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Abstract

:

In recent years, a significant new threat to the environment has emerged, namely contamination with microplastics and their degradation products. The decomposition products of microplastics include, among others, greenhouse gases that are responsible for climate change. The article analyzes the emission of carbon dioxide and methane during the decomposition of various types of plastics in the form of microplastics in the bottom sediments in the presence of water. The research covers plastic materials made of polyvinyl chloride with a high and low content of plasticizers, polypropylene, and rubber. All analyzed microplastics generated the tested greenhouse gases. However, the quantity of gases generated depended on the type of polymer used. The highest concentration of methane, at 25,253 ppm after 180 days of incubation, was characterized by high plasticizer polyvinyl chloride, i.e., di (2-ethylhexyl) phthalate. In the case of carbon dioxide emissions, the values were comparable. The maximum value was obtained at 65,662 ppm for polypropylene microplastics. The influence of particle size on the amount of the emissions of these gases was also investigated. During the decomposition of microplastics in the bottom sediments in the presence of water, it was observed that the smaller the microplastic particles are, the greater the production of methane and carbon dioxide.
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1. Introduction


The production and use of plastics have grown rapidly in recent decades. However, the problem of the presence of plastics in the environment is a relatively new area of research. In recent years, the so-called microplastics (MPs) have come to the fore in terms of the risks posed by plastics. These are fine granules and particles derived from the decomposition of plastics, with a diameter of less than 5 mm. They come in a variety of shapes and colors. Commonly used plastics are polyethylene terephthalate (PET), polyurethane, (PU), polystyrene (PS), polyvinylchloride (PVC), polypropylene (PP), polyethylene (PE) and polyamide nylon (PA) [1,2,3]. Most plastics are made of synthetic polymers, mainly derived from petroleum processing. Commonly used plastics are polyethylene terephthalate (PET), polyurethane (PU), polystyrene (PS), polyvinyl chloride (PVC), polypropylene (PP), and polyethylene (PE) [1,2,3]. The increasing amount of plastic waste with the development of the economy constitutes a serious environmental and economic problem in industrialized countries. Due to this, there is a need to search for new polymer materials with biodegradable properties. Biodegradable polymers are macromolecular compounds produced from natural resources such as corn, sugar cane, agricultural waste, or biomass [4]. Microplastics can be classified based on their origin in primary and secondary microplastics. Primary microplastics are plastics produced in microscopic sizes. Secondary microplastics are the result of the breakdown of large plastic particles as a result of the action of physical, chemical, biological, and environmental factors. Any piece of plastic material can be a potential source of microplastics and pollutants [5,6,7,8,9]. The presence of microplastic particles in the environment poses a threat to the environment because of the toxicity of the components of the polymer matrix leached from the plastics. In 2015, around the world, only approximately 9% of the plastic produced was recycled, 12% was incinerated, and approximately 79% of the plastics produced were landfilled or ended up in the natural environment. Plastic waste also ends up in surface waters and oceans [10]. The components of polymeric materials present in natural water reservoirs break down into smaller and smaller fragments under the influence of wave movements and sunlight [11]. So far, water samples for MPs analysis have been taken primarily from the surface-water layer, which was based on the assumption that MPs particles, due to their size and density of plastics, float primarily on the surface of the water table. However, more detailed studies have shown that, despite the lower density, MPs particles can also be found in the water and sediment phases. Their position in the water column depends on the density of the material and the size of the particles. Moreover, particles with a density lower than that of water, as a result of aging processes and biofouling phenomena, increase their mass and, thus, fall, accumulating in bottom sediments [12,13]. Currently, it is recommended to take samples not only from the surface, but also from the water column and from bottom sediments [12]. Until now, research on the contamination of the environment by microplastics has mainly focused on the marine environment, and research on this subject is still ongoing and is being developed. The number of molecules determined in surface waters can also vary widely, from several to tens of thousands of particles in 1 m3 [14]. The level of pollution with these particles was analyzed, among others, by Norén (2007) [15], Tunçer et al. (2018) [16], Zhu et al. (2018) [12], Zhang et al. (2019) [17], and Han et al. (2018) [18]. Table 1 summarizes some of the most recent MP studies reporting the occurrence and fate of MPs in various components of the environment.



