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Abstract

Magnetically separable novel nano-MnFe,0,/ZrO, nanocomposite (NC) and MnFe, 0, (MFO) samples were synthesized
by an efficient solution combustion methodology. The structure, morphology and optical properties were characterized
through powder X-ray diffraction, scanning electron microscopy, Fourier-transform infrared spectroscopy and UV-Vis
spectroscopy. The photocatalytic activity of MnFe,0,/ZrO, nanocomposite was analysed for decolourization efficiency
of methylene blue (MB) and textile dye wastewater under natural sunlight irradiation. The results demonstrated that the
decolourization response of the MnFe,0,/ZrO, nanocomposite was 95% for MB and 59% for textile dye wastewater in
90 min. The photocatalytic performance of MnFe,0,/ZrO, was almost 1.4 times as high as pure MnFe,O, was ascribed to
the synergic effect and interfacial interaction across MnFe,O, nanoparticle (NP) and ZrO, that leads to separation of elec-
tron-hole pairs efficiently and broadened light absorption of the composite (2.42 eV) compared to MnFe,0, (2.15 eV).The
effective optimized parameters such as solution pH of 7, nanocomposite dosage of 60 mg and initial dye concentration
of 20 ppm were studied on photocatalytic performance for the removal of MB dye. The magnetically separable MnFe,O,/
ZrO, nanocomposite proved to be highly active and a stable catalyst in five successive photodecolourization cycles for
an aqueous solution of MB dye under sunlight irradiation. Furthermore, the possible sunlight photocatalytic mechanism
of the MnFe,0,/ZrO, nanocomposite was proposed. Due to its enhancement in photocatalytic activity, this NC has great
potential towards the environmental remediation for practical photocatalytic application towards wastewater treatment.

Keywords Magnetic nanocomposite - Combustion route - Photocatalytic performance - Synergic effect - Sunlight
irradiation

1 Introduction

The existence of dyes in the present industrial effluents is
a main concern as it is fatal to aquatic environment and
humans. Many industries utilize organic dyes to colour
their commodities and discharge considerable amount
of coloured textile wastewater, often difficult to reprocess

owing to the complicated aromatic structure of the dyes
[1]. A cationic methylene blue (MB) dye extensively utilized
in dying cotton, wood and silk causes permanent visual
impairment in wild animals and humans [2]. Substantial
research has been dedicated to thiazine dyes focusing on
methylene blue with 37% of publications reporting on
the photodegradation pathway of MB dye [3]. A variety of
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methods such as adsorption process [4], sedimentation,
chemical precipitation, oxidation [5], reduction, floccula-
tion [6] and various biological ways are employed to rectify
the problem caused by various dyes [7].

Adsorption is one of the most suited techniques exten-
sively used to remove synthetic dyes from wastewater.
However, conventional absorbents pose restrictions in
their purpose such as low adsorption ability or regenera-
tion of adsorbent. Porous crystalline metal-organic frame-
works (MOFs) as adsorbent materials made of metal ions
coordinated to organic ligands are an attractive option
owing to their high surface area, easy separation, higher
porosity, variety in structure and functionality. Magnetic
Fe;0, can be conveniently recycled from aqueous solution
by the use of an external magnet. The build of magnetic
nanocomposites firmly supports easy adsorption and
recycling. Often, MOFs synthesis and utilization require a
lengthy process of centrifugation, which restricts its scope,
particularly in tailoring the growth of MOF on magnetic
nanomaterials [8].

Some ligand-based nanocomposite adsorbents are
recently utilized for the removal of specific ions like Cerium
(I [9], Pb2* [10], Selenium (IV) [11], Pd** [12] [13], Cu?*
ions [14, 15], phosphate [16] and nitrite ion [17]. The prepa-
ration and regeneration of the core material in these com-
posites for the adsorption of specific metal ions consume
more time and economically not viable. NiS/CDs/CdS com-
posite photocatalysts were designed and successfully syn-
thesized for high-efficient hydrogen evolution [18]. Nano-
composite of three-dimensional carbon dots decorated
Bi/titanium dioxide [19] and core-shelled CeO, _,S,@CdS
ternary composite [20] is also prepared and employed for
the degradation of RhB under sunlight, but for an uncom-
plicated regeneration, the latter said composites are least
possible. The photocatalysis is an attractive and alternate
substitute in the environmental engineering process and
can be scaled up in industries [21]. Its main advantages are
its low cost, stability, environmental friendliness, renew-
able energy consumption (Sun), a high degree of minerali-
zation [22] and its ability to remove a variety of industrially
important organic pollutants.

