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EXECUTIVE SUMMARY 
 
Ozonation is currently considered one of the most effective microbial disinfection technologies 
(Finch et al., 1994). The planning, design, and use of ozone in water treatment facilities has been 
growing exponentially since the early 1980’s (Rice, 1997).  Ozonation by-products are a major 
concern with respect to pending regulations.  Regulations and technologies are constantly 
changing, and the drinking water industry requires robust and flexible tools to balance microbial 
protection against by-product formation. Mechanistic-based models have been widely used to 
understand and predict coagulation, sedimentation, filtration, and membrane separation processes 
and aid researchers in understanding these complex processes.  It is now possible to develop 
mechanistic-based models for ozonation by-product formation by using data collected over the 
last seventy-five years from atmospheric and aquatic studies of ozone reactions.  However, 
additional knowledge of natural organic matter (NOM) reactions with key intermediates and 
simultaneous quantification of two oxidants present during ozonation (molecular ozone and 
hydroxyl radicals). 
 
Recent regulatory activities have resulted in the development of the Microbial and Disinfection 
By-Product (M/DBP) cluster.  The components of this cluster include the proposed 
Disnfectant/Disinfectant By-Products (D/DBP) Rule (USEPA, 1994), the Interim Enhanced 
Surface Water Treatment Rule (IESWTR) and requirements to provide microbial protection.  
Included is a proposed regulation to set the Maximum Contaminant Level (MCL) for bromate at 
10 µg/L.  The MCL will be based upon a Practical Quantification Limit (PQL) using USEPA 
Method 300.0 (Pfaff et al., 1989; Gordon et al., 1994).  Future regulations for bromate may be 
lowered since 10 µg/L currently represents a 10-4 excess cancer risk level and is higher than the 
normal regulatory level of 10-6 (Wilbourn, 1993; Kurokawa et al., 1992; Song et al., 1996a).   
 
Based upon work in organic-free laboratory water and a waters containing NOM, it is generally 
accepted that bromate formation occurs in three steps: (1) molecular ozone (O3) oxidizes 
bromide (Br-) to aqueous bromine (HOBr/OBr-); (2) hydroxyl (HO•) radicals present during 
ozonation oxidize aqueous bromine to bromite (BrO2

-); and (3) O3 rapidly oxidizes bromite to 
bromate (BrO3

-).  NOM is involved in bromate formation in several ways: (1) affects ozone 
demand of a water and rate of ozone decay, (2) affects HO• concentrations, (3) reacts with 
HOBr/OBr-, and (4) probably reacts with brominated radicals.  Two widely accepted strategies 
for controlling bromate formation include pH depression or ammonia addition.  Our 
understanding has been limited as to the efficacy of these two bromate control strategies in 
natural waters that contain NOM, since NOM affects the mechanisms of bromate formation. 
 
APPROACH 
 
The goal of this project is to develop an understanding of bromate formation and control in 
natural waters during ozonation.  We will conduct detailed experiments with on a single water 
source, but the answers to key questions will be transferable to nearly all water treatment plants 
practicing ozonation.  The single water supply will be Colorado River water (CRW) since it is a 
major water supply for six southwestern states, and many water treatment plants using CRW are, 
or will be, practicing ozonation. The central hypothesis is that a kinetic-based understanding of 
NOM reactions with hydroxyl (HO) radicals and bromine (HOBr/OBr-) over a range of 
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temperatures is necessary to develop mechanistic models for bromate formation in bulk waters.   
The study will address the following specific objectives: 
 

1. Task 1 - Develop a comprehensive database of bromate concentrations, ozone residuals, 
and HO• radical concentrations; 

2. Task 2 - Determine rates of reaction between bromine species (HOBr and OBr-) with 
NOM; 

3. Task 3 - Calibrate and verify a bromate formation mechanistic-based model that includes 
DOC reactions and temperature dependency; 

4. Task 4 - Simulate bromate control measures necessary to meet proposed and future 
MCLs under a wide range of conditions (e.g., pH depression and ammonia addition). 

 
METHODS 
 
Laboratory kinetic batch and continuous-flow, plus pilot-scale, ozonation was conducted with a 
single source water (Colorado River water) to study bromate formation.  Bromide, aqueous 
bromine (HOBr and OBr-), bromate, and ozone residual were directly measured.  HO• radical 
concentrations were assessed indirectly through the use of a probe compound (parachlorobenzoic 
acid).  Experiments were conducted at different initial pH, bromide, alkalinity, ammonia, and 
ozone dose conditions. 
 
Additional batch experiments using bromine or chlorine, separately were also undertaken to 
evaluate rate constants for the reaction between these compounds and NOM.  Isolated NOM was 
used in these studies, from the Colorado River and Suwannee River.  Limited experiments were 
conducted using pre-ozonated NOM isolates.  Experiments were conducted at different initial pH 
and temperature conditions. 
 
RESULTS 
 
Ozonation of Colorado River Water: Ozone and Hydroxyl Radicals 
 
In general, effects of individual water quality parameter on O3 exposure, RCT  as well as HO• 
exposure show trends that most water quality parameters have negative impact on O3 exposure 
except alkalinity (Table E-1). Water quality parameters such as pH, temperature and DOC have 
positive influence on RCT  and negative impact for bromide and alkalinity. These results in the 
HO• exposure increase as water pH, temperature and DOC increase, but decreases as bromide 
and alkalinity increase.      
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Table E-1 Trends of O3 exposure, RCT and HO• exposure on water quality parameters 
during ozonation 

 
Parameters Level O3-CT RCT HO•-CT 
pH ↓ ↑ ↑↑ 
Temperature ↓ ↑ ↑ 
Bromide ↓ ↓ ↓↓ 
Alkalinity ↑ ↓ ↓↓ 
DOC 

↑ 

↓ ↑ ↑ 
 
 
The value of RCT  is not affected by water hydraulics when applying the same water quality and 
ozone treatment conditions. RCT  remain the same in both bench-scale batch and pilot continuous 
ozonation processes using the same water quality and treatment processes (e.g., applying the 
same O3 dose to obtain the same O3 residuals.) for waters with and without ammonia addition. 
The hydraulics seem does not affect the ratio of HO• and O3 concentrations throughout the 
process. However, this only applies for the slow stage of ozonation. The fast stage of RCT  for 
continuous flow ozonation cannot be determined due to unavailability of O3 residual and HO• 
concentration profiles in the process. When water quality is changed as a result of coagulants 
addition, the water pH decreases and the turbidity has becomes, which representing that more 
particles have been removed and thus the RCT  decreases. The difference of RCT  in batch and pilot 
ozonation of water with coagulant addition is because the difference of O3 residual profiles. 
Overall O3 dose is probably key of controlling RCT  since it is a function of the required O3 
residual, the ozone key kinetics.  
 
In this study, bench-scale batch and continuous flow and pilot-scale kinetic ozonation varied the 
reaction individual parameters for examining effect of various water quality conditions and 
treatment variables on O3 and HO• concentrations were investigated. The following conclusions 
were withdrawn from the results: 
 

• By adding trace amount of PCBA into water, the concentrations of HO• formation during 
ozonation process can be determined by the product of O3 concentrations and RCT . 

• Ozonation of water with a set of water quality and treatment condition, a two-stage RCT  
was defined, which is a fast stage followed by a slow stage.  

• Fits of RCT  data at variable pH results in the following regressions: 
Rct (0-2 min): 3E-14*(pH)6.5486      
Rct (>2 min): 1E-13*(pH)5.4762   

• The values of RCT  are affected by water quality parameters. In general, RCT  values at fast 
stage are higher than at slow stage by a factor of 2 to 3 and the values of RCT  increases as 
water pH, temperature, and concentration of DOC increase and decreases as bromide and 
alkalinity levels decease. 
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Ozonation of Colorado River Water: Bromate Formation 
 
Kinetics of O3 decomposition and HO• generation as well as bromate formation during ozonation 
process are governed by water quality characteristics and treatment conditions. Among those 
parameters, ozone dose, initial bromide concentration, pH, temperature, and alkalinity act 
positive effect on bromate formation, whereas DOC concentration and ammonia perform inverse 
effect on bromate formation.  Chapter 4 mentioned that RCT , an expression of ratio of HO• 
exposure (or concentration) to O3 exposure (or concentration) during ozonation process remains 
unchanged for a given water under fixed conditions. In addition, two RCT  values (fast and slow) 
observed in ozonation process are influenced by water quality characteristics and treatment 
conditions as well. Values of RCT  show a linear relationship with bromate formation. In general, 
RCT  values increase as increasing levels of pH, temperature and DOC and increasing rate of 
bromate formation except DOC, which act as inverse impact on bromate formation (Table E-2). 
On the other hand, RCT  values decrease as increasing bromide and inorganic carbon 
concentrations, which resulting in increase of bromate formation. Ammonia acts as treatment 
that efficiently reduces bromate formation. Increasing addition of ammonia enhances reduction 
rate of bromate formation while still maintaining RCT  unchanged. 
 
 

Table E-2 Summary of relationship among the parameters, RCT and bromate formation for 
CRW water ozonation (CRW baseline conditions: O3: 3 mg/L; Br-: 170 µg/L; pH 7.5; 
Temperature: 24 oC; Alkalinity: 100 mg/L as CaCO3; DOC: 3 mg/L, O3: 4.5 mg/L for 

DOM experiments) 
 

Parameter Values RCT Rate of bromate formation 
Bromide + − + 
pH + + + 
Temperature + + + 
Alkalinity + − + 
Ammonia + unchanged − 
NOM + + − 

 
 
Experimental reactions involved in the minimization of bromate through the addition of 
ammonia are summarized below: 
 

• Compared to raw CRW water that has no detected ammonia, it is observed that little 
effect on bromate reduction at pH 6.5 and less than 10% of bromate reduction at 20 
minutes even high dose of ammonia is applied. 

• After 20 minutes of reaction, up to 60% and 85% of bromate reduction were achieved at 
pH 7.5, and 8.5, respectively when the ration of NH4

+/Br- is greater than 15. However, 
even a very high dose of ammonia is applied, some bromate still forms and additional 
bromate reduction is due to the reaction of ammonia with ozone which resulting in less 
ozone residuals remaining in waters. 
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• Addition of ammonia does not affect ozone decomposition due to its slow reaction with 
ozone and HO•, and therefore, RCT  remains unchanged.  

• Based upon bromate formation pathways, intermediate bromine, oxidized from bromide 
by O3, is inhabited by reacting with ammonia to prevent from further oxidation by O3 and 
HO• through direct/indirect and direct pathways.  

• Bromate removal by ammonia addition is not efficient if waters that have low pH and/or 
already contain high ammonia level. This is important for practical application when 
considering bromate control using ammonia in water treatment facilities. In addition, 
addition of ammonia probably cannot achieve bromate below MCL if waters contain high 
level of bromide. 

 
Bromine (and Chlorine) Reactions with NOM 
 
Rate determination experiments were conducted with the addition of aqueous chlorine or 
bromine in various concentrations of different types of NOM (both unaltered and preozonated 
forms) under various pH and temperature conditions. The following specific conclusions can be 
reached: 
 

• An indirect UV Absorbance method using ABTS as an indicator provides a useful tool in 
conducting kinetic chlorination and bromination. 

• Both HOBr and OBr- (or HOCl and OCl-) appear to participate in reacting with NOM, 
and, however, the effect of pH as well as temperature does not significantly change the 
rate of reaction. Preozonated reduces mainly on oxidation reactivity of NOM, which 
occurs more favorable in chlorination than in bromination. 

• Bromine reactions with NOM are nearly an order of magnitude faster than similar 
chlorine reactions. 

• Bromine reaction rate constants for non-ozonated NOM were 30 to 130 M-1s-1, and 15 to 
75 M-1s-1 for pre-ozonated NOM.  For non-ozonated NOM: K (M-1s-1) = 34*(UVA,m-1) – 
14. 

• Chlorine reaction rate constants for non-ozonated NOM were 1 to 5 M-1s-1, and 1 to 2 M-

1s-1 for pre-ozonated NOM. 
• Faster NOM HOBr reaction sites (µM), based upon a K=105 M-1s-1, can be estimated by 

the following reaction: 0.153(UVA254) + 0.053.  These sites are all considered to form 
TOBr. 

• Slower NOM HOBr reaction sites have a K value of approximately 50 M-1s-1, and are of 
similar order of magnitude between pH 5 through 11.  These sites are assumed not to 
produce TOBr. 

 

Kinetic-Based Mechanistic Model 
 
A bromate formation model was evaluated that predicted bromate formation at elevated pH well.  
The model was less accurate in predicting the short-term formation of bromate a lower pH levels.  
The effect of NOM (K = 15 M-1s-1) on the reaction/consumption of HOBr and OBr- was not 
negligible, accounting for ~30% reduction in bromate formation (3 mg/L DOC).  Modeling of 
carbonate radical concentrations and scavenging by NOM was considered as a means of 
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improving these predictions.  The model was used to predict bromate formation under ozone 
contact conditions representative of chemical disinfection for cryptosporidium.  The simulations 
suggest that a combination of pH depression and ammonia addition, not either one or the other 
techniques, would be effective in combination.  Changes in pH can have issues associated with 
corrosion in water distribution systems.  Ammonia addition offers potentially greater flexibility 
than acid addition, based upon changing influent bromide levels or water temperatures.   
 
Bromate control (pH depression and ammonia addition) were simulated for theoretical ozonation 
scenarios.  Ozone residual and Rct was modeled as follows: 
 

O3 + O3 → 3O2 K = 2e10*[OH-]    (E-1) 
Rct (0-2 min): 3E-14*(pH)6.5486     (E-2) 
Rct (>2 min): 1E-13*(pH)5.4762     (E-3) 

 
Bromate formation at one ozone exposures (1E04 M-min) were compared.  An ozone exposure 
of 1.3E-4 M-min was reported to be equivalent to 2 log inactivation of cryptosporidium 
(Pinkernell and von Gunten, 2001).  This ozone exposure corresponds to roughly 10 minutes of 
contact time at pH 8.2.  Simulated bromate formation between pH 7.4 and 7.8 with a range of 
ammonia doses is presented in Figure 7-3.   At higher pH levels, increasing the ammonia to 
bromide molar ratios can decrease bromate formation to below the MCL of 10 µg/L.  The slopes 
of bromate formation as a function of pH or ammonia to bromide ratios are approximately equal, 
and suggests that the two strategies are equally effective. 
 
BrO� was a critical intermediate.  Future research should investigate these reactions further, 
possibly examining chemical additives that selectively scavenge BrO�, could offer a potential 
strategy for bromate formation.  Alternatively, probes for quantifying BrO� would be useful in 
order to track this important intermediate during future research. 
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Figure E-1  Model predictions for bromate control based upon Equations 7-10 through 7-
12 (bromide = 2.12E-6M, Alkalinity = 1 mM, DOC = 3 mg/L) 
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CHAPTER 1 - INTRODUCTION 
 
Ozonation is currently considered one of the most effective microbial disinfection technologies 
(Finch et al., 1994). The planning, design, and use of ozone in water treatment facilities has been 
growing exponentially since the early 1980’s (Rice, 1997).  Ozonation by-products are a major 
concern with respect to pending regulations.  Regulations and technologies are constantly 
changing, and the drinking water industry requires robust and flexible tools to balance microbial 
protection against by-product formation. Mechanistic-based models have been widely used to 
understand and predict coagulation, sedimentation, filtration, and membrane separation processes 
and aid researchers in understanding these complex processes.  It is now possible to develop 
mechanistic-based models for ozonation by-product formation by using data collected over the 
last seventy-five years from atmospheric and aquatic studies of ozone reactions.  However, 
additional knowledge of natural organic matter (NOM) reactions with key intermediates and 
simultaneous quantification of two oxidants present during ozonation (molecular ozone and 
hydroxyl radicals). 
 
Recent regulatory activities have resulted in the development of the Microbial and Disinfection 
By-Product (M/DBP) cluster.  The components of this cluster include the proposed 
Disnfectant/Disinfectant By-Products (D/DBP) Rule (USEPA, 1994), the Interim Enhanced 
Surface Water Treatment Rule (IESWTR) and requirements to provide microbial protection.  
Included is a proposed regulation to set the Maximum Contaminant Level (MCL) for bromate at 
10 µg/L.  The MCL will be based upon a Practical Quantification Limit (PQL) using USEPA 
Method 300.0 (Pfaff et al., 1989; Gordon et al., 1994).  Future regulations for bromate may be 
lowered since 10 µg/L currently represents a 10-4 excess cancer risk level and is higher than the 
normal regulatory level of 10-6 (Wilbourn, 1993; Kurokawa et al., 1992; Song et al., 1996a).  
Recent advancements in bromate detection using an ion chromatograph (IC) /spectrophotometric 
technique with detection of tribromide ion at 267 nm has lowered the detection limit for bromate 
to 0.2 µg/L (Weinberg and Yamada, 1997).  The microbial backstop requirements will 
necessitate water utilities to maintain a high level of disinfection while they balance DBP 
formation.  Consequently, there is a need to understand and predict the formation of ozonation 
DBPs.  This project addresses the formation and control of bromate. 
 
