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Abstract:



This research focused on determining the effectiveness of non-thermal atmospheric pressure plasma as an alternative to advanced oxidation processes (AOP) for antibiotic removal in solution. For this study, 20 mM (6.988 g/L) solutions of ampicillin were treated with a floating electrode dielectric barrier discharge (FE-DBD) plasma for varying treatment times. The treated solutions were analyzed primarily using mass spectrometry (MS) and nuclear magnetic resonance spectroscopy (NMR). The preliminary product formed was Ampicillin Sulfoxide, however, many more species are formed as plasma treatment time is increased. Ampicillin was completely eliminated after five minutes of air-plasma treatment. The primary mechanism of ampicillin degradation by plasma treatment is investigated in this study.
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1. Introduction


According to a joint study between the USA and England in 2014 [1], 50,000 people die in England and United States because of antibiotic-resistant “superbugs” every year. This is consistent with an estimate from Centers for Disease Control and Prevention (CDC) that antibiotic-resistant bacteria caused 23,000 deaths, and two million illnesses each year in the USA [2]. The number of deaths in Asia is more than a half million each year. If no action is taken, according to the current pace of development, millions of people worldwide will die of “superbugs” every year in the late 21st century.



During the last decade, it has been realized that antibiotic-containing wastewater is a severe class of water contamination [3,4,5]. Due to the intensive use of antibiotics in agriculture, and in human and veterinary medicine, antibiotics are continuously released into the environment [6,7,8]. Antibiotics and antibiotic residues are excreted without treatment and end up in sewage. The extensive use of antibiotics and their release into environment without treatment is the one of the major causes of the outbreak of antibiotic-resistant pathogens in recent years.



Most of the efforts to combat the growing threat from antibiotic-resistant pathogens focus on the reduction of the use of antibiotics or the development of new antibiotics. However, since most antibiotics are used in livestock production [9], and the majority of antibiotics released into the environment come from livestock farms, hospitals, animal clinics, and pharmaceutical companies, a more practical and cost-effective solution is to remove or decompose antibiotics from their wastewater before release. This approach will have the least impact on the current usage of antibiotics and the economy.



Traditional wastewater treatment methods, such as conventional activated sludge (CAS) [10], membrane processes [11,12], activated carbon adsorption treatment [13,14,15,16], cannot effectively remove or inactivate antibiotics. Chlorination is a powerful and effective method to disinfect wastewater, which is used worldwide. However, this method suffers from two major drawbacks: (i) the safe storage, transportation, and handling of chlorine; and (ii) the formation of chlorinated byproducts. Advanced oxidation processes represent efficient methods for wastewater treatment [17,18]. These processes include Fenton oxidation [19,20,21], ozonation [22], heterogeneous photocatalysis with TiO2 [23,24], sonolysis [25], and ultraviolet (UV) irradiation photolysis [26,27]. However, all of these method have substantial drawbacks, such as low efficiency due to the pH of wastewater [28,29,30], limitation to certain antibiotics [31,32], high energy consumption [33], etc. In summary, there is a need for a treatment for liquid medical waste that is more efficient, lower in cost, less toxic, does not pose logistical challenges, and is simpler and safer to use.



Recently, it was observed that plasma, especially floating electrode dielectric barrier discharge (FE-DBD), effectively decomposed organic chemicals [34,35,36,37,38]. DBD is used to generate a non-thermal plasma under atmospheric pressure conditions by applying a discharge between two electrodes with at least one being covered by a dielectric layer [39,40,41]. A nanosecond pulsed power supply is used to prevent the buildup of charge on the dielectric surface and allows for a more uniform discharge for an even plasma treatment [42]. This discharge generates a number of reactive oxygen species (ROS) and reactive nitrogen species (RNS), such as superoxide, hydroxyl radicals, nitric oxide, and nitrogen dioxide [38]. When applied above a liquid interface, these species can be generated in solution along with hydrogen peroxide for decomposition of organic chemicals. Previous work on the decomposition of organic species focused on pollution issues and clinical applications [43,44,45].