Spinel magnetic ferrites (MFe,0,: M=Zn, Ca, Co, Mn,
Mg, Ni, etc.) are considered to be very important in the
field of material science and nanotechnology due to its
chemical stability, high reactivity and reusability. This
magnetic ferrite NP can be recycled and reused for sev-
eral cycles during photocatalysis due to its chemical
stability [23]. It shows better performance in catalytic/
photocatalytic activity because of its narrow band gap
of approximately 2.0+ 0.5 eV [24]. However, enhanced
photocatalytic activity cannot be achieved due to its nar-
row band gap. Among the ferrites, MFO is considered to
be a potential material due to its versatile applications
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possessing high saturation magnetization, better mag-
netic properties, chemical stability [25], high surface
area, high saturation and high mechanical hardness and
is specifically used as a semiconductor photocatalyst for
environmental remediation [26]. Despite its resourceful
properties and applications, its photocatalytic activity
towards dye degradation was found to be less due to
its narrow band gap that leads to electron-hole pair
recombination. Hence, many researchers have made
an attempt to combine wide band gap semiconductors
with these narrow band gap ferrites to achieve an excel-
lent photocatalytic activity [27]. Generally, preparing
an appropriate hetero-junction between MnFe,O, and
metal oxide is considered as a better option to inhibit
electron-hole pairs recombination and to improve pho-
tocatalytic efficiency.

Many metal oxides were recognized as suitable photo-
catalysts due to its ability of efficiently removing organic
pollutants from the waste polluted water. Out of the avail-
able metal oxides, ZrO, was chosen as the semiconduc-
tor nanomaterial to prepare NC with MFO due to its wide
band gap, high persistence and good tendency to degrade
the organic pollutants in wastewater [28]. ZrO, is a highly
efficient photocatalyst towards the degradation of dyes
under UV light, but it fails towards solar light due to its
wide band gap. Hence, by combining ZrO, with narrow
band gap semiconductor, photocatalytic activity can be
enhanced. There are many reports available for the syn-
thesis of NC with MnFe,O, for many applications such as
MnFe,0,/rGO NC for ultra-stable supercapacitors [29],
ZnO/MnFe,0, synthesis by organic-free media for dye
degradation under natural sunlight [30], MnFe,0,/ZrO,
by sol-gel method for sonocatalytic and photocatalytic
degradation of methylene blue and methyl orange dye
under UV-visible light [31], MnFe,0,/g-C;N,/TiO, NC gen-
erated by chemical impregnation method for degradation
of methyl orange dye simulated under irradiation of solar
light [32], magnetic microsphere MnFe,0,/polyaniline
composite with electro-catalytic activity for oxygen reduc-
tion reaction [33] and MgFe,0,/ZrO,NC [34] by modified
citrate gel method for hyperthermia applications.

This NC can be synthesized with different structures
by various methods such as sol-gel, polyol, solvothermal,
hydrothermal, co-precipitation and ball milling [35-38].
Though advantageous, these strategies have drawbacks
like energy overriding, higher temperature requirement
and complicated apparatus. Also, the formation of final
products with better crystallization may take longer time
to complete [39]. Here, an attempt has been made to syn-
thesize MFO/ZrO, by solution combustion method, due to
its advantages such as less time consumption for synthe-
sis, energy efficiency, simple apparatus requirement, mix-
ing of raw materials at a molecular level, tuneable product
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composition, efficient, economical and homogeneity
preparation of industrial metal oxide semiconductor [40].

The examination of the physico-chemical characteriza-
tion and the associated electro-chemical activity of the
composite confirmed the photocatalytic activity benefits
due to synergistic modulation of the photoabsorption,
improved photoredox capability and enhanced adsorption
capacity. The current work mainly focuses on evaluating
the decolourization kinetics of MB dye and textile waste-
water under sunlight at hetero-structure MFO/ZrO, pho-
tocatalyst. The study also reveals the effective optimized
parameters being pH, initial concentration of dye and the
catalyst. Photocatalytic decolourization and probable
pathways for the decolourization of MB dye pollutant in
wastewater are demonstrated. The findings hopefully are
worthy and helpful and set a foundation for the develop-
ment of hetero-structured ferrite nanocomposite photo-
catalysts to deal with the environmental challenges and
issues in developing the process technology.

