were calculated based on standard equations, providing insights into the

effectiveness of the nanoparticles in removing MB dye from aqueous solutions.
(€0—Ci)

%R = * 100, (1)
= Loco), y. (2)
gt =2, (3)

where ¢¢ and ge (mg/g) are the amounts of dye adsorbed per unit mass of the NPs at time ¢ and at
equilibrium, respectively; Co, Ct, and Cz (mg/L) are the initial dye concentrations in the solution at time ¢
and at equilibrium, respectively; 7 (L) is the volume of dye solution used; and M (g) is the mass of the
NPs used.

2.6. Biosorption Equilibrium Isotherms and Kinetic Studies

To determine the kinetic mechanism of MB adsorption onto the NPs, we utilized different kinetic
models, including pseudo-first-order (Equation 4) [277], pseudo-second-order (Equation 5) [287 and
intraparticle diffusion (Equation 6) [297 to fit the experimental data.

In (qe-qo) = In e - kit, (4)
t/qe = 1/ke q% + t/qe, (5)
Q=K t’2+C, (6)

where ¢. (mg/g) is the amount of MB adsorbed at equilibrium, ¢ (mg/g) is the amount of MB
adsorbed at time ¢ (min), and 4 (min™), k (mg/g'min), kne (mg/g-min®%), and C (mg/g) are the
constants related to the boundary layer thickness.

To evaluate the distribution of adsorbate molecules at the solid/liquid interface, we applied some
adsorption isotherm models. The obtained equilibrium adsorption data in this work were analyzed using
the Langmuir (Equation (7)) [30] and the Freundlich (Equation (8)) [307] models to indicate MB
adsorption onto the surfaces of the NPs.

Ce/qe - 1/qum + Ce/qm, (7)
In ge = In Kr + 1/nr In C,, (8)

where ¢. (mg/g) is the quantity of MB adsorbed at equilibrium, ¢ (mg/g) represents the maximum
adsorption capacity for monolayer coverage on the surface of the adsorbent, C. (mg/L) depicts MB
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concentration at equilibrium, 4 (L-mg ) is the Langmuir equilibrium adsorption constant, and Kr
(mg/g) and nr are the Freundlich adsorption isotherm constants denoting the adsorption capacity of
NPs and the heterogeneity of the adsorption process, respectively.

The influences of different processing factors affecting dye adsorption on NPs, such as initial
concentrations of the dye (25, 50, 100, and 250 ppm) and contact time intervals (5—240 min), were
optimized.

2.7. Optimisation of Methyl Blue (MB) Removal by Using CCD

Response surface methodology (RSM) was used to investigate the influences of factors such as pH,
contact time (h), dye concentration (ppm), and adsorbent concentration (g/L) on the adsorption of dye
on the NPs, utilizing CCD with four factors at five levels and five replicates at the center point to fit the
data to a second-order polynomial (quadratic) model.

The CCD was utilized to optimize the factors for achieving maximum dye removal from aqueous
media by selecting the optimal conditions (Table 2).

Table 2.
Central composite design of MB removal using Fe203/ZnO BNPs
Std Runs Dye Conc Adsorbent Conc pH Contact Time
(mM) (/L) (h)
14 1 100 2 8 180
19 2 75 1 6 120
1 3 50 2 4 60
9 4 50 2 4 180
27 5 75 3 6 120
16 6 100 4 8 180
10 7 100 2 4 180
23 8 75 3 6 (8]
12 9 100 4 4 180
5 10 50 2 8 60
18 11 125 3 6 120
24 12 75 3 6 240
6 13 100 2 8 60
8 14 100 4 8 60
22 15 75 3 10 120
25 16 75 3 6 120
17 17 25 3 6 120
13 18 50 2 8 180
3 19 50 4 4 60
2 20 100 2 4 60
20 21 75 5 6 120
21 22 75 3 2 120
11 23 50 4 4 180
15 24 50 4 8 180
7 25 50 Ed 8 60
26 26 75 3 6 120
Ed 27 100 4 4 60
3. Results

3.1. Characterization of Biosynthesized Fe203/Zn0O BNPs
3.1.1. Ultraviolet (UV) Spectroscopy

Fe,03/ZnO BNPs were synthesized through the reduction of metal ions by biomolecules present in
the fungal extract. The color of the fungal extract changed from faint pink to dark brown, and this
change was the first indicator of the successful synthesis of the NPs. The biosynthesized NPs were
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then characterized using a UV spectrophotometer in a wavelength range of 200-500 nm. The
absorption surface plasmon resonance characteristic peak was observed at 351 nm (Figure 1), whereas

no peak appeared in the control fungal extract. This result indicates the stable biosynthesis of the BNPs
in the experimental sample.

2.5

—pxfract ———Fe\Zn

1.5

Absorbance (a.u.)

200 300 400 500 600
Wavelength (nm)

Figure 1.
UV-visible spectra of biosynthesized nanoparticles. (A) Fungal extract, (B) Fe203/ZnO BNPs.

3.1.2. FTIR Spectroscopy Analysis

FTIR spectroscopy analysis helps to investigate the functional groups involved in the synthesis of
NPs and responsible for the reduction of metal ions and the stability of BNPs compared to the fungal
extract control sample (Figure 2). FTIR analysis of Fe,O3/ZnO BNPs shows that the band at 3447.04
cm ! relates to the stretching of O-H groups, while the absorption band at 1616.98 cm™ ! represents the
C=C group [317], band at 1046.85 cm ! represent C-O group [327] and 917.02 cm! represent C-H

group. Chemical shifting in absorption peak value towards the lower wavenumber (519 ¢cm™) indicated
the formation of Fe,O3/ZnO BNPs.
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Figure 2.
FTIR spectra of (A) fungal extract and (B) Fe203/ZnO BNPs.

