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Novel low-cost layered Fe-titanate catalyst for photo-Fenton degradation of organic contaminants was
successfully developed by ion exchange of Fe3+ with Na+ layered nano Na-titanates which was prepared
by alkali hydrothermal method. The as prepared materials were characterized by powder X-ray diffrac-
tion analysis (XRD), field emission scanning electron microscopy (FESEM) and energy-dispersive X-ray
spectrometer (EDX). The catalytic activity of the Fe-titanate catalyst was evaluated by the decolorization
of three different dyes (rhodamine 6G (R6G), methyl blue (MB), and methyl orange (MO)) under UV irra-
diation at room temperature. Effect of several important factors such as Fe loading in the catalyst, initial
solution pH, catalyst dosage, H2O2 amount, and reaction time was systematically studied. It was found
that the decolorization was very efficient for all three dyes. The efficiency reached 98% for R6G, 98.5%
for MB, and 97% for MO, respectively, under optimal conditions. The oxidation process was quick, and
only 15 min is needed for all three dyes. Moreover, the Fe-titanate catalyst could be used in a wider
and near neutral pH range compared with classic Fenton systems which need to be operated at around
pH 3.0. Kinetic analysis results showed that the oxidation kinetics was accurately represented by pseudo-
first-order model. More importantly, the catalyst was very stable and could be reused for at least four
cycles when operated under near neutral pH. The Fe leaching from the catalyst measured was almost
negligible, which not only demonstrated the stability of the catalyst, but also avoided the formation of
secondary Fe pollution. Therefore, the reported Fe-titanates are promising nanomaterials which can be
used as Fenton like catalyst for the degradation of organic contaminant in wastewater.

Crown Copyright � 2014 Published by Elsevier Inc. All rights reserved.
1. Introduction

Organic effluent containing wastewater has becoming an ever-
increasing threat to the environment and the health of human
beings [1–3]. Dyes released from different industries such as tex-
tiles, paper, plastics, leather, food, and cosmetic are major sources
of the pollution due to their carcinogenic and mutagenic properties
[4–8]. Many methods such as flocculation [9], reverse osmosis [10],
precipitation [11], adsorption [4], and chemical oxidation [12],
have been used for the removal of dyes released into aquatic envi-
ronment. The chemical oxidation process aims at the mineraliza-
tion of the chemical stable and non-biodegradable organic dyes
to CO2, H2O and inorganics or, at least, at their transformation into
harmless products [13]. Therefore, the oxidation method based on
the chemical destruction may give the complete solution to the
problem of dye pollutants compared with others in which only a
phase separation is realized with the subsequent problem of the fi-
nal disposal.

Especially, the Advanced Oxidation Processes (AOPs) with the
generation of highly reactive radicals (e.g. hydroxyl free radicals)
have attracted enormous attention in the dye wastewater treat-
ment due to the reason that they can be operated at or near ambi-
ent temperature and pressure [14–16]. Homogeneous Fenton
(H2O2/Fe2+) and Fenton like (H2O2/Fe3+) systems are commonly
studied and reported AOPs in dye remediation [17–21]. However,
such systems have significant disadvantages such as (i) narrow
pH range (pH < 3.0) required, (ii) the production of iron-containing
waste sludge which is difficult to dispose of, and (iii) high concen-
tration of iron (50–80 mg/l) needed for successful mineralization
which introduces secondary pollution in treated water [22,23].
To overcome these disadvantages, researchers have paid much
attention to the development of heterogeneous Fenton-like cata-
lysts such as Fe-containing mesoporous materials with similar cat-
alytic activities as homogeneous Fe (II) ions [17,23–26]. In the
literature, Fe-ions have been combined with many kinds of sub-
strates such as membrane [27], zeolite [28], C-fabrics [29], and
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clays [30] to form Fe-containing Fenton like catalysts for dye reme-
diation with similar catalytic activities as homogeneous Fenton
systems. What is worth to be mentioned is that Fe leakage from
the catalysts should be strictly controlled to avoid secondary Fe
contaminants in water.

