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ARTICLE INFO ABSTRACT
Keywords: Nowadays, water pollution generated from textile effluents is one of the major problems for the
NiFe;04 human race and ecology. Hence, development of sustainable strategies to lower the water
Sol-gel auto-combustion : : :

pollution level has become a burning need. In this regard, the present study focuses on the
XRD . . . . . . .
VSM preparation of nano catalyst NiFe,Oy4 to catalyze the chemical reactions on industrial organic dyes
Photocatalysis for their fast cleansing from water. By sol-gel auto-combustion technique, NiFe;O4 nanoparticles

were synthesized and exposed to thermal process at temperatures of 400, 600, and 800 °C. Highly
crystalline phase with spinel cubic structured NiFe,O4 was formed with a crystal size of 18.71 nm,
which was confirmed by XRD analysis. The FTIR spectra showed two fundamental absorption
bands in the range 597.80-412.59 cm ™}, which are the characteristics of tetrahedral M — O and
octahedral M — O bond in NiFe;04. The surface morphology of calcined NiFe,O4 was investigated
by scanning electron microscope (SEM). The nanoparticle size analyzer exhibited that the syn-
thesized NiFep;O4 nanoparticles had an average particle size of ~ 291.3 nm. Three stage
decomposition patterns were observed for NiFe3O4, which was analyzed by a temperature pro-
grammed STA. Zeta potential analyzer showed that the synthesized sample S1 and S2 were stable
in the dispersion medium. Also, NiFe;O4 exhibited optical band gap energies for direct band
transitions within the visible spectrum measured to be 1.43-1.45 €V, rendering them effective as
photocatalysts under sunlight. The samples showed magnetic measurements by VSM with satu-
ration magnetization, coercivity, remnant magnetization value of 66.81 emu/g, 4.13 Oe and
12.94 emu/g, respectively. The synthesized photocatalyst, NiFe;O4, at 400 °C, significantly
degraded three toxic organic pollutants—Methylene blue, Rhodamine B, and Congo Red—under
visible light through ‘Photo-Fenton’ reaction mechanisms. Among the three dyes, Methylene Blue
exhibited the highest degradation percentage with a rate constant of 0.0149 min~! and followed
pseudo-first-order kinetic model.
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1. Introduction

With the rapid industrialization and upgradation in recent years, the versatile uses of hazardous chemical substances excreted from
industrial processes tremendously polluted not just the human health but also the environment worldwide [1]. The water sources are
constantly being contaminated by different organic hazardous wastes discharges from different industrial effluents. Amongst the
several contaminants found in effluents, colorants or dyes are the most vital contaminant which is used globally particularly in the
garments, leather manufacturing, and printing industries [2]. According to the World Bank, one-fifth of global industrial water
pollution is created from the garments and textiles processing and dyeing [3]. The textile effluents mainly contain cationic and anionic
dyes like Methylene Blue (MB), Rhodamine B (Rod B), Congo Red (CR) and so on. These dyes are non-degradable, toxic, tenacious, and
significantly degrade water quality even at a very low concentrations [4] leaving an adverse and necrotic effect on the human health
[5], as well as other living organisms, and the natural environment. So, the decline in the quality of useable water issues is widely
introduced [2,6,7]. To remove these extremely poisonous organic dyes and hazardous contaminants from aquatic sources, different
strategies and advanced techniques have been explored including ozonization, biodegradation, adsorption [8,9], chemical oxidation
[101, photocatalytic degradation [1,11-13], and membrane filtration [14]. However, all these methods are of high cost, low capability
and also produce secondary pollutant. But photocatalysis is considered as a promising, versatile, stable, less energy consuming and
highly efficient advanced oxidation technique which uses sunlight supported by a catalyst for the complete decompose of hazardous
dyes into CO3 and H,0 in an environmentally friendly way without any byproduct formation [15-19]. To develop photocatalytic
materials which has a high-efficiency, low-cost and advanced oxidation procedure for wastewater treatment is the main focus of this
research.

Among the semiconductor-based catalysts used recently for dye degradation, e.g., metal/metal oxides/ferrites/metal composite/
nitrides/sulfides etc. [20], ferrites have achieved significant attention for a variety of reasons, making them predominantly attractive
for their green environmental-friendly wastewater treatment application [21].

It is reported by many researchers that, TiO2, ZnO-, and several noble metal nanoparticles function as excellent catalysts because of
surface plasmon-driven catalysis [22-24]. However, TiO2, ZnO5 have wide band gap energies, limited capacities to absorb light, and
fast recombination of photo-excited electrons and holes. Moreover, as catalysts, noble metal nanoparticles are not yet financially
viable. Herein ferrites have proved to be the potent catalysts for photocatalysis reactions for the degradation of organic pigments,
colorants, dyes, and others detrimental chemicals because of their size-dependent characteristics with enhanced stable nature, narrow
optical band gap energy, recyclability, high adsorption behavior, catalytic activity, and magnetic property [25-29]. There are four
types of ferrites namely spinel, garnet, ortho and hexagonal ferrites, based on crystal structures. Among these, spinel ferrites (MFeo04
where, M stands for Mn, Zn, Fe, Co, Ni etc.), are highly valued by the scientists and researchers because of to their size dependent
crystalline and anisotropic magnetic nature, excellent enduring stability and magnetic separation [30,31] accompanied by numerous
applications such as magnetic storages and devices, gas sensors, photocatalysis, wastewater treatment, lithium-ion batteries etc.
[32-34].

