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ABSTRACT

In this work, the decolorization of Direct Orange 26 (DO26) was conducted using Fe(III)-sepio-
lite catalyst in the presence of hydrogen peroxide (H2O2) in a batch process. The catalyst was
prepared by ion exchange. All experiments were performed on a laboratory-scale setup. The
effects of different parameters such as solution pH, catalyst concentration, initial concentration
of H2O2 and DO26, stirring speed on the decolorization efficiency of the process were studied.
The best reaction conditions were found to be an initial pH of 2.0 when the concentration of
catalyst was 1.5 g/L with [H2O2]o of 35mM, [DO26]o of 40mg/L, and a stirring speed of
250 rpm at a temperature of 25˚C. Under optimal conditions, a 98% decolorization efficiency of
DO26 was achieved within 60min of the reaction. The kinetics of decolorization of DO26
followed second-order reaction kinetics. Stability and reuse of the catalyst were also tested.
This catalyst successfully overcomes the two problems faced by the heterogeneous Fenton
process. The catalyst is reusable and the high effectivity of the catalyst in a wide range of pH.
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1. Introduction

Pollution of water by dyes is a serious problem in
developed countries. Approximately, 1–10% or more
of dyes are discharged into waste streams without
treatment by the textile industry worldwide. The efflu-
ents from the textile dyeing industry contain many
organic pollutants and are a serious environmental
hazard because of their lasting color, high chemical
oxygen demand, and nonbiodegradability [1].
Therefore, the removal of dyes from waste water is a
challenge for the affected industries.

In recent years, advanced oxidation processes
using ozone, titanium dioxide (TiO2), ultraviolet (UV)
light, and Fenton’s reagent (H2O2 and ferrous ion)
have received considerable attention as effective

pretreatment processes of less biodegradable waste-
water [2]. Among them, the homogeneous Fenton
process is one of the most practical advanced oxida-
tion technologies available due to its generation of
hydroxyl radicals that can oxidize many types of
chemicals [3]. Therefore, many studies have been
performed on obtaining the optimal conditions to
achieve the best efficiency [4–7].

Even though the homogeneous Fenton reaction is
very powerful in the degradation of organic com-
pounds, its disadvantage is the requirement to remove
Fe ions from water after wastewater treatment [8]. To
overcome this drawback, heterogeneous catalysts were
used as an alternative to conventional homogeneous
catalysts.
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In heterogeneous solid catalysts, the iron ions are
“immobilized” on the solid supports or within the
structure and in the pore/interlayer of the catalysts.
As a result, the catalysts can maintain their ability to
generate hydroxyl radicals from hydrogen peroxide,
and iron hydroxide precipitation is prevented. In
addition to showing limited leaching of iron ions, the
catalysts can easily be recovered after the reaction and
remain active during successive operations [9]. Unlike
the homogeneous Fenton reaction, in which strict con-
trol of the pH to approximately 2.0–3.0 is required for
a good catalytic performance, immobilized Fenton cat-
alytic systems provide the possibility of working in a
wider pH range [10].

Several authors have studied different types of iron
catalyst immobilized on an inorganic support: zeolite
[11,12], clay [13,14], activated carbon [15,16], alumina
[17,18], and fly ash [19] for synthetic dye removal.

The use of clays as catalysts for Fenton-like reac-
tions is a promising alternative because they are abun-
dant in nature and, when combined with the
functionality of iron, they can easily be customized for
specific applications [20]. The wide usefulness of clay
minerals is essentially a result of their high specific
surface area, high chemical and mechanical stabilities,
and a variety of surface and structural properties [10].
Among these clays, sepiolite, which forms an impor-
tant group of clay minerals, is a hydrous magnesium
silicate characterized by its fibrous morphology and
intracrystalline channels. It is a nonswelling, light-
weight, porous clay with a large specific surface area
(more than 200m2/g). Unlike other clays, the individ-
ual particles of sepiolite have a needle-like morphol-
ogy, and currently, sepiolite has received considerable
attention because of its sorptive, rheological, and
catalytic properties and its structural morphology;
therefore, the use of sepiolitic clays is expanding.
Moreover, the abundance and availability of sepiolite
mineral reserves as a raw material source and its rela-
tively low cost guarantee its continued utilization in
the future. Most of the world’s sepiolite reserves are
found in Turkey [21–24].

