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ABSTRACT

In this study, NiFe204/ZnO composites were biosynthesized using Muntingia calabura L. leaf extract and evaluat-
ed for Congo red dye photodegradation and antibacterial application. The material was characterized by X-ray dif-
fraction (XRD), scanning electron microscope-energy dispersive X-Ray (SEM-EDX), ultraviolet—visible diffuse
reflectance spectroscopy (UV-DRS), and vibrating sample magnetometry (VSM) analysis, confirming successful
synthesis. Optimization process was performed using response surface methodology (RSM) with three variables:
solution pH (4-10), dye concentration (10—40 mg/L), and irradiation time (30-90 minutes). The composite pos-
sessed a band gap energy of 2.23 ¢V along with magnetic characteristics, displaying a saturation magnetization
of 42.89 emu/g. The crystallite size of the NiFe204/ZnO composite was determined to be 22.5 nm, confirming
that this composite is on the nanoscale. The quadratic model (R? = 0.9890, p < 0.05) accurately described the
degradation process, with optimum conditions at pH 6.20, dye concentration 38.10 mg/L, and irradiation time
52.30 minutes, achieving 98.10% degradation efficiency. A desirability value of 1 confirmed model validity, the
predicted condition achieves the best outcome for all targeted responses simultancously. The catalyst maintained
stability during recycling, and antibacterial evaluation confirmed its effectiveness against Staphylococcus aureus
and Escherichia coli. These findings highlight NiFe.04/ZnO biosynthesized via Muntingia calabura L extract as
an eco-friendly material with potential applications in wastewater treatment.

Keywords: green synthesis, NiFe204/ZnO, photocatalytic degradation, Congo red dye, RSM, antibacterial.

INTRODUCTION

Clean water is a fundamental necessity for
life. However, population growth and rapid in-
dustrialization, which generate diverse types of
waste, pose major challenges to securing water
suitable for consumption (Adeleke et al., 2018;
Liu et al., 2021). Among various pollutants, syn-
thetic dyes remain a pressing concern. Dyes are
extensively utilized in various industrial sectors,
including textiles, paper, soap, plastics, paints,
and cosmetics (Hitkari et al., 2022; Zhang et al.,
2019). Azo dyes, in particular, account for approx-
imately 80% of dyes used in textile manufactur-
ing (Gaur et al., 2023). Their chemical structure

is characterized by an azo group (—N=N-) that
typically links aromatic rings such as benzene,
naphthalene, or phenol. These dyes are valued for
their vivid color stability, high solubility in water,
and low cost. However, the discharge of waste-
water rich in dyes leads to notable ecological and
health hazards. Their resistance to natural degra-
dation processes allows them to persist, disturb-
ing aquatic life and threatening human well-being
(Gadore et al., 2024; Gadow et al., 2022). Even
at concentrations below 1 ppm, dyes can reduce
light penetration in water bodies, thereby inhibit-
ing photosynthesis in plants and plankton (Sarani
et al., 2021). Congo red dye (CRD) is an azo dye.
This dye is extremely poisonous and challenging
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to decompose in the environment due to its com-
plex molecular structure (Hitkari et al., 2022).
This substance consists of benzidine derivatives,
which may induce allergic reactions and, nota-
bly, can be converted into carcinogenic benzidine
(Kannivelan & Rajappan, 2025).

ZnO is an n-type semiconductor widely em-
ployed as a photocatalyst (Kumar et al., 2025).
It is favored for its high activity, mechanical and
thermal stability, and environmental safety (Saad
et al., 2020; Tijani et al., 2025). Despite these
advantages, its photocatalytic efficiency remains
limited since its wide band gap (3.37 eV) restricts
absorption to UV radiation and the fast recom-
bination of electron—hole pairs diminish activity
(Mohan et al., 2024; Panchakeaw et al., 2025).
These limitations hinder the practical application
of ZnO as a photocatalyst. The synthesis of the
NiFe204/ZnO composite entails integrating the p-
type NiFe2Oa semiconductor with the n-type ZnO
to establish heterojunctions has been shown to
enhance photocatalytic performance by extending
light absorption into the visible range, suppress-
ing electron—hole recombination, and imparting
magnetic properties that enable easy catalyst
separation and recycling (Dtugosz et al., 2021;
Makofane et al., 2022). In comparison to other
ferrites, NiFe20a is particularly advantageous, as
its spinel-type structure, remarkable chemical and
mechanical stability, and narrow band gap (~1.9
eV) render it highly active under visible-light ir-
radiation (Aggarwal et al., 2025; Chetia et al.,
2024; Hemalatha et al., 2024).

