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Abstract


Water is an essential resource whose quality is threatened by emerging pollutants, including microplastics (MP), whose persistence, bioaccumulation capacity and ecotoxic potential pose a growing risk to ecosystems and human health. Wastewater treatment plants (WWTPs) have been identified as one of the main sources of these pollutants, as conventional treatments are insufficient to remove them completely. In response to this problem and with the aim of finding more efficient and sustainable solutions, a study has been carried out at WWTP with a pilot MP capture plant capable of detecting, quantifying and removing these particles from different wastewater sources with high precision and sustainability. This proposal represents a significant advance in the mitigation of invisible pollution, contributing to the protection of the environment and public health, achieving an efficiency of over 80% in the removal of plastic particles. This system not only addresses the challenge of environmental protection but also represents an unavoidable commitment to a healthier, more equitable, and sustainable development model for current and future generations, directly contributing to strategic action to advance the fulfillment of several Sustainable Development Goals (SDGs) promoted by the UN (SDG 3, SDG 6, SDG 12, SDG 14 and SDG 15).
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1. Introduction


Water is a fundamental resource for any type of life on the planet; however, the constant pressure exerted on this resource, changes in water cycles and the environmental impact produced by human activities have led to a situation of depletion and poor condition of natural waters in many parts of the world, which is especially worrying in the case of freshwater available for human consumption. Pollution is one of the main problems facing this precious resource, and a wide range of physical, chemical and biological pollutants have been studied. However, there is a type of pollutant, known as emerging pollutants, which has attracted attention in recent years and whose magnitude and effects on the environment have yet to be extensively studied [1]. Within these emerging pollutants, microplastics (MPs) are of particular concern due to their presence in all natural compartments, from rivers [2,3], seas and oceans [4,5], lakes [6,7], coasts [8,9], soils [10,11] and air [12,13,14]. MPs have been found in some of the most remote areas of the planet such as the poles [15,16] or the Himalayas [17], even in biota [18,19] and in humans [20,21,22], in addition to their high resistance and persistence in the environment and the negative effects they may have on living beings, which are still being evaluated. The introduction of this contaminant from the lowest link in the food chain could be a problem for human health, as contaminated food is consumed. Micro- and nanoplastics have been detected in products such as table salt, honey, sugar and bottled water [23]. They are introduced into organisms through ingestion and respiration, causing damage to these systems and may cause growth retardation, neurological damage, hormonal changes and cancer due to the presence of additives and substances adsorbed on their surface. MPs of different sizes and composition have even been found in the human placenta of several pregnant women studied, without knowing the effects they may cause in the fetus [24].



Plastic has become an essential material in our society, used in a wide variety of industries and sectors. In the 1950s, 1.5 million tons of plastic were produced, an amount that increased until 2016, when 335 million tons were produced. The increase in the generation of this plastic waste and, in many cases, its mismanagement, cause the contamination of ecosystems [25]. When plastic waste reaches the environment, it undergoes physical, chemical and biological degradation processes, forming smaller plastics, the MP, which measure less than 5 mm. These MP can be divided into two classifications: first, we have primary MP, which are manufactured in this size and added to everyday products, such as toothpaste, exfoliants and cosmetics, among others [26]. Second, we have secondary MP, which are those that degrade from larger plastics due to environmental conditions such as sunlight, wind and water currents [26]. In turn, these MPs can degrade into smaller particles, nanoplastics, which are between 0.001 and 0.1 μm in size.



These pollutants are of great concern because of their potential ecotoxicity, their ability to bioaccumulate in living organisms together with substances adsorbed on them (pharmaceuticals, heavy metals and pathogenic microorganisms, among others) and because of the magnification of their effects in the food chain [27]. They are considered contaminants of emerging concern [28], that is, unknown or unrecognized compounds whose presence in the environment, food or water, in any natural or man-made product, or in any living being is not necessarily new, but the knowledge of the possible harmful consequences of their existence is.



The negative effects of the presence of these micro- and nanoplastics have been extensively studied in aquatic ecosystems, but they have also been found in freshwater ecosystems, sediments, soils and in the atmosphere [29,30]. There are a wide variety of studies in the literature that address this issue, especially from a toxicological point of view. Regarding the interaction between MPs and terrestrial and aquatic plants [31], there are negative effects on seed germination, plant size, number of leaves, etc. in plants exposed to polyethylene (PE) MPs [32]. Algae can also suffer negative effects from exposure to polystyrene (PS) microparticles, such as inhibition of Chlorella vulgaris colony formation and decrease in photosynthetic pigment content [33].



The vast majority of these MPs end up in the environment and are difficult to degrade, as would be the case for polyethylene terephthalate (PET) as it has an aliphatic ring; polyethylene degradation times are long due to its high molecular weight, and not many species have been studied that degrade polypropylene (PP); and regarding polystyrene (PS), it is also a recalcitrant compound, but many bacteria use styrene monomer as a carbon source, such as Pseudomonas, Rhodococcus and Nocardia, among others [30].