2 Materials and methods

Highly pure analytical grade manganese nitrate Mn(NO,),,
iron(lll) nitrate [Fe(NO;);. 9H,0] and zirconyl oxynitrate
(ZrO(NO),) with 99% purity were procured from Merck,
Co. Hence, further purification procedures were excluded.

2.1 Photocatalyst preparation
2.1.1 Synthesis of MnFe,0,NP

MFO was prepared through solution combustion method
using an oxidizer constituting a mixture of manganese
nitrate Mn (NO;), and iron(lll) nitrate (Fe (NO5);-9H,0)
with laboratory-synthesized ODH as an efficient fuel. A
mixture of fuel and oxidizer in a stoichiometric ratio was
transferred into a cylindrical crucible with addition of small
quantity of water and blended to get a homogeneous mix-
ture. The crucible was put into a preheated muffle furnace
with a temperature of 500 ‘C. The resulting solution was
initially boiled and subsequently dehydrated with elimi-
nation of gases like carbon dioxide, nitrogen and water
vapour followed by the formation of the sample.

2.1.2 Synthesis of MFO/ZrO, NC

To obtain MFO/ZrO,NC, a combination of manganese
nitrate [Mn(NO,),], ferric (Ill) nitrate [(Fe (NO;);. 9H,0)]
and zirconyl oxynitrate [(ZrO(NO,),)] was carefully mixed
in stoichiometric ratio with addition of fuel. A repetition of
the above said procedure leads to the synthesis of MFO/
ZrO, NC as depicted in Fig. 1.

\

Boiling

dehydration

ﬂ :

Mn(NO;), + Fe(NO,),. 9H,0
+ZrO(NO;), + ODH

Ignition

| MnFe,0,/Zr0,

K Nanocomly

Fig. 1 Typical combustion procedure. (a) Initial stage before com-
bustion starts; (b) ignition liberation of gases during the combus-
tion process; (c) final product (MFO/ZrO, NC)

3 Characterization

The morphology associated with the surface area of the
synthesized samples has been noted with the aid of SEM,
Hitachi-3000. PerkinElmer FTIR (Spectrum-1000) spec-
trometer was used in detecting the important functional
groups within a scan range of 4000-400 cm™'. Adsorption
was measured using ELICO UV-Vis spectrophotometer
(SL159). Phase purity of all synthesized sample was iden-
tified using X-ray diffraction of powder (PXRD) patterns
noted employing a Shimadzu 7000 diffractometer with
CuKa radiation with a 2° min™' of scan rate.

3.1 Results and discussion
3.1.1 Powder X-ray diffraction analysis

The PXRD spectra of MFO and MFO/ZrO, NC are depicted
in Fig. 2a. The XRD results of MFO show crystalline with
specific peaks at 26 values 30° (202), 35.23°(311), 43° (400),
53.4°(422),56.73° (333) and 62.30° (440) analog to the spi-
nel cubic structure and Fd3m space group (JCPDS card
No. 75-0034) [41]. PXRD pattern of MFO/ZrO, NC depicts
the peaks at 50.87° and 60.48° corresponding to (112) and
(121) plane of tetragonal ZrO, (JCPDS card NO. 81-1544)
in addition to MFO peaks. The presence of characteristic
peak corresponding to MFO and ZrO, without any addi-
tional peak confirms the formation of NC. The broadening
and shifting of peaks towards higher angle are observed
in MFO/ZrO, NC indicating a minor variation in lattice
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Fig.2 PXRD pattern of a syn-
thesized MFO and MFO/ZrO,
NG, b shifting of (202) PXRD
peak towards higher angle side
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constant (Fig. 2b). The observed variation in lattice con- 5= as :
stant was due to the partial replacement of Zr** cation T D2 M
at Mn?* site. The intensity of NC is high compared to host
matrix. 272

The crystallite size was quantified by Scherrer’s formula SF = [—45 (3 tan 9)1/2] ()

using half-width of the prominent peak of maximum inten-
sity (311) plane. The results depict that the crystalline size
of host is 16 nm and that of MFO/ZrO, NC is 18 nm. The
crystalline size of NC was found to be increased compared
to that of host sample. The W-H approach recognizes the
case when the domain effect and lattice deformation both
operate simultaneously and their combined effects give
the final line broadening FWHM (), which is the sum of
grain size and lattice distortion. The effects of strain and
crystallite size on the FWHM are predicted using William-
son-Hall plots [42]. The grain size for MFO and MFO/ZrO,
NC was found to be 17 and 19 nm. The negligible variation
in the values arises from the fact that in Scherrer’s formula,
strain component was assumed to be zero and observed
that broadening of diffraction peak was due to increasing
grain size only. As the crystallinity increases, the photo-
catalytic property of the sample will increase [43].

