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ABSTRACT
Synthesis of crystalline zinc copper ferrite nanoparticles was achieved via a sim-
ple co-precipitation method. Scanning electron microscope (SEM) is utilized to 
give the morphological characterization of the prepared samples. A transmission 
electron microscope (TEM) was employed for further identification and confir-
mation of the particle size and morphology. Moreover, X-ray diffraction (XRD) 
and Fourier transformation infrared (FTIR) spectroscopy were utilized to exam-
ine crystalline structure and chemical structure, respectively. The photocatalytic 
performance of  Zn0.5Cu0.5Fe2O4 nanoparticles under UV light was assessed by 
decolorization of methyl orange (MO) azo dye. The efficiency of photocatalytic 
degradation of 20 ppm of MO by  Zn0.5Cu0.5Fe2O4 nanoparticles 15 mg was 96% 
after 135 min at an ambient temperature of 25 °C and pH value of 3. Further 
interpretation was carried out and a proposed mechanism for the MO photodeg-
radation over  Zn0.5Cu0.5Fe2O4 nanoparticles was suggested.

Introduction

Ferrites are a large class of oxides that have magnetic 
characteristics [1], and the most prevalent kind of mag-
netic ferrite is cubic spinel with M ferrite [2]. Spinel M 
ferrite in nanoparticle form is a beneficial class of mag-
netic nanomaterials for its special magnetic, electrical, 
and catalytic capabilities, and is consequently used in 
numerous scientific and industrial fields [3], includ-
ing photocatalytic activity [4], ferrofluid technology, 

sensors technology, clinical diagnostics, high-den-
sity data storage, drug delivery, electrical devices, 
catalysts, and high power microwave applications. 
Their synthesis is made up of simple, inexpensive 
approaches that make up its advantageous position in 
mass production processes [5, 6].

Up to now many methods used for the preparation 
of magnetic metal ferrite nanoparticles such as co-pre-
cipitation [7, 8], mechanochemical [9], hydrothermal/
solvothermal [10], and sol–gel approaches [11]. The 

Received: 27 September 2023 
Accepted: 3 February 2024 
Published online: 
4 March 2024 

© The Author(s), 2024

Handling Editor: Dale Huber.

Address correspondence to E-mail: abuzeyadosama@gmail.com; Ahmed.ElKhawaga@gu.edu.eg

http://orcid.org/0000-0002-1944-0167
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-024-09485-9&domain=pdf


J Mater Sci (2024) 59:4152–4166 

co-precipitation method is the most famous method 
for the preparation of ferrites [12], as it has the benefits 
of simple preparation, uncomplicated [4], inexpensive 
and gentle chemistry route that produces an ultra-fine 
and homogeneous powder [13].

On the other hand, the textile, printing, and dyeing 
industries are the industries of huge water consumption 
with the annual wastewater discharge accounting for 
about 70% of the world’s total discharge azo dyes with 
stable azo functional groups (N=N) and aromatic rings 
are difficult to be biodegraded, and have strong chro-
maticity and toxicity, which pose a serious threat to the 
environment, aquatic organisms and human life. MO is 
a member of the azo dyes family and is an organic sub-
stance that is known to be carcinogenic and mutagenic. 
Magnetic nanocomposites are promising new materials 
for the photodegradation of organic contaminants. They 
have several advantages over commercial  TiO2, including 
a narrow band gap, high surface area, magnetic prop-
erties, and stability [14]. These advantages make these 
magnetic nanocomposites more efficient, reliable, and 
cost-effective for real-world applications.

In this work, the synthesis of  ZnxCu(1−x)Fe2O4 nano-
particles was carried out by the co-precipitation pro-
cess to examine their structural, optical properties, and 
photodegradation efficiency of methyl orange (MO).

Materials and methods

Chemicals

Fe2(SO4)3·5H2O, Cu(SO4)·6H2O, Zn(SO4)·7H2O, 
sodium hydroxide (NaOH), and methyl orange (MO) 
were acquired from E-Merck Products. The remaining 
reagents have a purity equivalent to analytical grade 
and without any further purification before use.

