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ABSTRACT
The magnetic nanocomposites of ZnO/NiFe2O4 were synthesized using a hydrothermal method in organic solvent-free media for application 
as a heterojunction photocatalyst. XRD measurements confirmed the formation of the required phases of nanocomposites with no impurity phases 
observed. The SEM and TEM analysis confirmed the morphology and shape of composite as being spherical and square-like grain. The magnetic 
properties of composites measured using vibrating sampler magnetometer (VSM) under an applied field of ±2 T showed a soft ferromagnetism. 
Band gap energy of the ZnO/NiFe2O4 sample was found to be lower than the pure ZnO nanoparticles. The photocatalytic activity of samples 
was evaluated by monitoring the simultaneous degradation of the mixed dye model of Rhodamine B and Methylene Blue under visible-light 
irradiation. Compared with pure ZnO, the nanocomposites exhibited a better photocatalytic performance with a degradation percentage of 98% 
for Rhodamine B and 97% for Methylene Blue in mix solution after 3 h of irradiation.

Keywords: Heterojunction photocatalyst, Methylene blue, Rhodamine B, Simultaneous degradation, ZnO/NiFe2O4

This is an Open Access article distributed under the terms 
of the Creative Commons Attribution Non-Commercial License 
(http://creativecommons.org/licenses/by-nc/3.0/) which per-

mits unrestricted non-commercial use, distribution, and reproduction in any 
medium, provided the original work is properly cited.

Copyright © 2023 Korean Society of Environmental Engineers

† Corresponding author
E-mail: rahmayenni@sci.unand.ac.id
Tel: +6281363100506
Fax:  
ORCID: 0000-0003-2569-9914



Yeni Stiadi et al.

2

1. Introduction

Environmental degradation is a common outcome of unregulated 
industrial development. Certain industrial facilities would dis-
charge organic compounds into the environment in the form of 
dyes and oily liquids [1]. The textile and dyeing industries make 
use of large amounts of water and are among the most water-consum-
ing industries in existence. About 10-20% of the unfixed dyes 
like Rhodamine B, Victoria Blue, Rose Bengal, Indigo Red, Caramine, 
Red 120, Eriochrome, Methylene Blue (MB), Black-T (EBT), Thymol 
Blue, Methyl Red, Methyl Orange, Malachite Green, and Direct 
Blue 71 are lost in the process water during the dyeing operation, 
which comes out as a colored effluent from the facility and is 
released into the environment [2,3]. Most dyes are toxic and carcino-
genic because they contain the azo group (N=N), which can cause 
various harmful diseases when accumulated in the body. Its stable 
structure makes it difficult to be biodegraded by microorganisms 
[4–6]. Rhodamine B and Methylene Blue are toxic organic dyes 
containing azo groups that dissolve easily in water and can irritate 
the respiratory system, skin, and eyes. Hence, removing these dyes 
from wastewater is a priority [7]. 

Several methods have been developed to remove organic dye 
pollution from water, such as reverse osmosis, coagulation, precip-
itation, deposition, gravity and flotation, electrochemical technique, 
photodegradation and adsorption [8–10]. Recently, the removal 
of organic pollutants at ambient conditions employing semi-
conductors as photocatalyst has attracted attention because it is 
an emerging green method. Semiconductor-based photocatalysts 
can absorb photons to generate electron−hole pairs that can drive 
the oxidation or reduction of organic compounds, breaking them 
down into simple molecules, i.e., H2O and CO2 [11]. In addition, 
the use of this method for handling dye waste does not produce 
new waste. Photocatalysis has been applied for the disinfection 
and detoxification of effluents of various industries [12]. 

