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INTRODUCTION

The dye effluents released from textile and paper mills
are an important source of environmental pollution. The use
of synthetic dyes has increased considerably during the last
few years. More than 10,000 dyes are being used by the dyeing
industries. They are widely used in different industries inclu-
ding textile, paper, printing, food colouring, pharmaceutical
units, cosmetics, leather industries, agricultural research, light
harvesting arrays, etc. [1-6]. As a result, dye-containing indus-
trial effluents are released into the soil as well as the aquatic
ecosystems [7]. The presence of dyes in water bodies decreases
the penetration of light into the water surface, thus decreasing
the photosynthetic activity of the aqueous flora and fauna;
besides being objectionable for drinking as well as other
purposes. Some of the organic dyes and their derivatives exhibit
mutagenic or carcinogenic effects on human beings [8-12].

Azo dyes are of much concern to the surrounding eco-
system. They are generally not amenable for removal by conven-
tional biological wastewater treatment methods. The azo and
nitro-compounds are reduced in sediments and intestinal environ-
ment, which results in the regeneration of the parent toxic amines
[13,14]. Also, these azo dyes are largely non-biodegradable
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under aerobic conditions and hence are reduced to more
hazardous intermediates. Hence, there is a need to develop alter-
native methods for the removal of such dyes from wastewater
[15-18].

The methods used for the removal of these dyes include
adsorption, reverse osmosis, membrane filtration, electro-
coagulation, ion exchange, electroflocculation, etc. [19]. These
methods have various drawbacks such as long retention time,
requirement of high dissolved oxygen concentration, high
electricity consumption, short half-life, specificity only to
certain dyes, etc. Some of the methods are expensive too. Addi-
tionally, they produce large quantities of sludge which poses
disposal problems. Also, they only result in the separation of
dyes without degrading them [20-23]. Heterogeneous photo-
catalysis using nano-materials is a cost effective method for
water remediation. It is an important method for the treatment
of waste water owing to its several advantages such as quick
oxidation, no formation of polycyclic products, oxidation of
pollutants in the ppb range, etc. [24,25]. In a photocatalytic
system, the photoinduced reactions or molecular transfor-
mations occur at the surface of the photocatalyst. The process
is highly efficient for the mineralization of hazardous inorganic
materials, toxic organic compounds and microbial disinfection



in water. This high efficiency is due to the formation of highly
reactive hydroxyl free radical (OH•), which is a strong oxidi-
zing agent [26]. One of the major drawbacks of this technique
is the recombination of electrons and holes resulting in a
decrease in efficiency [27].

Several techniques are available for controlling this electron-
hole recombination. Among these, semiconductor combination
appears to be promising technique. The main feature of this
technique is the formation of a composite semiconductor mate-
rial. The formation of a coupled structure between a wide band
gap and a narrow band gap semiconductor with matching band
potentials is an important requirement of this technique. The
irradiation of such a composite material with UV or visible
light generates electron-hole pairs in the narrow band gap semi-
conductor thus initiating the photocatalytic reaction [28-30].
This results in an improvement in photocatalytic efficiency.
Recently, a number of coupled photocatalysts have been pre-
pared some which include NiFe2O4/TiO2, MnFe2O4/TiO2,
CuFe2O4/TiO2, MgFe2O4/TiO2 and ZnFe2O4/TiO2 [31-35].
Heterojunction photocatalyst TiO2/AgGaS2 was synthesized
by solid state reaction and sol-gel synthesis [36]. The photo-
catalyst showed an enhancement in the photocatalytic activity
compared to the individual constituents, which was attributed
to an efficient charge separation at the interface followed by
fast diffusion of the photoelectrons of AgGaS2 towards surroun-
ding TiO2. The synthesis of core-shell CoFe2O4:BaTiO3 nano-
composites and a mixture of both by a combination of hydro-
thermal and sol-gel techniques has also been reported [37].
The magneto-electric coupling effect of the materials was
determined by measuring the magneto-electric coefficient. It
was found that the magneto-electric coefficient of the nano-
composite was 35 times larger than the mixture of NiO and
Bi2O3 prepared by dissolving equimolar quantities of both
Bi(NO3)3·5H2O and Ni(NO3)2·6H2O in concentrated HNO3

[38]. The nanocomposite exhibited better photocatalytic
activity in the removal of methyl orange and methylene blue
dyes than a physical mixture of NiO and Bi2O3. It was con-
cluded that the photocatalytic activity of relatively less active
catalysts can be enhanced by intimate coupling which refers
to the formation of composites having extended response in
the wide region of the UV-visible spectrum. Nanostructured
and mesoporous iron-cerium mixed oxides were prepared by
co-precipitation method using Na2CO3 as the precipitating
agent [39]. The mixed oxides were used as photocatalysts in
the removal of phenol, methylene blue and congo red from
water. It was observed that the mixed oxide with Fe/Ce = 1
resulted in 13 % removal of phenol, 93 % removal of methylene
blue and almost complete removal of congo red. The higher
photocatalytic activity of the mixed oxide was attributed to its
higher surface area and surface acidity, which determine the
active sites of the photocatalyst thus accelerating the photo-
catalytic reaction [40-45].

