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Abstract: In this study, nanostructured cerium-doped TiO: (Ce-TiO2) films with the addition of different
amounts of cerium (0.00, 0.08, 0.40, 0.80, 2.40, and 4.10 wt. %) were deposited on a borosilicate glass substrate,
by flow coating sol-gel process. After flow coating, deposited films were dried at the temperature of 100 °C for
1 h, followed by calcination at the temperature of 450 °C for 2 h. For the characterization of sol-gel TiO2 films,
the following analytic techniques were used: X-ray diffraction (XRD), thermal gravimetry (TG), differential
thermal analysis (DTA), and differential scanning calorimetry (DSC). Sol-gel derived Ce-TiO: films were used
for photocatalytic degradation of the ciprofloxacin (CIP). The influence of the amount of Ce in TiO: films, the
duration of the photocatalytic decomposition, and the irradiation type (UV-A and simulated solar light) on the
CIP degradation were monitored. Kinetics parameters (reaction kinetics constants and the half-life) of the CIP
degradation, as well as photocatalytic degradation efficiency, were determined. The best photocatalytic activity
was achieved by the TiO: film doped with 0.08 wt.% Ce, under both UV-A, and solar irradiation.

Keywords: Ce-TiO2; ciprofloxacin; photocatalysis; characterization

1. Introduction

Wastewater released into the environment can have an extremely harmful effect on the nature
and well-being of living creatures. Research showed that the most significant amount of
pharmaceuticals released into the environment came from wastewater treatment plants [1,2]. The
primary sources of pollution are thus sewage collected from households, hospitals, etc. The result of
wastewater discharge into the environment is the pollution of soil, surface, underground waters
(rivers, lakes, seas) and drinking water [3,4]. In order to reduce or, at best, eliminate pollutants,
numerous water and air purification techniques are being developed, such as chemical precipitation,
filtration, electrodeposition, adsorption, membrane systems, etc. [5-7]. These conventional water
treatment processes are no longer efficient enough for the degradation of complex substances such
as pharmaceuticals, their metabolites, or transformation products [1,3]. Advanced oxidation
processes (AOPs), especially heterogeneous photocatalysis, have shown their promising ability for
degradation through the generation of hydroxyl radicals (OH"). These are able to react with the
pollutants they come into contact with, serving as powerful oxidizing agents [8,9].

Numerous studies have confirmed that some photocatalysts, such as TiOz, Fe20s, WOs, ZnO,
CeO2, CdS, ZnS, MoOs, ZrOz, and SnO:, can be activated by light due to the favorable size of the
energy gap, electronic structure with a free conduction band and a filled valence band, and thus break
down toxic organic substances in water and air [5,10]. Photocatalysts can completely decompose
harmful organic substances into simple compounds such as water, carbon dioxide, and
corresponding mineral acids [6,11].

TiOz is recognized as an excellent photocatalyst, but due to its relatively high band gap energy
of 3.2 eV for the anatase phase and 3.03 eV for the rutile phase, it can only be used when irradiated
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with UV radiation A < 387 nm, which makes up only 3-5% of the total naturally occurring solar
radiation [6,8,10-12]. In order to extend the photocatalytic activity of TiO:z into the visible range of
electromagnetic radiation, it is often doped with non-metals (N, S, C, H) [13,14], noble metals (Ag,
Au, Pt) [15], transition metals (Ce, Fe) [16], modified with metal semiconductors, co-doped with
metals and non-metals, etc. [8,10,16-18].

The sol-gel method for the preparation of nanostructured cerium-doped titania has shown
promising results in shifting the photocatalytic activity of TiO:into the visible range of irradiation
[8,12,19-22]. By increasing the concentration of cerium in TiO2, the band gap of TiO: narrows.
Consequently, TiO: begins to absorb visible light, shifting its absorption edge from UV to the visible
spectrum up to 450 nm. This phenomenon is attributed to potential charge transfer between Ce 4f
levels. The presence of cerium 4f levels is critical in suppressing the recombination of electron-hole
pairs, thereby enhancing certain processes. However, excessive doping with cerium may introduce
an abundance of recombination centres, thus diminishing the photodegradation capability of the
material [8,12,23].