3.1.8. X-Ray Diffraction (XRD) Patterns

XRD patterns confirmed the crystalline structures of the biosynthesized NPs. I'igure 3 shows the
XRD patterns of the biosynthesized Fe,Os/ZnO BNPs. The XRD patterns of the Fe.Os/ZnO BNPs
were compared with the Joint Committee on Powder Diffraction Standards (JCPDS; card No. 01-089-
0598) and (card No. 01-089-1397). The 2° values were detected to confirm the formation of Fe,O3/ZnO
BNPs. The peaks at 14° and 20° are related to residuals from the fungal extract.

35
30 1 ]
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S =)
B a0 47 . =
g 15 \ = g
- = r-?-.J N 5 =
S 10 e s 2 N N
[Sai = = S =
L] =5 8 8
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20
Figure 3.

XRD pattern spectrum of Fe203/ZnO BNPs.
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3.1.4. Energy-Dispersive X-Ray (EDX) Spectroscopy
The elemental composition of the Fe,Os/ZnO BNPs was determined by energy-dispersive X-ray diffraction
(XRD). Figure 4 confirms the presence of Fe, Zn, and O elements in the sample's composition.

Spectrum 1
Fe
(%]
a
~
€
3 Zn
S Zn
0
Fe Fe n
1] 2 £ € 2 10 12 14 18 18 20
Full scale 5963 cts Cursor 16.052 (18 cts)| keV]
Figure 4.

EDX spectrum of biosynthesized Fe,O3/ZnO

3.1.5. Transmission Electron Microscopy (TEM) Analysis

The morphology, crystal structure, and shape of the biosynthesized nanoparticles (NPs) were investigated
through transmission electron microscopy (TEM) imaging. The shape, size, and crystal structure of the
Fe,03/Zn0O biosynthesized nanoparticles (BNPs) are shown in Figure 5. Fe,O3/ZnO BNPs are polycrystalline and
possess a hexagonal wurtzite crystal structure. The Debye—Scherrer equation was employed to calculate the sizes
of the NPs, revealing that the Fe,Os/ZnO BNPs ranged from 3 to 18 nm in size, indicating that the diameters of
the biosynthesized NPs were less than 20 nm. Selected area electron diffraction (SAED) is an experimental
crystallographic technique performed using a transmission electron microscope. It is one of the most widely used
techniques for examining two-dimensional electron diffraction patterns. In the SAED pattern, each spot
corresponds to a specific diffraction condition. The SAED pattern displayed diffraction rings characteristic of the
biosynthesized Fe,Os/ZnO BNPs.

N
Figure 5.
Electron microscopy of the biosynthesized Fe203/ZnO BNPs, (A—C) TEM micrographs and (D) SAED pattern.
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The biosynthesis of NPs by I oxysporum extract was optimized using CCD. The optimal conditions
for FesOs/Zn0O BNPs were obtained at an incubation time of 48 hours, a metal salt concentration of 7
mM, shaking speed of 140 rpm, and pH level of 7 (Table 3).

Table 3.

Maximisation of Fe203/Zn0O BNPs as responded to independent variables among CCD trials.

Runs pH Shaking Salt Conc (mM) Incubation Time Fe.0:/ZnO BNPs
(xpm) (h) (mM)

1 6 130 6 72 1.627
2 6 130 6 72 1.644
3 5 140 5 96 1.419
4 7 140 7 48 1.985
5 7 140 5 96 1.58
6 5 140 7 48 1.742
7 7 120 7 48 1.92
8 5 120 5 48 1.548
9 7 120 5 96 1.547
10 5 120 7 96 1.799
11 8 130 6 72 1.688
12 6 130 6 72 1.639
13 Ed 130 6 72 1.285
14 6 130 6 24 1.651
15 6 110 6 72 1.608
16 6 150 6 72 1.696
17 6 130 6 72 1.631
18 6 130 4 72 1.424
19 6 130 8 72 1.889
20 6 130 6 120 1.638
21 7 120 5 48 1.118
22 6 130 6 72 1.687
23 5 120 7 48 1.789
2% 5 140 5 48 1.469
25 7 140 5 96 1.5628
26 5 120 5 96 1.46
27 5 140 7 96 1.745
28 7 140 7 48 1.95
29 6 130 6 72 1.623
30 7 120 7 96 1.905

Uncertainty for centre points

N 6 Mean 1.6418 95% CI 0.0188

Std Dev 0.0234 Std. Error 0.0096 95 CI range 1.6231 1.6606

Uncertainty for all responses

N 30 Mean 1.6409 95% CI 0.0695

Std Dev 0.1942 Std. Error 0.0355 95 Cl range 1.5715 1.7105

The model I-value (16.21) indicates that the model was significant. There was only a 0.01% chance
that an I*-value this large would occur due to noise (Table 4).
The P-values that were less than 0.05 indicated that the model terms were significant. In this case,
A, C, AB, AC, A2, and A2C were significant model terms. Values greater than 0.10 indicated that the
model terms were not significant.
The lack-of-fit F-value (15.68) indicated that the lack of fit was significant. There was only a 0.33%
chance that a lack-of-fit F-value this large would occur due to noise. Significant lack of fit suggested
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nonlinearity in the data that a quadratic or linear model cannot capture, but the adjusted R-squared of
the model performed well for optimization.

Table 4.

ANOVA analysis for the reduced cubic model, which presents the degrees of freedom (Df) of the test.