Table 1 shows the quantified crystallite size, dislocation
density and stacking fault. Some other crucial structural
parameters, for instance the dislocation density due to
ionic stress and stacking fault, were quantified utilizing
the equations [44, 45].

3.1.2 Morphological studies

Figure 3a, b represents the FESEM images of MFO and
MFO/ZrO, NC. As can be seen from the images, the crystal-
lites are uneven in shape and hold several voids and pores
(shown in the form of circles) due to the escaping gases
during combustion synthesis. The voids are more in host
matrix, and small size pores are observed in MFO/ZrO, NC.
Besides that, agglomeration that was observed could be
due to magnetic properties of the compound [46]. This
kind of voids and porous nature is a normal characteristic
of combustion-synthesized powders [47].

3.1.3 FTIR studies

The FTIR spectra of the synthesized MFO and MFO/ZrO,
NC at room temperature are illustrated in Fig. 4. The char-
acteristic peak observed below 1000 cm™ is the general
feature of ferrites. The characteristic peak observed at 545
and 523 cm™ in MFO and MFO/ZrO, NC correlates with

Table 1 Estimated crystallite Samples  FWHM (8) (rad)  Crystallite size (nm) SF 5(10linm=) Band gap (eV)
size and other structural
parameters of MFO and MFO/ D-S W-H plots (nm)
Zr0, method
(nm)
MFO 0.446 16 17.4 04646 274 2.15
MFO/ZrO, 0.45 18 18.5 0.4677 2.89 242
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Fig.3 SEM image of a synthesized MFO NP; b MFO/ZrO, NC
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Fig.4 FTIR spectra of MFO and MFO/ZrO2 NC at room temperature

the intrinsic stretching vibrations of the metal oxygen at
the octahedral and tetrahedral sites, respectively [48]. The
low intensity peaks observed at 1122, 1353 and 3452 cm™!
in MFO/ZrO, NC can be attributed to -CH, C=C and -CH,,
respectively [49].

3.1.4 UV-Visible diffuse reflectance spectroscopy (DRS)

UV-visible diffuse reflectance spectral (DRS) study has
been carried out at room temperature, and band gap
energy (Eg) was enumerated using Kubelka-Munk model.
[F(R)hv]? against photon energy hv is plotted in Fig. 5. F(R)
symbolizes the Kubelka—Munk function with

EHT = 5.00 kv
WD = 88mm

Signal A = SE2
Mag = 50.00 KX

FRY=a=A=(1-R)?/2R 3)

where R viewed diffuse reflectance in UV-Vis spectra. The
band gap (E) of the material is evaluated by extrapolat-
ing straight line in the graph at k=0 [50-53]. The band
gap calculated for MFO and MFO/ZrO, was found to be
2.15 and 2.42 eV, respectively (Fig. 5 and Table 1). The
band gap increases in the case of nanocomposite com-
pared to host. The bands are produced by the integration
of a large number of adjacent energy level atoms and
molecules in the case of bulk matter. When the particle
size attains the nanoscale, each particle is made up of a
very few number of atoms or molecules, thereby reducing
the number of overlapping orbitals or energy level, and
the bandwidth becomes broadened. This phenomenon
leads to an increased energy gap across the valence band
and the conduction band. It results in the higher energy
gap in nanocomposite than their corresponding bulk
matter. In the present study, compared to host (2.15 eV),
the composite MFO/ZrO, acquires a higher energy band
gap (2.42 eV). The optical phonon energy was observed
to be enhanced with the introduction of ZrO,, as per the
Burstein-Moss effect [54].

3.1.5 Electro-chemical impedance studies (EIS)

In order to get an idea about the effective separation of
electron-hole pair and to estimate the charge transfer
resistance, EIS is highly helpful. From the charge trans-
fer resistance value, the photocatalytic activity of the
synthesized samples can be analysed. The experiments
were conducted with a usual three electrodes of the
standard system with 0.1 M of NaOH electrolyte. Here,
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Fig.5 Kubelka—Munk plot of MFO NP and MFO/ZrO, NC

counter electrode is the platinum electrode, Ag/AgCl acts
as std. reference electrode, and the electrode prepared
serves as an active electrode. The partial semicircle part
and linear part indicate the high-frequency component
and low-frequency component respectively, in impedance
plot. As reported in the literature, if the diameter of semi-
circle is smaller in impedance plot, efficient separation of
electron-hole pairs which are photogenerated takes place
faster inter-facially [55].