We demonstrate in this work the decomposition of ampicillin, a beta-lactam type of antibiotic, under non-thermal DBD plasma as an example of antibiotic removal by using DBD. Of the antibiotic classes, penicillin leads the way in the number of prescriptions and overall usage and their degradation products have been well studied [46,47,48]. For this reason, ampicillin has been selected as the molecule of choice to study the degradation from FE-DBD plasma treatment. In 2011, Magureanu et al. [49] reported the decomposition of several antibiotics, including ampicillin, by using DBD, but only three to four decomposition products from each antibiotics were analyzed, which did not provide enough information on whether each ampicillin decomposition product has antibiotic properties and whether the decomposition products are toxic to normal cells. We demonstrate the comprehensive studies on the decomposition products and decomposition mechanism of ampicillin under DBD, which is critical to fully understanding their interaction with bacteria and viruses in the environment before large scale applications are employed.




2. Materials and Methods


2.1. Chemicals and Sample Preparation


Ampicillin and caffeine were purchased from Alfa Aesar. Deuterium oxide was purchased from Sigma Aldrich, (St. Louis, MO, USA). Twenty mM of ampicillin fresh stock solutions were made with 1 mL aliquots pulled for each sample treatment. Samples to be run with 1H NMR analysis were prepared with D2O prior to plasma treatment. Immediately after plasma treatment, the samples were transferred to a 5-mm NMR tube without dilution. For quantitative studies, each NMR tube was equipped with a sealed capillary of a 10 mM caffeine solution in D2O to be used as an external standard. Samples prepared for MS analysis were run in deionized water with the majority of the analysis being done neat. As necessary, samples were diluted 1:20 in MeOH/H2O/formic acid (50/50/0.01) by volume. UV–VIS and fluorescence analysis were performed on samples without further dilution.




2.2. Plasma Setup and Treatment


Plasma was generated using a nanosecond-pulsed power supply with alternating polarity (FPG 20-N, FID Technology, (Burbach, Germany) and a floating electrode-dielectric barrier discharge setup (Scheme 1) identical to that used by Li et al. [50]. This pulse generator provided a 1–10 ns pulse width with a rise time of 5 kV/ns between the dielectric barrier electrodes [51]. The power supply provides an adjustable frequency of 500 Hz to 1.5 kHz with a maximum amplitude of 20 kV. A 1-mm thick quartz glass acts as the insulating layer for the high-voltage copper electrode. Plasma was applied to the sample at a fixed gap of 1 mm using a specialized quartz plate (87 × 52 mm) with a 1 mm deep groove (57 × 32 mm) to hold 1 mL of sample solution. Samples were treated under atmospheric conditions with no gas flow. The parameters for the plasma generation were held steady for the treatment of all samples at 11.2 kV and 690 fHz with only treatment times being varied.




2.3. Instrumentation


1H NMR spectra were recorded on a 500 MHz Varian Unity Inova spectrometer (Palo Alto, CA, USA) in 5 mm NMR tubes. An electron spray ionization (ESI) source was used with positive ion mode for mass spectrometry analysis on a Thermo-Finnigan LTQ-Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer (Waltham, MA, USA). Excitation and emission spectra were collected using a Hewlett Packard 8453 UV–VIS spectrophotometer (Palo Alto, CA, USA) and a Hitachi F-7000 fluorescence spectrophotometer (Tokyo, Japan), respectively.





3. Results and Discussion


3.1. AMP Degradation


The response of AMP solutions with varying plasma treatment times was first monitored with NMR spectroscopy.



Figure 1 shows the structure and assignment of the 1H NMR chemical shifts for AMP according to published results [48,52]. The first region of interest is in the lower range where two singlets are observed from the CH3 protons around 1.42 ppm. The second region of interest ranges from 4 to 6 ppm and includes four additional proton signals. It should be noted that these samples were run within 1 h without modification directly after treatment to best understand the plasma treatment process. For this reason, signals from the protons on the nitrogen and oxygen species were not visible from the proton exchange with deuterium. The decrease in the concentration of the AMP could be monitored by observable changes in these characteristic regions.


