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Abstract In this study, degradation of Rhodamine 6G
(Rh6G) was investigated with ultrasound-assisted heteroge-
neous photoFenton process by iron-containing TiO2 catalysts.
The catalysts were prepared by incipient wetness impregna-
tionmethod and characterized byXRD, SEM, FT-IR, nitrogen
adsorption, and ICP-AES measurements. Almost complete
color removal (99.9 %) was achieved after a reaction time of
90 min while chemical oxygen demand (COD) could be re-
moved by 24 % only with the 1 wt% iron-containing TiO2

catalyst. Initial color removal after 15 min of reaction and total
COD abatement after 90 min of reaction decreased with in-
creasing calcination temperature of the catalyst from 573 to
973 K. This indicated that the catalytic activity of the catalyst
depend on the percentage of anatase phase in the TiO2, which
was decreased with increasing calcination temperature.

Keywords SonophotoFenton process . Photocatalyst .

Advanced oxidation processes . Fe-containing TiO2
.

Rhodamine 6G

Introduction

During the textile dyeing process, large amounts of wastewa-
ter are produced and discharged into the environment. These
effluents usually contain toxic dyes which exhibit low biode-
gradability. The strong color of dyes makes them visible even
at very low concentration, and this causes serious aesthetic
and pollution problems in wastewater disposal. The strong
absorption of sunlight by dyes reduces the photosynthetic

activity of aquatic plants and threats seriously the whole
ecosystem.

Conventional processes such as biological treatment, co-
agulation, and adsorption are ineffective for decolorization
and degradation of dyes. Hence, studies on degradation of
dyes have been centered on advanced oxidation processes
which are characterized by the same chemical feature: pro-
duction of OH• radicals. In this concern, catalytic methods
provide complete degradation of dyes. Of particular interest,
in this regard, is the oxidizing system based on the homoge-
neous Fenton reagent (Fe2+/Fe3+/H2O2). However, a number
of disadvantages, such as impossible regeneration of the cat-
alyst, narrow range of pH values at which the reaction occurs,
and necessity of removal of iron compounds from purified
water, restrict the possible application field of this system.
These problems can be resolved by using heterogeneous
catalysts in which iron is immobilized within the structure of
a porous solid (Neamtu et al. 2008; Dutta et al. 2001; Torrades
et al. 2004; Neamtu et al. 2003).

PhotoFenton oxidation is the photocatallically enhanced
version of the Fenton process. UV light irradiation causes an
increase in the OH• formation rate and efficiency via photo-
reduction of Fe3+ to Fe2+, thus further react with more H2O2

molecules as long as H2O2 is available. On the other hand,
TiO2 is a well-known photocatalyst and when TiO2 is radiated
with light energy greater than its band gap energy (3.2 eV),
electrons and holes are generated. The holes react with OH− or
water to produce OH• radicals (heterogeneous photo cataly-
sis). The recombination of electrons and holes, which is a
drawback of photo catalytic efficiency, can be reduced by
addition of transition metals such as iron as dopant and pho-
tocatalytic efficiency can be improved (Konstantinou and
Albanis 2004; Jamalluddin and Abdullah 2011; Sun et al.
2012; Arana et al. 2002; Akpan and Hameed 2009; Feng
et al. 2004; Liu et al. 2006; Souza et al. 2011; Buddee et al.
2011; Stasinakis 2008). Combination of heterogeneous
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photocatalysis with heterogeneous Fenton reaction is consid-
ered to be cost-effective as long as this combination produces
a synergetic effect (Bouras and Lianos 2008). If heteroge-
neous photoFenton oxidation technique is used in combina-
tion with the ultrasonic irradiation (sonolysis, which is another
advanced oxidation technique), not only the rate of generation
of OH• radicals will be increased but also mass transfer
limitations affecting photoFenton technique will be avoided.

Also the turbulence created by ultrasonic irradiation helps
in cleaning of the catalyst surface which increases its efficien-
cy (Jiang et al. 2002; Sivakumar et al. 2002; Nam et al. 2003;
Okuno et al. 2000). Little attention has been paid on coupling
ultrasound with other advanced oxidation process. In recent
years, the simultaneous use of ultrasound and photocatalysis,
sonophotocatalysis, has been studied to degrade dyes (He
et al. 2007; Ince and Tezcanlı 2001; Wang et al. 2003;
Tezcanlı-Güyer and İnce 2003, 2004; Rehopek et al. 2004;
Kusic et al. 2006; Berberidou et al. 2007; Zhong et al. 2011).
So far, no study has been conducted regarding to use of an
integrated heterogeneous sonophotoFenton process based on
the use of Fe/TiO2 catalysts for degradation of dyes.

