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Abstract
CoFe,04 was prepared by sol-gel combustion method. Powder X-ray diffraction (PXRD) studies confirmed the spinel structure
for CoFe,0,. UV-Vis absorbance spectrum and the following Kubelka-Munk plot show the band gap of CoFe,O, to be 2.73eV.
FTIR studies shows the existence of Co-O and Fe-O stretching vibrations. Raman spectroscopy gives the information pertaining
to tetrahedral and octahedral sites. The activity of the catalyst was explored for the degradation of methyl orange in presence of
peroxymonosulphate (PMS) as an oxidant which is dipolar, possessing unsymmetrical structure and higher oxidation potential
and shows better oxidising reactions due to charge transfer to solvent molecule (CTTS) and PMS forms a charge transfer complex
with CoFe,0,. The active roles of the hydroxyl and sulphate free radicals are confirmed. CoFe,0O, catalyst shows synergistic
effect between photocatalysis and photo- Fenton process especially even at higher pH values and the catalyst is found to be stable

and can be reused for three consecutive cycles.
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1. INTRODUCTION

The process of semiconductor photocatalysis has been
widely used for the treatment of polluted water. There have
been many reports in the literature dealing with the
degradation of wvarious organic pollutants through
photocatalysis using metal oxide semiconductors under
ultraviolet light irradiation [1-3].  Ferrites are viable
alternative materials to TiO, to be used as photocatalysts for
the hydrogen production and environmental remediation.
Transition metal ferrites can be more appropriate and
promising due to the several advantages like, it is an
effective catalyst with specific active sites and most
importantly its narrow band gap matches with the solar
spectrum. Among the various semiconducting ferrite
materials CoFe,O,4 with spinel structure is more promising
due to its narrow band gap, good photochemical stability,
favourable magnetic property and it can exhibit
characteristic photochemical reactions especially under the
visible-light irradiation [4-6]. Spinels with only divalent ions
in the tetrahedral sites are called normal spinels, while
compounds with the presence of divalent ions in both the
tetrahedral and octahedral sites are called inverse spinels. In
the inverse spinel structure, all the Co®* ions occupy the
octahedral sites of lattice structure, half of the Fe** ions can
also occupy the octahedral sites and the rest of the Fe** ions

remain in the tetrahedral sites [7]. The ferrite spinel structure
is based on cubic closed-packed oxygen lattice, in which
tetrahedral (A sites) and octahedral (B sites) interstices are
occupied by the cations. The selection of CoFe,O, among
other ferrites is based on its redox activity and especially its
ability to store oxygen in the crystal lattice. Therefore,
CoFe,0, is an excellent candidate for the production of
hydrogen from water under solar light illumination and also
to degrade environmentally hazardous pollutants. It is well
known that bivalent Co* and trivalent Fe** cations are
distributed among the tetrahedral and octahedral sites and
this special type of cationic distribution enhances the
magnetic properties of spinel CoFe,O,4 [8-10]. The presence
of magnetic CoFe,O, nanoparticles in a photocatalytic
reaction system has an added advantage since these
nanoparticles can be separated magnetically from the
reaction solution and can be reused after appropriate
treatment [11-16]. This research article deals with synthesis
of CoFe,0, by sol-gel combustion method and to probe its
photocatalytic activity under visible light irradiation. The
degradation reaction was further studied with an additional
oxidant like peroxymonosulphate (PMS). To confirm the
active role of free hydroxyl radicals, the reaction was also
studied in the presence of methanol which acts as holes
scavenger thereby indirectly predicts the active role of free
hydroxyl radicals.
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2. EXPERIMENTAL
2.1 Materials

Methyl Orange (MO) dye was obtained from Sigma Aldrich.
Iron nitrate Fe(NO3),-9H,0, cobalt nitrate Co(NO3),.6H,0
and methanol were obtained from Nice chemicals.

