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Abstract

:

Wastewater treatment plants (WWTPs) have been identified as important point sources of micropollutants and microplastics into the environment. Existing fourth cleaning steps are designed to remove dissolved micropollutants, however do not target dispersed solids such as microplastics. Therefore, the ability of an Advanced Oxidation Process (AOP) and Granular Activated Carbon (GAC) in parallel and serial connection to remove microplastics was investigated and determined. The pilot plants were operated at the municipal WWTP Landau, Germany, a three-step biological waste treatment plant with a capacity of 80,000 population equivalents. A Nile red-based detection method was applied to quantify microplastics. Neither method showed a significant removal of microplastics. To achieve a simultaneous removal of microplastics and dissolved micropollutants, a pilot plant using organosilanes for microplastics’ removal was connected in series with the GAC. When added to the water, the organosilanes attach to the microplastics and collect them in agglomerates by chemically binding them in a water-induced sol–gel process. The pilot plant for microplastics’ removal was operated with a flow rate of 12 m3/h and a retention time of 10 min; the GAC with 2 m3/h and a retention time of 1 h. An average reduction in micropollutants by 86.2 ± 2.0% and a reduction in microplastics by 60.9 ± 27.5% was reached. Thus, there is an effective reduction in micropollutants and a significant reduction in microplastics. Further optimizations of the pilot plant are expected to result in a more stable and higher removal performance.
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1. Introduction


One of the biggest challenges of modern wastewater treatment is the removal of micropollutants and microplastics from wastewater to reduce their entry into the environment [1,2,3,4,5]. For years, the wastewater industry has been confronted with a continuous change in micropollutants’ concentrations in water (Figure 1). The final goal of water quality management under the Water Framework Directive (WFD) is to ensure good water quality of European surface and groundwater bodies (EU Directive 2000/60/EC). The EU Urban Wastewater Treatment Directive (UWWTD) works in synergy with the WFD; the recent proposal for a revised UWWTD includes a requirement for certain wastewater treatment plants to be equipped with an additional treatment that targets micropollutants’ removal [6].



Micropollutants are synthetically produced contaminants typically found at concentrations of nano- to microgram per liter [7,8]. They include substances such as pharmaceuticals, pesticides, PFAS (PFC), industrial compounds (e.g., solvents, benzene, and benzidine), and microplastics. A distinction is made between the total organic chemical loadings in dissolved and insoluble organic chemical compounds (Figure 1). Each compound has a specific behavior in WWTPs, and therefore is either completely or partially degraded or transformed; sorbed to sludge; volatilized; or unchanged, during the three purification steps of the WWTP, prior to entering the environment, the ecosystem, or both [8].



As many micropollutants can pass unhindered through the three treatment steps of a municipal wastewater treatment plant (WWTP), there is a need for a fourth cleaning step for central wastewater treatment, which should remove substances that are classified as potentially hazardous. The revised EU Urban Wastewater Treatment Directive (2022/0345 (COD)) has identified 13 micropollutants in two categories that can pollute waters even at low concentrations [6]. All WWTP for >100,000 p.e., and facilities with >10,000 p.e. discharging into risk areas, must upgrade their facilities to target micropollutants’ removal. Limit values will be identified and an 80% removal of at least 6 of the 13 substances must be achieved.



The most commonly applied fourth cleaning steps are powdered or granular activated carbon (PAC or GAC), ozonation, or advanced oxidation processes (AOP) [9,10,11]. While PAC and GAC remove the micropollutants from water by adsorption, ozonation and AOP degrade the substances through oxidation. Those technologies are designed to remove dissolved organic micropollutants, but not to remove microplastics.