In this study, Rh6G was selected as a model dye, because it
has a highmolar absorptivity and a high photostability. Hence,
it is an ideal substance for an oxidation study including photo
oxidation (Elfeky and Al-Sherbini 2011).

A few studies have been reported on the degradation of
Rh6G by the simultaneous use of different advanced oxidation
process. The studies have beenmainly focused on degradation
of Rh6G by photocatalytic oxidation in presence of TiO2

(Chen et al. 2003; Kansal et al. 2007; Aarthi and Madras
2007; Beyers et al. 2009; De Witte et al. 2008; Meng et al.
2012; Asiri et al. 2011; Ghazzal et al. 2012) or bywet peroxide
oxidation over iron or iron- and copper-containing zeolite
catalysts (Dükkancı et al. 2010a, b; Prihodko et al. 2011).
For the first time, in this study, an integrated heterogeneous
sonophotoFenton process based on iron-containing TiO2 cat-
alyst prepared by incipient wetness impregnation method was
used for degradation of Rhodamine 6G.

Experimental

Catalyst preparation

Iron-containing TiO2 catalysts were prepared by incipient
wetness impregnation method used by Arana et al. (2002).
Aqueous solution of Fe(NO3)3.9H2O (Sigma-Aldrich) was
added slowly to proper amount of TiO2 (Sigma-Aldrich
P-25, 80 % anatase), and the mixture was stirred vigorously
for 48 h. Then, the water of the mixture was evaporated by
heating at 393 K for 24 h. The catalyst was calcined at 773 K
for 3 h. The catalysts have been denoted as TiO2 for bare TiO2

Sigma-Aldrich P-25 and x Fe/TiO2 for the doped catalysts,

where x is the Fe weight % (wt%) in the catalyst. x was
changed to be 1 and 5. Catalyst containing 1 wt% iron was
calcined at 573, 773, and 973 K in order to investigate the
effect of calcination temperature on the catalytic activity in the
degradation of Rh6G.

Catalyst characterization

Powder X-ray diffraction (XRD) patterns of the catalysts were
recorded in the range of 5–80° by Philips X’Pert Pro with Cu-
Kα radiation to determine in the crystalline structure of the
samples. Morphological properties were analyzed by scan-
ning electron microscopy (FEI Quanta250 FEG). Nitrogen
adsorption and desorption isotherms at 77 K were measured
using Micromeritics ASAP 2010 equipment. FT-IR spectra
were recorded in the 650–3,650 cm−1 with a Perkin Elmer
Spectrum 100 spectrometer. The contents of iron of the sam-
ples were determined by a Varian-96 inductively coupled
plasma atomic emission spectrometer (ICP-AES).

Catalytic activity tests

Heterogeneous Fenton-like degradation of Rh6G

The heterogeneous Fenton-like degradation of Rhodamine 6G
(Sigma Aldrich) was performed under isothermal conditions
in a temperature-controlled shaded glass batch reactor
equipped with a mechanical stirrer and a pH electrode. In a
typical run, 150 cm3 of aqueous dye solution of 4×10−5 M
(0.02 g/dm3) was placed into the reactor and the temperature
was adjusted to 323 K. When the temperature reached to
323 K, pH of solution was measured and 0.15 g of catalyst
(1 g/dm3) was introduced into the solution under continuous
stirring (350 rpm). After stabilization of the temperature at
323 K, pH of solution was again measured and the solution
was analyzed in order to determine whether the dye is
adsorbed by the catalyst. Then a solution of 70 mM of 35 %
H2O2 (Merck) was added into the dye solution. A run took 2 h.
The samples taken periodically were centrifugated for 30 min
and then analyzed with UV spectrophotometer (Jasco 7800
UV-vis). The decrease of intensity of the band at 523 nm was
used as a measure of decolorization degree. All the runs were
carried out at the dye initial pH (pH 6.9). No attempt was
made to change the solution pH during the runs.

