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ABSTRACT 

 

The harmful algal blooms (HABs) often involve serious economic loss of marine resources and 

contribute to pollution of coastal areas by causing the mass mortality of natural and aquaculture fish 

and shellfish. While spraying activated clay is a common practice to mitigate damage from red tide, it 

is not strong enough to completely control the red tide bloom. The use of chemical oxidants, 

frequently employed for disinfection in water treatment processes, is a potential method to reduce the 

risk from red tide for inland fish farms. In this study, chemical disinfectants were investigated as 

alternative technologies to control red tide in terms of the removal efficiency of C. polykrikoides, 

formation of byproduct, and toxicity to fish. 

The first part of this study investigated the removal of C. polykrikoides by various oxidants 

including ozone (O3), permanganate (MnO4
-
), chlorine (Cl2) and hydrogen peroxide (H2O2) according 

to cell density and oxidant dose. O3 showed a much higher efficiency for the C. polykrikoides removal 

than the other oxidants under identical experimental conditions. Disinfectants effectively inactivate 

the C. polykrikoides in the order of O3 > MnO4
-
 > Cl2 > H2O2. TRO produced from O3 and Cl2 mostly 

converted into HOBr due to the presence of bromide ion (Br
-
) in seawater. The seawater in the 

presence of C. polykrikoides decayed faster than in the absence of C. polykrikoides, indicating that 

TRO decay and HOBr production can be affected by the characteristics of water quality. Ozonation 

results in a much higher formation of bromate (BrO3
-
) than treatments with Cl2, MnO4

-
, and H2O2. The 

acute toxicity of MnO4
-
, Cl2, and H2O2 to juvenile red sea bream was reached at 72-h LC50 values of 

0.39, 1.32, and 102.61 ppm, respectively. 

Secondly, the aim of this study to evaluate the removal efficiency of C. polykrikoides by O3 

according to various factors affecting the efficiency such as cell density, oxidant dose, humic acid 

concentration, carbonate concentration, pH, and temperature. The removal of C. polykrikoides by O3 

was rapid, and appeared to be caused by initial ozonation, and then slow reaction, in which Br
-
 was 

oxidized to HOBr. Low pH and temperature increased the removal efficiency. Thus, the C. 

polykrikoides removal efficiency with a low pH, and low temperature, and a high O3 dose increased as 

the in exposure to O3 increased. The BrO3
-
 concentration of less than 10.0 ppb (WHO, 2011) can only 

be maintained at the O3 dose of less than 1.0 ppm. 
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Chapter 1. Introduction 

 

I. Control of red tide in inland fish farms 

The number of red tide cases has gradually increased over the past few decades. The harmful algal 

blooms (HABs) often involve serious economic loss of marine resources and contribute to pollution 

of coastal areas by causing the mass mortality of natural and aquaculture fish and shellfish (Kim et al., 

2010). The Cochlodinium polykrikoides has become a major red tide species causing high mortality of 

fish and shellfish in Korea. In 1995, the killing of aquaculture fish caused economic loss of USD $60 

million (Figure 1). While spraying activated clay is a common practice to mitigate damage from red 

tide, it is not strong enough to completely control the red tide bloom. Particularly, due to the use of 

seawater to support the growth of fish, the operation of inland fish farms has been directly damaged 

from red tide. 

 

 

Figure 1. Economic losses in the aquaculture industry by HABs in Korea 

(Source: Park et al., 2013) 

 

Many potential control technologies have been used for the mitigation and control of red tide 

outbreaks. The use of chemical oxidants, frequently employed for disinfection in water treatment 

processes, is a potential method to reduce the risk from red tide for inland fish farms. In this study, we 

focus on chemical disinfectants. Chemical disinfectants, such as ozone (O3), permanganate (MnO4
-
), 

chlorine (Cl2), and hydrogen peroxide (H2O2) have been widely applied for effective disinfection of 
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drinking water and wastewater (Letterman, 1999). Especially, ozonation has been proved to be an 

effective oxidation treatment process for the oxidation of certain organic micropollutants in water 

(Lee et al., 2007). O3 can either react directly with organic compounds, or decompose to produce 

hydroxyl radicals (

OH), which also react with the target compounds (von Gunten, 2003). MnO4

-
 is 

also largely utilized in water treatment processes, and it effectively removes natural organic matter 

(NOM) and algae with less formation of byproduct (Owen et al., 1995). Cl2 is one of the most 

generally used disinfectants for drinking water and wastewater treatment (Letterman, 1999). While, 

H2O2 has been used as an environmentally friendly oxidant.  

Various red tide control technologies, including ozonation, MnO4
-
, Cl2, and H2O2 treatments have 

been evaluated in many studies. Studies have shown that the removal efficiency of red tide 

dinoflagellate by O3 was much higher than that of other oxidants (MnO4
-
, Cl2, and H2O2). Although 

studies regarding the removal of red tide dinoflagellate by chemical oxidants carried out, as shown in 

Table 1, no study has been performed in which the various oxidants are compared. 
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Oxidants Algal species Time 

(min) 
Conditions Removal 

efficiency 
Reference 

Ozone 

(O3) 

Heterosigma akashiwo 

Heterocapsa triquetra 

Cochlodinium polykrikoides 

Karenia mikimotoi 

1 

2 

5 

5 

O2 gas flow rate = 11 L/min 

1.0 × 10
5
 cells/mL 

100% 
Honjo et al., 

2002 

Karenia brevis 1 
O2 gas flow rate = 0.5 L/min 

5.7 × 10
7
 cells/mL 

100% 
Schneider et al., 

2003 

Gymnodinium breve 1 
O2 gas flow rate = 0.5 L/min 

5.7 × 10
7
 cells/mL 

100% 
Schneider et al., 

2003 

Alexandrium tamarense 5 
O3 conc. = 5.0 mg/L 

5.5 × 10
5
 cells/mL 

84% 
Kang et al., 

2001 

Scripsiella trochoidea 4 
O3 conc. = 190 mg/h 

1.0 × 10
4
 cells/mL 

100% 
Yang et al., 

2015 

Permanganate 

(MnO4
-
) 

Karlodinium micrum 

Prorocentrum minimum 
120 

KMnO4 conc. = 4.0 ppm 

3.5 × 10
4
 ~ 4× 10

4
 cells/mL 

60% 

75% 

Deeds et al., 

2002 

Chlorine 

(Cl2) 

Cochlodinium polykrikoides 180 
ClO2 conc. = 3.0 mg/L 

6.0 × 10
3
 cells/mL 

20% 
Ryu et al., 

1998 

Phaeocystis globosa 
96 

(h) 

ClO2 conc. = 2.96 × 10
-2
 mmol/L 

2.35 × 10
9
 cells/mL 

100% 
Zhang et al., 

2003 

Hydrogen 

peroxide 

(H2O2) 

Cochlodinium polykrikoides 180 
H2O2 conc. = 28 ppm 

6.0 × 10
3
 cells/mL 

10% 
Ryu et al., 

1998 

 

 

 

 

 

 

 

 

Table 1. Removal of red tide dinoflagellate by chemical disinfectants  
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II. Formation of byproducts 

Ozonation has been applied as a disinfectant in drinking water treatment as well as waste water 

treatment (von Gunten, 2003; Lee and von Gungen, 2010). Although O3 is a powerful oxidizing agent 

as a disinfectant, it reacts with bromide ion (Br
-
) to produce byproduct. The seawater contains a high 

concentration of Br
-
, which reacts with oxidants to form stable oxidants such as bromine 

(hypobromous acid and hypobromite, HOBr/OBr
-
). The total residual oxidant (TRO) can include 

residual oxidants consisting of bromine, O3, and 

OH or a combination of all three (Perrins et al., 

2006), and is active in inactivating marine organisms. In seawater ozonation, O3 reacts with Br
-
 to 

form OBr
-
 (Haang and Hoigné, 1983; von Gunten and Hoigné, 1994; reaction 1). The OBr

-
 formed by 

reaction (1) will immediately reach equilibrium with HOBr; pKa = 8.8 at 20
◦
C. The concentrations of 

HOBr and OBr
-
 generally depend on the pH conditions of the seawater solution used (seawater: pH = 

8.0). 