Various methods are available for material
synthesis, including sol-gel, co-precipitation, hy-
drothermal, electrochemical, sonochemical, and
green synthesis approaches (Agarwal et al., 2025;
Akbar et al., 2025). Among them, green synthesis
is particularly attractive because it is environmen-
tally friendly, simple, inexpensive, and non-toxic
(Muhaymin et al., 2024). Plants, microorganisms,
algae, enzymes, and fungi are natural resources
that can function as reducing and stabilizing agents
(Thirumavalavan et al., 2024). Several plant-based
extracts have been successfully employed for the
synthesis of NiFe20a and ZnO, including Monso-
nia burkeana (Makofane et al., 2022), Hyphaene
thebaica fruit (Muhaymin et al., 2024), spent cof-
fee extract (Winiarska et al., 2025), and Justicia
schemperiana leaf extract (Yizengaw et al., 2025).
In this study, NiFe:04+/ZnO was biosynthesized
using Muntingia calabura L. leaf extract. This
plant grows abundantly in tropical regions such as
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Thailand, Indonesia, Philippines and India. This
plant is called kersen in Indonesia. The plant is
often considered a wild species. Traditionally, the
leaves of Muntingia calabura L. have been useds
a hyperglycemic treatment and an antioxidant to
prevent oxidative stress disorders (Taslim et al.,
2023). The leaves contain abundant phenolics,
terpenoids, and saponins that serve as natural bio-
reductants and stabilizing agents (Elviera et al.,
2022; Sharma et al., 2025).

Previous studies have reported antibacte-
rial properties of both ZnO and NiFe2Oa. For in-
stance, ZnO synthesized using Jatropha curcas
latex extract exhibited activity against Staphylo-
coccus aureus, Bacillus subtilis, and Escherichia
coli, with greater inhibitory effects observed for
green-synthesized ZnO compared to chemically
synthesized counterparts (Sharma et al., 2025).
Similarly, NiFe.O4 demonstrated activity against
Pseudomonas aeruginosa and Staphylococcus
aureus (Rincon-Granados et al., 2021).

In this study, a NiFe:04/ZnO composite syn-
thesised using Muntingia calabura L. leaf extract
was applied for the photocatalytic degradation of
CRD and antibacterial purposes. NiFe204/ZnO
composite was examined through XRD, SEM-
EDX, UV-DRS, and VSM techniques. Optimi-
zation of CRD degradation employing Response
Surface Methodology. Furthermore, reusability
assessments and antibacterial evaluations were
performed against Staphylococcus aureus (S. au-
reus) and Escherichia coli (E. coli). These find-
ings suggest that NiFe204/ZnO offers multifunc-
tional benefits as both a photocatalyst and an an-
tibacterial agent.

MATERIALS AND METHODS

Materials

Muntingia calabura L. leaves were collected
from Ogan Ilir Regency, South Sumatra, Indone-
sia. All chemicals used were of analytical grade,
including NiCL.6H.0 (>98%), FeCl;.6H-0
(299%), NaOH (=99%), and Zn(NOs)..6H-0
(>98%), as well as Congo red dye (> 97%), Muel-
ler—Hinton agar (MHA), Dimethyl sulfoxide (>
99.9%), and amoxicillin (96-99%) from Merck,
Germany. The bacterial strains utilized were S.
aureus (ATCC 25923) and E. coli (ATCC 25922).
Throughout the study, distilled water was utilized
as the solvent medium.
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Muntingia calabura L. leaf extraction

The collected leaves were cleaned to remove
impurities, rinsed thoroughly with distilled water
and left to dry in air at room temperature for five
days. The dried material was ground into a fine
powder, from which 50 g was transferred into a
1 L Erlenmeyer flask. Subsequently, 500 mL of
distilled water was added, and the flask was tight-
ly sealed. The ratio between leaf powder and sol-
vent (1:10). The mixture was left undisturbed for
24 h at room temperature before being filtered us-
ing Whatman filter paper, and the resulting aque-
ous extract was kept at 4 °C for later use (Adina-
rayana et al., 2024).