Various methods, such as rapid sand filtration, membrane filtration or drum and disc filters, are currently discussed for microplastics’ removal from waters and wastewaters [12,13,14]. Microplastic characteristics, such as their shape and size, impact on their potential removal rates and necessary operational parameters. The smaller the microplastics that should be removed, the higher the technical complexity of the filtration process, resulting in increased costs, maintenance requirements, and energy consumption [15,16,17]. For example, membrane-based filtration techniques can remove microplastics efficiently, but suffer from high energy consumption and membrane fouling that results in high maintenance needs [16,17,18]. Sedimentation and flotation are not suited to remove microplastics efficiently, due to the small particle size resulting in low sinking or settling speeds and the various densities of the different plastic types, which are often close to the density of water [19]. Techniques such as dissolved air flotation are also inefficient for microplastics’ removal and have a high energy consumption [20]. Commonly used flocculants and coagulants are hardly applicable, due to the highly varying surface properties of different microplastics which makes finding appropriate flocculants challenging [21].



Therefore, there is a need for new and innovative approaches for microplastics’ removal from water. Examples for novel methods are the application of metal–organic frameworks (MOF) or heteroaggregation with magnetic iron-based nanoparticles followed by magnetic sedimentation [22,23,24].



A promising approach to remove microplastics from water is to use organosilanes for agglomeration and their subsequent removal [25,26,27,28]. It has been tested and validated at laboratory scale for various polymer types (polyethylene, polypropylene, polyamide, polyester, and polyvinyl chloride) in both wastewater and seawater [29]. The used organosilanes consist of a silica atom as the core atom together with reactive groups, which gives it its specific reactivity and organic groups, which can interact and attach to microplastics dispersed in water [25,26,27,28]. Thus, the water initiates a hydrolysis of reactive groups of the organosilane, followed by a condensation, whereby they form chemical siloxane bonds and a three-dimensional hybrid silica network (sol–gel process) [30]. This hybrid silica formation fixes and collects the microplastics in solid agglomerates, which float on the water surface and can be easily removed by skimming processes.



Fourth treatment steps such as AOP and GAC are designed to remove dissolved organic micropollutants, but not to remove microplastics. However, their potential to remove microplastics from wastewater is often discussed [31,32,33]. This study evaluates the ability of GAC and AOP pilot plants to remove microplastics from wastewater using a microplastics’ detection method based on Nile red. The pilot plants are operated in parallel and in series at the effluent of a tertiary municipal WWTP in Landau, Germany.



In order to create a holistic process that removes both dissolved organic micropollutants and microplastics, the GAC is combined with a novel method for microplastics removal based on organosilane-induced agglomeration, creating a fourth cleaning step and microplastics’ removal [25,26,27,28]. The pilot plant for microplastics’ removal can be applied as an add-on before or after existing cleaning processes.




2. Materials and Methods


2.1. Study Area


The pilot plants were operated at the tertiary WWTP Landau-Moerlheim. The WWTP has a capacity of 80,000 population equivalents. Primary treatment consists of rakes, a sand trap, and a fat separator. The secondary biological treatment is followed by a tertiary phosphate elimination. The catchment area contains households, industry, and agriculture, mainly viticulture.



The flow rate ranges from 9000 to 13,000 m3/d during dry weather periods and up to 40,000 m3/d during rain events. The average hydraulic retention time (HRT) is 24 h and the average sludge retention time is 12–14 d. The treated wastewater in the effluent has an average chemical oxygen demand (COD) of 20 mg/L, 6.5 mg/L nitrate, <1 mg/L ammonia, and a total phosphorus concentration of 0.3 mg/L.




2.2. GAC and AOP Pilot Plants


The AOP (Advanox™; Van Remmen UV Technology, Wijhe, The Netherlands) used H2O2 (Nouryon, Amsterdam, The Netherlands) as an oxidant in combination with photolytic degradation by UV light. It was equipped with four UV reactors (Focus 200) with individual 600 W low-pressure UV-C lamps. During testing, the flow rate was set to 6 m3/h, the UVC dose to 7.5 kJ/m2, and the H2O2 dose at 30 ppm for a transmission range of 60–72% T10.



The GAC procedure was performed with a DynaSand® carbon filter (Nordic Water, Neuss, Germany) filled with 1.1 m3 AquaSorb™ 2000 (Jacobi Carbons, Premnitz, Germany). The activated carbon had a size range from 2.36 to 0.60 mm with an average of 1.4 mm, an iodine value of min. 1000 mg/g, and a surface area of 950 m2/g. An airlift pump circulates the activated carbon in the filter, which prevents clogging. With a flow rate of 2 m3/h, the contact time was 33 min.



