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Abstract

Ternary zinc spinel oxides such as Zn2SnO4, ZnAl2O4 and ZnFe2O4 were synthesized and characterized, and their activities in the
photodegradation of phenol molecules were investigated. Zn2SnO4, ZnAl2O4 and ZnFe2O4 powders were synthesized by hydrothermal, metal–
chitosan complexation and solvothermal routes, respectively. The face-centered cubic spinel structure of each material was confirmed by powder
X-ray diffractometry (XRD) and its porous structure by N2 adsorption–desorption isotherms. The characterization of spinels was complemented
with Fourier transform infrared spectroscopy (FTIR) and X-rays fluorescence (XRF), revealing the formation of spinel structures with high purity.
The photocatalytic activity in the degradation of phenol was observed only with Zn2SnO4 oxide. Mineralization degree of phenol molecules by
Zn2SnO4 photocatalyst determined by total organic carbon analysis (TOC) reached 80% at 360 min under sunlight.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zinc aluminate (ZnAl2O4) and zinc ferrite (ZnFe2O4) are
ternary oxide semiconductors of the form AB2O4, while zinc
stannate (Zn2SnO4 ) has the chemical formula A2BO4, where
A represents a divalent metallic cation that usually occupies a
tetrahedral site and B represents trivalent or tetravalent metallic
cations that normally occupy the octahedral sites of a cubic
structure [1,2]. As important semiconductor materials these
three spinels have received much more attention recently. Due
to the high electron mobility, high electrical conductivity and
attractive optical properties, the Zn2SnO4 semiconductor is
suitable for a wide range of applications such as solar cells,
sensors for the detection of humidity and various combustible
gases, and negative electrode material for Li-ion battery [2].
ZnAl2O4 is of interest due to its combination of desirable
properties such as high mechanical resistance, high thermal
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stability, low temperature sinterability, low surface acidity and
better diffusion. Therefore, it is used as high temperature
ceramic material, optical coating or host matrix but most
importantly as catalyst or catalyst support [3,4]. ZnFe2O4 has
attracted significant research interest based on its magnetic and
electromagnetic properties [5–7]. In addition, zinc ferrite
shows potentially wide applications in photo induced electron
transfer, photo-electrochemical cells and photo-chemical
hydrogen production [8]. Ternary semiconductors oxides have
also been used as catalysts and catalyst supports in several
reactions [9–13], but its application in the field of the
photocatalysis yet is limited. They have been applied more
on degrading of different organic dyes [1,14–16]. However,
the use of these spinel oxides as photocatalysts in the
degradation of phenol has still been under explored. To the
best of our knowledge, the evaluation of the photocatalytic
activity of ternary zinc spinel oxides in the degradation of
phenol under sunlight is scarce. Phenol is widely used in many
petrochemical industries and petroleum refineries as well as
chemical and pharmaceutical industries. Phenol pollution
ghts reserved.
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Fig. 1. Apparatus used in the photocatalytic experiments under solar
irradiation.
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inhibits or even eliminates micro-organisms in biological
wastewater treatment plant [17].

In this context, the aim of this work was to evaluate the
photocatalytic activity of three zinc spinel oxides in the
degradation of phenol molecules under solar irradiation. The
oxides were synthesized by different methods and its physical
properties were investigated by the characterization techniques
powder X-ray diffraction (XRD), infrared spectroscopy (FTIR),
X-rays flourescence (XRF) and N2 adsorption–desorption
isotherms.

2. Materials and methods

2.1. Synthesis of the spinel photocatalysts

2.1.1. Synthesis of Zn2SnO4

The zinc acetate (Zn(CH3COO)2 � 2H2O) aqueous solution
(12.85 g in 59 mL of water) was added into the tin tetra-
chloride (SnCl4 � 5H2O) aqueous solution (8.80 g in 50 mL of
water) slowly. The NaOH aqueous solution (5 M) was added
dropwise into the mixture under magnetic stirring, until the
solution reach pH 7.5. The final mixture was charged into a
PTFE-lined stainless autoclave and the hydrothermal reaction
was carried out at 200 1C for 10 h. Subsequently, the autoclave
was allowed to cool naturally. The precipitate was filtered,
washed with distilled water, and dried at 100 1C for 12 h.

