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Abstract

:

The increased use of plastics has seen the emergence of microplastics, which have become progressively more problematic. Although many degradation studies have been conducted to address the problem of microplastics, their impact has not been significant, and much time has been consumed. In this study, low-density polyethylene (LDPE) was degraded using a dielectric barrier discharge (DBD) plasma under various electrical conditions. The experimental results showed that after 120 min of treatment, the removal efficiency reached 5.44%, the carbonyl index (CI) was 1.7308, and the O/C ratio was 0.028. The degree of degradation shown in previous studies was achieved rapidly, and experimental results showed that the degree of LDPE degradation and energy yield was proportional to the voltage and frequency—more specifically, the degree of LDPE surface and internal degradation differed, which should be considered in terms of reducing the extent of mass loss. The results of this study should be helpful for future studies on microplastic degradation using DBD techniques.
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1. Introduction


Plastic is a ubiquitous material, widely used in commerce and industry due to its excellent chemical stability, lightweight, high durability, and low cost. Global plastic production has increased annually—from 1.5 million tons in 1950 to 359 million tons in 2018. In particular, 52 billion disposable masks were produced in 2020 due to the COVID-19 pandemic, with plastic production increasing accordingly [1,2]. Based on the increase in plastic production, the proliferation of microplastics (MPs) has emerged as a serious environmental problem. MPs are small (<5 mm) plastic particles that result from larger pieces of broken plastic or from the manufacturing process itself, allowing them to migrate over long distances under the action of wind and ocean currents [3,4]. To date, large volumes of MPs have been detected in the oceans, rivers, land, and atmosphere, and due to their small size, they either directly or indirectly harm the human body through inhalation or via the food chain [5]. Consequently, an appropriate method for addressing the problem of MPs is needed.



Most current plastic treatment methods—such as incineration and landfills—release toxic chemicals and exacerbate secondary environmental problems. Despite the fact that plastic recycling methods are an excellent solution to this problem, the current rate of plastic recycling is poor—for example, polyethylene terephthalate (PET) has the highest rate of plastic recycling (19.5%), whereas less than 10% of other plastics are recycled. To make matters worse, low-density polyethylene (LDPE) and polyvinyl chloride (PVC) are currently not recyclable [6,7,8]. Moreover, their large plastic product disposal and recycling methods are unsuitable for microplastic (MP) treatment.



Today, representative MP treatment methods include separation and degradation. MP separation methods—including adsorption, coagulation, flotation, filtration, and magnetic separation—are rapid and effective [9,10,11,12,13,14,15,16]. However, these methods just separate MPs and do not eliminate them. Consequently, MP degradation studies—such as electrochemical, advanced oxidation process (AOP), photocatalytic, biological, and electrical discharge plasma studies—have been conducted [17,18,19,20,21,22,23,24,25,26]. Degradation methods decompose MPs into smaller particles by breaking chemical bonds, which could fundamentally solve the MP problem. Among the various degradation methods, the plasma discharge method is the primary focus of the present study because of its many advantages—including its more rapid treatment times and the absence of secondary leakage problems [27].



Electrical discharge plasma—an advanced oxidation technology with high efficiency and environmental friendliness—has received much attention in the fields of contaminant degradation and material modification [28]. When electrical discharge plasma ionizes the air, it produces reactive oxygen species (ROS)—such as −OH, and O3—with energetic electrons and ions, UV irradiation, and temperature pyrolysis occurring simultaneously with the ROS generation. ROS can quickly break the chemical bonds of MPs—which consist of C-H bonds—resulting in CO2 and H2O [29,30]. Additionally, UV, energetic electrons and ions and heat all initiate MP degradation by breaking the C-H bonds to form polymer radicals [31]. Consequently, electrical discharge plasma—which combines many MP decomposition characteristics—is assumed to be an ideal technique for treating MPs.



In this study, the removal of MPs by electrical discharge plasma degradation was investigated. A dielectric barrier discharge (DBD) reactor was used to create the plasma and decompose the MPs. DBD can generate uniform and stable plasma using the memory effect, producing more ROS, making it more suitable for practical applications than other types of reactors. LDPE, which is used in plastic bags, wrapping films, and many other disposable products, was chosen to be the target MP, the degree of LDPE degradation being examined under various electrical conditions. In addition to mass change, surface scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and element analysis (EA) were used to determine the overall degree of degradation. Furthermore, the DBD reactor change due to internal LDPE decomposition and the energy yield of LDPE particle degradation compared to input energy were calculated.




