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Abstract

:

In this research, the presence of microplastics was detected through a differential scanning calorimetry (DSC) analysis of three wastewater treatment plants. One of these plants applied only a preliminary treatment stage while the others applied up to a secondary treatment stage to evaluate their effectiveness. The results showed the presence of polyethylene (PE), polystyrene (PS), polypropylene (PP) and polyethylene terephthalate (PET), which were classified as fragments, fibers or granules. During the evaluation of the plants, it was determined that the preliminary treatment did not remove more than 58% of the microplastics, while the plants applying up to a secondary treatment with activated sludge achieved microplastic removal effectiveness between 90% and 96.9%.
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1. Introduction


Plastic is a material present in many aspects of human life, and has been produced for many years to make human life much easier [1,2]. However, the poor final disposal of these materials has increased the rate of contamination of marine ecosystems, due to the formation of microplastics [1,3]. These are plastic particles with sizes between 5 mm and 1 μm, and are classified by origin as primary or secondary. Primary microplastics are produced intentionally, as in personal care products, granules for raw materials and plastic powder, among others [4,5]; secondary microplastics are those generated by the degradation of plastic by environmental effects, such as UV rays and temperature, or those generated during mechanical treatments, such as the treatment of fabrics and paint [6,7]. Such are typically found in waters and sediments due to their slow rate of deterioration. The size of these particles enables aquatic organisms to ingest them easily; this causes substantial harm, such as decreased feeding activities, oxidative stress, genotoxicity, development retardation, or even death. Consequently, microplastics can be transferred to humans through the ingestion of aquatic animals [8,9].



The most common plastics are present in daily products as personal care products and packages for soaps, scrubs, lotions, etc. [10,11]; most of these are made from polyethylene (PE) and polypropylene (PP). Polystyrene (PS) products are often used for the manufacture of disposables, such as insulators and food packaging [12,13]; polyethylene terephthalate (PET) is commonly used for the manufacture of containers and packaging in general, among others [14,15,16,17,18]. All such products can be converted into microplastics.



The presence of these materials is greater in human-generated waste, even reaching wastewater treatment plants (WWTPs)that are designed for the removal of organic material and not plastic. Even so, these WWTPs can remove up to more than 90% of plastics [19], concentrating them in the residual sludge which is used as fertilizers in agriculture and generates other environmental damage [10,20]. The identification and study of the microplastics present in wastewater makes it possible to develop methods for their effective elimination and contributes to the improvement of the processes used in water treatment. It also makes it possible to understand the relative effects of the types of microplastic present and their size [21].



Usually, some of the matter, including microplastics, entering WWTPs are removed during the treatment [14,22]. Due to the constant discharge quantities of the treated effluent, despite the high disposal efficiency, which may be higher than 90% [23] in some cases, considerable amounts of microplastics can still be discharged into the wastewater effluent [24]. WWTPs use different treatment stages for the removal of contaminants in order to discharge to water bodies. Generally, they have a pre-treatment consisting of screening, sandblaster and aerator; sedimentation as a primary treatment; a secondary treatment that can be by activated sludge or secondary sedimentation; and a tertiary treatment that can be membrane bioreactors, rapid sand filtration, disc filtration and coagulation [24,25,26], among others. According to previous studies, the percentage of removal increases with respect to the number of stages that the WWTP uses, and the types and sizes of the microplastics present, up to a large fraction of these particles [27]. These investigations aid in the adaptation of treatments to improve removal percentages, as well as the conduct of research on the efficacy and quality of microplastic removal, allowing solutions to be provided for the accurate separation of microplastics from wastewater and subsequent use.



Nowadays, sampling mechanisms and techniques have improved, but processing and measuring these compounds remains expensive. Environmental samples also remain time-consuming and challenging [28]. For the detection of microplastics, different methods are used, either visually or microscopically. These include classifying the sample only with the human eye, by means of the colors and size presented [29,30]; spectroscopic means, such as FT-IR, Raman or SEM-EDS, which allow for more precise identification and classification of microplastics, since they provide numbers and sizes of particles and, hence, information on the composition of the material [31,32,33]; using thermo-analytical products, such as DSC or Pyr-GC/MS, which enable identification through analysis of the thermal properties of the material and the decomposition gases generated; and generating data about the kind of polymer and its mass [2,5,24,34,35]. Different authors have presented methods to quantify the mass quantity of microplastics using DSC [36,37], such that the degradation of the microplastics contained in a sample is recognized, measured and determined using a single thermal study. This approach, however, is only applicable to semi-crystalline polymers and not amorphous plastics [38,39].



