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Abstract: The water intake facility of Paldangho Lake (PIF), constructed in 1988, supplies drinking
water to the Seoul metropolitan area and satellite city (ca. 20 million inhabitants) in South Korea.
A nuisance cyanobacterial bloom (CB) has been observed every year in the PIF. Thus, related
governments have been funding the control of CBs and algal-originated materials (AOMs). In this
study, an algae-blocking mat (ABM) was developed to protect against CBs and AOMs considering
temperature and water depth. We evaluated the daily and monthly performance of the ABM on
phytoplankton, pH, dissolved oxygen, chlorophyll-a, and light intensity between April and October
2015. Although the average cell abundance of cyanobacteria between July and September approached
the warning level of the Korea alert system, the highest algal removal efficiency was recorded as 92% in
August when the cyanobacterial cells were over 66,000 cells/mL. On average, the ABM showed a low
removal efficiency of 26% on both geosmin and 2-methylisoborneol, whereas total phytoplankton was
more than 30%. In conclusion, our results indicate that the ABM may be an economical blocking tool
for nuisance cyanobacteria in drinking water resources, considering AOMs and total phytoplankton.

Keywords: algae-blocking mat; cyanobacteria; odor; taste; physical method; Microcystis aeruginosa;
water resource management

1. Introduction

Cyanobacterial blooms are becoming more globally prevalent due to industrialization, population
growth, and global warming [1–4]. For example, in 2011, a cyanobacteria bloom occurred in Lake Erie,
one of the Great Lakes in North America, due to an excessive influx of phosphorous [5], and a massive
bloom of the cyanobacterium Microcystis that occurred in Lake Taihu, a large lake in China, leading to
the prohibition of the use of lake water as drinking water [3]. In August 2014, tap water supplies was
suspended in Toledo, Ohio, USA, due to cyanobacteria poisoning [6].

South Korea has been witnessed a similar situation. Eutrophication is rapidly spreading in many
rivers and lakes, of which 72% are mesotrophic and 22% are eutrophic, with cyanobacteria blooms
occurring from summer to winter [7]. Paldangho Lake, which is a major raw water source for over
20 million residents in Seoul and Gyeonggi, is also experiencing rapid eutrophication and resulting
frequent cyanobacterial blooms due to its large drainage area and a constant inflow of domestic sewage,
agricultural effluent, and livestock wastewater [8].

Harmful algal blooms such as cyanobacterium Microcystis in untreated drinking water interfere
with the purification process in water treatment plants by producing toxins and algae-related odor,
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leading to economic loss and adverse health effects [9]. Various methods have been developed to
eliminate these algae. The long-term use of algaecide, which is fast-acting over short time periods,
risks damaging the entire aquatic ecosystem as it is retained in water and soil [10–12]. Among the
relatively simple physical methods with few side effects, one key strategy is to install a mat in the water
called a water-blocking mat to trap cyanobacterial blooms and contaminants in the stagnant water and
preventing them from spreading, directly blocking cyanobacteria and contaminants in the raw water
that enter the water treatment plant, and using upstream water to dilute high-density cyanobacteria
and contaminants [13].

Asaeda and colleagues [14,15] reported the important effects of using a water-blocking mat.
Two vertical water-blocking mats were installed on the surface water layer near the Terauchi dam in
Japan to block surface water inflow to the reservoir from upstream, which contained a high nutrient
concentration, thereby preventing the formation of cyanobacteria blooms. The water-blocking mats
installed at the dam blocked the direct influx of nutrients to the downstream reservoir and created
stagnant water in the upstream portion of the reservoir. This led to the consumption of nutrients by a
large number of phytoplankton, which blocked nutrient transfer to the downstream reservoir, thereby
reducing the occurrence of cyanobacterial blooms.

However, fixed blocking mats have several drawbacks, such as damage and loss caused by
storms, heavy rain, and rapid corrosion; decreased flexibility of the metal components supporting
the blocking mat; and difficulty in applying a simple or filtering mat due to fouling by algae and
contaminants [14,16].

In this study, to effectively block phytoplankton biomass and nuisance cyanobacteria from the
reservoir used as a raw resource of drinking water, we installed a multi-functional algae-blocking
mat (ABM) considering the appearance and migration characteristics of the cyanobacteria inside the
reservoir, and its effects were evaluated. The ABM, which is a combination of a simple blocking mat
(SBM) and an algal filtering mat (AFM), was first built and installed in South Korea. An optimal
operation strategy for the ABM is presented based on its effectiveness in removing phytoplankton,
including cyanobacterial blooms and algae-related odor and taste compounds.

