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Abstract. Manganese substituted zinc nanoparticles, MnxZn1−xFe2O4 (x = 0.0, 0.25, 0.5, 0.75, 1.0) prepared
by sol gel method were found to be efficient catalysts for wet peroxide oxidation of 4-chlorophenol. Complete
degradation of the target pollutant occurred within 90 min at 70◦C. Zinc substitution enhanced the catalytic
efficiency and the unsubstituted ZnFe2O4 oxidized the target compound completely within 45 min. Studies on
the effect of reaction variables revealed that only a small amount of the oxidant, H2O2 (3–4 mL) is required for
complete degradation of 4-chlorophenol. More than 80% of 4-chlorophenol was removed at catalyst concentra-
tions of 100 mg/L. Direct correlation between the amount of catalyst present and the extent of degradation of
4-chlorophenol was observed, ruling out hesterogeneous-homogeneous mechanism. The catalysts are reusable
and complete degradation of target pollutant occurred after five successive runs. The extent of iron leaching
was fairly low after five consecutive cycles indicating the mechanism to be heterogeneous.
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1. Introduction

Sustainable waste water management and reuse of
industrial waste water are critical issues for the develop-
ment of human activities and environment conservation.
The treatment and safe disposal of hazardous organic
waste material in an environmentally acceptable manner
and at a reasonable cost is a topic of great importance.
Biological processes are employed as baseline treat-
ment for most organic waste in water since they fulfil
the two criteria mentioned before. However, these pro-
cesses do not always give satisfactory results, since
many organic compounds are inhibitory, toxic or resis-
tant to biological treatment. In some cases, even in bio-
logical systems adapted for the toxicity, high variation
of organic charge can generate negative effects dur-
ing treatment, causing the emission of undesirable
amounts of toxic products in the treated waste water.
Coupling chemical pre-oxidation with biological post
treatment would be beneficial since it can lead to
increased treatment efficiencies. Nowadays, chemical
oxidation processes are focused on giving partially
oxidized effluents containing readily biodegradable
compounds that allow its combination with biologi-
cal treatment. Advanced Oxidation Processes (AOPs),
defined as aqueous phase oxidation processes based on
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the use of hydroxyl radical as oxidant are attractive
chemical techniques for the destruction of organic pol-
lutants during water treatment.1,2 Wet Air Oxidation
(WAO) and Wet Peroxide Oxidation (WPO) are two
major techniques that come under this category. In Wet
Air Oxidation, the degradation rate is strongly limited
by the mass transfer of molecular oxygen from the
gas to the liquid phase. Wet Peroxide Oxidation takes
advantage of using hydrogen peroxide as the liquid
oxidant, which avoids gas-liquid mass transfer limita-
tions. The severe operation conditions of WAO make it
more capital intensive whereas WPO demands a lower
capital. In WPO, hydroxyl radicals can be produced
from H2O2 using homogeneous methods such as Fenton
reaction3,4 or heterogeneous catalysts like metal oxides,
clays, supported metal catalysts, etc.5,6 Application of
homogeneous Fenton reaction demands acidification of
the water (optimal pH around 3) and involves additional
contamination of the treated water by iron and mineral
acids. Heterogeneous catalytic wet peroxide oxidation
has several advantages over the classical homogeneous
Fenton like processes such as enhancement of catalytic
activity, lack of secondary pollution and the possibility
of reuse of catalyst in successive cycles.

Chlorophenols (CPs) are a 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. They are released
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into water as waste generated from industrial activities
like petrochemical, pharmaceutical, wood preserving,
plastic, pesticide and herbicide use.7 They can also
be produced by environmental degradation of more
complex molecules like chlorophenoxy acetic acids and
chlorobenzenes. Due to their numerous origins, chloro-
phenols can be found in ground water, wastewater and
soils and even in trophic chain of places with very low
pollution levels. In people, developmental, behavioural,
neurologic, endocrinal, reproductive and immunologic
adverse health effects have been linked to these com-
pounds as they are considered to act as uncouplers
to oxidative dephosphorylation.8 They persist for long
periods of time in the environment and can be bio-
magnified through the food chain. The importance of
phenolic industrial effluents besides from their poten-
tial toxicity is increased by the high quantities that are
disposed eventually. Among chlorophenols, those with
chlorine in the 4th position are more toxic than others.
Biological treatment has low removal efficiency and
thermal and chemical treatments have been developed
in the last few years for the detoxification of these
organic pollutants.

