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Abstract

The heterogeneous photocatalysis constitutes an efficient alternative for the treatment of wastewaters polluted with toxic
and recalcitrant substances . In this work, the characterization of TiO, nanomaterial obtained by an electrolytic procedure,
and its evaluation to degrade paracetamol in aqueous solution are presented. The characterization with X-rays diffraction,
Fourier transform infrared spectroscopy and energy dispersive X-ray spectroscopy, evidenced the obtaining of the material.
The particle size, determined by transmission electron microscopy, was 9.3 nm + 2.7 nm and the surface area was 115,4
m?/g according to the Brunauer-Emmett-Teller isotherm. The resulting optical band gap of the sample, determined by
diffuse reflectance spectroscopy, was 3.15 eV (393 nm). The obtained nanoparticles were tested in the photodecomposition
of paracetamol. Approximately 60% of pollutant was degraded with sun light, and 76% with artificial UV light.
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1. Introduction

The social and economic development goes together with the increase of the industrial activity. Consequently, a huge
amount of substances enter into the water cycle through different routes [1-4]. Among these emergent pollutants it can be
found the persistent organic pollutants (POPs), which enter the surface waters mainly through the untreated residual waters,
and through the residual waters coming from conventional waste water treatment stations, which are not designed to treat
these recalcitrant substances [2, 5]. The drugs are particular POPs, distinguished for its high consumption at world level,
which up to 100 000 t/year corresponding to an annual global consumption of 15 g/per capita [3, 4]. The presence of drugs
and their metabolites in waters causes different health problems as bacterial resistance and multi-resistance to antibiotics,
genotoxicity and mutagenicity, endocrine disruption, cancer and miscarriages in pregnant women [2-4, 6-11]. The advanced
oxidation processes (AOPs) are one of the most promising alternatives for water treatment. AOPs have been defined as
ambient temperature and pressure processes that involve the generation of highly reactive intermediates, particularly the
hydroxyl radicals (OH'), which react rapidly and indiscriminately with most organic compounds [12-16]. Semiconductor
photocatalysis is one of the most promising AOPs for the degradation of aquatic pollutants [7]. TiO, is one of the most use-
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ful photocatalyst because of its high photostability and photoreactivity, nontoxicity, low cost, and chemical and biological
inertness [17]. On the other hand, the use of artificial UV light (A < 387 nm) and the decrease of quantum yield by elec-
tron-hole recombination, are some disadvantages that require being overcome for the best use of this material [14].

The aim of this work is to characterize a TiO, nanomaterial, obtained by electrolytic process, and to evaluate its ability
to degrade paracetamol in aqueous solution. Paracetamol was selected as model pollutant because it is one of most popular
drugs at world level. In addition, from 58% to 68% of paracetamol is excreted unmetabolized after therapeutic use [18].
Additionally, some metabolites of this drug are hepatotoxic, as the imine-N-acetyl-p-benzoquinone. When the drug is
treated by some conventional treatment, as chlorination, toxic byproducts, such as genotoxic and mutagenic
1,4-benzoquinone imine and N-acetyl-p-benzoquinone; are produced [3, 4, 19]. These reasons, together with paracetamol’s
solubility in water (14 g/L), let us consider this drug as a pollutant of interest.

2. Materials and Methods

2.1. Chemicals

Paracetamol (99 %) from Sigma-Aldrich; H,O, (30 %) and HsPO, (85 %) from Fluka; acetonitrile from Schar-
lau-Chemie; sodium dodecyl sulfate (99 %), Na,SO;, ethanol, and KBr, from Merck; NaCl (99 %) from Riedel-de Haen
AG and KI from BDH Laboratory were used.

2.2. Synthesis of TiO, Nanomaterial

The TiO, was synthesized by a novel electrolytic process according to patent 120711 CU [20]. The electrolysis was
performed by using an anode of Ti obtained from scrap or waste originated during replacement of different parts of the fac-
tory of nickel "Ernesto Che Guevara" in Moa, Holguin, Cuba. A circular stainless steel plate was used as cathode. The
chemical composition of both electrodes are shown in Tables 1 and 2 [21].

Table 1. Chemical Composition of the Ti Alloy Used as Anode for Obtaining TiO,

Elements Si Fe Cr Ni Ti
Chemical composition (%) 45 5.2 6.0 6.6 1.7

Table 2. Chemical Composition of the Stainless Steel Plate Used as Cathode for Obtaining TiO,

Elements Si Mn Ni Cu Cr \%
Chemical composition (%) 0.287 0.483 0.165 0.098 18.87 0.11

The electrolysis was carried out in hydro-alcoholic solution saturated in NaCl, in the presence of sodium dodecyl sulfate
solution using a 4-8 mA/cm? range of current density, during 48 h. The obtained product was left to stand for 24 h. Subse-
quently, it was washed with distilled water in order to reach established technological parameters. Then, the colloidal dis-
persion was concentrated, and a portion was dried in an oven at 120°C, until constant weight, in order to obtain TiO, na-
nopowder.

