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Abstract

:

Acetylsalicylic acid (ASA) is a pharmacologically active compound. In this study, ASA was decomposed effectively using a plasma in liquid phase process with hydrogen peroxide and TiO2 photocatalyst. Increasing the electrical power conditions (frequency, applied voltage, and pulse width) promoted plasma generation, which increased the rate of ASA decomposition. The added hydrogen peroxide increased the rate of ASA degradation, but injecting an excess decreased the degradation rate due to a scavenger effect. Although there was an initial increase in the decomposition efficiency by the addition of TiO2 powder, the addition of an excessive amount inhibited the generation of plasma and decreased the degradation rate. The simultaneous addition of H2O2 and TiO2 powder resulted in the highest degradation efficiency. We suggest that ASA is converted to salicylic acid through demethylation by hydroxyl radicals and is finally mineralized to carbon dioxide and water via 2,4-dihydroxy benzoic acid and low molecular acids.
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1. Introduction


In modern society, pharmaceutical organic compounds (POCs) are released into the aquatic environment without appropriate treatment. These drugs and their resulting intermediates can cause a range of health and environmental problems [1,2]. Acetylsalicylic acid (ASA), also known as aspirin, is a nonsteroidal anti-inflammatory drug (NSAID) commonly used for pain relief [3]. Aspirin is also used widely as an antipyretic agent and an anti-inflammatory to treat fever and heart attacks, but high doses can have undesirable side effects, such as gastrointestinal ulcers, gastric bleeding, and tinnitus [4]. Exposure to aquatic environments can lead to its degradation to a range of toxic intermediates in aqueous media, which can cause environmental pollution and adversely affect human health. Traditional techniques of disposal (adsorption, ozonization, etc.) generate concentrated wastewater and gaseous emissions, which are harmful to humans and the environment and must be treated fully before being discharged to landfill and rivers [5]. Therefore, effective strategies are needed to address the environmental problems associated with aspirin contamination.



Methods of removing POCs, such as aspirin in the environment, include several traditional treatment methods (biological, physical, and chemical processes) and advanced oxidation processes (AOPs) [6,7]. AOPs can effectively remove difficult to decompose water contaminants, replacing traditional water treatment methods [8,9]. AOPs use hydroxyl radicals through a process that combines the Fenton reaction, TiO2 photocatalyst, zero-valent iron, UV, H2O2, and ozone [10,11,12].



Among them, the TiO2 photocatalyst system has been studied widely as a low-cost, safe, chemically stable, and environmentally friendly process. On the other hand, the low reaction rate and relatively non-selective reaction has limited its application to industry. In particular, when treating contaminants in water using TiO2 powder, it is difficult to recover the TiO2 powder after the treatment step. Thus, attempts have been made to add or combine other processes to improve the efficiency of the photocatalytic reaction.



Recently, researches using plasma generated in the liquid phase to treat organic compounds in water have been actively conducted [13,14]. In addition to hydrogen radicals, many strongly oxidative reactive species (O, 1O2, O3, HO2, H2O2, etc.) in the plasma generated in the liquid solution can be used to effectively break down organic compounds to CO2 and H2O. In this study, a plasma in liquid process (PiLP) was performed to decompose ASA effectively in water, and the effects of the plasma process variables on the decomposition reaction were examined. In addition, H2O2 aqueous solution and TiO2 photocatalyst were added to the PiLP to improve the efficiency of ASA degradation. The reaction intermediates from ASA degradation by the PiLP were analyzed by high performance liquid chromatography combined with a mass spectrometer (HPLC-MS). Based on this, the mechanism of ASA decomposition by a PiLP reaction is presented.




