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Abstract

In this work, we report the synthesis, characterization and photocatalytic evaluation of
visible light active iron-nitrogen co-doped titanium dioxide (Fe**-TiO,..N,) nanostructured
catalyst. Fe**-TiO,xN, was synthesized using two different chemical approaches: sol-gel
(SG) and microwave (MW) methods. The materials were fully characterized using several
techniques (SEM, UV-Vis diffuse reflectance DRS, X-ray diffraction XRD, and X-ray
photoelectron spectroscopy XPS). The photocatalytic activity of the nanostructured
materials synthesized by both methods was evaluated for the degradation of amoxicillin
(AMX), streptomycin (STR) and diclofenac (DCF) in aqueous solution. Higher degradation
efficiencies were encountered for the materials synthesized by the SG method, for instance,
degradation efficiencies values of 58.61 % (SG) and 46.12 % (MW) were observed for


mailto:iemedina@correo.uaa.mx

AMX after 240 minutes of photocatalytic treatment under visible light at pH 3.5. With STR
the following results removal efficiencies were obtained: 49.67 % (SG) and 39.90 % (MW)
at pH 8. It was observed the increasing of degradation efficiencies values at longer
treatment periods, i.e., after 300 minutes of photocatalytic treatment under visible light,
AMX had a degradation efficiency value of 69.15 % (MW) at pH 3.5, DCF 72.3 % (MW)
atpH 5, and STR 58.49 % (MW) at pH 8.

Key words: Photocatalysis, wastewater treatment, microwave assisted synthesis, co-doped

Fe**-TiO,.«Ny catalyst, sol-gel method.

1. Introduction

The presence of numerous ubiquitous pollutants in the environment, result in
environmental degradation and in deleterious effects on the health of living organisms,
including human beings. Thus, affordable and sustainable technologies for environmental
remediation should be developed and implemented.

Advanced Oxidation Processes (AOPs) have demonstrated to be an efficient and affordable
option for the tertiary treatment of aqueous effluents due to their strong and unspecific
capacity to oxidize organic matter (Zuorro et al. 2013). Among these AOPs, TiO;
photocatalysis has been shown to be an environment friendly technique that deeply oxidize
and significantly mineralize persistent water contaminants (Vaiano et al. 2014).

Titania (TiOy) as a photocatalyst is widely used for decomposition of toxic organic
compounds. But its practical applications are still limited because of the material’s band
gap value (3.2 eV) and the high degree of charge carrier recombination (Bakar and Ribeiro
2016; Asahi et al. 2014). The use of non-metal doping has been considered within the last
ten years as a promising way to modify the photo-absorption properties of TiO, for
harvesting visible light (Asahi et al. 2014).

Among non-metal dopants, nitrogen dopant offers several advantages due to the similarity
on chemical properties compared to oxide ion, abundance, high variety of precursors and
low cost. Besides being visible light sensitive, some nitrogen doped TiO, materials exhibit
enhanced photocatalytic activity (Shao et al. 2008). Table 1 summarizes important
contributions related to the synthesis, characterization and applications of N-TiO, doped
materials.



Recently, two review articles regarding the synthesis, characterization and practical
applications of N-TiO, and N-codoped-TiO, were published (Bakar and Ribeiro 2016;
Asahi et al. 2014). In these publications, the enhanced photocatalytic activity of N-TiO,
materials is highlighted. To date, the materials can be fabricated with different
compositions, morphologies and topologies (spheres, nanotubes, nanowires, nanorods,
powders, thin films). Although the material has been widely studied, still the origin of
visible light activity is debated. Also, rapid, robust and reproducible techniques for the
large scale production of efficient N-TiO, materials are still being sought.

Some N-TiO, co-doped materials have also been reported in the literature. For instance,
Cong Ye ( 2007) et al., described the synthesis, characterization and photocatalytic
evaluation of Fe, N-TiO, materials. The materials were prepared by a precipitation—
hydrothermal method that allowed incorporation of the dopants into the TiO; lattice. The
materials exhibited enhanced photocatalytic activity for the degradation of Rhodamine B. It
is important to remark that despite the many publications regarding N-TiO, materials, there
are very few studies with respect to their application for the mineralization of emergent
pollutants in water. For instance, Cr®*,N-TiO, exhibited good photocatalytic activity for the
degradation of lindane (Senthilnathan and Philip 2010).

In this work, we are interested on the optimization of a synthetic pathway for the
production of Fe** N-TiO, codoped materials with enhanced photocatalytic activity for the
removal of pharmaceutical compounds (PCs) from water. Previous studies from our group
indicate that the sol-gel method is a reliable technique for the production of metal doped
TiO, materials (Pan et al. 2010; Medina-Ramirez et al. 2014; Hernandez-Ramirez and
Medina-Ramirez 2015; Medina-Ramirez et al. 2011; Garciduefas-Pifia et al. 2016). In view
of these results, in this study we are interested on the optimization of a microwave assisted
technique for the production of visible light active TiO, materials. Despite the many
advantages on the use of a sol-gel method for the production of TiO, nanostructured
materials, it is a slow process for the large scale preparation of the materials (G. Zhang et al.
2014). In this regard, the use of microwave radiation greatly reduces the time and energy
consumption involved on the production of inorganic nanostructured materials. It has also
been reported that the use of MW radiation contributes to the production of materials with
improved properties (Bilecka et al. 2008; Raji and Palanivelu 2011; Coromelci-Pastravanu
etal. 2014; Sajjia et al. 2010).

In recent years, PCs have also been considered as emerging environmental contaminants
under the category of pharmaceuticals and personal care products (PPCPs) (Zhang et al.
2013). There are many concerns regarding the presence of PCs in the environment, since
these compounds are bioactive and it has been observed that exert several toxic effects to
living organisms (Tetreault et al. 2011).