O3 + Br
-
 → OBr

-
 + O2, k1 = 160 M

-1
s

-1
     (1) 

HOBr ↔ OBr
-
 + H

+
, pKa = 8.8     (2) 

The proportion of OBr
-
 is an important intermediate for bromate (BrO3

-
) formation, since the 

reaction rate of HOBr is much slower than that of OBr- during ozonation. BrO2
-
 (bromite) is formed 

directly by the oxidation of HOBr/OBr
-
 by O3, and is quickly oxidized to BrO3

-
 by O3 (Haang and 

Hoigné, 1983; von Gunten and Hoigné, 1994; reactions 3 and 4).  

O3 + OBr
-
 → BrO2

-
 + O2, k2 = 100 M

-1
s

-1
     (3) 

O3 + BrO2
-
 → BrO3

-
, k3 > 10

5
 M

-1
s

-1
     (4) 

The International Agency for the Research on Cancer (IARC) classified BrO3
-
 as a potentially 

carcinogenic substance as it can potentially affect the health of fish in aquaculture and marine 

ecosystems (Tango and Gagnon, 2003). The World Health Organization (WHO) recommended that a 

provisional guideline value for BrO3
-
 concentration is 10 ppb in drinking water World Health 

Organization (WHO, 2011). Therefore, it is necessary to minimize the production of any harmful 

byproducts, such as those resulting from the application of chemical technologies in seawater 

treatment. 
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Likewise, Cl2 can be converted into bromine in water that contain Br
-
, such as seawater (Bousher 

et al., 1986). When Cl2 is dissolved in water, a rapid hydrolysis reaction occurs (Viswanathan and 

Tilak, 1984; reaction 5). Hypochlorous acid (HOCl) can therefore be converted into HOBr by reaction 

(6) (Farkas et al., 1949). 

Cl2 + H2O → HOCl + H
+
 + Cl

-
     (5) 

HOCl + Br
-
 → HOBr + Cl

-
, k4 = 2.95 × 10

3
 M

-1
s

-1
     (6) 

 

III.  Assessment of acute toxicity of chemicals to fish 

Inland fish farms generally operate by intaking seawater. When red tide outbreaks in seawater, 

chemical control technologies are employed such as treatment using disinfectants. Chemical 

disinfectants can control red tide dinoflagellate and can disinfect pathogenic bacteria. However, the 

application of chemical disinfectants can lead to serious health problems for fish and the destruction 

of ecosystems.  

Chemical technologies such as ozonation and treatment with H2O2 have recently been used to 

reduce the risk from red tide in inland fish farms. Despite the use of these chemical treatments, few 

studies have been carried out on their toxicity to fish or on the relationship between their safe 

concentration and aquaculture fish, including the following: the toxicity of the ten commercial 

disinfectants to flounder, black rock fish, and black sea bream (Park et al., 2008), the toxicity of O3 to 

Japanese charr (Kenji et al., 1992), the toxicity of O3 produced oxidants to juvenile turbot (Reiser et 

al., 2010), the toxicity of copper (Cu) to red sea bream and toy shrimp (Mochida et al., 2006), and the 

toxicity of  nickel (Ni) and copper (Cu) to fish gills (Meyer et al., 1999). 

The toxicity of chemical substances is often presented as a lethal concentration 50 (LC50). LC50 is 

the concentration of a substance that is lethal to 50% of organisms in a toxicity test. LC50 can be 

determined for any exposure time, and the common exposure durations are 24, 48, 72, and 96 h. It is a 

useful tool because it can predict the effects of a potential toxin in an aquaculture system. LC50 data 

can also help define the maximum allowable toxicant concentrations. 
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IV. Objectives of the study 

 

Two specific objectives of the present research are as follows: 

1. To investigate the removal of Cochlodinium polykrikoides, a red tide dinoflagellate using chemical 

disinfectants and then to examine the effect of toxicity on the fish species through an acute toxicity 

test: 

For this purpose, O3, MnO4
-
, Cl2, and H2O2 were selected as chemical disinfectants, and the 

removal of C. polykrikoides was studied according to cell density and oxidant dose. The decay of total 

residual oxidants and formation of BrO3
-
 after oxidant treatment were also investigated. The 72-h 

median lethal concentration (LC50) of various oxidants including MnO4
-
, Cl2 and H2O2 were then 

determined for red sea bream. 

 

2. To evaluate the control of Cochlodinium polykrikoides by O3: 

The removal efficiency of C. polykrikoides by O3 was evaluated. For this purpose, the removal of 

C. polykrikoides during ozonation was examined according to varying factors affecting the removal 

efficiency, to would provide insight into assessing the strategies for red tide dinoflagellate control in 

inland fish farms. In addition, the potential of the formation of toxic byproduct (BrO3
-
) in water 

containing Br
-
 after ozonation is investigated. 
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Chapter 2. Materials and Methods 

 

I. Cultivation of C. polykrikoides 

Red tide dinoflagellate species, C. polykrikoides was obtained from the National Fisheries 

Research and Development Institute (NFRDI), Busan city, Korea. The culture was enriched in 

Guillard’s f/2 medium (Guillard and Ryther, 1962; Guillard, 1975). The cells were maintained at 24
◦
C 

under a 12 : 12 h light : dark cycle with a light intensity of ~40 µmol m
-2

s
-1

 and counted using a 

Sedgwick-Rafter chamber with an optical microscope. The cell concentrations used for this 

experiment were 0.5 × 10
3
, 1.0 × 10

3
, 2.0 × 10

3
, and 3.0 × 10

3
 cells/mL. 

 

II. Experimental methods 

All inactivation and oxidation experiments were performed in a batch system using 10 mL 

solutions (in 25 mL Pyrex flasks) open to the atmosphere at room temperature (22 ±
 
2o

C). The 

solution pH was initially adjusted using 1 N HClO4 and 1 N NaOH solutions, and the pH variations 

during reaction for experiments were less than 0.2 units. The O3 stock solutions were produced by 

spaging O3-containing oxygen (generated by an O3 generator, Ozonetec Co, Korea) through deionized 

(DI) water (18 MΩcm Milli-Q water from a Millipore system) in an ice bath. The concentration of O3 

stock solution was typically 30 ppm, as spectrophotometrically determined by measuring the 

absorbance at 260 nm (3000 M
-1

cm
-1

) (Hoigné and Bader, 1994). Chlorination experiments were 

performed using sodium hypochlorite solution (NaOCl, Sigma-Aldrich, USA). Stock solutions of Cl2 

were prepared in DI water at 100 ppm and verified for accuracy on the day of testing. Oxidation 

experiments of MnO4
-
 and H2O2 were performed using potassium permanganate (KMnO4, Sigma-

Aldrich, USA) and 30% (v/w) stock solution (H2O2, Sigma-Aldrich, USA), respectively. The 

reactions were initiated by injecting an aliquot of the stock solutions. Samples were withdrawn at a 

predetermined time after the initiation of reaction and were immediately filtered with a 0.45-μm 

hydrophilic polytetrafluorethylene syringe filter. 

BrO3
-
 was analyzed in experiments to determine the oxidation byproduct formation. Water 

samples were prepared by spiking the DI water into each sample at a concentration of Br
-
 of 65 ppm. 

In addition, the pH solution was adjusted to 7.9 and the O3 was injected into the 100 mL Pyrex flask 

at the various oxidant doses. 
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For the experiments, seawater was obtained from Busan city, Korea. The quality parameters of the 

seawater samples are summarized in Table 2. The seawater samples were filtered with a 0.45-μm 

filter within 24 h after sampling and stored at 4
 o
C until use. 

 

 

III. Analytical methods 

The cells were counted using an optical microscope (Axio Scope, Zeiss, Germany) with a 

Sedgwick-Rafter chamber (50 × 20 × 1 mm). After sampling, the samples were spread over the 

Sedgwick-Rafter chamber. The results were averaged, and the counts were converted to the unit of 

cells/mL. Viable cells were considered as active cells, and the total number of cells was calculated by 

adding the number of active and inactivate cells that had maintain their cell structure during the 

treatment.  

The total dissolved O3 residual in the reaction solution was determined by Indigo method (Bader 

and Hoigné, 1981). K MnO4 was measured using the N,N-diethyl-p-phenylenediamine (DPD) method 

after filtering with a 0.2 µm syringe membrane filter. The titanium sulfate method was used to 

measure the concentration of H2O2 (ε405 = 730 M
-1

s
-1

; Eisenberg, 1943).  