Source Sum of Squares Df Mean Square F-Value p-Value
Model 0.9620 9 0.1069 16.21 <0.0001
A—pH 0.0812 1 0.0812 12.32 0.0022
B-Shaking 0.0110 1 0.0110 1.66 0.2119
C-Salt concentration 0.1081 1 0.1081 16.40 0.0006
AB 0.0370 1 0.0370 5.61 0.0281
AC 0.0403 1 0.0403 6.11 0.0225
A2 0.0321 1 0.0321 4.87 0.0392
B2 0.0017 1 0.0017 0.2618 0.6145
A2C 0.0358 1 0.0358 5.43 0.030%
AB? 0.0228 1 0.0228 3.45 0.0780
Residual 0.1318 20 0.0066

Lack of Fit 0.1291 15 0.0086 15.68 0.0033
Pure Error 0.0027 5 0.0005

Cor Total 1.09 29

Std. Dev. 0.0812 R2 0.8795

Mean 1.6400 Adjusted R? 0.8252

CV.% 4.9500 )Adeq Precision 14.1501

Note: Fe/Zn NPs =

+1.66 + 0.2015%A + 0.0428*B + 0.2325*C
+0.1922*AB + 0.2007*AC

—0.1343%A2 + 0.0312%B2

+0.6555%A2C — 0.5225%AB2

Predictions from each fitted linear model were plotted against actual experimental values. The line
represents perfect predictions, and the distance of deviation from the line indicates the residual.
Predictions for high- and medium-level response values had low residuals and were thus much better
than those at low values, which showed more deviations from the line in Figure 6A.

Fitted model predictions were plotted against residual errors (the difference between predicted and
actual experimental values). The residual values were normalized by the standard deviation (sigma) for
the model in this plot, which provided a visual diagnostic for outlier predictions of the model. Perfect
predictions that agree with experimental values have zero residual error, and points close to the zero
line represent good predictions (Figure 6B).

As shown in Figure 7, the response surface was maximized for the Fe,O3/ZnO biosynthesis
response by using the Hill Climbing algorithm, and interaction graphs for the response surface were
produced by varying the two factors in the graph and fixing the other two at optimal levels. The
interactions among the following factors were explored: A (pH), B (shaking rpm), C (salt concentration),
and D (incubation time in minutes).

The response surface was flat in the middle, with three edges exhibiting upward curvature and two
edges showing downward curvature, characteristic of" a cubic surface. This indicates that once the other
two factors are fixed at optimal levels, varying the factors in the AB interaction influences the
experiment. The increasing parts of the curve appeared at three settings: high A (>7) plus high B
(>120), and low A (<5) plus low/high B (<120 and >140). The downward curvatures occurred at low
A/medium B and high A/low B, respectively, indicating decreased response at these set levels.
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Fe203/Zn0O BNP responses: (A) The predicted response values versus the actual response values, (B) standardized residual
plots of Fe203/Zn0O BNPs.
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Three-dimensional surface plot of biosynthesized Fe,O3/ZnO BNPs.

CD: The response surface was flat in the middle, with two edges exhibiting upward curvature and
two edges showing downward curvature, characteristic of a cubic surface. This indicates that once the
other two factors are fixed at optimal levels, varying the factors in the AC interaction has some eftect on
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the experiment. The increasing parts of the curve appeared at two settings: high A (>7) plus high C
(>7) and low A (<5) plus high C (>7). The downward curvatures occur at low A/low C and high A/low
C, respectively, indicating decreased response at these set levels.

AD: The response surface had some slopes on two sides and some downward curvature in the
center, indicating that once the other two factors are fixed at optimal levels, varying the factors in the
AD interaction had a significant effect on the experiment. A (pH) had a significant effect on the
response, with two settings producing high responses. Low and high settings (<5 and >7) corresponded
to the two sloped edges with low middle values. The level sets at each fixed D level were straight,
constant lines, indicating the absence of an effect on D once A is fixed.

BC: The response surface exhibited some large slopes with respect to B and a small slope on the
edges, with some downward curvature on one edge for C, indicating that once the other two factors are
fixed at optimal levels, varying the factors in the BC interaction has a significant effect on the
experiment. C (salt concentration) level had a significant eftect on response, as C increased with a peak
near the 7-8 level, whereas the level sets at each fixed B (shaking) level were slightly curved. Settings
around 130, producing high values below or above, had low responses corresponding to downward
curvature at the edges.

The response surface exhibited a small slope and slight curvature on one side, indicating that once
the other two factors were fixed at optimal levels, varying the factors in the BD interaction has some
effect on the experiment. B (shaking) had a significant effect because it moved from low to high levels,
thereby increasing the response. The effect leveled oft midway beyond 130 (reaching a peak), and the
response curve became flat, indicating the absence of an effect beyond that level set. Subsequently,
downward curves appeared at high B levels (>140). The level sets at each fixed D level were straight,
constant lines, indicating that the level of D was nearly unaffected once B was fixed.

The response surface had some slopes, was almost flat, and had no curvature, indicating that once
the other two factors are fixed at optimal levels, varying the factors in the CD interaction has some
effect on the experiment. C level had a significant eftect on the response. C increased the response, and
the level sets at each fixed D level were almost straight, constant lines with no curvature, indicating that
the level of D (incubation time) was almost unaffected when C was fixed. High levels of C beyond 7
maximized the response.