Several researchers have used the photocatalysis method to proc-
ess waste dye using different semiconductors. T. Le Thi Thanh 
et al. used C/Fe Co-Doped titanium dioxide coated on activated 
carbon for the photocatalytic degradation of Rhodamine B [13]. 
V.F. Marañon-ruiz et al. used ZrO2-doped TiO2 as catalyst to inves-
tigate methyl orange and Rhodamine B through mineralization 
studies. ZrO2-doped TiO2 composites exhibited a higher photo-
catalytic activity than just utilizing the synthesized TiO2 and a 
commercial P25 [14]. Gelatin/CuS/PVA nanocomposites have been 
used for Rhodamine B dye photocatalytic degradation under solar 
light. RhB photocatalytic degradation in aqueous gelatin/CuS/PVA 
nanocomposite was found to follow a pseudo-first-order kinetics 
[7]. Iron titanate (Fe2TiO5) nanoparticles with an orthorhombic 
structure were successfully used as photocatalyst for the degrada-
tion of Methylene blue under natural sunlight [15]. 

ZnO is a semiconductor that has recently been attracting attention 
due to its interesting properties and wide applications. As a photo-
catalyst, the wide bandgap (3.2 - 3.4 eV) of ZnO allows it to absorb 
UV light for the required bandgap excitation, charge carrier gen-
eration, while absorbing less in the visible spectrum [16]. In addition, 
ZnO can undergo photocorrosion if used alone in the photocatalytic 
process. To increase the ability of ZnO to absorb well in the visible 

spectrum and reduce photocorrosion, it has been doped with various 
materials, among them is the ferrite compound MFe2O4 [17,18].  
Much effort has been expended to extend the photoresponse of 
ZnO into the visible region. One promising way is coupling two 
different semiconductors to form a p-n heterojunction. ZnO is an 
n-type semiconductor; it can be combined with a p-type semi-
conductor such as MFe2O4 to form a p-n heterojunction structure 
[19,20]. This combination could more effectively inhibit the re-
combination of the photogenerated electron–hole pairs to enhance 
the material’s photocatalytic activity. The combination of ZnO and 
MFe2O4 to form ZnO/MFe2O4 composite can absorb both in the 
UV spectrum and in the visible spectrum while exhibiting 
magnetism. For heterogeneous catalysis, magnetism is highly de-
sired because it allows the catalyst particle to be easily collected 
out of the solution using an external magnetic field  [21–23].

Various ferrites have been used to synthesize ZnO/MFe2O4 com-
posites, including NiFe2O4, ZnFe2O4, CaFe2O4, CoFe2O4, Fe3O4, and 
MnFe2O4 [24–29]. Among these ferrite materials, NiFe2O4 is partic-
ularly attractive due to its moderate magnetic properties, good 
catalytic properties, and chemical stability [30]. If NiFe2O4 is com-
bined with ZnO, the resulting composite would have better absorp-
tion in the visible spectrum while resisting photocorrosion. 
ZnO/NiFe2O4 composites have been synthesized using various 
methods such as hydrothermal, solvothermal, solid-state, co-precip-
itation, and wet chemical methods; They have also been applied 
in multiple domains, as a photocatalyst and as an adsorbent in 
the handling the organic compounds in wastewater to name a 
few [31,32]. However, the use of these composites as photocatalysts 
has not been reported for the simultaneous degradation of 
Rhodamine B and Methylene Blue dyes in aqueous solutions. 
Simultaneous characterization of the degradation behavior of multi-
ple dyes is an attempt to mimic the real world condition in which 
dye pollutants often exist [33].

In this study, ZnO/NiFe2O4 nanocomposites were synthesized 
via the simple hydrothermal method in organic solvent-free media. 
The structure, morphology, magnetic, and optical properties of 
the composites were investigated in detail. The synthesis method 
and photocatalytic performance of ZnO/NiFe2O4 investigated by 
simultaneous degradation of Rhodamine B and Methylene Blue 
under natural sunlight irradiation has been not reported yet in 
the literature. The effects of various operating conditions were 
also investigated, namely concentration of dyes, irradiation time, 
and catalyst loading.

2. Experimental Section

2.1. Materials

This study made use of Zn(NO3)2.4H2O, Ni(NO3)2.4H2O, NaOH, 
Fe (NO3)3 .9H2O, which were purchased from Merck. Rhodamine-B, 
Methylene Blue, distilled water, and universal pH paper were also 
used. 