Methods that produce the photocatalyst in powder form are less often used because they require
the removal of the photocatalyst from water by filtration and other separation processes, which adds
another step during the processing and consumes time and resources. Today, the process of
photocatalyst immobilization on various substrates has been increasingly used to avoid the complex
removal step [7,24].

The aim of this research is to prepare nanoseized sol-gel cerium doped titania ceramic films (Ce-
TiOz), with the addition of different amounts of Ce, for later use in photocatalytic oxidation
experiments. The sol-gel flow coating method was used for the deposition of Ce-TiO: films on a
borosilicate glass substrate. Ciprofloxacin, one of the most widely used antibiotics in the world, was
used as a model pollutant, and its photocatalytic degradation was monitored by UV-Vis
measurements.

2. Materials and Methods

2.1. Preparation of Ce-TiO:2 Films

Nanostructured Ce-TiO: films were deposited on a borosilicate glass substrate by the sol-gel
process using the flow coating method. Borosilicate glass plates with dimensions of 30 x 50 x 2 mm
were used as substrates. The substrates were carefully cleaned prior to the process of deposition using
the procedure already described in [25].

TiOz2 sols (colloidal solutions) with different amounts of cerium (Ce) were prepared by mixing
the following analytical grade reagents: titanium(IV) isopropoxide (TIP, Ti(OCH(CHs)2)s, 98%,
Sigma-Aldrich, St. Louis, MO, USA) as the precursor, cerium(Ill) nitrate hexahydrate (CeNsOo-6H:0,
99.5%, Thermo Fisher Scientific, Waltham, MA, US) as the precursor, i-propyl alcohol (PrOH,
CH/OH, 99.9%, Gram-Mol, Zagreb, Croatia) as the solvent, acetylacetone (AcAc.
CHs(CO)CH2COCHS3, 99%+, VWR International, Radnor, PA, USA) as the chelating agent and nitric
acid (HN, HNOs, 65%, Carlo Erba Reagents, Val-de-Reuil, France) as the catalyst. The molar ratio of
these reactants in all colloidal solutions was TIP:PrOH:AcAc:HN = 1:35:0.63:0.015 [26,27].

Six sols (colloidal solutions) were prepared:

e TiO2 sol without the addition of cerium (0.00 wt.% of cerium)
e TiO: sol with addition 0.08 wt.% of cerium
o TiOz2 sol with addition 0.40 wt.% of cerium
e TiOz2 sol with addition 0.80 wt.% of cerium
e TiO2 sol with addition 2.40 wt.% of cerium
¢ TiOz2 sol with addition 4.10 wt.% of cerium.

Colloidal solutions were stirred vigorously for 2 h, and after that sonicated for 30 min. The
prepared sols were deposited on borosilicate glass samples using a flow coating method. The samples
were dried at 100 °C for 1 hr and heat-treated at 450 °C for 2 hrs at a heating rate of 3 °C min-'. The
deposition process using the flow coating method was repeated three times for each colloidal
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solution. The flow chart for the preparation of Ce-TiO: films using the sol-gel flow coating method is
presented in Error! Reference source not found..
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Figure 1. Flow chart for the preparation of Ce-TiO2 films by sol-gel flow coating method.

2.2. Characterization of Sol-Gel Ce-TiO: Films

After the deposition of the sol-gel Ce-TiO: films onto a glass substrate, the remaining amounts
of colloidal solutions were dried at 60 °C for 24 h in order to produce dried gels. Some amount of the
dried gels was used for the analysis by means of thermal gravimetry (TG) and differential scanning
calorimetry (DSC). The remaining amount of the dried gels was calcined at a temperature of 450 °C
for 2 h and prepared in the form of a powder. These synthesized powders were analyzed in terms of
phase compositions as well as parameters and volume of unit cells of Ce-TiO: samples by means of
X-ray diffraction (XRD) using a D8 Advance Eco diffractometer ( Bruker, Billerica, USA) with CuKa
radiation (1 =1.54055 A" ) at 40 kV and 25 mA. The thermal characterization of the two samples (TiO:z
without the addition of cerium and TiO: with the addition of 0.08 wt.% of cerium was carried out by
means of simultaneous differential thermal and thermogravimetric analysis STA 409 (Netzsch , Selb,
Germany).

