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Preface 
 
This protocol is not a “stand-alone” document and is provided for consideration keeping in mind 
the following: 
 
1. The legislation that provided for this funding specified that experiments be conducted on 
board an operational ship. 
 
2.  The experimental design builds on the results obtained aboard the S/T Tonsina and the report 
of that study is available on the Nutech-O3 web page, www.nutech-
o3.com/files/2002june15_finalreport.pdf 
 
3.  The protocol covers studies to be conducted on-board the S/T Prince William Sound. 
 
4.  The ozone generator and single point injector are standard design and no pilot studies are 
being conducted prior to full-scale installation. 
 
5.  Supporting material is provided in the Appendices, which are copies of journal articles that 
have either been submitted or are being submitted in the near future to refereed journals.  These 
papers are fully referenced and therefore no referencing was included in the protocol. 
 
I. Introduction  
 
The introduction of non-native coastal species across the bio-geophysical barriers of the ocean 
by ships through the discharge of contaminated ballast water is of great ecological and economic 
concern.  The introduction, for instance, of zebra and quagga mussels into the Great Lakes via 
the discharge of ships’ ballast water has led to irreversible ecological damage, has had 
devastating economic consequences, and has led to secondary infestations into the Mississippi 
River and its tributaries. Similar discharges have destroyed commercially important shellfish 
populations in the Chesapeake Bay. 
 
Ballast water exchange at sea has been shown to be highly variable in its effectiveness and no 
other “benchmark” has been available.  Initial studies included ballast water exchange as the 
“benchmark” to test effectiveness of the new process that is the subject of on-going testing.  
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However, in the proposed study no exchange studies are planned.  Rather our approach will be to 
evaluate removal efficiency based on the collection of samples prior to and after ozonation.   
 
Among the possible treatment technologies, ozonation stands out as an environmental friendly 
technology.  The ozone residual, although short-lived, is a powerful disinfectant, while its 
reaction with bromide in seawater results in a longer-lasting residual of bromine (in water 
HOBr/OBr-).  The synergistic effects of ozone and bromine have been shown to result in 
invasive species control with minimal ecological effects.  The resulting bromine disinfectant 
residual is measured and expressed as the total residual oxidant (TRO).  Much of this research 
program is focused on the biological and chemical effects of the TRO.  The efficiency of the 
ozone transfer system and its operation using a full-scale system installed aboard the oil tanker 
S/T Prince William Sound will be tested while the ship is operating under normal conditions. 
 
 

II. Objectives 
 
The main goal is to establish the treatment efficacy of the ozone process under normal ship (S/T 
Prince William Sound) operations with the view of preventing the transfer and release of non-
indigenous species.  To achieve this goal, four treatment objectives are identified: 

 
III. Tasks 
 
To accomplish the objectives, this study is divided into four areas as described below. 
 
 A. Total residual oxidant (TRO) kinetics  
 
This portion of the study will follow from the studies conducted earlier and reported in 
Appendix A, a paper submitted to Marine Pollution Bulletin.  
 

1. Determine the rate of decay of TRO in ballast waters at full scale using 
seawater obtained from different ports along the U.S. West Coast. 

2. Confirm that TRO is an acceptable control parameter for ozone treated ballast 
water for ocean-going vessels. 

 
 

Treatment Objectives  
•  To achieve absolute treatment efficiency by comparing concentrations of viable 

organism concentrations before and after treatment. 
•  To determine practical operating conditions and control guidelines for ozonation of 

ballast water, under normal ship operations.  
•  To develop an understanding on the potential environmental effects of disposal of 

the treated ballast water. 
•  To obtain design criteria for shipboard ozonation during operation at 10,000 gpm. 
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B. Biological effectiveness of ozone for ballast water treatment 
 

1. Conduct a number of experiments at full scale to assess the efficacy of ozone 
treatment of ballast water by determining the concentration of viable 
organisms at several trophic levels.  These studies will be guided by the 
results of our past research on the S/T Tonsina as well as emerging IMO and 
other standards. 

2. Perform a limited study of bacterial pathogens and indicator organisms under 
controlled laboratory conditions.  For example, Vibrio cholerae or appropriate 
surrogates will be exposed to various concentrations of TRO and their 
survivability will be assessed.  

  
 

C. Effluent discharge testing 
 

1. To conduct laboratory studies using whole effluent testing (WET) guidelines 
for assessing the potential acute environmental toxicity of TRO.  (Appendices 
B and C) 

2. To expand the number of species that are studied to determine chronic toxicity 
levels of TRO to evaluate the environmental safety of ozonated ballast water 
prior to discharge and to generalize the results. 

 
 D. Engineering and industrial health aspects of ozonation 
 

1. To study the efficacy of ozone transfer using single point injection in a 
shipboard environment. 

2. To establish the proper shipboard construction procedures for ozone 
equipment and operating protocols for this equipment.  

 
IV. Considerations 
 

1. The S/T Prince William Sound has a ballast system arrangement that permits one 
series of treatment and one of control tanks.  Its ballasting system uses two pumps 
(each 10,000 gpm, gallons per minute), which are segregated from each other.  One 
pump serves the forward-most set of ballast tanks, and the other pump serves the after 
ballast tanks.  The ozone system and injection will be fitted in one of the two 
pumping lines that will serve as the treatment series of tanks.  The other pump and 
associated ballast water tanks will have no ozone injected and the ballast tanks for 
this pump will serve as the control series of tanks. 

 
2.  The goal will be to minimize the impact on the vessel that is being used for these 

experiments while still maximizing the number of experiments that are completed in 
the time and funding that is available. 
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V. Experimental Considerations 
 

A. Organisms to be studied – Trophic levels 
 

The target organisms to be tested in these experiments are the indigenous organisms that 
are found at the ports of call for the ship (Appendix D).  The ports where ballast water is 
routinely collected are Long Beach, San Francisco, and Puget Sound.  No studies will be 
conducted on the ship where organisms are spiked into the ballast water tanks.  No non-
indigenous organism (other than those that may already have been established in the port) 
will be used in any of the ship board studies.  

a. Bacteria 
b. Phytoplankton 
c. Zooplankton 

 Microzooplankton  
   Mesozooplankton  
   Megazooplankton  
 

Bacteria and phytoplankton samples will be collected from the sampling ports and 
lines that are installed in the ballast tanks that will contain treated (ozonated) and control 
ballast water.  Water will drawn from these locations with the aid of a pneumatic pump.  If 
necessary, samples for bacteria, phytoplankton, and chemical analyses will be collected 
with a Niskin oceanographic sampler. 

   
Zooplankton net tows will be performed using a 50-µm mesh net.  Recent IMO and 

U.S. legislative initiatives propose standards that limit the discharge of viable organisms 
that are 50 µm or greater in size.  Previous work on board the S/T Tonsina and in laboratory 
studies was performed with a 73-µm mesh net.  By reducing the mesh to 50 µm, it is very 
likely that a greater concentration of the smaller stages of organisms will be collected in the 
sample tow.  The smaller organisms in the 50 µm and greater fraction may not be easily 
identifiable to species and their viability may be more difficult to determine using the “pick 
and prod” method, the procedure we previously used to characterize organisms greater than 
73 µm as “live, moribund, or dead”.  The University of Washington research team is now 
evaluating and comparing the differences in results obtained by using a 72 versus a 50-µm 
mesh net for zooplankton collected from Puget Sound and from the ballast tanks of ships 
arriving in Puget Sound. 
 

B.  Control Studies 
 

Control studies will consist of sampling the ballast water to which no ozone has been 
added.   This untreated seawater will be placed in control ballast tanks.  The sampling 
times, chemical and biological evaluations will be the same as for samples collected 
from ballast tanks containing ozonated seawater.  
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C.  Time Course 
 

1.  TRO decomposition with time will be evaluated for the ballast water on several 
voyages.  Ideally, we would like to examine the fate of the TRO for ballast water 
separately obtained from Long Beach, San Francisco Bay, and Puget Sound, the 
three major ports that the S/T Prince William Sound visits. This will then allow 
the use of concentration-time (CT) analyses of ballast water possible for 
comparison to values determined from other applications (such as water and 
wastewater treatment).  

 
2. From studies conducted both in the laboratory and previous testing aboard the S/T 

Tonsina, the inactivation of bacteria, phytoplankton and zooplankton appears to 
be complete at the end of the ozonation of the ballast water.  These previous 
experiments used a diffuser technology that required that the ballast water tank be 
filled prior to ozonation.  Ozone was introduced through porous diffusers and 
once the ozone system was turned on it was operated for 5 or 10 hours to reach 
the target residual TRO.  Samples were taken at different times during and 
following ozonation to obtain data on efficacy of the system (kill rate). 

   
3. Single point injection as planned for the experiments on board the S/T Prince 

William Sound will essentially provide a TRO instantaneously as the ballast tank 
is filled.  Sampling during the fill process is not envisioned.  Initial and focused 
studies will be conducted to sample immediately upon fill and subsequently with 
time to determine whether this approach is necessary during each ship-board 
experiment. 

 
D. Chemical Characterization of Water Quality  

 

Extensive studies have been conducted under previous and on-going studies aboard the S/T 
Tonsina.  For experiments onboard the S/T Prince William Sound, initial baseline data will be 
obtained for the different waters, defining the water quality. 

 
1. Studies we have published indicate that little, if any, variation occurs in most of 

the normal water quality parameters.  Minimal additional studies will be 
conducted during this project with respect to the normal water quality. 

 
2. The dissolved oxygen (DO) concentration increases during ozonation.  

Experiments will be conducted to determine the increases in DO resulting from 
the injection of ozone.  Saturation with oxygen under pressure immediately after 
ozonation and subsequent pressure equalization in the ballast tank is expected to 
contribute to disinfection and help to maintain desirable aerobic conditions in the 
ballast tanks.  

 
3. The ozonation of seawater containing the bromide ion and organic material will 

result in the formation of bromoform and/or bromate ion as minor byproducts.  In 
the studies that we have conducted thus far, we have never observed the formation 
of bromate ion.  The formation of bromoform will be directly related to the total 
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organic carbon (TOC) in the water.  In our on-going studies, we have shown that 
although bromoform is observed, its concentration is well below any adverse 
effect level.  Samples will be obtained from the different ports in this study and 
the bromoform formation rate will be determined.  The ecotoxicity of these 
disinfection byproducts will be evaluated by the research team. 

 
E.   Open Ocean Exchange 

 
There have been adequate studies that address this procedure and as the research and testing on 
viable technologies advances, the reliance on open ocean exchange is being questioned and 
lessened.  Therefore, we will not include any open exchange experiments in this project.  This 
also is in agreement with the idea of minimizing the impact on ships’ operation. 
 

F. Experiments with bacterial pathogens and indicators 
 

Laboratory experiments with selected bacterial pathogens and indicator organisms will be 
conducted to determine the efficacy of the ozone process in seawater.  These experiments will be 
performed in synthetic seawater (Instant Ocean) prepared at a concentration of 30 PSU, and 
organisms will be treated at TRO concentrations of 1.0, 2.0 and 3.0 mg/L as Br2.  The organisms 
to be studied include those mentioned in the IMO Convention: 

a. Vibrio cholerae 
b. Escherichia coli 
c. Enterococcus sp. 

These organisms will NOT be added to the ballast tanks on the S/T Prince William Sound during 
shipboard experiments.  Experiments with these bacteria will be conducted in the laboratory. 
  

H.  Ozone transfer studies 
 

Ozone is a sparingly soluble gas resulting in less than complete dissolution.  Ozone gas 
measurements, in gas samples after ozone contact and that escaping from the ballast tank vents 
will be conducted.  This will follow established methods used in the field of industrial hygiene.  
This will also determine the efficacy of ozone transfer and help establish design criteria for 
future applications. 

 
VI. Sampling 
 

Sampling access locations immediately prior to and following the ozone injection and 
multiple sampling lines located in the vertical and horizontal ballast tanks will be installed.  
A similar sampling design was implemented in our S/T Tonsina shipboard experiments.   

 
a. Sampling ports will be provided at the ballast water intake prior to ozone treatment, 

as well as at the point of ozone treatment, and immediately at the post-treatment 
point.  However, under normal operations this space is “off-limits” and therefore, 
arrangements for sampling need to be made. 

b. Two of the treatment ballast water tanks will be fitted with flowing water lines, 
seven total sampling points, four in the vertical portion of the tanks at 15, 30, 50 
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feet below the deck, and near the bottom of the tank; and three points in the 
horizontal section.  One of the control ballast water tanks will also be fitted with the 
same sampling configuration and will serve as the zero and timed control for 
sampling.  The sampling lines will be used for:  

1. Bacteria analyses 
2. Phytoplankton analyses 
3. Chemical analyses 

 
c.  To sample for zooplankton it will be necessary to use vertical plankton tows.  

(These organisms can avoid the opening of a sampling tube and therefore a non-
representative sample would be collected.)  Typically one treated and one control 
ballast water tank will be sampled and they will be the same tanks that are used for 
the other (see above) tests being conducted.   

d. Niskin bottles (if necessary) will be used to complement the installed sampling 
lines.  However, we intend to minimize this sampling methodology in the interest of 
time and personnel requirements. 

e. We would like to sample ballast water as it is being discharged.  A sampling port 
will be installed in the S/T Prince William Sound’s ballast water discharge line.   A 
final decision on this will be ultimately determined by the ABS and Coast Guard. 

 
Seasonal and tidal effects should be factored in if possible to maximize the number of different 
taxa sampled.  Tidal effects will be dependent upon the vessel’s operation schedule and will not 
be controlled experimentally. 

 
 
VII. Analyses 
 

1. Ship Board   
A portable laboratory on the ship near the ozone generator is planned.  This will allow 

maximum flexibility and minimize the impact on the ship’s operation.  The analyses that 
would be conducted are: 

a. Heterotrophic plate counts (if space is available) 
b. Phytoplankton using chlorophyll a determination 
c. Zooplankton (if space is available) 
d. Chemical characterization 

 
2. Shore Based 

a. Phytoplankton (flow cytometry) 
b. Bacterial and zooplankton enumeration and identification if not possible on board. 

 
 
VIII.  Control and Monitoring 
 

1. Incorporate both in-line measurements and individual sample analyses of the effluent 
(and the water in the ballast tank) to control the TRO. 
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2. Testing TRO similar to the use of disinfection monitoring used in drinking water. 
 
 
IX. Scientific and Engineering Questions 

 
1. What is the halflife and expected lifetime of the ozone/total residual oxidant (TRO) in 

ballast tanks? 
 
2. What is the O2 concentration in the ballast water after ozone injection and over the course 

of the return voyage to Valdez? 
 
3. How well does the in-line injection system and further contact in the ballast tanks 

accomplish the objective of inactivating taxonomically diverse groups of organisms that 
are found in West Coast ports? 

 
4. Are there any additional requirements with respect to the design of the ozone transfer/ 

contacting system?  
 
5. What are the absolute numbers of the three groups of organisms surviving after various 

times in the treated ballast water? 
 

6. Does the in-line injection system that is installed on the S/T William Sound achieve 
ballast water discharge standards as proposed by the IMO and in U.S. legislation? 

 
 

X. Outputs 
 
1. A comprehensive report that meets the requirements of Congress and NOAA. 
 
2. A draft journal article on the photochemical fate of the TRO and potential environmental 

impact of discharge. 
 
3. A draft journal article on full-scale ozone transfer studies aboard a ship. 

 
4. One or more draft journal articles on the effect of TRO on potential exotic species 

transfer and bacterial inactivation. 
 
5. A trade journal article on the use of ozone in marine applications, with the focus on 

system design, and operational safety issues. 
 

6. A peer draft journal article on effluent toxicity, expanding the present database. 
 

(note:  All draft journal articles will eventually be submitted for peer review but funding for 
that effort is not included in this grant) 
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Box 355020, Seattle, Washington 98195-5020, USA 

 
b Department of Chemistry and Center for Marine Science, University of North Carolina at 

Wilmington, 5600 Marvin K. Moss Lane, Wilmington, North Carolina 28409, USA 

 
c Department of Civil, Construction and Environmental Engineering, 376 Town 

Engineering, Iowa State University, Ames, Iowa 50011, USA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

_________________________ 
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*Corresponding author: Tel.: +1-206-685-0263, fax: +1-206-685-7471. 

E-mail address: perrins@u.washington.edu (J.C. Perrins). 

Abstract 

Due to the large volumes and frequency of possible inoculations, ballast water is a likely 

cause for worldwide transference of non-indigenous aquatic species.  Ozone is one treatment 

option being considered for controlling non-indigenous species in ballast water.  When ozone is 

applied to seawater, secondary disinfectants are formed, commonly measured and expressed as 

total residual oxidant (TRO).  The goal of this study was to determine those variables most likely 

to affect the rate of TRO increase during ozonation and the subsequent TRO decay that occurs 

over time in seawater.  Water was obtained from Puget Sound, Washington; Cape Fear, North 

Carolina; and San Francisco Bay.  Results indicated that seawater characteristics have a profound 

effect on the ozone demand to achieve a desired TRO level and also determined the rate of TRO 

decay.  Organic content and ammonia were shown to be major quality determinants that 

influenced ozone demand and rate of TRO decay. 

 

 

Keywords: Ballast water; Ozone; Bromine; Total residual oxidant; Non-indigenous species  
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1. Introduction 

Non-indigenous aquatic organisms are a threat to marine resources around the world and 

new introductions are occurring in many ports and on every coast.  After habitat destruction, 

non-indigenous species are considered the greatest cause for loss of biological diversity 

(Vitousek et al., 1997).  The best way to reduce species introduction is prevention and 

management of introduction pathways (Carlton, 2003).  Due to the large volumes and regularity 

of potentially contaminated discharges, ballast water is currently the most frequently cited cause 

for the worldwide transference of non-indigenous species.  The U.S. receives more than 79 

million metric tons of ballast water from overseas each year, and over 10 billion metric tons of 

ballast are transferred annually across the world (Ruiz et al., 2000, Niimi, 2004).  There are 

national and international initiatives to develop methods for treating ballast water that hopefully 

would stem the influx of invasive species.  One such method is treatment of the ballast water 

using ozone. 

Ozone has been used as a disinfectant in drinking water since the late 1800's.  Ozone is 

an excellent biocide and is unstable in water (Langlais et al., 1991).  It is used widely in Europe 

in drinking water treatment and to a lesser extent in the U.S. (Hoigne, 1998).  Recent reviews 

discuss various aspects of ozone chemistry in drinking water and consider the effect of bromide 

ion in source waters on reaction products (von Gunten, 2003a; 2003b).  Ozone has also been 

applied in wastewater treatment as an oxidant and a disinfectant and its use is increasing (van 

Leeuwen, 1996; van Leeuwen et al., 2003).   

The use of ozone for ballast water treatment has been investigated on a laboratory scale 

(Oemcke and van Leeuwen, 1998; 2004; 2005).  The chemistry of ozone in seawater is 

considerably different than that in fresh water.  The most important difference is the presence of 
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bromide ion, Br-, in seawater (Oemcke and van Leeuwen, 1998).  Bromide ion is oxidized by 

ozone to bromine, in aqueous solution HOBr and OBr-, hypobromous acid and hypobromite ion, 

(von Gunten and Hoigné, 1992; 1994; 1996; von Gunten and Oliveras, 1997; 1998; von Gunten 

and Pinkernell, 2000; Pinkernell and von Gunten, 2001; von Gunten et al., 2001).  Bromine is 

quantified as the total residual oxidant (TRO).   

Seawater has a salinity of approximately 35 practical salinity units (PSU) equivalent to 

parts per thousand on a mass basis, while the concentration of Br- is approximately 67 mg l-1 

(e.g., Millero, 1996; Pilson, 1998).  Early studies that established the reaction mechanism and the 

reaction kinetics of the ozone-bromide ion system were published in the 1980s and 1990s (Haag 

and Hoigné, 1983; 1984; von Gunten and Hoigné, 1992; 1996; von Gunten et al., 1996; Croué et 

al., 1996; Westerhoff et al., 1996; 1998).  The half-life of ozone in water that has high 

concentrations of Br- was shown to be five seconds with the initial step being quantitative 

conversion to bromine (HOBr/OBr-).  Because ozone decomposition is essentially quantitative at 

high Br- concentrations, a second important difference between fresh water and seawater is that 

there is no hydroxyl radical formation in seawater (von Gunten, 2003b).  Therefore, ozone 

treatment of marine ballast water involves the initial unstable oxidant, ozone, and a secondary 

more stable oxidant, bromine (HOBr/OBr-).  The pKa of HOBr/OBr- is approximately 9.0 so that 

in most marine waters (where open ocean water pH = 8.1, (Millero, 1996; Pilson, 1998) HOBr 

will be the dominant bromine form. 

Bromine is removed from seawater by several different mechanisms.  It is well known 

from many years of experience in drinking water treatment that HOBr/OBr- will react with 

natural organic matter to form bromoform (CHBr3) via the haloform reaction (e.g. Amy et al., 

1985; Cooper et al., 1985; 1986; Shukairy and Summers, 1996; Richardson et al., 2000; 
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Richardson, 2003;).  In fact, a number of disinfection by-products have been reported when 

ozone and bromide are present in natural waters (Richardson et al., 2000; Richardson, 2003) and 

other halogen containing compounds (Haag, 1980).  Therefore, organic matter in ballast water 

could lead to the disappearance of the TRO through similar reactions. 

It is also known that sunlight can reduce HOBr/OBr- to Br- through a complex series of 

photochemical reactions (Treinin, 1970; Macalady et al., 1977; Subhani and Lodhi, 1980; 

Klaning and Wolff, 1985; Amichai et al., 1989).  In some cases, where high concentrations of Cl- 

are present, it may be that sunlight-mediated photolysis of HOBr/OBr- leads to the formation of 

bromate ion (Macalady, 2005).  Therefore, photolysis may also lead to the loss of TRO; 

however, in the ballast tanks, where there is no light, this would not account for any loss. 

In the presence of ammonia, HOBr/OBr-, will react rapidly to form monobromamine 

(Johnson and Overby, 1971; Haag et al., 1984; Yang et al., 1999; Lei et al., 2004).  

Monobromamine can disproportionate to NHBr2 and NH3 (e.g. Lei et al., 2004) or with excess 

HOBr/OBr- it can react further to form N2 and bromide (e.g. Brunetto et al., 1989; Hofman and 

Andrews, 2001).  Therefore, in waters with high ammonia/ammonium ion, there are several 

pathways for the loss of TRO, once formed, over time. 

Richardson et al. (1981) determined that TRO decay rates in synthetic seawater were 

dependent on numerous variables including light and salinity concentration.  These authors 

concluded that the use of natural seawater, instead of synthetic seawater, for the measurement of 

TRO decay rates would be influenced by even more factors due to the complexity and variability 

of natural seawaters.   

The goal of this bench-scale study was to determine those variables that are most likely to 

affect ballast treatment with ozone onboard ships.  Previous research suggests that ballast 
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treatment with ozone would form an oxidant residual of bromine that will persist over time.  On 

ships, ballast water could either be ozonated very rapidly as with a venturi system, or gradually 

through porous diffusers.  This laboratory study used the diffusion method of ozone introduction.  

The specific objectives of the study were: (1) to treat different marine waters with ozone, 

simulating ballast water ozonation using a slow dissolution system, and to determine the time 

course of the increase of oxidant residual, and (2) to determine the effect of salinity, initial TRO 

concentration, and source water characteristics on the rate of TRO decay. 

 

2. Methods 

2.1. Sources of seawater 

Synthetic seawater was prepared by adding Red Sea Salt ®, a commercially available 

coral reef salt produced from the Red Sea (Red Sea, Houston, Texas) to deionized water to final 

salinities of 15 and 30 PSU as measured with a conductivity meter (Hach sensION-5 meter).  A 

salinity of 30 was slightly less than oceanic water, but contained approximately 60 mg l-1 of 

bromide ion.  For each salinity, a volume of 20 l was prepared and filtered through a 0.45 µm 

membrane filter into two sterile 10-liter Nalgene polypropylene containers. 

Natural waters included water collected from the Puget Sound, Washington; Vallejo, 

California; Sausalito, California; and the Cape Fear River, North Carolina.  Puget Sound 

seawater was collected from the Seattle Aquarium (Seattle, Washington) after it had been drawn 

into the pump lines, prior to any filtration process.  The Vallejo water was collected from a pier 

at the California Maritime Academy in Morrow Cove of San Francisco Bay.  The Sausalito water 

was obtained from rip-rap extending into the water just north of the Golden Gate Bridge in San 

Francisco Bay.  Cape Fear River water was collected within the Cape Fear Estuary near 
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Southport, North Carolina.  Vallejo, Sausalito, and Cape Fear water was shipped to the 

University of Washington by overnight express.  All water samples were stored at 8oC in a dark 

incubator until ozonation experiments began.  

2.2. Characterization of seawater 

Chemical characteristics of each synthetic and natural seawater were measured, 

including: pH (HACH sensISE-1 meter), conductivity/salinity (HACH sensION-5 meter); 

nutrients, i.e. phosphates, silicates, nitrates, nitrites, ammonia (analyzed with a Technicon Model 

AAII); and total organic carbon (determined using a Shimadzu TOC5000) (Table 1).  Nutrients 

and total organic carbon analyses were performed by the University of Washington School of 

Oceanography. 

2.3. Ozone system design 

Ozone was produced using a UV-275 ozone generator (Clear Water Tech.), which could 

nominally produce 100 mg O3 h-1.  Ozone production measurements were performed using the 

iodometric method (APHA et al., 1992) with a modified potassium iodide absorbent: 0.1 M 

H3BO3/1 % KI, to verify the ozone production of the generator (Flamm, 1977).  The production 

of the ozone generator averaged 84.2 mg O3 h-1. 

The ozone distribution system design was similar to that of Driedger et al. (2000), where 

the ozone entered a stirred equalization container that was a flow equalizer.  The ozone then 

entered the water column through an air stone diffuser at the bottom of the water column.  The 

water treatment column consisted of a 2-l acid washed glass container covered in tinfoil to 

prevent light penetration.  The container was set on a stir plate and stirred vigorously to ensure 

optimal ozone dissolution (Hsu et al., 2002).   
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2.4. Oxidant (TRO) concentration with ozonation 

Seawaters were ozonated for a period of time required to obtain a TRO concentration of 4 

mg l-1 as Br2.  Three replicate 1.8-l volumes of source waters were placed in the ozone treatment 

chamber and analyzed every five minutes for the TRO concentration.  TRO was determined by 

the DPD (N,N-diethyl-p-phenylenediamine) spectrophotometric method (US EPA Method 8016) 

for bromine with a Hach 2010 spectrophotometer.  Ozone was introduced into 1.8-l samples at a 

rate of 0.78 mg l-1 min-1.  The system used to ozonate the water was not optimized for total ozone 

dissolution and some ozone was noticed in the off-gas.  The data was used to determine the time 

necessary to reach the target TRO of 1 - 4 mg l-1 as Br2 in source waters for later TRO decay 

trials.   

2.5. TRO decay analysis 

Four replicate 1.8-l volumes of seawater were placed in the ozone treatment chamber.  

Each set of replicates were ozonated to the desired TRO, ranging from 1 - 4 mg l-1 as Br2, mixed 

by inverting 2 - 3 times, and TRO was measured to determine the initial TRO.  The water was 

then stored in a dark incubator at 8 +1 oC, to simulate ballast conditions.  TRO decay was 

determined by measuring the TRO periodically for the first 24 h and every 24 h thereafter for a 

minimum of 72 h or until the TRO was below the detection limit of 0.1 mg l-1 as Br2.  Due to 

limited amount of material, TRO decay in the Cape Fear River water was only performed at an 

initial TRO concentration of 2 mg l-1 as Br2. 

2.6. Statistical methods 

Data analysis was performed using repeated measures, which analyzes groups of related 

dependent variables that represent different measurements of the same attribute (Zar, 1996).  For 

the purposes of this study, Repeated Measures analysis compares the variance of different 
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sample groups and their TRO over time.  Tukey’s post hoc testing was used for the statistical 

analysis when appropriate.  The statistical analyses were performed using SPSS version 12.0 

(SPSS Inc.).  Using statistical analysis, it is possible to determine which variable(s) tested 

exhibited an effect on the rate of ozone dissolution and TRO decay.  Comparisons were made to 

determine if salinity, initial TRO levels, and seawater characteristics affect the rate of TRO 

decay. 

3. Results and Discussion 

3.1. TRO response during ozonation  

The concentration of TRO increased in the water samples with increasing time of 

ozonation (Fig. 1).  The rate of TRO increase was shown to be dependent on the source of the 

water characteristics.  The synthetic seawaters prepared at two salinities and the Puget Sound 

water resulted in a TRO increase of 0.12 mg l-1 min-1 and 0.13 mg l-1 min-1, nearly linear with 

time.  An initial ozone demand with no increase of TRO was observed in the all of the waters, 

that is, during the first minutes, the TRO build-up lagged with the addition of ozone.  The Cape 

Fear River water showed two distinct time responses in the TRO build-up rate, an initial rate of 

0.033 mg l-1 min-1 over the first 30 minutes of ozonation and 0.075 mg l-1 min-1 thereafter.  This 

may be the result of a reaction of TRO with a component in the water, presumably organic 

material.  The waters collected in San Francisco Bay at Sausalito and Vallejo had a linear TRO 

increase during the first 20 minutes of ozonation, followed by an irregular TRO increase upon 

further ozonation.  The initial rate of increase for the Sausalito water was about 0.1 mg l-1 min-1 

and the Vallejo water about 0.065 mg l-1 min-1.  Subsequent ozonation led to an actual decrease 

in TRO in the Sausalito water and no further increase over a 30-minute period of ozonation in 

the Vallejo water.   
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One possible explanation for the different TRO response between the San Francisco Bay 

samples and the other waters tested could be water due to differences in the composition of the 

organic matter present in the water.  There may have been an anthropogenic source (e.g., 

wastewater discharge) nearby, which exerted an influence on the source water different from the 

natural organic matter dominating the Cape Fear River.  The geochemical compositions of the 

different waters varied.  Not surprisingly, the lowest levels of phosphate, silicate, and TOC were 

found in the synthetic seawater.  The highest levels of phosphate, silicate, nitrate, ammonia and 

TOC were found in Vallejo.  The chemical signatures may suggest why the TRO responded as 

observed with ozonation.  Von Gunten (2003b) observed that ozone stability in natural waters 

due to natural organic matter was variable and it is impossible to estimate the fraction of organic 

matter that promotes or inhibits oxidant reactions.   