Synthesis of NiFe,O,

NiCl..6H20 (2.38 g) and FeCl:.6H-0 (5.41
g) were each dissolved in 12.5 mL of distilled
water, then combined. To this mixture, 25 mL
of Muntingia calabura L. leaf extract was intro-
duced and stirred magnetically at 550 rpm for 120
min at room temperature. The pH of the solution
was adjusted to 10 by the dropwise addition of 2
M NaOH in a closed vessel at room temperature.
The resulting precipitate was washed repeatedly
with distilled water until neutral (pH ~7), dried at
150 °C for 1 h, and finally calcined at 400 °C for
4 h (Hariani et al., 2025).

Synthesis of NiFe,O,/ZnO composite

The synthesis procedure was adapted from
Pradhan et al., (2025). To synthesize the NiFe2Oa/
ZnO composite, 1 g of NiFe204 was first dispersed
in a solution prepared by dissolving 3.56 g of
Zn(NOs)2-6H20 in 10 mL of distilled water (ratio

Leaf Powder

Muntingia calabura L

NiFe,04/ZnO

=

50 g powder + 500 mL
distilled water (24 h at
room temperature)

.-

mol NiFe,0,:Zn0 = 0.004:0.04). This suspension
was then mixed with 40 mL of Muntingia calabura
L. leaf extract and stirred magnetically for 30 min
at room temperature. The pH of the mixture was
adjusted to approximately 10 by the gradual addi-
tion of 2 M NaOH in a closed vessel at room tem-
perature. The precipitate obtained was thoroughly
rinsed with distilled water until neutral conditions
were reached, followed by drying at 150 °C for 1 h.
Finally, the dried material was subjected to calci-
nation at 400 °C for 4 h. A flowchart representation
of the synthesis procedure is provided in Figure 1.

Material characterization

The obtained NiFe204 and NiFe204/ZnO com-
posite materials were characterized using multiple
techniques. Phase structure was analyzed using an
X-ray diffraction (XRD, X’Pert PRO) over a 20
range of 10-90° (CuKa = 1.54056 A, 40/30 kV/
mA, at 2°/min). Optical properties were deter-
mined by ultraviolet—visible diffuse reflectance
spectroscopy (UV-DRS, Cary 60, version 2.00) in
the wavelength range of 200900 nm. Morphol-
ogy and elemental distribution were examined
using a scanning electron microscope-energy dis-
persive X-ray spectroscopy (SEM-EDX, Hitachi
FlexSEM 100). Analyses were performed using an
accelerating voltage of 20 kV, a 60-second count-
ing time, and a probe current of 45 nA. Magnetic
characteristics were measured with a vibrating
sample magnetometer (VSM, Oxford Type 1.2 T).
The analysis was carried out at room temperature
with a field range of —10 to +10 kOe, a vibration
frequency of 80 Hz, and an amplitude of 1.5 mm.
Dye absorbance was measured with a UV—Vis
spectrophotometer (Orion Aquamate 8000).

NiCl..6H,0 +
FeCl;.6H.O
(stirred at 550 rpm,
120 min, pH 10 and
calcined 400 °C for 4 h)

ir\r

Leaf extract

Zn(NO3)2:6H20 + NiFe, 04
+ leaf extract (stirred at 550 rpm, 30 min, room

temperature, pH 10, calcined 400 °C for 4 h)

Figure 1. Schematic diagram of green synthesis of NiFe,0,/ZnO composite
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Photocatalytic experiment

Three independent variables: pH (4-10),
dye concentration (10-40 mg/L), and irradiation
time (30-90 minutes) were selected to evaluate
the performance of NiFe:04/ZnO as a catalyst
in dye degradation. Each experiment used 0.05
g of NiFe:04/ZnO in 100 mL of dye solution.
A 200 W xenon lamp served as the light source,
with the sample solution positioned 20 cm from
the lamp. To achieve adsorption equilibrium, the
mixture was stirred for 30 minutes in the dark at
room temperature. The interactions between the
variables were analyzed using response surface
methodology (RSM) with a central composite de-
sign (CCD) to determine the optimum degrada-
tion conditions. Experimental design and statisti-
cal analysis were conducted using Design Expert
software version 13. A total of 20 experimental
runs were performed, each in triplicate. The con-
centration of CRD was determined by measuring
its absorbance using a UV-Vis spectrophotome-
ter, and the degradation efficiency was calculated
using the following equation.