2.1.2. Synthesis of ZnAl2O4

the preparation of ZnAl2O4 powder by metal–chitosan
complexation route was similar to that described in previous
works, but for the synthesis of magnesium aluminate
(MgAl2O4) [18,19]. For the ZnAl2O4 synthesis, 9.84 g of
chitosan polymer [(C6H11O4N)n] (Purifarma, Brazil) were
dissolved in 334 mL of acetic acid solution (5% v/v),
11.88 g of Zn(NO3)2 � 6H2O were dissolved in 20 mL distilled
water and 31.5 g of Al(NO3)3 � 9H2O were dissolved in 30 mL
distilled water. The Zn and Al aqueous solutions were then
added to the polymer solution under magnetic stirring. The
Zn–Al–chitosan solution was added dropwise with a peristaltic
pump to a NH4OH solution (50%, v/v) under vigorous stirring.
After adding the solutions, the system was kept under stirring
for 3 h to complete the gelification process. The product was
separated from the solution and further dried at ambient
temperature for 24 h. The material was then treated in an
oxidizing atmosphere (air) at the temperature of 750 1C, for
5 h, to form the spinel phase.

2.1.3. Synthesis of ZnFe2O4

In order to obtain the ZnFe2O4 powder, stoichiometric
amounts of zinc nitrate (3 mmol of Zn(NO3)2 � 6H2O) and iron
nitrate (6 mmol of Fe(NO3)3 � 9H2O) were dissolved in ethy-
lene glycol (90 mL), followed by the addition of 45 mmol of
sodium acetate (CH3COONa) under magnetic stirring. After
continuous stirring for 45 min, a homogeneous solution was
obtained. The final solution was charged into a PTFE-lined
stainless autoclave and the solvothermal reaction was carried
out at 200 1C for 15 h. The product was then filtered and
washed several times with distilled water and absolute ethanol,
and subsequently dried at 110 1C for 24 h.

2.2. Characterization of the spinel photocatalysts

The zinc spinel oxides were characterized by X-ray dif-
fractometry (XRD) (equipment Bruker D8 Advance, with Cu
Kα radiation). The average size of the crystallite of each oxide
was determined through the Scherrer equation [20]: D¼Kλ/
(h1/2.cos Ɵ), where D is the average crystallite size, K the
Scherrer constant (0.9), λ the wavelength of incident X-rays
(0.15405 nm), h1/2 the width at half height of the most intense
diffraction peak and Ɵ corresponds to the peak position. FTIR
spectra were recorded on a PerkinElmer FTIR Spectrum
spectrophotometer in the region of 375–4000 cm�1, using
KBr pellets. The Brunauer–Emmett–Teller (BET) surface area
measurement was carried out by N2 adsorption–desorption at
77 K using ASAP 2000 instrument, in the range relative
pressure (P/P0) of 0 to 0.99. Chemical composition of the
oxide powders was determined by X-ray fluorescence (EDX-
750, Shimadzu) spectrometry.

2.3. Photocatalytic activity

Three photochemical reactors (Øint.¼10 cm) of 200 mL
capacity, irradiated by sunlight, were used simultaneously in
the photocatalytic experiments, according to the scheme of the
reaction system seen in Fig. 1. The experiments under sunlight
were carried out between 8:30 am and 14:30 pm during the
month of January/2013 (summer season) at Natal City (051 47'
42" S and 351 12' 34" W), located in a northeastern state of
Brazil. For all tests, 0.15 g of each spinel oxide was added to
150 mL of the aqueous solution of phenol at an initial
concentration of 20 mg L�1. The pH of the suspension was
not adjusted (initial pH¼6.3). Prior to irradiation, the resulting
suspensions were stirred continuously at constant temperature
(25 1C) in the dark to achieve the adsorption equilibrium of
phenol on each catalyst. The suspensions were then irradiated
using sunlight under continuous stirring. Samples were peri-
odically taken from the reactors, and filtered before being
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subjected to a UV–vis spectrophotometer (Varian 50), at
λmax¼270 nm. The photodegradation performance of phenol
was defined as [21]:

% REM¼ ðA0–AtÞ=A0 � 100 ð1Þ
where A0 is the initial absorbance of the synthetic solution and
At is the absorbance at reaction time t.

The decrease in total organic carbon (TOC), which indicated
the mineralization of phenol, was determined using a TOC
analyzer (Shimadzu 5000A, Japan). The degree of mineraliza-
tion was calculated based on the TOC percent removal rate,
according to expression:

% Mineralization¼ ðTOC0�TOCtÞ=TOC0 � 100 ð2Þ
where TOC0 is the initial TOC of the synthetic solution and
TOCt is its value at reaction time t. All experiments were
carried out in duplicate and only the mean values were
reported.
3. Results and discussion

Fig. 2 shows the XRD patterns of ternary oxide samples
prepared in this work. All the diffraction peaks for the three
oxides can be indexed to a cubic structure, which represents a
good agreement with the value found in the literature (JCPDS
card no. 01-070-6393, JCPDS card no. 74-2184 and JCPDS
card no. 05-0669, for the ZnFe2O4, Zn2SnO4 and ZnAl2O4

samples, respectively). For the ZnAl2O4 oxide, the character-
istic peaks at 2Ɵ of 31.21, 36.751, 44.71, 49.11, 55.61 and
59.31 are corresponding to (220), (311), (400), (331), (422)
and (511) diffraction planes, respectively. The diffraction
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Fig. 2. XRD patterns of the different zinc spinel oxides.