Synthesis of  ZnxCu(1−x)Fe2O4

The co-precipitation approach was used to produce Zn 
Cu Ferrite  (ZnxCu(1−x)Fe2O4) nanoparticles made up of 
compositions (x = 0, 0.2, 0.5, 0.8, 1.0).  Fe2(SO4)3∙5H2O, 
Cu(SO4)∙6H2O, Zn(SO4)∙7H2O were utilized in stoichi-
ometric amounts from pure raw materials to produce 
the necessary solutions with the essential molarities. 
The solution of  Fe2(SO4)3∙5H2O, 0.4 M (25 ml), and 
different content of Cu(SO4)∙6H2O and Zn(SO4)∙7H2O 
were first mixed for 30 min then suddenly added to 
1 M hot NaOH solution 80–90 °C under stirring of 
1500 rpm. The obtained colloidal solution of pH 11–13 

was kept at 80–90 °C for 1 h. Then it was left to cool 
down till the precipitate settled down. The clear solu-
tion was removed carefully without losing the pre-
cipitate. This process was repeated with hot deionized 
water until the filtrate had a pH of 7, 10 times to ensure 
the removal of  Na2SO4 and excess of NaOH from the 
solution [15]. Then the samples were washed with 
Acetone and dried at room temperature for 72 h as 
shown in Fig. 1.

Characterization of the  ZnxCu(1−x)Fe2O4 
nanoparticles

Different characterization methods were used for iden-
tifying the synthesized  ZnxCu(1−x)Fe2O4 nanoparticles. 
X-ray diffractometer type (X’Pert PRO) Cu Kα radia-
tion (λ = 1.5418A°) was used to determine and analyze 
the phase present in the Cu Zn ferrite nanopowders. 
FTIR analysis was performed using an FT/IR 4700 spec-
trometer (Jasco, Tokyo, Japan). The specimens were 
produced using potassium bromide (KBr) pellets. The 
FTIR spectra were obtained within the frequency range 
of 400–4000  cm−1, with a resolution of 4  cm−1 and an aver-
age of 32 scans. Scanning electron microscope (SEM) type 
FEI Czech at KV 25-30 kV, magnification 150X, and an 
average working distance of 15 mm was employed for 
morphological and semi-quantitative elemental analy-
sis. High-Resolution Transmission Electron Microscope 
(HRTEM)—model JEM-2100, JEOL, Japan, was also 
used for detailed morphological characterization. Agi-
lent Cary 60 UV–Vis spectrophotometer was operated 
to examine the UV–Vis spectrum.

Photocatalytic reactor

Photocatalytic degradation of the (MO) was attained 
through the use of a UV lamp and a catalyst called 
 ZnxCu(1−x)Fe2O4. The UV reactor in use had a glass cyl-
inder shape (100 ml), measuring 3 cm in diameter by 
27 cm in length, as shown in Fig. 2, and was covered 
in a thin layer of aluminum foil. 50 ml of contaminated 
solutions filled the photoreactor.

The UV light irradiation source was a commercial 
UV-C Lamp, PHILIPS TUV 11WG11 T5; it’s a high-pres-
sure mercury lamp 11 W and has a mean wavelength 
254 nm. It is immersed in the contaminated solutions, 
while the photoreactor is kept at about 25 °C by a water 
bath.

4153



 J Mater Sci (2024) 59:4152–4166

A nanocomposite weighing 10 mg was introduced into 
a 50 ml aqueous solution containing methyl orange (MO) 
with an initial concentration (C0) of 10 mg/L. The mixture 
was stirred continuously at room temperature (25 °C) for 
135 min in the absence of light to establish equilibrium 
between the adsorption and desorption processes. On the 
other hand, a simulated UV light source was employed 
to illuminate the solution containing MO dye without the 
photocatalyst to determine the photolysis of MO dye.

After that, the pollutant (MO) dye and cata-
lyst  ZnxCu(1−x)Fe2O4 were into the glass cylindrical 

reactor and the UV irradiation, 1 ml suspension of 
the (MO) solution was sampled using a syringe from 
the UV reactor at a specific time and centrifuging at 
20 min and measure the absorbance with a spectro-
photometer at wavelength 464 nm [16]. The photode-
composition efficiency (Removal %) was calculated 
from the following equation [17]:

where Co is the MO’s (mg/L) initial concentration 
and Ct represents the concentration at time (t). The 
operational parameters of photocatalytic degrada-
tion, including different initial concentrations of MO 
dye (5.0, 10.0, and 15.0 ppm) by varying initial MO 
concentration while maintaining other reaction con-
ditions with no change, photocatalyst dose (5.0, 10.0, 
and 15.0 mg) and different pH values (pH 3–9) were 
investigated.