3.8. Evaluation of Antimicrobial Activity and Minimum Inhibitory Concentration (MIC) of Fe203/ZnO
Bimetallic Nanoparticles (BNPs)

The biosynthesized BNPs demonstrated significant activity against tested bacterial pathogens and
yeast strains. The maximum inhibition zone diameters at concentrations of 3 mg/mL were 34, 46, 42,
32, 45, 26, 25, 24, 31, and 85 mm against Bacillus cereus; Bacillus subtilis; Streptococcus sp.; Staphylococcus
aureus; Staphylococcus epidermidis; Escherichia coli; Enterobacter sp.; Klebsiella pneumoniae; Salmonella typhs;
and Candida albicans, respectively. The MIC values of the NPs are 3 mg/mL for Bacillus cereus and 0.75
mg/mL for Bacillus subtilis, Streptococcus sp., Staphylococcus aureus, and Staphylococcus epidermidis. The
MIC values for Escherichia coli, Enterobacter sp., Klebsiella pneumoniae, and Salmonella typhi are 1 mg/mL,
but 2 mg/mL for Candida albicans (Table 5 and Figure 8). In general, the Fe,O3/ZnO BNPs showed
greater potential against gram-positive bacteria than gram-negative bacteria.
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Table 5.
Potentiality of different concentrations (mg/mL) of biosynthesized BNPs. against pathogenic bacteria.
Treat.| , €On¢ B.C. B.S. Str. S.A. S.E. E.C. Entro K.P. S.T. CA.
(mg/mL)
0.25 6.00 £ 0.12 | 5.00 £ 0.80 [11.00 + 0.12]14.00 £ 0.16] 16.00 £ 0.12 | 6.00 £ 0.09 | 5.00 + 0.60 | 4.00 £ 0.60 | 8.00 £ 0.20 | 16.00 £ 0.10
0.5 10.00 £ 0.20[21.00 £ 0.1416.00  0.04]16.00 + 0.08| 19.00 + 0.03 |12.00 + 0.14] 9.00 £ 0.51 | 8.00 + 0.57 | 16.00 £ 0.06 | 17.00 + 0.20
g 0.75  |17.00 £ 0.19[26.00 £ 0.26[21.00 + 0.14]18.00 £ 0.20| 21.00 + 0.16 | 15.00 £ 0.1615.00 + 0.50| 18.00 £ 0.44| 18.00 £ 0.08 | 18.00 £ 0.18
% 1 18.00 £ 0.26]31.00 £ 0.87(26.00  0.02]21.00 + 0.24.| 26.00 *+ 0.20 [17.00 + 0.70[17.00 % 0.60| 15.00 £ 0.04:| 20.00 + 0.28 | 19.00 + 0.17
N 2 26.00 £ 0.24]39.00 £ 0.20[85.00 + 0.23]27.00 + 0.40| 86.00 + 0.10 |19.00 + 0.40]19.00 * 0.44{ 18.00 £ 0.30| 26.00 £ 0.21 | 27.00 + 0.16
& 3 34.00 £ 0.29[46.00 £ 0.03[42.00 + 0.09]32.00 + 0.16| 45.00 * 0.44 |26.00 + 0.64]25.00 * 0.64] 24.00 £ 0.60| 31.00 £ 0.13 | 35.00 + 0.13
MIC values 3.00 0.75 0.75 0.75 0.75 1.00 1.00 1.00 1.00 2.00

(mg/mL)

Note: Treat. Ttreatment; Conc. Concentration; B.C. Bacillus cereus; B.S. Bacillus subtilis; Str. Streptococcus sp; S.A. Staphylococcus aureus; S.E. Staphylococcus epidermidis; E.C.

Escherichia coli; Entro. Enterobacter sp.; K.P. Klebsiella pneumoniae; S. T. Salmonella typhi; C.A. Candida albicans and Candida.
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Figure 8.

Antimicrobial activity of Fe2O3/ZnO BNPs.

3.4. Removal Efficacy of Methyl Blue (MB) Dye Using the Biosynthesized Bimetallic Nanoparticles (BNPs)

The dye concentration decreased over time because the dye was adsorbed by the NPs. Figure 9
shows that the absorption peak decreased continuously with increasing exposure time of the NPs with
the dye. The adsorption activity of Fe,Os/ZnO BNPs increased as the contact time increased because
the adsorption activity depended on the surface area, volume, and dispersion of the catalyst in the
solution.

2.5 ——Methyl blue
Fe203\ZnO 30 min
—— 60 min
2 90 min
——— 120 min
—— 180 min
3
= 1.5
=
=
2
= 1 ~ -
0.5 \
0
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Figure 9.

MB removal using Fe203/ZnO BNPs.
3.56. Optimisation of Methyl Blue (MB) Removal Using CCD
From a previous experiment, the adsorption activity of the biosynthesized NPs was examined. The
adsorption activity of the NPs increased with time. Based on CCD, 27 rounds of investigation were
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performed on the variable responses that affected the MB removal rate. Suitable process factors for the
adsorption of CR dyes on biosynthesized NPs were obtained using CCD. Compared with fixed
optimization techniques, this strategy produced better outcomes while requiring less time and reducing
the number of trials needed. By using the complete factorial level of the response surface with three
replicates of the centre points for each of the four variables: dye concentration, adsorbent dose, pH, and
contact time (Table 6).

Table 6.
Responses of CCD for dye concentration (ppm), adsorbent dosage (g/L), pH, and contact time (min) for MB dye
removal.