Bromate formation occurs as ozone oxidizes naturally occurring bromide (Siddiqui et al., 1995).  
Bromide occurs in nearly every drinking water source at concentrations ranging from less than 
10 µg/L to nearly 3,000 µg/L (Krasner et al., 1989).  In a study of 101 US drinking water 
sources, Amy et al. (1994) found a national average bromide level of between 80 and 100 µg/L.  
The general oxidation mechanisms have been recently determined, and are schematically shown 
in Figure 1-1 (Westerhoff et al., 1998a; von Gunten and Hoigne, 1994; Ozekin et al., 1998).  
Based upon work in organic-free laboratory water and a waters containing dissolved organic 
carbon (DOC), it is generally accepted that bromate formation occurs in three steps: (1) 
molecular ozone (O3) oxidizes bromide (Br-) to aqueous bromine (HOBr/OBr-); (2) hydroxyl 
(HO•) radicals present during ozonation oxidize aqueous bromine to bromite (BrO2

-); and (3) O3 
rapidly oxidizes bromite to bromate (BrO3

-). During advanced oxidation with ozone and 
hydrogen peroxide, it has been suggested that HO radicals initiate bromide oxidation rather than 
molecular ozone.  
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The mechanistic role of NOM on bromate formation is poorly understood.  NOM reacts rapidly 
with O3, acts as a HO• radical scavenger, and is involved in oxy-bromine reactions.  Most NOM 
contains aromatic carbon that is highly reactive towards ozone, thus bromide and NOM compete 
for oxidation by O3 (Westerhoff et al., 1998b, 1994).  NOM is an efficient scavenger of HO• 
radicals, and thus competes against aqueous bromine for oxidation (Westerhoff, 1995; 
Westerhoff et al., 1994).  Aqueous bromine acts more rapidly with NOM than other halides (e.g., 
free chlorine); oxidation and/or substitution reactions can lead to the formation of organo-
bromine (TOBr) and/or bromide (Song et al., 1997).  It is also likely that NOM can scavenge 
BrO radical, forming either TOBr or bromide, and affecting bromate formation (Westerhoff et 
al., 1998a).  Research is needed to quantify the NOM related reactions during bromate formation. 

 
There are two commonly accepted strategies for bromate control: (1) pH depression, and (2) 
ammonia addition (Krasner et al., 1993; Siddiqui et al., 1995; Westerhoff et al., 1995).  The 
effectiveness of both strategies can be justified through our mechanistic understanding of 
bromate formation.  During bromate formation, measurable levels of bromine accumulate and 
suggest that the oxidation of bromine is rate limiting (Westerhoff et al., 1998b; Haag and 
Hoigne, 1983).  Furthermore, the deprotonated form of aqueous bromine (i.e., hypobromite ion, 
OBr-), is more reactive than hypobromous acid (HOBr) (Haag and Hoigne, 1983).  The 
equilibrium constant for HOBr and OBr- is 8.86 at 20oC (Westerhoff, 1995; Haag and Hoigne, 
1980). Therefore, reducing the pH during ozonation shifts the equilibrium in favor of HOBr and 
leads to a slower rate of bromate formation, and generally a lower overall extent of bromate 
formation.  Ammonia addition during ozonation also leads to a lower overall bromate formation 
by affecting aqueous bromine concentrations.  Ammonia reacts with aqueous bromine to form 
bromamines.  In the presence of ozone, bromamines can form bromide and nitrate (von Gunten 
and Hoigne, 1994).  Cyclical bromamine formation delays bromate formation until insufficient 
ammonia concentrations are present to “tie-up” the aqueous bromine.  While the mechanisms of 
bromate control are understand, important questions remain on the required pH changes or 
ammonia dosages required to meet proposed and future MCLs at temperatures other than 20oC.  
 
Mechanistic-based numerical models and empirical models for bromate formation have been 
developed, but currently have serious restrictions.  Existing mechanistic-based models can only  
predict bromate formation in DOC-free waters (Haag and Hoigne, 1985; von Gunten and 
Hoigne, 1994; Westerhoff et al., 1998a).  These models have been calibrated predominantly for 
molecular ozone levels, and minimal data is available for their calibration to actual HO• radical 
concentrations.  On the other hand, empirical models have been developed for natural and 
chemically treated waters (Westerhoff and Ozekin, 1997; Ozekin and Amy, 1997; Siddiqui and 
Amy, 1993).  Most empirical models take the form of a power function relationship where 
bromate formation is a function of ozone dose, DOC concentration, bromide concentration, pH, 
ammonia concentration, and reaction time.  To a lesser extent, some empirical models also 
consider inorganic carbon and temperature (Westerhoff et al., 1996).  If mechanistic-based 
numerical models can be developed and calibrated to include DOC-related reactions, then they 
would be much more robust than the empirical models.  There are several advantages of 
mechanistic-based models over empirical models.  For example, empirical models have limited 
flexibility; they are only suitable for predicting bromate concentrations for the conditions to 
which they were calibrated (e.g., bromide concentrations above 100 µg/L or high ozone 
dosages).  Mechanistic based models should be applicable to a wider range of conditions.  
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Mechanistic-based models also are flexible and additional reaction components (e.g., hydrogen 
peroxide reactions) can easily be added to simulate new bromate control strategies (e.g., alcohol 
addition to scavenge HO• radicals). 
 
 
 

 

   NH3          NOM Substitution 
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         O3                      O3   H+    HO• 
 
 
  Br-  OBr-        BrO2

-   BrO3
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        Br•    Br2•       BrO• 
   
 
             
 
 

Figure 1-1 Schematic representation of bromate formation by molecular ozone and 
hydroxyl radicals (after Von Gunten and Hoigne, 1994).  Light solid lines represent ozone 
reactions and dashed lines represent HO• reaction; heavy solid lines represent reactions 

involving NOM.  Four oxidations pathways for bromate formation include:  
          (1)  : Represents direct pathway 
          (2) / : Represents direct/indirect pathway 
          (3) / : Represents indirect/direct pathway 
          (4)  : Represents indirect pathway 
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CHAPTER 2 - OBJECTIVES AND APPROACH 
 
After research in the early 1990’s a general consensus exists for the mechanisms of formation; 
bromate formation depends upon oxidation reactions involving both O3 and HO radicals.  
However, modeling of these reactions is still in its infancy.  Therefore, the goal of this project is 
to develop an understanding of bromate formation and control in natural waters during 
ozonation.  We will conduct detailed experiments with on a single water source, but the answers 
to key questions will be transferable to nearly all water treatment plants practicing ozonation.  
The single water supply will be Colorado River water (CRW) since it is a major water supply for 
six southwestern states, and many water treatment plants using CRW are, or will be, practicing 
ozonation. The central hypothesis is that a kinetic-based understanding of NOM reactions with 
hydroxyl (HO) radicals and bromine (HOBr/OBr-) over a range of temperatures is necessary to 
develop mechanistic models for bromate formation in bulk waters.   The study will address the 
following specific objectives: 
 

1. Develop a comprehensive database of bromate concentrations, ozone residuals, and HO• 
radical concentrations; 

2. Determine rates of reaction between bromine species (HOBr and OBr-) with NOM; 
3. Calibrate and verify a bromate formation mechanistic-based model that includes DOC 

reactions and temperature dependency; 
4. Simulate bromate control measures necessary to meet proposed and future MCLs under a 

wide range of conditions (e.g., pH depression and ammonia addition). 
 
A focused research approach will be undertaken to fill-in experimental research gaps and 
develop a comprehensive kinetic-based mechanistic model for bromate formation.  The central 
hypothesis is that a kinetic-based understanding of NOM reactions with hydroxyl (HO) radicals 
and bromine (HOBr/OBr-) over a range of temperatures is necessary to develop mechanistic 
models for bromate formation in bulk waters. In order to address this central hypothesis, the 
research approach will address the following four areas: 

• Task 1 - Ozonation of Colorado River Water: A comprehensive experimental database 
for a single water source will be developed by ozonating water from one source under a 
wide range of conditions.  The kinetics of O3, Br-, HOBr, OBr-, and BrO3 will be 
monitored. 

• Task 2 - Hydroxyl Radical Concentrations: Time dependent HO radical concentrations 
will be determined during each of the above ozonation experiments.  

• Task 3 - Bromine Reactions with NOM: Free bromine will be added to solutions 
containing NOM.  Reaction rate constants will be determined for hypobromous acid and 
hypobromite ion reaction with NOM.   

• Task 4 - Kinetic-Based Mechanistic Model: An existing kinetic-based mechanistic 
model will be refined, calibrated and verified for application in bulk water ozonation. 
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CHAPTER 3 - METHODS AND MATERIALS 
 
MATERIALS 
 
Ozonation Study (Task 1 and 2) 
All reagents and chemicals were analytical grade. The solutions were prepared with deionized 
water (> 18 MΩ) made from Nano™ pure water system (Millipore Inc.).  Gaseous ozone was 
generated by OREC™ (Model V5-0, Phoenix, AZ) ozone generator from pure oxygen. Figure 3-
1 shows the schematic diagram of stock ozone solution generation for batch experiments. The 
concentrated dissolved O3 stock solutions were produced by continuously bubbling pure gaseous 
O3 through a two-liter glass reactor filled with double-distilled water that was cooled in an ice 
bath. Gaseous ozone was transported by stainless steel tubing and passed a gas-washing bottle 
containing 0.5 M phosphate buffer (pH 6) to remove nitric oxidized impurities before dissolving 
into water. The saturated stock O3 solution of approximately 40 mg/L was achieved routinely 
after an hour. All experiments were performed with one single source water from the Colorado 
River conveyed by the Central Arizona Project canal (CRW water). The raw water used for batch 
experiments was collected at the Scottsdale Water Campus in Scottsdale, Arizona and passed 
through glass filter papers (GF/F Whatman™) to remove particles and then stored at 4 oC before 
use. The pH of all waters was adjusted to the desired values by adding prepared stock solutions 
of sulfuric acid or sodium hydroxide. Experiments of temperature effect were conducted in an 
incubator with controlled temperature. For the experiments of DOC effect, the desired DOC 
concentrations were adjusted by adding additional DOC from a stock solution that prepared by 
re-dissolving the CRW DOC isolate that previously extracted using nano-filtration and XAD-4 
membrane technique. For the experiments of alkalinity effect, sample waters were first 
decarbonated of all carbonate/bicarbonate contents and then added bicarbonate to the desired 
alkalinity. Details of DOC isolation and decarbonation processes are shown in Appendix. 
Ammonia chloride was used for adjusting ammonia levels in the water. All water samples were 
spiked with 0.25 µM of para-chlorobenzoic acid (PCBA) before ozonation to measure HO• 
concentration.  
 
The summary of Colorado River Water (CRW) water quality is presented in Table 3-1.  Raw 
CRW water quality collected at Scottsdale Water Campus, Scottsdale, AZ on March 12, 2001. 
The seasonal fluctuation of bromide concentration was low (±15%) and over the past three years 
averaged 80 µg/L, which falls in a national average.  

 
Table 3-1 Summary of CRW water quality used for bench-scale ozonation experiments 

 
Parameters Values 
pH 8.2 
Temperature 24      oC 
Br- 70      µg/L 
Cl- 75       mg/L 
Alkalinity 105     mg/L as CaCO3 
DOC 3         mg/L 
UVA@254nm 0.031  cm-1 
Ammonia < 0.01 mg-N/L 
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Bromination Study (Task 3) 
The chlorine stock solution was prepared from sodium hypochlorite (Fisher™, 13% active), 
whereas bromine stock solution was prepared from pure liquid bromine (Aldrich, 99.9%). Two 
different types of NOM sources were applied: 1) Colorado River water NOM isolate (CRW-NF) 
and 2) Suwannee River reverse osmosis NOM isolate (SR-RO). The CRW-NF isolate was 
obtained from Colorado River water collected at Scottsdale Water Campus, Arizona and isolated 
by lab-scale Nano-filtration and XAD-4 resin separation processes depicted in Figure 3-2. The 
SR-RO NOM isolate was purchased from International Humic Substance Society (IHSS) using 
reverse osmosis technique to isolate the DOC from Suwannee River water. Some DOC stock 
solutions were pre-ozonated using pure gaseous ozone that was generated by an OREC™ ozone 
generator prior to experiment. The CRW-NF (SUVA254= 1.31 m-1[mg/L]-1) and SR-RO 
(SUVA254= 4.20 m-1[mg/L]-1) were selected since the origins (southwestern reservoirs vs. 
southeastern swamps) and the characteristics (e.g., aromaticity) are varied. Pre-ozonation was 
conducted to primarily alter the aromatic NOM structure.  
 
EXPERIMENTAL METHODS  
 
Batch Ozonation Experiments 
Batch ozonation experiments (Table 3-2) were performed by injecting small volumes of the 
ozone stock to achieve an initial ozone concentration (2-4.5 mg/L) into a 1-L cylinder reactor 
(Figure 3-3) containing 500 milliliters of prepared waters with adjusted water quality. A Teflon 
mesh was applied to cover the top of water surface as soon as stock ozone solution was added to 
prevent the ozone loss by volatilization. Samples were collected over time for monitoring 
residual ozone, PCBA, HOBr, bromate and nitrate analysis.  Samples were collected and 
immediately bubbled with high flow of pure helium to remove ozone residual. 
 

Table 3-2 Experimental matrix for batch ozonation experiments with CRW water (*: 
Baseline condition) 

 
Parameter Condition 

Ozone Dose 2, 3*, 3.5, 4 mg/L  

Temperature 4, 10, 15, 24* oC 

pH 6.5,7.5*, 8.2 (ambient), 8.5 

DOC 3*, 3.5, 4, 4.5 mg/L 

Alkalinity 10, 30, 50, 105* 

Bromide 70, 170*, 320, 450 µg/L 

Ammonia/bromide 0*, 0.25, 0.5, 1, 3, 5, 15, 30, 60 
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Continuous-flow Ozonation Experiments 
Continuous liquid and ozone flow experiments were conducted in the laboratory (Table 3-3).  
The gaseous ozone with adjusted flow rate passed through the first 500-mL gas-washing bottle 
with 0.5-M phosphate solution (pH 6) and then the pure gaseous ozone was introduced to the 
bottom of the first 1-L reactor with a diffuser, whereas countercurrent filtered (0.7 µm AH & 
DH, Whatman™) the CRW water with various flow rates flowed into the reactor from the top 
port (Figure 3-4).  Ozone residual collected at different sampling ports, which representing 
different hydraulic retention times, were monitored. When ozone concentrations remained 
constant over time (reached a steady state condition), water samples were collected at sampling 
ports 1, 2 and 3 and ozone residuals were stripped off with helium immediately for later bromate, 
nitrate and PCBA analysis. For the separate ammonia addition and pH depression experiments, 
stock solution of ammonia chloride and concentrated sulfuric acid were added to the water prior 
to the experiments. After all the experiments were completed, a blue dye was added into water as 
a tracer to determine the flow and reactor hydraulics. 
 

Table 3-3 Experimental matrix for bench-scale continuous flow ozonation experiments with 
CRW water (*: Baseline condition) 

 
Parameter Condition 

Hydraulic retention time 150, 200*, 250, 400, 500 mL/min 

pH 6.5,7.5, 8.2* (ambient) 

Ammonia/bromide 0*, 1, 3, 10 

 
 
 
Pilot-Scale Ozonation Experiments 
The pilot unit of ozonation shown in Figure 3-5 consisted of four columns which locates at 
Union Hills Water Treatment Plant in Phoenix, AZ (Table 3-4). Gaseous ozone, produced from 
oxygen with an OREC™ ozone generator, was bubbled into the base of the first column with 
countercurrent 4.5 gallons per minutes (gpm) of raw CRW water from sedimentation tank flowed 
into the top of the first column. Chemical feed such as PCBA and/or ammonia chloride, ferric 
chloride and polymer were introduced prior to the ozone columns. Water samples were collected 
at several different ports along the columns representing different hydraulic retention times for 
ozone residuals as well as bromate formation and PCBA consumption. For bromate and PCBA 
samples, the collected samples waters were first stripped by helium to remove residual ozone and 
then stored in 4 oC prior to analysis. 
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Table 3-4 Experimental matrix for pilot-scale continuous flow ozonation experiments with 
CRW water 

 
Test No. O3 dose (%) Conditions 

1 1.90 Ambient water: pH 8.2, Temperature: 24 oC 
 

2 1.90 Ammonia addition (NH4
+/Br-: 3-[NH3-N]: 0.3 mg/L) 

 
3 1.14 Coagulant addition 

(16 mg/L FeCl3 & 0.35 mg/L C3O8P polymer) 
 

4 0.65 Coagulant addition 
(16 mg/L FeCl3 & 0.35 mg/L C3O8P polymer) 

 
 
 
HO• Radical Concentration Estimation 
To determine concentrations of HO•, an indirect method, based upon measurement of decrease of 
an O3-resistant probe compound that reacts quickly with HO•, was applied (Elovitz and von 
Guten, 1999; Haag and Yao, 1993). This measurement allows transient, steady state HO• 
concentrations in aqueous solutions to be calibrated. The probe compound selected was p-
chlorobenzoic acid (PCBA), with very fast rate constant of kHO•, PCBA = 5.2 × 109 M-1s-1 for its 
reaction with HO• and a very slow rate constant of kO3, PCBA = 0.15 M-1s-1 for its reaction with O3 
(Haag and Hoigne, 1981; Yao and Haag, 1991). PCBA has a pKa of 4 (Yao and Haag, 1991); 
therefore, the rate constants are given for the deprotonation form. PCBA is used in very low 
concentrations to prevent a significant contribution to overall scavenging of HO•. The term “HO• 
oxidation capacity” is defined by the relative elimination of the HO• probe compound. The rate 
of PCBA oxidation, which reacts only with HO•, is given by: 

 =
−

dt
PCBAd ][

kHO, PCBA[PCBA] [HO•]      (3-1) 

Rearranging and integrating Eq 3-1 results in: 

 ln −=







oPCBA
tPCBA

][
][

 kHO, PCBA ∫
t

o

[ HO•]dt      (3-2) 

There is a correlation between the exposure of HO• and O3 (i.e., the concentration of oxidant 
integrated over the reaction time), which is defined as RCT (ratio of C × T values) (Elovitz and 
von Gunten, 1999): 

 RCT= 
∫

∫ ••

=
−
−

dtO

dt

osureO
osureHO

][

]HO[

exp
exp

33

       (3-3) 

Substituting HO• exposure from Eq 3-3 in Eq 3-2 gives:  

 ln −=







oPCBA
tPCBA

][
][

 kHO, PCBA RCT  ∫
t

o

[ O3]dt      (3-4) 

This allows the calculation of the RCT  from the experimental measured decrease in concentration 
of PCBA and O3 (by plotting the ln[PCBA]t/[PCBA]o versus O3 exposure). Elovitz and von 
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Gunten (1999 & 2000) found that the RCT  remains almost unchanged during an ozonation 
process for a given water and set of reaction conditions. Therefore, the concentrations of HO• 
can be easily calculated from the measured O3 and PCBA.  However, different sources of water 
have different water chemistry. Water quality parameters such as pH, temperature, bromide, 
alkalinity, and type and concentration of NOM affect rates of ozone decomposition and HO• 
generation and concentration (Song, et al., 1996). In addition, varying ozone treatment such as 
change of ozone dose and contact time can also have different ozone decomposition rates. 
Therefore, it can be referred that the values of RCT are strongly controlled by these natural water 
parameters and treatment difference. 
 
