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Annexure-IX 

1. Title of the project: Catalytic Wet Oxidations of Pesticides over Mixed Nanoferrites at Mild 

Temperatures: A Green Approach for Water Pollution Remediation

2. Principal Investigator: Dr. Manju Kurian, Dept. of Chemistry, Mar Athanasius College, 

Kothamangalam, Kerala   PIN 686666

3. Implementing Institution: Mar Athanasius College, Kothamangalam, Kerala   PIN 686666

4. Date of commencement: 14th October, 2010

5. Planned date of completion: 31st October, 2013

6. Actual date of completion: 31st October, 2013

7. Objectives as stated in the project proposal: 

™ Synthesise single phase nano sized MnxZn1-x, NixZn1-x and CoxZn1-x ferrites of different 

metal ratios (x = 0, 0.25, 0.5, 0.75, 1.0) by sol gel auto combustion method.

™ Tailor the grain size and surface area of the ferrites by altering preparation conditions. 

™ Structural characterization using ICPA, XRD, AFM, SEM, FTIR spectroscopy.

™ Assess the thermal stability of nanoferrites using TG-DTA studies.

™ Investigate the efficiency of ferrites towards catalytic wet oxidation of model pesticides 

like 2,4 dichlorophenoxy acetic acid, 4- chlorophenol and dichlorophenol. This part of 

the project is intended to be done extensively using Wet Peroxide Oxidation.

™ Optimization of reaction conditions like catalyst, substrate and oxidant concentrations, 

reaction temperature, time and catalyst reusability for oxidation of different substrates.
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8. Deviation made from original objectives if any, while implementing the project and 

reasons thereof:

Elemental composition of the prepared samples was found out using Energy Dispersive X ray 

analysis instead of ICP analysis since the facility was available in STIC, Cochin University of 

Science and Technology, Kerala. Transmission Electron Micrographs of the prepared samples 

were taken instead of AFM since AFM images could not be taken for fine nanoparticles of 

magnetic nature. 

9. Experimental work giving full details of experimental set up, methods adopted, data 

collected supported by necessary table, charts, diagrams & photographs: 

The first attempt was the optimization of preparation conditions since it has a prominent 

role in production of nanoparticles with good crystallinity. Control of particle size in the 

nanometer range by the variation of synthesis conditions is a difficult task. For that, we tried 

different preparation methods mainly co-precipitation and sol-gel auto combustion method. The 

sol-gel auto combustion method consists of two parts first part is the generation of heat and 

second part is the gas evolution. The sudden combustion causes the gathering of organic 

complex together and accelerates the solid reaction resulting in the formation of a lot of 

nanoparticles at firing temperature. Heat of combustion helps in crystallization and the formation 

of desired phase. The evolution of gaseous products dissipates the heat of combustion and 

limits the rise in temperature, thus reducing the possibility of premature local partial sintering 

among the primary particles. Optimization of synthesis conditions for the preparation of single

phase nanoferrites were done by 

i. Co-precipitation method using 1:1 NH3

Metal nitrates (Ferric nitrate, Zinc nitrate and Nickel nitrate) solution is treated with 1:1 

NH3 under constant stirring in the temperature range 95-100oC (pH= 9.0-9.5) followed by 

oxidation using H2O2.  The precipitated ferrite is denoted by CPA.

ii.         Co-precipitation method using 10M NaOH 

Metal nitrates (Ferric nitrate, Zinc nitrate and Nickel nitrate) solution is treated with 

10M NaOH at controlled pH (9.0-9.5) under constant stirring in the temperature range 95-100oC.  

The ferrite formed is denoted by CPS.
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iii. Sol-gel method using citric acid

Metal nitrates (Ferric nitrate, Zinc nitrate and Nickel nitrate) are dissolved in 

minimum amount of citric acid solution and pH 7 is maintained by adding 1:1 NH3.  It is then 

heated at 80-90oC with constant stirring until the resulting gel foams.  NZF nanoparticles are 

obtained by heating the gel and the ferrite formed is denoted by SGC.

iv. Sol-gel method using ethylene glycol

Metal nitrates (Ferric nitrate, Zinc nitrate and Nickel nitrate) are dissolved in minimum 

amount of ethylene glycol and is heated at 80-90oC under constant stirring until the gel forms.  It 

is then heated in a heating mantle, NZF nanoparticles are formed and the ferrite is designated 

as SGE. 

The prepared samples were calcined at different temperatures and were analysed using 

X ray diffraction and FTIR spectroscopy

X-RAY DIFFRACTION (XRD) 

X-ray diffraction (XRD) by crystals is the most widely employed method for determining 

three dimensional structure of solid substances. Recording X-ray diffraction pattern of powdered 

polycrystalline samples by powder diffractometer method has many applications like qualitative 

phase analysis, quantitative phase analysis, determination of unit cell parameters, study of 

preferred orientation and determination of particle size. The use of X-rays for structure 

determination is rather simple in concept. Monochromatic X-rays (like Cu Kα or Mo Kα source) 

are reflected by planes in the polycrystalline material when the Bragg equation, 2d sinθ = nλ, is 

fulfilled, where d is interplanar spacing, θ is angle between planes and X-ray beam (Bragg 

angle), λ is X-ray wave length and n, order of reflection.

Every crystalline structure has a unique X-ray powder pattern since line positions 

depend on size, and line intensity depends on the type of atoms present and their arrangement 

in the crystal. Materials are identified from these values in conjunction with ‘Joint Committee on 

Powder Diffraction Standards’ (JCPDS) Powder Diffraction File. This contains cards containing 

X-ray data for known crystalline phases that include d spacing and relative intensity values, 

Miller indices, unit cell dimensions etc. The experimental data, especially those of the three 

strongest peaks are matched with standard values using appropriate card. 
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The diffractometer traces of the catalyst samples were taken in RIGAKU D/MAX-C 

instrument using Cu Kα radiation (λ = 1.5405Å). 

The different parameters obtained from the XRD profile are tabulated in table. The table shows 

the Crystallite size (D), Lattice constant (a), X-ray density (dx), Bulk density (dB) and Porosity 

(P) of the samples

Sample 
code

a

(Å)

D

(nm)

d
x

g/cm
3

d
B

g/cm
3

P

(%)

CPA 8.31 22.68 5.493 2.311 57.89

CPS 8.32 21.34 5.475 2.042 62.70

SGC 8.34 39.76 5.435 1.897 65.08

SGE 8.35 16.77 5.412 2.000 53.04
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The inferences that can be drawn from the figure and table are,

∑ The reflection from (311) plane   indicate the formation of spinel ferrite

∑ The lattice parameter range 8.31-8.35Å shows ferrite formation

∑ Average particle size is found to be in the range 16.77-39.76nm

The samples calcined at 800°C gave the XRD profile given below. They too confirmed the 

above inferences.

The various parameters calculated from the XRD patterns are given in table. Table shows the 

Crystallite size (D), Lattice constant (a), X-ray density (dx), Bulk density (dB) and Porosity (P) of 

the samples
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Sample 
code

a

(Å)

D

(nm)

d
x

g/cm
3

d
B

g/cm
3

P

(%)

CPA 8.34 28.2 5.43 2.20 59.4

CPS 8.39 20.6 5.52 2.02 63.4

SGC 8.41 25.8 5.30 2.13 59.7

SGE 8.35 18.4 5.42 48 54.24

ß The reflection from (311) plane   indicate the  formation of spinel ferrite

ß The lattice parameter range 8.31-8.35Å shows ferrite formation

ß Average particle size found to be in the range of 16.77-39.76nm

FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY

Infrared absorption spectroscopy is a rapid, economical and non-destructive physical 

method universally applicable for structural analysis. The technique is so versatile that it can be 

used both as a source of the physical parameters of crystal lattice determinations and for 

eliciting purely empirical qualitative relationships between samples. The number, position, 

bandwidth and intensity of absorption bands may be correlated with the electronic and 

molecular structure. It also provides important information about the intramolecular forces acting 

between atoms in a molecule, intermolecular forces in condensed phase and nature of chemical 

bond.

FTIR spectra of the samples were measured by the KBr disc method in the range 400-

4000 cm-1 using a Shimadzu Spectrum 1 spectrometer.
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FT-IR spectrum of NZF samples (CPA& CPS) at 550oC 

FT-IR spectrum of NZF samples (SGE& SGC) at 550oC
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FT-IR spectrum of NZF samples CPA & CPS)  at  800oC 

FT-IR spectrum of NZF samples (SGE & SGC) at  800oC

From the FTIR spectral analysis of the prepared samples, the inferences drawn are,

ß Sharp bands in the FTIR spectra are evidence for the formation of ferrites

ß Peaks around 600cm-1 and 400cm-1 respectively for tetrahedrally and octahedrally 

co-ordinated metal ions in spinel ferrites.

ß Peaks at 570cm-1 confirms uniformly distributed ferrite particles 
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Based on the preliminary experiments, sol gel method employing ethylene glycol as 

solvent was chosen as the standard method for preparing NiZn ferrites and subsequently the 

different NiZn ferrites proposed in the project were synthesized at different Ni-Zn ratios. 

Similar preliminary studies were done for the synthesis of CoZn and MnZn ferrites also.

SYNTHESIS OF NixZn(1-X)Fe2O4 (x= 0.0, 0.25, 0.5, 0.75, 1.0) USING SOL-GEL AUTO 

COMBUSTION METHOD

The Ni-Zn ferrite is a spinel with crystalline structure belonging to the cubic system and 

is generally represented by the formula Ni1-xZnxFe2O4. Spinel ferrites with different Ni-Zn 

compositions are of great interest due to their wide spread applications in microelectronics, 

magneto-optics and as a microwave device component. The mixed spinels of NixZn1-xFe2O4 with 

different compositions were prepared by the sol-gel auto combustion method using ethylene 

glycol as the gelating agent, where metal nitrates and ethylene glycol are the raw materials. All 

the metal nitrates (Fe(NO3)3.9H2O, Ni(NO3)2.6H2O) and Zn(NO3)2.6H2O were weighed 

accurately in the required stoichiometric ratio and were dissolved in minimum amount of 

ethylene glycol at room temperature and the sol was heated at 600C to obtain a wet gel. This gel 

was dried at 1200C, which self-ignites to form a fluffy product. This is then ground to form fine 

powder of ferrite particles. A series of samples with formula NixZn1-xFe2 O4 (x = 0.0, 0.25, 0.5, 

0.75, 1.0) were prepared and fired at 8000C for 4 hours. The ferrite powder was then sieved 

through 90mm mesh. The prepared ferrite compositions are ZnFe2O4, Ni0.25Zn0.75Fe2O4, 

Ni0.5Zn0.5Fe2O4, Ni0.75Zn0.25Fe2O4 and NiFe2O4.

CHARACTERIZATION OF NixZn(1-x)Fe2O4 (x = 0.0, 0.25, 0.5, 0.75, 1.0) NANOPARTICLES

The prepared Ni-Zn ferrite nanoparticles were characterised using various physical 

methods such as XRD, TEM, XRF and TPD of NH3. Phase identification of the prepared sample 

was performed by using Bruker AXS D8 Advance model X-ray diffractometer with CuKα (λ 

=1.5406 Å) as a radiation source.  The average crystallite size (D) of the ferrite particles of the 

powder was determined from XRD by using the Debye- Scherer formula: D(hkl) = 0.9 λ/β cos θ 

where, D(hkl) is the average crystallite size (nm), λ is the wavelength (nm), β is the corrected full 

width at half maximum (radian) and θ is the Bragg angle. The particle size and morphology of 

various nanoparticles were confirmed by using PHILIPS Model CM 200 Transmission Electron 



14

Microscopy. Elemental analysis using Bruker PIONEER model X-ray fluorescence studies gave 

the stoichiometry of the prepared catalyst. Temperature programmed desorption of ammonia 

(TPD-NH3) of the catalyst was carried out in a reactor packed with 0.5 g of the catalyst. The 

catalyst was then allowed to equilibrate at 300oC for 2 hours with N2 flow and allowed to cool to 

room temperature. It was then treated with NH3 and kept for half an hour for the proper 

adsorption. The excess of NH3 was removed from the reactor. The desorbed ammonia was 

collected at a temperature interval of 100oC into 0.02N H2SO4 solution. This was then quantified 

by titration with NaOH solution using phenolphthalein indicator. 