2.2 Synthesis of CoFe,O, by Sol Gel Combustion
Method

The procedure adopted in the present research work is
similar to the method adopted by James wang et al.,[17].
CoFe,0, was synthesized by sol-gel combustion method
using Fe(NO);-9H,0, Co(NO);9H,0 and citric acid
(CgHgO7-H,0). Citric acid (5% wi/v) was first dissolved in
distilled water to form a clear solution. Then stoichiometric
amount of cobalt and ferric nitrates in the ratio of 1:2 were
dissolved in the citric acid solution. The prepared solution
was evaporated by continuous stirring and heating for 4
hours at 70 °C until it turns into a solid gel. Finally, the
product was calcined in a furnace for 2 hours at 800 °C to
obtain CoFe,0.,.

2.3 Catalyst Characterization

The catalyst is characterized by the following techniques:
powder X-ray diffraction (PXRD), Fourier transform infra
red (FTIR) spectroscopic technique, UV-Vis absorption
spectroscopic technique, Scanning Electron Microscope
(SEM) equipped with Energy-Dispersive X-ray analysis
(EDX), surface area measurements by Brunner—Emmet—
Teller (BET) technique and X-ray photoelectron
spectroscopy (XPS) techniques. The detail of the experiment
and instrumentation is given elsewhere [18].

2.4 Photochemical Reactor

The detail pertaining to photocatalytic degradation
experiments are given elsewhere [18].

3. RESULT AND DISCUSSION
3.1 PXRD Studies

PXRD pattern of CoFe,O, shows peaks at different 20
values, which are represented along with respective hkl
values as: 18.35°(111), 30.15° (220), 35.35° (311), 37.42°
(222), 43.33° (400), 54.97° (422), 57.36° (511), 62.93° (440)
71.41° (622) 74.53° (533) (Figure 1) and it is in accordance
with spinel structure with space group Fd3m which is in
agreement with JCPDS standard card (22-1086). The
crystallite size of CoFe,O, was calculated by using the
Scherrer’s equation D=K A / B Cos 0. Where, X is the
wavelength, B is full width at half maximum diffraction
plane, k is a shape factor and 6 is angle of diffraction and the
crystallite size was found to be 50.52 nm.
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Fig 1: PXRD pattern of CoFe,O,

3.2 UV-Visible Absorption Spectroscopy

UV-Visible absorption spectrum of CoFe,0O, exhibits wide
absorbance from UV to visible light region (Figure 2). The
band gap values were determined from this spectrum by
converting the absolute absorption values to Kubelka-Munk
function of F (Rw). The plot of Kubelka-Munk function
[F(Roo)hv]"? versus photon energy in electron volts (eV)
gives the band gap energy value of CoFe,0,4as shown in the
inset of Figure. 2. The energy band gap value of CoFe,O,
was found to be 2.73 eV. The transition metal ions having d-
electrons show d-d transitions between t,g to eg (Oh)/eg to
tog (td) and these transitions are responsible in extending the
absorption of the catalyst to the visible region. Electronic
configuration of Co?" having three unpaired d-electrons are
involved in the d-d transitions, whereas Fe** is present in
the stable half filled electronic configuration.
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Fig 2: UV-visible absorbance spectrum of CoFe,0O, and
Kubelka-Munk plot is shown in the inset.
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3.3FTIR

FTIR spectrum of CoFe,O,shows two peaks, one at 557 cm’
! corresponding to the intrinsic stretching vibrations of Co-O
and a small peak at 402 cm™ belonging to Fe-O (Figure3).
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Fig 3: FTIR spectrum of CoFe,0O,

3.4 FESEM

FESEM image of CoFe,O, sample shows aggregation of
spheres of almost uniform size and is as shown in the Figure
4a. The elemental composition of CoFe,O, is given in the
EDX spectrum (Figure 4b). The elemental composition of
Fe and Co is found to be in the ratio of 2:1 as confirmed by
the EDX technique.
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Fig 4: a FESEM image of CoFe,04 and b EDS of CoFe,0,4