2. Materials and Methods


2.1. Experimental Setup


Figure 1 shows a schematic of the MP removal equipment and experimental setup using DBD plasma. Ceramic dielectrics are affixed to stainless plate electrodes, and a perforated rectangular glass with a diameter of 50 mm is placed between the two dielectrics to fix the gap and position the LDPE. The diameter of the circular electrode was 50 mm, and its thickness was 5 mm. The discharge gap (height of the glass) was 4 mm. The thickness of the rectangular ceramic dielectric was 0.64 mm, its size being sufficiently larger than the electrode itself. The power supply consists of an AC power supply (PS-61005, APSPOWER Co., Ltd., New Taipei City, Taiwan) and a high-voltage transformer (220 V/40 kV, KYUNG BUK TRANS Co., Daegu, Republic of Korea). Voltage measurements across the electrode are obtained using an AC high-voltage probe (P6015A, TEKTRONIX, Beaverton, OR, USA) and oscilloscope (TDS2024B, TEKTRONIX). Charge-voltage (Q-V) Lissajous curves are obtained using a probe capacitor (100 nF) connected in series with the electrodes.




2.2. Experimental Methods


The prepared LDPE particle size was 149 um. A structure combining electrodes and dielectrics was assembled, and 0.05 g of LDPE was placed on a ceramic dielectric. An AC voltage was applied for a maximum of 120 min, to calculate the removal efficiency, the mass of the LDPE being weighed every 20 min. To calculate the power requirements, Q-V Lissajous curves were also measured every 20 min. The voltage and frequency range applied using the high voltage supply was 12–15 kV and 50–100 Hz. Other than mass change, the degree of LDPE degradation remaining after treatment was also measured by SEM, FTIR, and EA.





3. Results and Discussion


3.1. Characteristics of the DBD Reactor


The characteristics of the DBD reactor for removing microplastics based on the applied voltage and frequency were examined because they affect the production of the MPs decomposition factor. Figure 2 shows an image of the discharge when a 15 kV 100 Hz voltage is applied. It is evident that the discharge plasma is actively generated, and ultraviolet rays are also confirmed.



Figure 3a shows the Q −   V a    Lissajous curve based on the applied voltage at 100 Hz. As the applied voltage increases, the generated charge and horizontal length—which represent the maximum value of the applied voltage—increase. The DBD reactor power can be calculated using the area of the Q − V Lissajous curve or Equation (1), as follows:


  P = E f = f  ∮   C p   V a   ( t )  d  V a  =  ∮  Q  ( t )  d  V a   



(1)




where P denotes the DBD reactor power [W],  E  denotes the DBD reactor energy [J],    f    denotes the frequency [Hz],    C p    denotes the probe capacitor [nF],    V a    denotes the applied voltage [kV], and Q denotes the charge [  uC  ].


  P ∝    V a     7 / 2    



(2)






  P ∝    f  1 / 2    



(3)







Figure 3b shows the P-   V a    graph by frequency. The DBD reactor power can be calculated using Equation (1). As the voltage and frequency increase, the power increases—as shown in Equations (2) and (3), it is proportional to the 3.5 power of the voltage and the 0.5 power of the frequency. These results are in agreement to a certain extent with previous studies [32].




3.2. Mass Change Analysis


Figure 4a shows the  η –treatment time graph by an applied voltage.  η  can be calculated using Equation (4). Most of the values are less than 1% when treatment is done for 20 min, but increase continuously over time—for example, in the 15-kV case, when treatment is done for 120 min, up to 5.44% is removed. However, in the 12-kV case, it is only 2.2%, even after treatment for 120 min. This is because whereas a discharge occurs even at 12 kV, it is weak, as can be confirmed by the difference in charge volume in the Lissajous curve (Figure 3a) and the calculated power (Figure 3b). Additionally, it is evident that the longer the treatment time, the more gradual the slope of LDPE particle removal becomes. Figure 4b shows the  η –treatment time graph by frequency. The particle removal efficiency based on the frequency shows a similar pattern to that of Figure 4a. Although this also continuously increases with time, the slope becomes relatively gentler as the treatment time increases. Moreover, the greater the applied power, the greater the amount of removal. It is believed that the reason for the change in slope is that the surface is modified as the LDPE particles degrade, the analysis of which will be discussed later.