Among all the chemical categories related to PCs, antibiotics are one of the most relevant
due to their extensive use and their ubiquitous nature as environmental contaminants. Apart
from many other noxious effects, the presence and uncontrolled disposal of antibiotics in
the environment, may also accelerate the development of antibiotic resistance genes into
bacteria, which represents health risks to humans and animals (Michael et al. 2013).
Amoxicillin (AMX) is one of the most used antibiotics with an impact for the environment
since is widely applied in human and veterinary therapeutics. AMX is a semi-synthetic
penicillin with a beta-lactam ring able to inhibit the synthesis of bacterial cell wall (Ay and
Kargi 2010). Streptomycin (STR) belongs to the group of aminoglycoside antibiotics, it is a
first line compound in veterinary medicine (Du et al. 2013; Vragovi¢ et al. 2011) and it is
used in the treatment of tuberculosis (Orgovan and Noszal 2012). Antibiotics may be
disseminated into the environment from human and agriculture sources, including
excretion, discharge from wastewater treatment facilities and others (Kimmerer 2009;
Sarmabh et al. 2006).

On the other hand, Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) have been
classified as one of the most frequently group of PCs detected in aquatic environments
(Mehinto et al. 2010). The NSAID diclofenac is a widely used human and veterinary PC
prescribed as analgesic and anti-inflammatory agent. On the other hand, several harmful
effects in aquatic ecosystems have been observed due to the subchronic exposure to
environmental concentrations of diclofenac (Shao et al. 2008)



Pharmaceuticals residues can be found in all Wastewater Treatment Plants (WWTPs)
effluents, due to their low removal efficiency by conventional systems (Homem and Santos
2011; Verlicchi et al. 2010). The difficulties in removing these compounds result as a
consequence of their complex chemical structure and their amounts in the environment
(concentrations are found in the range from 10 to 10° mg L™) which are smaller than
those of conventional macropollutants encountered in wastewaters effluents (Verlicchi et
al. 2012), thus, efficient technologies for the removal of these pollutants should be

developed.

In the present study, Fe**TiO,..Ny nanostructured powders were synthesized and fully
characterized. PCs, such as AMX, STR and diclofenac were degraded using the co-doped
catalyst in the presence of visible light. In general, the materials obtained through the sol-
gel (SG) method showed higher degradation efficiencies in comparison to the materials

produced by the microwave (MW) method.

2. Materials and methods
2.1.  Synthesis of Fe™-TiO,-,N, nanoparticles

2.1.1. Synthesis of Fe™-TiO»-,N, nanoparticles by sol-gel method

In the first stage, an acetic acid solution of ferric nitrate was prepared by adding
Fe(NO3)3-9H,0 (98%, Sigma-Aldrich) in glacial acetic acid at room temperature, under
continuous stirring. The amount of Fe(NO3)3-9H,0 was adjusted until a molar ratio Fe/Ti
of 0.5:95.5 was reached. Subsequently, titanium isopropoxide (TIHP) Ci2H2804Ti (97%,
Sigma-Aldrich) was dropwise added into the glacial acetic acid solution. In a different
flask, 30% Arabic gum (Golden bell) solution was prepared in deionized water, this
solution was stirred for 30 minutes at 60°C, and then allowed to cool. Known amounts of
ammonium chloride (sigma-Aldrich) were added to the resultant Arabic gum solution at

room temperature. Afterward this solution was added dropwise to the TIIP solution at room



temperature under constant stirring. To ensure a complete hydrolysis of TIIP, the solution
mixture was continuously stirred for about 10 h at room temperature. Next the solution was
dried at 120 °C. Finally, the dried powders were calcined at 450 °C for 4 h in an electrical

furnace (FELISA FE-360).
2.1.2. Synthesis of Fe™-TiO,-,N, nanoparticles by microwave radiation

For the microwave (MW) assisted synthesis, the same procedure followed for SG method
was applied except that hydrolysis of the TIIP solution mixture was conducted under MW
radiation. The mixture was heated by MW irradiation with a pressure attachment for 15
minutes. The MW reactor was set at a power of 100 W and a pressure value of 300 psi. The
temperature of the reaction system was adjusted to 120 °C. After MW treatment, the

solution was dried and calcined at the same conditions described above.
2.2.  Characterization of co-doped TiO, nanoparticles

The samples were characterized by X-Ray Diffraction technique (XRD, SIEMENS D-5000
model VPCEA40EL) to investigate crystalline structure of the samples. The 26 angular
regions between 0 and 90° were explored at a scan rate of 1° s™. Crystallite size was

calculated using the Scherrer’s formula, d=0.94/p cos 6 where A is the incident wavelength

(Cu K a=1.5406 A), B =full width at half-maximum (FWHM) and 6 = angle of reflection.

Scanning electron microscopy (SEM, JEOL model JSM-671F) was used to investigate the
morphology, size and size distribution of the samples. UV-Vis diffuse reflectance spectra
were recorded in the ultraviolet-visible spectra region using a Thermo-Fisher Scientific
Evolution 300 spectrophotometer equipped with an integrating sphere assembly. From the

UV-Vis spectra and Kubelka-Munk theory, the bandgap (Eg) values were obtained using



(1-R)?
2R

F(R) = ) Eq. (1)

Where R is reflectance and F(R) is proportional to the extinction coefficient (). The basic
Kubelka-Munk model assumes the diffused illumination of the particulate coating. A
modified Kubelka-Munk function can be obtained by multiplying the F(R) function by hv
using the corresponding coefficient (n) associated with an electronic transition as follows:

1/2

(F(R)*hv)", n=2 for an indirect allowed transition (plotted as a (hv)~“ versus E in eV) .

The specific surface area (SSA) of the catalysts was determined via nitrogen-adsorption-
desorption isotherms measurements at 77 K using a Quantachrome Autosorb-1 instrument.
In order to better understand the stability and surface electrostatic charge of the suspended
materials, zeta potential values were determined in aqueous solution at different pH values
(3.5, 7, 8 and 9.5), using a Zetasizer apparatus (Malvern Instruments, Southborough, MA,

USA).

X-ray photoelectron spectra of the samples were obtained
using two XPS systems, i.e., a PHI 5000 VersaProbe Il using a monochromatic Al Ka
radiation source, with X-ray energy of 1486.6 eV and scanning speed of 0.2 eV.
The beam voltage was 15 kV, with a power of 25 W and spot beam size of 100 um.
The second system was a Thermo-Scientific K-alpha+ with integrated MAGCIS detector
and also with a monochromatic Al Ko radiation source, pass energy of 20 eV, 25 scans at
scanning speed of 0.1 eV and spot beam size of 400 um. All X-ray spectra analysis were
processed using the software Multipak™ v9.0.5.8, providing evidence of composition,

chemical species and oxidation state of the dopants (N and Fe).