X-RAY DIFFRACTION STUDIES

Recording X-ray diffraction pattern of powdered polycrystalline samples by powder 

diffractometer method has many applications like qualitative phase analysis, quantitative phase 

analysis, determination of unit cell parameters, study of preferred orientation and determination 

of particle size. The crystallite size (D) of the particle of the powder is determined by using the 

Scherer formula. 

D(hkl) = 0.9 λ/β cos θ

where, D(hkl) is the mean dimension of the crystallite perpendicular to the plane (hkl), β is the 

full width at half maximum in radians and θ is the Bragg angle for the actual peak. The lattice 

parameter ‘a’ is calculated using the relation, 

a = d (h
2
+k

2
+l

2
)½

Other parameters such as X-ray density, Bulk density and Porosity are also calculated from the 

XRD. Since each primitive unit cell of the spinel structure contains 8 molecules; the value of X-

ray density (dx) is calculated according to the relation

dx = 8M/Na
3

where, ‘N’ is the Avogadro number (6.022x10
23

), ‘M’ is the molecular weight of the sample and 

‘a’ is the lattice parameter. The measured density or bulk density (d
B) is calculated from mass 

and bulk volume of the sample pellets using the formula,

d
B

= m/ π r
2
h

where, ‘m’ is the mass of the sample taken, ‘r’ is the radius of the sample pellet and ‘h’ is the 

height of the pellet. From the bulk density and X-ray density, porosity of each sample was 

calculated.  The porosity, P of the ferrite nano particle is determined by using the relation,
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P = 1- (d
B
/d

X
)

The XRD data of these catalysts agree closely with the standard values given in the 

JCPDS data cards (79-1150, 80-2377, 52-0278), confirming the single phase spinel formation. 

The samples do not contain any impure phases of Fe2O3 as reported in literature. The strongest 

reflection comes from the (311) plane, which also corresponds to cubic spinel structure. 

Table. Data on crystallite size (D), lattice constant (a), X-ray density (dx), bulk density (d
B
) and 

porosity (P) of NiZn Ferrite samples

Sample Crystallite 

size D

(nm)

Lattice 

parameter

‘a’ (Å)

X-ray 

density

dx

(g/m3)

Bulk 

density

dB

(g/m3)

Porosity

P

(%)

NiFe2O4 39.69 8.31 5.421 4.081 24.71

Ni0.75Zn0.25Fe2O4 36.85 8.34 5.386 4.055 24.72

Ni0.5Zn0.5Fe2O4 32.83 8.41 5.290 4.034 23.75

Ni0.25Zn0.75Fe2O4 26.39 8.42 5.325 4.009 24.72

ZnFe2O4 23.16 8.43 5.337 4.018 24.71

From the XRD pattern, with the help of FWHM and the d (hkl) values we have calculated 

all the possible parameters using the above equations. The different parameters such as 

average crystallite size (D), lattice parameter (a), X-ray density (dx), bulk density (dB) and 

porosity (P) are given in table. From XRD studies it is clear that with the increase in Zn 

concentration the peaks became broader. From the table it is clear that the average crystallite 

size of the Zn-Ni ferrite system is found to be in the range 23.16-39.69 nm, i.e. particle size 

decreases with concentration of zinc. This was probably due to the reaction condition, which 

favored the formation of new nuclei preventing further growth of particles when the Zn 

concentration was increased. Lattice parameter increases within the range 8.31-8.43 Å with the 

increase of concentration of zinc. The value of lattice parameter is higher for ZnFe2O4 which 

could be attributed to the replacement of smaller sized Fe cation by larger sized Zn cation. As a 

result, the size of the unit cell increased. The porosity of different compositions does not show 

any significant change with zinc content. It was found within the range 23.75-24.72%. 
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NH3-TPD measurements

Ammonia is an excellent molecule for testing the acidity of compounds because of its 

basicity and small molecular size. In this measurement, ammonia adsorption on ferrite catalysts 

is done at room temperature and the acid site distribution at various temperatures has been 

calculated as a function of mass of the sample. The calculated values of acidity measurements 

are given in table. It shows the presence of weak (i.e. ammonia desorbed between room 

temperature and 200oC), medium (201-400oC) and strong (401-700oC) acid sites. In the present 

investigation, we found that the different compositions of Ni-Zn ferrite nanocrystals have acid 

sites of weaker and medium nature predominantly. 

Table. Acidity of various NixZn1-xFe2O4 (x= 0.0, 0.25, 0.5, 0.75, 1.0) sample

Temperature

Acidity (mmole/g)

ZnFe2O4 Ni0.25Zn0.75Fe2O4 Ni0.5Zn0.5Fe2O4 Ni0.75Zn0.25Fe2O4 NiFe2O4

100 5.978 4.386 0.578 4.062 3.518

200 5.372 3.766 0.556 3.813 3.370

300 4.592 3.285 0.495 3.648 3.148

400 4.072 3.125 0.457 3.400 2.925

500 3.292 2.725 0.328 3.234 2.778

600 2.599 2.163 0.328 2.655 2.556

700 2.079 1.843 0.165 1.910 1.814

The acid site distribution given in table reveals that the ferrite particles of Ni-Zn show 

considerable acidity. The weak acidic sites predominate medium and strong acidic sites. When 

we increase the concentration of Ni, acidity decreased. The acidity of ZnFe2O4 is about 3.99 

mmole/g whereas for NiFe2O4 acidity is about 2.872 mmole/g. Ni0.5Zn0.5Fe2O4 has the least 

acidity, 0.415mmole/g.
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XRF studies 

The elemental composition analysis using XRF measurement confirmed the 

stoichiometry of the sample.  The XRF measurements proved that the stoichiometry of the 

prepared ferrite samples is in agreement with the actual composition of the compound. Table 3 

shows the chemical composition of NixZn1-xFe2O4 (with x varying from 0.0 - 1.0) measured by a 

Bruker PIONEER model X-Ray Fluorescence.  The obtained results are in close agreement with 

the composition of the desired compound. The composition of elements present in the prepared 

compounds obtained from XRF measurements are given in table.

Table Elemental composition of NixZn1-xFe2O4 ( x= 0.0, 0.25, 0.5, 0.75, 1.0) 

Compound Element Elemental composition

Obtained value Actual value

ZnFe2O4

Zn 0.99 1

Fe 1.99 2

O 4 4

Ni0.25Zn0.75Fe2O4

Ni 0.33 0.25

Zn 0.87 0.75

Fe 1.94 2

O 3.9 4

Ni0.5Zn0.5Fe2O4

Ni 0.56 0.5

Zn 0.57 0.5

Fe 1.94 2

O 3.99 4

Ni0.75Zn0.25Fe2O4

Ni 0.82 0.75

Zn 0.34 0.25

Fe 1.94 2

O 3.99 4

NiFe2O4

Ni 1.05 1

Fe 1.99 2

O 3.99 4
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TRANSMISSION ELECTRON MICROGRAPHS OF NixZn(1-x)Fe2O4 ( x= 0.0, 0.25, 0.5, 0.75, 

1.0)

The particle size and morphology of various Ni1-xZnxFe2O4 compositions were confirmed

by TEM and are shown in figure.  

ZnFe2O4
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Ni0.25Zn0.75Fe2O4

Ni0.5Zn0.5Fe2O4
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Ni0.75Zn0.25Fe2O4

NiFe2O4

Figure TEM images of NixZn(1-X)Fe2O4 ( x= 0.0, 0.25, 0.5, 0.75, 1.0)
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The particle size determined from TEM was found to be in close agreement with the 

XRD results. From the TEM images it is seen that the particle size decreases with Zn 

substitution. Particles are more agglomerated in the case of NiFe2O4 sample. Due to the 

magnetic property of ferrite nanocrystals, they were agglomerated and their distribution was 

quite complicated. However a narrow distribution was obtained when the concentration of Zn in 

NiFe2O4 increased.

FOURIER TRANSFORM INFRA RED SPECTROSCOPY

Infrared spectroscopy is one of the most powerful analytical techniques, which exploits 

the fact that molecules absorb specific frequencies that are characteristic of their structures and 

offers the possibility of chemical identification.  One of the prime advantages of IR spectroscopy 

over the other methods of structural analysis is that it provides useful information about the 

structure of molecule rapidly. This technique is based upon the simple fact that a chemical 

substance shows marked selective absorption in the infrared region. After the absorption of IR 

radiation, the molecules of chemical substance vibrate at many rates of vibrations, giving rise to 

closed packed absorption bands which may extend over a wide wavelength range. Various 

bands present in the IR spectrum correspond to the characteristic functional groups and bonds 

present in chemical substance. 

The IR spectra of the ferrite materials are an important tool to describe the various 

ordering problems, in the study of structural properties of the mixed ferrites. They give 

information not only about the positions of the ions in the spinel lattice, but also, about their 

vibration mode. The IR spectral absorption bands mainly appear due to the vibrations of the 

oxygen ions with the cations producing various frequencies in the unit cell. In a certain mixed 

spinel ferrite material, as the concentration of the divalent metal ions increases, it gives rise to 

changes in cation distribution in the spinel crystal lattice without affecting the spinel ferrite 

structure. The structural changes brought about by the metal ions that are either lighter or 

heavier than divalent ions in the ferrites strongly influence the lattice vibrations. The vibration 

frequency depends on the cation mass, the cation oxygen distance and the bonding–force. The 

Fourier Transform Infra-Red studies were carried out to different compositions of Ni-Zn , Co-Zn 

and Mn-Zn ferrite nanoparticles in KBr medium using Thermo Nicolet, Avatar 370 model FTIR 

spectrometer in the range of 400–4000 cm-1 with a resolution of 4 cm-1. 
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Figure. FTIR spectra of NixZn1-xFe2O4 (x - 0.0, 0.25, 0.5, 0.75 and 1.0) nanoparticles

Figure depicts the FTIR spectra of NixZn1-xFe2O4 (x - 0.0, 0.25, 0.5, 0.75 and 1.0) 

nanoparticles. The various compositions of this system are designated as N 1, Z 4, Z 3, Z 2 and 

Z 1 respectively for NiFe2O4, Ni0.75Zn0.25Fe2O4, Ni0.5Zn0.5Fe2O4, Ni0.25Zn0.75Fe2O4 and ZnFe2O4 

nano catalysts. From the figure it can be seen that the IR spectra of all the compositions of Ni 

and Zn are found to exhibit two bands in the range 400-600 cm-1
. No absorption bands were 

observed above 700 cm-1. The high frequency band ν1 is around 600 cm-1 and the low 

frequency band ν2 is around 400 cm-1. Absorption bands observed within this limit reveal the 

formation of single phase spinel structure having two sub lattices, tetrahedral (A) site and 

octahedral (B) site. Several literature surveys reported the infrared spectra of several ferrite 

systems and assigned the high frequency band to the tetrahedral group complexes and low 

frequency band to the octahedral complexes. So, the absorption band ν1 is caused by the 
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stretching vibration of the tetrahedral metal–oxygen bond, and the absorption band ν2 is caused 

by the metal–oxygen vibrations in octahedral sites. It can also be seen that the there is a large 

shift in the stretching frequency of metal-oxygen vibrations in the tetrahedral sites ν1 that what is 

observed in the case of metal- oxygen vibrations in octahedral sites ν2 . Shifting of frequency 

can be attributed to the decrease in the unit cell dimension, which is included in the discussion 

part of XRD results and the substitution of lighter cations.  NiFe2O4 has an inverse spinel 

structure in which the Ni2+ ions prefer to occupy in octahedral sites along with half of Fe3+ ions 

than tetrahedral sites. When we increase the Zn concentration, Zn2+ ions has a tendency to 

occupy in tetrahedral sites and unsubstituted Zn ferrite has a normal spinel structure. Thus upon 

Zn substitution, the Fe3+ ions in the tetrahedral sites are replaced by Zn ions. Zn having a higher 

atomic weight, decreases the vibrational force constants and there by decreases the absorption 

frequency. 