2. Materials and Methods

2.1. Description of the Test Site

Paldangho Lake is located on the Han River where the Bukhan River, Namhan River, and
Gyeongancheon converge. The lake supplies water to Seoul, Gyeonggi, and Incheon. There are three
water intake systems installed in the Paldangho Lake (Figure 1). The one selected for this study was
built in 1988 and supplies approximately 1.5 million tons of water daily to 21 water purification plants.
A high flow rate occurs near the intake structure due to the short retention time (6.5 days) within
Paldangho Lake [17]. Particles concentrate in the area near the intake structure during rainfall events
due to the influx of nonpoint pollution sources. Cyanobacterial blooms frequently occur during periods
of high water temperatures. A general silt protector was installed at the entrance of the intake structure,
which was operated to prevent the access of algae and other particles. However, the alteration of the
silt protector caused by the strong backpressure from the water intake and the turbid water generated
by the disturbance of the sediment layer complicates the water intake process.



Water 2020, 12, 1576 3 of 15

Water 2020, 12, 1576 3 of 16 

 
Figure 1. A map of the reservoir with the test site (red dot). Paldangho Lake was a dam that collects 
three rivers: the Bukhan River, the Namhan River, and the Gyeongan cheon River. 

2.2. Experimental Design 

The multi-functional ABM is a floating structure with a trapezoidal shape consisting of floats 
(plastic material, 100 × 100 × 70 cm) and an ABM (total length 100 m, width 1 m). It was installed 
parallel to the water flow in the reservoir and was fixed with anchors and wire ropes to maintain its 
shape (Figure 2A,B). A ring-shaped weight was attached to the lowermost side of the ABM to 
maintain the shape of the blocking mat under backpressure (Figure 2C). 

 
Figure 2. (A) Paldangho intake facility (PIF) with (B) alternative algae-blocking mat (ABM) installed 
for drinking water supply. The ABM includes 2 m of simple blocking mat (SBM) and 3 m of algal 

Figure 1. A map of the reservoir with the test site (red dot). Paldangho Lake was a dam that collects
three rivers: the Bukhan River, the Namhan River, and the Gyeongan cheon River.

2.2. Experimental Design

The multi-functional ABM is a floating structure with a trapezoidal shape consisting of floats
(plastic material, 100 × 100 × 70 cm) and an ABM (total length 100 m, width 1 m). It was installed
parallel to the water flow in the reservoir and was fixed with anchors and wire ropes to maintain its
shape (Figure 2A,B). A ring-shaped weight was attached to the lowermost side of the ABM to maintain
the shape of the blocking mat under backpressure (Figure 2C).
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Figure 2. (A) Paldangho intake facility (PIF) with (B) alternative algae-blocking mat (ABM) installed for
drinking water supply. The ABM includes 2 m of simple blocking mat (SBM) and 3 m of algal filtering
mat (AFM) composed of (C) polypropylene fiber (ABM). OUT; reservoir water, IN; ABM-passed water.
Both SBM and AFM are described in Table 1.
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Table 1. Characteristics of the alternative algae-blocking mat (ABM) comprising a simple blocking mat
(SBM) and an algal-filtering mat (AFM) that were used in this study. The dotted blue line indicates
where both SBM and AFM are connected, whereas B is the surface structure of AFM fiber.

Specification SBM AFM

Material Polypropylene Polypropylene fiber
Water intake volume (Q, m3/day) 1,500,000 1,500,000
Thickness (cm) 2 2
Vertical length (m) 2 3
Pore size (µm) <9 <100
Targets Water and most suspended solids Phytoplankton

Mat surface structure of ABM and
AFM fiber

Water 2020, 12, 1576 4 of 16 

filtering mat (AFM) composed of (C) polypropylene fiber (ABM). OUT; reservoir water, IN; ABM-
passed water. Both SBM and AFM are described in Table 1. 

The top side of the ABM (upper ~2 m) that was placed in the layer of water where harmful algal 
blooms and other particles concentrate during high water temperatures consisted of a simple 
blocking mat (SBM) that can block small particulate matter (<9 μm). The bottom side of the ABM 
(lower 3 m) was placed in the layer of water where backpressure is strong during the water intake 
process. The permeable algal filtering mat (AFM, pores ≤ 100 μm, porosity: 92%, thickness: 2 cm) has 
a strong resistance to physical deformation. The SBM and AFM were vertically connected (Table 1) 
and rinsed with strong water pressure using field water to remove suspended solids or periphyton 
development during the study. 

Table 1. Characteristics of the alternative algae-blocking mat (ABM) comprising a simple blocking 
mat (SBM) and an algal-filtering mat (AFM) that were used in this study. The dotted blue line 
indicates where both SBM and AFM are connected, whereas B is the surface structure of AFM fiber. 

