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ABSTRACT 
In this paper the spinel catalyst NiFe2O4/TiO2 and NiFe2O4/ZnO prepared using high energy 
planetary ball-mill subjected to dye waste water treatment is reported. Catalysts were characterized 
by XRD, SEM, EDS, FTIR, LCMS/MS and Band-gap techniques etc. Activity of spinel catalyst were 
carried out under UV-light photocatalytic reactor using RB21 dye. The samples were collected and 
analysed by COD degradation and UV-visible spectrophotometer for color removal. The products 
formed after 240 min of dye degradation were identified. Spinel ferrites are having magnetic property 
which can be easily separated from the suspension with the help of external magnetic source and can 
be reused for the next cycles. Kinetic study shows the first order reaction kinetics in terms of COD 
degradation. 
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Abbreviations 
RB21   : Reactive Turquoise blue dye 
RG        :  Reactive grinding 
COD        : Chemical oxygen demand 
XRD        :  X-ray diffraction 
FTIR       :  Fourier transform infrared 
SEM        :  Scanning electron microscopy 
EDX        :  Energy dispersive x-ray 

spectroscopy 
LCMS     :  Liquid chromatography/mass      

spectrometry 
UVNIR    :  UV-near infrared 
ZnO         :  Zinc oxide 
TiO2             :  Titanium oxide 
NiFe2O4    :  Nickel ferrite 
•OH         :  Hydroxyl radical 

INTRODUCTION 
The removal of poisonous contaminants from 
water and wastewater remains challenge for 
industrial and municipal wastewaters as the 
worsening of global environment is concern 
due to inorganic and organic pollutants.1 
Removal of azo dyestuffs generated from the 
textile, paper, food, cosmetic, and pharma- 
ceutical industries remains a challenge in the 

wastewater treatment.2 Solar energy 
considered as one of the most hopeful 
renewable energy owing to its endless supply 
of energy and considered as the key to solve 
environmental problems as well as energy 
demand. So it is widely studied by the 
researchers to degrade industrial dyes using 
natural sunlight and artificial UV and visible 
light photocatalytic reactors. Photocatalytic 
semiconductor used in industry are TiO2 and 
ZnO been widely used with shortcomings of 
low efficiency under visible light irradiation, 
difficulty in collecting after used.3-5 Catalyst 
removal efficiency and stability becomes the 
main limitation for the application in water 
treatment.6,7 Use of TiO2 phases have 
drawbacks such as small photons absorbed in 
visible region with need of UV light, high 
recombination for electron hole pairs, 
performances by loading, doping with species 
often work as recombination, deactivation, 
difficulty to support TiO2. The TiO2 proved to 
be most extensively used photocatalyst due to 
high photo-activity, low cost, non-toxicity, 
high oxidation ability and high chemical 
stability.8-10 Heterogeneous photocatalysis 
widely used for water and wastewater *Author for correspondence 
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treatment due to their cost effective technology 
for degrading organic pollutants.The use of 
spinel type compounds offers several 
advantages and replace the use of simple 
oxides such as TiO2, ZnO.11 The TiO2 based 
samples doped or loaded with transition metal 
rare earth species and sensitized with metal 
free phthalocyanines, porphyrins and various 
dyes are reported. Spinel having ferromagnetic 
property (MFe2O4, M=Ni, Zn, Mn, Cu, Co) 
show a photocatalytic performance due to 
narrow band gaps near 2 eV which can be 
magnetically separated and stable catalyst.12,13 
Among nickel ferrite having important soft 
ferrite materials low conductivity and high 
electrochemical stability. Bare NiFe2O4 have 
poor efficiency under UV-visible light 
irradiation and to enhance its photocatalytic 
activity the metal loading, blending with other 
material, metal doping is done. Metallic ores, 
minerals, cement and various other solids used 
in ceramic, chemical industries use size 
reduction in ball mills with specific energy 
consumption value of these material sranges 
from 5 to 50 kWh/ton for grinding.14 Where 
the coprecipitation and sol-gel techniques 
result in large particles and a broad size 
distribution also having drawbacks like high 
pH sensitivity, severe drying, complex 
techniques use expensive precursors.15 In 
industrial uses there are several types of mills 
available.16 Planetary ball milling technique 
used for structural properties to grind materials 
into nanoscale, extensive plastic deformation 
for mechanical activation. Ball milling a well-
known method carried out in the absence of 
solvents and eco-friendly as compared to 
common methods of preparation for metallic 
powders reduce the crystallite size to 
nanometer range with catalyst effectively.17,18 
Also been applied for the synthesis or 
activation of several catalysts.19 The 
conventional wet chemical method used 
requires higher cost with low yield, high 
temperature and complicated chemical 
synthesis making methods undesirable with 
(>1273 K with >10 h) to produce nano-size 
particle.20 Solid catalysts preparation via 
coprecipitation industrially relevant leads to 
release large amounts of wastewater containing 
environmentally harmful pollutants. The metal 