Higher organic concentrations would explain the slower increase of TRO in both the San 

Francisco and Cape Fear waters.  However, the decrease or no increase in TRO during periods of 

ozonation must be sought in nitrogenous oxidation reactions.  The ammonia values were more 

than 10-fold greater in the San Francisco Bay samples compared to the Cape Fear sample.  A 

reasonable explanation would be a breakpoint reaction in which monobromamine is oxidized to 

nitrogen gas (N2) and the bromine reduced to bromide.  Towards the end of the ozonation, the 

TRO build-up resumed in both these waters, again akin to a classical breakpoint phenomenon.  

The phenomena seen in the TRO curve fit a breakpoint phenomenon more or less quantitatively.  

The slope of increasing TRO was determined for the water samples, and multiple slopes 

were determined for those source waters with more complex oxidant vs TRO curves.  There was 

no significant difference in the slope of TRO increase between the synthetic seawaters prepared 

at 15 and 30 PSU (P< 0.222).  The slope of the TRO curve for the Puget Sound seawater 
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appeared to be very similar.  The slopes from the figures from all other waters were shown to be 

significantly different from the synthetic seawater and the sample from Puget Sound (P< 0.001).   

The ozonation of seawater results in the formation of bromines, compounds that react 

with natural organic compounds.  For example, Jaworske and Helz (1985) suggested that natural 

waters containing organic matter consumed all of the bromine at low oxidant concentrations.  

They calculated that only 2 % of the DOC sites served as reaction sites for this rapid oxidant 

demand in a Patuxent River water sample.  Dotson and Helz (1984) indicated that oxidation 

reactions operated over a wide range of time scales with oxidant being consumed by certain 

nitrogen and aromatic heterocyclic rings within seconds, and oxidation reactions of inorganic 

and organic amines have been shown to occur over periods ranging from seconds to hours.  

Studies with phenol have shown relatively fast reaction kinetics with ozone (Grguric et al., 

1994).  Another possible explanation for the differences in TRO vs time curves is that the 

reaction by-products (of the initial oxidation process) react with TRO (Lawson, 1995; Sugita et 

al., 1996; Lazarova et al., 1998).   

Andrews and Huck (1996) examined the effect of size fraction of natural organic matter 

on ozone demand in which smaller organic compounds would imply a surface-type phenomenon 

where an increase of easily accessible sites on the molecule could react with the oxidant 

compared to the original larger molecule.  It is possible that this result could be extended to 

reactions of HOBr/OBr- with natural organic matter.  Huang et al. (2004) examined the effect of 

size fractions of natural organic material on the formation of organic bromine compounds.  They 

showed that different organic compounds were formed from the different fractions of the natural 

organic matter.  Although time studies were not reported, it is reasonable to assume that the 
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formation of these different compounds, i.e. the rate of reactions, was different and therefore 

could explain the variation in rates that we have observed in the TRO loss curves. 

3.2. TRO Decay 

3.2.1 Measured TRO decay 

Samples of each type of seawater were ozonated to specific initial TRO concentrations 

and the rate of TRO decay was measured over time.  The rate of TRO decay was shown to be 

dependent on the source water within the first 72 h of sampling (Fig. 2), where the synthetic 

seawater (Fig. 2A and 2B) showed the slowest rate of decay and the Cape Fear sample (Fig. 2D) 

showed the fastest rate of decay at the greatest initial TRO.  The San Francisco waters were 

shown to be different from one another with similar initial TRO concentrations (Fig. 2E and 2F). 

3.2.2 TRO decay rates - salinity effect on the rate of TRO decay 

To better understand the decay rates in the same water or different waters, where the 

initial TRO concentration was different, the concentration of TRO at any time, Ct, was divided 

by the initial concentration, Co.  The natural logarithm of these values were then plotted as a 

function of time.  Where the decay processes are first order or pseudo first order with respect to 

TRO, the resulting line would have been straight, and the rate of decay would be the slope of that 

line.  Fig. 3 shows a significant difference in the rate of TRO decay at the two TRO 

concentrations of 4.0 and 2.0 for experiments prepared with synthetic seawater at 15 and 30 

PSU.  The higher TRO (4.0 mg l-1 as Br2) was shown to decay slower than the lower TRO (2 mg 

l-1 as Br2).  Fig. 4 compared the decay of the two TRO concentrations relative to the salinity of 

the waters.  There appears to be no difference in the rate of decay with a TRO of 2.0 mg l-1 as Br2 

(Fig. 4A) while a clear salinity effect was observed for the decay of the TRO of 4.0 mg l-1 as Br2 

(Fig. 4B).  Using a confidence interval of 90 %, there was a significant difference in the TRO 
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decay rate at the two salinities (P< 0.005) and the initial TRO of 2.0 mg l-1 as Br2 (P< 0.061), and 

4.0 mg l-1 as Br2 (P< 0.003).  Both phenomena are indicative of the demand for the TRO and that 

a higher ozone dosage will have removed more of this demand, leading to a more stable TRO. 

Similar to the Richardson et al. (1981) study, results presented here indicated that the rate of 

TRO decay may be dependent on salinity.  However, it is not clear what the mechanism for this 

decay is in the artificial seawater.  The two obvious effects would arise from differences in the 

organic carbon and/or ammonia concentrations and these are not sufficiently different to account 

for the difference in decay rate.  However, such low values of TOC and NH4
+ cannot be 

determined with great accuracy, and the presence of these substances should lead to the 

assumption that the higher salinity would be accompanied by higher concentrations of these 

impurities.  Lei et al. (2004) reported that the rate of NH2Br decay was catalyzed by the 

phosphate system.  In the two synthetic seawater samples, the phosphate ion concentration did 

increase; however, the pH was essentially the same (Table 1).  Therefore, it is not obvious that 

the difference in the phosphate concentration would account for the differences in rate of decay 

observed.  

3.2.3. Rate of TRO decay in natural seawater 

Four natural seawaters were ozonated to different TRO concentrations (Fig. 5).  Of the 

three, for which there are more than one final TRO, all of them showed a lower rate of decay as 

the concentration of the residual oxidant increased.  The rate of TRO decay in all of the natural 

waters was not linear, suggesting a complex mechanism(s).  Also, again, the greater ozone dose 

would likely have lowered the TRO demand. 

The water samples from Puget Sound were ozonated to three different initial TRO 

concentrations.  Fig. 5A shows that there was a significant difference between the rate of decay 
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and the starting oxidant level (P< 0.003).  The Puget Sound sample water with the initial TROs 

of 2 and 4 mg l-1 as Br2 were statistically compared to the synthetic seawaters of 15 and 30 PSU 

with the same initial TRO concentrations.  The rates of decay for the three different sample 

waters with the same initial TRO concentration were found to be significantly different (P< 

0.0001).  The concentration of ammonium ion in Puget Sound samples was low and similar to 

that of the synthetic seawater at a PSU of 30.  The organic carbon concentration was slightly 

higher than the synthetic seawater, but not high enough to account for the differences observed.  

The phosphate ion concentration was higher (approximately two-fold) than the synthetic 

seawater with a PSU of 30, which could be the cause of the different rates of decay between the 

synthetic seawater and Puget Sound samples.  However, the phosphate ion concentration and 

salinity would have been similar for three TRO concentrations of the Puget Sound samples and it 

is not obvious what accounts for the difference in the rate of TRO decay with increasing oxidant 

concentration. 

Only one TRO concentration was studied in the Cape Fear River sample and that 

appeared to decay nearly linearly over a 24 h period, having a TRO of 0.00 at 24 h (Fig. 5B).  

The Cape Fear River sample was also compared with the previous samples from the Puget Sound 

and the synthetic seawater at 30 PSU and the decay rate was found to be significantly different 

from either water source (P< 0.0001).  From the limited data set, the rapid disappearance of TRO 

is most likely due to reaction of the TRO with the natural organic matter in that water. 

The water samples from San Francisco Bay at Sausalito and Vallejo mirrored the Puget 

Sound data in that at the higher TRO, the rate of decay was lower than at the lower oxidant 

concentration.  This result would support either decay as a result of breakpoint bromination or 

reaction with organic matter.  Although both the Sausalito and Vallejo samples were from San 
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Francisco Bay, there were differences in chemical characteristics between the two sources, 

including salinity, ammonia, and organic carbon concentrations (Table 1).  A comparison of 

TRO decay rates from an initial TRO of 3 mg l-1 as Br2 indicated that, when using a 90 % 

confidence interval, there was a significant difference between the two locations (P< 0.056).  

Both of the San Francisco Bay waters, when treated with the larger ozone concentration of 3 mg 

l-1 as Br2, indicated a greater variability in the measurement of the TRO concentration over time, 

which would influence the statistical measurement of significance.  Figs. 5C and 5D showed the 

rate of TRO decay for both of these sites were similar to the results of the other water samples, 

where the lower initial TRO concentrations were found to be significantly different from the 

larger initial TRO concentrations (P< 0.005).  Similar to the Cape Fear River water, the Vallejo 

water, with an initial TRO of 1 mg l-1 as Br2, was shown to be reduced below 0.1 mg l-1 within 24 

h.  The reasoning behind its greater reduction could be due to one or more of the many of the 

suggested reactions previously discussed.   

3.2.4. Other contributors to TRO decay 

Other studies have also shown residual oxidant decay rates to be dependent on relatively 

nonselective oxidation of organic matter (Dotson et al., 1984; Bichsel and von Gunten, 1999).  

Inorganic compounds, such as iron, and other source water impurities have also been suggested 

to affect residual oxidant decay (Lawson, 1995; Liltved et al., 1995; Meunpol et al., 2003; 

Oemcke and van Leeuwen, 2004).   

The effects of microorganisms are generally considered part of the organic concentration. 

Their growth, decay, and byproduct production may also affect the rate of residual oxidant decay 

(Liltved et al., 1995; Kureshy et al., 1999; Oemcke and van Leeuwen, 2004).  Seasonal changes 

in the water, such as biological production rates and temperature, may affect both the dissolution 
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and decay rates of an oxidant for ballast treatment.  The rate of residual oxidant decay could also 

be dependent on the type of organic species found within the water sample.  A review by von 

Gunten (2003a) indicated that not all organics promote oxidant reactions, and that the degree of 

protonation and complexation of amines in ligands leads to a decrease in their oxidation 

reactivity.  Another study, in which the residual oxidant concentrations in the presence of two 

organic compounds, humic acid and bovine serum albumin (BSA), were measured over a period 

of 5 days, indicated that BSA had a greater oxidant demand than humic acid (Ayotte and Gray, 

1984).   

3.3. Summary and conclusions 

We examined the formation of TRO during ozonation using diffusion  and the decay of 

TRO in synthetic seawater and in water samples collected from Puget Sound, Washington; Cape 

Fear, North Carolina; and San Francisco Bay.  Ozone ballast water treatment produces a residual 

disinfectant that decays slowly in the dark.  This residual toxicity can increase the effectiveness 

of the ballast treatment by extending the time period that organisms must survive in a toxic 

environment.  Assuming that the organism’s response to treatment is linearly dependent on the 

disinfectant concentration and exposure time (C*T concept), this would imply that a lower 

disinfectant dose may be used to treat ballast water allowing further treatment with the remaining 

residual oxidant over a lengthy retention time in the ballast tanks.  On the other hand, TRO decay 

over time and its rate of decay is a function of the seawater that is ozonated. 

Our results also suggested that a higher initial TRO concentration in ballast water will 

decay slower than a lower initial concentration.  Therefore, increasing the initial TRO would 

provide a greater residual disinfectant effect over a longer period of time.  With knowledge of 

the type of source water and its TRO decay rate, it should be possible to determine the initial 
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TRO concentration necessary to maintain a desired residual toxicant concentration for a specific 

period of time.   

In the experiments described here, ozone was introduced through diffusion into a water 

column.  These results may not be applicable when using rapid dissolution ozonation technology, 

such as in-line ozonation through a venturi.  This will result in the very rapid establishment of a 

residual; however, since less oxidant demand will have been satisfied over the short ozonation 

time, it is to be expected that the TRO decay rate will be more rapid in some cases.  
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Figure Captions 

Fig. 1.  Total residual oxidant (TRO) concentration (mg l-1 as Br2) with increasing ozonation 

time in synthetic seawater prepared at 15 PSU (A) and 30 PSU (B); and water obtained from 

Puget Sound , Washington (C); Cape Fear River, North Carolina (D); two sites in San Francisco 

Bay, Sausalito (E) and Vallejo (F).   

Fig. 2.  Decay of total residual oxidant (TRO) in synthetic seawater prepared at 15 PSU (A) and 

30 PSU (B); and water obtained from Puget Sound , Washington (C); Cape Fear River, North 

Carolina (D); two sites in San Francisco Bay, Sausalito (E) and Vallejo (F).  Initial TRO levels 

measured as mg l-1 as Br2 were 4.0 (diamonds), 3.0 (triangles), 2.0 (squares), 1.5 (open 

triangles), and 1.0 (open circles). 

Fig. 3.  Total residual oxidant, TRO (mg l-1 as Br2), decay in synthetic seawater at 15 PSU (A) 

and 30 PSU (B), and ozonated at two different TRO concentrations, 4.0 mg l-1 as Br2, (closed 

squares) and 2.0 mg l-1 as Br2 (open squares).  Data is displayed as the natural log (Ln) of the 

ratio of TRO value at time t (Ct) divided by the initial TRO (Co).  Error bars = 1 S.D.  

Fig. 4.  Total residual oxidant decay starting at 2.0 mg l-1 as Br2 (A) and 4.0 mg l-1 as Br2 (B) in 

synthetic sea water of two different salinities, 15 PSU (closed squares) and 30 PSU (open 

squares).  Data is displayed as the natural log (Ln) of the ratio of TRO value at time t (Ct) 

divided by the initial TRO (Co).  Error bars = 1 S.D. 

Fig. 5.  Decay of total residual oxidant (TRO) in water obtained from Puget Sound , Washington 

(C); Cape Fear River, North Carolina (D); two sites in San Francisco Bay, Sausalito (E) and 

Vallejo (F).  Initial TRO levels measured as mg l-1 as Br2 were 4.0 (diamonds), 3.0 (triangles), 

2.0 (squares), 1.5 (open triangles), and 1.0 (open circles).  Data is displayed as the natural log 

(Ln) of the ratio of TRO value at time t (Ct) divided by the initial TRO (Co).  Error bars = 1 S.D. 
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Table 1 
Chemical analysis of the source waters used in TRO decay experiments: Synthetic seawater (PSU 
15) and (PSU 30); Puget Sound, Washington, Cape Fear River, North Carolina, San Francisco Bay 
(Sausalito), California, and San Francisco Bay (Vallejo), California.  
  mg l-1 
 Source pH PSU [ PO4

3-] [ Si(OH)4] [ NO3
-] [ NO2

-] [ NH4
+] TOC  

PSU 15 7.98 15.3 0.0014 0.034 0.002 0.0000 0.0069 0.66 
PSU 30 7.93 29.8 0.0043 0.090 0.009 0.0012 0.0024 0.71 
Puget Sound 7.80 29.9 0.0760 1.766 0.428 0.0012 0.0023 0.92 
Cape Fear 7.82 31.0 0.0087 0.494 0.008 0.0011 0.0043 2.88 
Sausalito 7.70 30.8 0.0734 1.464 0.176 0.0153 0.0760 1.34 
Vallejo 7.58 19.8 0.0975 3.047 0.343 0.0168 0.1122 6.60 

 
 



 

 

36

36

 

 

 

 

 

Fig 1.   

Synthetic Seawater (15 PSU)

0

1

2

3

4

5

0 10 20 30 40 50

Time (min)

TR
O

 m
g/

L

Synthetic Seawater (30 PSU)

0

1

2

3

4

5

0 10 20 30 40 50

Time (min)

TR
O

 m
g/

L

Puget Sound

0

1

2

3

4

5

0 10 20 30 40

Time (min)

TR
O

 m
g/

L

Cape Fear River 

0

1

2

3

4

5

0 20 40 60 80

Time (min)

TR
O

 m
g/

L
San Francisco Bay (Sausalito) 

0

1

2

3

4

5

0 20 40 60 80
Time (min)

TR
O

 m
g/

L

San Francisco Bay (Vallejo) 

0

1

2

3

4

5

0 20 40 60 80 100

Time (min)

TR
O

 m
g/

L

A

B

C

D 

E 

F 



 

 

37

37

 

 

 

 

 

Fig 2. 
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Fig 3.   
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Fig 4.   
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Fig 5. 
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Abstract - The toxicity of ozone gas bubbled into artificial seawater (ASW) was determined for 

five species of marine organisms in short-term (i.e., < 5 h) batch exposures to evaluate the use of 2 

ozone for removal of non-indigenous species (NIS) from ballast water. Juvenile topsmelt and 

sheepshead minnows (Atherinops affinis and Cyprinodon variegatus) were the most sensitive to 4 

oxidant exposure, with the mysid shrimp Americamysis bahia being the most sensitive 

invertebrate. In contrast, benthic amphipods (Rhepoxinius abronius, and Leptochirus 6 

plumulosus) were the least sensitive of all species tested.  Mortality from ozone exposure 

occurred quickly with median lethal times ranging from 1 – 3 h for the most sensitive species, 8 

although additional mortality can occur 1 – 2 d following ozonation. Because ozone does not 

persist in seawater, toxicity most likely resulted from oxidation of bromide to bromine species 10 

(HOBr, OBr-) which persist and continue to induce mortality even after 1-2 d storage. Therefore, 

ozonating seawater in short-term batch exposures to generate TRO concentrations ranging from 12 

0.3 – 1.7 mg/L as Br2 may effectively remove significant portions of marine NIS populations, 

although some tolerant benthic crustaceans may require additional treatment for adequate 14 

removal. (this is 187 words, we have 200 max) 

 16 

Keywords: ozone, non-indigenous species, marine invertebrates, fish, toxicity, bromine
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INTRODUCTION 18 

The introduction of non-indigenous species (NIS) through human activities is having 

severe consequences on global ecosystems, causing economic injury, and creating threats to 20 

human health (USOTA, 1993; Vitousek, et al., 1997; Wilcove, et al., 1998; Pimentel, et al., 

2000).  Although the negative effects of NIS in terrestrial and freshwater habitats are well 22 

documented (e.g., Gordon 1998; Horvitz et al. 1998; Lee, 1999; Mack et al., 2000), it is evident 

that NIS invasions have also changed coastal marine environments (e.g., Bax, et al., 2001).  24 

Some marine species have become dominant and significantly altered ecosystem-level processes 

(Cloern, 1996; Ruiz, et al., 1999; Grosholz, et al., 2000). 26 

Shipping has been identified as the vector responsible for most invasions in coastal areas, 

where organisms are carried on the hulls of ships and within ballast water tanks (Carlton, 1979; 28 

Carlton and Geller, 1993; Cohen and Carlton, 1995; Hewitt, et al., 1999; Ruiz, et al., 2000).  

Mid-ocean exchange of ballast water is currently the only viable management strategy available for 30 

reducing the quantities of NIS before reaching port (NRC, 1996). However, it is generally viewed 

as a “stop-gap” measure to reduce the risk of invasions.  Structural and health-safety risks exist 32 

when conducting ballast water exchange in bad weather and/or high seas, and data supporting the 

effectiveness of the procedure are limited (Taylor et al., 2002; Murphy et al., 2004).  34 

Despite efforts to develop alternatives to ballast water exchange (e.g., NRC, 1996; 

Hallegraeff, 1998), other treatment options have yet to receive regulatory acceptance.  One 36 

method currently under evaluation is the use of ozone gas as a chemical oxidant that would kill 

NIS prior to ballast water discharge (Cooper et al. 2002, Herwig et al., unpublished data).  Ozone 38 

has been used as a disinfectant since the late 1800s and is commonly used for drinking water 

disinfection in Europe and, to a lesser extent, in the United States (Langlais, et al., 1991; Hoigné, 40 
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1998).  While ozone itself is an effective disinfection agent owing to its strong oxidizing 

properties, it can react with other chemical components in water that may disinfect after 42 

becoming oxidized by ozone.  As a result, ozone toxicity and disinfection is most often 

expressed as a function of total residual oxidants (TRO), rather than as O3 per se (Crecelius, 44 

1979).  

A preliminary study testing ballast water ozonation was recently conducted onboard the S/T 46 

Tonsina (Cooper et al. 2002, Herwig et al., unpublished data), a 265 m, double hull oil 

tanker containing multiple segregated ballast water tanks with a total capacity of 48 

41,365,000 L.   Use of a prototype ozone system for 5-10 h resulted in a 71-99 % reduction 

of selected marine phytoplankton, zooplankton, and bacteria.  At the end of these ozonation 50 

experiments, TRO concentrations exceeded 5 mg/L as Br2, but it was not possible to 

quantify effective doses to any individual species with any precision in these field-scale 52 

studies. 

Because of the inherent challenges in performing shipboard testing of ballast water 54 

ozonation, lab-based studies are an effective way to simulate exposure to several surrogate 

marine species, and to verify toxicologically effective doses of TRO.  Our goal was to quantify 56 

oxidant loading rates and ozone toxicity to approximate the concentrations of ozone necessary to 

eliminate an acceptable percentage of NIS from ballast water tanks.  To accomplish this, we first 58 

monitored oxidant formation with ozone treatment over time.  Next, we attempted to simulate the 

shipboard testing system onboard the Tonsina using batch-ozonation as a disinfection strategy 60 

with five marine organisms: adult mysid shrimp (Americamysis bahia), larval topsmelt 

(Atherinops affinis), juvenile sheepshead minnows (Cyprinodon variegatus), and adults of two 62 

amphipod species (Leptocheirus plumulosus and Rhepoxinius abronius).  The toxic effect of 
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short-term ozone exposure was then tested by observing post-exposure mortality of juvenile 64 

Americamysis bahia.  The persistence of ozonation byproducts was also determined by 

conducting toxicity tests with aggressively ozonated water that had been stored from zero to 48 66 

h.   

 68 

MATERIALS AND METHODS 

Organisms 70 

For acute batch ozone toxicity studies, adult Americamysis bahia, larval Atherinops 

affinis, juvenile C. variegatus, and adult L. plumulosus were obtained from Aquatic Biosystems 72 

(ABS, Fort Collins, CO, USA), while adult R. abronius were collected in the field near 

Anacortes, WA, and shipped overnight to the testing laboratory.  Juvenile Americamysis bahia 74 

(10 d) were also received from ABS for tests concerning post ozonation exposure and the 

persistence of ozone byproducts.  All organisms were in good condition before beginning testing. 76 

 

Testing apparatus and equipment 78 

All toxicity tests were conducted in glass aquaria (either 10 or 20 L) containing artificial 

seawater (ASW; Forty Fathoms Crystal Sea and deionized water) at 28-30 ppt.  Prior to testing, 80 

aquaria were filled with ASW, placed in a water bath, and equilibrated overnight to test 

temperature.  Small pieces of nylon mesh were placed as substrate in aquaria used to conduct 82 

toxicity tests with L. plumulosus and R. abronius.  

Ozone was dispensed using a Model SC-10 ozone generator (Nutech 03 Inc., McLean, 84 

VA).  Total flow through the system was 2500 mL/min. Flow to each chamber was controlled 

with an N012-10 flow meter with a glass float (Gilmont Instruments, Barrington, IL). Ozone gas 86 
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was distributed to the chambers using Kynar tubing and ozone tolerant diffusers (Aquatic 

Ecosystems). 88 

 

Chemical analysis 90 

TRO measurements were obtained using an N,N-diethyl-1,4 

phenylenediammonium/potassium iodide (DPD/KI) indicator and a Pocket Colorimeter (Hach, 92 

Loveland, CO). This procedure was equivalent to USEPA Method 330.5 for wastewater and 

Standard Method 4500-Cl G for drinking water. TRO concentration (mg/L) measurements were 94 

calculated and expressed as equivalent concentrations of bromine (Br2 , 1 mol Cl2 = 0.44 mol 

Br2). 96 

 

Rate of oxidant formation 98 

Three 20-L aquaria containing ASW at 28-30 ppt salinity were treated with ozone at a flow 

rate of 61.6 ml/min over a period of 24 h.  A 20-L control aquarium received compressed 100 

air at the same flow rate.  Similarly to methods used on the Tonsina by Cooper et al. 

(2002), TRO measurements were obtained from all chambers at 0.5 h intervals from 0 to 6 102 

h.   

 104 

Ozone toxicity 

Ozone toxicity experiments for larval Atherinops affinis, juvenile C. variegatus, and adult 106 

R. abronius were conducted in 20-L aquaria, while experiments with adult Americamysis bahia 

and adult L. plumulosus were performed in 10-L aquaria. All experiments used a total of five 108 
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chambers each containing ten organisms, with one chamber tested per treatment.  Chambers 

containing all organisms except R. abronius (15 ± 2 oC) were maintained at 23 ± 2 oC.   110 

Total gas flow rates for 20-L chambers were 97.5, 63.2, 38.6, and 20.0 mL/min. These 

flow rates corresponded to nominal ozone supply rates of 0.43, 0.28, 0.17, and 0.09 mg 112 

O3/L/min. Controls received compressed, ambient air at 97.5 mL/min (i.e., maximum flow rate). 

Total gas flow rates for 10-L chambers were 38.6, 28.3, 20.0, and 13.1 mL/min (0.34, 0.25, 0.17, 114 

and 0.11 mg O3/L/min; control air flow = 38.6 mL/min). Experiments were run for a maximum 

of five h.  TRO measurements were recorded with biological observations (mortality and motility 116 

of survivors) at 0.5-, 1-, 2-, 3-, 4-, and 5-h following test initiation.  Experiments were terminated 

within the 5-h exposure period if all organisms in a treatment died. 118 

 

Effects of short-term ozone exposure on longer-term survival 120 

Juvenile Americamysis bahia (10 d) were placed in five 20-L glass aquaria (19 ± 2 ºC, ten 

organisms per chamber).  Total gas flow rates for 20-L chambers were 97.5, 63.2, 38.6, and 20.0 122 

mL/min (0.43, 0.28, 0.17, and 0.09 mg O3/L/min; control air flow = 97.5 ml/min).  TRO 

measurements were taken both before initiating ozone treatment and after 75 min of exposure.  124 

After 90 min of exposure, surviving organisms from each chamber were removed and placed 

into beakers of clean seawater maintained in a water bath at 19 ± 2ºC, and fed Artemia 126 

franciscana (0.1 mL per beaker).  The shrimp were examined at 24 h after terminating exposure 

for mortality, and dead organisms were removed.  Surviving organisms were again fed Artemia 128 

franciscana, and examined again for mortality at 48 h after exposure.  

 130 

Toxicity of residual oxidants over time 
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A 20-L glass aquarium containing ASW at 19º C was treated with ozone at 97.5 ml/min 132 

(0.43 mg O3/L/min) until targeted TRO values (> 4.0 mg/L) were reached (1.5 h; see results).  A 

portion of the treated water (2.5 L) was obtained for immediate use, while the remainder was 134 

transferred from the aquarium to 20-L low-density polyethylene Cubitainers (Hedwin 

Corporation, Laporte, IN) and stored in darkness without container headspace at 12º C.  Toxicity 136 

experiments were initiated with the ozone-treated water at 0, 24, and 48 h following this 

exposure period. 138 

A range of TRO concentrations were achieved by mixing the ozonated water with fresh 

ASW.  Concentrations of ozonated water used in toxicity tests were 100 % (ozonated water 140 

only), 75 %, 50 %, 25 %, and 0 % (ASW only).  Three, 300 ml replicates of each concentration 

in 500 ml beakers were used for each test and maintained at 19 ± 2ºC in a water bath.  TRO was 142 

measured for each treatment concentration.  Ten juvenile Americamysis bahia (8 d) were used in 

each replicate, and were fed 0.2 ml Artemia franciscana at test initiation. The shrimp were 144 

examined at 24 h for mortality, and dead organisms were removed.  Surviving organisms were 

again fed A. franciscana, and examined again for mortality at 48 h after the beginning of the test.  146 

 

Data analysis 148 

Toxicity endpoints were expressed either as median-lethal concentrations (LC50) at 

specific exposure times ranging from 1 – 48 h, or as median-lethal times (LT50) as a function of 150 

ozone gas loading rates. In addition, 95 %-lethal concentrations (LC95) were calculated to 

estimate time-specific TRO concentrations associated with nearly complete mortality. All 152 

endpoints were calculated using the Trimmed Spearman-Karber method (e.g. Hamilton et al. 