Although clay materials have been widely used as
catalysts and as catalytic supports, to the best of our
knowledge, the use of sepiolite clay as a Fenton cata-
lyst has not yet been reported. The goal of this work
was to investigate the applicability of Fe(III)–sepiolite
clay as a heterogeneous Fenton catalyst for the decol-
orization of DO26 dye as a model pollutant. The
effects of operating conditions, such as catalyst con-
centration, hydrogen peroxide concentration, initial
pH, initial dye concentration, and stirring speed, on
color removal were investigated. Finally, the kinetics
of dye decolorization were discussed.

2. Materials and methods

2.1. Materials

The azo dye Direct Orange 26 (DO26) was
obtained from Burboya Co. Textile Industry, Bursa,
Turkey, at 45% of purity and was used without fur-
ther purification. This dye was specifically selected for
this study because it has been commercially important
and commonly used in textile industries. The main
characteristics of DO26 are presented in Table 1.
Hydrogen peroxide (30%, w/w) and Fe(NO3)3·9H2O
were obtained from Sigma-Aldrich. All chemicals
were analytical-grade reagents and were used as
received without further purification. Deionized water
was used in the present work. The solid material used
as the heterogeneous catalyst was a natural clay with-
out pretreatment supplied from sepiolite mines of the
Eskisehir region of Turkey.

2.2. Preparation of the catalyst

After washing and drying, the selected 0.038–
0.053mm-sized sepiolite was prepared through a cat-
ion exchange process as follows: 10 g sepiolite and
100mL of 1 g/L Fe(NO3)3·9H2O solution were mixed
and shaken at 175 rpm for 6 h at 55˚C [25]. The sam-
ples were washed with deionized water and dried at
105˚C.

2.3. Characterization of catalyst

Scanning electron microscopy (Model SEM-JEOL
JSM 5600LV) was used to study the surface morphol-
ogy of the sepiolite and Fe(III)-sepiolite.

Energy Dispersive Spectrometry (EDX) was per-
formed to determine the chemical composition in the

Table 1
Characteristics of DO26

Molecular formula C33H22N6Na2O9S2
Formula weight 756.67

Colour Orange

kmax (nm) 494.5
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sepiolite and Fe(III)-sepiolite using the same instru-
ment with SEM with an E2V Electronics.

2.4. Experimental procedure

Chemical oxidation of DO26 was carried out in
batch mode, using a beaker filled with 250mL of the
DO26 solution at a given concentration. In a typical
run, the pH of the DO26 solution has been adjusted to
the desired pH value by NaOH or H2SO4. After stabil-
ization of the temperature and pH, the powder cata-
lyst (Fe(III)-sepiolite) was added to the DO26 solution.
The beginning of the reaction was considered when
the required amount of H2O2 was added. All experi-
ments were carried out under constant stirring to
ensure good dispersion of the catalyst. Thereafter,
samples were withdrawn periodically and centrifuged
to remove suspended particles for 5min and analyzed
using a UV–vis spectrophotometer (Shimadzu, model
UV-120-01).

2.5. Analytical methods

The maximum absorbance wavelength (kmax) of
DO26 was found to be 494.5 nm using a UV–vis spec-
trophotometer (Thermo Electron Corporation, model
Helios Aquamate). The concentration of dye in the
reaction mixture at different reaction times was deter-
mined by measuring the absorption intensity at
kmax = 494.5 nm from a calibration curve. Prior to the
measurement, a calibration curve was obtained using
the standard DO26 solution with known concentra-
tions. The decolorization efficiency of DO26 is defined
as follows:

Decolorization efficiency ð%Þ ¼ ðC0 � CtÞ
C0

� 100 ð1Þ

where C0 and Ct are the concentrations (mg/L) of the
dye at time 0 and t, respectively [26,27].