Recently, we have synthesized ion-exchangeable layered so-
dium titanate nanostructures through a simple alkali hydrother-
mal treatment of Ti precursor [31,32]. The morphology of the
titanates can be easily controlled by the adjustment of synthesis
conditions such as temperature, alkali concentration, and reaction
time [31]. The titanates have the structures in which TiO6 octahe-
dra join each other to form layers with negative charges and so-
dium ions existing within the layers are ion exchangeable. Their
ion exchange properties have been demonstrated to be highly effi-
cient, irreversible and selective [32], which may provide the possi-
bility of achieving a high loading of active catalyst with an even
distribution and high dispersion. In this paper, layered titanates
were synthesized via the alkali hydrothermal method using cheap
industrial grade metatitanic acid as Ti precursor. Then Fe3+ ions
were intercalated into the interlayer through an ion exchange pro-
cess with Na+ ions. The objective of this study was to investigate
the possible use of Fe-containing titanates and H2O2 system as Fen-
ton like catalyst for the remediation of organic dyes from wastewa-
ter. The obtained materials were characterized by powder X-ray
diffraction analysis (XRD), field emission scanning electron micros-
copy (FESEM) and energy-dispersive X-ray spectrometer (EDX). To
evaluate the catalytic ability of Fe-titanates, decolorization exper-
iments of three different dyes (rhodamine 6G, methyl orange and
methyl blue) were conducted under UV irradiation at room tem-
perature. The effect of different factors such as Fe loading in cata-
lyst, initial solution pH, H2O2 and catalyst dosage, and reaction
time on the decolorization process was investigated and the mech-
anisms of the dye decolorization were also proposed. Furthermore,
the stability and reusability of the Fe-titanate catalyst was also
studied.
2. Experimental

2.1. Materials

Metatitanic acid (TiO(OH)2, TiO2 content 80%) was purchased
from Shanghai Mintchem Development Co. Ltd. and used as raw
material in the hydrothermal synthesis of titanate nanostructures
without any further purification. Methyl orange (MO), methyl blue
(MB) and rhodamine 6G (R6G), NaOH, HCl, anhydrous FeCl3 of ana-
lytical grade, hydrogen peroxide (H2O2, 30 wt%) were purchased
from Alfa Aesar. All water used in this study had been treated by
the deionized water equipment.
2.2. Catalyst synthesis

Fe-containing titanate catalyst was synthesized by the method
combining an alkali hydrothermal treatment and a subsequent
ion exchange process. In a typical synthetic procedure, 3 g metati-
tanic acid and 40 ml 10 M NaOH were mixed and stirred in a mag-
netic stirrer for 2 h to form a milk-like suspension. Then this
mixture was sealed in an autoclave with an internal substrate of
polytetrafluoroethylene (50 ml) and heated at 80 �C for 24 h. After
the reaction, the precipitate was filtered and washed until pH
neutral with deionized water. After drying at 80 �C for 24 h, the
as-obtained product was characterized to be Na-titanates.

The Na-titanates were subsequently treated in Fe3+ solutions to
obtain Fe-titanates through ion exchange. Different amounts of
anhydrous FeCl3 powders (0.2 g, 0.6 g and 1 g) were added, respec-
tively, into three flasks containing 3 g Na-titanates and 100 ml
deionized water and stirred for 6 h. The precipitates were then fil-
tered, washed with deionized water for several times to remove
unreacted Fe3+ ions and dried overnight at 80 �C in the air. Finally,
three kinds of as-prepared Fe-titanates denoted, respectively, as
FT-1, FT-2, and FT-3 were obtained.

2.3. Characterization

X-ray diffraction analysis was performed on a Philips X’Pert Pro
MPD diffractometer with Cu Ka source (k = 1.5406 Å). The mor-
phologies of samples were characterized by field emission scan-
ning electron microscopy (FESEM, FEI Sirion-200). The
compositions of samples were analyzed on an energy-dispersive
X-ray spectrometer (EDX, Inca Oxford) in conjunction with the
FESEM. The optical absorbance of the colorant solutions with dif-
ferent concentrations was measured on a UV–vis spectrophotome-
ter (Shimadzu, UV1750) in the wavelength ranged from 200 to
800 nm. The pH values were measured with Mettler Toledo pH me-
ter (FG2/EL2). The zeta potential of samples was measured using
the Zeta Meter (zetasizer 3000HSA, Malvern). Fe3+ concentrations
in solutions were measured by Inductively Coupled Plasma
Spectrometer (Thermo Scientific iCAP 6000).

2.4. Colorant decolorization experiments

The decolorization of three dyes using Fe-titanates/H2O2 system
as catalyst was conducted in the photochemical reactor under UV
irradiation (Hg lamp, 500 W, 305–387 nm) at room temperature
(�25 �C). Thirty milliliter solutions with initial concentration of
1.25 � 10�5 M for R6G, 0.03 M for MB, 0.06 M for MO, were pre-
pared to be used in the decolorization experiments. The influence
of each important factor (Fe loading in Fe-titanates, initial solution
pH, catalyst dosage, H2O2 amount, and reaction time) was studied
separately while other factors were kept constant.

