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Abstract
The purpose of this study was to use total residual oxidants (TRO) as an
indicator for determining the optimal ozone dosage needed to control water
quality and thereby enhance survival of cultivated aquatic organisms. When
the TRO concentration was maintained at 0.16 mg/l for two hours, the total
bacteria plate count dropped from 7.7 x 103 CFU/ml in the untreated sea
water to less than 10 CFU/ml in the ozone-treated sea water. The TRO con-
centration in the ozone-treated water was well below the 96-h LC50 for
hybrid tilapia (Oreochromis mossambicus x O. niloticus) and whiteleg
shrimp (Litopenaeus vannamei) determined in this study. Hence, adjust-
ment of the ozone concentration in aquacultural sea water is a viable option
that simultaneously kills the majority of harmful bacteria in the water and
enhances survival of cultivated aquatic organisms.
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Introduction
Ozone (O3) was discovered in 1785 by Van Marum who utilized air and high voltage discharge
equipment to obtain this gas. Ozone, a strong oxidizing agent with a special odor, has many use-
ful applications such as reducing virus populations and pharmaceutical sterilization (Sugita et al.,
1992a; Price et al., 1993; Labonne, 1995; Chang et al., 1998a; Meunpol et al., 2003). It is wide-
ly used in the treatment of drinking water and the food industry. The use of ozone to improve the
quality of sea water in aquaculture is certainly not a new practice (Reid and Arnold, 1992; Chang
et al., 1998a; Meunpol et al., 2003).

Ozone has typically been used as a disinfectant, bleaching agent, deodorant, water purifier,
and anti-bacterial agent (Labonne, 1995; Sugita et al., 1996, 1997; Chambers et al., 2006;
Glatman et al., 2006). Ozone effectively destroys the cell wall and membrane of bacteria, caus-
ing the cell to lose activation. In fact, the main effect of ozone is that it changes the protein struc-
ture of the cell membrane of the virus, resulting in the inactivation of the virus.

Ozone has been widely used to treat aquarium and cultivating water (Labonne, 1995; Sugita
et al., 1996; Chang et al., 1998a). However, the mechanism of seawater treatment using ozone
is complicated, contrary to what was previously thought. In contrast to its performance in fresh-
water applications, ozone undergoes many changes in chemical form when applied to sea water.
Free ions within sea water (e.g., dissolved chlorine, bromide, iodine, and ammonium) react with
the ozone to produce a series of byproducts such as Cl2, HClO-, ClO-, HBrO-, BrO-, and other
halide derivatives (Wong and Davidson, 1977; Wong, 1982).

Methods of measuring the amount of dissolved ozone in sea water have been compared
(Buchan et al., 2005). One important consideration in the treatment of sea water with ozone is
the total residual oxidant (TRO) concentration (Sugita et al., 1992b). At excess levels, these
chemical compounds are toxic to aquatic organisms and can reduce their survival rate (Chang
et al., 1998a; Douillet et al., 1999; Meunpol et al., 2003). For example, mortality of red sea bream
(Pagrus major) was 50% within one day when the TRO concentration reached 0.16 mg/l
(Kawahara et al., 1997).

Seawater characteristics, including organic content and ammonia, affect the amount of
ozone required to achieve a desired TRO level. The rate of TRO decay has been reported
(Perrins et al., 2006; Wang et al., 2008). Further, total organic carbon (TOC) has a significant
reducing effect on ozone availability (e.g., Wong, 1977; Allonier, et al., 1999; Nebot et al., 2006). 

The quality assurance and quality control (QA/QC) system of the Taiwan government, set up
by the Environmental Protection Administration in 1987, was established in our laboratory, which
maintains high standards of laboratory practices for environmental monitoring. The procedures
and frequency used for periodic calibration of monitoring equipment must be specific. Calibration
practices include initial calibration, routine calibration, and specific calibration. 

The purpose of this study was to evaluate the effectiveness of ozone for controlling the qual-
ity of culture water. Adjustment of the ozone concentration can result in the elimination of the
majority of harmful bacteria in the water and the enhancement of survival of cultivated aquatic
organisms. Consequently, if we can determine the relationship between oxidation-reduction
potential (ORP) and TRO, we will be able to estimate the TRO concentration according to the
ORP value, thus replacing the need to determine TRO.