Specification SBM AFM 

Material Polypropylene Polypropylene fiber 

Water intake volume (Q, m3/day) 1,500,000 1,500,000 

Thickness (cm) 2 2 

Vertical length (m) 2 3 

Pore size (μm) <9 <100 

Targets Water and most suspended solids Phytoplankton 

Mat surface structure of ABM and AFM fiber 

 

The on-site experiment was conducted in two stages. Daily monitoring included the measuring 
of the algal removal efficiency (ARE) of the mat according to the dominant species of phytoplankton 
in each season (water temperature) and analyzing the effects of the mat on the vertical distribution 
of cyanobacteria at high water temperatures. Bimonthly monitoring was conducted between April 
and October 2015. Basic environmental factors, such as water temperature, dissolved oxygen, 
conductivity, turbidity, and pH, were directly measured inside (IN) and outside (OUT) the ABM at 
each water depth (1, 2, 3, 5, and 7 m) using multiparameter water quality monitoring devices (YSI-
6600-V2; YSI Inc., Yellow Springs, OH, USA). Phytoplankton and chlorophyll-a were analyzed in the 
laboratory after water was collected at each depth using a van Dorn sampler (3-1130-G42, Wildco, 
Yulee, USA). Daily monitoring was conducted when the cell abundance of cyanobacteria was high 
(2:00 and 8:00 p.m. on 24 August, and 8:00 a.m. on 25 August) and analyzed in the same way as 
monthly monitoring. 

2.3. Sample Analysis 

2.3.1. Phytoplankton Analysis 

To measure the phytoplankton density, water samples were collected at each depth, fixed with 
1% Lugol’s solution, and transferred to the laboratory. After precipitation of samples in the 

The top side of the ABM (upper ~2 m) that was placed in the layer of water where harmful
algal blooms and other particles concentrate during high water temperatures consisted of a simple
blocking mat (SBM) that can block small particulate matter (<9 µm). The bottom side of the ABM
(lower 3 m) was placed in the layer of water where backpressure is strong during the water intake
process. The permeable algal filtering mat (AFM, pores ≤ 100 µm, porosity: 92%, thickness: 2 cm) has
a strong resistance to physical deformation. The SBM and AFM were vertically connected (Table 1)
and rinsed with strong water pressure using field water to remove suspended solids or periphyton
development during the study.

The on-site experiment was conducted in two stages. Daily monitoring included the measuring
of the algal removal efficiency (ARE) of the mat according to the dominant species of phytoplankton in
each season (water temperature) and analyzing the effects of the mat on the vertical distribution of
cyanobacteria at high water temperatures. Bimonthly monitoring was conducted between April and
October 2015. Basic environmental factors, such as water temperature, dissolved oxygen, conductivity,
turbidity, and pH, were directly measured inside (IN) and outside (OUT) the ABM at each water depth
(1, 2, 3, 5, and 7 m) using multiparameter water quality monitoring devices (YSI-6600-V2; YSI Inc.,
Yellow Springs, OH, USA). Phytoplankton and chlorophyll-a were analyzed in the laboratory after
water was collected at each depth using a van Dorn sampler (3-1130-G42, Wildco, Yulee, USA). Daily
monitoring was conducted when the cell abundance of cyanobacteria was high (2:00 and 8:00 p.m. on
24 August, and 8:00 a.m. on 25 August) and analyzed in the same way as monthly monitoring.

2.3. Sample Analysis

2.3.1. Phytoplankton Analysis

To measure the phytoplankton density, water samples were collected at each depth, fixed with
1% Lugol’s solution, and transferred to the laboratory. After precipitation of samples in the
laboratory, the phytoplankton were identified and their abundance (cells/mL) was enumerated
using a Sedgwick–Rafter chamber under an inverted microscope (Olympus CKX41, Olympus, Tokyo,
Japan). For determination of the cell density of colonial Microcystis aeruginosa, samples were fixed with
Lugol’s solution, dissociated by ultrasonic disintegration (20 kHz, 60 s), and counted directly under an
inverted microscope at 400×magnification [18].

To measure the concentration of chlorophyll-a (Chl-a), water samples collected at each depth were
transferred to the laboratory under dark and refrigerated conditions. Then, 100–200 mL of the samples
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was filtered using Glass Microfiber filters (GF/C) (Whatman™, GE Healthcare Life Science, Amersham,
UK) and extracted using 90% acetone for 24 h at 4 ◦C under dark and refrigerated conditions. After
20 min of centrifugation (Labogene 1248R, Hanil SME, Anyang, Korea), the optical density of the
supernatant was measured using a spectrophotometer (Optizen POP, Mecasys, Daejeon, Korea) at 750,
663, 645, and 630 nm, and the concentration of Chl-a was calculated [19]. ARE was calculated using
Chl-a and the cell abundance of phytoplankton inside (IN) and outside (OUT) the structure:

ARE (%) = (1− IN/OUT) × 100 (1)

where IN is the ABM filtrate and OUT is the water outside the ABM.