Results and discussion

Characterization of  ZnxCu(1−x)Fe2O4 
nanoparticles

X‑ray diffraction patterns

The XRD information attained for the  ZnxCu(1−x)Fe2O4 
(x = 0, 0.2, 0.5, 0.8, 1) nanoparticles prepared via 

(1)Removal % = 1 −

(

Ct

C0

)

∗ 100

Figure 1  Schematic figure of  ZnxCu(1−x)Fe2O4 nanoparticles preparation.

Figure 2  Using the photochemical cell in the photocatalytic pro-
cess.
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co-precipitation shows different crystallinity accord-
ing to their composition as reported in Fig. 3. It was 
so obvious that the  ZnFe2O4 and  CuFe2O4 have lower 
crystallinity and may be polycrystalline structures. 
On the other hand, samples having both Cu and Zn 
are more ordered. The main peaks for  ZnFe2O4 and 
 CuFe2O4 are observed around 2θ values ~ 21.5°, 33.5°, 
35°, 36.5°, 53.3°, 59°, and 61.2°. In addition to a broad 
week peak around 2θ ~ 40° [18]. On the other hand, 
the  ZnxCu(1−x)Fe2O4 (0.2,0.5,0.8) samples shows a rela-
tive sharp and clear peaks around 2θ values ~ 30.1°, 
35.2°, 37.5°, 43.1°, 53.0°, 56.9°, and 62.8° [19]. These 
results indicate the relative higher crystallinity of 
 ZnxCu(1−x)Fe2O4 (x = 0.2, 0.5, 0.8) to  ZnFe2O4 and 
 CuFe2O4. Even though all the samples are prepared 
with the same approach but the relative abundance 
of metallic species controls and tunes the degree of 
ordering of the obtained structures. Hence, different 
relative photocatalytic potentials may be considered. 
In general, the X-ray diffraction patterns are consistent 
with the standard JCPDS Card No. 22-1012(22-1042) of 
the cubic  ZnxCu(1−x)Fe2O4 ferrite phase [19].

The observation of identical XRD patterns for 
 ZnFe2O4 and  CuFe2O4 can be attributed to their 
shared spinel structure.  ZnFe2O4 and  CuFe2O4 are 
both spinels, which means they share the same crys-
tal structure. In spinels, the metal cations (Zn and 
Cu in this case) occupy two distinct sites within 
the crystal lattice, known as the tetrahedral (A) and 
octahedral (B) sites. Despite the difference in atomic 
number and size between Zn and Cu, their similar 

electronic configurations allow them to fit into the 
same crystal structure, resulting in identical peak 
positions in the XRD patterns [20]. If the difference 
in peak positions between  ZnFe2O4 and  CuFe2O4 is 
smaller than the resolution limit of the instrument, 
the peaks may appear merged, leading to an appar-
ently identical XRD pattern.

Nanoparticle crystallite sizes were calculated uti-
lizing Scherrer’s method by evaluating the strongest 
peak in the X-ray diffraction (XRD) pattern [21]:

In this context, the symbol λ represents the wave-
length of the radiation employed, while β and θ 
denote the full width at half  maximum (FWH M) 
and the angle corresponding to the peak of highest 
intensity, respectively. The X-ray diffraction (XRD) 
analysis revealed that the (311) plane exhibited the 
highest peak intensity, indicating its prominence 
in the crystalline structure. According to Scherrer’s 
equation [Eq. 2], the intensity of the cubic spinel fer-
rite’s basic diffraction peak at the (311) plane cor-
responds to 2θ values ~ 35.2° [18], used as a meas-
urement for the degree of crystallinity [22]. The 
calculated crystallite size is found to be 47, 42, 38, 
32 and 28 nm for  ZnxCu(1−x)Fe2O4 (x = 0, 0.2, 0.5, 0.8 
and 1.0), respectively. Changing the Zn/Cu ratio in 
 ZnCuFe2O4 can significantly affect the crystal size. 
Generally, a higher Cu content leads to the forma-
tion of larger crystals. This is because Cu ions have 
a smaller ionic radius (0.72 Å) compared to Zn ions 
(0.74 Å); this leads to the decrement of densities of 
nucleation centers of the ferrite sample, which result 
in the formation of larger crystallite sizes [20, 23, 24].

