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A B S T R A C T   

Cell-viability of cyanobacteria declines from development to decay stage during a successive bloom. Potassium 
permanganate (KMnO4) has demonstrated to be a superior pre-oxidant to treat high-viability cyanobacteria 
compared to other common oxidants (e.g., chlorine), but whether it is feasible to treat low-viability cyanobac-
teria is unknown. Here, effects of KMnO4 on membrane integrity, cyanotoxin fate and extracellular organic 
matters (EOMs) removal of high- and low-viability cyanobacteria were compared. Results showed that cell- 
viability of cyanobacteria could affect oxidant decay (kdecay), membrane damage (kloss), and cyanotoxins 
release (ki) and degradation (ke) during KMnO4 oxidation, similar to chlorination. However, unlike chlorination, 
initial low dosages of KMnO4 (0.5 and 1 mg L− 1) minimized membrane damage for low-viability cyanobacteria 
(< 27%), and continuously decrease extracellular cyanotoxins, extracellular organic matters (EOMs), and aro-
matic compounds to some degrees (P<0.05). High dosages of KMnO4 (> 2 mg L− 1) caused severe membrane 
destruction (> 89%) for low-viability cyanobacteria, leading to a fast increase of extracellular cyanotoxins within 
1 h. However, total/extracellular cyanotoxins were oxidized to below the safety guideline of 1 μg L− 1 after being 
dosed with sufficient oxidant exposure. EOMs and aromatic compounds were also reduced by 5–18% (P<0.05). 
Additionally, KMnO4-assisted coagulation significantly improved the removal of low-viability cyanobacteria (2–5 
fold). Consequently, KMnO4 could be a promising pre-oxidant to treat low-viability cyanobacteria at decay stage 
of a successive bloom.   

1. Introduction 

Harmful cyanobacterial blooms are proliferating worldwide in nat-
ural freshwaters and a range of cyanobacteria species can produce un-
desirable metabolites (O’Neil et al., 2012; He et al., 2016). Among these 
metabolites, algal organic matters (AOMs) can be precursor to disin-
fection by-products (DBPs) and increase coagulant demands in drinking 
water treatment plants (DWTPs) (He et al., 2016). Moreover, various 
cyanotoxins have been reported, among which microcystin (MC-LR) is 
the most studied cyanotoxin. It has been shown to be a potent liver 
tumor promoter, posing a high risk to human health (Merel et al., 2013). 
Hence, World Health Organization (WHO) has set a provisional guide-
line value of 1 μg L− 1 (MC-LR) in drinking water (WHO, 2014). 

Conventional water treatment technologies (e.g., coagulation, 
filtration) can remove a portion of cyanobacteria and intracellular 
cyanotoxins but are ineffective for extracellular cyanotoxins (Chow 
et al., 1999; Yap et al., 2014). Pre-oxidation process has been commonly 
used to enhance cyanobacterial removal and to act as a barrier against 
extracellular cyanotoxins (Plummer and Edzwald, 2002; Chen and Yeh, 
2005; Chen et al., 2009; Ma et al., 2012; Xie et al., 2013; Wang et al., 
2013; Fan et al., 2014; Liu et al., 2017). Chlorine, ozone and KMnO4 are 
widely employed as pre-oxidants in DWTPs. Previous studies have re-
ported that chlorination and ozonation can easily cause complete cell 
damage, leading to the release of intracellular cyanotoxins and organic 
matters (IOMs) even at low dosages (e.g., 1 mg L− 1) (Daly et al., 2007; 
Ma et al., 2012; Xie et al., 2013; Zamyadi et al., 2013; Fan et al., 2013b; 
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2014; Wert et al., 2014). In contrast, cyanobacteria are less sensitive to 
KMnO4 oxidation, and thus, KMnO4 treatments are less likely to result in 
cell damage and thereby minimize the release of cyanotoxins and IOMs 
(Xie et al., 2013; Fan et al., 2013a). In addition, KMnO4 can oxidize 
cyanotoxins and AOMs through several reaction pathways including 
electron exchange, hydrogen abstraction and direct donation of oxygen 
(Waldemer and Tratnyek, 2006; Rodríguez et al., 2007a; 2007b; Huang 
et al., 2008; Xie et al., 2013; Li et al., 2014; Kim et al., 2018; Laszakovits 
et al., 2020). During KMnO4 oxidation, adsorption/coprecipitation with 
newly formed manganese dioxide (MnO2) can further enhance the 
removal of cyanobacteria and EOMs by post-coagulation (Chen and 
Yeh, 2005; Xie et al., 2013; ; Liu et al., 2017; Naceradska et al., 2017). 
Moreover, KMnO4 is useful for controlling the formation of DBPs, tastes 
and odors in DWTPs (Xie et al., 2013). Therefore, increasing numbers of 
studies have suggested that KMnO4 as a better pre-oxidant to treat 
cyanobacteria-laden source waters than chlorine or ozone. 