This paper describes the identification and quantification of microplastics present in municipal and industrial wastewater influents and effluents through the use of differential scanning calorimetry (DSC) analysis. As a result, it evaluates the efficacy of the WWTP procedures for the removal of microplastics from distinct wastewater sources. It also presents the calculation of the area under the DCS peaks as a way to determine the percentage concentration by type of plastic identified in the samples.




2. Materials and Methods


2.1. Sampling Sites


The samples were obtained from three wastewater treatment plants (WWTP-1, WWTP-2 and WWTP-3). Two of these (WWTP-2 and WWTP-3) apply up to a secondary treatment using activated sludge; the third (WWTP-1) only performs a pretreatment, because the final disposal of these waters is conducted by an underwater outfall. For WWTP-1, wastewater goes through screening and sandblasting as a pretreatment for disposal by submarine outfall; WWTP-2 and WWTP-3 perform this same pretreatment in addition to a primary sedimentation and a secondary process where they use activated sludge.



The WWTP-1 treats domestic wastewater and, to a low extent, wastewater from shops; it performs only a pretreatment and then pours the effluent 4.5 km offshore, where there is an assimilation of these waters by the sea. When high solids removal is guaranteed, this treatment is considered a viable and safe alternative for domestic wastewater treatment [40,41]. WWTP-2 and WWTP-3 treat industrial and domestic wastewater by treating up to a secondary stage. It should be noted that WWTP-3 is part of a polymer processing company that owns its own wastewater treatment plant, with discharge to the nearby body of water.




2.2. Sampling Method


Samples from the various influents were taken at random. The wastewater sampling points included the upstream raw influent of the preliminary treatment and the effluent from the secondary treatment. For WWTP-1, a sample is taken after preliminary treatment. Some WWTPs, including WWTP-2 and WWTP-3, have sampling points to verify the quality and efficiency of the process, so representative samples of 1 L were taken for the monitoring of both the influent and the effluent. Samples were collected in previously cleaned glass bottles. The volumes of samples processed are between 10 and 100 L.



For the three plants, samples of both the influent and the effluent were taken in triplicate and each a week apart. They were classified by size as small, for those particles that were between 10 and 1000 μm, or as large, for those between 1000 and 5000 μm. In addition to this, they were classified by their identified shape, categorizing them as fibers, fragments or granules. For WWTP-1, the volumes sampled in the influents were 50, 45 and 97 L; volumes of 35, 55 and 82 L were sampled in WWTP-2; and volumes of 50, 65 and 98 L were sampled in WWTP-3.




2.3. Sample Processing


To digest the organic matter, 20 mL of % H2O2 was added to the 1 L samples and agitated with a magnetic stirring bar at 60 °C for 12–24 h [24,42]. After that, samples with a size fraction of 1000–5000 µm were filtered via a 100 µm sieve (Retsch GmbH, Haan, Germany). Polycarbonate membrane filters (5 µm pore size, 1/4 47 µm) were used to filter the size fraction 10–1000 µm [28]. A bengal rose staining solution was applied to the filter surface and allowed to react for 10 minutes, to reduce the amount of non-plastic particles in the samples for microplastic characterization. Following that, the filters were rinsed with pure water and dried at 60 °C for further examination. The 5 µm polycarbonate membrane filters were used to dry and weigh the leftover particles after more filtering and washing. Finally, an aliquot of the dried particles was placed in crucibles to be analyzed for polymers.




2.4. Thermal Analysis


A DSC Standard Cell RC is used to perform DSC measurements. The sample is heated from 0 to 280 °C at a rate of 10 °C min−1 and then cooled from 280 to 0 °C at the same rate to guarantee a similar thermal history. While the sample is being heated, endothermic fusion changes are recorded and the melting temperature is calculated using the maximal peak of the second heating cycle (Tm). The melting temperatures of the polymers were used to identify them and the resulting masses were computed using the proportion of the aliquot collected from each sample [18,32,43].