On the other hand, the relative ratio of Zn and 
Cu in the prepared samples significantly affects the 
intensity and crystallinity of its XRD results. This is 
because the X-ray diffraction pattern is essentially a 
fingerprint of the crystal structure of the material, 
and the intensity of the diffracted peaks depends on 
the relative amounts of the different elements present 
[25, 26]. As the concentration of Zn increases relative 
to Cu, the intensity of the peaks corresponding to the 
Zn-rich phases will increase. Conversely, the inten-
sity of the peaks corresponding to the Cu-rich phases 
will decrease. This is because the X-rays are more 
likely to be scattered by the atoms that are present in 
higher concentrations. The overall background inten-
sity of the XRD pattern may also be affected by the 

(2)D = 0.9�∕� cos �

Figure  3  XRD patterns for the synthesized  ZnxCu(1−x)Fe2O4 
nanoparticles.

4155



 J Mater Sci (2024) 59:4152–4166

Zn/Cu ratio [27]. The width of the diffracted peaks 
can provide information about the crystallinity of the 
material [28]. Narrow peaks indicate a well-ordered 
crystal structure, while broad peaks indicate a less 
ordered structure [29]. In general, as the Zn/Cu ratio 
increases, the peak width of the Zn-rich phases will 
decrease, indicating an improvement in crystallinity. 
This is because the Zn atoms tend to form a more 
ordered crystal structure than the Cu atoms [30].

Scanning electron microscope (SEM) micrograph 
of  ZnxCu(1−x)Fe2O4 nanoparticles

Figure 4 represents the SEM micrograph of the pre-
pared  ZnxCu(1−x)Fe2O4 nanoparticles. At first glance, 
the common size was about 30–50 nm. Finer particles 
are also observed. The larger ones may be aggregates 
of smaller particles. The impact of changing the com-
position ratio between copper and zinc is difficult to 
elaborate clearly. Table 1 lists the elemental analysis 
(EDX) of the prepared  ZnxCu(1−x)Fe2O4 nanoparticles.

High‑resolution transmission electron microscope 
(HR‑TEM)

To acquire additional facts about the morphology study 
of the prepared  ZnxCu(1−x)Fe2O4 nanocatalyst, TEM was 
employed successfully. As shown in Fig. 5, from the 
initial glance at all the images, it was obvious large clus-
ters consisted of smaller particles. The observed particle 
size during the SEM imaging was not representative 
enough for all the samples. For instance, the  ZnFe2O4 
sample showed large size clusters in the SEM image, 
and the TEM image showed smaller particles. The 
observed size may be around 30–40 nm. In the same 
manner, the  CuFe2O4 sample showed a smaller parti-
cle size than observed by the SEM. The observed size 
was about 35–45 nm. Regarding the  Zn0.8Cu0.2Fe2O4 and 
 Zn0.2Cu0.8Fe2O4 samples showed a broad size distribu-
tion around 25–40 nm. Concerning the  Zn0.5Cu0.5Fe2O4 
sample, the size could be assumed to be around 38 nm. 
Finally, the TEM image was more detailed than the 
SEM. Losing details in the SEM images may be due to 
the surface charging of samples during interaction with 
an electron beam [31]. Since all the samples are not con-
ductive and there is no way for charge dissipation and 
increasing the SEM magnification. In general, the TEM 
images of each sample indicated the relative abundance 

of copper and zinc affects particle size, and morphology 
and may affect particle crystallinity.