2.3 Evaluation of Photocatalytic Performance



Photocatalytic activities of Fe*>-TiO,4Ny nanostructured powders were evaluated on the
degradation of AMX, STR and DCF (all the compounds were from Sigma Aldrich). 0.1 g
of photocatalyst was added to 0.1 L of AMX, STR or DCF individual solutions with
starting concentration of 30 mg L™. A visible light lamp was used (23 W, Westinghouse
#37813), with transmission of wavelengths above 400 nm. The solutions were continuously

bubbled with air under magnetic stirring.

Prior to the photocatalytic treatment, each reaction mixture (catalyst + PC solution) was
stirred in the dark for 60 minutes to reach adsorption equilibrium of PC onto the
photocatalyst surface. Every photocatalytic experiment was done by triplicate;
reproducibility of the results was expressed as mean values including each standard

deviation (SD) as a measure of dispersion (average + SD).

The pH solution was adjusted at different pH values (3.5, 7 and 9.5 for AMX and 3.5, 7 and
8.0 for STR) using HCI and/or NaOH (0.1 M). The residual antibiotic concentration in each
experiment was determined by: 1) UV-Vis spectroscopy (Thermo Scientific Helios Omega
Uv-Vis) and (ii) High Performance Liquid Chromatography (HPLC) (YL9100 HPLC
System) at 230 nm for AMX. The data was recorded by Clarity software. The column was
Luna C18 (250 mm x 4.6 mm, 5 um). The mobile phase was 60% acetonitrile and 40%
ultrapure water at a flow rate of 1 mL/min. The drug mineralization percentage was
determined by Total Organic Carbon (TOC) content in a Shimadzu TOC-VCSH

equipment.

3. Results and Discussion

3.1.  Synthesis and characterization of Fe**-TiO,-,N, samples



In this work, one of our goals was to develop nano-particles of TiO, co-doped with Fe and
N by two synthesis methods: SG and MW. In addition, we studied these nanomaterials with
the aim to establish the difference within their physicochemical properties, as a result of the
method of synthesis, in particular, the effect of MW radiation on the properties of the

materials.

The macroscopic properties of the materials (color, appearance, texture) are very similar
independent of the method of synthesis and also, both methods showed high reaction
yields: 86.02 % (SG) and 82.80 % (MW), respectively. We previously reported on the use
of a sol-gel method for the synthesis of Fe**-TiO, materials (Medina-Ramirez et al. 2014).
The main advantage of the sol-gel method is the homogeneous mixing at the molecular
level of the components of a binary or ternary material, which allows the incorporation of
the dopants within the polycrystalline matrix of the material (Zaleska 2008; Hernandez-

Ramirez and Medina-Ramirez 2015).

However, using the SG method, to dope TiO, with N, can be unfavorable, since the added
nitrogen, might be lost by volatilization during the process. Thus, closed systems seem to
be more favorable to achieve N doping on TiO,. In this report, we evaluated the use of a
closed system activated by microwave radiation for the preparation of Fe, N co-doped TiO,

materials.

Microwave heating techniques have been extensively used for high temperature preparation
of various materials. They exhibit several main advantages over conventional heating
techniques/processes, including the following: 1) they can greatly diminish the heating

temperature and reduce the reaction time, 2) a uniform heating can be achieved at



molecular level, 3) heating is generated inside the sample itself via its interaction with
microwaves, resulting in much enhanced heating and cooling rates and 4) the heating

processes are overall more energy-saving (Cao et al. 2015).

As expected, by using microwave to carry out the synthesis of nanoparticles of TiO, co-
doped with Fe and N, the time of synthesis was reduced from 15 hours to 4.2 hours, and
further analysis demonstrate that these materials exhibit small decrease in particle size
(7.09 nm MW and 7.72 nm SG). The physicochemical properties of the nanoparticles are

summarized in table 2.

The particle size and crystallinity are important properties that influence in the
photocatalytic activity of the catalysts and can be modulated by doping (type and amount of
dopants) (Ohtani et al. 2010). Figure 1 shows XRD patterns of the obtained samples. The
diffraction patterns of these materials demonstrate the crystalline nature and purity of the
studied materials. It was found that anatase is the major crystalline phase for all of the
prepared samples, without significant difference in regard of the synthetic method (SG or
MW). No characteristic peaks were detected for Fe, N or any impurities. The absence of the
diffraction peaks of iron (Fe,Os) or nitrogen (NxOy) oxides is not conclusive with respect of
them being absent in the materials; it might be possible the presence of these oxides but at

concentrations below of the detection limit for XRD.

The crystallite size of the materials was determined by using the Scherrer equation. A
crystal size of 7.09 nm and 7.72 nm were encountered for the catalyst prepared by the MW
and SG method respectively. Fe*-TiO2-,Ny co-doped nanoparticles exhibit slightly smaller

size than Fe**-TiO, 1% (8.95 nm) single doped materials (Medina-Ramirez et al. 2014).



The reduction on the crystallite size of the materials is due to the incorporation of dopants
(Fe, C and N) within the structure of TiO,. Dopants incorporation was confirmed by XPS

analysis.

The elemental composition of the materials, encountered by XPS analysis, indicates the
presence of all the proposed elements (Ti, O, N, Fe) in the materials and some adventitious
contaminants (Na and C). The atomic percentage of the constituent elements varies from
the MW and SG methods materials as follows: O (53.3%MW, 49% SG), Ti (24.1%MW,
18% SG), C (12.8%MW, 25.8% SG), Na (8.9%MW, 6% SG), N (0.6%MW, 0.5% SG) and
Fe (0.2% MW, 0.7% SG). Due to the amount of carbon incorporation, this dopant is
responsible of the lower Eg value encountered for the SG prepared materials. Also, C
incorporation is responsible of visible light activity since this element is present at higher

concentrations in comparison to N or Fe dopants.

