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Abstract

Cyanobacterial blooms and the associated release of cyanotoxins pose problems for many
conventional water treatment plants due to their limited removal by typical unit operations. In
this study, a conventional water treatment process consisting of coagulation, flocculation,
sedimentation, filtration, and sludge dewatering was assessed in lab-scale experiments to measure
the removal of microcystin-LR and Microcystis aeruginosa cells using liquid chromatography
with mass spectrometer (LC-MS) and a hemacytometer, respectively. The overall goal was to
determine the effect of recycling cyanotoxin-laden dewatered sludge supernatant on treated water
quality. The lab-scale experimental system was able to maintain the effluent water quality below
relevant the United States Environmental Protection Agency (US EPA) and World Health
Organization (WHO) standards for every parameter analyzed at influent concentrations of M.
aeruginosa above 10° cells/mL. However, substantial increases of 0.171 NTU (Nephelometric
Turbidity Unit), 7 x 10* cells/L, and 0.26 nug/L in turbidity, cyanobacteria cell counts, and
microcystin-LR concentration were observed at the time of dewatered supernatant injection.
Microcystin-LR concentrations of 1.55 pg/L and 0.25 pg/L were still observed in the dewatering
process over 24 and 48 hours, respectively, after the initial addition of M. aeruginosa cells,
suggesting the possibility that a single cyanobacterial bloom may affect the filtered water quality

long after the bloom has dissipated when sludge supernatant recycling is practiced.
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1. Introduction

An increase in the frequency and severity of harmful cyanobacterial blooms has been observed worldwide
[1-6]. Cyanobacteria are prokaryotes, but have been widely referred to as “blue-green algae” because of
their ability to perform photosynthesis and similarity in size and color to many algal species. Multiple
cyanobacteria species grow in a typical bloom, but the most abundant and common cyanobacteria found
in harmful algal blooms across the globe is M. aeruginosa [7-9]. There are many important factors
controlling the growth of M. aeruginosa in an aquatic environment including physical disturbance, light,
temperature, nutrients, and grazing. Eutrophication linked to the increase of nutrients including nitrogen
(N) and phosphorus (P) in water systems is generally considered as one of the major factors that favor the
development of planktonic cyanobacterial blooms [10,11]

A critical problem caused by M. aeruginosa is associated with their potential to release cyanotoxins [11-14].
These toxins have the ability to cause human health problems such as liver cancer or neurotoxic effects [15].
The most common and intensively identified toxin class is microcystins (MCs), especially the microcystin-
LR (MC-LR) form, in which L and R stand for the distinguishing amino acids leucine and arginine,
respectively [12-14]. Due to the toxicity of MCs, the WHO has established a drinking water guideline of 1.0
pg/L of MC-LR equivalents [16]. The United States has not established a national MCs drinking water
standard; consequently, MCs standards vary by state.

To protect people from MCs exposure, physical and chemical treatment methods are usually applied to
remove algal cells and associated toxins during water treatment. Coagulation, flocculation, and
sedimentation is a commonly used treatment sequence during drinking water treatment, supplying many
benefits such as ease of operation, low cost, rapid reaction rates, and high efficiency [4]. These preliminary
treatments have been shown to achieve 78% to 92% removal of cyanobacteria cells [17,18]. Metal salt
coagulants such as alum (Al(SO4)3-18H20) are effective because they can neutralize the negative surface
charges present on cyanobacterial cells at natural water pH levels [19]. Charge neutralization promotes floc
formation, allowing cyanobacteria to settle out during subsequent sedimentation.

Although the conventional treatment method of coagulation-flocculation and sedimentation is considered
effective in removing cyanobacteria cells [4,12,20], the process only neutralizes the charges on the surface
of the cells but does not deactivate cellular functions [21-23]. Thus, it is possible that the cells that were not
removed by the sedimentation process could repopulate in downstream filtration media and negatively
impact treated water quality [24]. A rapid increase of cyanobacteria cell counts caused by incomplete
deactivation of cyanobacteria in a water treatment plant has been reported by Gad and El-Tawel, (2016)
[23].

Cyanobacterial regrowth in the filter media may not be the only mechanism for the persistence of, and a
possible increase in, the cyanobacterial populations in water treatment plants. Many water treatment plants
recycle settling basin supernatant to the plant headworks, potentially allowing cyanobacterial regrowth
and cyanotoxin redistribution [25-27]. The accumulation and subsequent regrowth of cyanobacteria and
the excretion of cyanotoxins in sludge from the dewatering process may lead to prolonged effects of
cyanobacterial blooms in drinking water treatment operations [26], particularly since cyanobacteria cell
lysis may occur and result in the release of additional cyanotoxins.

Therefore, the objectives of this study were to: (1) investigate the accumulation of cyanobacteria cells and
microcystins in conventional filter media during operation of a lab-scale drinking water treatment system
experiencing a simulated bloom of toxigenic M. aeruginosa cells, (2) explore the possibility of cyanobacteria
repopulation and microcystin excretion during the dewatering process, and (3) examine the effect of
dewatered supernatant recycling on the quality of filtered water. The lab-scale treatment system, depicted
in Figure 1, includes a conventional process train of coagulation, flocculation, sedimentation, and filtration.
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Figure 1 Schematic of the lab-scale water treatment system. *Only for experiments AE (A-Spiked) and BE (B-Spiked).