1977), or by linear interpolation if acceptable trim values were exceeded. All endpoint 154 
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calculations were conducted using the Comprehensive Environmental Toxicity Information 

System (CETIS V1.0, Tidepool Scientific Software, McKinleyville, CA). LC50 and LC95 values 156 

for batch ozone toxicity tests were obtained from measured TRO concentrations and the total 

number of mortalities observed at each time period following test initiation.  LC50 and LC95 158 

values for experiments testing the toxicity of residual oxidants over time were expressed as a 

function of TRO concentrations measured immediately after test initiation. 160 

 

RESULTS  162 

Oxidant formation over time 

 Ozonation of ASW in glass aquaria over 5 h during the acute batch toxicity tests 164 

indicated a gradual increase of TRO over time without saturation. An example plot of TRO 

concentrations at each ozone flow rate as a function of time for the L. plumulosus tests is 166 

presented in Figure 1.  At lower flow rates (0.11 – 0.17 mg O3/L/min), TRO concentrations 

reached 1.9 – 3.6 mg/L, whereas concentrations reached 4.6 – 5.6 mg TRO/L at higher flow 168 

rates. Thus, at any given exposure period, increasing ozone gas delivery rates generated 

increasing instantaneous TRO concentrations in ASW. 170 

 

Effects of short-term ozone exposure on survival 172 

LC50 values for all organisms ranged from 0.31 to > 5.63 mg/L, with 100 % mortality of 

each species except L. plumulosus occurring in less than 5 h (Table 1).  The juvenile topsmelt 174 

(Atherinops affinis) was the most sensitive organism tested, with LC50 values of 0.38 and 0.31 

mg TRO/L after only 1 and 2 h of ozone exposure, respectively.  Juvenile sheepshead minnows 176 

(C. variegatus) were nearly as sensitive, but it took up to 4 h to reach a similar final LC50 (0.35 
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mg TRO/L). In contrast, all three invertebrates tested were significantly more tolerant of ozone 178 

exposure, with juvenile Americamysis bahia reaching a lowest LC50 of 0.62 mg TRO/L at 3 h, 

and adult R. abronius reaching a lowest LC50 of 0.94 mg TRO/L after 4 h. This same trend in 180 

relative species sensitivity was also evident at 2 h (i.e., the longest exposure period with less than 

100 % mortality for all species) with the two juvenile fish having the lowest LC50s (0.31 and 182 

0.44 mg TRO/L), and the invertebrates Americamysis bahia and R. abronius exhibiting 

significantly higher LC50s (1.37 and 1.72 mg TRO/L, respectively; Table 1).  95 %-lethal effect 184 

concentrations (LC95) were approximately two to three-fold higher than LC50 values for all 

species and time values testing (Table 2). No significant mortality was observed in the amphipod 186 

L. plumulosus at any TRO concentrations tested up to 5.63 mg TRO/L after 5 h of batch 

ozonation (Tables 1 and 2).   188 

To indicate the time needed to induce significant mortality via batch ozonation, LT50 

values were derived for the three most sensitive species (Figure 2). Similarly to the LC50 results, 190 

juvenile topsmelt (Atherinops affinis) were the most sensitive to ozone exposure in ASW with 

median lethal times ranging from 84 – 38 min at the lowest to highest ozone loading rates, 192 

respectively. Both the mysid shrimp (Americamysis bahia) and sheepshead minnows (C. 

variegatus) exhibited longer median lethal times ranging from 139 – 184 min at the lowest ozone 194 

loading rate to 86 – 60 min at the highest ozone loading rates. LT50 data could not be derived for 

either of the less sensitive amphipods, R. abronius or L. plumulosus. 196 

 

Effects of short-term ozone exposure on longer-term survival 198 

When juvenile mysids (Americamysis bahia) were removed from ozonated ASW after 

1.5 h, only 30 – 60 % mortality had occurred at the two highest ozone loading rates (Figure 3). 200 
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However, mortality continued to occur even after organisms were transferred to clean ASW. 

Mortality ranged from 20 – 100 % in organisms previously exposed to the highest three ozone 202 

loading rates after 24 h, and from 60 – 100 % in organisms previously exposed to all four ozone 

loading rates after 48 h. 204 

 

Toxicity of residual oxidants over time 206 

After 1.5 h of ozonation at 0.43 mg O3/L/min, TRO reached 2.24 mg/L  which, when 

diluted with clean ASW, created a dilution series ranging down to 0.59 mg TRO/L at 25 % 208 

ozonated ASW (Figure 4).  Relatively little TRO loss occurred after ASW storage with a 

maximum concentration of 2.13 mg TRO/L at 24 h, and 1.66 mg TRO/L at 48 h. As a 210 

result, dilution series generated an acceptable range of TRO concentrations for deriving 

median lethal effects levels in Americamysis bahia when measured at the time of test 212 

initiation (Figure 4). 

LC50 values for Americamysis bahia in waters tested immediately following ozone 214 

treatment were 0.70 and 0.47 mg TRO/L at 24 h and 48 h, respectively (Table 3).  For both 

24-h and 48-h mortality data, LC50 values tended to decline slightly with increasing 216 

storage time, but these differences were not statistically significant (i.e., 95 % confidence 

limits all overlapped). 95 % effect concentrations exhibited similar trends with 24-h LC95s 218 

ranging from 1.06 – 0.75 mg TRO/L, and 48-h LC95s ranging from 1.03 – 0.74 mg TRO/L 

(Table 3). 220 

 

DISCUSSION 222 
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The goal of this study was to quantify the time- and concentration-dependent toxicity of 

ozone-produced oxidants to better understand whether ozone disinfection could be an 224 

effective means of controlling marine NIS.  Our acute batch ozone exposure experiments 

indicated that topsmelt and sheepshead minnows (Atherinops affinis and C. variegatus) 226 

were the most sensitive to short-term oxidant exposure, with the mysid shrimp 

Americamysis bahia being the most sensitive invertebrate, and the amphipod (L. 228 

plumulosus) being the least sensitive of all species tested.  LC50s as low as 0.31 – 0.35 mg 

TRO /L were observed, but the topsmelt reached this value after only 2 h of ozonation vs. 4 230 

h for the sheepshead minnow.  Americamysis bahia was the next most sensitive organism 

with a 3 h LC50 of 0.62 mg TRO/L, and R. abronius was more tolerant with a significantly 232 

higher 3 h LC50 of 1.37 mg TRO/L. In contrast, no mortality was observed in the second 

amphipod, L. plumulosus, even after 5 h of ASW ozonation which generated up to 5.63 mg 234 

TRO/L. 

Mortality from ozone exposure occurred quickly with complete mortality occurring for all 236 

but L. plumulosus in less than 5 h at ozone loading rates as low as 0.1 mg O3/L/min.  

Median lethal times also indicated rapid onset of mortality with LT50 values less than 1.5 h 238 

for juvenile topsmelt, and ranging from 1 – 3 h for sheepshead minnows and mysid shrimp.  

But even these short-term indicators of toxicity from ozonated ASW probably 240 

underestimate eventual mortality levels, as indicated by mortality continuing to increase in 

Americamysis bahia in 24 – 48 h after only 1.5 h of exposure to ozonated seawater. 242 

Seawater ozonation thus can induce rapid mortality in marine organisms, but organisms can 

still succumb 1-2 d later from sub-lethal exposures to ozonated seawater for relatively brief 244 
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periods of time. Delayed mortality has also been observed for the fast acting oxidant 

chlorine (Brooks and Seegert 1977, Latimer et al. 1975, USEPA 1985).  246 

While LC50 values are useful for characterizing relative toxicity among different species, 

removal of NIS from ballast water tanks would likely require mortality rates substantially 248 

greater than 50 %. For example, the State of Washington has set an interim ballast water 

discharge standard of 95 % inactivation or removal of zooplankton organisms (State of 250 

Washington, 2002), and so we derived 95 % lethal effect concentrations where possible 

(Tables 2 and 3). Most LC95s were about 2-fold higher than their corresponding LC50s, 252 

with LC95s of 0.59 – 1.46 mg TRO/L for the more sensitive juvenile fishes, and LC95s for 

Americamysis bahia ranging from 1.14 – 1.67 mg TRO/L for short-term exposures (i.e., 2-3 254 

h), and 0.74 – 1.06 mg TRO/L for 24 – 48 h exposures. This 2-fold difference in LC50 and 

LC95 values denotes steep dose-response curves, which has also been observed with other 256 

fast-acting oxidants such as chlorine (USEPA 1985). The more resistant R. abronius 

exhibited less steep dose-response curves with LC95s about 3-fold higher than LC50s. 258 

Other studies confirm that seawater ozonation can induce rapid mortality to marine 

organisms, but comparisons of specific effect concentrations are complicated by the variety 260 

of exposure times and oxidant measurement methods used in each study. Ozone has been 

reported to be toxic against a number of marine organisms, including phytoplankton and 262 

crab larvae (Toner and Brooks 1975), striped bass eggs and larvae (Morone saxatilis, Hall 

et al. 1981), and white perch (M. americana, Block et al. 1978; Richardson et al. 1983)*.  In 264 

these studies, 100 % mortality was induced in 24 – 96 h following relatively short-term 

exposures (less than 10 min in some cases) to ozone-produced oxidant concentrations 266 

                                                 
* While LC50 values expressed in these cases were originally reported as mg Cl2/L, we have converted them to mg 
Br2/L. 
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ranging from 0.18 – 0.44 mg TRO/L as Br2 for most species, with mortality observed in 

some crab larvae and white perch early life stages at concentrations as low as 0.04 mg 268 

TRO/L as Br2 (Toner and Brooks 1975, Hall et al. 1981).  Continuous exposures to 

ozonated seawater also induced LC50 values ranging from 0.03 – 0.18 mg TRO/L as Br2 in 270 

striped bass, depending on the life stage and exposure duration (Hall et al. 1981). Our 

results indicate that higher oxidant concentrations may be necessary for the immediate 272 

removal of some planktonic larvae and juvenile fish, although we did not evaluate 

mortality at time periods longer than 5 h except for Americamysis bahia.  We found no 274 

other studies with marine organisms that were consistent with the high level of resistance 

that we observed in the benthic amphipod L. plumulosus.   276 

While these data confirm that ozone is toxic to marine organisms, ozone per se is not likely 

to be the chemical species directly responsible for toxicity in seawater.  Ozone has a very 278 

short chemical half-life in seawater (approximately 5 seconds, Haag and Hoigné, 1984), and 

disappears quickly following the introduction of ozone gas (Crecelius, 1979).  The 280 

presence of bromide ion (Br-) changes the chemistry of ozone decomposition when 

compared to freshwater systems (Oemcke and van Leeuwen, 1998).  Ozonation of seawater 282 

oxidizes bromide ion to bromine (hypobromous acid [HOBr] and hypobromite ion [OBr-] 

with a pKa of 8.8 as HOBr/OBr-,) that may lead to bromate ion (BrO3
-) (Haag and Hoigne, 284 

1983; von Gunten and Hoigné, 1992, 1996; von Gunten and Oliveras, 1997, 1998; 

Pinkernell, et al., 2000; von Gunten and Pinkernell, 2000; Hofman and Andrews, 2001).  286 

Additionally, the presence of organic material may result in reactions with HOBr to 

produce bromoform (CHBr3). 288 
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Of these three brominated species, bromine is most likely to be rapidly toxic at 

concentrations similar to those reported in the present study.  For example, standard acute 290 

toxicity tests were conducted with bromine chloride (BrCl) for eight marine organisms 

(including larval fish, bivalves, and crustaceans), with LC50 values ranging from 0.11 – 292 

0.80 mg/L (Burton and Margrey 1978, Roberts and Gleeson 1978).  In contrast, both 

bromate ion and bromoform are substantially less toxic than bromine, and so are unlikely to 294 

contribute any significant toxicity.  Bromate ion LC50 values range from 30 mg/L  for the 

pacific oyster Crassostrea gigas to 512 mg/L  for the chum salmon Oncorhynchus keta 296 

(Crecelius 1979), and bromoform LC50 values range from 7.1 mg/L for C. variegatus 

(Ward et al. 1981) to 26 mg/L  for the brown shrimp Penaeus aztecus (Anderson, et al., 298 

1979).  In the studies onboard the Tonsina, bromate ion was never detected and bromoform 

was found to occur at concentrations below 1 mg/L (Cooper et al., 2002, Herwig et al., 300 

unpublished data). 

In seawater treated with ozone, TRO measurements are an effective means of quantifying 302 

oxidant production.  Bromine as HOBr/OBr- may be the only component of TRO 

measurements on the basis of proposed reaction pathways (e.g., Driedger et al., 2001).  304 

Therefore HOBr/OBr- can accumulate in ozonated seawater, and based on the observed 

persistence of toxicity for at least two days in the present study, it is likely the oxidant 306 

primarily responsible for toxicity. 

The difference in oxidant sensitivity observed among organisms used in the present study 308 

may be explained by the potential for ozone-produced chemicals to oxidize biological 

membranes.  Because fish gill membranes can be easily damaged (Richardson et al. 1983), 310 

this could explain the extreme sensitivity of the larval fish relative to the invertebrates 
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tested in the present study. This is also consistent with marine fish being among the most 312 

sensitive to chlorine in seawater (with the exception of the copepod Acartia tonsa and the 

Eastern oyster Crassostrea virginica; USEPA 1985).  By comparison, benthic crustaceans 314 

in our study were the most tolerant of ozone exposure, perhaps because their respiratory 

structures are not as readily exposed to ambient water.  This is also consistent with the 316 

toxicity of chlorine to marine organisms, with amphipods and crabs being among the most 

acutely tolerant species (USEPA 1985). 318 

 

Conclusions 320 

 

Our results indicate that several marine invertebrate and fish species can be effectively 322 

eliminated following short-term (i.e., less than 5 h) ozonation at TRO concentrations less than 1 

mg/L as Br2, and that ozone-produced oxidants can accumulate and remain toxic in closed 324 

containers for at least two days.  However, benthic crustaceans may be relatively tolerant of 

ozone-produced oxidants, and so may require other control methods to prevent introductions 326 

from ballast water discharge. Although laboratory conditions differ significantly from ballast 

water tanks onboard ocean vessels, applying these data on a much larger scale could be useful in 328 

approximating TRO concentrations needed to remove an acceptable percentage of NIS from 

ballast water.  For example, in companion studies we demonstrate that effective TRO 330 

concentrations to Americamysis bahia are similar in several natural seawaters collected from 

different locations (Jones et al. 2005, this issue), and that TRO concentrations of ≥ 1 mg/L were 332 

associated with high levels of mortality in natural zooplankton assemblages in mesocosms 

(Perrins et al, unpublished data) and actual ballast water tanks (Cooper et al. 2002, Herwig et al., 334 

unpublished data).  Furthermore, laboratory toxicity data could be used to help evaluate how far 
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TRO concentrations might have to be decreased prior to discharge to ensure the safety of 336 

indigenous organisms in receiving waters.  Ozone-produced oxidant concentrations will decrease 

in ballast waters prior to discharge by natural decay processes (e.g., time, mixing, or sunlight 338 

exposure; Perrins et al. unpublished data), or by the addition of reductants such as sodium 

thiosulfate (Na2S2O3) to eliminate toxicity (Jones et al. 2005). 340 
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Table 1: Median-lethal effect concentrations (LC50 in mg TRO/L as Br2) for five marine taxa following short-term ozone exposure.  

Cells without values denote 100 % mortality.  Data are presented according to total time of exposure. 

LC50 (95 % C.I.) mg TRO/L as Br2 

Species 0.5 h 1 h 2 h 3 h 4 h 5 h 

Americamysis bahia > 0.9 > 1.22 1.37 

(1.29, 1.45) 

0.62   

Atherinops affinis > 0.9 0.38  

(0.31, 0.47) 

0.31    

Cyprinodon variegatus > 0.42 1.13 

(1.13, 1.13) 

0.44 

(0.39, 0.50) 

0.44 

(0.24, 0.85) 

0.35  

Rhepoxinius abronius > 0.48 > 1.51 1.72 

(0.76, 3.89) 

1.37 

(1.27, 1.49) 

0.94  

Leptocheirus plumulosus > 0.65 > 1.24 >2.93 > 3.63 > 4.21 > 5.63 
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Table 2: 95 %-lethal effect concentrations (LC95 in mg TRO/L as Br2) for five marine taxa following short-term ozone exposure. 

Cells without values denote 100 % mortality.  Data are presented according to total time of exposure. 

LC95 (95 % C.I.) mg TRO/L as Br2 

Species 0.5 h 1 h 2 h 3 h 4 h 5 h 

Americamysis bahia > 0.9 > 1.22 1.67 1.14   

Atherinops affinis > 0.9 1.15 0.59    

Cyprinodon variegatus > 0.42 > 1.13 0.82 1.46 0.63  

Rhepoxinius abronius > 0.48 > 1.51 > 2.46 2.66 2.9  

Leptocheirus plumulosus > 0.65 > 1.24 >2.93 > 3.63 > 4.21 > 5.63 

 

 



 

 

68

68

Table 3. Median- and 95 %- lethal concentrations (LC50 and LC95 in mg TRO/L as Br2) 

for Americamysis bahia exposed to freshly ozonated ASW (0 h), and ozonated ASW that 

had been stored for 24 and 48 h. 

Storage time (h) 24-h LC50 48-h LC50 24-h LC95 48-h LC95 

0 0.70 

(0.63, 0.78) 

0.47 

(0.27, 0.90) 

1.06 

(1.06, 1.06) 

1.03 

(0.91, 1.09) 

24 0.50 

(0.47, 0.54) 

0.43 

(0.36, 0.51) 

0.83 

(0.83, 0.83) 

0.82 

(0.81, 0.82) 

48 0.43 

(0.38, 0.48) 

0.32 

(0.23, 0.43) 

0.75 

(0.74, 0.76) 

0.74 

(0.70, 0.77) 
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Figure 1.  Observed trends in oxidation-reduction potential total residual oxidant (TRO in 

mg/L as Br2) in control and all four ozone treatments.  Data are from the 5-h toxicity test 

conducted with L. plumulosus. 

 

Figure 2.  Median lethal times (LT50 in min) for Atherinops affinis, C. variegatus, and 

Americamysis bahia as a function of ozone loading rates (in mg O3/L/min). Curved lines 

represent best-fit power function equations for each species. 

 

Figure 3.  Percent mortality of 10-d-old Americamysis bahia following transfer of 

organisms to clean ASW after ozone exposure for 90 min.  Biological observations were 

made at 0, 24, and 48 h following transfer of organisms.  

 

Figure 4.  Initial TRO concentrations (mg/L as Br2) for toxicity tests using Americamysis 

bahia  in ozonated seawater stored for 0, 24, and 48 h following ozonation.  Treatments 

for each toxicity test were made in a 50 % dilution series from the same batch of 

ozonated water. 



 

 

70

70

Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Abstract - Ballast water transport of non-indigenous species (NIS) has been recognized 1 

as a significant contributor to biological invasions and a threat to coastal ecosystems.  2 

Recently, the use of ozone gas as an oxidant to eliminate NIS from ballast while ships are 3 

in transit has been considered.  We measured total residual oxidant (TRO, as Br2) 4 

formation with ozone treatment over time in artificial seawater and four site-specific 5 

seawaters.  Toxicity tests with each of the waters over 48 hours were conducted using 6 

juvenile mysid shrimp (Americamysis bahia).  Studies were also conducted using selected 7 

waters for topsmelt (Atherinops affinis), and sheepshead minnows (Cyprinodon 8 

variegatus).  There appeared to be a correlation between water salinity and the rate of 9 

TRO formation during ozonation, but dissolved organic carbon and total dissolved 10 

nitrogen did not affect TRO concentrations.  Sheepshead minnows were most sensitive to 11 

TRO concentrations, while topsmelt were less sensitive than sheepsheads but more 12 

sensitive than mysids.  Toxicity tests run concurrently in which sodium thiosulfate 13 

(Na2S2O3) was added before test initiation resulted in TRO elimination and survival of all 14 

organisms.  The results of this study should be considered in designing ozone treatment 15 

in ballast tanks. 188 words 16 

Keywords: ozone, non-indigenous species, marine invertebrates, total residual 17 
oxidant, toxicity 18 
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INTRODUCTION 19 
 20 

The transport of non-indigenous species (NIS) via ballast water on ocean-going 21 

vessels has been recognized as a serious threat to the ecology of coastal ecosystems 22 

worldwide (e.g. Carlton and Geller 1993; Ruiz et al. 1997, Carlton 1999; Bax et al. 2001) 23 

In analyses of ballast water samples from over 150 cargo ships, Carlton and Geller (1993) 24 

identified at least 367 taxa and found representatives of all marine trophic groups.  25 

Invasions that could be attributed to ballast water transport in marine and freshwater 26 

include the introduction of the ctenophore Mnemiopsis leidyi to the Black Sea 27 

(Vinogradov et al. 1989), the Asian shore crab Hemigrapsus sanguineus to New Jersey 28 

(McDermott 1991), and the zebra mussel (Dreissena polymorpha) from Eurasia to the 29 

Great Lakes (e.g. Griffiths et al. 1991). 30 

To provide alternatives to mid-ocean ballast exchange, chemical biocides and 31 

physical treatments are being developed and tested for their ability to reduce NIS prior to 32 

ballast water discharge (Hallegraeff 1998). Examples of these alternatives include 33 

treatment with hydrogen peroxide (e.g. Hallegraeff et al. 1997), electric shock (Montani 34 

et al. 1995), heat (Bolch and Hallegraeff 1993; Hallegraeff et al. 1997) and biocides such 35 

as SeaKleen (Sano et al., 2004).  Another method receiving increased attention is the use 36 

of ozone to generate total residual oxidant (TRO) concentrations in ballast water that are 37 

lethal to organisms. Ozone reacts with bromide ion in seawater to form bromine 38 

(HOBr/OBr-) and bromate ion (BrO3
-), both of which are toxic to marine organisms (e.g. 39 

Gensemer et al. 2005, this issue; Herwig et al. unpublished data).  A preliminary study by 40 

Cooper et al. (2002) tested ozone delivery to ballast water tanks onboard the S/T Tonsina, 41 
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a 265 m oil tanker carrying 41,365,000 L of ballast water.  Ozone treatment for 5-10 h 42 

eliminated 71 to ≥99 % of selected marine phytoplankton, zooplankton, and bacteria.  43 

In a companion study, Gensemer et al. (2005) simulated the efficacy of the ozone 44 

treatment system from the S/T Tonsina in the laboratory using adult mysid shrimp 45 

(Americamysis bahia), juvenile topsmelt (Atherinops affinis), and sheepshead minnows 46 

(Cyprinodon variegatus), and adults of two amphipod species (the benthic Leptocheirus 47 

plumulosus and pelagic Rhepoxinius abronius).  Batch ozonation in aquaria containing 48 

artificial seawater (ASW) showed that with the exception of L. plumulosus, all species 49 

tested died well within a typical 5 h ozonation period as a result of TRO formation (LT50 50 

≤ 5 h, LC50s = 0.31 to 0.94 mg TRO/L as Br2).  L. plumulosus was not affected by any 51 

TRO concentration over the time periods tested (LC50 > 5.63 mg TRO/L as Br2).  52 

Further experiments revealed that juvenile Americamysis bahia experienced continued 53 

mortality over 48 h after short term ozone exposure (1.5 h) and subsequent removal to 54 

untreated ASW.  Americamysis bahia were also susceptible to ozonated seawater that had 55 

been stored in the dark for 48 h before beginning toxicity testing. 56 

To further characterize the effective TRO concentrations required for removal of 57 

NIS from seawater, measurements of oxidant formation over time with ozone treatment 58 

in different coastal waters is necessary to consider variations in factors that may influence 59 

the buildup or loss of TRO such as salinity and dissolved organic carbon.  Toxicity 60 

experiments in different seawaters could also reveal any impact of water characteristics 61 

on species sensitivity to TRO.  This paper expands on the results presented in Gensemer 62 

et al. (2005) by using ASW and natural waters from four locations to compare TRO 63 

loading rates over time.  The toxicity of TRO towards juvenile Americamysis bahia, 64 
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Atherinops affinis, and Cyprinodon variegatus in ASW and four coastal seawaters was 65 

also assessed.  In addition, toxicity experiments were conducted following treatment with 66 

a chemical reductant to confirm that oxidant toxicity could be removed if necessary to 67 

ensure environmental safety of the ozonated seawater.  68 

 69 
MATERIALS AND METHODS 70 
 71 
Water samples and organisms 72 
 73 

Waters used for oxidant loading included artificial seawater (ASW; Red Sea Salt 74 

and deionized water, 30 ppt), and samples collected from the Cape Fear River Estuary, 75 

NC (33 ppt), Shannon Point, WA (Shannon Point Marine Center, 32 ppt), Vallejo, CA 76 

(California Maritime Academy, 13 ppt), and Yaquina Bay, OR (Northwest Aquatic 77 

Sciences, 31 ppt).  Total dissolved organic carbon content (DOC) of the site waters was 78 

analyzed using a Shimadzu TOC-5050A total organic carbon analyzer with an ASI-79 

5000A autosampler (Kyoto, Japan).  Total dissolved nitrogen (TDN) of the site waters 80 

was measured using an Antek 9000 series total dissolved nitrogen analyzer (Houston, 81 

Texas).  Juvenile mysid shrimps (Americamysis bahia, 3 to 4 d), sheepshead minnows 82 

(Cyprinodon variegatus, 3 to 4 d) and topsmelt (Atherinops affinis, 11to12 d) were 83 

obtained from Aquatic Biosystems (Fort Collins, CO).  All organisms were shipped 84 

overnight to the testing laboratory and acclimated for 24 h before test initiation.    85 

 86 

Oxidant loading rates 87 

Ozone was dispensed at a concentration of 23.2 mg O3 /L/min using a model SC-88 

10 ozone generator (Nutech 03 Inc., McLean, VA) to seawater placed into three, 20-L 89 

glass aquaria.  Flow to each chamber was maintained at 40.5 mL O3/min using N012-10 90 
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flow meters with sapphire floats (Gilmont Instruments, Barrington, IL).  Ozone was 91 

distributed to the chambers using Kynar tubing and ozone tolerant diffusers (Aquatic 92 

Ecosystems).  A control 20-L chamber received compressed air at 40.5 mL/min. 93 

To characterize the ozone loading kinetics for each seawater type, total residual 94 

oxidant (TRO) measurements were obtained from each chamber at 0.5 h intervals from 0 95 

to 6 h with a Pocket Colorimeter using a N,N-diethyl-p-phenylenediamine/potassium 96 

iodide (DPD/KI) indicator (Hach, Loveland, CO).  This procedure is equivalent to 97 

USEPA Method 330.5 for wastewater and Standard Method 4500-Cl G for drinking 98 

water.  TRO concentration (mg/L) measurements were calculated and expressed as 99 

equivalent concentrations of bromine (Br2 , 1 mol Cl2 = 0.44 mol Br2) and averaged for 100 

the three chambers treated with ozone. 101 

 102 

Oxidant toxicity  103 

For each toxicity experiment with Americamysis bahia, waters were treated with 104 

ozone until a TRO concentration of approximately 2 mg/L as Br2 was reached.  Serial 105 

dilutions with non-ozonated water were achieved by mixing ozonated and non-ozonated 106 

waters.  Concentrations used were 100 % (ozonated water only), 50 %, 25 %, 12.5 %, 107 

6.25 %, and 0 % (non-ozonated water only).  TRO measurements were taken from each 108 

dilution to verify the accuracy of the concentrations.  Four 250 mL replicates of each 109 

concentration in 500 mL beakers were used for each test and maintained at 20ºC in an 110 

environmental chamber.  Ten juvenile Americamysis bahia were used in each replicate, 111 

and were fed 0.1 mL Artemia franciscana at test initiation and twice daily.  The mysids 112 

were examined at 24 h for mortality, and dead organisms were removed.  Surviving 113 
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organisms were again examined for mortality at 48 h after the beginning of the test.  114 

Conductivity and ammonium concentrations of the water were measured at test initiation, 115 

and pH, dissolved oxygen (DO), temperature, and salinity were monitored daily.  All 116 

median-lethal concentrations (LC50) and 95% confidence intervals were calculated at 24 117 

and 48 h using the Trimmed Spearman-Karber method (e.g. Hamilton et al. 1977). 118 

 Toxicity tests with Atherinops affinis and C. variegatus were conducted similarly 119 

to Americamysis bahia using ASW and water from Yaquina Bay, OR.  However, 120 

previous experiments suggested both organisms were more sensitive to ozonated 121 

seawater (Gensemer et al. 2005) and as a result lower TRO concentrations were used for 122 

each organism (Atherinops affinis: 100 % = approximately 1 mg/L as Br2; C. variegatus, 123 

Yaquina Bay sample, 100 % = 0.25 mg/L as Br2).  Both Atherinops affinis and C. 124 

variegatus were tested in 400 mL replicates and fed 0.2 mL of Artemia franciscana twice 125 

daily.  Experiments with C. variegatus were conducted for 96 h in accordance with EPA 126 

protocol 600/4-90/027F.-  After 48 h the water in each replicate was replaced with new 127 

water that had been diluted to the same TRO concentrations, and LC50 values were 128 

calculated at 24 h intervals from 0 to 96 h. 129 

In addition to the toxicity experiments described above, similar tests were 130 

conducted in which each dilution series was treated with a solution of 0.005M sodium 131 

thiosulfate (Na2S2O3) before organisms were added.  TRO measurements were taken after 132 

the sodium thiosulfate addition to confirm that oxidants were reduced.  Reduction 133 

experiments were conducted using ASW and waters from Cape Fear, NC, Shannon Point, 134 