2.3.2. Algae-Related Odor Analysis

Five milliliters each of dichloromethane, methanol, and distilled water were added to a solid phase
extraction (SPE) column. After activating the column with sequential injection and pressurization,
500 mL of the sample was added at a flow rate of 20 mL/min, and water was eliminated using an
anhydrous sodium sulfate column. The sample was concentrated down to 500 mL using an organic
solvent concentration evaporator (Turbo-Vap II, Biotage, Uppsala, Sweden) and analyzed by GC/MS
(experimental procedure for the monitoring of drinking water, No. 2, SPE).

2.3.3. Photometry

To measure the light blocking rate of particles inside and outside the ABM and the amount of
light in the surface layer when the cyanobacteria and diatoms were at a high density, the intensity of
light was measured in 30 min intervals using a hydrophotometer (HOBO Pendant® Temperature/Light
Data Logger, Onset Computer Corporation, Bourne, MA, USA). Due to the interference caused by the
ABM structure, the mean value of five measurements obtained when the solar altitude was nearly
vertical (11:30 a.m.–1:30 p.m.) was used.

3. Results and Discussion

3.1. Fluctuation of Phytoplankton Cell Abundance in the Raw Water Source

The fluctuations in the cell abundance and dominant species of phytoplankton in the second
water intake structure of Paldangho Lake (PIF) caused by changes in water temperature and
precipitation during the study period are illustrated in Figure 3 and Table 2. The cell abundance of
phytoplankton before 7 July was below 1500 cells/mL, and the diatom species Cyclotella meneghiniana,
Fragilaria crotonenesis, and Aulacoseira granulata were the most dominant. The cell abundance increased
to 23,136 cells/mL between 21 July and 24 August when the water temperature was beyond 25 ◦C,
while three cyanobacteria (Microcystis aeruginosa, Dolichospermum crassum, and Merismopedia tenuissima)
became dominant with a relative abundance of over 90%. This increase was due to increased high water
temperatures (Figure 3A) and total phosphorus concentration and rainfall in mid-August (Figure 3B).
After September, the percentage of diatoms increased to 30%–80%, with a similar species composition
as that in April–June, whereas the percentage of green algae and cyanobacteria decreased to below
30%. After September, the dominant species was Aulacoseira granulata, a diatom. Analyzing the
fluctuation of phytoplankton in the water intake facility demonstrated that the growth of cyanobacteria
increased exponentially in the presence of nutrients and under high water temperature conditions.
A previous study showed that nuisance cyanobacteria can grow under high water temperatures [20].
Therefore, the use of a pretreatment system such as ABM during high temperature periods is exclusively
required to prevent the inflow of nuisance cyanobacteria into water purification plants through water
intake structures.
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Table 2. Dominant phytoplankton species on an alternative algae-blocking mat (ABM) during daily
(24–25 August) and monthly monitoring between 29 April and 19 October 2015. OUT; reservoir water,
IN; ABM-passed water.

Sampling Time *
(YYYY/MM/DD)

Dominant Species

OUT IN

2015/04/29 Rhodomonas lacustris Rhodomonas lacustris
2015/05/06 Cyclotella meneghiniana Pediastrum boryanum
2015/0/520 Fragilaria crotonensis Asterionella formosa
2015/06/10 Microcystis flos-aquae Fragilaria crotonensis
2015/06/24 Aulacoseira granulata Fragilaria crotonensis
2015/07/07 Dolichospermum crassum Dolichospermum crassum
2015/07/21 Dolichospermum crassum Fragilaria crotonensis
2015/08/04 Merismopedia tenuissima Merismopedia tenuissima
2015/08/18 Microcystis aeruginosa Microcystis aeruginosa

2015/08/24 (2:00 p.m.) ** Microcystis aeruginosa Microcystis aeruginosa
2015/08/24 (8:00 p.m.) Microcystis aeruginosa Microcystis aeruginosa
2015/08/25 (8:00 a.m.) Microcystis aeruginosa Microcystis aeruginosa

2015/09/08 Microcystis wesenbergii Microcystis aeruginosa
2015/09/23 Aulacoseira granulata Aulacoseira granulata
2015/10/06 Aulacoseira granulata Aulacoseira granulata
2015/10/19 Aulacoseira granulata Dictyosphaerium pulchellum

* Timely sampling was conducted at the interval hours between 24 and 25 August 2015. ** These data were applied
as representatives for monthly sampling. Environmental variables were not measured on 6 October 2015.
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3.2. ARE of the ABM at Each Water Depth

For an in-depth analysis of the algal removal efficiency (ARE) of the ABM during the study period,
the water level was divided into three layers: surface layer (0–2 m), middle layer (3–5 m), and deep
layer (>5 m).