Currently, research is conducted around the world to assess the contribution of various natural and anthropogenic processes to the production of greenhouse gases, which gradually increase the average temperature of the Earth’s atmosphere. Opinions on the causes and effects of this phenomenon are extremely divided; nevertheless, one should look for answers to the questions of why this is happening, providing real data resulting from research under natural conditions. Greenhouse-gas emissions occur at every stage of the plastic lifecycle, during fossil-fuel extraction and transportation, refining and product manufacturing, plastic-waste management, and, in the long term, during environmental degradation. Greenhouse-gas emissions from the plastic lifecycle threaten the ability of the global community to keep global temperature rise below 1.5 °C degrees [23]. This fact may be very important, mainly due to the quantity of plastics produced. Industrially produced plastics are synthesized from natural gases. Their decomposition during and after use is expected to be accompanied by the emission of the same or different gases, mainly hydrocarbons [23]. The only available research results, on the estimation of gas emissions from MP decomposition, are presented by Royer et al. (2018) [24], who report that when exposed to solar radiation, polyethylene and polypropylene emit two greenhouse gases in particular: methane and ethylene. The production of gases from low-density polyethylene increased with time; after 212 days of incubation, the rate of formation of methane and ethylene was 5.8 nmol/g∙d and 14.5 nmol/g∙d, respectively. A large proportion of plastics end up in the aquatic environment in an uncontrolled manner. The particle diameters of these materials reach even micro- or nanometers. When exposed to various physical or chemical effects, they decompose in the same or similar way as organic matter of natural origin. They can be located in the water column or in the anaerobic zone of the bottom sediments; therefore, the mechanisms of their decomposition may differ depending on the deposition zone. Polymer degradation occurs through two main mechanisms, hydrolysis and photo-oxidation. Hydrolytic degradation is defined as the interaction with water leading to breakage of the chemical bonds in the polymer. In turn, photo-oxidation involves radical reactions in which oxygen enters the polymer chain after breaking the C=C bonds. These processes are strongly enhanced by UV light because it induces the formation of oxygen radicals. It may be particularly important to take into account the process of micropollutant decomposition in the sedimentation zone of the bottom, where the access of light is limited. There are no reports on the quantitative and qualitative parameters of the decomposition of MPs and the production of gases and other substances from them under natural conditions, particularly in the bottom sediments [25,26].



The objective of the article is to supplement the existing research and provide new information on the impact of the microplastic-decomposition-process conditions on greenhouse-gas emissions (CO2 and CH4) in the bottom sediments. The importance of this research in terrestrial systems is unknown; therefore, there is a great need for research in this area, especially in ecosystems exposed to long-term anaerobic conditions that can prevail, among others, in degraded dam reservoirs. Acquiring the above information may contribute to changing the existing views on the harmfulness of the microplastic-degradation process in inland water systems.




2. Materials and Methods


2.1. Reagents and Materials


Standard methane and carbon dioxide gases were obtained from Air Products (Allentown, PA, USA) as a 100-ppm mixture of each component. Gastight syringes were obtained from Hamilton (Reno, NV, USA). The emission of methane and carbon dioxide from the decomposition of microplastics in the water environment was analyzed for three types of plastics, polyvinyl chloride (PVC), polypropylene (PP), and rubber (Table 2). Two types of polyvinyl chloride materials with low plasticizer content (gasket) and high plasticizer content (foil) were analyzed [27]. Polypropylene gloves were for everyday use, while rubber tires were used as car tires.




