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For the photocatalytic degradation of the organic dyes present in wastewater, the ternary composites of
metal-oxides nanopowders of zinc-iron-calcium (Zn-Fe-Ca), zinc-iron-antimony (Zn-Fe-Sb), zinc-iron-
titanium (Zn-Fe-Ti) and zinc-iron-cobalt (Zn-Fe-Co) were synthesized and characterized by different
instruments. The average particle size of the Zn-Fe-Ca and Zn-Fe-Ti mixed-oxides nanopowders was
10 ± 5 nm and that of Zn-Fe-Sb nanopowder was 20 ± 10 nm. The flakes of Zn-Fe-Co nanopowder were
10 ± 5 nm thick and 100 nm to 300 nm long. All the mixed-oxides were utilized for photocatalytic degra-
dation of acridine orange (AO) where Zn-Fe-Sb degraded the 98 % of acridine orange (AO), within 20 min,
while the same level of degradation was attained by Zn-Fe-Ti and Zn-Fe-Ca mixed-oxides in 80 min and
90 min, respectively. The more efficient Zn-Fe-Sb photocatalyst was further utilized for the degradation
of malachite green (MG), brilliant green (BG), methyl orange (MO) and congo red (CR). Zn-Fe-Sb was
found to be fast and efficient photocatalyst for the degradation of AO and therefore, the effect of various
parameters was studied in detail to optimize the reaction conditions. Moreover, the Zn-Fe-Sb mixed-
oxides were used to photodegrade the AO dye in four different environmental water samples (sea, tap
and sewage). Keeping in view the practical conditions, a tube-type and funnel-type filters were designed
for dynamic purification process using Zn-Fe-Sb mixed-oxides as catalyst under sunlight. The synthesized
nanomaterials have great potential to contribute in the wastewater treatment technologies.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Water which contains bacteria, organic pollutants, industrial
effluent, microorganism or any compounds which worsens its orig-
inal quality is called the wastewater. The wastewater normally
consists of the discharges of industrial, domestic and agricultural
sources and it contains extremely toxic, non-degradable and car-
cinogenic contaminants like dioxin, dyes, nitroaromatics, 1,2-
dichlorobenzene and heavy metal ions that may cause accumula-
tive poisoning, nervous system damage and cancer (Ong et al.,
2010). So, the world is highly concerned about water pollution
and this problem can be controlled by wastewater treatment using
low cost and environmental friendly processing techniques (Ong
et al., 2010; Rajasulochana and Preethy, 2016; Savage and Diallo,
2005). There are many effective processes for the treatment of
wastewater such as carbon adsorption, chemical precipitation,
evaporations, ion exchange, membrane, photocatalysis and the
biological treatment (Rajasulochana and Preethy, 2016). Out of
these processes photocatalysis is one of the viable and commonly
investigated process, which is very effective for the elimination
of dyes, pharmaceuticals, paper industry wastes, petrochemicals
and inorganic pollutants from wastewater (Rajeev et al., 2015;
Rauf and Ashraf, 2009; Matthews, 1986; Lu and Pichat, 2013;
Ollis et al., 2010). The beauty of the photocatalysis is its potential
to use sunlight as a source of energy for wastewater treatment
instead of using expensive reductants or oxidants (Ali et al.,
2018; Kamal et al., 2019; Khan et al., 2019; Khan et al., 2019).
Unlike to conventional wastewater treatment processes the photo-
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catalysis process results in the complete mineralization of the pol-
lutant into harmless products like salts, CO2 and H2O in ambient
environment (Rajeev et al., 2015).

