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ABSTRACT: The fundamental goal of this research was to use an
environmentally friendly sonochemical method to synthesize a
Fe;0,/CuO/chitosan magnetic nanocomposite. The nanocompo-
sites featured particle sizes ranging from 50 to 90 nm, and structural
characteristics were thoroughly examined. Moreover, the material
displayed selective photodegradation capabilities with MB,
achieving an impressive efliciency of nearly 98% within 180 min
under specific conditions. Notably, the material’s reusability was
remarkable, maintaining an efficiency of approximately 88% even
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after five cycles. The possible photodegradation mechanism was 2 vﬁ‘ SR /__,jgu
proposed based on the evaluation of energy bands, along with a e o

comprehensive analysis of the impacts on MB photodegradation.
Concurrently, adsorption isotherms and kinetic models were
evaluated. Additionally, this material exhibited promising antibacterial activity against Saccharomyces cerevisiae, Bacillus subtilis,
and Escherichia coli. These findings suggested that the Fe;O,/CuO/chitosan material could be utilized in real-world scenarios for
environmental purification due to its ability to function as a photocatalyst and antibacterial agent.

1. INTRODUCTION

Over the past few years, various techniques have been
developed and employed to investigate and synthesize metal
oxide materials. Owing to their special physicochemical
properties, such as different thermal, optical, electrical, and

can yield promising materials with many significant applica-
tions in medicine and environmental science.

Wau et al. synthesized a Fe;O,-chitosan/sodium tripolyphos-
phate (TPP) system by coprecipitation in an alkaline solution
in an inert (N,) environment at 60 °C for 2 h. The formation

mechanical features, these materials have been used in many
fields, including environmental treatment,' > antibacterial
systems,4_ magnetic sensors,” electrochemical batteries,® and
fuel cells.” In addition to coprecipitation,'® hydrothermal,"!
sol-gel,11 and plasma12 methods, which are currently being
developed, green synthesis methods use extracts from leaves,
fruit peel,13 bacteria,'* and vitamins.'> Moreover, some fungi
containing active redox species have been tested as reagents
and stabilizers. In this work, we have successfully synthesized
Fe;0,/CuO/chitosan (CS) nanocomposites using a copreci-
pitation-based and ultrasound-assisted green method. How-
ever, in order to limit the agglomeration of Fe;O, and CuO
nanoparticles (NPs) in this system and increase their recovery
rate when applied as environmental treatment materials, we
used the chitosan biopolymer as a dispersant.

CS is a polyaminosaccharide with disinfectant properties and
the ability to adsorb heavy metals, immobilize enzymes, and
deliver drugs; it also exhibits good biocompatibility.'®
Therefore, modifying Fe;O,/CuO nanosystems with chitosan
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of cross-links between chitosan and TPP with the ferromag-
netic Fe;O, nucleus produced the micropore system of the CS
gel. The final product had a high saturation magnetization at
60 °C, which was considered the optimal temperature for both
CS and TPP cross-linking and Fe(OH), oxidation; this is
because this temperature was high enough to form cross-links,
but not for the oxidation of Fe?* to Fe**, which would result in
the material losing its magnetic properties. The Fe;O,-CS/
TPP system could immobilize lipase enzymes without
inactivating them.'” Chang et al. synthesized chitosan-Fe;O,
by a hydrothermal method at 80 °C and applied it to adsorb
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Cu’" ions in water, reaching a maximum adsorption capacity of
21.5 mg/g. In particular, CS increased the specific surface area
and changed the isoelectric point, thereby accelerating the
Cu** adsorption process.'® Therefore, the use of CS in
nanocomposite systems has attracted significant interest in
recent years, owing to its ability to act as a cross-linking agent
to help disperse metal oxides, alter the surface charge of the
material, and facilitate recovery thanks to the external magnetic
field of iron oxide NPs.'®"’

Furthermore, in previous studies, materials based on
Fe;0,”" CuO,”" and CS** have been examined to inhibit
the growth of various microorganisms, including Staphylococcus
aureus, Bacillus subtilis, Escherichia coli, Corynebacterium,
Pseudomonas aeruginosa, etc. Taking into consideration the
culture conditions and ethical factors, S. aureus, B. subtilis, and
E. coli are selected for studying the antibacterial abilities of the
nanocomposite. It is worth mentioning that to the best of our
understanding, this study represents the first report on the
versatile performances of the green-synthesized Fe;0,/CuQO/
CS nanocomposite in terms of its antibacterial efficacy against
the mentioned microorganisms as well as its efficiency in
selectively photodegrading MB dye.

