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Abstract: ZnFe photocatalysts have been increasingly
investigated for water remediation due to the high demands
in this field, such as activity, toxicity, cost, and stability. The
presented study was focused on the simple, safe, non-toxic,
and eco-friendly synthesis and characterization of ZnFe-mixed
metal oxides in correlation with their functional properties.
Photocatalytic performance of these materials was evalu-
ated by rhodamine B photodegradation under simulated
solar light irradiation. The synthesized mixed oxides con-
tained hexagonal wurtzite ZnO as the predominant phase,
whereas, after thermal treatment, the formation of the
spinel-structured ZnFe2O4 phase was observed. The photo-
catalysts with the additional spinel phase and thermally
treated at 300°C and 500°C exhibited superior photocata-
lytic activity probably due to the highest amount of the
ZnFe2O4 spinel phase, favourable mesoporous structure,
and an optimal energy band gap of ∼2.30 eV that initiated
higher light-harvesting efficiency. The rhodamine B photo-
degradation followed zero-order kinetics, indicating com-
plete coverage of active sites by the pollutant substrate.
Additionally, photocatalysts showed the highest efficiency
at the natural pH (6.8), being in accordance with green
synthesis principles. Simple, green route assembling synth-
esis method, high photodegradation efficiency, and good
reusability make these ZnFe-mixed oxides great candidates
for potential application in practical wastewater treatments.

Keywords: mixed metal oxides, organic dye pollutant,
rhodamine B, photodegradation efficiency

1 Introduction

The exponential increase of environmental pollution with
no systematic solution has become an overwhelming
concern in the scientific community [1]. As a consequence
of the rapid growth of industrial regions, enormous amounts
of wastewater are daily generated that represent a serious
risk to the environment and human health [2,3]. Major
organic pollutants are residual dyes from different indus-
tries, and considering their toxicity, unpleasant colouring,
and non-biodegradation properties, these pollutants are
sought to be extremely hazardous to the environment and
capable of destroying aquatic organisms if present in water
and/or wastewater [4–6]. In printing, textile, and photo-
graphic industries, organic dyes are frequently used and
when released into the effluent water streams cannot usually
be degraded without a catalytic assistance [7,8]. Rhoda-
mine B (RhB), as a water-soluble, persistent synthetic
cationic dye, is frequently employed in the industry and
when released in wastewater, it is extremely difficult to be
removed by physical methods considering its conjugations
of aromatic rings (benzene, naphthalene) [9]. Therefore,
effective removal methods present a challenging as well as
motivating task that needs to be addressed with great pre-
cision in order to decrease or completely eliminate envir-
onmental problems regarding dye pollutants inwastewater
[10]. Even thoughmanyprocesses have beendeveloped, there
is still an urgent need for further progress of removal pro-
cesses that would fulfil all the requirements and would
be simultaneously efficient and economically viable [1].
Numerous physical and chemical methods (adsorption,
membrane filtration, electrolysis, sedimentation, coagula-
tion, flocculation, chemical treatments, oxidation, biolo-
gical treatments) have been reported for the removal of
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toxic molecules and bacteria from contaminated water
[11]. Most of the mentioned methods have proven to
have disadvantages in various aspects of applications
and have the capability of only transferring harmful
contaminants from one phase to another without decom-
posing toxic pollutants to nontoxic substances [11]. Var-
ious advanced oxidation processes have received much
interest due to their high efficiency in degradation of che-
mical contaminations from wastewater, the most promising
being photocatalysis, well known as a cost-effective and
environmentally friendly method [12,13]. Considering that
photocatalytic oxidation reactions are based on the free-
radical reaction initiated by light irradiation of a photoca-
talyst (semiconductor) surface, the efficiency is influenced
by various factors and depends on the mobility of electron–
hole pairs as well as the accessibility of active sites on
the surface of photocatalysts [1]. Moreover, due to the envir-
onmentally friendly process and consequent energy conser-
vation with the use of solar light, semiconductor-based
photocatalysis has recently become one of the most pro-
mising technologies in wastewater purification [4,6]. Taking
into consideration that photocatalysis is a surface phe-
nomenon, structural, textural, and optical properties of
semiconductors mostly influence and determine their
photocatalytic activity [1]. For efficient elimination of
various pollutants, metal oxides, such as TiO2, WO3,
CeO2, and MnO2, are frequently used as heterogeneous
photocatalysts [14,15]. One of the most resourceful can-
didates in green environmental management has been
zinc oxide (ZnO) because of its strong oxidation ability,
good photocatalytic properties, and low cost [4,16,17].
Additional coupling of ZnO and a semiconductor with a
narrow energy band gap would result in a more enhanced
photocatalytic activity that could be a route to the efficient
exploitation of the solar light source [12]. Mutual transfer
of charge carriers, i.e. transfer of excited electrons from the
conduction band of the narrow band gap semiconductor to
the wide band gap semiconductor increases the photocata-
lytic performance [15]. Considering these advantages,mixed
oxides are already widely used in heterogeneous catalysis
because of their possibility to combine the properties of
different metal oxides having different oxidation states, trig-
gering the synergetic effect, increasing the number of lattice
defects, and the number of active sites [5,18].