During the last few decades the extensive research has been
conducted on semiconducting nanoparticles (SNs), which have
novel electrical, electronic, semiconducting, catalytic and optical
properties (Ali et al., 2018; Kasinathan et al., 2016; Kaviyarasu
et al., 2020; Rathnakumar et al., 2019; Panimalar et al., 2020).
Due to these properties the nanomaterials found applications in
the field of sensors, light-emitting diodes, photodetectors, solar
cells, switches and catalysis. Because of their high photosensitivity
and efficient charge carrying capacity the SNs have become very
attractive for pollutants degradation. Famous environmentally
hazardous pollutants are different synthetic dyes such as congo
red (CR), acridine orange (AO), malachite green (MG), brilliant
green (BG) and methyl orange (MO) are the cationic dyes which
are used for various purposes (Khan et al., 2016). Most of these
dyes are toxic and must be eliminated from wastewater to safe-
guard the living organisms.

Due to their extremely small size, the nanomaterials have many
folds high surface-to-volume ratio as compared to the bulk mate-
rials. This high surface-to-volume ratio is the reason for the high
activity of nanomaterials, which makes them attractive for the
researchers (Khan et al., 2019; Cheng et al., 2014). As a catalyst
the nanomaterials are very popular in various chemical reactions
such as hydrogen oxidation, hydrogen liberation, reduction reac-
tion(Ali et al., 2017; Kamal et al., 2019), photocatalytic degradation
(Rahman et al., 2017), ring opening and application in various
fields such as sensing drug delivery and bio-sensing (Ali et al.,
2018).

As for as the photocatalysis is concerned the semiconducting
titanium oxide (TiO2) is the extensively used catalyst for the
decontamination of water and air. The advantage of ZnO over the
TiO2 is that the ZnO has wide range of absorption in the solar spec-
trum, while the TiO2 absorbs in UV region only (Lam et al., 2012;
Pare et al., 2008; Sakthivel et al., 2003). Due to its low cost and
wide band gap (3.37 eV) the ZnO is emerging as a most suitable
alternative of TiO2 (Straumal et al., 2010; Rahman et al., 2013). In
certain cases the ZnO exhibits higher photocatalytic activity and
quantum efficiency than TiO2. Moreover, in addition to photo-
assisted reactions the ZnO is also used for anti-bacterial and self-
cleaning activities (Mohd Yusof et al., 2019). Though, ZnO, TiO2

and other comparable photo-catalyst under the UV-light have abil-
ity to degrade organic pollutant only. This happens because of
photo-catalysts’ wide band gap, which got activated only under
UV-light irradiation. Therefore, on a broad scale the utilization of
such photo-catalysts may results in low photo-electronic-
transition efficiency as the UV-light consists only 4–5% of the solar
spectrum. Thus, by considering the environmental pollution and
energy conservation issues, it is essential to develop highly effi-
cient visible light-driven photo-catalysts. Doping and nanocompo-
sition of metal oxides have been considered as interesting way of
modification. The doped metal oxides have shown excellent prop-
erties in photo-catalysis. Doping is the source of modification in
the features and properties of nanomaterials. To meet the cumula-
tive demands of various applications the nanocomposition and
doping generally play an important role to improve the various
properties of nanomaterials (metal oxides). These properties
include size reduction and surface area enhancement of nanostruc-
tured metal oxides. Moreover, the tuning of bandgap-energy and
shifting of absorption in the visible region through nanocomposi-
tion and doping enhances the solar photocatalytic properties
(Asif et al., 2015; Asif et al., 2014).

As an efficient material for wastewater/water treatment iron (II)
oxide (FeO) is very attractive due to low cost, easy availability, low
or no-toxicity and hydrophilic nature. The FeO nanoparticles are
2

used as efficient catalyst and heavy metal ions sorbent with excel-
lent anti-viral and anti-bacterial activities (Lakhotia et al., 2019).
Due to its unique optoelectronic, optical and magnet properties
and wide industrial applications the Sb2O3 is very attractive semi-
conductor for researchers. The researchers used TiO2 coupled
Sb2O3 to expedite the photo-catalytic process. By doping with
oxide electrodes the Sb2O3 is used to degrade the carbamazepine
by photo-catalytic process (Kim et al., 2012; Wang et al., 2018).