Amongst spinel ferrites, Nickel ferrite (NiFe,O4) which is one of the multifaceted and technologically significant soft ferrite ma-
terials have been considered especially for their biocompatibility, recoverability, high catalytic efficiency, high abundance, narrow
band gap, strong photo-sensitivity, high electrical resistivity, curie temperature and electrochemical stability as well as ecofriendly
nature. However, nickel ferrite finds various uses across different applications such as water purification, enhanced catalysis and
photocatalysis, gas-sensor, magnetic storages and devices, delivery of drug, MRI, microwave devices, etc. [35].

Nickel ferrite possess an inverse spinel structure comprising eight-units of NiFe,04, where Fe>* and Ni?* ions both occupy the
tetrahedral positions, and equivalent number of Fe>* ions fill the tetrahedral positions, generating ferromagnetism [36]. Electrons
transferred from Fe?" - Fe>* are accountable for the conduction, and Fe?" give rise to n-type actions and while transfer of holes from
Ni%* - Ni?* and Ni®* are accountable for conduction as well as p-type actions [37]. As such, photocatalysts with recyclable and
magnetically separable characteristics have gained great attraction in current study. Two types of photochemical reactions occur at the
metal oxides surface, i. e. the oxidation occurs in positive holes, while negative electrons are generated by the reduction produces [38].

Different synthesis procedures have already been developed for the fabrication of nanocrystalline NiFe;0y4, including ball milling,
co-precipitation, aerosol route, hydrothermal, solvo-thermal, citrate precursor, microwave, mechano-chemical, reverse micro emul-
sion technique, sol-gel, and combustion methods, [39]. Among the procedures, sol-gel auto combustion method is greatly important
owing to its beneficial promising characteristics such as fast production rate with low temperature, formation of high purity products
with good yield, low manufacturing cost, easy synthesis process and with tunable synthesis conditions [40].

The effect of changing divalent cations in nickel ferrite has been described by many researchers in the literature [41-43]. Mahnaz
et al. reported the removal of direct red 264 dye using pure and Zn-doped NiFe;O4 [44]. Differences in the photocatalytic activity of
NiFey04 nanomaterials with same composition was described by Dhiman et al. [45]. Degradation of Rhodamine B by oxalic
acid-assisted nickel ferrite was studied by Liu et al. [46]. Besides, numerous reports on temperature effect on photocatalytic efficiency
of many organic dyes showed the reduction of the photo degradation efficiency with the increase of calcination temperature. Same
type results were found in CuFe;04, CoFey04, and ZnFey04, emphasizing the crystallite size, surface area and band gap energy
[47-49]. Whereas, higher photocatalytic activity of CoFe;04 toward methylene blue with increasing annealing temperature from 300
to 400 °C and then lower was confirmed by Swathi et al. [50].

In the present work, microstructural, morphological, optical, and magnetic properties of nickel ferrite synthesized via self-ignited
sol-gel method at distinct temperatures was reported and analyzed by means of different characterization techniques. The photo-
catalytic efficiency of the as-prepared nanoparticles was also studied against Methylene Blue, Rhodamine B and Congo red dyes.
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2. Experimental techniques
2.1. Materials

All the chemicals used in this experiment nickel nitrate-hexahydrate [Ni(NOs)2.6H50], ferric nitrate-nonahydrate [Fe
(NO3)3.9H20], and citric acid (C¢HgO7), liq. NH3 were procured from Merck, Germany with 98 % purity and used without further
purification. For photocatalytic dye degradation experiment, two basic dye Methylene blue (C;6H;gCIN3S, molar mass: 319.85 g/mol)
and Rhodamine B (CpgH3;CIN2O3, molar mass: 479.02 g/mol) and an azo dye Congo red (C32H22NeNazOgS2, molar mass: 696.665 g/
mol) of analytical grade were used. During the experiments, laboratory produced deionized (DI) water was used.

2.2. Method

In a bottom-up sol-gel auto combustion process, nickel nitrate and iron nitrate were weighed stoichiometrically in an electronic
balance and added with 100 mL DI water. The salt solutions were combined homogeneously and stirred continuously with a magnetic
stirrer for 30 min, keeping the temperature at 75 °C. A solution of citric acid, which is a chelating agent, was added to the above
solution in a 1:1 ratio and the mixed solution was kept stirring at 80 °C for 2 h. Liquid NH3 was added unless it produced a thick gel-
type material. After that, the temperature was increased to 200 °C to dry the gel which in turn burnt out in an auto combustion way
producing loose powders, ash. And finally, the resultant black loose ash powders were collected, grinded and exposed to heat treatment
at distinct temperatures starting from 400, 600, and 800 °C for 1 h. After the calcination, the final product was collected and cate-
gorized as S1, S2, and S3. The synthesis procedure of NiFe;O4 is represented in Fig. 1.

2.3. Characterization techniques

The powder X-ray diffraction patterns of the fabricated materials were recorded out by Rigaku Smart Lab SE, Diffractometer from
Japan operating with a Cu-Ka radiation source of 0.15406 nm, a 26 range of 10°-80° with 10°/min scan speed to identify the crystal
structure and phase composition.