2.3. Characterization of TiO, Nanoparticles

2.3.1. X-ray Diffraction (XRD)

The XRD analysis was performed at room temperature on the dried hanopowder using a Rigaku Rotaflex Ru-200 B dif-
fractometer. The crystallite size was calculated by Scherrer equation.
2.3.2. Fourier Transform Infrared Spectroscopy (FT-IR)

Spectra were recorded in solid phase, with KBr pellets, using a Perkin EImer Spectrum One spectrophotometer in the
4000 cm™-400 cm™ range.
2.3.3. Diffuse Reflectance Spectroscopy (DRS)

Optical spectra of the samples, followed by their Eg values, were acquired on a Shimadzu UV 3100 spectrometer, using
BaSO, as reference. The Kubelka—Munk function was applied with the aim of converting the diffuse reflectance into the
absorption coefficient o (Equation 1).
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where K and S are the absorption and scattering coefficients and the reflectance R, is equal to Rsampie/Rreference [22].
The Eg of the sample was calculated using the Tauc plot (Equation 2).

(ehv)y =A(hv-E)) 2

where A is a material constant, h is the Planck'’s constant, v is the frequency of the light, Eg is the energy band gap of the
allowed transitions, and vy is the power coefficient characteristic for each type of transition. For nanoscale semiconductor
materials, the value of y is accepted to be equal to 0.5, because the transition is assumed to be indirectly allowed [23].
Therefore, it is possible to determine the energy band gap of the semiconductor material from the x-axis (a = 0), by plotting
[F(R.,)hv]®® against hv, and adjusting to a straight line the points of the function after the turning point.

2.3.4. Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray Spectroscopy (EDS)

TEM analysis was performed using a Philips CM200 FEG microscope equipped with an EDS detector. Samples for
TEM observations were prepared by dispersing the nanoparticles (NPs) in ethanol and evaporating the suspension drops on
carbon-coated copper grids. EDS measurements were performed in the same experiment. To count and to measure the NPs,
ImageJ software was used.

2.3.5. BET Isotherm

The surface area of the prepared sample was evaluated by the Brunauer—Emmett-Teller (BET) method (Micrometrics
ASAP-2000 equipment) using N..

2.4. Evaluation of Photocatalytic Activity (PCA)

The PCA of the prepared TiO, was evaluated under both UV-light and visible-light irradiation by determining the deg-
radation of paracetamol in aqueous solution. The tests were performed during 90 minutes, at room temperature, pH equal to
5.5, and H,0, concentration of 41.7 mmol/L. A cylindrical photocatalytic reactor (100 mm inner diameter) containing 50
mL of aqueous solution of paracetamol (initial concentration of 0.1 g/L) was used. The concentration of the photocatalyst in
the slurry was 0.5 g/L. The UV-light source was a mercury-vapor lamp (254 nm, Philips TUV 11 W), placed at the surface
of reactor (unidirectional irradiation). At the end of reaction, the catalyst was separated by filtration through nylon filters of
0.2 um of pore diameter, and the paracetamol concentration in the liquid phase was then determined by high performance
liquid chromatography (HPLC). A SHIMADZU chromatograph (Prominensce High Pressure) with a diode array detector
DAD UV/Vis SHIMADZU SPD-M20A, with a Shim pack CLC C8 (M) type column (length of 250 mm,inner diameter of
4.6 mm, filled with spherical silica of 5 um) was used. The flow of the mobile phase was 1mL/min and the process temper-
ature was 40°C. The injection volume and wavelength were 100 pL and 254 nm, respectively. Mobile phase was a 90:10
mixture (V/V) of water acidified with phosphoric acid (pH = 3) and acetonitrile. The extent of paracetamol photocatalytic
degradation (%D) was evaluated by Equation 3.

C,—C
CO

%D = 100 3

where ¢y is the initial paracetamol concentration and c is the concentration after the irradiation time.

When H,0, was used, the samples were treated with quenching solution of NaOH, Na,SO5 and KI, in order to stop the
oxidation process [24]. The extent of paracetamol photocatalytic mineralization (%M) was evaluated by the Equation 4.
The total organic carbon (TOC) concentration was determined by a Shimadzu TOC-VCSN analyser.

C,(TOC)—c(TOC)
¢,(TOC)

%M = 100 4

where ¢o(TOC) and ¢(TOC) are the initial and final concentrations of TOC, respectively.