In the surface or SBM layer, the ABM removed approximately 38.7% of the total phytoplankton.
The ARE of the ABM averaged as 63.8% in the high water temperatures over 25 ◦C when cyanobacteria
density was high. As the cyanobacteria under high water temperatures were concentrated in the
surface layer, the cell abundance that flows to the inside of the ABM was effectively reduced by the
SBM, leading to a high ARE (Figure 4A). In the middle or AFM layer, the mean ARE of the ABM
was 15% with a wide range of −98% to 65%. The negative value indicates higher phytoplankton
density in the water of IN passing through the ABM compared with the reservoir. The mean ARE was
42.1% during high water temperature periods (Figure 4B). In contrast, in the bottom or no-ABM layer,
the ARE averaged 31.7% with a wide range of 0%–91%, with an ARE of approximately 50% during
high temperature periods (Figure 4C). As the bottom layer had a low density of total cyanobacteria,
even during the high water temperature periods, the ARE was meaningless. These results indicated
that the algal removal ability of the ABM is more effective for cyanobacteria concentrated in the surface
layer during high temperature periods. In general, the use of algal blocking mats or fences is more
effective for dense algal blooms like scum [16] or stagnant water with a long water residence time [21].
In this study, the simple blocking mat, corresponding to the surface layer, showed the highest ARE for
high density cyanobacteria such as Microcystis aeruginosa.Water 2020, 12, 1576 8 of 16 
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3.3. ABM Effects over Time

To monitor the daily fluctuation of phytoplankton and their removal by the ABM, sampling
was conducted three times between 2:00 p.m. on 24 August and 8:00 a.m. on 25 August. In this
study, the mean water temperature was 28.3 ◦C and the cyanobacterial dominance occupied over
90%. Among the phytoplankton in both the PIF and reservoir water during the study, cyanobacterium
Microcystis aeruginosa was found to be the dominant species (Figure 5, Table 2).
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At 2:00 p.m. on 24 August, the cell abundance of phytoplankton was 66,000 cells/mL in the
surface layer, but they sharply decreased as the water deepened. The ARE of the ABM was the
highest (92.0%) in the one meter layer, with an average of 57.7%, which gradually decreased with
water depth (Figure 5A). At 20:00 on 24 August, the phytoplankton was over 45,000 cells/mL in the
surface layer. In the layers below, unlike the results obtained at 2:00 p.m., the phytoplankton was
maintained at over 30,000 cells/mL between two and five meters. The ARE was the highest (68.5%)
in the three meter layer, with an average of 60.8%, but there were no large differences among water
depths (Figure 5B). At 8:00 a.m. on 25 August, the cell abundance of phytoplankton at all water depths
was below 15,000 cells/mL. The ARE was the highest (12.3%) in the one meter layer, averaging 6.5%
over all depths, showing a lower algal removal efficiency (Figure 5C). Such changes in ARE with daily
fluctuations in phytoplankton biomass can be explained by the vertical migration of Microcystis [22].
In particular, cyanobacterium Microcystis aeruginosa can control their buoyancy with light; they rise to
the surface layer for photosynthesis during the day and sink to the deeper layers at night due to the
carbohydrates produced via photosynthesis [23,24].

3.4. Algae-Related Odor Removal Efficiency of the ABM

Concentration changes in the odor and taste compounds 2-methylisoborneol (2-MIB) and geosmin
showed different tendencies over the study period. 2-MIB increased with increasing water temperatures,
and was the highest on 8 September, then gradually decreasing after 23 September (Figure 6A). The odor
and taste removal activities of the ABM were different from the algal removal efficiency; the 2-MIB
concentration at the PIF site on 23 September and 6 October was slightly higher than those of the
OUT reservoir. We could not explain why the 2-MIB increased in IN. Of the cyanobacteria, two other
genera, Oscillatoria and Pseudanabaena, were more abundant than Microcystis aeruginosa in PIF on the
same day. The cellular abundance of Pseudanabaena limnetica showed a similar pattern to the 2-MIB
concentrations. Generally, the production of 2-MIB in the freshwater environment is characterized by
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aquatic organisms such as cyanobacteria and actinomycetes [25–28]. Further studies are needed to
understand the species-specific contribution of cyanobacteria to MIB production.Water 2020, 12, 1576 10 of 16 
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Figure 6. Variation in 2-methylisoborneol (A) and geosmin (B) concentration (ng/L) and algal removal
efficiency (%) by an alternative algae-blocking mat from 8 April to 23 October 2015. Measurements
were recorded using integrated water samples collected at different depths.

