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Abstract

Novel biogenic cobalt ferrite nanoparticles were prepared biologically using Adansonia
digitata L. (Baobab) Fruit Pulp Extract, assisted by a microwave heating method. The uti-
lization of Adansonia digitata L. (Baobab) Fruit Pulp Extract assisted by microwave heat-
ing is considered an eco-friendly method that is environmentally sustainable and inex-
pensive in terms of energy consumption and large-scale production. Different tech-
niques were used to characterize plant extract-mediated nanoparticles, including X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM), and N, adsorption—desorp-
tion analysis. The XRD analysis revealed single-phase crystalline structures with a mean
size of 31.5 nm. In SEM and TEM studies, the nanoparticles took different morphologies,
such as regular and spherical shapes. The bio-synthesized nanoparticles showed high re-
moval efficiency as adsorbent components in MO removal, for example, of organic dye.
The influences of different factors on the adsorption process, such as MO concentration,
solution pH, and doses used, were tested based on the amount of adsorbent used. The
kinetic and isotherm study results revealed that pseudo-second-order kinetics models
and the Freundlich sorption isotherm model fit the adsorption process of MO on nano
adsorbents well. Additionally, the antimicrobial assessment of CoFe;O4 NPs was tested
against five species of human pathogenic bacteria, as well as one fungal species. The re-
sults show that CoFe,O, NPs exhibit higher inhibition activity against the examined
microorganisms.

Keywords: Adansonia digitata L. (Baobab) Fruit Pulp; CoFe,O, NPs; catalytic activity; an-
timicrobial

1. Introduction

The rapid development of the textile, printing, and pharmaceutical industries has
led to the discharge of large quantities of synthetic dyes and pathogenic microorganisms
into water bodies, posing a significant threat to environmental sustainability and human
health. Among various pollutants, anionic azo dyes, such as methyl orange (MO), are
particularly notorious for their stability and toxicity [1,2], while the rise of antibiotic-re-
sistant bacteria has intensified the search for more effective antimicrobial agents [3,4]. In
this context, nanotechnology has emerged as a transformative field, offering high-perfor-
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mance materials like spinel ferrite nanoparticles for diverse environmental and biomedi-
cal applications [5]. Spinel ferrite materials are metal oxides that have spinel structures
and take a general chemical formula AB,O4, where A and B refer to different divalent
metal cations, which are placed at tetrahedral and octahedral sites, respectively. The ap-
pearance of different metal cations in the spinel structure with different ratios has a sig-
nificant impact on the ferrite’s physicochemical properties. Spinel ferrite displayed
unique and notable properties, such as crystalline and magnetic properties, so it at-
tracted great attention in different fields, such as physics, chemistry, materials science,
and engineering [6]. Ferrite with magnetic properties, such as CoFe,O, [7,8], MnFe,O,
[9], ZnFe,O, [10], and NiFe,O,4 [11] nanoparticles, are recognized as promising materials,
since they show high chemical and thermal stability, as well as unique structural, mag-
netic, optical, and electrical properties, so they are widely used in different applications,
including photocatalysis, sensors, catalysis, and medical applications. During the last
few years, spinel ferrites have been widely used as an effective adsorbent for dye degra-
dation. In addition to their advantages as nanostructured adsorbents, ferrites also offer
easy recovery of the adsorbent from treated solution due to their magnetic properties
[12,13]. Among these, nanoferriate cobalt ferrite (CoFe;O4) has attracted significant at-
tention due to its strong magnetic anisotropy, moderate saturation magnetization, and
excellent catalytic performance. These properties make CoFe,O,4 an ideal candidate for
magnetic separation in water treatment, where it can easily be recovered and reused af-
ter capturing pollutants [14-16].

