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cyanobacteria by solid-liquid separation processes. It was reported that the introduction of
chemical oxidants such as chlorine, potassium permanganate, and ozone in algae-laden
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Introduction
The worldwide occurrence of cyanobacterial blooms in source
water has arisen great concern for water quality and water
treatment processes. It is difficult for the traditional coagulation process of water treatment plant to effectively remove
algae due to their diverse morphology, negatively-charged surface, low specific density, and high motility (Pieterse and Cloot,
1997). The inhibited treatment can be reflected from the poor
coagulation and sedimentation efficiency and shortened filtration cycle aspects (Henderson et al., 2008a; 2010b; Qu et al.,
2012; Takaara et al., 2010). In addition, the ineffective treat-
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ment of cyanobacterial blooms water would induce the water quality deterioration problem due to the penetration of
cyanobacterial cells and the release of toxins and taste and
odor compounds (Su et al., 2015; Wert et al., 2014; Zhao et al.,
2019).
Many strategies have been proposed to enhance algae removal based on the conventional treatment processes, such
as the substitution of sedimentation to ultrafiltration (UF)
and dissolved air flotation processes and the utilization of ultrasonic irradiation, UV irradiation, hydrodynamic cavitation,
and electro-coagulation-flotation processes (Dai et al., 2020;
Gao et al., 2010; Henderson et al., 2008a; Li et al., 2014; Shi et al.,
2008; Wan et al., 2019; Yang and Chen, 2013). However, the application of these strategies is difficult due to the required high
investment.
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Pre-oxidation has been widely reported to improve the
treatment of algal bloom water through the inactivation of algae cells (Chen and Yeh, 2005; Chen et al., 2008; 2009; Ma and
Liu, 2002). Chlorine is a commonly used oxidant in the pretreatment of algae-laden water. However, the over-dosed oxidants can destroy cyanobacterial cells and lead to the release
of algal organic matter (AOM) (Daly et al., 2007; Ma et al., 2012c;
Qi et al., 2016b), which will increase the risk in disinfection
by-products (DBPs) formation during disinfection (Fang et al.,
2010; Huang et al., 2009b; Lui et al., 2011; Zhou et al., 2014).
In addition, the released toxic microcystins (MCs) also pose
a great challenge, which needs to be solved for the production of safe drinking water (Shi et al., 2005; Yuan et al., 2006;
Yuan et al., 2002).
Consequently, the utilization of pre-oxidation in the removal of cyanobacterial cells need to be comprehensively assessed before application. This study seeks to review the impact of pre-oxidation on the removal of cyanobacterial cells
by the solid-liquid separation processes (sedimentation, dissolved air flotation, and membrane filtration) in drinking water treatment.

1.
Cyanobacteria and their toxins in natural
waters
The bloom of cyanobacteria in natural waters can be ascribed
to not only the water eutrophication but also the special
character of cyanobacterial cells. In addition to chlorophyll a,
cyanobacterial cells also contain phycobiliproteins, which can
harvest light in the yellow, green, and orange bands (Chorus
and Bartram, 1999). The wider band of light absorption ability
enables cyanobacterial cells to utilize light energy efficiently.
Cyanobacteria can form colonies with large numbers of cells
by bicelluiar division, which gives them a stronger growth
competitive advantage due to the difficulty for zooplankton
to feed on them (Paerl and Otten, 2013). The gas-vacuoles in
cyanobacteria allow the cyanobacterial cells to float and migrate vertically in water, which is beneficial to compete with
other algae for light and nutrients (Reynolds et al., 1987). Furthermore, cyanobacterial cells can inhibit the growth of other
algae species by secreting allelopathic and toxic substances
(Paerl and Otten, 2013).
Toxic cyanobacteria algal blooms, like Microcystis aeruginosa, Oscillatoria, and Anabaena, have been reported to cause
the poisoning of wildlife and humans all over the world by
producing MCs or other cyclic hepatotoxins (Dai et al., 2008a;
Dittmann and Wiegand, 2006; Hoeger et al., 2007; Park et al.,
2001). The production of MCs can be affected by many environmental factors, such as temperature, light, pH, nitrogen, phosphorus (Ame and Wunderlin, 2005; Jahnichen et al.,
2001; Oh et al., 2000; Utkilen and Gjolme, 1992; Wicks and
Thiel, 1990). Among these factors, nitrogen is crucial because it
is not only the nutrient for cyanobacterial growth but also the
element in the molecular of MCs (Dai et al., 2008b). In addition
to the energy provided by phosphorus, the complex synthesis
processes of MCs also needs the nitrogen supplied raw materials, precursors, and necessary enzymes (Dai et al., 2008c).
It has been reported that cyanobacterial cells are capable of utilizing both inorganic and organic forms of nitrogen,
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which plays an important role in MCs production (Dai et al.,
2009a; Dai et al., 2008b; Dai et al., 2009b; Dai et al., 2019;
Downing et al., 2005; Vezie et al., 2002). In addition to the
inorganic forms of nitrogen, the dissolved free amino acids,
as the most abundant compound in natural waters, are also
responsible for cyanobacterial growth and MCs production
(Yan et al., 2004). Furthermore, the influence of amino acids on
the cyanobacterial growth and MCs production varies among
different amino acids due to their different effects on the process of metabolism through the free dissolved amino acids
within the cells (Dai et al., 2009b).