Table 1
Crystallite size, BET surface area and pore parameters of the different zinc spinel

Samples Crystallite size (nm) Surface area (m2 g�1)

ZnFe2O4 15.79 58.96
ZnAl2O4 7.30 158.10
Zn2SnO4 17.10 42.91
peaks at 2Ɵ values of 29.251, 34.431, 35.961, 41.791, 51.74
and 55.141 can be ascribed to the reflection of (220), (311),
(222), (400), (422) and (511) planes of the Zn2SnO4 spinel,
respectively. For the ZnFe2O4 oxide, the characteristic peaks
at 2Ɵ of 30.05 1, 35.361, 42.781, 52.961 and 56.781 are
corresponding to (220), (311), (400), (422) and (511) diffrac-
tion planes, respectively. No additional peak of the other phase
was observed in the XRD patterns, showing that the ternary
oxides consisted of single-phase. It should be observed that the
ZnAl2O4 sample showed wider peaks than that of the ZnFe2O4

and Zn2SnO4 oxides, indicating a small crystallite size.
Crystallite size of synthesized powders (shown in Table 1),
based on Scherrer equation, was estimated at 7.30, 15.79 and
17.10 nm, for the ZnAl2O4, ZnFe2O4 and Zn2SnO4 oxides,
respectively.
Fig. 3 shows the FTIR spectrum of spinel oxides prepared in

this work. It can be observed in figure two main broad bands in
the range 375–750 cm�1 for all zinc spinel oxides. The band
around 375–500 cm�1 corresponds to interaction between
metal and oxygen in the octahedral site in the crystal lattice,
and the band around 550–750 cm�1 corresponds to interaction
between metal and oxygen in the tetrahedral site. In the
Zn2SnO4 spinel, the band observed at 570 cm�1 can be
assigned to Zn–O bonds at the tetrahedral site, and the band
observed at 420 cm�1 involves the Sn–O bonds in octahedral
site. For the ZnAl2O4 solid, vibration at 680 cm�1 is typical of
Zn–O bonds, while that the vibration at 530 cm�1 is char-
acteristic of Al–O bonds. In the case of ZnFe2O4 oxide, the
band at 570 cm�1 and 420 cm�1 are assigned to interactions
of Zn–O bonds in tetrahedral positions and the Fe–O bonds in
octahedral positions, respectively. The results obtained in the
analysis of FTIR confirm the formation of spinel structures and
corroborate the results obtained in the XRD analysis.
Nitrogen adsorption–desorption isotherm measurements

were carried out to evaluate the specific surface areas
(Fig. 4a) as well as the average pore size distributions
(Fig. 4b) of zinc spinel oxides. The isotherms of all zinc
spinels prepared in this work can be classified as type IV,
according to the IUPAC classification [22], indicating pre-
dominantly mesoporous structure characteristics. The meso-
porous structure of samples was confirmed by analysis of
average pore size distribution (Fig. 4b), which shows the
spectra of pore diameter distribution with defined maxima in
mesoporous region (2 nmopore diametero50 nm) for
all the samples. The pore size distribution curves display a
narrow unimodal distribution for the Zn2SnO4 and ZnAl2O4

oxides, and wide unimodal distribution for ZnFe2O4 spinel.
The surface areas of oxides were measured from the linear
oxides.

Total pore volume (cm3g�1) Average pore size (nm)

0.185 18.72
0.302 7.44
0.191 4.11
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Fig. 3. FTIR spectra of different zinc spinel oxides.
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Fig. 4. (a) Nitrogen adsorption–desorption isotherms and (b) pore size
distribution of different zinc spinel oxides.
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region of the plot ranging from P/P0¼0.05 to P/P0¼0.30, and
the results are shown in Table 1.

Table 1 summarizes the results of physical properties of zinc
spinel oxides. The surface area of ZnAl2O4 was higher than
these of other oxides, however, the pore size was smaller. High
surface area and pore size are essential characteristics for
catalytic purpose.