The infrared spectra of the as-prepared samples were investigated by Shimadzu IRAffinity-1S, MIRACLE 10 FTIR spectrometer from
Japan and the analysis was conducted using KBr pellets within a wavenumber range from 400 to 4000 cm ™! at room temperature.

A simultaneous thermal analyzer NETZSCH STA 449 F5 from Germany was used to perform the thermo-gravimetric (TG) analysis,
accompanied by differential scanning calorimetric (DSC) analysis with 10 °C/min heating rate from RT to 1000 °C under Nj
atmosphere.

To investigate the stability of nanoparticles dispersed in aqueous media, the zeta potentials of the synthesized nano nickel ferrites
were measured by HORIBA nano Partica SZ-100-S2, Nanoparticle Analyzer from Japan. For sample preparation, 5 mg of as-prepared
NiFe;04 powders were dissolved in 50 mL of DI water and disseminated for 30 min through an ultrasonic homogenizer.

To estimate the particle size, HORIBA nano Partica SZ-100-S2, Nanoparticle Analyzer from Japan was used where the particle size
distribution was observed in the liquid environment using dynamic light scattering method.

To determine the optical band gap energy and reflectance of the synthesized samples, the DRS spectra were measured by Perki-
nElmer Lambda 1050, UV-visible Spectrophotometer from UK.
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Fig. 1. The pictorial presentation of the synthesis process of NiFe;O4 nanoparticles by auto-ignited sol-gel method.
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The magnetic characteristics and different parameters of the as-prepared nickel ferrite samples were measured by Lakeshore 8604
System, Vibrating Sample Magnetometer (VSM) from USA with an applied magnetic field of +15 k Oe to —15 k Oe at room
temperature.

2.4. Procedure for photocatalytic degradation

The photocatalytic activity of the sample S1 was studied against the degradation of MB, CR, and Rod B dyes to evaluate the
degradation performance of the material. These time-dependent absorbance spectra of CR, MB, and Rod B degradation were recorded
by Hitachi UH5300, UV-Vis spectrophotometer from Japan in the range 400-800 nm and represented by Fig. 2(a—d). The natural solar
light irradiation from 11.00 a.m. to 3.00 p.m. of the day was used to explore the photo degradation efficiency of NiFe,O4 with addition
of 1 mL of 30 % H50-.

To undergo the experiment, in a 100 mL of the 10 ppm of the aqueous dye solution, 0.05 g catalyst was added. After that, the mixer
was reserved in the dark with continuous stirring for 30 min to attain the adsorption and desorption equilibrium between the pho-
tocatalyst and dye molecule. Next, the reaction mixture was irradiated by sunlight with continuous stirring. At a fixed periodic time, 5
mL solution was taken out from the beaker and the decrease in dye’s color and the dye concentration (absorbance) was determined by
UV-Visible spectrophotometer. Finally, the photocatalytic efficiency was calculated using the following Eq. (1),

G

Efficiency (%) = COC;
0

x 100 (€]

here, Cyp = Concentration of dye with catalyst at ‘zero’ time.
C; = Concentration of dye with catalyst after ‘t’ time.
To study the reaction kinetics of nickel ferrite against CR, MB, and Rod B, pseudo-first-order kinetic model was evaluated as follows
Eq. (2) [52].
Ci=Coe™ @
where k is called the pseudo-first-order rate constant (L min™ 1.
By taking logarithm on both sides, Eq. (2), results in:
C
—ln—-=kt
"%, 3

From Eq. (3), considering the linear fitting curve between In (C;/Cp) and time (t), along the Y-axis and X-axis respectively, and
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Fig. 2. Chronological UV-vis spectra of NiFe,O4 for (a) MB, (b) CR, (c) Rod B, and
(d) Comparison of degradation percentage vs time among MB, CR and Rod B.
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comparing with the straight-line eq. y = mx + C, the negative slope of the fitted line is obtained which is equivalent to ‘k’. So, these
reactions were first-order (Fig. 14(b). The adsorption capacity of the synthesized photocatalyst was calculated using following Eq. (4)
[51].

V(G —C)
="y 4

3. Results and discussion
3.1. Crystallographic analysis (XRD)

The X-ray diffractograms of the prepared NiFe;04 samples labeling as S1, S2, and S3 at sintering temperature 400, 600 and 800 °C
are represented in Fig. 3. The X-ray diffraction pattern shows distinct peaks at 20 values of 18.38°, 35.69°, 37.36°, 43.38°, 53.81°,
57.38°, 62.99°, 71.50° 74.58°, and 75.54° which are the characteristic peaks of NiFe;04 and reflected from planes with miller indices
(111), (220), (311), (222), (400), (422), (511), (440), (620), (533) and (622), respectively. Cubic spinel structures of NiFe,04 with was
confirmed by these peak positions which were highly consistent with the standard spectrum of NiFe;04 according to JCPDS standard
card no. 10-0325 [52].

With the gradual increment of the calcination temperature, the relative intensity of the peaks rises gradually, indicating improved
crystalline nature of synthesized NiFe;O4 samples [49,53]. The factor may be attributed to the grain growth of the particles in the
nano-region to reduce the surface energy and higher temperatures favored the activation energy required for nucleation by lowering it
[54].

The sample calcined at 400 °C displayed widened peaks with significant intensity indicating the cubic spinel phase of NiFe;O4 with
small crystallite size. In case of sample S2 and S3, annealed at 600 and 800 °C, sharper peaks were observed signifying larger crystallite
size.