2.
Cyanobacteria inactivation by
pre-chlorination
Pre-chlorination is the most widely used strategy for enhancing the removal of cyanobacterial cells. Chlorine can be rapidly
decayed in algae-laden water in the first few minutes and the
decrease of chlorine become more gradual during the remaining chlorination period (Lin et al., 2009; Ma et al., 2012a). Chlorine can react with not only cell membrane but also intracellular materials after penetrating into cyanobacterial cells,
which can finally explain the significant reduction of chlorine.
In addition, the consumption of chlorine can be augmented
with the increased chlorine dose due to the significant release of intracellular materials from the more serious damaged cyanobacterial cells (Ma et al., 2012a).
The effect of pre-chlorination on cyanobacterial cell damage can hardly be reflected from the scanning electron microscopy images, as chlorine cannot severely alter the cell
morphology (Ma et al., 2012a). The morphology of most
cyanobacterial cells can remain almost the same after prechlorination (Ma et al., 2012a; Plummer and Edzwald, 2002).
However, the cell membrane can be impaired during prechlorination especially in the initial minutes, which can be directly proven by not only the release of K+ but also the analysis
of cell integrity by flow cytometer (Ma et al., 2012a; Qi et al.,
2016b). The release of AOM was slower than K+ during the
initial pre-chlorination period. The mechanism in the inactivation of cyanobacteria by pre-chlorination was found to be
membrane-crossing without extensive damage to cell membrane (Ma et al., 2012a).
The lysis of cyanobacteria by pre-chlorination can induce
the release of AOM, including intracellular toxins (Daly et al.,
2007; Ma et al., 2012c; Qi et al., 2016b). Although chlorine
can partially degrade the released intracellular toxins, prechlorination would still induce the increased concentration
of extracellular toxins due to the higher rate of release than
degradation (Daly et al., 2007; Ma et al., 2012a). What’s more,
the integrity of cyanobacterial cells can be continuously impaired even after quenching chlorine (Qi et al., 2016b). The
continuous collapse of algae cells with the prolonged time
was explained by the programmed cell death (PCD) theory
(Frangeul et al., 2008; Kaneko et al., 2007; Ross et al., 2006),
which can finally induce the genetically controlled suicide of
cyanobacterial cells (Ameisen, 2002) The PCD of cyanobacterial cells can be explained by the oxidative stress caused
by chemical oxidants (Ding et al., 2012; Mikula et al., 2012).
The continuous rising ratios of damaged cyanobacterial cells
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Fig. 1 – Pre-chlorination effects on cell integrity, AOM release, and chlorinated DBP formation during transportation (Qi et al.,
2016b). The long-term transportation (0–480 min) were simulated after pre-chlorination (Chlorine doses: 0, 0.2, 0.4, 0.8,
2 mg/L).