Solution combustion synthesis is an important method
for the synthesis of a number of nanocrystalline materials. In
the present study, we report the synthesis of ZnFe2O4/ZnO
nanopowder by solution combustion synthesis. The nano-
powder was used as photocatalyst for the removal of the azo dye
acid orange 7 (AO 7) from its aqueous solution. The photocatalytic

studies focussed on the study of the effect of various factors
such as dosage of the photocatalyst, irradiation time and initial
dye concentration.

EXPERIMENTAL

Preparation of the ZnFe2O4/ZnO nanopowder: All the
chemicals used in the study were of analytical grade and were
used without purification. The chemicals were procured from
SD Fine Chemicals Limited. The fuel oxalyldihydrazide (ODH)
was prepared by the following method [46].

The preparation of oxalyldihydrazide involves the reaction
between diethyl oxalate (1 mol) and hydrazine hydrate (2 mol)
as indicated by eqn 1. 100.12 g of hydrazine hydrate was taken
in a 1000 mL beaker. 146.14 g of diethyl oxalate was added to
it and the mixture was dissolved in 225 mL of double distilled
water. The entire addition was carried out in an ice bath with
vigorous stirring. The resulting white precipitate was allowed
to stand overnight. It was then washed with ethanol, filtered
and dried.

H5C2O-CO-CO-OC2H5 + 2N2H4·H2O →
 H3N2-CO-CO-N2H3 + 2C2H5OH + 2H2O (1)

In solution combustion synthesis, the combustion of a fuel
by an oxidizer occurs. The oxidizer is usually a metal nitrate.
Zinc nitrate and ferric nitrate (Zn/Fe ~ 1.6) were taken in a
crystallizing dish of approximately 300 mL capacity and dissol-
ved in minimum quantity of double distilled water. Calculated
amount of the oxalyldihydrazide fuel was added to it and the
mixture was stirred magnetically for about 10 min. The crysta-
llizing dish was then placed on a hot plate to evaporate the
excess water until a pasty mass was left. It was then introduced
into a muffle furnace maintained at a temperature of around
350 °C. It was observed that the reaction mixture first dehydra-
ted and then ignited at one spot thus initiating the combustion.
The combustion process reached completion in few minutes
resulting in the formation of the nanopowder. The nanopowder
was cooled to room temperature and then ground into a fine
powder.

The formation of the nanopowder can be represented by
eqn. 2.

3Zn(NO3)2(aq) + 2Fe(NO3)3(aq) + 6C2H6N4O2(aq) →
ZnFe2O4(s) + 2ZnO(s) + 2CO2(g) + 18N2(g) + 18H2O(g) (2)

Characterization of the ZnFe2O4/ZnO nanopowder: In
order to determine the phase purity and crystal structure of
the nanopowder powder X-ray diffraction (PXRD) pattern was
recorded. The PXRD data was recorded using CuKα radiation
(λ = 1.5418 Å) at 40 kV with the help of Philips X’Pert pro X-
ray diffractometer. The mean crystallite size of the nanopowder
was calculated from Scherer’s formula given by eqn. 3 [47].

θβ
λ=

cos

k
D (3)

where D is the mean crystallite size, k is a constant, λ is the
wavelength of the X-rays used, β is the full width at half
maximum (FWHM) and θ is the Braggs angle.

The identification of various chemical groups present in
the nanopowder was done by Fourier transform infrared
spectroscopy (FTIR). The FTIR spectrum of the nanopowder
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was recorded using Perkin-Elmer spectrometer (spectrum
1000) with KBr as reference.

Scanning electron microscopy (SEM) was used to deter-
mine the surface morphology of the nanopowder. The SEM
micrograph of the nanopowder was recorded with the help of
JEOL-2100F (Japan) scanning electron microscope.