2.2. Sample Preparation and Experimental Conditions


The materials were cut into particles of a size of 1000–3000 µm. In turn, the tires were cut into several fractions (3000–8000 µm, 1000–3000 µm, 1000 µm, 600 µm) in order to analyze the effect of particle size on the emission of selected greenhouse gases. The incubation was carried out in 100 mL glass containers with a screw cap. In total, 7 g of homogeneous bottom sediments were placed in bottles. The bottom sediments were not sterilized. The bottom sediments in this work were collected from Rzeszów Reservoir (Poland), from three points located along the axis of the reservoir. A gravity sediment corer (KC Kajak of Denmark) was used in all cases. The total weight of the sample taken was about 10 kg. The characteristics of the collected sediments are presented in Table 3. Then, 2 g of the analyzed microplastics and 14 mL of deoxygenated distilled water were introduced. Three parallel samples were prepared. Blank samples were carried out in parallel—without the addition of plastics (Supplementary Material, Figure S1a,b). The prepared samples were sealed and incubated at 20 ± 2 °C in the absence of light (in the dark). Incubation was carried out for 30, 180, and 360 days, respectively. Three repetitions were carried out for each test variant. The samples were prepared in a helium atmosphere using a Glove Box from Plas Labs, Inc. (Lansing, MI, USA). Next, 1 mL samples were taken with gastight syringes for chromatographic analysis. Chromatographic analyses of the amount of CH4 and CO2 formed were performed three times for each sample.




2.3. Instrumental Analysis


2.3.1. Determination of CH4 and CO2


The amount of methane and carbon dioxide produced was analyzed using a GC 2010 Plus gas chromatograph (Shimadzu, MD, USA) equipped with a Barrier Discharge (BID) ionization detector. The operating parameters of the chromatograph are presented in Table 4.




2.3.2. Particle Analysis


Microplastic samples were deposited on infrared reflective glass slides (7.5 × 2.5 cm; MirrIR, Kevley Technologies, Chesterland, OH, USA). Glass slides were analyzed in transflection by automated LDIR (QCL) Imaging (8700 LDIR, Agilent Technologies, Santa Clara, CA, USA). The characteristics of the materials analyzed are presented in Figure 1 and Table 5.



The characteristics of the exemplary particles analyzed, in terms of size and shape, are presented in Table 5. Values of parameters such as solidity or circularity are presented. Solidity is the ratio of the actual surface area of an object to the surface area constituted by a thread stretched around the particle. Circularity, on the other hand, determines how close a given particle shape is to a perfect circle.





2.4. Statistical Analysis


The results were analyzed with MS Excel 2013. Before statistical analysis, values below the LOQ were replaced by the LOQ/2 value for each compound. Each substance was tested in the concentration range present in at least three independent experiments. The basic descriptive statistics were then defined to achieve a general characterization of the results. The results in the graphs are presented in the form of an arithmetic mean. The coefficients of variation for all experiments did not exceed 5; therefore, they were not shown in the figures.





3. Results and Discussion


Research on greenhouse-gas emissions, for the example of the methane and carbon dioxide generated during the decomposition of microplastics located at the bottom of water reservoirs in bottom sediments, showed significant differences in the production of these gases depending on the material used (Figure S1, Supplementary Material, Table 1). During the decomposition of polyvinyl chloride, after 30 days, the concentration of methane was recorded in the amount of 215 ppm, while the decomposition of natural organic matter contained in the collected bottom sediments resulted in the emission of methane in the amount of 150 ppm, and this value decreased along with the incubation time. On the other hand, the presence of PVC in the bottom sediments after 180 days resulted in a significant increase in CH4 concentration—3811 ppm (Figure 1). However, after 360 days, a significant reduction in the concentration of this gas emission was observed, which requires further analyses to identify the degradation processes and mechanisms that are taking place.



Gases produced during the decomposition of organic matter can be used in aquatic ecosystems (e.g., photosynthesis, CH4 oxidation). However, it should be remembered that only in an undisturbed state are the processes of production and consumption in equilibrium. During the decomposition of this type of microplastic, an increase in carbon dioxide emission was also observed. These values were twice as high as those of the bottom sediment distribution without the addition of plastics. After 360 days of incubation, the carbon dioxide concentration was 58,727 ppm (Figure 2). Although CO2 is formed under the conditions of aerobic-polymer degradation, reports in the literature indicate that some polymers can produce some CO2 under anaerobic conditions [28]. In anaerobic conditions, soluble carbon compounds (additives, e.g., plasticizers) are metabolized by methanogens or sulfate reducers, producing CH4 and CO2, respectively [29].