To optimize the application of KMnO4 to treat cyanobacteria-laden 
source waters, previous studies have investigated its effects on mem-
brane integrity and associated metabolites (e.g., cyanotoxins, EOMs) 
removal using high-viability cyanobacteria mainly collected from 
development stage (Table S1). Nonetheless, in natural freshwaters, 
cyanobacterial bloom is a successive process, including development, 
maintenance and decay stages (Tang et al., 2018; Wilhelm et al., 2020). 
Cell-viability of cyanobacteria declines sharply at decay stage of a suc-
cessive bloom (Tang et al., 2018; Li et al., 2020a). Li et al., (2020a) 
found that low-viability cyanobacteria were more susceptible to chlo-
rination attributed to its poor cellular surfaces. During chlorination, 
cyanotoxins degradation rate of low-viability cyanobacteria decreased 
due to competitive reactions with EOMs, leading to a high risk of 
elevated extracellular cyanotoxins (Li et al., 2020a). These results 
demonstrated that chlorination is not a feasible option for treating 
low-viability cyanobacteria (Li et al., 2020a). Many studies have shown 
that KMnO4 has a variety of advantages to treat cyanobacteria compared 
to chlorine, suggesting that KMnO4 may be a promising pre-oxidant for 
low-viability cyanobacteria at decay stage of a successive bloom. 

However, to our knowledge, no studies have investigated the effects 
of KMnO4 on membrane integrity and associated metabolites removal of 
low-viability cyanobacteria. Whether cell-viability of cyanobacteria 
would affect KMnO4 oxidation is also unknown. Consequently, it is 
strongly essential to compare these effects of KMnO4 oxidation on high- 
and low-viability cyanobacteria. Here, various dosages of KMnO4 were 
employed to treat high- and low-viability cyanobacteria. Oxidant decay, 
membrane integrity loss, cyanotoxin fate, and EOMs removal were 
investigated. Then, KMnO4-assisted coagulation experiments were per-
formed to remove high- and low-viability cyanobacteria, with the aim to 
evaluate the feasibility of KMnO4 as a pre-oxidant to treat low-viability 
cyanobacteria at decay stage of a successive bloom. 

2. Materials and methods 

2.1. Materials and reagents 

Microcystis is one of the most pervasive bloom-forming cyanobacteria 
in freshwater ecosystems (Harke et al., 2016). In this study, a toxic strain 
Microcystis aeruginosa FACHB-915 was employed to conduct KMnO4 
experiments. This strain was cultured in BG11 medium (Supporting in-
formation Text 1) at 28 ◦C with a 12 h:12 h light-dark cycle under light 
intensity of 35 μmol m− 1 s− 1 (Li et al., 2020a). 

Potassium permanganate (KMnO4) stock solution (1.0 g L− 1) was 
standardized by titration with sodium oxalate, and kept under darkness 
at 4 ℃. Sodium thiosulfate stock solution (4.0 g L− 1) was employed to 
terminate oxidative reactions. Polyaluminum chloride (PACl, Al2O3 >

28%, basicity 70–75%) was prepared as a stock solution with a con-
centration of 1.0 g L− 1. SYTOX Green nucleic acid stain was purchased 
from Thermo Fisher Scientific (USA). Microcystin standards (Solarbio, 
China), methanol, and monopotassium were chromatography grade for 

cyanotoxin analysis. 

2.2. A preparation of high- and low-viability Microcystis 

A successive Microcystis bloom was simulated for 120 d in BG-11 
medium, including development, maintenance and decay stages, as 
described by Li et al. (2020a). Prior to experiments, the same initial 
cell-density of high and low-viability cells was set to minimize the effects 
of cyanobacterial biomass on KMnO4 oxidation. Microcystis samples 
were collected at 15 d (development stage) and 100 d (decay stage) with 
the same initial cell-density of approximately 6.0×106 cells mL− 1, and 
monitored using a flow cytometer (Fig. S1). Microcystis cells at 100 
d held a much lower photosynthetic activity than at 15 d, demonstrating 
that these samples could well represent high- and low-viability Micro-
cystis (Li et al., 2020a) (Fig. S1). 

High- and low-viability Microcystis were equally diluted with ddH2O 
to a final cell-density of about 1.0×106 cells mL− 1, as previous studies 
have conducted KMnO4 experiments to treat high-viability Microcystis at 
development stage with an initial cell-density of < 106 cells mL− 1 

(Table S1). Adding ddH2O did not affect membrane integrity of cyano-
bacteria, and it did not contain any organic or inorganic matters to affect 
KMnO4 oxidation (Li et al., 2020a; 2020b). This study employed culture 
solutions as reaction backgrounds, because this culture sollution could 
better show the effects of varied EOMs of high- and low-viability 
Microcystis on KMnO4 oxidation. 

2.3. KMnO4 oxidation to treat high- and low-viability Microcystis 

High- and low-viability Microcystis were treated with the desired 
dosages of KMnO4 (0.5, 1, 2, 5, 10, or 20 mg L− 1) and mixed with a 
magnetic stirrer at 200 rpm. Magnetic stirring did not impair membrane 
integrity (Fig. S2). During KMnO4 oxidation, Microcystis samples were 
taken at a contact time of 0, 0.2, 0.5, 1, 2, 3, 4, 6, and 8 h. At each time 
interval, residual KMnO4 was measured to establish oxidant decay 
curves. Furthermore, each sample of 1 mL was taken for membrane 
integrity analysis. Samples of 100 and 10 mL were immediately 
quenched with Na2S2O3 and used for cyanotoxins and EOMs analysis, 
respectively. Control tests were performed using Microcystis without 
adding KMnO4. All of these KMnO4 experiments were conducted in 5 L 
glass conical flasks at the same temperature of 20 ± 2 ℃. Influence of pH 
on cyanotoxin oxidation by KMnO4 was negligible (Rodríguez et al., 
2007a; Kim et al., 2018), and previous studies have conducted KMnO4 
experiments for high-viability cells at pH 7-8 (Table S1). Thus, high- and 
low-viability Microcystis samples were adjusted to pH 7.5 ± 0.1 using 
0.1 M sodium hydroxide or hydrochloric acid. 