WA, and Yaquina Bay, OR on both Americamysis bahia and C. variegatus employing the 135 

same dilution methods as previously described for Americamysis bahia toxicity tests (100 136 
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% = approximately 2 mg/L as Br2).  Reduction experiments with Atherinops affinis were 137 

limited to addition of sodium thiosulfate to the highest TRO concentration used in 138 

toxicity tests (approximately 1 mg/L as Br2).  In all cases, four control replicates were 139 

included in tests in which non-ozonated water received the same amount of sodium 140 

thiosulfate as the highest concentration. 141 

 142 

RESULTS 143 

Oxidant loading rates 144 

DOC concentrations in the site waters ranged from 717.6 µg/L (Shannon Point, 145 

WA) to 2382 µg/L (Vallejo, CA).  TDN concentrations ranged from 173.6 µg/L (Yaquina 146 

Bay, OR) to 481.2 µg/L (Vallejo, CA; Table 1).  With the exception of the Vallejo, CA 147 

sample, ozonation of all waters caused a steady increase in TRO concentration of 148 

approximately 2 mg/L/h during the first 3 h of treatment (Figure 1 a-e).  Saturation 149 

appeared to occur after 6 h, with TRO concentrations ranging from approximately 8 to 10 150 

mg/L as Br2. 151 

 In contrast, TRO concentrations in the Vallejo, CA water sample increased more 152 

slowly than ASW or the other site waters, with measurements of 1 mg/L after 1 h and 3 153 

mg/L as Br2 after 2 h.  The maximum occurred after 3 h at approximately 4 mg/L as Br2. 154 

 155 

Oxidant toxicity 156 

 LC50 values for Americamysis bahia after 24 h in tests using ASW and each of 157 

the site waters were not significantly different (i.e., 95 % confidence intervals all 158 

overlapped), ranging from 0.55 to 0.62 mg TRO/L as Br2  (Table 2).  After 48 h, LC50 159 
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values were also similar, ranging from 0.34 to 0.46 mg TRO/L as Br2, although mysids in 160 

waters from Shannon Point, WA (LC50 = 0.46 mg/L as Br2) were slightly less sensitive 161 

than those in water from Cape Fear, NC (LC50 =0.34 mg/L as Br2).  48 h data was not 162 

available for tests using water from Vallejo, CA due to control failure.  In all 48 h tests, 163 

higher mortality was observed after 48 h than after 24 h.   164 

 Toxicity tests with C. variegatus in ASW resulted in 100 % mortality at TRO 165 

concentrations ≤ 0.23 mg/L as Br2 after 24 h (Table 3; LC50 = 0.17 mg/L as Br2).  166 

However, tests conducted using water from Yaquina Bay, OR (100 % = 0.23 mg/L as 167 

Br2) yielded a comparable LC50 value to that observed in ASW (0.18 mg/L as Br2 at 24-168 

96 h).  Toxicity tests in ASW and water from Yaquina Bay, OR, showed that Atherinops 169 

affinis were less sensitive than C. variegatus over 24 and 48 h in both cases (LC50 = 0.34 170 

and 0.26 mg/L as Br2, respectively). 171 

 All toxicity tests conducted with Americamysis bahia, Atherinops affinis, and C. 172 

variegatus after the addition of sodium thiosulfate resulted in no mortality at any tested 173 

TRO concentration (Tables 2 and 3).  174 

 175 

DISCUSSION 176 

 Variations in salinity, DOC, and TDN of seawater are important factors to include 177 

in measurements of oxidant formation over time during ozone treatment.  The amount of 178 

available bromide and organic materials with which ozone can react could impact the 179 

TRO saturation limit of the seawater and reduce rates of oxidant loading.  Our results 180 

indicated that salinity had a direct influence on TRO saturation from ozonation.  Waters 181 

of comparable salinities (ASW, Cape Fear, NC, Shannon Point, WA, Yaquina Bay, OR; 182 
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salinity 30-33 PPT) all saturated between 8 and 10 mg TRO/L as Br2 after 6 h, and water 183 

from Vallejo, CA (13 PPT) saturated at approximately 4 mg/L as Br2 after 3 h. 184 

 Although water from Vallejo, CA had the highest DOC and TDN of all site 185 

waters, these water quality parameters did not appear to have any effect on the highest 186 

concentration of TRO reached.  The DOC content of water from Cape Fear, NC was 187 

similar to that of the Vallejo, CA sample (2186.4 and 2382 µg/L, respectively) but the 188 

Cape Fear, NC water showed a comparable rate of oxidant accumulation to the water 189 

with the lowest DOC content tested (Shannon Point, WA, 717.6 µg/L).  TDN content 190 

also varied among the site waters with salinities above 30 ppt (173.6 – 354.3 µg/L).  191 

However, Perrins et al. (unpublished data) did suggest that increased dissolved organic 192 

carbon content can significantly reduce oxidant formation with ozonation.  The apparent 193 

discrepancy is likely due to the difference in ozone loading rates for the two tests.  194 

Perrins et al. used a much slower rate than the experimental design employed in the 195 

present study.  Higher loading rates could oxidize DOC more efficiently and therefore not 196 

show the oxidant demand by the DOC that was observed by Perrins et al. 197 

 Toxicity experiments showed the effect of TRO from ozone treatment on 198 

Americamysis bahia was not greatly affected by the type of water used during testing.  199 

There was no significant difference between ASW and any of the site waters after 24 h 200 

(LC50s = 0.55 - 0.62 mg TRO/L as Br2), and LC50 values were only slightly higher in 201 

water from Shannon Point, WA (0.46 mg/L as Br2) than ASW or the other site waters 202 

(0.34 to 0.42 mg/L as Br2) after 48 h.  Thus, the effective dose of ozone-produced 203 

oxidants in seawater will likely be the same regardless of the site-specific chemical ozone 204 

demand properties of individual seawater samples. 205 
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Mortality in A. bahia was greater after 48 h than after 24 h, in accordance with the 206 

observations of Gensemer et al. (2005) that oxidants from ozonation can persist in 207 

solution for at least 2 d, and that mortality can take 1 to 2 d to be expressed even after 208 

short-term exposures.  Mysids exposed to oxidants in water from Vallejo, CA 209 

experienced a control failure after 48 h that prevented determination of an LC50 value, 210 

but this may have been due to the lower salinity of the water.  211 

 Both Atherinops affinis and C. variegatus were more sensitive to ozone-produced 212 

oxidants than Americamysis bahia (average LC50s = 0.30 mg/L as Br2 at 48 h and 0.18 213 

mg/L at 96 h, respectively).  As mentioned above, while Atherinops affinis was less 214 

sensitive than C. variegatus in both ASW and water from Yaquina Bay, OR, Atherinops 215 

affinis had a faster median lethal time (LT50) than C. variegatus (Gensemer et al. 2005).  216 

Fish may experience faster mortality due to increased contact with oxidants via their gills 217 

(Richardson et al. 1983).  In fact, several Atherinops affinis and C. variegatus died in 218 

lethal TRO concentrations before test preparation was completed (≤ 0.5 h). 219 

 The addition of sodium thiosulfate (Na2S2O3) to solutions in toxicity tests 220 

removed all of the TRO and was effective in preventing mortality from occurring in any 221 

species in this study.  Successful incorporation of chemical reductants such as Na2S2O3 in 222 

ballast water treatment protocols could provide a reliable method of oxidant elimination 223 

in addition to sunlight degradation of oxidants after ballast water release (Treinin 1970; 224 

Macalady et al. 1977; Subhani and Lodhi 1980; Klaning and Wolff 1985; Amichai et al. 225 

1989). 226 

 The findings of both the present study and those of Gensemer et al. (2005) 227 

suggest that although TRO saturation in brackish and marine waters may take several 228 
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hours to occur during ozone treatment using gas diffusers, concentrations effective at 229 

eliminating planktonic invertebrates and fish may be achieved in ≤1 h with sufficient 230 

ozone delivery rates (20 to 25 mg O3 /L /h).  All pelagic organisms used in both studies 231 

were susceptible to TRO concentrations ≤ 0.62 mg/L as Br2, in addition to other 232 

organisms including phytoplankton (LC50s = 0.04 – 0.20 mg TRO/L as Br2; Toner and 233 

Brooks 1975) crab larvae (LC50s = 0.04 – 0.06 mg TRO/L as Br2; Toner and Brooks 234 

1975) and striped bass larvae (LC50s = 0.04 – 0.07 mg TRO/L Br2 (Hall et al. 1981).†  235 

Thus, delivering at least 0.5 – 1 mg TRO/L as Br2 should be sufficient in most cases to 236 

eliminate a wide range of pelagic organisms from marine ballast water.  Higher TRO 237 

concentrations may be necessary for benthic organisms (Gensemer et al., 2005) that limit 238 

exposure to oxidants by means of their physiology or by remaining in sediment carried by 239 

ballast tanks. 240 

 Toxicity data from the present studies and from the literature could also be used to 241 

determine what oxidant levels are environmentally safe upon ballast discharge.  Risk-242 

based decisions would need to be made to set maximum acceptable discharge 243 

concentrations, and potentially take into account dilution or degradation following 244 

discharge into receiving waters.  While mixing and sunlight exposure are known to 245 

diminish TRO concentrations, complete removal of TRO may be difficult in constrained 246 

harbor spaces or areas with vulnerable indigenous species.  Our results show that 247 

chemical treatments such as Na2S2O3 may provide a fast and effective means of reducing 248 

TRO concentrations without the risk of endangering organisms in the vicinity of the 249 

vessel undergoing ozonation. 250 

                                                 
† While LC50 values expressed in these cases were originally reported as mg Cl2/L, we have converted 
them to mg Br2/L. 
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Table 1.  Seawater characteristics.  Analyses of total dissolved organic carbon and total dissolved nitrogen 

included three replicate measurements per sample. 

 

Water Salinity 

(ppt) 

Total dissolved 

organic carbon (µg/L) 

(St Dev) 

Total dissolved nitrogen 

(µg/L) (St Dev) 

Ammonia 

(mg/L) 

Artificial Seawater 

(ASW) 

30 n/a n/a < 1 

Cape Fear, NC 33 2186.4 (± 56.6) 215.5 (± 3.1) < 1 

Shannon Point, WA 32 718.0 (±179.6) 354.3 (±4.5) < 1 

Vallejo, CA 13 2382 (±124.1) 481.2 (±3.1) < 1 

Yaquina Bay, OR 31 1069.1 (± 68.2) 173.6 (± 4.9) < 1 
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Table 2.  Median-lethal concentrations (LC50) for juvenile Americamysis bahia after 24 and 48 h of 

exposure to ozonated seawater.   

 
C.I. = Confidence Interval.  TRO = total residual oxidant. ano C.I. available. 

 

 

 

 

 

 

 

 

 

 

Site Water 24 h LC50 (95% 

C.I.) mg TRO/L 

as Br2 

48 h LC50 (95% 

C.I.) mg TRO/L as 

Br2 

LC50 with 0.005 M 

Na2S2O3 addition 

Artificial seawater 

(ASW) 

0.58 (0.52-0.64) 0.42 (0.37-0.48) No mortality 

Cape Fear, NC 0.55 (0.49-0.61) 0.34 (0.30-0.37) No mortality 

Shannon Point, WA 0.61 (0.56-0.66) 0.46 (0.39-0.53) No mortality 

Vallejo, CA 0.62a n/a No mortality 

Yaquina Bay, OR 0.58 (0.51-0.66) 0.37 (0.33-41) No mortality 
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able 3.  Median-lethal concentrations (LC50) for juvenile Atherinops affinis and Cyprinodon variegatus after 24, 

8, 72, and 96 h of exposure to ozonated seawater. 

 

Species Seawater 24 h LC50 

(95% C.I.) 

mg 

TRO/L as 

Br2 

48 h 

LC50 

(95% 

C.I.) mg 

TRO/L 

as Br2 

72 h LC50 

(95% C.I.) 

mg TRO/L 

as Br2 

96 h 

LC50 

(95% 

C.I.) mg 

TRO/L 

as Br2 

LC50 with 

0.005 M 

Na2S2O3 

addition 

Atherinops 

affinis 

Artificial 

Seawater 

(ASW) 

0.34 (0.32-

0.36) 

0.34 

(0.32-

0.36) 

n/a n/a No mortality 

Atherinops 

affinis 

Yaquina Bay, 

OR 

0.26 (0.25-

0.27) 

0.26 

(0.25-

0.27) 

n/a n/a No mortality 

Cyprinodon 

variegatus 

Artificial 

Seawater 

(ASW) 

0.17a 0.17a 0.17a 0.17a No mortality 

Cyprinodon 

variegatus 

Yaquina Bay, 

OR 

0.18 (0.17-

0.19) 

0.18 

(0.17-

0.19) 

0.18 (0.17-

0.18) 

0.18 

(0.17-

0.18) 

No mortality 

.I. = Confidence Interval.  TRO = total residual oxidant. aNo C.I. available.  
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List of Figures 

Figure 1.  Total residual oxidant (TRO, as Br2) measurements over 6 h during ozone treatment in a) 

artificial seawater (ASW) and waters from b) Cape Fear River Estuary, NC c) Shannon Point, WA d) 

Vallejo, CA and e) Yaquina Bay, OR.  Ozone was dispensed at a concentration of 23.2 mg O3/L/min to 

three replicate 20 L chambers for each of the waters. 
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INTRODUCTION 
The worldwide transfer and introduction of nonindigenous species (NIS), or invasive species, by 
human activities is having significant and unwanted ecological, economic and human-health 
impacts (Wilcove et al. 1998, Pimentel et al. 2000).  Although most attention to date has focused 
on invasions in terrestrial and freshwater habitats, it is evident that NIS invasions have become a 
potent force of change in coastal marine ecosystems.  Roughly 400 marine and estuarine NIS are 
known to be established in North America alone and over 200 of these species can occur in a 
single estuary (Cohen et al. 1995, Ruiz et al. 1997, Ruiz et al. 2000).  Some of these species have 
become numerically or functionally dominant in invaded communities, where they have 
significant impacts on population, community and ecosystem-level processes (Cloern 1996, Ruiz 
et al. 1999, Grosholz et al. 2000). 

The National Invasive Species Act of 1996 (NISA) created a program in which vessels 

arriving from outside of the Exclusive Economic Zone (EEZ) voluntarily conduct open-

ocean ballast water exchange (BWE), or use an approved alternate treatment of ballast 

water permitting ballast tanks to be discharged in U.S. ports.  More recently, individual 

states (e.g., California, Maryland, Oregon, Washington and Virginia) have passed and 

implemented similar laws, sometimes making this management mandatory. 

BWE is viewed generally as a "stop-gap" measure to reduce the risk of invasions.  It is a 
management strategy that many ship operators can implement immediately and does not require 
retrofitting or development of new technology.  However, ballast exchange has some significant 
limitations.  First, it is not always possible to safely conduct an exchange in high seas.  Second, 
some risks to the structure and safety of vessels in bad weather exist and may prevent exchange. 
Third, the data for the efficacy of BWE are incomplete; however, in any case ballast exchange 
leaves a residue of coastal organisms in the ballast tank where they contaminate the exchanged 
water. 
Efforts are now underway to develop and implement technological alternatives to BWE.  
Although many treatment possibilities are being explored (National Research Council 1996, 
Hallegraeff 1998), their evaluation is at a very early stage and no alternative treatments have 
been approved.  Presently, the U.S. Coast Guard (as directed by NISA) requires that alternative 
treatments be at least as effective as BWE.  However, there exist no specific guidelines to assess 
the performance of treatments.  
Ozone has been used as a disinfectant since the late 1800's.  It is used widely in Europe in 
drinking water treatment and to a lesser extent in the U.S. (Hoigné 1998).  It is an oxidant and 
biocide and is unstable in water (Langlais et al. 1991). The biggest difference between ozone 
chemistry in water treatment and treating marine ballast water is the presence of bromide ion in 
seawater (Oemcke & van Leeuwen 1998).  Bromide ion catalytically decomposes ozone 
according to Figure 1 (von Gunten & Oliveras 1998) and other studies (von Gunten & Hoigné 
1992, von Gunten 1994, von Gunten et al. 1996, von Gunten & Hoigné 1996, von Gunten & 
Oliveras 1997, 1998, Salhi & von Gunten 1999, Pinkernell et al. 2000, von Gunten & Pinkernell 
2000, Pinkernell & von Gunten 2001, von Gunten et al. 2001, Gallard et al. 2003, Gujer & von 
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Gunten 2003, von Gunten 2003b, c, a).  Two relatively stable by-products are formed when 
ozone is used to treat seawater, bromate ion and bromoform.  The formation of these by-products 
is through the oxidized bromide ion (bromine).  In seawater, bromine rapidly forms 
hypobromous acid (HOBr), which is in equilibrium with hypobromite ion (OBr-).  Bromoform is 
formed via a reaction with natural organic matter in the water.   
In the presence of ammonia, HOBr/OBr-, will react rapidly to form monobromamine (Johnson & 
Overby 1971, Haag & Hoigne 1984, Yang et al. 1999, Lei et al. 2004, Perrins et al. 2005).  
Monobromamine can disproportionate to NHBr2 and NH3 (e.g. Lei, 2004 #464} or with excess 
HOBr/OBr- it can react further to form N2 and bromide (e.g. (Brunetto et al. 1989, Hofman & 
Andrews 2001).  Monobromamine is unstable and will decompose to ammonia and bromide ion 
(Hofman & Andrews 2001). 
We present here the biology and toxicity results of a study designed to evaluate the efficacy of 
ozonation as treatment system for the inactivation of organisms from marine ballast water.  
Three experiments were performed onboard the commercial oil tanker S/T Tonsina during 
September and November 2001 in Puget Sound, Washington, USA. 

MATERIALS AND METHODS 
The S/T Tonsina and prototype ozone system 

The S/T Tonsina is a 265-m (869-foot) American-flagged oil tanker operated by Alaska Tanker 
Company (Portland, OR) in what is commonly known as the TAPS (Trans Alaskan Pipeline 
Service) trade of Alaska North Slope crude oil.  This oil is transported mainly between Valdez, 
Alaska and refineries on the West Coast of the United States.  The S/T Tonsina can carry 
270,000 barrels of ballast water, or more than 11 million gallons (41.6 x 106 l or 4.16 x 104 m3) 
in its 12 ballast water tanks, and 807,000 barrels (nearly 34 million gallons or 1.28 x 105 m3) of 
crude oil in its 12 cargo tanks.  The ship has a double hull and the space between the hulls is 
divided transversely into segregated sections for carrying ballast water when the ship is empty or 
only partially loaded.  These ballast tanks are arranged along the vessels’ outer hull and double 
bottom area.   
Because the S/T Tonsina is double-hulled, its ballast tanks are between the hulls that surround the 
ship’s central oil cargo tanks and are separated into a series of baffled chambers. The chambers 
are interconnected vertically and horizontally by openings large enough for maintenance 
personnel to pass through. At the top of each series of chambers is either a manhole for personnel 
access or an approximately 12-inch (30-cm) Butterworth® hatch used for the deployment of 
cleaning equipment. 
In the fall of 2000, a prototype Nutech-O3 (McLean, VA) ozonation system was installed on the 
S/T Tonsina during a planned out-of-service period, while afloat at the Hyundai Mipo Drydocks 
in Ulsan, South Korea.  The customized prototype, known as the SCX 2000, was built to fit 
inside a standard ISO 20 foot container to facilitate the installation.  The container was installed 
on the stack deck, in an exterior location on the stern of the ship. 
Ozone was produced by sending a stream of oxygen-enriched compressed air through a series of 
water-cooled electrodes.  Within each electrode, a high voltage corona discharge (electric arc) 
was created, using a standard ship’s 480-volt power transformed to more than 10,000 volts.  As 
the oxygen enriched air stream passed through each corona gap, a fraction of the air stream is 
converted into ozone, which is then collected and piped into one of the 12 ballast tanks, through 
a system of flow meters and stainless steel pipe.  The ozone was distributed throughout each 
ballast tank by a system of 1,200 custom designed ceramic coated stone diffusers, arranged to 
maximize the distribution and contact time of the ozone. 
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The ozone gas diffusers were arranged in eight rows running horizontally with the beam of the 
vessel, with seven rows placed in the double bottom section of the ballast tank (underneath the 
oil cargo tank), and one row placed at the bottom of the vertical side tank, in the curve of the 
bilge area. 

Ballast Tank Sampling Designation 
 Experiments were conducted using the # 3 Port (3P) and # 3 Starboard (3S) tanks for 
ozonation and controls, respectively.  The 3P ballast tank was divided into A (forward) and B 
(aft) sections for duplicate sampling at various times.  The 3S tank was divided into C (forward) 
and D (aft) and sampled as above.  Each tank section was vertically sampled at 10, 30, and 50 
feet from below the deck using a 5-l Niskin Water Sampler (General Oceanics, Miami, FL) for 
chemical and biological samples.  Both the experimental and control ballast tank sections were 
sampled before ozonation and over the ozonation period at time intervals of 2.5, and 5-h of 
ozonation for Experiment 1, and 2.5, 5, 7.5, and 10-h of ozonation for Experiment 2 and 
Experiment 3. 

Chemistry 
General Water Chemistry 

Water quality samples were obtained from the Niskin Water Sampler collections.  Subsamples 
were placed into clean plastic Nalgene containers, and analyzed according to the instructions 
provided with the Hach DREL/2010Water Quality Laboratory kit (Hach Company, Loveland, 
CO).  The determination of pH was conducted using a Hach Portable pH Meter.  Dissolved 
oxygen was measured with a model 21800-022 Traceable® digital dissolved oxygen meter.  This 
meter was air calibrated and adjusted to compensate for salinity.  Salinity was measured using a 
conductivity meter with a range of 0-80 ‰ (Hach Company, Loveland, CO). Temperature was 
determined using a standard field thermometer. Inorganic nutrients (ortho-phosphate, nitrite, 
nitrate, ammonia, silicic acid) were analyzed with a Technicon Model AAII, and dissolved 
organic carbon was determined using a Shimadzu TOC5000 at the Marine Chemistry Lab in the 
University of Washington, School of Oceanography (Parsons et al. 1984).   

Ozone Chemistry 
Total Residual Oxidant (TRO).  TRO was determined using a standard (DPD) colorimetric 
analysis for total chlorine (APHA 1998).  The TRO was determined with a spectrophotometer in 
the range 0-4.5 mg l-1 as Br2.  This was performed by using Hach AccuVac® vacuum reaction 
containers which were submerged and filled with ballast water samples immediately after the 
water samples were collected from the ballast tank.   The filled AccuVac® containers were 
analyzed on a Hach DREL/2010 Water Quality Laboratory spectrometer on board the S/T 
Tonsina. 
Ozone.  Ozone was measured using an indigo colorimetric technique (American Public Health 
Association et al. 1998).  Similar to the TRO measurement, AccuVac® reaction containers were 
used with fresh Niskin grab samples and analyzed by using a Hach DREL/2010 Water Quality 
Laboratory kit. 
Oxidation Reduction Potential (ORP).  ORP was measured using an Orion 290A pH meter 
with a Cole-Palmer Combination ORP probe (Pt electrode, Ag/AgCl reference cell).  In 
Experiments 2 and 3, additional ORP measurements were read directly inside ballast water tanks 
using a Hydrolab (Austin, Texas) Quanta monitoring system that included an Ag/AgCl ORP 
sensor. 
Bromate  ion.  Samples for bromate ion analysis were collected in 150 ml wide-mouth Nalgene 
HDPE bottles.  These were stored on ice and shipped to analytical laboratories as soon as 
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possible after completion of the shipboard experiment.  Two ion chromatography methods are 
available for measuring bromate ion:  USEPA Method 300.1 and USEPA Method 317.  For 
seawater with higher ionic strength, when the chloride ion can potentially interfere in Method 
300.1, Method 317 (EPA Document # EPA 815-B-01-001; 
http://www.epa.gov/safewater/methods/sourcalt.html) was used.  
These methods incorporate chlorpromazine reaction chemistry to measure low-level bromate 
ions (BrO3

-) following the separation of anions.  The post-column procedure uses photometric 
detection at 530 nm.  Following separation, BrO3

- reacts with chlorpromazine in acidic media by 
a charge transfer mechanism.  This method overcomes well-known problems encountered in the 
ion chromatographic measurement of BrO3

- from Cl- and CO3
2-.  This procedure shows no 

interference from all common anions with the exception of chlorite ion and nitrite ion.  This 
method can be used to measure bromate ion from 3 to 40 µg l-1.  The method detection limit 
(MDL) was determined to be 2-3 µg l-1 bromate ion. 
For Experiment 1, the samples were shown to have a bromate ion concentration below the 
method detection limit of 2 µg l-1.  During the first set of analyses, it was observed that control 
samples spiked with bromate ion were “unrecoverable.”  The subsequent evaluation of bromate 
ion standards prepared in distilled water showed good recovery.  Thus, experiments were 
conducted to determine why spiked bromate ion in the ballast water samples could not be 
recovered.  These studies showed that at higher concentrations (i.e., at the mg l-1 level), spiked 
bromate ion could be recovered.   Subsequently, all of the ballast water samples were diluted to 
20% of their original concentration (1:5 dilution).  With this dilution, it was determined that 
adequate bromate ion recovery could be achieved at the 50 ppb level. 
Based on the bromate ion recovery following a 1:5 dilution, all of the ballast water samples for 
Experiments 2 and 3 were diluted.  Because the detection limit of the method is approximately 2 
µg l-1 bromate ion, this dilution would still enable the detection of 10 µg l-1 bromate ion, which is 
the MCL established for bromate ion in drinking water (EPA 816-F-01-010). 
Bromoform.  Samples for bromoform analysis were collected in 40-ml VOA vials containing a 
sulfite fixative and stored on ice.  These were shipped to the analytical laboratory as soon as 
possible after completion of the shipboard experiment.  The maximum acceptable sample 
analysis holding time for bromoform is 14 days after sample collection.  Bromoform was 
analyzed using a purge and trap system coupled to a Hewlett Packard Model 5890 Series II gas 
chromatograph.  The chromatograph was equipped with a 30-m VOCOL capillary column, HP 
3396A integrator/printer, and flame ionization detector.  The purge and trap system consisted of 
a Tekmar Model LSC-2000 Liquid Sample Concentrator interfaced with a Tekmar Model 2016 
Autosampler system.  Ultra pure carrier-grade helium gas was used for sparging samples. 
Initial calibration and calibration verification checks were preformed using known amounts of 
Standard Reference Material (SRM) prepared within laboratory-purified water.  Bromoform 
standard was obtained from Ultra Scientific (product #HC-020, 100 ng ml-1 CHBr3, Lot # R-
1194 SRM traceable to the National Institute for Standards and Testing).  The standards used 
were with concentrations of 5, 10, 20, 50, 100 and 200 µg l-1.  Each solution was analyzed and 
the average instrument response factor was calculated by dividing the area counts observed for 
each standard solution.   
Quantities of 5.0 ml were sub-sampled from the field sample bottle by using a gas tight syringe, 
after 200 ng of surrogate standard, α,α,α-trifluorotoluene was added to the sub-samples. 
Samples were sparged with helium gas for 12 min at a rate of 30 ml min-1 onto a Tenax trap at 
ambient temperature (< 25 ˚C).  After completion of the sparge cycle, the sample was desorbed 
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from the Tenax trap at 250 ˚C for 2 min.  The sample was transferred to the gas chromatograph 
splitless inlet using a heated nickel transfer line.  After the transfer was completed, the Tenax 
trap was baked at > 250 ˚C for 8 min between samples.  The chromatogram was recorded on the 
HP 3396A integrator by setting it at the proper sensitivity to produce peak height of the surrogate 
compound to greater than 50% full scale.   
Initial GC external standard calibrations were conducted by preparing a multipoint instrument 
calibration by injecting a range of volumes of the CHBr3 SRM into 5 ml of laboratory purified 
water.  Each solution was analyzed and a calibration curve plotted.  A linear regression 
coefficient for the SRM concentrations was determined.  If the regression coefficient was > 
0.997, the calibration was acceptable for the range of concentrations analyzed.  
A calibration verification check sample (CVCS) with an SRM concentration equivalent to 
approximately 50% of the highest standard solution was analyzed twice each day whenever 
process samples were analyzed: once prior to the first process sample analysis, and once at the 
end of the day's analytical batch.  The percent recovery was calculated by dividing the actual 
concentrations of bromoform detected by the theoretical concentration of the CVCS standard 
analyzed and multiplying by 100 %.  If the calculated recovery was below 50 % or greater than 
150 %, the CVCS standard for that analytical batch was unacceptable and the CVCS was 
reanalyzed and a new calibration curve was determined. 
Two calibration verification standards were analyzed per day.  The percent recovery of each 
compound was calculated and recorded on the quality control chart.  A sample was analyzed in 
duplicate once per week and the relative percent difference (RPD) for the detected concentration 
in the process sample was determined.  This was achieved by dividing the range of the detected 
concentrations by the mean of concentrations and multiplying by 100 %.  A RPD of <30 % was 
considered acceptable.  In addition, all method blank analyses with each batch of process 
samples were preformed.  Target bromoform detections equal to or greater than two times the 
method detection limit were considered non-compliant.  For non-compliant tests, appropriate 
corrective action was performed and each affected analysis was repeated. 