Photocatalytic degradation of the acid orange 7: Acid
orange 7 is an anionic azo dye with m.f. C16H11N2NaSO4 and
molecular mass equal to 350.3 g mol-1 (Fig. 1). The IUPAC
name of acid orange 7 is sodium 4-[(2-hydroxy-1-naphthyl)-
azo]benzenesulfonate. It is available in the form of orange
coloured powder and is soluble in water. Acid orange 7 is used
in paper and textile industries, particularly in dyeing of various
materials of silk, wool and nylon. In the past it was also used
in tanneries. Acid orange 7 is highly toxic in nature. It causes
nausea, dermatitis, methemoglobinemia, irritation of the skin,
eyes, mucous membrane and the upper respiratory tract. It is
also carcinogenic in nature [48-50].

The structure and absorption spectrum of acid orange 7
are shown in Fig. 1. The maximum absorbance was observed
at 487 nm.
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Fig. 1. (a) Structure of acid orange 7 (b) absorption spectrum of acid
orange 7

A 1000 ppm solution of acid orange 7 was used as the
stock solution. It was prepared by transferring 1 g of the
dyestuff in a 100 mL volumetric flask, dissolving and diluting
upto the mark with double distilled water. Appropriate dilution
of the stock solution with double distilled water was done to
obtain solutions of concentrations 10, 20, 40 and 60 ppm.
Double distilled water was used throughout the experiments.

The photocatalytic removal of acid orange 7 was carried
out in an approximately 500 mL capacity reaction vessel with
a circumference of around 25.2 cm and an exposure area of
about 50.3 cm2. A 25 Watt mercury vapour lamp was used as
the source of ultraviolet radiation. A distance of around 20 cm
was maintained between the source and the surface of the
solution.

In order to know the extent of adsorption of the dye by
the nanopowder in the dark prior to photocatalytic degradation
experiments, the following procedure was adopted. 50 mL of
the dye solution was transferred to the reaction vessel followed
by the addition of 50 mg of the nanopowder (photocatalyst).
The suspension was then stirred magnetically in the dark for
about 30 min and centrifuged at 3000 rpm for about 10 min
using KEMI C8C centrifuge. The UV-visible spectrum of the
supernatant was recorded from 300 to 700 nm using ELICO
SL-159 UV-visible spectrophotometer. It was observed that
there was negligible degradation of the dye under dark condi-
tions.

The effect of dosage of the photocatalyst was determined
as follows. Appropriate amount of the photocatalyst was added
to the reaction vessel containing 50 mL of the dye solution.
The suspension was stirred magnetically under UV radiation
for 30 min. It was then centrifuged at 3000 rpm for about
10 min and the UV-visible spectrum of the supernatant was
recorded as described earlier. The percentage dye removal of
acid orange 7 was calculated using eqn. 4 [51].

eo

o

(C C )
Degradation efficiency (%) 100

C

−
= × (4)

where Co and Ce are the initial and equilibrium concentrations
of the dye.

The experiments were carried out by varying the dosage
of the photocatalyst from 0.2 to 1.8 g L-1. The optimum dosage
of the photocatalyst was determined by plotting a graph of
Ce/Co versus the dosage of the photocatalyst.

After determining the optimum dosage, the effect of
irradiation time on the rate of photocatalytic degradation was
studied. 100 mL of the dye solution was taken in the reaction
vessel and optimum amount of the photocatalyst was added
to it. The suspension was exposed to UV radiation with constant
stirring. A small aliquot of the suspension was taken out after
every 5 min, centrifuged and the UV-visible spectrum of the
supernatant was recorded. The experiment was performed for
an irradiation time of upto 120 min. The optimum irradiation
time was determined from the plot of Ce/Co versus the irra-
diation time. The photocatalytic degradation experiments were
performed for dye solutions of concentration 10, 20, 40 and
60 ppm.

RESULTS AND DISCUSSION

Nanopowder characterization results: The powder XRD
pattern of the nanopowder (Fig. 2) exhibited peaks of both
ZnFe2O4 and ZnO phases. The peaks at (111), (220), (311), (222),
(400), (422) and (511) correspond to the cubic spinel phase of
ZnFe2O4 (a = 8.4411 Å, JCPDS file number: 22-1012) while
those at (100), (002) and (102) correspond to the haxagonal
wurtzite phase of ZnO (a = 3.249 Å, c = 5.206 Å, JCPDS file
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Fig. 2. Powder X-ray diffraction pattern of the nanopowder

number: 36-1451). Hence it was concluded that the compound
is the nanocomposite ZnFe2O4/ZnO having both zinc ferrite
and zinc oxide phases [52,53]. The nanopowderexhibited high
degree of crystallinity with no impurity peaks.