Halogen-NOM Reaction Rate Determination 
The kinetic reactions of aqueous chlorine (HOCl/OCl-) or aqueous bromine (HOBr/OBr-) with 
NOM experiments were conducted to determine rate constants. Aqueous chlorine or bromine 
was added separately to solutions containing different types and concentrations of NOM into a 
batch reactor (500-mL repipetting amber bottle). The concentration of NOM was expressed as 
DOC concentration in µM based on a carbon molecular weight of 12 g/mole. The residuals of 
aqueous chlorine and bromine were measured over time to determine the rates. While these types 
of reactions are typically second-order overall, a pseudo-first-order conceptual approach was 
presented when DOC concentration is in large excess compared to added aqueous chlorine and 
bromine. The pseudo-first rate constants with respect to aqueous chlorine and bromine were 
calculated and then converted to (second-order) rate constants after experiments at several initial 
DOC concentrations were performed. An experimental matrix (Table 3-5) was followed that 
varied NOM source and concentration, pH and temperature that could affect the reaction rate. In 
addition, since the NOM reduces its reactivity and therefore affecting reaction rate after 
ozonation, some kinetic experiments were conducted to investigate the rate change in pre-
ozonated DOC solutions as well. 
 
 

Table 3-5 Experimental matrix of aqueous chlorine or bromine reaction with NOM           
(*: Baseline condition) 

 
Parameter Conditions 

Bromine/Chlorine 2µM 
Temperature 10°C, 24°C* 

pH value  5*, 8, 11 
NOM sources SR-RO isolate and CRW-NF isolate 

DOC dose 0, 20, 50, 100, 150µM  
Pre-ozonation  Yes, No* 

 
The concentrations of aqueous chlorine and bromine were determined by UV spectrophotometer 
indirect reading of 2,2-azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid-diammonium salt 
(ABTS) absorbance spectrum with a detection wavelength of 405 nm (Pinkernell et al., 1997, 
2000) for the respective kinetic chlorine and bromine reaction with NOM experiments.  
Extensive preliminary tests were conducted using DPD reagents. In comparison with the N,N 
Diethyl-P-Phenylenediamine (DPD) method that commonly used for measuring aqueous 
chlorine and bromine, the advantages of using ABTS method over DPD are the much higher 
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stability, faster interaction and lower detection limit. After the samples were withdrawn from 
batch reactor and added into prepared ABTS solution, the residuals of chlorine and bromine 
quickly reacted with excess ABTS and formed ABTS* via the reaction shown as follow:  
 

HOBr/OBr- (or HOCl/OCl-) + 2 ABTS + H+ → Br-/Cl- + 2 ABTS*+ + H2O  (3-5) 
 
The UV Absorbance of ABTS*+ concentration was measured at wavelength 405nm. The 
resulting ABTS* concentration was then taken for calculation of chlorine or bromine 
concentration based upon the following equation: 

 
[HOBr/OBr- or HOCl/OCl-]=0.5[∆UVA@405nm/(ε× L)]    (3-6) 

 
where [HOBr/OBr- or HOCl/OCl-] is in mole/L (M); ∆UVA= change of absorbance of sample at 
405 nm; ε = 31,600 M-1cm-1 at 405nm; L = path length of UV cuvette = 10 cm. 
 
ANALYTICAL METHODS 
 
The dissolved O3 concentrations in the stock solution were determined by direct UV absorbance 
at 258 nm (ε: 3150 M-1cm-1) (Langlais et al., 1991) and by indigo method for CRW water 
samples that contain NOM (Bader & Hoigne, 1981) for all batch experiments. For continuous 
flow and pilot-scale ozonation experiments, ozone residuals were measured using Hach™ 
Accuvac Ampuls via the indigo method. Solution pH and temperature were measured using a 
Bechman™ pH meter. DOC concentrations were determined by a Shimadzu™ TOC 5050 
Analyzer. Water alkalinity was measured by Hach™ kit calorimetric titrator. Bromide, bromate 
and nitrate were measured by using a Dionex™ ion chromatography with eluent made up of 
9mM carbonate. PCBA was measured using HPLC with reverse-phase (RP-18) analytical 
column and mobile phase consisting of a mixture of 55% methanol and 45% 10 mM phosphoric 
acid.  Detection was made using an UV detector set to a wavelength of 234 nm.  
 
A multi-wavelength ultra/visible spectrophotometer (Shamdzu UV-160U) was used to measure 
the DOC UV absorbance at wavelength range from 250 to 280 nm and ABTS at 405 nm. DOC 
concentrations were determined with a Shimadzu TOC 5050A Analyzer. Temperature and pH 
were measured with a Beckman™ pH meter that calibrated with buffers pH 4, 7, and 10 standard 
solutions before use.  
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Figure 3-1 Schematic diagram for stock ozone solution generation 
 
 
 

 
 

 

 

 

 

 

 

 

 
Figure 3-2 Process of schematic of the raw CRW-NF water isolation  
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Figure 3-3 Schematic layout of batch ozonation reactor 
 
 
 
 

 
Figure 3-4 Schematic layout of continuous flow ozonation 
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Figure 3-5 Ozone contactor columns with sample port location and cumulative residence 
time 
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CHAPTER 4 – OZONATION OF COLORADO RIVER WATER: O3 AND HO• TRENDS 
 
Tasks 1 & 2 were inter-related and therefore are summarized together.  Batch and continuous 
flow ozonation experiments were conducted.  Residual molecular ozone (O3) concentrations 
were directly measured during kinetic experiments.  Time-dependent hydroxyl (HO•) radical 
concentrations were indirectly assessed using a HO• radical probe compound (parachlorobenzoic 
acid). 
 
The objectives of this chapter were to investigate the effects of water characteristics (pH, 
temperature, Br-, alkalinity and NOM) and treatment variables (ozone dose, reaction time, pH 
depression, and ammonia addition) on O3 and HO• concentrations, and RCT , in ozonation 
process. Bench-scale batch and continuous flow and pilot-scale ozonation experiments were 
conducted. Colorado River water (CRW) was used as the source water since it is a major water 
supply for six southwestern states in the United States.   
 
BENCH-SCALE BATCH OZONATION 
Results of CRW water batch ozonation experiments show three stages of ozone consumption. 
Figure 4-1 ozone concentration and exposure over time plot and Figure 4-2 first-order reaction 
plot are examples of ozonation at different water pH conditions.  When ozone was added to the 
water, an instantaneous ozone consumption step occurred immediately followed by a fast step 
and then a rather slower decay step. First-order rate constants of O3 decay were obtained by 
plotting natural logarithm of O3 concentration versus time, whereas the slope from linear 
regression line represents rate constant. In Figure 4-2 is a plot of a two-stage ozone first-order 
reaction. In addition, from the linear regression line for the fast stage the intercept could possibly 
show the initial water ozone demand. Figure 4-3 illustrates the change of PCBA concentrations 
over time during ozonation process. As expected, the higher the water pH, the faster 
consumption of the PCBA due to faster O3 decomposition and more HO• formation. By plotting 
ln([PCBA]/[PCBA]o versus O3 exposure (Figure 4-4), the slopes of  linear interpretation show 
the values of RCT× kHO•, PCBA for the fast and slow stages . Therefore, RCT  provides a very useful 
tool for calculating HO• concentrations from known O3 measurements.  
 
COMPARISON OF RCT ON CRW WATER WITH PURE WATER 
The water quality parameters such as alkalinity, DOC, tert-butanol and ammonia consume HO• 
and therefore affect O3 decomposition and HO• concentrations during ozonation process. Figure 
4-5 shows the effect of alkalinity (bicaronate/carbonate), DOC, ammonia and combination of 
alkalinity plus t-butanol on overall RCT  at pH 6 and 8. In general, the values of RCT  increase 
almost at least an order of magnitude when pH increases from 6 to 8. Considering the individual 
parameter effect on RCT , the addition of alkalinity, DOC and/or t-butanol act as good HO• 
scavengers, and thus RCT  decreases. However, since DOC also quickly reacts with O3 and thus 
enhances decreasing both O3 and HO• concentrations, the change of RCT  by the addition of DOC 
is not as significant as alkalinity and t-butanol in which only affecting HO• concentration. The 
results show that the order of HO• scavengers is t-butanol > alkalinity > DOC at both pH 6 and 8. 
It appears that ammonia has no effect on RCT  at pH 6. However, when pH increases from 6 to 8, 
HO• concentrations increases approximately two orders of magnitude in pure water and HO• 
scavenging by ammonia becomes significant. In addition, the O3 consumption by the reaction 
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with ammonia becomes significant when both pH and ammonia dose are high. Overall, the RCT  
slightly decreases at pH 8 with addition of ammonia 0.5 mg-N/L.  
 
In comparison with pure water and CRW water, RCT  for pure water shows 5-fold higher than 
CRW water at pH 6, while approximately 60-fold higher at pH 8. Figure 4-6 shows that with the 
same O3 exposure, when water pH increases from 6 to 8, the calculated HO• exposure increases 
by two orders of magnitude for pure water, whereas less than an order of magnitude increase for 
CRW water.   
 
An experimental matrix was employed to examine the influence of water quality parameters and 
treatment variables on RCT  for CRW water by independently varying one parameter at a time 
from a set of baseline conditions (i.e., O3(initial): 3 mg/L, Br-= 170 µg/L, pH 7.5, Temperature= 24 
oC, alkalinity= 2mM, DOC= 3 mg/L), except the effect of DOC experiments (O3= 4.5 mg/L). 
Typically, with the initial concentration of O3 at 3 mg/L (4.2×10-5 moles/L), the values of RCT  
are within the range between 10-7 to 10-10, which resulting in the HO• concentrations are on the 
order of 10-10 to 10-12 moles per liter (M). Figure 4-7 through 4-11 show two-stage RCT  values on 
each set of experimental condition for different water quality parameters and their levels.  
 
For the effect of bromide, the values of RCT  decrease from 3.2×10-8 to 1.4 ×10-8 for the fast stage 
and decrease from to 1×10-8 to 4.3×10-9 for the slow stage, respectively as bromide levels 
increase from ambient 70 µg/L up to 470 µg/L. Increasing water pH from 6.5 to 8.5, the values 
of RCT  increase from 6.3×10-9 to 3.7×10-8 for fast stage and increase from 3.8×10-9 to 1.7×10-9 
for the slow stage. The temperature also has a positive effect on RCT  value. As water temperature 
increases from 5 to 24 oC, the values of RCT  increase from 6.2×10-9 to 2.2×10-8 for the fast stage 
and gradually increase from 1.3×10-7 to 3.4×10-7 for the slow stage, respectively. The effect of 
alkalinity shows that the values of RCT  decrease from 4.7×10-8 to 2 ×10-9 for the fast stage and 
decrease from to 2.5×10-8 to 8.5×10-9 for the slow stage, respectively as the concentrations of 
alkalinity increases from 0.25 to 2 mM. Since the ambient DOC concentration in CRW was 3 
mg/L, in order to check the effect of DOC on RCT , additional amount of DOC was added into 
water to increase the desired different DOC concentrations. When conducting the effect of DOC 
experiments, higher initial O3 concentration (4.5 mg/L) was employed to make sure that some O3 
residuals at 20 minutes still remain. As the concentration of DOC increases from 3 to 4.5 mg/L, 
the values of RCT  for the fast stage increase from 1.3×10-8 to 2.5×10-8 and gradually increase 
from 5.3×10-9 to 1.1×10-8 for the slow stage, respectively. 
 
In general, RCT  values at fast stage are higher than at slow stage with a factor of 2 to 3. The 
values of RCT  decrease as increasing of water bromide and alkalinity levels, whereas increasing 
pH, temperature, and DOC resulting in increasing RCT . With the RCT  value on each set of 
ozonation experiment, accurate HO• concentration or exposures can be obtained at any particular 
time by multiplying with O3 residuals. Fits of RCT  data at variable pH results in the following 
regressions: 
 

Rct (0-2 min): 3E-14*(pH)6.5486  R2 = 0.9984   (4-11) 
Rct (>2 min): 1E-13*(pH)5.4762  R2 = 0.9664   (4-12) 
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In order to reduce unwanted DBP formation (e.g., bromate), typically adding acid and/or 
ammonia are the two most common methods for controlling the formation of bromate. As 
described above, the values of RCT  will decrease when acid is added into water due to higher O3 
remaining and less HO• formation at lower pH. Another alternative of reducing bromate 
formation is by adding small amount of ammonia. Based upon the ratio of bromide and ammonia 
concentration (NH4

+/Br-) from 0 to 60 for various experiments, different doses (0-1.8 mg-N/L) of 
ammonia were added into water before ozonation. The results show that when the ratio of 
NH4

+/Br- is less than 15 (NH4
+= 0.45 mg-N/L), the O3 decomposition rates and the values of RCT  

remain unchanged. However, when addition of ammonia is much greater than 0.5 mg-N/L, O3 
decomposition became affected and the RCT  started increasing slightly. 
 
BENCH-SCALE CONTINUOUS FLOW OZONATION 
Bench-scale continuous-flow ozonation experiments with different hydraulic retention times 
(HRTs), pH depression and various amounts of ammonia addition were conducted. Table 4-1 
shows that, as expected, the O3 residuals remain higher and the values of RCT  decrease as water 
flows decrease. Different water flows result in different hydraulic retention times (HRTs), which 
represent ozone contact times. When the flow decreased from 0.51 to 0.14 L/min, the HRTs at 
the first port (Port 1) increased from 1.5 to 6.5 minutes and thus the O3 residuals increased from 
0.41 to 1.1 mg/L and the overall RCT  decreased from approximately 5.0×10-6 to 1.1×10-6, 
respectively. In addition, the calculated concentrations of HO• at Port 1 slightly decrease as 
HRTs decrease (i.e., flow increases). 
 