can further induce the increasing of dissolved organic carbon (DOC) and dissolved organic nitrogen (DON) values after
pre-chlorination. The initial dissolved organic matter in algal
bloom water can be ascribed to the desorption of the loosely
bound AOM on cyanobacterial cells (Xie et al., 2013). Interestingly, the highest DOC and DON values were not achieved
by the highest chlorine dose (Qi et al., 2016b). Organic materials can be accumulated by the highly damaged cyanobacterial cells through physico-chemical adsorption process on
cell surface (Marungrueng and Pavasant, 2006; Salima et al.,
2013), which would inhibit the release of AOM from seriously
damaged cyanobacterial cells into water phase. The adsorption ability of damaged algal cells can be explained not only
by their large surface area but also by their high affinity to
bind proteins and polysaccharides (Aksu and Tezer, 2005). Pre-

chlorination can induce the change of cell membrane structure, and the adsorption function can be further enhanced by
the released organic matters on cell membrane (Avery et al.,
1998; Tam et al., 2002; Tsezos and Bell, 1989).
Organic matter released from cyanobacterial cells have
been widely reported to serve as precursors for both carbonaceous and nitrogenous disinfection byproducts (DBPs)
(Huang et al., 2009b; Plummer and Edzwald, 2001; Zhou et al.,
2014). The continuous release of AOM after pre-chlorination
can finally induce the dramatic increase of DBPs formation
(Qi et al., 2016b). The influence of pre-chlorination on cell damage, AOM release, and DBPs formation has been summarized
in Fig. 1. The transportation time after lower-dosed chlorine
pretreatment can not only intensify the damage of cyanobacterial cells but also the release of AOM. In addition, more
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Fig. 2 – Mechanisms of Mn(VII)-Fe(II) pre-treatment for algae removal by Al coagulation (Ma et al., 2014).

DBPs can be formed after the pretreatment with lower-dosed
chlorine (Qi et al., 2016b). Therefore, pre-chlorination of algal
bloom water at the water intake needs to be considered carefully before being utilized especially for the raw water that are
far away from drinking water treatment plants (DWTPs).

3.
Application of moderate pre-oxidation in
cyanobacteria removal by various solid-liquid
separation processes
Sedimentation, flotation, and membrane filtration are the typical solid-liquid separation processes in drinking water treatment. However, these typical clarification processes cannot realize the effective solid-liquid separation for the algae-laden
water without pretreatment. Moderate pre-oxidation has been
successfully proposed to realize the balance between effective solid-liquid separation and AOM release control (Ma et al.,
2018; Ma et al., 2012b; Ma et al., 2014; Qi et al., 2016a; Qi et al.,
2018; 2020; Qi et al., 2016c). Moderate pre-oxidation refers to
the desorption of surface-adsorbed organic matter (S-AOM)
from algae cells without damaging cell integrity.

3.1.

Sedimentation

Sedimentation is the most traditional solid-liquid separation
process, and the algae removal efficiency is highly dependent
on the effect of coagulation and flocculation (Vlaski et al.,
1997). S-AOM on cyanobacterial cells can inhibit the effective
coagulation due to the stabilization of algae cells in water
(Clasen et al., 2000). The algae removal efficiency can be improved with the effective removed S-AOM (Qi et al., 2016c). In
addition, S-AOM can also protect the cyanobacterial cells from
being damaged (Qi et al., 2016c; Xie et al., 2013). Moderate preoxidation has been proposed to realize the S-AOM desorption