  η =   m −  m t   m  × 100 %  



(4)




where m denotes the initial mass of LDPE, and    m t    denotes the mass of LDPE at the treated time.




3.3. Changes in the LDPE Properties


3.3.1. FTIR Analysis


FTIR was used to examine the changes in the functional groups of LDPE over time, the results of which are shown in Figure 5. For pure LDPE, the peak located at 2914 cm−1 arises from the asymmetric stretching of CH2, the peak at 2848 cm−1 arises from the symmetric stretching of CH2, the peak at 1470 cm−1 was bending deformation, and the peak at 718 cm−1 is from the CH2 rocking deformation [33]. Compared with pure LDPE, new peaks after treatment are evident at 1715, 1630, 1278, 1187, and 861 cm−1—that is, peaks corresponding to C=O stretching at 1715 cm−1 and C=C stretching at 1630 cm−1, C-O stretching at 1278 and 1187 cm−1, and C-O-H deformation at 861 cm−1—which could be due to the carbonyl group [23,34,35,36]. Furthermore, it is evident that a slight intensity increase in the -OH stretching region of the hydroxylic group (3050–3570 cm−1) is due to a hydroperoxide and alcohol formation during the DBD plasma treatment [37]. A list of the above contents is summarized and shown in Table 1. The intensities of these peaks continue to increase as the treatment time increases. This result confirms that the LDPE surface is oxidized, and O-containing functional groups are produced by the DBD plasma [25].



The carbonyl index (CI) is generally used to characterize the degradation degree of plastics and can be calculated based on the absorbance ratio of the carbonyl (C=O) peak from 1850 to 1650 cm−1 and that of the methylene (CH2) scissoring peak from 1500 to 1420 cm−1 in the FTIR spectrum [38]. To calculate the CI, we converted the transmittance graph into an absorbance graph using Spectragryph software to establish a baseline, calculated using Equation (5) as follows:


   Carbonyl   index     (  CI  )  =    Area   under   band    1850 − 1650      cm    − 1      Area   under   band    1500 − 1420      cm    − 1      



(5)







The inset of Figure 5 shows the CI results based on the treatment time when a voltage of 15 kV 100 Hz is applied. After the first 10 min, measurements are taken every 40 min, the results being as follows: in the case of pure LDPE, the CI is 0.1993, the value gradually increasing to 1.7308 when treatment is done for 120 min. During the initial treatment of 0 to 40 min, the CI increases rapidly, after which its value is proportional to the treatment time, although the increase is not large. Table 2 shows the results of comparing microplastic degradation results through various technologies. Compared to other methods, a rapid and considerable increase in both the removal efficiency and CI is evident after the discharge plasma aging treatment [38,39,40].



Figure 6 shows the FTIR graph and CI based on the electrical conditions. Figure 6a is the FTIR graph of the LDPE treated for 120 min under different voltage conditions at a frequency of 100 Hz. The new peak generated as a result of DBD plasma treatment is similar to that shown in Figure 5. However, the intensity differs slightly, the degree of degradation being confirmed through the CI. As a result of treatment for 120 min at each voltage, the CI is approximately 1.2 when a 12,13-kV voltage is applied. This is considered to be because DBD occurs from a low voltage of approximately 11 kV, but does not occur strongly at 12 and 13 kV. The results also show that the CI increases as the applied voltage are raised to 14 and 15 kV.



Figure 6b shows the FTIR graph of the LDPE treated for 120 min under different frequency conditions at a voltage of 15 kV. Even when the frequency changes, the new peak is the same, with the intensity of the peak increasing as the frequency increases. The CI results also increase in proportion to the frequency, the increase being similar to the power increase based on the frequency, as shown in Figure 3b. Consequently, through mass changes and FTIR analyses, it is evident that the degree of degradation of LDPE is related to power to some extent. Figure 7 shows how chemical changes occur during plasma treatment, with new peaks arising from the FTIR analysis.




3.3.2. SEM Analysis


Figure 8 is a picture of the analysis of the surface morphology change of LDPE treated with DBD plasma through SEM pictures. Figure 8a is the surface of pure LDPE without plasma treatment, and Figure 8b shows the surface of the LDPE treated for 120 min by applying a 15 kV 100 Hz voltage. The pure LDPE without plasma treatment has a relatively smooth surface, but after treatment, it has a very rough surface—that is, the surface of the LDPE is attacked by the discharge plasma. Ultraviolet rays, heat, ROS (such as -OH radicals, and O3), energetic electrons, and ions generated through the DBD plasma break the LDPE C-H, and C-C bonds, creating cracks on the surface and breaking them into smaller particles. This result is consistent with the results of previous polyethylene and polypropylene degradation studies [47].