Ferrites are ceramic ferromagnetic materials with
general chemical formula MIIFeIII

2 O4 where M repre-
sents a metallic cation like Fe, Mn, Mg, Ni, Co, Zn, Cu,
Al or a mixture of these. They crystallize into the spinel
structure in which, the sites occupied by the cations
are of two types: tetrahedral (Td) and octahedral (Oh)
sites. Spinel ferrites have been intensively studied due
to their applicability in broad areas like high density
information storage systems, ferrofluid technology,
magnetocaloric refrigeration, medical diagnostics, gas
sensors, guided drug delivery, etc., owing to unique
characteristics like large magnetocrystalline anisotropy,
high coercivity, high Curie temperature, large mag-
netostrictive coefficient, chemical stability, corrosion
resistance and mechanical hardness.9,10 Recently ferrite
research has been shifted towards developing these
materials in nanometric scales as the performance in
their conventional bulk preparation routes is reaching
their limits due to their higher electrical conductivity
and domain wall resonance. They have well-established
catalytic properties also for reactions like decomposi-
tion of alcohols and hydrodesulphurization of petro-
leum crude. These properties depend on the charge on
the cation, the nature of the metallic cation and the
site distribution of cations among Td and Oh sites.
In spinels, the octahedral sites are almost exclusively
exposed in the crystallites and catalytic activity is
mainly due to octahedral cations.11 Since the ferrite
nanoparticles are magnetic, these can be easily removed
from the reaction mixture after catalysis by magnetic

methods. Prospective applications of ferrites as green
oxidation catalysts for the removal of persistent organic
pollutants can be predicted due to the thermal stability
and the variable oxidation states of the metal ions.

The present paper probes the feasibility of using
mixed ferrite nanoparticles for the degradation of
organic aqueous wastes using peroxide oxidation tak-
ing 4-chlorophenol as the model compound. A series of
ferrospinels viz. MnxZn1−xFe2O4 (x= 0, 0.25, 0.5, 0.75
and 1) was prepared by sol-gel auto combustion method
using ethylene glycol as the gelating agent. Liquid
phase catalytic peroxide oxidation of 4-chlorophenol
under mild conditions was studied in detail using
both Gas Chromatography (GC) and Chemical Oxygen
Demand (COD) measurements. The process was opti-
mized with respect to different reaction variables like
time, temperature, 4-chlorophenol concentration, per-
oxide concentration and catalyst concentration. The
reusability of the catalysts for five consecutive cycles
was investigated and the possibility of iron leaching
was checked using Atomic Absorption Spectrometer
(AAS). The prepared catalysts were characterized by
X-ray Diffraction (XRD) and Transmission Electron
Microscopy (TEM) and X-ray Fluorescence (XRF).

2. Experimental

Pure (99.9%) Fe(NO3)3.9H2O, Zn(NO3)2.6H2O,
Mn(NO3)2.6H2O and ethylene glycol from Merck,
India were used as starting materials without further
purification. The mixed spinels of MnxZn1−xFe2O4

(x = 0, 0.25, 0.5, 0.75, 1.0) were prepared by the
sol-gel auto combustion method. Required stoichio-
metric ratio of Fe(NO3)3.9H2O, Mn(NO3)2.6H2O and
Zn(NO3)2.6H2O were dissolved in minimum amount
of ethylene glycol at room temperature and heated at
60◦C to obtain a wet gel. This gel dried at 120◦C self-
ignited to form a fluffy product which was calcined
at 400◦C for 4 h to achieve transformation into spinel
phase. The ferrite powder was then sieved through
a 90 mm mesh. The prepared ferrite compositions
were ZnFe2O4, Mn0.25Zn0.75Fe2O4, Mn0.5Zn0.5Fe2O4,
Mn0.75Zn0.25Fe2O4 and MnFe2O4.