Traditional chemical and physical synthesis approaches for CoFe,O,, such as sol-
gel, hydrothermal, and coprecipitation, often involve toxic reducing agents, high energy
consumption, and complex procedures, yielding hazardous by-products. Consequently,
there has been a paradigm shift towards green synthesis, a sustainable and eco-friendly
approach that utilizes biological entities, particularly plant extracts, as bio-reductants
and capping agents. Plant-mediated synthesis is cost-effective, easily scalable, and
avoids the use of toxic chemicals, making the resulting nanoparticles safer for environ-
mental and clinical use [17-19]. The Adansonia genus belongs to the Malvaceae family,
which has spread extensively across many African countries. It is commonly used by lo-
cal populations due to its useful properties in food or for traditional medicine. Several
studies have reported uses of A. digitata for medicinal purposes due to the presence of
many compounds with biological activity. Baobab fruit pulp is known to be a rich source
of minerals such as calcium and potassium and vitamins (vitamins C and A), and in-
cludes flavonoids, triterpenoids, steroids, phenolic acids, and proanthocyanins. These
active compounds make Baobab fruit pulp show some biological activities such as anal-
gesic, antipyretic, antibacterial, antiviral, antioxidant, and anti-inflammatory properties
[20]. These compounds serve a dual role: they act as reducing and capping agents that
help to stabilize nanoparticles and prevent agglomeration, thereby enhancing their func-
tional surface properties. Using plant extracts in the synthesis of metal nanoparticles is
considered an eco-friendly process compared to using conventional chemical methods.
Through this route, hazardous chemicals are reduced as the green reducing and stabiliz-
ing agents available in the plant extracts are employed instead. Previous studies have
successfully employed Baobab extracts to synthesize various metallic nanoparticles,
demonstrating their effectiveness in producing stable, bioactive nanomaterials [21-23].

Numerous significant studies in the literature have discussed the plant-mediated
synthesis of CoFe>O4. K. Kombaiah et al. prepared CoFe,O4 nanoparticles with interest-
ing magnetic and optical properties via Okra plant extract [24]. Hibiscus rosa-sinensis
flower and leaf extracts were used to prepare spherical nanoparticles with a very low en-
ergy bandgap and super-paramagnetic properties, which were used as an effective cata-
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lyst in photo-catalytic degradation of methylene blue and as an anti-microbial agent [25].
Sesame (Sesamum indicum L.), rosemary (Salvia rosmarinus), and citrus limon were also
used to prepare CoFe,O4 nanoparticles using other methods such as sol-gel, self-com-
bustion, wet ferritization, and the combustion method, and have been applied in various
applications [26,27]. Despite the potential of CoFe;O4 nanoparticles in many fields, no
research has reported the use of fruit pulp from Adansonia digitata extract as a capping
agent; additionally, there is no current data on the combination of fruit pulp from
Adansonia digitata extract with the microwave-assisted hydrothermal method in the syn-
thesis of CoFe,O, nanoparticles.

The application of green-synthesized CoFe,O, for the removal of MO has shown
high efficiency, typically following the Langmuir monolayer adsorption model and
pseudo-second-order kinetics. Under UV or visible light irradiation, these nanoparticles
also act as photocatalysts, generating reactive oxygen species (ROS) that oxidatively de-
grade dye molecules into harmless CO, and HyO [28,29]. Furthermore, CoFe;O4
nanoparticles show important antimicrobial activity against both Gram-positive (e.g.,
Staphylococcus aureus) and Gram-negative (e.g., Escherichia coli) pathogens. This bacterici-
dal effect is attributed to the generation of ROS and direct physical interactions with mi-
crobial cell membranes, leading to cell disruption and death [30]. This study aims to syn-
thesize spinel CoFe,O, nanoparticles using an extract from the fruit pulp of Adansonia
digitata and investigate their multifaceted performance in the remediation of Methyl
Orange-contaminated water and their inhibitory effects against common bacterial
strains. By integrating green chemistry with magnetic nanotechnology, this research con-
tributes to the development of sustainable and reusable solutions for environmental pro-
tection and public health [31].

2. Results and Discussion
2.1. Material Characterization

The crystallographic data obtained by X-ray diffraction analysis of biosynthesized
CoFe,O4 nanoparticles are presented in Figure 1a. The sample exhibits diffraction peaks
at (200), (311), (400), and (511) at 26 = 28.06°, 33.02°, 47.2°, and 58.6° that are parallel to
the cubic spinel ferrite structure according to standard ICDD diffractogram card number
JCPDS NO. 22-1086 [19,22]. The crystallite size of the sustainably synthesized CoFe,O,
cubic spinel ferrite nanoparticles was calculated by the Debye-Scherrer formula [10],
and the average of their calculated size was 24 nm. Due to their atomic radius (200 pm),
the spinel ferrites were designed to contain cobalt material. Iron-coupled cobalt materi-
als have tetrahedral sites. The mixture of iron and cobalt metals increased the oxygen va-
cancy for better formation of the nanostructure [32].
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Figure 1. (a) XRD spectrum of CoFe,O4 nanoparticles, (b) FTIR spectra of CoFe,O4 nanoparticles

and Baobao fruit bulb extract.