The total residual oxidant (TRO) was measured by the DPD colorimetric method using a S-3100 

UV-Vis spectrophotometer (Sinco Co.) at 515 nm. The concentration of TRO was presented as mg/L 

Table 2. Water-quality parameters of seawater (Busan, Korea)  

Parameters Seawater 

pH 7.9 

Conductivity (mS/cm) 50.1 

Alkalinity (mg/L as CaCO3) 115.4 

Turbidity (NTU) 0.05 

DOC (mg/L) 1.5 

A254 (cm
-1

) 0.0166 

Anion 

(mg/L) 

Cl
-
 17,385 

SO4
2-

 1,929 

 

Cation 

(mg/L) 

Na
+
 10,244 

K
+
 501 

Mg
2+

 1,350 

Ca
2+

 392 
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as Cl2. The concentration of HOBr was determined after quenching the reaction by adding 0.5 M 

phenol at pH 3 and scavenged by phenol forming 2- and 4-bromophenol. These species were stable 

and were analyzed by High performance liquid chromatography (HPLC) with UV absorbance 

detection at 225 nm. For the HPLC analyses, separation was performed on a 150 mm × 4.6 mm, 35 

µm C18 column (Eclipse XRD-C18, Agilent) using 0.1% (w/w) aqueous solution of phosphoric acid 

and neat acetonitrile as the eluent at a flow rate of 1.0 mL/min. 

The concentration of BrO3
-
 in water containing Br

-
 was determined using ion chromatography (IC; 

Dionex ICS 3000, Thermo Fisher Scientific Inc., USA) with the AS9-SC column. A solution of 9.0 

mM Na2CO3 (at a flow rate of 1.0 mL/min) was used as eluents for the analyses of BrO3
-
. To allow 

the determination at BrO3
-
 concentration below 1 µg/L, spectrophotometric detection has previously 

been used after a post-column reaction of 3-3’ dimethoxybenzidine, o-dianisidine (ODA) (Wagner et 

al., 2002; Almendral et al., 2009). The reaction is based on the formation of Br2 in the presence of 

excess Br
-
 and the ODA bromination reaction, generating a product that absorbs at 450 nm. 

To investigate the relationship of the solution pH and O3 dose as well as the temperature and O3 

dose, on C. polykrikoides removal efficiency, response surface methodology (RSM) was employed to 

generate the design of the experiment. RSM is a useful statistical technique to determine the 

combined effects of complex processes and is widely used for the design of experiment in order to 

examine the statistical models through the untested points with a minimal number of experimental 

trials. Experimental data were analyzed using the trial version of Design-Expert 7.1.6 software (Stat-

Ease, Minneapolits, USA). The design considered nine experimental runs with the center point being 

triplicated. The ranges explored of pH, temperature, and O3 dose were set at 8.0±1.5, 24±5
o
C, and 

0.5±2 mg/L, respectively. 

 

IV. Fish acute toxicity test 

To determine the effect of various oxidants on toxicity, acute toxicity studies were conducted.  

Juvenile red sea bream of Pagrus major (average weight 5.8 g and average length 8.3 cm) were 

provided by the Southeast Sea Fisheries Research Center (Namhae, Korea). The fish were 

acclimatized for a few days in 150 L fiber reinforced plastic (FRP) tanks at 18 to 20
◦
C within a natural 

photoperiod. The fish were fed a controlled diet once a day until the start of the toxicity test. Tests 

were conducted in an aerated tank containing 100 L of filtered seawater with 30 fish per tank. Red sea 

bream were exposed to Cl2, MnO4
-
, and H2O2 at a range of concentrations and fish toxicity tests were 

repeated at least twice. Mortality and seawater quality parameters (DO, pH, and temperature) were 

monitored daily. The fish were not fed and seawater was not circulated during the 72-h tests. Toxicity 

data were calculated at a standard LC50 value. 
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Chapter 3. Results and Discussion 

 

I. Removal of C. polykrikoides, a red tide dinoflagellate using chemical disinfectants 

and fish acute toxicity test 

 

1.1.  Removal of C. polykrikoides by chemical disinfectants 

C. polykrikoides has become a major fish and shellfish killing red tide species in inland fish farms 

in Korea. Figure 2 shows the optical microscopy images of C. polykrikoides. The average length of 

the C. polykrikoides cells is 33.6 μm and single ellipsoidal cells were observed (Figure 2a). The cells 

form chains consisting of two or four cells (Figures 2b and 2c); eight-cell chains were rarely observed 

(Figure 2d).  

 

 

Figure 2. Optical microscopy images of C. polykrikoides. Scale bar: 50 μm 
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The removal rate and observed rate constant for the inactivation of C. polykrikoides by various 

oxidants were examined (Figure 3). Viable cells were considered as active cells, and total number of 

cells was calculated by adding the number of active and inactivated cells that had maintained their cell 

structure during the treatment. For an initial cell density of 1.0 × 10
3
 cells/mL, the results of the 

removal and inactivation rates of algal cells according to the various oxidant doses are presented in 

Figure 3. The removal and inactivation rates of C. polykrikoides increased with the increasing dose of 

oxidants. The cells were inactivated by 99% after 10 min exposure to an O3 dose of greater than 1.0 

ppm. When injecting MnO4
-
 and Cl2 at doses exceeding 1.0 ppm, the removal efficiency was 

enhanced by 99% after 180 min. In addition, treatment with 10.0 ppm H2O2 resulted in 99% removal 

of viable cells and 91% removal of total cells after 180 min. For 1.0 × 10
3
 cells/mL, the treatment of 

O3 dose above 1.0 ppm resulted in 99% removal of viable cells, whereas 10.0 ppm H2O2 was required 

for a comparable level of inactivation. Also, for 0.5 × 10
3
, 1.0 × 10

3
, 2.0 × 10

3
, and 3.0 × 10

3
 cells/mL, 

the removal of C. polykrikoides by O3, MnO4
-
, Cl2, and H2O2 was examined as shown in Figures 16, 4, 

5, and 6, respectively. This result demonstrates that O3 showed much higher removal efficiency for 

the C. polykrikoides than other oxidants under identical experimental conditions. Disinfectants 

effectively inactivate the C. polykrikoides in the order of O3 > MnO4
-
 > Cl2 > H2O2. The results 

demonstrate the potential of chemical disinfectants as alternative technologies for the removal of red 

tide. 
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Figure 3. Removal and observed rate constant for inactivation of C. polykrikoides by various 

oxidants ((a) O3, (b) MnO4
-
, (c) Cl2, (d) H2O2) 

[Cell]0 = 1.0 × 10
3
 cells/mL; [O3]0 = 0.5, 1.0, 1.5, 2.0, 5.0 ppm; [MnO4

-
]0 = [Cl2]0 = 0.1, 0.5, 1.0, 5.0 

ppm; [H2O2]0 = 0.1, 1.0, 5.0, 10.0 ppm; pHi = 7.9; Reaction time = 10 min (a), 180 min (b, c, d) 
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Figure 4. Removal of C. polykrikoides by MnO4
-
 ((a) viable cell, (b) total cell) 

[Cell]0 = 0.5 × 10
3
, 1.0 × 10

3
, 2.0 × 10

3
, 3.0 × 10

3
; [MnO4

-
]0  = 0.1, 0.5, 1.0, 5.0 ppm; pHi = 7.9;    

Reaction time = 180 min 
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Figure 5. Removal of C. polykrikoides by Cl2 ((a) viable cell, (b) total cell) 

[Cell]0 = 0.5 × 10
3
, 1.0 × 10

3
, 2.0 × 10

3
, 3.0 × 10

3
; [Cl2]0  = 0.1, 0.5, 1.0, 5.0 ppm; pHi = 7.9;    

Reaction time = 180 min 
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Figure 6. Removal of C. polykrikoides by H2O2 ((a) viable cell, (b) total cell) 

[Cell]0 = 0.5 × 10
3
, 1.0 × 10

3
, 2.0 × 10

3
, 3.0 × 10

3
; [H2O2]0  = 0.1, 1.0, 5.0, 10.0 ppm; pHi = 7.9;    

Reaction time = 180 min 
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The observed rate constant for the inactivation of C. polykrikoides by O3, MnO4
-
, Cl2, and H2O2 

was examined (Figure 7). The experiment was conducted to compare the observed rate constants 

among O3, MnO4
-
, Cl2 and H2O2 for the inactivation of C. polykrikoides as a function of cell density. 

