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Abstract: In this study, magnetic binary/ternary ZnxCo1−xFe2O4 (x = 0, 0.5, 1) nanoparticles were
synthesized using a straightforward one-step microwave technique. To produce the ZnxCo1−xFe2O4

nanoparticles, iron (III) nitrate nonahydrate, zinc nitrate hexahydrate, and cobalt nitrate hexahydrate
were used as metal sources, with urea used as the fuel and ammonium nitrate as the oxidizer. These
materials were combined in an alumina crucible covered by a CuO jacket to absorb microwave energy
and facilitate calcination. The thermal treatment involved placing the alumina crucible in a domestic
microwave oven at 450 W for 30 min. The key strengths of this experimental strategy include its
simplicity, cost-effectiveness, and rapidity, aligning with green chemistry principles. The synthesized
nanoparticles were characterized using X-ray diffraction (XRD), Fourier transform infrared (FT-IR)
spectroscopy, a vibrating sample magnetometer (VSM), and Brunauer–Emmett–Teller (BET) analysis.
XRD analysis confirmed the presence of the pure ferrite nanocrystalline phase. Scanning electron
microscopy (SEM), employed with energy-dispersive X-ray spectroscopy (EDS), was used to study
the surface morphology and analyze the elemental composition. The SEM analysis revealed that the
synthesized magnetic nanoparticles had particle sizes ranging from 30 to 50 nm. Furthermore, we
explored the potential use of these magnetic nanoparticles as photocatalysts for degrading organic
pollutants such as methylene blue in aqueous solutions.

Keywords: microwave synthesis; magnetic nanoparticles; photocatalyst; organic pollutants

1. Introduction

Industrialization generates substantial toxic pollutants, including both organic and
inorganic materials, particularly from the textiles, printing, and painting industries. Textiles
release large amounts of azo dyes, which are vibrant, soluble, and stable. Given their
toxicity and associated health risks, effectively removing these dyes from wastewater is
essential [1–3]. Methods, such as adsorption and photocatalysis, have been used for dye
removal from wastewater. Photocatalysts are increasingly favored due to their versatility,
ease of use, and ability to operate under mild conditions. However, a key challenge with
this method is the difficulty of separating the photocatalyst from the solution after dye
degradation [2]. Magnetic metal ferrites have gained significant attention in recent years
due to their catalytic, magnetic, and electromagnetic properties [4]. Several chemical
techniques are available for synthesizing magnetic ferrite nanoparticles, including the
sol–gel method [5], the sol–gel auto-combustion method, the hydrothermal method [6,7],
the microwave method [8,9], and the co-precipitation method [10]. Among these methods,
the microwave method has attracted significant interest due to its advantages, including its
feasibility, low cost, environmental friendliness, and short reaction time. In this work, we
synthesized magnetic binary/ternary ZnXCo1−xFe2O4 (x = 0, 0.5, 1) nanoparticles using the
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microwave method. We investigated the efficacy of these nanoparticles as photocatalysts
for the degradation of methylene blue in aqueous solutions.

2. Experimental Section

All chemicals, obtained from Merck Co., Istanbul, Turkey, were utilized directly
without further purification.

Synthesis of binary/ternary ZnxCo1−xFe2O4 (x = 0, 0.5, 1) nanoparticles:

We employed a one-step microwave technique to synthesize binary/ternary ZnxCo1−x
Fe2O4 (shown in Figure 1). Fe(NO3)3·9H2O, Co(NO3)2·6H2O, and Zn(NO3)2·6H2O served
as the metal sources, with NH2CH2COOH acting as the fuel and NH4NO3 as the oxidizer.
For the production of Zn0.5Co0.5Fe2O4 nanoparticles, a mixture containing Fe(NO3)3·9H2O
(2 mmol), Co(NO3)2·6H2O (0.5 mmol), Zn(NO3)2·6H2O (0.5 mmol), NH2CH2COOH
(3 mmol), and NH4NO3 (6 mmol) was first prepared. The mixture was then transferred to
an alumina crucible, surrounded by a CuO jacket to absorb microwave energy, in order to
provide calcination heat. Thermal treatment was carried out in a domestic microwave oven
operating at 450 W for 30 min. The resulting powder was collected, washed several times
with distilled water and ethanol to remove residual materials, and dried at 80 ◦C for 24 h.
A similar procedure was followed for the synthesis of ZnFe2O4 and CoFe2O4.
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Figure 1. A schematic representation of the synthesis method.

3. Result and Discussion

Figure 2a illustrates the reflected characteristic peaks of the ZnxCo1−x Fe2O4 nanopar-
ticles. The peaks at 2θ values of approximately 18.41◦, 30.29◦, 35.68◦, 37.33◦, 43.37◦, 53.82◦,
57.37◦, 62.7◦, and 74.57◦ correspond to the (111), (220), (311), (222), (400), (422), (511), (440),
and (533) planes, respectively. These findings confirm the presence of a single-phase cubic
spinel structure without any secondary phases, which is in good agreement with JCPDS
card no. 77-0426 for CoFe2O4. It should be noted that the dashed line around the 2θ of 62.7
shows a peak shift to smaller 2θ values as the Zn content increases. This shift indicates Zn
substitution in the CoFe2O4 structure, resulting in larger lattice parameters (see Figure 2b).