The difference in the atomic ratios of Ti, O and C encountered within the materials
prepared by SG an MW approaches can be explained due to the incorporation of
carbonaceous species in the surface of the catalyst due to incomplete decomposition of Ti
precursors and polymer surfactant. The amount of carbonaceous species incorporated into
de surface of TiO, materials prepared by SG method is greater since the thermal treatment
was not sufficient to remove the titanium precursor’s ligands. Several authors have reported
on the incorporation of carbon during the preparation of N-doped TiO, materials (Sathish et
al. 2005; Mitoraj and Kisch 2008; Ahmmad et al. 2010; Aziz et al. 2012; Cheng et al.
2012). It has also been reported that thermal treatment of TiO,-N, C at temperatures higher

of 600°C, results in a decreased photocatalytic activity of the materials under visible light



due to the loss and/or modification of the carbonaceous species present in the surface of the

catalyst.

A more careful examination of the atomic ratios encountered for the materials reported in
this study, indicate that for MW prepared materials, empirical formula (considering Ti/O
ratios from XPS analysis) results as TiO,,, whereas for the SG materials, the formula is
TiO,7, which is in agreement with the higher ratio of carbon for the SG prepared materials.
A higher amount of oxygen is not necessarily present within the lattice of TiO, material, but
it is present as a form of carbon oxide on the surface of the material. Also, adsorption of
carbon oxides due to exposition of the materials to the atmosphere contributes on the
modification of the molar ratio of this element. Although XPS analysis involves vacuum
treatment of the sample in order to remove adsorbed species on the surface of the catalyst,
not always sample preparation time allows for the removal of all the chemical species

present on the surface of the material.

The morphology of the catalysts and their mean particle sizes were analyzed by scanning
electron microscopy (SEM). Low and high-magnification scanning electronic micrographs
of the materials are presented in Figure 2. The low-magnification images clearly show that
agglomerates are composed of a large number of very small spherical particles. The high
magnification SEM micrographs of the samples illustrate that the particles are uniform in
size, with diameter values in accordance with those calculated by the Scherrer equation.
Besides composition, there are not considerable differences in properties such as
crystallinity (anatase), morphology (spheres) and particle size (7-09 or 7.72 nm) among the

different studied materials.



From the UV-Vis spectra (Figure 3) and Kubelka-Munk theory, the bandgap (Eg) values
were obtained (Cordero-Garcia et al. 2016) : being ~2.53 eV for (SG) and ~3.00 eV for
(MW). The co-doped material prepared by the SG method exhibits a considerable reduction
in its Eg value (in comparison to bare TiO,) which evinces the activity under visible light
of this material. As previously discussed, the differences encountered for Eg values are due
to the amount of incorporated carbon into the materials. Although some previously
published studies indicate a reduction on the Eg value due to incorporation of dopants into
the TiO, structure (substitutional and/or interstitial), it is difficult to compare the results
discussed in this work with previously published ones, since not many authors indicate the
chemical composition of the material. For instance, Diker H (2011) et al reports on Eg
values ~ 2.0 eV for N-TiO, materials, however, the amount of nitrogen incorporated into
the materials is not discussed, neither an analysis of impurity (such as carbonaceous

species) incorporation is presented.

The SSA for the Fe**-TiO,~«N, synthetized by SG was 103.1 m? g, and from Fe*-TiO,-
N, synthetized by MW was of 135.3 m? g™*. Comparison of these results with previously
published ones, indicate that the materials reported in this study, exhibit higher surface
areas (Table 2). On the other hand, it has been reported that increasing the amount of iron
doping, results in materials with increased SSA. For instance, iron doped (0.3, 0.5, 1.0, 2.0,
3.0 and 5%) materials prepared by SG, exhibited SSA values of 47, 26, 32, 62, 178 and 278
m? g™ respectively (Babi¢ et al. 2012). Also, these results are in accordance with

previously published results by our group (Medina-Ramirez et al. 2014).



The stability and surface electrostatic charge properties of the materials were investigated
by dynamic light scattering analysis. Results are summarized in table 3. It can be easily
observed that SG prepared materials exhibit better stability (Zeta potential values > 30 mV)
and smaller size in comparison to MW produced materials. As expected the pH of the
solution influences the sign of the surface charge of the materials. MW prepared materials
show a negative charge at pH 7 and below, whereas SG materials are mainly, negatively
charged, presenting positive charge only at low pH values (3.5). The stability of the SG
prepared materials contributes to their better performance during photocatalytic

degradation.

X-ray photoelectron spectroscopy was utilized to obtain information of elemental
composition and oxidation states of the different elements within the samples [Figure 4
(MW) and Figure 5 (SG)]. This technique was utilized to determine elemental composition
and chemical speciation, which is summarized in Table 4. The spectrum in Figure 4a shows
the N1s region for the MW sample. Despite the noise, two peaks can be identified. The first
peak at 399.74 eV can be attributed to the formation of Ti-O-N or to N-Ti-O bonding, both
corroborating substitutional bonding for the TiO,-xNx materials (Yoo et al. 2016; Powell et
al. 2015). The second peak, situated at 402.37 €V is related to N-H bonding, which can be
due to amine groups, adsorbed NH3; or charged ammonia groups (Carbajo et al. 2011;
Pietrzak 2009; Shifu et al. 2007). There is no evidence on the formation of neither N-OX
(=406 eV, oxidation sates ** and **), nor N-Ti-N bonding (= 395-397 eV) (Shifu et al.
2007). XPS analysis of SG material (Figure 5a), shows the same overall features than that

of the MW sample.



The XPS data for Ol1s show 4 chemical species for the microwave assisted synthesized
sample (Figure 4b). Peaks at 531.35 eV are related to adventitious contamination, such as
hydroxyl groups, present at the surface of nanocrystalline TiO, (Ti-OH) (Abdullah et al.
2016). The main peak at 529.65 eV is due to O-Ti bonding within the titanium oxide lattice
in Ti,O3, whereas the peak at 530.32 eV, correspond to oxygen in the titanium oxide lattice
for TiO, (O-Ti-O) (Manzo-Robledo et al. 2015; Powell et al. 2015). The data obtained from
O 1s analysis is in accordance with the formation of titanium oxynitride materials, which

contain Ti(lll) and Ti (IV) species (Yoo et al. 2016; Pietrzak 2009).