2. Results and Discussion


2.1. Effect of the Plasma Operating Conditions


The influence of the electrical power variables (frequency, pulse width, and applied voltage) applied to the PiLP on the ASA degradation reaction was evaluated. Figure 1 shows the influence of varying the electrical power conditions on the ASA decomposition rate. In addition, the change in the hydroxyl radicals generated under each electrical power condition was measured by an optical emission spectrometer (OES); the results are shown on the right side of Figure 1. Figure 1a presents the ASA degradation rates for each of the applied voltages (200, 225 and 250 V), wherein the pulse width and frequency of the power supply were fixed to 5 μs and 30 kHz, respectively. As the voltage applied to the PiLP increased, the decomposition efficiency of ASA increased. In particular, the decomposition rate increased significantly at 250 V. When electrical energy is applied through the tungsten electrode installed in the center of the PiLP reactor, plasma is generated by dielectric breakdown of water. The generated electrons (e−) react with water to produce chemically active species, and the OES spectra results show hydroxyl radicals (309 nm), hydrogen radicals (486 nm and 656 nm), and oxygen radicals (777 nm and 845 nm). Note that these are created [15,16,17,18]. Therefore, the applied voltage affects the amount of chemically active species generated by the plasma reaction. In contrast, the emission intensity of hydroxyl radicals produced at 250 V (2.48 × 104), measured by OES, was approximately two times greater than that at 200 V (1.25 × 104), as shown in Figure 1b. In this study, the degradation reaction of ASA by the PiLP was assumed to be pseudo first order, and the decomposition rate constant k of ASA was calculated as a function of the applied voltage. As a result, k at 200 V, 225 V, and 250 V was found to be 4.28 × 10−3/min, 5.91 × 10−3/min, and 9.78 × 10−3/min, respectively. These results show that the rate of ASA degradation was affected by the quantity of hydroxyl radicals generated. Therefore, applied voltage is a major process variable in ASA decomposition in the PiLP.



To examine the change in the ASA decomposition rate according to frequency, which is one of the power supply conditions, the frequency was changed from 21 to 30 kHz in 3 kHz intervals, while the pulse width and voltage were fixed to 5 μs and 250 V, respectively. Figure 1c shows the rate of ASA decomposition according to the frequency change. Figure 1d presents the emission intensity of the hydroxyl radicals generated at each frequency. It may be seen that the rate of ASA degradation increased with increasing frequency. In particular, the rate of ASA degradation increased rapidly at 30 kHz. In this study, a bipolar pulsed-type power supply was applied, and the energy (E) supplied to the tungsten electrode per second may be expressed as the energy per pulse (Ep) × frequency. As the frequency increases, the energy supplied to the plasma field increases, thereby increasing the generation of chemically active species in the plasma field—particularly hydroxyl radicals [19,20]. The emission intensities of the hydroxyl radicals shown in Figure 1d were measured at 21 kHz (0.81 × 104), 24 kHz (1.21 × 104), 27 kHz (1.56 × 104), and 30 kHz (2.48 × 104). The rate constants k of ASA degradation measured at 21, 24, 27, and 30 kHz were 2.24 × 10−3/min, 3.54 × 10−3/min, 5.62 × 10−3/min, and 9.78 × 10−3/min, respectively. Compared to 21 kHz, the decomposition rate at 30 kHz was improved approximately 2.8 fold. Hence, frequency is an important reaction factor in the ASA decomposition reaction.



Figure 1e shows the change in the decomposition efficiency of ASA using a pulse width of 2 μs to 5 μs, where the applied frequency and voltage were maintained at 30 kHz and 250 V, respectively. At a pulse width of 2 μs, almost no ASA decomposition occurred, and the formation of plasma was unstable in the PiLP reactor. Plasma was formed stably from pulse widths above 3 μs, and the rate of ASA degradation increased with increasing pulse width. Figure 1f shows the emission intensity of hydroxyl radicals produced as a function of the pulse width. The emission intensity was very low at a pulse width of 2 μs (0.24 × 104), but it increased with increasing pulse width: 3 μs (0.96 × 104), 4 μs (1.62 × 104) and 5 μs (2.48 × 104). In this experiment, the bipolar pulse method applied to prevent continuous corrosion of the electrode was formed from one pulse to two pulses on time (positive and negative), where the pulse width corresponded to one pulse on time [21]. If the pulse width is 2 μs at 30 kHz, the duty ratio is 0.12. At 5 μs, the duty ratio is 0.30, which increases the power supply time required for plasma generation in the aqueous solution. Increasing the pulse width increases the time for supplying electrical energy from the power supply, which facilitates plasma generation. Hence, the rate of ASA degradation increases due to the increased production of chemically active species. The rate constants k for ASA degradation at pulse widths of 2 μs, 3 μs, 4 μs, and 5 μs were 0.67 × 10−3/min, 2.74 × 10−3/min, 5.61 × 10−3/min, and 9.78 × 10−3/min, respectively.