SYNTHESIS OF CoxZn(1-X)Fe2O4 ( x= 0.0, 0.25, 0.5, 0.75, 1.0) USING SOL-GEL AUTO 

COMBUSTION METHOD

Among spinel ferrites, cobalt ferrite has attracted considerable attention due to their 

large magneto crystalline anisotropy, high coercivity, chemical stability, moderate saturation 

magnetization, large magnetostrictive coefficient, and mechanical hardness. Also the spinel 

cobalt zinc ferrite CoxZn(1-X)Fe2O4 plays an important role in microwave absorbing materials over 

a wide range of frequencies starting from a few hundred hertz to several mega hertz, 

Co-Zn ferrite system is prepared by varying the composition of Co and Zn i.e., CoFe2O4, 

Co0.75Zn0.25Fe2O4, Co0.5Zn0.5Fe2O4, Co0.25Zn0.75Fe2O4 and ZnFe2O4 using the sol-gel auto 

combustion technique and the obtained powdered ferrite nanoparticles  are calcined at 700oC, 

and sieved to 90mm. Phase composition, crystallinity and crystalline size of the above 

powdered samples are obtained from the X-ray diffraction analysis using Bruker AXS D8 

Advance model X-ray diffractometer with CuKα as a radiation source. The elemental 

composition analysis using Bruker Pioneer model XRF confirmed the stoichiometries of the 

sample. Surface acidity is measured by the temperature programmed desorption of ammonia.

X-RAY DIFFRACTION STUDIES

The XRD pattern of CoxZn1-xFe2O4 (x=0.00, 0.25, 0.50, 0.75, 1.0) indicated the single 

phase formation spinel ferrite. From the XRD, with the help of FWHM and the d(hkl) values, we 
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can calculate the parameters such as average crystallite size (D), lattice parameter (a), X-ray 

density (dx), bulk density (dB) and porosity (P) etc. From table 3 it is clear that the average 

crystallite size of the Co-Zn ferrite system is estimated by the Debye-Schrrer formula using the 

FWHM value and found to be in the range 15.57-23.5nm.  The broad peaks in the X-ray 

diffractogram again confirm the formation of nano particles.  The particle size of Co-Zn ferrite 

systems decreases with the concentration of zinc whereas the lattice parameter increases with 

Zn substitution and it is within the range 8.32-8.43 Å. The calculated lattice parameters, 

identified to be cubic spinel. The increase of lattice parameter could be attributed to the 

substitution of large sized Zn cation for the small sized Co cation.  The porosity shows variation 

with increase in zinc content. The calculated parameters are given in Table.

Table. Data on crystallite size (D), lattice constant (a), X-ray density (dx), bulk density (d
B
) and 

porosity (P) of Co-Zn ferrite samples.

Sample Crystallite 

size

D

(nm)

Lattice 

parameter

‘a’

(Å)

X-ray 

density

dx

(g/m3)

Bulk 

density

dB

(g/m3)

Porosity

P

(%)

CoFe2O4 25.3 8.32 5.411 3.970 26.64

Co0.75Zn0.25Fe2O4 17.9 8.35 5.389 4.051 24.84

Co0.5Zn0.5Fe2O4 17.4 8.38 5.682 4.030 29.08

Co0.25Zn0.75Fe2O4 14.5 8.39 5.385 4.059 24.63

ZnFe2O4 14.4 8.43 5.337 4.018 24.71

TPD OF NH3 BY CoxZn1-xFe2O4 (x= 0.00, 0.25, 0.50, 0.75, 1.0)

The surface acidity of the ferrite is measured by temperature programmed desorption of 

ammonia.  The acidity of Co-Zn ferrite having different compositions are given in Table 5 and it 

was found that all the ferrite samples except Co0.5Zn0.5Fe2O4 show remarkable acidity. The 

acidity of different ferrite compositions decreased with temperature, the CoFe2O4 sample shows 

high acidity and it decreased with the concentration of Zn. Maximum acidity is obtained when ‘x’ 

is 0.0. It was seen that in the two extremes i.e. ‘x’ is 0.0 and 1.0, the acidity is in its maximum 

value and when the concentration of Zn in CoxZn1-xFe2O4 increases acidity decreased. 
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Table 5. Acidity of CoxZn1-xFe2O4 (x= 0.0, 0.25, 0.50, 0.75, 1.0)

Temperature

Acidity (mmole/g)

ZnFe2O4 Co0.25Zn0.75Fe2O4 Co0.5Zn0.5Fe2O4 Co0.75Zn0.25Fe2O4 CoFe2O4

100 5.978 2.989 1.118 3.085 3.585

200 5.372 2.926 0.860 2.926 3.452

300 4.592 2.768 0.602 2.768 3.387

400 4.072 2.532 0.946 2.689 3.240

500 3.292 2.491 0.516 2.531 2.977

600 2.599 1.424 0.774 2.492 2.570

700 2.079 1.028 0.774 1.424 2.232

XRF Studies

The elemental composition analysis using XRF measurement confirmed the 

stoichiometry of the sample.  It is very important to study the elemental composition of the 

sample because with the nature and the concentration of the element present, the properties 

will be different. The XRF measurements proved that the stoichiometry of the prepared ferrite 

samples is in good agreement with the desired composition of the compound. The composition 

of elements present in the prepared compounds obtained from XRF measurements are listed in 

table.

Table. Elemental composition of CoxZn1-xFe2O4 (x= 0.0, 0.25, 0.5, 0.75, 1.0) 

Compound Element Elemental composition

Obtained value Actual value

ZnFe2O4

Zn 0.99 1

Fe 1.99 2

O 4 4

Co 0.26 0.25

Zn 0.73 0.75
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Co0.25Zn0.75Fe2O4

Fe 1.96 2

O 4.01 4

Co0.5Zn0.5Fe2O4

Co 0.52 0.5

Zn 0.54 0.5

Fe 1.94 2

O 4 4

Co0.75Zn0.25Fe2O4

Co 0.73 0.75

Zn 0.24 0.25

Fe 1.95 2

O 3.97 4

CoFe2O4

Co 1.09 1

Fe 1.92 2

O 4 4

TEM PATTERNS OF CoxZn(1-X)Fe2O4 ( x= 0.0, 0.25, 0.5, 0.75, 1.0)

The particle size and morphology of various Co1-xZnxFe2O4 compositions were confirmed 

by TEM and are shown in figure.  The particle size determined from TEM was found to be in 

close agreement with the XRD results. The powders of Co-Zn ferrite nanoparticles calcined at 

700oC consists of aggregates of fine nano particles not exceeding 100nm. From the images also 

it is seen that the particle size decreases with Zn substitution. The agglomeration increased with 

the substitution of Co and it may affect the crystallite size of the compound.
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ZnFe2O4

Co0.25Zn0.75Fe2O4
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Co0. 5Zn0.5Fe2O4

Co0.75Zn0.25Fe2O4
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CoFe2O4

Figure. TEM images of CoxZn(1-X)Fe2O4 ( x= 0.0, 0.25, 0.5, 0.75, 1.0)

FTIR SPECTROSCOPY
Figure depicts the FTIR spectra of CoxZn1-xFe2O4 (x - 0.0, 0.25, 0.5, 0.75 and 

1.0) nanoparticles. The various compositions of this system are designated as Co 1, Co 2, Co 3, 

Co 4 and Z 1 respectively for CoFe2O4, Co0.75Zn0.25Fe2O4, Co0.5Zn0.5Fe2O4, Co0.25Zn0.75Fe2O4

and ZnFe2O4 nano catalysts which are calcined at 700oC.  The spectra supported the formation 

of spinel phase formation of cobalt zinc ferrite nanoparticles. The presence of two main 

absorption bands in the range of 400-600 cm-1 is a common feature of spiel ferrites. The higher 

frequency absorption band (υ1) lies in the range 500-600 cm-1 and is assigned to the vibration of 

tetrahedral metal complex which consists of a bond between the oxygen ion and the tetrahedral 

site metal ion, and the lower frequency absorption band (υ2) lies in the range of 400-490cm-1

and is assigned to the vibration of the octahedral metal complex which corresponds to the bond 

between the oxygen ion and the octahedral site metal ion. The higher frequency band is due to 

the stretching vibration, while the lower frequency band is due to the bending vibration. These 

band positions are found to be in agreement with the characteristic infrared absorption bands of 
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cobalt ferrite nanocrystals. It can be seen that the absorption band due to tetrahedral sites 

shifted towards lower wave number on increasing the concentration of Zn ions. The downward 

shifting of this band can be understood from the fact that Zn ions have a tendency to occupy the 

tetrahedral site of the spinel ferrites. Thus the Fe ions in the tetrahedral sites are replaced by Zn 

ions. Zn having a higher atomic weight, decreases the vibrational force constants and there by 

decreases the absorption frequency.

Figure. FTIR spectra of CoxZn1-xFe2O4 (x - 0.0, 0.25, 0.5, 0.75 and 1.0) nanoparticles

SYNTHESIS AND CHARACTERIZATION OF MnxZn1-xFe2O4 (x=0.00, 0.25, 0.50, 0.75, 1.0)

Nanosized manganese ferrite is found to exhibit interesting structural and magnetic 

properties. The possible applications of manganese ferrite nanoparticles are in magnetic 

storage, as precursors for ferrofluids, as contrast enhancing agents in magnetic resonance 

imaging, as magnetic refrigerant materials in magnetic refrigeration technology and magnetically 



31

guided drug delivery agents and so on. Nano sized manganese ferrite with varying 

concentration of zinc holds much significance because of the modified structural features.

Mn-Zn ferrite system is prepared by varying the composition of Mn and Zn from 1.0-0.0 

i.e, MnFe2O4, Mn0.75Zn0.25Fe2O4, Mn0.5Zn0.5Fe2O4, Mn0.25Zn0.75Fe2O4 and ZnFe2O4 using the sol-

gel auto combustion technique and the obtained powdered ferrite nanoparticles  are calcined at 

350oC, and sieved to 90mm. Phase composition, crystallinity and crystalline size of the above 

powdered samples are obtained from the X-ray diffraction analysis using Bruker AXS D8 

Advance model X-ray diffractometer with CuKα as a radiation source. The elemental 

composition analysis using XRF measurement confirmed the stoichiometry of the sample. 

Surface acidity is measured by the temperature programmed desorption of ammonia.