Inspired from the current trend of the research, novel ternary
composites of the oxides of different metals have prepared with
the aim of testing of their photocatalytic properties. During this
study the mixed-oxides of zinc-iron-calcium (ZnFeCa), zinc-iron-
antimony (ZnFeSb), zinc-iron-titanium (ZnFeTi) and zinc-iron-
cobalt (ZnFeCo) have been synthesized. The synthesized four dif-
ferent mixed-oxide compounds were characterized by XRD, XPS,
SEM and EDS. Furthermore, all the prepared compounds were used
more efficiently for the photocatalytic purification of wastewater
by the degradation of the different dissolved dyes.
2. Experimental

2.1. Materials

The required lab grade materials and chemicals such as zinc
chloride (ZnCl2), iron chloride (FeCl3), calcium chloride (Cacl2),
antimony chloride (SbCl3), cobalt chloride (CoCl2) and titanium
dioxide were acquired from Sigma Aldrich. The required dyes such
as acridine orange (AO), congo red (CR), brilliant green (BG), mala-
chite green (MG) and methyl orange (MO) were acquired from BDH
chemicals, England. The chemical formulae of AO, MG, BG, MO and
CR are C17H19N3, C23H25N2, C27H33N2.HO4S, C14H14N3NaO3S and
C32H22N6Na2O6S2, respectively. Titanium dioxide (TiO2) powder
in anatase form with particle size < 25 nm was purchased from
Sigma Aldrich. For aqueous solution preparation the distilled water
was obtained from water Millipore-Q purification system in our
lab.

2.2. Research methodology

2.2.1. Mixed metal-oxides synthesis
Initially, 0.1 M solution of zinc chloride (ZnCl2), iron chloride

(FeCl3) and calcium chloride (Cacl2) or antimony chloride (SbCl3)
or cobalt chloride (CoCl2) were prepared in distilled water. Four
zinc and iron-based oxide mixtures were synthesized by mixing
equal quantities (1:1:1) of zinc chloride (ZnCl2), iron chloride
(FeCl3) and calcium chloride (Cacl2) or antimony chloride (SbCl3)
or titanium oxide (TiO2) or cobalt chloride (CoCl2) in distilled
water. Then 0.1 M NaOH solution was added, and the solutions
were kept at 50 to 60 �C and stirred overnight, while the pH was
maintained around of 10 by using NaOH solution. Resultantly,
the precipitates were obtained, which were washed with water
and ethanol several times and then dried and ground. The obtained
nanopowders were the mixtures of1: Zn, Fe and Ca oxides; 2: Zn,
Fe and Sb oxides; 3: Zn, Fe and Ti oxides and 4: Zn, Fe and Co
oxides.

2.2.2. Material characterization
The synthesized nanopowders were characterized by using

Field Emission Scanning Electron Microscope (FESEM), X-ray
diffractometer (XRD), energy-dispersive spectroscope (EDS) and
X-ray photoelectron spectroscopy (XPS). The size and the morphol-
ogy of the nanoparticles was analyzed by the FESEM (JEOL JSM
7600F Japan). For the chemical and crystal structure analysis the
EDS (Oxford EDS system), XRD (PANalytical diffractometer) and
XPS (Thermo Scientific k-a11066) were used. The synthesized
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nanopowders were applied for the degradation of various dyes
under sunlight.

2.2.3. Application of synthesized materials for dye degradation
For photocatalytic degradation study the 0.063 mM, 0.05 mM,

0.022 mM, 0.05 mM and 0.05 mM solutions of AO, MG, BG, MO
and CR dyes were prepared, respectively in distilled water. Initially,
all synthesized nanopowders were applied one by one for the
degradation of acridine orange dye and the best nanomaterial
was selected, which was then applied for the degradation of other
dyes. All the experiments were carried out under the sun light. The
effect of concentration of catalyst, pH of solution and light on the
reaction rate were studied. The selected dye’s solutions were pre-
pared in various types of water samples and treated with selected
catalyst (nanomaterial). These water samples were taken from sea,
hospital waste, sanitary water and irrigation water. Moreover, two
types of filters (tube type and funnel type) were prepared by using
glass tube/funnel, cotton swab and the nanomaterial. The filters
were used for the purification of polluted water samples. Before
UV–visible spectroscopy, the photocatalyst was separated from
the water sample by centrifugation. The UV–visible spectropho-
tometer (Thermo Scientific Evolution 300) was used for the mea-
surement and monitoring of pollutants concentration and
degradation. Throughout the experiments the quartz cuvettes were
used as a reaction vessel.