Co— C;

Co

Degradation (%) = x100% (1)

where: C and C, are the initial concentration
and final concentration after degrada-
tion (mg/L)

Antibacterial activity

Antibacterial activity was evaluated using
a modified agar diffusion method (Atiek et al.,
2024), with S. aureus and E. coli as test organ-
isms. Dimethyl sulfoxide (DMSQO) and amoxicil-
lin were employed as negative and positive con-
trols, respectively. Mueller—Hinton Agar (MHA)
was used as the culture medium, while bacterial
inocula were prepared by growing each strain in
Mueller—Hinton Broth (MHB) at 37 °C for 24
h and adjusting the suspension to a turbidity of
0.5 McFarland. For stock preparation, 500 mg
of catalyst was suspended in 50 mL of DMSO to
achieve a concentration of 10 mg/mL. From this,
five working concentrations (5000, 4000, 3000,
2000, and 1000 pg/mL) were prepared. Sterile 6
mm paper discs were immersed in ~1 mL of each
sample solution until saturated and then placed on
the surface of MHA plates previously inoculated
with bacterial suspension using a sterile cotton
swab. The plates were incubated in an inverted
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position at 37 °C for 24-36 h. After incubation,
inhibition zones were observed around each disc,
and their diameters were measured. Each experi-
ment was conducted three times.

RESULTS AND DISCUSSION

NiFe,O0,/ZnO characterization

The XRD spectra of NiFe:Os and NiFe20O4/
ZnO are shown in Figure 2. The diffraction peaks of
NiFe204 are consistent with JCPDS No. 10-0325,
appearing at 20 = 30.51°, 35.81°, 43.34°, 53.92°,
57.49°, and 62.94°, corresponding to the (220),
(311), (400), (422), (511), and (440) planes, re-
spectively, with a cubic spinel structure. The sharp
peak at 20 = 35.81°, assigned to the (311) plane, is
the main characteristic reflection of NiFe2Oa.

For NiFe:04/ZnO, the diffraction pattern
shows a combination of NiFe204 and ZnO peaks,
confirming the coexistence of two phases. The in-
tensity of the peaks depends on the relative ratio
of both components. ZnO peaks were observed
at 20 = 31.79°, 34.43°, 36.24°, 47.65°, 56.77°,
62.97°, 67.90°, and 69.21°, which correspond to
the (100), (002), (101), (102), (110), (103), (112),
and (201) planes, consistent with JCPDS No. 89-
0510. ZnO crystallizes in the hexagonal wurtzite
structure, where Zn*" and O?  atoms are tetrahe-
drally coordinated (Roy et al., 2022). The sharp
reflection at 20 = 34.43° indicates high ZnO crys-
tallinity. The coexistence of both NiFe.Os and
ZnO reflections further validates the successful
synthesis of the NiFe204/ZnO composite (Majeed
et al., 2024).

The crystallite sizes were estimated using the
Debye—Scherrer equation, yielding 16.2 nm for
NiFe:04 and 22.9 nm for NiFe:04/ZnO within
the nanoscale range. The crystallite size has a
critical influence on the photocatalytic process.
The smaller crystallite size favors the formation
of NiFe:04/ZnO heterojunctions. This structural
feature is beneficial for photocatalysis, as smaller
crystallite sizes provide a larger active surface
area, while the heterojunctions promote more
efficient wiring and transfer of photogenerated
charge carriers. The smaller crystallites contrib-
ute to improved lattice organization and band
gap narrowing, which together favor higher pho-
todegradation activity (Makofane et al., 2022).
Moreover, the XRD results confirmed that the use
of Muntingia calabura L. leaf extract as a green
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synthesis agent did not alter the crystal structure,
as no significant 26 shift was observed.