3.1.1. Structural parameters
Using the X-ray diffractograms, the crystallite size of the nickel ferrite particles was calculated from Scherrer’s formula as Eq. (5)
[55,56].

kA
Dc_s- Jp cos 0 (5)
where, D¢ g refers to the crystalline size (nm), k represents a shape-dependent constant with a value of 0.94, and A denotes X-ray
wavelength (A = 0.15406 nm), pp corresponds to the peak width at half maximum intensity (FWHM), and 0 signifies the diffraction
angle based on Bragg’s law.
Microstrain (¢), which is the effect of crystal defects, distortion and lattice mismatch in powder sample can be expressed by Stokes
and Wilson equation from Eq. (6) [55]
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Fig. 3. PXRD patterns of nanocrystalline NiFe,O, powders calcined at 400 °C, 600 °C & 800 °C.
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The dislocation density (8) of nickel ferrite measured from Williamson and Smallman’s formula is given by Eq. (7) [56].

1
°= b7 @

Lattice constant of the nanoparticles ‘a’ was calculated from the XRD pattern by the following Eq. (8) using Bragg’s Law [50].
a—dVF TR E ®)

here ‘a’ is the lattice parameter linked with the respective 26 peak position, and ‘d’ is the inter-planar spacing. The integers h, k and 1
are described as Miller indices [55,57]. The cube of the lattice constant “a” is equal to the cell volume [55] which is expressed in Eq.
9.

v=a® (©)]

The X-ray density (py) of nickel ferrite nanoparticles was calculated using the standard relation given by Eq. (10) [57].

8M
P=N g grn/cm3 (10)
A

where ‘p’ is X-ray density, ‘M’ is the molecular weight, ‘a’ is the lattice constant, ‘N’ is the Avogadro’s number and ‘8’ is the number of
molecules per unit cell. Using Archimedes’ principle, the bulk density ‘py’ of the fabricated nickel ferrite sample was assessed. The
percentage of porosity of nickel ferrite nanoparticles was measured from the following Eq. (11) [57].

p="x"" . 100 % (11)

Pr

The deduced values of crystallite size (D), strain (), lattice parameter (a), volume of the unit cell (V), dislocation density (8), X-ray
density (px), bulk density (pp), percentage of porosity (P) of the synthesized NiFe;O4 particles sintered at different temperatures is
shown in Table 1.

Fig. 4 represents the increase of crystallite size as well as lattice parameter with calcination temperature for the nickel ferrite
samples. The lowest crystallite size is 18.71 nm at 400 °C with 8.3334 A lattice constant and the highest one is 51.52 nm at 800 °C
having a lattice constant of 8.3360 A.

From Table 1, it is clear that the density of X-ray and percentage of porosity in NiFesO4 samples decrease with the rising of
calcination temperature while the lattice constant, unit cell volume and bulk density increase. As particles grow larger with increasing
calcination temperature, so the porosity decreases. Bulk density of NiFe2O4 is less than the X-ray density due to the presence of pores in
the sample, both of which are influenced by the annealing process [57].

3.2. FTIR analysis

FTIR spectral analysis of the investigated NiFe,O4 samples of calcination temperatures 400, 600 and 800 °C have been performed to
confirm the formation of spinel structure in nickel ferrite which are depicted in Fig. 5. From the spectra, it is clearly seen that there are
two main broad metal-oxygen bands are present in the wavenumber ranging from 4000-400 cm ™! which are the characteristics for all
spinel materials, particularly ferrites. The higher frequency band (v;) detected in the range 600-550 cm?, results from the stretching
vibrations of tetrahedral metal-oxygen (Me-O) bond, whereas the lower band (v,) is normally observed in a wavenumber of 450-385
cm ™}, which is arised from the octahedral metal-oxygen (My-O) bond [58]. The observed vibrational modes confirm the presence of
spinel NiFe;O4 phases in all samples. The tetrahedral (v1) and octahedral (v5) bands are tabulated in Table 2. According to Table 2, the
bands associated with v; and vy shift toward higher wavenumbers with increasing calcination temperature, which can be ascribed to
the development of crystallinity of the samples, grain size, with the increase in annealing temperature [54].

Table 1
Effect of calcination temperature on structural parameters.
S. CT Crystallite  Strain, Dislocation Lattice constant, Unit cell volume V,  X-ray Bulk Percent porosity, P
Id “QC) Size, £ x density, a, (A) A3 density, density, (%)
D (nm) 1073 5 x 10™ (lines/ Px (g/cmg) Pb (g/cm3)
m?)
S1 400 18.71 6.04 28.57 8.3334 578.71 5.3821 4.4181 17.91
S2 600 39.18 2.88 6.51 8.3353 579.12 5.3783 4.6844 12.90
S3 800 51.52 219 3.77 8.3360 579.26 5.3770 4.7366 11.91




B. Biswas et al.

Fig. 4. Variation of crystallite size and lattice parameter with calcination temperature.
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Fig. 5. FTIR spectrum of the synthesized samples (S1, S2 and S3).

Table 2
FTIR bands of NiFe,04 sample.