Inspired by the current research trend, in this study,
ZnFe-mixed oxides were synthesized with the aim to induce
solar-efficient photocatalytic properties. The chosen co-pre-
cipitationmethod has been emphasized as a robust, depend-
able, and time-saving process, without hazardous organic
solvents, high-pressure or -temperature treatment and can
be easily scaled-up for industrial applications [19,20]. In

order to encourage sustainable processes and eliminate
the use of toxic chemicals that are harmful to the environ-
ment, the motivation for this study was to apply the co-
precipitation method in the synthesis path for ZnFe-mixed
metal oxides that follows a simple, safe, nontoxic, eco-
friendly, and cost-effective green route. Different thermal
treatment/activation temperatures of synthesized materials
were used to induce a variation in the crystallite size, energy
band gap, and textural properties that influence photocata-
lytic activity in order to enhance photocatalytic perfor-
mance in the rhodamine B photodegradation. Furthermore,
in order to establish optimal reaction conditions and pos-
sible mechanism, stability, and pH influence of the most
effective photocatalysts were also studied.

2 Materials and methods

2.1 Sample preparation

Mixed oxides (ZnFe-MO) were synthesized by a high
supersaturation coprecipitation method with the use of
0.7 M Zn(NO3)2·6H2O and 0.3 M Fe(NO3)3·9H2O solution
precursors that were added to the base solution (0.67 M
Na2CO3 and 2.25M NaOH) and vigorously stirred at a con-
stant temperature (40°C). The precipitates were aged for
15 h and then washed with deionized water until pH 7 was
reached. The schematic view of the synthesis path is pre-
sented in Figure 1. The products were dried for 24 h at
100°C (sample denoted as ZnFe100) and thermally treated
for 5 h at different temperatures in the air: 300°C, 500°C,
700°C, and 900°C (samples denoted as ZnFe300, ZnFe500,
ZnFe700, and ZnFe900, respectively).

2.2 Characterization

X-ray powder diffraction (XRD) was used for the inter-
pretation of the phase composition. The analysis was
conducted using a Rigaku MiniFlex 600 with Cu-Kα
radiation, wavelength of λ = 0.15406 nm, at 40 kV and
40mA in the 2θ range from 10° to 80° and angular steps
of 0.02° with a step time of 3 s. The crystallite sizes were
calculated using the Scherrer formula and the full-width
at half-maximum (FWHM) of the most intense diffraction
peak (Eq. 1):

=D k λ
β θcos

(1)
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where D is the crystallite size (nm), k is the shape func-
tion (0.9), λ is the X-ray wavelength, θ is the angle of
diffraction, and β is the FWHM of the considered peak.