3. Results


3.1. Concentration of Microplastics in the Samples


Table 1 shows the different concentrations obtained for the influents of the three water treatment plants, which change, on average, in a range from 6.8 to 10 microplastic particles per liter (MP/L) in each of the plants. In fact, the concentrations in the effluents do present different values depending on the plant. This is due to the different processes used in each of them; values between 3.62 and 4.18 were obtained for WWTP-1, which uses only one pretreatment; and values between 0.28 and 0. 82 were obtained for the other two plants, which use up to secondary treatment.



The variation in the concentrations of microplastics in the effluents is due to the process implemented; as stages are added during the treatment, the effectiveness of removing these particles increases. Previous research on the effect of the number of stages on the effectiveness of removal has shown similar results, namely that preliminary treatments can remove between 60% and 79% of the microplastics when screening or sandblasting [3,24]; when complemented with primary treatments, this percentage increases to between 78% and 96% of removal [14,26]. Secondary treatments with active sludge also contribute to removal, with percentages of up to 98% of removal [27,44]. However, these percentages depend on the treatments and adaptations that the plants have for the management of wastewater.




3.2. Classification of the Microplastics Presents in the Samples


The microplastics were classified by their size for each of the samples taken in the WWTPs. In the influents, microplastics were found in greatest proportion between 1000 and 5000 μm; as shown in Table 2, they were between 63% and 69% of the total concentration for WWTP-1, between 75% and 83% for WWTP-2; and between 70% and 76% for WWTP-3. In contrast, microplastics occur in effluents in greatest proportion, and in some cases exclusively, between 10 and 1000 μm. The sizes and shapes of the microplastics in the influents mainly depend on their causal origin, for instance, whether they come from a cosmetic or personal care product, which already have established sizes and shapes, or if they were generated from the degradation or fragmentation of a plastic [8,9,45].



Microplastics were also classified according to their morphology into fibers, granules and fragments. For this classification, the percentages obtained in each plant in the influents and effluents represented in Figure 1 were averaged, where, in the influent (Figure 1a), the microplastics identified are the fibers in greatest proportion, while in the effluent (Figure 1b) the fragments for WWTP-1 and WWTP-2 and the fibers for WWTP-3 are found in greatest proportion. The data obtained can be explained, since the morphology of the microplastics influences the ease of removal. The fibers, and in some cases the fragments, are the forms with the highest percentage, because these can adhere more easily to other particles; this increases their size and simplifies their removal in the different treatments. This fact has been evidenced in other investigations, which show that fibers are removed in the great majority in the preliminary treatment, while fragments are removed mainly in the treatment with active sludge [3,46]. Additionally, it has been evidenced that the type of plastic influences their removability; meaning that the plastics of low and moderate density can be removed with sedimentation [19,47,48].




3.3. Identification of the Microplastics Present in the Samples


The identification of the plastics present in the samples was conducted by DSC, where the characteristic peaks of the melting points of the different plastics present in the samples were identified [18,32,49]. Table 3 shows the materials identified and the possible origins of these.



The DSCs for each of the plants are shown in Figure 2. It is observed that, in the WWTP-1 (Figure 2a), PS, low-density PE, PP and PET were identified. For WWTP-2 (Figure 2b), low-density PE, PP and PET were identified. For WWTP-3 (Figure 2c), PS, low-density PE, PP and PET were identified, which are the most common in wastewater [9,44,46].



The Supplementary Materials summarizes the DSC findings for each of the water samples in the influent; the analysis was performed five times to ensure the reliability of the results. It presents the identified peaks along with the values obtained in each of them, calculating the average, standard deviation and error.




3.4. Determination of the Percentage Concentration of the Identified Plastics


Previous studies have shown that the mass of the microplastics present in a sample can be quantified by means of a DSC analysis. This uses the calculation of area under the curve by means of the relationship between the heat of reaction and the plastic mass, known as the calibration constant [37,39], with the limitation that it only applies to semi-crystalline plastics with marked melting points. In case of the presence of amorphous plastics, the DSC will not identify these, however it will not affect the realization of the calculation [36,38]. This represents an advance for the quantification of microplastics by thermal analysis.