Methane can be oxidized under anaerobic conditions by archaea present in bottom sediments. Some archaea are capable of obtaining energy in the process of methane oxidation, i.e., reverse methanogenesis. Methane is oxidized to bicarbonate or CO2 with the simultaneous reduction in sulfates acting as an electron acceptor. Such a reaction is possible due to the symbiotic interactions between archaea and sulfate-reducing bacteria, which together form a biofilm [30].



In the next stage, the influence of the content of the most popular plasticizer from the group of phthalic acid esters on the emission of the analyzed greenhouse gases was taken into account. Two types of polyvinyl chloride materials with low (gasket) and high (foil) plasticizer content were analyzed. The mass fraction of di (2-ethylhexyl) phthalate in the tested material (polyvinyl chloride foil) was approximately 60% of the total mass (Figure 3). The effect of polymer additives was found to have a significant impact on the volume of methane and carbon dioxide emissions in the bottom-sediment environment, particularly with respect to this methane. After 30 days of foil incubation, the methane concentration was almost six times higher compared to the gasket, and after 180 days it was almost seven times. Smaller differences were observed for carbon dioxide emissions. After the first 30 days, the methane concentration for the foil was almost 2.5 times higher (14,895 ppm) compared to the gasket (6364 ppm). In the days following the degradation of microplastics in the aquatic environment, this difference was not significant. Probably, the differences in the amount of CH4 and CO2 emissions during the degradation of the two materials could also be due to the easier degradation of the film compared to the gasket. PVC is very sensitive to high temperature and light and is significantly degraded under the influence of temperature and light. Chemical compounds with a stabilizing effect are used to prevent thermal degradation during the processing and degradation of the finished product under the influence of light. In the case of the conducted analyses, the access to light was eliminated (the samples were incubated in the dark), while the temperature remained constant. The differences in the emissions of these gases were probably also due to the additives used in these plastics. Several chemical compounds are very effective in preventing the degradation of this material under the influence of temperature. The decomposition of polyvinyl chloride is a very complex phenomenon. This process is mainly due to dichlorination, which varies with the stabilizers used. The most characteristic changes that occur during this process are the formation of new C=C double bonds, C=O carbonyl groups, and −OH carboxyl groups in the chain and the production of hydrogen chloride and carbon dioxide. There is no experimentally confirmed information in the literature on the biodegradation of polyvinyl chloride or its oligomers. Under the influence of environmental factors, PVC degrades, as a result of which its strength deteriorates and becomes more brittle. The auxiliary substances added in the processing processes, such as plasticizers (constituting up to 40% of its mass), stabilizers, dyes, or oxidants, accelerate the process of PVC degradation under environmental conditions. These compounds are susceptible to the action of microorganisms and decompose under their influence [4]. The wide range of these additives, the combinations, and the amounts used exacerbate the problem of estimating the harmful effects of microplastics on the aquatic environment. The impact of the degradation of a wide range of polymer products on environmental pollution is necessary.



The next material analyzed was polypropylene (Figure 4). The highest concentration of methane was observed after 180 d, and this value was at the level of 1416 ppm. In turn, carbon dioxide emission was highest after 360 d—65,662 ppm. Additionally, the release of CO2 may also be the result of the metabolic activity of anaerobic microorganisms present in the bottom sediments. These values are comparable to those obtained during the degradation of the PVC gasket. According to research by Royer et al. (2018) [24], who were the only ones to conduct research on the emission of selected gases during the decomposition of microplastics, it was observed that during the decomposition of polypropylene in conditions without access to light, no methane was found. These results are inconsistent with the obtained research, which proves the necessity of conducting research in this direction. However, Royer et al. (2018) [24] observed that greenhouse gases are formed in the presence of UV radiation.



