
Vol.:(0123456789)

Reaction Kinetics, Mechanisms and Catalysis (2021) 132:547–562
https://doi.org/10.1007/s11144-020-01906-5

1 3

Influence of substrate on the activity of composite film 
of  TiO2 and chitosan for photodecolorization of a reactive 
dye solution

Lourdes A. Etshindo, et al. [full author details at the end of the article]

Received: 21 August 2020 / Accepted: 13 November 2020 / Published online: 4 January 2021 
© Akadémiai Kiadó, Budapest, Hungary 2021

Abstract
Reactive dyes are refractory organic pollutants that should be eliminated from 
colored effluents before the disposing and photocatalytic processes using  TiO2 are 
very studied to treatment of this type of waste. However, the investigation of the per-
formance of this semiconductor as a composite film with chitosan to decolorization 
of reactive dyes was not yet performed. In this work, composite films of  TiO2 and 
chitosan were successfully synthesized and immobilized on glass and stainless-steel 
substrates by a simple molding method (drop casting). The materials were tested on 
decolorization of Reactive Black 5 aqueous solution (RB5) as a model organic reac-
tive dye under UV irradiation at mild conditions. Photocatalytic process was carried 
out by irradiating RB5 aqueous solution (100 mg  L−1) with 125 W mercury vapor 
lamp, at 25 °C, for 2 h. Under these conditions, films presented high activity, stabil-
ity and reproducibility. Their surface morphology, thermal behavior, optical proper-
ties and structure were investigated by scanning electron microscopy (SEM), TG/
DTG, diffuse reflectance spectroscopy in the UV–Vis region (DRS) and absorption 
spectroscopy of infrared radiation (FTIR). The non-immobilized composite film was 
preliminarily evaluated and exhibited a good photocatalytic activity, with 98% of 
RB5 discoloration. Regarding the immobilized ones, the removal efficiencies ranged 
between 22 and 49%, depending on the used substrate. The results showed that films 
are well adhered on the glass, as a substrate, but on stainless steel is necessary to 
apply commercial primer, by a method cost-effective and easy to perform method. 
The catalytic film immobilized on 304 stainless-steel presented the highest discolor-
ation result, which opens the perspective of applying this system to textile wastewa-
ter treatment by photoelectrocatalysis process, since this substrate has high electrical 
conductivity.
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Introduction

Catalytic applications are highly diversified in the chemical industry, contribut-
ing significantly to processes aimed at sustainable development and environmen-
tal protection. One important aspect that should be considered on the catalytic 
system design is the efficiency improvement by low generation of contaminants 
and by-products [1–3]. Regarding the environmental impact of industrial waste, 
both the textile and dye manufactures have a great pollutant power arising from 
the quantity and recalcitrant nature of the effluents. As environmental protection 
becomes a global problem, new solutions emerge for the development of technol-
ogies capable to reduce this damage, such as photodegradation processes [4–10].

An improvement of the photocatalytic process may be the use of immobi-
lized heterogeneous catalysts, which facilitate their recovery and reuse, since the 
non-removal of such nanoparticles in the treated wastewater may cause serious 
genotoxicity and cytotoxicity to aquatic and human lives [11–15]. Several photo-
catalysts have been studied, but undoubtedly,  TiO2 is one of the most used semi-
conductors for the treatment of aqueous textile wastes because it is efficient, non-
toxic and it has a high specific surface area [16–21].

The immobilization of photocatalysts into a matrix to a film generation could 
certainly improve this process for industrial application because dismisses sepa-
ration step of catalyst from the reaction medium. Moreover, the development of 
immobilized photocatalytic films allows the fabrication of pipes, tanks or reactors 
internally coated with these materials, as well as to confectioner electrodes for 
electrocatalytic use [15]. In this case, the effluents could be treated during flow, 
storage or at the reaction step.

TiO2 pure films could be obtained by MOCVD, sol–gel dip coating, electro-
phoretic deposition and titanium oxidation, at controlled condition, for example, 
but the chosen technique depends on the substrate used and the characteristics 
of the final material obtained [15, 22, 23]. Other important aspect is the, and 
while dip coating is simple and not expensive, CVD and electrophoretic deposi-
tion could be costly. However, many authors have reported the feasibility of using 
inorganic catalysts blended to natural polymeric matrices, as chitosan, immobi-
lized in different materials such as glass, activated carbon and metal substrates 
[15, 24–30].