In addition to these measurements, chemical oxygen de-
mand (COD) removal of the dye solution was determined by
measuring initial COD and final COD (at the end of the run) of
dye solution with a COD device (Lovibond Checkit Direct
COD Vario). Garden Cress (Lepidium sativum L.) was
used to assess the acute ecotoxicity of Rh6G samples
prior to and after treatment.
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UV light assisted heterogeneous Fenton-like degradation
of Rh6G

These experiments were carried out in the experimental set-up
given in the “Heterogeneous Fenton-like degradation of Rh6G”
section under the same reaction conditions with a UV-C lamp
(Philips TUV, 8 W) located horizontally at the top of the glass
reactor. The system was covered with an aluminum foil to
prevent the reaction mixture from the sun light.

Degradation of Rh6G using sonophotoFenton process

Catalytic runs with the combination of ultrasound and UV with
heterogeneous Fenton process were performed in order to deter-
mine benefits of combined techniques in the oxidation process.

A simplified scheme of the experimental set-up used for
these runs is presented in Fig. 1.

In a typical experiment, 650 mL of 4×10−5 M (20 ppm) of
Rh6G aqueous solutionwas poured into the cylindrical reactor
and 0.5 g/dm3 of catalyst was added into the solution and the
suspension was left for 30 min in the dark to establish the
adsorption-desorption equilibrium of the dye on catalyst sur-
face. The amount of the dye adsorbed by the catalyst was
determined by measuring the dye concentration after 30 min
in the absence of UV illumination and ultrasound. Then
70 mM of H2O2 was added and the UV lamps and the
sonicator were turned on. The solution was irradiated with
two UV-C lamps (each 4 W). A titanium-made probe at a
frequency of 20 kHz with a power output of 40 W (Bandelin
Sonopuls, HD3200) immersed in the liquid was used to de-
liver the ultrasound energy in the reaction mixture. Heteroge-
neous sonophotoFenton process for degradation of dye took
90 min. The reaction temperature was kept constant at 293±
2 K by circulating cooling water (PolyScience, 9106) around
the reactor to avoid significant overheating of the reaction
media. The reaction vessel was maintained in a box to avoid
photochemical reactions induced by natural light. Experi-
ments were performed at Rh6G ambient pH which was 6.9
and left uncontrolled during the experiments. Samples of
about 4 ml were periodically drawn from the vessel, and

reaction was stopped by keeping the samples in iced-water.
After centrifugation, samples were subjected to analysis.

Results and discussion

X-ray diffraction studies

XRD patterns of TiO2 samples prepared are displayed in Fig. 2.
The peaks at 2θ=25.4, 37.9, 48.1, 53.9, 55.2, and 62.9° are

attributed to the diffractions of the anatase phase (Fig. 2a).
After the incorporation of iron into the TiO2, the peaks inten-
sity weakened (Jamalluddin and Abdullah 2011; Zhao et al.
2011). The decrease in the peak intensities in the Fe/TiO2

samples can be attributed to the enhanced absorption of X-
ray due to iron cation (Dükkancı et al. 2010a). However, the
peak intensity of anatase phase of TiO2 at 2θ=25.4° for
catalyst 5 % Fe/TiO2 at 773 K is higher than that for 1 %
Fe/TiO2 at 773 K (see in Fig. 2a). The reason of this difference
may be the existence of agglomerates in sample of 5 % Fe/
TiO2 rather than the individual particles (Hafizah and Sopyan,
2009, Jiefang et al. 2003). The peaks at 2θ=27.5, 36.0, and
41.2° are attributed to rutile phase (Khalid et al. 2013).

Figure 2b represents the XRD patterns of 1 % Fe/TiO2

catalyst calcined at different temperatures ranging from 573 to
973 K. As the calcination temperature was raised to 973 K,
peak intensity of rutile phase became stronger and anatase
structure showed weaker intensities of the diffraction
peaks.The phase percentage formed was determined from
the integrated intensity at 2θ=25.4° for anatase and the peak
at 2θ=27.5° for rutile. The percentages of anatase, (A (%)),
was determined as follows:

A; %ð Þ ¼ 100

1þ 1:265 IR=IAð Þ ð1Þ

where IR=intensity of the rutile peak and IA=intensity of the
anatase peak.Crystallite sizes (Cs) of the catalysts were calcu-
lated from the half-height width of peaks of anatase and rutile
using Scherrer equation (Tayade et al. 2007).