The Fourier transform infrared spectroscopy (FTIR)
spectra of the powdered samples were recorded using an
Alpha FTIR spectrometer (BRUKER Optics, Germany). The
FTIR spectra were recorded with a spectral resolution of
4 cm−1 in the range of 4,000–400 cm−1 with 24 averaged
scans per measurement.

The morphology of samples was investigated with a
scanning electron microscope (SEM, Hitachi, TM3030).

The texture of samples was analysed by low-tem-
perature nitrogen adsorption at −196°C (Micromeritics
ASAP 2000). The surface area of the samples was calcu-
lated by the Brunauer–Emmett–Teller (BET) method.
The pore size distribution and the cumulative pore volume
were determined by the Brunauer–Joyner–Halenda
(BJH) method applied to the desorption branch of the
isotherm.

The energy band gap, Eg, of samples was calculated
by applying the Tauc plot as a direct allowed transition
function to diffuse reflectance spectra (DRS). DR UV-Vis
spectra were recorded on a Nicolet Evolution 500 spectro-
meter, with a diffuse reflectance accessory (Thermo Electron
Corporation).

2.3 Photocatalytic degradation of
rhodamine B

Photocatalytic tests were performed in an open cylind-
rical thermostatic Pyrex reaction vessel using an Osram
Ultra Vitalux 300W lamp with the emission spectrum that
simulates solar light, housed 45 cm above the top surface
of the dye solution. The suspensions were exposed to air
without additional aeration throughout the duration of
each experiment. The photocatalytic efficiency of all the
prepared samples was estimated by RhB photodegrada-
tion, monitoring the decrease of RhB concentration with
time. In order to ensure the required adsorption/deso-
rption equilibrium between the RhB dye and the catalyst
surface, the reaction mixtures (50mg of catalysts and
100mL of 4.8mg·L−1 RhB solution) were stirred in the
dark for 30min, before exposure to light. When the equili-
brium was established, reaction mixtures were irradiated
with light and aliquots were analysed at defined time inter-
vals using an UV-Vis spectrophotometer. Prior to the reaction
on active sites, the first step of every heterogeneous catalytic
reaction is the adsorption of reactive species on the catalysts’
surface. In order to evaluate only the photocatalytic efficiency
and eliminate any possible adsorption that is not related to
the photocatalytic reaction, blank samples (reaction solution
with the catalyst) were retained in the dark, and the RhB
concentration was measured at the defined time intervals.
The photodegradation efficiency was estimated by the RhB
photodegradation and calculated based on the total conver-
sion using the following equation:

( ) =

−

×

C C
C

Photodegradation efficiency % 100t0

0
(2)

where C0 is the RhB concentration of the blank sample
and Ct is the RhB concentration of irradiated samples,
both measured at defined time intervals. The RhB con-
centration was measured by UV-Vis spectrophotometry
(EVOLUTION 600 spectrophotometer) at λ = 554 nm.

An inductively coupled plasma optical emission spec-
trometer (ICP–OES), iCAP 6500 Duo ICP (Thermo Fisher
Scientific) was used to quantify the potential leaching of
Zn2+ ions from the catalyst after the photocatalytic test.

2.4 Kinetics of the RhB photocatalytic
reaction

In order to investigate the data obtained during the
photodegradation process, the zero-order kinetic model
was used to describe the photocatalytic kinetic process
(Eq. 3):

Figure 1: Schematic representation of the co-precipitation synthesis
path followed by the thermal treatment.
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= − ·C C k tt 0 (3)

where C0 and Ct are initial and reaction time (t) concen-
trations and k is the zero-order rate constant [21,22].