In the series connection, the AOP effluent was used as the inflow for the GAC. The flow rate was set to 6 m3/h, resulting in a GAC contact time of 11 min.




2.3. Wasser 3.0 PE-X® Pilot Plant


The Wasser 3.0 PE-X® pilot plant is made of stainless steel and has a capacity of 2 m3. It was operated via pumps with a flow rate of 12 m3/h or 288 m3/d. The dosing of the organosilane used for the agglomeration and fixation of the microplastics (abcr eco Wasser 3.0 PE X®, AB 930003; abcr GmbH, Karlsruhe, Germany) was conducted manually. At the beginning of the pilot plant commissioning, 15 mL of abcr eco Wasser 3.0 PE X® and 15 g of a microplastics’ mixture of polyethylene and polypropylene was added, to create the first agglomerates to which the microplastics within the wastewater could bind. Further, 5 mL/d was added during the duration of the tests. After completion of the test series, the agglomerates were removed using a stainless-steel sieve with a mesh size of 5 mm.




2.4. Micropollutant Measurements


To evaluate the performance of the fourth treatment step pilot plants, representative composite samples were taken from the effluent of the third treatment step (which represented the influent of the fourth treatment step), and from the effluent of the fourth treatment step. For a qualified sample, 6 subsamples were taken at 10-min intervals over a 1 h period and transferred to a collection vessel for mixing. The offset time (20 min for AOP and 1 h for GAC), which resulted from the retention time of the water in the pilot plants, must be considered during sampling. Samples were placed in sample vials and frozen until transport to the external analytical laboratory. To remove residual hydrogen peroxide from the AOP sample, 300 µL of catalase (AB139273; abcr GmbH, Karlsruhe, Germany) was added to a 600 mL sample before freezing.



The following 10 micropollutants (Table 1) were analyzed according to DIN standards by Limbach Analytics GmbH, Mannheim Laboratory, Germany [34].




2.5. Microplastics Detection


The microplastics’ detection was performed by the following the procedure [35]. Sampling was performed using a stainless-steel filter cartridge with a mesh size of 10 µm (01WTGD; Wolftechnik Filtersysteme GmbH & Co.KG, Weil, Germany) and a 0.9 kW centrifugal pump (MG80B C-B-CMS1B; Grundfos, Erkrath, Germany). The inlet tubing was made of black polyvinyl chloride (PVC), which does not show a fluorescent signal when dyed with Nile red and therefore does not contaminate the sample. A total of 100 l samples from the influent and effluent of the fourth treatment steps were taken. The samples were transferred to 2.5 L glass bottles for transport and storage.



In the laboratory, samples were then processed and stained with Nile red for microplastics detection. Then, 500 mL of each sample was filtered through a 10 µm stainless-steel sieve (custom made, Ø 47 mm; Wolftechnik Filtersysteme GmbH & Co.KG, Weil, Germany; DURAN® filtration apparatus, Cat. No. 257106304; DWK Life Sciences GmbH, Mainz, Germany).



To chemically digest natural particles in the sample, each sieve was placed in a 250 mL beaker and covered with 20 mL H2O2. Then, 3–5 grains of ferrous sulfate were added, and the beaker heated. Once it was brought to a boil, it was reduced to 80 °C for 4 h and left at room temperature for another 20 h.



The stainless-steel sieves were removed and rinsed into the beaker containing the remaining H2O2. To remove the digested organics, the mixture in the beaker was then filtered through a 10 µm stainless-steel sieve and rinsed with 100 mL of water. The particles from the sieve were washed from the surface of the sieve into the beaker and filled up to 100 mL with distilled water.



For staining with the fluorescent marker, 100 µL of a 1 g/L Nile Red stock solution in acetone was added to each beaker (c = 0.1 mg/L) and left for 24 h. Each sample was then filtered through a black circular filter (Metricel® Black PES Membrane Disc Filters; Pall Cooperation, Dreieich, Germany) and stored in a glass Petri dish.



