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ABSTRACT

Heterogeneous photocatalysis is one of the advanced oxidation processes (AOP’s). These are very used nowadays
for their implementation in tertiary water treatment with solar activation, with very good results. In this study,
TiO, porous films were synthesized by sol-gel method. Polyethylene glycol (PEG) 4000 was used as a templating
reagent, which is oxidized at a lower temperature than TiO,. This allows the formation of a “skeleton” of porous
TiO, with increased surface area, resulting in higher photocatalytic activity. The film characterization was made
with help of FE-SEM microscope, XRD diffractometer and scotch tape test. Finally, the oxidation experiments
were performed using methylene blue as a model pollutant and they revealed an increase in the photocatalytic

activity of porous films in comparison with the non-porous films.
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1. Introduction

The world situation nowadays demands and immediate
solution to problems related with contaminated water. In
the last decades, the scientific research has focused its
attention in this topic and has developed a wide spectrum
of processes in the water treatment technologies [1,2].
This works has resulted in implementing different me-
thods on water treatment systems: pre-treatment, and pri-
mary, secondary and tertiary treatments. Within the last
set of processes, advanced oxidation processes (AOP) are
found, like photocatalytic oxidation (PCO).

1.1. Principle of Heterogeneous Photocatalysis

Heterogeneous photocatalysis (which is part of the AOP)
appears as an emerging technology in the domain of the
environment for air and water treatment [3]. When a se-
miconductor catalyst SC (oxide or sulfide) is illuminated
whit photons whose energy is equal to or greater than
their band gap energy Egqep (hv > Egqp), there is absorp-
tion of these photons and creation within the bulk of
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electron-hole pairs, which dissociate into free photoelec-
trons in the conduction band and photo-holes in the va-
lence band. In the presence of a fluid phase (gas or lig-
uid), a spontaneous adsorption occurs and according to
the redox potential (or energy level) of each absorbate,
an electron transfer proceeds towards acceptor molecules,
whereas positive photo-holes are transferred to donor
molecules. Each ion formed subsequently reacts to form
the intermediate and final products [3].

1.2. Sol-Gel Process

The sol-gel process is a method very used in the devel-
opment of the TiO, films with photocatalytic purposes;
its main advantage is that expensive equipment and dif-
ficult process are not necessaries to prepare the films.

The sol-gel process involves, first, the formation of a
sol and, after, the formation of a gel, a solid encapsulated
into a solvent. The formation of a gel is by hydrolysis
and condensation [4].

The sol-gel process consists of four steps: 1) chemical
solution, 2) aging, 3) drying, and 3) sintering [5].

CWEEE


http://dx.doi.org/10.4236/cweee.2014.31005
mailto:mmjc_80@yahoo.com.mx

J.C. MORALES MEJIA ET AL. 37

1.3. TiO, Films

The most used photocatalyst is Titanium dioxide (TiO,),
a semiconductor with a band gap energy equal to 3.2 eV,
excellent chemical stability over a wide pH range and in
a large number of solvents, and economically adequate
[6]. TiO, is a material of choice for photocatalytic oxida-
tion and several other photochemical applications and it
exists in three principal crystallographic forms, named
anatase, brookite and rutile. Only anatase and rutile are
photocatalytically active. TiO, can be used in PCO either
as slurry or as a deposited film on suitable substrates
such as silica and soda lime glasses, Si wafers and stain-
less steel. The latter situation avoids separation steps,
what are energy demanding processes.

For the past few years, TiO, nanostructured films/ar-
rays have been normally obtained through modified sol-
gel routes in the presence of templates. Among those
templates, polyethylene glycol (PEG) is a traditional
pore-forming one commonly used for the synthesis of
porous TiO, films [7]. The pores are generated by the
evaporation of the solvent. The colloidal templates are
infiltrated with the precursor solution, and subsequently
removed by the calcination or the solvent extraction to
create porous materials [6].

2. Experimental
2.1. Preparation of Porous TiO, Films

Based on the works of Huang and Morales [7,8], TiO,
porous films were prepared by sol-gel method. The pre-
cursor solutions were based on titanium tetrabutoxide
0.5M (TiBu, Sigma-Aldrich), ethanol, water and acetyl-
acetone as solvents, and hydrochloric acid as catalyst.
The elements were mixed up with different molar ratios
(expressed as BuTi:EtOH:AcAc:H,O:HCI).