2. MATERIALS AND METHODS

2.1. Chemicals. Iron(II) chloride tetrahydrate (FeCl,:
4H,0), iron(III) chloride hexahydrate (FeCly-6H,0), copper-
(I1) nitrate trihydrate (Cu(NO;),-3H,0), ammonia solution
(NHj;), ethanol (C,HgO), chitosan (CS), dimethyl sulfoxide
(DMSO), acetic acid (CH;CO,H), methylene blue
(C16HsCIN;S-H,0), and nutrient agar were purchased
from Merck KGaA (Darmstadt, Germany).

The following facilities are used in the process: Sonics &
Materials VCXS00 sonic bath (500 W, 20 kHz); heating
mantle with magnetic stirring; pH meter; drying oven;
glassware.

For the mangosteen extract preparation, dry mangosteen
peels (Garcinia mangostana L.) were collected from the
Southern region of Vietnam, washed with deionized water,
and cold-dried. The cold, dry peels were chopped into small
pieces. Approximately 30 g of them was placed in a Soxhlet
extractor along with 300 mL of a mixture of ethanol and
deionized water in a ratio of 1:1 (v/v) and left to work for 60
min. The extract was then cooled and filtered. The final
solution was stored at a low temperature (8—10 °C) and used
within 1 week.

The material properties were determined by scanning
electron microscopy (SEM, Jeol-JMS), X-ray diffraction
(XRD, PANalytical), vibrating sample magnetometry (VSM,
Magnet B-10), and Fourier transform infrared (FTIR, Bruker)
spectroscopy.

2.2. Synthesis of Fe;0,/CuO/CS Nanocomposites. The
Fe;0,/CuO/CS nanocomposites were synthesized through a
two-stage process.

Stage 1: Synthesis of Fe;0, and CuO Nanopatrticles.
Fe;O, NPs were formed by coprecipitation in an inert N,
environment, according to our previously reported proce-
dure.””** CuO NPs were produced by the green synthesis
method proposed by Adayabhanu.”

Fe;04 NPs. A mixture of FeCl,-4H,O and FeCl;-6H,0 with
a Fe*/Fe®" ratio of 1:2 was placed into a reaction flask and
dissolved in 100 mL of deionized water. The reacting system
was then heated and maintained at a temperature of 80 °C
during the reaction. The mixture was stirred for 15 min and

then sonicated with a probe intensity of 500 W and an
amplitude of 40% at S s per pulse. At the same time, nitrogen
gas was blown into the reaction flask and a 26—29% NH;
solution was added dropwise to maintain the pH of the flask at
9—10. After the addition of the NHj solution, the mixture was
continuously stirred for 15 min. The black precipitate product
was collected by filtering in an external magnetic field (using a
magnet). Afterward, the product was washed with deionized
water until neutral pH and then rinsed two times using
ethanol. Finally, the obtained material was left to dry overnight
at a temperature of 60 °C.

CuO NPs. Cu(NO;),-3H,0 was dissolved in 20 mL of
mangosteen extract (see Section 2.1). The mixture was then
kept at 400 = 5 °C for 15 min. The obtained black precipitate
was washed with distilled water, centrifuged, and dried at 100
°C for 3 h. Finally, the CuO NPs were stored in a dark
container.

Stage 2: Ultrasound-Assisted Synthesis of Fe;0,/CuO/CS
Nanocomposite. A 1% chitosan solution was prepared by
adding 0.5 g of chitosan to SO mL of 1 N acetic acid and
sonicating for 15 min. Afterward, 2.5 g each of Fe;O, and CuO
were added to the solution. The mixture was then stirred for
0.5 h at a temperature of 60 °C. The resulting product was
transferred to a Petri dish and left to dry for 24 h at a
temperature of 60 °C.

