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Abstract:



Harmful cyanobacteria and their metabolites often contaminate drinking water resources, and effective control remains challenging. Here, we developed a physical algal pre-treatment method, the vertical weir curtain (VWC), to mitigate cyanobacteria and some of their metabolites (geosmin, 2-methylisoborneol (2-MIB), and microcystins) in situ and evaluated its performance in a raw water reservoir used for drinking water supply. The VWC was manufactured with two fibrous polypropylene mats (0% and 92% porosity) which were mounted to maintain a constant underwater depth. We installed the VWC to cover the entire epilimnion of the drinking water intake zone and monitored its efficiency during an algal bloom period (July–October 2015). Reduction rates were 40–59% for total algae, 60–75% for cyanobacteria, 23–55% for geosmin, 30–51% for 2-MIB, and 47–89% for microcystin-LR during the study period. Significant reductions were observed in the shallow layer of the water column (1–3 m water depth), particularly during August, when cyanobacterial density was the highest. The results indicate that the VWC can effectively mitigate harmful cyanobacteria and their metabolites when suitably applied, serving as a valuable reference for the algal reduction in raw drinking water resources.
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1. Introduction


Harmful cyanobacteria and their metabolites, such as off-flavors (e.g., geosmin and 2-methylisoborneol (2-MIB)) and toxins, are nuisances for water resource management [1], particularly in drinking water reservoirs. Off-flavor compounds cause an unpleasant odor and earthy and musty taste that can be perceived by humans even at very low concentrations (ca. 10–20 ng/L) [2]. Moreover, various toxins of cyanobacterial origin are associated with adverse effects on both ambient organisms and human health [3].



Thus far, the management of off-flavors and cyanotoxins has focused primarily on treatment methods in water purification facilities rather than the control of the cyanobacteria concerned and the ultimate factors responsible for their production in nature. Existing methods for the removal of off-flavors and toxins in drinking water include various materials (e.g., treatments using potassium permanganate, chlorine, ozone, and activated carbon) [4,5]. However, some of these methods have been known to produce harmful by-products during the treatment process and are less effective with higher concentrations of organic matter in the source water [6,7]. Moreover, they can cause water utilities to incur considerable expenses. Therefore, it would be highly beneficial to reduce the massive blooms of cyanobacteria and their metabolites in raw water before intake into the treatment plant for the effective operation of treatment facilities, thereby lowering treatment costs.



Various techniques for the pre-treatment and control of cyanobacteria using physical methods have been studied in the field of drinking water supply [8,9,10], as odorants and cyanotoxins have long been considered in drinking water quality and safety [3,11]. Many traditional preventive measures developed for water treatment systems may not have sufficient merit in practice because of high operating costs to remove cyanobacteria and their secondary metabolites (geosmin, 2-MIB, and cyanotoxins). In situ physical pre-treatment aims to decrease cyanobacterial densities in raw water before entering the water treatment plant [8,10]. So-called algal fences and their derivatives have been frequently applied in various water intake systems to inhibit algae from spreading over the area of water intake and to prevent the inflow of algal cells to the intake facility [8,9,12,13]. However, these showed low efficacy in removing cyanobacteria due to structural problems attributed to rolling-up of the fence, porosity, and durability. Recently, we developed a physical device, the vertical weir curtain (VWC), to mitigate contamination by cyanobacteria and their metabolites. The VWC represents a modification and improvement of the traditional algal fence to achieve high efficiency and applicability.



The objective of this study is to assess the performance of the VWC in reducing cyanobacteria and their harmful metabolites near a water intake facility in a drinking water reservoir during the summer and autumn. We report the effective reduction of nuisance cyanobacteria as well as their harmful metabolites, including odorous compounds and microcystins, in raw water by the VWC.