X-RAY DIFFRACTION ANALYSIS

The XRD pattern of MnxZn1-xFe2O4 (x=0.00, 0.25, 0.50, 0.75, 1.0) systems indicated the 

single phase formation spinels. No impurity phase was found in the pattern. From the XRD, we 

have calculated the parameters such as average crystallite size (D), lattice parameter (a), X-ray 

density (dx), bulk density (dB) and porosity (P) by using the FWHM and the d(hkl) values,. From 

table it is clear that the average crystallite sizes of the Mn-Zn ferrite with different compositions 

are found to be within the range 13.3-23.95 nm.  XRD pattern peaks are broader than the XRD 

patterns of Ni-Zn and Co-Zn ferrites. The particle size of Mn-Zn ferrite systems decreases with 

the concentration of zinc whereas the lattice parameter increases with Zn substitution and it is 

within the range 8.14-8.43 Å. The crystallite size, lattice parameter and porosity are somewhat 

less irregular so we cannot make a study on the effect of substitution of Zn in MnFe2O4. 

Table. Data on crystallite size (D), lattice constant (a), X-ray density (dx), bulk density (d
B
) and 

porosity (P) of Mn-Zn ferrite samples.

Sample Crystallite 

size

D

(nm)

Lattice

parameter

‘a’

(Å)

X-ray 

density

dx

(g/m3)

Bulk 

density

dB

(g/m3)

Porosity

P

(%)

MnFe2O4 23.95 8.31 5.471 3.241 40.76

Mn0.75Zn0.25Fe2O4 13.5 8.35 5.321 2.989 43.83
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Mn0.5Zn0.5Fe2O4 13.3 8.14 5.808 3.062 47.28

Mn0.25Zn0.75Fe2O4 15.95 8.43 5.288 3.257 38.41

ZnFe2O4 23.16 8.43 5.337 4.018 24.71

XRF STUDIES

The elemental composition analysis using Bruker Pioneer model XRF instrument 

confirmed the stoichiometry of the sample. The stoichiometry of the prepared ferrite samples 

obtained from XRF measurements given in table. 

Table. Elemental composition of MnxZn1-xFe2O4 (x= 0.0, 0.25, 0.5, 0.75, 1.0) 

Compound Element Elemental composition

Obtained value Actual value

ZnFe2O4

Zn 0.99 1

Fe 1.99 2

O 4 4

Mn0.25Zn0.75Fe2O4

Mn 0.29 0.25

Zn 0.75 0.75

Fe 1.97 2

O 3.98 4

Mn0.5Zn0.5Fe2O4

Mn 0.44 0.5

Zn 0.43 0.5

Fe 2.12 2

O 3.94 4

Mn0.75Zn0.25Fe2O4

Mn 0.35 0.75

Zn 0.653 0.25

Fe 2.04 2

O 4.00 4

MnFe2O4

Mn 0.83 1

Fe 2.14 2

O 4.03 4
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Transmission Electron Micrography (TEM)

The size obtained from X-ray diffraction profile is generally larger than the size obtained 

from TEM because X ray intensity is proportional to the average particle volume, while the 

particle size obtained from TEM images represents the average radius. Moreover, the size 

distributions obtained from TEM images are restricted to primary particles and do not include 

secondary particles formed by epitaxial attachment. Secondary particles are formed from 

integer multiples of primary particles and can have a significant influence on the volume 

distribution, even at relatively low concentration. Transmission Electron Micrographs of the 

prepared Mn1-xZnxFe2O4 samples are given in figure. The particles are roughly spherical and 

have a crystallite size in the range of 10-25 nm. The well defined rings in the Selected Area 

Electron Diffraction (SAED) pattern can be assigned to the crystal planes of the ferrites 

indicating the established crystallinity. Manganese zinc ferrite powders consist of agglomerated 

particles of low polydispersity in size. 

ZnFe2O4
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Mn0.25Zn0.75Fe2O4

Mn0.5Zn0.5Fe2O4
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Mn0.75Zn0.25Fe2O4

MnFe2O4
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TPD-NH3 by MnxZn1-xFe2O4 (x= 0.0, 0.25, 0.50, 0.75, 1.0)

The acidity possessed by different Mn-Zn ferrite compositions are listed in table. It 

indicated that ZnFe2O4 has high acidity among them and when we substitute Zn in MnFe2O4, 

acidity decreased. The acidity decreased from 3.99 mmol/g to 1.245 mmol/g when we change 

the composition ‘x’ from 0.0-1.0 in MnxZn1-xFe2O4. 

Table. Acidity of MnxZn1-xFe2O4 (x= 0.0, 0.25, 0.50, 0.75, 1.0)

Temperature

Acidity (mmole/g)

ZnFe2O4 Mn0.25Zn0.75Fe2O4 Mn0.5Zn0.5Fe2O4 Mn0.75Zn0.25Fe2O4 MnFe2O4

100 5.978 3.849 2.752 2.565 2.296

200 5.372 3.598 2.486 2.068 2.426

300 4.592 3.012 2.308 1.406 1.105

400 4.072 3.179 1.864 1.737 0.765

500 3.292 2.928 1.509 1.075 0.850

600 2.599 2.761 1.332 1.489 0.510

700 2.079 2.259 1.262 0.827 0.765

FT IR SPECTROSCOPY
Figure shows the FTIR spectra of various compositions of Mn and Zn. Z 1 is calcined at 

800oC, M 1 and M 2 are calcined at 300oC whereas other two are calcined at 400oC. Here unlike 

in other two ferrite systems the absorption bands are broadened especially in the case of M 1 

and M 2. FTIR spectra show two absorption bands mainly in the range 400-600 cm-1 It has 

been observed that the ν1 band shifted towards the higher values when the concentration of Mn 

increases (x is 1) as in the case of M 1. The increase in site radius reduces the stretching and 

their fore with increase in Zn concentration, which increases the site radius of tetrahedral site 

and their by the absorption band is shifted to lower values. A similar behavior can be observed 

in M 2 (x is 0.75) also, but there is any considerable change can be seen in the value of υ1 there 

is a change in the value of υ2, it is changed to 442.49 cm-1 from 437.13 cm-1.  M 3 and M 4 have 

the same absorption frequencies. Another feature in this case is the broadening of υ1 and υ2 in 
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case of M 2 and M 1. This broadening of bands has been reported by many workers and here it 

can be attributed to the statistical distribution of Fe3+ ions in tetrahedral and octahedral sites.
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Figure. FTIR spectra of MnxZn1-xFe2O4 (x - 0.0, 0.25, 0.5, 0.75 and 1.0) nanoparticles

STUDIES ON THE CATALYTIC ACTIVITY OF FERRITE NANOPARTICLES

Water is an irreplaceable basic principle of life that is being polluted by different 

anthropogenic activities. Removal of toxic organic compounds from aqueous waste streams has 

become a crucial problem during the last decade for waste water treatment.  Among different 

classes of pollutants, chlorophenols (CPs) are a particular group of priority toxic pollutants listed 

by the US EPA in the Clean Water Act and by the European Union Decision due to their high 

toxicity and low biodegradability. Chlorophenols represent an important class of persistent 

organic compounds released into water as wastes generated from industrial activities like 

petrochemical, pharmaceutical, wood preserving, plastic, pesticide and herbicide use. In people, 

developmental, behavioral, neurologic, endocrinal, reproductive and immunologic adverse 

health effects have been linked to these kinds of persistent pollutants. They persist for long 
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periods of time in the environment and can be biomagnified through the food chain. Various 

abatement technologies including biological, thermal and chemical treatments have been 

developed in the last few years for the detoxification of organic pollutants. Among these 

techniques, Advanced Oxidation Processes (AOP) appears to be a promising field of study for 

the effective removal of CPs from water. 

AOPs include several techniques, some of which are Ozonation, Fenton, Photo-Fenton, 

Photo catalysis and Wet Oxidation. Among these technologies, Wet Air Oxidation (WAO) and 

Wet Peroxide Oxidation (WPO) are of special interest since these processes differ from the rest 

of the AOPs and can be used for the treatment of highly concentrated waste waters. Catalytic 

Wet Peroxide Oxidation (CWPO) is rapidly emerging as a new environment friendly technology 

designed to enhance conversion of effluents into benign products. Hydrogen peroxide acts as 

free radical initiator, providing hydroxyl radicals that promote degradation of persistent organic 

pollutants under milder conditions. Besides all these, the heterogeneous catalytic wet peroxide 

oxidation has several advantages over the classical homogeneous Fenton like processes such 

as enhancement of the catalytic activity, lack of secondary pollution and the possibility of 

reusing the catalyst in successive cycles. Generally, the noble metal catalysts show excellent 

activity but they are expensive and vulnerable to poisons. Transition metal oxide catalysts are 

widely studied as an alternative in CWAO. 

Spinel type ferrites have now attracted the attention of chemical technologists due to 

their well established catalytic properties for many reactions like decomposition of hydrogen 

peroxide, decomposition of alcohols and hydrodesulphurization of petroleum crude. Studies 

revealed that in spinels, the octahedral sites are almost exclusively exposed in the crystallites 

and that the catalytic activity is mainly due to octahedral cations [26-33]. Since the ferrite 

nanoparticles are magnetic, these can be easily removed from the reaction mixture after 

catalysis by magnetic methods. A detailed investigation is very important on the catalytic 

efficiency of the synthesized ferrites towards wet peroxide as well as air oxidations of pollutants 

like 4-chlorophenol, 2, 4-dichlorophenol and 2, 4-dichlorophenoxy acetic acid at ambient 

conditions. Catalytic wet oxidations are technologies based on an initial formation of hydroxyl 

radical that further oxidize the organic matter has been the favored green chemistry path to 

convert chlorinated organic compounds to benign products. It is a degradative process where 

attack by reactive oxygen species results in the overall oxidation of the pollutant.  Detailed 

information regarding this study is given in the subsequent sections.
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Catalytic Wet Peroxide Oxidation of Chlorinated Hydrocarbons over Mixed Nanoferrites 

at Mild Temperatures

The potential applications of spinel ferrites in catalytic processes also are very important 

due to the redox nature of transition elements, their chemical stability and high surface area. 

Hence a detailed study is very essential on the use of ferrite nano particles as a catalyst in 

green chemistry for the removal of Persistent Organic Pollutants under ambient conditions. This 

is coming under heterogeneous catalysis i.e. the reactants and catalyst are in different phases. 

The advantages of heterogeneous catalytic processes include easy separation of final reaction 

mass from the catalyst, reusability of the catalyst and possibility of continuous operation in 

reactor without interruption. Also heterogeneous processes are more environmentally benign 

and have little disposal problems.

The well characterized ferrite compositions were subjected as a heterogeneous catalyst 

towards the oxidation of waste water streams containing different carcinogenic pollutants like 

chlorinated compounds. The reactions selected for the elucidation of catalytic activity are wet 

peroxide and air oxidations. Catalytic peroxide oxidations are technologies based on an initial 

formation of hydroxyl radicals that further oxidize these organic matters and convert them to eco 

friendly products. 

Wet Peroxide Oxidation (WPO) is carried out in liquid phase in a 50 ml two necked RB 

flask equipped with thermometer, water condenser and magnetic stirrer. At specified intervals, 

the liquid samples were periodically withdrawn from the reaction mixture and quantitatively 

analyzed with the help of Perkin Elmer Clarus 580 Model GC equipped with an Elite-5 capillary 

column and flame ionization detector (FID). Detailed study has been carried out on the influence 

of various reaction parameters like nature of catalyst and its dosage, substrate and its 

concentration, reaction temperatures, time, oxidant concentration and reusability of the catalyst 

for the effective removal of harmful compounds from water. Besides the effectiveness of the 

reaction it is very important to consider the feasibility of the reaction since it should be 

economically feasible so that it could be applicable in large scale uses. 