The presence of these compounds in the environment has created a global problem that requires analysis and understanding from multiple perspectives to assess its scope and develop alternatives and solutions that can reduce pollution caused by substances derived directly from human production and consumption activities.



Knowing the ways in which these pollutants reach the environment is the first step in planning strategies to prevent this type of pollution, and at this point we find that, in the case of natural waters, discharges of treated wastewater have been identified as one of the most important access routes for these pollutants from land, wastewater treatment plants (WWTPs) are considered to be the main source of MP emissions to the aquatic ecosystem, acting as a meeting point for waste from atmospheric deposition and from domestic and industrial waters [29,34]. WWTPs manage to retain a large part of the MPs, but they do not have specific treatments for them as they are particles that, due to their size and density, can easily escape conventional treatments, with significant quantities remaining in the treated water that is returned to the environment [35,36,37,38,39,40], to the aquatic environment [29] and to the soil through the application of sewage sludge as an agricultural soil amendment [41,42,43,44].



Although WWTPs were not specifically designed to remove solid particles (PM), the physical, chemical and biological processes involved in their various stages contribute significantly to their retention. Various studies have shown that conventional plants can remove up to 70%, and in plants with membrane technology, up to 98%, of the PM present in the wastewater, depending on the design, the degree of treatment applied and the characteristics of the particles [45,46,47].



Considering conventional treatment plants, in the primary stage, the screening and sedimentation processes preferentially remove the largest and densest particles, reaching efficiencies of 65% [44]. In the secondary stage, biological processes, such as activated sludge or biofilters, provide an additional 5% removal, mainly through adsorption on flocs [46]. Finally, tertiary stages, especially those incorporating membrane filtration or membrane bioreactors (MBR), can increase overall efficiency to values above 90–99% [47,48]. Despite these high efficiencies, WWTPs do not completely remove MPs, as the smallest fractions (<50 µm) or elongated fibers often escape into the final effluent [45,49]. Therefore, the application of advanced treatments emerges as a possible solution to reduce the millions of MPs that are discharged daily into the environment from these facilities.



In this regard, various studies have been conducted in wastewater treatment plants (WWTPs) to remove MPs through different mechanisms, including both physical processes (rapid sand filtration or coagulation and advanced oxidation processes) and chemical or biological degradation processes (advanced oxidation processes).



Physical processes, based on rapid sand filters, are filters that use quartz and anthracite sand as filter materials. Although this is an effective mechanism, it depends on hydrophilic interactions between the MPs and the sand, as they can be irreversibly retained [50].



Adsorption could be a valid method for the removal of MPs. Different adsorbent media such as graphene oxide and chitin are presented for adsorption of MPs via hydrogen bonds and electrostatic attractions [51]. Alginate secreted by algae and microalgae would also be a good adsorbent. Granular activated carbon is also a good adsorbent capable of removing MPs from wastewater. In nanoplastics, the use of biodegradable cellulose fibers has been found to function as an adsorbent material [52]. Coagulation allows coagulants by the addition of coagulants to trap the MPs in the granules. Combined with a sedimentation process, the process is improved. The coagulant that works best is aluminum sulphate [50]. Regarding the removal of MPs by coagulation, high efficiencies are shown using calcium–aluminum ions [52].



Membrane bioreactors, membrane systems, usually micro- and ultrafiltration membranes (pore sizes are 0.1 to 50 μm and 0.001 to 0.1 μm, respectively) coated with biofilms, which allow trapping of contaminants, are effective in removing MPs from wastewater [34,53], but are very expensive systems.



Advanced oxidation processes (AOPs) are widely used in wastewater treatment plants due to their ability to oxidize and degrade organic pollutants, including microplastics (MPs). Their main objective is the complete mineralization of these compounds—that is, their conversion into CO2, H2O and inorganic salts—however, incomplete degradation can generate smaller or partially oxidized fragments, which may retain or even increase their toxicity.



In some treatments, such as chlorination, chlorinated organic compounds (with C-Cl bonds), such as trihalomethanes or haloacetic acids, can form, which are potentially toxic or persistent. Nevertheless, chlorination is mainly used as a disinfection process, and its application requires a balance between microbicidal efficacy and minimization of unwanted by-products [54]. During these treatments, some of the microplastics and their degradation products may be retained in the treatment systems, while another fraction may be dehydrated and accumulated in sewage sludge [51,54].



Given this scenario, it is necessary to find complementary methods for the selective capture of fine fractions and irregular fibers of MP that escape conventional wastewater treatment, without the need for structural modifications to existing plants, that are sustainable and have a reduced environmental impact.