2.2. Synthesis of NiFe2O4 Particles 

NiFe2O4 particles were synthesized with the following procedure 
[34]. Ni(NO3)2.6H2O and Fe(NO3)3.9H2O (mole ratio of Ni2+: Fe3+ 
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= 1: 2) was dissolved in 100 mL of distilled water. The mixture 
was stirred until a homogeneous brown solution was obtained. 
NaOH solution was added dropwise to the mixture under stirring 
until it was at pH 12. The mixture was transferred into an autoclave 
and heated for 3 h at 180 ℃. The NiFe2O4 powder produced was 
filtered and washed with distilled water until neutral, then dried 
at 100 ℃ for 2 h. A sample of the NiFe2O4 nanoparticle was sent 
for characterization. The final product of NiFe2O4 nanoparticle 
was used for the synthesis of ZnO/NiFe2O4 nanocomposite.

2.3. Synthesis of ZnO/NiFe2O4 Nanocomposites.

ZnO/NiFe2O4 nanocomposite was synthesized via the hydrothermal 
method, as reported earlier [34]. Zn(NO3)2.4H2O and NiFe2O4 nano-
particles (obtained from the procedure in Section 2.2) with various 
mole ratios of Zn2+ to NiFe2O4 (1: 0.05, and 1: 0.1) were mixed 
into 40 mL distilled water and stirred for 1 h.  2 M NaOH solution 
was added dropwise to the mixture under continuous stirring until 
it reached pH 12. The mixture was heated for 3 h at 180 ℃. The 
precipitate was filtered and washed with distilled water until neu-
tral, then dried at 100 ℃ for 2 h. The ZnO/NiFe2O4 nanocomposites 
obtained were labelled as CNi0.05 and CNi0.1 for the mole ratios 
of 1: 0.05 and 1: 0.1, respectively.

2.4. Characterization

The crystalline phases in the products were analyzed by X-ray 
diffraction (XRD; XPERT-PRO). The crystal structure was refined 
by the Le Bail refinement technique using the RIETICA program 
[31]. Scanning Electron Microscopy-Energy Dispersive X-ray 
(SEM-EDX; FEI Inspect S50) was used to examine grain size and 
morphology. Magnetization as a function of an applied field was 
measured using Vibrating Sampler Magnetometer (VSM; OXFORD 
1.2H). Meanwhile, UV-Visible Diffuse Reflectance Spectrophotometer 
(UV-Vis DRS; Shimadzu 2450) was used to determine optical 
properties. The absorbance of dyes before and after the photo-
catalytic process was obtained using a UV-Vis spectrophotometer 
(Spectronic 20). 

2.5. Photocatalytic Activity Test 

The photocatalytic activity of as-prepared samples was assayed 
by modifying the previous method [32]. First, stock solutions of 
Rhodamine B and Methylene Blue (1000 mg L-1) were prepared 
and then diluted to various concentrations (7.5, 10, 12.5, and 15 
mg L-1 for Rodamine B and 10, 20, 30, and 40 mg L-1 Methylene 
Blue. 0.02 g of photocatalyst was added to 20 ml of Rhodamine 
B solution and Methylene Blue for optimal catalytic performance. 
The suspensions were irradiated under natural sunlight for 3 h 
(11.00 AM - 01.00 PM). The volume of liquid that evaporated during 
irradiation by sunlight was replaced by adding distilled water. 
The amount of water added to the bath was determined by weighing 
the bath containing the catalyst and dye before and after being 
exposed to sunlight. After that, the solution was separated from 
the catalyst. The absorbance of the solution was measured at 553 
nm for Rhodamine B and 655 nm for Methylene Blue to determine 
the concentration of degraded dyes. The catalyst activity was tested 
against dye degradation simultaneously by varying the volume 
of Rhodamine B and Methylene Blue solutions, as shown in Table 

S1. Several parameters related to the photocatalytic test, such as 
concentration, duration of exposure, type of catalyst, and catalyst 
loading, were also investigated.