Chitosan is a polymer particularly attractive to produce composite films due to 
its interesting properties [31, 32]. This deacetylated product from chitin is perme-
able and moldable, besides being obtained from waste (crustacean shells), which 
adds environmental interest and low cost to its qualities [33]. This material is 
a linear hydrophilic copolymer with large glucosamine and acetylglucosamine 
units. It is insoluble in water, alkaline solutions or organic solvents, nevertheless, 
it is diluted on organic acids, such as acetic acid, formic acid and some inorganic 
acids, since the free amino groups are protonated in acid medium [33, 34]. Chi-
tosan has amino and hydroxyl groups in its polymer chain that are able to act as 
adsorption sites for pollutants removal or as reactive sites for several chemical 
processes [35]. This material can be a potential and versatile biopolymer for use 
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in the catalyst’s composition for the textile wastewater treatment, apart its contri-
bution in the reduction of solid wastes [36].

Titania-chitosan composites have been used by several groups, with different pur-
poses. It is possible highlight the use of this type of composites in medical implants, 
due to the biocompatibility of chitosan for allowing the cell proliferation on surface 
and improving implant fixation [37–39]. The antimicrobial and anti-fungal action 
of chitosan also favors its use for medical and food industry purposes and, com-
bined with the photoactivity of titania, increases the possibility to use this system to 
eliminate microorganisms under radiation [37, 40–42]. Titania nanoparticle could be 
obtained using chitosan, as structure template, but the polymer is eliminated from 
the final photocatalyst [43, 44].

This organic–inorganic composite film can also be used to mitigate corrosion 
[45], but it is worth mentioning that the main applications of films or nanoparti-
cles of this catalytic system is to photodecomposition of organic substances, espe-
cially pollutants [42, 46–48]. However, the performance of this catalytic composite 
depends on the synthesis parameters and the reaction system. In this context, differ-
ent dyes could be more or less refractory to degradation, for example, methyl orange 
and methylene blue are entirely degraded, but reactive azo dyes used in the textile 
industry are more resistant and pollutant, consequently it is necessary the develop-
ment of more efficient technologies to treatment of this type of waste [49–51]. In 
this case, the oxidative reaction condition could be severe enough to degrade the dye 
molecules or oxidation condition or an electrical stimulation could also be applied, 
typically in a photoelectrocatalysis process. Elimination of Reactive Black 5 from 
wastewater, specifically, could be performed by adsorption, although this strategy 
generates a residue loaded to the organic pollutant [52–54]. In this perspective, pho-
tocatalysts immobilized represent an environmentally friendly system to treatment 
of colored effluent.

Thus, the main goal of this paper is the confection of  TiO2 and chitosan films 
by a simple and reproductive method on three substrates for photodecolorization of 
Reactive Black 5 (RB5) under UV-light. The study reports the characterization and 
photocatalytic activity of the obtained composite films.

Experimental section

Chemicals

Reactive Black 5 dye (RB5;  C22H21N5Na4O19S6; Yorkshire Americas) was selected 
as a model organic contaminant. Commercial chitosan (87.4% degree of deacety-
lation; POLYMAR Indústria e Comércio Ltda) and titanium dioxide P25 powder 
 (TiO2; 80% anatase; 20% rutile; purity greater than 99.5%; EVONIK INDUSTRIES) 
were selected as raw materials. Acetic acid solution (HAc) 5% (v/v) were prepared.
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Substrates

Substrate is the material used for the films immobilization and its surface must be 
cleaned, for contaminant removal and better adhesion, before usage. Dishes made 
by stainless steel 304 (2.4 ohms), 316 (2.6 ohms) and glass, with 6.25  cm2 area 
(25  mm × 25  mm), were the investigated substrates. Stainless steels were firstly 
sanding with sandpaper and then sonicated for 1 h in acetone bath, with the sol-
vent replacement every 20 min. Then, they were dried at room temperature and 
weighed before coating, followed by recovering with commercial Primer, dry-
ing and weighting. The glass slides were sonicated for 20 min successively with 
extran solution, distilled water and ethanol and then for 1 h in acetone, changing 
the solvent every 20 min, to remove impurities from substrates. Finally, they were 
dried and weighted.