As shown in Figure 3, NiFe:Os4 demon-
strates non-uniform particle dimensions with a
marked tendency toward agglomeration. This
agrees with prior studies, where coprecipitation-
derived NiFe:O4 generally presents comparable

.
i =y
e
TeknikMesin ITS 20.0KVAX1010k SE

morphological characteristics (Shokri et al.,
2023). The aggregation is mainly attributed to
the high surface energy of nanoparticles, which
drives them to minimize energy by clustering. Ad-
ditionally, Van der Waals forces further promote
particle attraction and agglomeration. In contrast,
the NiFe204/ZnO composite shows a more homo-
geneous and compact morphology with relatively
uniform grain sizes. The incorporation of ZnO ap-
pears to restrict the excessive growth of NiFe20a
crystallites, as FesOa particles are dispersed at the
ZnO interface. This interaction effectively lim-
its grain coarsening and reduces agglomeration,
leading to improved particle distribution.
Elemental mapping verified the presence of
O, Ni, Fe, and Zn, with corresponding weight per-
centages of 32.46%, 7.10%, 16.32%, and 44.12%.
The absence of impurity elements validates the
successful synthesis of the NiFe204/ZnO compos-
ite. The carbon element in the Muntingia calabu-
ra L leaf extract is likely lost during calcination.
The UV-DRS spectra of NiFe.O. display a
broad absorption band extending into the visible
light region (~700 nm), consistent with its narrow
band gap of 1.91 eV as determined from the Tauc

? &
TeknikMesin ITS 20,0kV.x10.0K SE

Figure 3. SEM image of of (a) NiFe,O,, (b) NiFe,0,/ZnO composite and
(c) elemental mapping of NiFe O,/ZnO composite
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plot. While pure ZnO suffers from limited visi-
ble-light utilization due to its band gap exceeding
3.0 eV, the incorporation of NiFe.O4 reduces this
limitation. The resulting NiFe.04/ZnO system
displays an absorption edge at approximately 379
nm, indicating a band gap energy of 2.23 eV (Fig.
4). The observed blue shift compared with pure
NiFe:04 suggests the formation of a heterojunc-
tion between NiFe:O4 and ZnO. Such interfacial
interactions facilitate charge transfer, reduce elec-
tron—hole recombination, and broaden the optical
absorption window, enabling activity not only in
the UV but also across the visible region. Another
study showed that the NiFe204/ZnO produced by
the coprecipitation method had a band gap value
of 2.5 eV (Tripta & Rana, 2023). These findings
confirm that the NiFe204/ZnO not only maintains
the visible-light activity of NiFe.O4 but also im-
proves the overall photocatalytic potential by
synergistically combining the optical properties
of both components.

The hysteresis behavior of NiFe.O. and
NiFe204/ZnO was characterized by VSM across
the magnetic field range of —10,000 to +10,000
Oe (Fig. 5). For pure NiFe:O4, the saturation
magnetization (Ms) was determined to be 49.06
emu/g. This relatively high value arises because
the magnetic moments of Ni*" and Fe*" ions lo-
cated at tetrahedral and octahedral sites do not
completely cancel each other out. Bulk NiFe:O4
typically exhibits Ms values in the range of 50-65
emu/g, and the value obtained in this study falls
within this range. Interestingly, it is also substan-
tially higher than the Ms of NiFe.Oa synthesized
using Terminalia chebula fruit extract (16.34
emu/g) as reported by Aggarwal et al., (2025).

(@) —NiFe:0.
—NiFe:04/Zn0

oy

=

2

@
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2
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NiFe,O, incorporation with ZnO, the Ms
value decreased to 42.89 emu/g. This reduction
can be attributed to the dilution effect of the non-
magnetic ZnO phase, which restricts the motion
of magnetic domains and thereby lowers the
overall magnetization. Nevertheless, the com-
posite still exhibits a sufficiently high Ms value,
which enables its use in magnetically assisted
separation and related applications. NiFe2Oa typi-
cally exhibits coercivity in the range of 20-200
Oe and remanent magnetization (Mr) of 0.5-10
emu/g, while ZnO is non-magnetic (Hc = 0; Mr =
0). Therefore, the composite is expected to main-
tain soft magnetic behavior. NiFe O,/ZnO can be
separated from the solution in a comparatively
short time (30-120 seconds).

Photocatalytic performance

The effect of pH (A), dye concentration (B),
and irradiation time (C) on CRD degradation
was examined using RSM. A CCD consisting
of 20 runs was adopted (Table 1). The Analy-
sis of variance (ANOVA) results indicated that
a quadratic model provided the best description
of the correlation between the variables and the
degradation efficiency. This model incorporates
both linear and interaction terms, with coeffi-
cients reflecting positive or negative contribu-
tions to the response. The estimated degrada-
tion efficiency was represented by the following
quadratic equation.