The material made of rubber, which was a material in the form of fragmented car tires, was also analyzed (Figure 5). The influence of the size of the rubber particles on the amount of CO2 and CH4 emissions was also taken into account. It was observed that the size of the microplastic influences the emission of the tested greenhouse gases. The smaller the particle is, the higher the concentration of CO2 and CH4. This is due to the larger contact surface of the microplastic with the medium in which the reactions take place, resulting in the degradation of the plastic material. When comparing the largest and the smallest rubber fractions, it was observed that for the smallest fraction (600 µm), the concentration of CH4 was 412 times higher compared to the fraction in the range of 3000–8000 µm (t = 180 days). On the other hand, after 360 d in all fractions, except for the 3000–8000 µm fraction, a decrease in methane emission was observed in relation to 180 days. In the case of carbon dioxide concentration, the greatest differences were visible after 30 days of incubation, but only a 3.24-fold increase was recorded. Smaller fragments not only have a greater surface-to-volume ratio than larger items, but also tend to have longer edge lengths relative to their volume. As plastic particles degrade and become smaller, they will also emit more hydrocarbon gases per unit mass [31].



The research carried out shows that the presence of microplastics and their decomposition in the aquatic environment contributes to an increase in methane and carbon dioxide emissions into the air and, therefore, to an exacerbation of the greenhouse effect. Emissions of methane and carbon dioxide were also observed in the bottom sediments without microplastics, but at a much lower level. The release of greenhouse gases is the result of the metabolic activity of microorganisms present in the bottom sediments. The relative amounts of CH4 and CO2 molecules released from plastic material depend on the molecular structure of the plastic, including degree of branching, the addition of plasticizers, and the manufacturing process. For example, among the plastic materials tested, PVC with a higher plasticizer content produced the highest amounts of CH4, probably due to its weaker structure and more exposed hydrocarbon branches. In contrast, with a more compact structure, lower permeability, and fewer accessible active sites, the degradation of PVC with a lower plasticizer content resulted in lower emission of CH4. The degradation of plastic polymers can follow both abiotic and biotic pathways. Abiotic degradation precedes biodegradation and is initiated thermally, hydrolytically, or by UV light in the environment. Most plastics degrade first on the polymer surface, which is exposed and susceptible to chemical or enzymatic attack. The first visual effects of polymer degradation are color changes and surface cracking. Surface cracks make the interior of the material susceptible to further degradation, ultimately leading to fragility and disintegration. The degradation of microparticles, depending on environmental conditions, leads to a reduction in the mass of the material and conversion to carbon dioxide and methane. The loss of mass may result from not only the mineralization of plastics but also the washing out of the components of the polymer material [32,33,34].




4. Limitations of the Study


The study has potential limitation. Given the still-early stage of development, several constraints and gaps need to be addressed before we can satisfactorily understand the mechanisms of microplastic decomposition and greenhouse-gas emissions. The first limitation of the study was the small sample size; therefore, further tests should be carried out on a larger number of samples. Research should also be carried out over an extended period of time. Tests should also be carried out taking into account the different properties of bottom sediments and water. Accurate microbiological analyses are also required to determine the effect of microplastics itself on greenhouse-gas emissions. The methane and carbon dioxide emissions were carried out at a constant temperature; the greenhouse-gas emissions should be estimated at different temperatures to reflect different environmental conditions. Extensive research in this direction may help, in the future, estimate the contribution of microplastic emissions to the global production of methane and other gases emitted to the atmosphere. Adoption of a more holistic conceptual framework for research can help guide future and more specific research.




5. Conclusions


The presence of microplastics in the natural environment poses a serious threat to the quality of each of its components. This risk results not only from the very presence of microparticles of plastic but also from their decomposition products. Most plastics are non-biodegradable or are very slow to decompose. Items made of polymer materials take 100 to 1000 years to decompose. In the case of microplastics, this process is much faster due to the larger contact surface with the surrounding medium and the easier migration of plastic components. During the decomposition process of these materials, many harmful and toxic substances are formed, even after a month of the degradation process. The research conducted proved that:




	
Microplastic accumulated in the bottom sediments in surface waters is degraded even in the absence of UV radiation and under anaerobic conditions.



	
The presence of all tested materials made of polymers in the bottom sediments resulted in an increased emission of greenhouse gases (methane and carbon dioxide), compared to the bottom sediments without the addition of the analyzed microplastics.



	
Higher emissions of carbon dioxide were observed compared to methane; methane can be oxidized to carbon dioxide (i.e., reverse methanogenesis).