2.3. Photocatalytic Degradation and Adsorption of
MB. The MB adsorption and photocatalytic degradation ability
of the composites were studied through experiments aimed at
investigating the effects of the light conditions, pH, initial MB
concentration, and Fe;O,/CuO/CS catalyst dose. In addition,
we investigated the corresponding adsorption isotherm
models. In all experiments, the removal efficiency was
calculated as

G
H(%) = X 100%

G (1)

where C, and C are the concentrations of MB before and after
irradiation in the photocatalytic reaction solution, respec-
tively.*®

2.4. Antibacterial Activity of Fe;0,/CuO/CS Nano-
composite. The preparation of nutrient agar plates involved
the dissolution of 37.0 g of nutrient agar medium in 1000 mL
of deionized water, followed by sterilization at 120 °C for 15
Ibs/20 min. Then, the sterilized Petri dishes were filled with
the nutrient agar medium and left to solidify. Subsequently,
several pathogenic bacteria were cultured in the nutrient
medium and distributed uniformly on the agar plate surface.

To evaluate the viability of the adhered microorganisms on
the sample, the Fe;O0,/CuO/chitosan sample and the CS
reference material were sprinkled on Petri dishes containing
the nutrient medium, followed by a viability test.

To determine the antibacterial ring diameter, the sample was
dissolved in 1 mL of DMSO at a concentration of 200 yg/mL.
Wells with a diameter of S + 1 mm were then created in each
sterile Petri dish. After that, 100 uL of CS or Fe;O,/CuO/CS
dispersed in 10% DMSO solution, along with 100 uL of the
standard antibiotic ampicillin (1 mg/mL), was added to the
wells. The Petri dishes were then incubated at 37 °C for 24 h.
After the specified incubation time, the diameters of the
inhibition zones surrounding the wells were measured using a
geometric Vernier caliper.
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Figure 1. SEM images of Fe;0, (a), CuO (b), and Fe;0,/CuO/CS (c). TEM image (d), size distribution (e), and ¢ potential (f) of Fe;0,/CuO/
CS.

Scheme 1. Schematic Illustration of Synthesis and Testing Procedures of Present Materials
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3. RESULTS AND DISCUSSION CuO NPs were 10-20 nm and 20—40 nm, respectively.

Moreover, particle agglomeration was observed. This can be
due to magnetic dipole—dipole interactions between the
particles, the polarity of water durin% fabrication,”” and the

3.1. Characterization of Fe;0,/CuO/CS Nanocompo-
site. The diameter and morphologies of Fe;O,, CuO, and

Fe;0,/CuO/CS were investigated by using SEM. Figure lab particular surface area of the NPs.”® Moreover, Figure lc
shows SEM images of Fe;O, and CuO. The sizes of Fe;O, and shows that the nanocomposite materials exhibited fewer
42431 https://doi.org/10.1021/acsomega.3c04956
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Figure 2. XRD patterns of Fe;0,/CuO/CS nanocomposite.
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Figure 3. FT-IR spectra of the Fe;0,/CuO/CS nanocomposite and
CS.

uniform sizes and a lower degree of agglomeration than Fe;0,
or CuO.

Some previous studies reported Fe;O, and CuO coated with
chitosan, which acted as a barrier layer, preventin§ the particles
from moving toward each other (Scheme 1).29°

In fact, the TEM image in Figure 1d shows that the Fe;0,/
CuO nanoparticles had relatively uniform sizes and were
surrounded by a chitosan layer. Additionally, the distribution
of nano-oxides in the system directly affects the antibacterial
ability, owing to the reactive oxygen species (ROS) reactions
between the nanoparticles and the bacterial cell membrane.”'
Hence, we evaluated the size distribution of the nano-
composites shown in Figure le. The particles had an average
size of 75.97 nm and a narrow size range, as confirmed by the
SEM images discussed above. One way to assess the stability of
a suspension is to analyze its { potential. This parameter

] Fe,0,

M (emu/g)

Fe;0,/CuO

Fe,0,/CuO/CS

r T T T T 1
-15000  -10000 -5000 5000 10000 15000
H(Oe)

Figure 4. M—H curves of Fe;0,, Fe;0,/CuO, and Fe;0,/CuO/CS.
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Figure S. Bandgap energies of Fe;O, NPs, CuO NPs, and the
nanocomposite.
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Figure 6. Effect of different light conditions on photocatalytic
degradation.
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Figure 9. Effect of the initial MB concentration on removal efficiency.

depends on the surface charge of the particles in the
suspension and the electrostatic forces between particles
dispersed within it.** Figure 1f shows the measured { potential,
with a negative surface charge of —4.36 mV; thus, a strong
interaction would be present between the nanocomposite and
Gram-positive bacteria.