These results were also corroborated by Ti2p XPS analysis of the samples. The peak at
528.31 eV can be related to the formation of Ti-O-N bonds in the surface of the sample, in
agreement with the N1s spectrum previously shown (Powell et al. 2015). The XPS
spectrum of the samples synthesized by sol-gel method shows the same signals that the

microwave assisted synthesized samples (Figure 5b).

In general, chemical speciation of carbon doping can draw conflicting conclusions due to
multidoping effects (Di Valentin et al). In this study, an XPS spectrum for the C1s region in the
MW sample exhibits three main signals (Figure 4c): the first peak at 284.7 eV corresponds to C-C
bonds from normal adventitious contamination (Shi et al. 2015; Yun et al. 2012; Qi et al. 2014;
Zarrabiet al. 2005). The second one at 286.09 eV corresponds to C-OH and C = O species, which
corresponds to C incorporation in the interstitial sites of the titania lattice (Shi et al. 2015; Yun et al.
2012; Qi et al. 2014; Zarrabiet al. 2005; Shi et al. 2015) The third peak at 288.40 eV is indicative of
Ti-O-C=0 bonding of carboxyl-like groups on the titania surface; which can be related to the
substitution of titanium atoms in the lattice rather than oxygen atoms (Shi et al. 2015; Yun et al.

2012; Qi et al. 2014; Zarrabiet al. 2005; Shi et al. 2015).



The C1s region of SG materials (Figure 5c) presents a new peak at 283.97 eV which
evidences the formation of O-Ti-C bonds in the titania lattice, related to the substitution of
the oxygen atoms in the lattice (Yun et al. 2012). The peak around 286 eV also has an
increased intensity, which means greater incorporation of interstitial C into the TiO; lattice.
As previously discussed the amount of carbon incorporation differs due to the differences
on decomposition of organometallic precursors under conventional heating and/or
microwave heating. In the case of SG materials, higher amounts of carbonaceous materials
are deposited on the surface, whereas MW assisted route renders materials with high purity.
For comparison, the elemental composition of the materials was determined by SEM-EDS

analysis.

In accordance with XPS analysis, the amount of carbon incorporation in the SG prepared
materials is higher than in the ones prepared by MW assisted route, although the molar
ratios differ. For instance the XPS analysis indicates 12.8 and 25.8% of carbon for the MW
and SG materials respectively. The amount of carbon present on the SG materials is double
with respect to the MW produced materials. Analogous results were found by SEM-EDS in
which the percentages are different, 5.34 and 11.07% of carbon for the MW and SG
materials respectively, but still the amount of carbon present in the SG materials is double
with respect to that of the MW materials. It is important to remark that both, SEM-EDS and
XPS analyses do not produce information of the whole sample, but an average of the

analyses of some of the particles that constitute the sample.



The spectrum for Ti2p region, for SG samples shows three sets of doublets (Figure 4d). The
first doublet at 456.07-460.93 eV corresponds to N-Ti-O and O-Ti-O-N bonding, for Ti
(111) (Powell et al. 2015; Qin et al. 2015; Chisaka et al. 2016). The second and main doublet
at 457.64-463.36 eV is related to the formation of Ti,O3; (Powell et al. 2015; Qin et al.
2015; Chisaka et al. 2016). However it can also be a mixed Ti (IV)/Ti (l1l) oxide, as it’s
only slightly shifted downwards to the 459-458 eV region of the pure TiO; (Crisan et al.
2015; Yoo et al. 2016). The third doublet at 459.12-464.84 eV (minor contribution, gray

line) is related to the formation of pure Ti (IV) oxide (Qin et al. 2015; Chisaka et al. 2016).

There is however no evidence of the N-Ti-N bonds (=455 eV), which agrees with the
evidence found in the N1s spectrum. The spectrum of the samples synthesized by SG
method present the same peaks that the MW samples (Figure 5d). There is a minor shift for
the first and second doublets but the previously given assignations do not change. There is
an increase of the doublet at 459.28 eV, related to pure Ti (IV) oxide, which is consistent

with the O1s spectrum of this sample.

Finally, the spectrum for the Fe2p region of the MW samples is showed in figure 4e. A
detailed description of the chemical speciation of this element is not possible due to the
poor noise-to-signal ratio in this spectrum. The overall features can be related to Fe (1)
and Fe (I11) oxides, but the peaks are too broad, which suggests the existence of more
species than just iron oxides. For instance, the incorporation of Fe into the TiO; structure
which are supported by the signals reported in the Ti2p spectrum (Crisan et al. 2015).
Similar results were obtained independent of the synthetic pathway. Slight differences on
the resolution of the spectrum are due to the amount of Fe incorporation within the samples

(Figure 5e).



In this work, our main goal was the interstitial incorporation of nitrogen and iron in the
lattice of TiO, materials. However, our results indicate that the incorporation of these
dopants is very low. As previously discussed, carbon doping is considerable high in
comparison to Fe and N, being responsible of the visible light activity of the materials.
Previously published studies indicate that TiO,-C materials exhibit an enhanced
photocatalytic  activity under visible light (Di Valentin et al. 2005).
In this work, carbon doping was demonstrated by XPS and SEM-EDS. Due to the amount
of carbon incorporation and its inclusion as different chemical species, the prepared

materials exhibit better physicochemical properties in comparison to bare TiO..