3. Results and discussion

3.1. Analysis of mixed metal-oxides

3.1.1. Elemental and morphological characterization
The synthesized nanomaterials were characterized for chemical

analysis by EDS. The EDS spectra of mixed-oxides of Zn-Fe-Ca, Zn-
Fe-Sb, Zn-Fe-Ti and Zn-Fe-Co are shown in Fig. 1a, 1b, 1c and 1d,
respectively. The spectra of the Fig. 1 confirm the presence of all
constituting elements of the prepared oxides. The morphology
and the sizes of the nanoparticles were analyzed by FESEM.
Fig. 2a and 2c show FESEM images of the mixed oxides of Zn-Fe-
Ca and Zn-Fe-Ti, respectively, that the nanoparticles are spherical
in shape with 10 ± 5 nm diameter. The FESEM image of Zn-Fe-Sb
mixed-oxides is shown in Fig. 2b. It can be seen that powder con-
sists of rectangular particles of average size 20 ± 10 nm. The mixed
Fig. 1. EDS spectra of the mixed-oxides of (a) zinc-iron-calcium (ZnFeCa), (b) zinc-iron-a

3

oxides of Zn-Fe-Co consist of 10 ± 3 nm thick and 100 nm to
200 nm long flakes type particles that can be clearly seen in
Fig. 2d. As all the oxide composites were prepared through same
process in same conditions (pH and temperature) by keeping two
reagents (ZnCl2 and FeCl3) same. Only one reagent in each sample
was changed. So, it seems that the presence of Co is responsible for
the crystallization of Zn-Fe-Co oxides in nano-flakes. Moreover, the
synthesis process highly influences the structural morphology of
nanoparticles (Wang et al., 2005; Yang et al., 2009; Sabry et al.,
2020).

3.1.2. Crystal structure
The Fig. 3 shows the XRD-spectra of the synthesized oxides

mixtures. The analysis was done by using PANalytical X-ray
diffractometer by Cu Ka radiation of k = 0.45 nm. The XRD opera-
tion was carried out at 50 mA and 40 KV, while the scan rate was
fixed at 2� 2hmin�1. The XRD patterns confirm the presence of syn-
thesized oxides (Wang et al., 2018; Ahmad et al., 2016; Gardy et al.,
2017; Rahman et al., 2018; Rahman et al., 2014).

3.1.3. XPS analysis
The XPS analysis of the synthesized mixed-oxides was done to

find out the binding energies of Zn. Fe, Ca, Sb, Ti, Co and O by using
K-Alpha 11066 spectrometer (Thermo Scientific) with Al K-a excit-
ing radiation source, 400 mm beam spot size, 200.0 eV pass energy,
1.0 eV energy step size and ̴ 8–10 Torr vacuum. The Fig. 4 shows
the results of XPS analysis and the results are similar to the already
reported results (Ahmad et al., 2016; Gardy et al., 2017; Rahman
et al., 2018; Rahman et al., 2014). These results reveal the forma-
tion of ZnO, FeO, CaO, Sb2O3, TiO2 and CoO. The binding energergies
of ZnFeCa, ZnFeSb, ZnFeTi, and ZnFeCo were understood by XPS to
appraise the mixed oxides’ composition (Fig. 4). XPS spectrum of
all mixed oxides depicted strong peaks for Fe, O, Zn along with
their ternary element such as Ca in ZnFeCa, Sb in ZnFeSb, Ti in
ZnFeTi, and Co in ZnFeCo. Substantial signals of O, Fe and Zn ele-
ments are presented in all the oxides spectra. A core level spectrum
(magnified) of the Fe 2p and the Zn 2p are presented in Fig. 4(a)
and Fig. 4(b), respectively, and each of them shows two peaks.
The peaks existed at 726.1 and 712.3 eV in all the spectra are
assigned to Fe 2p1/2 and Fe 2p3/2 while the peaks of Zn 2p existed
at 1046.8 and 1023.6 eV are related to Zn 2p1/2 and Zn 2p3/2. Like-
wise, the peak at 531.2 eV depicts O 1s. Additionally, Ca, Sb, Ti and
ntimony (ZnFeSb), (c) zinc-iron-titanium (ZnFeTi) and (d) zinc-iron-cobalt (ZnFeCo).