2.5. Statistical Analysis of the Results

For the statistical analysis of the results, Excel and Statistica programs were used. An analysis of variance and multiple
range test of Duncan were performed to compare the differences between evaluated samples. In all cases, 95% coverage
was used. Most of the results were replicated three times and the standard deviation was reported to estimate the confidence
interval.
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3. Results and Discussions

3.1. Crystalline Structure and Composition

The TiO, is compose of anatase and brookite phases fundamentally, as it can be seen in the XRD pattern (Figure 1),
where the peak 121 (characteristic of brookite) is remarkable, and the peak 110 (characteristic of rutile) is absent. The ana-
tase 101 peak and the brookite 120 and 111 appear so near that it is not possible to distinguish between them. Despite this,
the intensity ratio of brookite 111, 121 and 120 peaks is not maintained in the analyzed sample, suggesting the presence of
anatase, and brookite in a lesser amount.

The broad nature peak of TiO, is an indication of the small crystallite size. The estimated crystallite size of TiO, was
about 3.7 nm. Besides, no extra phases are detected, confirming the high purity of the obtained product.
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Figure 1. XRD Pattern of Synthesized TiO, Nanoparticles
(a) XRD Patterns of Different TiO, Crystalline Phases: Anatase (b), Brookite (c), Rutile (d).

Figure 2 shows the IR spectrum of the nanomaterial. Two peaks, resulting from the adsorbed water, can be observed at
about 3500 cm™: stretching vibration of OH (vgo.), and at about 1600 cm™: flexing vibration peak (80.p-0). The di.o.1i and
vri.o peaks appear at about 500 cm™ and 600 cm™, respectively [25].
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Figure 2. FT-IR Spectra of TiO, Nanoparticles

The composition was verified from the TEM-EDS measurements, resulting in a Ti:O molar ratio of 1:2 approximately,

thus confirming that the obtained product was TiO,. An illustrative EDS spectrum of the TiO, NPs is portrayed in Figure 3.
Some impurities, as Cu, are present in a no significant amount.
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3.2. Morphology and Surface Area

An illustrative TEM micrograph of the TiO, NPs is depicted in Figure 4. Some of the NPs are almost spherical, whereas
others are faceted and more elongated. The TEM image indicates particle size of 9.3 nm £ 2.7 nm. TEM image (Figure 4b)
shows well defined lattice fringes with a d-spacing of ~ 2.8 A and ~ 3.5 A, corresponding to the lattice planes (121 and 101,
respectively) of the brookite and anatase TiO, crystal structure, respectively.

The surface area calculated according to the BET model was 115.4 m?/g. This high value is a consequence of the small
particle size of the synthesized nanomaterial.

Figure 4. TEM Images of the Synthesized TiO, Nanoparticles
The Parallel Red Lines in b) Show a d-spacing of 2.8 A for the Lattice Plane 121 and 3.5 A for the Lattice Plane 101

3.3. Optical Band Gap

The transformed reflectance spectra as a function of the photon energy are depicted in Figure 5. The resulting optical
band gap of the sample was found to be equal to 3.15 eV (393 nm), which is lesser that the expected Eg range of anatase
(3.20 eV-4.50 eV) and indicates the material absorption property in the visible region (A> 387 nm) [26].

3.4. Final Considerations about the Synthesis and Characterization

Karmaoui et al. [23] synthesized nanostructured TiO, by a solvothermal procedure, using Ti[OC(CHa)s]4 as precursor
and benzyl alcohol (CsHsCH,OH) as solvent. The process was conducted at 180°C for 24 h, and the product was washed
with ethanol and dichloromethane and dried in air at 60°C. This synthesis pathway generates several persistent organic
compounds, where the benzyl alcohol is the most relevant because of its aromatic structure. Besides, an organometallic
precursor is used, which makes the synthesis more expensive.
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Figure 5. Kubelka—Munk Elaboration versus Energy for TiO, Powder

In the present work, an inexpensive residual alloy of Ti was used and it was demonstrated that there are no impurities in
the final TiO,. The surface area of the obtained TiO,, here, was higher than Karmaoui’s product (115 m?%/g vs. 95 m?/g).
Also, by the electrolytic procedure, the TiO, bang gap was lesser than by solvothermal procedure (393 nm vs. 385 nm),
therefore our product is more sensitive to the visible spectrum. These results could be explained by the phase composition
of both materials. A mixture of anatase/brookite phases was obtained by electrolysis, while only anatase was obtained by
the solvothermal procedure. Different experimental studies have confirmed better photocatalytic efficiency with materials
constituted by both phases (anatase and brookite) [27]. Besides, the brookite phase is more difficult to synthesize, in con-
sequence, it has been less studied [28].