FTIR analysis

Figure 6 displays the results of FTIR spectra of the syn-
thesized  ZnxCu(1−x)Fe2O4 ferrite nanoparticles that were 
carried out within a frequency range from 500 to 4000 
 cm−1. In general, the obtained spectra may be divided 
into two main regions. The first one represents the fin-
gerprint region (500–1800  cm−1) [32] and the other is the 
lattice water H–O–H stretching band (3200–3600  cm−1) 
[33]. Regarding the first region, the identified peaks 
represent the typical ferrospinel fingerprint features 
[34]. As a result of the interaction between the oxy-
gen atom and the cations at tetrahedral and octahe-
dral positions, these bands are mostly attributed to 
the metal–oxygen (M–O) vibration modifications [35]. 
Tetrahedral group intrinsic vibrations are thought to 
be responsible for the observed strong transmittance 
bands about 500 and 700  cm−1 [36]. The shift in bond 
distance M–O in the octahedral and tetrahedral sites 
may be the cause of the significant variation between 
these bands among the various samples. The variation 
in the  Mn+–O-2 distance between the octahedral and 
tetrahedral compounds is the cause of the difference in 
band position [37]. The observed transmittance band at 
1330 may be assigned to the two metal–oxygen stretch-
ing modes M=O, those with only one terminal oxygen 
atom absorb [38]. This band may be related to defect 
density in the crystal structure, hence propping the 
photocatalytic potential. The vibrational mode in tet-
rahedral anions is triply degenerate rather than a sim-
ple metal–oxygen stretching frequency, and any minor 
deviance from tetrahedral symmetry could cause the 
observed broadbands. Additionally, the bending vibra-
tions of O–H of the adsorbed water molecules from the 
adsorbing moisture on the surface of the tiny particles 
are attributed to the peak at 1632  cm−1 [39]. The broad-
band was around 3400  cm−1 to the O–H group mode of 
a stretch of adsorbed hydroxyl group. No more precur-
sor or other impurity-related peaks were noted [40].

The results show that the difference in Zn/Cu ratios 
significantly affects the FTIR transmittance bands of 
the prepared samples, primarily due to changes in 
the vibrational frequencies and electronic structure. 
Zn and Cu atoms have different masses and electron-
egativities [25]. When they substitute for each other 
in a material, the vibrational frequencies of the bonds 
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change. This leads to shifts in the position and inten-
sity of the peaks in the FTIR spectrum. The magni-
tude of the shift depends on the specific vibrational 
mode and the amount of Zn and Cu present. Zn and 

Cu have different electronic configurations, which can 
affect the electronic transitions in the material. This 
can lead to changes in the intensity of the FTIR bands, 
even if the vibrational frequencies remain the same 

Figure  4  The SEM images of the prepared nanocatalyst,  ZnFe2O4 NPs (a),  Zn0.2Cu0.8Fe2O4 NPs (b),  Zn0.5Cu0.5Fe2O4 NPs (c), 
 Zn0.8Cu0.2Fe2O4 NPs (d) and  CuFe2O4 NPs (e).
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[41]. Overall, the effects of Zn/Cu ratios on FTIR trans-
mittance bands are complex and depend on several 
factors.

Photocatalytic potential of  ZnxCu(1−x)Fe2O4 
nanoparticles on MO.

In this part of the work, the photocatalytic potential 
of the synthetic ferrite  ZnxCu(1−x)Fe2O4 nanoparticles 
was explored to methyl orange dye under the radia-
tion of UV lamp.

A UV–Vis DR5000 spectrophotometer operating 
at a wavelength of 464 nm was used to measure the 
concentration of the (MO) dye as indicated in Fig. 7a 
[42]. Figure 7b shows the calibration curve of (MO) at 
different concentrations (5, 10, 15, 20, 30 ppm).

The experiments were carried out with fixed con-
centrations of MO and  ZnxCu(1−x)Fe2O4 nanoparti-
cles. The optimum composition for  ZnxCu(1−x)Fe2O4 
nanoparticles corresponding to certain x values was 
selected for further analysis of different parame-
ters. From the screening results, we can expect that 
 Zn0.5Cu0.5Fe2O4 NPs have higher efficiency for the 
removal of MO as represented in Fig. 8a.