FT-IR spectra of the prepared CoFe,O, nanoparticles with BFPE were studied for
functional groups that may be involved in the synthesis of the prepared nanomaterial.
As shown in Figure 1, the FTIR analysis of aqueous BFPE exhibited a wide band at 3373
cm”!, which was attributed to the stretching vibrations of ~OH and the stretching of aro-
matic and aliphatic compounds. The spotted peaks at 2916 cm™! were assigned to C-H
stretching and CH, group vibrations. In addition, the presence of a strong, sharp band
around 1655 cm™ was assigned to the C=O stretching vibration of aromatic structures
[21].

The IR spectrum of the CoFe;O4 nanoparticles, presented in Figure 1b, displays
small peaks in the range of 3160-3500 cm™, which could be attributed to the H-bonded
and —“OH groups of internal water molecules. The appearance of bands at 618 and 420
cm™! is attributed to stretching in the M-O bond of ferrite in the octahedral and tetrahe-
dral groups, respectively, which supports the occurrence of spinel cobalt ferrite [33,34].
This finding confirms the successful synthesis of CoFe,O, nanoparticles.

Vibrating Sample Magnetometry (VSM) analysis was used to study the magnetic
properties of the sustainably synthesized CoFe,O, nanoparticles, and the results are
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shown in Figure 2. The as-prepared nanoparticles display a typical magnetic hysteresis
loop and exhibit ferromagnetic behavior with a value of saturation magnetization (MS)
of about 56 emu/g and a remanence (Mr) of 25.30. These results are consistent with those
reported by Duo et al. and Ali Modabberas et al., with Ms and Mr values of 47.1 emu/g
and 27.5 emu/g, respectively, at room temperature [35]. The distribution of positive ions
in tetrahedral and octahedral locations affects the magnetic properties of spinel nanopar-
ticles, which play an important role in determining the magnetic properties of spinel ma-
terial [36,37].

=
©o

60

M(emu/g)
- 40 40

- 60

-80

-15,000 10,000 -5000 0 5000 10,000 15,000
Field (Oe)

Figure 2. VSM spectrum of biosynthesized CoFe,O4 nanoparticles.

The Nj adsorption/desorption of CoFe;O4; nanoparticles, analyzed by the BET
method, is shown in Figure 3a,b. According to the IUPAC classification, CoFe,O,
nanoparticles had an IV isotherm type, which is characteristic of a mesoporous structure
[34]. The BET-specific surface area calculation, pore volume, and pore size of CoFe;O4
nanoparticles were found to be 51 m2g, 0.097 cm3g™" and 1.77 nm, respectively.
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Figure 3. (a,b) N; adsorption/desorption isotherm curves of CoFe;O4 nanoparticles obtained from

nitrogen gas.

The morphology of the biosynthesized CoFe,O, nanoparticles was studied using
SEM techniques. Figure 4a—c represents SEM images of CoFe,O4 nanoparticles at differ-
ent magnifications. The biosynthesized CoFe;O4 nanoparticles displayed a spherical
form and were uniformly dispersed across the surfaces of the particles. The phytochemi-
cal constituents present in Baobao fruit bulb extract, such as terpenoids and flavanones,
serve as capping agents for the growth of metal oxides [26,38,39]. Figure 4d displays the
EDX analysis of the CoFe,O4 nanoparticles. The presence of Fe, Co, and O elements con-
firmed the purity of the synthesized nanoparticles. The quantitative Co: Fe ratio from the
EDX spectrum is represented in Table 1.
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Figure 4. SEM images (a—c), (d) EDX spectrum of CoFe,O4 nanoparticles.

Table 1. Quantitative analysis from EDX spectrum of CoFe,O4 nanoparticles.