2. Materials and Methods


2.1. Study Site


The Paldang Reservoir is the largest drinking water resource in South Korea, serving 25 million people residing in the Seoul metropolitan area and its satellite cities. Its storage capacity and maximum depth are 2.44 × 108 m3 and 24.3 m, respectively. A drinking water treatment plant is located near the dam, with a water intake capacity of 7.81 × 106 m3/day. In the water intake facility with the VWC, water intake capacity was 1.50 × 106 m3/day. The Paldang Reservoir is eutrophic and experiences massive cyanobacterial blooms every summer [14,15]. Cyanobacteria, particularly Dolichospermum circinale (formerly Anabaena circinalis) are a major source of off-flavors in this system [16,17]. Particularly, severe D. circinale bloom occurred in the downstream area of the reservoir during late fall of 2011 in which cell density and geosmin concentration in the raw water soared to their maximum record: 11,325 cells/mL and 1640 ng/L, respectively [16]. This episodic event caused complaints about even treated drinking water by the users. In addition, D. circinale and Microcystis spp. have also been reported to produce geosmin and cyanotoxins, respectively, in the Paldang Reservoir [18].




2.2. Design and Installation of the VWC


A schematic diagram of the VWC is shown in Figure 1, and its specifications are summarized in Table 1. The curtain was constructed of fibrous polypropylene in two layers. The upper layer was designed as a waterproofing mat, and the lower layer as a particle blocking mat; the two were connected into a single piece, with vertical lengths of 2 m and 3 m, respectively, and a thickness of 20 mm each. The completed VWC was 5 m long to cover the entire epilimnion layer (<5 m) of the application site of the study reservoir when installed. The horizontal length of the VWC was 100 m. The maximum depth of the study site was 8 m. The total water depth under VWC was 3 m and it was stable all along the monitoring period.


Figure 1. Schematic diagrams of the VWC structure and installation. (A) Diagram of the VWC installation around the intake area of the drinking water treatment facility; (B) photo of the floaters of the VWC; and (C) a vertical diagram of the VWC consisting of two mats, showing the position and the role of each mat in the underwater environment.
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Table 1. Specifications of the vertical weir curtain (VWC), designed with an upper waterproofing mat and lower particle blocking mat.







	
Specifications

	
Waterproofing Mat

	
Particle Blocking Mat






	
Material

	
Polypropylene

	
Polypropylene (fibrous)




	
Thickness

	
20 mm

	
20 mm




	
Horizontal length

	
100 m

	
100 m




	
Vertical length

	
2 m

	
3 m




	
Pore size

	
0 μm

	
100 μm




	
Porosity

	
0%

	
92%




	
Flow velocity

	
0 m/s

	
0.02–0.03 m/s




	
Filtration resistance

	
Water, Particle

	
Particle










In order to determine the pore size of the particle blocking mat, we pre-screened the efficiencies of different pore sizes (50, 100, and 200 μm) of the mat, in the consideration of both filtering capacity and pore occlusion. We prepared three cylindrical pilot mats (each with 1 m diameter × 3 m length) with three different pore sizes, applied to the same water body for our work during a cyanobacterial (Microcystis aeruginosa) bloom period (>10,000 cells/mL) for 24 h, and measured their efficiencies by comparing cell densities and Chl-a concentrations inside and outside the cylindrical mats. The highest combined efficiency (i.e., high filtering and less occlusion) was observed with the pore size of 100 μm (data not shown). Thus, the particle blocking mat provided the function of a filter screen consisting of a mesh filter with a pore size of 100 μm and porosity of 92%. The particle blocking mat had little filtration resistance to water due to its high porosity. The waterproofing mat was impermeable to both particles and water, and it was positioned on the upper part of the VWC (Figure 1), as massive cyanobacterial blooms usually occur in the upper layer of the water column in the study reservoir [14,17].



The VWC was installed surrounding the water intake area in order to reduce the entrance of biosestons into the water intake facility (Figure 1). The VWC was mounted on a floater to maintain a constant depth of 5 m below the water surface.




2.3. Field Monitoring and Analysis


We conducted field monitoring after the installation of the VWC around the water intake facility (37°52′ N, 127°28′ E) in the Paldang Reservoir. Monitoring and analysis of total algae and cyanobacteria were conducted biweekly from July to October 2015. At sampling sites on both the inside and outside of the VWC, environmental factors, including water temperature, dissolved oxygen (DO), and pH, were measured in situ using a portable water quality meter (YSI-6600-V2; YSI Inc., Yellow Springs, OH, USA).