3. Results and Discussion 

3.1. Characterization 

Fig. 1 shows the XRD pattern of the composites CNi0.05 and CNi0.1 
samples synthesized via the hydrothermal method. The XRD pat-
terns were indexed according to the standard diffraction pattern 
of ZnO with the hexagonal P63mc space group (ICSD-155780) and 
NiFe2O4 with the cubic Fd-3ms space group (ICSD-153013). Both 
nanocomposite samples exhibited the dominant diffraction peaks 
at 2θ = 31.7o, 34.4o, and 36.2o with the miller indices of (100), 
(002), and (101), corresponding to ZnO nanoparticles in the 
composite. NiFe2O4 specific peaks at 2θ = 35.7o with 311 miller 
index as denoted by the asterisk (*) symbol were also observed 
in both samples, indicating the existence of this phase in the compo-
site samples. The presence of typical XRD peaks of ZnO and NiFe2O4 
phases without any additional peaks demonstrated that the sin-
gle-phase ZnO/NiFe2O4 nanocomposite was successfully formed 
using this method. The presence of both phases and their crystal 
structure was further confirmed by the refinement analysis dis-
cussed below.

Le Bail refinement of the XRD data was conducted to study 
the phase formations and crystal structure in detail. Considering 
the existence of both ZnO and NiFe2O4 phases, the XRD data was 
refined using the multiphase refinement system [37]. Refinement 
was carried out using ZnO as the major phase and NiFe2O4 as 
the secondary phase. The structural parameters of ZnO phase with 
P63mc space group (a = b = 3.2503 Å, c = 5.207 Å, a = b = 
90°, g  = 120°) (ICSD-157724) and NiFe2O4 phase with Fd-3ms 
space group (a = b = c = 8.4211 Å, a = b = g = 90°) (ICSD-158834) 
were used as the initial parameter. 

Fig. 1. The XRD pattern of CNi0.05 and CNi0.1 composite samples.
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Table 1. Refined Cell Parameters of CNi0.05 and CNi0.1 Samples
Parameter CNi0.05 CNi0.1

Phase ZnO NiFe2O4 ZnO NiFe2O4

Space group P63mc Fd-3ms P63mc Fd-3ms
Crystal class Hexagonal Cubic Hexagonal Cubic

a (Å) 3.2488(5) 8.3407(1) 3.2526(8) 8.3837(6)
b (Å) 3.2488(5) 8.3407(1) 3.2526(8) 8.3837(6)
c (Å) 5.1984(1) 8.3407(1) 5.2072(2) 8.3837(6)
V(Å3) 47.518(4) 580.242(3) 47.711(2) 589.273(4)

Z 2 8 2 8

The profile of refinement plots of CNi0.05 and CNi0.1 samples 
is displayed in Fig. S1. The plots show a good fit between the 
experimental and calculated patterns, with all diffraction peaks 
fitting with the Bragg reflection. Moreover, the small peaks of the 
NiFe2O4 phase observed at 2q = 35.7° (highlight in Fig. 1) in the 
composite samples can be indexed with the Bragg reflection of 
the cubic NiFe2O4 as shown in the inset of Fig. S1. The results 
confirmed that the NiFe2O4 phases were composited with ZnO 
phases. Further detailed parameters of the ZnO/NiFe2O4 composite 
sample obtained from XRD data are given in Table 1. The ZnO 
phase was found to adopt a hexagonal structure corresponding 
to the space group P63mc, while the NiFe2O4 phase adopted a 
cubic structure corresponding to the Fd-3ms space group.