2.3. Adsorption, Photolytic and Photocatalytic Experiments

For experiments (dark adsorption, photolysis, and photocatalysis), analytical grade
ciprofloxacin (CIP, 98%, Acros Organics, Waltham, MA, USA) was used as the model organic
micropollutant (OMP). Deionized water of ultrapure quality (electrical conductivity of 0.055 pS-cm!
at 25 °C) was used throughout the experiments. The solution of CIP (5 mg-L) was prepared by
dissolving the appropriate amount of solid in ultrapure quality water. The photocatalytic activity of
Ce-TiO: films with 0.00, 0.08, 0.40, 0.80, 2.40 and 4.10 wt. % of Ce was evaluated through the
degradation of CIP using the following radiation sources: UV-A lamp, model UVAHAND LED (Dr.
Honle AG, UV-Technologie, Gilching, Germany) (peak on 365 nm, 70 W) and solar light simulator
(SLS) model SOL500 (Dr. Honle AG, UV-Technologie, Gilching, Germany (430 W).

The photocatalytic activity of pure TiOz and Ce-TiO: films with different amounts of cerium was
evaluated in a borosilicate glass reactor with a diameter of 95 mm, height of 55 mm, and volume of
250 mL with constant stirring of the investigated solution using a magnetic stirrer at 300 rpm. For the
photocatalytic test, in each experiment, 4 glass plates with the photocatalytic film were put on the
bottom of the reactor with 100 mL of the CIP solution (5 mg-L) as the model OMP and irradiated
from above with lamps 20 cm away from the reactor. After that, the lamp was turned on and the
suspension was irradiated for 2 hours. Samples were taken from the reactor at intervals (0, 10, 20, 30,
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45, 60, 90, 105, and 120 min), filtered using a 0.45 pm mixed cellulose ester membrane filter, and
directly analyzed by means of UV-Vis spectrophotometer (HEWLETT PACKARD, Model HP 8430,
Palo Alto, CA, USA) at 273 nm (maximum absorption peak of CIP). Before irradiation, the solution
was stirred for 15 minutes in the dark to ensure adsorption-desorption equilibrium, determined
previously by the adsorption test. Also, the photolytic activity of the CIP solution was tested.
Photolytic testing was carried out using the same process, but without adding the prepared
photocatalyst films to the reactor.

Pseudo-first-order kinetic models were used to investigate the kinetics of photocatalytic
degradation of CIP using the prepared Ce-TiO: films. The linear form of the pseudo-first-order kinetic
model is described by the following equation [28]:

“In=t= k-t 1)

Where k (min-') is the rate constant of the pseudo-first-order reaction of the photocatalytic
decomposition of CIP, A is the absorbance of the CIP after irradiation at time, ¢ (min) during the
photocatalytic process, and Ao is the initial absorbance of the CIP.

The half-life (t12, min) was calculated by the following equation [27]:

In2
bz = =~ )

The photocatalytic degradation efficiency (1, %) of the degradation of CIP by prepared
photocatalysts was calculated according to the following equation [29]:

Ao — A
Ao

n= - 100% 3)
where Ao is the initial absorbance of the CIP, and At is the absorbance of the CIP at time ¢ (min) during
the photocatalytic process.

3. Results

3.1. Characterization of Photocatalysts

The thermal analysis was carried out in order to determine the mass loss of samples of
nanostructured TiO2 powders and to monitor exothermic and endothermic reactions depending on
the temperature. The analysis was carried out on two samples, TiO2 powder without the addition of
Ce and with the addition of 0.08 wt.% Ce. A comparison of DSC/TG curves is shown in Error!
Reference source not found.. Changes were observed in the temperature interval from room
temperature to 1000 °C. During the heating of both samples, there was an increase in their mass loss,
which is characteristic for the thermal decomposition of amorphous gels.
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Figure 2. DSC/TG curves for TiO2 without addition Ce (purple line) and TiO: with addition of 0.08
wt.% Ce (blue line).