2.2. Effect of H2O2


The effects of hydrogen peroxide addition on the degradation of ASA in the PiLP was also investigated. Figure 2 shows the rate of ASA degradation according to H2O2 concentration in the aqueous reactant solution. The H2O2 concentration in the ASA solution varied from 0.001 to 0.100 M. The electrical power conditions were maintained at 250 V, 30 kHz, and 5 μs. With the exception of the addition of 0.1 M H2O2, the rate of ASA decomposition was greater with H2O2 added than with no addition. The added H2O2 reacts with light or electrons (e−) in the plasma field to produce hydroxyl radicals [22,23,24,25]. In addition, H2O2 itself can participate in the decomposition of ASA. The rate constants k of ASA degradation according to the addition of H2O2 were 10.34 × 10−3 min−1 (0.001 M), 11.81 × 10−3 min−1 (0.010 M), and 13.54 × 10−3 min−1, showing 6–38% improvement compared to the ASA decomposition rate (9.78 × 10−3 min−1) by the PiLP alone. On the other hand, when 0.100 M of H2O2 was added, the ASA degradation rate constant k decreased considerably to 8.87 × 10−3 min−1. Excess H2O2 in the reaction solution acts as a scavenger that reacts with hydroxyl radicals generated by the PiL reaction to form hydroperoxyl radicals and O2 and H2O [26]. Overall, the addition of hydrogen peroxide to the decomposition reaction of ASA using the PiLP method improves the decomposition rate, but it is important to add the appropriate amount.




2.3. Effect of TiO2 Photocatalyst


TiO2 photocatalyst was also added to the PiLP reactor to improve the decomposition efficiency of ASA. Figure 3 shows the degradation rate of ASA when TiO2 photocatalyst powder (P25) was added at 0.05–0.50 g/L. In this experiment, the electrical power conditions were maintained at the same optimum conditions (250 V, 30 kHz, and 5 μs). The addition of 0.05 to 0.20 g/L of P25 improved the rate of ASA degradation compared to that obtained in the absence of P25. TiO2 photocatalyst is activated by UV generated at the tungsten electrode, and the decomposition of ASA is achieved by hydroxyl radicals and strong oxidants generated on the activated photocatalytic surface [27,28]. When P25 was used at 0.05 g/L and 0.10 g/L, the ASA degradation rate constants k was 10.986 × 10−3/min and 13.24 × 10−3/min, respectively, corresponding to a 12% and 35% increase compared to that without P25 (9.78 × 10−3 min−1). On the other hand, when 0.20 g/L and 0.50 g/L of P25 was used, k decreased slightly to 11.78 × 10−3/min and 8.73 × 10−3/min, respectively. Increasing the amount of P25 in the reactant aqueous solution reduces the amount of light radiation, which decreases the formation of plasma channels between the PiLP electrodes. Therefore, excessive addition of P25 powder makes it difficult to generate plasma, thereby lowering the rate of ASA decomposition [28].