Materials and Methods
Prior to ozone treatment, the sea water was sampled and salinity, biological oxygen demand
(BOD5), ammonia, nitrite, and TOC were monitored. The sea water had the following character-
istics: pH 8.0-8.3, salinity 33-35 practical salinity units (psu), and TOC 0.05-1.00 mg/l. 

A coaxial hydraulic pressure mixing device (Coaxial Liquid Pressurized Mixer, AirTree Ozone
Technology Co., Taiwan) was used to thoroughly mix ozone with one ton of sea water. The coax-
ial hydraulic pressure mixing device was equipped with an oxidation-reduction potential (ORP)
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detector (WTW pH330 ORP electrode) that was calibrated before measurements. Redox-Buffer
Solution 468mv (pH 0.1; Lot 1M125B; Mettler Toledo Co.) was used.

The ozone generator (M-Twins ozone generator, Model M260M04P50, AirTree Ozone
Technology Co., Taiwan) has an ozone production of about 20 g/h. The ozone production rate
in this experiment was 10%, with a real output of approximately 1.08 g/h. After the ozone treat-
ment system was initiated, ORP data were recorded at sampling times, when values were sta-
ble. Water was treated with ozone for 120 min. Water samples were analyzed for total plate
counts (TPC) and TRO.

Details of the TRO detection method can be found in Sugita et al. (1992b). In this study, 1 ml
of 0.2 M acetate buffer (pH 4.0) was mixed with 10 ml of the water sample, then added to 0.4 ml
of 10% KCl solution. The absorbance at 325 nm was determined with a UV-VIS spectropho-
tometer (Hitachi model U-2000) after 40 min of incubation. The iodine colorimetric standard was
prepared by dissolving 6.4 g KI and 1.2692 g I2 in 1 liter of milli-Q water and preserved in a brown
bottle. Potassium chloride in the concentration of 3.3% was used as the seawater blank.

Treatments included the following six TRO levels: 0.05 (control), 0.07, 0.11, 0.19, 0.47, and
0.90 mg/l. Two 324-l tanks (120 x 60 x 45 cm) for each treatment were filled with ozone-treated
(except for the control) sea water and 100 tilapia (30.0 g) plus 100 whiteleg shrimp (9.2 g). The
tanks were divided into two sections: one for the tilapia and the other for the shrimp. The tilapia
had been acclimated in salt water (33 psu), and were confirmed to be healthy. The tilapia and
shrimp were unfed. Mortality was recorded at 1, 3, 6, 12, 24, 48, and 96 h. The lethal concen-
trations for 50% mortality (LC50 ) of the tilapia and whiteleg shrimp were determined at each of
these times. Toxicity data were analyzed using probit analysis (Collett, 1991). 

Viable cell counts were performed on Vibrio-selective TCBS agar (4.5% Difco TCBS agar,
0.9% marine broth 2216, 0.45% NaCl, and 1.2% Difco Bacto agar). Plates were incubated for 16
h at 37°C, and the numbers, types, and colors of fungus colonies were recorded. The operations
in each group were triplicated. 

Results 
ORP values increased to 740 mv
when the rate of the generated
ozone reached 37.5 mg/h (Fig. 1).
The ozone-generated rate was lin-
early correlated with the TRO (Fig.
2). The LC50 value after 96 h (96-h
LC50 ) for tilapia was approximately
0.39 mg/l (Fig. 3). For whiteleg
shrimp it was 0.80 mg/l (Fig. 4).
Vibrio sp. dropped to the detection
level when the TRO concentration
reached 0.16 mg/l (Fig. 5). Total
plate counts of microorganisms
completely vanished when the TRO
concentration reached 0.33 mg/l
(Fig. 6). 

Discussion
The chemical reaction of ozone
used to treat sea water is quite
complicated. For example, the most
important reaction is the oxidation
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Fig. 1. Oxidation-reduction potential (ORP) as a function of
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of bromide ions (Br-) to form hypobromite ions (OBr-) that can then be reduced back to Br- or
further oxidized to form bromate ions, BrO3

- (Grguric et al., 1994). Bromide ions can also react
with ozone and cause oxidation, which ultimately decreases the ozone concentration.
Consequently, the oxidation-reduction potential (ORP) theoretically increases with ozone
dosage. In this study, we found that the ORP value reached 740 mv when the rate of generated
ozone reached 37.5 mg/h. 