Films

The methodology for the synthesis of the films is an adaptation of works from 
the open literature [55]. Commercial chitosan was dissolved in 5% v/v acetic acid 
by stirring for 24  h, followed by dispersion of an amount of  TiO2 and stirring 
for 2 h. About 1 mL of this dispersion was dropped at the center of the substrate 
and molded to its surface. Drying was performed at room temperature (25  °C) 
for three days and the film as one layer was formed. The final weight ration 
 TiO2:chitosan was 1:1, and the total dried mass is 0.0140 g.

Characterization

The surface morphology of the composite films was analyzed by scanning elec-
tron microscopy (SEM) with an energy dispersive spectrometer (EDS) using JEOL, 
JSM-6510LV. Thermogravimetric analysis (TG/DTG) and differential scanning 
calorimetry (DSC) were used to analyze the thermal behavior of the materials. 
The curves were performed on a simultaneous TA model instrument SDT 600 and 
obtained from approximately 12 mg of sample by subjecting them to a temperature 
range of 20–800 °C under synthetic air atmosphere (20 mL min−1) and heating rate 
of 10 °C min−1. Diffuse reflectance spectroscopy in the UV–Vis region (DRS) was 
used to investigate the optical properties of the films in different proportions, using 
a spectrophotometer UV-2600, from Shimadzu. FTIR ATR spectra were obtained in 
the wavelength range from 4000 to 650 cm−1 during 16 scans, with a resolution of 
2 cm−1 (Shimadzu Iraffinity-1). FTIR spectra with the pellet samples were obtained 
in the wavelength range of 4000 to 500 cm−1 during 16 scans (Nicolet6700-FTIR).

Photocatalytic tests

Photocatalytic activity of the composite films was performed in a batch reac-
tor using 50  mL of RB5 aqueous solution (100  mg  L−1), at 25  °C, aeration of 
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200  mL  min−1 and UV irradiation by a 125  W mercury vapor lamp (Osram), 
13 cm above the solution level, inside a dark chamber, as shown schematically in 
Fig. 1S.

The catalytic tests with the films on the substrates were performed with them 
completely immersed in the solution and fixed with a connection, to stay in a normal 
position related to the surface of the solution. Preliminary test with non-immobi-
lized film was also carried out.

The concentration of RB5 was measured by absorbance of the solution at the 
maximum wavelength, using a UV–Vis Spectrophotometer (DR/5000, HACH). The 
discoloration percentage (% D) was evaluated by Eq. 1.

where  Abso and  Abst are the absorbance of the dye solution, at 597 nm, before and 
after the photochemical treatment.

The total organic carbon (TOC) of the samples after 2 h of reaction was deter-
mined using a Shimadzu TOC-L CSN apparatus.

Results and discussion

Materials characterization

The thermal stability of the composite film was evaluated by TG experiments and 
compared to the weight lost events of chitosan and titania individually. The obtained 
thermogravimetric curves are presented in Fig. 1.

It is verified that pure titania practically does not suffer loss of mass in the tem-
perature range investigated, while the materials containing chitosan decompose 
when the temperature is high, which is expected to an organic material.

The pure chitosan film (QTF) presents three stages of decomposition. With titania 
incorporation, the decomposition temperature decreases, so it is possible that titania 
promoted the decomposition of chitosan. The final weight loss was 50%, as expected 
if the organic material was almost completely decomposed, because the ratio 1:1 
was used, and thermal stability was achieved around 530 °C. The first weight loss is 
due to dehydration, then, this result indicated that it is possible to heat the films at a 
temperature up to 200 °C.

The UV–Vis diffuse reflectance spectroscopy technique was used to investi-
gate the optical properties of  TiO2 and composite film. The spectra of the materi-
als are characterized by a broadband between 200 and 350 nm (Fig. 2), typical of 
 TiO2-based materials and corresponds to the electron transition of the  O2−antiligant 
(valence band) 2p orbitals to the  Ti4+ low energy empty 3d orbital (conduction 
band).