Two mass losses can be observed from the curves for both samples. In the area of lower
temperatures, mass loss occurs due to the release of solvent and chemisorbed water, while around
medium temperatures, decomposition and combustion of hydroxyl groups (OH") and organic phases
present in the samples occur. The total mass loss of the TiO2 sample without the addition of Ce is
slightly higher than the mass loss of the TiO2 sample with the addition of 0.08 wt.% Ce. When samples
are heated, processes occur that are accompanied by the release (exothermic reactions) or the receipt
of heat (endothermic reactions), i.e., a decrease or increase in the temperature of the samples in
relation to the reference material, which is recorded as minima and maxima on the DSC curves. Both
samples (TiOz and 0.08 wt. % Ce-TiOz2) have an endothermic minimum and exothermic maximum.
The endothermic minimum is attributed to the desorption and release of substances from the gel,
such as adsorbed water and alcohol. The exothermic maximums are attributed to the desorption of
hydroxyl groups and other organic phases and the crystallization of the anatase phase of titanium
dioxide. In the case of the 0.08 wt.% Ce-TiO2 sample, a more complex course of thermal evolution
with more pronounced multi-stage effects is visible, which is in accordance with the more complex
composition of the precursor. In the case of the doped sample (0.08 wt.% Ce-TiO:), anatase
crystallization is shifted towards higher temperatures. In conclusion, the samples basically do not
differ in the early stage of solvent loss, but undoped samples went through more abrupt multistage
exothermic events around 300°C. The composition probably allowed more significant auto-
combustion behaviour during heating. Importantly, above 450°C the mass loss remains fairly
constant (slightly less for the undoped sample), meaning the volatiles were removed. Only above
800°C the carbon remains are burned off resulting is additional slight mass loss.

XRD results point to crystallization of TiOz predominatelly in anatase structure, however thtaces
of rutile structure have been observed (Error! Reference source not found.). Results of the XRD
analysis of TiOz samples with different amounts (wt.%) of Ce (0.00, 0.08, 0.40, 0.80, 2.40, and 4.10) are
presented in Error! Reference source not found.. Obtained results showed that 0.08 wt.%, Ce is easily
incorporated into the TiO: lattice. Error! Reference source not found.With further increase of Ce
amount, the rutile phase is absent, and Ce incorporation into the TiO: lattice significantly reduces.
The crystallite size decreases linearly with increasing Ce content from 45.8 nm (pure TiO2) to 11.2 nm
(TiO2 with 4.1 wt.% of Ce). In the samples with 2.40 wt.% Ce-TiO:z and 4.10 wt.% Ce-TiO, there are
barely any traces of the cerium oxide phase.
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Figure 3. X-ray diffraction patterns and crystallite size TiO2 samples with different amounts (wt. %)
of Ce: 0.00, 0.08, 0.40, 0.80, 2.40, and 4.10.
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The amount of incorporated Ce in the TiO2 unit cell depends on the difference in the crystal
radius of Ce* and Ti*. From the values of the parameters and the volume of the unit cell (Error!
Reference source not found.), it can be seen that smaller amounts of cerium (up to 0.08 wt.%) can be
easily incorporated into the unit cell of anatase while doping with Ce in amounts greater than 0.08
wt. % again leads to a decrease in parameter values and volume, which is a consequence of the
difficulty of incorporating Ce* ions into the anatase unit cell. The radius of Ce* ions (0.092 nm) is
much larger than the radius of Ti* ions (0.065 nm), so it is to be expected that a minimal amount of
Ce* can be incorporated into the TiO: lattice and that an increase in the amount of Ce will result in
the crystallization of additional separated phases of cerium oxide [24]. This behavior of the system is
in accordance with the qualitative diffraction analysis.
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Figure 4. Parameters and volume of unit cells of TiO2 samples with different amounts (wt. %) of Ce:
0.00, 0.08, 0.40, 0.80, 2.40, and 4.10.