EL AN Series [wt%] [at. %]
(@) 8 K-series 31.53 62.03
Fe 26 K-series 49.09 25.09
Co 27 K-series 19.38 12.88
Total 100.00 100.00

Figure 5a,b show HR-TEM images of CoFe,O4 nanoparticles. From the images, it is
clear that CoFe,O, nanoparticles occur in almost spherical and regular shapes. The parti-
cle size histogram was calculated using ImageJ software version 1.54 K, as shown in
Figure 5c. The calculated average nanoparticle size from the TEM measurement was 31.5
nm [39]. These findings prove the effective production of CoFe,O4 nanoparticles using
Baobab fruit bulb extract as a capping agent. Figure 5d represents the selected area elec-
tron diffraction pattern (SAED) of the CoFe,O, nanoparticles, which reveals multi-lay-
ered patterns, signifying the polycrystalline nature of the produced CoFe,O, nanoparti-
cles [40].
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Figure 5. TEM images (a,b) at different magnifications. The histogram of the particle size distribu-

tion (c,d) the selected area electron diffraction pattern (SAED) of the CoFe,O4 nanoparticles.

2.2. Adsorption Analysis
2.2.1. Zero-Point Charge (ZPC)

Zero-point charge is considered a crucial parameter that shows the ionization per-
formance of an adsorbent. The adsorbent is negatively charged at pH > ZPC, at pH =
ZPC, and positively charged at pH < ZPC. Figure 6a displays the plot of pHi vs. ApH;
the zero charge was determined to be 3.7, as shown in the figure.
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Figure 6. (a) Zero-point charge measurements as a function of pH for CoFe,O, nanoparticles. (b)
Effect of pH of solution on the MO removal efficiency from aqueous solution. Conditions: (MO
concentration: 10 mg/L, 0.06 g adsorbent dose, and 24 h contact time. (c) Effect of initial MO con-
centration on the removal efficiency. Conditions: (pH = 2.8; 0.06 g adsorbent dose and 24 h contact
time). (d) Effect of initial MO concentration on the removal efficiency. Conditions: (pH =2.8; 0.06 g

adsorbent dose and 24 h contact time).

2.2.2. Effect of pH

Solution pH plays an important role in the efficiency of MO removal since it has a
significant effect on the nano-adsorbent active sites as well as the degree of ionization of
MO [41]. To examine the influence of pH on MO sorption by CoFe,O, nanoparticles, the
pH values were varied from 2.0 to 11.0 while the initial MO concentration (10 mg, con-
tact time 24 h, and CoFe>O4 dose 0.05 g) was fixed. With an increase in solution pH from
2 to 11, the removal percentage efficiency of CoFe,O, nanoparticles decreases. This can
be explained by the fact that the CoFe,O, nanoparticles’ surface is expected to have a
positive charge at lower pH values, which could result in it being strongly attracted to
the dye’s negative groups (sulfonate) [7]. As is clear from Figure 6b, the maximum per-
centage of MO removal (97.5%) was achieved at a pH of around 2.8. The adsorption per-
centage (R%) started to decrease when increasing pH from 2.5 to 10.0; only 29% removal
efficiency was achieved at pH 11.0. This is mainly owing to the deprotonation of the
CoFe,O4 nanoparticles’ surface, since the zero-charge point was determined to be 3.7, so
beyond this point it becomes less positive and passes into a negative form. Therefore, the
repulsion forces increase and restrict the approach of MO to the sorbent surface [24,,42].

2.2.3. Effect of Initial Dye Concentration

https://doi.org/10.3390/inorganics14080204
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To examine the effect of MO initial concentration, a varied concentration range (10—
50 ppm) was used while keeping other parameters fixed. It is clear from Figure 6c that
with the increasing MO concentration, the percentage of removal efficiency gradually
decreased. The highest percentage of MO removal (96.8%) was obtained at a 10 ppm
concentration. When the concentration of MO increased, the removal efficiency de-
creased [43]. The high percentage of efficiency of MO removal using CoFe,O4 nanoparti-
cles at a low initial concentration might be associated with the availability of active sites
on the surface area. When the concentration increased from 10 to 50 ppm, the percentage
of removal efficiency decreased to 61.2%. This could be explained by the limitation of
empty active sites when using a constant amount of CoFe,O, nanoparticles, and the con-
centration being increased, which raises the saturation of surface-active sites [44].