Culturable heterotrophic bacteria 
The numbers of viable heterotrophic bacteria were determined by performing a culture-based 
microbiological procedure.  For enumeration of the microorganisms, a sample from the Niskin 
bottle was placed in a 1-l sterilized Nalgene plastic wide-mouth bottle.  These bottles were 
placed on ice in a cooler on board the ship, transported to the University of Washington 
laboratory on ice, and maintained on ice until the samples were processed.  Samples were 
processed at the University of Washington within 24 h of collection on board the S/T Tonsina.  
The numbers of culturable heterotrophic bacteria were determined on Marine R2A Agar by using 
two methods.  Aliquots of ballast water were inoculated onto the surface of the agar by using the 
spread plate method or a larger volume of seawater was filtered through a membrane filter 
(Gelman Metricel Black 47-mm diameter, 0.45-µm pore size filters).  Filters were placed on the 
surface of Marine R2A Agar contained in a 50-mm diameter petri plate.  Filters were rolled onto 
the agar surface to prevent air bubbles from forming between the filter and agar surface.  Larger 
100-mm diameter petri dishes were used for samples that were directly inoculated onto the agar 
by the spread plate method.  Samples were generally inoculated in triplicate for each dilution, 
except for some filtered samples that were inoculated in duplicate.  Inoculated media were 
incubated at room temperature (approximately 22 °C) in the dark.  Bacterial colonies were 
counted on the spread-plate agar surfaces and membrane filters after 4 days when the colonies 
were large enough to see but not crowding against one another.  
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Marine R2A Agar is a modification of a medium recommended by USEPA for the enumeration 
of the total number of culturable heterotrophic bacteria in freshwater samples.  Marine R2A agar 
was supplemented with the salts that are found in seawater.  For Marine R2A agar, the contents 
of ONR Seawater Salts replaces distilled or deionized water, the liquid used to prepare R2A 
agar, a medium routinely used to enumerate culturable heterotrophic bacteria in drinking and 
surface waters (APHA, 1998).  A marine salts solution called ONR Seawater Salts that contains 
the major cations and anions found in seawater as shown in Table 1a.  ONR Seawater Salts 
solution was prepared as a 10X solution so that 100 ml of the 10X solution is used to prepare 
1,000 ml of Marine R2A Agar.  The pH of Marine R2A Agar was adjusted to 7.6 and the 
medium was sterilized by autoclaving at 121 °C.  Following autoclaving, the medium was cooled 
in a water bath to 50 °C.  ONR Divalent Cations solution (20.0 ml per liter of 50X solution) and 
ONR FeCl2 solution (5.0 ml per liter of 200X solution) were added to the molten medium.  
Divalent cations and iron were added to the medium after autoclaving to minimize the formation 
of a precipitate in the medium.  Dehydrated R2A agar medium was purchased from Difco 
(Detroit, Michigan). 

Mesozooplankton mortality 
A 0.3-m diameter 73-µm mesh zooplankton net was used to collect mesozooplankton to estimate 
abundance and condition (live, moribund, or dead).  The net was lowered from two openings in 
the top of both the treatment (columns A and B) and control (columns C and D) ballast tank to 
within 0.25 m of the tank bottom and slowly retrieved to the surface.  Three replicate 
zooplankton vertical hauls were taken from each opening before ozone treatment, and after 5 h 
(all experiments) and 10 h (experiments 2 and 3) of ozone treatment.  Samples were gently 
washed from the net collecting bucket into a new plastic specimen jar and kept cool by placing 
the collected material on top of a layer of ice.  For ozone and control treatments, the samples 
were immediately examined on board the S/T Tonsina under a dissecting microscope.  A field of 
view at 25X magnification was examined.  Animal activity was scored as follows:  if animals 
were moving of their own accord or moved away when probed with a fine needle (a 000 size 
insect pin mounted on a wooden stick), they were scored as “live;” if they were not mobile, but 
exhibited internal or external movement, they were scored as “moribund;” and if they showed no 
internal or external movement, they were scored as “dead.”  Successive fields of view were 
examined until 100 organisms were examined.  In addition to these counts, qualitative 
observations were made about which, if any, taxa appeared to be more or less affected by the 
treatment. 

Phytoplankton and microflagellates 
Subsamples were fixed on board the S/T Tonsina using Lugol’s iodine and shipped to Maryland 
for additional processing and evaluation.  Using a subsample from each of the samples collected 
with the Niskin sampler, the number of cells present for each phytoplankton and microflagellate 
species (or lowest taxonomic unit) was counted directly under a compound microscope.  First, 
200 individual cells were counted for each of 20 fields at 500X magnification.  This provided 
data for the number of cells for small species (e.g., microflagellates and dinoflagellates).  
Second, 20 fields were also examined at 312X magnification, to estimate the number of larger 
and less numerous forms.   
To measure the effect of ozone treatment, changes in concentration (before and following 5 and 
10 h of treatment) in the experimental ozone treatment and control tanks were compared.  For 
this comparison, the counts were pooled across taxa to obtain total concentrations of three major 
groups:  dinoflagellates, microflagellates, and diatoms.  Although species-level information was 
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collected, the effects on the level of taxonomic group were compared here, because the species 
composition will vary across replicate experiments (i.e., community composition varies in space 
and time).  Thus, this approach allowed us to treat each experimental run as a replicate measure 
and to test for overall effects of ozone treatment across replicates.  In contrast, since the 
community composition will differ among experimental runs, it may not be possible to compare 
performance at a lower taxonomic level across replicate experiments.  Furthermore, this 
approach (using major taxonomic groups) is similar to the analyses for zooplankton and 
microbial components of the study. 

Caged animals 
In situ caged organism exposures were employed to evaluate the efficacy of ozone ballast water 
treatment across a range of aquatic organisms.  Prior to initiation of ozone treatment, test 
organisms were placed in cages and suspended via a tether line in both the ozone-treated and 
control tanks.  Organisms remained in the ballast water tanks throughout the 5- or 10-h ozone 
exposures after which they were evaluated as being live, moribund, or dead.  A variety of 
vertebrate and invertebrate aquatic organisms was evaluated including: mysid shrimp 
(Americamysis bahia), sheepshead minnows (Cyprinodon variegatus), shore crab (Hemigrapsus 
nudus), and amphipod (Rhepoxynius abronius).  These organisms were chosen based on their 
known sensitivity or hardiness to a variety of aquatic toxicants and their use as "standard" 
laboratory test organisms.  Mysid shrimp and sheepshead minnows were obtained from a 
commercial supplier in Aquatic Biosystems, Inc. (Fort Collins, Colorado).  Shore crabs and 
amphipods were collected from Puget Sound near Anacortes, WA.  All organisms were 
acclimated to Puget Sound seawater and maintained under either static or flowing seawater 
conditions at Western Washington University's Shannon Point Marine Laboratory, Anacortes, 
Washington.  Prior to testing, organisms were placed in individual exposure chambers and 
transported to the S/T Tonsina in ice chests containing aerated seawater.  
For the amphipods, three in situ chambers were put into the top half of each bucket with sand in 
the bottom half to act as an anchor.  Amphipod chambers were modeled after that described by 
Tucker and Burton (1999), and contained 10 amphipods each with 30 per bucket.  Amphipod 
chambers were constructed of 5-cm diameter clear plastic tubes approximately 12-cm long 
capped at each end with polypropylene caps.  Each chamber contained two rectangular 3 x 5-cm 
openings covered with 1-mm polypropylene-woven screen and held in place using silicone glue.  
All exposure chambers were soaked in both freshwater and seawater for 24 hours each to assure 
that chamber construction materials or the silicone glue did not impart any toxicity.  Amphipod 
exposure chambers were held in the plastic buckets by means of a coarse mesh polyethylene net 
placed around each bucket. 
Exposure chambers for each of the other three test species (i.e., mysid shrimp, sheepshead 
minnow, and shore crab) were attached to the tether rope at intervals of 10, 30, and 50 feet (3.0, 
9.1, and 15.2 m) above the bucket.  For mysid shrimp and sheepshead minnows, ten individuals 
of a single species were placed into the clear-plastic exposure chambers, constructed as above 
and containing two rectangular windows (3 x 5 cm) covered with 750-µm mesh for mysid 
shrimp or 1-mm mesh for sheepshead minnows, respectively.  The mesh was on either side of the 
chamber, and each chamber was capped with polypropylene caps.  For shore crabs, ten 
individuals were placed into commercially available plastic crab bait buckets (11 cm high x 9 cm 
diameter) that were drilled with numerous 8 mm holes.  Groups of three chambers, one for each 
species, were placed in coarse-mesh polyethylene nets and attached to the tether rope via clamps. 
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Groups of caged organisms were placed into the control and treatment tanks.  Each exposure 
group consisted of a plastic bucket containing sand connected to a tether rope by which it could 
be lowered through the manholes to the bottom of the ballast water tank.  Buckets were used for 
deployment of amphipod exposure chambers, with chambers for the other three species being 
suspended from the tether rope at approximately 2, 20 and 40 feet ( 0.6, 6.1,  12.2m) from the 
ballast water surface and at the bottom of the ballast tank. 
At the completion of the 5- or 10-h ozone treatment periods, cages were removed and the 
number of live, moribund, or dead organisms was recorded.  Amphipods were classified as 
moribund if they failed to rebury in the sand. 

Whole effluent toxicity (WET) testing 
Samples of ozone-treated ballast waters were submitted for laboratory toxicity testing, using the 
same methods employed in conducting whole-effluent toxicity (WET) tests.  Two standard acute 
toxicity tests were performed with water samples collected at the end of the ozonation treatment:  
(1) mysid shrimp (Americamysis bahia) 48-hr static acute toxicity test, and (2) topsmelt 
(Atherinops affinis) 48-hr static acute toxicity test.  These species have been shown to be among 
the most sensitive organisms when exposed to toxic chemicals in seawater (Suter and Rosen, 
1988), and are commonly used to evaluate the toxicity of effluents discharged into marine 
waters. All toxicity tests were performed in accordance with standard regulatory procedures (US 
EPA, 1993; US EPA, 1999).  The seawater used as experimental controls and for dilution of 
ballast water samples was prepared using laboratory freshwater (1 µm filtered) and commercially 
available seawater salts (Hawaiian Marine Mix, Houston Texas).  The seawater salinity was 30 ± 
2 (PSU).  
Mysid shrimp were obtained from Aquatic Biosystems, Inc. (Fort Collins, Colorado).  Mysid 
shrimp (5 days old at the time of test initiation) were exposed for 48 h in a static test to five 
dilutions of ballast water: 6.25, 12.5, 25, 50, and 100% ballast water from the S/T Tonsina and to 
a dilution water control.  Organisms were maintained at a water temperature of 25 ± 1°C under a 
16:8 h light:dark cycle.  Test solutions were not aerated and mysid shrimp were not fed during 
the tests.  Four replicate test solutions containing five to ten animals per chamber, were used at 
each treatment level in all tests.  Laboratory test procedures used in conducting the topsmelt test 
were very similar to those of the mysid shrimp tests.  Topsmelt larvae (15 days old at the time of 
test initiation) were obtained from Aquatic Biosystems, Inc.  Larvae were exposed for 48 h in a 
static test to five dilutions of ballast water samples: 6.25, 12.5, 25, 50, and 100% ballast water 
and to a dilution water control. 
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RESULTS 
Ozone delivery 

Table 1 summarizes the water volume capacity of both sections of the ozone treatment tank (No. 
3 port ballast tank) and number of ozone diffusers in each section, as well as the calculated ozone 
loading rate in each section for each of the three experiments. Note that the “vertical/sample 
portion 3P” row shows the information pertaining to the vertical wing tank that is the portion 
from which samples for these experiments were taken.  The ozone loading rate in this wing tank 
increased by 22 % between experiments 1 and 2, and then by 87.5 % between experiments 2 and 
3. This increase in ozone loading is generally reflected in the chemical and biological data 
presented below. 

Seawater chemistry 
Several general water quality and nutrient parameters were recorded during the three 
experiments.  These water quality parameters were dissolved oxygen, pH, salinity, temperature 
Table 2), and dissolved organic carbon (DOC), phosphate ion, silica, nitrate ion, nitrite ion, and 
ammonia (Table 3).  The ballast water used in the experiments was collected in northern Puget 
Sound and in the Straits of Juan de Fuca.  These locations border the Pacific Ocean.   
The salinities recorded during the three experiments in the different columns of water stored in 
the experimental and control ballast tanks were very similar for a particular experiment, less than 
1 PSU difference among the samples.  In Experiment 1, the salinities were between 33.3 and 
33.7 PSU; Experiment 2, 35.0 and 35.9 PSU; Experiment 3, 33.9 and 34.4 PSU.  Salinity did not 
change in either the treated or control tank during the duration of the experiments. 
The temperatures of the water samples were slightly higher in Experiment 1, compared to the 
other two experiments.  In Experiment 1, water temperatures ranged from 12.7 to 15.5 °C, while 
in the other experiments that were performed in November the temperature ranged from 9.4 to 
11.8 °C.  The temperature either remained the same or decreased slightly in both the treatment 
and control tanks during all of the experiments. 
The pH for all of the samples was typical of seawater, slightly alkaline.  In Experiment 1, the pH 
was not as precisely measured as it was in the later experiments.  There was no pH difference 
between the treatment and control tanks and it did not vary with time over the duration of the 
experiments.  
The concentration of oxygen (O2) in the ballast water was relatively high at the beginning of the 
experiments, beginning at 8 or more mg l-1 in Experiment 2 and over 6 mg l-1 in Experiment 3.   
In the treatment tank, there was a trend of increasing oxygen concentrations, as the tank was 
ozonated.  The maximum levels of oxygen were found at the end of the ozonation period.  
Concentrations of oxygen were double to triple the initial levels, approaching or slightly 
exceeding 20 mg l-1.  In the control tanks the oxygen concentration did not increase during the 
experiment.   
Nutrient and dissolved organic carbon (DOC) concentrations were determined at the start of the 
experiment, before ozone was introduced in the experimental ballast tank (Table 3).  The 
concentration of DOC was similar between all of the experiments, and for the experimental and 
control samples collected within an experiment.  DOC concentrations ranged from 0.7 and 1.1 
mg l-1.  Phosphate was between 0.6 and 0.7 mg l-1; silicate between 1.3 and 1.5 mg l-1; nitrate 
between 0.2 and 0.4 mg l-1; nitrite between 0.004 and 0.006 mg l-1; and ammonium was 0.03 mg 
l-1 in Experiment 1 and slightly higher concentrations of 0.07 mg l-1 in Experiments 2 and 3.  



8/16/05 

109 

Ozone chemistry 
For the three experiments, ozone chemistry was indirectly monitored by determining the Total 
Residual Oxidant (TRO) and Oxidation Reduction Potential (ORP).  Table 4 presents data that 
illustrates the increase in TRO and ORP during the period of ozonation.  TRO and ORP 
increases were not as great in Experiment 1 as observed in Experiments 2 and 3.  The two 
columns of the ballast tank were only ozonated for 5 h in Experiment 1.  In Experiments 2 and 3, 
to achieve a greater TRO, the same tank was ozonated for 10 h.  This increase in ozonation is 
reflected in greater TRO values.  Some of the concentrations exceeded the capacity for the 
colorimetric assay, i.e., were greater than 5 mg l-1 measured as Br2.  In Experiment 1, the highest 
TRO level found (0.26 mg l-1) was in the A50 location at 5 h.  The highest TRO in column B was 
approximately one-half of this value.  In Experiments 2 and 3, the TRO levels exceeded 5 mg l-1 
following 7.5 to 10 h of ozonation.  The TRO levels increased more quickly in Column A 
compared to Column B in the treatment tank.  Not surprisingly, the TRO levels were near 0.0 mg 
l-1 for all of the samples collected in the control tank.  Samples were not collected from Column 
D in the control ballast tank during Experiments 2 and 3.   
The seawater collected in the ballast tanks was well oxygenated (see above) and therefore had 
very positive ORP values that were measured as mV at the start of the ship board experiments.  
With a longer period of ozonation, the ORP values rapidly increased from approximately 100 
mV to over 600 mV.  The maximum ORP values were between 700 and 780 mV.  ORP values 
for the control samples fluctuated between 100 and 400. 
For the three experiments, bromate ion concentration was always below the method detection 
limit in all samples.  When bromate ion was spiked into the treated samples in the laboratory, the 
spike was never recovered fully.  This result indicates that the water had a bromate ion demand.  
The cause of this apparent demand is not understood.  However, it may be related to the high 
concentration of “active” bromine in the samples. 
In each of the three experiments, bromoform concentration increased over the ozonation period 
(Table 5a).  In those samples where a direct comparison could be made (that is from one 
experiment to another at the same time point), it is clear that the concentration of bromoform 
increased more in Experiment 1 than in either 2 or 3.  For all three experiments, the DOC was 
around 1 mg/L.  Therefore, the differences were not due to a change in DOC concentration.  In 
Experiment 3, the ozone-loading rate (i.e., the concentration or total ozone that was present) was 
higher than Experiment 1 or 2.  The other variable that affects the amount of bromoform formed 
is water temperature.  It appears that this is the reason for the lower concentration of bromoform 
in the two experiments that were conducted in November. 
In general, three variables, the total amount of ozone delivered, DOC, and water temperature will 
affect the concentration of CHBr3 that is formed.  It is likely that ozonated water in the ballast 
tank upon standing (i.e., during the trip back to the port for a new cargo) will result in an increase 
in the concentration of bromoform.  However, the limited available toxicity data set suggests that 
the bromoform produced are not acutely toxic with LC50 values 1 – 2 orders of magnitude 
higher than the TRO produced (Table 5b).  The most sensitive species to bromate ion is the 
mysid shrimp Neomysis awatschensis with an acute LC50 of 176 mg bromate ion/L, and the 
most sensitive species to bromoform is the sheepshead minnow with 96-hours LC50 values 
ranging from 7.1 – 18 mg bromoform/L.  Therefore, even if bromate ion and/or bromoform are 
produced as by-products of seawater ozonation, they are not likely to be of toxicological concern 
(Crecelius 1979).  However, from the literature review, the concentration will not approach that, 
which would result in any toxicity to the receiving waters. 
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Culturable bacteria 
Results of the heterotrophic plate count are displayed in Table 5.  The counts displayed are from 
either the direct spread plate method or the membrane filtration method for each sample.  The 
numbers presented are selected from the method that provided the best range of countable 
colonies for the sample.  For example, for the ozonated seawater samples, the ozone treatment 
method was very effective in inactivating culturable heterotrophic bacteria.  If 100 µl aliquots of 
treated seawater were inoculated onto the surface of Marine R2A Agar by the spread plate 
method, typically no colonies would be found.  Therefore, the culturable microorganisms were 
concentrated by using a membrane filtration method so the sensitivity of the enumeration assay 
could be increased.  The numbers shown in Table 5 are an average of the plating performed in 
triplicate or duplicate for each diluted aliquot or original portion of the seawater sample. 
Table 5 displays the number of colony forming units (CFU) that were found in treated and 
untreated water samples collected from S/T Tonsina during Experiments 1, 2 and 3.  The number 
of culturable microorganisms was between 105 and 106 CFU l-1 before ballast water was 
ozonated and throughout the duration of the experiment in the control ballast tank.  After 
ozonation, the number of viable organisms declined by the first 2.5 h sample.  The decline was 
much greater in Experiments 2 and 3, compared to Experiment 1.  In Experiments 2 and 3, the 
number of bacteria declined to 102 and 103 CFU l-1 in samples collected from column B and the 
50 foot sample from column A in the ozonated ballast tank.  Bacteria in the 10 and 30-foot 
sample in column A declined to 100 to101 CFU l-1.   
Following 5.0 h of treatment, the bacteria populations continued to decrease in Experiments 2 
and 3 to a number below the detection limit (5 CFU l-1) and 40 CFU l-1.  One-third of the 
samples collected after 5.0 h contained bacterial levels less than the level of detection.  Samples 
collected at 7.5 and 10 h contained very few, if any, viable cells. 

Mesozooplankton 
In the 5-h ozone exposure experiment conducted during Experiment 1 the average percent 

of animals alive was uniformly high (range: 94-97 %) in pre-treatment samples (Table 6).  
Mortality after 5 h was different for the two treatment columns: column A had 91 % mortality, 
and column B showed 47 % mortality. 

While the Experiment 1 zooplankton assemblage was dominated by the calanoid copepod 
Paracalanus sp., it was quite diverse, with several other relatively numerous copepod taxa as 
well as numerous planktonic larvae of barnacles, polychaetes, and other animals.  The 
poecilostomatoid copepod Corycaeus anglicus and large Cirripedia (barnacle) nauplii appeared 
to be unaffected after 5-h of ozone treatment.  On the other hand, small calanoid copepod nauplii 
larvae appeared to experience relatively higher mortality than did other organisms. 
In Experiment 2, the 10-h experiment had results similar to Experiment 1, in showing differential 
mortality at 5 h between the two treated columns (Table 6).  In contrast to the September 
experiment, survival was higher in column A than in column B.  Mortality after 5 h was also 
lower in this experiment than in the September experiment (20 % vs. 47 % in the “high survival” 
column, 66 % vs. 91 % in the “low survival” column).  After 10 h of treatment, the pattern of 
differential mortality between the treatment columns persisted, although mortality increased. 
In Experiment 2, differences in mortality between the two treatment columns was far less 
marked, and mortality appeared much higher at both treatment times than in the other 
experiments (Table 6). 
In the November experiments (Experiments 2 and 3), taxonomic diversity was much lower than 
in September (Experiment 1), and the zooplankton assemblage was largely dominated by late 
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juvenile stages of the calanoid copepod Paracalanus sp.  Each plankton tow contained several 
specimens of the Asian calanoid copepod Pseudodiaptomus marinus.  As none of these species 
were found in plankton tows from Port Angeles harbor taken both day and night, during 
Experiment 2, it was presumed that the individual organisms observed represented remnants of 
ballast water from the ship’s last voyage to Long Beach harbor, where P. marinus has been 
introduced.  This species, the harpacticoid copepod Microsetella sp., and nematode worms 
appeared to be relatively resistant to ozone treatment as compared to the Paracalanus sp. 

Phytoplankton and Microflagellates 
We determined the concentrations of dinoflagellates, diatoms, and microflagellates in samples 
that were collected during Experiments 2 and 3, preserved onboard the ship, and shipped to a 
laboratory on the East Coast.  During both experiments, dinoflagellate populations exhibited 
sharp decreases in both columns (A and B) in the ozone treatment tank relative to column C in 
the control tank (Table 7).  For Experiment 2, samples collected 10 h after ozone treatment 
contained 0-18 % of the initial concentrations of dinoflagellates at column A (with concentration 
increasing with depth) and 0 % of initial concentrations of dinoflagellates at column B.  For 
Experiment 3, dinoflagellates were not detected following ozonation in the treatment tank, 
creating estimates of 0 % of the initial concentrations remaining 10 h post-treatment for all 
depths.  In contrast, dinoflagellate concentrations did not exhibit any clear decline in the control 
tank in either experiment. 
Microflagellate concentrations exhibited a similar pattern between treatments (Table 7).  After 
10-hours of treatment, microflagellate concentrations declined between 1-30 % in column A and 
between 2-7 % in column B during Experiment 2.  Interestingly, the smaller decline in column A 
was also observed for dinoflagellates during this experiment, suggesting a spatial variation in 
performance of ozone treatment within this experimental run.  In contrast, no such spatial 
variation was evident for the Experiment 3, and microflagellates declined to 1-4 % of initial 
concentrations.  The initial concentration of microflagellates ranged from 2 to 3 x 105 cells l-1 in 
the treatment ballast tank.  For Experiments 2 and 3, no appreciable decline was evident in the 
control tank for microflagellates. 
The results for diatoms were more difficult to interpret.  For Experiment 2, diatom 
concentrations varied from 17-135 % of the initial concentrations after 10-h in the ozone 
treatment tank.  For Experiment 3, similar measures ranged from 20-120 %.  For Experiments 2 
and 3, no clear decline in abundance was observed in the control tank over the same time course.   

Caged animals 
In Experiment 1, the caged organisms were exposed in two ozone-treated columns within one 
ballast tank and in two control columns within the control ballast tank for 5-h duration.  Survival 
of control organisms was essentially 100 % (only 1 of 30 amphipods died, but 3 exposure 
chambers in Column C were lost) (Table 8).  Survival was also 100 % in ozone treated ballast 
tank Column B for all species.  In Column A, live and moribund mysid shrimp survival ranged 
from 20-60 % and live and moribund sheepshead minnows survival ranged from 0-30 %.  
Survival for both of these species was directly related to depth; those closest to the bottom 
suffered the highest mortality.  Most of the surviving sheepshead minnows and mysid shrimp 
were moribund (Table 8). 
In Experiment 2, test organisms were exposed to a10-h ozonation duration in three treatment 
columns (A, AB (mid-way between A and B), and B) and to control conditions in only one 
column (D).  For this experiment, control survival was essentially 100 % for all species (only 1 
of 30 mysid shrimp died), and none showed signs of any adverse effects (Table 9).  For animals 
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exposed to ozone in the three treatment columns, average percent survival by species was: mysid 
shrimp 51 %, sheepshead minnows12 %, shore crab 100 %, and amphipod 92 %.  Once again, 
survival was a function of depth in the water column.   Survival was the highest at the location 
closest to the bottom of the ballast tank, and decreased higher in the water column or toward the 
surface (Table 9).  This survival pattern, relative to depth, was opposite of that seen in 
Experiment 1.  Degree of survival was also a function of column location.  Survival was lowest 
(and essentially equal) in Columns A and AB, and was greatest in Column B.  In Experiment 2, 
all shore crabs survived and amphipods suffered only slight mortality (Table 9).  Of the surviving 
animals, the average percentage moribund was: sheepshead 88 %, mysid 10 %, amphipod 16 %, 
and shore crab 0 % (Table 9). 
In Experiment 3 all test organisms were exposed to ozone for 10 h in Columns A, AB, and B and 
to the control conditions in one column (D).  Control survival for this experiment was 100 % and 
none of the control animals showed signs of stress (Table 10).  For animals exposed to ozone, 
average percent of live and moribund species was: mysid shrimp 31 %, sheepshead minnows 0 
%, shore crab 100 % and amphipods 93 %. Many of the surviving mysid shrimp and about 15 % 
of the surviving amphipods appeared moribund (Table 10).  Also, in the ozone exposure, all of 
the surviving shore crabs appeared to be moving sluggishly, a moribund state.  For Experiment 3, 
there was no obvious trend in survival rates as a function of depth, although only mysid shrimp 
suffered partial kills, so data with which to make either vertical or lateral comparisons were 
sparse.  As seen in Experiments 1 and 2, survival for mysid shrimp was highest in Column A, the 
aft portion of the treat ballast tank.  Once again, amphipods contained in the bottom buckets 
suffered only slight mortality (Table 10). 

WET testing 
Tests conducted with non-treated ballast water samples (i.e., non-ozonated ballast water from the 
S/T Tonsina) exhibited no to minimal toxicity (i.e., less than 10 % mortality) in any of the tests 
for both species.  The median lethal concentrations were greater than100 % ballast water, 
meaning that the non-treated ballast water showed no toxicity.  Mysid shrimp median lethal 
concentrations in ozone-treated ballast waters ranged from approximately 50-70 % ballast water, 
while topsmelt seemed to be slightly more sensitive exhibiting median lethal concentrations 
ranging from approximately 30-80 % ballast water (Table 11).  Results for Experiment 3 
suggested that ozonated ballast water was more toxic (i.e., had lower median lethal 
concentrations) than in either of the first two experiments.   



8/16/05 

113 

DISCUSSION 
Chemistry 

The ballast water was characterized prior to ozonation for all of the experiments.  The results of 
these analyses showed that all of the water was homogeneous between the treated and control 
tanks and with depth in each water column.  Several parameters were recorded with time, 
salinity, pH, temperature and dissolved oxygen (DO).  The only parameter that changed was DO 
which increased with ozonation, as expected.  This increase would lead to enhanced water 
quality and would minimize the impact of the ballast water discharged to the receiving port. 
Initially it was reasoned that the ozone would play a direct role in the treatment of organisms.  
However, it became apparent that the rapid reaction of ozone with bromide ion, to give bromine 
(HOBr/OBr-) was the effective oxidant.   
In developing new processes for application in ballast water treatment it is necessary to consider 
various options for monitoring and control.  In the case of ozonation both oxidation reduction 
potential (ORP) and total residual oxidant were considered.  The results showed that TRO 
increased linearly with the time of ozonation.  However, ORP increased initially and then 
appeared to approach a maximum value that was nearly invariant with the time of ozonation.  
These results coupled with the maintenance requirements of ORP electrodes, where the tank 
would experience intermittent dry/wet cycles, led to eliminating ORP from further consideration 
as a monitoring and/or control parameter. 
The measure of TRO is simple and is standard in water treatment.  It was reasoned that field test 
procedures have been developed and proven that are fast, reliable and have met with acceptance 
where oxidant measures are required.  For example, in water and wastewater treatment, TRO has 
been used successfully to control and monitor the disinfection process.  Now flow-through 
analyzers are automated and could be used for feed-forward or feed-back control.  They can also 
be incorporated into the initial design of the system to provide a record of ballast water 
treatment.     

Biology 
Phytoplankton 

In general, the results suggest ozone treatment has a very strong effect on vegetative cells of 
dinoflagellates and microflagellates.  The observed decline is probably due to mortality, whereby 
the vegetative cells are simply destroyed by ozonation. Some portion of this decline could result 
from sedimentation, but we did not measure the possible accumulation of cells or resting stages 
at the bottom during this first phase of work. However, because sedimentation would also have 
occurred in the control tank, mortality from ozone exposure is still the most likely explanation 
for reduced population densities of dinoflagellates and microflagellates in the treatment tank. 
Although the results for diatoms suggest that ozone treatment may be much less effective on 
these organisms compared to the other two groups, this likely represents a limitation of 
microscopic methods used during this phase of analyses.  More specifically, unlike the 
dinoflagellates and microflagellates, diatoms are identified on the basis of the shape and patterns 
of their silica cell walls (frustules) that will not decompose quickly when exposed to ozone.  
Thus, although present in direct counts in relatively high numbers (following treatment), it is not 
possible to determine whether the diatoms counted were dead or alive with the method used. 
Overall, the phytoplankton results show considerable promise for ozone treatment to remove 
phytoplankton from ballast water.  Clearly more replication is required, under a range of 
conditions, to test how successful this approach may be.  Furthermore, additional measures are 
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needed in the next phase to test for possible accumulation of phytoplankton in bottom sediments 
and distinguish live from dead diatoms.  