2.4. Effect of a Combination of Reaction Processes


The effects of a combination of the PiLP and other unit processes on the degradation of ASA were compared. Figure 4 shows the change of rate constants by the addition of hydrogen peroxide and TiO2 photocatalyst in ASA decomposition using the PiLP. Here, ‘PiLP’ is the case using only the PiLP, ‘PiLP-H’ is the process of adding hydrogen peroxide (0.05 M) to the PiLP, and ‘PiLP-T’ is the process of adding TiO2 photocatalyst (0.10 g/L). The case of ‘PILP-HT’ is also shown, and is the process in which TiO2 photocatalyst and H2O2 are added simultaneously, with the amount of additives used being the same as that of PiLP-H and PiLP-T. This experiment was performed at the same optimum electrical power conditions (250 V, 30 kHz, and 5 μs). PiLP-H (13.54 × 10−3 min−1) and PiLP-T (13.24 × 10−3 min−1) showed higher decomposition rates than the PiLP only (9.84 × 10−3 min−1); PiLP-H was slightly higher than PiLP-T. Furthermore, the ASA degradation rate constant of PiLP-HT was 15.67 × 10−3 min−1, showing 60% improvement in reaction efficiency compared to the simple PiLP.




2.5. Degradation Reaction Pathway of ASA by the PiLP


Intermediates generated during ASA degradation by the PiLP were measured by liquid chromatography–mass spectrometry (LC-MS) analysis to examine the mechanism of the degradation reaction. Figure 5 shows the LC-MS chromatogram (left) of the sample obtained from the ASA digestion reaction for 30 and 240 minutes using the PiLP, together with the name and chemical structure of the compounds detected. Peaks were detected at retention times of 20.56 min (1) and 24.81 min (2). In this study, LC-MS was conducted in negative ion mode, where 179 m/z and 137 m/z were assigned to ASA and salicylic acid (SA), respectively [29]. The peak intensities of ASA and SA decreased with increasing reaction time; thus, the PiLP decomposed the degradation compounds and intermediates.



Based on the results obtained through LC-MS analysis, Figure 6 presents the possible degradation pathway of ASA by the PiLP. Chemically active species, particularly hydroxyl radicals, generated in the PiLP attack the C=O bonds of ASA to produce salicylic acid (2) by demethylation [30]. Through hydroxyl radicals, the aromatic ring of salicylic acid is converted to the OH-adduct, 2,4-dihydroxybenzoic acid (3), which is then converted to maleic acid (4) and fumaric acid (5) through ring opening [31,32]. These compounds are then decomposed to low molecular acids, such as oxalic acid (OA), succinic acid (SA), and formic acid (FA), and finally to CO2 and H2O [30,33].





3. Materials and Methods


3.1. Materials and Equipment


Acetylsalicylic acid (C9H8O4, ASA) was purchased from Sigma Aldrich, Saint Louis, MO, USA. Deionized (DI) water (conductivity ≤ 2 μS/cm, Daejung chemicals, Siheung, Korea) was used to prepare the reactant aqueous solutions. TiO2 photocatalyst powder (P25, consisting of 85% anatase and 15% rutile), which was added to improve the decomposition efficiency of the PiLP, was acquired from Degussa, Essen, North Rhine-Westphalia, Germany. Hydrogen peroxide (H2O2, assay 35%) was obtained from Daejung Chemicals, Siheung, Korea. All chemicals were used as received.



Figure 7 is a diagram of the PiLP experimental apparatus used in the ASA degradation reaction. The PiLP system consisted of a power supply, a reactor, a reaction water tank and a constant temperature bath. The power supply (NTI-1000W, Nanotechnology, Co. Ltd., Daejeon, Korea) was a high frequency bipolar pulse type that converted AC (220 V) into direct current (DC) and supplied it to the reactor (power was set to 1 kW). In this experiment, the voltage of the power generator was changed from 200 to 250 V. The pulse width and frequency of the generator was tested in the range, 2–5 μs and 21–30 kHz, respectively. The PiLP reactor was a double tube type circular reactor (OD 100 mm, ID 86 mm, H 150 mm) with an ASA reaction solution inside. The tungsten electrode (diameter 2 mm, purity 99.95%), which was placed in the center of the PiLP reactor and surrounded by a ceramic insulator, had a gap of 1 mm at all times. The outside of the PiLP reactor was connected to the circulation refrigerator to prevent a reaction solution temperature rise by the PiLP reaction, the reaction solution temperature was maintained at 20 °C.