2. Results
2.1. Feed Sample Characteristics

Source water obtained from the intake to the Woodland and Davis Clean Water Association (WDCWA)
treatment plant on two collection dates featured relatively low turbidity (<32 NTU), with a pH of 7.6 and
8.2 for experiment A and experiment B, respectively, and no detectable concentrations of MC-LR (Table 1).
Experiments A and B are two pilot-scale experiments conducted under the same operating parameters at

different times to ensure the reproducibility of the results.

Table 1 Raw water characteristics at the WDCWA treatment plant intake.

. Collection Turbidity Cell Counts MC-LR
Experiment
Date NTU Cells/mL ug/L
A February 13, 2020 31.8 <1 x10* <LOD * 7.6
B February 27, 2020 13.2 <1 x10* <LOD * 8.2

* Limit of detection (LOD): 0.005 pg/L.

The lab-scale treatment system used in these experiments (Figure 1) is a batch system designed to mimic
the behavior of a full-scale treatment process that includes coagulation, filtration, sludge dewatering, and
supernatant recycle to the filters. Feed water supplied to the system consisted of WDCWA raw water with
(spiked experiment, E) or without (control experiment, C) the addition of laboratory cultured M. aeruginosa
cells. The water quality of the spiking solutions and the spiked feed water for each experiment are reported
in Table 2. The turbidity of the feed water is considered to be the same as for the raw water since the change
in turbidity was insignificant (<0.1 NTU). The M. aeruginosa cell counts in the experimental water samples
are controlled to be 1 x 106—1 x 107 cells/mL, which is within the range of M. aeruginosa cell counts commonly
observed during bloom events [4,18]. Also shown in Table 2 are the flow rates, dewatered sludge
supernatant injection times, and optimal coagulant dosages applied (as determined by separate jar tests)

for each experiment.



Table 2 Feed water and spiking solution characteristics and Lab-scale experimental conditions.

MC-LR Time of
Feed Injection of
Optimal Cyanobz?cterla Cell Count Water Dewatered
Coagulant Solution Extracellular ~ Total Average Sludge
Experiment Dosage Flow Rate Supernatant
(MC-
mg/L Cells/mL  LR)  Cells/mL ug/L mL/s Hours
pg/L
A-Control
- - - LOD *~ - 1 24
(AQ) 30 <LO 3
A-Spiked (AE) 30 2.00x10%8  11.41 1.0x107 0.29 - 13 24
B-Control (BC) 30 - - - <LOD ™ - 14 25
B-Spiked (BE) 30 6.50 x 107 10.17 1.6x10° 0.53 50.57 14 25

* Limit of detection (LOD): 0.005 ug/L

After the process of coagulation-flocculation and sedimentation was completed, the supernatant of the
settled sample was transferred into the filtration process and the settled sludge was concentrated in the
dewatering system. After 24 hours of dewatering process, the dewatered process supernatant (dewatered
supernatant) was removed and mixed with WDCWA raw water to serve as experimental feed water during
the second day of the experiment; this simulates the process of recycling liquids from dewatering
operations to the feed water as practiced at many treatment facilities. MC-LR concentrations and M.
aeruginosa cell counts for dewatered supernatant for experiments AE (A-Spiked) and BE (B-Spiked) are
shown in Figure 2.
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Figure 2. Experiment A (AE) and B (BE) dewatered supernatant composition

Data shown in Figure 2 follow the same trend as the data shown in Table 2 with higher MC-LR and lower
cell counts for experiment B than experiment A. The MC-LR concentrations of dewatered supernatant for
experiments AE and BE (Figure 2) are higher than the feed water MC-LR concentrations (Table 2), this
result highlights the potential for M. aeruginosa cells to be lysed during the coagulation and flocculation
process and also during the dewatering process.



2.2. Filtration Performance

Overall, during these experiments, including following the injection of dewatered supernatant, the
filtration system maintained an effluent turbidity level below the 1 NTU limit required under U.S. EPA
regulations (Figure 3). The only exception was at the initial time point for experiment B, which slightly
exceeded the 1 NTU limit. During experiment A, the system removed 99.0% of the initial 31.8 NTU (Table
2) turbidity for the control feed solution and 98.0% for the spiked feed solution (Figure 3a). During
experiment B, the filtration system removed 96.7% of the initial 13.2 NTU turbidity from the control feed
solution and 94.7% from the spiked feed solution (Figure 3b). During both experiments, the recycling of
dewatered supernatant produced a sudden increase in the effluent turbidity, but the increase was not
sufficient to cause the system to exceed the 1 NTU effluent guideline.