The concentration of geosmin was highest on 24 August, rapidly decreasing after September
(Figure 6B). The geosmin concentration showed a significant correlation (r = 0.70) with the biomasses
of Microcystis aeruginosa and Dolichospermum crassum, which are cyanobacteria commonly found in the
PIF [4]. The mean removal efficiency of the ABM against odor and taste compounds was 26%, and the
highest occurred in September when the cyanobacteria were most prevalent. Although phytoplankton
content in the ABM was 38% after September, the concentrations of odor and taste compounds in PIF
were high, demonstrating poor removal efficiency. Therefore, both 2-MIB and geosmin need to be
controlled between August and September when the water temperature rises and the concentrations of
both these odor compounds are high. However, 2-MIB should also be controlled in September when the
water temperature drops. To reduce the concentration of odor and taste compounds that are produced
inside the structure even when the water temperature drops, ABMs need to be predominantly used
when cyanobacteria appear, or a depth adjustment within the ABM is needed to stabilize the water
flow inside the structure.

3.5. Effects of the ABM and Its Operation

When the PIF maintains conditions with enough nutrients and solar radiation, it leads to
the prevalence of Microcystis species. The light intensity was 3000–30,000 lx inside the ABM and
100–20,000 lx outside. Analyzing the ARE using the difference between the light intensity inside and
outside the ABM showed an ARE of over 35% (Figure 7). However, the light intensity measurements
gradually decreased 10–14 days after the installation of a photometer, which complicated the analysis.
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As biofilms grew on the surface of the photometer installed underwater, the measured light intensity
declined. Measuring the ARE of the ABM using a photometer is fast, whereas measuring the ARE
through biomass measurements takes much longer as the biomass needs to be analyzed under a
microscope. Additionally, information on the cycle of biofilm formation obtained due to the decrease
in light intensity provided data for determining when the ABM needed to be washed to maintain its
efficiency. The data suggested that the ABM should be washed once every other week in midsummer
as a baseline when biofilm formation is most active to ensure stable operation of the structure.
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Figure 7. Daily variation in light intensity at a 1 m depth on both sides (IN and OUT) of the alternative
algae-blocking mat (ABM) from 25 August to 8 September 2015. Biofilm formation was detected by
light intensity. The single dotted line indicates a reference point (0%) of the algal removal efficiency.

The raw water flowing into the PIF changed the phytoplankton community and water quality
parameters daily due to the ABM and hydraulic flow. The effects of ABM on pH, electric conductivity,
dissolved oxygen (DO), Chl-a, and turbidity related to phytoplankton growth were analyzed during
the experimental period (Table 3). The overall water temperature was slightly lower inside the PIF
than in the reservoir. This suggested that the low water temperature inside the PIF was due to the
pumping of water into the deep portion of the reservoir. The ABM was originally designed to entirely
block the inflowing reservoir water of 0–2 m depth, called the SBM layer. Over the study period,
the electric conductivity and pH inside the PIF were lower than those of the reservoir, from 25 August
to 23 September, inside the PIF the electric conductivity and pH was temporarily higher than in the
reservoir, where diatoms flourished with decreasing water temperature. The turbidity was higher
inside the PIF than in the reservoir due to the floating of bottom sediment by the pumping of the
reservoir water below the two-meter depth, consistent with the water temperature trends. Dissolved
oxygen concentration was lower inside the PIF than in the reservoir during the study period, which
occurred in the process of accepting the deep layer water of the reservoir, in the case of turbidity
and water temperature. Another reason is due to the higher density of phytoplankton outside than
PIF rather than inside [29]. Therefore, the lower reservoirs around the PIF are undergoing anaerobic
or anaerobic decomposition [30]. As mentioned in the ARE, relative to phytoplankton, Chl-a was
lower inside the PIF than in the reservoir when the cyanobacteria dominated, but showed the opposite
phenomenon when diatoms dominated. In summary, the ABM we applied and tested can effectively
block the inflow of cyanobacteria by blocking the surface water of flowing rivers, as mentioned for
phytoplankton. However, when raw water from the reservoir is introduced into the drinking water
purification plant using a pump, it less effectively improves the water quality due to the inflow of
turbid low temperature water from the SBM to the bottom layer.
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Table 3. Effects of an alternative algae-blocking mat (ABM) on temperature (Temp), conductivity (Cond), pH, turbidity (Turb), dissolved oxygen (DO), and chlorophyll-a
(Chl-a) over daily (24–25 August) and monthly monitoring between 29 April and 19 October 2015. OUT, reservoir water; IN, ABM-passed water; ND, no data. NTU:
nephelometric turbidity units.