Fig. 2. FESEM images of the mixed-oxides of (a) zinc-iron-calcium (ZnFeCa), (b) zinc-iron-antimony (ZnFeSb), (c) zinc-iron-titanium (ZnFeTi) and (d) zinc-iron-cobalt
(ZnFeCo).

Fig. 3. X-ray diffraction patterns of mixed-oxides of (a) zinc-iron-calcium (ZnFeCa),
(b) zinc-iron-antimony (ZnFeSb), (c) zinc-iron-titanium (ZnFeTi) and (d) zinc-iron-
cobalt (ZnFeCo).
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Co peaks appeared at 352.1, 33.9, 458.2 and, 780.5 and 796.1 eV in
ZnFeCa, ZnFeSb, ZnFeTi, and ZnFeCo, respectively.
3.2. Characterization of materials for water purification

AO is nitrogen containing heterocyclic dye that extensively used
for the printing, leather dyeing, lithography and biological stains. It
is also indicated by toxicological investigations that the aminoacri-
dine has a mutagenic potential (Kasinathan et al., 2016). For our
investigations we prepared a 0.0625 mM aqueous solution of AO
in distilled water. From the prepared solution 3 to 3.5 ml solution
was taken in to the quartz cuvette. To observe the absorbance of
the dye the cuvette was put in to the UV–visible spectrophotome-
ter. For the pollutant degradation we used the prepared mixed-
oxides nanopowders. By putting the nanopowder in the solution
(50 mg/50 ml of solution) in the presence of sunlight the dye
4

degradation processes started which results in the color change
of solution. The degradation of dye was evaluated by taking sam-
ples after a specific interval of time. The performance of the oxide
complexes for pollutant degradation was calculated by using the
following formula (Ali et al., 2018):

Percentage Degradation ¼ A0 � Ai

A0
x100 ð1Þ

where, A0 represents dye’s initial absorbance at kmax and the Ai is
the absorbance of dye at an instantaneous interval of time. Same
procedure was adopted for all other dyes (pollutant) such as MG,
BG, MO and CR and the results were compared for optimization.

The UV–visible spectra of acridine orange (AO) dye reduction as
a function of time in the presence of solar light and the mixed-
oxides of ZnFeCa, ZnFeSb, ZnFeTi and ZnFeCo are shown in
Fig. 5a, 5b, 5c and 5d, respectively. The fastest 98% degradation



Fig. 5. UV–visible spectra of AO dye reduction as a function of time in the presence of solar light and the mixed-oxides of (a) ZnFeCa (b) ZnFeSb (c) ZnFeTi and (d) ZnFeCo.
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of AO dye was observed in the case of mixed-oxides of ZnFeSb
within 20 min, while the same level of degradation was attained
within 95 min and 80 min, respectively with mixed-oxides of
ZnFeCa and ZnFeTi. Moreover, only 51 % dye degradation was
observed in 250 min while using ZnFeCo mixed-oxide. The per-
centage degradation of AO dye versus time in the presence of oxide
complexes and sunlight is shown Fig. 6. It is evident from the Fig. 6
that within 20 min only 36 % and 78 % degradation take place in
case of ZnFeCa and ZnFeTi mixed-oxides. As the oxides of ZnFeSb
showed a best performance for the degradation of pollutant (dye)
as compared to equal amounts of other catalysts, so, it was further
investigated for various water pollutants (dyes).