M. aeruginosa cell counts for the filtration process effluent in experiment B are shown in Figure 3c (effluent
cell counts are not available for experiment A). The treatment process in experiment B was able to remove
95.8% of the initial 1.6 x 10 cells/mL (Table 2). An increase in the cell counts following injection of
dewatered supernatant can also be observed, but the timing of the increase is delayed in comparison with
the time of the turbidity increase. The cause of this difference in timing is not clear, but it could mean that
the prior turbidity increase may not be solely due to the influence of the injected M. aeruginosa cells.
MC-LR concentrations in filter effluents are shown in Figure 3d. The treatment process removed 55.6% and
38.5% of the MC-LR present in the feed solutions during experiments A and B, respectively. However, it
can also be seen in Figure 3d that, at some time steps, the MC-LR concentration exceeded the concentration
of MC-LR in the feed solution (Table 2). The additional MC-LR may have been released by cell lysis during
the coagulation and flocculation steps, releasing the intracellular MC-LR into the dissolved phase, thereby
increasing the extracellular MC-LR that was being measured. A further increase in the MC-LR filter effluent
concentrations during both experiments can also be seen after the injection of the dewatered supernatant
at the 28- and 32-hours time points for experiments AE and BE, respectively. Although the MC-LR
concentrations did not exceed the WHO guideline of 1 pg/L at any point in time during these experiments,
the result reinforces previous findings that conventional water treatment systems are not highly efficient
in removing extracellular MCs [28].
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Figure 3. Experiment A and B filtration process effluent quality. a) Experiment A turbidity (n = 3), initial
concentration: 31.7 NTU; b) Experiment B turbidity (n = 3), initial concentration: 13.2 NTU; c) Experiment B M.



aeruginosa cell counts (n = 1), initial concentration: 1.6 x 106 cells/Land; d) Experiment A and B MC-LR
concentrations (n = 1), initial concentration: 0.29 and 0.53 ug/L, respectively. Error bars represent standard deviation
from measurement replicates.

2.3. MC Retention in Filter Media

It is challenging to determine the number of M. aeruginosa cells retained within the filter media because of
the large amount of other suspended solids also retained. Consequently, only the total MC-LR
concentration within the sand media was investigated. After a full cycle of filter operation, the sand media
had retained a total MC-LR concentration (extracellular and intracellular) of 14.89 ug/L (1.04 pg/L
extracellular MC-LR and 13.85 pg/L calculated intracellular MC-LR). To put this value in context, this
represents approximately 29.5% of the total amount of MC-LR (Table 2) delivered to the filter during
experiment BE. This data supports a conceptual model in which intracellular MC-LR from the M. aeruginosa
cells retained is the primary component of the total MC-LR concentration within the sand filter; this is
consistent with the relatively low removal efficiency for extracellular MC-LR and the simultaneous high
level of removal of cyanobacteria cells by these sand filters.

2.4. Effects of Dewatered Supernatant Recycling

A key goal of these experiments was to determine whether the recycling of dewatered supernatant could
serve to prolong the detrimental effects of cyanobacterial bloom events on treated water quality. The
concentration of extracellular MC-LR across the treatment system during experiment B is shown in Figure
4. After the feed water enters the pilot system and undergoes coagulation, flocculation, and sedimentation,
the MC-LR concentration increases, presumably due to the rupture of cells caused by the mixing processes;
this effect is also reflected in the dewatered supernatant MC-LR concentration shown in Figure 4.

18
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Average MC-LR Supernatant Average MC-LR Supernatant sand

Samples
Figure 4. Experiment BE, extracellular MC-LR concentration throughout the water treatment process.

The MC-LR originally retained primarily in an intracellular form are now able to move through the process
and enter the filtration process. However, as mentioned previously, the filtration process exhibits relatively
low removal of extracellular MC-LR, resulting in its release in the filtrate solution. Further, examining the
MC-LR concentration in day 2 dewatered supernatant at the end of the operation, it can be seen that MC-
LR remains in the supernatant waiting to be recycled back into the system during the next operation period
along with the MC-LR accumulated in the sand media for the previous 48 hours of operation time. The
retained MC-LR could be released from the filter media during the backwashing operations. Thus, even for



a cyanobacterial bloom that affected feed water for only 24 hours, the effects of the toxins and cyanobacteria
from the bloom may persist much longer than one treatment system residence time if the plant recycles
dewatered supernatant and/or the filter media backwash water.

Even though the MC-LR concentration in the effluent water is below the WHO guideline, the measured
concentration only considers the extracellular fraction of the water’s total MC-LR content. To consider the
potential amount of MC-LR that could be contributed to the solution if the intracellular portion was
released to the solution, intracellular and extracellular MC-LR concentrations were measured for the
dewatered supernatant and spiked feed water from experiments AE and BE, respectively (Figure 5). Most
of the total MC-LR concentration (90%-98%) in these two samples is intracellular. Although MC-LR within
intact cells can be efficiently removed by conventional treatment operations, the presence of high fractions
of MC-LR in retained solids makes the permanence of this removal dependent on subsequent solids
handling decisions.

Total MC-LR concentration
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Figure 5. Extracellular and intracellular MC-LR concentration of experiment AE dewatered supernatant and
experiment BE spiked raw water.