3. Results and discussion

3.1. Characterization of catalyst

SEM images of the sepiolite and Fe(III)-sepiolite
are shown in Fig. 1(a) and (b). a visible change of the
surface morphology in the Fe(III)-loaded sepiolite
can be seen from the figure. Sepiolite (Fig. 1(a)) shows
a more uniform particle size distribution with rela-
tively smooth surfaces, while that of Fe(III)-sepiolite
(Fig. 2(b)) shows the formation of irregular flaky
morphology with random orientation. Such a flaky
appearance was attributed to the pillaring and

reduction in certain amorphous regions, originally
associated with raw sepiolite clay [28].

Table 2 and Fig. 2(a) and (b) show the elemental
analysis and EDX spectra, respectively. The EDX anal-
yses revealed that the iron concentration of the Fe(III)-
sepiolite catalyst is 0.380wt.%, while it is 0.084wt.%
in the sepiolite. The determined iron contents of the
Fe(III)-sepiolite catalyst varied slightly; this may be
due to the high hydration degree of solid at the stages
of the preparation procedure, thus making difficult to
obtain the targeted iron contents.

3.2. Effect of pH

The effect of pH was investigated by varying the
pH from 2.0 to 6.0 and is shown in Fig. 3. The results
indicated that the decolorization of dye was signifi-
cantly influenced by the pH of the solution. The opti-
mum pH value for the decolorization of dye was pH
2.0 with 97.5% decolorization of the dye within 60min
of reaction.

The pH plays an important role in the nature of
Fenton processes, and it was reported that the Fenton
oxidation efficiency decreases with increasing
alkalinity. There may be two causes of this behavior:

Fig. 1. SEM images of (a) sepiolite and (b) Fe(III)-sepiolite
(magnification 1,000�).
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first, H2O2 is not stable in alkaline solution. Second,
the formation of ferric hydroxide complexes leads to a
reduction of OH radicals [1]. Additionally, it was
reported that the leaching of Fe cations from the cata-
lyst was enhanced at lower pH values [25]. However,
unlike the conventional Fenton process, 86.2% of color
removal was still obtained after a 60min reaction,
even when the initial pH was as high as 6.0; the heter-
ogeneous Fenton process could perform effectively

with Fe(III)-sepiolite as the catalyst. In homogeneous
systems (Fe(III)/H2O2), it is known that the optimal
value of the pH for the azo dye degradation is
approximately 3.0–4.0. As the degradation proceeds,
the formation of organic acids leads to a drop in the
pH of the solution. At a higher initial pH, the iron is
precipitated as iron hydroxide; but in this case,
because Fe(III) is immobilized on the surface of the
catalyst, the precipitation is avoided, resulting in a
significant advantage over the homogeneous Fenton
reaction [26].

3.3. Effect of the concentration of the catalyst

The influence of the catalyst concentration on the
decolorization efficiency over time is presented in
Fig. 4. The catalyst concentration markedly influences
the heterogeneous Fenton reactions. Therefore, a series
of experiments was carried out to investigate the
influence of the catalyst concentration on the decolor-
ization efficiency of DO26 by varying the amount of
catalyst from 0.1 to 3.0 g/L. Decolorization of the dye
with H2O2 only also was carried out and the decolor-
ization was found as 13% at 60min. The decoloriza-
tion increased from 56.70 to 98.06% with the increase
in concentration of catalyst from 0.1 to 1.5 g/L within
60min, and when the catalyst concentration increased
from 1.5 to 3.0 g/L, the decolorization efficiency
decreased to 97.5%.

This phenomenon can be attributed to the fact that
the increase in the amount of Fe(III)-sepiolite increases
the presence of active sites on the catalyst surface
and the free hydroxyl radical generation [26,29]. The

Fig. 2. EDX spectra of (a) sepiolite and (b) Fe(III)-sepiolite.