Heliyon 10 (2024) 37199

Preparation technique Temperature, IR bands (cm™%)
°C
V1 V2
400 412.59 595.62
Sol-gel auto combustion 600 420.40 596.21
800 421.28 597.80

3.3. Morphological analysis

The morphology and texture of the prepared powdered nickel ferrite samples calcined at three distinct temperatures were
examined by SEM, which are displayed in Fig. 6. The SEM micrographs revealed that the resultant nano crystallites which are smaller
grains-like particles were of irregular shape, dense surfaces and huge agglomeration [55]. Since the particles are huge clustered, so the
concrete particle size as well as distribution from SEM analysis was not possible. The degree of agglomeration of NiFe304 samples
increased as the calcination temperature due to the increased surface energy of NiFe;04 nanoparticles having high surface area as well
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Fig. 6. SEM micrographs of NiFe;O4 samples (S1, S2, and S3).

as strong magnetic dipole-dipole interactions among the nanoparticles and leading to large particle size [59]. Consequently, the
porosity of the samples was decreasing with increasing temperature which was in agreement with the results recorded in Table 1 [57].

3.4. Nanoparticle size analysis

At the room temperature (25 °C), the sizes of the particles as well as size distribution for NiFe;O4 powders in colloidal solutions was
measured by nano-particle size analyzer which are shown in Fig. 7. Table 3 summarized that the NiFe;O4 nano particles are poly
dispersed with a diameter of 291.3 nm-393.8 nm for the samples calcined at 400 °C and 800 °C respectively.

The mean particle sizes of the prepared NiFe;O4 particles have increased as the calcination temperatures rises which are in
consistent with the results from XRD. As DLS method measures the hydrodynamic diameter of a particle arised from Brownian motion,
that’s why the hydrodynamic diameter obtained from Nanoparticle Analyzer is always bigger from the desiccated diameter from SEM
micrographs [57].

3.5. Thermal stability

To observe the structural decomposition of the intermediate product, such as the weight loss, evaporation, phase transformation,
etc. during the thermal course, resulting from the sol-gel auto combustion method, thermo-gravimetric analyzer was used with a
ramping rate of 10 °C/min which are depicted in Fig. 8(a) [60]. A substantial mass change of 1.28 % was occurred from room tem-
perature to around 210 °C, due to loss of interstitial water, accompanied by an endothermic peak in the DSC curve within the region as
shown in Fig. 8(b). A steep decline of weight loss of 3.20 % was seen in the range of 210-425 °C, as a result of the evaporation of CO,
led to an exothermic peak in the DSC. Weight loss occurred between 400 and 1000 °C as a consequence of structural change to NiFesO4.
The conversion of spinel phase of NiFe;O4 was occurred at temperature 541.1 °C, confirmed by an exothermic peak in DSC. The
residual mass of NiFe;04 was 95.04 %.

3.6. Zeta potential analysis

The zeta potential, a very important parameter for colloidal dispersions, measures the electrostatic attractions and repulsions
between particles in a solvent. Fig. 9 demonstrates the results for all synthesized NiFe;04 samples in liquid medium with neutral pH,
exploring the electrical potential of the nanoparticles. It is already established that samples possessing zeta potential value above +30
mV or below —30 mV, are considered as the stable particles in the dispersion medium.

The obtained data demonstrates that the samples S1 and S2 display a high level of steadiness in the solvent with zeta potential value

60 P
— 50 —e—S1
S
= 40 - ——$2
5 30
= ——S3
g 2
=

10

0

100 250 400 550 700

Diameter (nm)

Fig. 7. Nanoparticle size distribution NiFe;O4 samples (S1, S2 and S3).
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Table 3
Particle size distribution results of synthesized NiFe,O4
particles.
Sample ID Average Particle Size (nm)
S1 291.3
S2 352.5
S3 398.8
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Fig. 8. (a) TG and (b) DSC graph of NiFe;0, intermediate.

of —36.5 mV and —38.8 mV while the sample S3 possess the zeta potential value of —23.1 mV being unstable in the dispersion medium.

3.7. Optical properties

3.7.1. Absorbance and band gap energy

To reveal the optical properties of NiFe;O4 nano structures, UV-Visible spectroscopy was used. Diffuse reflectance spectroscopy
(DRS) method accompanied by Kubelka-Munk function which is employed mainly for investigating powder samples was used for
estimation of the optical band gap energies (E) of the obtained samples. Fig. 10(a-b) illustrated the percentage of reflectance (R) and
absorbance (K-M) as a function of wavelength (A) for the NiFe;O4 powder samples at different temperatures in the visible range of
400-800 nm. All the nanoparticles exhibited significant reflectivity and broad absorption bands in the range of 400-800 nm and the
significant increase of intensity of the peak in the red region (620-780 nm) with the rise of calcination temperatures suggests their

application in photocatalysis and other optical devices [59,61].