Different UV irradiation protocols are illustrated in the 
references. Some recommend delayed UV irradiation by 
30 min or more to eliminate the adsorption effect [43]. 
On the other hand, many authors recommend the methyl 
orange (MO) inaction of UV irradiation and adsorption 
without any delay [44]. In this part of the work, a com-
parative test was employed to determine the significance 
of delayed irradiation or starting the UV irradiation from 
zero time. Figure 8b shows that the degradation of MO 
dye due to photolysis after 135 min was only 6.0%; the 
photolysis of MO was insignificant because the OH∙ and 
H∙ radicals it produced were ineffective in UV-oxidation 
processes in the absence of an appropriate catalyst [45]. 
On the other hand, the removal due to adsorption in the 

dark was around 29.0% after the same amount of time, as 
shown in Fig. 8b. The dye degradation percentage after 
photocatalytic treatment with  Zn0.5Cu0.5Fe2O4 NPs nano-
particles was measured to be 71.0. These results indicate 
that the higher surface to volume ratio of  Zn0.5Cu0.5Fe2O4 
NPs nanoparticles helps to accommodate a higher degree 
of dye molecular adsorption on their surface, and leads to 
degradation upon UV light excitation.

Effect of pH

A fundamental factor in removal findings is the reli-
ance on the solution’s pH level. For 135 min, following 
a set of experimental circumstances (10 mg prepared 
nanoparticles, 50 ml of 10 ppm methyl orange (MO) 
solution, and a temperature of 25 °C), the effects of the 
beginning pH of the solution were examined. Figure 9a 
displays a plot of the variance in methyl orange (MO) 
removal (%) over time at various solution pHs (3.0, 5.0, 
7.0, and 9.0). At pH 3.0, the greatest percentage of methyl 
orange (MO) removal was seen during equilibrium. 
10 mg of  Zn0.5Cu0.5Fe2O4 NPs was put into 50 mL of 
0.01 M NaCl solution to obtain the point of zero charge 
(PZC) of the  Zn0.5Cu0.5Fe2O4 NPs. The solutions’ pH lev-
els were changed to 2, 4, 6, 8, 10, 12 by applying HCl or 
NaOH. The samples were agitated at 200 rpm for 48 h. 
After  (Zn0.5Cu0.5Fe2O4 NPs) were separated magnetically, 
the pH of the solutions was assessed.

A plot relating the initial and final pH was used to 
determine the pH of the PZC value. Figure 9b displays 
these findings. The pH of the PZC was found to be 6.7, as 
shown in Fig. 9a, with no discernible difference between 
the end and beginning pH readings. The photocatalyst 
 (Zn0.5Cu0.5Fe2O4 NPs) has a positive and negative sur-
face charge depending on the pH and PZC. Addition-
ally, once the pH of the solution is equal to the pH of 
the PZC, the charge of the area of the photocatalyst sur-
face is neutral and the electrostatic force between the 

Table 1  EDX elemental 
analysis of the prepared 
 ZnxCu(1−x)Fe2O4 
nanoparticles

Element

Zn Cu Fe O

wt% at% wt% at% wt% at% wt% at%

CuFe2O4 0 0 34.58 15.8 40.64 26.4 24.78 54.47
Cu0.8  Zn0.2  Fe2O4 8.22 4.38 24.5 13.55 41.44 25.8 25.84 56.27
Cu0.5 Zn.0.5  Fe2O4 16.74 9.48 16.88 9.83 44.12 29.23 22.26 51.47
Cu0.2Zn0.8Fe2O4 25.28 13.95 7.28 4.25 43.74 28.3 23.7 53.5
ZnFe2O4 34.62 15.6 0 0 40.91 25.8 24.4 56.2
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photocatalyst surface and ions (methyl orange (MO) ions) 
is insignificant [46]. The photocatalytic degradation of 
methyl orange (MO) was maximal at pH 3.0 as shown in 
Fig. 9a, and this result was verified by the pH of the PZC 
value, which indicated that the pH of the PZC-related 
 Zn0.5Cu0.5Fe2O4 was 6.7. As a result, the photocatalytic 
degradation of methyl orange (MO) is improved at this 
stage because the  Zn0.5Cu0.5Fe2O4 NPs’ net surface charge 
is positive and attracts the negative charge of methyl 
orange (MO). At pH 9.0, the photocatalytic degrada-
tion of methyl orange (MO) began to slow down. This is 
because, at this pH, the  Zn0.5Cu0.5Fe2O4 NPs’ net surface 
charges are negative, creating the repulsion force between 
the negative charges of methyl orange (MO) and the 
 Zn0.5Cu0.5Fe2O4 nanocomposite. The unexpected decrease 
in photocatalytic degradation at pH 5.0 is caused by the 
possibility of metal oxide leaching in extremely acidic 
media, which lowers the catalyst concentration [47].