The diameter of the semicircle for MFO NP and MFO/
ZrO, NC was measured as 56 and 44 Q, respectively. The
charge transfer rate will be higher with smaller diameter
of semicircle leading to lower rate of recombination of
electron-hole pair with enhanced photocatalytic activity
(Fig. 6). This result indicates that MFO/ZrO, with smaller
diameter and high charge transfer rate will show enhanced
photocatalytic activity compared to the synthesized MFO
NP. These results were confirmed by UV-DRS studies which
clearly show an increased band gap for MFO/ZrO,NC.

3.1.6 Photocatalytic studies

MB has been employed as a model pollutant to observe
the decolourization using synthesized photocatalyst under
sunlight irradiation. A stock solution of MB dye with an
appropriate concentration has been prepared with double
distilled water. From the prepared stock solution, 250 ml
of dye solution has been made with required ppm and
20 ppm of MB dye solution loaded with 60 mg of the syn-
thesized catalyst was taken in a glass trough and exposed
to sunlight. The experiment was conducted at time 12
to 2 pm (in the month of April, Bangalore) with latitude
(12.60 N) and longitude (77.31 E), respectively, along with
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Fig.6 Impedance plot for synthesized MFO NP and MFO/ZrO, NC

an average solar intensity of about 0.736 kW m™ as reg-
istered by solar radiometer. The sunlight was focussed on
the glass trough using convex lens. The experiment has
been carried out for synthesized MFO and MFO/ZrO, NC
simultaneously to avoid any error that occurs because of
fluctuations in sunlight.

Prior to the experimentation, the solution of the dye
had to be kept in dark to maintain balanced equilibrium
between adsorption and desorption process with the
amount of dye lost during the process of adsorption, taken
for consideration. After this process, the dye solution was
transferred into trough with addition of photocatalyst and
placed under sunlight irradiation. The suspension was
continuously stirred using magnetic stirrer until complete
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decolourization is attained. The dye solution (5 ml) was
pipetted out on fixed time intervals from the glass trough
till the completion of decolourization. The suspension
pipetted out was centrifuged and analysed for the dye
absorption before and after sunlight irradiation using
UV-Vis spectrophotometer.

Figure 7a depicts the spectral absorbance and photo-
decolourization efficiency of MB over MFO/ZrO, NC as a
function of irradiation time. When synthesized MFO was
used as a photocatalyst, about 75% of MB was degraded
within 90 min of irradiation time (Fig. 7b). But the decol-
ourization of MB for MFO/ZrO, NC was found to be higher
with 95% decolourization efficiency. It is notable that the
simple adsorption efficiencies of MB for the prepared MFO
and MFO/ZrO, samples in dark were found to be less than
5% (Fig. 7b), thereby clearly indicating a minute effect of
MB adsorption on the efficiency of decolourization in the
presently prepared photocatalyst.

The important evaluation criteria for photocatalyst are
regeneration and recycling properties [19]. The experi-
ment was conducted for five cyclic runs as exhibited in
Fig. 7c. After the completion of first run, the photocatalyst
was recovered using magnet, washed thoroughly using
double distilled water, dried and used for further cycles.
The same procedure was repeated after each cyclic run.
The percentage of decolourization was found to be same
for all the cycles performed, and the decrease in percent-
age of decolourization was found to be negligible after five
cycles. Hence, it may be concluded that the photocatalyst
was found to be photostable and could be utilized again.