In general, the energy required for electrons to transit from the valence band to the conduction band is known as band gap energy
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Fig. 9. Zeta potentials of NiFe,O4 nanoparticles (S1, S2 and S3) at different calcination temperatures.
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Fig. 10. UV-Visible (a) reflectance (R) spectra and (b) absorbance (Kubelka-Munk) spectra.

and is directly proportional to the band gap of ferrites [45]. Therefore, the 2p valence band of O and 3d conduction bands of Fe in
NiFe304, can be attributed for this electronic transition in the DRS response [54].
Thus, the Kubelka-Munk (K-M) function, related to the absorption coefficient is expressed as follows Eq. (12):
(1-R)’
FR)=a=——"— 12

(Ry=a =" (12)
where, F(R), a, and R stand for Kubelka-Munk function, material’s absorption co-efficient and reflectance. A relationship between o
and Eg is given by the Tauc plots as follows Eq. (13),

aho=A(ho — E,)" 13)
By replacing a by F(R), and therefore, eq (13) can be written as follows Eq. (14),

F(R)hv = A(hv - E,)" a4
where A = proportionality constant, hv = photon energy, and Eg = optical band gap energy. The exponent n can take a value of 2 or ’,
depending on the nature of electronic transition. Usually, n is considered as 2 for indirectly allowed transition, while n is 1/2 for
directly allowed transition. As spinel ferrite possess a direct band gap (n = 1/2) [60], hence Eg is determined from the linear absorption

edge part with the energy axis of the graph (ohv)? vs hv, as illustrated in Fig. 11. The difference of the estimated values of Eg for nickel
ferrite nanoparticles as an extent of the calcination temperatures is given in Fig. 11 which clearly shows a decreasing trend with

10
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Fig. 11. The optical band gap energy of NiFe,O,4 nanoparticles.

increasing crystallite size.

3.8. Magnetic studies

Fig. 11 shows the room temperature (25 °C) dependence of the magnetization M (emu/g) of NiFe;O4 nanoparticles with the help of
applied magnetic field H (Oe) of —15 to 15 K Oe i.e. M — H hysteresis loops, investigated by vibrating sample magnetometer (VSM).
The M — H curve (Fig. 12) indicates that all these nanoparticles exhibit the ferromagnetic behavior. Different magnetic parameters like
saturation magnetization (Ms), remanent magnetization (Mr), coercivity (Hc) and squareness ratio (Mr/Ms) obtained from the hys-
teresis curve are summarized in Table 4.

80
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Fig. 12. M — H loops of nanocrystalline NiFe;04 powders prepared from self-ignited sol-gel method.
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Table 4

Magnetic parameters of NiFe,O4 nanoparticles measured from VSM at room temperature.
Sample ID Ms (emu/g) Hc (Oe) Mr (Oe) K Mr/Ms n
S1 40.06 1.4 7.37 58.421 0.184 1.681
S2 44.98 1.76 8.1 82.463 0.180 1.888
S3 66.81 4.13 12.94 287.422 0.194 2.804

The obtained saturation magnetization as well as coercivity for NiFe;O4 nanoparticles show a consistent rise in temperature as the
sintering temperature increases, similar to the recent studies [62,63], which can be explained by some aspects for example; particle
size, grain growth, domain structure, and cations distributions between tetrahedral and octahedral sites during the calcination process
[63,64]. However, a big magnetic particle possesses a multiple domain structure abide by domain walls that divide the areas of
consistent magnetization. The development of domain wall is dynamically favored when the energy needed to generate a domain wall
is smaller than the variance between the magneto-static energies of the single-domain and multi-domain states [54]. Therefore, in this
circumstance, the particle size as well as coercivity is increased to extent of increasing sintering temperature.

Moreover, the squareness ratio (S = Mr/Ms), used to evaluate the inter- and interexchange interactions between grains was also
estimated using the hysteresis loop, According to Stoner and Wohlfarth’s theory, particles are non-interacting and randomly oriented
when the squareness ratio S equals 0.5, while S is less than 0.5 for particles reacting via magneto-static interactions [60]. In this work, S
is quite lower than 0.5 for all samples, signifying magneto-static actions as well as single domain nature of the synthesized NiFe;O4
samples, thereby supporting the growing tendency of coercivity with the growth of particle size owing to increased calcination
temperature.

The values of magnetic moment (ng) per formula unit in Bohr Magneton (uB) and magnetic anisotropy (K) of as-prepared samples
were also calculated using the following Eq. (15) and Eq. (16) [59].

MW x M
2T 1
5585 1s)
M, xH,
= 1
0.96 (16)

Here, the molecular weight of the sample is denoted as MW and Ms is the saturation magnetization.
4. Application studies
4.1. Photocatalytic activity

The photocatalytic performance of nickel ferrite to breakdown organic harmful dyes was tested using MB, Rod B and CR dyes under
sunlight irradiation. Here nickel ferrite nanoparticles with the lowest band gap energy was chosen to perform the experiment as the
electron (e )-hole (h™) generation would be easier in this sample than the others samples. The catalytic breakdown of MB, Rod B and
CR dyes was performed at 32 + 2 °C temperature under the sunlight with addition of 1 mL 30 % Hy0. There are several parameters
that affect the degradation process. Among them, the amount of catalyst to be used for photocatalytic experiments was optimized with
catalyst dosages ranging from 0.025 g to 0.075 g and keeping the dye concentration fixed at 10 mg/L for 240 min. With the increase of
catalyst amount, the percentage of MB, Rod B, and CR degradation increased which is represented in Fig. 13 [56].

For MB, the maximum degradation percentage was found for 0.05 g catalyst, which was 0.075 g for both Rod B and CR dyes.

Degradation percentage (%)

30 T
20

T T
0.025 0.050 0.075

Catayst Weight (g)
Dye Concentration = 10 ppm, Time = 240 min

Fig. 13. Variation of degradation percentage with catalyst amount.
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Fig. 14. Time dependent degradation efficiency graph between MB, Rod B and CR.