WPO of 4-chlorophenol over NixZn(1-X)Fe2O4, CoxZn(1-X)Fe2O4, MnxZn(1-X)Fe2O4 ( x= 0.0, 0.25, 

0.5, 0.75, 1.0) nanoparticles 

The catalytic activity of different compositions of Ni-Zn, Co-Zn and Mn-Zn ferrite systems 

towards the oxidation of 4-chlorophenol with hydrogen peroxide was studied. The extent of 
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oxidation can be followed by COD measurements of the products also. It involves digestion of 

the sample with known amount of 0.25N potassium dichromate in the presence of concentrated 

sulfuric acid, silver sulfate and mercuric sulfate for two hours followed by the titration of free 

potassium dichromate in the mixture with standard 0.25N ferrous ammonium sulfate. The effect 

of various reaction variables was also checked and the obtained results are summarized as 

follows. 

Effect of time on oxidative removal of 4-CP over Ni-Zn ferrite nanoparticles

Catalyst Time % of 

conversion of 

4-CP from 

GC

COD

(mg/L)

COD

(%)

NiFe2O4 15 minutes 2.22 728 81.98

30 minutes 6.71 608 68.46

45 minutes 19.30 560 63.06

60 minutes 33.16 472 53.15

75 minutes 65.38 272 30.63

90 minutes 80.26 176 19.8

105 minutes 100 168 18.9

120 minutes 100 72 8.1

Ni0.75Zn0.25Fe2O4 15 minutes 3.16 576 64.86

30 minutes 6.35 488 54.95

45 minutes 7.42 400 45.04

60 minutes 30.74 264 29.72

75 minutes 73.25 192 21.62

90 minutes 87.53 152 17.11

105 minutes 100 32 3.60

120 minutes 100 8 0.90

Ni0.5Zn0.5Fe2O4 15 minutes 4.9 472 53.15

30 minutes 27.24 408 45.94
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Reaction condition: 1g/L 4-CP: H2O2 (molar ratio), 25: 4; Catalyst, 0.5g; Temperature, 70oC.

The effect of time on wet peroxide oxidation of 4-CP using different compositions of Ni-

Zn ferrite was studied at a range of 120 minutes and it was found that the % of removal of 4-CP 

from water tremendously increased with time. It is interesting that zinc substitution in Nickel 

ferrite increases the catalytic activity towards the oxidative removal of 4-CP. NiFe2O4 ferrite 

nano particles took 105 minutes for the complete  removal of 4-CP from water and on Zn 

45 minutes 77.19 56 6.3

60 minutes 82.01 24 2.7

75 minutes 100 8 0.90

90 minutes 100 24 2.7

105 minutes 100 12 1.35

120 minutes 100 8 0.9

Ni0.25Zn0.75Fe2O4 15 minutes 6.57 392 44.14

30 minutes 29.21 288 32.43

45 minutes 42.74 176 19.82

60 minutes 84.32 36 4.05

75 minutes 100 72 8.10

90 minutes 100 40 4.5

105 minutes 100 36 4.05

120 minutes 100 32 3.6

ZnFe2O4 15 minutes 53.74 640 72

30 minutes 95.08 520 58.5

45 minutes 100 216 24.32

60 minutes 100 184 20.72

75 minutes 100 80 9.009

90 minutes 100 64 7.20

105 minutes 100 56 6.3

120 minutes 100 24 2.7
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substitution 100% removal was achieved within 30 minutes. The extent of oxidation can be 

followed by COD measurements of the reaction mixture and the results show that a gradual 

reduction was observed in the COD results too which also supplement the GC results.

Co-Zn ferrite nano particles having different compositions are found to be highly active 

towards the oxidative removal of 4-CP from water.  The complete removal was achieved within 

75 minutes by all the compositions of Co and Zn. It was found that CoFe2O4 shows high activity 

and the Zn substitution decreases the catalytic activity. The catalytic power of mixed Co and Zn 

compositions are intermediate between simple spinels of Zn and Co ferrite. Gradual reduction in 

the % of COD was observed with the increase in concentration of Co and it was found in 

between 4.54- 0.909%.

Catalyst Time % of 

conversion of 

4-CP from GC

COD

(mg/L)

COD

(%)

CoFe2O4 15 minutes 63.75 584 66.36

30 minutes 75.68 520 59.09

45 minutes 83.14 224 25.45

60 minutes 91.68 80 9.09

75 minutes 100 8 0.909

90 minutes 100 8 0.909

105 minutes 100 8 0.909

120 minutes 100 8 0.909

Co0.75Zn0.25Fe2O4 15 minutes 90.70 572 65.00

30 minutes 95.96 536 60.90

45 minutes 95.06 368 41.81

60 minutes 100 32 3.63

75 minutes 100 24 2.72

90 minutes 100 24 2.72

105 minutes 100 20 2.27

120 minutes 100 20 2.27
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In the case of Mn-Zn ferrite system, the catalytic activity increases with the substitution 

of Zn. The % of COD reduced from 43.63-2.7 on Zn substitution. MnFe2O4 take 2 hours for the 

complete removal of 4-CP and the time consumption reduced with the substitution of Zn. Among 

the results we got MnFe2O4 catalyst took more time for the complete removal of 4-CP. 

Co0.5Zn0.5Fe2O4 15 minutes 7.19 568 64.54

30 minutes 67.49 524 59.54

45 minutes 98.81 400 45.45

60 minutes 99.55 208 23.63

75 minutes 100 192 21.81

90 minutes 100 48 5.4

105 minutes 100 32 3.6

120 minutes 100 32 3.6

Co0.25Zn0.75Fe2O4 15 minutes 67.03 496 56.36

30 minutes 78.09 440 50.00

45 minutes 83.59 344 39.09

60 minutes 94.42 312 35.45

75 minutes 100 208 23.63

90 minutes 100 192 21.81

105 minutes 100 72 8.18

120 minutes 100 40 4.54

ZnFe2O4 15 minutes 90.74 640 72

30 minutes 95.08 520 58.5

45 minutes 100 216 24.32

60 minutes 100 184 20.72

75 minutes 100 80 9.009

90 minutes 100 64 7.20

105 minutes 100 56 6.3

120 minutes 100 24 2.7
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Catalyst Sample % of 

conversion of 

4-CP from GC

COD

(mg/L)

COD

(%)

MnFe2O4 15 minutes No peak 692 78.63

30 minutes 20.45 656 74.54

45 minutes 40.35 640 72.72

60 minutes 51.83 528 60.00

75 minutes 57.62 424 48.18

90 minutes 59.08 416 47.27

105 minutes 61.52 392 44.54

120 minutes 100 384 43.63

Mn0.75Zn0.25Fe2O4 15 minutes 8.30 632 71.81

30 minutes 8.34 520 59.09

45 minutes 7.88 384 43.63

60 minutes 7.97 296 33.63

75 minutes 10.40 216 24.54

90 minutes 9.17 176 20.00

105 minutes 27.13 164 18.63

120 minutes 100 160 18.18

Mn0.5Zn0.5Fe2O4 15 minutes 6.41 668 75.90

30 minutes 17.23 616 70.00

45 minutes 70.16 560 63.63

60 minutes 100 496 56.36

75 minutes 100 272 30.90

90 minutes 100 144 16.36

105 minutes No peak 136 15.45

120 minutes No peak 132 15.00

Mn0.25Zn0.75Fe2O4 15 minutes 20.16 680 77.27

30 minutes 34.02 564 64.09
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It is concluded that time has a promotional effect on the oxidative removal of CPs from 

water. The % of removal of 4-CP increases with time and complete removal is achieved within 

an average time of 90 minutes. Co-Zn ferrite is found to be very active towards the oxidation 

reactions of 4-CP.

Effect of Oxidant concentration

The amount of oxidant used in wet peroxide oxidation process is an important parameter 

for the oxidation reactions and its effect was studied by changing the amount of oxidant by 

keeping all other variables constant. The effect of oxidant concentration towards oxidation of 4-

CP over different catalysts are summarized below.

In the case of Ni-Zn ferrite system we took Ni0.5Zn0.5Fe2O4 as a model for the detailed 

study. It was found that the % of removal of 4-CP from water increases tremendously with the 

oxidant concentration and % COD reduction was obtained from 74.45-1.36 with the change in 

amount of hydrogen peroxide from 1-5 ml.

45 minutes No peak 552 62.72

60 minutes 72.14 448 50.90

75 minutes 100 360 40.90

90 minutes No peak 212 24.09

105 minutes No peak 72 8.18

120 minutes No peak 56 6.36

ZnFe2O4 15 minutes 90.74 640 72

30 minutes 95.08 520 58.5

45 minutes 100 216 24.32

60 minutes 100 184 20.72

75 minutes 100 80 9.009

90 minutes 100 64 7.20

105 minutes 100 56 6.3

120 minutes 100 24 2.7
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From Co-Zn ferrite system, we fixed Co0.75Zn0.25Fe2O4 as the reference for studying the 

oxidant concentration and we found that % of conversion increased with oxidant dosage. COD 

reduction from 58.18-1.8 % was seen in this case and this catalyst exhibit good activity.

A similar behavior was seen in the case of Mn-Zn ferrite system also. Here 

Mn0.25Zn0.75Fe2O4 is taken as the model compound. The % of removal of CP increased with the 

concentration of hydrogen peroxide and % of COD reduction was in the range 83.63-33.63.

Time 75 minutes, 25 ml 1g/L CP, Temp 70oC, 0.5g catalyst Ni0.5Zn0.5Fe2O4

Catalyst Amount of 

H2O2 added

% of removal 

of 4-CP from 

water

COD

(mg/L)

% of 

COD

Ni0.5Zn0.5Fe2O4 1 ml 44.13 656 74.45

2 ml 100 344 39.09

3 ml 100 168 19.09

4 ml 100 8 0.90

5 ml 100 12 1.36

Time 60 minutes, 25 ml 1g/L CP, Temp 70oC, 0.5g 

catalystCo0.75Zn0.25Fe2O4

Catalyst Amount of 

H2O2

added

% of 

removal of 

4-CP from 

water

COD

(mg/L)

% of 

COD

Co0.75Zn0.25Fe2O4 1 ml 92.43 512 58.18

2 ml 99.68 400 45.45

3 ml 100 280 31.81

4 ml 100 32 3.63

5 ml 100 16 1.8
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From these studies, oxidant concentration has a positive effect towards the oxidative 

removal of 4-CP. The catalytic activity was found to be in the order Co-Zn> Ni-Zn>Mn-Zn.

Effect of catalyst concentration

The catalyst amount required for the maximum conversion of 4-CP was found out in the 

specified reaction conditions by changing the dosage of catalyst added by keeping other 

parameters constant. It can be noted that oxidation of chlorophenol increases with catalyst 

concentration. However, 0.5g of the catalyst is found to be enough for giving the remarkable 

removal 4-CP. 

Time 75minutes, 25 ml 1g/L CP, Temp 70oC, 0.5g catalystMn0.25Zn0.75Fe2O4

Catalyst Amount of 

H2O2

added

% of removal of 

4-CP from water

COD

(mg/L)

% of 

COD

Mn0.25Zn0.75Fe2O4 1 ml 85.91 736 83.63

2 ml 90.24 704 80.00

3 ml 95.41 528 60.00

4 ml 100 360 40.90

5 ml 100 296 33.63

Time 75 minutes, 25 ml 1g/L CP, Temp 70oC, 4ml H2O2 Ni0.5Zn0.5Fe2O4

Catalyst Amount of 

catalyst 

% of 

removal of 

4-CP from 

water

COD

(mg/L)

% of 

COD

Ni0.5Zn0.5Fe2O4 0.1g 94.27 656 74.54

0.3g 100 344 39.09

0.5g 100 8 0.90

0.7g 100 24 2.72

0.9g 100 12 1.36
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In all the cases when the catalyst dosage increases,  the oxidation of 4-CP also 

increases and a remarkable COD reduction from 74.54-0.90, 85.45-1.8, and 85.45-38.18 was 

observed respectively for Ni-Zn, Co-Zn and Mn-Zn ferrites.