Despite being a very important issue, legislation on the presence of MPs in wastewater is an evolving issue, both at European and Spanish level. Currently, there is no specific regulation that establishes maximum limits for MPs in wastewater, but there are important advances and regulations that address the problem indirectly. The regulations associated with microplastics in urban wastewater are mainly Royal Decree 1085/2024 [55] on water reuse, Directive (EU) 2024/3019 (TARU) [56] on urban wastewater treatment, Directive 86/278/EEC on the use of sewage sludge in agriculture and Regulation 2019/2023 [57] on eco-design requirements for domestic washing machines and tumble dryers, and for industrial wastewater there would be Directive EU2013/904 [58] on the control of intentional and unintentional discharge of plastics into the environment. Existing regulations only indirectly address the presence of microplastics, and the establishment of specific quantitative limits remains an area pending regulatory development.



The quantification of MP represents a major challenge due to the lack of standardized methods, which leads to poorly reproducible results and large discrepancies between studies. For WWTPs, this challenge is even greater, as the MPs present can interact with other suspended solids, which complicates their extraction and analysis. In general, most of the methods developed have focused on the numerical assessment of particles, but measurement in terms of mass concentration remains a pending task.



In this context, this study pursues the following objectives, listed in order:




	
To develop a standardized and reproducible method for quantifying PM at strategic points along the water line of the experimental WWTP. The experiments conducted in this study were carried out in collaboration with Captoplastic, using a pilot plant for PM recovery that incorporates an online analysis method, allowing continuous sample collection at different points along the water line of the WWTP itself. This technology allows for both the quantification of PM at the water line and their identification and removal.



	
To estimate the PM content in the different industrial water streams and the removal efficiency with the conventional processes existing at WWTP under study. Furthermore, these concentrations and removal efficiency are simulated, considering the application of external PM recovery technology, by installing a demonstration pilot plant at the different points of the plant evaluated. The results are extrapolated to the actual flow rates treated at the experimental WWTP and compared.



	
To verify the study’s contribution toward achieving the Sustainable Development Goals established by the UN.









2. Materials and Methods


2.1. Description of the Facility Under Study


The facility under study is an urban WWTP with total reuse of treated wastewater, a design flow of 2500 m3/day and direct application of the sludge generated on agricultural land. In this WWTP, the presence of MPs has been detected in the raw water received, so the approach of a system for the elimination of MPs is interesting and a real challenge.



The first step was to identify the points in the WWTP where it is most interesting to verify and quantify the presence of MPs in the water flow, which are then marked on a process flow diagram and on a satellite image of the WWTP (Figure 1 and Figure 2). The most representative points of the water line selected for the study were:




	-

	
Pretreatment outlet (PA3)




	-

	
Secondary treatment outlet (PA5)




	-

	
Tertiary treatment outlet (PCC6)










2.2. Application of the Demonstration Plant for the Quantification and Removal of MPs in the Aqueous Streams of the WWTP


A mobile pilot plant owned by Captoplastic, company located in Madrid (Spain) (Figure 3), with a treatment capacity of up to 5000 L/h, was used to quantify and remove microplastics from the different streams. It is the only microplastic recovery technology that has an analysis method for quantifying microplastics, allowing continuous sampling at the WWTP. The flow rate treated in the pilot plant (5 m3 d−1) is considered representative of medium-sized full-scale treatment plants, such as the reference WWTP (2500 m3 d−1). In pilot-scale studies, flow rates are typically between 0.1% and 1% of the full-scale facility’s design flow rate, a range within which the system used falls (0.2%). This ratio allows for comparable hydraulic and mass loading ratios, ensuring the validity of the extrapolation of results to real-life operating conditions [59].



The technology used integrates a combination of several processes:




	-

	
Filtration, comfortably covering particle removal ranges between ~1 µm and <5 mm. The use of polypropylene filters with pores of 100 µm, 50 µm and 20 µm is combined for efficient MP removal in the field. The parameters to be controlled were pressure and flow rate. Pressure values did not exceed 1.5–2 bar for treatment flow rates of 5 m3/h [60].




	-

	
Magnetic extraction methods to separate MPs from other components of the sample Bare Fe3O4 nanoaggregates are added with direct adsorption onto MPs. The approximate dose is 1% by mass of MP (~1g/L), controlling the time and neutral pH. The aggregates formed with the MPs present in the water are separated by a magnetic field with an intensity of between 0.3–0.5 T, sufficient to recover the magnetic fraction without dragging MP particles. Once the MPs are retained, the iron nanoaggregates are released and can be reused in the process, minimizing the generation of new waste [61].




	-

	
Finally, selective oxidation is carried out to remove non-plastic organic matter, leaving only the MPs for quantification. The equipment can handle various reagents, and as it is a pilot plant, it can be adapted to the installation and the nature of the MPs received. The reagent used was Fenton (0.05–0.1 M Fe2+; 0.1–0.3 M H2O2), maintaining the reaction at room temperature, although it is possible to work at higher temperatures when required. This treatment oxidizes more than 90% of the organic matter, preserving the polymers present in the water (PE, PP, PS and PET). Since Fe3O4 magnetic nanoparticles can also act as Fenton-type heterogeneous catalysts, their presence promotes the localized generation of hydroxyl radicals (OH), accelerating selective oxidation and reducing the need to add soluble iron. At the end of the oxidation process, the samples are rinsed with ultrapure water and filtered before proceeding to the spectroscopic identification of the polymers (µ-FTIR or µ-Raman) [62,63].