Effect of the initial concentration

Due to the significance of the beginning MO concen-
tration in the removal procedure, the effect of MO 
ionic strength was investigated by varying the begin-
ning MO concentration while keeping the further reac-
tion settings constant. Different beginning MO concen-
trations (5.0, 10.0, and 15.0 ppm) are shown in Fig. 10a 
along with the progression in removal percentage as 
a function of contact time. According to the findings, 
MO, which can be efficiently eliminated in the pres-
ence of the synthesized  Zn0.5Cu0.5Fe2O4 nanocata-
lyst below UV light irradiation with high beginning 
concentrations, is degraded with an efficiency that is 
inversely proportional to MO concentration.

Effect of the nanocomposite dose on degradation efficiency.

By adjusting the amount of the prepared photocatalyst 
between 5 and 15 mg alongside a set concentration of MO 
10 ppm, as shown in Fig. 10b, it was possible to determine 
the influence of a nanocomposite dose on the elimination 
rate of MO underneath UV light. The outcomes showed 
that after the photocatalyst dose was amplified from (5 to 

15 mg), the removal efficiency grew. The expansion in the 
available active area of the photocatalyst to volume ratio 
of the MO solution may be the cause of the detected rise 
in removal effectiveness with growing the amount of the 
photocatalyst in the reaction [48].

Kinetic studies

The degradation of MO can be calculated using the 
following equation:

where t is the removal time, k is the removal rate con-
stant, and (Ct and Co) are the consequent beginning 
and ending concentrations of MO.

The results show that the specific mechanism by which 
 ZnCuFe2O4 nanoparticles photocatalyzed MO degrada-
tion obeyed pseudo-first-order rate laws, as shown in the 
results presented in Fig. 11a. This indicates that the rate 
of MO degradation is proportional to the concentration 
of MO remaining in the solution. In addition, it can be 
observed that the value of the reaction rate constant, k, 
decreases in line with an increase in the initial concen-
tration of MO, as shown in Fig. 11b, which is in a good 
agreement with the degradation performance results.

Besides, photocatalysts typically have a large pool of 
active species (e.g., photogenerated electrons, holes, or 
surface-bound radicals) that are constantly being regen-
erated by light, this ensures a steady supply of active 
species for reaction with the pollutant, maintaining a 
constant rate and pseudo-first-order kinetics [49, 50]. 
Photocatalytic reactions often involve adsorption of the 
pollutant molecule onto the surface of the catalyst. This 
limits the number of available active sites for reaction and 
can lead to pseudo-first-order kinetics, especially at low 
pollutant concentrations [51]. Moreover, a rise in catalyst 
dose causes a drop in the evident pseudo-first-order rate 
constants, as seen in Fig. 11b. This reliance on methyl 
orange (MO) concentration-dependent reaction speed 
constants is supportive of published studies [52].

Mechanism of photocatalysis of methyl orange (MO)

The probable process is as follows, as stated in numerous 
literary analyses [53–55]: explicit oxidation attributed to 
the positively charged holes in the valence band, explicit 
reduction attributed to the electrons found in the conduc-
tion band, and hydroxyl radical assault are three photo-
degradation processes that are impacted by pH changes. 

(3)− lnCt∕CO = −Kt

Figure 5  TEM imageries of the produced nanocatalyst,  ZnFe2O4 
NPs (a),  Zn0.2Cu0.8Fe2O4 NPs (b),  Zn0.5Cu0.5Fe2O4 NPs (c), 
 Zn0.8Cu0.2Fe2O4 NPs (d) and  CuFe2O4 NPs (e).

◂
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Because UV irradiation causes electron–hole pairs to 
form on the employed photocatalyst’s surface area, it is 
anticipated that photocatalytic elimination will take place 
alongside a  Zn0.5Cu0.5Fe2O4 photocatalyst. The reactive 
methyl orange (MO) is oxidized by the holes’ oxidative 
potential to produce breakdown products or interacts 
with the OH groups to produce hydroxyl radicals [56]. 
The following table lists the reactions between the chosen 
photocatalyst and methyl orange (MO) (Eqs. 4–7).