3. Discussion
3.1. The Effectiveness of the Conventional Treatment Process

The results from the water quality analysis demonstrate the capability of the pilot experimental system to
remove turbidity, M. aeruginosa cells, and MC-LR to levels below the EPA and WHO regulations. Our
finding that M. aeruginosa cells were removed with greater than 95% efficiency from the feed water by the
processes of coagulation, flocculation, and sedimentation are similar to results reported by Chow et al. 1999
[29] but lower than found in a pilot-plant scale study by Zamyadi et al. 2013 [18]. Though the removal
efficiency is high, the total number of M. aeruginosa cells remaining in the effluent stream might still cause
problems in downstream unit operations, such as disinfection. It is worth noting that the microscopic
observation method employed here using a hemacytometer is tedious and challenging. Implementation of
a more precise cell counts method, such as via polymerase chain reaction (PCR) or flow cytometry is
recommended.

Removal of the extracellular MC-LR cyanotoxin, however, was far less efficient, with overall removals
below 50%. Although low, this is still higher than the results shown previously by Ho et al. 2006 [24]. The
higher removal efficiency of intracellular, particle-associated cyanotoxins in comparison with MC-LR in its
dissolved form is to be expected during conventional water treatment operations such as coagulation-



flocculation and filtration, which are targeted at the removal of particulate matter. Other filter
configurations may be more successful in removing MC-LR and related compounds; previous research
indicates that the presence of biofilms on filter media, for example, can assist in degrading cyanotoxins;
however, the bacterial biofilm required at least 4 days to form and be functional [13,24].

Regarding the extracellular MC-LR concentration, it can be seen that at the initial state of the treatment
process (0 hours) the MC-LR concentration in the filtered effluent is higher than the initial concentration in
both experiments AE and BE. The increase in the MC-LR concentration observed here differs from findings
reported previously by Chow et al. 1999 [29], who found no significant increase in MC-LR concentration
following coagulation-flocculation. It is possible that the rapid mixing step used here caused additional cell
lysis and contributed to the increased extracellular MC-LR in the effluent water.

3.2. The Effects of Dewatering Supernatant Recycling

Due to the high removal of M. aeruginosa during the coagulation-flocculation process, cyanobacteria cells
accumulate in the sludge, which is subsequently sent to the dewatering system. The dewatering experiment
revealed that intracellular MC-LR are released to the solution during this phase, exhibiting a 192% increase
in extracellular MC-LR concentration compared with the concentration in the feed solution (Figure 4). If
this extracellular MC-LR is recycled into the treatment system, it has the potential to extend the effects of a
cyanobacterial bloom event on the water treatment system. The increased duration may be longer than the
hydraulic residence time of the treatment system as both the dewatered supernatant from the 2rd-day
operation and the MC-LR that may be released from the filter media through the backwashing process
could be recycled back into the treatment system.

As mentioned previously, the treatment simulations performed in this study only addressed the effects of
a cyanobacterial bloom on the coagulation-flocculation and filtration processes and do not address possible
impacts on the disinfection process. If the disinfection process were included, a lower concentration of M.
aeruginosa cells and microcystins might be achieved, as shown by previous studies [13,14,30-32] Even
though the disinfection process may oxidize the cyanobacterial membrane and initiate the release of
intracellular microcystins, this may produce other hazards in the form of increased concentrations of
disinfection by-products including trihalomethanes (THM), haloacetic acids (HAA), and N-
nitrosodimethylamine (NDMA) [14,29,33-36].

3.3. Future Extensions of the Research

Future extensions of this research would include upgrading the batch simulation approach used in these
experiments to a continuous treatment process, which may result in a more accurate estimation of the MC-
LR concentrations in effluents from conventional drinking water processes. The addition of a chlorination
process to the simulated treatment train would allow the effects of recycling cyanobacteria-laden
dewatered supernatant on the amount and product distribution of disinfection-by-products to be explored.
Another worthwhile avenue for future research aimed at reducing cyanotoxin impacts is to explore
possible origins of cyanobacterial blooms in various water sources; this could inform watershed
management approaches that minimize cyanobacterial blooms to reduce the probability that cyanotoxins
and/or elevated levels of disinfection-by-products will impact final drinking water quality.

Though a pilot-scale experiment might achieve the desired removal efficiency and better imitate the actual
water treatment process, conducting a plant-scale experiment is ultimately recommended. Investigating
these processes in a real water treatment plant will alleviate problems associated with limited water sample
size and allow more robust analysis of the performance of each individual process. However, if a plant-
scale experiment were conducted, the operators must ensure that the effluent from the experiment does
not enter the drinking water distribution system, as it might be harmful for the community surrounding
the plant.



4. Conclusion

Overall, the results of the current study have shown the possibility of an increase in turbidity, cell density,
and MC-LR concentration caused by the recycling of dewatered supernatant and the possible extension of
the water quality effects from seasonal cyanobacteria blooms. Thus, we strongly advise against the
recycling of dewatered supernatant during cyanobacterial bloom periods, redirecting these materials
instead to the sludge treatment process. These steps will help minimize the duration of cyanobacterial
bloom impacts on finished water quality. However, a plant scale study to confirm these results in field-
scale water treatment facilities is recommended.