3.1.7 Controlled decolourization and kinetic parameters

The adsorption and desorption properties on the photo-
catalyst surface in the photodecolourization process are
influenced by pH [56]. To evaluate the pH factor on the
activity of the catalyst, photocatalytic performance of
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Fig.7 a Spectral absorbance of MFO/ZrO, NC with the variation
in irradiation time under sunlight for decolourization of MB; b %
decolourization versus irradiation time of MB under sunlight irra-

diation for pure MFO and MFO/ZrO,; ¢ reusability of MFO/ZrO, NC
for five consecutive cyclic runs
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MB dye was observed in the range 3-11. At pH 1,3,5,7,9
and 11, the photocatalytic performance of MFO/ZrO,
nanocomposite was found to be 43.65%, 60.14%, 81.35%,
95.14%, 89.32% and 70.57%, respectively (Fig. 8a).The
obtained data demonstrate that at low and high pH val-
ues, photocatalytic performances are found to be low. At
higher pH, high content of OH ion facilitates the separa-
tion of electron-hole pairs. However, CO, generated by
light is trapped in the aqueous solution with carbonate
and bicarbonate ions forming the alkaline medium. Car-
bonates are efficient scavengers of ‘OH radicals owing
to their very high rate constants with hydroxyl radicals
k=3.9x108 M~" 57" for carbonate and k=8.5x 106 M~' ™"
for bicarbonate [57]. At very low pH, the acidic medium
hampers the formation of ‘OH radicals and consequently
lowers the photocatalytic performance [58]. The rate con-
stant at about pH 7 is 20.06 x 107> min~', and optimum pH
value of this study is 7 for photocatalytic decolourization
of MB.

(a) 100
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The catalyst concentration is another crucial factor in
the photocatalytic performance. The catalyst dosage was
optimized by changing the amounts of MFO/ZrO, from
10 to 100 mg in MB dye solution. Photocatalytic perfor-
mance increases with increasing catalyst dosage (Fig. 8b).
A significant rise in rate constant is observed with an incre-
ment in the catalyst dose from 10 to 80 mg. However, the
rate constant values for the 60 and 80 mg catalyst dose
are relatively the same, and hence, 60 mg is assumed to
be the optimum catalyst loading. For a catalyst dose of
10, 20, 40, 60, 80 and 100 mg, reaction rate constants are
found to be 5.2x 1073, 8.5x 1073, 11.1x1073,20.0x 1073,
19.3x1073,10.52x 107> min~", respectively. The improved
photocatalytic performance is ascribed to the enhanced
photoactive sites on the surface of MFO/ZrO, photocata-
lyst, which boost the count of adsorbed photons and MB
dye molecule adsorption. But, above the optimum pho-
tocatalyst dosage, the penetration depth of the photons
decreased, hindering the photocatalyst efficiency [59].
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Fig. 8 Effect of a pH; b photocatalyst dose; ¢ dye concentration on photocatalytic activity and variation in kinetic constant for dye decol-
ourization; d the photocatalytic and kinetic rate constant for textile dye wastewater
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The role of initial MB dye concentration at six different
dye concentrations of 10, 20, 40, 60, 80 and 100 ppm was
also studied for the MFO/ZrO, photocatalyst dose of 60 mg
(Fig. 8c). As the concentration of MB dye increases from 10
to 100 ppm, the photocatalytic decolourization decreases
from 95 to 42.5% within 90 min of sunlight irradiation.
The active surface of the photocatalyst adsorbs industri-
ally important MB dye molecules and reacts with pho-
togenerated holes and hydroxyl radicals on the catalyst
surface at low dye concentration which leads to effective
photocatalytic performance. But, at high concentration
of MB dye resulting in insufficient generation of charge
carriers due to shielding of light by MB dye solution leads
to reduced interaction with the MFO/ZrO, photocatalyst
[60]. This results in the insufficient generation of hydroxyl
radicals for the removal of high dye concentration. Fur-
ther, the catalyst surface blocks the active sites due to
overcrowding of MB dye molecules on the photocatalyst
surface and decreases the production of ‘OH radicals [61].
The rate constants of different dye concentrations are dis-
played in Fig. 8c. In the present study, an optimum MB
dye concentration for catalytic decolourization is 20 ppm.

3.1.8 Textile wastewater treatment

The textile wastewater was collected from a textile manu-
facturer Sri Shilpanjali creation located at Hosakerehalli,
Bengaluru. The textile wastewater possesses 8.37 pH along
with chemical oxygen demand (COD) of 400 mg L™" and 70
NTU turbidity. The different parameters such as pH, NTU
turbidity and COD of collected wastewater sample are
measured by standard protocols described by American
Public Health Association [62].