2.4. KMnO4-assisted coagulation to remove high- and low-viability 
Microcystis 

High- and low-viability Microcystis were prepared as described in 
Section 2.2. After KMnO4 oxidation (0.5, 1, 2, 5, 10, or 20 mg L− 1) to 
treat high- and low-viability Microcystis for 1 h, PACl of 10 mg L− 1 was 
added to Microcystis solutions in 1 L glass conical flasks. Control tests 
were also performed using Microcystis without adding KMnO4. Micro-
cystis solutions were stirred continuously during coagulation process 
(400 rpm min− 1, 1 min; 200 rpm min− 1, 4 min; 100 rpm min− 1, 15 min) 
with six magnetic agitators, and then, solutions were kept motionless for 
1 h. Finally, supernatants of Microcystis samples were taken for 
chlorophyll-a measurements using a two-channel fluorometer (AmiS-
cience, USA) and removal ratio of Microcystis was estimated. 

2.5. Gene expression (mcyH) of Microcystis after KMnO4 treatment 

After KMnO4 treatment (0.5 mg L− 1; 1 h), high- and low-viability 
Microcystis were collected via centrifugation at 6000 × g for 5 min 
(Supporting Information Text 1). These samples were employed to 
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quantify expression of ABC transporter gene (mcyH) via RT-qPCR 
analysis, since mcyH was responsible for transmembrane transport of 
intracellular microcystin (Tillet et al., 2000; Pearson et al., 2004). 

2.6. Analytical methods 

2.6.1. Measurement of KMnO4 concentration 
A standard curve was established by diluting the stock solution of 

KMnO4 (0 to 10 mg L− 1), and plotted the linear relationship with 
absorbance at 525 nm (Stewart, 1973; Fan et al., 2013a) (Fig. S3). 
During KMnO4 treatments, residual oxidant was measured by A525 using 
a UV/VIS spectrophotometer (Thermo Scientific, UK) after filtration 
with 0.22 μm nylon filters (Millipore, USA) (Fan et al., 2013a). Oxidant 
concentrations were calculated by a regression equation (Fig. S3). 

2.6.2. Membrane integrity determination 
A flow cytometer (FlowSight, Merck Millipore, USA) was employed 

for membrane integrity analysis, as described by Li et al. (2020a). 
SYTOX Green nucleic acid stain can permeate damaged cells and emit a 
green fluorescence at a fixed wavelength of 488 nm. Prior to FCM 
analysis, each sample (200 µL) was incubated for 10 min in darkness 
after adding SYTOX Green nucleic acid stain with a final concentration 
of 100 nM. About 10,000 cells were monitored by FCM and these data 
were analyzed using flow cytometric analysis software (Merck Millipore, 
USA). 

2.6.3. Microcystin extraction and quantification 
Microcystis samples of 50 mL were used for total cyanotoxins quan-

tification. Another volume of 50 mL was centrifuged at 6000 g for 5 min 
to collect cells for intracellular cyanotoxins quantification (Li et al., 
2020a; 2020b). These samples were repeatedly frozen and thawed three 
time to extract intracellular cyanotoxins. Extracted cyanotoxins were 
concentrated by C18 solid-phase extraction (SPE) (Nicholson et al., 
1994; Li et al., 2020a). A high-performance liquid chromatography 
(HPLC) system (Agilent 1200, USA) was employed to measure cyano-
toxins (Li et al. 2020a; 2020b). Glass vessels were used for cyanotoxins 
extraction and analysis to avoid the possible adsorption by plastics 
(Hyenstrand et al., 2001; Altaner et al., 2017). 

2.6.4. Extracellular organic matter analysis 
Dissolved organic carbon (DOC) and UV absorbance at 254 nm 

(UV254) are common parameters to characterize the amounts of dis-
solved organic matters and aromatic compounds (Matilainen et al., 
2011). Microcystis samples of 10 mL were filtered through a 0.45 μm 
glass fiber membrane (Millipore, USA). DOC was measured by persulfate 
wet oxidation technique (Shimadzu TOC-V WP). UV254 of these samples 
was also measured using a UV3600 Spectrophotometer (Shimadzu, 
Japan) (Li et al., 2020a). 

2.6.5. RT-qPCR analysis 
RNAs were extracted from Microcystis samples via a Spin Column 

Plant Total RNA Purification Kit (Sangon Biotech, China) (Li et al., 
2019a; 2019b). RNAs were transcribed to cDNAs using Synthesis 
SuperMix (TransGen Biotech, China). cDNAs were used as templates for 
RT-qPCR analysis performed using a SYBR® Green I qPCR kit (Takara, 
Japan). Samples were run on an ABI7500 real-time PCR system. 
Amplification procedures were as follows: initial denaturation 10 min, 
95 ℃; 35 cycles, 30 s, 95 ℃; annealing, 30 s, 50 ℃; elongation 30 s, 72 
℃ (Li et al., 2019a; 2019b). 