3.2. Photocatalytic Properties of TiOz and Ce-TiO2 Films

The photoactivity of the TiO: films with the different amounts (wt.%) Ce (0.00, 0.08, 0.40, 0.80,
2.40, and 4.10) was evaluated through the degradation of CIP aqueous solution (5 mg-L!) under the
UVA light (Error! Reference source not found.A) and solar light simulator (Error! Reference source
not found.B). Error! Reference source not found. shows the kinetics of photolytic and photocatalytic
degradation of CIP, i.e., the dependence of the change in the relative absorbance value (A/Ao) versus
time (t, min). Before the photocatalytic test, dark adsorption (D. A.) was performed (Error! Reference
source not found.A and 5B). The initial pH of the CIP solution was in the range of 6.3 — 6.5; after the
experiments (adsorption, photolysis, and photocatalysis), the pH values were kept the same. Dark
adsorption of ciprofloxacin on TiO:2 and Ce-TiO: films was negligible. The best photocatalytic
properties were achieved by TiO: film doped with 0.08 wt. % of Ce by UV-A (365 nm) and solar light
simulator radiation. For all Ce-TO: films, better photocatalytic properties were achieved by solar light
simulator radiation compared to UV-A (365 nm) radiation.


https://doi.org/10.20944/preprints202405.0652.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 May 2024 doi:10.20944/preprints202405.0652.v1

7
-+—TiO2 —e— (.08 wt.% Ce-TiO2 ——TiO2 —e— (.08 wt.% Ce-TiO2
a— 0.4 wt. % Ce-TiO2 +— 0.8 wt. % Ce-TiO2 —— 04wt % Ce-TiO2 ——0.8wt % Ce-TiO2
+— 24wt % Ce-TiO2 o— 4.1 wt. % Ce-TiO2 —a— 24wt % Ce-TiO2 ——4.1wt % Ce-TiO2
+ photolysis = photolysis
10 - D.A.: oy A 10 A D.A. , —Lampon B
‘\. ? - ; .
0.8 | NG e, 0.8 | e
-\:\ : N :
< 06 - R g, <06 - LS
.. = = —%
0.2 ey 0.2 A
D-D E| T T T T T T DAO I: T T
=20 0 20 40 60 80 100 120 =20 0 20 40
{, min

Figure 5. Photolytic and photocatalytic degradation of CIP under (A) UV-A (365 nm) and (B) solar
light simulator radiation by sol-gel Ce-TiO: films as a function of irradiation time, yo (CIP) =5 mg-L".

The photolytic and photocatalytic data are described using the pseudo-first-order model. The
pseudo-first-order rate constant k from Eq. (1) is evaluated through the linear regression of -In (A/Ao)
versus t (Error! Reference source not found.). The pseudo-first-order model describes a process in
which the degradation rate is mainly affected by changes in pollutant concentration [30].

The kinetic constant for the pseudo-first-order is obtained from the slope of the plot of -In (A/Ao)
versus the irradiation time (Error! Reference source not found.).
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Figure 6. Linear transform of —In (A/Ao) versus ¢ of photolytic and photocatalytic degradation of CIP
under (A) UV-A (365 nm) and (B) solar light simulator radiation by sol-gel Ce-TiO:2 films, yo (CIP) =5
mg-L1.