The obtained values of  Eg (Fig. 2b) show a slight decrease in the  Eg value of the 
film related to pure titania. This decrease should occur due to the irregular surface 
of the composite film, that act as traps and is able to form localized energy states in 

(1)%D =

Abs0 − Abst

Abs0
× 100,
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the forbidden band, where the electrons of band valence can be excised by the UV 
incident radiation, as observed for nanoparticles [56].

Fig. 3 shows the SEM images and EDS results of the two stainless steel substrates 
used and commercial chitosan powder surface. Both substrates were polished before 
the film immobilization and the images indicate that the surfaces are smooth but 
present some grooves. Commercial chitosan powder surface reveals irregular shape 
and size, with pores.

Table 1 highlights the elements percentage of the two stainless steel substrates 
used and commercial chitosan. As expected, the iron content is high for both sub-
strates. The absence of carbon indicates that they can be classified as low carbon 
content steel. The small oxygen percentage is natural, since the samples are exposed 
to the air. Although traces of molybdenum in 304 stainless steel are detected, the 
elements atomic percentages of both steels are consistent with the Brazilian Asso-
ciation of Technical Standards (Associação Brasileira de Normas Técnicas, ABNT).
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Fig. 1  TG/DTG curves of chitosan film (QTF) and  TiO2 chitosan film, under 20 mL min−1 of synthetic 
air and heating rate of 10 °C
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Chitosan EDS analysis (Table  1) indicates the major presence of carbon, oxy-
gen and nitrogen, as expected for polysaccharide, whose general chemical formulae 
is  [CxHyOzNw]n. The presence of trace elements is due to the chitosan source and 
the method used to obtain it. In general, demineralization is performed by treatment 
with HCl solution and its efficiency depends on the reaction parameters used.

SEM micrograph of immobilized films showed homogeneous surfaces and the 
thickness are about 400 μm. EDS results indicates that titanium is homogeneously 
distributed through the films, as titania particles.

Fourier Transform Infrared spectroscopy (FTIR) for the chitosan film was per-
formed by ATR mode and the spectrum is shown in Fig. 4. The bands observed 
in the chitosan film spectrum are close to those of the powder sample. For this 
film, two bands corresponding to the deformation vibrations of the typical amine 
groups at 1637 cm−1 and 1562 cm−1 can be observed. The characteristic stretch 

(a)

(b)

Fig. 2  a UV–Vis absorbance spectra of composite film and pure titania; b graph of [(F(R∞)hν)]1/2 vs hν 
of composite film and pure titania for band gap  (Eg) determination
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band of the amide C=O bond is observed at approximately 1409  cm−1. This 
band is inherent to acetamide groups from chitin, since commercial chitosan, 
obtained by deacetylation of chitin, does not have a 100% deacetylation. Bands 
found at 1383 and 1317 cm−1 correspond to the angular deformation of the C-H 
present in the glycosidic ring. The asymmetric stretch band due to the β (1–4) 
glycosidic bond in the polymer chain occurs at 1155 cm−1 [55, 57].

Fig. 3  SEM images (left) and EDS results (right) of: a 304 stainless-steel substrate and b 316 stainless-
steel substrate. SEM images of: c commercial chitosan surfaces micrograph; and d amplification of the 
detached part



555

1 3

Reaction Kinetics, Mechanisms and Catalysis (2021) 132:547–562 

Preliminary studies on model dye degradation

A 5% acetic acid solution (HAc) promoted a good dispersion of titanium diox-
ide, under the conditions used. The first probing test performed was to obtain a 
film of the Chitosan-Titania composite  (TiO2/QT), with enough mass to be tested, 
without being immobilized in the substrate. It was obtained by using 5 mL of the 

