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a  b  s  t  r  a  c  t

Mesoporous  ZnFe2O4 (meso-ZnFe2O4) was  synthesized  by  a hydrothermal  process  in  which
cetyltrimethylammonium  bromide  (CTAB)  participates  in  the  reaction  to produce  nanocrystals.  Syn-
thesized  ZnFe2O4 was  characterized  by energy  dispersive  spectroscopy  (EDS),  X-ray  diffraction  (XRD),
Brunauer–Emmett–Teller  (BET)  surface  area,  scanning  electronic  microscopy  (SEM),  transmission  elec-
tron microscopy  (TEM),  and  diffuse  reflectance  spectra  (DRS).  The  meso-ZnFe2O4 was  resulted  from  the
agglomeration  of  nanoparticles  with  size  of 5–10  nm.  The  photocatalytic  activity  of  ZnFe2O4 under  visible
light  (�  >  400  nm)  was  evaluated  by  the  degradation  of  Acid  Orange  II (AOII)  at  different  sintering  tem-
peratures,  the  amount  of  ZnFe2O4, and  the  concentration  of  H2O2. The  photocatalytic  degradation  of  AOII
ationic surfactant
ydroxyl radical
cid Orange II

was almost  complete  within  2 h  in  H2O2/visible  light  system.  The  high  efficiency  for  AOII  degradation
was  attributed  to the  strong  absorption  of  ZnFe2O4 in visible-light  region  and  the  generation  of  reactive
•OH  by  H2O2 in  the  system.  The  involvement  of •OH  in  oxidizing  AOII  was  examined  by  determining  the
photocurrent  of  ZnFe2O4, [•OH], and  degradation  rates  using  different  scavengers.  Organic  compounds
as  intermediates  of  the  degradation  process  were  identified  by  LC/MS.  Moreover,  ZnFe2O4 retained  their
degradation  efficiencies  for a series  of  repetitive  batch  runs,  indicating  the true  photocatalytic  process.
. Introduction

Effective removal of reluctantly biodegraded carcinogenic azo
yestuffs primary generated from the textile, paper, food, cos-
etic, and pharmaceutical industries remains a challenge in the
astewater treatment processes [1,2]. Applications of the exist-

ng conventional physical–chemical and biological techniques
epresent unsatisfactory outcomes because of ineffective or non-
estructive mineralization of these recalcitrant compounds [3,4].
eterogeneous photocatalysis has been widely utilized for water
urification and wastewater treatment due to their promise of cost-
ffective technology for degrading organic pollutants [3,5]. Current
xploring the highly active photocatalysts with narrow band gap

hich function in the visible light region has attracted a remark-

ble attention [6–8]. Nanosized spinel-ferrites have numerous uses
ncluding electronic, magnetic, energy, and catalytic applications

∗ Corresponding author at: School of Environmental Science and Engineering, Sun
at-sen University, Guangzhou 510275, China. Tel.: +86 20 39332690;

ax: +86 20 39332690.
E-mail address: hechun@mail.sysu.edu.cn (C. He).
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© 2011 Elsevier B.V. All rights reserved.

[9–12]. Zinc ferrite (ZnFe2O4) is one of the most interesting ferrites
due to the dependence of its magnetic behavior on particle size
[13,14]. ZnFe2O4 nanoparticles have a considerable photo-response
in the visible light region (1.92 eV) with good photochemical sta-
bility [15], suggesting their potential uses as gas sensors and
semiconductor photocatalysts. The size of ZnFe2O4 is an impor-
tant parameter with respect to properties and several synthetic
methods, including co-precipitation and sol–gel techniques, have
been developed [16–18].  Both of these methods usually result
in large particles and a broad size distribution. A hydrothermal
method has been developed which can synthesize smaller size
ZnFe2O4 [19,20]. The present paper demonstrates the use of a
cationic surfactant, cetyltrimethylamminium bromide (CTAB) in
the hydrothermal method, for controlling the size and morphology
of the synthesized nanocrystals. Various surface techniques were
used to characterize ZnFe2O4, produced by this method.