Phase identification of the prepared particles were
performed using Bruker AXS D8 Advance X-ray
diffractometer with Cu Kα (λ = 1.5406 Å) as the radia-
tion source. The average crystallite size (D) of the fer-
rite particles was determined from X-ray diffractograms
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 full width at half max-
imum (radian) and θ is the Bragg angle. The lattice
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parameter ‘a’ was calculated using the relation, a =

d (h2+k2+l2)1/2. Since each primitive unit cell of the
spinel structure contains 8 molecules; X-ray density
(dx) was calculated according to the relation dx =

8M/Na3 where, N is Avogadro number and M is molec-
ular weight of the sample. The measured density or bulk
density (dB) was calculated from mass and bulk volume
of the sample pellets using the formula, dB = m/ π r2h
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, P of
the ferrite nano particle was determined using the rela-
tion, P = 1- (dB/dX). The particle size, distribution of
nanoparticles and surface morphology were confirmed
using PHILIPS Model CM 200 Transmission Electron
Microscope with a resolution of 2.4

?

A with the help
of Image J software. Stoichiometry of prepared cata-
lysts was verified using Bruker PIONEER model X-ray
fluorescence spectrometer.

Wet peroxide oxidation of 4-chlorophenol was
studied in liquid phase, in a 250 mL two- necked round
bottomed flask equipped with a water condenser, ther-
mometer and magnetic stirrer. The reaction mixture
was allowed to equilibrate at 70◦C prior to the initia-
tion of the reaction. Liquid samples were periodically
withdrawn from the reaction mixture and quantitatively
analyzed using Perkin Elmer Clarus 580 Gas Chro-
matograph operational with an Elite-5 capillary column
and Flame Ionization Detector. The products were iden-
tified by GC MS analysis on a Varian 1200 L Single
Quadrupole using He as the carrier gas. The removal
(%) was calculated as the total amount of chlorophe-
nol transformed into products. The extent of oxidation
was also studied using Chemical Oxygen Demand mea-
surements employing standard dichromate method. The
error percentage between the results of analysis was
less than 5%. The influence of various reaction vari-
ables like nature of the catalyst and its dosage, substrate
concentration, reaction temperature, time, oxidant con-
centration etc was studied in detail. The reusability of
the catalyst was checked for five consecutive cycles and
the amount of iron leached during this was quantified
using Perkin Elmer Analyst 700 Atomic Absorption
Spectrophotometer.

3. Results and Discussion

3.1 Characterization of manganese zinc nanoferrites

Recording X-ray diffraction pattern of powdered poly-
crystalline 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 determi-
nation of particle size. X-ray diffractograms of the man-
ganese zinc ferrites agree closely with the standard val-
ues given in the JCPDS data cards (79-1150, 52-0278),
confirming the single phase spinel formation (figure 1).
Well-defined and broad diffraction peaks correspond-
ing to characteristic crystallographic planes like (220),
(311), (400), (422), (511) and (440) of the spinel struc-
ture can be observed in the figures. The strongest reflec-
tion comes from the (311) plane, which corresponds
to cubic spinel structure. The mixed ferrospinels are
treated as solid solutions obtained by the substitution
of manganese ferrites with zinc ions. In interpreting the
XRD profile of such substitutions, the substitutional site
can be considered as occupied by a composite atom
made up of appropriate portions of the involved atoms,
statistically.12,13 Hence the XRD profile of the substi-
tuted samples is expected to be intermediate between
those of the pure substances. XRD patterns of the mixed
ferrites are identical with those of manganese ferrite
proving that zinc substitution does not change the spinel
ferrite structure of manganese ferrite.

The different parameters calculated from XRD pro-
file is tabulated in table 1. The average crystallite size
of the manganese zinc ferrite systems is found to be in
the range of 13.3–23.9 nm. The substitution of zinc in
MnFe2O4 corresponds to a linear decrease in particle
size, which suggests the formation of a compositionally
homogeneous solid solution. This was probably due to
the reaction conditions, which favoured the formation
of new nuclei preventing further growth of particles

Figure 1. X-ray profile of MnxZn(1−x)Fe2O4 (x= 0.0, 0.25,
0.5, 0.75, 1.0).
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Table 1. Data on crystallite size (D), lattice constant (a), X-ray density (dx), bulk
density (dB) and porosity (P) of the prepared ferrite samples obtained from X-ray
diffractograms.