However, the catalytic effectiveness of 0.075 g NiFep0O4 against 10 ppm Rod B and CR dyes is not significant compared to 0.05 g. The
results suggest that at this particular concentration of dyes, the catalytic activity of the NiFe,O4 catalyst is most efficient when using
0.05 g of the catalyst material. So, the optimal catalyst weight for 10 ppm dye concentration was determined to be 0.05 g.

The percentage of degradation of the MB, RhB, and CR dyes using synthesized NiFe;O4 nanoparticles are represented in Fig. 14.
While carrying out the reactions, a hypochromic shift was noted with time, for each of the three mentioned dyes, indicating the
decrease in the absorbance as well as concentration of MB, CR, and RhB [65]. The CR dye’s degradation rate was initially faster than
the other two dyes. But, after 90 min, the catalyst S1 degraded more MB dye than Rod B and CR and continued the trend till the end.
Around 90.22 % of MB and 90.09 % of CR dye was degraded within 120 min, while it was 80.20 % for Rod B. The degradation
percentage of Rod B was found not to change significantly from the other two dyes from the very beginning. The spectra displayed that
the complete decomposition of MB, CR, and RhB dyes against the S1 sample was achieved in 240 min of natural solar light irradiation,
which was calculated to be 98.51 %, 95.99 %, and 87.80 %, respectively.

The catalytic effectiveness of NiFe,O4 was found to be the maximum for MB dye among the three dyes confirming that the
degradation of MB depends extremely on what type of catalyst is used. As the photocatalytic activity depends mainly on the electron-
hole (e /h™) pairs production through band gap upon visible light radiation, inducing a redox process with dye molecules adsorbing
on the photo catalyst’s surface. In this experiment, the synthesized nickel ferrite sample (S1) has a narrow band gap energy compared
to the bulk one (2.2 eV) [65]. The increased surface area of S1 was induced and governed from surface to volume proportion of the
nano-size of the studied sample, which has made NiFe;O4 a more potential candidate in organic dye removal from wastewater.

4.2. Stability and recovery studies

The synthesized photocatalyst was chosen to evaluate the recycle and recovery experiments against MB dye which are considered
as the first condition for any catalyst. Being magnetic catalyst, NiFeoO4 nanoparticles were easily recovered each time after MB photo
degradation process to carry out the recycling experiment. Every cycle involved separating the suspension from the solution using an
external magnetic field, followed by repeatedly washing with ethanol and distilled water, and finally dried in the oven [65]. Following
the same steps mentioned above, the recovered photocatalyst was employed for three times to breakdown MB as a model in order to
examine the photostability and reusability of the as-prepared photocatalyst. The degradation efficiency in three successive days were
98.51 %, 96.32 %, and 93.57 % respectively. As demonstrated in Fig. 15, there was little change in the degradation percentage which
was likely to occur during the recyclability process. Therefore, NiFe,Qy is found very effective in long-term dye degradation process
because of having great stability, magnetic properties and easy recovery process from the catalytic system.

4.3. Chemical kinetics

The kinetic data obtained for MB, Rod B, and CR photodegradation were plotted in coordinates (C¢/Cp)/t and -In (C;/Cy)/t and are
represented in Fig. 16(a-b). The rate constants values calculated from the slopes of the linear fits and regression coefficient (R?) are
recorded in Table 5.

The values were found to be in the range of 0.95-0.99. As the value of regression coefficient are almost close to 1, so all the
degradation processes follow the pseudo-first-order kinetics. The rate constant (k) values for MB, CR, and Rod B degradation reactions
with S1 were found to be 0.0149, 0.0135, and 0.0090 min !, respectively. The S1 sample showed the highest k value in MB with higher
regression coefficients (R?), followed by CR and RhB. To evaluate, it is important to note that the S1 catalyst can degrade MB (19.59
mg g~ 1) in 240 min while it is 17.15 and 18.68 mg g~ ! respectively for Rod B and CR dyes.
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Fig. 16. Kinetics of photo degradation process of MB, Rod B and CR
(a) Cy/Cy vs. time (b) Pseudo-first-order kinetics of -In (C;/Cop) vs time.
Table 5
Kinetic data of photodegradation of NiFe,04 nanoparticles.
Photocatalyst Dye Time (min) % Reaction Rtae, k (min~1) R? qe (mg/g)
Degradation
S1 Methylene Blue 240 98.51 0.0149 0.9959 19.59
Rhodamine B 240 87.80 0.0090 0.9531 17.15
Congo Red 240 95.99 0.0135 0.9706 18.68

4.4. Active species and possible degradation mechanism insight

As represented in Fig. 17, NiFe;O4 being a heterogeneous photocatalyst absorb photons having energy above or same as the band
gap energy of the catalyst, when exposed to visible light. An electron (e”) from the valence band (VB) of NiFe;04, jumps to the
conduction band (CB) leaving a hole (h™) behind (Eq. (17)). The electrons in the CB interact with the absorbed O; in the medium,
leading to superoxide radical anion (eO3) through a reduction process, which further results in the formation of the potent oxidizer
OHe radicals to degrade the dyes by reacting with H,O5 or attacking the dye molecules (Eq. (18)—(21)). On the other hand, OHe
radicals are also produced from the VB through reactions with H,O and h*, which is responsible for degrading dyes (Eq. (22) and (26)).
Additionally, the Fe>" ions in NiFe;04 can potentially undergo a reaction with H,Os to be reduced to Fe*" which subsequently reacts
with HyO» to produce the more potent oxidizing agent OHe [64] (Eq. (24)—(26)). Therefore, hydrogen peroxide (H2O5) additionally
plays a pivotal role in enhancing the degradation reactions by increasing the concentration of OH- through catalytic decomposition and
reduces the recombination time of charge carriers [64]. (Eq. (23)).