The XRD pattern data (Figure 2) of the synthesized CuO
(blue line) displayed several peaks related to the (110), (002),
(111), (200), (202), (113), and (311) planes of the CuO
monoclinic crystal structure (JCPDS 80-0076), with the
strongest peak at 20 = 36.14°, which corresponds to the
(002) plane. The diffraction pattern of Fe;O, in green
coloration exhibited peak positions at 18.2, 35.4, 57.2, and
62.6°, which were identified as the (220), (511), and (440)
planes, respectively.

Figure 3 shows the FT-IR spectrum of the Fe;O,/CuO/CS
nanocomposite. The highest-intensity peak at 3243 cm™
corresponded to a combination of symmetrical and asym-
metrical modes of the stretching vibration of O—H bonds, as
reported by Baghayeri.”> The spectral peak observed at 1564
cm™' can be attributed to the vibrational mode of the C=0
functional group present in chitosan.’* Notably, this peak
exhibited the second highest intensity in the recorded
spectrum. The spectral peaks observed at 653 and 579 cm™!
were attributed to the stretching vibrations of Cu—O and Fe—
O groups, respectively.”>*® The 1348 cm™" peak was attributed
to the deformation vibration of C—N groups,”” whereas the
peak of the primary alcohol groups (—C—0) of chitosan was
found around 1418 cm™.*® The peak observed at 1643 cm™
cogléd potentially correspond to the vibrational mode of C=
0.

Figure 4 shows the M—H curves of the nano-oxides and
Fe;0,/CuO/CS nanocomposite samples at room temperature.
It is well established that the magnetic prcz‘perties have a great
importance in biological applications.”” The saturation
magnetization (M) of the Fe;O, NPs was 64.70 emu/g,
which was two times higher than that of the nanocomposite
(32.35 emu/g). The decrease may be due to the presence of
the nonmagnetic CuO and chitosan materials. As CuO is an
antiferromagnetic oxide at room temperature, it may reduce
the magnetization and coercivity depending on its content."'
Moreover, as discussed in the above morphological analysis,
CS serves as a nonmagnetic coating layer on the exterior
surface, which can impact consistency by suppressing the
surface moments.*

The bandgap energies of the materials were calculated by
utilizing the Tauc method based on UV—vis spectroscopy data.
It can be seen from the data in Figure S that the bandgap
energies of CuO NPs, Fe;O, NPs, and Fe;0,/CuO/CS
nanocomposite were 2.73, 2.55, and 3.02 eV, respectively.
Therefore, further photocatalytic degradation experiments
using the nanocomposite were conducted under sunlight and
UV radiation.

3.2. Factors Affecting MB Dye Adsorption. 3.2.1. Effect
of Light Conditions. The effect of the light conditions was
studied at a SO mg:-L™' MB concentration and pH 4; three
different conditions were explored. The first involved exposing
the sample to UV light without any catalytic material, the
second involved placing it in a dark chamber with a Fe;0,/
CuO/CS dose of 1 gL', and the third involved exposing it to
UV light with a dose of 1 g-L™". The data in Figure 6 show that
UV light greatly enhanced the MB dye uptake of Fe;O,/CuO/
CS. Moreover, the MB degradation rate was relatively low
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Figure 11. Pseudo-first-order model for MB adsorption and the relationship between initial MB concentration and reciprocal of the rate constant.

Table 1. Kinetic Parameters for the Adsorption Process

C, kinetic o klc Kig
(ppm) R? equation (min ') (mg L'min™') (L mg_l)
25 091524 y=0.01772x 0.01772 23.58490 0.00078
+ 0.31424
S0 098732  y=0.01825x 0.01825
— 0.04444
100 0.92343  y=0.01661x 0.01661
— 0.25232
150 0.96876  y =0.01652x  0.01652
— 0.1709