Microplastic detection was performed using a Leica DMS300 light microscope (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) and LAS-X 3.0.1423224 software. For fluorescence imaging, the microscope was modified with a UV flashlight (TATTU U3S; Taitu (Shenzhen) Outdoor Supplies Co., Ltd., Shenzhen, China) with a peak wavelength of 365 nm as the light source for fluorescence excitation and a yellow-colored color film (Shenzhen Neewer Technology Co., Ltd., Shenzhen, China) for the detection filter. Images and corresponding fluorescence images of 5 squares with a size of 3 × 3 mm were acquired for each sample. The particles were classified as microplastics based on their fluorescence signal.



For contamination control, only glass and metal equipment were used in the laboratory. Beakers and vessels were always covered with aluminum foil. The laboratory was cleaned with lint-free cotton cloths and a HEPA filter was operated to remove particulates from the air. A lint-free protective suit (4510M; 3M Deutschland GmbH, Ness, Germany) was worn and cleaned with a lint brush prior to entering the laboratory, to prevent the entry of clothing fibers. To control for sample contamination, blank samples were measured. An average blank value of 5.17 microplastics/L was subtracted from all results.





3. Results and Discussion


3.1. Removal Performance of GAC and AOP for Microplastics


A previous study investigated the dissolved micropollutants removal from wastewater for the AOP and GAC systems presented within this study. Average micropollutants’ removals of 76.4 ± 6.2% for AOP and 90.0 ± 4.6% for GAC showed that dissolved micropollutants can be removed efficiently by these pilot plants [36]. The capability of these pilot plants to remove microplastics is shown in Figure 2.



The microplastics’ contamination of the effluent of the third cleaning step, with respect to the influent of the fourth cleaning step, ranged from 6.4 microplastics/L to 62.1 microplastics/L with an average of 29.1 ± 15.1 microplastics/L, which is a typical contamination for wastewater treatment plants [37]. For all tested setups, the measured microplastics’ removal shows high fluctuations between the test runs. For GAC, the measured removal ranges from −310% (3.1 times increase) to 82.5% with an average reduction of −9.1 ± 95.5% over all 12 test runs. For the AOP, there is an average reduction of −2.8 ± 57.7% ranging from −170% (1.7 times increase) to 66.7%. The serial connection of AOP and GAC showed removals from −192% (1.9 times increase) to 59.8%. On average, a 33.4 ± 94.5% increase in microplastics was measured. Overall, due to the high fluctuations between the test runs, no significant microplastics’ removal is detected with any of these combinations (t-test, paired, two sided). This shows that the AOP and GAC have no measurable effect on the microplastics’ concentrations.



The high fluctuations between the test runs, with both increases and decreases in microplastics’ concentrations depending on the sampling day, are caused by the temporal variations in the microplastics in the wastewater, which have been discussed in a previous long-term study that investigated the microplastics’ contamination in the effluent of the wastewater treatment plant in Landau over a period of one year [37]. This previous study showed an average microplastics’ concentration of 41 microplastics/L with a high variation between the sampling days ranging from 1 to 145 microplastics/L. In addition, it was observed that in a time span of 15 min the microplastics’ concentration can vary by a factor of 10. These variations make it difficult to quantify the removal performance and it needs an effective and robust removal process to achieve reproducible results. GAC and AOP do not meet these criteria.



As AOPs have been shown to successfully remove micropollutants from wastewater, their potential use for microplastics’ removal has also been tested in various laboratory experiments [32,33]. However, these experiments involved exposure times of several hours up to several days. Typically, the chemical transformation of the surfaces, cracking, or fragmentation are observed. Some polymers are partially degraded, but at slow degradation rates, which depend on the used AOP and polymer [33]. Further, incomplete oxidation may result in the formation of toxic intermediate products [38,39]. Therefore, currently tested AOP processes are unsuitable for the removal of microplastics from wastewater.



