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ENHANCED PHOTOCATALYTIC DEGRADATION OF
TETRACYCLINE BY TiO2 NANOTUBES COATED WITH
TiO2 NANOFIBERS

Roberta IRODIA!

The focus of this work is on the electrochemical synthesis of photocatalytic
electrodes based on TiO. nanostructures on Ti thin film and their efficiency in the
degradation of tetracycline aqueous solution. In this study it was demonstrated that
the surface characteristics of the developed photocatalyst have a very important
influence on its optical and photocatalytic properties. This behavior was supported
by correlation between the results from scanning electron microscopy and UV-Vis
light technologies. Good performance was seen for the photocatalytic degradation of
tetracycline in water using the manufactured TiO, nanotubes coated with TiO;
nanofibers from suspension. This method may be applicable to the decomposition of
other organic pollutants with the same chemical structures.
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1. Introduction

Numerous studies are based on environmental protection and the main focus
is on finding many ecological methods to treat and protect the environment. On of
the biggest world concerns are based on the water pollution which is largely caused
by global industrialization. This is why experts are searching for numerous methods
to conserve natural waters by re-treating wastewater [1].

Advanced oxidation processes involves wastewater pollutants removal and
among them photocatalysis it is known to be compromising in pollutants
degradation by using metal semiconductors [1, 2]. As a photocatalyst, TiO> stands
out for its increased efficiency of organic pollutants degradation and has also
economical advantages, is stable and nontoxic [3]. Titanium dioxide is employed
in a variety of processes, such as dye-sensitized solar cells, photocatalysis, gas
sensing, self-cleaning, and antimicrobial applications [4,5]. Due to this, there has
been made many studies on creating TiO2 nanostructures with carefully regulated
morphologies [4]. TiO catalyst is capable of inactivating, attacking microorganism
with reactive oxygen species and in the presence of UV light irradiation pairs
electrons are produced.
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There is also a weak point in using TiO: due to the fact that the length of the
band gap is about 3.2 eV so this means that the pure TiO> can be activated only by
iradiation under the UV light so it can absorb only 7% of visible light found in
spectrum making TiO- less efficient [5].

However, there are studies that demonstrate several strategies to extend the
spectral band of TiO: into the visible range by employing dopants such as metals,
oxides, or nanostructures, hence increasing the photocatalytic efficacity of this
semiconductor.

Numerous types of nanostructured TiO> have been created, including
nanocrystallite, nanoparticles, elongated nanotubes, nanosheets, nanorods,
nanocolumn arrays, and nanofibers. These nanostructures were successfully created
using a number of different techniques, including the template method, sol-gel
methods, hydrothermal processes, and the anodic oxidation method [6]. TiO:
nanoparticles are widely used in photocatalysis process, altough the nanoparticles
recovery involves expansive separation processes [2]. Nanofibers (NFs) have the
advantages of absorbing a large amount of UV light and this is the reason why NFs
are most used in wastewater treatments [7] while nanotubes have a larger surface
area and presents biological performances such as antibacterial activity, organic
compounds photocatalytic degradation so this will be helpful in obtaining clean
water [8].

In recent decades, antibiotics have been utilized intensively in medicinal
therapy and agricultural activities, gaining interest. Antibiotics are vital to human
health, but their widespread usage has an unintended side effect: their accumulation
in ecosystems [9].

One of the most commonly used antibiotics in medicine are Tetracyclines
(TCs) and most of them are eliminated through feces and urine as unmetabolized
compounds as a result of their poor absorption. TCs, are the second most
extensively used class of antibiotics, and are used in a variety of applications such
as veterinary medicine, aquaculture[10].The development of antibiotic-resistant
bacterial strains that are invulnerable to the currently available medications is the
most hazardous effect of antibiotics on the environment [11]. The development of
antimicrobial resistance in microorganisms observed against TC is caused by the
slow rate of degradation and high persistence of antibiotics in the environment. This
could result in the extinction of some species, disrupting the ecological equilibrium
[12, 13]. The photocatalytic degradation of TC in agueous solution was examined
in this study involving TiO. nanotubes and coated with TiO> nanofibers as the
photocatalyst under UV irradiation.

In this work it has been demonstrated that the deposition method of TiO-
nanofibers synthesized by electrospinning method on anodized TiO2 nanotubes has
a great influence on the surface properties influencing the optical and photocatalytic
character.
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2. Experimental part
a. Materials and methods
Initial pretreatment

Titanium (Ti) plates are first mechanically polished using Buehler papergrit
of different sizes, 320, 800, 1200 and after polishing, Ti plates are cleaned by
ultrasounds as follows: 15 minutes in deionized water, 15 minutes ethanol and 15
minutes acetone [14].