nitrates use as precursors are inexpensive and 
soluble in water removed at intermediate 
stages by washing the solids with water is a 
major limitation which requires extensive 
wastewater purification.21 The high energy 
planetary ball milling involves multiple 
deformations, fragmentation, cold-welding, 
agglomeration, and the recrystallization, 
crystallization and heterogeneous chemical 
reactions.22 In mechano-chemical uniform 
mixing of charge materials in the milling vial 
by repeated fracture, cold welding, plastic 
deformation due to their collision with the 
balls of particles.23  

AIMS AND OBJECTIVES 
Synthesis routes that reduce or eliminate 
generation of nitrate pollution in wastewater 
are highly desired towards the greener catalyst 
production processes. In present study 
synthesis of spinel catalyst by mechano-
chemical process that includes high energy 
planetary ball milling technique with 
advantages of low cost, high yield, and room 
temperature is employed. In order to increase 
the efficiency of TiO2 its composite was 
synthesized using NiFe2O4/TiO2, NiFe2O4/ZnO 
to increase its efficiency in separation from 
suspended solution and to improve band-gap 
for photocatalytic degradation process. 
Photocatalytic degradation of RB21 dye in 
terms of % COD and % color were identified 
with intermediates products using LC/MS is 
reported in this paper. Spinel having magnetic 
property can be easily separated from 
suspension and reused for four time without 
any further treatment. Reaction kinetic study 
shows the first order reaction mechanism in 
terms of COD removal. The attention will be 
devoted only to environmental remediation in 
the photocatalytic degradation of dyes. 

MATERIAL AND METHODS 
Chemical reagents were of analytical grade and 
used as received without any purification. All 
the experiments were performed using 
deionized water. NiO, Fe2O4, ZnO, TiO2 80% 
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anatase 20% rutile. The Reactive Turquoise 
Blue dye (RB21) generously provided by 
International Welspun India Ltd, Vapi. High 
energy planetary ball mill is designed and 
fabricated indogeneously in our laboratory. 
UV-photocatalytic reactor was purchased from 
Lelesil innovative system India Ltd, Mumbai. 
Catalyst preparation 
The efficiency of planetary ball mill depends 
on the appropriate tuning of a milling variables 
like number and size of the balls, jar design, 
revolving parts. (Fig. 1) The ball milling 
process was carried out using a high energy 
planetary ball milling equipped with 
cylindrical vials of 67.5 mm inner diameter 
and 71.5 mm height and 250 mL of volume 
made of hardened chromium steel with balls. 
The vials contain a pipe open to air for the 
oxidation to the powder for mechano-chemical 
reaction during milling. The balls used for 

milling are of different shaped (07 ball of 5 
mm with 4.16 g weight, 07 balls of 7 mm 
11.40 g weight and 04 balls of 9.5 mm 28.67 g 
weight each). The 50% of the jars was kept 
empty for proper homogeneous mixing. The 
ball mass-powder ratio was fixed at level 15:1. 
Planetary ball mills consist of two jars rotating 
both around its own axis on the sun-wheel. The 
solid state reaction Ni: Fe2O3 to prepare 
NiFe2O4 composite with TiO2 of affixed ratio 
1:1 was mechanically synthesized. The rotation 
speed was fixed at level jar:350 rpm and sun-
wheel 200 rpm. At room temperature without 
any heat treatment the mechanical milling of 
the catalyst was carried out for 11 h. The same 
procedure was followed for the preparation of 
composite NiFe2O4/ZnO. As reported by 
Vittorio Berbenni et al.,  milling the mixture of 
NiO and Fe2O3 was milled for 1 h to 20 h in 
order to obtain NiFe2O4. 