The cell densities used for this experiment were 0.5 × 10
3
, 1.0 × 10

3
, 2.0 × 10

3
, and 3.0 × 10

3
 cells/mL 

and the concentration of oxidants was 1.0 ppm. The inactivation of C. polykrikoides was inhibited 

more by O3 than by H2O2; note that the inhibitory effect was much greater for viable cells than for 

total cells when cell density decreased. The observed rate constant for the inactivation of C. 

polykrikoides by the various chemical disinfectants of O3, MnO4
-
, Cl2 and H2O2 as a function of 

oxidant dose are shown in Figures 17, 8, 9 and 10, respectively. The observed rate constant for the 

inactivation of C. polykrikoides was in the order of O3 > MnO4
-
 > Cl2 > H2O2. The inactivation rate of 

C. polykrikoides by O3 was found to be approximately 7 times higher than that by MnO4
-
 relative to 

the experimental conditions. This result shows that ozonation is a stronger treatment method than the 

other oxidant treatments for the control of red tide dinoflagellate. 

 

Cell density (10
3
 cells/mL)

1 2 3 4 5 6

k
 (

m
in

-1
)

0

2

4

6

8

10

0.5 1.0 2.0 3.0

0.000

0.005

0.010

2.000

4.000

6.000

8.000

10.000

Viable cell

Total cell

0.5 1.0 2.0 3.0
0.0

0.5

1.0

1.5

2.0

4.0

6.0

8.0

10.0

0.5 1.0 2.0 3.0
0.0

0.1

0.2

2.0

4.0

6.0

8.0

10.0

0.5 1.0 2.0 3.0

8.0

10.0

2.0

4.0

6.0

(a) O3
(b) MnO4

- (c) Cl2 (d) H2O2

 

Figure 7. Observed rate constant for inactivation of C. polykrikoides by various oxidants 

((a) O3, (b) MnO4
-
, (c) Cl2, (d) H2O2) 

[Cell]0 = 0.5 × 10
3
, 1.0 × 10

3
, 2.0 × 10

3
, 3.0 × 10

3
 cells/mL; [Oxidants]0 = 1.0 ppm; pHi = 7.9; 

Reaction time = 10 min (a), 180 min (b, c, d) 
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Figure 8. Observed rate constant for removal of C. polykrikoides by MnO4
-
 

((a) [Cell]0 = 0.5 × 10
3
 cells/mL, (b) 1.0 × 10

3
 cells/mL (c) 2.0 × 10

3
 cells/mL, (d) 3.0 × 10

3
 cells/mL) 

[Cell]0 = 0.5 × 10
3
, 1.0 × 10

3
, 2.0 × 10

3
, 3.0 × 10

3
; [MnO4

-
]0  = 0.1, 0.5, 1.0, 5.0 ppm; pHi = 7.9;  Reaction time = 180 min 
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Figure 9. Observed rate constant for removal of C. polykrikoides by Cl2 

((a) [Cell]0 = 0.5 × 10
3
 cells/mL, (b) 1.0 × 10

3
 cells/mL (c) 2.0 × 10

3
 cells/mL, (d) 3.0 × 10

3
 cells/mL) 

[Cell]0 = 0.5 × 10
3
, 1.0 × 10

3
, 2.0 × 10

3
, 3.0 × 10

3
; [Cl2]0  = 0.1, 0.5, 1.0, 5.0 ppm; pHi = 7.9;  Reaction time = 180 min 
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Figure 10. Observed rate constant for removal of C. polykrikoides by H2O2 

((a) [Cell]0 = 0.5 × 10
3
 cells/mL, (b) 1.0 × 10

3
 cells/mL (c) 2.0 × 10

3
 cells/mL, (d) 3.0 × 10

3
 cells/mL) 

[Cell]0 = 0.5 × 10
3
, 1.0 × 10

3
, 2.0 × 10

3
, 3.0 × 10

3
; [H2O2]0  = 0.1, 1.0, 5.0, 10.0 ppm; pHi = 7.9;  Reaction time = 180 min 
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1.2.  Decay of total residual oxidants 

In this study, the depletion of residual oxidants was investigated to determine the effect of the 

treatment on the absence and presence of C. polykrikoides. The control experiment indicates that O3 

consumption was very rapid and the decomposition of MnO4
-
 and H2O2 did not affect the decrease of 

concentration during the experimental course (data not shown). Figure 11 shows the depletion of 

residual oxidant as a function of oxidant dose in the presence of C. polykrikoides. For 1.0 × 10
3
 

cells/mL, the O3 was completely decomposed in under 10 min, and the residual O3 was not detected. 

The depletion reactions of the oxidant were observed as a function of reaction time. Moreover, as the 

applied oxidant dose increased, the time required for the residual oxidant to be consumed also 

increased. When dose of 1.0 ppm of MnO4
-
 and H2O2 were applied, the oxidant was consumed within 

180 min. When the concentration of 5.0 ppm of MnO4
-
 and H2O2 were applied, 20% and 23% residue 

were observed after 180 min, respectively. 
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Figure 11. Depletion of residual oxidant as a function of oxidant dose in the presence of               

C. polykrikoides ((a) O3, (b) MnO4
-
, (c) H2O2) 

[Cell]0 = 1.0 × 10
3
 cells/mL; [Oxidants]0 = 1.0, 5.0 ppm; pHi = 7.9;                                            

Reaction time = 10 min (a), 180 min (b, c) 
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These oxidants (MnO4
-
 and H2O2) either were completely consumed or remained as residual 

oxidants. Seawater contains high concentrations of Br
-
, which reacts with oxidants to form bromine 

(hypobromous acid and hypobromite, HOBr/OBr
-
). The stable oxidants such as bromine are called 

total residual oxidant (TRO), and can contain chlorine, bromine, 

OH, and so on (Perrins et al., 2006), 

which are active in inactivating marine organisms. In seawater, the primary brominated compound 

formed by O3 is hypobromous acid (HOBr), which is in equilibrium with hypobromite (OBr
-
). The 

first reaction shows that, in seawater, O3 oxidizes Br
-
 to OBr

-
. The OBr

-
 hydrolyzes into HOBr, which 

is a weak acid with a pKa of 8.8. Cl2 could be converted to HOBr by reactions. However, the MnO4
-
 

reacts with Br
-
 to generate HOBr in acid medium (Lawani and Sutter, 1973) and H2O2 does not 

promote the production of HOBr through reaction with Br
-
. 

As mentioned above, the oxidant treatment in seawater generates bromine, which is expressed as 

TRO (unit; TRO as Cl2 μM). During oxidant treatment in seawater, the concentration of TRO was 

observed to slowly decrease, while HOBr sharply increased by 5 min and then decreased as a function 

of reaction time (data not shown). The depletion of TRO and production of HOBr as a function of 

oxidant dose were examined in the presence of C. polykrikoides (Figure 12). The concentration of 

TRO and HOBr increased as the oxidant dose increased and then decreased as the reaction time 

increased. For 1.0 × 10
3
 cells/mL, the rapid decay of TRO by O3 and Cl2 occurred in the initial 

reaction and TRO was mostly decomposed after 180 min. A slow rate of decay of TRO by MnO4
-
 was 

observed, which remained approximately at 13% at the concentration of 5.0 ppm after 180 min. The 

concentration of TRO by H2O2 was much lower than that of other oxidants. During ozonation and 

chlorination, 10 μM and 3 μM of HOBr was produced after 5 min, respectively. On the other hand, 

MnO4
-
 and H2O2 do not promote the HOBr production of brominated byproducts. The study compared 

the TRO decay and HOBr production in the absence and presence of C. polykrikoides. It was found 

that the TRO in the presence of C. polykrikoides was shown to decay faster than in the absence of C. 

polykrikoides, and it is known that TRO decay and HOBr production can be affected by the water 

quality characteristics. 
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Figure 12. Depletion of TRO and production of HOBr as a function of oxidant dose in the 

presence of C. polykrikoides ((a) O3, (b) Cl2, (c) MnO4
-
, (d) H2O2) 

[Cell]0 = 1.0 × 10
3
 cells/mL; [O3]0 = 0.5, 1.0, 1.5, 2.0, 5.0 ppm; [MnO4

-
]0 = [Cl2]0 = 0.1, 0.5, 1.0, 5.0 

ppm; [H2O2]0 = 0.1, 1.0, 5.0, 10.0 ppm; pHi = 7.9; Reaction time = 180 min 
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1.3. Formation of BrO3
-
 

In the ozonation of water containing Br
-
 containing water, it is an important to monitor BrO3

-
 as an 

inorganic byproduct because of its risk to the ecosystem and human health. The seawater generally 

contained 65 ppm of Br
-
, which is much higher than the concentration of Br

-
 in fresh water. The 

formation of BrO3
-
 after chemical disinfectant treatment was examined (Figure 13). Water samples 

were prepared by spiking each sample with DI water at a Br
-
 concentration of 65 ppm. The pH of 

solution was then adjusted to 7.9. The concentration of BrO3
-
 increased with increasing oxidant dose. 