3.2.  Photocatalytic degradation of amoxicillin and streptomycin

The photocatalytic activity of the materials (Fe**-TiO,-N,) was evaluated for the
degradation of AMX, STR and DCF in aqueous solution (figures 6-9). AMX and STR
solutions were used at a concentration of 30 mg L™. This concentration was chosen to allow
the assessment of process efficiency within a measurable scale and the accurate
determination of residual antibiotic, by the analysis techniques used in this project. Figure 6
depicts the degradation curves for AMX at different pH values (3.5, 7.0 and 9.5), using
Fe*-TiO,..Nyx nanoparticles synthesized by sol-gel method as photocatalyst. It can be
observed that higher antibiotic degradation can be achieved under acidic conditions (pH =
3.5). The pH of the solution was adjusted using a 0.1M HCI solution. The degradation
percentages after 4 hours of photocatalytic treatment under visible light radiation were:

58.61 %, 32.29 % and 16.60 % for AMX at pH 3.5, 7 and 9.5, respectively. Degradation of



AMX was also conducted using the MW synthesized catalyst. Results are represented in
Figure 7. Lower degradation values were observed for this catalyst: 46.12 %, 30.56% and

14.13 % at pH 3.5, 7 and 9.5 respectively.

The effect of pH on antibiotic degradation can be explained by taking into consideration
the surface properties of the catalyst and acid-base properties of the drug. At lower pH
values, electrostatic interactions of the chemical compound and catalyst are favored
(Elmolla and Chaudhuri 2010). Due to the amoxicillin pK, values (2.6, 7.4 and 9.6), this
molecule is present in solution as a zwitterion at the pH value selected for its degradation,
facilitating the electrostatic interaction between the pollutant and the catalyst. Degradation
of AMX is favored at lower pH values due to the hydrolysis of the molecule (EImolla and
Chaudhuri 2010). In this study, acidic hydrolysis of AMX was evaluated under visible light
in order to establish the contribution of this mechanism in the overall
degradation/mineralization of AMX. A degradation percentage of only 1.16 % (data not
shown) was encountered under these conditions, corroborating that acidic hydrolysis is not
the main mechanism on the mineralization of AMX. Heterogeneous photocatalytic

treatment is necessary in order to achieve high degradation efficiencies.

There are not many differences regarding the stability (~30 mv) and hydrodynamic radius
(~ 450 nm) of the materials at pH 3.5. The only difference is the sign of the surface charge,
which is negative for MW and positive for SG materials. As previously discussed, at this
pH value, AMX molecule is present as a zwitterion, thus electrostatic interaction are
favored despite the surface charge of the catalyst. Since the hydrodynamic radius of the
materials is also similar, the differences encountered for the degradation of AMX might be

regarded to the activity of the materials under visible light.



For the photocatalytic degradation of STR, higher efficiencies were obtained at basic pH
values. In comparison to the basic pH value (9,5) utilized for photocatalytic treatment of
AMX, the degradation of STR was conducted at different pH (8), due to the pKa values
(8.29, 12.33 and 13.55) of the molecule. Figure 8 depicts the degradation curves as a
function of a variable pH (3.5, 7 and 8) value. The results correspond to the degradation
achieved by the Fe™-TiO,-N, nanoparticles synthesized by SG method. Degradation
efficiencies were determined by UV-Vis spectrophotometry. Results indicate that after 240
min of photocatalytic treatment, degradation efficiencies were 26.80 %, 41.80 % and 49.67
% at pH 3.5, 7 and 8, respectively. Same patterns but lower degradation values were
observed for the MW synthesized catalyst: 16.63 %, 32.47 % and 39.90 % at pH 3.5, 7 and

8 respectively (Figure 9 and Table 5).

Regarding the surface charge and stability of the catalyst at the pH value (8) for the
degradation of STR, results indicate that MW prepared materials exhibits (+) charge, low
stability and big hydrodynamic radius (752nm). Due to the positive charge on the material,
electrostatic interactions between the catalyst and the STR molecule are not favored. For
the SG prepared material, negatively charged species are present at pH 8, favoring the
electrostatic interactions between the catalyst and STR. The SG materials exhibited higher
STR degradation efficiencies in comparison to MW materials, due to favored electrostatic
interactions that facilitate adsorption of the molecule to the surface of the catalyst, then its
degradation. The MW synthesized catalyst was also able to degrade STR molecule, thus,
adsorption of STR might be conducted through different molecular interactions. Also it is
possible that release of HO- radicals to the medium initiates the degradation of the

molecule, modifying its structure and possible, facilitating interaction with catalyst. Further



studies will be conducted in order to understand the mechanism for degradation of organic

matter on the surface of the catalyst.

To our knowledge, very few studies on the photodegradation of STR with TiO; catalyst in
the presence of visible light have been published. For example Ambrosetti et al. ( 2015)
compared the activity of ZnO vs TiO, for the degradation of STR (50 mg L™) under UV
light irradiation. Complete degradation of STR was accomplished with both materials, but
higher degradation rate was observed when using TiO, as catalyst. It is important to remark
that the materials presented in this study, were active under visible light to achieve
degradation of STR, rendering a sustainable approach for the degradation of this

compound.

As previously discussed for AMX, higher degradation efficiencies were achieved for STR
at basic pH values due to favored electrostatic interaction between the antibiotic molecules
and the catalyst surface. After adsorption, redox reactions take place, acting principally by
the rupture of the aminocyclitol ring of the STR molecule (Orgovan and Noszal 2012;
Martinez-Mejia and Rath 2015; Sarri et al. 2006). Degradation efficiencies of 49.57% were
observed after 4 hours of treatment using the SG catalyst. The higher activity observed for
this material is due to the higher amount of carbon doping, since no important differences

are observed within other physicochemical properties.

The degradation of DCF using Fe™-TiO,-N, nanoparticles (MW) and visible light
radiation was evaluated. Mineralization was evaluated by Chemical Oxygen Demand

(COD) reduction. A reduction of 72.3% on the COD value was encountered, after 5 hours



of treatment. Although, mineralization of this compound has been previously reported,
(Cheng et al. 2015), using a N,S-TiO; catalyst, the time of treatment is considerable longer

(12 hours) in comparison with the treatment reported in this study (5 hours).

Mineralization of antibiotics was evaluated as total organic carbon (TOC). Mineralization
efficiencies of 41.51 % (AMX) and 34.72 % (STR) were obtained, after 240 min of
treatment under visible light mediated by the SG catalyst. For the catalyst synthesized by
microwave radiation, mineralization efficiencies were 35.99 % and 29.86 % for AMX and
STR respectively. These results are in accordance with the degradation values of these

molecules.