Figure 1. The structure and 1H NMR assignments for ampicillin.
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The decrease in the AMP concentration was apparent with an increase in plasma treatment time and the NMR of AMP versus plasma treatment time is shown in Figure 2 and Figure 3. The decomposition of AMP can be observed as it was immediately noticeable from the decrease in intensity of the two singlets located at 1.42 and 1.43 ppm.


Figure 2. 1H NMR of AMP solutions in D2O at increasing plasma treatment time from 0 to 180 s showing the region containing CH3 protons.
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Figure 3. 1H NMR of AMP solutions in D2O at increasing plasma treatment time from 0 to 180 s.
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The peaks were also monitored with protons H-4 and H-17, as these are also both singlets and had no interference from other overlapping peaks. From the NMR, no remaining AMP was observed after 3 min of plasma treatment. One apparent change of the NMR is the shift of the H-4 proton. This can be attributed to the significant decrease in the pH of the solution. The first formation of a new compound was determined by the appearance of two new singlets forming at 1.23 ppm and 1.60 ppm. These signals occur from modifications close to the two methyl groups, as a major change in their environment is causing the further separation of these signals. This was attributed to oxidation of the sulfur, as this modification places one of the CH3 groups into a cis position with the oxygen and results in a trans-positioning with the other CH3 group. The methyl group in the cis-position is in closer proximity to the oxygen, which causes deshielding and a shift downfield [53]. A visible shift in H-4, and even splitting of the H-2 and H-6 peaks were caused by this oxidation, as well [54]. Another species that was discernable from the NMR data was the presence of the penicilloic acid of ampicillin. This ampicilloic acid was measured by the two singlets located at 1.18 ppm and 1.19 ppm, representative of the methyl protons, and was found in the stock solution of the AMP. This species, however, was not found to be a major product and was not continually formed, as might be expected from the hydrolysis of the β-lactam ring. Some hydrolysis of the β-lactam ring was observed and this can be attributed to the continuous signals occurring at 1.18 and 1.19 ppm. Oxidation of the ampicilloic acid occurred initially at the sulfur position and resulted in the separation of the methyl singlets to 1.27 and 1.51 ppm, as discussed above, however, it is unlikely that this species survived for long and this will be discussed further.



FTIR studies also verified the formation of the S=O functionality [55] along with the breakdown of the β-lactam ring (1764 cm−1). The addition of a caffeine external standard allowed for quantitative monitoring with NMR spectroscopy. Integration of the sample signals representative to the external standard showed a very linear degradation pattern with respect to increased plasma treatment time (Figure 4).


Figure 4. AMP degradation followed by integration of NMR peaks relative to the external standard caffeine.
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3.2. Mechanism of Plasma Degradation


To better understand this degradation, high-resolution mass spectrometry was employed. The degradation of ampicillin could be followed with MS with the disappearance of the peak at 350.1178 m/z. The first newly-formed compound visible in the MS data was the formation of ampicillin S-oxide (366.1116 m/z). The S-oxide was further verified with MS by the presence of a peak at 349.0853 m/z which signifies the loss of the amine functionality (Figure 5). As plasma time increased, the signal at 366 m/z also significantly increased with the fragmentation of the amine maintaining a similar ratio to the height of the M+ peak.


Figure 5. MS data of 1-min plasma-treated AMP verifying the presence of the ampicillin S-oxide.
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A plasma treatment of 3 min showed a significant decrease in the height of this 349 peak (Figure 6). Following 5 min of treatment, this signal was almost obsolete. This suggests that something else is occurring to the ampicillin S-oxide that changes the structure, but has the same exact mass. Investigations into the literature revealed the presence of a fluorescent compound as a result of ampicillin degradation and this was attributed to the formation of ampicillin diketopiperazine [56]. At this length of a treatment time, the solutions turned yellow in color.