5. Materials and Methods
5.1. Materials and Reagents

The microcystin-producing strain M. aeruginosa was obtained from the University of Texas Culture
Collection of Algae (UTEX, https://utex.org/, UTEX Culture ID: LB2385, Austin, USA) and cultured in a
synthetic cyanobacteria growth media, CB media (adapted from Shirai et al. 1989 [37]) under fluorescent
lamps in an incubator with a controlled temperature of 25 °C. The cyanobacteria cells were harvested at 2
weeks of incubation during the logarithmic growth phase of the cyanobacteria and the initial cell counts
were analyzed using Hausser Scientific Hemacytometer (Fisher Scientific, Pittsburgh, USA). The MC-LR
standard was purchased from Enzo Life Sciences (Farming Dale, USA). The coagulant aluminum sulfate
hydrate (Al2(SO4);#18H20) was purchased from Sigma-Aldrich (St. Louis, USA) and the solutions were
prepared with deionized (Milli-Q) water prior to the experiments; new solutions were prepared for each
experiment. The water source chosen for the study was the Sacramento River; samples were collected twice
from the WDCWA treatment plant raw water intake pipe on February 13th and February 27th, 2020. The
raw water samples were then stored in a refrigerator at 4 °C. Prior to starting experiments each day, the
water samples were taken out and allowed to attain room temperature.

5.2. Experimental Setup
5.2.1. Optimum Dosage Jar Test Experiment

In order to determine the optimum coagulant concentration for the lab-pilot scale experiment, a series of
jar test experiments were conducted using a Programmable Jar tester (Phipps &Bird Model PB-900, Fisher
Scientific, Pittsburgh, USA) with a 2000 mL beaker at room temperature (23 + 1 °C). The coagulant was
added to 1000 mL of M. aeruginosa spiked feed water with a rapid mixing speed of 250 rpm for 60 s [17]
After the coagulation process, the sample underwent slow mixing at 40 rpm for 30 min. Then, the samples
were allowed to settle for 30 min. The supernatant from the jar test experiments were collected to determine
the turbidity and M. aeruginosa cell counts.

5.2.2. Filtration Column Preparation

The glass filtration column (length 20 cm, internal diameter 3 cm) was packed with an autoclaved sand
filter media with a bed height of 15 cm. Milli-Q water was pumped through the bed in a downflow
configuration until steady state was achieved at the designated flow rate. At that time, the Milli-Q water
was replaced with the supernatant from the preliminary treatment process.5.2.3. Lab-Scale Experiments

The controlled sample without any spiking of M. aeruginosa cells (control, C) and the feed water with spiked
M. aeruginosa to imitate cyanobacterial blooms entering the water treatment system influent (experiment,
E) were prepared for both experiments A and B.

Stock M. aeruginosa cells suspensions with a density of 20 x 10° cells/mL were prepared and resuspended
in raw water to achieve a cell suspension of 1 x 10¢ cells/mL for experiments AE and BE. No M. aeruginosa
cells were added to the feed water for experiments AC and BC. After the resuspension of the M. aeruginosa
stock solution, both experiments underwent the same procedures. The spiking of cyanobacteria cells into
the raw water was only done on the first day of the experiment.
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Jar test experiments were performed to represent the coagulation-flocculation and sedimentation processes
during water treatment using the same configuration as the jar tests conducted to determine optimum
coagulant dosages.

The supernatant from the jar test experiment was then fed to the filtration process. The filtration system
was expected to be able to operate for 48 hours without backwashing. A 1 L sample was collected from
both experimental conditions (C and E) at 0, 4, 12, 24, 26, 28, 32, 36, and 48 hours after filtration and stored
in the refrigerator at 4 °C for a maximum of 48 hours, before undergoing the microcystin analysis. These
water samples were analyzed for turbidity and cyanobacteria cell counts immediately after being collected.
All the sludge from the jar test was collected, combined, and transferred to a separate dewatering container
for each of the experiments and allowed to settle for 24 hours. After 24 hours of dewatering, the supernatant
from the process was separated into two parts, 500 mL of the sample were used for MC-LR concentration
analysis and the remainder was transferred to the second-day feed water to imitate the recycling of
dewatered supernatant in a conventional water treatment system. The combined water was processed
through the jar test experiment again to simulate the preliminary treatment.

5.3. Water Quality Analysis
5.3.1. Turbidity

The water effluent samples from each time step were analyzed for turbidity using a HACH 2100AN
turbidity meter (HACH, Loveland, USA). The instrument was calibrated according to the manufacture’s
specifications for every 24-hours time step.

5.3.2. Analysis of Microcystins

In the absence of suitable standards for most microcystin variants, the microcystin concentration in this
experiment for all samples was expressed as equivalent of microcystin-LR (MC-LR) [38-40].