Time 60 minutes, 25 ml 1g/L CP, Temp 70oC, 4ml H2O2 Co0.75Zn0.25Fe2O4

Catalyst Amount of 

catalyst 

% of 

removal of 

4-CP from 

water

COD

(mg/L)

% of 

COD

Co0.75Zn0.25Fe2O4 0.1g 75.72 752 85.45

0.3g 98.93 208 23.63

0.5g 100 32 3.63

0.7g 100 28 3.182

0.9g 100 20 2.27

Time 75minutes, 25 ml 1g/L CP, Temp 70oC, 4ml H2O2 Mn0.25Zn0.75Fe2O4

Catalyst Amount of 

catalyst 

% of

removal of 

4-CP from 

water

COD

(mg/L)

% of COD

Mn0.25Zn0.75Fe2O4 0.1g 80.71 752 85.45

0.3g 89.93 720 81.81

0.5g 100 360 40.90

0.7g 100 360 40.90

0.9g 100 336 38.18
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Effect of Temperature

The effect of temperature was checked within the range of room temperature to 70oC 

and it was found that there is a drastic change in the % of removal of 4-CP from the reaction 

mixture.

In the case of Ni-Zn ferrite system, the % of removal increases with temperature and 

complete removal was done at 70oC. % of COD gradually reduced from 26.36-0.90 with the 

increase of temperature from room temperature to 70oC.

In the case of Co-Zn ferrite system, a complete removal of chlorophenol was observed 

at room temperature itself and also we got a very good reduction in COD from 5.45-1.3%.

Time 75 minutes, 25 ml 1g/L CP, 4ml H2O2 , catalyst 0.5g Ni0.5Zn0.5Fe2O4

Catalyst Temperatur

e 

% of removal 

of 4-CP from 

water

COD

(mg/L)

% of 

COD

Ni0.5Zn0.5Fe2O4 Room Temp 12.21 232 26.36

40 oC 38.98 216 24.54

50 oC 31.64 212 24.09

60 oC 23.58 128 14.54

70 oC 100 8 0.90

Time 60 minutes, 25 ml 1g/L CP, 4ml H2O2 , catalyst 0.5g Co0.75Zn0.25Fe2O4

Catalyst Temperat

ure 

% of removal 

of 4-CP from 

water

COD

(mg/L)

% of COD

Co0.75Zn0.25Fe2O4 Room 

Temp oC

100 48 5.45

40 oC 100 16 1.81

50 oC 100 32 3.63

60 oC 100 12 1.3

70 oC 100 32 3.63
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In the case of Mn-Zn ferrite system, the % of conversion of 4-CP increases up to 50oC and then 

decreased when we made a 10o rise in temperature and a full conversion obtained at 70oC and 

this result was supported by the COD values.

From these studies, it is concluded that the activity of the catalysts for the oxidative 

removal of 4-CP from water decreases in the order, Co-Zn > Ni-Zn > Mn-Zn.

Effect of Substrate concentration

The influence of the amount of 4-chlorophenol in water was also studied by keeping the 

amount of hydrogen peroxide, temperature and catalyst dosage constant and altering the 

amount of 4-chlorophenol. This parameter is very important to study because in the present 

condition the concentration of chlorinated compounds in aqueous streams has been increasing 

due to different kinds of pollution. Here we varied its concentration as 0.75, 1, 1.25, 1.75 and 2 

g/L.

In Ni-Zn ferrite system, it is noticed that at lower concentrations the % of removal of CP 

from the mixture was complete and this behavior was seen up to 1g/L and on further increasing 

Time 75minutes, 25 ml 1g/L CP, 4ml H2O2 , catalyst 0.5g Mn0.25Zn0.75Fe2O4

Catalyst Temperature % of 

removal 

of 4-CP 

from 

water

COD

(mg/L)

% of COD

Mn0.25Zn0.75Fe2O4 Room Temp
oC

92.05 428 48.63

40 oC 75.14 484 55.00

50 oC 93.55 384 43.63

60 oC 53.02 616 70.00

70 oC 100 360 40.90
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the CP concentration, the % of conversion suddenly drops and again increases with the 

increase of CP concentration. 

In the case of Co-Zn ferrite, it was seen that the % of conversion increases with the 

concentration of CP up to 1g/L and then decreases with further increase in CP concentration but 

again the oxidation rate increases with increase in substrate concentration.  Also the COD 

values vary in the same way.

Time 75 minutes, 25 ml CP, 4ml H2O2 , catalyst 0.5g, Temp 70oC

Ni0.5Zn0.5Fe2O4

Catalyst Substrate 

concentratio

n 

% of 

removal of 

4-CP from 

water

COD

(mg/L)

% of COD

Ni0.5Zn0.5Fe2O4 750 mg/L 100 12 1.36

1000 mg/L 100 8 0.90

1250 mg/L 3.74 492 55.90

1750 mg/L 17.89 448 50.90

2000 mg/L 21.04 436 49.54

Time 60 minutes, 25 ml CP, 4ml H2O2 , catalyst 0.5g, Temp 70oC

Co0.75Zn0.25Fe2O4

Catalyst Substrate 

concentration 

% of 

removal of 

4-CP from 

water

COD

(mg/L)

% of 

COD

Co0.75Zn0.25Fe2O4 750 mg/L 95.36 44 5

1000 mg /L 100 32 3.63

1250 mg/L 79.09 96 10.90

1750 mg/L 69.47 120 13.63

2000 mg/L 51.58 124 14.09
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In the case of Mn-Zn ferrite, the % of removal of CP from the reaction mixture increases and 

then decreases. This is also supported by the COD results. 

Stability of the catalyst

This study is very important in heterogeneous catalysis by checking the reusability of the 

catalyst. In the case of Ni-Zn system, it is interesting to note that the activity of the catalyst 

remain as such in two successive uses in reactions and then the activity decreased however the 

catalyst gave 80.7% of removal of CP from aqueous streams was obtained even in its fifth use. 

Time 75minutes, 25 ml CP, 4ml H2O2 , catalyst 0.5g, Temp 70oC

Mn0.25Zn0.75Fe2O4

Catalyst Substrate 

concentration 

% of 

removal of 

4-CP from 

water

COD

(mg/L)

% of COD

Mn0.25Zn0.75Fe2O4 750 mg/L 62.58 472 53.63

1000 mg /L 100 360 40.90

1250 mg/L 50.41 532 60.45

1750 mg/L 33.01 596 67.72

2000 mg/L 65.83 464 52.72

Time 75 minutes, 4ml H2O2 , catalyst 0.5g, Temp 70oC,Catalyst, Ni0.5Zn0.5Fe2O4

No. of uses Substrate 

concentration

% of removal 

of 4-CP from 

water

COD

(mg/L)

% of 

COD

Ist 1g/L 100% 8 0.90

IInd 1g/L 100% 72 8.18

IIIrd 1g/L 97.85 96 10.90

IVth 1g/L 90.31 112 12.72

Vth 1g/L 80.7 336 38.18
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In the case of Co-Zn system, the catalyst show maximum activity towards oxidative 

removal of chlorinated compounds from water in its first use and then the catalytic activity 

decreased in its second and third uses and then in its fourth and fifth uses the activity increased 

and in the fifth time the catalyst again gave complete removal of 4-CP. We found that, even 

though the Co-Zn ferrite system is more catalytically active its reusability is very low.

In the third system, Mn-Zn ferrite system the catalyst stability is checked by taking 

Mn0.25Zn0.75Fe2O4 as the model composition. From the studies we found that this ferrite 

Time 60 minutes, 25 ml CP, 4ml H2O2 , catalyst 0.5g, Temp 70oC

Catalyst, Co0.75Zn0.25Fe2O4

No. of uses Substrate 

concentration

% of removal 

of 4-CP from 

water

COD

(mg/L)

% of COD

Ist 1g/L 100% 32 3.63

IInd 1g/L 32.83 204 23.18

IIIrd 1g/L 35.75 252 28.63

IVth 1g/L 90.99 216 24.54

Vth 1g/L 100 124 14.09

Time 75 minutes, 25 ml CP, 4ml H2O2 , catalyst 0.5g, Temp 70oC

Catalyst, Mn0.25Zn0.75Fe2O4

No. of uses Substrate 

concentration

% of 

removal of 

4-CP from 

water

COD

(mg/L)

% of COD

Ist 1g/L 100% 360 40.90

IInd 1g/L 100% 404 45.90

IIIrd 1g/L 100 392 44.54

IVth 1g/L 100 368 41.81

Vth 1g/L 100 476 54.09
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composition show least activity compared with Co-Zn and Ni-Zn systems towards the oxidative 

removal of CP from water but it is noticeable that the activity of the catalyst remain as such even 

in its fifth use. But the COD values found to be slightly increased with the number of usages.

Leaching of Iron

Study of leaching of elements during the liquid phase peroxide oxidation of 4-CPs in 

water over different ferrite nano particles is very important because this process is found to be 

very effective for waste water treatment so that it is very important to make sure that the 

reaction as well as the catalysts does not cause any kind of further pollution in water. In that 

sense, the checking the leaching of Fe present in the catalyst in to aqueous medium is very 

important in environmental applications. The Fe concentration in the liquid phase after one hour 

reaction was repeatedly measured with the help of a Perkin Elmer Atomic Absorption 

Spectrometer.

In the case of Ni-Zn ferrite system, 1.21mg/L of iron is leached out in to the reaction 

mixture and 1.26mg/L in the case of Co-Zn ferrite composition and for Mn-Zn ferrite 

composition, it is 4.523mg/L. 

No. of uses of Ni0.5Zn0.5Fe2O4 Amount of Fe leached (mg/L)

Ist 1.21

IInd 1.35

IIIrd 1.33

IVth 1.38

Vth 0.574

No. of uses of 

Co0.75Zn0.25Fe2O4

Amount of Fe leached (mg/L)

Ist 1.264

IInd 1.157

IIIrd 3.260

IVth 3.762

Vth 4.500
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No. of uses of 

Mn0.25Zn0.75Fe2O4

Amount of Fe leached (mg/L)

Ist 4.528

IInd 11.29

IIIrd 79.61

IVth 79.57

Vth 50.16

In the present investigation we found that the transition metal compounds can be used 

as an effective catalyst by employing the redox nature of elements and can successfully be 

used in the wet peroxide oxidation of chlorinated hydrocarbons present in waste water streams.

From these results, Ni-Zn ferrite catalyst is highly stable in liquid phase than Co-Zn and 

Mn-Zn ferrite catalysts. Among them Mn-Zn is found to be the least stable one.