Table 2
EDX elemental analysis of sepiolite and Fe(III)-sepiolite
samples

Sample Percentage compositions (%)

O2 Si Al Fe Ca Mg C

Sepiolite 49.48 20.90 0.08 0.084 0.16 14.09 15.21

Fe(III)-sepiolite 44.22 27.22 0.17 0.380 0.23 15.79 11.99
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Fig. 3. Effect of pH on the decolorization of DO26
([DO26]o = 40mg/L, [H2O2] = 35mM, concentration of
catalyst: 2.0 g/L, temperature = 25˚C, and stirring speed=
250 rpm).
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same observation was reported by Daud et al. [27] for
the decolorization of Acid Red 1 dye by a heteroge-
neous Fenton-like process using Fe-Montmorillanite
K10 catalyst. Many studies reported in the literature
have revealed that the use of a much higher concen-
tration of Fe could lead to the self-scavenging of �OH
radicals by Fe and induce a decrease in the degrada-
tion rate of pollutants [2]. In present study, 1.5 g/L
was considered to be a suitable catalyst concentration
for the decolorization of DO26.

3.4. Effect of the concentration of H2O2

The influence of the hydrogen peroxide concentra-
tion on the DO26 dye removal efficiency using Fe(III)-
sepiolite is shown in Fig. 5. Apparently, as the H2O2

concentration increases from 5 to 35mM, the decolor-
ization increased from 85.68 to 96.47% within 15min.
However, the increasing rate of the removal efficiency
slowed down gradually as the H2O2 concentration
became greater than 35mM. At low concentrations,
H2O2 could not generate enough OH, and the oxida-
tion rate was slow. The increase of the H2O2 led to an
increase in the reaction rate as more radicals were
formed. However, at higher H2O2 concentrations, the
scavenging of �OH radicals will occur:

H2O2 þOH� ! HO�
2 þH2O ð2Þ

H2O2 þOH�
2 ! OH� þO2 þH2O ð3Þ

HO�
2 þOH� ! H2OþO2 ð4Þ

Thus, the addition of a higher concentration of
H2O2 did not improve the degradation. This could be
because hydroperoxyl radicals (HO�

2) were generated
in the presence of an excess of H2O2. Although HO2

promotes radical chain reactions and is an effective
oxidant itself, its oxidation potential is much lower
than that of OH�. The hydroperoxyl radicals are much
less reactive and do not contribute to the oxidative
degradation of organic substrates, which occur only
by reaction with OH� [1,2]. Therefore, from the experi-
mental results, a suitable H2O2 concentration of
35mM was selected.

3.5. Effect of the initial concentration of the dye

The concentration range chosen for the present
study was that usually found in textile industry

only H2O2
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decolorization of DO26 (pH=2, concentration of catalyst =
1.5 g/L, [H2O2] = 5mM, temperature = 25˚C, and stirring
speed= 250 rpm).
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wastewaters, between 40 and 200mg/L. The influence
of the initial dye concentration is shown in Fig. 6. Sur-
prisingly, the DO26 decolorization efficiency was
increased with the increase in the concentration of
dye, and the color removal efficiencies achieved at
15min were 85.68, 86.05, and 87.93% for the initial
dye concentrations of 40, 100, and 200mg/L, respec-
tively. After 60min of contact time, the decolorization
efficiency increased to 95–96% for all concentrations.
This phenomenon can be explained. Because the life-
time of hydroxyl radicals is very short (only a few
nanoseconds), they can only react where they are
formed. Increasing the quantity of DO26 molecules
per volume unit logically enhances the probability of
collision between organic matter and oxidizing spe-
cies, leading to an increase in the degradation effi-
ciency [27,30,31].