Toxicology 
 
The efficacy of the ozone treatment system from the S/T Tonsina was simulated in the laboratory 
using adult mysid shrimp (Americamysis bahia), juvenile topsmelt (Atherinops affinis), and 
sheepshead minnows (Cyprinodon variegatus), and adults of two amphipod species (the benthic 
Leptocheirus plumulosus and pelagic Rhepoxinius abronius) (Stubblefield et al. 2005).  Batch 
ozonation in aquaria containing artificial seawater (ASW) showed that with the exception of L. 
plumulosus, all species tested died well within a typical 5-hr ozonation period as a result of TRO 
formation (LT50 ≤ 5 h, LC50s = 0.57 to 1.28 mg/L TRO).  L. plumulosus was not affected by 
any TRO concentration over the time periods tested (LC50 > 5.59 mg/L TRO).  Further 
experiments revealed that juvenile Americamysis bahia experienced continued mortality over 2 d 
after short term ozone exposure (1.5 h) and subsequent removal to untreated ASW.  
Americamysis bahia were also susceptible to ozonated seawater that had been stored in darkness 
for 2 d before beginning testing.  Additional toxicity data are being developed that will provide 
information on both the toxicity of the TRO under controlled laboratory conditions. 
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Conclusions 
1.  Ozonation did not change any of the chemical parameters of the sea water, except dissolved 
oxygen which increased significantly as a result of the process. 
2.  Alternative methods of injecting ozone should be explored to provide a more homogeneous 
oxidant distribution in ballast water tanks. 
3.  Oxidation-Reduction Potential (ORP) was not found to be an effective measure of ozonation 
in the ballast water tanks and is not considered a good control parameter for ozonation. 
4.  Total Residual Oxidant (TRO) is easy to measure and accurately provides the concentration 
of total oxidant and would be good as a control measure for the ozonation process. 
5.  No bromate ion was ever detected in the samples. 
6.  Bromoform was observed in those samples examined and is direct evidence that the oxidant 
residual is HOBr/OBr-. 
7.  From a literature review of CHBr3 there is no suggestion that it has any adverse effects in 
marine environments.  
8.  From the data obtained in the biological experiments and confirmed by the TRO 
measurements it was observed that the oxidant was not homogeneously distributed through out 
the ballast water tanks. 
9.  Phytoplankton counting is likely to lead to an overestimation of organisms as some have 
exoskeletons that are intact after treatment and live and dead organisms can not be differentiated. 
10.  Chlorophyll determinations should be considered in future studies for assessing the numbers 
of phytoplankton in treated ballast water. 
11.  The distribution of ozone using diffusers is not an efficient method and results in the non-
homogeneous distribution of oxidant in the ballast water tanks. 
12.  The larger organisms, which were suspended in containers in the water column, may not 
have been exposed to ambient oxidant concentrations because the netting prevented the ozone 
gas from penetrating the cage effectively. 
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Figure Legends 
Figure 1.  Reaction pathways for the decomposition of ozone in seawater with the formation of 
reaction by-products bromate ion and bromoform shown (Haag & Hoigne 1983, von Gunten 
1994, von Gunten & Oliveras 1998, Driedger et al. 2001). 
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Table 1a.   ONR Seawater Salts solutions.  (1X Concentrations in final Marine R2A Agar 
preparations) 
10X Salts     (g/L) 50X Divalent Cation Salts         (g/L)   200X Fe Salts   (g/L) 
NaCl 227.916 MgCl2 * 6H2O 55.908 FeCl * 4H2O 0.40 
Na2SO4 39.771 CaCl2 * 2H2O 7.277  
KCl 7.232  SrCl2 * 6H2O  0.121 
NaBr 0.833 
NaHCO3 0.309 
H3BO3 0.266 
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Table 1.  Ozone production, distribution and loading in the total, horizontal, and vertical portions of the treatment tank in Experiments 1, 2 
and 3 performed onboard the S/T Tonsina.  

Ozone production 
(g h-1) 

Ozone distribution 
(%) 

Ozone Loading Rate 
(mg l-1 h-1) 

    Diffuser 
Density 

Experiment Experiment Experiment 
Experimental 
Ballast Tank 

Volume 
(barrels) 

Volume 
(m3 x 
103) 

Number 
of  

Diffusers 

(m3 per 
diffuser) 

1 2 3 1 2 3 1 2 3 

3 Port 19,608 3.11 72 4.32 x 101 1460 1760 1660    0.47 0.56 0.53 
3 Port, 

horizontal 
portion 

11,802 1.88 56 3.36 x 101    50 40 0 0.39 0.38 0.00 

3 Port, 
vertical 
portion 

7,723 1.23 16 7.69 x 101    50 60 100 0.59 0.72 1.35 
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Table 2.  Salinity, temperature, pH, and oxygen in treated and untreated ballast tanks during Experiments 1, 2, and 3 performed onboard the S/T Tonsina. 
Location Sample 

Time 
Salinity 
(PSU) 

Temperature 
(°C) 

pH Oxygen 
(mg l-1) 

  Experiment Experiment Experiment Experiment 
  1 2 3 1 2 3 1 2 3 1 2 3 
A10  0.0 33.7 35.6 34.1 15.1 10.3 10.7 7.5 – 8.0 7.4 7.54 NS 9.0 6.6 
 2.5 33.5 35.3 34.1 13.8 11.8 10.0 7.0 7.5 7.7 NS 10.3 13.8 
 5.0 33.6 35.1 33.9 14.0 11.1 10.6 7.0 7.5 7.7 NS 14.3 17.5 
 7.5 NS 35.3 34.0 NS 11.2 10.3 NS 7.8 7.8 NS NS1 19.1 
 10.0 NS 35.2 33.9 NS 10.6 9.9 NS 7.9 7.8 NS 21.8 20.2 
A30  0.0 33.5 35.8 34.1 14.8 11.1 10.8 7.0 – 7.5 7.42 7.55 NS 9.2 6.8 
 2.5 33.6 35.3 34.2 13.5 11.3 11.4 7.0 – 7.5 7.51 7.86 NS 10.5 12.7 
 5.0 33.5 35.1 34.1 13.6 11.2 10.3 7.0 – 7.5 7.55 7.72 NS 14.5 19.2 
 7.5 NS 35.1 34.2 NS 10.5 10.3 NS 7.83 7.77 NS NS 19.2 
 10.0 NS 35.1 34.3 NS 10.4 10.2 NS 7.95 7.82 NS 21.5 19.2 
A50  0.0 33.5 35.6 34.1 14.2 11.9 10.3 7.0 – 7.5 7.43 7.54 NS 8 7.8 
 2.5 33.6 35.3 34.4 13.3 10.3 10.3 7.0 7.5 7.6 NS 7.9 8.3 
 5.0 33.4 35.1 34.2 12.7 10.2 10.4 7.0 – 7.5 7.54 7.83 NS 15.3 13.1 
 7.5 NS 35.1 34.3 NS 9.4 10.1 NS 7.7 7.7 NS NS 16.5 
 10.0 NS 35.1 34.2 NS 9.4 10.1 NS 7.9 7.89 NS 14.2 18.1 
B10  0.0 33.6 35.9 34.2 14.1 12.0 10.7 7.5 – 8.0 7.44 7.53 NS 8.9 6.1 
 2.5 33.3 35.4 34.2 14.1 11.9 9.9 7.0 7.5 7.6 NS 8.4 7.8 
 5.0 33.5 35.1 34.1 13.6 11.0 10.1 7.0 – 7.5 7.49 7.7 NS 11.9 15 
 7.5 NS 35.0 34.1 NS 10.6 9.7 NS 7.7 7.7 NS NS 17.4 
 10.0 NS 35.1 34.2 NS 10.0 9.7 NS 7.89 7.79 NS 14.9 19.6 
B30  0.0 33.7 35.7 33.9 15.5 9.8 10.6 7.0 – 7.5 7.39 7.54 NS 9.3 6.3 
 2.5 33.0 35.4 34.2 13.2 11.6 10.0 7.5 7.5 7.6 NS 8.6 8.6 
 5.0 33.5 35.1 34.2 13.7 11.8 10.1 7.0 – 7.5 7.49 7.72 NS 11.5 16.8 
 7.5 NS 35.1 34.2 NS 10.4 10.1 NS 7.8 7.8 NS NS 17 
 10.0 NS 35.1 34.1 NS 10.2 9.5 NS 7.91 7.83 NS 18.8 18.8 
B50  0.0 33.6 35.7 34.3 15.1 10.2 10.1 7.0 – 7.5 7.45 7.54 NS 9.3 6.9 
 2.5 33.7 35.3 34.4 14.1 10.4 10.8 7.0 7.5 8.0 NS 7.8 8.8 
 5.0 33.4 35.2 34.3 12.7 11.0 10.7 7.0 7.5 7.7 NS 10.6 15.2 
 7.5 NS 35.1 34.2 NS 11.1 11.3 NS 7.7 7.8 NS NS 16.3 
 10.0 NS 35.1 34.1 NS 9.6 10.2 NS 7.9 7.8 NS 19 18.2 
C10 -Control 0.0 33.2 35.4 34.0 14.4 10.9 10.0 7.5 7.32 7.97 NS 5.9 6.9 
 2.5 33.5 35.4 34.0 13.7 10.7 10.0 7.0 – 7.5 7.46 7.78 NS 6.5 7.1 
 5.0 33.5 35.2 34.0 13.4 9.9 10.1 7.5 7.47 7.61 NS 6.6 7.4 
 7.5 NS 35.0 34.1 NS 9.2 9.9 NS 7.7 7.64 NS NS 8 
 10.0 NS 35.2 33.9 NS 9.6 9.6 NS 7.74 7.01 NS 8 6.4 
C30 -Control 0.0 33.5 35.5 34.2 14.7 10.5 9.9 7.0 – 7.5 7.46 7.75 NS 5.8 6.2 
 2.5 33.6 35.1 34.3 13.9 10.6 9.9 7.0 7.5 7.9 NS 6.5 6.2 
 5.0 33.5 35.3 34.2 13.4 9.7 10.3 7.0 – 7.5 7.44 7.63 NS 6.1 7.9 
 7.5 NS 35.3 34.3 NS 9.6 11.4 NS 7.7 7.6 NS NS 8.2 
 10.0 NS 35.4 34.1 NS 9.5 10.7 NS 7.71 7.7 NS 7.7 6.4 
C50 -Control 0.0 33.5 35.2 34.2 14.0 10.6 10.7 7.0 – 7.5 7.45 7.76 NS 5.7 5.9 
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Table 2.  Salinity, temperature, pH, and oxygen in treated and untreated ballast tanks during Experiments 1, 2, and 3 performed onboard the S/T Tonsina. 
Location Sample 

Time 
Salinity 
(PSU) 

Temperature 
(°C) 

pH Oxygen 
(mg l-1) 

  Experiment Experiment Experiment Experiment 
  1 2 3 1 2 3 1 2 3 1 2 3 
 2.5 33.6 35.4 34.3 14.6 10.7 10.1 7.0 7.5 7.7 NS 6.3 6.9 
 5.0 33.2 35.2 34.2 12.8 10.3 11.1 7.0 – 7.5 7.46 7.84 NS 6.4 8.2 
 7.5 NS 35.4 34.3 NS 9.8 10.4 NS 7.7 7.7 NS NS 7.3 
 10.0 NS 35.4 34.1 NS 9.9 10.3 NS 7.73 7.67 NS 6.9 7.4 
D10 -Control 0.0 33.5 NS NS 15.7 NS NS 7.0 – 7.5 NS NS NS NS NS 
 2.5 33.5 NS NS 13.8 NS NS 7.0 – 7.5 NS NS NS NS NS 
 5.0 33.6 NS NS 13.3 NS NS 7.0 – 7.5 NS NS NS NS NS 
 7.5 NS NS NS NS NS NS NS NS NS NS NS NS 
 10.0 NS NS NS NS NS NS NS NS NS NS NS NS 

0.0 33.6 NS NS 14.8 NS NS 7.0 – 7.5 NS NS NS NS NS D30 -Control 
2.5 33.6 NS NS 13.9 NS NS 7.0 NS NS NS NS NS 

 5.0 33.5 NS NS 12.8 NS NS 7.0 – 7.5 NS NS NS NS NS 
 7.5 NS NS NS NS NS NS NS NS NS NS NS NS 
 10.0 NS NS NS NS NS NS NS NS NS NS NS NS 
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D50-Control 0.0 33.4 NS NS 13.6 NS NS 7.5 NS NS NS NS NS 
 2.5 33.5 NS NS 14.5 NS NS 7.5 NS NS NS NS NS 
 5.0 33.4 NS NS 12.8 NS NS 7.0 – 7.5 NS NS NS NS NS 
 7.5 NS NS NS NS NS NS NS NS NS NS NS NS 
 10.0 NS NS NS NS NS NS NS NS NS NS NS NS 
 
NS = not sampled. 
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Table 3.  Dissolved organic carbon (DOC), phosphate, silicate, nitrate, nitrite, and ammonia in treated and untreated ballast tanks during Experiments 1, 2, and 3 
performed onboard the S/T Tonsina.  Samples were collected immediately prior to initiation of the ozone treatment. 
Location DOC 

(mg l-1) 
Phosphate 

(mg l-1) 
Silicate 
(mg l-1) 

Nitrate 
(mg l-1) 

Nitrite 
(mg l-1) 

Ammonium 
(mg l-1) 

 Experiment Experiment Experiment Experiment Experiment Experiment 
 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 
A10  0.95 0.79 1.11 0.0635 0.0762 0.0762 1.333 1.519 1.508 0.287 0.399 0.399 0.004 0.005 0.006 0.032 0.076 0.076 
A30  0.93 0.85 1.02 0.0634 0.0759 0.0748 1.330 1.507 1.504 0.290 0.397 0.401 0.004 0.005 0.005 0.029 0.076 0.075 
A50  0.92 0.75 0.98 0.0638 0.0758 0.0751 1.322 1.494 1.505 0.290 0.399 0.403 0.004 0.005 0.005 0.031 0.076 0.075 
B10  1.01 0.91 1.02 0.0633 0.0760 0.0743 1.331 1.512 1.516 0.290 0.399 0.403 0.004 0.006 0.006 0.031 0.076 0.074 
B30  0.95 0.92 1.02 0.0635 0.0756 0.0746 1.325 1.498 1.489 0.287 0.399 0.399 0.004 0.005 0.005 0.029 0.076 0.075 
B50  1.00 0.82 0.84 0.0628 0.0763 0.0744 1.326 1.497 1.485 0.289 0.399 0.410 0.004 0.005 0.005 0.028 0.076 0.074 
C10  - Control NS1 0.81 1.08 NS 0.0750 0.0748 NS 1.510 1.513 NS 0.399 0.395 NS 0.005 0.004 NS 0.075 0.075 
C30 - Control 0.93 0.72 1.18 0.0638 0.0753 0.0745 1.349 1.506 1.487 0.294 0.399 0.412 0.004 0.005 0.006 0.028 0.075 0.075 
C50  - Control 0.94 0.74 0.81 0.0639 0.0752 0.0745 1.344 1.497 1.483 0.294 0.399 0.402 0.004 0.005 0.005 0.028 0.075 0.075 
D10 - Control 0.95 NS NS 0.0623 NS NS 1.357 NS NS 0.289 NS NS 0.004 NS NS 0.027 NS NS 
D30  - Control 0.92 NS NS 0.0636 NS NS 1.342 NS NS 0.291 NS NS 0.004 NS NS 0.026 NS NS 
D50 - Control 1.06 NS NS 0.0624 NS NS 1.353 NS NS 0.291 NS NS 0.004 NS NS 0.027 NS NS 
 
1NS = not sampled. 
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Table 4.  Total residual oxidant (TRO) and oxidation reduction potential (ORP) for treated and control 
ballast tanks in Experiments 1, 2, and 3 performed onboard the S/T Tonsina. 
Location Sample 

Time 
Total Residual Oxidant  

(mg Br2 l-1) 
Oxidation Reduction Potential 

(mV) 
 (h) Experiment Experiment 
  1 2 3 1 2 3 
A10 0.0 -0.13, -0.141 0.06, 0.07 0.07, 0.01 129.5 77.1 71.6 
 2.5 0.21, 0.43 2.74, 2.80 4.02, 4.07 372.4 725.1 767.3 
 5.0 0.23, 0.26 2.39, 2.37 OR, OR 718.9 774.3 761.6 
 7.5 NS2 OR3 OR, OR NS 781.7 782.1 
 10.0 NS OR, OR OR, OR NS 789.5 794.9 
A30 0.0 0.00, 0.00 0.06, 0.04 0.02, 0.02 140.2 69.4 75.6 
 2.5 0.08, -0.01 2.70, 2.78 3.62, 3.77 363.7 738.3 750.7 
 5.0 0.20, 0.03 2.84, 2.15 OR, OR 738.6 782.6 785.1 
 7.5 NS OR, OR OR, OR NS 793.2 791.7 
 10.0 NS OR, OR OR, OR NS 796.4 788.2 
A50 0.0 -0.11, -0.02 0.06, 0.05 -0.09, 0.01 136.8 72.5 95.7 
 2.5 0.15, 0.14 0.37, 0.39 0.32, 0.31 289.7 629.3 574.8 
 5.0 0.24, 0.26 2.42, 2.39 2.68, 2.72 753.0 792.0 713.9 
 7.5 NS 4.70, 4.62 4.53, 4.80 NS 787.4 785.5 
 10.0 NS OR, OR OR, OR NS 797.5 793.2 
B10 0.0 -0.08, 0.01 0.02, 0.00 -0.04, 0.00 115.7 74.3 89.3 
 2.5 0.00, -0.03 0.57, 0.56 0.70, 0.59 217.0 297.1 637.5 
 5.0 0.10, 0.01 OR, OR 2.90, 3.80 385.7 748.2 754.2 
 7.5 NS 3.89, 3.94 4.83, 4.72 NS 774.7 781.4 
 10.0 NS OR, OR OR, OR NS 784.7 793.2 
B30 0.0 0.05, 0.02 0.01, -0.05 -0.01, 0.01 144.6 77.0 92.6 
 2.5 0.03, 0.01 0.85, 0.84 1.00, 1.08 217.3 981.0 721.1 
 5.0 0.02, 0.00 OR, OR 3.98, 3.96 506.6 765.6 774.6 
 7.5 NS 4.40, 4.37 OR, OR NS 776.2 786.3 
 10.0 NS OR, OR OR, OR NS 785.5 798.7 
B50 0.0 0.01, 0.03 -0.03, 0.03 -0.03, -0.04 162.2 75.7 95.8 
 2.5 0.01, 0.00 0.63, 0.61 0.96, 1.04 339.9 672.3 716.9 
 5.0 0.09, 0.17 OR, OR 4.14, 4.12 495.6 762.6 772.9 
 7.5 NS 3.91, 3.96 OR, OR NS 779.0 790.9 
 10.0 NS OR, OR OR, OR NS 793.9 799.0 
C10 - control 0.0 -0.04, 0.03 -0.29, -0.32 0.00, 0.05 201.3 97.3 108.0 
 2.5 -0.13, 0.07 0.01, -0.01 0.06, 0.06 313.1 164.4 255.7 
 5.0 0.24, 0.00 -0.06 0.05, 0.08 379.1 244.4 293.9 
 7.5 NS 0.00, -0.04 -0.11, -0.11 NS 258.7 420.0 
 10.0 NS 0.00, -0.01 -0.05, -0.02 NS 273.7 294.3 
        
C30 - control 0.0 0.18, 0.05 -0.39, -0.38 -0.01, -0.05 197.6 103.4 106.8 
 2.5 0.00, 0.00 0.00, -0.05 0.12, 0.06 312.1 193.4 256.8 
 5.0 0.00, 0.00 -0.08, -0.10 -0.02, 0.02 347.4 245.8 274.9 
 7.5 NS 0.00, -0.06 -0.11, -0.12 NS 246.7 417.4 
 10.0 NS 0.00, 0.00 -0.06, -0.11 NS 278.1 287.0 
C50 - control 0.0 0.11, 0.12 -0.36, -0.38 0.03, -0.10 198.3 99.0 107.3 
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Table 4.  Total residual oxidant (TRO) and oxidation reduction potential (ORP) for treated and control 
ballast tanks in Experiments 1, 2, and 3 performed onboard the S/T Tonsina. 
Location Sample 

Time 
Total Residual Oxidant  

(mg Br2 l-1) 
Oxidation Reduction Potential 

(mV) 
 (h) Experiment Experiment 
  1 2 3 1 2 3 
 2.5 0.02, -0.02 0.03, -0.11 0.03, 0.08 292.2 183.7 253.9 
 5.0 0.00, 0.00 -0.11, -0.09 0.02, 0.03 360.8 238.9 294.0 
 7.5 NS -0.01, -0.11 -0.14, -0.13 NS 260.3 438.7 
 10.0 NS 0.00, 0.00 -0.02, -0.06 NS 272.5 294.7 
D10 - control 0.0 0.01, 0.05 NS NS 196.6 NS NS 
 2.5 0.22, 0.24 NS NS 308.9 NS NS 
 5.0 -0.12, 0.00 NS NS 359.9 NS NS 
 7.5 NS NS NS NS NS NS 
 10.0 NS NS NS NS NS NS 
        
        
        
D30 - control 0.0 0.12, -0.02 NS NS 198.6 NS NS 
 2.5 0.02, 0.02 NS NS 308.9 NS NS 
 5.0 0.00, 0.16 NS NS 359.9 NS NS 
 7.5 NS NS NS NS NS NS 
 10.0 NS NS NS NS NS NS 
D50 - control 0.0 0.18, -0.02 NS NS 200.2 NS NS 
 2.5 0.22, 0.00 NS NS 306.0 NS NS 
 5.0 -0.44, 0.00 NS NS 358.3 NS NS 
 7.5 NS NS NS NS NS NS 
 10.0 NS NS NS NS NS NS 

1 Duplicate analyses conducted if two numbers are listed. 
2NS = Not sampled. 
3OR = Out of range for assay, TRO > 5.0 mg l-1 Br2 
 
 
 
 
Table 5a.  Bromoform data in the ballast tank treated with ozone 
(columns A and B).  The control ballast tank showed all samples to 
be BMDL1,2 for every experiment. 

Sample Bromoform (µg/L) Sample 
Location Time Experiment 

1 
Experiment 2 Experiment 

3 
A10 0.0 BMDL 1,2 BMDL 2 BMDL 2 
  2.5 35.0 62.0 74.6 
  5.0 136.0 77.4 77.7 
  7.5 NS3 91.2 93.0 
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  10.0 NS 92.2 90.1 
A30 0.0 BMDL BMDL BMDL 
  2.5 30.0 68.4 80.0 
  5.0 145.0 76.0 90.3 
  7.5 NS 94.0 94.7 
  10.0 NS 98.0 105.6 
A50 0.0 BMDL BMDL BMDL 
  2.5 104.0 35.1 29.3 
  5.0 NS 75.2 75.2 
  7.5 NS 80.3 94.6 
  10.0 NS 82.4 96.1 
B10 0.0 BMDL BMDL BMDL 
  2.5 BMDL 32.9 42.5 
  5.0 24.0 53.8 73.7 
  7.5 NS 73.6 96.5 
  10.0 NS 76.1 107.0 
B30 0.0 BMDL BMDL BMDL 
  2.5 BMDL 44.6 55.5 
  5.0 47.2 70.4 70.6 
  7.5 NS 75.7 96.5 
  10.0 NS 83.0 103.0 
B50 0.0 BMDL BMDL BMDL 
  2.5 BMDL 40.4 46.2 
  5.0 35.8 58.7 87.1 
  7.5 NS 74.8 79.0 
  10.0 NS 79.4 105.0 
1 BMDL = Below Method Detection Limit 
2 Detection limit = 5 µg/L bromoform 
3 NS = Not Sampled 
 
 
Table 5b.  Toxicity of bromoform to marine organisms. 

Species Endpoint Effect Test 
type 

Duration Bromoform 
(mg/L) 

Reference 

PHYTOPLANKTON         
Skeletonema costatum IC50a growth static? 7 d 32 (Erickson & 

Freeman 1978) 
Thalassiosira 
pseudonana 

IC50 growth static? 7 d 32 (Erickson & 
Freeman 1978) 

Glenodinium halli IC50 growth static? 7 d 32 (Erickson & 
Freeman 1978) 
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Isochrysis galbana IC50 growth static? 7 d 32 (Erickson & 
Freeman 1978) 

           
INVERTEBRATES          
Americamysis bahia 
(mysid shrimp) 

LC50b mortality flow 4 d 24.4 (U. S. 
Environmental 
Protection 
Agency 1978) 

Penaeus aztecus  
(brown shrimp) 

LC50 mortality flow 4 d 26 (Andersen et 
al. 1979) 

           
FISHES          
Brevoortia tyrannus 
(Atlantic menhaden) 

LC50 mortality flow 4 d 12 (Andersen et 
al. 1979) 

Cyprinodon variegatus LC50 mortality static 1 d 19 (Heitmuller et 
al. 1981) 

Cyprinodon variegatus LC50 mortality static 2 d 19 (Heitmuller et 
al. 1981) 

Cyprinodon variegatus LC50 mortality static 3 d 18 (Heitmuller et 
al. 1981) 

Cyprinodon variegatus LC50 mortality static 4d 18 (Heitmuller et 
al. 1981) 

Cyprinodon variegatus LC50 mortality flow 4d 7.1 (Ward 1981) 
Cyprinodon variegatus NOECc juv.mort. flow 28 d 4.8 (Ward 1981) 
Cyprinodon variegatus LOECd juv.mort. flow 28 d 8.5 (Ward 1981) 

aIC50 = 50% inhibition concentration.  Concentration which a test endpoint is inhibited by 50% compared 
to controls. 

bLC50 =  50% lethal concentration. 
cNOEC =  No observed effect concentration.   
dLOEC =  Lowest observed effect concentration 
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Table 5.  Enumerations of culturable heterotrophic bacteria from treated and control S/T 

Tonsina ballast tanks in Experiments 1, 2, and 3 performed onboard the S/T Tonsina.   

  Colony forming units (CFU) l-1 

Sample Location Time (h) Experiment 1 Experiment 2 Experiment 3 

A10 0.0 4.70 x 106 1.30 x 106 4.10 x 105 

 2.5 1.00 x 104 1.00 x 101 1.00 x 101 

 5.0 <3.00 x 103 4.00 x 101 5.00 x 100  * 

 7.5 NS <3.00 x 100 5.00 x 100  * 

 10.0 NS <3.00 x 100 <5.00 x 100  * 

A30 0.0 2.70 x 106 9.20 x 105 2.40 x 105 

 2.5 3.00 x 103 3.00 x 101 7.00 x 100 

 5.0 <3.00 x 103 3.00 x 100 <5.00 x 100  * 

 7.5 NS 3.00 x 100 <5.00 x 100  * 

 10.0 NS <3.00 x 100 5.00 x 100  * 

A50 0.0 2.30 x 106 9.30 x 105 3.20 x 105 

 2.5 <3.00 x 103 5.80 x 102 6.00 x 102 

 5.0 <3.00 x 103 <3.00 x 100 2.00 x 101   * 

 7.5 NS 1.00 x 101 <5.00 x 100  * 

 10.0 NS <3.00 x 100 5.00 x 100  * 

B10 0.0 1.64 x 107 9.40 x 105 3.60 x 105 

 2.5 1.09 x 106 9.00 x 102 1.20 x 103 

 5.0 3.00 x 103 4.00 x 101 5.00 x 100  * 

 7.5 NS 1.00 x 101 <5.00 x 100  * 

 10.0 NS 1.00 x 101 <5.00 x 100  * 

B30 0.0 3.20 x 106 8.70 x 105 3.20 x 105 

 2.5 6.40 x 105 5.00 x 102 1.30 x 103 

 5.0 <3.00 x 103 3.00 x 101 7.00 x 100 

 7.5 NS <3.00 x 100 5.00 x 100  * 

 10.0 NS <3.00 x 100 <5.00 x 100  * 
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Table 5.  Enumerations of culturable heterotrophic bacteria from treated and control S/T 

Tonsina ballast tanks in Experiments 1, 2, and 3 performed onboard the S/T Tonsina.   

  Colony forming units (CFU) l-1 

Sample Location Time (h) Experiment 1 Experiment 2 Experiment 3 

B50 0.0 1.10 x 106 8.50 x 105 5.20 x 105 

 2.5 2.40 x 105 3.00 x 102 1.10 x 103 

 5.0 3.00 x 103 4.00 x 101 7.00 x 100 

 7.5 NS 1.00 x 101 5.00 x 100  * 

 10.0 NS <3.00 x 100 <5.00 x 100   * 

C10 - control 0.0 2.30 x 106 1.10 x 106 7.00 x 105 

 2.5 1.10 x 106 3.70 x 107 6.40 x 105 

 5.0 6.00 x 105 8.40 x105 7.20 x 105 

 7.5 NS 7.90 x105 6.70 x 105 

 10.0 NS 7.60 x 105 6.20 x 105 

C30 - control 0.0 1.70 x 106 7.70 x 105 2.30 x 105 

 2.5 9.00 x 105 3.30 x 107 6.60 x 105 

 5.0 8.00 x 105 7.90 x 105 5.70 x 105 

 7.5 NS 7.70 x105 6.00 x 105 

 10.0 NS 7.40 x 105 6.30 x 105 

C50 - control 0.0 9.00 x 105 7.60 x 105 3.20 x 105 

 2.5 7.00 x 105 8.70 x 105 7.40 x 105 

 5.0 5.00 x 105 8.90 x 105 6.60 x 105 

 7.5 NS 7.80 x 105 6.70 x 105 

 10.0 NS 8.80 x 105 7.60 x 105 

D10 - control 0.0 9.00 x 105 NS NS 

 2.5 7.00 x 105 NS NS 

 5.0 8.00 x 105 NS NS 

 7.5 NS NS NS 

 10.0 NS NS NS 
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Table 5.  Enumerations of culturable heterotrophic bacteria from treated and control S/T 

Tonsina ballast tanks in Experiments 1, 2, and 3 performed onboard the S/T Tonsina.   