10. Detailed analysis of results indicating contributions made towards increasing the 

state of knowledge in the subject: 

X ray Diffraction

The experimental XRD data agree closely with the standard values given in the JCPDS 

data cards (79-1150, 74-2081) confirming the single phase spinel formation of zinc ferrite and 

mixed zinc ferrites. The samples do not contain any impure phases of Fe2O3. The strongest 

reflection comes from the (311) plane, which also corresponds to cubic spinel structure. For the 

samples calcined at 500°C, the XRD peaks are rather broad, while for the samples calcined at 

800°C, much sharper peaks are observed indicating greater crystalline nature. This suggests 

the growth of particles with increase in calcination temperature. The lattice parameter values are 

in the range of 8.44- 8.46 Å and 8.35- 8.37 Å for ZnFe2O4 and NiFe2O4 respectively, confirming 

the cubic spinel structure. The value of lattice parameter is higher for ZnFe2O4; which could be 

attributed to the replacement of smaller sized Fe cation by larger sized Zn cation. The lattice 

parameter increases with increase in calcination temperature. The average crystallite size 

calculated using Debye-Scherer equation ranges between 16.2- 24.2 nm and 20.9- 27.4 nm for 

ZnFe2O4 and NiFe2O4 nano crystals respectively proving the fine nature of the powders. 

Temperature has a significant effect on the average crystallite size of nickel and zinc ferrite 
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samples (ZE I, ZE II, NE I and NE II) produced by sol-gel ethylene glycol method. This is a 

common observation since when the calcination temperature is raised from 500oC to 800oC the 

nanoparticles get agglomerated and hence average crystallite size is increased.  However in the 

case of citrate samples of nickel and zinc ferrite samples (ZC I, ZC II, NC I and NC II) 

agglomeration was not significant at higher temperature. XRD results show that the sol-gel auto 

combustion method using ethylene glycol is a good method for the preparation of fine 

nanoferrite particles.

Scanning Electron Microscopy

The images reveal the microstructure and morphology of ferrite nanocrystals which are 

in agreement with the results obtained from the XRD patterns. It can be seen that the crystallite 

size of the samples is extremely fine within the nanometric range. The samples obtained 

through the ethylene glycol method (ZE I and NE I), exhibit a better distribution of homogeneous 

nanoparticles as compared to those from citric acid method. 

Transmission Electron Microscopy

The particles are roughly spherical and have crystallite size in the range of 10-25 nm. 

Well defined rings in Selected Area Electron Diffraction (SAED) patterns can be assigned to 

ferrite crystal planes. Particles are agglomerated due to the magnetic property of ferrite 

nanocrystals and their distribution is complicated. 

Wet peroxide oxidation of 4-chlorophenol

There is a growing interest in the oxidation of chlorophenols especially under mild 

conditions due to its practical and scientific goals. The catalytic activity of different samples of 

nickel and zinc ferrite systems towards the oxidation of 4-chlorophenol with hydrogen peroxide 

reveals that the size of the catalyst particles as well as the morphology has a significant effect 

on catalytic efficiency. Among the prepared catalysts, the ethylene glycol samples (ZE I, ZE II, 

NE I, NE II) show remarkable activity for 4-chlorophenol conversion especially the catalysts 

calcined at 500°C. This is because the nanocrystals at lower calcination temperature possess 

lower average crystallite size and higher surface area and as a result possess more catalytically 

active sites. Among these samples, ZnFe2O4 calcined at 500oC (ZE I) gave 100% of removal of 

4-chlorophenol from water at 70°C within a very short period of time of 45 minutes while the 
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sample at 800°C (ZE II) takes 90 minutes for the complete removal of 4-chlorophenol. Increase 

in calcination temperature has a similar effect on the catalytic activity of NiFe2O4 catalysts also. 

NE I is more active than NE II for the effective removal of 4-chlorophenol. In the case of NE I, 

rapid conversion occurs at the initial stage itself and about 95% removal was achieved within 45 

minutes. However, with NE II, there is a gradual decrease in the amount of 4-chlorophenol from 

the beginning of the reaction up to 75 minutes. The percentage of conversion almost doubled 

after 75 minutes and full conversion was obtained within 120 minutes. This rapid increase in 

conversion rate of 4-chlorophenol suggest free radical mechanism for the reaction. Also an 

initial induction period was observed in all cases and this again indicates free radical 

mechanism.

For catalysts prepared through the citrate method (ZC I, ZC II, NC I, NC II), the zinc 

ferrite samples show 100% conversion of 4-chlorophenol within 90 minutes indicating the 

catalytic efficiency of the prepared systems. However, calcination temperature has pronounced 

effect on the catalytic efficiency of nickel ferrites prepared by citrate sol gel method. Complete 

removal of 4-chlorophenol occurs within 75 minutes with NC I whereas in the case of NC II 

sample, 100% removal of 4-chlorophenol occurred only at 105 minutes. The results prove the 

effect of preparation methods and calcination temperature on the catalytic performances of the 

samples. Complete conversion of 4-chlorophenol is achieved at 70°C and this hold much 

importance in the area of green chemistry.  

Wet peroxide oxidation of chlorophenols has been reported to occur over several 

catalysts. AlFe pillared clays gave 70% removal of 4-chlorophenol over 1g/m3 catalyst at 50°C 

when a 125 ppm aqueous solution was used. 2 mM solution of 4- chlorophenol was completely 

degraded using hydrotalcite/clay composite using 40 mM H2O2 at 40°C. Complete removal of 4-

chlorophenol occurred at 100°C with 2.5 cm3 of H2O2 and an initial concentration of 500 ppm 

after 90 minutes in the absence of a catalyst. It can be concluded that the present catalysts are 

superior to the reported catalysts for degradation of the target pollutant of higher concentration 

using lower concentrations of the oxidant and catalyst. 

Effect of reaction variables in the wet peroxide oxidation of 4-chlorophenol

The reaction variables like temperature, 4-chlorophenol concentration, catalyst 

concentration and oxidant concentration can affect the oxidation activity of the catalysts to a 

great extent. Hence the effect of these variables is studied in detail using ZE I as the reference 
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catalyst. The influence of the initial concentration of 4-chlorophenol in water is studied by 

keeping the amount of hydrogen peroxide and catalyst dosage constant as 48 ppm and 1000 

ppm respectively and time as 1 hour. The amount of 4-chlorophenol is varied in the range of 

0.75- 2 g/m3. Complete degradation of 4- chlorophenol occurs even at high 4-chlorophenol 

concentrations. Hence it can be concluded that nickel ferrite and zinc ferrite nanoparticles are 

efficient catalysts for the degradation of 4- chlorophenol. 

A series of wet peroxide oxidations are performed in the temperature range of 25- 70°C 

keeping the amount of chlorophenol and catalyst as 1000 ppm and concentration of hydrogen 

peroxide as 48 ppm. The prepared catalysts are excellent catalysts for organic pollutant removal 

even at ambient conditions which underlines the superior activity of the catalyst.

Adjusting the oxidant dose is a critical feature in wet peroxide oxidation processes since 

H2O2 consumption is a determining component of the treatment cost. The effect of oxidant 

dosage is determined by changing the amount of oxidant in the range of 0- 60 ppm and keeping 

the chlorophenol and catalyst concentration at 1000 ppm. It can be observed that very small 

amounts of the oxidant are required for the complete degradation of the target removal 

compared to reported literature, thus reducing the cost of treatment process in presence of the 

nanoferrite catalysts. In the absence of the oxidant, 13% of the target compound gets 

converted, showing that the redox sites present in the surface of nanoferrite catalysts is active 

to a small extent. The high concentration of hydrogen peroxide can accelerate self 

decomposition of the oxidant, especially over ferrite catalysts, reducing the conversion of 

chlorophenol. A similar decrease in the reaction rate has been reported at high oxidant 

concentrations for wet peroxide oxidation reactions.

The concentration of catalyst used for the liquid phase wet peroxide oxidation is an 

important parameter in determining the efficiency of the catalyst. It can be seen that only small 

amounts of the catalyst are required for the complete degradation of 4-chlorophenol. 100% of 

the target pollutant is removed at low catalyst concentrations of even 200 ppm. However, in the 

absence of catalyst, the conversion % of chlorophenol is nil showing that the presence of the 

redox sites of the nanoferrite particles is imperative for the reaction to occur. In many reports 

there was a negative dependence of rate on catalyst concentration indicating that termination 

steps occur on the catalyst surface pointing towards a mixed homogeneous-heterogeneous 

mechanism. However, this is not observed in the present case. Having in mind that the 

experiments are carried out with catalyst fractions of nanometric size, it can be assumed that 



59

the outer surface of the catalyst grain is used to a great extent and this can explain the high 

reaction rate. 

Stability of the catalyst

Catalytic stability is an important factor for industrial applications and is given utmost 

importance in the present study. The presence of strongly adsorbed reaction products or by 

products can block part of the surface thus producing a genuine deactivation which ultimately 

favours surface over oxidation resulting in a much greater deactivation. Hence, the reusability of 

the prepared systems was checked by retaining a catalyst batch and using it for five cycles 

without treatment between cycles. The catalyst and reactants are placed in the reactor following 

the procedure previously described. It is interesting to note that the activity of the catalyst 

remains almost the same after five successive runs. The catalyst removed 95% of added 4-

chlorophenol even on its fifth cycle. 

X ray Diffraction profile of the samples were recorded after each run in order to check if 

there is any alteration in the crystalline phase of the catalyst. It can be seen from the figure that 

the single phasic nature of the ferrite catalyst is retained after consecutive cycles. The crystallite 

sizes and lattice parameters remain the same within the error percentages. Hence it can be 

safely concluded that the ferrite catalysts are stable towards deactivation in the wet peroxide 

oxidation of 4-chlorophenol.

Leaching of Iron

Application of heterogeneous catalysts in purification of waste waters requires they 

should be stable towards metal ion exchange between the catalyst and the liquid phase under 

the operating conditions. Continuous and gradual leaching can lead to deactivation of the 

catalyst. It is also important to make sure that the reaction as well as the catalysts does not 

cause any kind of further pollution in water. The iron concentration in the liquid phase after one 

hour reaction is repeatedly measured using Atomic Absorption Spectrometer. For zinc ferrite 

system, the amount of iron leached out into the reaction mixture is not detectable in mg/m3

levels for five consecutive runs. Thus it can be concluded that iron leaching is not occurring 

even after 5 consecutive cycles indicating the mechanism to be heterogeneous. 
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Mechanism of wet peroxide oxidation over ferrite nanoparticles

The mechanism of the oxidation of phenol and substituted phenols is extremely complex 

and is not yet fully understood. An electrophilic mechanism has been suggested by Joglekar 

et.al based on the studies on various substituted phenols. The rate limiting step was proposed 

to be the reaction between the aryloxy radical with oxygen. The mechanistic pathway suggested 

by Li et.al involves three steps; OH radical formation followed by chain reactions and final 

reactions leading eventually to acids. The low weight organic acids will eventually be converted 

to end products like CO2 and H2O. Phenol oxidation has also been reported to take place on the 

surface of the catalyst (heterogeneous mechanism) and after initiation of the reaction on the 

catalyst surface; the reaction may proceed in the bulk of the liquid phase (heterogeneous-

homogeneous mechanism). Termination occurs at the catalyst surface and hence reduced rates 

are observed at high catalyst loadings. Free radical mechanism over nickel oxide catalysts is 

initiated by a dissociation adsorption of the substrate on the surface of the catalyst via cleavage 

of H atom from phenolic OH group and formation of surface complexes with varying degree of 

oxidation. The latter complexes are either decomposed forming stable intermediates or are 

further oxidized to products of complete oxidation. The cleaved H atom forms surface hydroxyl 

radicals with surface active oxygen that take part in further oxidation steps. Reactivation with 

participation of .OH is more likely to occur due to the fact that .OH is more reactive but less 

selective than oxygen in the attack of the chemical bond. The limiting stage can be the 

interaction of the substrate with surface active oxygen of the oxide. The effect of catalyst 

concentration on efficiency is manifest through the active oxygen of the catalyst that takes part 

in the oxidation while the dissolved oxygen reoxidises the reduced catalyst surface 

(reduction/oxidation mechanism).