3.6. Effect of stirring speed

To study the effect of the string speed on the
decolorization of DO26, the reactions were conducted
at 140 and 250 rpm. Fig. 7 shows that an increase of
stirring speed from 140 to 250 rpm improved the
decolorization from 84.43 to 96.47% within 15min of
reaction, and after 90min, the decolorization efficien-
cies were 92.5 and 98.06% for 140 and 250 rpm, respec-
tively. This result was obtained because the mixture
was more homogeneous at the high stirring speed,
and the higher stirring speed increased the chance of
contact of the reaction system with DO26 molecules
[29]. Herein, 250 rpm was considered to be a suitable
stirring speed for the decolorization of DO26.

3.7. Stability and reuse of catalyst, leaching test

It is necessary to investigate the stability and reus-
ability of the catalyst due to economic and environ-
mental reasons. Catalyst with reusability will reduce
the cost of wastewater treatment. From environmental
point of view, iron ions leached from catalyst could
cause a secondary pollution in the environment [28].
Therefore, the reuse and leaching tests were per-
formed to observe the possibility of Fe(III)-sepiolite
catalyst reuse. The catalyst was used in three consecu-
tive experiments. Between each experiment, the cata-
lyst was removed by filtration and then washed with
deionized water for several times and dried at 105˚C
over night. It is obvious that the initial activity
decreased gradually during successive runs Fig. 8.
About 96% DO26 removal takes place at 60min in the
first run. In the second run, 80% of dye was removed
at 60min. Third run gave 70% dye removal. The
decrease in efficiency may be due to leaching of Fe in
each run [32]. Amount of Fe leached for the decolor-
ization of DO26 in each run was measured using
Atomic absorption spectrometer and the results are
presented in Table 3. The leaching of Fe ions
decreases in each run and, after the second run, the
leaching is quite small compared with the effluent dis-
charge standard which is 3mg/L, and therefore lea-
ched iron concentrations are negligible, moreover it
shows that catalysis performance is mainly based on
heterogeneous effects of the catalyst [26,33].

Fe-ion leaching decreases with increase in pH
(Table 4). The leaching phenomenon of metal catalyst
is usually dependent on the pH environment. The
leaching is higher at acidic condition (pH 2) and it is
low at pH 4 and 6. It is observed that the leached
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metal concentration is minimum at 15min and pH 6
with the level of 0.047mg/L. Finally, it can be said
that catalyst is reusable but the efficiency of it
decreases gradually due to low amounts of leached Fe
ions.

3.8. Kinetics study

The decolorization kinetics of DO26 for a heteroge-
neous Fenton reaction were studied under various
reaction conditions. The data were then regressed for
the zero-, first-, and second-order reaction kinetics
(Eqs. (5)–(7)).

Zero-order reaction kinetics:

dC

dt
¼ �k0 ð5Þ

First-order reaction kinetics:

dC

dt
¼ �k1C ð6Þ

Second-order reaction kinetics:

dC

dt
¼ �k2C

2 ð7Þ

where C is the concentration of DO26; k0, k1, and k2
represent the apparent kinetics rate constants of zero-,
first-, and second-order reaction kinetics, respec-
tively; and t is the reaction time. By integrating the
Eqs. (5)–(7), the following equations could be obtained
(Eqs. (8)–(10)):

Ct ¼ C0 � k0t ð8Þ

Ct ¼ C0e
�k1t ð9Þ

1=Ct ¼ 1=C0 þ k2t ð10Þ

where C0 is the initial concentration of the dye and Ct

is the concentration of the dye at time t [34–36].
Regression analysis based on the zero-, first-, and

second-order reaction kinetics for the decolorization of
DO26 in oxidation process was conducted and the
results were shown in Table 5. Comparing the

Table 3
Amount of Fe(III) ion leached from the catalyst for three
consecutive runs (mg/L). (pH=2, [DO26]o = 40mg/L,
[H2O2]=5mM, concentration of catalyst = 1.5 g/L, and
temperature = 25˚C)