2.2.4. Effect of Adsorbent Dose

One of the most significant and effective factors affecting dye removal efficiency is
the adsorbent amount, since it controls the adsorbent capacity for a given specific
amount of the adsorbate. To study the effect of adsorbent dosage on MO removal effi-
ciency, numerous dosages (0.02-0.10 g) of CoFe,O, nanoparticles were tested. This effect
was examined using 20 mL of MO solution under fixed conditions (10 ppm, pH = 2.8,
and T = 25 °C). As shown in Figure 6d, the MO removal efficiency (%) increased gradu-
ally from 45% to 94.5% when increasing the adsorbent dosage from 0.02 to 0.06 g. This is
due to the availability of more active sites for dye adsorption. However, an increase in
the CoFe,O4 nanoparticle dose results in a decrease in removal efficiency (80%). In fact,
in aqueous solution, the dispersion of CoFe,O4 nanoparticles with low dosages is better,
as most active sites on the CoFe,O4 nanoparticles” surface are totally open, which can
motivate the MO molecules to access the adsorbent active sites and saturate quickly, re-
sulting in a high percentage of removal [45]. Conversely, with an increase in adsorbent
dose, due to collisions between the adsorbent particles, particle aggregation occurs,
which reduces the surface area, and as a result of this, the percentage of MO removal
from aqueous solution decreases [46].

2.2.5. Kinetics Studies

Kinetics studies were performed using 20 mL of 10 mg/L methyl orange, with a 0.06
g adsorbent dose at optimum pH 2.8. To study the kinetic behavior of CoFe,O, nanopar-
ticles on the adsorption of MO, two kinetic models were applied: pseudo-first-order and
pseudo-second-order. The selection of the best-fit model will depend on the linear re-
gression correlation coefficient values (R?). The Lagergren rate Equation (1) represents
the pseudo-first-order kinetic model.

In(q,—q)=Ing, k1t M

where qe and q; (mg/g) are the amount of MO adsorbed at equilibrium and at time t, re-
spectively, ki is the rate constant of the pseudo-first-order kinetic model (min™!), and t is
the time (min).
For the pseudo-second-order kinetic model, a linear form was represented using the
following Equation (2).
111, ,
G kzq% % @)
where k; (g/mg.min) is the rate constant of the second-order kinetic model.
The results of using different kinetic parameters for MO removal using CoFe,O,
nanoparticles are summarized in Table 2. Figure 7a,b show the results of the two models,
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and it is clear that pseudo-second-order achieved a higher correlation coefficient, R
(0.983), compared to pseudo-first-order (0.788). Furthermore, the experimental results
(qes €xp 10.71 mg/g) appear very close to the calculated values for the pseudo-second or-
der (qge, cal 9.89 mg). The results suggest that the results of the kinetic studies of MO
onto CoFe;Oy4 nanoparticles are well-fitted to the pseudo-second order. Similar observa-
tions have been reported in the literature [4,10].

Table 2. Kinetic parameters for the adsorption of MO onto CoFe,O4 nanoparticles.

Pseudo-First-Order Pseudo-Second-Order
R2 0.8084 0.9844
k (min‘l) 0.011 0.0025

25

1)
| @ w! (b
.
20 e, 16
R*=0.8084 R?=0.9844
~ o 5| 0.9
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o LE N ® g
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" .
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. L 6|
05 N 4
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Figure 7. (a) Pseudo-first-order model, and (b) pseudo-second-order model for adsorption of MO

onto CoFeyO4 nanoparticles.

2.2.6. Sorption Isotherm

To understand the interaction between adsorbent molecules and the sorbent needed
to reach equilibrium, adsorption isotherm models are usually applied. Therefore, both
the Langmuir and the Freundlich isotherms were applied to study the experimental ad-
sorption equilibrium performance of CoFe,O4 nanoparticles during the adsorption of
MO dye (Table 3). Langmuir and Freundlich adsorption isotherms are represented by
Equations (3) and (4), respectively.

K Ce
qe=qrn_};.i+KL Ce 3)
@-Ky G ™ @

Table 3. Freundlich and Langmuir data for MO removal by CoFe;O4 nanoparticles.

Sorption
Syst K K 1/ R?
ystem I L F n Model
Freundlich
0.08741 0.673 0.98615
model
CoFe,Oy 4.18 0.11 0.93265 Langmuir
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Sorption
Model

model

System G Ky Kg 1/n R?