  
 
 
 
 
 
 
 
 
 

Fig. 1 : Mechano-chemical activation of spinel catalyst preparation by high energy planetary   
ball milling 

Catalytic test 
The catalysts were evaluated in batch type UV-
photocatalytic reactor. The catalyst powder of 
0.8 g was added to the RB21 dye concentration 
of 50 mg/L. The 500 mL of solution was taken 
in the reactor with continuous stirring of 550 
rpm at room temperature. The solution pH 
maintained at neutral. The room temperature 
was maintained. The reaction time of the dye 
degradation was 30 min in dark for adsorption 

and 240 min irradiation. The samples were 
continuously drawn out for irradiation at 60, 
90, 120, 150, 180, 210 min time interval       
and   final   sample was  collected  at  240  min. 
The products were analysed by using COD and 
UV-visible spectrophotometer. 
Characterization 
The physical and chemical properties of 
ferrites are reliant on the site, nature and 
amount of metal integrated in the. The powder 
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characterization XRD using X-pert MPD 
system (Philips) in the 2 h range of 10-80° with 
CuKa radiation (k = 0.15406 nm) used. Fig. 2 
shows XRD patterns of the powders with the 
phase transformation after 11h milling. As 
reported by Maria M et al., during milling the 
free energy in the crystal lattice is introduce to 
fracturing, deformation and welding the 
metastable phase.24 The crystallite size of 
NiFe2O4/TiO2 and NiFe2O4/ZnO spinel was 
calculated using the Debye-Scherrer equation, 
D = Kλ/βcosθ,  
where,  
K = constant 0.9,  
λ = wavelength of CuKa radiation,  
β = full width at half maxima of XRD peak.   

By increasing the milling time the crystallinity 
increases with broadening of the peak at 
2ϴ=25°, 35°, 36°, 37°, 38°, 43°, 48°, 53°, 55°, 
62°, 68°, 70°, 75° and 82° in NiFe2O4/TiO2   
and in NiFe2O4/ZnO the 2ϴ=18°, 30°, 31°, 34°,  
35°, 36°, 37°, 43°, 47°, 53°, 56°, 62.5°, 62.8°, 
66.3°, 67.9°, 69.07°, 73°, 77°, 78° and          
89°. The analysis revealed that NiFe2O4/    
TiO2 spinel phase with (JCPDS card no : 04-
014-8515)  and  NiFe2O4/ZnO (JCPDS card    
no : 01-080-7099). At highest intensity           
100% for NiFe2O4/TiO2 at 2ϴ=25.30° the 
crystalline size calculated is 60.60 nm          
and for NiFe2O4/ZnO at 2ϴ=36.23° is 73.80 
nm.

 
Fig. 2 : XRD patterns of the spinel prepared by high energy planetary ball milling 

The FTIR spectra were recorded in KBr pellets 
instrument at 400-4000 cm-1 range using 
Perkin Elmer (G-FTIR). Intrinsic stretching 
vibrations of metal at tetrahedral sites and 

octahedral metal in ferrospinels can be seen as 
reported by author.25-30 Fig. 3 shows highest 
band at 476 cm-1 and 500 cm-1 are assigned to 
metal ions.  

 
Fig. 3 : FTIR spectra of spinel prepared by high energy planetary ball milling 

-
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The morphologies were obtained using (SEM) 
of Hitachi S-3000N, Japan. Fig. 4 shows the 
SEM image for comparison of size, shape and 
morphology.  As   dye  degradation  begins the   
round  smooth spherical shaped small particles of 
spinel w as observed. These surface are smooth 
with equally distributed. Elemental  distribution 

(EDS)   using 1430 VP (Carl Zeiss) and LEO 
44 I (JEOL) is shown in Fig. 5. The surface 
composition of particle which  was  as  milled  
for 11 h in high energy ball   mill  could  be  
obtained.  After   reaction oxygen peaks were 
found to be appeared then the other peaks 
spinel catalyst NiFe2O4/TiO2. 