Crystallite size D (nm)
Sample XRD TEM ‘a’ (Å) dx (g/m3) dB (g/m3) P (%)

MnFe2O4 23.9 21±1 8.31 5.34 3.24 39.32
Mn0.75Zn0.25Fe2O4 13.5 20±1 8.35 5.32 2.98 43.98
Mn0.5Zn0.5Fe2O4 13.3 19±1 8.37 5.34 3.06 42.69
Mn0.25Zn0.75Fe2O4 15.9 17±1 8.40 5.34 3.25 39.13
ZnFe2O4 23.1 14±2 8.43 5.33 4.01 24.71

when the zinc concentration was increased. Vegard’s
law is a linear relation correlating the lattice parameters
and the composition of the solid solution.14 Lattice
parameter increases linearly within the range of 8.31–
8.43 Å, with an increase in concentration of zinc,
obeying Vegard’s law. The observed lattice parameter
is higher for ZnFe2O4 which could be attributed to
the replacement of smaller sized iron cation by larger
sized zinc cation. As a result, the size of the unit cell
is increased. X-ray density, bulk density and porosity
of different compositions do not show any significant
change with zinc content.

The particle size obtained from X-ray diffraction
profile is generally larger than the size obtained from
Transmission Electron Micrographs because X-ray
intensity is proportional to the average particle volume,
while the particle size obtained from TEM images rep-
resents the average radius. Moreover, the size distri-
butions obtained from TEM images are restricted to
primary particles and do not include secondary parti-
cles formed by epitaxial attachment. Secondary parti-
cles are formed from integer multiples of primary par-
ticles and can have a significant influence on the vol-
ume distribution, even at relatively low concentration.15

Transmission Electron Micrographs of the prepared
Mn1−xZnxFe2O4 samples are given in figure 2 (a–e).
The particle size data and their distribution can be
obtained by histogram method by counting more than
20 particles from each micrograph and representing in
a graphical format. In this method, the particle size and
its distribution is presented in the form of a number-
frequency histogram.16 Figure 3 (a–e) shows the num-
ber frequency histograms of particle size data of dif-
ferent compositions of Mn and Zn in linear scale. An
advantage of this kind of plotting method is that it is
easier to find a better distribution of nanoparticles. From
histogram method, it is found that the particle size of
different compositions of manganese and zinc ferrite
nanocatalysts vary between 12–22 nm and particle size
vary linearly with increase in manganese concentration
(table 1).

Elemental composition analysis of the synthesized
ferrite nanocatalysts is important since the nature
and the concentration of different elements present
can determine the surface morphology which in turn
can affect their catalytic activities. The experimental
and expected values regarding the stoichiometry of
manganese zinc ferrite catalysts using X-ray fluores-
cence (XRF) studies are tabulated in table 2. It is clear
from the table that the elemental composition of
Mn0.25Zn0.75Fe2O4, Mn0.5Zn0.5Fe2O4 and Mn0.75Zn0.25

Fe2O4 are not in close agreement with their desired
composition. This is an anomalous behaviour in com-
parison with the results obtained in the case of cobalt
substitution in ZnFe2O4 which is explained in our pre-
vious paper.17 In the present case, a large discrepancy
is observed between the experimental and expected
values of Mn0.25Zn0.75Fe2O4, Mn0.5Zn0.5Fe2O4 and
Mn0.75Zn0.25Fe2O4 samples. This may be due to the fact
that substitution of Mn in ZnFe2O4 is found to be dif-
ficult due to the significant variation in atomic radii of
manganese and zinc.

3.2 Effect of reaction variables in the wet peroxide

oxidation of 4-chlorophenol

The reaction variables like temperature, 4-chlorophenol
concentration, catalyst concentration and oxidant con-
centration can affect the oxidation activity of the cata-
lysts to a considerable extent. Hence, the effect of these
variables was studied in detail using Mn0.25Zn0.75Fe2O4

as the reference catalyst. The stability of the catalysts
towards the reaction conditions as well as the extent
of iron leaching into the aqueous medium were also
investigated.

The influence of initial concentration of 4-chlorop-
henol in water was studied by keeping the amount of
catalyst as 500 mg/L, hydrogen peroxide as 4 mL and
time as 75 min. 25 mL solutions of 4-chlorophenol with
concentration ranging from 0.75–1.75 g/L were used.
The results of the study conducted at 70◦C are given
in figure 4a. As expected, complete degradation of
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Figure 2. (a-e). Transmission Electron Micrographs of MnxZn(1−X)Fe2O4 (x= 0.0, 0.25, 0.5, 0.75, 1.0) nanoparticles.
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Figure 3. (a-e). TEM-Histograms of MnxZn(1−x)Fe2O4 (x= 0.0, 0.25, 0.5, 0.75, 1.0) nanoparticles.