Electrochemical anodization

TiO2 nanotubes (TiO2-NTs) were prepared as found in literature [15] by
anodization using the pretreated Ti plate as working electrode with the size of 2,5
cm? and a graphite as a counter electrod, keeping the working distance between
those 2 electrods for 2 cm. The electrolyte solution contains a mixture of 0,4 wt. %
NHsF (Sigma Aldrich), 2wt. % ultrapure H>O and ethylenglycol (EG) (Sigma
Aldrich) .

The anodization was made using a laboratory DC power suply (Matrix) at
30 V during 3 h and after this process took place, anealling is performed at 450 °C
for 2 h in order to obtain a better cristalinity phase of TiO».
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Fig. 1. Laboratory anodization equipment
Electrospinning process

In order to obtain TiO2 nanofibers (TiO2-NFs), it is necessary to prepare a
precursor consisting of a polyvinylpyrrolidone PVP (Alfa Aesar) carrier polymer,
an alkoxide precursor such as Titanium Butoxide (IV) (Sigma Aldrich) and a
mixture in a molar ratio 1:1 N,N dimethylformamide DMF (Alfa Aesar) and
isopropanol (Alfa Aesar), following to add a known amount of glacial acetic acid
(Alfa Aesar). The sample was magnetically stired for about 4-5 h and the solution
is used therefor as a precursor for electrospinning.
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Fig. 2. Laboratory electrospinning equipment

There are four important parameters which we must take care of, such as the
distance from the tip of the syringe needle to the collector plate, the setting of a
deposition time from the syringe on the collector plate, the applied voltage and the
flow rate. Therefore, the syringe which contains the precursor solution is positioned
in the injection pump and is connected straight to the high voltage DC power
supply. The collector is positionated taking into account the distance from the tip
of the needle. Operating parameters are setted at 20 V, distance from the tip of the
needle to collector of 20 cm, flow rate of 0,5 mL/h and the required time of 1,5 h.
After fixing the nanofibers on the surface, the nanofibers are calcined at a
temperature of 500 °C for 4 hours. At a temperature of 300-400 °C, water and -OH
groups from the solution are eliminated. In the TiO2 system, the anatase phase will
pass around the temperature of 350-400 °C, and the rutile phase starts at 500-600
°C, depending on the shape of the materials [16].

b. Photocatalytic test

In order to perform photocatalytic testing, sample is placed into 10 mL of
Tetracycline hydrocloride aqueous solution (TC), which has a initial concentration
of 5 mg/L. The solution was then vigorously stirred for 30 minutes in dark
conditions to bring it to adsorption-desorption equilibrium. A mercury vapor lamp
is used as visible light source, and was used to perform the photocatalytic test.
Between the optical source and the entire experimental setup, there were no filters.
In order to eliminate the effects of lamplight from the outside world, the entire
system was constructed as an enclosed box. Photocatalytic test was performed
during 240 minutes under stirring and visibile light irradiation. Samples were taken
every 10 minutes and analyzed using UV-Vis Spectrophotometer JENWAY 6715
to measure the concentration of TC degradation in time.
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3. Results and discussion
3.1.  Deposition process

A. Inorderto obtain TiO2 nanotubes coated with TiO2 nanofibers, a previously
anodized titanium plate is taken and supposed to electrospinning. By fixing the
plate on the collector plate, nanofibers are electrostatically attracted to the surface,
thus creating adhesion between the active surface of TiO> Nanotubes and the
obtained TiO2 nanofibers. The samples are subjected to calcination at 450 °C for
4 hours in order to remove the carrier polymer. A new photocatalyst TiO2-NT/NF
ES (TiO2-Nanotubes/Nanofibers coated by electrospinning) was obtained.

B. TiO2>-NFs were detached from the surface by ultrasonication in distilled
water making a nanofibers suspension which is introduced in a spray in order to
attach NFs layer on the TiO>-NTs created before by anodization method. After
spraying took place, the samples were introduced into the oven at 100 °C for half
an hour, and so on this nanostructures TiO>-NT/NF S (TiOq2-
Nanotubes/Nanofibers coated by suspension) will improve the photocatalytic
degradation efficiency.

3.2.  Surface and optical measurements
SEM Characterization

Morphological evolution and the phase transformations of coated TiO>
nanotubes can be seen by using SEM - scanning electron microscopy (SEM, FEI
Quanta 650 FEG — Thermo Fisher Scientific, Waltham, MA, USA) at different
magnifications.