3.3.3. Elemental Analysis


In plastic degradation studies, it is necessary to determine the degree of degradation both on the surface of the plastic and internally. In addition to mass, FTIR, and SEM analyses, the O/C ratio can be used to determine the degree of degradation. In previous studies, XPS analysis was performed to obtain the O/C ratio [25,48]. However, in this study, the O/C ratio was analyzed by examining the components of the degraded plastic using an elemental analyzer. The elemental analyzer burns an organic sample using a catalyst at a high temperature (approximately 950 °C) and separates and detects the generated gas to determine the compositional ratio of the sample.



Table 3 shows the results of elemental analysis by treatment time when a 15-kV 100-Hz voltage is applied. As the treatment time increases, the ratio of carbon to hydrogen decreases, and the ratio of oxygen increases. This is the result of C-H and C-C bonds being broken by the DBD plasma before combination with oxygen to create carbonyl groups, consistent with the results of previous studies [25,42]. The proportion of nitrogen also increases slightly, which is thought to be due to nitrogen in the air being bound to the LDPE carbon chain by the DBD plasma.



As the treatment time increases, the O/C ratio increases proportionally—moreover, in the case of pure LDPE, it increases considerably from 0.0128 to 0.028 when treatment is done for 120 min. This is a phenomenon caused by a decrease in the C ratio and an increase in the O ratio, confirming that the existing LDPE bond is broken, oxygen being newly combined as time increases.



However, this result does not agree with the FTIR analysis of the LDPE. Based on the CI calculated as a result of the FTIR analysis above, it is evident that the carbonyl group has more bonds than the methylene group. It is believed that this difference is caused by the relatively low degree of decomposition within the LDPE particles compared to their surface.





3.4. Degradation Efficiency Compared to Energy


Although the DBD plasma degradation method consumes less power and has a shorter treatment time than other methods, it is essential to examine the degree of degradation versus power because MP degradation takes place over a period of several hours. Consequently, in this section, the degree of degradation of the LDPE compared to power is examined.



3.4.1. Electrical Characteristics over Time


Figure 9 shows a Lissajous curve measured every 20 min by applying a 15-kV 100-Hz voltage after inputting 0.05 g of LDPE. The DBD plasma occurs strongly immediately after particle input, with a maximum charge of up to 1.8 uC. However, as the treatment time increases, the maximum charge gradually decreases and the size of the Lissajous curve gradually decreases. This is considered to be because of changes in the permittivity due to the deterioration of the LDPE particles inside the DBD reactor and changes in particle arrangement—this causes a change in the capacitance of the DBD reactor, which can be confirmed by the fact that the slope of the Lissajous curve becomes gentler, as shown in Figure 9.



Figure 10 shows the power changes with treatment time. Figure 10a shows the power by treatment time based on the voltage at 100 Hz, as calculated using Equation (1). As shown in Figure 9, the power decreases as the size of the Lissajous curve decreases over time, this feature being the same at all voltages. During the period 0–40 min, which is a relatively short treatment time, the power is rapidly reduced, the amount of reduction thereafter being relatively small. Additionally, the initial decrease is larger at the relatively high voltages of 14 and 15 kV, supporting the suggestion that it is related to the treatment of the inner LDPE particles described above.



Figure 10b shows the power by treatment time based on the frequency at 15 kV, calculated using Equation (1). Figure 10b also shows similar results to those shown in Figure 10a—that is, a large decrease in power during the period 0–40 min, after which a relatively smaller decrease is evident. However, in the case of relatively low frequencies—such as 50 and 60 Hz—there is a continuous decrease, which can be considered to be because the plastic particles are treated with relatively low energy and are less affected by the DBD reactor internal changes caused by rapid decomposition. The change in power due to the decomposition of the internal plastic, as shown in Figure 9 and Figure 10, requires further study.