2.7. Statistical analysis 

Three parallel KMnO4 experiments were conducted. All of the data 
were statistically analyzed using Student’s t-test, and significant differ-
ence was defined at P<0.05. Statistical analyses were performed using 
Origin 8.0. 

3. Results 

3.1. KMnO4 decay 

KMnO4 concentration remained constant in BG-11 medium, sug-
gesting that medium components did not cause KMnO4 consumption 
(Fig. 1). With initial high dosages of 10 and 20 mg L− 1, a decay pattern of 
fast-slow-fast was observed for both high-and low-viability cells (Fig. 1). 
There was no residual KMnO4 after 1–8 h with initial low dosages of 0.5, 
1, or 2 mg L− 1 for both high- and low-viability cells whereas about 
1.5–10.1 mg L− 1 was present after 8 h with initial dosages of 5, 10, and 
20 mg L− 1 (Fig. 1). 

To compare KMnO4 decay for high- and low-viability cells, a pseudo 
first-order kinetics model was employed to estimate rate constants 
(kdecay) of oxidant decay according to Eq. (1), as described by Ho et al. 
(2006) for chlorination: 

ln
(

Ct

C0

)

= − kdecayt (1)  

where t (h) = contact time; Ct (mg L− 1) = residual KMnO4 concentration 
after a given contact time; C0 (mg L− 1) = initial KMnO4 concentration at 
t = 0 min; and kdecay (h− 1) = rate constant of KMnO4 decay. 

Table 1 shows that correlation coefficients (R2) were in the range of 
0.94–1.00 and RSS values were much lower than 0.05, demonstrating 
the good fit of the models. The kdecay was 0.07–0.61 and 0.10–1.30 h− 1 

for high- and low-viability cells, respectively (Table 1). Under equal 
initial dosages of KMnO4, kdecay of high-viability cells was higher than 
that of low-viability cells (P<0.05) (Table 1). 

3.2. Membrane integrity loss 

Prior to KMnO4 oxidation, more than 90% of high-viability cells 
remained intact whereas up to about 55% were damaged for low- 
viability cells (Fig. 2). Without KMnO4 oxidation, there was no mem-
brane destruction of high- and low-viability cells (Fig. 2). KMnO4 of 0.5 
mg L− 1 did not impair membrane integrity for either high- or low- 
viability cells (Fig. 2). Initial high dosages of 5, 10 and 20 mg L− 1 

induced complete loss of membrane integrity after a contact time of 2–6 
h for high- and low-viability cells (Fig. 2). Moreover, KMnO4 at a con-
centration of 2 mg L− 1 resulted in 75% and 89% of membrane damage 
for high- and low-viability cells, respectively, while lower percentages of 
33% and 27% were disrupted with 1 mg L− 1, respectively (Fig. 2). 

To compare impairment of membrane integrity of high- and low- 
viability cells by KMnO4 oxidation, rate constants of membrane integ-
rity loss (kloss) were estimated via pseudo first-order kinetics. Eq. (2) 
below followed Ding et al. (2010): 

ln
(

Nt

N0

)

= − klossct (2)  

where ct (mg min L− 1) = KMnO4 exposure; Nt (cells mL− 1) = cell-density 
of intact cells after at a specific ct value; N0 (cells mL− 1) = initial cell- 
density of intact cells; and kloss (M− 1 s− 1) = rate constant of mem-
brane integrity loss. 

Table 2 shows that correlation coefficients (R2) ranged from 
0.83–1.00 and RSS values were much lower than 0.05, demonstrating 
the models fitted well. The kloss of high- and low-viability cells was in a 
range of 3–31 and 10–50 M− 1 s− 1, and average kloss of low-viability cells 
was higher than that of high-viability cells (P<0.05) (Table 2). Besides, 
with the equal initial dosages of KMnO4, kloss of low-viability cells 
remained higher than that of high-viability cells (P<0.05) (Table 2). 

3.3. Cyanotoxins release and degradation 

With KMnO4 at 0.5 mg L− 1, there was a continuous decrease of 
intracellular and extracellular cyanotoxins without membrane damage 
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for both high- and low-viability cells (P<0.05) (Fig. 3). Higher initial 
KMnO4 concentrations of 1, 2, 5, 10, and 20 mg L− 1 induced membrane 
damage, leading to the release of intracellular cyanotoxins (Figs. 2 and 
3). With an initial dosage of 1 mg L− 1, extracellular cyanotoxins 
continuously decreased for both high- and low-viability cells (P<0.05) 
(Fig. 3). However, a pattern of increase-decrease was observed with 
initial KMnO4 of 2, 5, 10, and 20 mg L− 1 (Fig. 3). For high-viability cells, 
extracellular cyanotoxins were degraded to below the safety guideline of 
1 μg L− 1 after 0.5–6 h with an initial KMnO4 concentration of 0.5–20 mg 
L− 1 (ct: 96–2718 mg min L− 1), and a much higher ct (> 3312 mg min 
L− 1) was required for low-viability cells (Fig. 3). 

Cyanotoxins release and degradation were consecutive reactions. 
Rate constants of intracellular cyanotoxins release (ki) and extracellular 
cyanotoxins degradation (ke) were estimated by Eqs. (3)–(5) (Fan et al., 
2013a; 2014; Li et al., 2020a). 