The analyzed properties are very important in order to evaluate the use of the obtained TiO, as photocatalyst for the
degradation of POPs.

3.5. Photocatalytic Degradation of Paracetamol

The heterogeneous photocatalysis mechanism involves the participation of water and OH" groups, adsorbed on the sur-
face of the catalyst. The nanomaterial absorbs a light quantum and the photogenerated holes migrate to the interface and
react with the OH™ groups and water to create OH radicals that can degrade the organic compounds (see Equations 5, 6 and
7) [29, 30].

TiO, + hv =TiO, (h); +ez) 5
TiO,(h")+H,0,, =TiO, +OH_,, +H" 6
TiO,(h")+OH_, =TiO, +OH_ 7

Figure 6 shows the results of degradation and mineralization of paracetamol in aqueous solution with UV light, sunlight,
H,0, and TiO,. Under artificial UV light exposure, the prepared titania shows photocatalytic activity exceeding in about
three times (TiO,/UV in Figure 6) the degradation with UV light alone (UV in Figure 6). However, in both cases, the deg-
radation at 90 minutes is less than 10 %.

On the other hand, it is considerable the improvement of the photocatalytic degradation and mineralization with the ad-
dition of H,0, (TiO,/UV/H,0, in Figure 6), reaching about 76 % of degradation and about 26 % of mineralization. The
addition of H,0O, inhibits the recombination of the electron-hole pair by reacting with the excited electrons according to
Equation 8, and increases the amount of generated radicals too (Equation 8). A synergic effect of paracetamol photodegra-
dation in the presence of TiO, and H,0, is observed if compare with the paracetamol H,0, oxidation (H,O, in Figure 6)
and photolysis with H,0, (UV/H,0, in Figure 6).

TiO,(e7)+H,0,,4 =TiO, +OH_,, +OH" 8
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Figure 6. Degradation (%D) and mineralization (%M) of paracetamol in aqueous solution
UV: photolysis under artificial UV light. TiO,/UV: heterogeneous photocatalysis with TiO, nanopowder under artificial UV light. H,O,: oxidation with
H,0,. UV/H,0,: photolysis with H,O, under artificial UV light. TiO,/UV/H,0,: heterogeneous photocatalysis with TiO, nanopowder under artificial UV
light and H,0,. Sun/H,0,: photolysis with H,O, under solar radiation. TiO./Sun/H,0,: heterogeneous photocatalysis with TiO, nanopowder under solar
radiation and H,0,

Moreover, the synthesized TiO, showed photocatalytic activity with sunlight. Degradation by heterogeneous photoca-
talysis (TiO,/Sun/H,O, in Figure 6) increases approximately up to 60%, comparing with degradation achieved with sunlight
and peroxide alone (Sun/H,0, in Figure 6). However, the mineralization stayed invariant, in these last two cases, in spite of
the addition of the TiO,.

Gonzéalez-Labrada [3] obtained about 30% of paracetamol degradation at equal initial concentration of the drug and pH,
during 60 minutes of reaction, with commercial TiO, (PC 500). That result is better than the value obtained in this work,
where only 6.2% of degradation was achieved. It could be explained by the differences of experimental conditions in both
studies. The highest value reached by Gonzalez-Labrada was obtained with a UV lamp of 24 W (' more than twice the pow-
er of the lamp used in this work ) and a most suitable reactor geometry (irradiation in multiple directions, because of the
lamp was within the reactor), while in this work, the irradiation was unidirectional from above. Furthermore, Gonzé-
lez-Labrada bubbled dioxygen, which increases the photocatalytic activity [14].

On the other hand, Muruganandham and Swaminathan [31] studied the sunlight degradation of RO4 dye (azo com-
pound). They used eight times the amount of TiO, (Degussa P25) used in this work, about 0.4 g/L of dye, 20 mmol/L of
H,0,, pH equal to 4.8, and a steady stream of O,, and obtained about 85% of discoloration in 20 minutes of reaction. While
dyes are more sensitive to degradation by sunlight, when comparing the experimental conditions and the results obtained in
this work with sunlight, it is evident the importance of adjusting experimental parameters as the mass concentration of na-
nomaterial, oxidizing agent (H,O,) and pH, in order to achieve more effective degradation.

4. Conclusions

TiO, nanoparticles in brookite and anatase phases were obtained by a novel synthesis method, which involves the elec-
trolysis of a plate of Ti alloy. This method is characterized by the use of non-toxic and inexpensive reagents. The synthe-
sized nanomaterial shows photocatalytic activity in the degradation of paracetamol in aqueous solution, which was intensi-
fied by the addition of H,0,. Besides, the degradation of the pollutant was achieved with sunlight, a renewable source of
energy.
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