	
The emission of the gases analyzed depended on the chemical composition of the material and the size of the plastic particles. The highest emission of these gases was recorded for the smallest particles.



	
The obtained results confirm the need for further research in this area and the extension of research in other components of the environment.
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Figure 1. Visual images IR spectra (left) and visual images (right) of microplastics analyzed. 
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Figure 2. CH4 and CO2 emissions from PVC (gasket). 
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Figure 3. CH4 and CO2 emissions from PVC (foil). 






Figure 3. CH4 and CO2 emissions from PVC (foil).



[image: Environments 09 00091 g003]







[image: Environments 09 00091 g004 550] 





Figure 4. CH4 and CO2 emissions from PP. 
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Figure 5. CH4 and CO2 emissions from rubber at sizes (a) 3000–8000 µm; (b) 1000–3000 µm; (c) 1000 µm; (d) 600 µm. 
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Table 1. Summary of selected references with data on the occurrence and fate of MPs in the various components of the environment.
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Matrix

	
Location

	
Concentration

	
Reference






	
Surface Waters

	
Ma’an Archipelago

	
200 ± 100 to 600 ± 200 pieces/m3

	
[19]




	
Marmara Sea

	
1263 pieces/m2

	
[16]




	
Yellow Sea

	
545 ± 282 pieces/m3

	
[12]




	
West Coast of Sweden

	
102,550 pieces/m3

	
[15]




	
Yellow River

	
930,000 (dry season) and 497,000 (wet season) pieces/m3

	
[18]




	
Pearl River (China)

	
379–7924 pieces/m3

	
[19]




	
Lake Taihu

	
6.8 × 106 pieces/km2

	
[20]




	
Bottom Sediments

	
Ma’an Archipelago

	
30 to 80 pieces/kg d.w.

	
[17]




	
Yellow Sea

	
37.1 ± 42.7 pieces/kg d.w.

	
[12]




	
Pearl River (China)

	
80–9597 pieces/kg d.w.

	
[19]




	
Lake Ontario

	
2.8 × 104 pieces/kg

	
[21]




	
Treated Wastewater

	
Helsinki

	
8600 pieces/m3

	
[22]
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Table 2. Plastic products included in the study.
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Polymer

	
Product

	
Color

	
Source






	
polyvinyl chloride

	
PVC

	
gasket

	
black

	
Jano, Poland




	
polyvinyl chloride

	
PVC

	
phthalate foil

	
transparent

	
Europak, Poland




	
rubber (caoutchouc)

	
Rubber (caoutchouc)

	
tires

	
black

	
-




	
polypropylene

	
PP

	
gloves

	
green

	
W5, Germany
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Table 3. Selected physicochemical parameters of the bottom sediments.
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Parameter

	
pH

	
OM

	
DOC

	
CaCO3

	
Fe

	
Ni

	
Cu

	
Zn

	
Pb

	
Al




	
[–]

	
[%]

	
[mg/g d.w.]

	
[%]

	
g/kg d.w.

	
mg/kg d.w.

	
g/kg d.w.






	

	
7.88

	
8.45

	
4.38

	
3.22

	
34.12

	
36.20

	
35.60

	
116.70

	
42.91

	
39.96
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Table 4. Parameters of chromatographic analysis.
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Parameters






	
Type of column

	
Shin Carbon ST column (2 m, 1.00 mm ID)




	
Injector temperature

	
150 °C




	
Detector temperature

	
100 °C




	
Column temperature

	
60 °C




	
Carrier gas

	
helium




	
Carrier gas flow rate

	
50.0 mL/min
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Table 5. Parameters of selected particles.






Table 5. Parameters of selected particles.





	Parameters
	Unit
	Gasket (PVC)
	Foil (PVC)
	Gloves (PP)
	Tires (Rubber)—600 µm





	Width
	µm
	964
	1470
	1207
	734



	Height
	µm
	898
	3394
	1051
	799



	Diameter
	µm
	913
	1932
	1013
	744



	Area
	µm2
	655,025
	29,331,00
	806,875
	435,875



	Circularity
	-
	0.67
	0.35
	0.58
	0.62



	Solidity
	-
	0.96
	0.82
	0.96
	0.93
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