The best photocatalyst MFO/ZrO, was employed
to study the photocatalytic performance of industrial
wastewater under sunlight. The textile wastewater was
degraded under sunlight by following the similar pro-
cedure adopted for the decolourization of MB dye. The
experiment was conducted for about 5 days. Every day
the experiment was conducted with same set of photo-
catalyst but replenished wastewater. The spectral absorb-
ance graph for MFO/ZrO, composite with the variation in
irradiation time is represented in Fig. 8d. The photocata-
lyst showed decolourization efficiency of about 59% with
the calculated rate constant value 1x 107 min~'(inset of
Fig. 8d). The percentage decolourization of textile waste-
water (59%) and rate constant value was found to be less
compared to decolourization (95%) of MB dye. This may
be due to the presence of mixture of dyes with different
functional groups in industrial wastewater. Further, as the
number and various types of organic pollutants increase
in the textile wastewater, competition for the active sites
also increases on the surface of catalyst, implying the

cations or anions are eliminated based on their preferen-
tial discharge.

The presence of different functional groups in mixture
of dyes influences the decolourization process which may
lead to complicated mechanism [63]. COD (400 mg L")
and turbidity (70 NTU) of as-received water were found to
be reduced to 110 mg L™ and <9 NTU in treated water. On
exposure to sunlight for about 3 h, more than 72.5% COD
and 87.1% turbidity present in the as-received water were
reduced. Hence, it is observed that present composite
MFO/ZrO, is an ideal supported photocatalyst for decol-
ourization of textile wastewater under sunlight irradiation
as it reduces turbidity and COD.

3.1.9 Photocatalytic mechanism

A probable photocatalytic mechanism for dye degrada-
tion of MFO/ZrO, nanocomposite has been projected
and is demonstrated in Fig. 9. MnFe,O, and ZrO, absorb
the sunlight and generate electron-hole pairs (Eq. 4). The
electrons keep shifting from MnFe,0, to ZrO, till the Fermi
level equilibrium is achieved for both. This type of transfer-
ring is due to the band potential of MnFe,O, to be more
negative than that of ZrO,. The electrons generated on the
surface of ZrO, react with absorbed oxygen, forming oxi-
dants such as superoxide ions (0%) (Eq. 5). Further, pho-
toinduced holes from valence band (VB) of ZrO, immigrate
to the less positive VB of MnFe,0, and further react with
water/"OH ion (Eq. 6). The generated active species such
as ‘0?7, h* and ‘OH by the above initiated process react to
decolourize the dye molecules to CO,, H,0 or other prod-
ucts (Eq. 7) [64-66].

The proposed mechanism of photocatalytic perfor-
mance using MnFe,0,/ZrO, hetero-junction can be
described as follows:

MnFe,0,/Zr0, + Sunlight — e, (Zr0,) + hi, (MnFe,0,)
(4)

et 0,0, (5)
h¥s +H,0/OH™ —* OH + H* (6)

MB or Industrial water +* O°~ (h,,” OH)

— CO, + H,0 + Other products @)

Based on the above outcomes, the potential enhance-
ment in the sunlight photocatalytic activity of MnFe,0,/
ZrO, composite compared with that of MnFe,O, can
be attributed to: firstly, the existence of synergic effect
between MnFe,0, and ZrO, that leads to efficient separa-
tion of photogenerated electron-hole pairs and secondly,
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Fig.9 Proposed sunlight photocatalytic mechanism for dye decolourization over MFO/ZrO, nanocomposite

the optimized parameters (crystallite size and broadened
energy band), high crystallinity (PXRD), voids pores (SEM)
and charge carrier recombination hindrance for the MFO/
ZrO, nanocomposite results in the enhanced photocata-
lytic performance compared to synthesized MFO.

4 Conclusions

Magnetic nanocomposite MFO/ZrO, and synthesized MFO
samples were successfully synthesized using convenient
solution combustion method. Compared with the pure
MnFe,0,, the MnFe,0,/ZrO, nanocomposite exhibited
better photocatalytic activity to degrade MB under sun-
light irradiation because of the existence of a synergic
effect and interfacial interaction between MnFe,O, and
ZrO, that leads to efficient separation of electron-hole
pairs and broadened light absorption of the composite
compared to MnFe,0,. The structural properties from
PXRD revealed the formation of spinel cubic and tetrahe-
dral structure for synthesized NC without any additional
peaks indicating the formation of NC. SEM image indicates
the formation of agglomerated non-uniform structure
with pores and voids. Furthermore, the MFO/ZrO, nano-
catalyst could be easily separated from wastewater for
reuse. As NC has enhanced photocatalytic activity towards
MB dye decolourization and textile dye wastewater, it can
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be used as a potential candidate towards the wastewater
treatment and environmental remediation.
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