3 Results and discussion

3.1 Structural properties

XRD diffraction peaks of all synthesized and thermally
treated photocatalysts are presented in Figure 2 and can
be correlated with the series of Bragg reflections corre-
sponding to the standard JCPDS. In the sample ZnFe100,
sharp intense diffraction peaks were observed at 31.8°,
34.4°, 36.2°, 47.5°, 56.6°, 62.8°, and 68.0° that correspond
to (100), (002), (101), (102), (110), (103), and (112) crystalline
lattice, respectively, for the ZnO phase (JCPDS File no.
79-2205) [23,24]. These results imply that the phase compo-
sition of as-synthesized materials was ZnFe-mixed oxide

phase with predominant properties of the wurzite ZnO
phase.

It was observed that the crystallinity increased upon
increase of the thermal treatment temperature. Additional
diffraction patterns were detected for thermally treated
samples with sharp intense peaks at 0.05°, 35.4°, 42.8°,
53°, 56.8°, and 62.2° that correspond to the spinel phase
ZnFe2O4 with (220), (311), (400), (422), (511), and (440)
crystalline lattice, respectively (JCPDS File no. 89-1012)
[25]. Previous reports suggested that for ZnFe samples at
low temperatures (<400°C), only the ZnFe-mixed oxide
phase with predominant properties of the wurzite ZnO
phase can be distinguished, whereas higher thermal acti-
vation temperatures trigger the formation of an additional
ZnFe2O4 spinel phase [26]. The presented XRD results are
in accordance with these findings where, at temperatures
higher than 300°C, the formation of the ZnFe2O4 spinel
was pronounced, whereas XRD patterns at 300°C showed
a slight, but not evident, beginning of this phase forma-
tion. Additionally, with the increase in the thermal treat-
ment temperature, the amount of the ZnFe2O4 phase with
the cubic structure also increased. Furthermore, in sam-
ples thermally treated at 700°C and 900°C, a low-intense
peak (at 2θ = 37°) was noticed that could be assigned to the
presence of either the Fe2O3 or Fe3O4 phase in accordance
with JCPDS (File no. 87-2334) [27]. The calculated crystallite
sizes of all samples, presented in Table 1, showed that the
crystallite size increased with an increase in the tempera-
ture of thermal treatment, since the temperature increase
results in the grain growth triggering a greater crystallite
size [26,28].

FTIR spectroscopy was conducted in order to gain
more information on the structure, composition, and func-
tional groups of the synthesized and thermally treated sam-
ples. The FTIR spectra of all samples are shown in Figure 3a.
Broad bands detected at ∼3,430 and ∼1,630 cm−1 in ZnFe100
were attributed to bending and stretching vibrations of O–H
bonds, respectively, due to water molecules adsorbed on
the surface of ZnFe100 that was still present after the
thermal treatment at 100°C [5,11,13]. In FTIR spectra of

Figure 2: XRD diffraction peaks of thermally treated samples
ZnFe100, ZnFe300, ZnFe500, ZnFe700, and ZnFe900 at different
temperatures.

Table 1: Crystallite size, textural properties, energy band, and kinetic parameters for all investigated mixed oxides

Sample Crystallite
size (nm)

2θ for
crystallite size

BET surface
area (m2·g−1)

Average pore
diameter (nm)

Energy
band (eV)

Rate constant
(mg·L−1·min−1)

Correlation
coefficient R2 (−)

ZnFe-100 20.7 36.2 110 6.8 2.27 0.0089 0.9886
ZnFe-300 22.4 36.3 46 12 2.29 0.0173 0.9979
ZnFe-500 25.5 36.4 16 27.6 2.31 0.0174 0.981
ZnFe-700 33.7 36.2 9 18.2 2.27 0.0135 0.982
ZnFe-900 41.3 36.3 3 12.8 2.14 — —
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ZnFe300, ZnFe500, ZnFe700, and ZnFe900 samples, no
bands around 3,400 and 1,630 cm−1 were detected that indi-
cated the absence of any OH vibrations of water molecules.
Furthermore, three bands at 1,471, 1,365, and 1,205 cm−1