Fig. 7a, 7b, 7c, 7d and 7e, respectively show the UV–visible spec-
tra of AO, MG, BG, MO and CR dyes reduction from the aqueous
solutions as a function of time in the presence of solar light and
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the ZnFeSb mixed-oxides. Fig. 7 shows that the AO, MG and BG
dyes reduced by up to 98 %, 94 % and 96 % within 20 min,
145 min and 70 min, respectively while the reduction of MO and
CR dyes is very small. As the concentration of dye in the aqueous
solution of AO (0.0625 mM) is high as compared to MG
(0.05 mM) and BG (0.022 mM) and it takes minimum time
(20 min) for maximum degradation (98 %), so the AO dye was
selected for further investigation. The comparison of dyes degrada-
tion from their aqueous solutions within 20 min is shown in Fig. 7f.
It is obvious that ZnFeSb is more selective for AO, which might be
due to the surface charges and morphology of ZnFeSb that are
more suitable for the degradation of AO. ZnFeSb surface especially
at high pH is negative, while AO is cationic; thus there is high inter-
action between AO and ZnFeSb. Hence, it shows high degradation
and high selectivity toward AO.

As the amount of catalyst is very important in photo-catalysis,
the effect of catalyst concentration on the reaction rate was also
studied. For the optimization, five different amounts (0.2 mg/ml
to 1.0 mg/ml with increment of 0.2 mg/ml) of catalysts (Zn-Fe-Sb
mixed-oxides) were used for the degradation of pollutant (dye)
from the 0.0625 mM aqueous solution of AO. The percentage
degradation-catalyst concentration relationship for AO dye solu-
tion and Zn-Fe-Sb mixed-oxides in the presence of sunlight for
20 min is shown in Fig. 8. The graph (Fig. 8) shows that with
increase in amount of catalyst the photocatalytic reaction speeds
up. When the concentration was 0.2 mg/ml the reaction time
was 120 min but on increasing catalyst’s concentration up to
1.0 mg/ ml the reaction time reduced to only 20 min. So, this
amount (1.0 mg/ml) was selected for further investigations.

The effect of light on the reaction time was also studied. For the
catalytic degradation of pollutant from AO dye (0.0625 mM) aque-
ous solution two types of light (solar light and artificial light) were
used in the presence of Zn-Fe-Sb mixed-oxides (catalyst). The
source of artificial light was 400-watt filament bulb. During reac-
tion no stirring was done. Fig. 9 gives the comparison of the light
sources to complete the degradation process. The Fig. 9 shows that
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sunlight is more effective as compared to the artificial light. So, the
use sunlight was continued to further investigations.

The effect of pH on the degradation process was studied. For
this purpose, the pH of 0.0625 mM AO dye solution was decreased
or increased by adding drops of acidic or basic solutions. Seven
solutions with different pH (pH 3 to pH 8 with increment of 1
and pH 11) were prepared and their initial absorbance was studied.
It was found that the decrease in pH (7 to 3) of solution had no sig-
nificant effect on the initial absorbance of solution but on increas-
ing the pH the initial absorbance decreased abruptly as shown in
the Fig. 10a. The Fig. 10b, 10c and 10d show the degradation
behavior of AO dye solutions of various pH in the presence of Zn-
Fe-Sb mixed-oxides and sunlight. AO has cationic properties and
in acidic medium, the surface of ZnFeSb surface will show positive
6

charge while in alkaline medium, its surface will be negatively
charged. Cationic nature of AO dye favor higher adsorption on
the negatively charged ZnFeSb surface at high pH due to the fact
that electrostatic interactions between ZnFeSb� and AO+ domi-
nate. Hence, high approach of AO on the ZnFeSb surface with
increase in pH of solution and therefore it shows high degradation
at high pH.