For the Fe loading effect in catalyst, Na-titanates, FT-1, FT-2, or
FT-3 each with a dosage of 10 mg were allowed to react with 30 ml
dye solutions for 15 min. H2O2 amount used was 15 lL H2O2 (1 M)
for R6G, 300 lL for MB, 350 lL for MO. Initial solution pH of three
dyes was adjusted to 6.5 for R6G, 5.6 for MB, 6.7 for MO, respec-
tively. Only the catalyst with best decolorization efficiency (FT-3)
would be used in the subsequent study.

For the initial solution pH effect, 10 mg FT-3 was allowed to
react with 30 ml dye solutions for 15 min. H2O2 (1 M) amount used
was 15 lL for R6G, 300 lL for MB, and 350 lL for MO, respectively.
The solution pH ranged from 3 to 13 adjusted by 0.01 M HCl and
0.01 M NaOH was used in the experiments. Only the optimum
pH would be used in the further study.

The effect of catalyst dosage, H2O2 amount, and contact time
was investigated using the same method as mentioned above. All
the experiments were duplicated and only mean values were
reported. The maximum deviation observed was less than ±5%.

The concentration of dyes in the solution was measured by a
UV–vis spectrophotometer. The measurement wavelength ranges
from 200 to 800 nm. The residual concentration of the dyes was
calculated by Beer–Lambert’s law:

A ¼ eCl ð1Þ

where A is the absorbance, e represents the extinction co-efficient at
characteristic wavelength (kmax = 520 nm (R6G), 664 nm (MB),
463 nm (MO)), C is the concentration, and l is the path length. The
decolorization efficiency (%), i.e., the removal degree of dyes was
calculated using the relation:

% Decolorization efficiency ¼ ð1� At=AiÞ � 100 ð2Þ

where Ai is the initial absorbance of the dye and At is the absorbance
at the time t.
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2.5. Stability and reusability of catalyst

To test the stability and recyclability of the Fe-titanates, FT-3
was first gathered via filtering method after the dyes were almost
completely degraded. Then, the supernatant was centrifuged to
collect the residual catalyst in it. The two parts of catalyst were
put together, and used in a second cycle of decolorization experi-
ment. This process was repeated for several times. All the experi-
ments were operated under conditions which were best for the
decolorization efficiency.
3. Results and discussion

3.1. Characterization of materials

The XRD patterns of as-prepared Na-titanates and Fe-titanates
(FT-3) are shown in Fig. 1, respectively. As shown in Fig. 1, the
main peaks of both are typical of layered titanates, especially the
one at around 2h = 10�, attributed to the interlayer distance in
Na2Ti3O7�nH2O (JCPDs no. 72-0148) [32–36]. In the titanates, three
edge-shared TiO6 octahedra join at the corner to form stepped
Ti3O2�

7 layers, sodium ions and water molecules located between
the layers are exchangeable. The interlayer distance of Na-titanates
is about 0.98 nm according to Fig. 1. XRD of FT-3 in Fig. 1 shows the
change of (100) peak after the ion exchange treatment, and the
interlayer decreases to 0.93 nm which implies that all Na+ ions
are substituted by Fe3+ ions. This result is consistent with EDX
spectrum of Fe-titanates (FT-3, Fig. 2). From Fig. 2, clearly, in FT-
3 only Fe, Ti and O elements exist, no Na element is observed. More
details of the ion exchange process can be seen in our previous
published paper. After the ion exchange, the decrease in the inter-
layer makes Fe3+ ions entrapped tightly in the interlayer, and no
leakage will occur easily. The XRD patterns of FT-1 and FT-2 show
no significant difference with FT-3.

Fig. 3 displays the SEM morphology of Na-titanates. Obviously,
layered Na-titanate possesses the flower-like morphology, which is
consisted of layered nanosheets [32]. This structure has large BET
specific surface area, which is measured to be 403 m2/g. As a result,
this kind of titanates has very strong adsorption ability for sub-
stances. Moreover, this kind of micro–nano hierarchical structure
also makes it easy to recover Fe-titanates from the reaction solu-
tions by filtering method.
3.2. Decolorization experiments

3.2.1. Effect of Fe loading in the catalyst
Fig. 4 shows the decolorization efficiency of three dyes using

Na-titanates, FT-1, FT-2, and FT-3 with different amounts of Fe
Fig. 1. X-ray diffraction patterns of Na-titanates and FT-3. Insert: schematic
diagram of the structures.
loading as catalyst. The Fe loading of the four samples measured
by EDX in atomic percent is 0%, 1.88%, 5.64%, and 9.41% respec-
tively. The decolorization efficiency of all three dyes increases with
the increasing Fe loading amount of the catalyst. This implies that
Fe3+ ions play an important role in the decolorization of the dyes.
The largest decolorization efficiency of dyes using FT-3 can reach
98% for R6G, 98.5% for MB, and 97% for MO, which demonstrates
that FT-3 possess the potential to be an effective catalyst. In the
subsequent experiments, only FT-3 was used.