were distinguished in all samples and could be attributed
to C–O stretching, confirming the presence of carbonate
species that decreased with the increase of the thermal
treatment temperature [13,18]. The bands in the range of
400–800 cm−1 can be considered as lattice vibration modes
of metal–OH and metal–oxygen (M–O) [11]. Figure 3b is
presented to distinguish the FTIR bands in the mentioned
spectral region. All samples with the exception of ZnFe100
revealed distinct vibration band for M–O at ∼530 cm−1 that
could reflect the stretching vibration of the M–O bond in the
ZnFe2O4 spinel related to themetal cations at the octahedral
sites of the spinel lattice [29]. This vibration band was also
detected in the ZnFe100 sample but considering the broad
and low intensive peaks it can be concluded that the

presence of the ZnFe2O4 phase was low. The obtained
FTIR results were in accordance with the XRD analysis.

3.2 Morphological properties

SEM images of the investigated samples are shown in
Figure 4. As observed from the images, the ZnFe samples
had the same morphology indicating the formation of large
particles with irregular shapes [15] that are aggregates of
very small ones [18]. A slightly different morphology was
detected for the ZnFe900 sample that demonstrated a
similar surface morphology but with larger compact aggre-
gates of more spherical particles. From the obtained SEM
results, it can be concluded that compared to other sam-
ples, the ZnFe900 sample formed agglomerations of orga-
nized, uniformly sized spherical particles that could most
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Figure 3: FTIR spectra of ZnFe100, ZnFe300, ZnFe500, ZnFe700, and ZnFe900 in the spectral range from (a) 4,000 to 1,000 cm−1 and (b) 650
to 450 cm−1.

Figure 4: SEM images of (a) ZnFe100, (b) ZnFe500, (c) ZnFe700, and (d) ZnFe900.
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probably have been triggered by higher crystallinity observed
by the XRD analysis [5].

3.3 Textural properties: Surface area and
pore size distribution

The textural analysis results are presented in Table 1 and
Figure 5. According to the experimental data, the iso-
therms of all samples could be associated with type IV
with a combined H1/H3 hysteresis loop, clearly sug-
gesting that all investigated samples have mesoporous
structures (Figure 5a).

Furthermore, the formation of a hysteresis loop at a
higher relative pressure (P/P0) in the range of 0.4–1.00
directly indicated that the mesopores are non-uniform in
all investigated photocatalysts [30]. As expected, the sur-
face area of samples decreased with the increase of the
thermal treatment temperature due to the decrease of smaller
mesopores, particularly obvious for the ZnFe900 sample. The
ZnFe100 sample revealed a developed pore size distribution
with two peaks: an intense peak at ∼3 nm and a broad peak
at ∼30nm. Upon thermal treatment, the presence of pores
with diameters ∼3 nmdecreased and completely disappeared
in samples thermally treated at temperatures above 500°C
(Figure 5b). Additionally, a higher presence of larger meso-
pores (∼30 nm) was observed in ZnFe300 and ZnFe500 sam-
ples, which also gradually disappeared with the temperature
increase in ZnFe700 and ZnFe900 samples, being in correla-
tion with the calculated pore volume of samples (Table 1).

3.4 Optical properties

The UV-Vis DRS were applied for energy band gap deter-
mination (Eg) using the Kubelka–Munk transformation.
The reflectance spectra and the plot F(R)2 as a function of
Eg for the investigated samples are presented in Figure 6.
The calculated data for Eg for direct transition are pre-
sented in Table 1.

The results showed that there was no significant dif-
ference in Eg among investigated samples, ranging from
2.14 to 2.31 eV. The determined Eg corresponds to visible
light energy. A slightly lower Eg achieved for the samples
ZnFe900 is likely a consequence of the Fe2O3/Fe3O4 phase
formation [4,15].