Date
(YYYY/MM/DD)

Temp (◦C) Cond (µS/cm) pH Turb (NTU) DO (mg/L) Chl-a (µg/L)

OUT IN OUT IN OUT IN OUT IN OUT IN OUT IN

2015/04/29 16.38 ± 1.14 15.14 ± 0.65 219.76 ± 17.46 202.33 ± 7.30 8.95 ± 0.12 8.83 ± 0.32 2.14 ± 0.27 1.57 ± 1.29 13.33 ± 0.69 12.36 ± 1.43 7.41 ± 2.10 6.35 ± 2.11

2015/05/06 18.11 ± 1.05 16.92 ± 1.21 218.33 ± 24.78 196.13 ± 24.22 8.71 ± 0.17 8.43 ± 0.34 1.71 ± 0.56 2.71 ± 1.21 11.39 ± 0.54 10.82 ± 0.83 4.36 ± 1.33 6.88 ± 3.43

2015/05/20 18.89 ± 0.08 18.58 ± 0.48 244.60 ± 2.33 215.66 ± 28.38 8.19 ± 0.11 8.25 ± 0.14 1.42 ± 0.04 2.05 ± 0.75 10.22 ± 0.04 9.679 ± 0.63 6.70 ± 0.36 6.89 ± 1.30

2015/06/10 22.43 ± 1.10 21.26 ± 0.99 191.93 ± 47.57 145.90 ± 22.20 8.34 ± 0.07 8.05 ± 0.10 0.62 ± 0.33 1.14 ± 0.38 9.796 ± 0.20 9.476 ± 0.53 4.43 ± 1.26 3.83 ± 2.30

2015/06/24 25.12 ± 1.26 23.46 ± 1.42 212.40 ± 42.68 170.60 ± 39.50 8.11 ± 0.08 8.06 ± 0.15 0.54 ± 0.86 1.60 ± 1.28 8.873 ± 0.25 8.297 ± 0.57 ND ND

2015/07/07 26.36 ± 0.34 25.71 ± 0.66 259.10 ± 1.35 234.20 ± 39.16 8.00 ± 0.08 7.86 ± 0.04 0.67 ± 0.55 1.17 ± 0.46 8.021 ± 0.70 7.179 ± 0.62 4.00 ± 0.18 3.71 ± 0.35

2015/07/21 26.09 ± 0.41 25.63 ± 0.53 228.10 ± 10.90 219.50 ± 34.15 8.12 ± 0.08 8.02 ± 0.09 1.98 ± 0.81 1.34 ± 0.64 8.333 ± 0.83 7.525 ± 0.57 14.10 ± 7.35 6.94 ± 1.29

2015/08/04 27.31 ± 1.33 25.89 ± 0.95 178.9 ± 20.05 156.50 ± 14.26 8.57 ± 0.15 8.02 ± 0.14 3.31 ± 0.31 3.38 ± 0.81 10.09 ± 1.28 7.816 ± 0.76 29.00 ± 10.70 21.3 ± 5.66

2015/08/18 28.89 ± 0.54 28.01 ± 0.78 216.36 ± 16.57 230.80 ± 15.43 9.18 ± 0.19 8.77 ± 0.23 5.09 ± 1.06 7.15 ± 4.38 11.21 ± 1.35 8.49 ± 1.27 34.80 ± 7.14 28.3 ± 3.29

2015/08/24 (2:00 p.m.) 28.31 ± 0.42 27.69 ± 0.34 204.80 ± 6.01 207.93 ± 9.60 9.41 ± 0.16 8.92 ± 0.18 8.48 ± 2.40 4.72 ± 0.58 13.04 ± 1.37 9.394 ± 0.96 55.30 ± 20.10 36.0 ± 8.36

2015/08/24 (8:00 p.m.) 28.53 ± 0.36 27.67 ± 0.51 208.25 ± 3.90 204.56 ± 2.34 9.47 ± 0.10 9.05 ± 0.24 9.62 ± 2.10 5.30 ± 0.45 13.56 ± 0.78 10.12 ± 1.69 55.00 ± 15.40 45.3 ± 14.9

2015/08/25 (8:00 a.m.) 27.67 ± 0.01 27.68 ± 0.00 217.00 ± 0.00 217.00 ± 0.00 9.00 ± 0.00 9.01 ± 0.00 5.73 ± 0.45 6.02 ± 0.21 10.02 ± 0.02 9.967 ± 0.01 53.30 ± 1.61 53.3 ± 0.66

2015/09/08 25.75 ± 0.11 25.61 ± 0.10 222.40 ± 3.87 227.73 ± 1.37 7.68 ± 0.04 7.77 ± 0.01 3.28 ± 0.18 3.15 ± 0.23 7.91 ± 0.31 7.200 ± 0.45 10.9 ± 1.68 13.2 ± 0.44

2015/09/23 23.85 ± 0.09 23.75 ± 0.05 204.80 ± 5.11 204.80 ± 5.11 7.56 ± 0.22 8.10 ± 0.01 1.51 ± 0.31 1.47 ± 0.11 9.41 ± 0.38 9.076 ± 0.07 7.94 ± 3.12 9.95 ± 0.90

2015/10/19 18.84 ± 0.05 18.73 ± 0.00 183.20 ± 1.60 181.10 ± 0.20 7.65 ± 0.00 7.49 ± 0.02 1.31 ± 0.05 1.86 ± 0.22 8.993 ± 0.04 8.842 ± 0.02 7.18 ± 1.01 7.53 ± 0.95
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In this study, the incidence of destroyed cyanobacterium Microcystis and colonies by ABM was not
confirmed. Within the ABM, the SBM layer can effectively block the surface cyanobacteria, but AFM
can also destroy Microcystis and colonies and introduce microcystin into the PIF. Therefore, to confirm
this, in vitro testing of the destruction of Microcystis and colonies, and the production and penetration
of microcystin using AFM is required.