4-chlorophenol occurs at low concentrations. Increase
in the target compound concentration decreases the
degradation rate. These results are supported by COD
measurements. The decrease in chlorophenol conver-
sion at high concentrations can be attributed to the fact

that conversions are calculated as weight percentage of
unreacted chlorophenol.

A series of wet peroxide oxidations were performed
in the temperature range of 25–70◦C keeping the
amount of catalyst as 500 mg/L and hydrogen peroxide
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Table 2. Elemental composition of MnxZn1−xFe2O4 (x-0.0, 0.25, 0.5, 0.75, 1.0)
nanoparticles by X-Ray Fluorescence spectroscopy.

Experimental value Expected value
Catalyst Zn Mn Fe O Zn Mn Fe O

ZnFe2O4 0.99 0 1.99 4 1 0 2 4
Mn0.25Zn0.75Fe2O4 0.12 0.92 1.97 3.99 0.75 0.25 2 4
Mn0.5Zn0.5Fe2O4 0.36 0.66 1.99 3.99 0.5 0.5 2 4
Mn0.75Zn0.25Fe2O4 0.35 0.65 2.0 4.0 0.75 0.25 2 4
MnFe2O4 0 0.83 2.1 4.0 0 1 2 4

as 4 mL. Figure 4b represents the influence of reaction
temperature on chlorophenol conversion and COD
removal at 75 min. It can be observed that tem-
perature has a marked influence on target pollutant
removal. The catalytic efficiency is more pronounced
even at lower temperatures. At 25◦C, conversion
of chlorophenol is above 90%. However, the COD
removal is in the range of 35–55%, indicating the pres-
ence of persistent organic intermediates in the reaction
mixture.

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 was resolved by changing the
amount of oxidant in the range of 1–5 mL and keeping
the amount of catalyst constant as 500 mg/L. Figure 4c

depicts the results in 75 min at 70◦C. It can be observed
that as the dosage of oxidizing agent increases, higher
target pollutant removal is achieved. The results from
GC analysis are substantiated by COD results as well.
In the present study, only small amounts of the oxi-
dant (3–4 mL) are required for complete degradation of
4-chlorophenol, compared toreported literature,18 thus
reducing the cost of treatment process. Again, at lower
oxidant concentrations, COD removal is low, indicat-
ing the presence of intermediates persisting in the
reaction mixture that gets oxidized at higher oxidant
dosages. The increase in oxidant concentration has been
reported to increase the deep oxidation of produced
intermediates to polymeric products. The high concen-
tration of hydrogen peroxide can also accelerate self-
decomposition of the oxidant, reducing the conversion

Figure 4. Efficiency of catalytic oxidation of chlorophenol under reaction conditions: Catalyst 500 mg/L, H2O2 (30% v/v)–
4 mL, chlorophenol- 1 g/L (25 mL), Temperature- 70oC. Variation of, (a) chlrophenol, (b) Temperature, (c) Hydrogen perox-
ide 30% (v/v) and (d) catalyst. Filled markers represent % removal of chlorophenol from GC and unfilled markers represent
% removal of COD.
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of chlorophenol. Several authors have reported decrease
in the reaction rate at high oxidant concentrations.19,20

However, this effect is not observed in the present case.
The concentration of catalyst used for the liquid

phase wet peroxide oxidation is an important parameter
determining the efficiency of the catalyst. The results
of the studies on the influence of catalyst concentration
at 70◦C in 75 min, by keeping the amount of hydro-
gen peroxide as 4 mL is given in figure 4d. It can
be seen that there is a direct correlation between the
amount of catalyst present and the extent of degradation
of 4-chlorophenol. More than 80% of the target pollu-
tant is removed at low catalyst concentrations of even
100 mg/L. However, at low catalyst concentrations, the
reduction in COD is only about 15–30% indicating the
presence of organic degradation products persisting in
the system. The symbiotic dependence between effi-
ciency and catalytic mass indicates that the process runs
on the surface of the catalyst. Having in mind that the
experiments are carried out with catalyst fractions of
nanometric size, it can be assumed that the outer sur-
face of the catalyst grain is used to a great extent. In
many reports there was a negative dependence of rate
on catalyst concentration suggesting the occurrence of
termination steps on the catalyst surface.21,22 However,
this was not observed in the present case.