The grain size and morphology of the composites were analyzed 
using SEM, as shown in Fig. 2. The SEM micrograph of the CNi0.05 
sample (Fig. 2a) shows a spherical and square-like grain morphology 
with an average length of 150 nm, average width of 120 nm, and 
average thickness of 85 nm, which are typical features of ferrite 
compounds. Moreover, both the morphology and size were sig-
nificantly influenced by the amount of NiFe2O4. As the amount 
of NiFe2O4 increased in CNi0.1 composites (Fig. 2b), the average 
plate-like grain size increased to 200 nm long, 175 nm wide, and 
85 nm thick. The shape and size of the particles were comparable 
to those obtained by previous researchers who used the sol-gel 
method in the synthesis of ZnO/NiFe2O4 composites [38]. It was 
also observed that the CNi0.05 sample had a more uniform grain 
shape compared to the CNi0.1 sample. The small and homogeneous 
particle shape was very beneficial for its application as a photo-
catalyst because it provides a larger contact area between the catalyst 
and the substrate [39]. 

The elemental composition of the composite samples was ana-
lyzed using EDX. The EDX spectra of CNi0.05 (Fig. 3c) and CNi0.1 
(Fig. 2d) indicated the presence of Zn, Fe, Ni, and O. From the 
peak intensity of the EDX spectrum, CNi0.1 exhibited a higher 
intensity of Ni and Fe peaks compared to CNi0.05 due to the higher 
content of NiFe2O4 in the composite. A more detailed analysis 
of the particle shape can be seen from the TEM results (Fig. 2e). 
The TEM image revealed that the NiFe2O4 nanoparticles (black 
region) were coated with ZnO (white region), forming a core and 
shell structure. This structure facilitated electron transfer in compo-
site (between NiFe2O4 and ZnO), thereby potentially facilitating 
the photocatalytic process [21,40].

The magnetic properties of composite samples were analyzed 
using VSM at room temperature as shown in Fig. 3. The pristine 
ZnO was reported to be diamagnetic, which means it did not have 

a b

c d

e

Fig. 2. SEM-EDX analysis of (a,c) CNi0.05 and (b,d) CNi0.1 and (e) 
TEM image of CNi0.05.

Fig. 3. Magnetization versus applied magnetic field curve (M H) of 
CNi0.05 and CNi0.1 measured at room temperature.

a permanent dipole in its structure. The hysteresis curves indicated 
that both composite samples have soft ferromagnetic behavior. The 
CNi0.05 sample exhibited a typical ferromagnetic M-H loop, with 
the remnant magnetization (Mr) of 3.5 emu/g and coercive field 
(Hc) of 228 Oe. It is observed that the increase in NiFe2O4 amount 
in the CNi0.1 sample resulted in a stronger ferromagnetism. The 
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Fig. 4. Tauc’s plots of ZnO, CNi0.05, and CNi0.1 samples for the determi-
nation of optical bandgap energy (Eg)

Mr and Hc of the CNi0.1 sample were about 4.2 emu/g and 392 
Oe, respectively. The magnetization of the samples could also be 
affected by the raised structure effects due to the redistribution 
of cations in the spinel structure of NiFe2O4 core or the diffusion 
of Zn ions into the spinel structure [21]. Magnetism is an attractive 
property to  have as a photocatalyst, since it allows for easy separation 
between the solid catalyst particle and the reaction medium [19].

The optical properties of the composite samples were assessed 
by measuring its bandgap energy (Eg) via DRS UV-Vis analysis. 
Eg was fitted according to Tauc’s method from plots of (αhʋ)n versus 
hʋ, where n = 1/2 denotes the indirect bandgap and n = 2 denotes 
the direct bandgap. As a result, the curves of all samples were 
well described by Tauc’s plots with n = 2 shown in Fig. 4, which 
contains the linear extrapolation that suggests the presence of a 
direct bandgap transition behavior [25]. The line fit yields an esti-
mated Eg value of approximately 3.32 eV for pristine ZnO. The 
value gradually decreased with increasing NiFe2O4 content in com-
posite samples, measuring in at 3.04 for CNi0.05 and 2.81 for CNi0.1. 
It can be concluded that increasing the amount of NiFe2O4 in the 
composite effectively decreases the Eg of the synthesized composite. 
The decrease in the bandgap of pristine ZnO (3.32 eV) is due 
to the expansion of the conduction and valence bands of ZnO. 
It may also be attributed to the interaction of the atoms of NiFe2O4 
in the ZnO structure. The reduction in Eg is advantageous in its 
application as a photocatalyst because it can absorb well in the 
visible spectrum [41]. We suggest that the formation of hetero-
junction in ZnO-semiconductor interface can enhance charge sepa-
ration of photo-generated e−/h+ pairs and improve the photocatalytic 
efficiency in the visible spectrum.