Cs ¼ Kλ
βcosθ

ð2Þ

where β=line width at half maximum height, θ=diffraction
angle, K=shape factor of 0.9, λ=the wave length of X-ray
radiation (CuKα=0.15405 nm).

The percentage of anatase phase and crystallite size of the
samples are summarized in Table 1.

The incorporation of iron into the TiO2 caused an increase
in the crystallite sizes in anatase and rutile phases. At calcina-
tion temperature higher than 573 K, the crystallites formed
were larger in size at both phases, which can be attributed toFig. 1 SonophotoFenton oxidation set-up
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the thermally promoted crystallite growth (Khalid et al. 2013).
The increase of calcination temperature from 573 to 973 K
caused a decrease in the percentage of anatase phase from 81
to 15.9 % due to the occurrence of the anatase to rutile
transformation. It was seen that the crystallite size in anatase
phase decreased slightly with the increase of iron content from
1 to 5 wt% for the samples calcined at 773 K. Similar results
have been reported in literature for the crystallite sizes
and the percentage of anatase phase in the iron-
containing TiO2 catalyst (Jamalluddin and Abdullah
2011; Sun et al. 2012; Zhao et al. 2011; Khalid et al.
2013; Tayade et al. 2007; Hafizah and Sopyan 2009; Mi
et al. 2013). The crystal size calculated for rutile phase
of 5 % Fe/TiO2 catalyst at 773 K was quite big
(121.1 nm). It may be attributed to the broadening and
low density in diffraction peak of rutile phase of TiO2

at 2θ=27.5°, which makes difficult the application of
Eq. 2 to the sample (Khalid et al. 2013).

FT-IR measurements

FT-IR spectra of the catalyst samples are depicted in Fig. 3 in
the range of 650–3,650 cm−1.

The broad band at the range of 3,150–3,650 cm−1 observed
is assigned to the Ti–OH stretching band (Tayade et al. 2007).
As the calcination temperature was raised from 773 to 973 K,
the broad band between 3,150 and 3,650 cm−1 disappear,
which is an evidence of anatase to rutile transformation
(Khalid et al. 2013), while no significant change is observed
at the same band with the increase of calcination temperature
from 573 to 773 K. The intensity of this broad band decreases

with increasing amount of iron added to TiO2 sample
(Fig. 3a). The band at 1,640 cm−1 indicates the deformation
vibration, which is evidence for the large amount of water
molecules. The complete removal of the absorption band at
1,640 cm−1 for the sample calcined at 973 K shows the
absence of hydroxyl groups in this rutile-formed TiO2.

SEM studies

Figure 4 displays the morphology of the samples. The surface
of TiO2 sample without iron looked coral-like and heavily
aggregated particles of very small crystallites were observed.
Insertion of low amount of iron (1 %) into the TiO2 did not
change significantly the SEM image of TiO2. However,
insertion of high amount of iron (5 %) into the TiO2

separated the aggregates of TiO2 particles from each
other, which caused a slight decrease in pore volume
and surface area of the sample (Zhao et al. 2011;
Khalid et al. 2013; Hossenia et al. 2010).

ICP analysis

The content of iron in the samples was determined by
ICP-AES analysis. Table 2 presents these results. As
seen, the calculated iron contents are very close to the
measured ones by ICP.

Nitrogen adsorption measurements

The BET-surface area (SBET), total pore volume (Vp), andmean
pore diameter (dmean) obtained from nitrogen adsorption/
desorption measurements are presented in Table 2. Figure 5
displays the nitrogen adsorption studies of prepared catalysts.

With increasing the calcination temperature, the mean pore
diameter and total pore volume of samples decrease. A slight
decrease in the surface area is observed with increasing the
doping level of Fe at a calcination temperature of 773 K, while
a sharp reduction (three times) in the surface areawas obtained
when 1 % Fe/TiO2 catalyst was calcined at 973 K. These
results are in agreement with ones for Fe/TiO2 catalysts
prepared by incipient wetness impregnation method pub-
lished by Arana et al. (2002, 2003) and by Akpan and
Hameed (2009). As seen from Fig. 5, nitrogen adsorp-
tion isotherms of the samples are of type II according to
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a bFig. 2 X-ray diffraction patterns
of catalysts. a The catalysts
prepared by incipient wetness
impregnation method with
different Fe loadings. b One
percent Fe/TiO2 catalysts calcined
at 573, 773, and 973 K