The application of activated carbon for microplastics’ removal is less discussed, as GAC targets dissolved pollutants rather than suspended solids. A recent study could show a partial removal of nano plastics using activated carbon, depending on the flow rate, contact time, aging of the activated carbon, and aging of the nano plastics [40]. Long contact times, slow flow rates, and fresh activated carbon are all beneficial for the removal process. Removal performances between 35 and 79% were reached. In addition, the study performed a combination of ozonation and GAC treatment on lab scale. Surface transformation of the microplastics by ozonation showed only a slight increase of 2% in the nano plastics removal. This is in line with the findings of this study, where the combination of AOP and GAC had no significant effect on the microplastics’ removal efficiency. Moreover, Kim and Park (2021) found a significant removal of 92.8% by applying a granular-activated carbon with thermal regeneration [31]. The study worked with a lower flow rate (0.42 m3/h) and a comparable amount of carbon (800 kg). Thus, the removal may have been induced by the thermal regeneration, the longer contact time, or the type of GAC used.



There is currently a large emphasis on the use of advanced treatment methods to remove micropollutants from wastewaters. However, due to the current lack of policies on microplastics’ production and regulations surrounding the input of microplastics into the environment, microplastics are not yet targeted by such advanced treatment processes. The ability of such methods to remove microplastics is currently ineffective and often not considered when determining their feasibility for use at WWTPs.




3.2. Organosilane-Induced Microplastics’ Removal Combined with GAC


To achieve the simultaneous removal of dissolved microscopic substances and microplastics, the effluent of the Wasser 3.0 PE-X process for removing microplastics was connected in series with the influent of the GAC. This resulted in an average micropollutants’ reduction of (Figure 3) 86.2 ± 2.0% and average microplastics’ reduction of 60.9 ± 27.5%. Thus, there is an effective reduction in micropollutants and a significant reduction in microplastics.



The removal performance of the micropollutants ranges from 82.7 to 88.6% and is in the range observed in the previous long-term study [36]. Since the removal performance of GAC shows fluctuations over time and decreases with the treated wastewater volume, a direct comparison of these data of GAC without Wasser 3.0 PE-X is not possible, and it cannot be determined whether the Wasser 3.0 PE-X reactor has a positive influence on the micropollutants’ reduction.



The microplastics’ removal ranges from 7.9 to 81.5%. In previous lab scale studies, the organosilanes used in this study showed an effective agglomeration (removal < 90%) of microplastics in different waters, including wastewater [26,27,28,29]. When added to water containing microplastics, the organosilanes attach to the microplastics and collect it in large agglomerates. Due to a water-induced sol–gel process the organosilanes form siloxane bonds creating a three-dimensional network, which chemically fixes the agglomerates, making them solid and easy to remove from the water. The agglomerates flow on the water surface and can be skimmed from the water. For the agglomeration process, the interaction of the organosilanes with the microplastics’ surface are essential. Due to their better interaction with the organosilanes used in this study, non-polar polymer types as polyethylene and polypropylene are easier to remove than polar polymer types as polyamide or polyvinyl chloride [29]. In addition, the attachment of natural organic matter and biofilm growth can alter the microplastics’ surface and influence the removal process [28].



A particular challenge of the upscaling and transfer of the process is the much lower microplastics’ concentration of the treated wastewater compared to the laboratory experiments. For an effective agglomeration process, ideal flow conditions are needed that enable the microplastics to have contact with both existing agglomerates and the organosilanes, so that they can be fixed. The Wasser 3.0 PE-X pilot plant is the first prototype. Thus, it is expected to achieve a more stable and better removal performance by optimizing the water flow conditions and contact time. In comparison to the GAC and AOP process, the removal performance of the Wasser 3.0 PE-X pilot plant is effective and robust enough to compensate for the fluctuations in microplastics’ concentrations in the wastewater and reach a statistically significant removal of microplastics. To further improve the quantification of the removal performance, future studies should obtain samples simultaneously from the influent and effluent over a longer period.



Compared to alternative methods that are often discussed for microplastics’ removal at WWTPs, such as filtration or flotation techniques, the primary advantage of Wasser 3.0 PE-X is the low energy consumption, which can be further reduced if it is integrated into the hydraulic gradients of the WWTP [14]. Due to the simple setup of the reactor, low maintenance requirements and investment costs are also expected.