Several reports on applications of the photocatalytic activity
of ZnFe2O4 used in the degradation of pollutants are forthcom-

ing [19–21]. Zinc ferrite-doped TiO2 photocatalysts were used to
degrade pollutants under UV and visible light. The current paper
presents for the first time the direct application of ZnFe2O4, in
combination with H2O2 and visible light, to the oxidation of the

dx.doi.org/10.1016/j.jhazmat.2011.10.006
http://www.sciencedirect.com/science/journal/03043894
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Fig. 1. A hypothetical scheme for the generation of •OH radical in
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2O2–ZnFe2O4–visible light system.

ecalcitrant organic pollutant, Acid Orange II (AOII). AOII is a good
odel to study because of its simpler structure than many other

mportant recalcitrant dyes. Moreover, direct photolysis of AOII
y either UV or visible light was difficult [22,23]. The potential of
nFe2O4 to oxidize pollutants in the system is based on the hypoth-
sis, which is presented in Fig. 1. Fe(III) on the surface of ZnFe2O4
an initiate reactions which produce •OH radical by the Fenton
eaction (Path A). The valence band edge of ZnFe2O4 is located at ca.
.38 eV vs. SCE while the conduction band is at −1.54 eV vs. SCE [24].
n the presence of light, holes (hvb) are produced which can oxi-
ize pollutant molecules. Holes may  also oxidize water to form •OH
adical (Path B). Importantly, H2O2 in the system can capture elec-
rons, thus diminishing the recombination of holes and electrons,
hich can enhance the photocatalytic performance of ZnFe2O4 in

he presence of H2O2 and visible light. Furthermore, the capturing
f electrons produces •OH radical (Path C). The combined effects of
aths A, B, and C are thus expected to enhance the degradation of
ollutants.

The objectives of this paper are to: (i) synthesize and
haracterize synthesized ZnFe2O4, (ii) investigate the enhanced
hotocatalytic activity of the ZnFe2O4–H2O2–visible light combi-
ation compared to either ZnFe2O4–H2O2 or ZnFe2O4–visible light
y following the degradation of AOII in these different systems, (iii)

nvestigate the major reactive species responsible for oxidizing AOII
sing various scavengers (oxalate, Cr(VI), iso-propanol, and KI) in

 ZnFe2O4–H2O2–visible light system, (iv) provide possible path-
ays for the oxidation of AOII in the system by determining COD

nd by identifying intermediates of the reaction using LC/MS, and
v) determine the suitability of ZnFe2O4 in real world applications
y checking its stability and by quantifying the extent of leaching
f Zn and Fe.

. Materials and methods

.1. Materials

Salts of iron(III) (Fe(NO3)3·9H2O) and zinc(II) (Zn(NO3)2·6H2O)
ere analytical grade and were purchased from Guangdong Guan-
ua Chemical Co. Ltd., China. Cetyltrimethyl ammonium bromide

CTAB, C16H33N+ (CH3)3Br−; purity: >98%) was obtained from the
ianjing Fuchen Chemical Reagent Co. Ltd., China. Other chemicals
ere analytical grade and were purchased as reagent grade. All

hemicals were used without further purification. Doubly-distilled
eionized water was used throughout this study.
terials 211– 212 (2012) 95– 103

2.2. Preparation of ZnFe2O4

ZnFe2O4 powder was prepared in the presence of CTAB by using
the hydrothermal method. One gram of CTAB, as dispersant, was
dissolved in 35 mL  of Zn(NO3)2 solution (0.2 M)  to form a homo-
geneous solution, which was  then mixed with 35 mL  of Fe(NO3)3
solution (0.4 M).  The mixed solution, with a stoichiometric ratio of
1:2 ([Zn]:[Fe]), was stirred magnetically at 273 K for 30 min. Sodium
hydroxide solution (6.0 M)  was added slowly into the mixture to
obtain a solution pH of 10.0. This solution was pretreated in an
ultrasonic water bath for 30 min  and then transferred into a 500 mL
Teflon-lined stainless steel autoclave in order to keep it at 130 ◦C
for 24 h in an oven. Subsequently, the autoclave was  cooled to room
temperature gradually. Finally, the precipitate was centrifuged and
washed with deionized water several times to reduce the possibil-
ity of impurities in the products. The resulting product was  dried
in a vacuum oven at 75 ◦C for 6 h. Some of the ferrites were also
obtained by drying under vacuum at 200–600 ◦C.