Degradation (%) = -70.65141 + 15.61419A
+3.23382B +2.20429C-0.075444AB
+0.063000AC — 0.015933BC — 1.28843A?
—0.026160B*— 0.018245C>

2)

35
(b)

3
2.5

2
1.5

1

——NiFe:04 1.91eV 223eV

05 ——NiFe:04/Zn0O

0 T J .

0 1 2 3 4

Photon energy (eV)

Figure 4. (a) UV-DRS results and (b) band gap plots of NiFe.O4 and NiFe.04/ZnO composite
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Figure 5. Hysteresis curves of NiFe.O4
and NiFe:04/ZnO composite

Figure 6 shows a plot between the actual (ex-
perimental) and predicted values. The graph shows
that the points approach a straight line, with no
points deviating significantly. The residual error
range between the experimental and predicted re-
sults ranges from 0.022 to 3.10. Therefore, the pre-
diction model is very good because the predicted
values are nearly identical to the actual values.

Independent variables with a p-value < 0.05
and a high F-value are considered statistically
significant (Mohammadi et al., 2024). As present-
ed in Table 2, pH, dye concentration, and irradia-
tion time each showed p-values < 0.05, confirm-
ing their significant influence on the degradation
efficiency. The model achieved an R? value of
0.9890, demonstrating that 98.90% of the vari-
ability in the response was accounted for by the
model, while only 1.10% was attributed to other
factors or experimental error.

Furthermore, the difference between the ad-
justed R* and predicted R* values was small
(0.0685), well below the threshold of 0.2, which
suggests strong model reliability and the absence
of overfitting (Boucherdoud et al., 2025). The
Adeq Precision value was greater than 4, further
supporting that the model provides an adequate
signal-to-noise ratio and can be reliably used for
prediction.

Interactions between variables

3D response surfaces along with 2D con-
tour plots were constructed to demonstrate how
pH, dye concentration, and irradiation time

Table 1. Comparison of the actual and predicted value of degradation efficiency

Run oH CRD concentration Irradiation time Response (%) Residual
(mglL) (min) Actual Predicted
1 10 40 30 63.23 63.46 -0.23
2 4 40 90 62.11 62.54 -0.43
3 10 10 90 69.61 71.79 -2.18
4 7 25 60 97.8 95.95 1.85
5 7 25 60 97.61 95.95 1.66
6 4 40 30 87.11 84.76 2.35
7 4 10 90 57.23 56.84 0.39
8 7 25 60 95.34 95.94 -0.60
9 10 40 90 65.68 63.91 1.77
10 7 25 60 96.81 95.94 0.87
1" 7 25 90 81.67 81.25 0.42
12 7 25 60 92.84 95.94 -3.10
13 7 25 60 97.34 95.94 1.40
14 10 10 30 43.25 42.65 0.60
15 4 25 60 85.22 85.94 -0.72
16 10 30 48.78 50.38 -1.60
17 10 25 60 82.78 82.76 0.02
18 10 60 86.21 83.43 2.78
19 25 30 76.68 77.79 -1.11
20 40 60 94.21 96.68 -2.47
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Figure 6. Predicted versus actual diagram

interactively affect photodegradation efficiency
(Fig. 7). In both plots, the red regions indicate the
optimum conditions for CRD degradation. The
results show that degradation efficiency initially
increases with higher concentration and pH, but
beyond a certain point begins to decline. Consis-
tent results were obtained for interactions involv-
ing pH with irradiation time and dye concentra-
tion with irradiation time.

Experimentally, the optimum conditions were
achieved at pH 7, dye concentration of 40 mg/L,
and irradiation time of 60 minutes, yielding a

Table 2. ANOVA summary of CRD degradation

degradation efficiency of 96.68%. According to
the quadratic model, the predicted optimum con-
ditions were pH 6.20, dye concentration 38.10
mg/L, and irradiation time 52.30 minutes, with a
degradation efficiency of 98.10% and a desirabil-
ity value of 1. The desirability value of 1 confirms
the validity of the model, demonstrating excellent
agreement between the experimental results and
the model predictions (Hasanpour et al., 2021).