There is only a fixed number of sorption sites where adjacent adsorbed molecules
do not hinder the process of further sorption. Equation (3) represents the Langmuir
model linear form, where (q,, mg/g) represents the amount of sorption at equilibrium,
Ce represents the aqueous-phase concentration of adsorbate at equilibrium (mg/L), qy, is
the monolayer sorption capacity (mg/g), and b refers to the Langmuir constant, which is
related to the free sorption energy. The Freundlich model assumes the heterogeneity of
the adsorption surface, where interactions between adsorbed molecules can occur and
the sorption can be multilayer. Equation (4) represents the linear relationship of the
Freundlich sorption isotherm, where K, is the sorption capacity and (1/n) is the intensity
of sorption. Table 3 and Figure 8 represent the Langmuir and the Freundlich sorption
constant values with the corresponding correlation coefficients. The linear correlation co-
efficient (R?> = 0.986) value confirms that the system is fitted to the heterogeneous
Freundlich isotherm better than the Langmuir model. The degree of surface heterogene-
ity can be described according to the 1/n value. With a smaller 1/n value, the surface is
more heterogeneous, and at a value nearer to or equal to one, the surface is more homo-
geneous with binding sites [47,48].

0 5 10 16 20 25 30
C. (Ppm)
Figure 8. Freundlich fitting curves for MO adsorption onto CoFe;O4 nanoparticles.

2.2.7. Desorption and Mineralization Studies for CoFe,O4 Nanoparticles

It is very important to examine the possibility of regeneration and reuse of any ad-
sorbent in multi-cycle systems for manufacturing applications. To test the reusability of

https://doi.org/10.3390/inorganics14080204
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CoFe,O4 nanoparticles, ethanol and acetone were selected in MO adsorption—desorption
cycles, and because of their high dipole moments, both were selected [49]. To check the
reusability of the adsorbent, six adsorption-desorption cycles in acetone and ethanol
were conducted. The results are shown in Figure 9, and from the figure it is clear that af-
ter three cycles, the adsorption efficiency was still at the same level, and a minor de-
crease in the adsorption capacity was observed after six repeated cycles. It was observed
that the removal efficiency for MO decreased by 8.35% using acetone and 18.00% using
ethanol. These findings confirm the high-level recyclability of CoFe;O4 nanoparticles
even after six adsorption-desorption cycles.

B Acetone
100 B Ethanol
S 80
Y '
£
é 60 -
o -
-
(=) -
B 40
@
[« -
20 -
0 -

1 2 3 4 5 6

Number of Cycles

Figure 9. Reusability of CoFe,O4 nanoparticles.

For a better illustration of CoFe,O, nanoparticles’ catalytic performance, the miner-
alization study was investigated by the variation in total organic carbon (TOC), and the
result was shown in Figure 10. Under the same optimal conditions for MO removal for
70 min. The mineralization rate for MO removal reached 80.1%. According to the results,
the removal efficiency percentage of MO decreased in the recycle experiments. This may
be attributed to the blocking of CoFe,O4 nanoparticles” pores by MO molecules after
each use, which caused a decrease in adsorption and catalytic surface activity. Another
reason was the slight leaching of metal ions on the catalyst [32]. The amounts of leaching
of metal ions were measured as shown in Figure 10; the leaching efficiencies of Co and
Fe ions were 0.45%, 1.3%, and 4.5%, respectively. Thus, the results confirmed the above
decrease in the removal efficiency. All the results clarify that the CoFe,O4 nanoparticles
had adequate physicochemical stability during the degradation process of MO.
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Figure 10. TOC removal over 70 min. Reaction conditions: (pH: 2.8; 0.06 g, adsorbent dose and 24

h, contact time).