2.3. Characterization of ZnFe2O4

X-ray diffraction (XRD) analysis was  conducted using a diffrac-
tometer (Bruker AXS, Germany) with radiation of Cu target
(K�, � = 1.54059 Å). Specific BET surface area and pore size
distribution were determined with an Autosorb-1-C Chemisorp-
tion/Physisorption Analyzer (Quantachrome, USA) by nitrogen
adsorption at 77.3 K. The morphology of the ZnFe2O4 was analyzed
with a JSM-6330F field emission scanning electron microscope
(JEOL, Japan) using an acceleration voltage of 20 kV. The con-
tent of Zn and Fe in the catalyst was  determined by the
use of SEM–EDS–EBSD thermal field emission scanning electron
microscopy (JEOL, Japan). The synthesized ZnFe2O4 was then exam-
ined by a transmission electron microscope (TEM, JEM-2010HR).
The catalysts were further examined by a spectrophotometer
(Shimadzu UV-PC3101PC) with an integrating sphere (Specular
Reflectance ATT.5DEG) to record their diffuse reflectance spectra
(DRS), in which a baseline was  recorded using barium sulfate.

The photoelectrochemical measurements were performed
using an IM6ex electrochemical workstation (Zahner, Germany)
with a standard three-electrode assembly. This assembly had a
ZnFe2O4/ITO (indium-oxide) electrode as a photoanode, a Pt wire
as a cathode, and a saturated calomel electrode (SCE) as a reference
electrode. To prepare ZnFe2O4/ITO electrodes, ITO plates were first
cleaned by sonication in a mixture of acetone, ethanol, and deion-
ized water for 10 min. ITO plates were coated with ZnFe2O4 slurry,
containing solid polyvinylidene fluoride (PVDF) and N-methyl-2-
pyrrolidone (NMP) solvent. The weighted ratio in the solid was 9:1
(ZnFe2O4:PVDF). Finally, ZnFe2O4-coated ITO plates were dried at
75 ◦C for 6 h to evaporate the excess NMP, yielding the ZnFe2O4/ITO
electrodes. A solution of sodium sulfate (0.01 M)  was adjusted to pH
6.0 and then saturated with N2 for use as the supporting electrolyte.
A 150 W middle-pressure Xenon arc lamp with filter to remove light
<400 nm wavelength was  used as the visible light source.

2.4. Experimental procedure

All the experiments were carried out in a cylindrical Pyrex
reactor with an effective volume of 400 mL.  A 150 W middle-
pressure Xenon arc lamp (Shanghai Aojia Lighting Appliance Co.
Ltd.), equipped with a glass jacket filled with 2 M NaNO2 solu-
tion, was put inside the reactor to provide visible light irradiation
(� > 400 nm). An air flow of 100 mL  min−1 was  employed continu-

ously to produce a fully well-dispersed suspension of ZnFe2O4 in
the solution during the photoreaction. In experiments, a 400 mL
solution of 100 mg  L−1 AOII was adjusted to the desired pH of
6.0 by adding few drops of 0.01 M HCl to the solution before the
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eaction, and the ferrite was suspended at a concentration of
.5 g L−1. Prior to irradiation, suspensions were sonicated at 100 W
or 10 min  and magnetically stirred for 30 min  in the dark at
oom temperature to establish the adsorption/desorption equilib-
ium. During the reaction, samples were taken periodically using a
yringe and subjected to filtration using a 0.22 �m Millipore mem-
rane filter before measuring the UV–vis absorption spectra of
olution.

.5. Analytical methods

The concentration of AOII was analyzed by UV–vis spec-
roscopy (UV-2501PC, Shimadzu) at a maximum wavelength of
84 nm.  Chemical oxygen demand (COD) was  measured with
otassium dichromate after samples were digested with a MS-

 COD microwave digestion system according to the standard
ethod. Prior to COD analysis, residual H2O2 was removed by the

ddition of MnO2 at pH 9.0 to eliminate interference with analyti-
al measurements [25]. The concentrations of leached Fe and Zn in
he solution were measured by Inductively Coupled Plasma Optical
mission Spectrometry (ICP-OES, optima 5300DV, Perkin-Elmer).

