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A pH Study for the Degradation of Acetaminophen with Iron Oxide Nanostructures
Bianca Lucas-Granados, Rita Sánchez-Tovar, Ramón M. Fernández-Domene, José García-Antón*
Ingeniería Electroquímica y Corrosión (IEC). Instituto Universitario de Seguridad Industrial, Radiofísica y Medioambiental (ISIRYM). Universitat Politècnica de València. Valencia. Spain. 
jgarciaa@iqn.upv.es
Nowadays, there is an increasing interest in the degradation of organic compounds in wastewater, since they are detrimental for the water quality. Different metal oxides have been studied as photocatalysts in the photoelectrocatalytic degradation of pharmaceutical products using UV light. Iron oxide nanostructures are a promising option in this field since their band gap (~ 2.1 eV, corresponding to ~590 nm) can absorb visible light, which in turn allows the degradation by using sunlight.
[bookmark: _Hlk495475023]Iron oxide nanostructures are known to be stable in alkaline solutions, but some organic compounds can vary their structure with pH. Then, a pH study is needed in order to stablish the optimum value to guarantee both the nanostructures and the organic molecule stability. In this work, acetaminophen (more known as paracetamol) is studied in different pH media (from pH 9 to pH 13) in order to evaluate the viability of iron oxide nanostructures as photocatalysts in the acetaminophen degradation process.
Results showed that pH is a determinant parameter in the degradation process since the paracetamol UV-Vis spectrum varied with it. However, a pH compromise value is stablished in order to ensure the viability of the usage of iron oxide nanostructures in the acetaminophen degradation process.
Introduction
Acetaminophen (N-(4-hydroxy-phenyl)ethanamide) is an analgesic-antipyretic drug commonly known as paracetamol (see the molecule in Figure 1). This drug is one of the most globally used, so paracetamol is discharged into the water bodies arriving to the groundwater, drinking water and surface water, and then its degradation is required (Bianchi et al., 2018; Ferreira et al., 2015). Photocatalysis is one of the technologies used for the degradation of different organic compounds such as dyes (Mais et al., 2017), herbicides (Nascimento da Silva et al., 2017) or drugs (Lei et al., 2016). 
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Figure 1: Paracetamol (Acetaminophen) molecule.
Among the different photocatalysts, iron oxide, in particular hematite (α-Fe2O3), is an attractive material because of its band gap (2.1 eV) that can absorb in the visible region, abundance and low cost. Using nanotubular iron oxide nanostructures for photodegradation of organic pollutants is a good option since the nanotubular morphology can guide the carriers to the metallic substrate overcoming its poor mobility, and the thin walls of the nanotubes can overcome the short holes diffusion lengths (Lee et al., 2014). Then, the photogenerated holes can reach the electrode/electrolyte surface and oxidize the organic compounds. Therefore, photodegradation of paracetamol by using iron oxide nanostructures and visible light (420 nm) is a promising option. 
In this way, iron oxide nanostructures are commonly used in alkaline solutions for photoelectrochemical applications. In particular, for water splitting experiments they are used in a solution of KOH or NaOH with pH 14 since their chemical stability is ensured (Rangaraju et al., 2009; Mushove et al., 2015). However, acetaminophen is an organic compound that changes its UV-Vis spectrum in alkaline media. According to this, the purpose of this work is to evaluate the possibility of using iron oxide nanostructures for degradation of organic compounds such as paracetamol. There is no so much work in this field with iron oxide nanostructures and acetaminophen, so the relevance of this paper is to stablish the conditions in order to carry out this investigation and achieve good results in the degradation process in the future. Then, a pH study is needed to stablish a compromise value to ensure the stability of both paracetamol and nanostructure during the photoelectrodegradation tests.
Experimental procedure
Synthesis of iron oxide nanostructures
Iron oxide nanostructures were synthesized by electrochemical anodization of iron (99.9 % purity) at 50 V for 10 minutes in an ethylene glycol based solution containing 0.1 M NH4F and 3 %vol. H2O. Anodization was performed under hydrodynamic conditions by rotating the electrode at 1000 rpm during the process (Lucas-Granados et al., 2017). Once anodized, samples were annealed in a tubular furnace at a heating rate of 
15 ⁰C · min-1 with argon atmosphere for 1 hour at 500 ⁰C. Samples were cooled within the furnace by natural convection.
The morphology of the nanostructures was examined by means of Field Emission Scanning Electron Microscopy (FE-SEM) at an Extra High Tension (EHT) of 3 kV. Furthermore, the crystalline structure of the samples was measured with Raman Laser Confocal Spectroscopy, with a 632 nm neon laser with ~750 µW.
Preparation of paracetamol solutions
Different paracetamol solutions were prepared at different pH values, i.e. 9, 10, 11, 12 and 13, in order to study the influence of the pH on the stability of paracetamol and nanostructures. The pH was modified by adding different amounts of NaOH 0.01/0.1 M. Also, a paracetamol solution in 1 M NaOH was prepared to study the stability of paracetamol at this condition.
Measurements of absorbance
In order to measure the absorbance of each solution, 4 mL of liquid were transfer to a quartz cuvette. Measurements of absorbance of the different solutions were carried out in a UV-Vis Spectrometer in the range from 190 to 500 nm. Solutions at the same pH but water based (i.e. without paracetamol) were used as a blank in each measurement.