The photocatalytic degradation process initi-
ates through an electrostatic interaction between
the dye molecules and the catalyst surface. CRD is
an anionic dye (negatively charged) containing a
sulfonate group (—SOs"), while the catalyst surface
is generally positively charged. The efficiency of
hydroxyl radical (*OH) and superoxide radical
(O2¢7) formation is strongly influenced by pH. At
too low a pH, the formation of hydroxyl radicals is
suppressed, whereas at highly basic pH, these rad-
icals may become deactivated. The NiFe,O,/ZnO
composite has a pHpzc of 7.3 (Fig. 8). CRD is an
anionic dye that increases the electrostatic inter-
action between negatively charged molecules and
the positive surfaces of the NiFe,O,/ZnO compos-
ite. Moreover, at high pH values, repulsion occurs
between the dye and the catalyst surface, since
both carry negative charges (Khera & Jeevanan-
dam, 2025; Riyanti et al., 2025).

These observations are consistent with pre-
vious studies reporting that the photocatalytic

Description Sum of squares Df Mean square F-value p-value
Model 5580.44 9 620.05 99.79 < 0.0001 significant
A-pH 25.28 1 25.28 4.07 0.0473
B-Concentration 439.04 1 439.04 70.66 < 0.0001
C-Irradiation 29.76 1 29.76 4.79 0.0535
AB 92.21 1 92.21 14.84 0.0032
AC 257.19 1 257.19 41.39 < 0.0001
BC 411.27 1 411.27 66.19 < 0.0001
A2 369.78 1 369.78 59.51 < 0.0001
B2 95.27 1 95.27 15.33 0.0029
c? 741.53 1 741.53 119.34 < 0.0001
Residual 62.13 10 6.21
Lack of Fit 38.72 7.74 1.65 0.2971 not significant
Pure Error 23.41 5 4.68
Cor Total 5642.58 19
Fit Statistic
Std Dev R? Adj R? Pred R? Adeq Prec. CV.%
2.49 0.9890 0.9791 0.9106 30.6530 3.16
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Figure 7. 3D response surface and 2D contours of photocatalytic degradation of CRD

degradation of CRD is most effective within
the pH range of 6—7 (Boucherdoud et al., 2025;
Sarkar et al., 2021). At low dye concentrations,
the molecules are easily adsorbed onto the cata-
lyst surface, while UV/Vis light can also penetrate
efficiently to activate the catalyst. Under these
conditions, the radicals (*OH, O2¢") formed are
sufficient to attack and degrade the dye molecules.

Conversely, at very high concentrations, photons
are unable to effectively reach the catalyst sur-
face because they are absorbed or blocked by the
dense dye layer (Riyanti et al., 2025).

The irradiation time also plays a critical role.
Longer exposure generates more Reactive Oxy-
gen Species (ROS), thereby enhancing degrada-
tion. However, once the optimum conditions are
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reached, extending irradiation time does not sig-
nificantly improve yield, since most CRD mol-
ecules have already degraded and the degradation
rate naturally decreases.

The degradation mechanism that occurs can
be explained as follows (Khan et al., 2023; Sofia
et al., 2025).

NiFe.04/Zn0O + hv —

— NiFe:04/Zn0 (ecp™ + hyp™) (3)
ecg” T 02 Oz (&)

hyg* +H0 — “OH + H 5)
CRD +"OH | CO, + H,0 ©6)
CRD + O+ | CO, + H,0 + o

+ other product

Reusability of catalyst

Catalyst recycling is essential for evaluating
sustainability from both environmental and eco-
nomic perspectives, particularly for industrial
applications. Industries favor catalysts with long
lifetimes because they are more cost-effective,
easier to handle, and minimize replacement fre-
quency. In this study, recycling and retesting were
conducted under the optimum conditions of pH
6.20, dye concentration 38.10 mg/L, and irradia-
tion time 52.30 minutes. Post-cycle, the catalyst
underwent centrifugation recovery, distilled wa-
ter washing, and overnight drying at room tem-
perature inside a vacuum desiccator (Khera &
Jeevanandam, 2025).
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The degradation efficiency was 98.10% in the
first cycle and gradually decreased to 97.54%,
95.60%, 94.80%, and 93.46% over subsequent
cycles (Fig. 9). Thus, the overall decline of 4.64%
after five cycles is considerably smaller than re-
ported for other systems, such as CuO2@PANI,
which showed a drop from 85.4% to 80.3% af-
ter only four cycles (Boucherdoud et al., 2025).
The observed reduction in performance can be at-
tributed to partial loss of catalyst during recovery
and the adhesion of dye molecules or degradation
products to the catalyst surface.