Table 1 Crystallite sizes and the percentage of anatase phase of the
catalysts prepared

Catalysts Crystallite size, nm Anatase, %

Anatase Rutile

TiO2, 773 K 20.7 36.9 79.8

1 % Fe/TiO2, 573 K 20.9 27.3 81.0

1 % Fe/TiO2, 773 K 24.0 65.4 73.3

1 % Fe/TiO2, 973 K 40.7 31.4 15.9

5 % Fe/TiO2, 773 K 22.6 121.1 80.3
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IUPAC classification which is a similar result with the
study done by Wang et al. (2004).

Catalytic activity tests

Catalytic activity tests were repeated at least two times, mostly
three times.

Heterogeneous Fenton-like degradation of Rh6G

Figure 6 presents the results on heterogeneous Fenton-like
degradation of Rh6G with iron free TiO2 and Fe/TiO2 cata-
lysts prepared.

A color removal of 3 % was observed when iron-free TiO2

was used as a catalyst. The presence of a small amount of iron
could enhance the activity, but an excessive iron was unfavor-
able. This result can be attributed to the decrease of surface
area of the catalyst with increasing iron content. A slight
decrease in color (from 22.5 to 19.2 %) and COD (from 5 to
3 %) removal was observed after 2 h of reaction, while no
significant change was obtained in initial degradation rate
after 15 min of reaction time when iron content was increased
from 1 to 5 wt%. The obtained color removal was much
smaller than those given in the literature for the heterogeneous
Fenton-like degradation of Rh6G in the presence of FeZSM-5
catalysts (Dükkancı et al. 2010a, b). In those studies after 2 h
of reaction, a color removal of 98.7 % was obtained with an
FeZSM-5 catalyst prepared by hydrothermal synthesis and a
color removal of 27.6 % was achieved with an FeZSM-5
catalyst prepared by ion-exchange method.

The standard deviation of the average of independent runs
changed in the range of ±0.97 to ±6.5 (Fig. 6a). The standard
deviation for COD measurement was ±1.5. The rate constants
were calculated and are given in Table 3.

UV light-assisted heterogeneous Fenton-like degradation
of Rh6G

Figure 7 displays the degradation of Rh6G with UV light-
assisted heterogeneous Fenton-like process.

a bFig. 3 FTIR spectra of catalysts.
a The catalysts prepared by
incipient wetness impregnation
method with different Fe
loadings. b One percent Fe/TiO2

catalysts calcined at 573, 773, and
973 K

Fig. 4 SEM images of catalysts. a One percent Fe/TiO2, 773 K, b 5 %
Fe/TiO2, 773 K, and c TiO2, 773 K

Table 2 The BET-surface area (SBET), total pore volume (Vp), mean pore
diameter (dmean) and iron contents of the catalysts prepared

Catalysts wt% Fe SBET, (m
2/g) dmean

a, nm Vp, (cm
3/g)

TiO2, 773 K 0 54.1 5.91 0.01400

1 % Fe/TiO2, 573 K 0.93 52.2 10.02 0.01600

1 % Fe/TiO2, 773 K 0.93 55.5 8.64 0.01500

1 % Fe/TiO2, 973 K 0.93 18.6 6.89 0.00580

5 % Fe/TiO2, 773 K 4.46 50.5 8.85 0.01388

a By BJH method
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A drastic increase in color removal is achieved in degrada-
tion of Rh6G with the catalysts prepared in the presence of
UV light. This result indicates that the prepared catalysts act as
photocatalysts rather than Fenton catalysts. The highest initial
degradation rate was obtained with 5 wt% Fe/TiO2 catalyst. A
color removal of 54 % was achieved after 15 min of
reaction with this catalyst, and it showed the best de-
colorization until 60 min. Initial color removal increased
with increasing iron content in the TiO2 catalyst. How-
ever, color removal remained almost unchanged
(>99 %) for iron-containing TiO2 samples after 2 h of
reaction. For this reason, from the point of saving the
cost of iron, addition of iron in 1 wt% to TiO2 seems to
be sufficient to achieve complete color removal for
Rh6G. Incorporation of 1 wt% of iron into TiO2 affect-
ed positively the COD removal, while a slight decrease
in COD removal was observed with 5 wt% Fe-
containing TiO2 catalyst. This catalyst has a lower sur-
face area than 1 % Fe/TiO2 catalyst. In the presence of
TiO2 (773 K) or 1 wt% Fe/TiO2 (773 K) or 5 wt% Fe/
TiO2 (773 K) catalyst, the decolorization of Rh6G by
the end of 60 min were 78.06, 91.48, and 95.09 %,
respectively, in this study. However, Rh6G degraded by
50.8 % only in the presence of anatase TiO2 nanoparti-
cles under solar irradiation (Asiri et al. 2011) and by
7 % only in the presence of a template-free titania film
(Elfeky and Al-Sherbini 2011).

