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Abstract: In the present work, the 
photodegradation of Reactive Black Number 5 
(RB-5) and Lanasol Red No 6 (RL-6) dyes was 
studied using modified TiO2 semiconductors 
with 5, 10 and 20 wt% Fe2O3. The materials 
used were synthesized by the sonochemical 
method; To determine their physicochemical 
properties, the techniques of XRD, Scanning 
Electron Microscopy (SEM), RD-UV-Vis 
spectrophotometry and FTIR were used. 
Photoactivity studies were carried out in a 
batch reactor equipped with a cooling jacket, 
magnetic stirring, and UV or Vis lamps. The 
depth of degradation was monitored by UV-
vis and total organic carbon analysis.
Keywords: Azo dyes, photodegradation, 
sonochemical synthesis, Fe2O3-TiO2.

INTRODUCTION
The contamination of water resources 

by industries is an environmental problem 
worldwide, among the industries that 
consume the most fresh water are the paper 
and textile industries, generating large 
volumes of wastewater.[1]. According to UN 
data, it is estimated that the textile industry 
is responsible for at least 20% of global 
wastewater[two], these effluents are generally 
intense in color, with a high concentration 
of inorganic and organic compounds (some 
persistent), which are not easily degraded 
naturally[3]. The textile industry generates 
a large amount of polluting waste for the 
environment and high toxicity for living 
beings, which are discharged into different 
bodies of water (rivers, lakes, seas and 
oceans). Within the pollutants emitted by the 
textile industry, which have a great impact 
on the environment, there are mainly azo 
dyes, which, in addition to providing color 
to fabrics, due to their physical and chemical 
properties, present complex structures with 
high photochemical stability, chemical 
and biological; this represents a serious 

contamination problem that cannot be 
solved through conventional water treatment 
processes [4]. Today these types of processes 
are inefficient for the removal of azo dyes, 
since several studies have reported on the 
mutagenicity of these dyes and their potential 
to cause cancer, both in its primary form 
and in the degradation process, since it can 
form highly toxic products for living beings 
[5-7]. Different investigations have shown 
that advanced oxidation processes (POA) 
are efficient in the degradation of persistent 
pollutants[8-11], particularly heterogeneous 
photocatalysis haswhich emerges as a 
promising process in wastewater treatment, 
since it is suitable for the elimination of 
aromatic molecules present in the structures 
of azo dyes and their potential danger to 
health.

RB-5 and RL-6 dyes are commonly used 
in the textile industry, representing a serious 
problem as a waste product in residual 
water, because a high percentage of this dye 
is not used during the dyeing process and 
is discarded to the drain; These dyes are 
characterized by having azo (-N=N-) and 
vinylsulfone (R-SO2-Ar) groups in their 
molecule, which give them high resistance 
and chemical and biological stability. Figure 
1 shows the chemical structures of the dyes 
RB-5 and RL-6. According to the literature, 
these molecules are complex and therefore 
difficult to degrade by physical-chemical 
processes, so their removal represents a 
challenge from a scientific and technological 
point of view.
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Figure 1. Molecules of azo-type dyes, a) RB-5) 
and b) RL-6

It has been shown that through photo-
oxidation processes, using heterogeneous 
catalysts, it is possible to achieve organic 
contaminant removal efficiencies greater 
than 90% in short reaction times and under 
normal operating conditions. This process 
consists of the irradiation of a semiconductor 
material with visible or UV light, so that an 
electron from the valence band is promoted 
to the conduction band, generating the hole-
electron pair, causing the decomposition 
of the organic contaminant with the h+. 
While the electrons in the conduction band 
can react with the O2 adsorbed on the 
interface and generate superoxide radicals 
(O2•-), hydroperoxide radicals (HO2•) or 
photogenerate hydrogen peroxide (H2O2), 
which are highly oxidizing agents, as can be 
seen in the scheme of Fig. 2.

Figure 2. Scheme of a heterogeneous 
photocatalysis process.

TiO2 is considered the photocatalyst 
par excellence, due to its wide bandwidth 
Eg = 3.2 eV and its excellent photocatalytic 

properties for the mineralization of organic 
compounds, however, its use is limited to 
light irradiation in the UV region, therefore, 
materials that improve the aforementioned 
properties are required. In the present work, 
the modifications of the structural, textural 
and opto-electronic properties are presented, 
incorporating Fe2O3, in the TiO2 matrix 
at different concentrations, as well as the 
evaluation of its photocatalytic properties, 
using the degradation of textile dyes as a 
model reaction. RB-5 and RL-6.