By calculating the area under the curve of each peak obtained in the DSC and the total area, determining the corresponding percentage for each plastic. The calculated value is shown in Table 4; this is a representative value of the concentration of each plastic, showing the percentage of decrease in each type of plastic identified when going through the different treatments. The material in the greatest concentration in the influents of the WWTPs is PP, with percentages between 41% and 48%, followed by PET, with percentages between 36% and 38%. Among the samples least present is PS; its presence and concentrations may vary due to the activity of the area during sampling times.



The area under the curve in the effluent with respect to the influent decreases by 53.54% for WWTP-1, 64.95% for WWTP-2 and 70.14% for WWTP-3. This decrease in area is in line with the reduction in the concentration of microplastics present in the effluents of the plants by their removal through the different processes in place, because of the directly proportional relationship they have [36].




3.5. Evaluation of the Effectiveness of WWTPs


To evaluate the effectiveness of microplastic removal at the WWTPs studied, the concentrations of microplastics in the effluent were compared with respect to the influent. Table 5 shows the percentages obtained in each sampling for the three plants. In WWTP-1 it is observed that the removal of microplastics does not exceed 58.2%, so that a large amount of these microparticles will be discharged into the sea; this can cause damage to both the submarine floor, by the partial sedimentation of these particles to the aquatic ecosystem, and to human beings, through the intake of fish from these waters. WWTP-2 and WWTP-3 show removals of more than 90%; however, the remaining percentage still poses a risk of large discharge of microplastics due to the volumes of influent and effluent managed by each plant.



According to the removal data collected, it is necessary to evaluate the optimization of these plants by implementing an additional stage that increases the percentage of total removal they achieve.



Variation in the removal efficiency of the same process is due to factors, such as the influent, the equipment used, and the time and site of sampling, among others, which explains why, although WWTP-2 and WWTP-3 followed the same treatments, they do not have the same efficiencies.





4. Conclusions


Identification of the microplastics present in the influents of the WWTPs was achieved through thermal analysis, allowing for the qualification and approximate quantification of the microplastics.



More than 90% of microplastic in wastewater is removed through preliminary, primary and secondary treatments. It was also determined that a preliminary treatment is not sufficient for the removal of microplastics, so it is recommended that it be carried out at least until a secondary treatment before dumping these waters into the sea in a way that mitigates the impact that the concentrations discharged of these materials have on the marine ecosystem. In addition, by analyzing the percentages of removal versus the discharge volumes, it can be determined that the amount of microplastic which ends up in water bodies is high. A study is required to increase the effectiveness of microplastic removal at the WWTPs studied.
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Figure 1. Classification by shape of microplastics. (a) Present in the influent. (b) Present in the effluent. 
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Figure 2. DSC of the WWTP of the influent and effluent. (a) WWTP-1; (b) WWTP-2; (c) WWTP-3. 
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Table 1. Concentration of microplastics.






Table 1. Concentration of microplastics.





	
Plant

	
Sample

	
Influent

	
Sample

	
Effluent




	
Concentration

	
Volume

	
Concentration

	
Volume




	
(MP/L)

	
L

	
(MP/L)

	
L






	
WWTP-1

	
A1-1

	
7

	
50

	
A1-2

	
3.62

	
35




	
A2-1

	
10

	
45

	
A2-2

	
4.18

	
30




	
A3-1

	
8.5

	
97

	
A3-2

	
3.67

	
82




	
WWTP-2

	
B1-1

	
7.1

	
35

	
B1-2

	
0.41

	
20




	
B2-1

	
9.12

	
55

	
B2-2

	
0.28

	
40




	
B3-1

	
8.5

	
82

	
B3-2

	
0.82

	
67




	
WWTP-3

	
C1-1

	
6.8

	
50

	
C1-2

	
0.46

	
35




	
C2-1

	
8.5

	
65

	
C2-2

	
0.37

	
50




	
C3-1

	
8

	
98

	
C3-2

	
0.51

	
83
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Table 2. Classification of the microplastics present.






Table 2. Classification of the microplastics present.