3.2.2. Effect of initial solution pH
The Fenton’s type reaction always shows a strong dependence

of solution pH during oxidation [4,37–40]. Although the classic
Fenton system is of high efficiency, it requires a narrow pH range
(pH < 3.0) to prevent the precipitation of Fe2+ and Fe3+ [39]. It
greatly limits the application of classic Fenton system. Heteroge-
neous Fenton-like catalysts have been extensively studied to over-
come this disadvantage [39,41]. The effect of initial solution pH on
decolorization efficiency of Fe-titanates is shown in Fig. 5. As can
be seen, Fe-titanates can be used in a wide range of pH and the
optimum pH is about 6.5 for R6G, 5.6 for MB, and 6.7 for MO. Com-
pared with classic Fenton systems, the Fe-titanates will obviously
possess a much wider application prospect due to the wide pH
range and near neutral optimal pH required.

In Fig. 5, for each dye, the decolorization efficiency increases
gradually with increasing pH values under acidic condition until
the optimum pH arrives. This is caused by the change in surface
charge of the catalyst. The zeta potential values of FT-3 suspended
in aqueous solutions with pH ranged from 2 to 11 are presented in
Table 1. With the pH increases, the surface charge of FT-3 becomes
more and more negative. Dye molecules can be more easily ad-
sorbed on the catalyst surface, which is beneficial to the subse-
quent oxidation process. While the pH values continue to
increase, the decolorization efficiency decreases gradually. This
can be ascribed to the lower oxidation potential of hydroxyl radi-
cals, and decomposition of H2O2 [42]. As a result, there is an opti-
mal pH for each dye under which the decolorization efficiency is
largest.

In the meantime, the initial solution pH also plays an important
role in the Fe leakage from the catalyst. As we discovered before,
Fe3+ ions located in the interlayer of titanates can be exchanged
out by H+ in the solutions [32]. To measure the Fe leakage from
the catalyst, FT-3 (10 mg) was suspended in aqueous solutions
(30 ml) with a pH ranged from 2 to 7 for 2 h, respectively. After
centrifugation, the supernate was sent to measure the Fe3+ concen-
tration by ICP analysis. The results are also presented in Table 1. In
lower pH, the Fe leakage is observable due to the ion exchange of
Fe3+ with H+. At pH above 5, the Fe leakage is almost negligible
which means the secondary Fe pollution can be avoided and the
catalyst is stable. Compared with the classic Fenton systems with
the formation of large amounts of Fe sludge, this is of great signif-
icance. In considering of the decolorization efficiency and Fe lead-
ing, Fe-titanates as catalyst should be operated under near neutral
pH. The subsequent experiments were conducted under the
optimal pH.

3.2.3. Effect of catalyst dosage
The effect of variations in FT-3 dosage on the decolorization

efficiency of three dyes in the Fenton like process is presented in
Fig. 6, and corresponding conditions are as follows: initial pH:
6.5 for R6G, 5.6 for MB, and 6.7 for MO; H2O2 (1 M) amount:
15 lL for R6G, 300 lL for MB, and 350 lL for MO; time: 15 min.
The increase in FT-3 dosage from 0 to 10 mg enhanced the decol-
orization efficiency of all three dyes, which was mainly attributed
to the increase in the number of active sites and improving H2O2

decomposition as well as the generation of more hydroxyl free



Fig. 2. The EDX spectrum of FT-3. Insert: the data obtained excluding data of C and Si which due to the substrate.

Fig. 3. The SEM morphology of Na-titanates.

Fig. 4. The curves of DE versus Fe loading in the Fe-titanates for R6G, MB and MO.
(Na-titanates, FT-1, FT-2, and FT-3 with different amount of Fe loading as catalyst:
10 mg; initial pH: 6.5 for R6G, 5.6 for MB, and 6.7 for MO; H2O2 (1 M) amount:
15 lL for R6G, 300 lL for MB, and 350 lL for MO; time: 15 min).

Fig. 5. The plots of DE versus pH for R6G, MB and MO. (FT-3 as catalyst: 10 mg;
H2O2 (1 M) amount: 15 lL for R6G, 300 lL for MB, and 350 lL for MO; time:
15 min).