At dose of Cl2 and O3 of 0.5 ppm, the concentrations of BrO3
-
 were detected to be 0.12 ppb and 0.75 

ppb, respectively. Especially, the O3 dose of 5.0 ppm resulted in formation of 278 ppb BrO3
-
. 

However, the production of BrO3
-
 by MnO4

-
 and H2O2 was not detected until the oxidant dose of 5.0 

ppm. O3 resulted in a much higher formation of BrO3
-
 than Cl2, MnO4

-
, and H2O2. Ozonation 

generates important oxidants such as bromine (HOBr/OBr
-
), which reacts with molecular O3 and then 

terminates in BrO3
-
 formation. Therefore, the ozonation conditions need to be optimized in order to 

minimize the formation of BrO3
-
 and other byproducts.  
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Figure 13. BrO3
-
 formation as a function of oxidant dose 

[Br
-
]0 = 65 ppm; [Oxidants]0 = 0.5, 1.0, 5.0 ppm; pHi = 7.9; Reaction time = 180 min 
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1.4. Fish acute toxicity test 

The acute toxicity of farmed fish should be assessed to determine the safe concentrations of 

oxidants for fish by confirming the level of toxicity to fish of MnO4
-
, Cl2, and H2O2 treatments. The 

fish selected for the acute toxicity test was juvenile red sea bream (Pagrus major), the concentration 

of which are commonly damaged from red tide in Korea. The seawater sample used for this study was 

collected from Namhae, Korea. Table 3 summarizes the water quality data of the seawater. The 

average pH and conductivity of seawater were 7.9 and 47.8 mS/cm, respectively. The chloride ion 

concentration of the sampled seawater was 17,451 ppm. 

 

 

A pre-test was performed using 30 fish in a tank in order to monitor the mortality of juvenile red 

sea bream, Pagrus major when exposed to three oxidants at various concentrations. The MnO4
-
 and 

Cl2 concentrations of 5.0 ppm and 10.0 ppm, respectively, resulted in the mortality of 30 fish in 5 min. 

When the concentration of H2O2 was 500 ppm, most of the fish perished after 30 min. The 

concentrations of oxidants were as follows: MnO4
-
 = 0.1, 0.2, and 0.5 ppm; Cl2 = 0.5, 1.0, and 1.5 

ppm; and H2O2 = 50, 100, and 200 ppm. 

 

 

Table 3. Water-quality parameters of seawater (Namhae, Korea) 

Parameters Seawater 

pH 7.9 

Conductivity (mS/cm) 47.8 

Alkalinity (mg/L as CaCO3) 117.2 

Turbidity (NTU) 0.05 

DOC (mg/L) 2.38 

A254 (cm
-1

) 0.01 

Anion 

(mg/L) 

Cl
-
 17,451 

SO4
2-

 1,821 

Cation 

(mg/L) 

Na
+
 11,071 

K
+
 511 

Mg
2+

 1,136 

Ca
2+

 391 
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Juvenile red sea bream were exposed to MnO4
-
, Cl2, and H2O2 at a range of concentrations, and 

their survival was investigated, similar to the fish acute toxicity test described above. Control tests 

were performed without any chemical disinfectants to confirm the appropriate concentrations of 

oxidants for fish survival during the experiment. When the concentration of oxidants was increased, 

the survival of juvenile red sea bream decreased. Figure 14a reveals that the MnO4
-
 concentration of 

0.1 ppm did not affect the toxicity to fish and at a dose of 0.2 ppm, 95% of fish survived after 72 h 

exposure. Especially, fish survival was affected by 0.5 ppm MnO4
-
 within 12 h of the initial exposure. 

As shown in Figure 14b, the fish survived the effect of Cl2 treatment at lower doses of MnO4
-
; 0.5 

ppm and 1.0 ppm Cl2 resulted in 95% and 90%, respectively, of survival during 72 h. However, the 

Cl2 strongly effected fish survival as the concentration increased to more than 1.5 ppm. In the H2O2 

test (Figure 14c), almost all of the juvenile red sea bream survived at a dose of 50 ppm of H2O2 

concentration. The survival decreased gradually with exposure time, with 0% survival after 72 h 

exposure at the H2O2 concentration of 200 ppm.  
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Figure 14. Time course change in survival of juvenile red sea bream (Pagrus major) exposed to 

various oxidants for 72-h 

[MnO4
-
]0 = 0.1, 0.2, 0.5 ppm; [Cl2]0 = 0.5, 1.0, 1.5 ppm; [H2O2]0 = 50, 100, 200 ppm;                                        

Exposure time = 72 h 
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The log concentration and mortality (%) regression for juvenile red sea bream are shown in Figure 

15. The LC50 values were calculated by fitting the sigmoid regression model between the log 

concentration and mortality. When the concentration of oxidants was increased, the mortality of 

juvenile red sea bream (calculated from the slopes of the mortality curves shown in Figures 15a, 15b, 

and 15c) increased. 
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Figure 15. Log concentration and mortality regression for juvenile red sea bream               

(Pagrus major) by various oxidants for 72-h 

[MnO4
-
]0 = 0.1, 0.2, 0.5, 1.0, 5.0, 10.0 ppm; [Cl2]0 = 0.5, 1.0, 1.2, 1.5, 2.0, 5.0, 10.0 ppm;                         

[H2O2]0 = 50, 100, 200, 500 ppm; Exposure time = 72 h 

 

The LC50 value is the chemical concentration at which 50% of the test animals or fish are killed. 

In general, the smaller the LC50 value, the more toxic the chemical, while the larger the LC50 value, 

the lower the toxicity. The LC50 values of 72-h acute toxicity with the three disinfectants (MnO4
-
, Cl2, 

and H2O2) tested on juvenile red sea bream (Table 4) showed that MnO4
-
 was the most toxic among 

the three compounds on organism. The acute toxicity of MnO4
-
, Cl2, and H2O2 to juvenile red sea 

bream was reached at 72-h with LC50 values of 0.39, 1.32, and 102.61 ppm, respectively. 

Concentration of MnO4
-
 lower than 1.0 ppm showed a very strong effect on toxicity to fish, while 

H2O2 showed a lower toxicity than other oxidants. The LC50 values of juvenile red sea bream by 

various oxidants for 72-h were shown to be higher than the residual oxidant concentration during 

oxidant treatment. This result indicates that the use of chemical oxidants does not affect the 

aquaculture fish and simultaneously removes red tide dinoflagellate. 
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Oxidants MnO4
-
 Cl2 H2O2 

LC50 value (ppm) 0.39 1.32 102.61 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. LC50 value of juvenile red sea bream (Pagrus major) by various oxidants for 72-h  
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2. Control of C. polykrikoides  by O3 

 

2.1. Removal of C. polykrikoides by O3  

Further experiments were conducted to examine the removal efficiency of C. polykrikoides by O3 

(Figure 16). Viable cells were considered as active cells, and the total number of cells was calculated 

by adding the number of active and inactivate cells that had maintained their cell structure during the 

treatment. The results were averaged, and the counts were converted to units of cells/mL. All 

experiments were performed in a batch system and the cell densities used for this experiment were 0.5 

× 10
3
, 1.0 × 10

3
, 2.0 × 10

3
, and 3.0 × 10

3
 cells/mL. The C. polykrikoides was exposed to 0.5, 1.0, 1.5, 

2.0, and 5.0 ppm of O3. The removal of C. polykrikoides by O3 increased with increasing O3 dose. The 