The intermediates of AOII oxidation were analyzed by liq-
id chromatography–mass spectrometry (LC–MS, Agilent 1100 LC,
quipped with a Model 486 variable wave wavelength UV detector
et at 256 nm). A zorbax eclipse XDB C8 column 150 mm × 4.6 mm
as used for separating product intermediates. The mobile phase
as a filtered mixture of acetonitrile and 0.1 M ammonium acetate.

he flow rate was 1 mL  min−1. From 0 to 5 min, the ratio of acetoni-
rile:ammonium acetate was 1:1; from 5 to 10 min  the ratio was
:1. The injection volume was 10 �L. MS  analysis in the positive
nd negative ion mode was performed using a mass spectrometer
quipped with an ESI ion source. The ESI probe tip and capillary
otentials were set at 3.0 kV and 18 V, respectively. The mass range
as 120–500 m/z. The heated capillary was set to 250 ◦C.

The concentration of •OH was determined according to the
ethod reported earlier [26,27]. Briefly, benzene was used as

 probe to determine the photoproduction of •OH for the
ormation of phenol from the reaction of benzene with •OH
k = 5.9 × 109 M−1 s−1) in aqueous solution [28], in which •OH-

ediated oxidation of benzene forms phenol and the concentration
f phenol represented the amount of •OH photoproduction [26]. In
his experimental set-up, a 400 mL  benzene solution (10 mM)  and
.5 g L−1 ZnFe2O4 were mixed thoroughly and transferred into the
hotoreactor. Different concentrations of H2O2 were added into
he aqueous solution, which was irradiated for 30 min  using the
ame xenon arc lamp. The control experiments without ZnFe2O4,
n the dark, were carried out in parallel. After the reaction, the
amples were separated from ZnFe2O4 suspension. The concen-
rations of phenol were determined using the 4-aminoantipyrine
pectrophotometric method [27].

. Results and discussion

.1. Characterization of ZnFe2O4

The result of EDS analysis, shown in Fig. 2a, indicates the pres-
nce of Zn, Fe, and O elements in ZnFe2O4 powder. The determined
tomic ratio of Zn to Fe in the powder was 1:2.03, which is in close
roximity to the theoretical ratio in ZnFe2O4. The ZnFe2O4 pow-
er, prepared at different sintered temperatures, was also analyzed
y XRD (Fig. 2b). XRD patterns showed that ZnFe2O4 had cubic

pinel structures, which is consistent with the values reported in
he database of ZnFe2O4 (JCPDS 22-1012). The peak intensity grad-
ally increased with the increase in sintering temperature. The
EM image showed that the as-prepared ZnFe2O4 had a typical
2θ, degree

Fig. 2. EDS spectrum (a) and XRD patterns (b) of ZnFe2O4.

mesostructure with a wormhole framework (Fig. 3a). Apparently,
the agglomeration of nanoparticles with size of 5–10 nm resulted
in the mesostructure of ZnFe2O4. An HRTEM analysis indicates that
the lattice spacing is 0.299 nm for the (2 2 0) plane, which clearly
demonstrates the crystal structure of ZnFe2O4 (inset of Fig. 3a).

Significantly, the use of CTAB in the synthesis of ZnFe2O4
decreased the particles size (Fig. S1). Particle sizes were 5–10 nm
and 80 nm with and without CTAB in the synthesis procedure
(Fig. S1). This suggests that the cationic surfactant had a significant
role in inhibiting the growth of the crystals, which led to the uni-
formly of the nano-sized catalyst. The following steps may explain
the participation of CTAB in the synthesis of meso-ZnFe2O4.

Hydrolysis : CTAB → CTA+ + Br− (1)

Precipitation : Zn2+ + Fe3+ + OH− → Zn-Fe-OH− (2)

Electrostaticinteraction : CTA+ + Zn-Fe-OH− → CTA-OH-Fe-Zn

(3)

Hydrothermalstep : CTA-OH-Fe-Zn → ZnFe2O4 (4)

CTAB in aqueous solution ionizes to CTA+ and Br− (Eq. (1)). In excess

amounts of dissolved NaOH, the mixture of Zn(NO3)2 and Fe(NO3)3
solutions forms Zn-Fe-OH− (Eq. (2)). The electrostatic interaction
between CTA+ and Zn-Fe-OH− form CTA-OH-Fe-Zn (Eq. (3)), which
acts as a precursor for the formation of meso-ZnFe2O4 crystals in