Table 1
Effect of pH on Zeta potential and Fe leakage concentration of FT-3.

pH 2 3 4 5 7 9 11

Zeta potential (mV) 19.7 7.3 1.1 �12.2 �19.2 �33.4 �40.3
Fe concentration (mg/l) 15.6 8.3 4.2 1.4 0.6 – –
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radicals. However, when the dosage was more than 10 mg, the
decolorization efficiency of all three dyes decreased with the
increasing dosage. This may be due to the agglomeration of FT-3
particles and also the scavenging of hydroxyl free radicals because
of excess amount of FT-3 [17,43]. Hence, 10 mg is the optimal FT-3
dosage, and will be used in the subsequent experiments.
3.2.4. Effect of H2O2 amount
The amount of H2O2 used is another key factor that can signif-

icantly influence the decolorization of dyes in the Fenton like pro-
cess [4,43] since it is directly related to the number of generated
hydroxyl free radicals and hence to the decolorization efficiency.
The effect of H2O2 amount on the decolorization efficiency of three
dyes by FT-3 is shown in Fig. 7. Other conditions are set as follows:
H2O2 concentration (1 M); initial solution pH: 6.5 for R6G, 5.6 for
MB, and 6.7 for MO; FT-3 dosage: 10 mg; time: 15 min. As shown
in Fig. 7, for each dye, there is an optimal amount of H2O2, before
which decolorization efficiency increases and after which decolor-
ization efficiency decreases with the increasing H2O2 amount. The



Fig. 6. The DE change with FT-3 dosage for R6G, MB and MO. (initial pH: 6.5 for
R6G, 5.6 for MB, and 6.7 for MO; H2O2 (1 M) amount: 15 lL for R6G, 300 lL for MB,
and 350 lL for MO; time: 15 min.).

Fig. 8. Ct/C0 of R6G, MB and MO change with time revolution (initial concentration
(30 ml):1.25 � 10�5 M for R6G, 0.03 M for MB, 0.06 M for MO; FT-3 as catalyst:
10 mg; initial pH: 6.5 for R6G, 5.6 for MB, and 6.7 for MO; H2O2 (1 M) amount:
15 lL for R6G, 300 lL for MB, and 350 lL for MO; time: 15 min.).
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optimal amount of H2O2 is 15 lL for R6G, 300 lL for MB, and
350 lL for MO. While the H2O2 amount is less than the optimal
amount, the decolorization efficiency increases because of insuffi-
cient hydroxyl free radicals in the solution. With the increasing of
H2O2 amount used, more hydroxyl free radicals were generated in
the solution, and thus more dyes are oxidized. While the optimal
amount of hydroxyl free radicals in solution is reached, too much
H2O2 is harmful to the oxidation process due to the scavenging
effect based on the following equation [17]:

H2O2 þ �OH! H2OþHO2� ð3Þ

Hence, 15 lL H2O2 (1 M) for R6G, 300 lL for MB, and 350 lL for
MO is the optimal H2O2 amount for the dye decolorization on FT-3,
respectively.
3.2.5. Effect of reaction time and kinetic study
The reaction time needed to reach equilibrium is another

important parameter for the oxidation process. The effect of reac-
tion time on the decolorization efficiency of three dyes by FT-3 is
shown in Fig. 8, and other corresponding conditions are as follows:
initial pH: 6.5 for R6G, 5.6 for MB, and 6.7 for MO; H2O2 (1 M)
amount: 15 lL for R6G, 300 lL for MB, and 350 lL for MO; FT-3
dosage: 10 mg. As can be seen, all three dyes were degraded
quickly. The maximum decolorization efficiency can be reached
in just 15 min, which is of great significance in the practical
application.
Fig. 7. Effect of initial H2O2 additional amount on DE for R6G, MB and MO. (FT-3 as
catalyst: 10 mg; initial pH: 6.5 for R6G, 5.6 for MB, and 6.7 for MO; time: 15 min.).
In general, the Fenton and photo-Fenton reaction rates on the
degradation of organic pollution have been described well by the
pseudo-first-order equation [44]:

lnðC0=CtÞ ¼ Aþ Kat ð4Þ

where C0 is the initial concentration of the dyes (M), Ct the concen-
tration of the dyes at time t (M), t the reaction time (min), Ka the
reaction rate constant (min�1), and A an experimental constant.
The fitted results using this model based on the data in Fig. 8 are
shown in Fig. 9. As can be seen, the pseudo-first-order equation fits
the experimental data well with a R2 value at around 0.99 for all
three dyes.
3.2.6. Stability and reusability of the catalyst
The stability and recyclability of FT-3 was evaluated by succes-