In addition, this plant offers a measurement system to identify and quantify the presence of MPs in the water, which is crucial for the standardization of the analysis and the evaluation of the effectiveness of the technology at the facility itself.



The methodology used for microplastic (MP) analysis included the use of Captoplastic’s Captolab equipment, a semiautomatic system designed for the quantification of microplastics in complex aquatic matrices. This equipment allows direct measurement in mg/L using a patented method that does not require highly specialized personnel.



The following reagents were used: Hydrogen peroxide (H2O2, 30%) for the digestion of organic matter, sodium sulfate (Na2SO4, 0.9 M) as a density separation medium and ethanol (C2H5OH, 96%) for sample cleaning and contaminant reduction.



The accuracy range of the Captolab system is ±5% for concentrations between 0.1 and 10 mg/L of microplastics, with a detection limit of 0.05 mg/L and repeatability of >95% in replicate tests.



This plant was transferred to the WWTP to analyze its effectiveness in removing MPs at each stage of the process. Water flowed through the demonstration plant, and the concentration of MP was analyzed before and after each treatment at different time intervals, to evaluate the overall performance of the system. The tests carried out with the pilot plant were divided into three stages, and applied to each sample analyzed:




	-

	
Stage 1: Incoming water characterization tests, whereby the concentration of total suspended solids (TSS), volatile suspended solids (VSS) and fixed suspended solids (FSS) are determined.




	-

	
Stage 2: Quantitative analysis of the water sample to determine the amount of microplastics (mg/L) present.




	-

	
Stage 3: In this stage, the microplastics contained in the receiving water are identified. The identification is carried out using micro-FTIR (Fourier transform infrared spectrometry), analyzing the signals obtained in the spectra and comparing these spectra with the database available in the equipment.









On the first day of testing, the pilot plant was located at the previously identified PCC6 point, as tertiary treatment and disinfection effluent (ring filtration and UV, with hypochlorite dosing as a safety measure) before discharge into the environment. The pilot plant then evaluated point PA5, the effluent from the secondary sedimentation tanks before entering the ring filtration stage. Finally, the test was carried out at point PA3 with water from the sand traps and grease traps.



All the tests lasted approximately four hours, where the water was collected from each of the sampling points continuously and was treated by the pilot plant. To check the efficiency in the elimination of the equipment, a sample was taken at the inlet and outlet of the equipment (two bottles of 20 L for each of the inlets), collecting an approximate volume of four liters each hour of the test.



To ensure the correct homogenization of the samples throughout the process, the incoming bottles were shaken with the help of a bottle turner. And since the results obtained in this article focus on the analysis of MPs, all characterization, quantification and identification tests are performed by passing the samples through a 5 mm sieve, since the US National Oceanic and Atmospheric Administration (NOAA) defines MPs as small pieces of plastic, less than 5 mm in diameter, that contaminate the environment.




2.3. Technology for the Characterization, Quantification and Identification of MPs


In parallel with the experimental development and the quantification and elimination tests for continuous monitoring carried out on site at WWTP itself using the mobile treatment plant, periodic sampling was carried out for detailed analysis in the laboratory for verification, characterization and polymer identification. This combination of on-site analysis and laboratory verification provides us with the certainty that the results obtained are reliable, representative and reproducible, validating both the effectiveness of the system in detecting and removing microplastics and the consistency of the data recorded continuously.



For spot quantification in the laboratory, Captoplastic MP quantification equipment was used, which combines infrared spectroscopy with traditional optical microscopy and requires a starter kit for sample treatment prior to analysis, as well as a license to access the MP quantification and identification software (Figure 4).



This is a semi-automated system for quantifying MP in complex aquatic matrices, such as urban and industrial wastewater. The determination method combines several techniques, including filtration, magnetic extraction and selective oxidation, to effectively isolate and measure MP. For more details, see Figure 5.



Before applying the method, the sample was prepared: one liter of water was kept under agitation to ensure homogenization. It was also necessary to determine the concentration of total suspended solids, as well as the proportion of fixed and volatile solids, as shown below. To determine the concentration of suspended solids, a known volume of the aqueous matrix to be analyzed (one liter of sample) was filtered using a vacuum or low-pressure apparatus through a glass fiber filter of known weight. The filter containing the retained particles was then dried at 85 °C and the mass of the particles was determined by the difference in weight from the original filter. The filter with the solids was then dried in an oven for at least two hours at 85 °C. Once dry and cooled, the filter containing the solids was weighed on a precision balance and the total mass of solids was determined by the difference in weight from the same filter. To determine the fixed (inorganic) and volatile (organic) solid particles in suspension, the filter containing the solid particles was retained and dried at 85 °C and calcined at 550 °C for at least two hours until a constant mass value was reached. Once cooled, the filter with the solids was weighed on a precision balance and the mass of fixed solid particles in suspension was determined by the difference in weight with the same filter. The mass of volatile suspended solid particles was determined by the difference between the total mass of solids and the mass of fixed solids.