The standard deviation of the average of independent runs
changed in the range of ±0.01 to ±4.4 (Fig. 7a). The standard
deviation for COD measurement was ±3.5. The rate constants
were calculated and are given in Table 3.

Degradation of Rh6G using sonophotoFenton process

When ultrasound (US) or UV light was applied alone for
degradation of dye, a color removal of 3.5 and 6.1 % were
achieved, respectively, after a reaction time of 90 min. In the
combined use of ultrasound and UV light (sonophoto process
without Fe/TiO2 catalyst) for the oxidation of dye, a color
removal of 15.2 % could be obtained after 90 min of reaction.
COD removal was not observed.

In the ultrasound+UV light+H2O2-combined system, the
effect of ultrasonic power was also investigated. In this con-
cern, ultrasound+UV-light+H2O2 hybrid process was con-
ducted at three different ultrasonic powers of 40, 80, and
100 W. As the power increased from 40 to 80 W and then to
100 W, there was almost no change in decolorization degree
after a reaction time of 90 min. Whereas, increase in power
decreased the COD reduction from 25 to 22 % and then to
18 %, respectively. So it could be said that 40-W ultrasonic
power was sufficient.

SonophotoFenton oxidation runs of Rh6G took 1.5 h (ex-
cluding adsorption-desorption equilibrium) and were carried
out at 293±2 K. Results are presented in Fig. 8.

Incorporation of iron into the TiO2 did not change color
removal after 1.5 h of reaction. However, initial color removal
(after 15 min of reaction) increased from 72.3 to 80 % with
addition of 1 wt% iron into the TiO2, which was calcined at
573 K. A COD removal of 24 % was achieved with this
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Table 3 Rate constants calculated in Fenton-like oxidation (Fig. 6), UV
assisted Fenton-like oxidation (Fig. 7), and sonophotoFenton oxidation
(Fig. 8) runs of Rh6G

Catalysts k, min−1

Fenton UV + Fenton sonophotoFenton

TiO2, 773 K 0.0008 0.0249 0.0878

1 % Fe/TiO2, 773 K 0.0045 0.0291 0.1153

5 % Fe/TiO2, 773 K 0.0062 0.0045 0.0980

1 % Fe/TiO2, 573 K n.m 0.0373 0.1088

1 % Fe/TiO2, 973 K n.m 0.0268 0.1064

n.m not measured
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catalyst, while a COD removal of 14 % was obtained with
iron-free TiO2 catalyst. Initial color removal after 15 min and
total COD abatement after 90 min decreased with increasing
calcination temperature of the catalyst from 573 to 973 K.
This result indicates that catalytic activity of the Fe/TiO2

catalyst depends on the percentage of anatase phase in the
TiO2. As seen from Table 1, the percentage of anatase de-
creases from 81% through 73.3 to 15.9 % with the increase of
calcination temperature from 573 K through 773 to 973 K.

The better activity of the anatase TiO2 may be due to the
higher surface area and total pore volume. This plays an active
role in the adsorption of dye, which results in its higher
degradation. When these results are compared with the ones
in the “UV light-assisted heterogeneous Fenton-like degrada-
tion of Rh6G”section, in which degradation of dye was
achieved in the presence of UV light and Fenton process only,
it is clearly seen that ultrasound has a positive contribution to
COD removal and initial color removal after 15 min. COD
removal increased from 13 % (reaction temperature=323 K,
after 2 h) to 22 % (reaction temperature=293 K, after 1.5 h) in
the presence of ultrasound when 1 wt% Fe/TiO2 catalyst
calcined at 773 K was used for oxidation.