Prior to the liquid chromatography MC-LR analysis, the samples were concentrated using solid-phase
extraction cartridges (Waters, Oasis SPE, Milford, USA ). The MC-LR concentration was analyzed by using
a Liquid Chromatography-Quadrupole Time-of-Flight-Mass Spectrometer (Agilent 1260 Infinity HPLC
coupled with an Agilent 6530 QTOF-MS, LC-QTOF-MS, Santa Clara, USA). Sample volumes of 10 uL were
injected into the column (Agilent Zorbax Eclipse C18, Santa Clara, USA) at a flow rate of 0.35 mL/min.
Negative Electrospray Ionization (-ESI) mode was selected for the analysis. The concentration of the MC-
LR was determined by the calibration of the peak areas.
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5.3.3. Analyzing the Sand Filter Media after the Experiment

After the breakthrough point for either the turbidity or water height was reached in both control and
experimental filter beds, the filter media was removed from the glass column and transferred into separate
Erlenmeyer flasks. Deionized water (Milli-Q, 500 mL) was then added to the flasks, and flasks were
mechanically shaken for 24 hours to remove deposited cyanobacteria cells and MC-LR from the media
surface. Then, the supernatant from the process was filtered through a glass filter module. The filter paper
was collected and cut into 1 mm x 1 mm pieces and sonicated in 20 mL of Milli-Q water for 2 h, after the
completion of the sonication the sample was centrifuged at 3500 rpm for 5 min. Both the filtered and the
centrifuged samples were combined and analyzed for total MC-LR concentration.

Author Contributions: Conceptualization: K.P. and T.M.Y; investigation, K.P.; methodology, K.P., S.J.T., TK., CH.L.,
F.T., and T.M.Y; writing—original draft, K.P.; writing—review and editing, T.K. and T.M.Y.

Funding: Research reported in this publication was supported in part by the National Institute of Environmental
Health Sciences of the National Institutes of Health under award number P42 ES004699. The content is solely the
responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data available upon request.

Acknowledgments: The authors appreciate assistance analyzing microcystin-LR provided by Luann Wong and the
help with water sampling at WDCWA provided by Brian Frank.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. World Health Organization Guidelines for Safe Recreational Water Environments. Volume 1, Coastal and
Fresh Waters. 2003.

2. Abrantes, N.; Antunes, S.C.; Pereira, M.J.; Gongalves, F. Seasonal Succession of Cladocerans and
Phytoplankton and Their Interactions in a Shallow Eutrophic Lake (Lake Vela, Portugal). Acta Oecologica 2006, 29, 54—
64, doi:10.1016/j.actao.2005.07.006.

3. Blaha, L.; Babica, P.; Mar$alek, B. Toxins Produced in Cyanobacterial Water Blooms — Toxicity and Risks.
Interdiscip Toxicol 2009, 2, 36—41, d0i:10.2478/v10102-009-0006-2.

4. Ghernaout, B.; Ghernaout, D.; Saiba, A. Algae and Cyanotoxins Removal by Coagulation/Flocculation: A
Review. Desalination and Water Treatment 2010, 20, 133-143, do0i:10.5004/dwt.2010.1202.

5. Qin, B.; Zhu, G; Gao, G.; Zhang, Y.; Li, W.; Paerl, HW.; Carmichael, W.W. A Drinking Water Crisis in Lake
Taihu, China: Linkage to Climatic Variability and Lake Management. Environmental Management 2010, 45, 105-112,
doi:10.1007/s00267-009-9393-6.

6. Richardson, J.; Miller, C.; Maberly, S.C.; Taylor, P.; Globevnik, L.; Hunter, P.; Jeppesen, E.; Mischke, U.; Moe,
S.J.; Pasztaleniec, A.; et al. Effects of Multiple Stressors on Cyanobacteria Abundance Vary with Lake Type. Glob
Change Biol 2018, 24, 5044-5055, doi:10.1111/gcb.14396.

7. Kemp, A.; John, J. Microcystins Associated with Microcystis Dominated Blooms in the Southwest Wetlands,
Western Australia. Environmental Toxicology 2006, 21, 125-130, d0i:10.1002/tox.20164.

8. Qin, B;; Li, W.; Zhu, G.; Zhang, Y.; Wu, T.; Gao, G. Cyanobacterial Bloom Management through Integrated
Monitoring and Forecasting in Large Shallow Eutrophic Lake Taihu (China). Journal of Hazardous Materials 2015, 287,
356-363, doi:10.1016/j.jhazmat.2015.01.047.

9. Pivokonsky, M.; Naceradska, J.; Kopecka, I.; Baresova, M.; Jefferson, B.; Li, X.; Henderson, R.K. The Impact of
Algogenic Organic Matter on Water Treatment Plant Operation and Water Quality: A Review. Critical Reviews in
Environmental Science and Technology 2016, 46, 291-335, d0i:10.1080/10643389.2015.1087369.

10.  Scott, J.T.; Marcarelli, A.M. Cyanobacteria in Freshwater Benthic Environments. In Ecology of Cyanobacteria II:
Their Diversity in Space and Time; Whitton, B.A., Ed.; Springer Netherlands: Dordrecht, 2012; pp. 271-289 ISBN 978-94-
007-3855-3.

12



11.  Almuhtaram, H.; Cui, Y.; Zamyadi, A.; Hofmann, R. Cyanotoxins and Cyanobacteria Cell Accumulations in
Drinking Water Treatment Plants with a Low Risk of Bloom Formation at the Source. Toxins 2018, 10, 430,
doi:10.3390/toxins10110430.

12.  Yuan, B.-L.; Qu, J.-H.; Fu, M.-L. Removal of Cyanobacterial Microcystin-LR by Ferrate Oxidation-Coagulation.
Toxicon 2002, 40, 1129-1134, doi:10.1016/50041-0101(02)00112-5.