C. polykrikoides cells were rapidly inactivated by 99% after 10 min exposure to an O3 dose of more 

than 1.0 ppm. At an O3 dose of 5.0 ppm, most of the cells were ruptured. Before O3 injection, the 

motility of the active cells of C. polykrikoides was monitored, but exposure to O3 resulted in inactivate 

cells. The C. polykrikoides cells treated with the O3 system exhibited significant disruption of their 

cell membrane during continuous O3 exposure. Therefore, the removal of red tide dinoflagellate by O3 

is demonstrated as an effective cell disruption method compared to spraying with activated clay which 

merely results in flocculation or sedimentation of the algal cells and does not remove the species. 
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Figure 16. Removal of C. polykrikoides by O3 ((a) viable cell, (b) total cell) 

[Cell]0 = 0.5 × 10
3
, 1.0 × 10

3
, 2.0 × 10

3
, 3.0 × 10

3
; [O3]0  = 0.5, 1.0, 1.5, 2.0, 5.0 ppm; pHi = 7.9;    

Reaction time = 600 sec 

 

Figure 17 shows the inactivation kinetics of C. polykrikoides by O3. The experiment was 

conducted to compare the observed rate constant for the inactivation of C. polykrikoides as a function 

of cell density and O3 dose. The removal rate was faster with the cell density of 0.5 × 10
3
 cells/mL, 

than with the high cell density, whereas the cell densities of 1.0 × 10
3
 and 2.0 × 10

3
 cells/mL showed 

similar rate constant results. The removal rate was the slowest with the high cell density. In addition, a 

constant increase of the removal rate was shown as the O3 dose increased, and a decrease of the 

removal rate was shown with a higher density of C. polykirkoides. For 0.5 × 10
3
 cells/mL, the 

inactivation rate of C. polykrikoides by O3 was found to be approximately 2 times higher than that 

relative to the experimental conditions on 3.0 × 10
3
 cells/mL. 
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Figure 17. Observed rate constant for removal of C. polykrikoides by O3 

((a) [Cell]0 = 0.5 × 10
3
 cells/mL, (b) 1.0 × 10

3
 cells/mL (c) 2.0 × 10

3
 cells/mL, (d) 3.0 × 10

3
 cells/mL) 

[Cell]0 = 0.5 × 10
3
, 1.0 × 10

3
, 2.0 × 10

3
, 3.0 × 10

3
; [O3]0  = 0.5, 1.0, 1.5, 2.0, 5.0 ppm; pHi = 7.9;               

Reaction time = 600 sec 
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2.2 Oxidation for C. polykrikoides 

To further verify the characteristics of oxidation for C. polykrikoides removal, experiments were 

conducted for quantification of the oxidants by varying the O3 dose. Fig. 18 shows the depletion of 

residual O3 and production of HOBr as a function of O3 dose in the presence of C. polykrikoides. For 

1.0  10
3
 cells/mL, a very rapid O3 decrease during the initial phase of the ozonation can be observed. 

The second step of O3 demand is the slow decrease in O3 occurring during the 5 minutes after the 

initial step. The C. polykrikoides were then completely consumed after 10 min (Fig. 18a). Moreover, 

as the applied O3 dose increases, the time required for the residual O3 to be consumed also increases. 

The decomposition of O3 in seawater can be characterized by two reaction steps. In the first step, O3 is 

rapidly consumed to produce 

OH, which is caused by the instantaneous O3 demand (IOD). The 

second step occurs slowly or moderately. IOD increases as the natural organic matter in water 

increases in general (Cho et al., 2003). These results demonstrate that the decay rate of O3 in the 

presence of C. polykrikoides was much higher, but only a small amount of 

OH was produced from O3 

decomposition in the presence of C. polykrikoides. 

As shown in Fig. 18b, the concentration of HOBr sharply increased at 5 min and then decrease as 

a function of reaction time during ozonation in the presence of C. polykrikoides.   

As previously mentioned, seawater contains high levels of Br
-
, which reacts with O3 to generate 

stable oxidants such as bromine (hypobromous acid and hypobromite, HOBr/ OBr
-
). These oxidants 

are stable and can be active in inactivating marine organisms. In seawater, the primary brominated 

compound formed by O3 is HOBr, which is in equilibrium with OBr
-
. The first reaction shows that O3 

in seawater oxidizes the Br
-
 to OBr

-
. The OBr

-
 hydrolyzes into HOBr, which is a weak acid with a pKa 

of 8.8 (von Gunten and Hoigné, 1994). The main disinfection oxidant in seawater after ozonation is 

HOBr, which is known as a weak oxidant but a strong disinfectant (Juretić et al., 2011). 

Thus, the O3 showed the effective removal efficiency of C. polykrikoides with two distinct stages. 

The first stage of inactivation, which occurred rapidly within 1 min reaction time, was mainly 

achieved by the direct oxidation of molecular O3. The second stage, which occurred by HOBr 

reactions, showed a slower inactivation than that at the first stage. In other words, the removal of C. 

polykrikoides by O3 was rapid, and appeared to be caused by initial ozonation, and then slow reaction, 

in which Br
-
 was oxidized to HOBr. 
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Figure 18. Depletion of O3 (a) and production of HOBr (b) as a function of O3 dose  

[Cell]0 = 1.0 × 10
3
 cells/mL; [O3]0 = 0.5, 1.0, 1.5, 2.0, 5.0 ppm;  pHi = 7.9;                               

Reaction time = 300 sec (a), 120 min (b) 
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2.3 Role of the O3 decomposition promoter and inhibitor 

Molecular O3 is capable of including the formation of perhydroxyl ion (HO2
-
), which then reacts 

with other O3 to form ozonide ion (

O3

-
) and superoxide radical anion (


O2

-
) (Staehelin and Hoigné, 

1985). Promoters such as humic substances, formic acid, glyoxylic acid and primary alcohols are 

responsible for the regeneration of the 

O2

-
 from the 


OH. Figure 19 shows the effect of humic acid 

concentration on C. polykrikoides removal efficiency. Humic acid plays the role of a promoter for O3 

decomposition. As shown in Figure 19, humic acid expressed a relatively low level of removal 

efficiency on the cells; 2.0 ppm humic acid and 0.7 ppm O3 doses resulted in 67% and 35% of viable 

and total cells inactivation, respectively, of C. polykrikoides within 10 min. However, a greater effect 

was achieved when humic acid concentration was decreased from 2.0 to 0.5 ppm. The removal 

efficiency of C. polykrikoides decreased with increasing concentration of humic acid. This effect can 

be explained by the consumption of O3 and 

OH by the humic acid.  
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Figure 19. Effect of humic acid concentration on C. polykrikoides removal efficiency 

((a) [O3]0 = 0.3 ppm, (b) 0.5 ppm, (c) 0.7 ppm)  

[Cell]0 = 1.0 × 10
3
 cells/mL; [O3]0 = 0.3, 0.5, 0.7 ppm; [humic acid]0 = 0.5, 1.0, 2.0 ppm; pHi = 7.9; 

Reaction time = 600 sec 
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In addition, the role of the O3 decomposition inhibitor is shown in Figure 20. The inhibitors are 

compounds capable of consuming 

OH without regeneration of the superoxide anion. Carbonate, 

bicarbonate, alkyl groups, and tertiary alcohols are some of the common inhibitors. Carbonate acts as 

an inhibitor of the radical-type chain reaction that accelerates the decomposition of O3. In contrast, 

humic acid was shown to have a remarkable effect on C. polykrikoides removal efficiency, as shown 

in Figure 20. Figure 20 shows the limited inactivation of carbonate concentration; the removal of less 

than 50% of total cells was obtained with 1.0 mM carbonate after 10 min. When the carbonate 

concentration increased over the range of the experiment from 0.1 to 5.0 mM, no significant alteration 

was found in the removal effect, in which approximately 88% viable cell removal efficiency was 

achieved after 10 min when the carbonate and 0.7 ppm O3 dose were not applied. However, removal 

efficiency of about 90% of viable cells was steadily maintained despite the elevation of carbonate 

concentration from 0.1 to 5.0 mM. The test result indicated that the removal efficiency of C. 

polykrikoides total cells was only slightly increased by changing the carbonate concentration. On the 

other hand, the removal efficiency of C. polykrikoides viable cells was increased as a function of 

carbonate concentration. The results indicate that the removal of C. polykrikoides by O3 was increased 

more with increasing O3 exposure than by 

OH. 
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Figure 20. Effect of carbonate concentration on C. polykrikoides removal efficiency  

((a) [O3]0 = 0.3 ppm, (b) 0.5 ppm, (c) 0.7 ppm)  

[Cell]0 = 1.0 × 10
3
 cells/mL; [O3]0 = 0.3, 0.5, 0.7 ppm; [carbonate]0 = 0.1, 1.0, 5.0 mM; pHi = 7.9; 

Reaction time = 600 sec 
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2.4. Effect of solution pH and temperature 

The response surface method (RSM) is a useful statistical technique for the optimization of 

complex processes and is widely used for the design of experiment (Myers and Montgomery, 2002). 