(23%) when only the adsorbent material was present (in dark
conditions) or under normal UV irradiation (8%). For this
reason, UV light was selected for the subsequent analyses.
3.2.2. Effect of Initial pH. Another significant factor
influencing the photocatalytic activity is the initial pH. The
relationship between the MB removal efficiency of the
nanocomposite and the pH value (in the 2—10 range) was
investigated with an initial MB concentration of 50 mg-L™" (1
g'L™' Fe;0,/CuO/CS) under UV light irradiation for 180
min. Surprisingly, the removal efficiency reached its highest
value of 98.34% at pH 4 and fell sharply at basic pH (8—10), as
shown in Figure 7. This result is in contrast to some previous
studies, in which a low MB degradation percentage was often
observed under acidic conditions. It has been reported that, in
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Figure 12. Colors of dyes before photodegradation, after one cycle,
and after five cycles.
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a basic medium, the prevalence of negative charges on the
surface of the adsorbent enhances the electrostatic attraction
for the cationic MB dye, facilitating its adsorption.”> On the
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Figure 13. Photodegradation efficiency of the catalyst for dyes after
five cycles.

Table 2. Comparison of the Photodegradation Efficiency
with the Literature Reports

materials H% (dose) dyes (conc.) year™
CS/PANI/Fe;0, 96.16% reactive red 198 2020%
(3 g/L) (50 ppm)
Gr/CS/Fe;0, 100% RhB (10~° M) 2020°°
(S g/L)

PANI@CS-GO-OXS/CuO  94% (1 g/L) RhB (2Xx107°M) 2021°"
WO, ,,/Fe;0, 96.55% RhB (20 ppm) 2020%*
(0.3 g/L)

95% MB (20 ppm)
(0.3 g/L)
Fe,0,/Cu0O/CS 98.34% MB (50 ppm) this
(1g/L) work
43.01% MO (50 ppm)
(1 g/L)
20.12% RhB (50 ppm)
(1 g/L)

Table 3. Bandgap Energy, Electronegativity, CB, and VB
Potentials of Prepared Samples

Eg(eV)  x(eV)  Ecp(eV)  Ey(eV)
Fe;0, 2.55 5.76 —0.015 2.535
CuO 2.73 5.81 —0.055 2675
Fe;0,/Cu0/CS 3.02 5.77 —0.240 2.780

other hand, under acidic conditions, the adsorbent surface
exhibits a positive charge, resulting in electrostatic repulsion of
the cationic adsorbate and hindering its adsorption.** This
difference might be due to the presence of other important
interactions comparable to electrostatic interactions, such as
H-bonding, hydrophobic and hydrophilic interactions, and van
der Waals forces.”> On the other hand, the MB uptake
percentage at pH 4 was higher than that at pH 2, possibly due
to the dissolution of Fe;O, nanoparticles.”® Hence, pH 4 was
chosen for further investigation.

3.2.3. Effect of Fe;0,/CuO/CS Nanocomposites Dose. We
then assessed the impact of the catalyst dose on the removal
efficiency under the following conditions: UV light exposure,
an initial MB concentration of 50 mg-L_l, pH 4, and a contact
time of 180 min. As illustrated in Figure 8, the degradation rate
increased with an increasing catalyst dose. When the
concentration of the catalyst exceeded 1.0 g-L7', the
degradation rate increased to around 98%. Therefore, an

ideal catalyst dose of 1.0 gL ™! was chosen for the subsequent
experiments.

3.2.4. Effect of Initial MB Concentration. Next, we
evaluated the effect of the initial MB concentration. According
to recent research, the initial dye concentration can affect the
availability of binding sites on the adsorbent, which influences
the efficiency of dye removal."> The effect was studied after 90
min under the following conditions: pH of 4.0, a Fe;0,/CuO/
CS dose of 1.0 g'L™!, and different MB concentrations (50,
100, 150, and 200 ppm). The data in Figure 9 show that, for all
initial concentrations, the MB removal rate reached 91% or
more after 90 min. Typically, as the initial dye concentration
increases, the adsorption sites on the surface of the adsorbent
will become occupied, leading to saturation and ultimately
resulting in a decline in the efficiency of the removal process.”
However, the difference in MB removal efficiency among the
three concentrations was not significant. Additional inves-
tigations were conducted on the isotherm model and
adsorption kinetics of the MB dye, specifically at an initial
concentration of 50 ppm.