Once the concentration of total suspended solids, including fixed and volatile solids in the sample, was known, the MP was quantified based on the analytical determination of the MP using a Captoplastic laboratory kit (CAPTOPLASTIC, S.L., Madrid, Spain) on another aliquot of the sample.



The procedure for quantifying MP was carried out in two main phases: separation and oxidation, with the aim of isolating and quantifying MP, distinguishing it from the organic matter (OM) and inorganic matter (IM) present in the samples.



In the separation phase, a magnetic collector based on iron oxide nanoparticles was used, capable of selectively capturing MP from the sample, although it can also separate part of the OM and, to a lesser extent, the IM. The magnetic aggregates formed were separated from the sample by applying a magnetic field (magnet). The supernatant containing the particles not retained by the magnet was filtered and dried for subsequent gravimetric analysis. All the magnetically retained material was suspended in deionized water (volume of 50 mL) to proceed to the oxidation stage.



In the oxidation phase, all the material previously recovered by magnetic means was subjected to ten consecutive cycles of microwave-assisted oxidation to completely remove the retained organic matter without damaging the magnetic particles. The reagents used in the oxidation process were supplied in the determination kit described above and are based on the Fenton process, which requires prior adjustment of the sample pH to pH0 = 3. Once the oxidation cycles were completed, the resulting solution was filtered again, collecting a second filter that, in principle, should only contain the MP and the magnetic collector. Figure 6 shows an image of the filter, covered by the dark-colored magnetic collector, in which the PET particles can be seen.



Both filters, the first (containing the inorganic components derived from the separation stage) and the second (containing the MP and magnetic material after oxidation), underwent heat treatment in a muffle furnace at 550 °C for two hours. This incineration process allowed for the complete removal of the MP, leaving only the inorganic fraction, corresponding to the magnetic material (and part of the MI that could have been removed in the separation phase), as residue in the filters. The difference in weight recorded before and after heat treatment was used to calculate the number of MPs that were removed in the muffle furnace and were therefore present in the sample.



Finally, the weight data obtained in each phase, together with the differences recorded after treatment in the muffle furnace, were processed using App Captoplastic software. This analysis made it possible to accurately determine the final concentration of MP in the samples expressed in mg/L, ensuring accurate quantification.



The images were then analyzed using ImageJ software, which made it possible to calculate the projected area of the retained particles. This analysis made it possible to estimate the concentration of MP in the original sample using the following Equation (1):


[MPs] = (AMPs × fvol)/msample



(1)




where [MPs] is the concentration of MP in the original sample (in mg/g); AMPs is the total projected area of the retained MP, measured with ImageJ software (mm2); fvol is the volume factor, which is used to convert the projected area into an estimate of the mass of the MP, taking into account its density and geometric characteristics (mg/mm2); and msample is the mass of the sample used (g).



Next, the microplastics contained in the water samples are identified using the PerkinElmer Spotlight 200i, owned by the Autonomous University of Madrid (Spain),system for the identification and quantification of microplastics by Fourier transform infrared spectroscopy (FTIR) with an imaging system/FTIR Imaging system, which analyzes the signals obtained in the spectra of the detected polymers and compares them with the database available to the equipment. It has a spatial resolution of 10 µm, which allows it analyzing individual microplastic particles with high precision, widely used in environmental studies for microplastics, with FPA detector and identification software.



The microplastic removal rate in water streams, expressed as a percentage, is calculated using Equation (2):


Removal rate (%) = (CMPe − CMPs)/CMPe × 100



(2)




where CMPe and CMPs are the MP concentrations in the inlet and outlet streams, respectively, to the treatment unit at the WWTP or pilot plant, as appropriate, expressed in mg/L. All tests in this project were conducted in triplicate, and the results presented in tables are presented as mean values with their corresponding confidence intervals.





3. Results and Discussion


3.1. Analysis and Discussion of the Results of the Quantification of MPs at Different Points of the Water Line


This section shows the results of the characterization, quantification and identification of the samples by means of a demonstration of pilot plant placed at different stages in the experimental WWTP treatment process. The same steps were followed for all streams (Table 1).



The first step for the quantification of MPs was the characterization of samples, i.e., the calculation of total suspended solids and volatiles. For the inlet and outlet samples to pretreatment (PA3), the characterization results were as follows (Table 2):



In the three characterization tests, for each of the samples, a low deviation and CV are observed, which indicates good homogenization and characterization of the samples.



The microplastic quantification results provided by the detection equipment, for the input and output samples to pilot plant PA3, are presented in Table 3.