 
Fig. 4 : SEM images of spinel prepared by high energy ball milling 

 
Fig. 5 : EDS analysis of milled spinel 

Band gap analysis carried out using UV-VIS-
NIR spectrophotometer (Agilent, Carry 5000) 
by scanning in 200 to 800 nm range. Band-   
gap is most important in photocatalytic 
treatment of water. Current exploring             
the highly active photocatalysts with narrow 
band-gap which function in the visible        
light region. The catalyst having narrow band-
gap have highest degradation efficiency        

and can work in UV and visible range         
with maximum radicle formation due to its 
narrow band-gap. According to literature    
ZnO-3.0 Ev, TiO2-3.2 eV, 3.37-eV, WO3-2.8 
eV, CdS-2.42 eV. The TiO2 based 
photocatalysts has attracted attention of many 
researchers to develop such TiO2 which    
works in visible and UV light electromagnetic 
spectrum where sun’s total irradiation lies       
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in 42% . Band-gap of bare NiFe2O4 reported    
is 1.53 eV. Fig. 6 shows the band-gap analysis 
of NiFe2O4/TiO2 is 1.67 eV and NiFe2O4/ZnO 
is 3.36 eV calculated using optical  band      
gap (eV): B = hc/λ, where  
h = plank constant (6.62*10-34) joules.sec.,  
c = speed of light (3.0*108) m/s,  
λ = wavelength, eV=(1.6*10-9) joules. 

Photocatalytic mechanism 
The photocatalytic process is pH dependent 
and follow the •OH radicals mechanism. The 
•OH radicals cannot be generated under dark 
when sample was kept for 30 min which is 
agreement with results reported by Minhua    
Su et al. The spinel NiFe2O4 composite 
prepared   using   TiO2   and   ZnO  synthesized   

 
Fig. 6 : Band-gap analysis of spinel prepared by high energy planetary ball milling 

using high energy planetary ball milling 
exhibited very good results. The prepared 
spinel having capacity to degrade RB21 dye 
effectively. According to authors pH is the 
important parameter of water quality since it 
affects the chemical reaction, solubility and 
toxicity affecting aquatic life. So our present 
study to achieve good photocatalytic reaction 
the solution pH is overall kept neutral. After 
240 min degradation the UV-visible spectra 
shows peak at λmax=240 nm shows benzene and 

λmax=330-290 nm naphthalene ring and main 
chromophore group (N=N) responsible for blue 
color  of  dye at λmax=620 nm. As shown in 
Fig. 7 the degradation of RB21 dye at 
wavelength of λmax=620 nm (azo group) shows 
the change in absorbance. As time increases 
from Tinitial=0 min (fresh dye), Tdark=30 min, 
Tirradiation=240 min gradually dye gets degraded. 
The initial absorbances of RB21 decreases at 
620 nm and completely removal of peak is 
observed after completely removal of color. 

 
Fig. 7 : UV-visible spectral change of RB21 with reaction time in the spinel catalyst under UV-

photocatalytic reactor (reaction condition : RB21 concentration=50 mg/L, 500 mL solution, pH=7, catalyst 
dosage=0.8 g, reaction time 240 min) 
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Photocatalytic degradation of RB21 dye 
using spinel catalyst 
The  performances  of  RB21  dye degradation 
using NiFe2O4/TiO2 shows 75% COD 
degradation followed by 99% color removal 
and NiFe2O4/ZnO 60% COD and 80% color 
removal. First the sample kept in dark for 30 
min for adsorption/desorption so that high 
amount of radicles are formed. As soon          

as the sample irradiated under UV light         
the degradation of COD reduces gradually.    
As shown in Fig. 8 and Fig. 9 using NiFe2O4 
/TiO2>50% color could be removed in dark 
after 30 min and on UV irradiation 99% after 
240 min degradation. Whereas using 
NiFe2O4/ZnO only 10% color could be 
removed in dark and 80% after 240 min 
irradiation. 

 
Fig. 8 : Efficiency of RB21 and COD degradation in UV-photocatalytic reactor under spinel catalyst 

 
Fig. 9 : Efficiency of RB21 and colour removal in UV-photocatalytic reactor under spinel catalyst 
Identification of the possible intermediates  
The identification of the degraded products 
generated during photocatalytic reactions was 
carried out using LC Waters, MS micromass 
Fig. 10 shows liquid chromatographic system: 
(RB21 without treatment and with treatment 
using spinel catalyst). The degradation of 
RB21 was followed by monitoring the UV-vis 
spectral changes of RB21 as a function of the 