Time (min) 1. run 2. run 3. run

15 6.896 0.752 0.308

30 8.188 0.990 0.377

60 8.541 1.117 0.431

Table 4
Amount of Fe(III) ion leached for the different pHs
(mg/L). ([DO26]o = 40mg/L, [H2O2] = 5mM, concentration
of catalyst = 1.5 g/L, and temperature = 25˚C)

Time (min) pH=2 pH=4 pH=6

15 6.896 0.431 0.047

30 8.188 0.545 0.137

60 8.541 0.589 0.169

Table 5
The zero-, first-, and second-order kinetic rate constants for the decolorization of DO26 at different reaction conditions

pH [DO26]o
mg/L

[H2O2]o
mM

[Catalyst]
g/L

Stirring
speed, rpm

Zero-order ko
(mg min/L)

R2 First-order
k1 (1/min)

R2 Second-order,
k2 (L min/mg)

R2

3.0 40 35 2.0 250 0.507 0.518 0.038 0.669 0.005 0.902

4.0 40 35 2.0 250 0.490 0.548 0.031 0.696 0.003 0.890

6.0 40 35 2.0 250 0.502 0.632 0.031 0.776 0.002 0.875

2.0 40 5 1.5 250 0.529 0.550 0.047 0.797 0.008 0.998

2.0 100 5 1.5 250 1.331 0.497 0.060 0.719 0.009 0.990

2.0 200 5 1.5 250 2.659 0.478 0.068 0.637 0.009 0.923

2.0 40 15 1.5 250 0.517 0.487 0.045 0.582 0.009 0.741

2.0 40 35 1.5 250 0.526 0.479 0.055 0.590 0.019 0.845

2.0 40 55 1.5 250 0.512 0.492 0.041 0.600 0.007 0.814

2.0 40 35 0.5 250 0.521 0.541 0.043 0.749 0.006 0.971

2.0 40 35 1.0 250 0.506 0.481 0.039 0.544 0.006 0.687

2.0 40 35 3.0 250 0.523 0.478 0.052 0.568 0.015 0.779

2.0 40 35 1.5 140 0.510 0.530 0.038 0.672 0.004 0.828
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regression coefficients (R2) obtained, Table 5 shows
the values of the regression coefficients for: (a) zero
order is in the range of 0.478–0.632; (b) first order is in
the range of 0.544–0.797; and (c) second order is in
the range of 0.687–0.998. These results indicate that the
second-order reaction kinetics best described the decol-
orization of the DO26 via Fenton process. In the present
study, it can be concluded that the decolorization of
DO26 by Fenton oxidation fits the second-order
reaction kinetic of the type: the apparent kinetic rate
constant, k2, of the decolorization of DO26 was found
to be 0.0019L/mgmin at an optimal condition of
[DO26] = 40mg/L, [H2O2] = 35mM, catalyst concentra-
tion= 1.5 g/L, pH=2.0, and 25˚C.

4. Conclusion

The heterogeneous Fenton process using
Fe(III)-sepiolite provides good performance in the
decolorization treatment of DO26 in aqueous solution.
The heterogeneous Fenton oxidation process was
evaluated by examining pH, H2O2 concentration, cat-
alyst concentration, initial dye concentration, stirring
speed, and reaction time. The optimal operational
parameters were found to be a pH of 2.0, a 35mM
H2O2 concentration, a 1.5 g/L catalyst concentration,
and a temperature of 25˚C for a dye concentration of
40mg/L. Under these conditions, the decolorization
process led to 98% decolorization of DO26 within
60min. Other advantages of the heterogeneous
system are the lack of generation of any solid waste
(a significant disadvantage of the homogeneous Fen-
ton process), the short contact time needed between
the catalyst and the solution, and the high effectivity
of the catalyst in a wide range of pH values.

The catalyst is reusable but the efficiency of the
used catalyst is less than the fresh catalyst. The
decrease in efficiency of the used catalyst is due to
leaching Fe ion from the catalyst. Based on the results,
catalyst is found to be a viable and reusable catalyst
for the treatment of dye wastewater. Above all, the
process is economical because of the availability of the
raw material (sepiolite) employed.
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