The ozone-generated rate was linearly correlated with TRO. However, two linear segments
were needed to fully demonstrate the relationship between TRO and the rate of generated ozone
so as to more accurately control fluctuations of culture water quality. In Fig. 2 the slopes are
divided into two segments with correlation coefficients of 0.9976 and 0.9541. 

Organisms have different tolerances for TRO concentration. The LC50 value after 96 hours
(96-h LC50 ) was approximately 0.39 mg/l for tilapia and 0.80 mg/l for whiteleg shrimp, suggest-
ing that whiteleg shrimp are more tolerant to ozone than tilapia. When estimated from the equa-
tions obtained from Figs. 3 and 4, the safe TRO concentrations for tilapia and whiteleg shrimp
were 0.08 and 0.12 mg/l, respectively. Applying the equation obtained from Fig. 2, the ozone-
generated rates that produce safe levels of TRO were 2.69 for tilapia and 8.09 mg/h for white-
leg shrimp.

Analysis of biochemical and enzyme characteristics showed that Vibrio spp. were the most
important colonies in the water. Yellow colonies were identified as Vibrio splendidus and V. car-
chariae, whereas green colonies were V. parahaemolyticus (Themptander, 2005). Vibrio sp.
dropped to its detection limit when the TRO concentration was above 0.16 mg/l, a concentration
that can be obtained at the ozone-generation rate of 15.0 mg/h. The microorganisms complete-
ly vanished at a TRO concentration of 0.33 mg/l, which can be achieved by an ozone genera-
tion rate of 37.5 mg/h. 

Sea water ozonized at a rate of 15.0 mg/h will kill most of the bacteria. The TRO concentra-
tion to achieve this purpose is about 0.16 mg/l, which is well below the 96-h LC50 of tilapia and
whiteleg shrimp determined in this study. Had the rate of ozone generation been 17.5 mg/h, the
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Fig. 2. Relationship between the ozone-generation rate and
the total residual oxidant (TRO) concentration in the cultivated
water.
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expected TRO concentration would be approximately 0.18 mg/l and the Vibrio would be essen-
tially eliminated or reduced to less than 20 CFU/ml. This indicates that ozone treatment of sea
water is a viable option for the cultivation of most aquatic organisms.

Although this experiment was not designed to test virus treatments, a flow rate of 0.5 or 0.8
mg/l for 10 min is expected to reduce infection from white spot bacilliform virus (WSBV; Chang
et al., 1998b, 1998c). A similar result can be achieved by treatment with TRO at a concentration
of 0.16 mg/l in excess of 10 min.

Some scientists have used activated carbon to eliminate TRO (Kawahara et al., 1997). An
important reason to eliminate TRO is that the time required for ozone addition is usually exten-
sive, leading to the production of high TRO concentrations. By using the relationship between
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Fig. 4. Relationship between the total residual
oxidant (TRO) lethal concentration (LC50) of white-
leg shrimp (Penaeus vannamei) and time.
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Fig. 3. Relationship between the total residual
oxidant (TRO) lethal concentration (LC50) of hybrid
tilapia (Oreochromis mossambicus x O. niloticus)
and time.
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Fig. 5. Vibrio sp. counts in water containing var-
ious concentrations of total residual oxidants
(TRO).

Fig. 6. Total plate counts (TPC) in water con-
taining various concentrations of total residual oxi-
dants (TRO).
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the rate of ozone generated and TRO as shown above, it is now possible to calculate the amount
of ozone necessary for a given water volume to achieve the desired TRO concentration. Thus,
we can simply monitor the ORP sensor to achieve the desired parameters. Ozone can be used
effectively as mentioned above, and is cheaper than using activated carbon. Additionally, ozone
can be a very effective disinfectant for water when TRO is well controlled.

In short, it is extremely difficult to control the ozone dosage when using ozone to treat com-
mon cultivated water. However, the amount of ozone to be added may be effectively assessed
by measuring the TRO concentration.
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