98 M. Su et al. / Journal of Hazardous Materials 211– 212 (2012) 95– 103

F
t

t
t
f
o
t
p

Z
a
p
t
1
a
w
f
r
Z
p
1
a
p
t
s

t
m

800700600500400300
0.0

0.5

1.0

1.5

2.0

TiO2

ZnFe2O4

A
bs

or
ba

nc
e

temperature of 75 ◦C.
ig. 3. (a) TEM and HRTEM (inset) images of meso-ZnFe2O4 and (b) nitrogen adsorp-
ion/desorption isotherms and pore size distribution (inset) of meso-ZnFe2O4.

he hydrothermal process (Eq. (4)). With an increase of sintering
emperature from 300 to 500 ◦C, the size of the particles increased
rom ca. 30 to 100 nm (Fig. S1c–e), and a significant aggregation
f the particles occurred at 500 ◦C. When the sintering tempera-
ure was set to 600 ◦C, the particles size increased again (Fig. S1f),
ossibly due to aggregation.

Nitrogen adsorption–desorption studies on as-prepared meso-
nFe2O4 showed a type IV isotherm with an inflection of nitrogen
dsorbed volume at P/P0 about 0.5, indicating a typical of meso-
orous materials (Fig. 3b). The specific surface area, calculated from
he linear region of the Brunauer–Emmett–Teller (BET) plot, was
75.4 m2 g−1, and the pore diameter, calculated from the nitrogen
dsorption isotherm by the Barrett–Joyner–Halenda (BJH) method,
as 6.9 nm.  The BET surface area and pore diameter of ZnFe2O4

or sintering temperatures of 300 ◦C were 132.3 m2 g−1 and 7.8 nm,
espectively. These data suggested that the BET surface area of
nFe2O4 decreased with the increase of thermal treatment tem-
erature. The measured BET surface areas of ZnFe2O4 were 175.4,
53.1, 132.3, 107.6, 67.4, and 25.9 m2 g−1 for sintering temper-
tures of 75, 200, 300, 400, 500, and 600 ◦C, respectively. The
hotocatalytic activity of the prepared ZnFe2O4 at high sintering
emperatures is thus expected to be low, due to the decreased
pecific surface area of the larger particles.
The meso-ZnFe2O4 was analyzed by UV–vis absorption spec-
roscopy to investigate the optical properties (Fig. 4). The

eso-ZnFe2O4 was found to absorb visible light more efficiently
Wavelength, nm

Fig. 4. UV–vis DRS of meso-ZnFe2O4 and TiO2.

than photocatalytic TiO2 nanoparticles. The absorption results
demonstrate that ZnFe2O4 has significant absorbance in the
450–700 nm wavelength range, which is important for performing
photocatalytic reactions under visible light. The absorption shoul-
der of the ferrite in the visible region may  be attributed to the
electron excitation from the O-2p level into the Fe 3d level for
spinel-type compound [29]. The band gap of meso-ZnFe2O4, calcu-
lated from the plot of the transformed Kubelka–Munch function vs.
the energy of light, is 1.92 eV (646 nm). Comparatively, the absorp-
tion edge of TiO2 (Degussa P25) is 3.06 ev (405 nm).

3.2. Photocatalytic activity of ZnFe2O4

The photocatalytic activity of ZnFe2O4 powder under visible
light was evaluated by performing experiments on the degrada-
tion of AOII in aqueous solution under various conditions. First, the
performance of the ferrite, synthesized at different sintering tem-
peratures, was  tested (Fig. S2a). The degradation of AOII followed
the pseudo first-order kinetics for more than 90% completion of the
reaction. The kinetics may  be expressed as

ln
(

C0

C

)
= k′t (5)

where k′ is the apparent reaction constant and C0 and C are the
initial concentration and the concentration at time t, of AOII, respec-
tively.