In general, the photocatalytic activity of the materials under study is better as compared to
some previously published reports, since the degradation efficiencies are similar, but
achieved under visible light radiation. For-instance, EImolla et al. (2010) reported the use of
TiO, and UV light for the degradation of amoxicillin (AMX), ampicillin (AMP) and
cloxacillin (CLX). Also, Pereira and coworkers (2014) reported on the degradation of AMX
mediated by TiO, and UV light. In this study, the feasibility for degradation and/or
mineralization of PCs mediated by Fe®*-TiO,-N,C catalyst under visible light was
demonstrated. Further studies will be focused on the elucidation of the mechanism for the
degradation of organic matter exerted for these materials. Also, the production of supported

materials will be explored in order to facilitate their large scale applications.

4. Conclusions



Two different synthesis methods (SG and MW) were applied in the production of Fe*-
TiO,-«<Nx nanoparticles. It was observed that the amount of Fe, N and C doping is
determined by the synthetic method. Carbon doping is responsible of the improvement in
the properties of the studied materials and enhances the photocatalytic activity for
degradation of pharmaceutical compounds in water. This work demonstrates that a sol-gel
process allowed incorporation of carbon dopant in higher proportions as compared to MW
assisted method. SG synthesis renders materials with highest photocatalytic activity and
lower band gap. The degradation of AMX is higher when conducted at low pH values,
whereas degradation of STR is higher at basic medium. Mineralization can only be
achieved under those conditions. Our results indicate that the heterogeneous photocatalyst
Fe*-TiO,,N,C is effective for the degradation of amoxicillin, streptomycin and diclofenac
in aqueous solutions. A sustainable technology for the tertiary treatment of hospital

effluents might be developed with the use of these materials.
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Figure 1 XRD pattern of photocatalysts of Fe*3-TiO,-4N,. (a) synthesis by sol-gel method:;

(b) synthesis by microwave radiation.

Figure 2 Scanning electron micrography at different magnification of Fe**-TiO-Ny

nanoparticles prepared by: (a-d) sol-gel method; (e-h) synthesis by microwave radiation.

Figure 3 Uv-Vis diffuse reflectance spectra of iron and nitrogen co-doped titanium dioxide

synthesized by sol-gel and microwave methods.

Figure 4 XPS spectra of N1s, O1s, Ti2p y Fe2p, from TNF-MW nanoparticle.

Figure 5 XPS spectra of N1s, O1s, Ti2p y Fe2p, from TNF-SG nanoparticle.

Figure 6 Removal efficiency of AMX at different pH values, using Fe™-TiO-Ny
nanoparticles synthesized by sol-gel method as catalyst. ® particles size was calculated by

Scherrer equation.



Figure 7 Comparison of degradation of amoxicillin (AMX deg.) at different pH values (3.5,
7 and 9.5), using Fe**-TiO,-,Ny nanoparticles synthesized by microwave radiation as

catalyst.

Figure 8 Comparison of degradation of STR (STR deg.) at different pH values (3.5, 7 and

8), using Fe**-TiO,-«N, nanoparticles synthesized by sol-gel method as catalyst.

Figure 9 Comparison of degradation of amoxicillin STR at different pH values, using Fe**-

TiO2-xNy nanoparticles synthesized by microwave radiation as catalyst.

Figure 1



ACCEPTED MANUSCRIPT

10K
8K
=1
s (a)
6K
g? k‘““w—ﬂjhk\anmf/\*djP\Nou/\Nuw/U\w/ﬁ\n~*/\‘—-
2}
C
0]
] 5
=
4K
2K
(b)
0K *—-—J W
10 20 30 40 50 60 70 80 90
Anatase syn, TiO,, 01-084-1285
lll . I II . | 1 1

T T T T
10 20 30 40 50 60 70 80 90

2theta (%)

Figure 2



LACMIMAV_FC 3.0kV X20,000 WD 8.1mm 1um | LACMIMAV_FC 5.0kV X20,000 WD 7.8mm 1um

]
LACMIMAV_FC S X100,000 WD 7.8mm  100nm LACMIMAV_FC § 3.0kv  X100,000 W nm  100nm

_,:g,_.)..’" [ B B - ; LA —
4.6mm S-X25.0k SE(T) 08/18/2015 SE 50kV  X20,000 WD 7.9mm 1um




k5
sl |
.0KV-D 2.6mm M-x250k SE(T) 08/18/2015 200 SU5000 2.0kV-D 2.6mm M-x350k SE(T) 08/ 200nm

Figure 3
y =
. adarl®
— vl.l
o a) Sol-Gel I
synthesis Y
1 J
L b) Microwave
synthesis
4
Q
I3
-
s b
=
= 2-
1
g _.A_-ﬁu\“"/ "_.I'ﬁ‘
0 T T T v T Y T ¥ 1

2.0 25 3.0 35 4.0 45
Energy (eV)



Figure 4

Intensity (a. u.)

Intensity (a. u.)

Intensity (a. u.)

I Ol1s
_~
: - -
8
iy
z | _
=
3
=
=
404 403 402 401 400 399 398 397 534 533 532 531 530 529 528 527 526
Binding energy (eV) Binding energy (eV)
T T T T T T
T T T T T T T T T 45764 .
Tizp A
B ‘@
3 .
£
>z
=1 4
- 2
=
l—il -
290 289 288 287 286 285 284 283 282 466 464 462 460 458 456 454
Binding energy (eV) Binding energy (eV)
) 725.13722.73 712.03 709.63 Fe2p

718.28 715.11

720 715
Binding energy (eV)

710

705



Figure 5

Intensity (a. u.)

403

402 401 400 399 398

Binding energy (eV)

397

Intensity (a. u.)

291 290

289 288 287 286 285 284 283
Binding energy (eV)

282 281

Intensity (a. u.)

b)

Intensity (a. u.)