3.5 Photocatalytic performance

The investigation of photocatalytic efficiency was con-
ducted at room temperature using solar light source
radiation (Figure 7). Prior to illumination, the RhB photo-
degradation without catalysts (photolysis experiments)
was also monitored and the results indicated that the
RhB pollutant was stable and could not be degraded
solely by solar light [31,32]. Additional adsorption mea-
surements were carried out in the dark in the presence of
photocatalysts (Figure 7a). Based on these experiments,
the RhB concentration did not significantly change during
the 90min dark reaction. Moreover, it can be clearly seen
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Figure 5: Textural analysis of all investigated photocatalysts: (a) nitrogen adsorption–desorption isotherm curves and (b) BJH pore size
distribution curves.
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that the adsorption equilibrium was reached after 30min
dark reaction. These results further confirmed that the
photocatalytic performance of the samples was attributed
only to the photocatalytic reaction, eliminating the possi-
bility of self-degradation and adsorption of RhB solution.
The results demonstrated that both photocatalyst and light
were required for effective RhB dye degradation.

The photocatalytic efficiency of ZnFe samples in RhB
photodegradation is presented in Figure 7b. All samples that
were thermally treated at temperatures lower than 900°C were
active in the RhB photodegradation reaction, whereas the
sample ZnFe900 did not show any photocatalytic activity.

The samples ZnFe300 and ZnFe500 showed the highest photo-
catalytic efficiency. When compared to the as-synthesized
ZnFe100 sample, the thermal treatment at 300°C and
500°C elevated the photodegradation efficiency signifi-
cantly. On the contrary, with higher thermal treatment
temperatures (700°C and 900°C), the photodegradation
efficiency declined probably due to the sintering process
that occurred in these samples and could be suggested
based on their specific surface areas that were drastically
low (9m2·g−1 for ZnFe700 and 3m2·g−1 for ZnFe900). These
findings are in accordance with previous studies that
stated that insufficient photocatalytic performance can
be directly related to their poor textural properties such as
low surface area and agglomeration [21,22]. The enhanced
photocatalytic activity could be additionally explained by
the structural, textural, and optical properties. The explana-
tion for the highest photocatalytic activity of ZnFe300 and
ZnFe500 could be due to the presence of the highest
amount of the ZnFe2O4 spinel phase. Considering that
with a further temperature increase, an additional Fe2O3

phase was detected that negatively affected the photocata-
lytic performances due to the fact that the Fe2O3 phase could
act as a charge carrier centre [5]. Additionally, the meso-
porous structure of ZnFe300 and ZnFe500 could be ben-
eficial for the adsorption of dye molecules, causing
higher photodegradation efficiency. In these samples,
the coupling of ZnO and ZnFe2O4 phases resulted in
energy bands (from 2.1 to 2.3 eV) that elevated the
photodegradation in the solar light spectrum. It was
reported that the single ZnFe2O4 phase exhibited signifi-
cantly lower optical band gap (1.9 eV) when compared to
pure ZnO (∼3.1 eV) [30,33]. The energy band gap for the
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most active samples was ∼2.3 eV, which initiated stronger
absorption of light-enabling photogenerated electrons (e−) to
facilely transfer between ZnFe2O4 and ZnO and prevent the
e−/h+ recombination. Therefore, in general, the photocatalytic
performance of photocatalysts under the same irradiation con-
ditions depends on the photoabsorption ability, the surface
reactionbetweenphotogenerated carriers and surface adsorbed
reactants, and the rate of e−/h+ recombination [22].

3.6 Kinetic studies

The results of the kinetic study indicated that the photo-
degradation of RhB dye follows the zero-order reaction
model (Figure 8 and Table 1). Even though previously
published studies suggested that the kinetics of organic
dye photodegradation can be described with the pseudo-
first-order model, recent studies indicated that zero-order
kinetics was satisfactory in describing these photocata-
lytic reactions [34]. The photocatalytic degradation of
dye follows the zero-order rate due to (i) the photocata-
lysts’ surface saturation with organic reactants and/or (ii)
the reaction limitation by other participants (electron transfer
to O2, oxygen mass transfer, or light supply) [34–36].