3.4.2. Mass Change Compared to Energy


To evaluate the mass change compared to energy, the M energy yield—which reflects the amount of LDPE removed (g) per unit consumed energy (Wh)—can be calculated using Equations (6) and (7), as follows:


  E =   ∑   i = 0  T   [     P i  +  P  i + 20    2  ×   1    h   3   ]  ,   i = 0 ,   20 ,   40 ⋯  



(6)






   M   energy   yield    =   m −  m t   E   



(7)




where  E  denotes the DBD reactor energy consumption [Wh],    P   denotes the DBD reactor power [W], T denotes the treatment time [min], m denotes the initial mass of LDPE [g], and    m t    denotes the mass of LDPE at the treated time [g].



Figure 11a shows the M energy yield by treatment time based on the voltage at 100 Hz. As the applied voltage increases, the M energy yield also increases. Additionally, in the case of 15 kV, the M energy yield does not decrease greatly even if the treatment time increases; however, in the 14-, 13-, and 12-kV cases, the value decreases as the treatment time increases. In particular, they show maximum efficiency when treatment is done for approximately 40 min before gradually decreasing. This means that the efficiency decreases as the treatment time increases if the applied voltage is low. When a voltage of 15 kV is applied, the efficiency increases over a relatively long period, exhibiting maximum efficiency at 80 min, showing a tendency to decrease thereafter. Consequently, although the higher the voltage, the higher the power consumption, considering the removal efficiency and M energy yield, it seems desirable to treat the MPs at the highest voltage.



Figure 11b shows the M energy yield by treatment time based on the frequency at 15 kV. As shown in Figure 11a, the higher the frequency, the higher the M energy yield. Efficiency increases as the treatment time increases, peaking after approximately 80 min, before decreasing. Unlike the low-voltage case—which exhibits a maximum value when the treatment time is relatively short—it shows a similar pattern to the application of the 15-kV 100-Hz voltage, even if the frequency changes. However, when the frequency is low, it is evident that the efficiency is low during short treatment times. Consequently, when considering Figure 11, the shape of the M energy yield graph depends on voltage rather than frequency—that is, the higher the voltage and frequency applied, the higher the M energy yield. Moreover, the higher the applied voltage, the less the M energy yield decline over time.




3.4.3. Carbonyl Index (CI) Change Compared to Energy


To evaluate the CI change compared to energy, the C energy yield—which reflects the CI change per unit consumed energy (Wh)—can be calculated using Equations (6) and (8), as follows:


   C   energy   yield    =   C I − C  I p   E   



(8)




where   C I   denotes the carbonyl index,    C  I p    denotes the pure LDPE carbonyl index, and  E  denotes the DBD reactor energy consumption [Wh].



Figure 12 shows the C energy yield under various conditions—namely, treatment time, voltage, and frequency, the values being calculated using Equations (6) and (8). The left group shows the C energy yield over treatment time when a 15-kV 100-Hz voltage is applied. It is relatively high, at approximately 0.21, until the initial 40 min, after which it decreases, reaching 0.11 after 120 min of treatment. This means that LDPE surface oxidation actively occurs in a relatively short time, with the C energy yield decreasing as the treatment time increases. This is in contrast to the M energy yield result shown in Figure 11, which is thought to be because, as described above, the surface of the LDPE is analyzed using FTIR, and the overall change is measured using mass change.



The middle group shows the C energy yield when treated under different voltage conditions at 100 Hz for 120 min. In the voltage range of 13–15 kV, as the applied voltage increases, the C energy yield also increases. In the 12-kV case, the C energy yield deviates from the trend by approximately 0.1, indicating that it is also high at low voltages in surface oxidation treatment. However, when considering the absolute decomposition, applying the highest possible voltage demonstrates good results.



The right group shows the C energy yield when treated under different frequency conditions at 15 kV for 120 min. Applying low-frequency results in low absolute surface throughput and a low C energy yield. The 50-, 60-, and 70-Hz cases all show values of approximately 0.9, there being no significant differences. Consequently, as shown in Figure 12, the higher the voltage and frequency, the better the C energy yield, and the longer the treatment time, the worse the C energy yield.