3.2. Photocatalytic Properties Assay

The effect of composite type on the degradation of Rhodamine 
B and Methylene Blue dyes was determined simultaneously by 
varying the irradiation time to 1 h, 2 h, and 3 h under sunlight. 
The dye volume was set at 20 mL with an initial concentration 
of 10 mg L-1 and a catalyst loading of 0.02 g, as shown in Fig. 5. 

The determine the extent of dye degradation, the absorptivity of 
the medium was measured using a UV-vis spectrophotometer. By 
using the following equation 

D (%) = A0-At/A0 × 100%

where A0 is the initial concentration and At is the concentration 
at time t, then D is the amount of degraded dye obtained. When 
the nanocomposites were the catalyst, the degradation percentage 
of Rhodamine B and Methylene Blue dyes was higher compared 
to ZnO and without catalyst. Such result indicates that the photo-
catalytic activity of Rhodamine B and Methylene Blue degradation 
was effectively enhanced by the presence of nanocomposite catalyst. 
Without a catalyst, the degradation percentage for Rhodamine B 
only reached 10% and the degradation percentage of methylene 
blue reached 30% after 3 h. The dyes degrade even without a 
catalyst because the chromophore group of the dye absorbs photons. 
The absorbed energy breaks the bonds in the chromophore region 
in the dye, disintegrating it into smaller molecules which in turn 
break down further into simple compounds [7,25].  The higher 
degradation percentage of the dye in composite samples was because 
the composites have a smaller bandgap than ZnO (3.32 eV). 
Therefore, they absorb light more efficiently in the visible spectrum. 
ZnO is more active in the UV spectrum but is less absorptive 
in visible light. As a result, the formation of hydroxyl radicals 
(●OH) was responsible for the degradation process, but it was 
inhibited.

The highest percentage of degradation was achieved using the 
CNi0.05 composite as a catalyst for both dyes. The degradation 
percentage reached 98% for Rhodamine B and 97% for Methylene 
Blue after irradiation for 3 h under natural sunlight. Without light, 
the degradation percentage of CNi0.05 composite only reached 
6-8% after 3 h. These results proved that the degradation of dye 
by CNi0.05 occurred through the photocatalysis since the irradiation 
process significantly increased the percentage of degradation. It 
is suggested that the CNi0.05 composites have a smaller and more 
homogeneous grains than the CNi0.1 composite. This smaller par-
ticle size of the CNi0.05 composite increased the number of active 
sites on the catalyst that could react with the dye molecules, resulting 
in increased photocatalytic activity, as observed in the SEM and 
TEM micrographs. Besides, increasing the amount of ferrite in-
creased the magnetic properties of the composite (Fig. 3). The higher 
magnetic properties of the CNi0.1 composite also affected the photo-
catalysis since the particles tend to agglomerate. This phenomenon 
possibly reduced the number of available active sites on the catalyst 
to interact with the dye, hence lowering the activity.

The effect of catalyst loading on photocatalysis is economically 
significant [37]. The experiment was carried out in the following 
conditions: the volume of the dye solution was 20 mL, the catalyst 
loading ranged among 0.005 g, 0.010 g, 0.015 g, and 0.020 g, 
3 h of exposure time, and the composite used was CNi0.05. Fig. 
6a shows the degradation percentage of Rhodamine B and 
Methylene Blue using a CNi0.05 catalyst at varying loading. It 
was observed that the degradation percentage increased with the 
increasing catalyst loading. The increase was due to the increase 
in the number of ●OH radicals generated. ●OH radicals are respon-
sible for the degradation of dyes in photocatalysis [38]. The degra-
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dation percentages of Rhodamine B and Methylene Blue solutions 
using 0.015 g of catalyst reached 98.2% and 95.6%, respectively. 
Increasing the amount of catalysts did not significantly impact 
the increase in the percentage of dye degradation. Therefore, 
0.015 g is more efficient for further work from an economic 
point of view.