MCi →
ki MCe →ke MCs (3)  

MCi = MCi,0e− kict (4)  

MCe = MCe,0 e− kect +
MCi,0(e− kect − e− kict)

1 − ke/ki
(5) 
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Fig. 1. Residual KMnO4 concentrations of high- (a) and low-viability Microcystis (b) after initial dosages of 0.5, 1, 2, 5, 10, and 20 mg L-1 to treat high- (a) and low- 
viability Microcystis (b) with a contact time of 0, 0.2, 0.5, 1, 2, 3, 4, 6, and 8 h. 

Table 1 
Rate constants of KMnO4 decay (kdecay) of high- and low-viability Microcystis treated with various dosages of 0.5, 1, 2, 5, 10, and 20 mg L-1.  

Dosage (mg L-1) High-viability cells Low-viability cells 
kdecay (h-1) SE R2 RSS kdecay (h-1) SE R2 RSS 

0.5 2.30* 0.38 0.97 4.70×10-2 4.08* / 1.00 / 
1 0.61 0.02 1.00 1.94×10-3 1.30 0.33 0.94 3.50×10-2 

2 0.28 0.03 0.96 2.60×10-2 0.36 0.03 0.97 1.90×10-3 

5 0.07 0.01 0.95 1.50×10-2 0.12 0.01 0.97 2.50×10-3 

10 0.08 0.01 0.82 3.45×10-2 0.11 0.01 0.81 4.63×10-2 

20 0.09 0.01 0.88 4.42×10-2 0.10 0.01 0.80 4.09×10-2  

* and /: values were not accurately estimated due to insufficient data. 
SE: standard errors of kdecay. 
R2: correlation coefficients. RSS: residual sum of squares. 
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Fig. 2. Cell-density of intact cells of high- (a) and low-viability (b) Microcystis treated with initial KMnO4 dosages of 0.5, 1, 2, 5, 10, and 20 mg L-1 after a contact time 
of 0, 0.2, 0.5, 1, 2, 3, 4, 6, and 8 h (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.). 
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where ct (mg min L− 1) = KMnO4 exposure; MCi,0 (μg L− 1) = initial 
concentration of intracellular cyanotoxins; MCi (μg L− 1) = concentration 
of intracellular cyanotoxins at a specific ct value; MCe,0(μg L− 1) = initial 

concentration of extracellular cyanotoxins; MCe (μg L− 1) = concentra-
tion of extracellular cyanotoxins at a specific ct value; ki (M− 1 s− 1) = rate 
constant of intracellular cyanotoxins release; ke (M− 1 s− 1) = rate 

Table 2 
Rate constants of membrane integrity loss (kloss) of high- and low-viability Microcystis treated with initial KMnO4 dosages of 0.5, 1, 2, 5, 10, and 20 mg L-1.  

Dosage (mg L-1) High-viability cells Low-viability cells 
kloss (M-1 s-1) SE R2 RSS kloss (M-1 s-1) SE R2 RSS 

0.5 / / / / / / / / 
1 31 3.3 0.91 5.10×10-3 50 8.1 0.83 4.58×10-3 

2 27 2.1 0.96 2.04×10-2 43 3.3 0.98 1.01×10-2 

5 10 0.2 0.99 1.44×10-3 17 1.2 1.00 3.23×10-3 

10 6 0.1 1.00 1.04×10-3 10 0.3 1.00 2.43×10-4 

20 3 0.4 0.93 4.71×10-2 9* 0.2 1.00 1.06×10-4 

Average 15±13    26±19    

/: Values were not estimated, since this treatment did not impair membrane integrity of high- or low-viability cells. 
* : Values were not accurately estimated due to insufficient data. 

SE: standard errors of kloss. 
R2: correlation coefficients. RSS: residual sum of squares. 
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Fig. 3. Concentrations of intracellular and 
extracellular cyanotoxins with initial KMnO4 
dosages of 0.5, 1, 2, 5, 10, and 20 mg L-1 with a 
contact time of 0, 0.2, 0.5, 1, 2, 3, 4, 6, and 8 h. 
(a): intracellular cyanotoxins of high-viability 
Microcystis; (b): extracellular cyanotoxins of 
high-viability Microcystis; (c): intracellular cya-
notoxins of low-viability Microcystis; (d): 
extracellular cyanotoxins of low-viability 
Microcystis (For interpretation of the refer-
ences to color in this figure, the reader is 
referred to the web version of this article.).   

Table 3 
Rate constants of intracellular cyanotoxins release (ki) and extracellular cyanotoxins degradation (ke) of high- and low-viability Microcystis treated with initial KMnO4 
dosages of 0.5, 1, 2, 5, 10, and 20 mg L-1.  

Dosage (mg L-1) High-viability cells Low-viability cells 
ki (M-1 s-1) SE NSE ke (M-1 s-1) SE NSE ki (M-1 s-1) SE NSE ke (M-1 s-1) SE NSE 

0.5 / / / / / / / / / / / / 
1 40 4.4 0.98 65 8.3 0.89 48 3.1 0.96 56 5.3 0.99 
2 41 7.1 0.92 38 5.1 0.98 57 8.2 0.99 23 2.4 0.92 
5 21 3.2 0.99 11 1.4 0.88 46 7.4 0.99 8 1.2 0.94 
10 17 1.3 0.97 9 0.1 0.95 25* 0.3 0.98 4 1.3 0.81 
20 12* 0.4 0.99 6 0.2 0.99 16* 0.5 0.99 3 0.5 0.98 

/: Values were not estimated, since this treatment did not cause cyanotoxin release without membrane damage of either high- or low-viability cells. 
* : Values were not accurately estimated due to insufficient data. 