3.5 Raman Spectroscopy

Figure 5. The Raman spectrum of CoFe,O, shows peaks at
288 cm™ (E,) and 477 cm™ (F,,) and it is due to the phonon
modes of metal ions involved in the octahedral groups.
These modes correspond to symmetric and antisymmetric
bending modes of oxygen atom in metal-oxygen bond at
octahedral sites. The band at 700 cm™ is of Ay arises due to
the motions of oxygen atoms in tetrahedral group [19-20].
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Fig 5: Raman spectrum of CoFe,0,
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3.6 BET

The specific surface area and pore volume of CoFe,0O,
sample was determined by BET method. The adsorption and
desorption isotherms are shown in the Figure. 6 and the inset
shows BJH pore size distribution curve. The pore size
distribution was found to be the 1.3-6 nm. The specific
surface area and the total pore volume were found to be
6.202 m® g * and 0.0031ccg * respectively.
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Fig 6: N, adsorption—desorption isotherm of CoFe,O,. BJH
pore size distribution curve is represented in the Figure
inset.

3.7 XPS

XPS spectrum of CoFe,0, shows two Co®" major peaks with
binding energy (BE) values of 795.79 and 780.95 eV,
corresponding to the Co2p,, and Co2ps;, spin-orbit peaks
respectively. The Fe2ps, and Fe2p,, states were observed at
BE values of 710.89 and 724.72 eV. The peak in the range
of 710-711eV is usually attributed to the Fe>* cation located
at the octahedral site in the spinal structure and the peak at
724.72 eV is endorsed to the Fe?" cation located at the
tetrahedral site in the spinal structure. In addition to the
above peaks, two satellite peaks are observed at 786 and 719
eV corresponding to the Co2ps, and Fe2ps, respectively.
The Ol1s BE peaks are observed at 530.95 and 532.04 eV.
The BE peak at 530.95 eV can be assigned to the lattice-
oxygen and the peak at 532.04 eV can be due to the OH
species adsorbed on the surface of the CoFe,O, sample. OH
species is usually adsorbed at oxygen-deficient sites (Figure
7).
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Fig 7: XPS of CoFe,O,4 showing A) Co 2p, B) Fe 2p and C)
O1s peaks

Volume: 07 Issue: 09 | Sep-2018, Available @ www.ijret.org

27



IJRET: International Journal of Research in Engineering and Technology

https://doi.org/10.15623/ijret.2018.0709004

elSSN: 2319-1163 | pISSN: 2321-7308

Received: 16-06-2018, Accepted: 28-07-2018, Published: 18-08-2018

3.8 Photocatalytic Activity

Photocatalytic activity of CoFe,O, was studied for the
degradation of MO under the visible light illumination.
Figure 8 represents the plot of C/C, versus time. Where, C,
is the initial concentration and C is the concentration of
substrate MO molecule at a given time‘t’. 250 ml of 10 ppm
MO was degraded in a time period of 160 min with CoFe,O,
photocatalyst. The photocatalytic activity of CoFe,O, was
also studied in the presence of PMS which acts as an
oxidant. The optimum concentration of PMS is found to be
10 ppm. The presence of PMS in a photocatalytic reaction is
beneficial especially due to its unsymmetrical structure and
dipolar nature of the molecule [21]. PMS has lower
unoccupied molecular orbital (LUMO) energy levels which
can readily accommodate the photogenerated electrons more
efficiently and shows better oxidising reactions and the
process may be termed as charge transfer to solvent
molecule (CTTS) and PMS forms a charge transfer complex
with CoFe,04 which can always be expected when there are
low lying unfilled orbital’s in the solvent. These unfilled
orbital’s have strong affinity for electrons. The strength and
stability of CTTS complex is in between the weak Vander
Waals complexes and molecules bonded by strong valence
forces [22-23]. The electron donating or accepting capability
will also be different for ground state molecules and
photoexcited state molecules. Co® ion in CoFe,0, can
easily bond with oxygen molecule by giving an electron.
The resultant products can be Co®* ion and super oxide
radical. The peroxide ion in the PMS molecule [-O-O]* has
18 electrons and the electronic configuration of the molecule
can be represented in the following way:

ols’ 0 1s* 025" 0 25" 02p°, (72 pzy, 72pt) w2 pzy 7 2p%)