Adsorbent Conc Contact Time Fe.0./ZnO BNPs
Std. Runs | Dye Conc (ppm) (g/L) pH (min) (Removal %)
14 1 100 2 8 180 52.55
19 2 75 1 6 120 26.30
1 3 50 2 4 60 81.60
9 4 50 2 %4 180 88.25
27 5 75 3 6 120 84.05
16 6 100 4 8 180 86.46
10 7 100 2 4 180 75.79
23 8 75 3 6 0 14.25
12 9 100 4 4 180 81.17
5 10 50 2 8 60 71.34
18 11 125 3 6 120 82.00
24 12 75 3 6 240 86.00
6 13 100 2 8 60 39.45
8 14 100 4 8 60 75.06
22 15 75 3 10 120 87.11
25 16 75 3 6 120 83.80
17 17 25 3 6 120 67.80
13 18 50 2 8 180 82.09
19 50 4 4 60 85.73
2 20 100 2 4 60 68.79
20 21 75 5 6 120 12.00
21 22 75 3 2 120 47.00
11 23 50 4 4 180 92.33
15 24 50 4 8 180 73.81
7 25 50 4 8 60 87.12
26 26 75 3 6 120 84.25
£ 27 100 4 4 60 58.58
Uncertainty for center points

N 3 Mean 84.03 95% CI 0.26

Std Dev 0.23 Std Error 0.13 95 CI range 83.78 84.29
Uncertainty for all responses
N 27 Mean 69.43 95% CI 8.65
Std Dev 22.94 Std Error 4.42 95 CI range 60.78 78.09

Model selection was performed using backward feature selection based on a p-value threshold close
to the significance level (a = 0.1). Starting with a quadratic model that includes all the linear and
interaction terms, the model was refined iteratively by removing the least significant term and refitted
until no term was above the desired threshold. The final selected model, which is a reduced quadratic
model, 1s illustrated in Table 7.
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Table 7.

ANOVA for the reduced quadratic model (R % Fe203/Zn0O BNPs).df represents the degree of freedom of the test.
Source Sum of Squares df Mean Square F-Value p-Value
Model 6232.79 4 1558.20 4.6000 0.0075
B-Adsorbent Conc 111.73 1 111.73 0.3299 0.5716
D-Contact time 1807.12 1 1807.12 5.3400 0.0307
B2 4154.24 1 4154.24 12.2700 0.0020
D2 638.71 1 638.71 1.8900 0.1835
Residual 7451.25 22 338.69
Lack of Fit 7451.15 20 372.56 7329.00 0.0001
Pure Error 0.1017 2 0.0508
Cor Total 158,684.05 26

Fit Statistics
Std. Dev. 18.40 R2 0.4555
Mean 69.43 Adjusted R2 0.3565
CV. % 26.51 Adeq Precision 6.9788

Note: Final Model Equation R % Fe/Zn NPs = + 85.20 + 2.16*B + 8.68*D — 12.74*B2 — 4.99*D2.

The model as a whole had a p-value that was significant at & = 0.05 level and even at the 0.01 level,
showing strong performance. Only D and B? quadratic terms were significant at « = 0.05, and all the
other terms were not significant.

The lack of fit was significant, indicating that the model did not fit many data points, possibly
because excessive noise in the measurements exerted considerable nonlinear effects on the data or
because of a large number of outliers. The model provided adequate adjusted R? performance and was
thus used in the overall response surface optimization.

The adequate precision model measured the signal-to-noise ratio. A ratio greater than 4 is desirable.
The current ratio indicates an adequate signal, and this model can be used to navigate the design space.

Terms with high model coefficients in the model equation had a larger effect than terms with low
coefticients and indicated whether the response increases or decreases. A negative coefficient decreased
the response when it increased, and a positive coefficient increased the response when it increased. B2
has the highest coefticient, followed by D.

Table 8 is the residual table containing the predictions obtained using the fitted model equation for
each data point. The values were compared with the actual experimental values. The difference between
them was used to obtain the residual (error) for the model.
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Table 8.
Residual table for (R% Fe203/Zn0O BNPs).

Run Order Actual Value Predicted Value Residual Standard Order
1 52.55 78.98 —21.44 14
2 26.30 29.93 —3.63 19
3 81.60 56.63 24.97 1
4 88.25 78.98 14.27 9
5 84.05 85.20 —=1.15 27
6 86.46 78.30 8.16 16
7 75.79 78.98 1.81 10
8 14.25 47.86 —33.61 28
9 81.17 78.30 2.87 12
10 71.834 56.63 14.72 5
11 82.00 85.20 —3.20 18
12 86.00 82.57 3.48 24
13 39.45 56.63 —17.17 6
14 75.06 60.94 14.12 8
15 87.11 85.20 1.91 22
16 83.80 85.20 —1.40 25
17 67.80 85.20 —17.40 17
18 82.09 73.98 8.11 13
19 85.73 60.94 24.79 3
20 68.79 56.63 12.16 2
21 12.00 38.56 —26.56 20
22 47.00 85.20 —38.20 21
28 92.33 78.30 14.03 11
24 73.81 78.80 —4.49 15
25 87.12 60.94 26.18 7
26 84.25 85.20 —0.9459 26
27 58.58 60.94 —2.36 4

Figure 10 shows the predictions from the fitted linear model plotted against actual experimental
values. The line represents perfect predictions, and the deviations from the line represent the residuals.
Predictions for high response values have low residuals and are therefore more accurate than those at
low values, which have greater deviations from the line.
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Figure 10.

Model evaluation of MB removal by Fe,Os/ZnO BNPs: (A) The predicted response values versus the actual response values;
(B) Standardized residual plots.

Figure 11 shows the fitted model predictions versus residual errors (differences from actual
experimental values). The residual value is normalized by the standard deviation (sigma) of all residuals
tor each model. This provides a visual diagnostic for outlier predictions in the model. Perfect predictions
have zero residual error, and points closer to the zero line represent better predictions.
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Three-dimensional surface plots of MB removal using Fe,O3/ZnO BNPs.