3.3. Adsorption Isotherm Analysis. The linear fits of the
isotherm equations in Figure 10 show that the Langmuir
model, with a correlation coefficient (R*) of 0.98778, provided
a more accurate description of the phenomenon compared to
that of the Freundlich model (R* = 0.94753). This result
suggests that monolayer adsorption of MB occurred on the
surface of the nanocomposites.

The maximum adsorption capacity ¢, (mg-g™') and the
Langmuir constant K (L-mg™") were thus calculated from the
Langmuir isotherm model equation:

Ce/qe = (l/qmax)ce + [1/(qmax X KL) 2)

where C, and g, are the equilibrium concentration (mg/L) and
adsorbed quantity (mg/g) of MB per unit mass of adsorbent,
respectively.”” The obtained Gmax and K values were 41.49 mg:
g ' and 2.1 X 1072 L-mg™’, respectively.

3.4. Kinetic Analysis. As illustrated in Figure 1la, the
degradation process followed a pseudo-first-order kinetic
model, as evidenced by the direct correlation between In(C,p/
C) and adsorption time. The corresponding k values were
calculated by linear regression. The values of k and the linear
regression coefficients R* obtained for different initial MB
concentrations are summarized in Table 1. Furthermore,
Figure 11b shows the relationship between the initial MB
concentration and the reciprocal of the rate constant (1/k,,),
which exhibited the expected linear relationship. The obtained
data confirmed the pseudo-first-order mechanism of the
reaction, with R® values ranging from 0.91524 to 0.98732.
The adsorption constant (K ) of the kinetic model was found
to be similar to the value obtained in the absence of light, with
K, = 32.051 X Ky Additionally, the photocatalyzed
decomposition of MB at the initial dose of 150 mg-L™, pH
4.0, and 1 gL' catalyst dose followed the Langmuir—
Hinshelwood model. Other studies reported similar results,
with the Ky constant measured during irradiation being
significantly different from the K; value measured in the
absence of light.**

3.5. Reusability and Selectivity. Selectivity experiments
were performed using Methyl Orange (MO = anionic) and
Rhodamine B (RhB = cationic) dyes under the same
conditions as those applied for MB. Additionally, assessments
were made regarding the nanocomposite’s reusability with the
use of these dyes. After each experiment, the nanocatalysts
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Figure 16. Antibacterial activity of Fe;0,/CuO/CS at different concentrations.

were isolated using a magnetic field, rinsed with absolute
alcohol, dried, and subsequently employed for further testing.
The outcomes of these experiments are illustrated in Figures
12 and 13.

In general, the nanocomposites exhibit an acceptable
reusability. Figure 13 illustrates that after five cycles, the
adsorption efficiency for MB remains at 88.01%, representing a
decrease of roughly 10% compared to the performance in the

initial cycle. Similarly, the efficiency for MO and RhB decreases
by approximately 15 and 10%, respectively, reaching 28.32 and
9.82%. Furthermore, Figure 12 presents evidence that the
fading of RhBis is less pronounced, despite sharing the same
cationic dye classification as MB. This result indicates the
novel material’s high selectivity for MB dye in the photo-
degradation process. The comparison of the photodegradation
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Table 4. Diameters of Antibacterial Ring of Fe;0,/CuO/CS
Material

diameter (mm +0.1)

microorganism 30 mg 60 mg
E. coli 12 18
B. subtilis 10 16
S. cerevisiae 12 16

efficiency of the nanocomposite with various materials based
on Fe;0,, CuO, and CS is presented in Table 2.

3.6. Possible Photocatalytic Mechanism. To elucidate
the segregation of photogenerated electron—hole pairs within
the ternary nanocomposites, it becomes absolutely necessary to
determine the conduction band (CB) and valence band (VB)
potentials of the constituent elements. The following equations
were utilized to compute these energy levels:>’

_ a, bqyl/a+b
Xap, = v 3)
Ecp =y — E° — 0.SE, (4)
Eyg = Ecp + E, (s)

where y (eV), Ecy (eV), Eyg (eV), and E, (eV) are the
Mulliken’s absolute electronegativity, the CB edge potential,
the VB edge potential, and the bandgap energy of the
semiconductors, respectively. Additionally, parts a and b
correspond to the numbers of atoms in the chemical formula
A,By. E° is the energy of free electrons on the hydrogen scale
(4.5 eV). The values of y and E, for Fe;0, are 5.76 and 2.55
eV, respectively. Hence, its Ecy and Eyg are calculated to be
—0.015 and 2.535 eV, respectively, relative to those of the
normal hydrogen electrode (NHE). The parameters for CuO
and Fe;0,/CuO/CS are also measured and are shown in
Table 3.