The effect of concentration on the degradation percentage of 
the dye was investigated by varying the concentration of the 20 
mL of Rhodamine B solution [7.5, 10, 12.5, and 15 mg L-1]. 0.015 
g of CNi0.05 catalyst was added and stirred evenly. Next, the mixture 
was exposed to the natural sunlight for 3 h. The same procedure 

was conducted for Methylene Blue at various concentrations (10, 
20, 30, and 40 mgL-1). Fig. 6b shows the effect of concentration 
on the degradation percentage of Rhodamine B and Methylene 
Blue dyes using the CNi0.05 composite as a catalyst. The higher 
the dye concentration, the lower the degradation percentage because 
the number of dye molecules increases in the liquid. A large number 
of dye molecules in the liquid can inhibit light penetration towards 
the catalyst, which prevented the formation of ●OH radicals. The 
optimum condition was achieved at the concentration of 10 mg 
L-1 for Rhodamine B and 20 mg L-1 for Methylene Blue with the 
percentage of degradation reaching 95.7% and 95.5%, respectively. 

a b

Fig. 5. Effect of irradiation time on the degradation percentage of (a) Rhodamine B and (b) Methylene Blue in mixed solution using different 
catalysts.

    

a

b

Fig. 6. The degradation percentage of Rhodamine B and Methylene Blue dyes in contact with CNi0.05 composite at (a) various catalyst loading
(b) various dye concentration
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The difference in the optimal concentration was due to the differ-
ences in the molecular structure of each dye. The higher degradation 
of Methylene Blue even at higher concentration was due to its 
simpler structure,  bearing an azo group which is easier to break 
in photocatalysis (Inset of Fig. 6b)  [39]. 

The simultaneous degradation process was evaluated by mixing 
the optimal concentration of Rhodamine B (10 mg L-1) and Methylene 
Blue (20 mg L-1) solutions at various volume ratios (Table S1). 
From various comparisons of Rhodamine B and Methylene Blue 
concentrations, the optimum condition was achieved at a volumetric 
ratio of 1:1 as shown in Fig. 7a.  In this comparison, the degradation 
percentage of Rhodamine B and Methylene Blue was almost the 
same. These results indicated that CNi0.05 composites can be used 
to degrade dyes simultaneously so that they have the potential 
to be used as a catalyst to degrade the dye wastes or other organic 
pollutants.

A reusability test was performed to assess the nanocomposite’s 
retention of catalytic activity over multiple rounds of dye degrada-
tion reaction. A dye mixture with an optimal volumetric ratio of 
1:1 was used in this test. The CNi0.05 loading was set at 0.015 
g, while the total volume of the dye mixture was 20 mL (10 mL 
of Rhodamine B 10 mg L-1 and 10 mL Methylene Blue 20 mg L-1). 
In each cycle, the reaction medium was irradiated for 2 h. As 
a heterogeneous and magnetic catalyst, the ZnO/NiFe2O4 composite 
can be separated from the reaction solution by an external magnet 
and transferred to a fresh reaction medium to start the next cycle. 
The results of the reusability test are shown in Fig. 7b. The CNi0.05 
samples retained good activity in the degradation of both Rhodamine 
B and Methylene Blue dyes. The degradation yield hovered above 
~95% after 5 reaction cycles. The reduced degradation activity 
seemed to result from the washing and magnetic separation step 
to reuse the heterogeneous catalyst and the chemisorption or phys-
ical process due to blocking of surface sites. Therefore, the CNi0.05 
composite was deemed to have good physicochemical stability 
as a heterogeneous catalyst in the photocatalytic processes through 
several cycles of reuse.