The experimental conditions optimized for econom-
ical, complete and efficient removal of target pollutant
from water are 4-CP (1 g/L) to hydrogen peroxide in
the ratio of 25 mL to 4 mL, catalyst dosage, 0.5 g and
temperature, 70◦C.

3.3 Effect of time in the WPO of 4-CP

The objective of this experimental research is to eval-
uate the efficiency of mixed manganese zinc ferrites
towards wet peroxide oxidation of organic pollutants
taking 4- chlorophenol as the model compound. The
catalytic activity of different compositions of nanofer-
rites towards the degradation of 4-chlorophenol with
hydrogen peroxide was studied by keeping the amount
of catalyst as 500 mg/L and hydrogen peroxide
as 4 mL. The results of the investigation at 70◦C are
presented in figure 5. Complete degradation of 4-
chlorophenol occurs within 90 min with the catalysts
under study. Zinc substitution enhances the catalytic
efficiency of manganese ferrite and the unsubstituted
ZnFe2O4 oxidises the target compound completely
within 45 min. This trend in oxidation activity was
followed by COD measurements of the reaction mix-
ture also. COD is a more important parameter
than chlorophenol conversion since it measures the
contaminant abatement considering the toxic nature of

Figure 5. Wet peroxide oxidation of 4-chlorophenol over
MnxZn(1−x)Fe2O4 ( x= 0.0, 0.25, 0.5, 0.75, 1.0). Reaction
Conditions: H2O2 (30% v/v)– 4 mL, catalyst- 500 mg/L,
chlorophenol- 1 g/L (25 mL), Temperature- 70◦C. Filled
markers represent % removal of chlorophenol from GC and
unfilled markers joined by dotted lines represent % removal
of COD.

the intermediates and products formed. The results of
COD measurements confirm the results obtained by
GC analysis. Another significant observation from the
figure is that the degradation of 4-chlorophenol and
COD reduction is slow during the initial periods of the
reaction and as time advances, it accelerates. Gener-
ally, catalysed wet oxidations present similar features
in concentration-time profiles. In several applications,
these processes have a slow conversion rate in the ini-
tial induction period followed by a faster stage finally
increasing to total degradation of organic compounds.
The initial induction period is attributed to the time
necessary to reach a critical concentration of organic
radicals.

Ferrites are ceramic ferromagnetic materials with
general chemical formula MFe2O4 where M represents
a metallic cation like Fe, Mn, Mg, Ni, Co, Zn, Cu, Al
or a mixture of these. They crystallize into the spinel
structure in which, the sites occupied by the cations
are of two types: tetrahedral (A) and octahedral (B)
sites. Based on the partial occupancy of these sites,
spinels are divided into three; a) normal spinel in which
M occupies A sites and Fe, B sites, b) inverse spinel
in which M occupies B sites together with half of Fe
atoms, the other half being on A sites and c) mixed or
random spinel in which both M and Fe occupy both
A and B sites. In spinel ferrites the octahedral sites,
rather than tetrahedral sites are more exposed in the
outer surface and hence the octahedral cations are con-
sidered to be responsible for catalytic activity, which is
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essentially a surface phenomena. ZnFe2O4 is a normal
spinel in which the tetrahedral sites are filled by Zn2+

ions and the octahedral sites by Fe3+ ions exclusively.
It can be safely deduced that Fe3+/Fe2+ redox couple
plays a significant role in the wet peroxide oxidation
reactions and hence the higher activity of ZnFe2O4.
However, in mixed spinel ferrites, as the concentra-
tion of the divalent metal ions increases, it gives rise
to changes in cation distribution in the crystal lattice
without affecting the spinel ferrite structure. With pro-
gressive addition of Mn to ZnFe2O4, the normal spinel
structure gets converted to inverse spinel structure in
which Mn2+ ions partially substitute the Fe3+ ions in
the octahedral sites. The substitution of Mn into the
spinel structure of ZnFe2O4 is very small as confirmed
by X-ray fluorescence. The replacement of active Fe3+

ions by Mn2+ ions occurs to a small extent only and
hence the catalytic activity is not much affected by man-
ganese substitution giving almost similar reduction in
COD value (figure 5). Also, redox nature of Mn is con-
siderably low compared to Fe, the oxidation activity
decreases with successive addition of Mn to ZnFe2O4.