The bond order is 1 and hence there should be a single bond
between the two oxygens. Superoxide ion [0,]* has 17
electrons and has a similar electronic configuration like
peroxide ion except n*2p, orbital has single electron and its
bond order is 1.5. The peroxide and superoxide ions are
larger in size, their stability increases in the solution based
on the reaction conditions. Superoxide is a stronger
oxidising agent than peroxide and they are capable of
generating H,O, and O, in presence of water or acids. This
activated super oxide free radical can oxidise the organic
substrate molecule. Simultaneously the reduction reaction
involving super oxide radical can also lead to the formation
of H,0,. The Fe** ion and Co?" ions can also show photo-
Fenton reactions in presence of In-situ generated H,O,.
Classical photo-Fenton process (CPFP) involves ferrous ions
and H,0, in an homogeneous reaction system. H,O, acts as
an oxidant in the reaction. If other oxidants are used then,
the process is referred to as modified photo-Fenton process
(MPFP). In the present research PMS is used an oxidant
instead of H,0,and H,0,is generated as a by product in the
reaction. Therefore, both CPFP and MPFP reactions can
occur simultaneously in the presence of PMS. Both
oxidation and reduction mechanisms are beneficial for the
photocatalytic degradation reaction. The oxidation states of

transition metal ions like Co and Fe can vary and they can
very easily exist in multiple oxidation states. Both these ions
can occur in +2/+3 oxidation states based on the electron
donating or electron accepting process. The back
oxidation/reduction process can also occur under the
conditions of illumination. The photogenerated electron
trapped by either Fe** or by Co?* ions changes its stable
electronic configuration and the ions will spontaneously
attain the stable state by either trapping/detrapping the
electron during the photochemical reactions. Hence, these
ions efficiently participate in the photocatalytic and photo-
Fenton reaction process simultaneously (Eqgs 1-4).

Co® + HSO, — Co® + SO, +OH™ (1)
Fe* +HSO", —» Fe* +SO, +H" (2)
Fe* +HSO, »Fe* +S0O,” +OH"  (3)
HSO, - SO,” + 'OH 4)

The various reaction process which are occurring can be
listed as photocatalysis with CoFe,O,4, CPFP with Co* /
Fe* ions in presence of In-situ generated H,O,, MPFP with
Co?" / Fe*" ions in presence of PMS and homolysis process
of PMS may simultaneously occur and the synergistic
effects between these reactions enhance the photocatalytic
degradation rate and all these process are represented in the
Figure 9. The CPFP reactions with either Fe* ions or
advanced photo-Fenton process (APFP) where nano Fe°
particles are used can only occur in the pH range of 2-3.5.
This limitation is due to the process of corrosion of Fe?* ions
| Fe° nanoparticles since they form hydroxides at pH
conditions above 3.5 and this limitation can be overcome by
the use of CoFe,O4 [24]. In the present research, photo-
Fenton reactions with CoFe,0O,4can occur in the pH range of
6-7. The photolysis of PMS can result in hydroxyl and
sulphate free radicals. But these free radicals in the absence
of catalyst are short lived and are lost quickly and hence the
degradation time period is observed to be 180 min. CoFe,O,
in presence of PMS shows an enhanced photocatalytic
degradation rate and the enhancement is enormous which
can be observed from the results presented in the Table 1.
The various reactive species in the degradation process
includes holes, bulk/surface hydroxyl free radicals, super
oxide radicals etc.,. An effort is made to understand the
mechanism of these photogenerated oxidising species which
is essential in understanding the mechanism of
photocatalysis. In this regard, methanol a hole scavenger
was added to the photocatalytic degradation reaction. Holes
are primary oxidising species in the photocatalytic reactions
and they can be involved in the two reactions path ways: i) it
can directly attack the surface adsorbed substrate molecules,
ii) it reacts with surface adsorbed water or hydroxyl groups
to produce oxidative hydroxyl free radicals which
subsequently attacks the substrate molecules. In this process
the lifetime of holes is in picoseconds time regime. The
addition of methanol in the present reaction system
demonstrated that the rate of degradation decreased
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significantly. The excess hydroxyl free radicals which were