Antibacterial activity

The antibacterial properties of NiFe.04/ZnO
composite were investigated via the disk-diffu-
sion method against Gram-positive (S. aureus)
and Gram-negative (E. coli) strains. The bacteri-
cidal effectiveness of materials depends on sev-
eral physicochemical factors, including Reactive
Oxygen Species (ROS) generation, surface area,
particle size, solubility, and surface charge (Chan
etal., 2024). ROS are particularly crucial, as they
compromise the integrity of bacterial membranes
and induce damage to DNA and proteins, leading
to cell death. Furthermore, interactions involving
metal ion deposition on bacterial cells can inter-
fere with normal physiology and enhance antimi-
crobial potency (Sofia et al., 2025).

As shown in Table 3, increasing the concen-
tration of NiFe:04/ZnO produced larger inhibi-
tion zones. DMSO served as the negative control
and showed no inhibition zone, while amoxicil-
lin (positive control) produced a zone of 24.6
and 22.4 mm. NiFe:04/ZnO exhibited stronger

100 - 98.10 97.54 95.60 94.80 93.46
—~ 80
S
A
=
S 60 -
-
<
=
®
)
2 40 |
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Figure 9. The degradation efficiency
of NiFe,0,/ZnO composite for 5 cycles
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Table 3. Zone of inhibition of NiFe204/ZnO composite

Concentration Zone of Inhibitions (mm)
(Mg/mL) S. aureus E. coli

1000 8.6+05 8.1+04
2000 11.2+£0.7 9.8+0.6
3000 146+ 0.5 11.2+0.9
4000 16.2+ 0.6 14.3+0.8
5000 17.3+0.9 16.5+ 1.0

Amoxicillin (+) 246 +1.1 224 +0.9

DMSO (-) 0 0

inhibition against S. aureus than E. coli across all
concentrations. Similar results have been report-
ed for NiFe2O4 synthesized from lime peel extract
(Malik et al., 2022) and ZnO derived from Jatro-
pha curcas latex (Sharma et al., 2025). The higher
susceptibility of S. aureus is attributed to its thick
peptidoglycan cell wall lacking an outer mem-
brane, which makes it more prone to membrane
damage and leakage of cellular contents (Rincon-
Granados et al., 2021; Shokri et al., 2023). The
antibacterial activity of NiFe.04/ZnO is not in-
tended to replace pharmaceutical antibiotics, but
rather functions as an agent that inhibits bacterial
growth in the environment. Its ability to suppress
the proliferation of bacteria such as S. aureus
and E. coli is still lower than the effectiveness of
commercial antibiotics. However, NiFe.04/ZnO
composite potentially being used as a supporting
material in wastewater treatment.

CONCLUSIONS

NiFe:04/ZnO composites were successfully
biosynthesized using Muntingia calabura L. leaf
extract as a bioreductant and stabilizing agent.
Structural and optical characterization (XRD,
SEM-EDX, UV-DRS, and VSM) confirmed the
successful formation of the catalyst, with a band
gap of 2.23 eV, indicating visible-light activity.
RSM-based ANOVA analysis demonstrated that a
quadratic model reliably described the photocata-
lytic degradation of Congo red dye, with optimum
conditions at pH 6.20, dye concentration 38.10
mg/L, and irradiation time 52.30 minutes, achiev-
ing 98.10% degradation efficiency. The catalyst ex-
hibited excellent stability, exhibiting a mere 4.64%
drop in efficiency after five consecutive reuse cy-
cles, and its magnetic properties enabled easy re-
covery and recycling. Furthermore, NiFe>04/ZnO

showed strong antibacterial activity, with greater
inhibition against S. aureus than E. coli. Overall,
the combination of efficient photocatalytic activity,
high reusability, antibacterial potential, and green
synthesis highlights NiFe:04/ZnO composite as
a promising material for future environmentally
friendly wastewater treatment applications.
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