4. Conclusions


Plastic has become so inexpensive and convenient that it is inseparable from daily life. Accordingly, plastic production continues to increase, exacerbating the problem of MPs. In this study, the degradation of LDPE using DBD plasma near commercial frequencies was examined. The degree of LDPE degradation was measured based on the treatment time under various voltage and frequency conditions. The degree of degradation was measured through mass change, FTIR, and EA. As a result, in a relatively short time of 120 min, degradation at the level of previous studies was achieved with a mass reduction of 5.44%, a carbonyl index of 1.7308, and an O/C ratio of 0.028 at maximum voltage and frequency. The longer the treatment time and the higher the voltage and frequency applied, the higher the degree of degradation. Additionally, the energy yield also increased with voltage and frequency and was highest at the maximum applied voltage and frequency of 15 kV 100 Hz. However, in the case of the LDPE surface, it was evident that there was a difference in the degree of degradation between the surface and interior of the MPs—such as the surface degrading in a relatively short time and the C energy yield decreasing as the treatment time increased. Consequently, the mass change after treatment has not yet been greatly reduced to 5.44%, and future research is needed to increase the mass loss by decomposing the inside of MPs. In addition, since organic gas is generated as a by-product of the degradation of MPs, future research is needed to measure and capture it.
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Figure 1. Schematic of the experimental setup. 
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Figure 2. Image of the DBD plasma at 15 kV 100 Hz. 
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Figure 3. (a) Q-V Lissajous curve based on the applied voltage at 100 Hz (b) P-   V a    graph by frequency. 






Figure 3. (a) Q-V Lissajous curve based on the applied voltage at 100 Hz (b) P-   V a    graph by frequency.



[image: Energies 16 02403 g003]







[image: Energies 16 02403 g004 550] 





Figure 4. (a)  η –treatment time graph by applied voltage (b)  η  –treatment time graph by frequency. 
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Figure 5. FTIR spectra of LDPE at different treatment times. 






Figure 5. FTIR spectra of LDPE at different treatment times.



[image: Energies 16 02403 g005]







[image: Energies 16 02403 g006 550] 





Figure 6. (a) FTIR spectra of LDPE at different    V a    (b) FTIR spectra of LDPE at different frequencies. 






Figure 6. (a) FTIR spectra of LDPE at different    V a    (b) FTIR spectra of LDPE at different frequencies.



[image: Energies 16 02403 g006]







[image: Energies 16 02403 g007 550] 





Figure 7. Chemical bonds changed during plasma treatment. 
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Figure 8. SEM images of LDPE samples at different treatment times (a) pure LDPE (b) 120 min. 
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Figure 9. Q-V Lissajous curve based on treatment time at 15 kV 100 Hz. 
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Figure 10. (a) P-treatment time graph based on the voltage at 100 Hz (b) P-treatment time graph based on the frequency at 15 kV. 
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Figure 11. (a) M energy yield by treatment time based on the voltage at 100 Hz (b) M energy yield by treatment time based on the frequency at 15 kV. 
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Figure 12. C energy yield graph under various conditions. 
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Table 1. List of band assignments for FTIR spectra.
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	Wavenumber [cm−1]
	Functional Group





	3050–3570
	-OH stretching region of the hydroxylic



	2914
	Asymmetric stretching of CH2



	2848
	Symmetric stretching of CH2



	1715
	C=O stretching



	1630
	C=C stretching



	1470
	Bending deformation of CH2



	1278, 1187
	C-O stretching



	861
	C-O-H deformation



	718
	CH2 rocking deformation
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Table 2. An overview of microplastic degradation utilizing various techniques in recent years.
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Degradation Technique

	
Type of Plastic

	
Removal Efficiency [%]

	
Treatment Time [h]

	
Carbonyl Index (CI)

	
Reference






	
DBD

	
LDPE

	
5.44

	
2

	
1.73

	
This study




	
PVC

	
-

	
1

	
0.8–0.9

	
[25]




	
UV light

	
PP

	
4.00–8.00

	
144

	
1.4–2.6

	
[41]




	
LDPE

	
7.00

	
50

	
-

	
[42]




	
Visible light

	
PPs

	
12.50

	
5

	
-

	
[43]




	
LDPE

	
4.65

	
50

	
1.23

	
[44]




	
Biodegradation

	
HDPE

	
8.00–18.00

	
60 days

	
-

	
[45]




	
HDPE

	
3.90

	
28 days

	
-

	
[46]
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Table 3. Element analysis of LDPE at different treatment times.
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	Treatment Time (min)
	C (%)
	H (%)
	O (%)
	N (%)
	O/C





	0
	84.08
	14.4
	1.431
	0.089
	0.0128



	10
	84.163
	14.293
	1.476
	0.067
	0.0132



	40
	83.512
	14.264
	1.958
	0.266
	0.0176



	80
	82.986
	14.259
	2.434
	0.322
	0.022



	120
	82.877
	13.728
	3.089
	0.305
	0.028
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