In terms of biological methods [31,32], various physical and chemical treatment methods for
blocking cyanobacteria have been reported worldwide, including in Korea [3,11–16,33–36]. Researchers
have demonstrated that the dissolved air flotation method (DAF) is one of the most effective physical
methods for removing 93%–98% of Chl-a. As a chemical treatment, yellow clay or loess is often used in
Korea to control both the cyanobacterial bloom in fresh water and even red tide in seawater. Although
these technologies are effective in suppressing cyanobacteria in a small-sized laboratory and on a
mesocosm scale, they are difficult to apply to water purification plants that supply a large amount
of water resources, generate secondary pollution sources, and are inefficient in terms of processing
costs. The ABM method did not generate large amounts of by-products or secondary pollutants such
as algal biomass, 2-MIB, geosmin, and toxins like microcystin after treatment. In addition, ABMs can
be sufficiently applied to block cyanobacteria in drinking water purification plants that require large
amounts of water supply, and to block suspended matter such as high concentration turbid water due
to rainfall. However, periodic washing must be performed and physical damage to the ABM device
must be avoided during typhoons or abrupt weather changes depending on the season.

In order to block nuisance cyanobacterium Microcystis and its colonies in water purification plants
like PIF, the application of the ABM model should be considered based on the following points:

1. Above all, a physically robust structure is required in a location where the residence time is
short and the flow rate is high, such as in Paldangho Lake. Although a heavy weight was attached
to the bottom of the AFM in this study, warping was observed due to the strong pumping pressure.
This may cause turbid water inflow even though the phytoplankton density lowers as water depth
increases. In this study, the maximum installation depth of the PIF is 9 m, but since fluctuations occur
due to rainfall or Paldangho Lake discharge, when the low water capacity decreases, the inflow of
sediments or turbid water from the bottom layer is inevitable. Therefore, a location less influenced by
water depth is a prerequisite.

2. During the biofilm formation and cleaning of the AFM film, determining the exact cleaning
cycle using factors such as water temperature or phytoplankton succession is difficult. Although the
1 m underwater photometric method attempted in this study is one alternative, the frequent washing
required due to rapid biofilm formation is difficult when the density of phytoplankton or attached
organisms increases. Therefore, the exact cleaning cycle must be determined and in-field AFM washing
technologies must be developed.

3. ABM is more effective than other curtains or simple blocking membranes [14–16] and is
economical compared to chemical treatment methods [33–36]. The structure of a simple membrane
is difficult to maintain when the flow rate increases due to rainfall or the flow rate is strong due to a
strong bending of the structure due to strong pumping pressure. In the case of Paldangho Lake, since
cyanobacterial blooms are frequently generated, chemicals such as activated carbon and loess must
be used in the water purification process. In addition, various side effects are expected. However,
simple comparisons of the short-term ABM model with other technologies is complicated. Thus,
long-term field application and technology improvement studies on the ABM model are required for
economic evaluation.

4. Conclusions

An alternative algae-blocking mat (ABM), combining a single blocking mat (SBM) and an algal-
filtering mat (AFM), was developed to increase algal removal efficiency (ARE) during cyanobacterial
blooms (CBs) and of algae-originated materials (AOMs) in the Paldangho water intake facility (PIF).
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We evaluated the daily and monthly performance of the ABM using water quality parameters such as
pH, dissolved oxygen, conductivity, turbidity, Chl-a, and light intensity between April and October 2015.

We demonstrated that the highest ARE of 92% was recorded on cyanobacterium Microcystis
aeruginosa during high water temperature periods over 25 ◦C, whereas the ARE was more effective
during the day. However, the mean ARE was below 40% for geosmin and 2-MIB compared to
total phytoplankton.

A strong negative ARE on all water quality parameters such as water temperature, turbidity,
conductivity, and dissolved oxygen inside the PIF was observed due to the introduction of lower
reservoir water below the SBM layer by a strong pumping pressure for water purification.

Although ABM technology seems to be more economic than other physical, chemical, and biological
treatments, several requirements should be considered for further application, such as a strong ABM
structure, an exact ABM washing cycle, and a cost–benefit analysis of the ABM model.

Finally, ABM field tests have some limitations such as structure maintenance and the ABM
washing cycle, but the AMB very effectively blocked CB occurrence and suspended solids exposed to
the surface of reservoirs and rivers. In addition, our results facilitate the optimization and improvement
of physical treatments and ABM technologies.
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