Table 4-1 Values of RCT, O3 residuals and HO• concentrations in bench-scale continuous 
flow ozonation of various HRTs, and acid or ammonia addition 

 

Conditions/water flow 
RCT 

(×108) 

O3 residual 
@ Port 1 
(mg/L) 

HO• concentration 
@ Port 1 

(M) 
Ambient/ 0.51 L/min 8.2 0.41 7.0×10-13 
Ambient/ 0.43 L/min 5.0 0.61 6.4×10-13 
Ambient/ 0.26 L/min 2.7 0.83 4.7×10-13 
Ambient/ 0.20 L/min 2.4 0.98 4.9×10-13 
Ambient/ 0.14 L/min 1.8 1.08 4.1×10-13 
pH depression/ 0.20 L/min 1.7 1.20 4.3×10-13 
Ammonia addition/ 0.20 L/min 2.5 0.97 5.1×10-13 

 
Table 4-1 shows the addition of acid results in increasing of O3 residual from 0.98 to 1.2 mg/L 
when the water pH was depressed from 8.2 to 7 and thus decreasing of RCT  from 2.4×10-8 to 
1.8×10-8, which approximately 30% of deduction,. For the second set of continuous flow 
experiments, initial O3 and water flow were controlled (0.2 L/min) and each different dose of 
ammonia was added to 25 liters of CRW water prior to ozonation. Table 4-2 shows that the 
residual O3, RCT  as well as HO• do not vary by the addition of ammonia. However, when high 
dose of ammonia (NH4

+/Br-=10) is introduced, RCT  and ozone residual as well as HO• slightly 
decrease due to the O3 consumption by ammonia becomes significant at such high water pH (8.2) 
and ammonia concentration. 
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Table 4-2 Values of RCT, O3 residuals and HO• concentrations in bench-scale continuous 
flow ozonation of various doses of ammonia addition 

 

Treatment Conditions 
Water Flow: 0. 2 L/min  

RCT 
(×108) 

O3 residual 
@ Port 1 
(mg/L) 

HO• concentration 
@ Port 1 

(M) 
No ammonia 2.5 1.01 5.3×10-13 
Ammonia: 40 µg-N/L 
(NH4

+/Br-: 1) 
2.5 0.99 5.2×10-13 

Ammonia: 40 µg-N/L 
(NH4

+/Br-: 1) 
2.5 0.99 5.2×10-13 

Ammonia: 120 µg-N/L 
(NH4

+/Br-: 3) 
2.5 0.98 5.2×10-13 

Ammonia: 400 µg-N/L 
(NH4

+/Br-: 10) 
2.8 0.92 5.4×10-12 

 
 
PILOT-SCALE CONTINUOUS FLOW OZONATION 
Some pilot-scale continuous flow ozonation experiments were conducted using the pilot unit at 
Union Hills Water Treatment Plant in Phoenix, Arizona, whereas CRW is used as source water. 
O3 residuals were controlled to simulate the same kinetic ozone decomposition conducted in 
batch ozonation experiments (O3 (initial)= 3 mg/L) for the three types of water qualities used in this 
task, which are the CRW water, the CRW water plus ammonia addition with the ratio of 
NH4

+/Br- equals to 3, and the CRW water plus 16 mg/L of FeCl3 & 0.35 mg/L of C3O8P polymer 
addition. Table 4-3 shows the experimental conditions and values of RCT  in both pilot and batch 
ozonation experiments. For the water in ambient conditions and water with ammonia addition 
experiments, kinetic O3 decay curves are similar and the values of RCT  for pilot ozonation tests 
are approximately the same as for batch experiments. For water with pretreatment of coagulant 
(FeCl3 and polymer) experiments initially used the same O3 dose (1.9%) as for the first two tests, 
ozone residuals were almost two-fold higher than the first two tests. This is because that the 
water pH was depressed by approximately 1 unit (from 8.2-7.3) and turbidity was reduced (from 
0.9 to 0.3 ntu.) after treatment of coagulation. Therefore, ozone dose was adjusted down to 
1.14% to maintain similar O3 residuals to the previous two experiments and thus the RCT  
decreased down to 7.8×10-9. Further lowering O3 dose down to 0.65% resulting in decrease of O3 

residuals and increase of RCT  to 1.5×10-8. Using the same water for the batch experiments show 
that the value of RCT  is 1.2×10-8. 
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Table 4-3 Values of RCT in pilot and batch ozonation experiments 
 

Pilot Plant 
Treatment Conditions 
 

RCT 
(×108) 

Batch 
Treatment Conditions 
 

RCT 
(×108) 

Ambient water 
O3: 1.9% 1.8 Ambient 

O3 (initial): 3 mg/L 1.8 

Ammonia (NH4
+/Br-: 3) O3: 

1.9% 
1.8 Ammonia (NH4

+/Br-: 3) 
O3 (initial): 3 mg/L 

2.2 

Coagulant addition 
(16 mg/L FeCl3 & 0.35 mg/L 
C3O8P polymer) 
O3: 1.14% 

0.78 

Coagulant addition 
(16 mg/L FeCl3 & 0.35 mg/L 
C3O8P polymer) 
O3: 0.65% 

1.5 

Coagulant addition 
(16 mg/L FeCl3 & 0.35 
mg/L C3O8P polymer) 
O3: 3 mg/L 

1.2 

 
 
DISCUSSION 
 
In batch ozonation experiments, a three-stage ozone decomposition processes were observed. 
First, instantaneous ozone demand (IOD) occurred as soon as an aliquot of a stock O3 solution is 
added. This agrees with Park et al (2001) approach on measuring IOD and its definition:  the 
difference between administered ozone and the amount of ozone measured after a few seconds. 
Kinetically, a turning point shows at approximately 2 minutes on first-order O3 decomposition 
plot. In addition, the two separate kinetic stages are also revealed in the corresponding RCT  plot.  
Because of rapid O3 decomposition in the fast stage, it is difficult to acquire sufficient and 
accurate enough kinetic to well quantify the RCT  at fast stage. However, good linear 
interpretation of RCT  for both the fast and slow-stage provides a useful tool to empirically 
determine HO• concentration from known O3 measurements.  
 
In general, RCT  varies as change of water quality and/or treatment variables. However, once a 
comprehensive database of RCT  values for a single water source is developed, O3 as well as HO• 
concentrations can be predicted based upon the water quality and treatment conditions 
throughout the whole ozonation process. This will be very helpful in terms of controlling 
efficiency of disinfection and DBP formation. Up to now, database of O3 decomposition under 
different water quality and treatment conditions have been well developed. However, kinetics of 
HO• during ozonation is still predicted by kinetic models and model calibration is always needed 
when predicting HO• concentrations. Usage of an indirect measurement for HO•, therefore, can 
provide more reliable and accurate information on changes of HO• concentration throughout an 
ozonation process. 
 
As efficiency of microorganism inactivation is always defined as O3 exposure (or CT, expressed 
as product of O3 concentration and contact time), HO• exposure is somewhat important in terms 
of micropollutant removal.  Figures 4-12 through 4-16 show HO• exposure with respect to its O3 
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exposure for in a given water under given reaction conditions. Table 4-4 summarizes data for one 
specific time after ozone addition (20 minutes).  The section below discusses the effect of each 
water quality parameter on RCT . 
 
Table 4-4 Effect of water quality parameters on O3 exposure, RCT values and HO• exposure 

for CRW water ozonation (baseline conditions: O3=3 mg/L except for DOM experiments 
(O3=4.5 mg/L); Br-: 170 µg/L; pH 7.5; Temperature: 24 oC; Alkalinity: 2mM) 

 

Parameters Values 
 

O3-CT, 
Fast (× 105) 

HO•-CT, 
 Fast (× 1012) 

O3-CT, 
Overall 
 (× 105) 

HO•-CT, 
 Overall 
(× 1012) 

  Units (M-min) (M-min) (M-min) (M-min) 
70 7.9 2.2 35 5.8 

170 7.3 1.5 32 3.3 
320 7.1 1.0 30 2.3 Bromide 

470 

µg/L 

6.8 0.6 28 1.7 
6.5 8.6 0.5 52 2.2 
7.5 7.9 1.2 40 3.2 
8.2 6.9 1.8 27 4.2 

pH 
 

8.5 

--- 

6.4 2.1 22 4.8 
5 10 0.5 72 1.9 

10 8.8 0.7 56 2.2 
15 8.3 0.9 50 2.3 

Temp 

24 

oC 

7.8 1.4 37 3.1 
0.25 7.2 3.0 30 8.5 
0.5 7.4 2.5 32 8.5 

1 7.8 2.2 34 5.7 
Alkalinity 

2 

mM 

8.5 1.5 43 4.3 
3 13 1.5 69 4.3 

3.5 12 1.7 60 4.7 
4 11 1.8 52 5.1 DOM 

4.5 

mg/L 

10 2.2 41 5.5 
 
Effect of Br- 
Bromide ion reacts with both molecular O3 and its decomposition by-product, HO•, radicals and 
thus can influence ozone decomposition rate. Oxidation reactions of Br- by these two oxidants 
are very complicated that contain a series of chain reactions that involve different bromine and 
bromine radical species as intermediates (Von Gunten and Hoigne, 1994). In general, bromide 
ions react O3 and HO• that could consume O3 on one hand and meanwhile, prevent O3 from 
decomposition by scavenging HO• on the other hand. The HO• exposure decreases with 
increasing Br- levels for the same O3 exposure. However, from O3 exposure standpoint, higher 
ozone doses must be introduced to achieve the same level of HO• exposure as water bromide 
level increases. 
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Effect of pH   
O3 decomposition dictates HO• formation. Increasing pH means more hydroxide ions  (OH-) 
react with O3 and thus producing more HO• in a fixed time interval. In the mean time of more 
HO• formation at high pH, O3 will be destructed by HO• and therefore enhance the O3 
decomposition. This implies the RCT  could strongly be affected by water pH. The HO• exposure 
increases rapidly with increasing pH when applying the same O3 exposure. The negative impact 
on O3 exposure and positive impact on HO• exposure by pH results in a consequence of the ca. 
6-fold and 4-fold increase when water pH increases from 6.5 to 8.5. 
 
Effect of temperature 
Ozone decomposition rates increase as increasing temperature due to kinetic and thermodynamic 
factors.  O3 exposures at any particular time decrease as increasing water temperature, while HO• 
exposure as water temperature increases. These positive effects of temperature on increasing RCT  
result in 3-fold increase when temperature increases from 5 to 24 oC. 
 
Effect of alkalinity 
The effects of alkalinity on RCT  are major from its reaction with HO•. According to the definition 
of alkalinity (Alkalinity= [HCO3

-] + 2[CO3
2-] + [OH-] + [H+], the effect of alkalinity can be 

related to the effects of total inorganic carbon (TIC) at constant pH value. During ozonation 
process, O3 does not react with carbonate species. However, carbonate and bicarbonate act as 
HO•scavengers (Buxton et al., 1988) and therefore, stabilize aqueous O3 decomposition by the 
following reactions: 
 

HO• + HCO3
- → HO- + HCO3

•   k= 1.0 × 107 M-1s-1  (4-1) 
HO• + CO3

2- → HO- + CO3
•   k= 4.0 × 108 M-1s-1   (4-2) 

HCO3
• ↔ H+ + CO3

-•    pKa= 7.6    (4-3) 
 

Typically, natural source waters’ pH ranges from 6-9, thus the alkalinity is major from 
bicarbonate specie. For the same O3 exposures, HO• exposure decreases as increasing the amount 
of TIC.  
 
Effect of DOC 
When NOM is present in waters, NOM predominately behaves as a direct consumer of ozone 
(Westerhoff, et al. 1997). In addition, NOM may act as initiators, promoters and inhibitors of the 
HO• chain reactions (Park et al., 2001). The amount of NOM existing in waters can be expressed 
as DOC and affects the O3 consumption and HO• strongly during ozonation of natural waters. 
When O3 exposure remains unchanged, the concentrations of HO• increase as DOC 
concentration of CRW water increases.  However, higher ozone doses or longer contact times are 
required to achieve equivalent O3 exposures as DOC concentrations increase. 
 
SUMMARY AND CONCLUSIONS 
In general, effects of individual water quality parameter on O3 exposure, RCT  as well as HO• 
exposure show trends that most water quality parameters have negative impact on O3 exposure 
except alkalinity (Table 4-5). Water quality parameters such as pH, temperature and DOC have 
positive influence on RCT  and negative impact for bromide and alkalinity. These results in the 
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HO• exposure increase as water pH, temperature and DOC increase, but decreases as bromide 
and alkalinity increase.      
 
 

Table 4-5 Trends of O3 exposure, RCT and HO• exposure on water quality parameters 
during ozonation 

 
Parameters Level O3-CT RCT HO•-CT 
pH ↓ ↑ ↑↑ 
Temperature ↓ ↑ ↑ 
Bromide ↓ ↓ ↓↓ 
Alkalinity ↑ ↓ ↓↓ 
DOC 

↑ 

↓ ↑ ↑ 
 
 
The value of RCT  is not affected by water hydraulics when applying the same water quality and 
ozone treatment conditions. Figure 4-12 shows that the values of RCT  remain the same in both 
bench-scale batch and pilot continuous ozonation processes using the same water quality and 
treatment processes (e.g., applying the same O3 dose to obtain the same O3 residuals.) for waters 
with and without ammonia addition. The hydraulics seem does not affect the ratio of HO• and O3 
concentrations throughout the process. However, this only applies for the slow stage of 
ozonation. The fast stage of RCT  for continuous flow ozonation cannot be determined due to 
unavailability of O3 residual and HO• concentration profiles in the process. When water quality 
is changed as a result of coagulants addition, the water pH decreases and the turbidity has 
becomes, which representing that more particles have been removed and thus the RCT  decreases. 
The difference of RCT  in batch and pilot ozonation of water with coagulant addition is because 
the difference of O3 residual profiles. Overall O3 dose is probably key of controlling RCT  since it 
is a function of the required O3 residual, the ozone key kinetics.  
 
In this study, bench-scale batch and continuous flow and pilot-scale kinetic ozonation varied the 
reaction individual parameters for examining effect of various water quality conditions and 
treatment variables on O3 and HO• concentrations were investigated. The following conclusions 
were withdrawn from the results: 
 

• By adding trace amount of PCBA into water, the concentrations of HO• formation during 
ozonation process can be determined by the product of O3 concentrations and RCT . 

• Ozonation of water with a set of water quality and treatment condition, a two-stage RCT  
was defined, which is a fast stage followed by a slow stage.  

• Fits of RCT  data at variable pH results in the following regressions: 
Rct (0-2 min): 3E-14*(pH)6.5486      
Rct (>2 min): 1E-13*(pH)5.4762   

• The values of RCT  are affected by water quality parameters. In general, RCT  values at fast 
stage are higher than at slow stage by a factor of 2 to 3 and the values of RCT  increases as 
water pH, temperature, and concentration of DOC increase and decreases as bromide and 
alkalinity levels decease. 
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• The values of RCT  for ozonation of CRW water are within the range between 10-7 to 10-9, 
which resulting in the HO• concentrations are on the order of 10-12 to 10-13 moles per liter 
(M).  RCT  in CRW at 3 mg/L ozone were 2.9x10-8 (0 to 2 minutes) and 1.2x10-8 (> 2 
minutes). 

• Addition of ammonia within the concentration of less than 0.5 mg-N/L, RCT  remains 
constant for both bench and pilot-scale ozonation with the same treatment conditions. 

• The value of RCT  is not affected by water hydraulics when applying the same water 
quality and ozone treatment conditions. 
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Figure 4-1 Ozone concentrations over time during ozonation at pH 6.5, 7.5 and 8.6 (CRW, 

O3= 3 mg/L, Br-= 170 µg/L. Temperature 24 oC, Alk=2 mM, DOC= 3mg/L) 
 

 
 

Figure 4-2 First-order kinetics for O3 depletion at pH 6.5, 7.5 and 8.6 (CRW, O3= 3 mg/L, 
Br-= 170 µg/L. Temperature 24 oC, Alk=2 mM, DOC= 3mg/L) 
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Figure 4-3 PCBA concentrations over time during ozonation at pH 6.5, 7.5 and 8.6 (CRW, 
O3= 3 mg/L, Br-= 170 µg/L. Temperature 24 oC, Alk=2 mM, DOC= 3mg/L) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-4 RCT value calculations for ozonation at pH 6.5, 7.5 and 8.6 (CRW, O3= 3 mg/L, 
Br-= 170 µg/L. Temperature 24 oC, Alk=2 mM, DOC= 3mg/L) 
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Figure 4-5 Effect of water quality parameters on RCT for pure water and values of RCT for 
ozonation of CRW at pH 6 and 8 (O3= 2 mg/L, Temperature 24 oC) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-6 O3 and HO• during ozonation of pure water and CRW water at pH 6 and 8 (O3= 
2 mg/L, Temperature 24 oC) 
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Figure 4-7 Effect of bromide level on RCT values (CRW, O3= 3 mg/L, pH = 7.5, 
Temperature 24oC, Alk=2 mM, DOC= 3mg/L) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-8 Effect of pH on RCT values (CRW, O3= 3 mg/L, Br-= 170 µg/L. Temperature 24 
oC, Alk=2 mM, DOC= 3mg/L) 
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Figure 4-9 Effect of temperature on RCT values (CRW, O3= 3 mg/L, Br-= 170 µg/L. pH = 
7.5, Alk=2 mM, DOC= 3mg/L) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-10 Effect of alkalinity on RCT values (CRW, O3= 3 mg/L, Br-= 170 µg/L. pH = 7.5, 
Temperature 24 oC, DOC= 3mg/L) 
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Figure 4-11 Effect of DOC concentration RCT values (CRW, O3= 3 mg/L, Br-= 170 µg/L. pH 

= 7.5, Temperature 24 oC, Alkalinity 2 mM) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4-12 Calculated HO• concentrations versus O3 residuals for waters used for pilot-

scale and batch ozonation experiments 
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CHAPTER 5 - BROMATE FORMATION AND CONTROL 

 

This chapter summarizes bromate-related experimental work conducted as part of Task 1.  The 
kinetics of bromate formation, and dependency upon bromine intermediates is presented.  
Bromate control (i.e., reduction in bromate formation) by pH depression and ammonia addition 
are also discussed. 
 