To obtain several nano-structured surfaces, Polyetilen-
glycol (PEG 4000) was added in different molar concen-
trations (0, 0.009, 0.0012, 0.0015, 0.0018) mol/L, so
there were obtained 5 different liquid precursors.

Each of the precursors generated samples with tree

different quantities of TiO,, 15 samples in total (Table 1).

Each of the Titanium Dioxide sols that were obtained this
way was applied on glass plates (76 x 26 mm), pre-
viously covered by SiO, (by sol-gel method, tip-coating).
The plates were then air dried and sintered at 605°C for 2
h in air atmosphere.

2.2. Characterization

The surface morphology of the TiO, films was examined
by a JEOL JSM-7600F field emission scanning electron
(FE-SEM), with an EDS detector (Oxford INCA X-
ACT). The FE-SEM microscope is locates at 1IM-UN-
AM. The titanium dioxide films were also characterized
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by powder X-ray diffraction (XRD) with D5MEAS
equipment that uses Cu K as a source of radiation. The
adherence of the samples was determined by scotch-tape
test according to [9]. Finally, the sample films were
tested in a solar simulator Sun-Test XLS + ATLAS, with
UV radiation (300 - 400 nm) and irradiance of 30 W/mZ.

3. Results and Discussion
3.1. FESEM Analysis

The results obtained are showed in Figures 1, 2 and 3,
which are FESEM images obtained with a magnification
of 50,000. In Figure 1 it is noted a tendency of formation
of a number of pores, which is proportional to the
amount of PEG added to the precursors. In Al samples
there is no evidence of porosity because the surface mor-

Table 1. Sample films nomenclature and its compositions.

Amount of TiO, (10™ glcm?)

Amount of PEG 4000
(107 gfem?) 432 6.53 8.71
0.00 RA RB RC
1.92 AL B1 c1
2.56 A2 B2 c2
3.20 A3 B3 c3
3.84 A4 B4 c4

Images present TiO, films with
i 4.32 x 10 g (TiO,)/cm? for different
¥, concentrations of PEG4000 10
g(PEG)/cm?
#| RA:0.00
Y OAL1LO2
y A2:2.56
A3:3.20
A4:3.84

Figure 1. FE-SEM images of a film prepared with A precur-
sor samples.
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Figure 2. FE-SEM images of a film prepared with B precur-
sor samples.

Images present TiO, films with
8.71 x 10™* g (TiO,)/cm? for different
concentrations of PEG4000 10~
g(PEG)/cm?

RC: 0.00

C1:1.92

C2:2.56

C3:3.20

C4:3.84

100.nm &+

Figure 3. FE-SEM images of a film prepared with C precur-
sor samples.

phology is very similar to RA sample (without PEG). In
films A2 and A3 there is a tendency on pore size, relative

OPEN ACCESS

to the amount of PEG. For the sample A2, it shows an
average pore size of 104 £ 5 nm for the sample A3 and
208 £ 5 nm. In the sample A4, several cracks are formed,
possibly due to the union of adjacent pores. In B and C
samples of Figures 2 and 3, a similar effect was ob-
served for the Al film, where it seems to be an overlap-
ping of pores; even more, at macroscopic scale, there is
evidence of significant fractures that could affect the
photocatalytic activity.

TiO, particles are, for all samples of precursors, nano-
sized, with estimated particle size ranging 10 to 30 nm
(based on SEM images). The analysis of XRD data for 2
theta values of 25.5, 27.5 and 37.5 degrees (which are
typical double diffraction angles values for TiO,) by
Scherrer Equation indicates that particles measure 30.94
nm when there is only TiO, on the films, and average
size decreases to 12.40 nm when PEG-4000 was added.

3.2. Scotch Tape Test

The main results of adhesion test based on ASTM [9],
are showed in the Table 2. This procedure classifies ad-
herences from A to C, where A is excellent and C is poor.
For purposes of heterogeneous photocatalysis, where the
samples are often in direct contact with flowing water,
4B classification is sufficient. As C films are the only
ones not meet the stated purpose.