TiO2>-NT/NF ES

Surface morphologies of TiO>.NT/NF ES prepared by anodization followed
by electrospinning and calcination at 450 °C have been studied by SEM. In the
following SEM images (Fig.3) can be clearly observed TiO2 NTs and TiO2 NFs
presence on Ti plate. This images shows ordered nanostructures that presents many
active sites on the surface. The distribution of TiO>NTs and TiO2NFs on the surface
is uniform and the nanofibers appear to be like a cap for the nanotubes, slightly
covering the nanotubes.


https://www.sciencedirect.com/topics/engineering/surface-morphology
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Fig.3. SEM images at different magnifications of TiO,-NT/NF ES

TiO2-NT/NF S

As can be seen from this SEM figure below TiO.-NTs were uniformly
distributed on the entire sample surface of a Ti plate over which TiO2-NFs have
been sprayed. The surface consist of a well-organized and homogeneous
arrangement of TiO2-NTs with an average diameter of 80 nm.
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~— 500 nm —

Fig. 4. Top view of SEM images of a) TiO>-NTs coated with TiO»-NFs seen at 10 pm b) TiO,-
NTs coated TiO,-NFs seen at 500 nm

Following the dehydration process of the samples, TiO.-NFs were attached
to the surface forming some agglomerates on certain parts, these things being well
observed through SEM images. It is observed that above these nanotubes there is
still a fatty film that needs to be removed to create a better adhesion.

Fig. 5. Top view of SEM image of TiO-NTs/NFs seen at 5 um

Despite the deposition of the TiO2-NFs on the nanotubes, there are observed
areas of the surface on which there are no TiO2-NFs, which indicates that the fatty
film from the surface of the TiO.-NTs influences their ability to create adhesion.
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Fig. 6. Distribution of TiO,-NTs/NFs observed in SEM images a) 5 um b) 4 um c,d,e) 1 um

The NFs length varies from 390 nm to 1,314 micrometers and the outer
diameter varies from 50-75 nanometers. It can be observed that the NFs have
different length due to the ultrasound process by which the nanofibers were broken
and detached from the Ti plate.

— 500 nm ——

Fig. 7. SEM images - distribution of broken a) TiO,-NFs seen at 2 um b) TiO,-NFs having
different lengths between 64 seen at 500 nm

Large surfaces were covered with broken NFs structures. In the above SEM
images can be seen the back and the remains of the nanofibers detached by
ultrasound. Those areas do not have nanotubes because the anodization occurred
only on a half of side of the Ti plate. So an interesting thing it’s that when broken
TiO2-NFs are sprayed on the surface, long TiO2-NFs make adhesion with nanotubes
and the back-remains are headed to that plain area forming agglomerates.

Optical measurements. Band-gap energy

The reflectance spectra captured by the Perkin EImer Lambda 950 UV-Vis
spectrophotometer were recorded in order to determine the band gap energy of the
samples. As reported in the literature and previous studies, TiO2 nanotubes have a
band gap energy of 3.4 eV which is a little higher than the anatase phase of TiO-
which is about 3.2 eV. The size effect and the cristalinitty phase of the TiO>
semiconductor in the nanostructure is most likely a reason to visible reduce band

gap energy [17].
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In the study of energy and the environment, TiO> anatase is crucial. TiO2's
high bandgap of 3.2 eV is a significant obstacle to the development of artificial
photosynthesis since it limits the light it can absorb to the UV range. TiO2-based
photocatalysis could develop into a competitive renewable energy source if the
bandgap of anatase could be lowered to the visible spectrum. Here, we report the
identification of TiO> anatase nanosurface with a decreased bandgap that improve
activation of the solar spectrum region [18].
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Fig. 8. a) UV-Vis spectrum of TiO,-NT/NF ES b) Tauc plot diagram and band gap energy of TiO,-

1,0 1
——TiO,-NTINF § 809 TiO5-NT/INF S
a
=
x 084 E
0.6 T T T T 1 10 ! T
400 500 600 700 800 25 3,0 35

Wavelenght (nm) Energy (eV)

Fig. 9 a) Recorded UV-Vis spectrum of TiO2-NT/NF S b) Tauc plot and band gap energy of TiO»-
NT/NF S

From Fig. 8. and Fig. 9. comparing the two samples, a decreased band gap energy
is well observed this is clearly due to methods of depositing TiO2 nanofibers on the
previously anodized sub-shelf. Correlating the band gap energy values (see Table
1):

Table 1
Band gap energy values found from Tauc’s Plot
Catalysts Band gap Energy,
eV
TiO.-NT/NF ES 3.17
TiO-NT/NF S 3.05
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and the SEM images, we can conclude that the electrode showing broken (TiO»-
NT/NF S) has a larger contact surface and also helps in photocatalysis processes by
reducing the band gap energy.