In chapter 4, water quality characteristics such as pH, temperature, alkalinity, NOM, and 
bromide level and treatment conditions such as various ozone doses, and contact times and/or 
addition of ammonia (NH3) or acid have been thoroughly examined on affecting the RCT , 
expressed as ratio of HO• exposure versus O3 exposure. In this chapter, a further study on 
examining bromate formation during ozonation process at different water quality variables and 
treatment conditions was conducted in order to link between the RCT  and formation of bromate. 
It is hypothesized that bromate formation increases proportionally to the ratio of [HO•]/[O3] 
during ozonation, affected by different water quality variables (pH, DOC, temperature, ammonia 
and alkalinity) and water treatment conditions (ozone dose, contact time and flow rate). The 
objective of this study is to characterize two oxidants, ozone and HO•, in terms of the quantity of 
RCT expressing the ratio of [HO•]/[O3] (Elovitz and von Gunten, 1999), on the effect of bromate 
formation during ozonation of natural waters under various water quality variables and treatment 
conditions. Furthermore, the intermediate aqueous bromine (HOBr/OBr-) concentrations formed 
during ozonation were investigated to better understand the mechanisms of bromate formation 
and to evaluate control strategies. Colorado River water (CRW) was used as the source water 
since it is a major water supply for six southwestern states in the US.  In this study integrated 
ozone exposure (IOE), defined as integration of the O3 decay curve over time, was applied to 
determine its relationship with BrO3

- formation during ozonation process. 
 
BROMATE FORMATION 
 
As expected, the rate and extent of bromate formation are different in each experiment and, in 
general, are governed by water quality variables and treatment conditions that already mentioned 
above.  Figure 5-1 shows an example of kinetic bromate formation in batch ozonation 
experiments examining bromide parameter at various levels. In comparison with O3 
decomposition, kinetics of bromate formation is inversely symmetric to its O3 decay curve. 
Higher rate of bromate formation occurred at the fast-stage reaction (e.g., reaction time < 2 
minutes) and followed by gradually decrease of rate over time at the slower-stage reaction due to 
decreasing Br- concentration and O3 residual over time. Figure 5-1 also shows change of 
intermediate aqueous bromine (e.g., summation of HOBr and OBr-) concentration over time 
during ozonation process. As observed, bromine concentration usually accumulates up to 40% 
compared to initial bromide molar concentration at first 10 minutes, followed by gradually 
decrease afterwards.  
 
In both bench and pilot-scale continuous ozonation systems, O3 was only introduced in the first 
reactor (column).  Profiles of ozone decomposition and bromate formation in the first reactor 
were not determined due to experimental setup and results only show the slow-stage of ozonation 
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(e.g., HRT> 2 minutes). It was observed that trends of ozone decomposition and kinetic bromate 
formation in bench-scale and pilot-scale continuous flow ozonation were similar to bench-scale 
batch ozonation.  
 
Effect of ozone dose 
Applying higher initial O3 dosage leads to higher level of bromate formation duo to higher 
driving force for oxidation of bromide to bromate. Due to some organic and inorganic species 
existing in waters, these species consume O3 and compete with bromide by reacting with 
molecular O3 and HO• and thus overall decrease the added O3 concentration.  This is especially 
true when waters contain NOM with high aromatic content. When higher O3 dose is applied, 
higher O3 residual remains in the water after rapidly being consumed by organic species, 
especially active sites of NOM, and inorganic constituents, therefore resulting in higher bromide 
oxidation capability. 
 
Effect of Bromide level 
Under the same treatment conditions, increasing the initial bromide concentration results in 
increasing in bromate formation (Figure 5-2).  Based upon reaction kinetics, bromide ions act as 
reactant and, as expected, higher initial bromide concentration produces a higher chemical 
gradient, which drives the reactions toward the product’s direction. Since both molecular O3 and 
HO• react with Br- and partially contribute to bromate formation, higher Br- concentration leads 
to scavenging more HO• and thus stabilizes ozone decomposition by inhabiting a series of free 
radicals chain reactions. The process of scavenging HO• by Br- results in forming bromate and 
meanwhile, enhances Br- oxidation by higher remaining of O3 residual. 
 
Effect of pH 
Sulfuric acid addition depressed pH prior to ozonation.  Figure 5-3 shows at the same treatment 
conditions (O3: 3 mg/L. Temperature: 24 oC), when pH is depressed from ambient 8.2 to 7.5 and 
6.5, up to 30% and 80% of bromate can be reduced at 20 minutes, respectively. This could be 
explained that pH depression inhibits both direct and indirect pathways of bromate formation by 
decreasing hydroxide ion (HO-) concentrations, decreasing HO• concentrations as well as 
shifting the intermediate OBr- to its acid form, HOBr, which does not tend to oxidize into BrO3

- 
ion.  
 
The rate of ozone decomposition as well as bromate formation is a function of pH and is 
increased as pH increases within water pH between 6 and 9. This agrees with previous studies 
conducted by von Gunten and Hoigne (1993), Westerhoff, et al. (1993) and Song, et al. (1996). 
Several factors that lead to bromate formation are affected strongly by water pH. First, based 
upon ozone decomposition mechanism proposed by Langlais et al. (1991), higher OH- ion 
concentration at higher pH leads to higher HO• generation, which results in forming more 
bromate. Second, comparing rate reactions of HOBr/OBr- with molecular O3 and HO• shown 
below, increasing pH shifts the HOBr to OBr-, which is more reactive to both molecular O3 and 
HO• and thus more bromate will be formed. 
 

HOBr + O3   → BrO2
- + O2 + H+  k= 0.01 M-1s-1     (5-1)  

OBr- + O3     → BrO2
- + O2  k= 100  M-1s-1     (5-2)  

HOBr + HO• → BrO• + H2O  k= 2.0×109 M-1s-1     (5-3)  
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OBr- + HO•   → BrO• + OH-  k= 4.5×109 M-1s-1     (5-4)  
HOBr            ↔ H+ + BrO-  pKa= 8.8      (5-5) 

 
Third, increasing pH will change NOM and inorganic carbonate species into more deprotonated 
forms, which could increase rate of HO• generation, and therefore increasing bromate formation. 
Details of NOM and inorganic carbonate species effect on bromate formation will be discussed 
later in this chapter. However, higher HO• concentration at higher pH leads to higher destruction 
on ozone by HO•, therefore, bromate formation by ozone could decrease due to less O3 residual 
remaining at higher pH. 
 
Effect of Temperature 
The rate of bromate formation increases as increasing water temperature in ozonation process 
(Figure 5-4). However, some literature reports of temperature effects on bromate formation are 
limited. Siddiqui and Amy (1993) report a slight increase in bromate formation that only 2% to 
16% of increase of bromate from baseline condition.  Our study shows that temperature is an 
important parameter in terms of bromate formation.  In addition, it is observed that rate of 
bromate formation is proportional to change of temperature. When water temperature increase 
from 4 oC to 15 oC and 24 oC, bromate formation increase approximately 25% and 50%, 
respectively through batch ozonation process that held other parameters unchanged. Based upon 
the Arrhenius empirical rate law, reaction rates at 20 oC for ozone decomposition and for the 
reactions of ozone with Br- and OBr- will be 4.0, 1.7, and 2.4 times higher than at 10 oC, 
respectively. Therefore, although ozone decomposes more rapidly as increasing temperature, 
resulting of bromate formation is dependent upon several kinetic and thermodynamics factors 
(all reactions resulting bromate formation). 
 
Effect of NOM concentration 
Increasing DOC concentrations lead to quicker ozone decomposition but higher HO• 
concentrations (Chapter 4).  However, on an O3 exposure normalized basis, changing DOC has 
no effect on bromate formation in the fixed CRW inorganic matrix (Figure 5-5). NOM reacts 
with ozone, HO• as well as intermediate HOBr in a series of chain reactions during ozonation 
containing bromide ions. The followings are simplified reactions of NOM with ozone, HO•, and 
HOBr: 
 

O3 + NOMD → Products   kD: direct reaction with NOM  (5-6) 
 O3 + NOMI  → HO• + Products  kI: initiation reaction with NOM (5-7) 
 HO• + NOMP → O2

•- + Products  kP: promotion reaction with NOM (5-8) 
 HO• + NOMS → Products   kS: scavenging reaction with NOM (5-9) 

HOBr + NOM→ Products          k: reaction with NOM     (5-10) 
 
In general, characteristics and concentration of NOM have inverse impact on bromate formation 
in ozonation containing bromide ions. Equation (5-6) to (5-10) depicts that NOM can affect the 
chemistry of ozonation process in several ways and thus results in reduction of bromate 
formation. Equation (5-1) shows that rapid direct reaction of O3 with some active constituents of 
NOM can effectively reduce the opportunity of molecular ozone to oxidize bromide species. 
These constituents of NOM may act as initiators, promoters, and intimidators of the HO• chain 
reactions that shown in Equation (5-6) to (5-8) and thus consumes both molecular ozone and 
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HO•, Meanwhile, some HO• and superoxide (O2
•-) ions are formed and will results in more 

consumption of molecular ozone and the formed HO•, however, will also responsible for some 
bromate production. The results in batch experiments examining effect of DOC at different 
incremental DOC concentrations show that overall HO• exposure slightly increases as increasing 
DOC concentration while O3 exposure gradually decreases. This might due to that specific NOM 
site (e.g., humics) can react with HO• to produce chain carriers of O3 decomposition and increase 
the HO• formation rate. It cannot be ignored that NOM can react with hypobromous acid to form 
bromo-organic species, and thus act as a sink for bromide. Based upon available concentrations 
and rate constants of O3, HO•, DOC and intermediate aqueous bromine, the fraction of aqueous 
bromine consumption by DOC can be calculated. The results show that up to almost 20% of 
formed intermediate aqueous bromine during ozonation process was consumed by ambient water 
NOM. Therefore, it could be concluded that reaction of NOM with aqueous bromine could play 
an important role in bromate reduction. 
 
Effect of alkalinity 
During ozonation process, both bicarbonate and carbonate ions are capable of scavenging HO• 
and form secondary inorganic carbon radicals (CO3

-•) (Buxton et al., 1988). Therefore, carbonate 
species can stabilize ozone decomposition, which in turn will promote the direct oxidation 
pathway for bromate formation for the following reactions: 
 

HO• + HCO3
- → HO- + HCO3

-•   k= 8.5× 106 M-1s-1   (5-11) 
HO• + CO3

2- → HO- + CO3
-•   k= 3.9 × 108 M-1s-1   (5-12) 

HCO3
• ↔ H+ + CO3

-•    pKa= 9.6    (5-13) 
CO3

-• + OBr- → CO3
2- + BrO•   k= 4.3 × 107 M-1s-1   (5-14) 

CO3
-• + BrO2

- → CO3
2- + BrO2

•   k= 1.1 × 108 M-1s-1   (5-15) 
 
In addition to enhancing ozone oxidation on bromide species, active carbonate radical, on the 
other hand, can oxidize OBr- and BrO2

- and form bromate precursors, which results in forming 
more bromate. Our results show that increasing alkalinity 10-fold (from 20 to 200 mg/L as 
CaCO3) resulting in 3-fold of bromate formation (Figure 5-6).  This aggress with a conclusion 
stated by Song et al (1994) that a significant increase in bromate with addition of total inorganic 
carbon. In addition, since the reactivity between HO• with carbonate ions is 45 times higher than 
with bicarbonate, increasing water pH shifts carbonate species toward carbonate and therefore it 
could imply that at higher water pH leads to forming more coronate radicals as well as 
hypobromite ions and thus enhance the effect of alkalinity on bromate formation. 
 
Effect of ammonia addition 
In addition to pH depression, another alternative for reducing bromate formation by reducing the 
intermediate OBr- concentration during ozonation is adding ammonia to waters. Figure 5-7 
shows bromate formation over time in batch ozonation experiments with various dosages of 
ammonia addition in terms of molar ratio of NH4

+/Br- (0-60). The results show that significant 
bromate removal efficiency was achieved even only 0.03 mg-N/L of ammonia was added in to 
the water. Increasing amount of ammonia dose leads to increase of bromate reduction efficiency. 
Up to approximately 65% of bromate was reduced when 1.8 mg-N/L of ammonia was added 
compared to water without any ammonia addition. However, the reduction of bromate by adding 
ammonia is not infinite and is limited by intermediate OBr-. Even though OBr- is totally blocked 
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by ammonia, some bromate will still form by HO pathways. In this study, assuming that all OBr- 
is totally consumed by ammonia at high ratio NH4

+/Br- (60), it can be inferred that approximately 
35% of bromate was formed by HO• pathways through the process.  
 
Ammonia rapidly reacts with intermediate hypobromous acid formed during ozonation and then 
to form bromaomine, which inhibit the oxidation pathway of bromide to bromate (von Gunten 
and Hoigne, 1994). The effect of ammonia on bromate formation have been investigated by a 
number of researchers (Haag et al., 1984; Hoigne et al, 1985; Hofmann and Andrews, 2000, 
2001) and concluded that increasing ammonia concentration resulted in a decrease in bromate 
formation. The following three reactions show that ammonia reaction with HOBr and ozone is a 
function of pH and plays a role of bromide catalyst by regenerating bromide through the Br- → 
HOBr → NH2Br → Br- cycle (Figure 1-1), which results in a lag period before bromate 
formation occurs (Haag et al., 1984). 
 

NH4
+ ↔ NH3 + H+    pKa= 9.3    (5-16) 

 HOBr + NH3 → NH2Br + H2O  k= 8.0× 107 M-1s-1    (5-17)  
 NH2Br + 3O3 → NO3

- + Br- + 2H+ + 3O2 k= 40 M-1s-1    (5-18) 
 
The results of batch and continuous flow ozonation experiments show that addition of ammonia 
effectively reduces bromate formation even at low ammonia concentrations (< 0.03mg-N/L). In 
addition, rates of O3 decomposition at various ammonia doses almost remain unchanged if the 
amount of ammonia added is below 0.5 mg-N/L (Figure 5-8).  Although reactions of O3 with 
ammonia (k= 20M-1s-1) and bromaomine species are slow, O3 decomposition starts being 
affected when high dose of ammonia is added. In Figure 5-8, when the ratio of NH4

+/Br- is 
greater than 15 (NH3-N)=0.45 mg/L), rate of O3 decay starts increase and additional bromate 
reduction is due to degreasing O3 exposure. On the other hand, ammonia is a HO• scavenger (k= 
8.7 × 107 M-1s-1).  However, the reaction is not as fast as with NOM and other micropollutants 
(generally, 1-2 order of magnitude less). In addition, Br• and BrO• oxidized from bromide ions 
by HO• most likely do not react with ammonia. Therefore, the effect of ammonia addition on 
HO• reaction is probably not important. It should be noticed that due to HO• indirect pathways 
that will form bromate, ammonia addition cannot totally reduce bromate formation even at very 
high level. Our results show that at pH 7.5, approximately 35% of bromate still remained when 
1.8 mg-N/L of ammonia was added. Therefore, when bromide concentration is high, addition of 
ammonia for bromate control probably still cannot reduce bromate down to MCL without any 
further bromate reduction treatment.  
 
Continuous-flow versus batch bromate formation 
Similar trends were observed in bench- and pilot-scale continuous flow ozonation tests on 
bromate reduction by addition of acid and ammonia in this study. In bench-scale continuous flow 
ozonation experiments, different water flows were applied to determine the factor of hydraulics 
on affecting bromate formation. Figure 5-9 shows a good linear relationship between bromate 
formation and hydraulic retention time when applying the same initial ozone dose, which can be 
inferred that factor of water hydraulics is not an important factor and bromate formation is 
mainly affected by ozone reaction time. 
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Relationship between bromate formation and O3 exposure  
Daw, et al (2001) proposed that a linear relationship between BrO3

- and IOE in batch ozonation 
under non-Br- limiting conditions.  Integrated ozone exposure (IOE or OE), defined as 
integration of the O3 decay curve over time, was applied to determine its relationship to bromate 
formation over the time-course of ozonation. However, in practical ozonation of bromide 
containing waters, bromide concentration is low (typically in parts per billion range) and the 
concentration decreases over time. Equation (5-19) expresses BrO3

- concentration as a function 
of IOE shown below: 
 
 [BrO3

-] = K × [OE] + Y        (5-19) 
 
where, K represents BrO3

- formation slope coefficient in µg/mg-min and, as expected, is affected 
by water quality parameters at various levels and treatment conditions and Y represent bromate 
concentration at zero IOE. Table 5-1 shows a linear relationship between BrO3

- formation and 
IOE in batch ozonation experiments at slow-stage.  However, rapid BrO3

- formation in the fast-
stage (< 2 min.) shows non-linear relationship between BrO3

- formation and IOE and implies that 
indirectly oxidation pathways of bromide by HO• plays a major role in bromate formation. 
 