13. Zamyadi, A.; MacLeod, S.L.; Fan, Y.; McQuaid, N.; Dorner, S.; Sauvé, S.; Prévost, M. Toxic Cyanobacterial
Breakthrough and Accumulation in a Drinking Water Plant: A Monitoring and Treatment Challenge. Water Research
2012, 46, 1511-1523, doi:10.1016/j.watres.2011.11.012.

14. Zamyadi, A.; Ho, L.; Newcombe, G.; Bustamante, H.; Prévost, M. Fate of Toxic Cyanobacterial Cells and
Disinfection By-Products Formation after Chlorination. Water Research 2012, 46, 1524-1535,
doi:10.1016/j.watres.2011.06.029.

15. He, X; Liu, Y.-L.; Conklin, A.; Westrick, J.; Weavers, L.K; Dionysiou, D.D.; Lenhart, ].J.; Mouser, P.J.; Szlag, D.;
Walker, HW. Toxic Cyanobacteria and Drinking Water: Impacts, Detection, and Treatment. Harmful Algae 2016, 54,
174-193, d0i:10.1016/j.hal.2016.01.001.

16.  World Health Organization Guidelines for Drinking-Water Quality.; 2017; ISBN 978-92-4-154995-0.

17.  Jiang, ]J.-Q.; Graham, N.J.D. Preliminary Evaluation of the Performance of New Pre-Polymerised Inorganic
Coagulants for Lowland Surface Water Treatment. Water Science and Technology 1998, 37, 121-128, doi:10.1016/50273-
1223(98)00017-1.

18.  Zamyadi, A.; Dorner, S.; Sauvé, S.; Ellis, D.; Bolduc, A.; Bastien, C.; Prévost, M. Species-Dependence of
Cyanobacteria Removal Efficiency by Different Drinking Water Treatment Processes. Water Research 2013, 47, 2689—
2700, doi:10.1016/j.watres.2013.02.040.

19.  Henderson, R.; Parsons, S.A.; Jefferson, B. The Impact of Algal Properties and Pre-Oxidation on Solid-Liquid
Separation of Algae. Water Research 2008, 42, 1827-1845, doi:10.1016/j.watres.2007.11.039.

20. Drikas, M.; Chow, C.W.K; House, J.; Burch, M.D. Using Coagulation, and Settling to Remove Toxic
Cyanobacteria. Journal / American Water Works Association 2001, 93, 100-111.

21.  Lin, S.D,; Evans, R.L.; Beuscher, D.B. Algal Removal by Alum Coagulation. 1971.

22.  Jiang, J.-Q.; Graham, N.J.D.; Harward, C. Comparison of Polyferric Sulphate with Other Coagulants for the
Removal of Algae and Algae-Derived Organic Matter. Water Sci Technol 1993, 27, 221-230, d0i:10.2166/wst.1993.0280.
23.  Gad, A.AM,; El-Tawel, S. Effect of Pre-Oxidation by Chlorine/Permanganate on Surface Water Characteristics
and Algal Toxins. Desalination and Water Treatment 2016, 57, 17922-17934, doi:10.1080/19443994.2015.1087337.

24.  Ho, L; Meyn, T.; Keegan, A.; Hoefel, D.; Brookes, J.; Saint, C.P.; Newcombe, G. Bacterial Degradation of
Microcystin Toxins within a Biologically Active Sand Filter. Water Research 2006, 40, 768-774,
doi:10.1016/j.watres.2005.12.009.

25.  Ho, L,; Dreyfus, J.; Boyer, J.; Lowe, T.; Bustamante, H.; Duker, P.; Meli, T.; Newcombe, G. Fate of Cyanobacteria
and Their Metabolites during Water Treatment Sludge Management Processes. Science of The Total Environment 2012,
424, 232-238, d0i:10.1016/j.scitotenv.2012.02.025.

26. Pestana, C.J.; Reeve, P.J.; Sawade, E.; Voldoire, C.F.; Newton, K.; Praptiwi, R.; Collingnon, L.; Dreyfus, J.;
Hobson, P.; Gaget, V.; et al. Fate of Cyanobacteria in Drinking Water Treatment Plant Lagoon Supernatant and
Sludge. Science of The Total Environment 2016, 565, 1192-1200, doi:10.1016/j.scitotenv.2016.05.173.

27.  Xu, H.; Pei, H.; Jin, Y.; Xiao, H.; Ma, C.; Sun, J.; Li, H. Characteristics of Water Obtained by Dewatering
Cyanobacteria-Containing Sludge Formed during Drinking Water Treatment, Including C-, N-Disinfection
Byproduct Formation. Water Research 2017, 111, 382-392, d0i:10.1016/j.watres.2017.01.021.

28.  Han, ].; Jeon, B.; Park, H.-D. Cyanobacteria Cell Damage and Cyanotoxin Release in Response to Alum
Treatment. Water Science and Technology: Water Supply 2012, 12, 549-555, doi:10.2166/ws.2012.029.