The creation of ZnxCo1−xFe2O4 nanoparticles was confirmed using Fourier transform
infrared (FT-IR) analysis. Figure 3a shows two metal–oxygen (M–O) absorption bands in
the 400–600 cm−1 range: bands from 500–600 cm−1 indicate metal stretching at tetrahedral
sites, and bands below 450 cm−1 correspond to metal stretching at octahedral sites. No
additional absorption bands from organic groups were observed. The magnetic properties
of ZnxCo1−xFe2O4 nanoparticles were measured using a vibrating sample magnetometer
(VSM) at room temperature, as shown in Figure 3b. Various magnetic characteristics, such
as saturation magnetization (Ms), coercivity (Hc), and remanence magnetization (Mr), were
determined from the hysteresis loops. The obtained values are detailed in Table 1. Based on
the results, ZnFe2O4 and Zn0.5Co0.5Fe2O4 exhibit low coercivity (Hc) and narrow hysteresis
loops, indicating that these materials are soft magnetic materials. In contrast, CoFe2O4
displays a wide hysteresis loop, signifying that it is a hard magnetic material. It was also
observed that CoFe2O4 had the highest saturation magnetization (Ms) value of 66.4 emu/g
and the highest coercivity (Hc) of 1174.5 Oe.
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Table 1. Variation in Ms, Hc, and Mr of spinel ZnxCo1−xFe2O4 (x = 0, 0.5, 1) nanoparticles.

Sample Ms Hc Mr

CoFe2O4 66.4 −1174.5 32.5

Zn0.5Co0.5Fe2O4 66.3 −128.4 16

ZnFe2O4 7 47.5 1.2

The surface morphology and elemental composition were investigated using SEM
equipped with EDS. The SEM images in Figure 4 reveal that the synthesized magnetic
nanoparticles have sizes ranging from 30 to 50 nm. The observed agglomeration of particles
is likely due to the magnetic properties inherent in the prepared ferrite nanoparticles. The
surface area of the magnetic nanoparticles was measured using multi-point Brunauer–
Emmett–Teller (BET) analysis. The BET surface areas were found to be 11.35 m2/g for
CoFe2O4, 8.3 m2/g for Zn0.5Co0.5Fe2O4, and 8.5 m2/g for ZnFe2O4, respectively.
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4. Photocatalytic Activity

The photocatalytic properties of magnetic binary/ternary ZnXCo1−xFe2O4 nanoparti-
cles during the degradation of methylene blue were investigated at room temperature. In a
typical procedure, 50 mL of 20 ppm methylene blue solution was combined with 50 mg of
the catalyst and stirred magnetically both before and during illumination. The suspension
was agitated in the dark for 30 min to maximize dye adsorption onto the catalyst surface.
After that, the mixture was exposed to UV light for three hours. Samples of methylene
blue solution were taken after 30min, 60min, 120 min, 180 min, and 240 min, respectively,
and the absorbance of methylene blue after each time interval was tested using a UV-Vis
spectrophotometer set to 650 nm. The degradation efficiency was calculated using the
following equation:

Degradation efficiency % = (C0 − Ct)/C0

where C0 represents the initial concentration of methylene blue (mg/L), and Ct is the
methylene blue concentration (mg/L) at various irradiation times t. The degradation of
efficiency depends on the ability of absorption, the generation of electron–hole pairs, and
the ability of diffusion and separation of electron–hole pairs [1].

Figure 5 illustrates the time-dependent extent of methylene blue degradation, re-
vealing an enhancement in dye degradation at various time intervals for all prepared
ZnxCo1−xFe2O4 nanoparticles. The removal efficiencies for methylene blue were 48%, 51%,
and 33% for zinc ion concentrations of x = 0, 0.5, and 1, respectively. Figure 5 shows that
degradation efficiency increases over time, with Zn0.5Co0.5Fe2O4 achieving the highest
degradation among all samples. This improvement can be attributed to the doping of
Zn into the CoFe2O4 structure, which creates more surface oxygen vacancies and defects,
thereby enhancing the photocatalytic degradation process.
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5. Conclusions

In summary, magnetic binary/ternary ZnxCo1−xFe2O4 (x = 0, 0.5, and 1) nanoparticles
were successfully synthesized using a one-step microwave auto-combustion method. The
XRD patterns confirm that all the as-prepared magnetic nanoparticles exhibit a single-
phase cubic spinel structure. The SEM analysis revealed that the synthesized magnetic
nanoparticles have particle sizes ranging from 30 to 50 nm and showed agglomeration at the
nanoscale due to their magnetic properties. The potential of these magnetic nanoparticles
as photocatalysts for degrading methylene blue in aqueous solutions was investigated. The
removal efficiencies for methylene blue dye were observed to be 48%, 51%, and 33% for zinc
ion concentrations of x = 0, 0.5, and 1, respectively. The photocatalytic study indicated that
among the prepared photocatalysts, Zn0.5Co0.5Fe2O4 exhibited the highest degradation
efficiency. These findings demonstrate that cobalt zinc ferrite can serve as an effective
photocatalyst for methylene blue degradation, without having any hazardous effects on
the environment.
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