3.7 Photodegradation mechanism study

When a photocatalyst is irradiated by light with energy
greater than the photocatalyst band gap, the valence band
holes ( +hVB) and conduction band electrons ( −eCB) are gen-
erated. Depending on their oxidation, i.e. reduction power,

+hVB and
−eCB can initiate a wide range of chemical reactions.

The holes can directly oxidize the pollutant dye or
react with OH− or H2O, oxidizing them to ˙OH radicals.
Furthermore, the photogenerated −eCB can directly reduce
the pollutant molecule or react with O2, reducing them to
the superoxide radical anion · −O2 . Therefore, the most
important reactive species are −eCB,

+hVB, hydroxyl (˙OH),
and superoxide (· −O2) radicals. The contribution of each
reactive species in the photocatalytic reaction depends
not only on the pollutant chemical properties but also on
the type of the used photocatalyst. It was reported that
both photogenerated · −O2 and holes played a critical role
in the dye photodegradation using the ZnO/In2O3 compo-
site as a photocatalyst [37]. Additionally, ·OH radicals are
found to be the main reactive species in the photodegra-
dation of methylene blue using Au cube-ZnO core–shell
nanoparticles [38]. The RhB photodegradation using Ag
nanoparticles-decorated ZnO microspheres was found to
proceed mainly through the ˙OH radical mechanism [39].
ZnO/Co3O4 hetero-nanostructures were applied for methy-
lene blue removal, and the results showed that the use
of ammonium oxalate as hole scavenger increased the
degradation efficiency, while the presence of silver nitrate
as an electron scavenger diminished the removal efficiency,
concluding that both electrons and holes take part in dye
photodegradation [40]. Among the active species trapping
experiments, LC-MS/MS analysis [41] and DFT calculations
[42] were also used as successful tools to elucidate the
photodegradation mechanism. Using DFT calculations, the
authors found that the nitrogen atoms are the sites most
susceptible to the radical attack, followed by tertiary cyclo-
carbon atoms in RhB photodegradation with Pd-modified
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TiO2/Bi2O3 as a photocatalyst [42]. The results from LC-MS
analysis showed that themineralization of RhB dye proceeds
via de-ethylation, chromophore cleavage, ring-opening, and
fragmentation [42]. According to a recent study [41], there
are two possible RhB photodegradation pathways. In the
first proposed mechanism, following the ˙OH radical attack,
de-ethylated product of RhB is formed, after which de-ami-
nation and ring opening occur, leading to the formation of
hydroquinone and further smaller molecules. The second
proposedmechanism suggests that the positive amino group
of the RhB molecule is first attacked by ˙O2

−, leading to the
elimination of the benzoic acid moiety and formation of the
3,9a-dihydroxanthen-9-one structure with nitro and amino
groups, which further decomposed to resorcinol and smaller
molecules.

3.8 Effect of pH

The photodegradation efficiency can be strongly influ-
enced by pH variations due to surface charge changes.

The effect of pH on photodegradation efficiency can be
explained by the following: (i) the dye adsorption on
photocatalyst surfaces is affected by pH variations,
(ii) the concentration and formation rate of hydroxyl
radicals are enhanced in alkaline media; therefore, the
number of hydroxide ions available on surfaces are dif-
ferent from acidified solution, and (iii) pH-dependent
agglomeration indirectly affects the available surface area
for dye adsorption and photon absorption [1,43]. In order to
investigate the effect of the initial pH of reaction solu-
tions on the RhB photodegradation efficiency, photocata-
lytic tests were conducted in the pH range from 2 to 12 for
the most efficient photocatalysts (ZnFe300 and ZnFe500).
Aqueous solutions of HCl and NaOH were added for
adjusting the initial pH and the results are shown after
180min of solar light irradiation (Figure 9). The initial
pH of the RhB solution with photocatalysts was 6.8. It
can be observed that the highest efficiency for both the
studied photocatalysts was reached at an initial pH of
6.8. Considering that RhB is a cationic dye, the adsorption
of cationic species is favoured close to neutral and alkaline
pH solutions that initiate negatively charged surfaces of
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photocatalysts. On the contrary, low pH values trigger
positively charged surfaces preventing the adsorption of
the RhB cationic dye and acting as repulsive forces towards
cationic dyes [1,43].