The response surface was maximized with respect to the Fe,O3/ZnO absorption response by using a
Hill Climbing algorithm, and interaction graphs for the response surface were produced by varying the
two factors in the graph and fixing the other two at optimal levels (Figure 11).

AC: The response surface had an extremely small slope and was flat with no curvature, indicating
that once the other two factors are fixed at optimal levels, varying the factors in the AC interaction has a
small or no effect on the experiment. A (dye) had a small or no effect on the response, as A increased the
response slightly, and the level sets at each fixed A level were straight, constant lines, indicating that the
level of C (pH) was nearly unaftected.

The response surface had a small slope and a slight curvature on one side, indicating that once the
other two factors are fixed at optimal levels, varying the factors in the AD interaction has some eftect on
the experiment. D? had a large effect as it moved from low levels to high levels and increased the
response, and then the effect leveled oft midway beyond 120 (reaching a peak), and the response curve
became flat, indicating that the level set was not affected. The level sets at each fixed D level were
straight, constant lines, indicating that the level of A (dye) was nearly unaftfected when D was fixed.

BD: The response surface had a hill-shaped peak with a large slope and curvature that can be
climbed from multiple sides of the curve, indicating that once the other two factors are fixed at optimal
levels, varying the factors in the BD interaction has a significant effect on the experiment. The peak of
the hill surface occurred at a B (adsorbent) level of 8 and D2 (contact time) level of 120. The level sets
were curved ovals on the contour, indicating that varying B and D have a significant effect on the
response. As B increased to 3, the response increased, and the values approached the center of the oval
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and then dropped oft to the edge beyond that. The effect of D approached the center, as D increased to
120 and then dropped to the edge of the oval beyond that level.

The response surface has a small slope and exhibits slight curvature on one side, indicating that
once the other two factors are fixed at optimal levels, varying the factors in the CD interaction has a
minimal effect on the experiment. D2 (contact time) had a significant effect; as it increased from low to
high levels, the response also increased. Beyond 120, the response curve leveled off, becoming flat, which
indicates the absence of an effect beyond that level. The level sets at each fixed D level were straight,
constant lines, suggesting that the level of C (pH) was nearly unaffected when D was fixed.

3.6. Effect of Contact Time

We studied the effect of contact time on dye removal by biosynthesized NPs to explore the
equilibrium time for dye removal. Adsorption efficiency was measured with different contact times from
5 min to 300 min (Figure 12). The calculation of the removal percentage of MB indicated that the
maximum adsorption of MB in the presence of biosynthesized Fe,Os/ZnO was 84%. The MB dye
removal by BNPs increased with contact time from 5 min to 240 min. The increase in dye adsorption
may be due to a large number of active sites available on the surfaces of NPs for dye adsorption. As
contact time further increased, the adsorption of the dye decreased, likely because of the saturation of
the adsorbent surface and the repulsive force between the dye molecules on the surface of the adsorbent
[83-357.

Contact Time
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Figure 12.

Contact time of MB removal by BNPs.

3.7. Effect of Initial Dye Concentration

At dye concentrations of 25, 50, 100, and 250 ppm, Figure 15 examined the impact of starting dye
concentration on the removal of MB dyes (FFigure 13). The other aspects of the experiment remained
unchanged. The elimination of MB dye was inversely correlated with dye concentration. The adsorption
efficiency of NPs was 97.9% for MB dye at a low dye concentration (25 ppm). This pattern of dye
removal might be caused by the surfaces of NPs having numerous active sites available for dye
adsorption at low starting dye concentrations. However, as the dye concentration increased, fewer
surface-active binding sites were available because the dye saturated the binding sites [367.
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Plot of removal % and q (mg/g) vs. initial CR concentration of BNPs.

3.8. Biosorption Kinetic Studies

The kinetic study relied on the removal rate of the dye from the aqueous phase by the biosorbent
based on varying contact times. Investigations were conducted to determine how different time intervals
(5—240 min) of contact between the biosorbent and dye affected the NP’s ability to adsorb MB dye (100
mL of 50 mg/L). This factor is extremely important in the study of kinetic isotherms. The kinetic
properties of MB adsorption by the NPs have been investigated by fitting the data on the effect of
contact time to several kinetic models, namely, pseudo-first order, pseudo-second order, and intraparticle
diffusion models. Figure 14 shows that as the contact time increased, the removal efficiency also
increased. This relationship was clearly demonstrated in the graph when contact time was increased
from 5 min to 60 min, leading to a proportional increase in the biosorption capacity (q) of the NPs. This
effect can be attributed to the presence of available active sites and functional groups on the NPs’
surface. These groups saturated and decreased the biosorption rate. In this study, the experimental data
were fitted to pseudo-second-order models. The results aligned with findings from previous studies.
Table 9 shows the different kinetic parameters and R? values for each model. Figure 16 illustrates the
plot of the intraparticle diffusion kinetic model for MB adsorption on the BNPs. The inclusion of
several linear regions in the plot suggests that the MB adsorption process involved multiple steps.
Initially, the dyes diffused into the adsorbent particles. Subsequently, dye molecules entered macropores
through diffusion. Finally, equilibrium was reached after molecules diffused into the inner layers and
micropores.
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Table 9.

Parameters obtained from different kinetic models for the adsorption of MB onto the biosynthesized Fe,0s/ZnO BNPs.
Kinetic Model Fe.0:/ZnO
Pseudo-First-Order qe (mg/g) 34.709

Calculated
qe (mg/g) Experimental 42.383
k; (min™1) —-0.013
R2 0.949
Pseudo-Second-Order qe (mg/g) 44.887
Calculated
qe (mg/g) Experimental 42.383
ks (g/mg min) 0.001
R2 0.981
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Figure 14.