EXPERIMENTAL METHODOLOGY
All the materials were obtained by 

sonochemical (ultrasonic) synthesis, using a 
Cole Parmer 08895-40 ultrasonic bath, with a 
frequency of 40 KHz, an output power of 135 
W and a voltage of 120 V. As precursors, tetra 
-Titanium isopropoxide (TIPT Aldrich 97%) 
and Ferric nitrate (JT Baker 97%). In a typical 
synthesis, 30 ml of TIPT solution in acetone-
methanol are placed in a sonochemical 
reactor (40 KH, 135 W) for 10 minutes, then 
the necessary amount of an alcoholic solution 
of Fe (NO3)3 9 H2O is added. to obtain 0, 
5, 10, 15 and 20% by weight of Fe2O3; the 
mixture was sonicated for another 50 min. 
Subsequently, the product is dried at 60 °C 
until the total elimination of the solvents in a 
rotary steam [12-14].

The materials were characterized by XRD 
(Philips Xpert, with Cu-Kα radiation (λ = 
0.15409 nm), scanning speed of 0.02 º/s and 
operated at 45 kV and 40 mA), the crystallite 
size was determined by the Debye equation 
-Scherrer: [ ], UV-Vis spectrophotometry in 
diffuse reflectance mode (Varian-Cary IG, 
equipped with an integrating sphere, with 
MgO reference), the bandwidth (Eg) was 
determined using the Tauc equation: and the 
Kubelka-Munk transformation (FR). FTIR 
spectroscopy using a Perkin Elmer Frontier 
instrument with a diamond tip attachment 
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(ATR) for powders and liquids was used to 
obtain the IR spectrum of TiO2 and Fe2O3. 
Finally, D =  = B (hv-Eg)

The photocatalytic evaluations were 
carried out in a batch reactor, equipped 
with a UV light source, with emission at 
λmax = 365 nm, using a volume of 200 mL 
of dye solution (RB-5 or RL-6) at an initial 
concentration of 100 ppm, with 0.05 g of 
photocatalyst at pH conditions = 3.2, 298 
K and 77.99 KPa. The degradation of the 
dye was monitored by taking aliquots of 
the suspension at regular time intervals (20 
minutes); by UV-Vis spectroscopy (Varian 
Cary I) for the RL-6 dye at 274 nm, 315 nm 
and 498 nm, and for the RB-5 at 274 nm, 315 
nm and 598 nm; which are the wavelengths 
of the absorbance spectrum corresponding 
to the aromatic group (λ = 254 nm), the azo 
group (λ = 315 nm) and the chromophore (λ 
= 598 nm), respectively.

RESULTS
For the identification of phases and 

the calculation of the average crystal 
size, the X´Pert HightScore Plus software 
and the Scherrer equation were used. As 
references, pure samples of TiO2 and Fe2O3 
were used, finding that unmodified TiO2 
present a mixture of anatase-rutile phases 
(80:20 respectively), due to the presence of 
characteristic reflections at 25 and 27°2Ѳ, 
while the pure Fe2O3 sample presents a 
spectrum with low crystallinity (see insert 
of Fig. 4) related to the hematite phase (with 
localized reflections at 33 and 35 °2θ). For 
the Fe2O3 modified samples, it is observed 
that, as the iron oxide content increases, 
the samples lose crystallinity, which can be 
attributed to an inhibitory effect of Fe when 
incorporated into the TiO2 structure, as can 
be seen. in the diffraction patterns of Figure 
4. Additionally, it is important to point out 
that the average crystal size of the different 

synthesized semiconductors and used in the 
photodegradation of the RB-5 and RL-6 dyes 
decreases with the Fe content, as shown in 
the results of Table 1.

Figure 4.- Diffraction patterns of TiO2 samples 
and their modifications with Fe2O3

From the results of RD-UV it was found 
that the materials are within the group of 
semiconductors and that the energy of the 
forbidden band (Eg), increases with the 
increase of the Fe content, this may be due 
to the formation of states interband electrons 
close to the conduction band of TiO2, as can 
be seen in Fig. % and Table 1.
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Figure 5.- a) RD-UV-Vis spectra and b) FTIR 
of the different synthesized materials.

On the other hand, from the FTIR results, 
a broad band at approximately 3200 cm-1 is 
observed in all the samples, characteristic of 
the OH groups (moisture in the materials); 
an intense band between 500 - 400 cm-1 is 
also observed in all the materials, due to the 
interaction of the O - M+ bonds (associated 
with metal oxides); a low intensity vibration 
band is also observed near 1650 cm-1, 
characteristic of TiO2, which is maintained 
after incorporating Fe2O3, finally, the 
vibration bands characteristic of Fe2O3, 
located at 1200 - 1300 cm -1 are not observed 
after incorporation into the TiO2 structure, as 
can be seen in Figure 5b.