We focused on the solutions of pH 3 to pH7. The effect of pH on
the degradation behavior of AO dye solution is shown in Fig. 11.
The reaction rate increases with increase in pH up to pH 7. The
maximum reaction rate was observed in the solution of pH 7.
Therefore, solution of pH seven is considered best for the Zn-Fe-
Sb mixed-oxides catalyst. The comparison of present work with
the already reported literature is given in Table 1.
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The selected mixed-oxides of Zn-Fe-Sb were applied to remove
AO dye (pollutant) from various types of water. For this purpose,
water samples were taken from four different sources. The tap
water was taken from the chemistry lab of King Abdulaziz Univer-
sity, Jeddah, distilled water was also taken from the Millipore-Q
water purification system in Chemistry lab of King Abdulaziz
University, Jeddah and the seawater sample was taken from the
Red Sea, while the SBR is the sewage wastewater of Buraiman area
of Jeddah. The AO dye was added to the water sample to make the
solutions of almost same concentration (0.0625 mM). To study the
dye degradation behavior of various water samples, the nanocata-
lyst (Zn-Fe-Sb mixed-oxides) was added (1.0 mg/ml) in the pres-
ence of sunlight. The Fig. 12 shows the degradation behavior of
the AO dye in various water samples. Fig. 12 shows that fastest
degradation occurred in DI water (20 min) and then respectively
in tap water (70 min), SBR water (85 min) and sea water
(120 min). This delay in degradation process may be due to pres-
ence of various elements.

For water purification two types of filters were designed; one is
tube type and the other is funnel type (Fig. 13a and 13b). The tube
type filter consists of a glass tube, which is opened on both ends
but on one end is converged and makes narrow opening. To make
a water filter the cotton swab of 5 mm height was inserted in the
7

converged end, on the cotton swab about 3 mm layer of catalyst
(Zn-Fe-Sb mixed oxides) nanopowder was applied. The tube type
water filter is shown in Fig. 13a. The polluted water is poured in
to the tube through open end, which passes through the catalyst
in the presence of sunlight and the purification process occurs
and the pure water is obtained from the narrow end which is col-
lected in sample tube/glass beaker. This filter works under the sun-
light. The 0.0625 mM solution of AO dye was filtered through the
tube type filter, in only one pass the fully cleaned water was
obtained as a filtrate, which was analyzed by UV–visible photo-
spectrometer and the results are shown in Fig. 13c. The Fig. 13c
shows that filter works very well and in only one pass the dye
degrades completely (almost 99 % degradation).

The second type of filter is funnel type filter. Its structure is
same as tube type filter but instead of tube glass funnel is used.
The cotton swab is inserted in stem of funnel; on the top of cotton
swab the layer of catalyst nanopowder is applied. The polluted
water is poured in to the mouth of funnel and it passes through
the filter in the stem to give clean water as a filtrate. The funnel
type filter is shown in Fig. 13b. The UV–visible spectra of aqueous
solution of AO dye before and after filtration though funnel type fil-
ter is shown in Fig. 13d. After one pass through the filter in the
presence of solar light the dye was degraded completely.

The mechanism of photo-degradation is based on transforma-
tion of organic dyes (pollutants) into gaseous carbon dioxide
(CO2), ammonium, nitrate and sulfate ions. Schematic representa-
tion of the general photocatalytic degradation process of organic
pollutant is the following (Azeez et al., 2018; Chadwick et al.,
2002):

a. On the absorption of photon of sufficient energy into the sur-
face of metal oxide (MO) the valance electron migrates from
valance to conduction band and caused to generate the electron
and hole in the conduction and valance band, respectively

MOþ hm! e�CB þ hþ
VB ð2Þ

b. On the surface of catalyst, the physically adsorbed oxygen
undergoes ionosorption by taking electron

O2ð Þads þ e�CB ! O��
2 ð3Þ

c. Production of OH� radicals by neutralizing the hydroxyl group
(OH�) with photo-holes