Water samples were taken at the same depths (1, 3, 5, and 7 m) both inside and outside of the VWC using a 5-L Van Dorn sampler (Go-Flo; General Oceanics, Inc., Miami, FL, USA); these were transferred to the laboratory within 6 h and analyzed within 24 h. Odor compounds were determined for geosmin and 2-MIB, and toxins were analyzed for microcystins, including microcystin-LA (MC-LA), microcystin-LR (MC-LR), microcystin-RR (MC-RR), and microcystin-YR (MC-YR). Odor compounds were monitored at depths of 1, 3, 5, and 7 m on 18 August and 8 September, and microcystins were monitored at depths of 1, 3, and 7 m on 7 July and 18 August.



Algal enumeration was performed in triplicate according to the Sedgwick–Rafter Counting Chamber method [19] under a light microscope (CK X41; Olympus, Tokyo, Japan) after preservation with 2% (v/v) Lugol’s solution, as described by Akiyama et al. [20]. The presence of geosmin and 2-MIB in raw water was determined using the method of headspace solid-phase micro-extraction (HS-SPME) coupled with gas chromatography–mass spectrometry (GC-MS) [21,22]. The conditions of HS-SPME, such as salt amount, extraction time, and extraction temperature, were optimized based on orthogonal analysis [21]. Microcystin derivatives (MC-LA, MC-LR, MC-RR, and MC-YR) in raw water were analyzed using liquid chromatography–mass spectrometry (LC-MS) [23,24]. Microcystin concentrations were determined by comparing peak areas with that of the standard (Sigma-Aldrich, Saint Louis, MS, USA). Concentrations were calculated as the sum of the cellular microcystin and dissolved microcystin values.



Rates of reduction (%) in algae, odorous compounds, and microcystins as a result of the VWC were calculated for each parameter by the following equation: Reduction efficiency (%) = (1 − (inside VWC/outside VWC)) × 100. Statistical differences in the concentrations of cyanobacteria, odorous compounds, and microcystins between the inside (treatment) and outside (control) of the VWC were evaluated by ANOVA using STAT (ver. 18.0. SPSS INC., Chicago, IL, USA). Significance was determined at p < 0.05.





3. Results and Discussion


3.1. Effects on Basic Water Quality Variables


The water temperature (WT) of the surface layer (1 m depth) varied between 18.7 and 28.2 °C, with only minimal differences between the two sides of the VWC during the study period (Figure 2A). The DO ranged from 6.83 to 9.25 mg/L (Figure 2B), and the pH varied between 7.51 and 8.71 (Figure 2C). All water temperature, DO, and pH values were higher on the outside than on the inside of the VWC, and the difference was noticeable in August, especially for DO and pH. Water temperature in the internal area of the VWC was 0.1–0.6 °C lower than that on the outside of the VWC due to the shadow effect. However, this difference was not significant (p > 0.05). In the internal area of the VWC, the DO was reduced by 0.04–1.53 mg/L, and the pH also decreased by 0.02–0.55 compared with that on the outside of the VWC, with the exception of measurements from 23 September and 6 October. The difference in temperature between the two sides was slightly higher in July and August than in September and October. In particular, differences in all variables were highest in August due to low values inside the VWC, which presumably resulted from the treatment effect, with differences of 0.6 °C in WT, 1.53 mg/L in DO, and 0.55 in pH.


Figure 2. Variation in basic water quality variables in the surface water (1 m depth), both on the inside and the outside of the VWC during the study period. (A) Water temperature (WT); (B) dissolved oxygen (DO); and (C) pH.
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In addition to algal reduction directly caused by the VWC, the shading effect, resulting in a temperature decrease, might hinder algal photosynthesis and thereby cause a decline in both DO and pH within the VWC [25]. A prior study validated the applicability of algae control by partial light-shading [10]. Such changes in physical conditions are typical effects of the vertical curtain and light-shading that may induce algal reduction [8,10]. Bowmer et al. [26] showed that for D. circinale, the most dominant species in our study area, the ratio of geosmin concentration to algal biomass was correlated with light intensity.