Fig. 5a shows the values of k′ for different sintering temperatures
of ferrite synthesis, which were of the order of 10−3 min−1. Results
showed no significant difference in k′ in the sintering temperature
range of 75–300 ◦C, followed by a gradual decrease with increase
in temperature. The decrease in the catalytic activity of ZnFe2O4
could be attributed to the significant decrease in specific surface
area of the larger particles. This is supported by the experimen-
tally observed results of BET surface area measurement of ZnFe2O4
(see previous section). A decrease in the photocatalytic activity of
ZnFe2O4 with increase in sintering temperature for the degradation
of methyl orange under UV-light irradiation was  also observed [18].
Therefore, the sintering process of ZnFe2O4 should be maintained
at a relatively low temperature. Experiments in the present study
were therefore performed using ferrite synthesized at the lowest
Next, the effect of the amount of meso-ZnFe2O4 on the degra-
dation of AOII was  investigated (Fig. S2b). The values of k′

for the degradation of AOII increased from 2.5 × 10−3 min−1 to
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ever, a small amount of •OH was  produced by ZnFe2O4–H2O2 in
tures (a) and on the amount of prepared ZnFe2O4 at 75 ◦C (b) (reaction conditions:
nitial AOII concentration = 100 mg  L−1 and initial solution pH = 6.0).

.0 × 10−3 min−1 in varying the amount of ferrite from 0.1 to

.5 g L−1 (Fig. 5b). No further increase in k′ was observed with
ncrease in the amount of ferrite in solution (Fig. 5b). A high concen-
ration of suspended ZnFe2O4 may  block the visible light to some
xtent hindering ability to achieve the full capacity of the process
f degradation under visible light. Further experiments were there-
ore conducted using 0.5 g L−1 ZnFe2O4 in the reaction solution.

Finally, the role of H2O2 in the degradation of AOII with and
ithout light was explored. The experiments without visible light
ere carried out at different pH (2.0–6.0) (Fig. 6). The value of k′

aried from 0.53 × 10−3 at pH 6.0 to 5.1 × 10−3 min−1 at pH 2.0. This
ecrease in rate with increase in pH clearly demonstrates the possi-
le role of the Fenton reaction, which occurred favorably at low pH
o generate •OH, a likely species to degrade AOII. However, exper-
ments in the presence of light were conducted at pH 6.0 because
f the desirability of degrading AOII at pH values close to the neu-
ral conditions. It should be pointed out that besides participation of
he Fenton reaction, other phenomena may  also be involved, which
nclude catalyst bands dependence on pH and change in the dye

edox potential and the solid surface electrical charge with pH.

In visible light, a decrease in the concentration of AOII without
2O2 in the reaction system was ∼40% in 120 min  (Fig. 7). However,
Fig. 6. Effect of pH on the degradation of AOII without visible light (reaction con-
ditions: initial AOII concentration = 100 mg L−1, ZnFe2O4 suspension = 0.5 g L−1, and
initial H2O2 concentration = 12.0 mM).

complete degradation of AOII occurred at H2O2 concentration of
≥7.5 mM for the same time period. The values of k′ for the degrada-
tion of AOII increased with the increase of H2O2 concentration up
to 12.0 mM,  and then decreased at 15.0 mM.  Significantly, the val-
ues of k′ were of the order of 10−2 min−1, which are much higher
than k′ values obtained in conducting experiments in either meso-
ZnFe2O4/H2O2 or meso-ZnFe2O4/visible light. The increase in the
degradation of AOII in the presence of both light and H2O2 may
be ascribed to the formation of more •OH from the activation of
H2O2 with ZnFe2O4 (Fig. 1). The slight decrease of AOII removal effi-
ciency at 15 mM may  be due to the scavenging of •OH by competing
reactions with H2O2 and •OOH at higher concentration of H2O2
(•OH + H2O2 → H2O + •OOH and •OH + •OOH → H2O + O2) [30]. The
concentration of H2O2 was thus kept at 12 mM to obtain maximum
degradation efficiency in the present study.

3.3. Mechanism

Initially, the production of photogenerated electrons by ZnFe2O4
under visible light was  tested by carrying out photocurrent–time
profiles of the meso-ZnFe2O4 electrode (Fig. 8). The electrode
demonstrated a rapid photocurrent response when the ferrite
nanocrystals were illuminated with visible light and was main-
tained at constant levels within a couple of pulses. Significantly,
the photocurrent of the meso-ZnFe2O4 electrode decreased in the
presence of H2O2. This decrease may  be related to the capturing of
some electrons by H2O2 to yield hydroxyl radicals (Path C, Fig. 1)
[31], which would be an advantage of the use of ZnFe2O4 photo-
catalyst in the presence of H2O2 to degrade azo dye under visible
light.