533 532 531 530 529 528 527

526
Binding energy (eV)
' ' j 458.07 R

462 460 458 456 454

Binding energy (eV)

466 464



710.99 708.24

718.85715.48

724.09 721.34

.e)

715 710 705
Binding energy (eV)

720

725

('n ') Aysuduy

Figure 6

100 -

|_
4 "
H 5o T Sl =)
= + + H H
T T T T T T T T T
o o o o o o o o o <O
Lo = B e e S T oo T o B
(94,) AOURIDID [BACWIY

Time (h)

Figure 7



ACCEPTED MANUSCRIPT

100 +

80 -

Removal efficiency (%)

Figure 8
100 -
90_
80 -
70

=

X 60

Z 30

§ w

S 3

g

= 20

2 10

S o

=4

Figure 9



100
90 -
80 -
70 -
60 -
50 A
40 -
30 A
20 -
10 -

Removal efficiency (%)

pH
——3.5
7
—h—8
_F--'""f.‘.-:, : -
1 2 3 4 5
Time (h)

Table 1 Some representative examples of TiO;and TiO,-N materials |

Material Preparation Properties Application Reference
TiO,.xNx Sol gel processes, Visible light ~ Environmental Bakar and
hydrothermal active and energy- Ribeiro, 2016
treatment, materials with  related
supercritical different applications:
methods, morphologies  photocatalysis,
sputtering and dye-sensitized
techniques, TIN  topologies solar cells,
oxidation lithium-ion
batteries,
electrochromic
displays
Ti02.xNy Hydrothermal Brookite Rhodamine B Pan and Jiang,
TiO2.xNy photodegradatio 2016
nanorods, n

visible light




active

TiO2.xNy Hydrothermal Thin films, Photocatalytic Z. Zhang et al.
nanorod oxidation of CO, 2015
arrays, visible
light active
N-TiO,and N-  Oxidation of Visible light ~ Photooxidation  Asahi R et al
codoped-TiO; TiN, active of Volatile 2014
Mechanochemica materials, organic
I method, sol-gel, enhanced Compounds;
sputtering, phtotocatalyti  Water splitting;
Atomic Layer c activity, antibacterial,
Deposition, powders, antiviral and
Chemical Vapor  films antiallergen
Deposition properties; slef-
cleaning; Tooth
bleaching, air
purification
systems, water
treatment
systems
N-TiO; Hydrothermal Magnetic Degradation of ~ Aziz et al. 2012
supported on properties, the pesticide:
strontium ferrite visible light 2,4-
activity Dichlorophenol
TiO, P25 Comercial P25 - Degradation of ~ Dimitrakopoulo
antibiotics uetal. 2012
TiOzand . Arredondo
CuO/TiO,/Al,O Electrophoresis EDAX'Y Degradation of Valdez et al.
DRX. paracetamol
3 2012
Mo-N-TiO; Hydrolysis- Anatase and Photocatalysis:  Cheng et al.
Precipitation rutile degradation of 2012a
method crystalline phenol
phases,
visible light
active

materials




TiO,

TiO,

CITiO,

TiO,

Anodic oxidation
on Ti sheet.

Comercial P25

Microwave-
assisted
synthesis.

Comercial P25

SEM, XRD

XPS, XRD,
UV-Vis DRS,
FT-IR, TEM
and SEM

Degradation of
triclosan

Degradation of

tetracycline

Degradation of
tetracycline

Degradation of
antibiotics

Liu and Syu,
2013

Zhu et al. 2013

Liu X. et al.
2013

Nasuhoglu et al.
2012

Table 2 Physicochemical properties of TiO,, Fe**-TiO, and TiO»-N

nanostructured

powders: * Catalyst synthesized by sol-gel; ® Catalyst synthesized by microwave method.

Catalyst Crystallite Eq SSA
size (hm)? - (mV)  (m*gl)

TiO,! 12.69 308  110.7
TiO,-Fel%'* 8.95 271 1773
TiO2-N 2 20.00 3.00  41.00
TiO, -Fe, N 3 9.4 2.53 133
Fe™-TiO,- N, 7.72 253  103.1
Fe™3-TiO,- Ny ® 7.09 3.00 135.3
TiO-Fe05% "  10.61 2.69 -
TiO,-Fe 0.5% ® 9.45 3.06 -
TiO2-N 10 % # 9.55 3.05 -
TiO,-N 10 % ° 9.47 3.08 -

Table 3 DLS analysis of the prepared materials.

Material

pH Zeta Potential (mV) Size (nm)




MW

MW

MW

MW

SG

SG

SG

SG

3.5

9.5

3.5

9.5

-27.47

-6.69

+2.80

+26.14

+30.41

-32.16

-32.46

-37.89

472

640

752

427

457

455

460

300

Table 4. XPS analysis of Fe**-TiO, N,C materials. A comparison on the elemental

composition (and chemical speciation) of the SG and MW materials is presented.

Fe-TiO,-,N, SG

Fe-TiO,~,N, MW

Element % Atomic  Species Jyidation Element % Atomic  Species Oxidation
state state
O1s 49.0  O-Ti-O-N o* O1s 53.3  O-Ti-O-N o*
O-Ti-O o* O-Ti-O o*
C=0/C-OH o> C=0/C-OH o*
Ti2p 18.0  Ti-O-N T Ti2p 241  Ti-O-N Ti?"
Ti-0 Ti* Ti-0 Ti**
O-Ti-0 Ti* O-Ti-0 Ti**
Cls 25.8 C-C Cls 12.8  O-Ti-C
C-0, C=C, C=0 c-C
Ti-0-C=0 C-0, C=C, C=0
Ti-0-C=0
N1s 0.5  Ti-O-N/N-Ti-O N1s 0.6  Ti-O-N/N-Ti-O
N-H N> N-H N*
Fe2p3 0.7 Fe-O Fe** /Fe®* Fe2p3 0.2 Fe-O Fe* / Fe*




Table 5. Comparison on the degradation efficiencies of amoxicillin and streptomycin after
5 hours of photocatalytic treatment under visible light, using the catalysts synthesized by

the sol-gel (SG) and microwave radiation method (MW), at different pH values.

Antibiotic oH Degradation % Mineralization %
SG MW SG MW
3.5 58.61 46.12 41.51 35.99
Amoxicillin 7 32.29 30.56 25.76 15.62
9.5 16.60 14.13 0.00 0.00
3.5 26.80 16.63 25.85 3.50
Streptomycin 7 41.80 32.47 24.64 18.30

8 49.67 39.9 34.72 29.86