Table 2. Adherence of TiO, films (based on ASTM D3359-09,
[9D).

Adherence
Sample
Classification with respect to AST12
RA 5B
Al 4B
A2 4B
A3 4B
A4 4B
RB 4B
Bl 3B
B2 4B
B3 3B
B4 3B
RC 4B
C1 3B
C2 2B
C3 2B
C4 1B
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3.3. X-Ray Diffraction

It was found, from the analysis of X-ray diffraction pat-
terns for the samples without PEG-400 in the precursor
(Figure 4), that there is an anatase to rutile ratio in the
range of 45% to 55%. On the other hand, for samples A1,
B1, C1, the average ratio was 22% - 78%. Then, despite
PEG presence reduced particle size, it did not decreased
the amount of anatase (Figure 5), which could be a dis-
advantage for TiO, photocatalysis. According to the
work of Mendoza et al. [10], a decrease of anatase might
be caused by inorganic impurities in the precursors of the
films.

3.4. Photocatalytic Oxidation of Methylene Blue

There was evidence of photocatalytic oxidation of aque-
ous methylene blue using films prepared with A precur-
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Figure 4. X-ray diffraction spectrum of the samples of TiO,
without PEG 4000.
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Figure 5. X-ray diffraction spectrum of the samples of TiO,
with PEG 4000.
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sors as a photocatalyst (Figure 6). Because the contami-
nant concentration is proportional to the absorbance at a
fixed wavelength (it means that this molecule fits to
Lambert-Beer Law), the presence of Methylene blue and
main oxidation products was monitored by UV-vis spec-
trophotometry. There were no evidences of detectable
formation of intermediate products and absorbance peaks
were used directly to obtain information presented on
Figure 6.

It is observed that methylene blue is oxidized by pho-
tolysis on 52%. This fact can be contrasted with the film
that has higher degradation, RA, which achieves up to
80% of oxidation efficiency. For the other cases, the film
named Al reaches up to 5% more effective degradation.

These films can be applied on the detoxification of
polluted water and air, mainly based on the composition
of Al precursor for TiO; films.

4. Conclusions

It has been found that the amount of PEG as a pore-
generating agent significantly affects microstructure
of the obtained TiO, nanoporous films.

Based on the results of the scotch tape test, most of
the porous films have very good adherence to glasses.
The PEG 4000 in a precursor is an agent that gene-
rates pores on films and the amount of PEG 4000 in
the precursor is proportional to pore size.

On the surface, cracks were observed in the films A4,
RB, B1, B2, B3, B4, C1, C2, C3 and C4, because
pores overlapping.

Small bumps were detected and they might be a con-
sequence of the non-oxidized PEG-4000 during sin-
tering. According to the work of Huang et al. [7] the
presence of small cracks on the surface can be due to
small clusters, consisting of PEG and TiO, particles,
when the amount of PEG is higher than a critical val-
ue on the sol. Particles on the films are nanosized and
the particle size varies when PEG is added. When us-

104 =
0.9
0.8
0.7
0.6
05
0.4
0.3
0.2
0.1
0.0 +— : : 1 . . .

0 20 40 60 80 100 120
time (min)

= Photolysis
——RA
" ——Al

—— A4

C/Co (AU)

Figure 6. Photocatallytic oxidation Kinetics.
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ing PEG, the surface area is increased, which is in
agreement with the works of Huang et al. [7], Bu et al.
[13], Liuetal. [12], and Guo et al. [11].

e There is an important reduction of the amount of ana-
tase on the films when PEG is added to precursors.

e Films are photocatalytically active despite the fact
that photolysis is observed in parallel.

e The sample RA (without PEG) could degrade the 80%
of the methylene blue, with the film Al obtaining a
degradation of 85%, 5% more than the sample with-
out PEG.

e From the above it can be determined that there are
two agents involved in photocatalytic degradation, the
surface area, determined by the number of pores and
anatase to rutile ratio.

e When compared with non-porous films, photocata-
lytic activity was lower, despite higher porosity.
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