Different kinetic models for biosorption of MB onto the biosynthesized Fe.O35/ZnO BNPs: (A) first-order plots, (B) second-
order plots, and (C) intraparticle diftusion plots.

3.9. Biosorption Equilibrium Isotherms

The biosorption isotherm is typically used to illustrate the distribution of dye molecules between
liquid and solid phases at equilibrium. Experimental data were fitted to various commonly used isotherm
models to identify the most appropriate model for describing the process. The data were fitted to the
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Langmuir and the Freundlich isotherms. The models, their constants, and biosorption parameters are
presented in Figure 15 and Table 10. The R2 values of the linearized plots indicated that the Langmuir
equation provided a better fit to the experimental data than the Ireundlich equation. This suggests a
monolayer biosorption process with homogeneous biosorption sites and similar biosorption capacities,
assuming a constant biosorption energy. The RL value for MB dye removal was 0.228, which falls
between 0 and 1, indicating favorable biosorption. In contrast, the Freundlich model assumes multilayer
biosorption with heterogeneous site energies. A low correlation coefficient for its linearized plot was
observed, implying that the Freundlich model is less suitable for modeling the biosorption process.

Table 10.

Kinetic parameters of different equilibrium models for the adsorption of MB onto the biosynthesized Fe203/ZnO BNPs.
Equilibrium Model Fe.0:/ZnO
Freundlich Kr (n1g17 1/nL1/n gfl) 839.056

ng 18.81
R2 0.125
Langmuir qe (mg/g) Calculated 17.455
KL (L mg ) —0.098
R? 0.987
A B ‘
Langmuir Freundlich
12 45
10 4
§ 35
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Figure 15.
Plots of (A) Langmuir and (B) Freundlich isotherms for the biosorption of MB onto the biosynthesized NPs.

4. Discussion

In the present work, I oxysporum was used for the biosynthesis of Fe,Os/ZnO BNPs. The color of
the cell-free extract changed from faint pink to dark brown. To confirm the composition and synthesis
of the nanoparticles, some optical analyses were performed. The first type of spectroscopic analysis
conducted was UV—vis spectroscopy. In this study, the characteristic peak of Fe,O3/ZnO BNPs was
observed at 351 nm. In the UV-Vis spectra of ZnO nanoparticles, the absorption peak ranges from 360
to 380 nm [877. The shift in the absorption peak was indicated by bimetallic Fe,Os/ZnO nanostructure
formation [ 38, 397.

FTIR analysis indicates the fungal metabolites responsible for the bioreduction of NPs. According
to FTIR analysis, the protein in the extract may have significantly affected the stability of the
Fe,Os/ZnO BNPs. The polycrystalline structures of the NPs were investigated using XRD patterns.
Fe,Os NPs exhibited rhombohedral structures, confirmed by peaks at 20 values of 24.02°, 35.4°, 40.6°,
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49.2°, and 54.09°, corresponding to the (012), (110), (113), (024), and (116) planes, respectively. These
peaks were consistent with JCPDS card No. 0598-089-01 [40, 417. The peaks of ZnO NPs were compared
with JCPDS card No 01-089-1397 and indicated that ZnO NPs had hexagonal crystalline structures, which were
confirmed by the peaks at 26 values of 31.8°, 83.9°, 35.7°, 47.9°, 56.07°, 62.2°, and 67.6°, assigned to the (1 00), (0
02), (10 1), (02 1), (110), (00 2), and (01 2) planes, respectively [42, 437]. We used the SAED image to confirm
the polycrystalline structures of the Fe.Os/ZnO BNPs (Figure 5D).

The EDX spectrum of Fe,O3/ZnO BNPs provided the elemental composition of the Fe,Os/ZnO
BNPs. EDX showed peaks identified as iron, zinc, and oxygen and indicated that NPs formed as
nanooxides.

The shapes and morphology of the NPs were investigated through TEM. The NPs' size depends on
the composition and the nature of the medium used [447]. The sizes of the Fe.O3/ZnO BNPs ranged
from 8 nm to 13 nm. The variations in the shapes and sizes of the NPs were due to the contribution of
several reducing and capping agents acting during the biological synthesis. Chemical methods can
produce NPs with uniform shapes and sizes because of differences in the chemicals used as stabilizing
and reducing agents [45, 46].

Design of Experiment (DokE) analysis tests all variables and their interactions through efficient
sampling of the design space, which can be used to develop models of the factor and response space
without testing all possible interactions. CCD is a type of DoLE analysis used for optimization and was
employed in this study.

The optimization of biological production utilizes different statistical approaches to identify and
optimize parameters that significantly affect the process and predict the interactions between factors.
Optimization of these factors that influence the synthesis of BNPs is the initial step in the process. CCD
was used to study the effect of various variables, such as incubation time, pH, shaking speed, and metal
salt concentration on the production of NPs [237. Thirty different trials were selected and performed
to obtain samples about the optimal factors that maximize the responses. ANOVA was used to test the
significance of the factors in the biosynthesis of Fe,Os/ZnO BNPs. According to the results of
ANOVA, the reduced cubic model with high-order interactions between pH and salt concentration is the
best model for the biosynthesis of the Fe,Os/ZnO BNPs. Model terms with p-values less than 0.05 were
statistically significant. The significant model terms included A (pH) and C (salt), and the interaction
terms included AB (pH-shaking), AC (pH-salt), A2 (high-order pH interaction), and A?C (high-order pH
and salt interaction). p-values greater than 0.05 indicated that the model terms were not significant. The
ANOVA results indicate that the overall model (all terms considered together) was statistically
significant with a p-value <0.0001. The F-value of the overall model was 16.21, which reflected the
significance of the model. For Fe,Os/ZnO BNPs, the optimal conditions were found at run number 2,
where pH, shaking speed, salt concentration, and incubation time were 6, 130 rpm, 6 mM, and 72 hours,
respectively.