Calculated values of the pseudo-first-order (k, min), the half-life (ti2, min), and the removal
efficiencies of Ce-TiO: films are listed in Error! Reference source not found.. The pseudo-first-order
model shows that under the UV and solar light, the correlation coefficient (R?) in all cases has a value
above 0.98, indicating that the pseudo-first model describes both experimental degradation processes
(photocatalytic and photolytic) well. A comparisons of the obtained values of pseudo-first-order (k,
min-') and removal efficiencies (1, %) for all experimental conditions are presented in Error! Reference
source not found.A and 7B, respectively. From the photocatalytic tests, it can be seen that the TiOz
film with the least addition of Ce (0.08 wt.%) has the highest photocatalytic efficiency and the highest
CIP degradation rate constant for both radiation sources (Error! Reference source not found. and
Error! Reference source not found.). By comparing the photocatalytic activity of the same films with
both radiation sources, it can be observed that a higher photocatalytic efficiency and a higher
degradation rate constant were achieved by applying solar light simulator radiation.
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Table 1. The values of pseudo-first-order reaction rate constants (k, min™') and half-life times (t12,
min), along with the corresponding correlation coefficients (R?) and removal efficiency of
photocatalytic degradation of ciprofloxacin (yo =5 mg L™) by TiOz films with different amounts of Ce,
under UV-A and SOLAR radiation, at a temperature of 25 °C.
UV-A Solar light simulator
Film kx10-3, min? #i2, min R2 h, % | kx10-3, min! ti2, min R2 h, %
Photolysis
24 288.81 0.9840 23.35 49 14146 0.9835 43.88
(without film)
0 wt.% Ce-
8.9 77.88  0.9815 67.53 13.9 49.87  0.9907 81.54
TiO:2
0.08 wt.% Ce-
14.1 49.16  0.9989 82.38 21.6 32.09  0.9977 93.04
TiO:2
0.40 wt.% Ce-
) 7.8 88.87  0.9991 61.03 11.7 59.24  0.9980 75.79
TiO2
0.80 wt.% Ce-
) 10.0 68.63  0.9945 68.22 14.6 4748  0.9934 84.28
TiO2
2.40 wt.% Ce-
) 7.6 91.20 0.9863 62.58 12.0 57.76  0.9938 76.92
TiO2
4.10 wt.% Ce-
7.4 93.67  0.9990 59.12 12.7 5458  0.9810 81.32
TiO:2
24
A mUV-A = Solar light simulator on 4 B mUV-A  mSolar light simulator
20
75 4
Lo16 4
5 -
g1 2 .
- 8 o
4 15
0 - -
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Figure 7. Comparison of the values of (A) pseudo-first-order kinetic constants and (B) degradation
efficiency of photolytic and photocatalytic degradation of CIP under UV-A (365 nm) and solar light
simulator radiation by sol-gel Ce-TiO2 films, yo (CIP) =5 mg-L™".

Martins et al. prepared Au/TiO2 nanocomposite (Au loading ranging from 0.025 to 0.5 wt.%) for
photocatalytic degradation of CIP (5mg-L-') under UV and simulated visible light. Reaction rate
constants varied from 0.047 to 0.131 min™! for different Au loading over 30 minutes of UV irradiation,
while apparent reaction rates over 180 minutes of visible light irradiation varied from 0.073 to 0.242
min™ for different Au loading [31].

To overcome the separation process of photocatalyst, Hassani et al. employed the
immobilization of TiO2 onto montmorillonite for the degradation of 20 mg-L™ ciprofloxacin. In
contrast to suspended TiOz, which degraded only 57% (with a rate constant of 0.0063 min™), the
immobilized TiO: exhibited accelerated degradation (0.0069 min™) and achieved up to 62%
degradation within 2 hours [32].
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Malakootian et al. also immobilized TiO: nanoparticles on a glass plate for photocatalytic
degradation of CIP (5mg-L) under UV light. The reaction rate constant was 0.0193 min, and
removal efficiency was around 60% after 60 minutes of irradiation [33].

Different light sources as well as metal and non-metal doping of TiO: were widely investigated
by numerous scientists for the degradation of ciprofloxacin. Their results are summarized by Imam
et al. [34].

4. Conclusions

This paper presents the results of the photolytic and photodegradation process of a diazo CIP
aqueous solution in the presence of Ce-TiO: films under UV-A (365 nm) and solar light simulator
radiation. Six sol-gel TiO: films with different amounts of Ce (0.00, 0.08, 0.40, 0.80, 2.40, and 4.10 wt.%)
were deposited on a glass substrate by a flow coating method.

The crystallite size, as well as phase composition are changed by changing the amount of Ce in
TiO2 samples.

These results indicate that the photocatalytic properties of sol-gel TiO: films depend on the
amount of added Ce.

The mechanisms of photocatalytic oxidation of the CIP by sol-gel TiO: films were described by
a pseudo-first-order kinetic model. The obtained values of the determination coefficient R? (all values
were above 0.98) indicate that the pseudo-first-order rate is suitable for describing the
photodegradation process of CIP photocatalytic degradation with sol-gel Ce-TiO: films as the
photocatalyst.

It was found that sol-gel TiO: film with the least addition of Ce (0.08 wt.%) has the highest
photocatalytic efficiency and the highest CIP degradation rate constant for both radiation sources.
Comparing the photocatalytic activity of the same films with both radiation sources, it can be
concluded that applying solar light simulator radiation achieved a higher photocatalytic efficiency
and a higher degradation rate constant. This could be used for further use of natural solar radiation
in real wastewater treatment plants for degradation of OMPs.
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