3.2. Effects on Total Algae and Cyanobacteria


Figure 3 demonstrates vertical changes in algal and cyanobacterial densities both inside and outside the VWC. During the study period between July and October, the total algal density ranged from 168 to 16,584 cells/mL, and the cyanobacterial density varied between 0 and 13,104 cells/mL. The overall vertical profile of the cyanobacterial density was similar to that of total algae. In August, both total algal and cyanobacterial densities were much higher than in other months.


Figure 3. Vertical distributions of total algal and cyanobacterial densities on both the inside and the outside of the VWC during the study period. Out-Tot: total algae on the outside of the VWC; In-Tot: total algae on the inside of the VWC; Out-Cyano: cyanobacteria on the outside of the VWC; In-Cyano: cyanobacteria on the inside of the VWC. Note that the scales of the x-axes are different.
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Outside of the VWC, total algal density ranged from 328 to 16,584 cells/mL, and cyanobacterial density varied from 0 to 13,104 cells/mL, accounting for 0–78% of total algae over all study depths. In contrast, total algal and cyanobacterial densities varied from 168 to 7208 and 0 to 4483 cells/mL, respectively, inside the VWC, with cyanobacteria accounting for 0–62% of total algae (Figure 3). In August, the cyanobacterial density was 4393–13,104 cells/mL outside the VWC and significantly lower, at 394–4483 cells/mL, inside the VWC. Therefore, the VWC markedly reduced cyanobacteria by curtailing the high algal biomass inflow from the outside. In the middle of summer (August), during the cyanobacterial bloom, the VWC was particularly efficient at preventing the inflow of cyanobacteria into the water intake zone.




3.3. Effects on Off-Flavors and Microcystins


Off-flavor compounds (geosmin and 2-MIB) showed similar patterns, in terms of both ambient concentrations and reduction rates by the VWC, to those of cyanobacteria, indicating that cyanobacteria are mainly responsible for the occurrence of off-flavor materials in this study reservoir, which is consistent with prior studies [16,17]. Inside and outside the VWC, the concentrations of the off-flavor compound geosmin were 13–39 and 29–50 ng/L, respectively, while those of 2-MIB were 8–30 and 14–43 ng/L, respectively (Figure 4).


Figure 4. Vertical distributions of geosmin and 2-MIB concentrations on the inside and the outside of the VWC on 18 August and 8 September. Out-Geo: geosmin on the outside of the VWC; In-Geo: geosmin on the inside of the VWC; Out-2MIB: 2-MIB on the outside of the VWC; In-2MIB: 2-MIB on the inside of the VWC.
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Concentrations of microcystins were higher on 18 August than on 7 July, in line with the increase in cyanobacterial density. Inside and outside the VWC, concentrations of microcystins were 0 and 0–0.079 µg/L for MC-LA, 0–0.129 and 0.040–1.222 µg/L for MC-LR, 0.027–0.063 and 0.042–0.523 µg/L for MC-RR, and 0–0.065 and 0–0.266 µg/L for MC-YR, respectively (Figure 5). Among the microcystin derivatives observed in our study sites, MC-LR exhibited the highest concentration, followed by MC-RR, MC-YR, and MC-LA, particularly in the surface water (1 m). MC-LR concentrations higher than 1 μg/L were observed only when cyanobacteria (mainly Microcystis aeruginosa) accounted for >50% of the total algae. On August 18 at a depth of 1 m, where microcystins predominantly occur, the concentration of MC-LR reached a peak (1.222 μg/L) at a cyanobacterial density of 13,104 cells/mL outside the VWC. At the same time, MC-LR concentration was markedly lower (0.129 μg/L) at a cyanobacterial density of 4360 cells/mL inside the VWC (Figure 3 and Figure 5). Thus, the VWC markedly reduced cyanobacteria, off-flavors, and microcystins together.