Relationship between bromate formation and RCT 
Table 5-2 shows that trends in RCT  and rates of bromate formation are affected the same 
(increase or decrease) by each water quality variable.  This should, therefore, support our 
hypothesis that change of bromate formation is linear to the ratio of [HO•]/[O3] during ozonation, 
affected by different water quality variables (pH, DOC, temperature, ammonia and alkalinity) 
and water treatment conditions (ozone dose, contact time and flow rate). However, an exception 
is that ammonia does not seem to significantly change RCT  value, although increasing amount of 
ammonia resulting in significantly change of bromate reduction. The unique effect of ammonia is 
described in a separate section below. 
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Table 5-1 Bromate formation slope coefficient (K value) in batch ozonation experiments 
(Baseline conditions: O3: 3 mg/L, Bromide: 170 µg/L; Temperature: 24 oC; pH 7.5; 

Alkalinity: 100 mg/L as CaCO3; CRW DOC: 3 mg/L) 
 

Parameters Values Units K R2 Y 
   (µg/mg-min)  µg/L 

70 1.4 0.997 7.0 
170 1.8 0.985 19 
320 3.0 0.997 16 

Bromide 

470 

µg/L 

4.0 0.999 16 
6.5 0.4 0.953 6.5 
7.5 1.6 0.943 21 
8.2 5.1 0.986 16 

pH 
 

8.5 

--- 

7.2 0.998 15 
5 0.5 0.933 15 

10 0.9 0.930 12 
15 1.1 0.986 11 Temperature 

24 

oC 

2.1 0.975 10 
20 1.0 0.977 6.5 
50 1.4 0.985 15 

100 1.9 0.982 19 
Alkalinity 

200 

mg/L as 
CaCO3 

1.9 0.985 23 
 0 2.6 0.995 14 
Ammonia 0.17 1.7 0.985 16 
 0.51 1.4 0.992 14 
 0.85 

mg-N/L 

1.3 0.968 10 
3 2.5 0.993 29 

3.5 2.3 0.998 26 
4 2.1 0.930 26 DOM 

4.5 

mg/L 

1.9 0.960 25 
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Table 5-2 Effect of water quality parameters on RCT values and Rate of BrO3
- formation 

for CRW water ozonation (CRW baseline conditions: O3=3 mg/L; Br-: 170 µg/L; pH 7.5; 
Temperature: 24 oC; Alkalinity: 100 mg/L as CaCO3; DOC: 3 mg/L, O3=4.5 mg/L for 

DOM experiments) 
 

Parameters Values Units 
RCT, fast 
  
0-2 min  

Rate of BrO3
- 

Formation 
0-2 min 

RCT, slow 
  
2-20 min  

Rate of BrO3
- 

Formation 
2-20 min 

   (× 108) (µg/L/min) (× 108) (µg/L/min) 
70 3.2  6.0 1.3  1.0 

170 2.2  12.3 0.8  1.2 
320 1.5  13.9 0.6  1.7 

Bromide 

470 

µg/L 

1.0  14.5 0.4  2.6 
6.5 0.6  3.5 0.4  0.5 
7.5 1.5  12.3 0.7  1.4 
8.2 2.9  15.8 1.2  2.6 

pH 
 

8.5 

--- 

3.6  18.1 1.7  3.5 
5 0.6  5.1 0.2 0.84 

10 0.9  6.3 0.3  1.23 
15 1.2  7.0 0.4  1.4 Temp. 

24 

oC 

2.1  10 0.6  1.65 
20 4.7  4.2 2.5  0.7 
50 4.3  10 2.2  0.9 

100 3.2  13.6 1.4  1.1 
Alkalinity 

200 

mg/L 
as 

CaCO3 2.0  15 0.9  1.8 
 0 1.8  12.2 0.7  2.5 
Ammonia 0.17 1.8  10 0.7  1.9 
 0.51 

mg-
N/L 

1.9  8 0.8  1.3 
 0.85  1.8  7 0.9  1.0 

3 1.3  22 0.5  3.4 
3.5 1.6  20 0.6  3.0 

4 2.1  16 0.8  2.4 
DOM 

4.5 

mg/L 

2.4  14 1.1  1.4 
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BROMATE CONTROL: COMBINED AMMONIA ADDITION AND PH DEPRESSION 
 
Ozone Decomposition 
The results of both batch (Figure 5-8) and continuous-flow (Figure 5-9) ozonation experiments 
show that ozone decomposition rates remain unchanged in the presence of low ammonia levels 
(in ppb levels).  However, when high dose of 1.8 mg-N/L of ammonia was added, ozone 
residuals decreased by approximately 10% of less ozone residuals remaining compared to low 
levels of ammonia during ozonation process.  Based upon bromate reduction efficiency from 
batch experiments, dosages of ammonia addition were defined as low, intermediate, and high 
levels in which by molar ratios of NH4

+/Br- as 1, 3, and 10, respectively. These three various 
doses of ammonia concentration were applied to continuous flow ozonation experiments.  
 
As mentioned previously that the value of RCT , defined as ratio of [HO•]/[O3], is calculated from 
the slope of plotting natural logarithm of PCBA concentration against ozone exposure. Table 5-3 
and Table 5-4 summarize the calculated RCT  values in batch and continuous flow ozonation 
experiments at various added ammonia concentrations. In general, RCT  values increase as 
increasing pH, but almost remain unchanged if the amount of added ammonia is less than 0.5 
mg-N/L. Based upon the known ozone data, the concentration of HO• (or exposures) at a specific 
time was determined by taking the product of ozone concentration at that specific time 
multiplying RCT . As expected, HO• (or exposure) is not affected by adding low amount of 
ammonia. 
 

Table 5-3 Values of RCT in batch ozonation experiments at various pH and ammonia 
dosages (condition: O3: 3 mg/L, Br-: 170 µg/L, temperature: 24 oC) 

 
pH NH4

+/Br- RCT/10-8 

(0-2 minutes) 
RCT/10-8 

(2-20 minutes) 
pH 6.5 7.5 0.53 
pH 7.5 1.8 0.83 
pH 8.5 

0-15 
 

3.0 1.6 
 
 
 
 

Table 5-4 Values of RCT in continuous flow ozonation experiments at various pH and 
ammonia dosages (condition: Br-: 70 µg/L, pH 8.2, temperature: 24 oC) 

 
NH4

+/Br- RCT/10-8 
(slow stage) 

0 2.6 
1 2.5 
3 0.25 
10 0.28 

 
 



 

 38

Reduction in Bromate Formation 
Bromate formation is reduced as ammonia is added into waters prior to ozonation. In addition, 
the effect of ammonia on bromate reduction is dependent upon pH. In batch ozonation 
experiments, different amounts of ammonia concentration expressed as ratio of NH4

+/Br- were 
added.  Figures 5-10 through 5-12 show kinetic bromate formation at different water pHs and 
ammonia concentrations.  As expected, bromate formation over time rapidly increases as 
increasing water pH. Compared to raw CRW water that has no detected ammonia, it is observed 
that little effect on bromate reduction at pH 6.5 and less than 10% of bromate reduction at 20 
minutes even high dose of ammonia is applied. However, when water pH increases from 6.5 to 
7.5 and 8.5, bromate reduction efficiency is enhanced and even a very small amount of ammonia 
(~10 µg-N/L) performs measurable difference of bromate when water is raised to 8.5. After 20 
minutes of reaction, up to 60% and 85% of bromate reduction were achieved at pH 7.5, and 8.5, 
respectively when the ration of NH4

+/Br- is greater than 15. However, even a very high dose of 
ammonia is applied, some bromate still forms and additional bromate reduction is due to the 
reaction of ammonia with ozone which resulting in less ozone residuals remaining in waters. 
Similar results were observed in continuous flow ozonation experiments that bromate reduction 
is a function of ratio of NH4

+/Br-. 
 

In continuous-flow experiments (Figures 5-9 and 5-13) ammonia addition reduced bromate 
formation.  At higher initial ammonia doses the percentage of bromate formatted in the first 
reactor (HRT=4.5 minute) increased, in subsequent reactors ammonia effectively controlled 
bromate formation.  In Figure 5-13, it was observed that when treatment conditions held 
unchanged, approximately 11%, 37%, and 65% of bromate were reduced at port 3 by addition of 
ammonia on the basis of NH4

+/Br- of 1, 3, 10, respectively. In contrast, almost 35% of bromate 
was reduced when ambient water pH of 8.2 was lowered to pH 7.  Therefore, ammonia addition 
could be better, equal, or worse than pH depression based upon the selected NH4

+/Br- ratio and 
pH utilized for such comparisons. 
 
As described previously that bromate formation is via oxidation of both ozone and HO• and is 
categorized into three major pathways. It was observed that very rapid bromate was formed 
within the first two minutes when OBr- has not started accumulating. Figure 5-12 shows that 
when excess amounts of ammonia are applied at pH 8.5, the majority of overall bromate is 
formed within a minute and almost no additional bromate is formed afterwards. This is due to 
that intermediate OBr- is almost blocked by ammonia to prevent further oxidation. Reduction of 
bromate over time becomes more effective after two minutes in which considered as slow-stage 
of ozonation that the formed OBr- is immediately reduced by ammonia. Kinetically it can be 
concluded that during ozonation process, bromate formation is predominant by HO• oxidation in 
the fast-stage when residual ozone concentration is high and this is especially true at lower water 
pH. After fast-stage of ozonation, the residual ozone concentration becomes very low while 
intermediate OBr- starts increasing, pathways of bromate formation shift toward to direct 
pathway or direct/indirect pathways of bromide oxidation and these processes are enhanced 
when pH increases.  
 
Intermediate Aqueous Bromine Formation 
Intermediate free aqueous bromine (e.g., HOBr and OBr-) plays an important role on bromate 
reduction by adding ammonia during ozonation of waters containing bromide. Aqueous bromine, 
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formed from oxidation of bromide by ozone, is very active to react with ammonia. In batch 
ozonation experiments under the baseline conditions (e.g., O3: 3 mg/L, temperature: 24 oC, pH 
7.5, bromide: 170 µg/L), almost up to 50 % of total of initial bromide was oxidized to bromine. 
However, the measured free bromine might be underestimated due to experimental setup that 
cannot measurement bromine concentration immediately. In addition, although the analytical 
method was designated to only measure free aqueous bromine, it appears that using colorimetric 
DPD method cannot accurately quantify the difference between free bromine and total bromine 
(i.e., HOBr/OBr- and the three bromamines) and thus some bromamines were also included. 
Figure 6.12 shows measured free bromine concentration over time at various ammonia doses. 
Similar to the trends with other non-ammonia addition ozonation experiments that free bromine 
starts accumulating in the first 10 minutes followed by gradually degrading afterwards. Even 
though encountering a challenge to differentiate between free and total bromine during ozonation 
process, the results show that higher concentrations of accumulating bromine species were 
existed during the ozonation processes that have higher added ammonia dose and therefore, 
results in less bromate formation. 
 
Competition of Reactions  
When intermediate aqueous bromine is formed during ozonation process, this highly reactive 
species could continue to react with ozone and HO• to form bromate as end product. Meanwhile, 
it can also react with NOM and ammonia, which lead to alter bromate formation pathways. 
Figure 5-14 shows possible reaction pathway resulting in bromate reduction. Our previous study 
concluded that reaction of bromine with NOM in the presence of CRW water is very rapid and 
this agrees with Song’s (1996) study on different types of NOM. Similar to bromine reaction 
with NOM, the fast reactivity of bromamines with NOM was hypothesized by Song et al. (1996) 
and Hofmann et al. (2000) that both reaction rates are on the same order of magnitude. However, 
compared to reaction with ammonia (7.5 ×107 M-1s-1), the rate is several orders of magnitude 
higher, which leads to bromate reduction by ammonia is predominant.  
 
This predominant reaction of ammonia and HOBr is control by their species concentrations and 
pH. Based on rate calculation considering species distribution at different pH ranges, in Figure 5-
16 shows that the product of [NH3] and [HOBr] achieves its maximum at pH 9.05 
(1/2*(pKHOBr+pKNH4

+)) and declines as increasing pH.  
 
Limitations of Ammonia on bromate formation 
It should be remembered that ammonia addition cannot totally reduce bromate formation due to 
inability to inhibit the indirect bromate formation pathways. Therefore, if waters contain high 
bromide level, addition of ammonia to control bromate below MCL is probably impractical 
unless further bromate reduction and/or removal treatment is applied. In addition, the presence of 
ammonia does, however, only delay the formation of bromate. Once ammonia is depleted in the 
cyclic OBr-→ NH2Br→Br- reactions, bromate starts to form. This should be considered 
especially when higher ozone exposures are used. Furthermore, since the extent of adding 
ammonia to minimize bromate is on the basis of water pH, it should always be considered pH 
condition when designing ammonia control strategies. 
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SUMMARY AND CONCLUSIONS 
 
Kinetics of O3 decomposition and HO• generation as well as bromate formation during ozonation 
process are governed by water quality characteristics and treatment conditions. Among those 
parameters, ozone dose, initial bromide concentration, pH, temperature, and alkalinity act 
positive effect on bromate formation, whereas DOC concentration and ammonia perform inverse 
effect on bromate formation.  Chapter 4 mentioned that RCT , an expression of ratio of HO• 
exposure (or concentration) to O3 exposure (or concentration) during ozonation process remains 
unchanged for a given water under fixed conditions. In addition, two RCT  values (fast and slow) 
observed in ozonation process are influenced by water quality characteristics and treatment 
conditions as well. Values of RCT  show a linear relationship with bromate formation. In general, 
RCT  values increase as increasing levels of pH, temperature and DOC and increasing rate of 
bromate formation except DOC, which act as inverse impact on bromate formation (Table 5-5). 
On the other hand, RCT  values decrease as increasing bromide and inorganic carbon 
concentrations, which resulting in increase of bromate formation. Ammonia acts as treatment 
that efficiently reduces bromate formation. Increasing addition of ammonia enhances reduction 
rate of bromate formation while still maintaining RCT  unchanged. 
 
 

Table 5-5 Summary of relationship among the parameters, RCT and bromate formation for 
CRW water ozonation (CRW baseline conditions: O3: 3 mg/L; Br-: 170 µg/L; pH 7.5; 
Temperature: 24 oC; Alkalinity: 100 mg/L as CaCO3; DOC: 3 mg/L, O3: 4.5 mg/L for 

DOM experiments) 
 

Parameter Values RCT Rate of bromate formation 
Bromide + − + 
pH + + + 
Temperature + + + 
Alkalinity + − + 
Ammonia + unchanged − 
NOM + + − 

 
 
Experimental reactions involved in the minimization of bromate through the addition of 
ammonia are summarized below: 
 

• Compared to raw CRW water that has no detected ammonia, it is observed that little 
effect on bromate reduction at pH 6.5 and less than 10% of bromate reduction at 20 
minutes even high dose of ammonia is applied. 

• After 20 minutes of reaction, up to 60% and 85% of bromate reduction were achieved at 
pH 7.5, and 8.5, respectively when the ration of NH4

+/Br- is greater than 15. However, 
even a very high dose of ammonia is applied, some bromate still forms and additional 
bromate reduction is due to the reaction of ammonia with ozone which resulting in less 
ozone residuals remaining in waters. 
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• Addition of ammonia does not affect ozone decomposition due to its slow reaction with 
ozone and HO•, and therefore, RCT  remains unchanged.  

• Based upon bromate formation pathways, intermediate bromine, oxidized from bromide 
by O3, is inhabited by reacting with ammonia to prevent from further oxidation by O3 and 
HO• through direct/indirect and direct pathways.  

• Bromate removal by ammonia addition is not efficient if waters that have low pH and/or 
already contain high ammonia level. This is important for practical application when 
considering bromate control using ammonia in water treatment facilities. In addition, 
addition of ammonia probably cannot achieve bromate below MCL if waters contain high 
level of bromide. 
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Figure 5-1 Bromate formation over time during ozonation process (CRW conditions: O3: 3 
mg/L; pH: 7.5; temperature: 24oC) 
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Figure 5-2 Bromate formation versus integrated ozone exposure in batch ozonation 
experiments examining bromide effect 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-3 Effect of acid addition on bromate reduction in batch ozonation experiments 
(conditions: O3: 3 mg/L; bromide: 170 µg/L; temperature: 24oC) 
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Figure 5-4 Bromate formation versus integrated ozone exposure in batch ozonation 
experiments examining temperature effect 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-5 Bromate formation versus integrated ozone exposure in batch ozonation 
experiments examining DOC effect 
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Figure 5-6 Bromate formation versus integrated ozone exposure in batch ozonation 
experiments examining alkalinity effect 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-7 Ammonia addition of bromate reduction in batch ozonation experiments 
(conditions: O3: 3 mg/L, pH 7.5, temperature: 24 oC) 
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Figure 5-8 Ozone decomposition over time during ozonation experiments at various 
dosages of ammonia in term of NH4

+/Br- (CRW condition: O3: 3 mg/L; pH 7.5; 
temperature: 24 oC) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-9 Relationship of bromate formation and hydraulic retention time in bench-scale 
continuous flow ozonation (conditions: bromide: 70 µg/L; pH: 7.5; temperature: 24oC, 

water flow: 0.14 L/min to 0.55 L/min) 
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Figure 5-9 Effect of ammonia on ozone decomposition in continuous flow ozonation 
experiments (CRW conditions: O3: 3 mg/L; temperature: 24 oC; pH 7.5; bromide: 70 µg/L) 
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Figure 5-10 Effect of ammonia on bromate formation in batch ozonation experiments at 
pH 6.5 (CRW conditions: O3: 3 mg/L; temperature: 24 oC; bromide: 170 µg/L) 
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Figure 5-11 Effect of ammonia on bromate formation in batch ozonation experiments at 
pH 7.5 (CRW conditions: O3: 3 mg/L; temperature: 24 oC; bromide: 170 µg/L) 
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Figure 5-12 Effect of ammonia dosage on bromate formation in batch ozonation 
experiments at pH 8.5 (conditions: O3: 3 mg/L; temperature: 24 oC; bromide: 170 µg/L) 
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Figure 5-13 Addition of ammonia at various dose and acid on bromate reduction in bench-
scale continuous flow ozonation (CRW condition: [NH3-N]: 0.03, 0.09, 0.3 mg/L, pH 

decrease: 8.2 to 7) 
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Figure 5-14 Intermediate aqueous bromine formation in batch ozonation experiments 
(CRW conditions: O3: 3 mg/L; temperature: 24 oC; pH 7.5; bromide: 170 µg/L) 
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Figure 5-15 Possible reaction pathways of bromine species during ozonation process 
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Figure 5-16 Rate calculation of monobromamine formation  (conditions: 
[HOBr]Tot.=[NH3]= 1µM) 
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CHAPTER 6 - BROMINE REACTIONS WITH NOM 
 

Both natural organic matter (NOM) and bromide ion  (Br-) exist ubiquitously in drinking water 
sources and could be problematic due to their tendency to form disinfection by-products (DBPs) 
when disinfectants such as chlorine and/or ozone are applied (Minear and Amy, 1996). 
Halogenated trihalomathanes (THMs) and haloacetic acids (HAAs) are the two major classes of 
DBPs commonly found in waters disinfected with chlorine, whereas bromate ion (BrO3

-) is an 
inorganic DBP formed when ozone is applied. The presence of such DPBs in drinking water are 
suspected to be toxic, carcinogenic, and mutagenic to humans if ingested over extended periods 
of time (Glaze et al., 1993; Minear and Amy, 1996). In order to reduce the public health risk 
from these toxic compounds, the United States Environmental Protection Agency (USEPA) has 
regulated in Stage II of the disinfection/disinfection by-products rule (D/DBP R) the maximum 
contamination level (MCL) of THMs, HAAs and BrO3

- at 80 µg/L, 60 µg/L and 10 µg/L 
respectively for water treatment utilities.  
 