The most important factors affecting the O3 decomposition are pH and temperature. RSM was 

employed in this study to investigate the relationship between the solution pH, temperature, and O3 

dose. 

The effect of pH on C. polykrikoides inactivation activity of O3 was investigated by conducting 

experiments at three different pH of 6.5, 8.0, and 9.5, the results of which are presented in Figure 21. 

Figure 21 shows a response surface plot of the effect of pH and O3 dose on C. polykrikoides removal 

efficiency. This result reveals a good consistency in inactivation activity of O3 over the pH range; for 

all O3 dose conditions, the efficiency of C. polykrikoides removal increased when pH decreased to 6.5. 

Stronger removal efficiency was achieved at lower pH condition with the higher level of O3 used. By 

decreasing the initial pH and increasing O3 dose, the C. polykrikoides removal efficiency increased. 

Table 5 shows the analysis of variance (ANOVA) for the regression equation used to investigate the 

relationship between the pH of solution and O3 dose. The experimental data showed a determination 

coefficient (R
2
) of 0.97 and 0.98 for the viable cell and total cell, respectively. Also, the calculated 

model showed no significant lack of fit at p > 0.05, showing it is possible to estimate the pure error. 

The results indicated that the model used showed a significant fit between the response variables and 

the interaction (pH of solution and O3 dose model terms) (p < 0.05). 

The pH of the solution is an important factor affecting the O3 decomposition because hydroxide 

ions (OH
-
) initiate the O3 decomposition. At a low pH, O3 decomposition is relatively slow; however, 

as an initiator product for the 

OH, hydroxide ion has a high pH. The products of the 


OH reactions 

might therefore generate HO2˙/O2˙
-
, which further promotes radical-type chain reactions (Elovitz et al., 

2000). Accordingly, O3 decomposition occurs faster in a higher pH solution. This indicates that the 

high removal efficiency of C. polykrikoides in this study is mainly due to direct O3 reaction, and that 

the effect of pH has a more significant influence on red tide dinoflagellate removal.  
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Figure 21. Effect of pH and O3 dose on C. polykrikoides removal efficiency 

((a) viable cell, (b) total cell) 

[Cell]0 = 1.0 × 10
3
 cells/mL; [O3]0 = 0.3, 0.5, 0.7 ppm; pHi = 6.5. 8.0. 9.5; Reaction time = 600 sec 

 

Terms 
Viable cell Total cell 

Coefficient F-value p-value Coefficient F-value p-value 

Intercept 83.55   37.09 
  

X1 15.27 103.29 <0.0001 11.68 106.44 <0.0001 

X2 -10.02 44.43 0.0006 -14.48 163.58 <0.0001 

X1X2 3.81 4.28 0.0841 0.28 0.041 0.8456 

X1
2 -8.59 14.85 0.0084 -5.75 11.73 0.0141 

Model p-value R
2 

Adequate 
precision 

p-value R
2 

Adequate 
precision 

Regression 0.0002 0.9653 20.380 <0.0001 0.9792 27.984 

Lack-of-fit 0.5259   0.1650 
  

Table 5. Statistical significance of estimated response surface model coefficients (X1: O3, X2: pH; 

Removal efficiency of C. polykrikoides) 
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Two-dimensional contour and three-dimensional response surface plots are presented in Figure 22; 

the figure shows the results of ozonation experiments with seawater cultured C. polykirkoides at 

temperatures of 19, 24, and 29
◦
C. With the decrease of temperature and increase of O3 dose, the 

removal efficiency increased. The ANOVA of the solution temperature and O3 dose showed that the 

results had an R
2
 of above 0.98 (viable cell and total cell) (Table 6). The ANOVA for the lack of fit 

was not significant (p > 0.05) for the model. Moreover, the model terms showed significance (p < 

0.05), indicating that the model could adequately fit the experiment data. 

This result was primarily due to the increase of O3 decomposition rate with increasing temperature. 

In other words, as temperature increases, O3 causes more rapid decomposition, and then becomes less 

stable in water, leading to the consumption of O3 and 

OH. Thus, the C. polykrikoides removal 

efficiency at a low pH, low temperature, and high O3 dose is increased with the increase in exposure 

to O3. 
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Figure 22. Effect of temperature and O3 dose on C. polykrikoides removal efficiency 

((a) viable cell, (b) total cell) 

[Cell]0 = 1.0 × 10
3
 cells/mL; [O3]0 = 0.3, 0.5, 0.7 ppm; Temp. = 19, 24, 29

◦
C; Reaction time = 600 sec 

 

Terms 
Viable cell Total cell 

Coefficient F-value p-value Coefficient F-value p-value 

Intercept 82.57   34.65 
  

X1 17.45 229.80 <0.0001 15.42 247.74 <0.0001 

X2 -3.32 8.31 0.0345 -4.33 19.54 0.0069 

X1X2 0.29 0.043 0.8436 -0.60 0.25 0.6370 

X1
2 -11.96 43.18 0.0012 -5.79 13.96 0.0135 

Model p-value R
2 

Adequate 
precision 

p-value R
2 

Adequate 
precision 

Regression 0.0001 0.9825 20.833 0.0001 0.9825 23.280 

Lack-of-fit 0.9295   0.9390 
  

Table 6. Statistical significance of estimated response surface model coefficients (X1: O3, X2: pH; 

Removal efficiency of C. polykrikoides) 
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2.5. Formation of BrO3
-
 

O3 reacts with Br
-
 to create toxic byproducts such as BrO3

-
. The concentration of Br

-
 in seawater is 

determined to be 65 ppm, which is much higher than the Br
-
 concentration in fresh water. The BrO3

-
 

formation was examined during ozonation in water containing Br
-
. Water samples were prepared by 

spiking each sample with DI water at a concentration of Br
-
 of 65 ppm. In addition, the pH of the 

solution was adjusted to 7.9 and the O3 was injected into 100 mL Pyrex flasks at an O3 dose from 0.5 

to 5.0 ppm. Figure 23 shows the formation of BrO3
-
 as a function of O3 dose. The concentration of 

BrO3
-
 increased with increasing O3 dose. The concentration of BrO3

-
 of 0.75 ppb was detected at an 

O3 dose of 0.5 ppm and gradually increased as a function of O3 dose. An O3 dose of 5.0 ppm resulted 

in the formation of a BrO3
-
 concentration of 278 ppb. The concentration of BrO3

-
 can only be 

maintained at less than 10 ppb (WHO, 2011) at the O3 dose of less than 1.0 ppm. Therefore, to 

determine the optimal O3 dose, the formation of BrO3
-
 needs to be minimized. 
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Figure 23. Formation of BrO3
-
 as a function of the O3 dose 

[Br
-
]0 = 65 ppm; [O3]0 = 0.5, 1.0, 1.5, 2.0, 5.0 ppm; pHi = 7.9; Reaction time = 180 min 
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2.6. Prediction model for full scale application of the O3 system 

In this study, the treatment efficiency of O3 when introduced as a pretreatment process for intake 

seawater to inland fish farms is predicted on the basis of the results obtained from the removal of C. 

polykrikoides (Figure 24). The flow rate of the O3 generator and the concentration of the O3 influent 

gas are assumed to be 2 L/min and 830 mg/L, respectively. The tank has a capacity of 120 m
3
 (W = 10 

m; L = 10 m; H = 1.2 m), and the flow rate of seawater into the tank is 120 m
3
/h, which is the control 

used for inland fish farms. In this process, the concentration of O3 flowing through the intake pipe was 

calculated from the flow rate of seawater and the concentration of O3 influent gas. In addition, 

considering that the hydraulic retention time (HRT) is the main factor in defining the intake pipe 

volume, the treatment efficiency of the O3 process was examined based on the HRT with intake pipes 

of various lengths. For a given set of operating conditions, the applied O3 concentration flowing 

through the intake pipe from the O3 generator was 0.83 ppm and when the length of the intake pipe 

was 20 and 40 m, the HRT was calculated as 117.8 and 235.6 sec, respectively. 