without damaging cell integrity (Qi et al., 2016a; Qi et al., 2020;
Qi et al., 2016c).
The sequential introduction of KMnO4 and Fe(II) can realize
the moderate pre-oxidation and finally enhance the efficiency
of coagulation and flocculation (Ma et al., 2014; Qi et al., 2020;
Qi et al., 2016c). Fig. 2 shows the mechanisms of Mn(VII)-Fe(II)
pre-treatment for algae removal by Al coagulation. The excessive inactivation of cyanobacterial cells can be prevented by
the subsequent-dosed Fe(II), which can be oxidized to in-situ
formed Fe(III). The in-situ formed Fe(III) has relative higher coagulation activity comparing with the preformed one due to
its plentiful reactive surface area (Ma et al., 2012b). The optimized RKMnO4:Fe(II) was found to be 1:3, which can realize
the minimum residual Mn and maximum cyanobacteria removal at the same time (Qi et al., 2016c). Residual Mn can be
controlled far below the Mn maximum contaminant level of
0.1 mg/L. The introduced KMnO4 can react with the S-AOM on
algae cells, which serves as the protective barrier. The 5 min
exposure to KMnO4 cannot induce the damage of cyanobacterial cells (Qi et al., 2016c). The elevated KMnO4 dose, below
20 μmol/L, can not only induce a more significant destruction
effect of S-AOM but also accelerate the formation of in-situ
Fe(III). The in-situ formed MnO2 can serve as nuclei of heterogeneous coagulation (Sun et al., 2009), which can promote
the growth and sedimentation of flocs (Chen and Yeh, 2005).
Therefore, the moderate KMnO4 -Fe(II) pretreatment process
can finally promote the cyanobacteria removal by sedimentation through the enhanced coagulation and flocculation process (Qi et al., 2016c).
Furthermore, the desorption of S-AOM from cyanobacterial
cells can be enhanced by the stronger oxidants. Oxidants at
relative lower doses have been reported to mainly react with
S-AOM rather than damaging cell integrity (Qi et al., 2016c;
Xie et al., 2013). Chlorine, at lower doses, can hardly induce
the damage of cyanobacterial cells due to the protective function of S-AOM (Fan et al., 2014; Qi et al., 2016a; Wert et al., 2013).
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Fig. 3 – Effects of photocatalysis by magnetic Zn-doped Fe3 O4 particles on cyanobacteria removal by
coagulation-sedimentation (Qi et al., 2020).

Therefore, moderate pre-chlorination can further enhance the
efficiency of KMnO4 -Fe(II) process in algae-laden water treatment (Qi et al., 2016a).
However, the conventional pre-oxidation method has the
shortcoming of consuming chemical oxidant. Comparing with
the conventional pre-oxidation method, photocatalytic technology has the advantage of environmental friendliness and
economy. The highly stable photocatalyst has been widely
studied for cyanobacterial cell inactivation, which can play
the oxidation function under light irradiation (Gu et al., 2016;
Wang et al., 2018a; Wang et al., 2018b). The synthesized magnetic Zn-doped Fe3 O4 particles was found to effectively enhance the coagulation without damaging cell integrity, which
can finally improve the algae removal efficiency in the subsequent sedimentation process (Qi et al., 2020). The desorption of S-AOM can be directly proved from the transmission electron microscope images in Fig. 3, which indicated the disappear of mucilage after photocatalytic pretreatment. The mucilage desorption was explained by the
oxidation function of superoxide radicals generated during
the photocatalytic pretreatment. In addition, the S-AOM desorbed during photocatalytic pretreatment was found to be
mainly protein-like substances with large or medium molecular weight (MW). Similar results have also been found in
the KMnO4 -Fe(II) pretreatment process (Ma et al., 2012c;
Qi et al., 2018). Organics with relatively large MW can improve the coagulation efficiency through the bridging between
cyanobacterial cells and hydrolysates of coagulant (Chen et al.,
2009; Ma et al., 2012c). Therefore, the efficient cyanobacteria removal can be achieved by the moderate photocatalysisenhanced coagulation-sedimentation process with magnetic
Zn-doped Fe3 O4 particles.

3.2.