Table 1  Elementary 
compositions indicated by EDS

316 304 QT

Element at.% Element at.% Element at.%

O K 5.90 O K 7.31 C 10.09
Al K 0.18 N 7.59
Si K 1.44 Si K 1.21 O 77.99
Cr K 19.06 Cr K 19.93 Na 1.43
Mn K 1.43 Mn K 1.50 Mg 0.63
Fe K 62.74 Fe K 63.55 Al 0.99
Ni K 7.93 Ni K 6.31 Si 0.22
Mo L 1.32 Mo L 0.18 Cl 0.19

Ca 0.14
Cu 0.42
Zn 0.30
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Fig. 4  Chitosan film FTIR ATR spectrum
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Chitosan suspension—5% HAc—Titania in a small previously cleaned petri dish, 
as described in the methodology, and dried at ambient air for 5  days. After all 
solvent evaporation, one uniform composite film was formed, resistant and malle-
able, whose total mass was 145.9 mg (Fig. 5c).

About 1/3 of this film was tested in the PC system, in a proportion of 25 mg of 
titania to 50 mL of the dye solution. Fig. 5 shows the film before (c) and after (d) the 
photocatalytic test. Clearly, part of the dye was adsorbed in the composite film, since 
it turned blue. The composite film also presented physical stability, not being dis-
solved in the performed condition. It is noteworthy that a few days after the catalytic 
test, the blue film coloration intensity decreased, showing that the titania present in 
the film maintained its activity in removing the color of the adsorbed dye, even into 
dry medium. It is worth mentioning that the RB5 photolysis test under UV–Vis light 
demonstrated no visible decolorization after 2 h of reaction in absence of catalyst.

Fig.  5 shows RB5 solution spectrophotometric profile before and after the 
test, in the range of 400 to 900  nm, highlighting the percentage of discolora-
tion obtained and the appearance of the dye solution before (Fig.  5a) and after 
(Fig. 5b) 2 h of reaction. Clearly there was an accentuated discoloration, a result 
that corresponds to 98% of color removal in relation to the original solution.

Fig. 5  RB5 solution absorbance before and after the photocatalytic test at 25 °C for 2 h under UV and 
aeration (200 mL min−1) with the non-immobilized composite film: a Dye solution appearance before 
the reaction; b after the reaction; c a part (3/4) of Titania-Chitosan  (TiO2/QT) non-immobilized compos-
ite film before the test; d 1/3 of  TiO2/QT after the test
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This result indicates that titania is photocatalytically active to decolorate RG5 dye 
even into a composite film. Chitosan associated to  TiO2 has been exhibited some 
interesting characteristics, as capacity to decompose ethylene photocatalytic and 
antimicrobial activity against bacteria and fungi [42], UV protection and antimi-
crobial activity of cotton fabric [58] and as component of a Biosensor for Phenolic 
Compounds [59], but there are no studies to decolorate refractory reactive dyes. 
Consequently, this first investigation is relevant to the development of technologies 
to textile waste treatment.

The used film was analyzed by FTIR and UV–Vis, but the dye remained absorbs 
radiation strongly in both of spectra, and its bands are dominant.

The result of TOC of the RB5 solution indicated a carbon content of 27 ppm, but 
after 2 h of discoloration, this value raised to 193 ppm. This observation is compat-
ible to a partial dissolution or leaching of the chitosan, but after drying, the used 
film has presented no significant weight loss (less than 5%). As the film proved to be 
highly active in the reaction medium, the composite was immobilized on the glass 
and steel substrates to investigate the influence of this parameter on the film perfor-
mance. About 1 mL of the titania-chitosan dispersion was used, which represented 
approximately 0.014 g of composite film.

Photocatalytic activity of immobilized composite films

The syntheses of the composites and the immobilized films were reproducible and 
presented a good adherence. Adhesion on the glass substrate was high, but the adhe-
sion of the film to the stainless-steel substrates was only possible with the prior 
application of a commercial primer coat on its surface. Primer, normally used as 
background paint, is responsible for the anticorrosion protection and adherence of 
the paint system to the metallic substrate, for this reason this substance was chosen 
and applied before application of the films on both stainless-steel [60].