The standard deviation of the average of independent runs
changed in the range of ±0.01 to ±3.4 (Fig. 8a) and the
standard deviation for COD measurement was ±0.5.

The rate constants were calculated and given in Table 3.
Table 3 presents clearly the contribution of UV light to Fenton

oxidation and of ultrasound to photoFenton process. Rate
constants in sonophotoFenton oxidation are much higher than
those in Fenton and UV+Fenton processes. Rate constant in
sonophotoFenton oxidation of Rh6G with 1 % Fe/TiO2 cal-
cined at 773 K is higher (0.1153 min−1) than that with 1 % Fe/
TiO2 calcined at 573 K (0.1088 min−1). However, color and
COD removal are measured to be higher with the latter cata-
lyst after a reaction time of 90 min (99.9 and 24 %, respec-
tively, Fig. 8b). Consequently, the 1 % Fe/TiO2 catalyst cal-
cined at 573 K can be selected as an efficient catalyst in
sonophotoFenton degradation of Rh6G under the operating
conditions used in this study.

Adsorption of dye on Fe/TiO2 catalysts was not higher than
1.5 % for all the runs done. During the runs, amount of iron
loss into the solution was determined by measuring the iron
concentration in the solution at the end of the reaction with
atomic absorption spectrophotometer (varian-10 plus).
Leached amount of iron was found to be less than
0.4 ppm for all the runs studied which was below the
EU directives (<2 ppm).

Toxicity

L. Sativum L. (Garden cress) seeds were used to assess the
toxicity of Rh6G solution prior to and after 90 min of
sonophotoFenton treatment in the presence of 1 % Fe/TiO2

catalyst, which was calcined at 573 K. In the procedure, 5 ml
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Fig. 7 The influence of catalyst type on degradation of Rh6G by UV
assisted heterogeneous Fenton-like process. aDecolorization %, b decol-
orization % and COD % removal after 2 h of reaction (T=323 K, initial

concentration of Rh6G=20 ppm, H2O2 concentration=70 mM, catalyst
amount=0.15 g/150 mL, light sources=8 W UV-C lamp)

Fig. 8 The influence of catalyst type on degradation of Rh6G by
sonophotoFenton process. a Decolorization, %, b decolorization % and
COD% removal after 90 min of reaction (T=293 K, initial concentration

of Rh6G=20 ppm, H2O2 concentration=70 mM, catalyst amount=
0.325 g/650 mL, light sources=4 W+4 W UV-C lamp, ultrasonic pow-
er=40 W, 20 kHz)



of treated and untreated Rhodamine 6G solution
(20 ppm) and pure water were pipetted onto a filter
paper fitted into a 9-cm glass Petri dish. Then 25 seeds
of cress were distributed evenly on them. These three
Petri dishes were placed in the dark for 72 h, after that
time, root lengths of seeds were measured for pure
water, treated and untreated wastewaters. Inhibition %
value was calculated according to equation given below
for treated and untreated wastewater:

Inhibition;% ¼ Root Lengthpure water � Root Lengthsample

Root Lengthpure water
ð3Þ

Inhibition, % values are 75 and 15 % for untreated and
treated Rhodamine 6G solutions, respectively. The descend in
the inhibition value shows that it could be achieved to de-
crease toxicity of the Rhodamine 6G under the experimental
conditions used (Devare and Bahadır 1994; Arambasic et al.
1995; Alkan et al. 2006; Terzi 2008).

Conclusion

This study showed that the combination of ultrasound and UV
with heterogeneous Fenton process is efficient for the com-
plete color removal of Rh6G. The 1 wt% iron-containing TiO2

catalyst calcined at 573 K behaves as efficient and stable
catalyst for the integrated heterogeneous sonophotoFenton
degradation of Rh6G. The catalytic activity of the catalyst
depends on the percentage of anatase phase in the TiO2. At the
experimental conditions of 650 mL of 20 ppm Rh6G solution,
70 mM H2O2, 0.325 g of catalyst, 293±2 K reaction temper-
ature, an ultrasonic power of 40 W at 20 kHz, UV-C lamp at
4 W+4 W, a color removal of 99.9 %, and a COD removal of
24 % could be achieved after 90 min of reaction.

Consequently, the heterogeneous sonophotoFenton
system appears as a promising process for Rh6G waste-
water treatment.
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