SE: standard errors of ki and ke. 
NSE: Nash-Sutcliffe efficiency coefficient. 
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constant of extracellular cyanotoxins degradation; and MCs (M− 1 s− 1) =
concentration of degraded MC-LR at a specific ct value. 

Nash-Sutcliffe efficiency coefficients (NSE) describe the variance of 
the data that is explained by the model (Mayer and Butler, 1993). If the 
value is less than 0, this means that the data can not be well explained by 
the model (Mayer and Butler, 1993). Table 2 shows that NSE ranged 
from 0.88 to 0.99, suggesting that the model could well describe the 
data. With equal initial dosages of KMnO4, ki (46–57 M− 1 s− 1) of 
low-viability cells was higher than that of high-viability cells (17–41 
M− 1 s− 1), but ke (4–56 M− 1 s− 1) was lower than that of high-viability 
cells (6–65 M− 1 s− 1) (P<0.05) (Table 3). For both high- and 
low-viability cells, ki was lower than ke (ki < ke) with initial KMnO4 of 1 
mg L− 1, and an opposite result (ki > ke) occurred for initial higher 
dosages of 2, 5, 10 and 20 mg L− 1 (P<0.05) (Table 3). 

3.4. Extracellular organic matter removal 

For high- and low-viability cells, extracellular DOC and UV254 
showed a continuous decrease with initial KMnO4 of 0.5 and 1 mg L− 1 

(P<0.05) (Fig. 4). In contrast, with initial dosages of 2, 5, 10 and 20 mg 
L− 1, an increase-decrease pattern was observed (Fig. 4). With a sufficient 
oxidant exposure, DOC and UV254 eventually decreased for both high- 
and low-viability cells (Fig. 4). Notably, dosages of 2, 5, 10 and 20 mg 
L− 1 achieved a higher removal ratio of DOC (16–63%) and UV254 
(27–70%) than 0.5 and 1 mg L− 1 (DOC: 4–18%; UV254: 14–24%) after a 
contact time of 8 h (P<0.05) (Fig. 4). 

3.5. KMnO4-assisted coagulation to remove high- and low-viability 
cyanobacteria 

Without KMnO4 oxidation, removal ratios of high- and low-viability 
cells were about 5% and 20% by PACl coagulation, respectively (Fig. 5). 
After various dosages of KMnO4 (0.5, 1, 2, 5, 10, and 20 mg L− 1), 

removal ratios of high- and low-viability cells increased to 58–99% and 
31–98% by the same PACl coagulation, respectively (P<0.05) (Fig. 5). 
Notably, removal ratios of low-viability cells exhibited a positive cor-
relation with initial dosages of KMnO4, but removal ratios of high- 
viability cells were lower with dosages of 2 and 5 mg L− 1 than that 
with dosages of 0.5, 1, 10, and 20 mg L− 1 (Fig. 5). 

4. Discussion 

4.1. Effects of cell-viability of cyanobacteria on KMnO4 oxidation 

4.1.1. KMnO4 decay 
This study found that oxidant decay rate (kdecay) of low-viability cells 
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was higher than that of high-viability cells (Table 1). Kim et al. (2018) 
found that elevated DOC could reduce KMnO4 exposure and that KMnO4 
had high reactivity with aromatic molecules. In this study, low-viability 
cells exhibited higher concentrations of DOC and UV254 than 
high-viability cells (P<0.05) (Fig. 4). Therefore, elevated EOMs con-
taining more aromatic compounds could induce faster KMnO4 con-
sumption for low-viability cells than for high-viability cells, the same as 
for chlorination (Li et al., 2020a). 

Cell-viability of cyanobacteria did not affect the pattern of KMnO4 
decay, and initial high dosages of KMnO4 (10 and 20 mg L− 1) exhibited a 
decay pattern of fast-slow-fast for both high- and low-viability cells. This 
result may be ascribed to selective oxidation of AOMs by KMnO4, since 
Wang et al. (2013) and Kim et al. (2018) reported that KMnO4 could 
effectively oxidize low molecular-weight (MW) AOMs into CO2 but 
showed a lower oxidizing capacity with high-MW proteins and poly-
saccharides (Jeong et al., 2017; Kim et al., 2018). KMnO4 molecules (10 
and 20 mg L− 1) firstly reacted with low-MW EOMs, leading to a fast 
oxidant decay. Then, the slow decay pattern could be attributed to 
weaker reaction with high-MW polysaccharides and proteins on cellular 
surface After membrane destruction, KMnO4 further reacted with the 
released low-MW IOMs, resulting in a fast oxidant decay. 

4.1.2. Membrane integrity loss 
Cellular surfaces (e.g., mucilage) are an important barrier to prevent 

cyanobacteria from oxidant attack. For example, Li et al. (2018) and Xu 
et al. (2019) observed that Microcystis was more resistant to KMnO4 
attack than filamentous Pseudoanabaena, since Microcystis had thicker 
mucilage surrounding cellular surface to form colonies. In this study, 
low-viability cells exhibited higher rate constants of membrane integrity 
loss (kloss) than high-viability cells (Fig. 1; Table 2). This result demon-
strated that low-viability cells were more susceptible to KMnO4 oxida-
tion than high-viability cells, the same as for chlorination (Li et al., 
2020a). 