(4)(Zn
0.5
Cu

0.5
Fe

2
O

4
) NPs + hv → Zn

0.5
Cu

0.5
Fe

2
O

4
NPs

(

e
−
CB

+ h
+
VB

)

(5)h
+
VB

+ Zn
0.5
Cu

0.5
Fe

2
O

4
NPs → Zn

0.5
Cu

0.5
Fe

2
O

4
NPs

+
(

Oxidation of the compound

)

or

The suggested process of interacting the synthesized 
nanocomposite with MO is shown in Fig. 12. When UV 
light has activated the  Zn0.5Cu0.5Fe2O4 NPs, the redox 
processes will begin. MO will then be decomposed into 
minor organic compounds by the prepared free radi-
cals like OH and  O2. Additional findings utilizing gas 
chromatography–mass spectrometry (GC–MS) and 
high-performance liquid chromatography (HPLC) are 
required to further analyze the degradation products of 
MO, as there are no current reported publications about 
the degradation of MO dye.

Conclusion

In summary,  (ZnxCu(1−x)Fe2O4) nanoparticles (x = 0, 
0.2, 0.5, 0.8, 1.0) were successfully prepared via a co-
precipitation technique and characterized using opti-
cal and structural tools. Based on XRD, TEM, and SEM 
analyses, it is found that  (ZnxCu(1−x)Fe2O4) nanoparticles 

(6)h
+
VB

+ OH
−
→ OH

.

(7)
OH

. +Methyl Orange (MO) dye → (Degradation products)

Figure 6  FTIR of the synthesized  ZnxCu(1−x)Fe2O4 nanoparticles.

Figure 7  Methyl orange (MO) (a) UV spectrum (b) calibration curve of MO.
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were produced with particle sizes varying from 28.0 
to 38.0 nm with average particle size at 35 nm. From 
FTIR results, the obtained spectra may be divided into 
two main regions. The first one represents the finger-
print region (500–1800  cm−1) and the other is the lattice 

water H–O–H stretching band (3200–3600  cm−1). From 
the screening results of photocatalytic degradation 
of MO using  (ZnxCu(1−x)Fe2O4), we can expect that 
 Zn0.5Cu0.5Fe2O4 NPs have higher efficiency for removal 
of MO. Also,  Zn0.5Cu0.5Fe2O4NPs achieved a significant 

Figure  8  a The photocatalysis removal profile of 10  ppm in 
50 ml MO by 10 mg of  ZnxCu(1−x)Fe2O4 nanoparticles (x = 0, 0.2, 
0.5, 0.8, 1) at pH7 and ambient temperature 25 °C b shows the 

stability of (MO) contaminant at concentration 10 ppm in water 
(hydrolysis) and under the UV radiation (photolysis) for 135 min.

Figure 9  a Presentation of methyl orange (MO) removal (%) variation with time at various solution pH (3.0, 5.0, 7.0, and 9.0) (10 mg g 
of  Zn0.5Cu0.5Fe2O4 in 50 ml of 10 ppm methyl orange (MO) at 25 °C), and b showing the PZC of  Zn0.5Cu0.5Fe2O4.
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photodegradation potential for methyl orange (MO) in 
aqueous solutions. The extreme photocatalytic effective-
ness succeeded in eliminating about 96% of 10 ppm MO 
after 135 min with 10 mg  Zn0.5Cu0.5Fe2O4NPs at pH3. 

Finally, the synthesized  Zn0.5Cu0.5Fe2O4NPs are promis-
ing for potential applications in wastewater treatment 
from azo dyes.

Figure  10  a The different % removal as a function of contact 
time at various beginning methyl orange (MO) concentrations 
(5.0, 10.0 and 15.0 ppm) at pH 3.0 and 10.0 mg  Zn0.5Cu0.5Fe2O4, 

and b effect of the photocatalyst dose on the removal efficiency 
of methyl orange (MO) (50  ml methyl orange (MO) solution 
(10 ppm), temperature of 25 °C and pH 3).

Figure 11  a Kinetics plots for data in a linear fit from a pseudo-
first-order result system for the deterioration of methyl orange 
(MO) beneath UV light irradiation, beginning concentrations of 
10 ppm of methyl orange (MO), 50 mL of 5, 10, and 15 mg of 

catalyst dosage, and b displays a relationship between evident 
pseudo-first-order rate constants and initial concentration of 
methyl orange (MO).
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