Degradation tests
Degradation of the paracetamol with the nanostructure was performed in a quartz glass reactor with a configuration of three electrodes being the iron oxide nanostructure the working electrode, a platinum tip the counter electrode and a Ag/AgCl (3 M KCl) electrode the reference. Prior to the degradation experiments, samples were immersed in the solution under stirring with a magnet-stirrer for 30 minutes to reach an equilibrium. Degradation tests were performed in a 40 ppm paracetamol solution at pH 11 and 12, at 0.5 V (vs. Ag/AgCl) under 420 nm light by using a 1000 W Xe light lamp (100 mW · cm-2). During the degradation tests, 4 mL of solution were taken every 30 minutes and measured with the UV-Vis spectrophotometer. Then, the liquid was returned to the reactor in order to continue the process with the same volume conditions.
Results and discussion
Figure 2 a) shows the register of the current density versus time during the synthesis of the nanostructures. On the one hand, the curve shows the shape of a nanotubular formation (Jubb et al., 2010; de Faria et al., 2007). On the other hand, Figure 2 b) and c) indicate that, actually, the morphology of the samples was nanotubular with a homogeneous surface, which enhances the charge separation processes. Then, the photogenerated holes that are strong oxidizing agents can oxidize the organic compounds in the solution and/or react with the water to form hydroxyl radicals that also can oxidize the organic compounds (Müller & Schmuki, 2014).
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Figure 2: Register of current density versus time during anodization of iron (a), and FE-SEM images at 5,000X (a) and 15,000X(b) magnifications of the iron oxide nanostructures used for the degradation of paracetamol.
In order to determine the crystalline structure of the obtained samples, Figure 3 shows the Raman spectrum of the nanostructures. It is clearly seen that most of the peaks correspond to the hematite, but some peaks associated to the magnetite also appeared (Xie et al., 2014; Mohapatra et al., 2009).
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Figure 3: Raman spectra of the iron oxide nanostructures used for the degradation of paracetamol.
Then, the nanostructures were composed by mainly hematite, but some amount of magnetite appeared also in its structure. This presence of magnetite enhances the conductivity of the sample, so it is beneficial for the photodegradation process.
Iron oxide nanostructures are stable in alkaline solutions. Because of that, a 1 M NaOH solution of paracetamol was prepared in order to test its stability in this media by measuring its UV-Vis spectrum at different times from preparation. Figure 4 shows that the UV-Vis spectrum completely changed after 1 week, and continued changing after two months. So paracetamol is not stable in 1 M NaOH with pH 14.
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Figure 4: Evolution of UV-Vis spectra of 1 M NaOH solution with paracetamol with time.
According to the pKa of paracetamol (9.7), the maximum pH at which paracetamol is not ionized is around this value. Then, a compromise between stability of paracetamol and iron oxide nanostructures in terms of pH is needed. In this way, a study of the stability of paracetamol at different pH was performed. Figure 5 shows the spectrum of different paracetamol solutions with pH values from 9 to 13. As Figure 5 shows, the solutions with pH 9 and 10 did not change its characteristic peak (λ = 243 nm). However, a pH value of 11 started to change its characteristic peak until 252, and higher pH values (i.e. 12 and 13) changed the peak until 256.
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Figure 5: Evolution of UV-Vis spectra of paracetamol solution at different pH.
Once the main peak of the spectrum was stablished at the different pH values, it was possible to carry out a degradation test by monitoring the UV-Vis spectrum in a paracetamol solution. Since the iron oxide nanostructure was stable at alkaline solutions, the first degradation test was performed in a solution of paracetamol with pH 11. The UV-Vis spectrum was measured each 30 minutes. Nevertheless, as Figure 6 indicates, after 2 hours of experiment, the main peak of the spectrum started to increase and move to lower wavelengths, and the solution was also starting to get yellowish. This was because the nanostructure started to dissolve in the solution due to the pH value. 
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Figure 6: Evolution of UV-Vis spectra of paracetamol solution with time while degradation with iron oxide nanostructure at pH 11.
Therefore, a new degradation test at pH 12 was performed, and Figure 7 shows the evolution of the UV-Vis spectrum of paracetamol. It is clear that at this pH value the spectrum did not change its λ during the degradation test, which indicated that the iron oxide nanostructure was stable at this pH. However, the characteristic peak at 256 nm decreased with time, which indicated that degradation of paracetamol was taken place.
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Figure 7: Evolution of UV-Vis spectra of paracetamol solution with time while degradation with iron oxide nanostructure at pH 12.
Nevertheless, the degradation rate was very low, achieving only 4.65 % degradation of paracetamol after 5 hours. In this way, once stablished the pH value at which both paracetamol and iron oxide nanostructure are stable, future work will be focused on adjusting different parameters of the process in order to achieve higher efficiencies.
Conclusions
This work studied the influence of the pH value in the degradation of paracetamol using iron oxide nanostructures. Results indicated that a compromise pH of 12 maintain the stability of both paracetamol molecule and iron oxide nanostructure. In this way, degradation experiments achieved 4.65 % of efficiency, so future work is focused on adjusting the process parameters in order to obtain higher efficiencies.
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