Figure 6. MS data for 3-min plasma treated AMP solutions. The insert shows the MS spectrum of AMP before exposure to plasma.
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Fluorescence studies were carried out and a clear fluorescence was observed (Figure 7). This suggests that the Amp-S-oxide undergoes a rearrangement to the diketopiperazine form. The formation is possible from the opening of the β-lactam ring followed by a ring closure reaction. Further verification was possible by detecting the presence of the two signals as a result of the AMP-S-oxide diketopiperazine fragmentation at 191.0815 and 176.0498 m/z. The pathway is shown in Figure 8. Additional verification was monitored using FTIR by the disappearance of the signal at 1764 cm−1, representative of the β-lactam carbonyl [55].


Figure 7. UV–VIS (left) and fluorescence (right) spectra of 3-min plasma-treated AMP solutions.
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Figure 8. Mechanism of AMP degradation from plasma treatment.
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Ampicilloic acid (368.1275 m/z) was detectable in minor amounts. From increasing plasma treatment times, this peak was never found to significantly increase in amount. This suggests that further plasma treatment either did not favor this degradation pathway, or additional rapid reactions occur whenever this compound was present. Further investigating this with high-resolution MS showed that the ampicilloic acid likely reacted rapidly in a number of pathways. These suggested pathways are shown in Figure 8 on the right side of the mechanism. It is likely that the newly-formed carboxylic acid is highly reactive and either fragments to form the new compounds, as shown, or follows the pathway to the formation of the diketopiperazine. If the carboxylic acid is released as CO2, this could explain for the large signal at 259.0899 m/z, which has been observed as a fragment in previous MS studies in the literature [57]. All of this work can be summarized by the pathway shown in Figure 8. The end structure seems to belong to that of the diketopiperazine of the ampicillin s-oxide. It should be noted that the UV photons in the DBD can also degrade organic chemicals [58,59], although the DBD ROS/RNS species seemed sufficient for the degradation of AMP in solutions.




3.3. Efficiency Comparison


A comparison has been made to other studies in which removal of ampicillin has been investigated (Table 1). The quickest treatment time of 2 min for degradation was observed with Fenton and Photo-Fenton reactions that involve an iron catalyst with hydrogen peroxide for oxidation of the contaminants [60]. The major difference between these treatment methods and the plasma treatment is that the concentration used in our studies is more than 60× larger than what was investigated by Elmolla and Chaudhuri [60]. It is highly probable that running this at similarly low concentrations would provide a much quicker degradation. This would also likely narrow the number of remaining components in the solution. Optimization of this method in an oxygen environment is currently underway. Overall, the plasma method showed the potential for effective removal of ampicillin compared to other methods.


Table 1. Compiled investigations into ampicillin removal for wastewater cleaning comparing a variety of methods in comparison to FE-DBD air plasma treatment.











	Concentration
	Treatment
	Result
	Reference





	20 mg/L
	Removal using Metallic Iron
	Complete removal after 3 h
	Ghauch et al. (2009) [61]



	105 mg/L
	Fenton
	Optimal conditions, 2 min degradation
	Elmolla and Chaudhuri (2009) [60]



	105 mg/L
	Photo-Fenton
	Optimal conditions, 2 min degradation
	Elmolla and Chaudhuri (2009) [60]



	105 mg/L
	Semiconductor Photocatalysis
	With 180 min irradiation time
	Elmolla and Chaudhuri (2010) [60]



	1.6 mg/L
	Chlorination
	Possible total degradation after 2 h
	Navalon et al. (2008) [62]



	6.99 g/L
	Air plasma in this work
	* complete removal after 3 min
	







* Conditions can be optimized by increasing oxygen environment.










4. Conclusions


This work shows the effective degradation of ampicillin with air plasma treatment. No ampicillin was found to exist following 3-min of plasma treatment from NMR studies. A full verification was performed using high-res MS and verified that only a minimal amount existed after three minutes, however, no AMP was detectible after 5-min treatment times. The work demonstrated that the non-thermal DBD plasma approach is effective to remove antibiotics from wastewater.
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Scheme 1. FE-DBD schematics for plasma treatment of solutions. 
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