Figure 14 depicts the possible mechanism for photo-
degradation. It is widely acknowledged that both Fe;O, and
CuO have the capability to absorb photons and generate
electron—hole pairs upon light exposure. The CB potentials for
Fe;0, and CuO, which are —0.015 and —0.055 eV vs NHE,
respectively, are higher than the standard redox potential (E°)
of 0,/°0,” (—0.33 eV vs NHE). This suggests that the
electrons (e”) can transition from the CB of CuO to the CB of
Fe;0, but are incapable of reducing O, to *O,” radicals.”
However, these electrons can be transferred to adsorbed
oxygen molecules, resulting in the formation of H,0O,, since the
CB levels of Fe;0, and CuO have a more negative potential
than E° of O,/H,0, (+0.682 eV vs NHE).*> The H,0,
molecules are then prompted to generate the *O,” radicals
by the presence of holes.”

Furthermore, the VB potential of Fe;O, (2.535 eV vs NHE)
is lower than that of CuO (2.675 eV vs NHE) but surpasses
the E° of "OH/OH™ (2.38 eV vs NHE). Consequently, the
photoexcited holes (h*) within the VB of Fe;O, can oxidize
OH™ on the surface of the nanocomposites, leading to the
production of *OH radicals.>® Finally, the *O,~, *OH, and h*
species will directly react with MB molecules and degrade
them into CO,, H,0, and other products.”’

3.7. Antibacterial Activity. Figure 15 shows that the
Fe;0,/CuO/CS samples had better inhibitory activity against
B. subtilis and E. coli than against Saccharomyces cerevisiae; E.
coli , B. subtilis, and S. cerevisiae each had MIC values of 0.3,
0.3, and 0.4 mg/mL, respectively (Figure 16). Moreover, we

tested a sample in contact with the control microorganism
suspension (with a large number of microorganisms) on the
control plates (the nutrient medium plates were evenly filled
with the microorganism suspension and not treated with the
test material sample), and the microorganisms were observed
to grow in a thick, smooth layer.

The measured antibacterial diameters of the Fe;0,/CuO/
CS samples at two different concentrations of the tested
microorganisms are presented in Table 4. The antibacterial
ability of the Fe;0,/CuO/CS system is the combined effect of
each component present in the nanocomposite including metal
oxide and chitosan. Fe;O, and CuO nanoparticles are known
to interact with microbial cell membranes, causing disruption
to DNA replication, cell division, and cellular respiration. This
leads to an expansion of the surface area of the cell, ultimately
causing its destruction.”* Chitosan has strong antibacterial
properties against both Gram bacteria in acidic media,
according to a few earlier papers.””*® The Fe;0,/CuQ/CS
nanocomposites showed higher antibacterial activity against B.
subtilis than against E. coli and inhibited the growth of S.
cerevisiae yeast cells.

4. CONCLUSIONS

Fe;0,/CuO/CS materials were successfully synthesized by an
ultrasound-assisted green method. The experiments assessing
the adsorption efficiency of the catalysts with MB, MO, and
RhB revealed a high degree of selective photodegradation with
MB (reaching approximately 98% after 180 min). The
adsorption isotherm with MB dye was consistent with the
Langmuir model (R* = 0.987), and the adsorption constant
(Kpy) was significantly different from the Langmuir constant
(Kp). The potential photodegradation mechanism of Fe;O,/
CuO/CS was investigated, with *O,”, *OH, and h" playing
crucial roles in the photoreaction. Furthermore, the remarkable
reusability of the novel material further justified its suitability
for environmental applications. The strong antibacterial
activities of the nanocomposite have also been confirmed
through the discovery of their minimal inhibitory concen-
trations for S. cerevisiae, B. subtilis, and E. coli, which were
measured at 0.4, 0.3, and 0.4 mg/mL, respectively. This study
has presented promising results regarding the multiapplication
potential of the synthesized material; however, the selective
photodegradation mechanism between cationic dyes such as
MB and RhB needs further elucidation in subsequent studies.
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