Waters containing bromide can be easily oxidized by ozone or by hypochlorous acid (HOCl), 
forming aqueous free bromine as an intermediate that hydrolyzes to hypobromous acid (HOBr) 
and hypobromite ion (OBr-) before forming DBPs. The equilibrium constant for HOBr and OBr- 
is 8.86 (Haag and Hoigne, 1980; Westerhoff, 1995).  Rate constants between Br- with HOCl are 
higher than with O3: 
 

Br- + O3      → OBr-+ O2 k=   160 M-1s-1     (6-1) 
Br- + HOCl → HOBr + Cl- k= 2950 M-1s-1     (6-2) 

 
During ozonation process, this highly reactive HOBr will continue to react with NOM that 
existing in natural waters and therefore could perform reduction pathway of bromate formation. 
However, during chlorination process HOBr as well as HOCl will react with NOM and forms 
organo- bromine and chlorine by-products. This shows that bromine-NOM interaction in 
ozonation and bromine-NOM-chlorine interactions in chlorination play very important roles in 
controlling the formation of bromate as well as organo-DPBs respectively in water treatment 
processes.  
 
NOM in natural waters is consisted of a heterogeneous mixture of humic substances, hydrophilic 
acids, protein, lipids, carbohydrates, carboxylic acid, amino acid, and hydrocarbons (Thurman, 
1985; Hayes et al., 1989). It is considered as the primary organic precursor to DBP formation 
and is generally quantified using a surrogate parameter such as total organic carbon (TOC) or 
dissolved organic carbon (DOC). Because these different components of NOM may exhibit 
different reactivity with oxidants, knowledge of the reactivity of these NOM components with 
chlorine and bromine is central to understanding how to control DBPs in water treatment 
processes. 
 
Early kinetic studies of the chlorination of phenol and chlorine-substituted phenols by Soper and 
Smith (1926) and later by Lee (1967) have shown that the overall reaction is second-order and 
proportional to the concentration of aqueous chlorine and phenol at pH greater than 6. It is 
anticipated that NOM reactivity towards chlorine and/or bromine is related to its characteristics. 
However, unlike a single organic compound, which has specific physical and chemical 
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properties, the characteristics of NOM from source waters are heterogeneous. Ultraviolet 
absorbances in the range of 250 to 280 nm (UV254-280) and 13C-NMR have been used commonly 
to characterize NOM. In addition, specific ultraviolet absorbance (SUVA=UV254/DOC) has often 
correlated well with DBP formation (Edzwald et al., 1985; Reckhow et al., 1990; Najm et al., 
1994). 
 
With the improving techniques in isolating large quantities of NOM from natural waters, 
isolation processes have been confirmed that do not alter the physicochemical properties of 
source NOM and the isolate can be used to represent the characteristics of NOM in natural 
waters (Thurman, 1985; Minear and Amy, 1996). Reckhow et al. (1990) conducted chlorine 
oxidation studies with several purified hydrophobic organic acids of NOM from several different 
sources and found out a significant correlation between aromatic, phenolic, and activated 
aromatic properties of the NOM fraction and chlorine demand. By following the same basic 
principles for the reactivity of chlorine with NOM, Symons et al. (1993) found that HOBr reacts 
with organic matter faster and more effectively than does HOCl. However, most of the literature 
available on the formation mechanisms of halogenated compound was developed by adding 
chlorine to waters containing Br-, further investigation on the respective reaction of NOM with 
chlorine as well as bromine is needed to better understand individual reaction mechanism; and 
thus provide insight to development of more effective solutions for better DBP control during 
drinking water treatment operation.  
 
The goal of this study was to determine rates of reaction between NOM and aqueous chlorine 
and bromine. Details of the effects of NOM characteristics, temperature and pH were 
investigated. The experiments were conducted in a batch reactor to which chlorine or bromine 
was added. Changes in chlorine or bromine concentrations over time were monitored in NOM 
free water and in presence of NOM isolates (both unaltered and preozonated forms) under 
various pH and temperature conditions.  Although chlorine does not form during chlorination of 
chloride ion, as bromine forms by ozone oxidation of bromide ion, both chlorine and bromine 
reactions were studied.  Studying both chlorine and bromine was considered beneficial to the 
field of drinking water, since a wealth of knowledge is available on chlorine and little on 
bromine.  Thus making a connection between chlorine and bromine seemed logical. 
 
AQUEOUS BROMINE AND CHLORINE REACTION RATES 
 
Kinetic analysis for halogen loss in the presence of NOM had two reaction stages: a rapid initial 
consumption period (t< 15 seconds) followed by a slower consumption period (t>15 seconds). 
The very high rates could not be quantified with the current experimental methods.  Based upon 
a high reactivity of HOBr with phenol-like compounds, a K value of 105 M-1s-1 was assumed in 
order to estimate the site concentration of these very fast reacting portions of NOM.  Based upon 
stoichiometry of the amount of HOBr consumed within the first 15 seconds of reaction with 
NOM a linear regression was observed between HOBr consumption and DOC concentration, 
although UVA254 was also a good indicator.  The following regression was obtained for 
estimating NOM site concentrations (NOM-fast,µM) reaction with HOBr (2µM) based upon 
UVA254 (m-1), based upon K = 105 M-1s-1: 
 

HOBr Instantaneous Site concentration (µM) = 0.153(UVA254) + 0.053   (6-3) 
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The initial consumption may have been due to halogen reaction with trace inorganics in solution 
or the glassware, but more likely by highly reactive organic matter sites.  The strong correlation 
coefficient with respect to UVA254 indicates aromatic material were responsible for these fast 
reacting sites.  At 1 mg/L of DOC the CAP and SRRO samples had 0.25 µM and 0.70 µM of 
very fast reacting sites, accounting for 0.3% and 0.83% of the DOC, respectively.  In separate 
work, HOBr was found to be a strong substituting agent during these very fast reactions, yielding 
TOBr.  Therefore, it was assumed that a maximum of 10% of the HOBr could be incorporated 
into TOBr during this initial reaction phase, and modeled as follows: 
 

HOBr + NOM-fast → 0.1TOBr + 0.9 Br- + NOM-oxidized  K ~ 105 M-1s-1  (6-4) 
 
The rate of aqueous chlorine or bromine consumption increased with increasing initial DOC 
concentration.  Figure 6-1 illustrates the kinetic reaction of respective aqueous chlorine or 
bromine with CRW-NF and SR-RO isolates. It appeared that aqueous bromine reacts much faster 
(reaction time in seconds) than aqueous chlorine (reaction time in minutes) for the two applied 
CRW-NF and SR-RO isolates in which the latter shows more reactive to halogenations. 
 
Pseudo-first order rate constants (k’) were determined by analysis of kinetic halogen 
consumption data for the slower consumption period. For example, rate (r) of HOBr reaction 
with NOM can be expresses as follow: 
 

 rHOBr= k’ [HOBr]       (6-5) 
 
where k’= K [NOM] and K is second order rate constant in unit of M-1sec-1. Figure 6-2 illustrates 
linearized plots for determination of pseudo-first order analysis of rate constants for aqueous 
bromine consumption in the presence of the CRW-NF isolate under different initial DOC 
concentrations.  Rate constants (K) for halogen consumption relative to the molar concentration 
of DOC in solution were calculated from the slope of linear regression through k’ data plotted as 
a function of DOC. An example of rate calculation (31 M-1s-1) for CRW-NF isolate with aqueous 
bromine is shown in Figure 6-3.  The rate constant, K, was found to be proportional to the initial 
UVA: 

K(M-1s-1) = 34 (UVA254) - 14       (6-3) 
 

 
EFFECT OF NOM CHARACTERIZATION 
 
Under the same experimental conditions (e.g., pH 5 and 24 oC), the results showed SR-RO 
isolate is more reactive with aqueous chlorine or bromine than CRW-NF isolate, which the rate 
constant ratio of SR-RO:CRW-NF has an approximate value of 3 for chlorination and 4 for 
bromination, respectively. Table 6-1 summarizes K values (M-1s-1) for aqueous chlorine and 
bromine reactions with CAP-NF and SR-RO isolates. In comparison with reaction rate of 
aqueous chlorine or bromine with NOM, the rate constant of aqueous bromine reaction with 
CRW-NF is 18-fold than aqueous chlorine with CRW-NF, while aqueous bromine reaction with 
SRRO is 31-fold than aqueous chlorine with SR-RO. 
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Table 6-1 Rate constants of HOBr and HOCl (pH =5) 

 
KHOBr (M-1s-1) KHOCl (M-1s-1) NOM source/isolate 

10 oC 24 oC 10 oC 24 oC 

CRW-NF isolate 27 31 1.6 1.7 

Pre-ozonated CRW-NF isolate --- 15 --- 0.70 

SRRO isolate 120 130 4.3 4.8 

Pre-ozonated SRRO isolate --- 76 --- 2.3 

 
 
EFFECT OF PRE-OZONATION 
 
Ozone oxidizes NOM and potentially changes its structure and reactivity. These transformations 
in NOM reactivity were examined by preozonating both CRW-NF and SR-RO NOM isolates 
before HOCl/HOBr addition. In comparison with two forms of isolate (unaltered isolate and 
preozonated isolate), kinetic results show that preozonation significantly reduces rate reactions in 
both chlorination and bromination. In the HOBr reaction with unaltered and preozonated CRW-
NF isolate and SRRO isolate, the rates decreased by 51 % for CRW-NF isolate and 43 % for 
SRRO isolate, respectively. More reduction in rates occurred in HOCl reaction with unaltered 
and preozonated CRW-NF isolate and SR-RO isolate, which approximately 60 percent rate 
reduction for CRW-NF isolate and 53 % rate reduction for SR-RO isolate, respectively (Table 6-
1).  
 
EFFECT OF TEMPERATURE 
 
Change of temperature affects the reaction rates of aqueous chlorine and bromine with NOM due 
to the variation of activation energy. Table 6-1 lists the specific rate constants of aqueous 
chlorine and bromine with CRW-NF and SR-RO isolates at both 10 and 24 oC. Approximately 
10 % decrease in reactivity for temperature from 10 oC down to 24 oC for HOCl reactions with 
CRW-NF and SR-RO isolated as well as does HOBr. It appears that effect of temperature on rate 
reaction in chlorination or bromination is not as important as source and concentration of NOM 
and pH. 
 
EFFECT OF PH 
 
Increasing the pH from 5 to 11 shifts the dominant chlorine species from HOCl to hypochlorite 
ion (OCl-) and the dominant bromine species from HOBr to hypobromite ion (OBr-). Table 6-2 
summarizes K values for different pH levels.  Increasing pH deprotonates both the halogen and 
NOM. Deprotonated halogens should react slower than the protonated form.  However, the 
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opposite occurs for organic acids, where the deprotonated form is usually orders of magnitude 
faster reacting.  The net effect of pH on K-values is minor and K values are on similar orders of 
magnitude between pH 5 and 11.  This observation suggests that in modeling reactions between 
bromine and NOM, pH is not a major factor on K and single K value can be estimated based 
upon UVA254 using Equation (6-3).  A value between 15 and 75 M-1s-1 seems appropriate for 
ozonated NOM.  An average value of 50 M-1s-1 for the slower reaction between HOBr and NOM 
will be used in subsequent modeling (Chapter 7). 
 

Table 6-2 Rate constants of HOBr and HOCl as a function of pH for SRRO (24oC) 
 

pH KHOBr 
(M-1s-1) 

KHOCl 
(M-1s-1) 

5 130 4.8 

8 167 2.4 

11 124 3.2 

 
 
DISCUSSION 
 
The reaction mechanism of halogens and NOM are mainly by substitution and oxidation. The 
reaction rate and selectivity of substitution and oxidation by HOCl and/or HOBr could differ due 
to differences of NOM characteristics and chemistry of HOCl/HOBr. HOCl (Eo

red=+1.630 V) is a 
more powerful oxidizing agent than HOBr (Eo

red=+1.331 V) due to its higher red-ox potential. 
The activities of electrophillic (aromatic) substitution to release electrons to stabilize carbocation 
are more favorable for Br atom due to its higher electron density and less bond strength than Cl 
atom.  
 
During ozonation process the intermediate aqueous bromine that oxidized from waters 
containing bromide will continue to be oxidized to bromate or react with NOM.  The ratio of 
HOBr rate constant with ozone and NOM is within a factor of two. Bromine reduction by NOM 
and formation of organo-bromine compounds may effectively compete for bromine reacting with 
molecular O3 and indirect HO• hydroxyl radicals. However, NOM in waters only contains a 
limited number of fast reacting groups and the reactivity was significantly reduced after a few 
minutes of ozonation. In addition, the indirect HO• pathway of bromate formation might be more 
predominate since NOM could be promoted forming radicals and therefore increase the HO• 
pathway of bromate formation.  
 
SUMMARY AND CONCLUSIONS  
Rate determination experiments were conducted with the addition of aqueous chlorine or 
bromine in various concentrations of different types of NOM (both unaltered and preozonated 
forms) under various pH and temperature conditions. The following specific conclusions can be 
reached: 
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• An indirect UV Absorbance method using ABTS as an indicator provides a useful tool in 
conducting kinetic chlorination and bromination. 

• Both HOBr and OBr- (or HOCl and OCl-) appear to participate in reacting with NOM, and, 
however, the effect of pH as well as temperature does not significantly change the rate of 
reaction. Preozonated reduces mainly on oxidation reactivity of NOM, which occurs more 
favorable in chlorination than in bromination. 

• Bromine reactions with NOM are nearly an order of magnitude faster than similar chlorine 
reactions. 

• Bromine reaction rate constants for non-ozonated NOM were 30 to 130 M-1s-1, and 15 to 75 
M-1s-1 for pre-ozonated NOM.  For non-ozonated NOM: K (M-1s-1) = 34*(UVA,m-1) – 14. 

• Chlorine reaction rate constants for non-ozonated NOM were 1 to 5 M-1s-1, and 1 to 2 M-1s-1 
for pre-ozonated NOM. 

• Faster NOM HOBr reaction sites (µM), based upon a K=105 M-1s-1, can be estimated by the 
following reaction: 0.153(UVA254) + 0.053.  These sites are all considered to form TOBr. 

• Slower NOM HOBr reaction sites have a K value of approximately 50 M-1s-1, and are of 
similar order of magnitude between pH 5 through 11.  These sites are assumed not to produce 
TOBr. 
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Figure 6-1 Kinetic reaction of HOCl/HOBr with CRW-NF and SRRO isolate 
([HOCl]/[HOBr]= 2uM; pH=5; [DOC]=50 uM as C) 

 

 
 

Figure 6-2 First-order rate constants of HOBr reaction with NOM (pH: 5; Temperature: 
24oC; DOC: CRW-NF isolate) 
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Figure 6-3 CRW-NF and SR-RO isolate pseudo first-order plot, where slop represents rate 
constant (pH=5, Temperature 24oC) 
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CHAPTER 7 - KINETIC-BASED MECHANISTIC MODEL 

 
MODEL REACTIONS 
 
Several separate published sets of kinetic reactions were tested using ozone residual and Rct 
datasets.  The work by Pinkernell and von Gunten (2001) appeared to capture the basic trends in 
bromate formation the best (Table 7-1).  Schematically the mechanisms of bromate formation 
modeled are presented in Figure 7-1.  The following equations were added to those in Table 7-1: 
 

HOBr + NOM → Br- + NOM  k = 15 M-1s-1   (Chapter 6)   (7-1) 
OBr- + NOM → Br- + NOM  k = 15 M-1s-1   (Chapter 6)   (7-2) 
CO3

- + NOM → CO3
2- + NOM k = 4x104 M-1s-1  (fitted)    (7-3) 

CO3
- + OBr-  → CO3

2- + BrO� k = 4x104 M-1s-1  (Klanning and Wolff, 1985)  (7-4) 
HCO3 ↔ CO3

- + H+   pKa = 9.6  (Chen et al., 1973)  (7-5) 
HCO3

- ↔ CO3
2- + H+   pKa = 10.25      (7-6) 

CO2 + H2O ↔ HCO3
- + H+  pKa = 6.37      (7-7) 

CO3
2- + HO  → CO3

- + OH-  k = 3.7 x108 M-1s-1 (Buxton et al., 1988)   (7-8) 
HCO3

- + HO  → HCO3 + OH- k = 8 x106 M-1s-1 (Buxton et al., 1988)   (7-9) 
 
Carbonate equations were considered necessary to be added upon attempts to fit experimental 
data.  The carbonate radical reaction with hypobromite ion produced BrO�. Attempts to fit a 
reaction rate constant between BrO� and NOM lead to instability issues within the model.  
Therefore, Equation 7-3 was included to represent carbonate radical scavenging, which reduced 
bromate formation, by reducing BrO� formation.  BrO� was a critical intermediate.  Future 
research should investigate these reactions further, possibly examining chemical additives that 
selectively scavenge BrO�, could offer a potential strategy for bromate formation. 
 