From the above-discussed results, all three dyes MB, CR, and RhB were found to be degraded by nickel ferrite; which occurs through
Fenton reaction (in the presence of Fe** and H,0,), accompanied by Photo-Fenton reactions (owing to visible light irradiation). Based
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Fig. 17. Photodegradation process of MB, Rod B and CR dyes by NiFe,O4 under visible light.

on these results from the experiments, a viable mechanism of photo-sensitized catalytic degradation of organic dyes by NiFe,O4 was
deduced (Fig. 17). Initially,

NiFe;04 + ho—NiFe;04 (hy; + eg;) a7
e +0, - o0, (19)
¢0, + Dye (MB, Rod B and CR)— Degraded Products (CO,,H,0) (20)
.OE + H202—> OHe + OH + Oz (21)
h" + H,0— OHe 22)
e +HO,— OHe + OH (23)
Fe’" + H,0, — Fe** + H" + HOy (24
Fe*" +H,0, — Fe*" +OH" + OH~ (25)
Table 6
Comparison of the current research with the literature.
Sample Synthesis procedure Dye Source Time Degradation efficiency Ref.
(min) (%)
ZnFe,0,@ graphene Hydrothermal method Congo Red Xenon 240 88.66 [66]
nanosheets lamp
NiFe,04@ graphene oxide  Sol-gel auto-combustion Methylene Blue UV lamp 150 90.84 [67]
method
NiFe,04/Zn0O Ultrasonication method Methyl orange Methylene  Sunlight 40 49.2 [68]
Blue Sunlight 40 44.40
MnFe,04 Co-precipitation route Acid violet 7 Visible 80 49 [69]
light
ZnFe,04 Combustion method Malachite Green Visible 60 64.3 [45]
light
MgFe,04 Co-precipitation route Methylene Blue Visible 240 89.73 [70]
light
SrFe 5019 Chemical co-precipitation Methylene Blue Visible - 90.2 [71]
light
CoFe,04 Co-precipitation route acid violet 7 visible 80 41 [69]
MB light 81
CuFey04 Auto combustion Rhodamine B Visible - 94 [72]
light
CaFe,0,4 Solution Combustion Evans blue Visible 90 98.11 [73]
light
NiFe;04 Sol-gel Auto Combustion Methylene Blue Visible light 120, 240 90.22, 98.51 Present
Congo Red 120, 240 90.09, 95.99 work
Rhodamine B 120, 240 80.20, 87.80
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OH e + Dye (MB,Rod B and CR)— Degraded Products (CO,, H,O) (26)

4.5. Comparative studies

A detailed comparison between photocatalytic activity of NiFe;O4 of the current research with other ferrites and other nickel
ferrites synthesized by other methods has been carried out with the existing literature which include the synthesized material, syn-
thesis procedure, lighting source, time, as well as its degradation efficiency to understand the impacts of current research (Table 6).

5. Conclusion

In current research work, the influence of calcination temperature on the structural, magnetic, optical properties and photo-
catalytic activity of nano crystalline nickel ferrite particles has been investigated. The successful synthesis and characterization of as-
synthesized NiFe;O4 nanoparticles obtained by the sol-gel auto combustion method were revealed by several physical methods such as
XRD, FTIR, SEM, Particle and Zeta Sizer, STA, VSM, and UV-Visible spectrophotometer. The thermal treatment at distinct tempera-
tures of 400, 600, and 800 °C wields a substantial impact on various properties of NiFe;O4 with the same composition. The formation of
pure cubic spinel structure of NiFe;O4 nanoparticles with crystallite sizes ranging from 28.01 to 320.97 nm was determined by XRD
analysis. The FTIR spectra confirmed the formation of metal-oxygen bonds at tetrahedral (600-550 cm’l) and octahedral (450-385
cm ™) sites of NiFe,0,4. The increment of particle sizes with sintering temperatures was revealed by SEM, along with a particle size
analyzer. The combined results of TG and DSC showed the thermal behavior of the intermediate sample. A high colloidal stability
dispersion medium was suggested by zeta potential measurements. The UV-visible spectra of prepared samples confirmed that the
materials were visible active with the band gap energies ranging from 1.45 to 1.43 eV arised from direct transitions. The dependence of
saturation magnetization, coercivity, remnant magnetization on the sintering temperature was explored by VSM. Furthermore, the as-
fabricated ferromagnetic NiFe3O4 nanoparticles possess single domain, which was confirmed by the value of coercivity and squareness
ratio. The catalytic activity of NiFe,O4 nanoparticles calcined at 400 °C was tested against MB, CR, and Rod B where nickel ferrite
showed the best results for methylene blue due to the lowest size, large surface area and low band gap energy of the prepared sample.
The obtained nanocrystalline NiFe,O4 powders were capable in speeding up the catalytic breakdown of the mentioned pollutants
under visible light radiation. From these investigations, it can be concluded that the obtained results confirmed that temperature has a
great impact on nickel ferrite nanoparticles and the resultant properties of NiFe;O4 compromise of potent applications in dye
degradation of textile effluent.
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