The reaction kinetics of the photodegradation of Rhodamine 
B and Methylene Blue dyes using a ZnO/NiFe2O4 composite as a 
catalyst followed the Langmuir-Hinshelwood method [45]. The re-
action rate constant was determined using the Langmuir-Hinshelwood 
equation; 

ln (Co/C) = k t

where k is the reaction rate constant (minute⁻¹), Co is the initial 
concentration of the solution, and C is the concentration at time 
t. As seen in Fig. 7c, it can be concluded that the photocatalytic 
reaction for both the degradation of Rhodamine B and Methylene 
Blue was first order based on the optimum R2 values of 0.9857 
and 0.9775, in which the k value is linearly dependent on the 
concentration of only one reactant [28]. The reaction rate constants 
(k) obtained from the calculation were 0.0162/min for Rhodamine 
B and 0.0134/min for Methylene Blue. These values were com-
parable to the value of 0.0096/min for Rhodamine B and 0.0104/min 
Methylene Blue reported by Neelgund et al. for the pristine ZnO 
[25] and the value of 0.0062/min found by Naeini et al. for ferrite 
sample [46]. It is noted that k can be enhanced by combining 
two phases in a composite sample.

The reaction mechanism of the photocatalysis of dye or any 
other organic matter can be explained as follows; when the 
ZnO/NiFe2O4 composite is exposed to light, the electrons in the 
valence band of ZnO are excited to the conduction band. They 
react with oxygen in the liquid forming O2

●. The hydrogen ion 
formed from the dissociation of a water molecule reacts with O2

- 
to form ●OH radicals. The ●OH radicals are responsible for the 
degradation of the dye in water [13,28]. The more ●OH radicals 
formed, the faster the photocatalysis proceeds [11]. On the other 
hand, the photogenerated hole transfer takes place from the valence 
band of ZnO to the valence band of NiFe2O4. This suggests that 
the photogenerated electrons and holes in the heterojunction were 
efficiently separated.

Rd/MB(aq) + NiFe2O4/ZnO → Rd/MB-NiFe2O4/ZnO (1)

Rd/MB -NiFe2O4/ZnO + hv →
Rd/MB-NiFe2O4(h+ + e−)/ZnO(h+ + e−) (2) 

Rd/MB -NiFe2O4(h+ + e−)/ZnO + (h+ + e−) → 
Rd/MB-NiFe2O4(h+)/ZnO(e−) (3)

e− + O2→ O2
●− (4)

O2 + H+ + e−→ •OH + OH− (5)

a b c

Fig. 7. (a) The simultaneous degradation of mixed Rhodamine B and Methylene Blue at different volumetric ratios and (b) Reusability test of 
CNi0.05 composite as the catalyst. (c) Plot of ln Co/C vs time illustrates the reaction kinetics of degradation
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h+ + H2O → •OH + H+ (6)

Rd/MB-NiFe2O4/ZnO + h+/•OH/O2 →
NiFe2O4/ZnO + CO2 + H2O + by products (7)

4. Conclusion 

In this work, the ZnO/NiFe2O4 nanocomposite was synthesized 
via a simple hydrothermal method. The XRD patterns confirmed 
the formation of both phases. The nanocomposite exhibited spheric 
and square-like grains when observed using SEM and TEM. The 
photocatalytic test demonstrated that the ZnO/NiFe2O4 nano-
composites exhibited high photocatalytic activity on simultaneous 
degradation of Rhodamine B and Methylene Blue mix solutions, 
attaining a degradation percentage of ~98% after 3 h of irradiation 
under the natural sunlight. Photocatalyst performance in mixed 
solutions showed results that are comparable to the degradation 
process in each solution. The photodegradation of Rhodamine B 
and Methylene Blue followed the first order kinetics. In addition, 
the soft ferromagnetic properties of the nanocomposites allowed 
for facile separation from a liquid mixture through the application 
of an external magnetic field, thereby obliviating the need for a 
solvent extraction step in the process and contributing towards 
a greener industry with less polluting waste.
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