Summarized (Table 2) AOP and GAC can effectively remove dissolved micropollutants, but not microplastics. Wasser 3.0 PE-X can remove microplastics, however a possible reduction in micropollutants by sorption into the organosilanes is not yet investigated. The combination of Wasser 3.0 PE-X can effectively remove micropollutants and microplastics.





4. Conclusions


Current wastewater treatment processes, along with advanced treatment steps, are not designed to target microplastics’ removal. This study showed no significant removal of microplastics by the GAC or AOP pilot plants when used as fourth cleaning step in parallel or serial connection. The measured microplastics’ removal shows high fluctuations between the test runs. For GAC, the measured removals range from −310% to 82.5%; for the AOP from −170% to 66.7%; and for the serial connection of AOP and GAC, removals of −192% to 59.8% were found. Therefore, there is a need for an adaptation of the fourth cleaning steps to not only remove dissolved micropollutants, but additionally to target microplastics.



The combination of organosilane-induced microplastics’ removal and GAC as a fourth cleaning step showed a good removal performance for dissolved micropollutants (86.2 ± 2%) and a significant removal of microplastics (60.9 ± 27.5%). In the pilot plant for microplastics’ removal, organosilanes attached to the microplastics suspended in the water and collected them in large agglomerates, which were then easy to remove by skimming.



This shows the potential of organosilane-induced microplastics’ removal as an effective add-on for microplastics’ removal in advanced wastewater treatment. It can be combined with various existing fourth treatment steps. The advantages of this method are the low energy consumption compared to methods based on filtration or flotation, as well as the low technical effort and low maintenance requirements. Further optimizations of the pilot plant are expected to result in a more stable and higher removal performance.
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Figure 1. Overview of micropollutants that are discharged into the environment or receiving waters via wastewater treatment plants (Source: Wasser 3.0). 






Figure 1. Overview of micropollutants that are discharged into the environment or receiving waters via wastewater treatment plants (Source: Wasser 3.0).



[image: Water 15 01164 g001]







[image: Water 15 01164 g002 550] 





Figure 2. Measured microplastics’ removal using GAC and AOP in parallel and series connection (AOP before GAC). The reduction is measured as the difference in microplastics’ concentrations between the influent and effluent of the fourth cleaning step. Every sample was performed as a duplicate. n.s.—not statistically significant, t-test, paired, 1-sided, p < 0.05. 
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Figure 3. Removal of (A) microplastics and (B) micropollutants within the pilot plant trails for organosilane-induced microplastics removal combined with GAC. The reduction is measured as the difference in concentrations between the influent and effluent of the fourth cleaning step. * = p < 0.05; *** = p < 0.001, t test, paired, 1-sided. 
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Table 1. Analytical methods used to analyze the water samples for micropollutants.
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	Parameter
	Test Procedure





	Candesartan *
	LAM-MLC.M.0051: 2015-08 **



	Carbamazepine *
	LAM-MLC.M.0051: 2015-08 **



	Diclofenac *
	LAM-MLC.M.0051: 2015-08 **



	Hydrochlorothiazide *
	LAM-MLC.M.0051: 2015-08 **



	Ibuprofen
	LAM-MLC.M.0051: 2015-08 **



	Irbesartan *
	LAM-MLC.M.0051: 2015-08 **



	Metoprolol *
	LAM-MLC.M.0051: 2015-08 **



	Sulfamethoxazole
	LAM-MLC.M.0051: 2015-08 **



	Benzotriazole *
	LAM-MLC.M.0051: 2015-08 **



	Sum of 4- and 5-methylbenzotriazole *
	LAM-MLC.M.0051: 2015-08 **







Notes: * Micropollutants identified for targeted removal and monitoring in the revised EU Urban Wastewater Treatment Directive (2022/0345 (COD)); ** In-house standard by Limbach Analytics GmbH, oriented on DIN 38407-47:2017-07.
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Table 2. Comparison of the investigated methods for the removal of microplastics and micropollutants from water.
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	Method
	Microplastics Removal
	Micropollutants Removal





	AOP
	No
	Yes



	GAC
	No
	Yes



	Wasser 3.0 PE-X
	Yes
	Not investigated



	Wasser 3.0 PE-X + GAK
	Yes
	Yes
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