The concentrations of •OH were determined in solutions under
various conditions to clarify the catalytic mechanism of a possi-
ble synergistic effect of the H2O2-assisted ZnFe2O4 system under
visible light (Fig. 9). It can be seen that no •OH was generated by
either ZnFe2O4 or H2O2 in the dark (Bars A and C in Fig. 9). How-
the dark (Bar E in Fig. 9). Significant amounts of •OH were gener-
ated by either H2O2 or ferrite under visible light irradiation (Bars
D and B in Fig. 9), due to the decomposition of H2O2 to •OH under
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isible light (420 nm < � < 550 nm)  [32] and the oxidation of OH− by
he photogenerated holes. However, production of •OH was  signifi-
antly increased in the presence of H2O2 and ZnFe2O4 under visible
ight and was dependent on the concentration of H2O2 (Bars F and

 in Fig. 9). A slight decrease in the concentration of •OH when
sing 15.0 mM H2O2 was observed (Bar I in Fig. 9). Excess H2O2
ay  react with some of the produced •OH radicals to decrease its

oncentration. Therefore, it was concluded that the enhanced cat-
lytic activity for AOII in the H2O2-assisted meso-ZnFe2O4 system
nder visible light irradiation was related to the significant increase
f •OH concentration.

To further confirm the •OH radical was the reactive
pecies mostly responsible for degradation of AOII in the
2O2–ZnFe2O4–visible system, several scavengers were tested in

he reaction solution (Fig. 10).  Oxalate has a relatively weak reac-

ivity with •OH (k = 4.7 × 107 M−1 s−1), but can be oxidized easily
y hvb

+ [33]. The degradation efficiency of AOII with the addition
f sodium oxalate was similar to that without any scavenger, indi-
ating that the hvb

+ played not much role in the oxidative reaction

Fig. 10. Effect of scavengers on AOII degradation in meso-ZnFe2O4/H2O2 sys-
tem under visible light (reaction conditions: AOII concentration = 100 mg  L−1,
initial H2O2 concentration = 12.0 mM,  meso-ZnFe2O4 suspension = 0.5 g L−1, and
initial solution pH = 6.0 (scavenger concentration: KI = 10 mmol L−1, sodium
oxalate = 10 mmol  L−1, iso-propanol = 10 mmol L−1 and Cr(VI) = 0.5 mmol L−1).
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nd •OH mainly contributed to the degradation of AOII in this
ystem. Cr(VI) was used as an electron scavenger because the redox
otential of Cr(VI) (E0(Cr2O7

2−/Cr3+) = +1.232 V vs. SCE) is more
ositive than that of H2O2 (E0(H2O2aq/•OHaq) = +0.38 V vs. SCE)
30,34]. As can be seen in Fig. 10,  the degradation efficiency of AOII
as significantly decreased with the addition of Cr(VI) because

f the capturing of photogenerated electrons by Cr(VI), which led
o a decrease in the concentration of •OH radicals (Path C, Fig. 1).
his caused the decrease in degradation of AOII. Iso-propanol is a
ood scavenger for •OH (k = 1.9 × 109 M−1 s−1) [28] while KI can
cavenge rapidly both hvb

+ and •OH (k ∼ 1 × 1010 M−1 s−1) [35]. The
egradation efficiency of AOII was significantly decreased with the
ddition of either iso-propanol or KI. Formation of other oxidizing
pecies, O2

•− in the reaction system, to oxidize AOII was less likely.
he conduction band edge of ZnFe2O4 is at ca. −1.54 eV vs. SCE [24],
herefore, the conduction band electron would likely be captured
y H2O2 (E0 (H2O2aq/•OHaq) = +0.38 V vs. SCE) rather than by O2
E0 (O2/•O2

−) = −0.33 V vs. SCE) to produce •OH (Fig. 1). Hence, the
nhanced catalytic activity in the H2O2–ZnFe2O4 system under
isible light could possibly be ascribed to the generated active •OH
roduced from Paths A, B, and C of Fig. 1.