sive decolorization of three dyes. The amount of catalyst recovered
through filtering and centrifugation was more than 95%. The recov-
ered catalyst was subsequently used in another cycle of oxidation
process. Table 2 shows the decolorization efficiency of three dyes
by FT-3 in four cycles. As can be seen, FT-3 was able to be reutilized
for at least four cycles without any significant decline of the cata-
lytic ability under the optimal operation conditions. This obviously
benefits from the negligible Fe-leakage under near neutral pH.
Therefore, FT-3 is very stable and can be reused without loss of cat-
alytic activity.
Fig. 9. ln (C0/Ct) of R6G, MB and MO change with time revolution (initial
concentration (30 ml): 1.25 � 10�5 M for R6G, 0.03 M for MB, 0.06 M for MO; FT-
3 as catalyst: 10 mg; initial pH: 6.5 for R6G, 5.6 for MB, and 6.7 for MO; H2O2 (1 M)
amount: 15 lL for R6G, 300 lL for MB, and 350 lL for MO; time: 15 min.).



Table 2
Decolorization efficiency of three dyes by FT-3 in four cycles (initial H2O2 (1 M): 15 lL
for R6G, 300 lL for MB, 350 lL for MO; initial solution pH: initial pH: 6.5 for R6G, 5.6
for MB, and 6.7 for MO; FT-3 dosage: 10 mg; time: 15 min).

Cycle 1 Cycle 2 Cycle 3 Cycle 4

R6G 98.00% 96.80% 95.50% 93.00%
MB 98.50% 97.00% 96.50% 95.00%
MO 97.00% 96.40% 94.80% 94.00%
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3.2.7. A possible catalytic mechanism
From the above experimental data, Fe3+ content and H2O2 con-

tent play decisive roles in the decolorization of R6G, MB, and MO
under UV irradiation, which indicates that the decolorization is a
Fenton like process (Fe3+/H2O2/UV). In the heterogeneous UV-Fen-
ton system, Fe2+ can be formed following Eq. (5), and then the dyes
can be oxidized effectively by hydroxyl free radical which is gener-
ated from the decomposition of H2O2 with Fe2+ (Eq. (6)) [45]:

BFe3þ þ UV! BFe2þ þ �OH ð5Þ

BFe2þ þH2O2 ! BFe3þ þ �OHþ OH� ð6Þ

H2O2 þ UV! �OHþ �OH ð7Þ

where �Fe represents catalytic active sites on Fe-titanates. Under
UV irradiation, hydroxyl free radical can also be formed from the di-
rectly photolysis of H2O2 following Eq. (7) [45]. All the formed hy-
droxyl free radical is ready to degrade and mineralize dyes. In the
meantime, dye molecules in the solution can be excited by UV
irradiation (Eq. (8)) [45,46]. Then, the excited dye molecules can
be oxidized by �Fe3+ (Eq. (9)) and H2O2 (Eq. (10)).

Dyeþ UV! Dye� ð8Þ

BFe3þ þ Dye� ! BFe2þ þ organic intermediates ð9Þ

H2O2 þ Dye� ! organic intermediates ð10Þ

As a result, with the combined action of UV light and H2O2, the
decolorization efficiency of dyes on Fe-titanates can reach a high
value of more than 97% at 15 min.

Finally, one should bear in mind that mechanisms associated
with the photo-Fenton like (UV/Fe3+/H2O2) process are not simple
due to the amount of intermediates that can be formed in the pro-
gress of reaction. Researchers have proposed many possible routes,
and many possible routes have not been yet elucidated [38]. Mean-
while, in this study and also in other reports of Fe/layered material
hybrid Fenton like catalysts [21,30,38,46,47] whether the catalytic
active sites (�Fe) locate on the surface or in the interlayer of the
layered materials is not very sure. This needs to be further
investigated.

4. Conclusion

In summary, novel low cost Fenton like catalyst of Fe-titanates
are prepared by a simple alkali hydrothermal treatment and a sub-
sequent ion exchange of Fe3+ with Na+. The Fe-titanates possess
layered structures, and Fe3+ ions are located in the interlayer. The
decolorization of three different dyes (R6G, MB, and MO) by the
catalyst shows great efficiency. It is shown that the oxidation pro-
cess strongly depends on the operation conditions, such as Fe load-
ing in the catalyst, initial solution pH, catalyst dosage, H2O2

amount, and reaction time. Under optimal conditions, the decolor-
ization efficiency can reach 98% for R6G, 98.5% for MB, and 97% for
MO, respectively. The oxidation process is quick, and only 15 min is
needed for all the three dyes. Unlike classic Fenton systems which
need to be operated at pH around 3.0, Fe-titanates can be used at a
wider and near neutral pH range. Thus, the costly initial acidificat-
ion can be omitted. Moreover, the leakage of Fe is almost negligible
when operated under optimal pH. As a result, Fe-titanates are very
stable and can be reused for at least four cycles without significant
decline of catalytic ability. These facts suggest that Fe-titanates
possess the potential to be an ideal Fenton like catalyst.