The NPs demonstrated excellent antimicrobial activity against most of the tested pathogenic
strains. The inhibitory effect of NPs can be related to DNA structural disintegration or disruption of
enzyme activity induced by the generation of highly reactive oxygen species that damage the cell
membrane and cell wall [47-497.

The NPs demonstrated an excellent inhibitory effect against all tested pathogenic microbes and
exerted greater effects on gram-positive bacteria than on gram-negative bacteria.

The effect of initial dye concentration on the removal of MB dyes was studied according to changes
in dye concentration. At low dye concentrations (25 ppm), the adsorption efficiency of NPs was 92% for
MB dye. This pattern of dye removal may be due to low initial dye concentrations and a large number
of active sites on the surfaces of NPs for dye adsorption. However, as dye concentration increased, the
number of surface-active binding sites decreased because of the saturation of the binding sites by the
dye molecules [367].
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Adsorption kinetics is a fundamental aspect of adsorption system design because it provides
information about the rate and time of adsorption. Kinetics play an essential role in characterizing the
adsorption dynamics of an adsorbate and can provide important information about possible adsorption
mechanisms. In this study, the kinetics of MB adsorption on the NPs were investigated by fitting the
contact-time effect data to kinetic models, namely, pseudo-first-order and pseudo-second-order models.
The removal of MB dyes fitted well with the pseudo-second-order kinetic model.

The pseudo-first-order kinetic model describes the adsorption process in solid and liquid systems,
assuming that two measurable factors are proportional to the number of free active sites: (1) the ratio of
the rate of adsorption to the change in adsorption capacity at a given point in time, and (ii) the
equilibrium and percentage occupancy of adsorption sites [50, 517]. In this form, the physical process is
dominant because of the weak interaction between the adsorbent and the adsorbent surface.

The pseudo-second-order kinetic model assumes that chemisorption is the main process, and the
adsorption rate is related to the square of the number of free active sites [52, 537. In this study, the
kinetic studies were fitted to a pseudo-second-order model with an R? of 0.9981. The relationship
between the amounts of dyes, such as MB, adsorbed on the BNPs, and the dye concentration at
equilibrium can be described by adsorption isotherms [54, 557]. The adsorption performance and the
ability of the adsorbent to adsorb dyes from aqueous solutions were analyzed using isotherm models. To
determine the most suitable isotherm model for representing MB dye adsorption onto the NPs, the
Langmuir and the Freundlich models were employed in data analysis.

An experimental Freundlich isotherm describes multilayer adsorption on a heterogeneous surface
[30, 567. The Langmuir model assumes that (i) all adsorption sites are equal, (ii) each site can hold only
one adsorbate molecule, and (iii) all sites do not depend strongly on the adsorbed amount of an
adsorbate [57-597. In this study, the results fitted more closely to the Langmuir isotherm model, with
an R2 of 0.987 for MB.

The optimal conditions for MB removal using BNPs were investigated. CCD was used to optimize
different factors affecting MB removal by NPs. ANOVA was employed to examine the significance of
three types of variables. A reduced quadratic model was fitted to the data, and the ANOVA of the model
yielded an F value of 4.6, indicating that the overall model was significant. The p-value was 0.0075,
which was less than the significance threshold (0.05), signifying that the overall model (considering all
model terms) was significant. Another parameter for evaluating the model's quality is the coefficient of
determination (R2) and adjusted R2. The R? and adjusted R? values for the MB removal model were
0.4555 and 0.83565, respectively. The lower value of adjusted R2 compared to R? indicates that the model
did not overfit. The optimal conditions for MB removal were as follows: a concentration of 50 ppm, an
adsorbent dosage of 4 g/L, a pH of 4, and a contact time of 180 minutes, with a maximum removal rate
of 92%.

5. Conclusions

Our novel contributions include the use of a Fusarium oxysporum fungal strain to produce Fe/Zn
bimetallic nanoparticles (BNPs) and the application of these nanoparticles to remove methylene blue
(MB) dye, which differs chemically from other dyes and pollutants. The nanoparticles demonstrated
significant antibacterial properties against both gram-positive and gram-negative bacteria, with a high
inhibition zone observed against Bacillus subtilis. Additionally, potent antibacterial activity was noted
against Bacillus cereus, Bacillus subtilis, Streptococcus sp., Staphylococcus aureus, and Staphylococcus
epidermidis. The initial dye concentration inversely affected the removal efficiency of MB dye, as higher
dye concentrations led to decreased adsorption due to saturation of the nanoparticle binding sites.
Kinetic and equilibrium isotherm studies were conducted for MB dye removal using Fe,Os/ZnO BNPs.
The kinetic data fitted well to the pseudo-second-order model with an R2? value of 0.981, and the
intraparticle diffusion model indicated that the adsorption process occurred in three stages. The
equilibrium data conformed to the Langmuir isotherm model with an R2 of 0.987. The maximum
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removal efficiency of MB dye by Fe,Os/ZnO BNPs was 92%. During the central composite design
(CCD), the F value was 4.6, and the p-value was 0.0075. The nanoparticles exhibited excellent
antibacterial properties and proved effective as adsorbents for removing MB dye from aqueous media. In
conclusion, our findings suggest that these nanoparticles have promising applications in wastewater
treatment as antimicrobial agents, owing to their bio-friendly and eco-friendly properties.
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