quenched by the addition of methanol.

generated due to the presence of PMS were completely
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Fig 8: Plot of C/Co vs. time in minutes for the degradation of MO (10 ppm) along with (a) PMS, (b) CoFe,0,, (¢) CoFe,O4 PMS,
(d) CoFe,04/PMS/CH;0H (1M),(e) CoFe,0,/PMS/CH30H (2M),(f) CoFe,0,/PMS/CH30H (1.5M), (g) CoFe,O,/PMS/CH;0H
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Fig 9: Depiction of photocatalysis and photo-Fenton process involving Fe** and Co** ions of CoFe,0, along with PMS as an
oxidant showing surface and bulk production of hydroxyl and sulphate free radicals under illumination of visible light.
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percentage degradation decreases only nominally for the
second cycle where as it decreased by 20% for the third
consecutive cycle (Figure 10). Hence, the CoFe,O, catalyst
can be reused for at least two-three repetitive cycles.

3.9 Reusability of the Catalyst

To test the reusability of the catalyst, at the end of each
experiment the CoFe,O, catalyst particles were separated
and then was washed thrice with distilled water. The

1.0 4
—a— 1 Cycle
—e— 2 Cycle
0.8 —A— 3Cycle
0.6 1
(=]
Q
(&
0.4 4
0.2 1
0.0 — — 1 —
0 20 40 60 80 100 120 140 160 180
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Fig 10: C/C, versus time plot to check the reusability of CoFe,O4 (100 mg) nanoparticles for three repeated consecutive cycles.

Table 1: Summarized experimental details for the degradation of MO at pH 6.2 (a)= 1st cycle, (b) = 2" cycle and (c)= 3" cycle

SINO. | Concentration Catalyst PMS Scavenger Rate constant | Irradiation
MO (PPM) (mg) (PPM) Methanol x 102 min® | time
(M)
1 10 - 10 - 1.7728 180
2 10 100 - - 2.7015 160
3 10 100 10 - 3.9332 80
4 10 100 10 1 3.1037 100
5 10 100 10 2 2.5471 120
6 10 100 10 1.5 3.2478 100
7 10 100 10 3 1.9821 140
8 10 100 (a) - - 2.3690 160
9 10 100 (b) - - 1.7255 160
10 10 100 (c) - - 1.0803 160

4. CONCLUSION

The presence of PMS in a photocatalytic reaction is
beneficial especially due to its unsymmetrical structure,
dipolar nature and tendency to generate super oxide radicals.
PMS has low lying unoccupied molecular orbital’s which
can readily accommodate photogenerated electrons forming
a CTTS complex. Photocatalysis with CoFe,04, CPFP with
Co* / Fe* ions in presence of In-situ generated H,0,,

MPFP with Co* / Fe*" ions in presence of PMS and
homolysis process of PMS may simultaneously occur and
the synergistic effects between these reactions enhance the
photocatalytic degradation rate. Photo-Fenton reactions with
CoFe,O, can occur in the pH range of 6-7 which is
otherwise not observed in the CPFP. Active role of hydroxyl
free radicals in the degradation mechanism is confirmed by
the addition of methanol to the reaction system.
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