As can be seen, in the effluent of the pretreatment (PA3), the concentration of MPs was 26.58 mg/L. This value is consistent with typical levels observed in urban wastewater, as the pretreatment will have very little impact on the concentration of MPs present in the water. After passing through the pilot plant for MPs recovery, it can be observed that the concentration of MPs decreases considerably as it passes through the pilot plant (MPs in the plant outlet stream of 6.38 mg/L), achieving a removal efficiency of 76%.



The spectra of the analyzed polymers, identified using micro-FTIR, are shown in Figure 7a–i. The signals obtained in the spectra were analyzed and the spectra were compared with the database available in the equipment.



Table 4 shows a summary of the MPs identified in these samples, the most frequently identified types are polyester fibers (PET), where a total of five microfibers have been found, followed by PP and PE. The main polymers identified are also consistent with those usually reported in urban wastewater.



The same analysis was carried out for the rest of the samples, PA5 and PCC6, and the results of the quantification of microplastics provided by the detection equipment for the inlet and outlet samples to the corresponding pilot plant PA5 and PCC6 are summarized below (Table 5) and a summary of the MPs identified is included in Table 6 and Table 7, respectively.



It was obtained for the output of the secondary treatment that the concentration of MPs was notably lower, with a value of approximately 1 mg/L. It is important to bear in mind that this value is precisely the detection limit of the method used, as it is specially designed for wastewater in which higher values of this type of particle are expected. Nevertheless, it can be assured that the concentration of MPs has decreased by almost 96%. Again, the composition of the polymers present in the recovered MPs was mainly PET, PE and PP, which is consistent with the composition of the treated influent. Finally, at the outlet of the tertiary treatment, the concentration of MPs was below 1 mg/L, with an average value of 0.61 mg/L, and the identified MPs were mainly PET and PP. This result is also within the detection limit of the method. However, it confirms that the tertiary treatment did not completely remove the MPs from the effluent.



If we evaluate the performance of the pilot plant in removing the MPs present in the process PA5, corresponding to the outlet of the secondary settling stage, the concentration of MPs at the inlet was 1.08 mg/L and the average concentration of MPs at the outlet <1 mg/L (mean value 0.16 mg/L). We found that the MPs concentration at the plant outlet was considerably lower than the detection limit of the method (<1 mg/L); by using a larger sample volume, it was possible to quantify the MPs concentration of the plant outlet effluent. Although the concentrations of MPs are very low both at the inlet and outlet of the pilot plant, it was also observed by MPs identification that the concentration of MPs decreases as it passes through the pilot plant.



The same occurred for the sampling at point PCC6 (tertiary effluent treatment), although it was observed that there is a decrease in concentration at the plant outlet due to lower identification of MPs in the stream, which indicates a removal of MPs, the measurement obtained of MPs in the pilot plant outlet stream was very small <<1 mg/L, it was necessary to use a larger sample volume to obtain a concrete value of removal performance (0.10 mg/L).



The low concentration of MPs present in the inlet stream to the pilot plant at some selected points means that it is not possible to determine the actual yields obtained.




3.2. Estimation of the MPs Content in the Different Streams of the Wastewater Treatment Plant


If we consider the results obtained in the quantification of MPs in the different sampling points in the water line at the WWTP (Table 8), and the results of the quantification of MPs in the outflows of the pilot plant (Table 9), we estimate the load of MPs present in the water line at the WWTP and their removal from the system through the installation of the pilot plant (see Figure 8, Figure 9, Figure 10 and Figure 11).



The results show a clear accumulation of MPs mainly in the secondary treatment line (biological reactor) and in the tertiary treatment line (ring filter), with return to the treatment system by recirculating sludge back to the biological reactor and through the drain line to raw water well. Of the 26.95 kg/d of MPs, 0.56 kg/d would be discharged into the environment. This reinforces the results of the first phase of this study, dedicated entirely to the evaluation of the presence of MPs in the sludge generated at the WWTP, in which the return flow of the secondary sedimented had a remarkably high concentration of MPs, reaching almost 450 mg/L, with a predominant composition of PET, PE and PP. However, the concentration of total suspended solids was also considerable (6.5 g/L), which means that MPs represented 6.9% of the total solids present. These MPs that are removed from the water line in the WWTP end up in the sludge, which acts as a “sink” for these pollutants and where they tend to accumulate [64], which represents a serious problem if we consider that this return flow from the settler is the starting point of the sludge treatment stage with final destination agricultural application.



The incorporation of the elimination plant achieves considerable minimization in the emission of MPs in the water line, with a total load eliminated per day estimated at 21.81 kg/d of microplastics, which means almost 8 Tonsof microplastics per year. If we consider the input of MPs to the WWTP, in the pre-treated stream, of 26.95 k/day and a removal of 21.81 kg/day, we would be guaranteeing a removal performance of more than 80%, with reduced MPs accumulation in the system, which also guarantees that the MPs load in the sludge is also substantially reduced and therefore its impact on the soil. The values obtained are within the ranges reported by other authors in studies of this type [65,66,67]. However, despite the high efficiency in the removal of MPs obtained, it is essential to continue researching new technologies and complementary strategies to optimize the current processes and improve the percentages obtained in the removal.