Chemical compositions determined by X-rays fluorescence
technique for the powders are listed in Table 2. The results
reveal that only minor undesirable substances remained in the
synthesized powders. ZnAl2O4 powders contains less than
0.4 wt% impurities, which were nickel, iron, calcium and
sulfur, whereas that the Zn2SnO4 oxide contains less than
0.2 wt% impurities, such as calcium and nickel. Yet ZnFe2O4

powders contains nickel and sulfur as impurities, correspond-
ing to about 0.15 wt%. These impurities may be present in the
salts used as reagents in the synthesis of the spinel oxides, i.e.,
zinc nitrate, aluminum nitrate, zinc acetate, tin tetrachloride
and iron nitrate. Therefore, the ZnAl2O4, ZnFe2O4 and
Zn2SnO4 powders obtained by the presented method in this
work were of high grade of purity.
The degradation of the phenol molecules was negligible by

direct photolysis (with sunlight only) as well as by the use of
ZnFe2O4 and ZnAl2O4 oxides as photocatalysts. ZnFe2O4

presented less than 5% of phenol degradation after 240 min
of reaction while ZnAl2O4 did not present any photocatalytic
activity. A significant degradation of the phenol was only
observed with the presence of Zn2SnO4 photocatalyst and
sunlight. In addition, the phenol adsorption carried out in the
dark before photocatalytic process was negligible, indicating
that the adsorption step do not contribute to the phenol
removal from aqueous solution. Although the ZnAl2O4 photo-
catalysts has shown photocatalytic activity in degradation of
dye molecules under sunlight [16], and ZnFe2O4 has presented
activity for the degrading of phenol under artificial UV light
[23,24], both oxides did not show activity for degrading of
phenol under solar irradiation in this work. This indicates that
the intensity of sunlight may be insufficient to cause excitation
of both semiconductors used as photocatalysts, which is
necessary for that the photocatalysis reaction to occur. The
degradation efficiency of each photocatalyst also depends on
the organic pollutant type and its concentration that will be
degraded. Fig. 5 shows the degradation of phenol as well as
the degree of mineralization in terms of TOC removal with the
use of the Zn2SnO4 sample only. After 240 min of exposition
to solar irradiation this oxide was able to degrade 98% of the
phenol. However, the mineralization degree reached after
240 min under solar irradiation was 60%, reaching 80% after
360 min of reaction time. The TOC removal usually takes
longer time than that for the removal of pollutant organic
molecules, as also found in another researches [25,26].
Several photodegradation reactions of organic pollutants

follow first-order kinetics [27–29], which the photodegradation
rate (r) in this case can be expressed as first-order with respect
to the disappearance of phenol molecules, i.e,

r¼� d½C�=dt¼ k½C� ð3Þ
The integrated reaction rate gives:

ln C½ � ¼ �ktþ ln C0½ � ð4Þ
which is usually written in the exponential form:

C=C0 ¼ exp ð�ktÞ ð5Þ
The linearized form of above equation can be written as

follows:

lnðC=C0Þ ¼�kt ð6Þ
Therefore, the photocatalytic process of phenol removal at

sunlight follows first-order kinetics according to the Eq. (4),
where C0 is the initial concentration of phenol solution, C is



Table 2
Chemical composition of the synthesized spinels, expressed in wt%.

Sample Constituent

ZnAl2O4 ZnAl2O4 (99.62) NiO (0.18) Fe2O3 (0.10) CaO (0.05) SO3 (0.05)
Zn2SnO4 Zn2SnO4 (99.81) NiO (0.14) – CaO (0.05) –

ZnFe2O4 ZnFe2O4 (99.86) NiO (0.09) – – SO3 (0.05)
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the concentration at time t, and k is the reaction rate constant of
photocatalysis process. The relative concentration C/C0 also
can be determined by ratio A/Ao, where A and A0 were defined
previously. The straight line (see Fig. 6) indicates first-order
reaction and the slope of this line corresponds to the reaction
rate constant (k), which was of k¼5.8 � 10�3 min�1.

4. Conclusions

Zinc spinel oxides particles were successfully synthesized
by hydrothermal, metal–chitosan complexation and solvother-
mal methods, respectively. All the samples presented crystal-
line structure, with high purity and predominantly mesoporous,
but in terms of photocatalytic activity, Zn2SnO4 oxide was the
only one that showed activity in the degradation of phenol
molecules under solar irradiation reaching removal of 100% at
240 min of reaction. At 360 min under sunlight the miner-
alization of phenol was of 80%, which demonstrate the
potential of Zn2SnO4 oxide as photocatalyst in the removal
of phenol pollutant in aqueous solution under sunlight.
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