	
Plant

	
Sample

	
Influent

	
Sample

	
Effluent




	
10–1000 μm

	
1000–5000 μm

	
Concentration

	
10–1000 μm

	
1000–5000 μm

	
Concentration




	
(MP/L) *

	
(MP/L)

	
(MP/L)

	
(MP/L)

	
(MP/L)

	
(MP/L)






	
WWTP-1

	
A1-1

	
2.2

	
4.8

	
7

	
A1-2

	
3.58

	
0.036

	
3.62




	
A2-1

	
3.7

	
6.3

	
10

	
A2-2

	
4.1

	
0.075

	
4.18




	
A3-1

	
2.95

	
5.55

	
8.5

	
A3-2

	
3.64

	
0.033

	
3.67




	
WWTP-2

	
B1-1

	
1.2

	
5.9

	
7.1

	
B1-2

	
0.41

	
0

	
0.41




	
B2-1

	
2.3

	
6.82

	
9.12

	
B2-2

	
0.28

	
0

	
0.28




	
B3-1

	
1.95

	
6.56

	
8.5

	
B3-2

	
0.82

	
0

	
0.82




	
WWTP-3

	
C1-1

	
1.6

	
5.2

	
6.8

	
C1-2

	
0.45

	
0.004

	
0.46




	
C2-1

	
2.57

	
5.9

	
8.5

	
C2-2

	
0.37

	
0.004

	
0.37




	
C3-1

	
2.29

	
5.75

	
8

	
C3-2

	
0.51

	
0

	
0.51








* MP/L: Microplastic particles per liter.
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Table 3. Microplastics identified.






Table 3. Microplastics identified.





	
Material

	
Abbreviation

	
Formula

	
Density

	
Tm

	
Onset Temperature

	
Sources




	
g/cm3

	
°C

	
°C






	
Low density polyethylene

	
LDPE

	
(C2H4)n

	
0.910–0.925

	
118

	
110

	
Personal care products (such as body and facial scrubs), packaging films

food and water bottles




	
Polypropylene

	
PP

	
(C3H6)n

	
0.83–0.92

	
164

	
161

	
Synthetic textile fibers, water pipes, food and medicine containers




	
Polyethylene terephthalate

	
PET

	
(C10H8O4)n

	
0.96–1.45

	
248.5

	
248.2

	
Bottles and synthetic textile fibers




	
Polystyrene

	
PS

	
(C8H8)n

	
1.04–1.1

	
104.4

	
96.7

	
Disposable plastic plates and cutlery, sound insulation material for hollow floors
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Table 4. Area under the curve for each plastic identified in the influent and effluent.
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Material

	
Plant 1

	
Plant 2

	
Plant 3




	
Influent

	
Effluent

	
Influent

	
Effluent

	
Influent

	
Effluent




	
Area

mJ

	
%

	
Area

mJ

	
%

	
Area

mJ

	
%

	
Area

mJ

	
%

	
Area

mJ

	
%

	
Area

mJ

	
%






	
PS

	
2.256

	
4%

	
1.228

	
4%

	
-

	
-

	
-

	
-

	
2.303

	
5%

	
1.563

	
7%




	
PE-LD

	
7.443

	
14%

	
4.046

	
15%

	
10.011

	
20%

	
3.006

	
19%

	
7.499

	
16%

	
4.154

	
18%




	
PP

	
23.138

	
45%

	
12.408

	
45%

	
24.188

	
48%

	
7.880

	
50%

	
19.842

	
41%

	
10.843

	
46%




	
PET

	
19.041

	
37%

	
9.983

	
36%

	
16.321

	
32%

	
4.957

	
31%

	
18.358

	
38%

	
7.155

	
30%




	
Total

	
51.878

	
100%

	
27.665

	
100%

	
50.520

	
100%

	
15.842

	
100%

	
48.001

	
100%

	
23.715

	
100%
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Table 5. Efficiency of WWTPs.
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Plant

	
Sample

	
Influent

	
Effluent

	
Total Removal (%)




	
MP/L

	
MP/L






	
WWTP-1

	
A1

	
7.00

	
3.62

	
48.3




	
A2

	
10.00

	
4.18

	
58.2




	
A3

	
8.50

	
3.67

	
56.8




	
WWTP-2

	
B1

	
7.10

	
0.41

	
94.16




	
B2

	
9.12

	
0.28

	
96.9




	
B3

	
8.51

	
0.82

	
90.4




	
WWTP-3

	
C1

	
6.80

	
0.46

	
93.3




	
C2

	
8.47

	
0.37

	
95.6




	
C3

	
8.04

	
0.51

	
93.67
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