reaction time in the NiFe2O4/TiO2 system 
under UV light followed by COD degradation. 
The intermediates may have no absorption at 
the selected wavelengths but COD levels in 
reaction solution can be used to find the 
presence of organics left to degrade and which 
products formed. The process of dye 
degradation was increased by the attack of •OH 
radicals through the cleavage of the azo bond 
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and mineralized to CO2 and H2O. Liquid 
chromatography of RB21dye without 
degradation shows the peak at retention time 
RT = 0.21, 0.52, 2.54 and the main dye peak is 
at RT = 2.54. After the degradation of 240 min 
irradiation under UV light the complete 
removal of RB21 dye was observed and no 
new peak was detected and main peak 
disappears. Fig. 11  shows chromate grams 
mass spectra : (RB21 without treatment and 
with treatment using spinel catalyst). After 
complete degradation of dye the final sample 
of 240 min were collected and intermediate 
products formed were identified according to 
the mass of the products. In chromatograms 
mass spectra the RB21 dye having many 
signals and some main signals at m/z = 664.6, 
541.0, 355. After degradation using both the 
composite catalyst NiFe2O4/TiO2 and 
NiFe2O4/ZnO the dye gets completely 

degraded leaving behind some intermediate 
products which are less harmful. The new 
signals found at m/z = 217.0, 219.2 nearby 
same product left to degrade. Along with these 
two as main signal m/z = 579.5 was also 
detected using NiFe2O4/ZnO system. Fig. 12 
shows intermediate products formation: (RB21 
with treatment using spinel catalyst). The 
results suggest that the formation of several 
intermediates of RB21 to CO2 are identified. In 
intermediate products formation of the main 
m/z signals were identified. At m/z=279 2-(4-
aminophenylsulfonyl hydrogen sulphate), m/z 
= 218 compound structure was found but not 
able to find the name of the compound, along 
with these compounds Cu2+ were also found 
released from the main group of Cu-
phthalocyanine group dye. The other few 
intermediates which are not harmful also 
present. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 : Liquid chromatographic system: (RB21 without treatment and with treatment using 
spinel catalyst) 
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Fig. 11 : Chromatograms mass spectra: (RB21 without treatment and with treatment using 
spinel catalyst) 

 

 

 

 

 

 
 
 
 
 
 
 
Fig. 12 : Intermediate products formation: (RB21 with treatment using spinel catalyst) 
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Reuse of spinel 
As  revealed  by  DongdongLv  et al.,  spinel 
can be reused for six time having high 
stability. As shown in Fig. 13 spinel catalyst 
NiFe2O4/TiO2 can be easily separated in the 
present study using external magnetic field 
then NiFe2O4/ZnO. Semiconductor ZnO 
according to literature gets corroded in water 
and also have filtration problem. Composite 

NiFe2O4 with TiO2 can be magnetically 
separated easily due to spinel having ferrite 
with magnetic property will allow the catalyst 
easily separated from the suspension. As 
shown in Fig. 14. NiFe2O4/TiO2 catalyst was 
used for four times after separation without 
any further treatment. The catalyst seems to be 
stable with high efficiency even at the fourth 
cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13 : Separation of catalyst from treated water using external magnetic source 

 

 

 

 

 

 

 

 

 

 

Fig. 14 : Reuse of catalyst after separation 
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Kinetic study 
The photocatalytic31-36 activity of spinel 
NiFe2O4/TiO2 and NiFe2O4/ZnO powder under 
UV light was evaluated by performing 
experiments on the degradation of RB21. The 
degradation of RB21 followed the first-order 
kinetics for 80% completion of the reaction. 
(Fig. 15 and Fig. 16). The kinetics can be 
expressed as ln C/C0 = kt   
Where, k = reaction constant, C and C0 are initial and  
final   concentration   of  dye   with  respect    to  time t. 
 

CONCLUSION 
The spinel catalysts NiFe2O4/TiO2 and 
NiFe2O4/ZnO prepared in a high energy 
planetary ball-milling exhibited very good 
activity for the photocatalytic activity of RB21 
dye waste water. The characterization XRD, 
SEM, TEM, FTIR, LCMS/MS and Band-gap 
techniques were very much useful to 
understand the physical and chemical 
properties of spinal as well to recognise the 
various intermediates and products form during 

 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 

 
Fig. 15 : Kinetic reaction mechanism using NiFe2O4/TiO2 spinel 

 

Fig. 16 : Kinetic reaction mechanism using NiFe2O4/ZnO spinel 
course of reaction. Spinel ferrites having 
magnetic property could be easily separated 
from the suspension with the help of external 

magnetic source and can be reused for the next 
cycles. Kinetic study shows the first order 
reaction kinetics in terms of COD degradation. 
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