.4. Possible pathways for degradation of AOII

The degradation of AOII was followed by monitoring the UV–vis
pectral changes of AOII as a function of the reaction time in the
2O2–ZnFe2O4 system under visible light (Fig. 11). The azo bond at
84 nm of Acid Orange II decreased with the progress of the reac-
ion. A concomitant increase in absorbance in the wavelength range
f 330–360 nm was also observed. The color of the reaction solution
hanged from orange to deep red after completion of the reac-
ion. The color alteration suggests hyperchromicity in wavelengths
onger than 484 nm.  Overall, the results suggest that the formation
f several intermediates rather than instantaneous mineralization
f AOII to CO2.
The intermediates may  have no absorption at the selected
avelengths, but COD levels in the reaction solution can be used

o demonstrate the presence of organics in solution. Therefore, the
fficiencies of AOII and COD removals were simultaneously
initial H2O2 concentration = 12.0 mM,  meso-ZnFe2O4 suspension = 0.5 g L−1, and ini-
tial  solution pH = 6.0).

monitored during the degradation of AOII in the
H2O2–ZnFe2O4–visible light system. It can be seen that the
COD removal efficiency was  ∼67% after 120 min  and the maximum
COD removal efficiency was 72% after 210 min (Fig. 12). It is
very clear that the COD removal efficiency was lower than the
degradation efficiency (by ca. 30%) within the studied reaction
period. These results further indicate that AOII was oxidized via a
number of intermediates prior to its final product, CO2, and that
some intermediates also degraded, but at lower reaction rates than
the degradation rate for AOII.

The identification of the intermediates in the degradation of
AOII in the meso-ZnFe2O4/H2O2 system under visible light was per-
formed. The identified intermediates and their main fragments as
determined by LC/MS are illustrated in Table S1.  Formed intermedi-
ate products for the degradation of AOII in the meso-ZnFe2O4/H2O2
system were 4-amino-benzenesulfonate (product A), 1-amino-
naphthalen-2-ol (product B) [36], 1-amino-2-naphthoquinone
(product C), 4-hydroxybenzenesulfonate (product D), cyclopenta-
2,4-diene-1-sulfonate (product E), naphthalene-1,2-diol (product
F), hydroquinone (product G), cyclopenta-2,4-dienol (product H),
2-hydroxy-1,4-naphthaquinone (product I), 1,2-naphthaquinone
(product J). Based on the degradation products identified, a pos-
sible pathway for degradation of AOII in ZnFe2O4/H2O2 system is
proposed in Fig. 13.  The process of AOII degradation was initiated
by the attack of •OH radicals through the cleavage of the azo bond
at the first step to yield products A and B, leading to the appar-
ent decolorization of AOII [37,38]. The oxidation of the benzene
ring in product A, led to the formation of products D and E. The
intermediate products, D and E, were further oxidized to form the
polyhydroxylated intermediates (products G and H). The oxida-
tion of intermediate product B with its equilibrium product C was
responsible for the formation of product F. Subsequently, the phe-
nolic hydroxy group in product F was further oxidized to quinoid
intermediates (products I and J). Polyhydroxylated and quinoid

structure intermediates would not be stable and most likely formed
short-chain carboxylic acids by oxidative ring opening reactions.
The short-chain carboxylic acids were finally mineralized to CO2
and H2O.
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ion = 12.0 mM,  ZnFe2O4 suspension = 0.5 g L−1, and initial solution pH = 6.0).
II in H2O2–ZnFe2O4–visible light system.

3.5. Stability of ZnFe2O4/H2O2 system

The durability and chemical stability of meso-ZnFe2O4 was
tested for practical applications of the meso-ZnFe2O4/H2O2 sys-
tem under visible light to degrade pollutants. The meso-ZnFe2O4
catalyst was repeatedly applied to degrade AOII under visible light
in successive batch runs (Fig. 14). It was found that the ZnFe2O4
almost retained its catalytic activity intact after the fifth repeat
in which k′ was estimated to be 4.3 × 10−2 min−1; similar to the
k′ obtained using fresh ZnFe2O4 (k′ = 4.4 × 10−2 min−1). This indi-
cates that meso-ZnFe2O4 possesses chemical and catalytic stability
(Fig. 14). Concentrations of leached Fe and Zn in solutions were
measured after the degradation of AOII at pH 6.0 to determine
the stability of ZnFe2O4 in aqueous solution. The concentrations of
leached Fe and Zn were 0.13 and 0.63 mg  L−1, respectively, which
suggests that no harmful effects would result from the use of the
H2O2–ZnFe2O4–visible light system at pH 6.0 for the degradation
of AOII.
4. Conclusions

The cationic surfactant CTAB in the hydrothermal synthe-
sis used in this study played a significant role in obtaining the
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