In contrast to KMnO4, chlorination held a strong capacity to induce 
complete membrane destruction of low-viability cells even with initial 
low dosage of 1 mg L− 1 (Li et al., 2020a). However, initial KMnO4 of 1 
mg L− 1 only caused slight membrane damage for low-viability cells 
(27%), and even, it was slightly lower than high-viability cells (33%) 
(P<0.05). This result seemed to contradict the conclusion “low-viability 
cells were less resistant to KMnO4 oxidation than high-viability cells.”. 
Actually, previous studies have noted that membrane destruction 
mainly depended on oxidant exposure of KMnO4 (Fan et al., 2013a; 
2013b; Li et al., 2014; Xu et al., 2019). In this treatment, actual oxidant 
exposure of low-viability cells (11 mg min L− 1) was much lower than 
that of high-viability cells (24 mg min L− 1), and this may have efficiently 
compensated for their low resistance to KMnO4 oxidation. Lower dosage 
of KMnO4 of 0.5 mg L− 1 did not disrupt membrane integrity of high- or 
low-viability cells mainly due to its low reactivity with cyanobacteria. 
Overall, although low-viability cells were more susceptible to KMnO4 
attack than high-viability cells, initial low dosages of KMnO4 (0.5 and 1 
mg L− 1) as a pre-oxidant could minimize membrane damage to 
low-viability cells. 

4.1.3. Cyanotoxins release and degradation 
Kinetics of cyanotoxins release (ki) and degradation (ke) were 

strongly affected by the changes in cell-viability, similar to results using 
chlorination (Li et al., 2020a). Low-viability cells exhibited higher ki, in 
line with kloss (Tables 2 and 3). Besides, ke of low-viability cells was 
lower than that of high-viability cells (Table 3). Laszakovits and 
MacKay (2019) found that inhibition of cyanotoxins degradation was 
ascribed to the competition with dissolved organic matters, and Jeong 
et al. (2017) reported that the presence of aromatic molecules could 
exhibit an inhibitory effect on the removal efficiency of cyanotoxins by 
KMnO4 oxidation. Hence, the decrease of ke of low-viability cells could 
be due to its elevated DOC containing more aromatic compounds. 

Li et al. (2020a) found that high-viability cells exhibited the pattern 

of ke > ki whereas the changed pattern of ke < ki occurred for 
low-viability cells during chlorination. Unlike chlorination, cell-viability 
did not affect the pattern (ke > ki or ke < ki) by KMnO4 oxidation, and the 
pattern only depended on the initial dosages of oxidant for both high- 
and low-viability cells. KMnO4 (1 mg L− 1) could continuously decrease 
extracellular cyanotoxins with slight membrane damage for both high- 
and low-viability cells attributed to the same pattern of ke > ki (Table 3). 
With initial KMnO4 concentrations of 2, 5, 10, and 20 mg L− 1, extra-
cellular cyanotoxins increased within 1 h ascribed to the changed 
pattern of ke < ki (Table 3). However, extracellular/total cyanotoxins 
were degraded to below the safety guideline of 1 μg L− 1 for 
high-viability cells with a ct value of 96–2718 mg min L− 1 whereas a 
much higher ct (> 3312 mg min L− 1) was required for low-viability cells 
due to the decrease of ke (Fig. 3; Table 3). Moreover, KMnO4 of 0.5 mg 
L− 1 continuously degraded extracellular cyanotoxins without mem-
brane damage for both high- and low-viability cells (Fig. 3). These re-
sults suggested that KMnO4 could effectively decrease the risk of 
cyanotoxins for both high- and low-viability cells with or without 
membrane damage. 

4.1.4. Mechanism of intracellular cyanotoxin decrease 
KMnO4 (1, 2, 5, 10, and 20 mg L− 1) induced the loss of membrane 

integrity, and thus, the decrease of intracellular cyanotoxins could be 
ascribed to the fast release of intracellular cyanotoxins (Figs. 2 and 3). 
Furthermore, this study employed SYTOX Green (molecular weight: 
509) to determine membrane integrity, since the dye could permeate 
damaged membrane. Molecular weight of KMnO4 (158) is less than 
SYTOX Green, suggesting that it could permeate damaged cells to 
degrade intracellular cyanotoxins. Consequently, the two pathways are 
important to decrease intracellular cyanotoxins for both high- and low- 
viability cells after KMnO4 oxidation caused membrane destruction. 

Intriguingly, KMnO4 of 0.5 mg L− 1 decreased intracellular cyano-
toxins for both high- and low-viability cells without membrane 
destruction (Figs. 2 and 3). A similar result was also observed for high- 
viability cells by Fan et al. (2013a), but its mechanism was not well 
understood. Ross et al. (2019) found that exposure to various levels of 
salinity resulted in the active release of intracellular cyanotoxins 
without membrane damage via membrane transporters encoded by 
mcyH. Fig. 6 shows that mcyH was upregulated of 2.6–3.9 fold for 
high-viability cells, whereas there was no significant change (< 1-fold) 
for low-viability cells. This suggested that KMnO4 could accelerate the 
secretion of intracellular cyanotoxins via transmembrane transporters 
for high-viability cyanobacteria, but this strategy was not adopted by 
low-viability cells. Compared with high-viability cells, about 55% of 
low-viability cells had damaged cellular membranes due to physiolog-
ical injury after cell aging (Li et al., 2020a). This indicated that the 
permeation of KMnO4 molecules through damaged cellular membranes 
may be another pathway to decrease intracellular cyanotoxins by 
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low-viability cells. 