  Colony forming units (CFU) l-1 

Sample Location Time (h) Experiment 1 Experiment 2 Experiment 3 

D30 - control 0.0 8.00 x 105 NS NS 

 2.5 5.00 x 105 NS NS 

 5.0 6.00 x 105 NS NS 

 7.5 NS NS NS 

 10.0 NS NS NS 

D50 - control 0.0 5.00 x 105 NS NS 

 2.5 5.00 x 105 NS NS 

 5.0 4.00 x 105 NS NS 

 7.5 NS NS NS 

 10.0 NS NS NS 

* = Sample enumerated in duplicate instead of triplicate 

- = Sample not analyzed. 

NS = Not sampled. 
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Table 6.  Effect of ozone treatment on mesozooplankton in Experiments 1, 2, and 3.   (n = 3). 

Time Average  Average  Average  Location 
(h) Percent Alive SD Percent Moribund SD Percent Dead SD 

Experiment 1 
A 0.0 93.7 0.6 5.7 1.5 0.7 1.2 
B 0.0 95.3 1.2 3.7 2.1 1.0 1.0 
C - control 0.0 97.0 2.0 1.7 0.6 1.3 1.5 
D - control 0.0 95.7 1.5 3.0 1.0 0.3 0.6 
        
A 5.0 1.7 0.6 7.3 3.1 91.0 3.0 
B 5.0 25.0 4.0 27.7 0.6 47.3 3.5 
C - control 5.0 92.3 1.5 5.3 2.3 2.3 1.5 
D - control 5.0 92.7 2.9 6.0 2.6 1.3 0.6 
        

 
Experiment 2 
A 0.0 96.3 1.2 3.0 0.0 0.7 1.2 
B 0.0 93.7 1.5 4.0 1.7 0.3 0.6 
C - control 0.0 97.3 2.1 1.3 1.2 1.7 2.1 
        
A 5.0 40.3 3.2 39.7 8.5 20.0 6.2 
B 5.0 13.7 2.5 20.0 6.0 66.3 8.5 
C - control 5.0 97.7 1.5 2.3 1.5 0.0 0.0 
        
A 10.0 13.7 1.5 19.3 8.7 67.0 9.6 
B 10.0 1.7 1.2 1.0 1.0 97.3 2.1 
C - control 10.0 94.3 3.8 5.0 3.6 0.7 0.6 

 
Experiment 3 
A 0.0 89.7 7.0 6.0 2.6 7.7 6.8 
B 0.0 94.7 2.5 2.3 1.5 3.0 1.0 
C - control 0.0 93.3 4.0 3.7 0.6 3.0 3.6 
        
A 5.0 7.7 5.7 8.3 4.2 84.0 7.0 
B 5.0 1.7 1.2 6.0 2.0 92.3 3.1 
C - control 5.0 97.0 1.0 1.0 1.0 3.3 1.2 
        
A 10.0 1.3 2.3 2.0 2.0 96.7 3.1 
B 10.0 0.0 0.0 0.7 1.2 99.3 1.2 
C - control 10.0 93.3 1.5 2.3 0.6 4.3 1.5 
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Table 7.  Total numbers of dinoflagellates, diatoms, and microflagellates found in Experiments 2 and 3.  Samples were 
preserved on the S/T Tonsina and later enumerated in the laboratory.   

  Experiment 2 
(cells l-1) 

Experiment 3 
(cells l-1) 

Location Time 
(h) 

Dinoflagellates Diatoms Microflagellates Dinoflagellates Diatoms Microflagellates

A10 0.0 1.79 x 104 1.11 x 105 2.71 x 105 1.08 x 104 1.24 x 105 2.96 x 105 

 5.0 9.62 x 102 1.76 x 105 3.30 x 104 0 1.28 x 105 1.20 x 104 

 10.0 0 3.71 x 104 3.16 x 103 0 6.95 x 104 6.44 x 103 

A30 0.0 5.92 x 103 8.34 x 104 2.70 x 105 1.20 x 104 6.74 x 104 2.57 x 105 

 5.0 1.02 x 103 5.66 x 104 1.65 x 104 0 6.77 x 104 4.76 x 103 

 10.0 8.80 x 102 1.13 x 105 8.10 x 104 0 1.25 x 105 9.06 x 103 

A50 0.0 4.82 x 103 1.24 x 105 1.85 x 105 1.13 x 104 9.15 x 104 3.06 x 105 

 5.0 1.86 x 103 3.84 x 104 2.44 x 104 1.03 x 103 6.88 x 104 9.24 x 103 

 10.0 8.76 x 102 2.12 x 104 3.54 x 103 0 1.82 x 104 1.83 x 104 

B10 0.0 1.27 x 104 1.52 x 105 2.84 x 105 1.10 x 104 5.34 x 104 2.63 x 105 

 5.0 0 5.82 x 104 1.06 x 104 1.20 x 103 1.01 x 105 1.58 x 104 

 10.0 0 2.94 x 104 1.97 x 104 0 6.84 x 104 5.89 x 103 

B30 0.0 1.20 x 104 1.35 x 105 1.90 x 105 2.86 x 104 8.84 x 104 3.24 x 105 

 5.0 0 2.50 x 105 3.10 x 105 1.07 x 103 6.01 x 104 3.21 x 103 

 10.0 ND ND ND 0 5.86 x 104 8.86 x 103 

B50 0.0 1.02 x 104 3.27 x 104 2.67 x 105 8.47 x 103 7.57 x 104 2.36 x 105 

 5.0 0 6.25 x 104 2.05 x 104 2.32 x 103 5.04 x 104 2.35 x 104 

 10.0 0 1.62 x 104 6.21 x 103 0 4.49 x 104 3.14 x 103 
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Table 7.  Total numbers of dinoflagellates, diatoms, and microflagellates found in Experiments 2 and 3.  Samples were 
preserved on the S/T Tonsina and later enumerated in the laboratory.   

  Experiment 2 
(cells l-1) 

Experiment 3 
(cells l-1) 

Location Time 
(h) 

Dinoflagellates Diatoms Microflagellates Dinoflagellates Diatoms Microflagellates

C10 – control 0.0 4.28 x 103 1.51 x 105 1.73 x 105 9.91 x 103 9.78 x 104 3.30 x 105 

 5.0 4.92 x 103 8.00 x 104 3.04 x 105 1.35 x 104 6.74 x 104 2.82 x 105 

 10.0 8.35 x 103 5.98 x 104 2.34 x 105 1.85 x 104 1.25 x 105 2.61 x 105 

C30 - control 0.0 1.88 x 104 9.79 x 104 3.10 x 105 1.19 x 104 8.67 x 104 2.82 x 105 

 5.0 6.99 x 103 7.66 x 104 2.16 x 105 9.18 x 103 1.33 x 105 2.79 x 105 

 10.0 1.44 x 104 1.06 x 105 2.47 x 105 3.76 x 104 8.87 x 104 4.38 x 105 

C50 - control 0.0 5.74 x 103 1.20 x 105 2.26 x 105 8.12 x 103 9.37 x 104 2.98 x 105 

 5.0 5.52 x 103 7.88 x 104 2.47 x 105 6.05 x 104 1.11 x 105 4.14 x 105 

 10.0 9.95 x 103 1.69 x 105 1.93 x 105 5.70 x 103 1.46 x 105 3.77 x 105 

ND = No data 
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Table 8.  Percentage of live and moribund mysid shrimp, sheepshead minnows, shore crabs, and amphipods in Experiment 1 
following 5 h of ozonation. 

Location Mysid shrimp Sheepshead minnows Shore crabs Amphipods 
(average of 3 cages) 

 Live Moribund Dead Live Moribund Dead Live Moribund Dead Live Moribundb Dead 
A2 10 50 40 20 10 70 100 0 0    
A20 0 40 60 0 20 80 100 0 0    
A40 20 0 80 0 0 100 100 0 0    
A50          100 0 0 
B2 100 0 0 100 0 0 100 0 0    
B20 100 0 0 100 0 0 100 0 0    
B40 100 0 0 100 0 0 100 0 0    
B50          100 0 0 
C2 – control 100 0 0 100 0 0 100 0 0    
C20 – control 100 0 0 100 0 0 100 0 0    
C40 – control 100 0 0 100 0 0 100 0 0    
C50 – control          ND ND ND 
D2 – control 100 0 0 100 0 0 100 0 0    
D20 – control 100 0 0 100 0 0 100 0 0    
D40 – control 100 0 0 100 0 0 100 0 0    
D50 – control          97 0 3 
ND = no data. 
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Table 9.  Percentage of live and moribund mysid shrimp, sheepshead minnows, shore crabs, and amphipods in Experiment 2 
following 10 h of ozonation. 

Location Mysid shrimp Sheepshead minnows Shore crabs Amphipods 
(average of 3 cages) 

 Live Moribund Dead Live Moribund Dead Live Moribund Dead Live Moribund Dead 
A2 0 0 100 0 0 100 100 0 0    
A20 27 0 73 0 0 100 100 0 0    
A40 90 0 10 0 0 100 100 0 0    
A50          100 0 0 
AB2 40 0 60 0 0 100 10 0 90    
AB20 0 0 100 0 0 100 100 0 0    
AB40 50 0 50 0 0 100 100 0 0    
AB50          80 0 20 
B2  56 22 22 0 30 70 100 0 0    
B20 63 25 12 0 0 100 100 0 0    
B40 80 10 10 20 60 20 100 0 0    
B50          97 0 3 
D2 – control 100 0 0 100 0 0 100 0 0    
D20 – control 100 0 0 100 0 0 100 0 0    
D40 – control 90 0 10 100 0 0 100 0 0    
D50 – control          100 0 0 
 
Table 10.  Percentage of live and moribund mysid shrimp, sheepshead minnows, shore crabs, and amphipods in Experiment 3 
following 10 h of ozonation. 

Location Mysid shrimp Sheepshead minnows Shore crabs Amphipods 
(average of 3 cages) 

 Live Moribund Dead Live Moribund Dead Live Moribund Dead Live Moribund Dead 
A2 100 0 0 0 0 100 100 0 0    
A20 0 0 100 0 0 100 100 0 0    
A40 0 0 100 0 0 100 100 0 0    
A50          93 0 7 
AB2 0 0 100 0 0 100 100 0 0    
AB20 0 0 100 0 0 100 100 0 0    
AB40 0 0 100 0 0 100 100 0 0    
AB50          93 0 7 
B2 0 0 100 0 0 100 100 0 0    
B20 0 80 20 0 0 100 100 0 0    
B40 100 0 0 0 0 100 100 0 0    
B50          93 0 7 
D2 – control 100 0 0 100 0 0 100 0 0    
D20 – control 100 0 0 100 0 0 100 0 0    
D40 – control 100 0 0 100 0 0 100 0 0    
D50 – control          100 0 0 
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Table 11.  Survival and median lethal concentration (EC50/LC50 as % ballast water) in acute 
toxicity tests conducted with mysid shrimp (Americamysis bahia) and topsmelt (Atherinops 
affinis) with post-ozonation ballast water samples from Experiments 1, 2, and 3. 

% Survival Test species / 
Exposure concentration (% ballast 
water) 

Experiment 1 Experiment 2 Experiment 3 

    
Mysid shrimp (Americamysis bahia)    

0 100 90 97.5 
6.25 95 100 97.5 
12.5 100 95 97.5 
25 100 95 75 
50 100 95 0 
100 0 0 0 

EC50 (95% CI) 70.4 (69.5-71.3) 70.7 (50.0-100) 49.5 (27.0-37.7) 
    
Topsmelt (Atherinops affinis)    

0 76* 100 100 
6.25 80 95 95 
12.5 88 100 100 
25 92 100 80 
50 100 47.5 0 
100 20 7.5 0 

LC50 (95% CI) 78.4 (71.1-86.5) 55.4 (47.8-63.1) 30.8 (28.1-33.9) 
* Survival below minimum criteria for acceptable control survival. 
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Appendix 5 
STEMMING THE COASTAL INVASION OF EXOTIC SPECIES - 

AN EVALUATION OF BALLAST WATER TREATMENT OPTIONS 
 

J.(Hans) van Leeuwen, W. J. Cooper, J. C. Mandelman, R. Muller, 
M. Jennings, W. Stubblefield, R. Gensemer and R. Herwig  

 
 
Introduction 
 
Ballast water is a necessity on most cargo ships to maintain stability and optimum propeller 
depth while carrying less than full cargo such as on return voyages.  It is typically carried in non-
cargo spaces such as the structural spaces between cargo holds and the outer hull, in the double 
bottom and the fore and aft spaces.  Ballasting water needs to be taken in while off-loading cargo 
to maintain the ship’s stability.  Ballast water is the major pathway by which invasive coastal 
species can be relocated across biogeographical boundaries, and is considered to be a major 
threat to the ecosystems of coastal waters such as harbors, river mouths, bays and lagoons in 
areas where ballast water is discharged (e.g. Carlton & Geller, 1993).  Ballast water was first 
demonstrated to be a vector for the translocation of aquatic organisms by Medcof (1975) and the 
effort to develop effective methods to reduce or stop these introductions has evolved since.   
 
There already are more than 500 non-native species in the coastal waters of the United States 
(Grosholz, UC Davis).  Many of these species have devastating ecological consequences and in 
some cases have resulted in huge economical consequences.  The best known of these is the 
zebra mussel.  This Middle East invader to most of the Eastern and central USA clogs water 
intake pipes and water filtration and electric generating plants.  The damage and control 
measures have been estimated to amount to up to $5 billion in the Great Lakes (Khalanski, 
1997). The introduction of the comb jelly fish, Mnemiopsis leidyi, to the Black Sea in the 1980’s 
in ballast water decimated anchovy, sprat and mackerel fisheries (Vinogradov et al., 1996).   
Species of toxin producing dinoflagellate alga, which are a threat to shellfish industries and 
human health, have been transported to Tasmania (Australia) from Japan (Hallegraeff, 1998).    
 
The best way to reduce alien species infestations is prevention and management of introduction 
pathways (Carlton, 2003).  Control over ballast water through legislation and international 
treaties are an important step in protecting coastal waters.  Avoidance of these feral invasions is 
possible by either preventing the discharge of ballast water from other ports (such as by 
exchange for oceanic water en route or by some form of treatment of such ballast water.  Water 
treatment processes have potential for controlling the introduction of species in ballast water, if 
implemented in a practical and cost-effective manner.  This paper is intended to critically 
evaluate the legal control measures, the practicality of avoiding discharge of foreign coastal 
ballast water in ports and the various ballast water treatment technologies now being promoted to 
remove or inactivate alien coastal invaders. 
 
Regulating Ballast Water Discharges 
 
Pending Legislation and the IMO Treaty 
 
The regulation of invasive species is one of the few environmental issues where there is little 
disagreement as to the reality of the problem. The shipping industry, government and 
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environmental groups agree that action must be taken. The disagreement is focused almost 
exclusively on defining "how clean is clean" and when to mandate the use of ballast water 
treatment technology.  Currently, there is no requirement that ballast water be treated prior to 
discharge.  There is only a United States Coast Guard "rule" requesting that ballast water be 
exchanged for oceanic water more than 200 miles offshore.  If the ship's captain is unable to do 
so, he is supposed to notify the Coast Guard prior to entering the port in which the water will be 
discharged. 
 
There is widespread dissatisfaction with the absence of meaningful Coast Guard regulation of the 
treatment of ballast water prior to its discharge.  As a result, several bills are pending in Congress 
to deal with the problem.  The first is the Inouye Stevens Ballast Water Management Act.  The 
Senate Commerce Committee held hearings on that bill, on June 15, 2005, and the bill is now 
being redrafted. The U.S. Senate Environment & Public Works Committee is considering the 
Levin-Collins National Aquatic Invasive Species Act and Congress is considering the parallel 
Gilchrest-Ehlers bill, but hearings have not yet been scheduled in either House.  
 
The U.S. government is also considering the International Maritime Organization's Ballast Water 
Treaty, which was ratified by the IMO in February 2004. The Bush Administration is 
considering whether to submit the Treaty to the Senate for ratification but a decision on that is 
not expected before 2006. That Treaty is now being considered by an inter-agency task force, 
which includes the State, Commerce and Interior Departments in addition to the Navy, the Coast 
Guard, the Justice Department and the National Security Council. The State Department is 
awaiting receipt of numerous additional enforcement regulations that will implement the IMO 
Treaty. Until those draft regulations are reviewed, it is unlikely that any recommendation will be 
submitted to the President.  The President will make the final decision after reviewing the 
recommendations, whether to submit the Treaty to the Senate. Of course, passage of either of the 
bills would make ratification of the Treaty a moot issue. 
  
The Treatment Standard: How Clean Is Clean Enough? 
 
Both bills, and the IMO Treaty, require that ballast water be cleaned up before being discharged, 
whether in-port or at-sea. The first substantive issue that has not been resolved is the mandatory 
treatment standard - "how clean is clean enough?" 
 
Many members of the Senate and House, of both parties, have expressed dissatisfaction with he 
IMO Treaty's performance requirements on the grounds that they are not sufficiently stringent.  
Many Members of Congress have criticized the IMO standards as being too lax and urged 
adoption of the standards used in the recently introduced Ballast Water Management Act. The 
bill's standards are 100 times more stringent than those contained in the IMO Treaty.   
 
If Congress fails to act, by the end of 2006, it is likely that the Coast Guard will issue draft 
treatment regulations sometime in 2006. It is assumed that the Coast Guard will lean towards 
adopting the treatment standards at least at the level contained in Regulation D-2 of the pending 
International Maritime Organization (IMO) Treaty.  Regardless of the treatment standards that 
are finally adopted, the Coast Guard will still control the certification of equipment as meeting 
those standards and the Coast Guard will enforce compliance with them. However, the 
Environmental Protection Agency will also have a role in determining standards.  
 
The essential difference between the versions of Levin Collins NAIS bill (S. 770), the IMO 
Treaty's Regulation D-2 and the Inouye Stevens bill (S. 363) are clear cut.  Both the IMO Treaty 
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and the Inouye Stevens bill require that no more than a specified number of invasive species be 
allowed in treated ballast water. The IMO standard is that, in most instances, no more than 1 
microbe (of any kind) may be contained in 1 cubic meter of treated ballast water. The Inouye 
Stevens standard is that no more than 0.1 microbes may be found in 10 cubic meters of treated 
ballast water, a standard 100 times more stringent than the Treaty.  (Neither the Treaty or the bill 
differentiates between types of microbes so 1 bacterium, that might be 1 micron in size, is 
equated with larger organisms, such as mollusks, crustaceans and fish.)  Differing quantitative 
standards are used for specified types of colony forming bacteria such as Escherichia coli and 
Vibrio cholera. 
 
The NAIS bill uses an entirely different approach.  The 2005 draft of the NAIS bill contemplates 
using a Best Available Control Technology standard. This means that the treatment standard 
could become more stringent every few years. The shipping industry is opposed to this approach 
because it lacks a specific treatment target.  
 
Prior versions of the NAIS bill, introduced in 2000, 2001 and 2003, mandated that 95 percent of 
the ballast water be exchanged for "clean" ballast water or that 95 percent of the invasive species 
contained in the original supply of ballast water be killed by whatever treatment technology was 
used. That approach has now generally been abandoned because it is conceded that deep ocean 
exchanges frequently remove only 50 percent of the unwanted invasive species and that many of 
these regrow prior to the ship reaching port.  Beyond that defect, it would have been 
exceptionally difficult to enforce. Any percentage reduction standard would require that two 
microbe counts be conducted, before and after each ballast water discharge. This is an expensive 
and time-consuming process that cannot be carried out on-board a ship. It must be done in a 
well-equipped laboratory.  Secondly, the underlying theory is absurd.  Suppose that a vessel is 
carrying ballast water containing 10,000 microbes/m3 and another vessel's ballast water has 1 
million microbes/m3.  A 95 percent reduction would leave only 500 microbes in the former case, 
probably fairly clean water; but in the latter case, a 95 percent reduction would mean that there 
were still 50,000 invasive microbes per cubic meter of treated water, a dangerous quantity that 
would, nevertheless be deemed "clean" under the NAIS standard.  For these reasons, the 
percentage reduction approach has been abandoned. 
 
It is probable that any legislatively mandated treatment standard will initially be the IMO 
standard which will be ratcheted up to the Inouye Stevens standard after the treatment 
requirement has been in effect for several years and environmental protection agencies have had 
the opportunity to analyze its impact on water quality. 
 
Treatment Equipment Retrofit, Compliance and Shipboard Technology Evaluation 
 
Several suppliers are expected to have effective and affordable treatment on the market in 2006.  
Therefore, it has been recommended to Congress that the deadline for treating ballast water be 
moved up.  All affected ship owners should have no more than 18 months after the date on which 
the Coast Guard certifies the availability of an effective treatment technology to install it on their 
ships.   Some technologies can be installed without taking the ship out of service or, at most 
taking it out of service for only a few days.  Prompt installation will not impose a financial 
burden on ship owners while making a substantial contribution to prevent environmental 
degradation. 
 
Mandatory retrofitting: save ship owners money 
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The related issue of retrofitting must also be dealt with.  Worldwide, there are now at least 
25,000 ships in service that transport and discharge ballast water.  If the requirement that ballast 
water be treated is limited to ships built after 2009 (and in many cases built after 2016) then there 
will be 30,000, or more ships, discharging untreated ballast water for another 25 or 30 years, all 
over the world.  If affordable technology is available in 2006 that can be installed at a reasonable 
cost, and with no appreciable down time for the vessel involved, then there is every logical 
reason to require that all ships - except those that will be scrapped within 5 years - to be 
retrofitted with treatment equipment. 
 

Several ballast water treatment technologies will likely pay for themselves, in operational cost 
savings, within 12 to 18 months of their installation. This cost savings estimate is based on data 
published by the Coast Guard, in its March 2003 ANPRM.  This data showed that a deep ocean 
ballast water exchange costs a ship owner between $16,000 and $80,000 per exchange (Shipping 
industry trade association estimate). Since the typical tanker or freighter has a useful life 
exceeding 30 years and, typically, conducts at least one ballast water exchange a month, the 
savings will run into the millions of dollars over the ship's life. 
 
Federal Preemption of State Ballast Water Treatment Laws 
 

Next, there is the politically sensitive issue of federal preemption. The Chamber of Shipping of 
America has urged the adoption of an amendment that would make it explicitly clear that the 
Ballast Water Management Act provided the sole legislative authority for mandating the 
treatment, and regulating the discharge, of ballast water. This proposal would prevent conflicting 
regulation of such discharges under the Clean Water Act. That amendment ought to be adopted. 
 

The shipping industry also supports a proposal that Congress preempt this area of environmental 
regulation and bar the enforcement of any conflicting, or more stringent, state ballast water 
treatment regulations such as those enacted by the Michigan and California. (It is expected that 
whatever legislation is finally enacted will apply equally to ships operating on the high seas and 
to those operating on the Great Lakes, as well.) 
 

There is substantial support for these proposals among the Governors of states bordering the 
Great Lakes. Governor Robert Taft (R-Ohio), in his capacity as Chairman of the Council of 
Great Lakes Governors, wrote to Senator George Voinovich (R-Ohio), in November 2004, "I 
encourage Congress to act on the [invasive species issue] because we recognize that a consistent 
nationwide strategy is more effective than individual state government strategies [in dealing with 
invasive species]".  Governors of other Great Lakes states have expressed similar views. 
 
Proving compliance with ballast water treatment requirements  
 

It is essential that a ship captain be able to prove to the Coast Guard that the ship has complied 
with those requirements.   Such proof should be temporally and economically feasible.  This is 
especially critical if proof of treatment must be presented each time a ship enters a port and 
discharges ballast water or has done so inside the Exclusive Economic Zone. 
 

It has been suggested that Coast Guard certify of a given technology as meeting the established 
treatment standard.  This would enable a ship's captain certifying that the approved equipment 
was in operation for the required time period be accepted as proof of compliance.  Of course, 
there would be electronic means too to prove whether equipment had been functional for a 
sufficient period.  Disinfectant residuals could be another proof of compliance. 
 

Conducting microbe counts, on the other hand, is not a practical or economical means of proving 
that compliance especially on multiple trips, or multiple port entries.  Such counts are very 
expensive and require trained, scientific personnel and expensive laboratory equipment. It can 
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take several days to transport ballast water samples from a ship to a laboratory. The microbe 
count could rapidly increase (or decrease) during shipping, thus providing inaccurate results to 
an enforcement agency.  For all of these reasons, such counts cannot routinely be conducted on 
board a ship and should be used mainly in evaluating and certifying treatment technology. 
 

Moreover, it is doubtful that a few ballast water samples, even from widely dispersed areas of a 
ballast tank, is a statistically accurate method for proving that the ballast water has been treated 
to a specific standard.  A typical oil tanker carries 12 to 18 million gallons of ballast water in a 
ship that has ballast water compartments running the entire length, width and height of a ship 
that may be 1,000 or more feet long, 125  feet wide and 100 or more feet high.  It is highly 
improbable that a few gallons of water taken randomly from those ballast tanks will be 
representative of the content of the ship's ballast water. This is especially so since it is practically 
impossible to take samples from tanks immediately above the bottom of the ship's hull. 
 

While it may be desirable to conduct such sampling annually, or on some other periodic basis, to 
establish another reference point for gauging the effectiveness of a treatment system, it is not 
practical to do so during every port entry.  A substitute or indicator determinant would be much 
more effective.  The presence of a Total Residual Oxidant (TRO) over a sufficient length of time 
is an effective and scientifically accepted methodology in drinking water treatment according to 
the Surface Water Treatment Regulations, Safe Drinking Water Act, 1989.  A similar approach 
would be highly beneficial for compliance testing in ships’ ballast water and easily enforced. 
 
Expanding the Coast Guard's Shipboard Technology Evaluation Program  
 

The Coast Guard's STEP Program, issued in January 2004, should be expanded to allow a far 
larger number of ships, operated by the same ship owner, to participate in the experimental 
technology program.  As a means of encouraging ship owners to participate in the STEP 
Program, anyone installing approved technology prior to the bill's mandatory implementation 
date should be permanently grandfathered, i.e. permanently deemed to be in compliance with 
statutory or regulatory treatment standards even if the standards become more stringent in later 
years. This proposal will offer ship owners the necessary economic incentives to install treatment 
technology well ahead of the bill's stretched out compliance deadlines. 
The technology incentive provisions of the Ballast Water Management Act, carried over from the 
IMO Treaty, need to be significantly modified.  The application process is too cumbersome and 
it is limited to only 5 or 6 ships a year. As currently drafted, those provisions will discourage 
ship owners from participating in a program in which the maximum number of ships, and ship 
owners, should be encouraged to participate. 
 
  
Avoidance 
 
At present the main control method is ballast exchange at sea, in which ballast water is replaced 
with oceanic water during transit and was first demonstrated and described by Williams et al. 
(1988).  Ballast exchange has since been used to reduce the risk of introducing alien invasive 
species in a number of countries and has been proposed as an international control method (IMO, 
1998).   Ballast exchange processes are, however, not fully effective with incomplete exchange 
and safety concerns if ships have to operate with low ballast (Rigby & Hallegraeff, 1994; 
Plowman, 1995).  A number of studies on the efficiency of alternative ballast exchange practices 
suggest that the efficiency of these methods is only around 90%, one of the methods is 
considered unsafe, long periods of time can be required and it is not possible for coastal voyages 
(see Oemcke, 1998).   
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Currently there are design efforts underway by the Swedish shipping firm Wallenius Wilhelmsen 
for a high-tech freighter that will be powered by wind and waves.  This ship could carry up to 
10,000 cars and trucks in its cargo hold, have emission levels near zero, and eliminate the need 
for ballast water.  This ship, however, may never be built and exists today only in concept.  "This 
vessel is a demonstration of what is feasible, what could be feasible and what should be feasible 
(Toronto Star, www.thestar.com July 18, 2005 "Sailing the Green Way" By Simon Johnson). 
 
It is often though that a ship that is registered as having no ballast on board (NOBOB) is not an 
environmental threat.  Many ships that trade on the Great Lakes are registered as NOBOBs yet 
still routinely carry thousands of invasive species in the muddy water that sloshes around in their 
empty ballast tanks. 
 
Researchers at the University of Michigan and NOAA conducted a 5-year study of registered 
NOBOB's entering the great lakes through the St. Lawrence Seaway and found that two-thirds of 
the 42 ships sampled carried potentially deadly organisms in ballast water tanks that were 
supposed to be empty and clean.  These organisms included Cryptosporidium and cholera.  This 
research clearly shows that these no ballast on board ships are a threat and must be regulated in 
the same manner as ships that carry ballast.  Having no ballast on board is not a viable avoidance 
measure (Detroit News, Wednesday April 20, 2005, Associated Press). 
 