Acknowledgments

This work was financially supported by the National Natural
Science Foundation of China (NSFC) (Grant no. 10804112) and
the National Basic Research Program of China (no. 2011CB933700).

References

[1] M.M. Ayad, A.A. El-Nasr, J. Phys. Chem. C 114 (2010) 612–617.
[2] L.H. Ai, C.Y. Zhang, F. Liao, Y. Wang, M. Li, L.Y. Meng, L.Y. Meng, J. Jiang, J.

Hazard. Mater. 198 (2011) 282–290.
[3] G.K. Ramesha, A. Vijaya, J. Colloid Interface Sci. 361 (2011) 270–277.
[4] F. Yu, J.H. Chen, L. Chen, J. Huai, W.Y. Gong, Z.W. Yuan, J.H. Wang, J. Ma, J.

Colloid Interface Sci. 378 (2012) 175–183.
[5] A. Afkhami, R. Mosavi, J. Hazard. Mater. 174 (2010) 398–403.
[6] V.K. Gupta, I. Ali, V.K. Saini, J. Colloid Interface Sci. 315 (2007) 87.
[7] V.K. Gupta, A. Mittal, L. Kurup, J. Mittal, J. Colloid Interface Sci. 304 (2006) 52.
[8] N. Mohammadi, H. Khani, V.K. Gupta, E. Amereh, S. Agarwal, J. Colloid Interface

Sci. 362 (2011) 457.
[9] V. Golob, A. Vinder, M. Simonc, Dyes Pigments 67 (2005) 93–97.

[10] N. Al-Bastaki, Chem. Eng. Process. 43 (2004) 1561–1567.
[11] M.X. Zhu, L. Lee, H.H. Wang, Z. Wang, J. Hazard. Mater. 149 (2007) 735–741.
[12] L. Szpykowicz, C. Juzzolino, S.N. kaul, Water Res. 35 (2001) 2129–2136.
[13] R. Andreozzi, V. Caprio, A. Insola, R. Marotta, Catal. Today 53 (1999) 51–59.
[14] N. Azbar, T. Yonar, K. Kestioglu, Chemosphere 55 (2004) 35–43.
[15] E. Kusvuran, O. Gulnaz, S. Irmak, O.M. Atanur, H.I. Yavuz, O. Erbatur, J. Hazard.

Mater. 109 (2004) 85–93.
[16] R. Aplin, T.D. Waite, Water Sci. Technol. 42 (2000) 345–354.
[17] Y. Kuang, Q.P. Wang, Z.L. Chen, M. Megharaj, R. Naidu, J. Colloid Interface Sci.

410 (2013) 67–73.
[18] M.S. Lucas, J.A. Peres, Dyes Pigments 71 (2006) 236–244.
[19] J. Fernandez, J. Bandara, A. Lopez, Ph. Buffat, J. Kiwi, Langmuir 15 (1999) 185–

192.
[20] K.Q. Wu, Y.D. Xie, J.C. Zhao, H. Hidaka, J. Mol. Catal. A: Chem. 144 (1999) 77–

84.
[21] J.Y. Feng, X.J. Hu, P.L. Yue, Ind. Eng. Chem. Res. 42 (2003) 2058–2066.
[22] E.V. Kuznetsova, L.A. Sarinov, L.A. Vostrikova, V.N. Parmon, Appl. Catal. B:

Environ. 51 (2004) 165–170.
[23] R. Aravindhan, N.N. Fathima, J.R. Rao, B.U. Nair, J. Hazard. Mater 138 (2006)

152–159.
[24] K. Fajerwerg, H. Debellefontaine, Appl. Catal. B: Environ. 10 (1996) 229–235.
[25] K. Fajerwerg, J.N. Foussard, A. Perrad, H. Debellefontaine, Water Sci. Technol.

35 (1997) 103–110.
[26] G. Centi, S. Perathoner, Curr. Opin. Solid State Mater. Sci. 4 (1999) 74–79.
[27] J. Fernandez, J. Bandara, A. Lopez, Ph. Buffat, J. Kiwi, Langmuir 15 (1999) 185–

193.
[28] M.B. kasiri, H. Aleboyeh, A. Aleboyeh, Appl. Catal. B: Environ. 84 (2008) 9–15.
[29] T. Yuranova, O. Enea, E. Mielczarski, J. Mielczarski, P. Albers, J. Kiwi, Appl. Catal.