4.1.5. Extracellular organic matters (EOMs) removal 
At present, there is an argument concerning EOMs removal after 

KMnO4 oxidation to treat cyanobacteria-laden waters. Xie et al. (2013) 
observed an increase of DOC without membrane damage attributed to 
KMnO4 reactions with surface mucilage. Nevertheless, other studies 
have demonstrated that KMnO4 could oxidize AOMs (MW < 11 kDa) to 
CO2 and that the newly formed MnO2 could further remove organic 
matters via physical adsorption (Wang et al., 2013; Naceradska et al., 
2017). In this study, KMnO4 (0.5 and 1 mg L− 1) achieved a continuous 
decrease of DOC within 1 h, and this was ascribed to three reasons: (1) 
KMnO4 oxidized low-molecule AOMs to CO2; (2) MnO2 adsorption for 
AOMs; and (3) minimum release of IOMs with slight membrane 
destruction. Meanwhile, aromatic compounds (UV254) continuously 
decreased in these treatments, in agreement with Naceradska et al. 
(2017) and Laszakovits et al. (2020). In contrast, with higher dosages of 
2, 5, 10, and 20 mg L− 1, DOC and UV254 increased for both high- and 
low-viability cells within 1 h, due to the fast release of IOMs after severe 
membrane destruction (Figs. 2 and 4). However, with a sufficient 
oxidant exposure, DOC and UV254 eventually decreased for both high- 
and low-viability cells, since these released IOMs could be effectively 
degraded via KMnO4 oxidation. In general, KMnO4 held a strong ca-
pacity to decrease EOMs/aromatic compounds for both high- and 
low-viability cells with or without membrane damage. 

4.2. Evaluation of KMnO4 as a promising pre-oxidant to treat low- 
viability cyanobacteria 

Various dosages of KMnO4 as a pre-oxidant showed a good perfor-
mance in enhancing the removal of low-viability cells by PACl coagu-
lation, and its removal ratio was positively correlated with initial 
dosages of KMnO4. Among these pre-oxidation treatments, low dosages 
of KMnO4 (0.5 and 1 mg L− 1) could minimize membrane destruction and 
continuously decrease cyanotoxins and EOMs/aromatic compounds for 
low-viability cells. However, it must be noted that residual extracellular 
cyanotoxins were above the safety guideline of 1 μg L− 1 even after a 
sufficient contact time of 1–2 h, which was mainly attributed to initial 
elevated cyanotoxins and the decrease of ke. Hence, combining with 
other water treatment processes (e.g., activated carbon adsorption) may 
be necessary to further remove residual extracellular cyanotoxins for 
low-viability cells (Ho et al., 2011; Jeong et al., 2017). High dosages of 
KMnO4 (2, 5, 10 and 20 mg L− 1) induced severe membrane destruction, 
but sufficient oxidant exposure (ct > 3312 mg min L− 1) could degrade 
extracellular cyanotoxins to below the safety guideline of 1 μg L− 1 and 
achieve the highest removal ratio of EOMs/aromatic compounds among 
these treatments. Notably, residual oxidant was another important issue 
in this treatment, since a residual KMnO4 of 0.05 mg L− 1 or higher will 
result in a pink taint of drinking water. Overall, drawbacks and advan-
tages of KMnO4 as a pre-oxidant to treat low-viability cyanobacteria 
should be carefully assessed in practice. 

5. Conclusions 

Although the change in cell-viability could affect KMnO4 oxidation 
to treat cyanobacteria to some extent, this study suggested that KMnO4 
could be a promising pre-oxidant to treat low-viability cyanobacteria. 
The main findings are given below:  

(i) Fast-slow-fast pattern of KMnO4 decay was not changed by cell- 
viability of cyanobacteria. 

(ii) Low-viability cyanobacteria were less resistant to KMnO4 oxida-
tion than high-viability cyanobacteria, but low dosages of KMnO4 
(0.5 and 1 mg L− 1) could minimize membrane damage for low- 
viability cyanobacteria.  

(iii) Cell-viability of cyanobacteria did not change the pattern of 
cyanotoxins release and degradation (ke > ki or ke < ki) , and the 
pattern was only depending on initial dosages of KMnO4 for both 
high- and low-viability cyanobacteria.  

(iv) Without membrane destruction, KMnO4 accelerated the secretion 
of intracellular cyanotoxins via transmembrane transporters for 
high-viability cyanobacteria, but this strategy was not adopted by 
low-viability cyanobacteria.  

(v) KMnO4 decreased the risk of extracellular cyanotoxins and 
EOMs/aromatic compounds for both high- and low-viability 
cyanobacteria with or without membrane destruction.  

(vi) Various dosages of KMnO4 as a pre-oxidant enhanced the removal 
of both high-and low-viability cyanobacteria by PACl 
coagulation. 
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