3.2. Experimental Procedure


The decomposition of ASA by the PiLP was carried out as follows. One liter of a 1000 ppm aqueous ASA solution was used as the source solution, and an aqueous ASA reactant solution (50 ppm) used in the PiLP was prepared using the source solution. The prepared ASA reactant aqueous solution (300 mL) was placed in the PiLP reactor, and the decomposition characteristics of the ASA were examined while changing the electrical power conditions (frequency, applied voltage, and pulse width). An optical emission spectrometer (OES, AvaSpec-3648, Avantes, Apeldoorn, Netherland) was used to compare the generation of radicals according to the electrical power conditions of the PiLP. In addition, TiO2 photocatalyst (0.05–0.50 g/L) and hydrogen peroxide (H2O2, 0.001–0.100 M) were added to the PiLP reactor to improve the rate of ASA degradation. The reaction aqueous solution was collected at regular reaction times and the concentration of ASA was measured by HPLC (1260 Infinity, Agilent Tech., Santa Clara, CA, USA). The HPLC column used was C-18 (4.6 × 150 mm, Agilent Tech., Santa Clara, CA, USA). The mobile phase was a mixture of 60% water containing 2% phosphoric acid and 40% acetonitrile with a flow rate of 1 mL min−1. A UV detector with a wavelength of 237 nm was used at the temperature of the column thermostat at 250 °C. The intermediates generated during ASA degradation by the PiLP were analyzed by HPLC-MS (LC-MS 2020, Shimadzu, Kyoto, Japan). For this analysis a Shimadzu shim-pack VP-ODS C8 phenyl column was used and the samples had a volume of 25 μL. The mobile phase was a mixture of water 30% with 0.04% acetic acid and acetonitrile 70% with a flow rate of 0.1 mL/min. In this analysis, the instrument was operated in negative electrospray ionization (ESI) mode.





4. Conclusions


ASA was decomposed using the PiLP reaction with hydrogen peroxide and TiO2 photocatalyst. Increasing the electrical power conditions (frequency, applied voltage and pulse width) promoted plasma generation, which improved the rate of ASA degradation due to increased hydroxyl radicals. H2O2 added to the PiLP reactor increased the rate of ASA decomposition, but more than a certain amount of injection reduced the rate of decomposition by the scavenger effect. The addition of TiO2 photocatalyst also increased the efficiency of ASA decomposition, but adding large amounts prevented plasma generation, which reduced the degradation rate. The addition of hydrogen peroxide and TiO2 photocatalyst resulted in a higher decomposition rate than that of the PiLP only, and the simultaneous addition of hydrogen peroxide and TiO2 photocatalyst produced the highest decomposition efficiency. In terms of the decomposition mechanism, ASA is converted to salicylic acid by demethylation through hydroxyl radicals, and finally mineralized to carbon dioxide and water via 2,4-dihydroxy benzoic acid, maleic acid, fumaric acid, oxalic acid, succinic acid, and formic acid.
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Figure 1. Degradation rate of ASA (a,c,e) and the emission intensity of hydroxyl radicals (b,d,f) according to the electrical power condition of the PiLP: variation of applied voltage (a,b); variation of frequency (c,d); variation of pulse width (e,f). 
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Figure 2. Degradation rate of ASA measured at various hydrogen peroxide addition amounts. 
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Figure 3. Degradation rate of ASA measured at various TiO2 photocatalyst addition amounts. 
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Figure 4. Comparison of the ASA decomposition rates obtained under various experimental conditions. 
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Figure 5. Liquid chromatography–mass spectrometry (LC-MS) chromatogram according to the reaction time of PiLP and name and chemical structure of measured compound by LC-MS. 






Figure 5. Liquid chromatography–mass spectrometry (LC-MS) chromatogram according to the reaction time of PiLP and name and chemical structure of measured compound by LC-MS.



[image: Catalysts 09 00965 g005]







[image: Catalysts 09 00965 g006 550] 





Figure 6. The proposed degradation mechanism of ASA by PiLP. 
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Figure 7. Schematic of the PiLP system for degradation of ASA. 
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