ðH2O $ OH� þ HþÞ þ hþ
VB ! OH� þ Hþ ð4Þ

d. Neutralization of O-� by proton

Hþ þ O��
2 ! HO�

2 ð5Þ
e. Formation of hydrogen peroxide (transient) and mutation of

oxygen

2HO�
2 ! O2 þ H2O2 ð6Þ

f. Hydrogen peroxide decomposition and reduction of oxygen

H2O2 ! OH� þ OH� ð7Þ
g. OH� causes to oxidize pollutant (organic reactant)

OH� þ R ! OH þ R� ð8Þ
h. Organic pollutant also directly oxidized by the holes

Rþ hþ
VB ! Rþ� ! degradation products ð9Þ
4. Conclusions

During this study nanopowders of four different mixed-oxides
were synthesized successfully by using low temperature synthesis
method. Out of these four mixed-oxides, three showed good catal-



Fig. 10. Effect of pH on the initial absorbance of the aqueous solution of AO dye (a) and the degradation behaviors of solutions of pH 3 (b), pH 7 (c) and pH 11 (d).
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Fig. 11. Effect of pH on the degradation behavior of AO dye solution in the presence
of Zn-Fe-Sb mixed-oxides and sunlight.

Table 1
Comparison of various nanoparticles for the photolytic degradation of acridine orange dye (AO).

Sr. No Catalyst Catalyst dosage (mg/ml) Dye Conc. (mM) Degradation (% age) Time (min) Light source Refs.

1 CuS NPs 0.5 0.037 45 180 UV Siddique et al. (2018)
2 ZnO NPs 5.0 0.02 92.8 150 500 W HL Pare et al. (2008)
3 Silica NPs 3.33 0.01 58 50 UV/Vis Selvaggi et al. (2015)
4 TiO2 (anatase) NPs 10 0.04 97 402 UV Zubieta et al. (2012)
5 TiO2 (rutile) NPs 10 0.04 67 480 UV Amini and Ashrafi (2016)
6 ZnO NPS 1.0 0.037 98 50 SL Amini and Ashrafi (2016)
7 Nd0.3Sr0.7MnO3 0.5 0.03 95 180 Vis Abdel-Latif et al. (2019)
8 Ce-Sr oxide 1.0 0.03 90 180 Vis Arshad et al. (2017)
9 Ce-Cd oxide 1.0 0.03 90 180 Vis Arshad et al. (2017)
10 ZnFeSb oxides 1.0 0.063 98 20 Sunlight Current Study

NP: Nanoparticles, HL: Halogen lamp, UV: Ultraviolet light, Vis: Visible light, SL: Solar light.
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Fig. 12. Pollutant (dye) degradation behavior from the various water samples.
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Fig. 13. Tube type (a) and funnel type (b) filters for water purification and the UV–visible spectra of aqueous solution of AO dye before and after filtration through tube type
(c) and funnel type (d) filters.
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ysis behavior for AO dye degradation under the sunlight (solar
energy), but only one mixed-oxide (Zn-Fe-Sb) were selected for
detailed investigation because Zn-Fe-Sb mixed-oxides showed
the fastest 98% degradation of AO dye within 20 min. Further,
Zn-Fe-Sb showed better performance under sunlight (solar energy)
as compared to filament light. The selected mixed-oxides (Zn-Fe-
Sb) are effective for the degradation of MG and BG dyes dissolved
in water but more efficient for AO dye. For the AO dye degradation,
the most favorable conditions are pH 7, sunlight and 1.0 mg/ml
catalyst concentration. The Zn-Fe-Sb mixed-oxides based water fil-
ters showed best performance for water purification under sun-
light and removed up to 99 % dye content in one pass. Based on
the experimental results it may be expected that the synthesized
catalysts nanomaterials are fascinating for commercialization as
they utilized the sunlight (free and abundant source of energy)
for wastewater treatment.
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