2.2.8. Antibacterial Activity of CoFe;O4 Nanoparticles

Spinel ferrite materials, especially Cobalt ferrite (CoFe,O,), are well known for their
high antimicrobial activity. An antibacterial assessment of CoFe,O, NPs was conducted
against five species of human pathogenic bacteria: Escherichia coli, Marsa, Pseudomonas
aeruginosa, Klebsiella Pseudomonas, and Candida, as well as one fungal species. The
antibacterial assessment of CoFe,O4 NPs is illustrated in Figure 11. As is clear from the
figure, the sustainably synthesized particles showed an excellent range of inhibition to-
wards the tested pathogenic microorganisms, including Gram-positive and Gram-nega-
tive bacteria and one fungal species. An increase in nanoparticle concentration and expo-
sure time resulted in reduced absorbance across all test microorganisms. In other words,
as CoFe,O4 NPs interact with the microorganisms, there is reduced OD600 due to inhibi-
tion of growth and cell proliferation. This is demonstrated by plotting the absorbance at
600 nm against the nanoparticle concentration or exposure [50]. From the graph, it is evi-
dent that E. coli displays the fastest absorbance decrease rate, implying its susceptibility.
Candida sp. and Klebsiella pseudomonas, on the other hand, show comparatively higher
absorbance values until intermediate levels of exposure and concentration before falling
dramatically. This means that these two microorganisms are more resistant than E. coli.
Notably, when the concentration or exposure increases further (40-60), the organisms
display lower absorbance rates, hence verifying the high antimicrobial efficiency of
CoFe,O4 NPs. The combination of plant extract and biosynthesized CoFe,O4 nanoparti-
cles improved the bioactivity of the produced nanoparticles. The interaction between
metal ions and the bacterial cells disturbed cell protection and accelerated the produc-
tion of reactive oxygen species (ROS). The existence of Co and Fe ions as spinel ferrite
improved the fragmentation of DNA, leading to interaction between metal ions and the
cell membrane, which allowed the ferrite ions to enter the cell and upset its normal ac-
tivities, leading to a deactivated state [51]. These changes in the cell system lead to the
inactivation of cells and enhance their death.
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Figure 11. Antibacterial activity of CoFeyOy.

3. Materials and Methods
3.1. Materials

The starting materials of Cobalt (II) nitrate hexahydrate, Ferric nitrate nonahydrate,
Whatman No. 1 filter paper, and Methyl orange (98% MO) were provided by Sigma-
Aldrich. All materials used were of analytical reagent (AR) grade, without any modifica-
tion during the synthesis time. Adansonia digitata L. (baobab) fresh fruit bulbs were ob-
tained from the Alhasa local herbal market.

3.2. Baobab Fruit Pulp Extraction (BFPE)

To prepare the extract, 20 g of baobab fruit pulp was added to 200 mL of distilled
water and boiled for 15 min. After that, the mixture was filtered using Whatman No. 1
filter paper to obtain a clear solution. The filtrate was then kept at 4 °C to undergo other
tests. Starting materials of Cobalt (II) nitrate hexahydrate, Ferric nitrate nonahydrate,
Whatman No. 1 filter paper, and Methyl orange (98% MO) were provided by Sigma-
Aldrich Chemie GmbH, Steinheim, Germany.

3.3. Synthesis of Spinel CoFe,O, Nanoparticles

Metal precursors Co (NOs),6H,O and Fe(NOz3); in a molar ratio of 1:1 were dis-
solved in 100 mL of distilled water. This mixture was stirred for 10 min at room tempera-
ture. Next, 0.20 mL of stored BFPE was added to the metal mixture and stirred vigor-
ously for 1 h. The mixture’s pH was adjusted to 10 using 0.1 M KOH. The resulting solu-
tion was transferred to a microwave digestion system vessel at 200 °C and 50 atm for 30
min. The resultant materials were collected, washed three times with distilled water and
ethanol 96%, and dried at 100 °C overnight. The synthesis protocol of CoFe;O4 nanopar-
ticles is presented in Figure 12.
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Figure 12. Schematic diagram of the synthesis of CoFe,O4 nanocomposite.

3.4. Assessment of the Antibacterial Inhibitory Potentials of CoFe,O4 Nanoparticles

To examine the antimicrobial behavior of the synthesized CoFe,O, nanoparticles,
the OD method was applied at 600 nm. An antibacterial assessment of CoFe,O4 NPs was
performed against five species of human pathogenic bacteria: Escherichia coli, Marsa,
Pseudomonas aeruginosa, Klebsiella Pseudomonas, and Candida, as well as one fungal
species. CoFe,O,4 nanoparticles were prepared in different concentrations (0, 2, 4, 8, 12,
and 16) to examine their antimicrobial activity against pathogenic microorganisms. A to-
tal of 20 ppm of amoxicillin antibiotic was used for comparison. Nutrient broth (NB)
medium was prepared and used as a suspension for the prepared CoFe,O4 nanoparti-
cles. An inoculum from the pathogenic culture (100 uL) in the logarithmic phase was in-
jected into the nutrient broth medium, which had previously been amended with the
nanoparticles (5 mL) under aseptic conditions. All samples were incubated for 24 h at 30
°C, and their absorbance was recorded spectrophotometrically at 600 nm.