A mechanism similar to that with nickel oxide can be envisioned with ferrites also. The 

reaction is initiated by a dissociative adsorption of the substrate on the surface of the catalyst 

via cleavage of H atom from phenolic OH group and formation of surface complexes. It has 

been reported that ferrites can bring about the decomposition of hydrogen peroxide by the 

exchange of surface hydroxyl group with hydrogen peroxide anion. The formed surface peroxide 

is regarded as having an increased oxidation potential which enables the decomposition of 

another peroxide molecule with release of O2 and regeneration of ferrite surface. At higher 

catalyst loadings, the conversion percentage of 4-chlorphenol remains constant at 100% 

indicating that termination do not occur at catalyst surface. When the amount of surface 
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peroxide formed is larger, an increase in the rate of the oxidation process is seen. The excellent 

conversions can be explained with high mobility of the active surface oxygen in the catalysts, 

low energy of the surface cation-active oxygen bond provided by the high degree of oxidation of 

the metal ions in the oxide and their coordination. 

Ferrite OH  +  H+OOH- →  Ferrite-OOH  +  H2O

Ferrite-OOH  +  H2O2 →  Ferrite –OH  +  H2O  +  O2

At higher catalyst loadings, the conversion percentage of 4-chlorphenol remains 

constant at 100% indicating that termination do not occur at catalyst surface. When the amount 

of surface peroxide formed is larger, an increase in the rate of the oxidation process is seen. 

The excellent conversions can be explained with high mobility of the active surface oxygen in 

the catalysts, low energy of the surface cation-active oxygen bond provided by the high degree 

of oxidation of the metal ions in the oxide and their coordination. 

Efficient oxidation of 4-chlorophenol occurs in presence of hydrogen peroxide as oxidant 

over manganese substituted zinc ferrite nanoparticles. Complete removal of the target 

compound is achieved within 45 minutes at 70°C over zinc ferrite catalyst with more than 99% 

reduction in COD. Regarding the effect of various reaction variables, 4- chlorophenol conversion 

is above 90 % at 25°C but goes on increasing with temperature. Only small amounts of the 

oxidant (36-48 ppm) are required for complete degradation of 4-chlorophenol, thus reducing the 

cost of treatment process. There is a direct correlation between the amount of catalyst present 

and the extent of degradation of 4-chlorophenol ruling out the heterogeneous-homogeneous 

mechanism. More than 80% of the target pollutant is removed at low catalyst concentrations of 

even 200 ppm. Studies on the stability of the catalyst show that the activity of the catalysts 

remains almost the same after four successive runs. The extent of Fe leaching is fairly low after 

5 consecutive cycles indicating that the mechanism remains heterogeneous. The mechanism 

envisioned involves the formation of surface peroxide with an increased oxidation potential by 

the exchange of surface hydroxyl group with hydrogen peroxide anion. The surface peroxide 

enables the decomposition of another peroxide molecule with release of O2 and regeneration of 

ferrite surface. 

Efficient oxidation of 4-chlorophenol occurs in presence of hydrogen peroxide over nickel 

zinc ferrite nanoparticles also. Complete removal of target compound is achieved within 45 

minutes at 70°C over zinc ferrite catalyst with more than 99% reduction in COD. 4-chlorophenol 



62

conversion is negligible (12%) at 25°C but goes on increasing with temperature. Oxidant 

concentration required for complete degradation of 4-chlorophenol is low (36-48 ppm), reducing 

the cost of treatment process. Direct correlation between amount of catalyst and extent of 

degradation of 4-chlorophenol is observed ruling out heterogeneous-homogeneous mechanism. 

95% of target pollutant is removed at catalyst concentrations as low as 200 ppm. Catalytic 

activity remains the same after four successive runs. Extent of iron leaching is fairly low after 

five consecutive cycles indicating the heterogeneous nature of the mechanism. 

11. Conclusions summarising the achievements and indication of scope for future work: 

Nanoferrites present a significant class of materials that can be prepared easily. The 

most appreciable advantage of this type of materials is the large number of metals that can be 

included in the tetrahedral and octahedral sites. Thus, the nature and extent of insertion of 

metals to these sites can be varied. This provides us with an important benefit, viz., the tuning of 

magnetic and redox properties. Hence, other metals with interesting properties; for example, 

rare earth metals like La, Ce, Gd and metals like Al, Mg, Ba etc can be included. 

Different preparation methods like solid state reactions, coprecipitation methods, 

complexometric methods, microemulsion methods etc. have also been reported. Hence, a 

comparison of different properties of nanoferrites prepared by different synthesis techniques can 

be studied.

The nanoferrites prepared in the present study are good oxidation catalysts due to high 

surface area, chemical stability, porosity and variable oxidation states of transition metals 

present. Oxidations of more POPs can be effected over these systems contributing further to 

green chemistry.
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12. S&T benefits accrued: 

i. List of Research publications 

a) Publications in reputed journals

S 

N

o

Authors Title of paper Name of the 

Journal

Volume Page

s 

Year

1 Manju 

Kurian 

and Divya 

S Nair

Effect of Preparation 

Conditions on Nickel 

Zinc Ferrite 

Nanoparticles: A 

Comparison between 

Sol-Gel Auto 

Combustion and Co-

Precipitation Methods

Journal of 

Saudi Chemical 

Society

doi: 

http://dx.doi.org/

10.1016/j.jscs.20

13.03.003.

2013

2 Manju 

Kurian 

and Divya 

S Nair

Synthesis and 

Characterization of 

Nickel Zinc Ferrite

American 

Institute of 

Physics 

Conference 

Series

1391 594 2011

3 Manju 

Kurian 

and Divya 

S Nair

On the Efficiency of 

CoxZn1-XFe2O4 (x= 0, 

0.25, 0.5, 0.75 and 1) 

Nanoparticles for 

Catalytic Degradation of 

4-Chlorophenol

Journal of 

Environmental 

Chemical 

Engineering

Revision under 

review

4 Manju 

Kurian 

and Divya 

S Nair

Catalytic Wet Peroxide 

Oxidation of 4-

Chlorophenol over 

NixZn1-XFe2O4 (X= 0, 

0.25, 0.5, 0.75 and 1) 

Journal of 

Molecular 

Catalysis A

under review

http://dx.doi.org/10.1016/
http://dx.doi.org/10.1016/
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Nanoparticles

5 Manju 

Kurian 

and Divya 

S Nair

Mixed Nanoferrites as 

Novel and Efficient 

Catalysts for 

Decomposition of 4-

Chlorophenol at Mild 

Conditions

Arabian Journal 

of Chemistry

under review

6 Manju 

Kurian 

Divya S 

Nair and 

Rahnamol 

A.M

Influence Of Synthesis 

Conditions In The 

Catalytic Efficiency Of 

Nife2o4 And Znfe2o4

Nanoparticles Towards 

Wet Peroxide Oxidation 

Of 4-Chlorophenol

Reaction 

Kinetics, 

Mechanisms 

and Catalysis

under review

b) Publications in Conferences/Seminars

S 

N

o

Authors Title of paper Conferences/Semi

nars 

Venue Date Year

1 Manju 

Kurian, 

Divya S 

Nair

Synthesis And 

Characterization Of 

Nanoferrites 

International 

Conference On 

Optical 

Nanomaterials, 

(Optics11)

NIT, Calicut May 23-

27

2011

2 Manju 

Kurian, 

Divya S 

Nair

Synthesis And 

Structural 

Characterization Of 

Nanoscale Nickel Zinc 

Ferrite

International 

Conference on 

Nanomaterials 

(Cochin Nano11)

CUSAT, 

Kochi

August 

14-17

2011

3 M Kurian Characterization Of Co1- International St. Thomas 10 - 14 2012
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and D S 

Nair

Xznxfe2o4 Nanoparticles 

Produced By Sol-Gel 

Auto Combustion 

Method

Conference on 

Material Science 

and Technology 

(ICMST 2012)

College, 

Pala

June

4 Manju 

Kurian, 

Divya S 

Nair

Effect Of Preparation 

Conditions In The 

Properties Of Nife2o4

And Znfe2o4

Nanoparticles

National 

Conference On 

Spectroscopy- A 

chemical and 

Biological 

Perspective

Newman 

College, 

Thodupuzha

28 

Februar

y- 1,2, 

March

2013

5 Manju 

Kurian, 

Divya S 

Nair

Catalytic Wet Peroxide 

Oxidation For The 

Degradation Of 4-

Chlorophenol From 

Water Using Co-Zn 

Ferrite Nanoparticles

National Seminar 

on Environmental 

Science and 

Sustainability

Assumption 

College, 

Pala

11,12 

Decem

ber

2013

ii. Manpower trained on the project 

a) Research Scientists or Research Associates : Nil

b) No. of Ph.D. produced : Nil

c) Other Technical Personnel trained : Nil

iii. Patents taken, if any : Nil
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13. Financial Position: 

No Financial Position/ Budget Head Funds 

Sanctioned

Expenditure % of Total 

cost 

I Salaries/ Manpower costs Nil Nil 0%

II Equipment 9,00,000/- 9,00,000/- 59.4%

III Supplies & Materials (Consumables) 1,50,000/- 1,50,000/- 9.9%

IV Contingencies 60,000/- 60,000/- 3.9%

V Travel 45,000/- 45,000/- 3.1%

VI Overhead Expenses 2,53,000/- 2,53,000/- 16.7%

VII Others, if any (Analytical Charges) 1,10,000/- 1,10,000/- 7%

Total 15,18,000/- 15,18,000/- 100%

14. Procurement/ Usage of Equipment 

a) 

S 

No

Name of 

Equipment

Make/Model Cost 

(Rs)

Date of 

Installation

Utilisation 

Rate (%)

Remarks 

regarding 

maintenance/ 

breakdown

1 Refrigerator Whirlpool model 11,900 12/11/10 100 Nil

2 Chemical 

balance

Shimadzu model 29,443 10/12/10 100 Nil

3 Vapour Phase 

Pressure 

reactor

Chemito 

Technologies Pvt. 

Ltd

6,75,000 10/05/2011 100 Nil

4 PC, Scanner, 

Printer, UPS,

PC -Dell Inspiron, 

Printer- Canon, 

Scanner-

Samsung, UPS-

1,12,698 17/12/10 100 Nil
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Hykon 

5 Exide Battery 

for UPS

Exide 100 AH 49,900 17/12/10 100 Nil

6 Air 

Compressor 

for Pressure 

reactor 

Wood Pecker 22,255 31/3/11 100 Nil

b) Plans for utilising the equipment facilities in future 

All the equipments purchased from the grants under the Fast Track Scheme were fully 

utilized during the project period. P.G and Research department of Chemistry, Mar Athanasius 

College has 2 research guides of M.G. University, Kottayam working in the field of nanomaterial 

synthesis and environmental catalysis and is of very good potential to lead research. 2 research 

scholars pursue their doctoral studies and three more are working as project assistants. So far, 

31 papers have been produced in the past three years. As part of the postgraduate programme, 

students have to complete a worthy project during the span of two years. For the past four 

years, at least one postgraduate student has been presenting papers in international 

conferences, one of which bagged the best participant award. Six post graduate students have 

published manuscripts in journals of international repute. We would like to extend this 

opportunity to more postgraduate students of our department in the coming years. For the 

smooth conduct of all this, the equipments purchased under the project would be beneficial

DR. MANJU KURIAN

(Principal Investigator)