Wet peroxide oxidation of chlorophenols has been
reported to occur over several catalysts. AlFe pillared
clays gave 70% removal of 4-chlorophenol at 50◦C
when a 125 ppm aqueous solution was used.6 2 mM
solution of 4- chlorophenol was completely degraded
using hydrotalcite/clay composite using 40 mM H2O2 at
40◦C1. Complete removal of 4-chlorophenol occurred at
100◦C with 2.5 cm3 of H2O2 and an initial concentration
of 500 ppm after 90 min in the absence of a catalyst.23

Several compounds like naphthalene, flourene, ace-
naphthalene, chrysene, etc., have been reported as prod-
ucts in wet peroxide oxidation of 4-chlorophenol in
literature.9,22 Zhou et al. reported benzoquinone and the
chlorinated benzoquinones as intermediate products.1

In our study, triacetone peroxide is the major inter-
mediate identified by GC MS analysis. Other products
observed in traces are acetone, 4 hydroxy 4 methyl
2 pentanone, 2,5 hexane dione, xylenes and benzo-
quinone. The presence of triacetone peroxide can be
due to the conversion of acetone by excess hydro-
gen peroxide present in the reaction mixture, which
produces the polymer in presence of acidic catalysts
like ferrites. Thus, the target pollutant is completely
removed as simple organic intermediates which in turn
are oxidized completely.

3.4 Stability of the catalyst

Catalytic stability is an important factor of continuing
concern for industrial applications and was given
utmost importance in the present study. The presence

Table 3. Stability of catalyst towards wet peroxide
oxidation.

No. of % removal of 4-CP % reduction Amount of Fe
cycles from water of COD leached (ppm)

1 100 95.9 1.2
2 100 94.8 1.1
3 100 94.5 3.2
4 100 91.8 3.7
5 100 84.8 4.5

Reaction Conditions: Catalyst- Mn0.25Zn0.75Fe2O4, H2O2
(30% v/v)– 4 mL, catalyst- 500 mg/L, chlorophenol- 1 g/L
(25 mL), Temperature- 70◦C

of strongly adsorbed reaction products or by-products
can block part of the surface, thus producing a gen-
uine deactivation which ultimately favours surface over
oxidation resulting in a much greater deactivation.24,25

Hence, the reusability of the prepared systems was
checked by retaining a catalyst batch and using it for
several cycles without treatment between cycles. The
catalyst and reactants were placed in the reactor follow-
ing the procedure previously described. It is interest-
ing to note that the activity of the catalysts remains the
same after five successive runs (table 1). The catalyst
removed about 85% of the COD even on its fifth cycle.

Application of heterogeneous catalysts in purifica-
tion of waste water requires that they 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 do not cause any kind of further pollu-
tion in water. Leaching studies are also valuable in the
sense that they can provide insights to the mechanism of
the reaction, whether homogeneous or heterogeneous.
The iron concentration in the liquid phase after one
hour reaction was repeatedly measured using Atomic
Absorption Spectrometer and the results are presented
in table 3. For manganese zinc ferrite nanoparticles, the
amount of iron leached remains about 1 ppm in two
consecutive runs and then it increases to about 4 ppm.
It can be concluded that iron leaching is fairly low after
five consecutive cycles indicating the mechanism to be
heterogeneous.

4. Conclusions

Wet Peroxide Oxidation appears to be a promising tech-
nology for the removal of chlorophenols from waste
water since complete removal of the target compound
can be achieved at mild conditions (70◦C, 4 mL of
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H2O2). Manganese zinc ferrite nanoparticles act as effi-
cient catalysts for the oxidation of 4-chlorophenol in
presence of hydrogen peroxide as oxidant. Complete
removal of the target compound was achieved within
45 min at 70◦C over zinc ferrite catalyst with more
than 99% reduction in COD. Only small amounts of
the oxidant (3–4 mL) are required for complete degra-
dation of 4-chlorophenol, thus reducing the cost of
treatment process. Direct correlation exists between the
amount of catalyst present and the extent of degrada-
tion of 4-chlorophenol ruling out the heterogeneous-
homogeneous mechanism. More than 80% of the tar-
get pollutant was removed at a catalyst concentration as
low as 100 mg/L. The catalysts are reusable after five
successive runs. The extent of iron leaching is fairly
low after five consecutive cycles indicating that the
mechanism is heterogeneous.
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