Figure 5. Vertical distributions of microcystin derivatives (MC-LA, MC-LR, MC-RR, and MC-YR) on the inside and the outside of the VWC on 7 July and 18 August. MC-LA: microcystin-LA; MC-LR: microcystin-LR; MC-RR: microcystin-RR; MC-YR: microcystin-YR.
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3.4. Reduction Efficiencies of Algae, Off-Flavors, and Microcystins


Figure 6 shows the reduction rates (%) for algae, off-flavor compounds, and microcystins by the VWC. All of these nuisance substances were markedly reduced on the inside of the VWC. Total algal and cyanobacterial densities for the collected samples were reduced by 40–59% and 60–75%, respectively (Figure 6A). Geosmin and 2-MIB concentrations were reduced by 23–55% and 30–51%, respectively (Figure 6B). The reduction of microcystins was most striking among the examined substances, particularly in the surface water: MC-LA, MC-LR, MC-RR, and MC-YR concentrations were reduced by 100%, 47–89%, 38–89%, and 22–80%, respectively (Figure 6C).


Figure 6. Mean reduction rates (%) of algae, off-flavor compounds, and microcystin derivatives by the VWC at each sampling depth during the study period. (A) Total algae and cyanobacteria; (B) geosmin and 2-MIB; and (C) microcystin derivatives (MC-LA, MC-LR, MC-RR, and MC-YR).
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Taking advantage of their easy construction and simple operation, physical algal-blocking measures such as algal fences and vertical curtains have often been used for water quality management. Some prior studies have reported the performances of such physical measures depending on algal compositions and cell densities in various water bodies, demonstrating reductions in Chl-a concentrations by 24–31% [9] and 11–56% [13] and reductions in algal cells by 40% [8,12]. The performance of the VWC in this study was potentially higher than these previously-reported values for cyanobacteria (Figure 6A). In addition, the VWC resulted in the effective reduction of nuisance metabolites of cyanobacterial origin, which was not looked for in prior studies. The relatively higher efficiency of the VWC in reducing microcystins than in reducing odorous compounds might be due to the fact that while odorous compounds are released even by actively-growing cyanobacterial cells, microcystins are contained within cells and are released only when cells are dead and decomposing [27,28]. We suspect that the blocking of cyanobacterial biomass by the VWC resulted in the reductions in odorous compounds and microcystins. We also speculate that the effective reductions in these substances can be attributed to the filtration resistance of the two combined curtains (waterproofing mat and particle blocking mat).



In this study, a VWC consisting of two combined mats was newly-designed as a pre-treatment method for mitigating levels of cyanobacteria and their metabolites. The removal of odor compounds is a difficult and costly task due to their extremely low threshold concentrations for human perception: 1.3 ng/L for geosmin and 6.3 ng/L for 2-MIB [11,29]. Thus, effective pre-treatment for these compounds in ambient water could increase the efficiency of the drinking water treatment process, thereby saving on operating costs. The VWC can also be applied potentially to cyanobacterial mitigation in other bodies of water, and it can be incorporated with other algal reduction measures for specific objectives.





4. Conclusions


The results of this study demonstrated the effectiveness and feasibility of the vertical weir curtain (VWC) as a physical pre-treatment method for mitigating cyanobacteria and some nuisance metabolites (odorants and cyanotoxins) in a drinking water intake zone during active algal growth and bloom periods. The main results and implications are as follows:

	(1)

	
The VWC could be a positive tool from the cyanobacterial mitigation perspective. Cyanobacteria were present at high levels during the summer in the drinking water reservoir, particularly in the surface water. The newly-designed VWC consisting of two mats (a waterproofing mat and particle blocking mat) limited the intrusion of cyanobacteria into the water intake zone in the collected samples.




	(2)

	
The VWC had an effective pre-treatment potential to reduce nuisance substances, such as cyanobacteria, geosmin, 2-MIB, and microcystins. Efficiency was particularly high when cyanobacteria were present at high densities.




	(3)

	
This method is simple, easy to construct, and effective compared to similar existing mitigation measures, such as algal fences. The VWC can be applied potentially in other water bodies including cyanobacterial hot spots, and it can be further incorporated with other methods as a systemic measure of algal reduction.
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