4. Conclusions


The main conclusions obtained in the experimental study are summarized below:




	
The Captoplastic analytical method combines filtration processes and magnetic extraction methods to separate MP, with selective oxidation processes to remove non-plastic organic matter and leave only MP for quantification. Its application at different points in the experimental WWTP allowed the MP present in the water line to be quantified and identified. The results obtained at key points in the plant showed variable concentrations of MP: in the pretreatment effluent, the concentration was 26.6 ± 1.80 mg/L; in secondary treatment, it was reduced to 1.08 ± 0.88 mg/L; and in tertiary treatment, the concentration was 0.61 ± 0.49 mg/L. These results demonstrate the method’s ability to detect and analyze MP in the different treatment streams of the WWTP. The MP identified were mainly PET, PE and PP, with fibers being the most common morphology.



	
The experiment carried out at the WWTP with the MP capture plant allowed us to evaluate the degree of MP removal at different points in the water line. An MP removal rate of 76% was observed in the pretreatment effluent, which is lower than the usual removal performance for this type of water, which is usually over 80%. In secondary and tertiary treatment, the degree of removal could not be demonstrated, as the effluents obtained had concentrations well below the detection limit, requiring the use of a larger sample volume for determination. The PM concentrations in these effluents were 0.16 and 0.10 mg/L, respectively, with PM removal results of 85% for these stages.



	
The application of MP capture technology in the WWTP could significantly reduce MP emissions, with reductions of up to 80% in the water line, highlighting its potential to reduce MP pollution. The incorporation of the removal plant achieves a considerable minimization of MP emissions in the water line, with an estimated total load removed per day of 21.81 kg/d of microplastics, which amounts to almost 8 tons of microplastics per year. If we extrapolate these results to all WWTPs nationwide, the reduction potential is very significant. Considering that there are approximately 2000 wastewater treatment plants in operation in Spain, the application of this technology could prevent the release of more than 15,000 tons of microplastics into the aquatic environment each year. This data reflects the high positive environmental impact that the widespread implementation of the system would have, contributing directly to the fulfillment of the objectives of the European Plastics Strategy and the Water Framework Directive in terms of reducing emerging pollutants.



	
The technology piloted at WWTP offers an integrated solution for the continuous detection and removal of MP in WWTP water lines, combining real-time in situ monitoring with high capture capacity. Its plug-and-play design allows for easy installation without altering the hydraulic regime, significantly reducing dependence on laboratory analysis and associated operating costs. Furthermore, its autonomous and scalable operation, demonstrated in the pilot project, positions it as a viable, cost-effective and sustainable technology for mitigating microplastic pollution in wastewater treatment.



	
The microplastic removal technology studied contributes directly to the strategic action to advance the fulfillment of several SDGs promoted by the UN. Reducing the presence of these particles in water, air and soil not only protects human health (SDG 3),but also improves water quality (SDG 6) by reducing pollution levels that affect people and ecosystems. At the same time, it promotes more responsible production and consumption patterns (SDG 12) by preventing the generation of plastic waste at source and reinforces the conservation of underwater life (SDG 14) and terrestrial life (SDG 15) by mitigating adverse impacts on biodiversity. Overall, addressing the challenge of microplastics goes beyond protecting the environment: it represents an unavoidable commitment to a healthier, more equitable and sustainable development model for current and future generations.
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Figure 1. Flow diagram of experimental WWTP process. 
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Figure 2. Identification of sampling points in experimental WWTP. 
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Figure 3. Image of pilot plant for quantification and removal of MP. 
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Figure 4. Captoplastic brand MP quantification equipment. 
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Figure 5. Flowchart of MP quantification process. 
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Figure 6. Image of filter obtained after oxidation process. 
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Figure 7. (a) MPs 1 and MPs 1 library search, (b) MPs 2 and MPs 2 library search, (c) MPs 3 and MPs 3 library search, (d) MPs 4 and MPs 4 library search, (e) MPs 5 and MPs 5 library search, (f). MPs 6 and MPs 6 library search, (g) MPs 7 and library search MPs 7, (h) MPs 8 and MPs 8 library search, (i) MPs 9 and MPs 9 library search. 
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Figure 8. MPs load in water line in Scenario 1 (without application of MP retention technology). 






Figure 8. MPs load in water line in Scenario 1 (without application of MP retention technology).