 

 

Figure 24. Prediction model for full scale application of the O3 system 
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Figure 25 shows the prediction results of the removal efficiency of C. polykrikoides at the O3 

doses of 0.5, 1.0, and 1.5 ppm and the reaction times of 60, 180, and 300 sec by applying the response 

surface method (RSM). The removal efficiency of C. polykrikoides increased with increasing O3 dose 

and longer reaction time (Figure 25). This result, obtained from a statistical modeling equation using 

RSM, demonstrates that the removal efficiency of C. polykrikoides can be examined based on the 

HRT and concentration of O3 influent from the intake pipe to the tank of inland fish farms.  

 

 

Figure 25. Effect of reaction time and O3 dose on C. polykrikoides removal efficiency 

((a) [Cell]0 = 0.5 × 10
3
 cells/mL, (b) 1.0 × 10

3
 cells/mL (c) 2.0 × 10

3
 cells/mL, (d) 3.0 × 10

3
 cells/mL) 

[Cell]0 =  0.5 × 10
3
, 1.0 × 10

3
, 2.0 × 10

3
, 3.0 × 10

3
 cells/mL; [O3]0 = 0.5, 1.0, 1.5 ppm;               

reaction time = 60, 180, 300 sec 
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The results of RSM applied to the model equation could be used to evaluate the removal 

efficiency of C. polykrikoides according to the cell density. It should be noted that the forecasting of 

red tide blooming in Korea involves four steps: red tide appearance, red tide attention, red tide alert, 

and warning lift. The attention and alert notices are issued when the cell density of fish killing species 

(C. polykrikoides) exceeds 100 and 1,000 cells/mL, respectively. We studied the effect of the intake 

pipe length (L = 20, 40 m) and hydraulic retention time (HRT = 177.8, 235.6 sec) using the RSM and 

model equation at an applied O3 dose of 0.83 ppm. The effect of HRT on the performance of the 

process was highly significant: The removal efficiency was found to be up to 99.9% and increased 

when the cell density decreased. In addition, the inhibitory effect was greater with increasing HRT; it 

was concluded from these results that a longer HRT is more efficient in achieving a high removal 

efficiency of the red tide dinoflagellate (C. polykrikoides) for the applied O3 dose. 

 

Red tide forecast Red tide attention Red tide alert 

Cell density 

(cells/mL) 
0.5 × 10

3
 1.0 × 10

3
 2.0 × 10

3
 3.0 × 10

3
 

Modeling f(t,[O3]) 

HRT (sec) 

91.28+6.38[O3] 

+0.04t-0.03[O3]t 

10.31+130.32[O3] 

+0.08t-0.04[O3]t 

-49.48[O3]
2
 

38.75+94[O3]+0.04t 

-0.01[O3]t-36.63[O3]
2 

-5.3*10
-5
t
2
 

22.13+86.24[O3]+0.16t 

-0.02[O3]t-28.06[O3]
2 

-1.96*10
-4
t
2
-0.01[O3]

2
t 

177.8 98.4 89.9 94.5 94.5 

235.6 99.9 95.4 96.0 95.6 

 

 

 

 

 

 

 

 

 

Table 7. Effect of O3 dose and HRT on C. polykrikoides removal efficiency using statistic 

modeling 
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Chapter 4. Conclusions 

 

The first part of this study investigated the removal of C. polykrikoides by various oxidants 

including ozone (O3), permanganate (MnO4
-
), chlorine (Cl2) and hydrogen peroxide (H2O2) according 

to cell density and oxidant dose. The decay of total residual oxidants and formation of bromate (BrO3
-
) 

after oxidant treatment were examined. In addition, the 72-h LC50 value of various oxidants was 

determined for red sea bream. The focus of this study is on the use of chemical disinfectants (O3, 

MnO4
-
, Cl2, and H2O2) as oxidants for water treatment. O3 showed a much higher efficiency for the C. 

polykrikoides removal than the other oxidants under identical experimental conditions. Disinfectants 

effectively inactivate the C. polykrikoides in the order of O3 > MnO4
-
 > Cl2 > H2O2. The results show 

the potential of chemical disinfectants as alternative technologies to remove the red tide dinoflagellate. 

The seawater contains a high concentration of bromide ion (Br
-
), which reacts with oxidants to form 

bromine (HOBr/OBr
-
). The stable oxidants such as bromine are called total residual oxidants (TRO), 

and can contain chlorine, bromine, 

OH, and so on. TRO produced from O3 and Cl2 mostly converted 

into HOBr due to the presence of Br
-
 in seawater. The depletion of TRO and production of HOBr as a 

function of oxidant dose were examined in the presence of C. polykrikoides. It was found that the 

seawater in the presence of C. polykrikoides decayed faster than in the absence of C. polykrikoides, 

indicating that TRO decay and HOBr production can be affected by the characteristics of water 

quality. In addition, the concentration of BrO3
-
 increased with increasing oxidant dose. Ozonation 

results in a much higher formation of BrO3
-
 than treatments with Cl2, MnO4

-
, and H2O2. The acute 

toxicity of MnO4
-
, Cl2, and H2O2 to juvenile red sea bream was reached at 72-h LC50 values of 0.39, 

1.32, and 102.61 ppm, respectively. MnO4
-
 concentrations lower than 1.0 ppm showed very strong 

toxicity to fish, whereas H2O2 showed less toxicity than other oxidants. The LC50 values of juvenile 

red sea bream by MnO4
-
, Cl2, and H2O2 oxidants for 72-h were higher than the residual oxidant 

concentration by oxidant treatment. 

Secondly, the control of C. polykrikoides, a red tide dinoflagellate by O3 was examined. The aim 

of this study to evaluate the removal efficiency of C. polykrikoides by O3 according to various factors 

affecting the efficiency such as cell density, oxidant dose, humic acid concentration, carbonate 

concentration, pH, and temperature. In addition, the formation of BrO3
-
 after ozonation was examined. 

The removal efficiency of C. polykrikoides increased with increasing the dose of O3. The C. 

polykrikoides cells were inactivated by 99% after 10 min exposure to an O3 dose of more than 1.0 

ppm, while most of the cells ruptured at a 5.0 ppm O3 dose. The removal rate of cells with a high 

density was the slowest. The removal rate showed a constant increase as the O3 dose increased, and 

then reduced with a higher density of C. polykirkoides. The O3 showed the effective removal 

efficiency of C. polykrikoides with two distinct stages. The first stage of inactivation, which occurred 
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rapidly within 1 min reaction time, was mainly achieved by the direct oxidation of molecular O3. The 

second stage, which occurred by HOBr reactions, showed a slower inactivation than that at the first 

stage. In other words, the removal of C. polykrikoides by O3 was rapid, and appeared to be caused by 

initial ozonation, and then slow reaction, in which Br
-
 was oxidized to HOBr. Factors such as humic 

acid concentration, carbonate concentration, pH, and temperature affect the removal efficiency of C. 

polykrikoides by changing the O3 exposure. Humic acid plays the role of a promoter of O3 

decomposition. The removal efficiency of C. polykrikoides decreased with increasing concentration of 

humic acid. This effect can be explained by the consumption of O3 and 

OH by the humic acid. Also, 

carbonate acts as an inhibitor for the radical-type chain reaction that accelerates decomposition of the 

O3 and the removal efficiency of C. polykrikoides increased with the increasing concentration of 

carbonate. The results indicate that the removal of C. polykrikoides by O3 increased more with 

increasing O3 exposure than by 

OH. Low pH and temperature increased the removal efficiency. Thus, 

the C. polykrikoides removal efficiency with a low pH, and low temperature, and a high O3 dose 

increased as the in exposure to O3 increased. The concentration of BrO3
-
 increased with increasing O3 

exposure. The BrO3
-
 concentration of less than 10.0 ppb (WHO, 2011) can only be maintained at the 

O3 dose of less than 1.0 ppm. 
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