B: Environ. 49 (2004) 39–50.
[30] N.K. Daud, M.A. Ahmad, B.H. Hameed, Chem. Eng. J. 165 (2010) 111–116.
[31] N. Li, L.D. Zhang, Y.Z. Chen, Y. Tian, H.M. Wang, J. Hazard. Mater. 189 (2011)

265–272.
[32] N. Li, L.D. Zhang, Y.Z. Chen, M. Fang, J.X. Zhang, H.M. Wang, Adv. Funct. Mater.

22 (2012) 835–841.
[33] Y.V. Kolen’ko, K.A. Kovnir, A.I. Gavrilov, A.V. Garshev, J. Frantti, O.I. Lebedev,

B.R. Churagulov, G. Van Tendeloo, M. Yoshimura, J. Phys. Chem. B 110 (2006)
4030.

[34] Q. Chen, G.H. Du, S. Zhang, L.M. Peng, Acta Crystallogr., Sect. B: Struct. Sci. 58
(2002) 587.

[35] M. Mori, Y. Kumagai, K. Matsunaga, I. Tanaka, Phys. Rev. B 79 (2009) 144117.
[36] E. Morgado, M.A.S. de Abreu, O.R.C. Pravia, B.A. Marinkovic, P.M. Jardim, F.C.

Rizzo, A.S. Araujo, Solid State Sci. 8 (2006) 888.
[37] J.Y. Feng, X.J. Hu, P.L. Yue, Water Res. 40 (2006) 641–646.
[38] E.G. Garrido-Ramirez, B.K.G. Theng, M.L. Mora, Appl. Clay Sci. 47 (2010). 355–

192.
[39] W. Luo, L.H. Zhu, N. Wang, H.Q. Tang, M.J. Cao, Y.B. She, Environ. Sci. Technol.

44 (2010) 1786–1791.
[40] M. Noorjahan, V. Durga Kumari, M. Subrahmanyam, L. Panda, Appl. Catal. B:

Environ. 57 (2005) 291–298.
[41] M.R. Dhananjeyan, J. Kiwi, P. Albers, O. Enea, Helvetica Chim. Acta 84 (2001)

3433–3445.
[42] A. Babuponnusami, K. Muthukumar, Environ. Sci. Pollut. Res. 20 (2013) 1596–

1605.

http://refhub.elsevier.com/S0021-9797(14)00021-6/h0005
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0010
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0010
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0015
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0020
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0020
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0025
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0030
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0035
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0040
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0040
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0045
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0050
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0055
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0060
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0065
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0070
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0075
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0075
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0080
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0085
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0085
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0090
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0095
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0095
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0100
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0100
http://refhub.elsevier.com/S0021-9797(14)00021-6/h9000
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0110
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0110
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0115
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0115
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0120
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0125
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0125
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0130
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0135
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0135
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0140
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0145
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0145
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0150
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0155
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0155
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0160
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0160
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0165
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0165
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0165
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0170
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0170
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0175
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0180
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0180
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0185
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0190
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0190
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0195
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0195
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0200
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0200
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0205
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0205
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0210
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0210


Y. Chen et al. / Journal of Colloid and Interface Science 422 (2014) 9–15 15
[43] P. Ghosh, C. Kumar, A.N. Samanta, S. Ray, J. Chem. Technol. Biotechnol. 87
(2012) 914–923.

[44] S.B. Wang, Dyes Pigments 76 (2008) 714–720.
[45] J.X. Chen, L.Z. Zhu, Catal. Today 126 (2007) 463–470.
[46] M.M. Cheng, W.J. Song, W.H. Ma, C.C. Chen, J.C. Zhao, J. Lin, H.Y. Zhu, Appl.
Catal. B: Environ. 77 (2008) 355–363.

[47] G.K. Zhang, Y.Y. Gao, Y.L. Zhang, Y.D. Guo, Environ. Sci. Technol. 44 (2010)
6384–6389.

http://refhub.elsevier.com/S0021-9797(14)00021-6/h0215
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0215
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0220
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0225
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0230
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0230
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0235
http://refhub.elsevier.com/S0021-9797(14)00021-6/h0235

	Novel low-cost Fenton-like layered Fe-titanate catalyst: Preparation, characterization and application for degradation of organic colorants
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Catalyst synthesis
	2.3 Characterization
	2.4 Colorant decolorization experiments
	2.5 Stability and reusability of catalyst

	3 Results and discussion
	3.1 Characterization of materials
	3.2 Decolorization experiments
	3.2.1 Effect of Fe loading in the catalyst
	3.2.2 Effect of initial solution pH
	3.2.3 Effect of catalyst dosage
	3.2.4 Effect of H2O2 amount
	3.2.5 Effect of reaction time and kinetic study
	3.2.6 Stability and reusability of the catalyst
	3.2.7 A possible catalytic mechanism


	4 Conclusion
	Acknowledgments
	References