The adhesion of the three films was very good and they remained adhered to the 
three substrates after the 2 h of the catalytic test. Jbeli et al. studied films of chitosan, 
 TiO2 and ZnO coated on glass substrates for photodegradation of some organic com-
pounds [46]. Their materials presented high activity to aromatic amines and car-
boxylic acids, and the films were stable, in agreement with our observation to this 
substrate, despite the difference between the used methodologies. Thin films based 
on titania and silver were immobilized on carbon steel using chitosan as template, 
for corrosion mitigation in HCl, with good adhesion without primer, but carbon steel 
has a higher roughness than steel-stainless, that favor the linkage [45].

The obtained composite films presented good activity, so that on steel 316 pro-
moted a discoloration of 33%, while with the film on steel 304 the result was 49% 
and on glass is 25%. These results are shown in Fig. 6.

Apparently, the film deposited on steels were more active than on glass, and both 
presented stability during all photocatalytic reaction time. Commercial primer presents 
titania in its formulation and therefore could contribute to the increase of the activity of 
the films immobilized on steels. However, a blank experiment of photolysis performed 
in absence of catalyst generated the same low discoloration that reaction over substrate 
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covered by primer, less than 2% and could not be responsible for these high activities. 
This behavior is probably related to electronic effects between the metallic substrate 
and the composite film at the reaction condition.

The TOC results of these samples after 2 h of reaction presented a carbon content 
about 30 ppm, which means 10% more carbon than the initial carbon concentration. 
This behavior indicates that probably the films were partially solubilized into the reac-
tion medium, nevertheless, the immobilization on the substrates increased its stabiliza-
tion, once the sample obtained after catalytic test with the non-immobilized film have 
increased more the carbon amount of the reaction medium. However, the films have 
remained linked to the substrates, with weight loss less than 1% after drying at 80 °C, 
and this partial dissolution of chitosan do not increase the toxicity of the waste, once 
this organic matter could be edible. Unfortunately, as the films were partially dissolved, 
it was not possible evaluate if the discoloration was associated to mineralization but 
making textile effluents colorless is an important step of treatment.

The adsorption experiment was performed with the pure chitosan film on steel 304, 
presenting 34% of discoloration and TOC of 42 ppm. This behavior demonstrates the 
high adsorption capacity of chitosan, as observed by other works [53, 54], and the par-
tial dissolution of the biopolymer, due the increase of carbon amount. Consequently, a 
fraction of discoloration capacity of the composite films could be attributed to adsorp-
tion, but titania plays an important role in the performance of photocatalysts, increasing 
the remotion of color and decreasing the chitosan dissolution.

The confection of the specimens is reproductible, once several samples with the 
same film were obtained and presented similar performance.

Fig. 6  Absorbance of the reaction media before and after the photocatalytic test at 25 °C for 2 h under 
UV and aeration (200 mL min−1) with the composite film immobilized on the three substrates (a) and the 
used films (b)
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Conclusion

TiO2/QT composite films have been successfully obtained from the use of acetic 
acid solution as a solvent and have exhibited good adhesion when immobilized 
by the proposed methodology, allowing them to be easily removed from reaction 
medium.

Preliminary study figured that discoloration could reach 98% after 2 h reaction 
with 0.0546 g of  TiO2/QT non-immobilized film, a relevant result to technologi-
cal development of efficient treatment of textile wastewater rich in recalcitrant 
dyes as RB5.

Regarding the film immobilized on glass, about 0.0140  g promoted around 
25% of the dye discoloration, while on stainless steel, there was a limitation on 
the attraction force between the composite and the metal surface, requiring an 
application of a commercial primer coat to improve adhesion. In this case, the 
same amount of immobilized film on 316 and 304 stainless steel achieved 33 and 
49% of discoloration, respectively.

The discoloration of composite films could be attributed partially to adsorp-
tion on chitosan, but titania increases their performance under UV radiation. The 
biopolymer was partially dissolved in the reaction medium, that is acid, but both 
immobilization on substrates and titania decrease this phenomenon.

The methodology used to obtain  TiO2/QT composite films is cost-effective and 
easy to make, moreover, the immobilization on substrates produces a way to use 
a photocatalyst without necessity to separation. Using steel as substrate open the 
possibility to apply the film in a photoelectrocatalysis process, since this material 
is a good electrical conductor, and the electrical stimulation could increase the 
catalyst activity of titania.
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