These findings are in agreement with other studies,
where the optimum working condition for the photode-
gradation of cationic dyes was pH 7 [9]. Furthermore, the
presented results are correlated with the green route
intentions where the highest photodegradation efficiency
was achieved without any additional adjustment or use of
chemicals.

3.9 Stability test

Since the catalysts ZnFe300 and ZnFe500 exhibited the
highest efficiency, stability tests were conducted on these
photocatalysts. In order to determine the photocatalytic
stability, four consecutive photodegradation cycles for
RhB were performed under the same operating conditions
(Figure 10). For the ZnFe300 photocatalyst, it was observed
that after four cycles of consecutive decomposition reac-
tions, there was no reduction in the catalyst efficiency
(Figure 10a). The ZnFe500 photocatalyst showed similar
photostability as the ZnFe300 catalyst with no significant
loss after four consecutive reaction cycles (Figure 10b).

From these analyses, it can be concluded that the
stability of these photocatalysts was high and satisfac-
tory, and thus they meet one of the many conditions for
their applications in environmental protection in waste-
water treatment.

After stability experiments, a leaching test was per-
formed to determine the release of Zn from the ZnFe500
photocatalyst. The results showed that the Zn content after
the photocatalytic test was 4.9mg·L−1, which is below the
permissible limits for drinking water (Public Health Service
Agency for Toxic Substances and Disease Registry, Public
Health Statement, CAS#: 7440-66-6). The detected slight
leaching of Zn ions from the photocatalysts after the stabi-
lity tests could be responsible for the loss of active sites,
resulting in a slight reduction of photodegradation effi-
ciency in the presented sample [44].

4 Conclusions

The photocatalytic efficiency of the eco-friendly synthe-
sized Zn/Fe mixed oxides was evaluated in degradation
of the cationic RhB dye. The synthesized mixed oxides
contained hexagonal wurtzite ZnO as the predominant

phase. The thermal treatment led to the formation of
the additional ZnFe2O4 spinel phase, while the presence
of either the Fe2O3 or Fe3O4 phase was observed in photo-
catalysts thermally treated at 700°C and 900°C. Textural
analysis revealed mesoporous structures in all mixed oxides
with non-uniform mesopores, as well as a decrease in the
surface area with the increase of the thermal treatment tem-
perature. Investigation of optical properties showed energy
band gaps that proved the advantages of mixed oxides
synthesis, having narrow bands (from 2.14 to 2.31 eV)
when compared to the pure ZnO photocatalyst. The photo-
catalytic results revealed that ZnFe300 and ZnFe500 mixed
oxides exhibited the highest photocatalytic efficiency, prob-
ably due to the highest amount of the ZnFe2O4 spinel phase,
mesoporous structure, and the optimal energy band gap of
∼2.30 eV that initiated higher light-harvesting efficiency. The
RhB photodegradation followed zero-order kinetics, indi-
cating complete coverage of active sites by the RhB sub-
strate. The photocatalysts showed the highest efficiency at
the natural pH (6.8), in accordance with green synthesis
principles. ZnFe300 and ZnFe500 photocatalysts showed
high stability with negligible leaching of Zn2+ ions, indi-
cating their potential application in environmental protec-
tion processes. The results demonstrated that the developed
simple, safe, non-toxic, eco-friendly, and cost-effective synth-
esis method enabled favourable interactions among active
phases triggering excellent photocatalytic performance
making these photocatalysts suitable for use inwastewater
remediation.
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