From the scanning electron microscopy 
micrographs, irregular porous morphologies 
are observed both in their shape and size, 
which is important for the photocatalytic 
adsorption and transformation processes, 
it is also evident that the roughness of the 
surface is due to largely due to the fact 
that particles with sizes less than 400 nm 
aggregate irregularly to structures with sizes 
greater than 1.5 μm, possibly due to growth 
controlled by some diffusive process. Fig. 6, 5 

shows a general view of the 5% Fe2O3 - 95% 
TiO2 sample as a whole, where a uniform 
distribution of the photocatalyst components 
is evident.

Based on the photoactivity tests, 
considering that the reactions were carried 
out in an acid medium, it was found that it 
is possible to achieve discoloration and a total 
decrease after 180 minutes of reaction; It is also 
observed that modifying the TiO2 matrix with 
Fe2O3 improves the photocatalytic properties. 
For the reaction conditions used during this 
experimentation, the semiconductor with 
95%TiO2 –5%Fe2O3, is the one that presents 
the best degradation performance, as can be 
seen in the results of Table 2.

From Table 2, it is observed that an increase 
in the Fe content decreases the photoactivity, 
highlighting the influence not only of the 
crystal size, but also of the band width of the 
synthesized materials, that is, for the TiO2 
materials. - Fe2O3 photoactivity is favored at 
larger crystal sizes, and lower Eg, this can be 
attributed to the saturation of the interband 
states generated by the incorporation of 
Fe2O3, within the TiO2 matrix. In order 
to find a kinetic model that describes the 
performance of the semiconductor 95%TiO2-
5% Fe2O3, experiments were carried out 
varying the concentrations of the dyes in a 
range from 20 to 100 ppm, using the most 
favorable reaction conditions (pH = 3, mass of 
semiconductor = 0.05g and 0.02 ml of H2O2), 
as well as the Langmuir-Hinshelwood (LH) 
equation; -r = ).

Fig.7 shows the results of the kinetic 
analysis carried out for the dyes RB-5 and RL-
6, finding that the photodegradation of RB-5 
can be adequately described by integrating a 
model of pseudo first order (se considered, 
that the steady state, the denominator of the 
LH equation is constant), while for the RL-6 
dye, the performance is better described 
by integrating the differential equation of 
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Material Principal 
Reflection (2θ)

Reflection
Secondary ((2θ) FWHM Crystal size 

(nm) Energy (eV)

TiO2 25,119 27,237 0.433 25 3.21

Fe2O3 35,761 33,181 0.22 5 1.74

95% TiO2 - 5% Fe2O3 25,537 27,712 0.394 22 2.2

90% TiO2 - 10% Fe2O3 25,502 27,653 0.354 17 2.43

80% TiO2 - 20% Fe2O3 25,509 27,785 0.551 13 2.75

Table 1. Average crystal sizes and bandgap energy of the different catalysts.

Figure 6.- Morphology and SEM, elemental distribution mapping for the sample 5% Fe2O3 - 95% TiO2.

RB-5 degradation* RL-6 degradation*

Material Photodegradation (%) Material Photodegradation (%)

TiO2 84.15 TiO2 85.95

Fe2O3 85.85 Fe2O3 86.61

95% TiO2 - 5% Fe2O3 99.17 95% TiO2 - 5% Fe2O3 99.53

90% TiO2 - 10% Fe2O3 95.25 90% TiO2 - 10% Fe2O3 96.84

80% TiO2 - 20% Fe2O3 90.16 80% TiO2 - 20% Fe2O3 92.41

*Reaction conditions pH = 3, 0.05g of 5%Fe2O3- TiO2, 100 ppm of dye, 0.02 ml of H2O2 and Visible light

Table 2 Photocatalytic performance of the synthesized materials
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Fig. 7 Kinetic behavior of the photodegradation of the dyes RB-5 and Rl-6.

the Langmiur-Hinshelwood model. It is 
important to mention that in both cases a good 
correlation (R>0.99) was found between the 
experimental results and the model proposed 
for each case. -r = k''C1 + KC.

CONCLUSIONS
The sonochemical synthesis method 

allows obtaining semiconductor materials 
with controlled photocatalytic properties 
with different TiO2:Fe2O3 ratios, capable 
of decolorizing and mineralizing azo-
type dyes, which are highly refractory to 
conventional water treatment processes. The 
incorporation of Fe to TiO2 allows a better 
photocatalytic performance. The origin of 
the photoactivity in the visible region can be 
attributed to the electronic transitions of the 
“d” orbitals of iron towards titanium, as well 
as the formation of electronic states in the 
forbidden region (close to the conduction 
band) induced by the defects (oxygen 
vacancies), as well as a greater separation 
of the charges (the reduction in the e- - h+ 
recombination processes) and not actually 
the decrease in Eg.
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