The effect of NOM on the reaction/consumption of HOBr and OBr- was not negligible.  At pH 
8.5 exclusion of Equations 7-1 and 7-2 lead to a 20% increase in bromate formation; 33% 
increase at pH 7.5.  The reaction of bromide radical (Br�) was found to be an important fitting 
parameter for Pinkernell and von Gunten (2001) in bromate formation in the absence of 
carbonate radical reactions.  In the current model, which includes carbonate radical reactions, the 
involvement of Br� consumption by NOM was negligible. 
 
Using observed ozone decay and Rct values, simulations for bromate formation were conducted.  
Representative data for pH 7.5 and 8.5 are presented in Figure 7-2.  Experimental data were fit 
well at pH 8.5, but the model underpredicted bromate formation at pH 7.5 during the first few 
minutes of the reaction.  At pH 7.5 the bromate predicted at 10 minutes match observed bromate 
formation.  The inability for the model at pH 7.5 to predict rapid bromate formation is a direct 
function of radical specie concentrations. Observed data could be more accurately fit at pH 7.5 
by changing the rate constant associated with Equation 7-3.  The model was considered valid for 
predicting bromate formation at higher pH levels, and longer contact times. 
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BROMATE CONTROL SIMULATIONS 
 
Bromate control (pH depression and ammonia addition) were simulated for theoretical ozonation 
scenarios.  Ozone residual and Rct was modeled as follows: 
 

O3 + O3 → 3O2 K = 2e10*[OH-]    (7-10) 
Rct (0-2 min): 3E-14*(pH)6.5486     (7-11) 
Rct (>2 min): 1E-13*(pH)5.4762     (7-12) 

 
Bromate formation at one ozone exposures (1E04 M-min) were compared.  An ozone exposure 
of 1.3E-4 M-min was reported to be equivalent to 2 log inactivation of cryptosporidium 
(Pinkernell and von Gunten, 2001).  This ozone exposure corresponds to roughly 10 minutes of 
contact time at pH 8.2.  Simulated bromate formation between pH 7.4 and 7.8 with a range of 
ammonia doses is presented in Figure 7-3.   At higher pH levels, increasing the ammonia to 
bromide molar ratios can decrease bromate formation to below the MCL of 10 µg/L.  The slopes 
of bromate formation as a function of pH or ammonia to bromide ratios are approximately equal, 
and suggests that the two strategies are equally effective. 

 
Table 7-1 Bromide oxidation reactions (Pinkernell and von Gunten, 2001) 

 
Reaction k or pKa 

Br- + O3 → BrO- + O2 160 M-1s-1 
BrO- + O3  → Br- + 2O2 330 M-1s-1 
BrO- + O3  → BrO2

- + O2 100 M-1s-1 
HOBr ↔ H+ + BrO- 8.86 
BrO2

- + O3  → BrO3
- + O2 1 x105 M-1s-1 

Br- + HO  →Br� + OH- 1.1 x109 M-1s-1 
Br� + O3  → BrO� + O2 1 x108 M-1s-1 
BrO- + HO  → BrO� + OH- 4.5 x109 M-1s-1 
HOBr + HO  → BrO� + OH- 2 x109 M-1s-1 
BrO + BrO  → BrO- + BrO2

-  5 x109 M-1s-1 
Br� + NOM → Br- 109 M-1s-1 
HOBr + NH3 → NH2Br + H2O 7.5 x107 M-1s-1 
NH2Br +OH- → BrO- + NH3 7.5 x106 M-1s-1 
2NH2Br  → NHBr2 + NH3 250 M-1s-1 
NHBr2 + NH3 → 2NH2Br 100 M-1s-1 

 
 
SUMMARY 
 
A bromate formation model was evaluated that predicted bromate formation at elevated pH well.  
The model was less accurate in predicting the short-term formation of bromate a lower pH levels.  
The effect of NOM (K = 15 M-1s-1) on the reaction/consumption of HOBr and OBr- was not 
negligible, accounting for ~30% reduction in bromate formation (3 mg/L DOC).  Modeling of 
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carbonate radical concentrations and scavenging by NOM was considered as a means of 
improving these predictions.  The model was used to predict bromate formation under ozone 
contact conditions representative of chemical disinfection for cryptosporidium.  The simulations 
suggest that a combination of pH depression and ammonia addition, not either one or the other 
techniques, would be effective in combination.  Changes in pH can have issues associated with 
corrosion in water distribution systems.  Ammonia addition offers potentially greater flexibility 
than acid addition, based upon changing influent bromide levels or water temperatures.   
 
BrO� was a critical intermediate.  Future research should investigate these reactions further, 
possibly examining chemical additives that selectively scavenge BrO�, could offer a potential 
strategy for bromate formation.  Alternatively, probes for quantifying BrO� would be useful in 
order to track this important intermediate during future research. 
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   NH3          NOM Substitution 
NH2Br        HOBr        TOBr 
 
 
 
         O3                      O3   H+    HO• 
 
 
  Br-  OBr-        BrO2

-   BrO3
- 

 
     HO- 
   O3 
 
 
 
    HO• 
 
        Br•    Br2•       BrO• 
   
 
             
 
 

Figure 7-1 Schematic representation of bromate formation by molecular ozone and 
hydroxyl radicals (after Von Gunten and Hoigne, 1994).  Light solid lines represent ozone 
reactions and dashed lines represent HO• reaction; heavy solid lines represent reactions 

involving NOM.  Four oxidations pathways for bromate formation include:  
          (1)  : Represents direct pathway 
          (2) / : Represents direct/indirect pathway 
          (3) / : Represents indirect/direct pathway 
          (4)  : Represents indirect pathway 
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Figure 7-2 Observed (symbols) and predicted (lines) bromate formation at pH 7.5 and 8.5 
in CRW water (bromide = 2.12E-6M, Alkalinity = 1 mM, DOC = 3 mg/L) 
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Figure 7-3 Model predictions for bromate control based upon Equations 7-10 through 7-12 
(bromide = 2.12E-6M, Alkalinity = 1 mM, DOC = 3 mg/L) 
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CHAPTER 8 - CONCLUSIONS 
 
 
 
OZONATION OF COLORADO RIVER WATER 
 
Ozone and Hydroxyl Radicals 
 
In general, effects of individual water quality parameter on O3 exposure, RCT  as well as HO• 
exposure show trends that most water quality parameters have negative impact on O3 exposure 
except alkalinity (Table 8-1). Water quality parameters such as pH, temperature and DOC have 
positive influence on RCT  and negative impact for bromide and alkalinity. These results in the 
HO• exposure increase as water pH, temperature and DOC increase, but decreases as bromide 
and alkalinity increase.      
 
 

Table 8-1 Trends of O3 exposure, RCT and HO• exposure on water quality parameters 
during ozonation 

 
Parameters Level O3-CT RCT HO•-CT 
pH ↓ ↑ ↑↑ 
Temperature ↓ ↑ ↑ 
Bromide ↓ ↓ ↓↓ 
Alkalinity ↑ ↓ ↓↓ 
DOC 

↑ 

↓ ↑ ↑ 
 
 
The value of RCT  is not affected by water hydraulics when applying the same water quality and 
ozone treatment conditions. RCT  remain the same in both bench-scale batch and pilot continuous 
ozonation processes using the same water quality and treatment processes (e.g., applying the 
same O3 dose to obtain the same O3 residuals.) for waters with and without ammonia addition. 
The hydraulics seem does not affect the ratio of HO• and O3 concentrations throughout the 
process. However, this only applies for the slow stage of ozonation. The fast stage of RCT  for 
continuous flow ozonation cannot be determined due to unavailability of O3 residual and HO• 
concentration profiles in the process. When water quality is changed as a result of coagulants 
addition, the water pH decreases and the turbidity has becomes, which representing that more 
particles have been removed and thus the RCT  decreases. The difference of RCT  in batch and pilot 
ozonation of water with coagulant addition is because the difference of O3 residual profiles. 
Overall O3 dose is probably key of controlling RCT  since it is a function of the required O3 
residual, the ozone key kinetics.  
 
In this study, bench-scale batch and continuous flow and pilot-scale kinetic ozonation varied the 
reaction individual parameters for examining effect of various water quality conditions and 
treatment variables on O3 and HO• concentrations were investigated. The following conclusions 
were withdrawn from the results: 
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• By adding trace amount of PCBA into water, the concentrations of HO• formation during 

ozonation process can be determined by the product of O3 concentrations and RCT . 
• Ozonation of water with a set of water quality and treatment condition, a two-stage RCT  

was defined, which is a fast stage followed by a slow stage.  
• Fits of RCT  data at variable pH results in the following regressions: 

Rct (0-2 min): 3E-14*(pH)6.5486      
Rct (>2 min): 1E-13*(pH)5.4762   

• The values of RCT  are affected by water quality parameters. In general, RCT  values at fast 
stage are higher than at slow stage by a factor of 2 to 3 and the values of RCT  increases as 
water pH, temperature, and concentration of DOC increase and decreases as bromide and 
alkalinity levels decease. 

 
Bromate Formation 
 
Kinetics of O3 decomposition and HO• generation as well as bromate formation during ozonation 
process are governed by water quality characteristics and treatment conditions. Among those 
parameters, ozone dose, initial bromide concentration, pH, temperature, and alkalinity act 
positive effect on bromate formation, whereas DOC concentration and ammonia perform inverse 
effect on bromate formation.  Chapter 4 mentioned that RCT , an expression of ratio of HO• 
exposure (or concentration) to O3 exposure (or concentration) during ozonation process remains 
unchanged for a given water under fixed conditions. In addition, two RCT  values (fast and slow) 
observed in ozonation process are influenced by water quality characteristics and treatment 
conditions as well. Values of RCT  show a linear relationship with bromate formation. In general, 
RCT  values increase as increasing levels of pH, temperature and DOC and increasing rate of 
bromate formation except DOC, which act as inverse impact on bromate formation (Table 8-2). 
On the other hand, RCT  values decrease as increasing bromide and inorganic carbon 
concentrations, which resulting in increase of bromate formation. Ammonia acts as treatment 
that efficiently reduces bromate formation. Increasing addition of ammonia enhances reduction 
rate of bromate formation while still maintaining RCT  unchanged. 
 
 

Table 8-2 Summary of relationship among the parameters, RCT and bromate formation for 
CRW water ozonation (CRW baseline conditions: O3: 3 mg/L; Br-: 170 µg/L; pH 7.5; 
Temperature: 24 oC; Alkalinity: 100 mg/L as CaCO3; DOC: 3 mg/L, O3: 4.5 mg/L for 

DOM experiments) 
 

Parameter Values RCT Rate of bromate formation 
Bromide + − + 
pH + + + 
Temperature + + + 
Alkalinity + − + 
Ammonia + unchanged − 
NOM + + − 
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Experimental reactions involved in the minimization of bromate through the addition of 
ammonia are summarized below: 
 

• Compared to raw CRW water that has no detected ammonia, it is observed that little 
effect on bromate reduction at pH 6.5 and less than 10% of bromate reduction at 20 
minutes even high dose of ammonia is applied. 

• After 20 minutes of reaction, up to 60% and 85% of bromate reduction were achieved at 
pH 7.5, and 8.5, respectively when the ration of NH4

+/Br- is greater than 15. However, 
even a very high dose of ammonia is applied, some bromate still forms and additional 
bromate reduction is due to the reaction of ammonia with ozone which resulting in less 
ozone residuals remaining in waters. 

• Addition of ammonia does not affect ozone decomposition due to its slow reaction with 
ozone and HO•, and therefore, RCT  remains unchanged.  

• Based upon bromate formation pathways, intermediate bromine, oxidized from bromide 
by O3, is inhabited by reacting with ammonia to prevent from further oxidation by O3 and 
HO• through direct/indirect and direct pathways.  

• Bromate removal by ammonia addition is not efficient if waters that have low pH and/or 
already contain high ammonia level. This is important for practical application when 
considering bromate control using ammonia in water treatment facilities. In addition, 
addition of ammonia probably cannot achieve bromate below MCL if waters contain high 
level of bromide. 

 
BROMINE (AND CHLORINE) REACTIONS WITH NOM 
 
Rate determination experiments were conducted with the addition of aqueous chlorine or 
bromine in various concentrations of different types of NOM (both unaltered and preozonated 
forms) under various pH and temperature conditions. The following specific conclusions can be 
reached: 
 

• An indirect UV Absorbance method using ABTS as an indicator provides a useful tool in 
conducting kinetic chlorination and bromination. 

• Both HOBr and OBr- (or HOCl and OCl-) appear to participate in reacting with NOM, 
and, however, the effect of pH as well as temperature does not significantly change the 
rate of reaction. Preozonated reduces mainly on oxidation reactivity of NOM, which 
occurs more favorable in chlorination than in bromination. 

• Bromine reactions with NOM are nearly an order of magnitude faster than similar 
chlorine reactions. 

• Bromine reaction rate constants for non-ozonated NOM were 30 to 130 M-1s-1, and 15 to 
75 M-1s-1 for pre-ozonated NOM.  For non-ozonated NOM: K (M-1s-1) = 34*(UVA,m-1) – 
14. 

• Chlorine reaction rate constants for non-ozonated NOM were 1 to 5 M-1s-1, and 1 to 2 M-

1s-1 for pre-ozonated NOM. 
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• Faster NOM HOBr reaction sites (µM), based upon a K=105 M-1s-1, can be estimated by 
the following reaction: 0.153(UVA254) + 0.053.  These sites are all considered to form 
TOBr. 

• Slower NOM HOBr reaction sites have a K value of approximately 50 M-1s-1, and are of 
similar order of magnitude between pH 5 through 11.  These sites are assumed not to 
produce TOBr. 

 

KINETIC-BASED MECHANISTIC MODEL 
 
A bromate formation model was evaluated that predicted bromate formation at elevated pH well.  
The model was less accurate in predicting the short-term formation of bromate a lower pH levels.  
The effect of NOM (K = 15 M-1s-1) on the reaction/consumption of HOBr and OBr- was not 
negligible, accounting for ~30% reduction in bromate formation (3 mg/L DOC).  Modeling of 
carbonate radical concentrations and scavenging by NOM was considered as a means of 
improving these predictions.  The model was used to predict bromate formation under ozone 
contact conditions representative of chemical disinfection for cryptosporidium.  The simulations 
suggest that a combination of pH depression and ammonia addition, not either one or the other 
techniques, would be effective in combination.  Changes in pH can have issues associated with 
corrosion in water distribution systems.  Ammonia addition offers potentially greater flexibility 
than acid addition, based upon changing influent bromide levels or water temperatures.   
 
BrO� was a critical intermediate.  Future research should investigate these reactions further, 
possibly examining chemical additives that selectively scavenge BrO�, could offer a potential 
strategy for bromate formation.  Alternatively, probes for quantifying BrO� would be useful in 
order to track this important intermediate during future research. 
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CHAPTER 9 - PUBLICATIONS 
 
The following is a list of publications associated with this sponsored project.  Additional peer-
review journal articles are currently being prepared, and will be forwarded to the USEPA as they 
become published. 
 

• “Kinetic reactions between bromine/chlorine with natural organic matter in natural 
waters” Xiaowei Wang, Matr.Nr. 184042, Diplomarbeit, Arizona State University / 
Technische Universitat Berlin (2001). 

• “Comparison of kinetic reaction between chlorine and bromine with natural organic 
matter”, P-F Chao, X-W Wang, P. Westerhoff, AWPCA Annual Conference, May 3-4, 
Mesa, AZ (2001). 

• “Bromine formation and reaction with natural organic matter”, P. Westerhoff, P-F Chao, 
AWWA Inorganics Conference, M2#1, 6 pages, Albuquerque, NM, Feb.28-29 (2000). 

• “Comparison of bromine versus chlorine reactions with organic compounds”, P. 
Westerhoff, NOM and DBPs: Characterization and Control in Drinking Water 
Symposium, ACS – Division of Environmental Chemistry, Anaheim, CA, March 21-24 
(1999). 
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