As discharge of ballast water is in most cases unavoidable, prevention of the introduction of 
invasive species needs to be sought in treatment technology. 
 
 
Physical Treatment Technologies Available 
 
The discharge of ballast water originating from other harbors should involve some treatment.  
The physical and biological properties of the organisms of concern in ballast water could be 
exploited to help reduce their number.  This treatment should either result in the removal or the 
inactivation of the organisms.    
 
Approaches based on physical treatment involve either the separation and disposal of organisms 
or the creation of adverse conditions for their survival without the use of chemicals.  Separation 
could exploit the size of organisms through the use of screens or filters or their density such as 
through the use of hydrocyclones.  Adverse conditions for the organisms could be created 
through temperature increases or by some form of irradiation. 
 
Filtration  
 
Filtration would seem like a logical choice for the removal of invasive species of concern from 
water.  All life forms are much larger than water molecules, so a medium with openings smaller 
than the organisms of concern should retain such organisms while allowing the water to pass.  
The remaining problems would be simultaneous removal of other suspended solids; the pressure 
drop over the filtration medium; and the disposal of the solids removed. 
 
The removal of non-living solids as such is not a concern as such, but it adds to the load of solids 
on the filtration medium and more rapid clogging.  Clogging will require some form of a 
backwash to restore the filtration capacity.  This leads to the requirement of a backwashing 
system and downtime during backwashing.  Substantial amounts of water may be required for 
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backwashing and therefore additional pumping capacity.  The downtime can be compensated for 
by extra filtration capacity and by backwashing only one of a number of filters at a time. 
 
Filtration capacity is limited by the type of medium.  Membrane type filters, including screens, 
collect the solids removed in a single layer on the surface.  This leads to a rapid build-up of 
solids and a reduction in flow-rate.  Membrane filters may operate at a rate of 10 gal.ft-2.h-1.  At 
pumping rates on a tanker of 125,000 DWT, the rate of pumping ballast water on board is 
typically 20,000 gpm or 1.2 Mgal/h.  This would require 120,000 ft2 of membrane surface.  
Hollow fibers or spiral wound membranes ensure storage in smaller volumes.  Nevertheless, 
such a system would occupy a space of 10,000 ft3 and would be quite costly in capital.  
Microscreens would offer much less resistance and smaller areas of screen would be required, 
although still substantial, as these do not lend themselves as well for volume reduction.  Another 
drawback would be the fact that microscreens have a cut-off size well above that of bacterial 
cells and some other microorganisms, so that the treatment would be incomplete as far as the 
removal of all species of concern.  Granular filtration offers a method where the solid loads are 
distributed over a much larger area, thereby reducing the required area of approach to the 
medium in the filters, i.e. the rate of filtration could be much larger.  Sand filtration would hardly 
be considered, as it is also not effective in removing particles of around 1 um.  Precoat 
membrane filtration offers another opportunity, where the relatively finer diatomaceous earth or 
expanded perlite allows removal down to the 1 um size particles.  Also, the rate of filtration may 
be up to 500 gal.ft-2.h-1.  Nevertheless, resistance to flow would again require additional pumping 
capacity. 
 
The disposal of backwash streams may present some problems.  The backwash can be expected 
to have a much higher concentration of all organisms larger than the openings in the filter 
medium.  These may only be discarded overboard at the port of origin.  Precoat materials may 
not be allowed to be discharged.  Some filters are quite bulky.  Also, extra pumping capacity is 
required to overcome pressure drops. 
 
Hydrocyclones 
 
Hydrocyclones are ingenious devices in which the velocity of the water through the system is 
used to create centrifugal forces on suspended particles without any moving parts.  The conical 
shape of the hydrocyclone, along with a tangential inlet creates centrifugal forces at relatively 
low pressure drops.  About 100 x g can be attained at a pressure drop of 25 psi. The cleaned 
water exits the hydrocyclone at the top while the solids are removed at the bottom end.  The 
application of these devices would require continuous disposal of a concentrated stream, so their 
application would be limited to treatment during intake.  Another limitation of this technology is 
that the diameter of the hydrocyclones is limited to ensure sufficient centrifugal forces.  A typical 
3” hydrocyclone will operate at 40 gpm. This means that at the rate ballast water is pumped on a 
large ship, about 500 hydrocyclones would have to be employed, all connected in parallel in a 
huge manifold.  This could take up quite some space and require considerable maintenance.  
There are hydrocyclones that can handle around 1000 gpm each, but at a reduced gravity value. 
 
Since most organisms have a density only slightly above that of water, centrifugal action is not 
expected to be very effective, particularly towards the very small organisms.  Nevertheless, it is 
expected that centrifugation will be a suitable pretreatment to many other pretreatment processes. 
 
Elevated temperatures   
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Elevated temperatures will inactivate organisms often present in ballast water and these are 
usually not even as high as 60°C.  It has been proposed as an appropriate target temperature to 
kill most toxic marine organisms (AQIS, 1993).  For example, exposure to temperatures of 36 to 
38°C over a period of 2 to 6 hours was sufficient to kill zebra mussels in pipes.  Cysts and 
vegetative cells of toxic and non-toxic dinoflagellates are inactivated when exposed to 
temperatures of 35 - 38 °C for a period of 4 - 5 hours (Bolch, 1997).  Higher temperatures will 
kill organisms in ballast water more rapidly, e.g. 40 °C for 90 seconds; 45°C in 30s; and 50 °C 
almost instantaneously (Bolch & Hallegraeff, 1994).  
 
The use of waste heat from ships’ engines is a promising area.  The roughly 30,000 hp engines of 
ships are only 30% (or less) effective in converting fuel energy into motive power or electricity 
and the rest is turned into heat.  All this heat could potentially be available to heat the ballast 
water.   The waste heat produced will be at a rate of  
30,000 x 0.746 x 0.7 = 15,660 kW or a total daily amount of 376,000 kWh = 323,300 Mcal.  This 
is enough heat to increase the temperature of the typical ballast water amount of a 125,000 DWT 
tanker of 40,000 metric tons by 8 oC, if no heat is lost.  If the water is taken aboard at 16 oC, the 
time required to get to 40 oC would be 3 days.  Of course, it would not be possible to maintain 
such a temperature for all the water, but it would be possible to construct a tank to provide a 
retention time of a few minutes that is well insulated to maintain the required temperature (or 
even higher with heat recovery through heat exchangers).  A much bigger challenge, similar to 
what is encountered in ballast water exchange at sea, would be to get all the water treated 
without continuous back-mixing in the ballast tanks.  This would require a complete redesign of 
the ballast water tank system and it would not be feasible for any retrofit.   The capital costs can 
be expected to be high.  Of course, increasing the temperature by say 20C will also roughly 
quadruple corrosion rates.  The goal of heat treatment is to raise the temp to 35-40 oC, which 
would be about mammalian body temperatures in which pathogenic organisms such as Vibrio 
cholerae 01 and Escherichia coli normally thrive, although such organisms would require very 
different conditions in many other conditions for survival.  Studies of survivorship of these 
organisms in seawater at these temps are lacking.  It is likely that higher temperatures would not 
be suitable to deal with thermophilic organisms or more resistant forms such as bacterial spores. 
 
Oxygen deprivation (de-oxygenation) 
 
Oxygen could be stripped from seawater to affect the viability of marine organisms.  An inert gas 
such as nitrogen or combustion gases from the engines or a special combustion unit could be 
used for this purpose.  Reducing agents, such as sulfur dioxide or sodium sulfite could also be 
used to de-oxygenate water.  Anaerobic conditions should work well to kill most of the larger 
metazoans, but de-oxygenation would have little effect on algae, anaerobic bacteria, viruses, and 
resting stages of algae and bacteria (AQIS 1993).   
 
Stripping could be effected either by bubbling the inert gas through the ballast tanks, but more 
effectively with in-line injectors as the water is taken on-board.  Equilibrium conditions dictate 
that more than equal volumes of inert gas to the volume of water would be required to get to 
lower than 1 mg/L of dissolved oxygen.  Full de-oxygenation would be difficult to maintain in 
unsealed tanks, although tankers would already be equipped with the facilities to maintain an 
inert gas atmosphere. Treatment would therefore be only partial and a number of problems 
would be associated with this approach (Müller 1995, Müller & Reynolds 1995, Sipes et al. 
(eds.) 1996).  While it is claimed that deoxygenation will reduce corrosion, it should be pointed 
out there would be no passivation mechanism without oxygen and that differential dissolved 
oxygen levels could also result in accelerated corrosion as this promotes different galvanic cells. 
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Ultrasound 

 
Ultrasonics has potential application in ballast water treatment (Subklew 1963, Müller 1995, 
Müller & Reynolds 1995).  Ultrasound can be expected to kill all organisms by a combination of 
localized heat generation, huge pressure swings, cavitation and possibly also by degassing, 
resulting in the removal of much of the oxygen.  Cavitation, the formation of gas cavities within 
liquids, depends on the ultrasonic power level, volume of water treated, temperature of the water 
and the concentration of dissolved matter and gases.  Plankton mortality has been observed in the 
presence of ultrasound but further testing would still be required for ballast water (Armstrong 
1997).  Cellular material is extensively disrupted.  Substantial mortality has been observed for 
zebra mussel larvae with exposure times of less than 10 seconds (Carlton et al. 1995).   The 
implementation of ultrasonics in ballast water treatment would require the installation of in-line 
transducers as ultrasound would not be efficient in bulk volumes as in the ballast tanks.   
 
The relatively lengthy exposure time for significant mortality may require longer piping systems.  
Colder water requires greater power levels for the cavitation process to be effective.  Reliable 
cost estimates for the installation of ultrasonic treatment systems do not appear to be available.  
Problems may arise with noise from some transducer types as a health and safety issue.  The 
cavitation process could cause physical damage to tank coatings or structures.  There may even 
be implications for the ship’s structural integrity following repeated exposure to ultrasound.  
Additionally, lowered concentrations of dissolved oxygen would enhance metal corrosion by 
differential redox values.  Such reservations would suggest that ultrasound may be an unlikely 
proposition for ballast water treatment purposes (Müller 1995, Müller & Reynolds 1995). 
 
 
Irradiation  
 
Ultraviolet radiation   Ultraviolet (UV) radiation is commonly used for sterilizing potable or 
wastewater and for water purification in aquaculture and fisheries.  UV radiation causes 
photochemical reactions in proteins and nucleic acid (DNA and RNA).  Lower UV wavelengths 
are generally more effective.  However, radiation at these wavelengths shows a lower 
transmission in water.  The transmission in seawater is slightly less than in freshwater due to a 
higher concentration of inorganic solutes.  Organic solutes, particulates or bubbles may further 
affect transmission.  A disinfection curve shows that the lethality is most effective at a 
wavelength of around 250 nm. Until recently, low-pressure mercury lamps have been used 
predominantly, which emit radiation at 253.7 nm.  These are now increasingly replaced by 
medium-pressure mercury lamps, which cover a wavelength range of about 200 to 400 nm, to 
combine high biological effectiveness with good water transmittance.  UV radiation is used in 
wastewater treatment plants as a post-chlorination treatment (Carlton et al., 1995).  Treatment 
space may be a limiting factor on existing ships (AQIS 1993).  A UV plant to treat 20,000 gpm 
would require a footprint of about 60 m2.   This method is environmentally sound (no toxic side 
effects) and no adverse effects on construction materials and coatings are known (Müller 1995, 
Müller & Reynolds 1995).  Water turbidity reduces efficacy of UV disinfection dramatically 
(Armstrong 1997 and Rigby et al. 1993).  Another disadvantage of the technology is difficult 
operation.   Maintenance of the UV lamps will require a dedicated operator on a ship.  
 
Microwaves (wavelength 0.1 - 1 nm) for ballast water treatment is relatively new concept but has 
been developed to treat wastewaters (AQIS 1993). The size and costs of a microwave unit would 
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be prohibitively high as a 50 kW microwave generator costs about US$ 2 million and a unit like 
this would be too small even to microwave one large ballast tank (Carlton et al. 1993). 
 
Gamma rays    Highly penetrating gamma rays (wave length < 0.1 nm) is a possible ballast water 
treatment technique (AQIS 1993). The application of gamma rays was developed for wastewater 
sterilization (Cooper and Waite, 1995).  It is expensive, however, and requires very bulky and 
heavy equipment as part of shielding to ensure the safety of personnel.   This technique is 
unlikely to be used on ships. 
 
 
Chemical Treatment Technologies Available 
 
Disinfection with chemicals is a well-established practice in both drinking water and wastewater 
effluents.  Both chlorine and ozone have been used in drinking water treatment for well over a 
century now.  Both these chemicals have good track records in disinfection, although in recent 
years it has been demonstrated that chlorine is not effective against all protozoa 
(Cryptosporidium in particular), while ozone is effective against all known human pathogens.  
Other disinfectants have had limited use in water treatment and find mainly niche applications.  
These include chlorine dioxide, iodine, bromine, hydrogen peroxide and other peroxides.  Some 
other oxidants have been used in water treatment, e.g. permanganates and ferrates, but none of 
these have been proven to be good disinfectants.  Another approach is the use of non-oxidative 
substances that are toxic to the organisms.  We will start with this category, i.e. the use of metal 
ions. 
 
Metal ions 
 
Both copper (Cu) and silver (Ag) ions are sometimes used as biocides in industrial water 
treatment applications.  A combination of these ions is used in the treatment of freshwater, 
particularly in swimming pools.  The action of the two ions is synergistic, i.e. the effect of the 
combination is greater than the sum of the individual effects. It is general practice to generate 
these ions electrolytically from metals.  Although the efficiency of the various systems that are 
commercially available does vary, the effectiveness of electrolytically generated copper and 
silver ions has to be found superior to chlorination for the inactivation of various bacterial strains 
(Landeen et al. 1989).  Cu and Ag have important biochemical functions in very small 
concentrations, but excessive concentrations are toxic to most organisms through the inactivation 
of enzymes and other biological components by substitution of the metals in reactive sites 
(Tebbutt 1983). 
The disinfecting capacities of Cu and Ag are dependent upon the type of organisms treated.  
Simple, single-celled organisms are usually more susceptible than larger higher organisms.  
Different stages in the life-cycles of organisms will vary in their susceptibility, with dormant 
stages generally being more resistant.  Environmental conditions might also play a part, 
particularly in the case of pH and viral susceptibility to metal ions (Thurman & Gerba 1989).  
There was some evidence that the copper / silver electrode system might have affected the 
viability of both the zooplankton and the dinoflagellate cysts, although not the diatom resting 
stages. There is currently a lack of data regarding application of copper/ silver ion disinfection 
systems in seawater, although such systems have been used in aquaria and dolphinaria.  
Solubility product calculations suggest that even at the low solubility of the silver chloride, 
precipitation will not occur at the silver ion concentrations likely to be required for ballast water 
disinfection purposes.  Dosage levels are roughly at around 1ppm Cu and 40-100ppb Ag.  At 
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these levels, their inactivation rates are low compared to chlorine and higher dosages would have 
to be used. 
 
Application of this technique to ballast water has so far not been tried in practice.  It is 
envisaged that the treatment of ballast water could take place during the ship’s passage by 
continuously recirculating water from a ballast tank through an electrolytic cell. Copper / 
silver alloy electrodes with a copper: silver ratio of around 10 : 1 could be used to reduce the 
consumption of the more expensive silver.  Nevertheless, at a concentration of 100 ppb, the 
quantity of silver required on a typical tanker with 40,000 tons of ballast water would be 4kg per 
trip. The value of this as bullion would be about $750.   Power and capital amortization would 
make larger contributions to the cost of treatment. 
 
Environmental concerns over the discharge of Cu and Ag enriched waters from the ballast tanks 
would, however, still need to be addressed.  As these ions are quite stable in water, the 
concentration in the ballast tanks would remain about constant after dosing. Current EPA 
maximum levels for these metals in drinking water are 1 ppm for copper and 50 ppb for silver.  
The environmental impact is less certain and would largely be dependent upon the copper and 
silver ion concentrations required for effective kills and metal ion dispersion characteristics at 
the point of ballast water discharge (Müller 1995, Müller & Reynolds 1995).   
  
 
Chlorine 
 
Chlorine is a universal disinfectant and comparatively cheap in the gaseous form, as commonly 
used in drinking water and wastewater treatment practice.  Chlorine is able to oxidize bromide in 
seawater to hypobromous ions so that the disinfection would become mainly based on bromine 
(Jolley and Carpenter, 1983).  Safety reasons would probably preclude the use of chlorine gas on 
board of ships.  This could be circumvented by using compounds of chlorine, either in the form 
of sodium hypochlorite solution or solid calcium hypochlorite.   These could then be fed into the 
incoming ballast water through in-line mixers. There are many distinct disadvantages, however 
for having to keep very corrosive chemicals on board of a ship.  
 
One other possible technique is electrolysis of seawater or even estuarine water.  The principal 
reactions occurring in the electrolytic cell that produces sodium hypochlorite are quite simple, as 
shown below.  

Oxidation of the chloride ion occurs at the anode:        2Cl-    Cl2  + 2e-  

followed by a rapid hydrolysis of the chlorine:        Cl2 + H2O    HOCl + H+ Cl- 

Reduction of the sodium ion occurs at the cathode:      2Na+ + 2e-     2Na  

followed by rapid reaction of the sodium with water:  2Na  + 2H2O   H2  +  2Na+ OH- 

The HOCl produced reacts with the NaOH:            HOCl + NaOH     NaOCl + H2O 

The net reaction of electrolysis is:    NaCl + H2O     NaOCl + H2 

This technology looks promising and could be economical.  Solutions with 8g or more of 
chlorine per liter may be produced with electrical power consumption of 5-6 kWh/kg of chlorine 
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(Twort et al. 1985).  The production of hydrogen could be problematic due to the risk of 
explosion.  It would either need to be vented very well or collected and flared.  Using it as a fuel 
would probably not be economical on this scale.  There will also be a NaOH rich brine to be 
disposed of. 
 
One other drawback of chlorination, in whatever form, is the possible formation of envirotoxic 
byproducts due to the reaction of chlorine with organic compounds.  The formation of suspected 
carcinogenic trihalomethanes and other organohalogen compounds have long been recognized in 
other chlorination practices.  In addition, many coastal waters contain ammonia, which will 
result in persistent chloramines, which are also known to be quite envirotoxic. 
 
Peroxides 
 
Hydrogen peroxide and some derivatives are being promoted for ballast water treatment.  
Hydrogen peroxide is not a good disinfectant but the hypobromous ions formed through the 
oxidation of bromide in seawater are much better.  A distinct disadvantage would be the need to 
carry stocks of this corrosive and rather unstable oxidant. 
 
Another approach is the use of peracetic acid.  This is a compound formed out of the reaction 
between hydrogen peroxide and acetic acid and also contains its parent reactants, as the reaction 
is not complete.  Peracetic acid is not a strong disinfectant and 150 ppm is needed.  Operational 
cost of 30c/m3 (SEDNA) have been quoted and this would result in over $1 million per year for 
tankers in the size range of 100,000 to 150,000 DWT. Extensive pilot plant test have been 
performed but no actual tests on a ship yet. 
 
A German company (MEYER and SINCERUS) claims to have developed an electrolytic process 
that produces both hydrogen peroxide and some chlorine.  This is effected in brine that is much 
more concentrated than seawater.  Hypobromous ion formed from the reaction of bromide in 
seawater with chlorine or hydrogen peroxide will also react with hydrogen peroxide.  Therefore, 
there will be quite a bit of auto-destruction going on until there is mainly hydrogen peroxide left.  
Hydrogen peroxide is not a good disinfectant.  In addition, the ships need to carry extra salt to 
make up the higher concentration brine. 
 
Hydrogen peroxide, together with initiators such as ultraviolet irradiation, is being promoted 
also.  This combination leads to advanced oxidation based on hydroxyl radicals.  Hydroxyl 
radicals are extremely reactive and very short lived.  While these are excellent oxidants, the very 
short halflife of hydroxyls make them ineffective in disinfection.  The CT concept with time 
approaching zero explains this best. The use of hydroxyl oxidation in drinking water treatment is 
still not accepted as a means of disinfection either, in spite of extensive research into advanced 
oxidation processes.    
 
Chlorine dioxide 

Chlorine dioxide is an excellent disinfectant, in spite of the fact that it is a weaker oxidant.  It 
cannot be stored safely and has to be produced on site.  Sodium chlorite is reacted with chlorine 
or hydrochloric acid (HCl) or to produce chlorine dioxide gas in solution, which is reasonably 
stable. 

The main production reaction is:  2NaClO2 + Cl2 → 2ClO2 + 2NaCl 
(Acidified hypochlorite can also be used as an alternative source for chlorine.) 
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An alternative production reaction is: 5 NaClO2 + 4HCl → 4 ClO2 + 5NaCl + 2H2O 
(One disadvantage of this method is that it is rather hazardous.) 

Chlorine dioxide is not stable in direct sunlight and will degrade rapidly under UV irradiation.  
ClO2 will oxidize bromide so in seawater treatment, the ultimate disinfectant will be HOBr and 
OBr-.   One disadvantage is that sodium chlorite is very expensive.  Further on the downside is 
that chlorine dioxide needs to be made on board from very corrosive and unstable chemicals.  
The chemical production can be somewhat automated, but it still requires trained supervision.  
The cost of producing the required dosages of ClO2 on a 120,000 ton tanker would be c. $0.5 
million per year. 

Ferrate 
 
Ferrate is a powerful oxidant with a redox potential of 2.20V compared to 2.07 for ozone but 
weaker than hydroxyl radicals.  Ferrate Treatment Technologies has been promoting its use in 
ballast water treatment.  Ferric chloride is the reaction byproduct.  This, along with the ferrate, 
has coagulating properties, which would also help remove unwanted smaller organisms in 
sludge, although this would collect in the bottom of the ballast tanks.  Both ferrate and ferric ions 
are very corrosive, not a desirable property on a steel ship. 
 
A powerful oxidant is not necessarily a good disinfectant.  Ferrate is very unstable except under 
highly alkaline conditions, so it would not last (of course, it is true that ozone is also unstable, 
but it is fairly stable at acidic to neutral conditions.  Other examples of powerful oxidants that are 
poor disinfectants are hydrogen peroxide and permanganate ions.  Chlorine dioxide is an 
example of a weaker oxidant that is a good disinfectant. 
 
Ozonation 
 
Ozone (O3) is an allotropic form of oxygen. Ozone is highly unstable and is a powerful oxidizing 
agent. It is non-persistent and has a very short half-life. Ozone is universally accepted as an 
excellent disinfectant.   

Ozone is produced by passing oxygen or air through a highly charged corona field as exists in a 
corona discharge ozone generator.  The corona is produced by applying a very high electric 
potential (c. 10-15 kV) between two conductors that are separated by an insulating dielectric 
layer and a small gap.  This dielectric is either glass or a ceramic material.  The conductors and 
dielectric are arranged in concentric tubes with an annular gap producing the gap.  Some of the 
molecular oxygen (O2) passing through the gap between the conductors will dissociate under 
these conditions.  A certain fraction of the free oxygen radicals will re-associate in the form of 
O3.  Because of its equilibrium nature, the actual conversion to ozone is relatively low, resulting 
in ozone concentrations of 5-14%, depending on the oxygen content of the feed gas, voltage 
applied, power frequency and the temperature inside the ozone generator.   

Ozonation has a number of advantages over other disinfectants for ballast water treatment.  It can 
be applied on board ships without the need for the ships to carry chemicals.    Ozonation of 
seawater cannot produce chloramines, but these are produced under a wide range of conditions in 
freshwater and seawater chlorination (Jolley and Carpenter, 1983). Chloramine is much more 
persistent than bromamine and therefore much more likely to affect fish (Cooper et al., 1985; 
Yamamoto et al., 1988).  The final potential advantage of ozonation over chlorination of 
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seawater ballast is that the ozone within the contactor, even during its brief half-life, may 
improve disinfection.  A model of ozone-bromide chemistry supports this possibility (Oemcke, 
1995).  
 
Ozone is quite unstable in seawater, where it will react rapidly with bromide.  The following four 
reactions (von Gunten & Hoigné, 1994) describe the utilization of ozone in seawater assuming 
the only ozone demand is between ozone and dissolved bromide.  
   
(1)   O3  +  Br-          OBr-  +  O2   160 M-1 s-1 
 

(2)   OBr-  +  O3       2O2  +  Br-   330 M-1 s-1 

 

(3)   OBr-  +  O3       BrO2
-  +  O2   100 M-1 s-1 

 

(4)   BrO2
-  +  O3     BrO3

-    >105 M-1 s-1 
 
Hypobromous ion (OBr-) is created in Reaction (1), most of which is then converted to 
hypobromous acid (HOBr) by addition of a hydrogen ion from water.  The hypobromous 
ion and hypobromous acid formed are known as total residual oxidant (TRO).  Only 
Reaction (1) leads to the formation of TRO.  The subsequent Reactions (2) to (4) 
undesirably remove both ozone and bromine products from the disinfectant process.  A first 
goal of seawater ozonation is to convert as much ozone as possible to HOBr or OBr-. The 
pKa of HOBr/OBr- is approximately 9.0 so that in most marine waters, with open ocean 
water pH = 8.1 (Millero, 1996; Pilson, 1998), HOBr will be the dominant bromine form.  
Maximizing Reaction (1) and minimizing Reactions (2) – (4) will maximize HOBr/ OBr-.  
Therefore, marine ballast water treatment by ozone relies on the initial unstable oxidant, 
ozone, and a secondary more stable oxidant, bromine (HOBr/OBr-).   
 
The reactions shown are of second order.  The rate of Reaction 1 will predict a halflife of 
5.2 seconds.  The hypobromous ion forming reaction dominates when ozone is introduced 
into an excess of bromide.  Typically about 70 mg/L of bromide is available in seawater.  
This provides enough bromide excess to minimize ozone losses at typical ozonation levels 
(1 to 5 mg/L of ozone) into a conduit of loading or unloading ballast water.    
      

Ozonation, installed for about $1 million or less on a tanker of 120,000 DWT, uses nothing 
really but electricity.  The power cost for operating ozone on can be calculated as follows.  We 
need about 10 kg/h of ozone (or less).  This requires about 150 kWh of power to also run the 
associated equipment.  The ozone generators are assumed to run for 24h once per week.  Power 
costs will be assumed to amount to 15c /kWh (normal industrial cost would be half that on land).  
The annual cost would then be 150 kWh x 24h x 50weeks x $ 0.15  =  $27,000.  This is hard to 
beat with ANY chemical.  Of course, amortization of the ozone equipment plus maintenance 
may amount to $100,000 per year, but all other systems also require substantial capital 
investments. 
 
 
Toxicology and Monitoring  (We really need the toxicologists and biologists’ help 
here.  I’m making a rough stab at it as below – will probably require  extensive 
rewriting.) 
 
Oxidants are often good disinfectants as they will react with organic substances that are 
important to life forms.  Ozone is known to act though direct oxidation of  protoplasm, but 
various other oxidants mainly operate by interfering with the enzymatic activities of the 
organism, thereby disrupting various metabolical pathways.  Organisms can often compensate 
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for such interference with enzymatic activities or the deleterious effects can be reversed after 
some time.  One of the phenomena associated with such adaptations and reversal is repair and 
subsequent regrowth of organisms.  The ability to overcome the adverse conditions is a function 
of the dose of the disinfectant.  An understanding of the residuals is therefore important. 
 
Bromine residuals  
 
Most oxidants used or considered to be used will oxidize bromide to bromine.  Some advocates 
of certain disinfectants ignore this fact or are unaware of this phenomenon, which is not a major 
factor in most natural water sources, but a major one in seawater. Apart from an initial, short-
lived action of the original oxidant, most disinfection reactions in seawater rely on bromine 
based substances. Bromine can be found in the form of hypobromous acid (HOBr) and 
hypobromous ions (OCl-), the relative proportion of which is a function of the pH of the water.  
Hypobromous acid is a more powerful disinfectant, causing a lower pH to favor better 
disinfection.  This is not reflected in the measurement of a lump oxidant residual, such as the 
total residual oxidant (TRO) measurement, which is based on the ability of the oxidants to 
oxidize iodide to iodine and the subsequent measurement of the iodine concentration, based on 
its color intensity. 
 
Bromine residuals are also able to react with organic substances, which will decrease the 
concentration, but are also able to form bromamines in their reaction with ammonia in water.  
Such bromamines are somewhat weaker disinfectants than HOBr, but will also be measured as 
part of the TRO. 
 
Requirements for sufficient disinfection 
 
Experience with drinking water disinfection has been demonstrated over decades that the fraction 
of organisms is a function of the type of disinfectant, its concentration and period of exposure to 
the disinfectant (Ct concept)… 
 
Ecological concerns upon discharge 
 
It could be expected if any disinfectant residuals are effective in inactivating organisms in ballast 
tanks that these will also show some activity on life in the receiving water.  It may therefore be 
necessary to add a reducing agent in order to react with the remaining TRO, unless… 
 
What would we use to remove the oxidant residues?  This includes the rate of natural decay, 
reaction with impurities (demand), etc. 
 
 
Corrosion issues   
 
Seawater corrosivity.  The effect of oxidants.  Material choice.  Passivation 
 
Cost and risk evaluation 
 
Space considerations on ships.  Dedicated designs and retrofit (delay effects).  Capital and 
operating costs.  Operational expertise requirements.  Power requirements.  Chemical storage.  
Risks. 
 
Conclusions and Recommendations 
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Reliability.  Cost.  Ecological consequences.  Convenience/footprint.  Ability to monitor 
and enforce. 
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