29.  Chow, C.W.K,; Drikas, M.; House, J.; Burch, M.D.; Velzeboer, R.M.A. The Impact of Conventional Water
Treatment Processes on Cells of the Cyanobacterium Microcystis Aeruginosa. Water Research 1999, 33, 3253-3262,
doi:10.1016/50043-1354(99)00051-2.

30.  Shi, X,; Bi, R,; Yuan, B,; Liao, X,; Zhou, Z; Li, F.; Sun, W. A Comparison of Trichloromethane Formation from
Two Algae Species during Two Pre-Oxidation-Coagulation-Chlorination Processes. Science of The Total Environment
2019, 656, 1063-1070, d0i:10.1016/j.scitotenv.2018.11.461.

31. Fan,];Rao, L.; Chiu, Y.-T,; Lin, T.-F. Impact of Chlorine on the Cell Integrity and Toxin Release and
Degradation of Colonial Microcystis. Water Research 2016, 102, 394404, doi:10.1016/j.watres.2016.06.053.

13



32. Ma, M;; Liu, R; Liu, H,; Qu, J. Chlorination of Microcystis Aeruginosa Suspension: Cell Lysis, Toxin Release
and Degradation. Journal of Hazardous Materials 2012, 217-218, 279-285, doi:10.1016/j.jhazmat.2012.03.030.

33. Daly, R.L; Ho, L.; Brookes, ].D. Effect of Chlorination on Microcystis Aeruginosa Cell Integrity and Subsequent
Microcystin Release and Degradation. Environ. Sci. Technol. 2007, 41, 4447-4453, doi:10.1021/es070318s.

34. Hou, C; Hu, W,; Jia, R.-B.; Liu, P.-Q. The Mechanism of Cyanobacterium (M.Aeruginosa) Microcystins
Releasing by Chemical Oxidation in Drinking Water Treatment. In Proceedings of the 2008 2nd International
Conference on Bioinformatics and Biomedical Engineering; IEEE: Shanghai, China, May 2008; pp. 3734-3737.

35.  Coral, L.A,; Zamyadi, A.; Barbeau, B.; Bassetti, F.J.; Lapolli, F.R.; Prévost, M. Oxidation of Microcystis
Aeruginosa and Anabaena Flos-Aquae by Ozone: Impacts on Cell Integrity and Chlorination by-Product Formation.
Water Research 2013, 47, 2983-2994, doi:10.1016/j.watres.2013.03.012.

36. Zhou, S.; Shao, Y.; Gao, N.; Li, L.; Deng, J.; Zhu, M.; Zhu, S. Effect of Chlorine Dioxide on Cyanobacterial Cell
Integrity, Toxin Degradation and Disinfection by-Product Formation. Science of The Total Environment 2014, 482483,
208-213, d0i:10.1016/j.scitotenv.2014.03.007.

37.  Shirai, M.; Matumaru, K.; Ohotake, A.; Takamura, Y.; Aida, T.; Nakano, M. Development of a Solid Medium
for Growth and Isolation of Axenic Microcystis Strains (Cyanobacteria). Applied and Environmental Microbiology 1989,
55, 2569-2571, doi:10.1128/AEM.55.10.2569-2571.1989.

38.  Fan,].; Hobson, P.; Ho, L.; Daly, R.; Brookes, J. The Effects of Various Control and Water Treatment Processes
on the Membrane Integrity and Toxin Fate of Cyanobacteria. Journal of Hazardous Materials 2014, 264, 313-322,
doi:10.1016/j.jhazmat.2013.10.059.

39.  Sun,]J;Bu, L; Deng, L.; Shi, Z.; Zhou, S. Removal of Microcystis Aeruginosa by UV/Chlorine Process:
Inactivation Mechanism and Microcystins Degradation. Chemical Engineering Journal 2018, 349, 408-415,
doi:10.1016/j.cej.2018.05.116.

40.  Chintalapati, P.; Mohseni, M. Degradation of Cyanotoxin Microcystin-LR in Synthetic and Natural Waters by
Chemical-Free UV/VUV Radiation. Journal of Hazardous Materials 2020, 381, 120921, doi:10.1016/j.jhazmat.2019.120921.

14



	List of Figures
	List of Tables
	Abstract
	Acknowledgement
	1. Introduction
	2. Results
	2.1. Feed Sample Characteristics
	2.2. Filtration Performance
	2.3. MC Retention in Filter Media
	2.4. Effects of Dewatered Supernatant Recycling

	3. Discussion
	3.1. The Effectiveness of the Conventional Treatment Process
	3.2. The Effects of Dewatering Supernatant Recycling
	3.3. Future Extensions of the Research

	4. Conclusion
	5. Materials and Methods
	5.1. Materials and Reagents
	5.2. Experimental Setup
	5.2.1. Optimum Dosage Jar Test Experiment
	5.2.2. Filtration Column Preparation
	The glass filtration column (length 20 cm, internal diameter 3 cm) was packed with an autoclaved sand filter media with a bed height of 15 cm. Milli-Q water was pumped through the bed in a downflow configuration until steady state was achieved at the ...

	5.3. Water Quality Analysis
	5.3.1. Turbidity
	5.3.2. Analysis of Microcystins
	5.3.3. Analyzing the Sand Filter Media after the Experiment


	References