3.5. Characterization

The morphological structure of the synthesized CoFe,O, nanoparticles was studied
using a field-emission scanning electron microscope (FE-SEM model FEI, QUANTA
FEG, 250) from Hillsboro, Oregon, USA, fitted with a high-angle, angular dark-field de-
tector and X-ray energy dispersive spectroscopy system (EDX). The structural phase was
detected using X-ray diffraction (XRD) with a Shimadzu XRD-7000 with an X-ray wave-
length Cu detector, sourced from Kyoto, Japan. The structural analysis was performed
using Fourier-transform infrared spectroscopy (FTIR) (Shimadzu IR Tracer-100 FTIR
Spectrophotometer, NC, USA) in the wavelength range of 4000 to 400 cm™!. Specific sur-
face area, total pore volume and pore size distribution were measured using a
Brunauer-Emmett-Teller (BET) surface-area analyzer, Osaka, Japan.

3.6. Catalytic Dye Degradation Experiment
The adsorption of MO using CoFe,O, nanoparticles was conducted in batch experi-
ments under numerous parameters to show their effect on the adsorption of MO dye.

These parameters included the pH of the dye, the dye concentration, the contact time,
and finally the adsorbent dosage. A batch experiment was conducted using 20 mL of MO
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solution with concentrations varying from 10 to 50 mg/L at pH 3 at room temperature.
The pH of the solution was adjusted using 1 M HCL and 1 M NaOH and varied from 2
to 11. Various adsorbent doses (0.01 to 0.1 g) were added to the MO solution with an ini-
tial concentration of 20 mg/L to study the effect of adsorbent dosages on MO adsorption.
The mixture was shaken at room temperature, 350 rpm, and left for 24 h to ensure that it
reached equilibrium. The MO concentration (Ct) was measured at a wavelength of 463
nm using a UV-vis spectrophotometer. All experiments were performed two times, and
the average of the values was used in the study. The amount of dye removal at equilib-
rium at different time intervals in the range 0-120 min was calculated using Equation (5),
(Co—G)
removal percentage of MO:T x100 ®)

(4

where C, and C; (mg/L) are the initial concentration and concentration at time t, respec-
tively, of the MO solution and the MO.

4. Conclusions

An eco-friendly, sustainable, cost-effective, and simple approach was applied in this
study for the synthesis of CoFe,O, nanoparticles by using Adansonia digitata L. (Baobab)
Fruit Pulp Extract assisted by the microwave heating method. This method generates
nanoscale materials that are free from hazardous or harmful chemicals and that are con-
sidered environmentally friendly, sustainable materials. To the best of our knowledge,
there is no previous study on using Adansonia digitata L. (Baobab) Fruit Pulp Extract for
the synthesis of CoFe;O4 nanoparticles as a capping and reducing agent. Different tech-
niques were used to confirm the successful synthesis of CoFe;O4 nanoparticles. FI-IR re-
sults confirmed that polyphenols and flavonoids present in Adansonia digitata L.
(Baobab) Fruit Pulp Extract are critical for the synthesis of nanoparticles. SEM and TEM
analysis confirmed the spherical and regular shape of nanoparticles with an average size
of around 31.5 nm. Magnetic analysis of cobalt ferrite nanoparticles displayed ferromag-
netic properties with a saturation magnetization (Ms) value equal to 56 emu/g. The
CoFeyO4 nanoparticles displayed excellent dye removal efficiency (97.5%) achieved at
pH 2.8. The kinetics experiments described a pseudo-second-order kinetic model as the
best fit model with (0.9844) R? values comparable to pseudo-first-order (R? = 0.8084). The
isotherm study displayed that the Freundlich isotherm model is the best fit to the experi-
mental data, which supports the monolayer loading of MO dye molecules onto the sur-
face of CoFeyO; nanoparticles. In addition, significant antimicrobial activity was
achieved by CoFe;O4 nanoparticles towards different bacterial Gram classes. Both their
catalytic and antimicrobial activity make the sustainably synthesized CoFe,O, nanopar-
ticles a promising candidate for environmental and medical applications.
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