Flotation

Dissolved air flotation (DAF) is becoming a popular solid-liquid
separation process for cyanobacteria removal, which can be

easily floated because of the low density (Edzwald, 2010;
Teixeira and Rosa, 2006). The collision and attachment efficiency between cyanobacterial cells and bubbles is the key to
successful DAF. Coagulation-flocculation has been proposed
to enhance the cyanobacteria removal efficiency through
the increasing of particle size (Edzwald, 2010; Teixeira and
Rosa, 2007). The flocs with size greater than 30 μm are more
likely to be floated (Edzwald, 1995; Han et al., 2001). However,
the traditional coagulation process without pretreatment cannot realize the control of floc size (Ma et al., 2007; Pieterse and
Cloot, 1997; Takaara et al., 2010).
Fe(II)-regulated moderate pre-oxidation has been reported
to effectively enhance the efficient flotation of cyanobacterial cells through the formation of size-controlled flocs during coagulation (Qi et al., 2018). Mechanisms of cyanobacteria
and organic matter removal by the Fe(II)-regulated coagulation/flocculation/flotation (C/F/F) process are summarized in
Fig. 4. S-AOM can be effectively desorbed without damaging
algae cells by the sequential introduction of KMnO4 and Fe(II).
The introduction of Fe(II) can rapidly realize the transformation of KMnO4 into in-situ MnO2 . The in-situ MnO2 can adsorb
not only cyanobacterial cells but also dissolved organic matter, which can serve as the nuclei of the subsequent coagulation/flocculation, and realize the formation of size-controlled
algae flocs (Ma et al., 2012b; Ma et al., 2014; Qi et al., 2018;
Qi et al., 2016c). Thus, the efficient flotation can be achieved by
Fe(II)-regulated C/F/F process, and finally realize the efficient
removal of cyanobacterial cells (Qi et al., 2018).

3.3.

Membrane filtration

Filtration by UF membranes is a promising technology in
drinking water treatment (Drioli et al., 2011; Huang et al.,
2009a; Miao et al., 2017), and algae cells can be completely removed with the small diameter of membrane pore (Miao et al.,
2014; Slade and Bauen, 2013). Membrane filtration refers to
the filtration of raw water without precipitation. The fouling
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Fig. 4 – Mechanisms of cyanobacteria and organic matter removal by the Fe(II)-regulated C/F/F process (Qi et al., 2018).

Fig. 5 – Schematic diagram of the fouling alleviation with different pretreatments (Ma et al., 2018).

problem of membrane can be alleviated with the large size
of flocs formed in coagulation, which is not easy to block the
membrane pore. However, the algae-laden water would still
cause the serious fouling of UF membrane even with conventional coagulation due to the deposition of cyanobacterial
cells and extracellular organic matter (EOM) on UF membrane,
which would finally induce the formation of a dense cake layer
(Fig. 5).
The moderate KMnO4 -Fe(II) pretreatment process has been
reported to effectively alleviate the fouling of membrane
(Ma et al., 2018). The chance of EOM-like substances depositing on membrane’s surface can be decreased compared to
the Fe(III) pretreatment process (Fig. 5), which can be explained by the adsorption role of high surface activity flocs
formed in KMnO4 -Fe(II) pretreatment (Ma et al., 2018; Ma et al.,
2012b; Ma et al., 2014; Qi et al., 2016c). The release of EOM-like
substances can also be reduced due to the weakened activity of cyanobacterial cells during the moderate pre-oxidation
(Ma et al., 2012b; Qi et al., 2016c). In addition, the large cake
layer pore size can be achieved with the moderate pretreatment, and the cake layer formed during KMnO4 -Fe(II) process can be easily removed by tap water due to the loose-

ness of Fe-based flocs (Ma et al., 2018). Thus, the integrated
moderate pre-oxidation process and membrane filtration can
be considered for their application in algae-laden water
treatment.

4.

Conclusions

Cyanobacterial blooms can pose a serious threat to the quality of natural water bodies and the operation of DWTPs. Prechlorination, as the most widely used strategy for enhancing
the removal of cyanobacterial cells, could induce the problem of AOM release, which might be further aggravated due
to the continuous collapse of algae cells with the prolonged
time after pre-chlorination. The release of algal organic matter induced by over-dosed oxidants in pre-oxidation can be
avoided with moderate pre-oxidation treatment. Moderate
pre-oxidation of algae-laden water can enhance the efficient
removal of cyanobacterial cells by solid-liquid separation processes (sedimentation, dissolved air flotation, and direct filtration) in drinking water treatment.
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