3.3.Evolution of photocatalytic degradation

An UV-Vis equipment operating at different wavelenghts was used to
determine the concentration of TC at 360 nm. For the measurement of the
concentration and amount of TC in the solution supposed to photocatalytic
degradation, a standard calibration curve is needed and was performed using TC
hydrocloride solution at several dilutions.
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Fig. 10. Standard calibration curve at5 TC concentrations

The coefficient of correlation, or R, or the coefficient of determination, or
R?, are typically used to represent the calibration curve's linearity. A correlation
coefficient close to one (R = 1) is adequate proof that the calibration curve is linear
[19]. Further, the photodegradation of TC over TiO2-NT/NF ES and TiO2-NT/NF
S was assessed under UV-Vis light irradiation. These studies were carried out three
times each. According to Fig. 11, the amount of TC in solution is more decreasing
with increasing light exposure time in the presence of TiO>-NT/NF S (Fig. 11 b)
catalytic surface, showing that photodegradation of TC reached 80% efficiency.
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Fig. 11. UV-Vis spectrum showing photocatalytic degradation of TC during 240 minute a)
photocatalytic degradation over TiO2-NT/NF ES b) photocatalytic degradation over TiO2-NT/NF S
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These results show that the catalytic surface TiO2-NT/NF S is more efficient
for the proposed application. Each experiment were caried out three times, and from
Table 2 the absorbance values of TC degradation can be seen at the beginning of
irradiation and after 240 minutes of irradiation. Standard deviation was calculated
using absorbance values for each sample at different times. Moreover, the
concentration of TC degradation in time was calculated relating to regression line
obtained from calibration curve (see Fig. 10.)

Table 2
Absorbance values of TC degradation recorded at 360nm after 240 min of light exposure
Samples Photocatalytic A%, Standard
time, min A360nm Deviation
. 0 0.886 +0.004
TiO2-NT/NF ES
240 0.416 +0.072
TiO2-NT/NE S 0 0.869 +0.010
240 0.233 +0.086

With the estimation of the final concentration after time t, the Kinetics of the
photodegradation of TC by TiO>-NT/NF S photocatalyst under various conditions
were studied. A graph based on first-order kinetics was utilized and constructed to
adapt the reaction to the appropriate kinetics. Fig. 12 b) shows a graph of the first-
order kinetics of the reaction between TC solution and TiO2>-NT/NF S
photocatalyst.
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Fig. 12. a) TC photodegradation efficiency over TiO2-NT/NF b) First-order Kinetics graph of
photodegradation of TC with TiO,-NT/NF S photocatalyst.

Using a pseudo first order kinetic equation, it have been shown the behavior
of catalyst when exposed to light, so according to Langmuir-Hinshelwood equation:

n(<2) =k xt (1)

where C is the TC concentration at the time t and Co is the initial TC concentration,
the apparent first-order rate constant, k, was calculated [20]. Fig. 12 also provides
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the appropriate kinetic constants and regression coefficients for the photocatalysis
of TC by TiO>. The rate constants of photodegradation of TC with TiO2>-NT/NF S
is 5.3.10° min , having a correlation coefficient of R?= 0.9870 (Table 3).

Table 3
Pseudo-first order model parameter for TC degradation
Catalyst Kinetic rate constants Correlation coefficient
(k, min' (R?)
TiO,-NT/NF S 5.3.10°8 0.9870

4. Conclusions

The surface characteristics and optical properties are influenced by the
method used for the deposition of TiO2-NF on TiO2-NT previously anodized on Ti
foil. Two categories of photocatalysts based on TiO2>-NT/NF were obtained, thus
TiO2-NF were synthesized by electrospinning method and then deposited either
directly on the TiO2-NT anodized substrate (TiO2-NT/NF ES) or by sputtering the
TiO2NF suspension obtained by ultrasonication (TiO2-NT/NF S). Both catalysts
obtained showed ordered nanostructures with many surface active sites. The
nanofibers are uniformly distributed on the anodized nanotubes, and the adhesion
behavior depends on the presence of fatty films on the nanotube surface.

SEM images showed that the obtained photocatalysts have different
structure and properties. Thus, TiO>-NT/NF S exhibited a larger contact area than
TiO>-NT/NF ES, due to a better distribution of the broken TiO2NFs obtained by the
sonication process. This broken structure of the nanofibers led to a lower band gap
value of about 3.05 eV.

The applicability in the photocatalytic degradation of TiO2-NT/NF S
catalyst was demonstrated in the degradation of TC hydrocloride solution during
240 minutes of light irradiation. Note that the degradation took place almost
completely, the absorbance peak of TC decreased from the initial absorbance of
0.869 and after 240 minutes of irradiation the final absorbance achieved the value
of 0.233. So the degradation was effective and succesfully. This catalytic surface is
claimed to be a good photocatalytic surface in the degradation of drugs and organic
compounds regarding the environmental protection.
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