[image: Sustainability 17 09470 g008]







[image: Sustainability 17 09470 g009] 





Figure 9. Water line MPs load in Scenario 2 (with application of MP retention technology at outlet of pretreatment stage). 
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Figure 10. MPs load in water line in Scenario 3 (with application of MP retention technology at outlet of secondary settler). 
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Figure 11. MPs load in water line in Scenario 4 (with application of MP retention technology at outlet of tertiary treatment (UV). 
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Table 1. Pilot plant input and output samples at different process stages.
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	Process
	Pilot Plant Input
	Pilot Plant Output





	Pretreatment stage (PA3)
	[image: Sustainability 17 09470 i001]
	[image: Sustainability 17 09470 i002]



	Secondary treatment (PA5)
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	Tertiary treatment (PCC6)
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Table 2. Average characterization results, sample PA3.






Table 2. Average characterization results, sample PA3.





	
Parameter

	
TSS (mg/L)

	
SSF (mg/L)

	
SSV (mg/L)




	
Input

	
Output

	
Input

	
Output

	
Input

	
Output






	
Average concentration

	
284.13

	
200.07

	
31.77

	
29

	
252.37

	
171.07




	
Deviation (σ)

	
12.95

	
5.55

	
9.33

	
8.15

	
7.48

	
2.61




	
CV (%)

	
4.56

	
2.77

	
29.36

	
28.10

	
2.97

	
1.52




	
pH

	
Input

	
7.4




	
Output

	
7.1




	
Conductivity (mS/cm)

	
Input

	
2.17 (22.3 °C)




	
Output

	
2.11 (19 °C)











 





Table 3. MPs concentration in pretreatment input and output samples (PA3).
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Parameter

	
Sample PA3




	
Input

	
Output






	
Average MP concentration (mg/L)

	
26.58

	
6.38




	
Deviation (σ)

	
0.919

	
0.759




	
CV (%)

	
3.46

	
11.92











 





Table 4. Summary table of results obtained in identification of MPs in sample PA3.
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	MPs ID
	Shape MPs
	Type MPs





	MPs1
	Fiber
	PET



	MPs2
	Fiber
	PET



	MPs3
	Fragment
	PP



	MPs4
	Fragment
	PP



	MPs5
	Fragment
	PE



	MPs6
	Fiber
	PET



	MPs7
	Fiber
	PET



	MPs8
	Fiber
	PET



	MPs9
	Fragment
	PE










 





Table 5. Concentration of MPs in secondary treatment input and output samples (PA5) and tertiary treatment input and output samples (PCC6).
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Parameter

	
Sample PA5

	
Sample PCC6




	
Input

	
Output

	
Input

	
Output






	
Average MPs concentration (mg/L)

	
1.08

	
0.16 *

	
0.61 *

	
0.10 *




	
Deviation (σ)

	
0.453

	
0.053

	
0.253

	
0.028




	
CV (%)

	
41.68

	
9.63

	
41.47

	
7.74








* The concentration is lower than the detection limit of the method (1 mg/L), which requires the use of a larger sample volume for its determination.













 





Table 6. Summary table of results obtained in identification of MPs in sample PA5.






Table 6. Summary table of results obtained in identification of MPs in sample PA5.





	MPs ID
	Shape MPs
	Type MPs





	MPs1
	Pellet
	PE



	MPs2
	Fiber
	PET



	MPs3
	Fragment
	PE



	MPs4
	Fragment
	PE



	MPs5
	Fragment
	PP



	MPs6
	Fragment
	PP










 





Table 7. Summary table of results obtained in identification of MPs in sample PCC6.






Table 7. Summary table of results obtained in identification of MPs in sample PCC6.





	MPs ID
	Shape Form
	Type MPs





	MPs1
	Fiber
	PET



	MPs2
	Fiber
	PET



	MPs3
	Fragment
	PP



	MPs4
	Fragment
	PP



	MPs5
	Fragment
	PP










 





Table 8. Summary table of results obtained in quantification of MPs in water line at WWTP.






Table 8. Summary table of results obtained in quantification of MPs in water line at WWTP.





	Quantification Method
	Concentration of MPs
	Nature of Recovered MPs





	Pretreatment effluent
	26.6 ± 1.80 mg/L
	PET, PE, PP



	Secondary treatment effluent
	1.08 ± 0.88 mg/L
	PET, PE, PP



	Tertiary treatment effluent
	0.61 ± 0.49 * mg/L
	PET, PP







* The concentration is lower than the detection limit of the method (1 mg/L), which requires the use of a larger sample volume for its determination.













 





Table 9. Summary table of results obtained in quantification of MPs in pilot plant outlet water line.






Table 9. Summary table of results obtained in quantification of MPs in pilot plant outlet water line.





	Quantification Method
	Concentration of MPs





	Pilot plant effluent pretreatment
	6.38 ± 0.76 mg/L



	Secondary treatment pilot plant effluent
	0.16 * mg/L



	Effluent pilot plant tertiary treatment
	0.10 * mg/L







* The concentration is considerably lower than the detection limit of the method (1 mg/L). Despite the use of a larger sample volume, the concentration is considerably lower than the detection limit of the method (1 mg/L).
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