The peak around 352 cm-1 in the FTIR spectrum of the
nanopowder (Fig. 3) corresponds to the stretching vibrations
of the Zn-O. The stretching vibrations of the Fe-O bond appear
at around 416 and 542 cm-1. The peak at around 3500 cm-1 can
be assigned to the –OH group of water adsorbed on the surface
of the nanopowder [54,55].
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Fig. 3. FTIR spectrum of the nanopowder

Fig. 4 shows the SEM micrograph of the nanopowder.
The particles exhibit flake like morphology with high degree
of agglomeration. The SEM micrograph exhibited high degree
of porosity with large voids. The formation of large voids can
be attributed to the liberation of large amounts of gases during
the combustion process. This also facilitates the formation of
tiny particles. The heat liberated is an important factor for crystal
growth. The agglomeration of the nanoparticles is considered
as a common way to minimize their surface free energy [56,57].

Photocatalytic degradation results: Fig. 5 shows the
effect of dosage of photocatalyst and irradiation time on the
rate of photocatalytic degradation of acid orange 7. With an

Fig. 4. SEM micrograph of the nanopowder
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Fig. 5. Effect of (a) dosage of photocatalyst and (b) irradiation time on the
phototacatalytic degradation of acid orange 7 by nanopowder

increase in the amount of the photocatalyst, the dye removal
also increases. This is because of the fact that an increase in
the amount of the photocatalyst increases the number of active
sites on the surface, which results in the adsorption of more
number of dye molecules. The optimum dosage of the photo-
catalyst was 1.0 g L-1 for dye solutions of concentrations 10
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and 20 ppm whereas it was 1.2 g L-1 for 40 and 60 ppm solu-
tions. An increase in dosage of the photocatalyst beyond the
optimum value resulted in negligible increase in the dye removal.
This is because of the fact that higher concentration of the
photocatalyst increases the scattering of UV radiation. Addi-
tionally, it also decreases the penetration of UV radiation into
the dye solution.

In case of 10 and 20 ppm dye solutions, the optimum
irradiation time was found to be 40 min while the optimum
irradiation time in case of 40 and 60 ppm dye solutions was
found to be 45 min. Beyond the optimum irradiation time,
there was negligible increase in dye removal.

The results for photocatalytic degradation of acid orange
7 by the nanopowder are listed in Table-1.

TABLE-1 
RESULTS FOR THE PHOTOCATALYTIC REMOVAL OF  

ACID ORANGE 7 BY ZnFe2O4/ZnO NANOPOWDER 

Concentration 
of the dye 
solution 

Optimum 
dosage (gL-1) 

Optimum 
irradiation 
time (min) 

Percentage dye 
removal 

10 1.0 40 91.72 
20 1.0 40 83.28 
40 1.2 45 72.53 
60 1.2 45 56.70 

 
Mechanism of photocatalytic degradation by ZnFe2O4/

ZnO nanopowder: The mechanism of photocatalytic degrada-
tion of acid orange 7 by the ZnFe2O4/ZnO nanopowder can be
explained as follows. The exposure of ZnFe2O4/ZnO nano-
powder with UV radiation excites both semiconductors ZnO
and ZnFe2O4. There is promotion of electrons from the valence
bands of both the semiconductors to their respective conduction
bands. The holes are left behind in their valence bands. The
electrons in the conduction band of ZnFe2O4 are then injected
into the conduction band of ZnO. This results in an increase
in the concentration of electrons in the conduction band of
ZnO. There is migration of holes from the valence band of
ZnO to that of ZnFe2O4 resulting in a high concentration of
holes in it. The net effect is an increase in charge separation.
The electrons and holes migrate to the surfaces of the respective
particles and are involved in the redox reactions occurring around
the surfaces as shown in Fig. 6. This increases the photocata-
lytic activity of the nanopowder. It was therefore concluded
that the higher photocatalytic activity of ZnFe2O4/ZnO nano-
powder is due to an increase in the electron hole separation.
This type of interparticle charge transfer (synergistic mechanism)
has also been reported in case of other nanocomposites such
as SnO2/Zn2SnO4 and TiO2/SnO2 [58,59].

Conclusion

ZnFe2O4/ZnO nanopowder was successfully prepared by
solution combustion method. The nanopowder was used as
photocatalyst for the removal of the azo dye acid orange 7
from its aqueous solution. It exhibited better photocatalytic
efficiency for the removal of 10 and 20 ppm dye solutions.
The photocatalytic process was found to be dependent on the
dosage of the photocatalyst, irradiation time and initial dye
concentration. This nanopowder can be used for effective
removal of dyes from textile and paper effluents. The increased
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Fig. 6. Mechanism of photocatalysis by ZnFe2O4/ZnO nanopowder

photocatalytic activity of ZnFe2O4/ZnO nanocomposite was
attributed to the interparticle charge transfer between ZnO and
ZnFe2O4, which increased the electron-hole separation.
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