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Abstract 

 

Kinetics of Ciprofloxacin Degradation by Ozonation: Effects of Natural 

Organic Matter, the Carbonate System, and pH 

 

 

 

 

Corin Ann Marron, M.S.E. 

The University of Texas at Austin, 2010 

 

Supervisor: Lynn E. Katz 

 

The presence of pharmacologically active and persistent compounds in drinking 

water sources is an environmental and public health concern. Sources of pharmaceuticals 

in the aquatic environment include wastewater treatment plant effluents and veterinary 

use. Antibiotics are of special concern because of their role in the spread of bacterial 

resistance. Conventional drinking water treatment processes are often ineffective for 

removing trace organic contaminants. Ozonation processes have demonstrated the ability 

to remove pharmaceutical compounds from drinking water supplies. During the 

ozonation of drinking water, the primary oxidants are ozone and hydroxyl radicals 

formed during the decomposition of ozone. Both oxidants contribute to the removal of 

pharmaceutical compounds; however, the relative rates of destruction by these two 
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oxidants depends on the treatment operating conditions, the background water chemistry 

and the structure and reactivity of the target compound.  

This study investigated the relative impact of natural water characteristics, such as 

pH, the carbonate system, and natural organic matter, on the removal of the 

fluoroquinolone antibiotic ciprofloxacin by ozonation processes. Rate constants for 

k”
O3, Cip obtained at pH 7 were approximately one order of magnitude higher than at pH 5 

because ciprofloxacin changes from a positively charged cation to a neutral species over 

this pH range. The results showed that there was very little variation of the rate constants 

for ciprofloxacin oxidation by O3 or hydroxyl radicals regardless of the carbonate 

concentration or the presence of the two organic matters studied in this research. Typical 

values for k”
O3, Cip and k”

HO°, Cip obtained at pH 7 ranged between 1.49×104 and 1.64×104 

M-1s-1 and 1.29×1010 to 1.80×1010 M-1s-1, respectively. However, the presence of 

carbonate and other hydroxyl radical scavengers did have an impact on O3 and hydroxyl 

radical exposure. The relative impact of these two oxidants changed depending on the pH 

of the system and the presence of carbonate and natural organic matter.  
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Chapter 1: Introduction 

1.1 MOTIVATION 

The worldwide contamination of surface and groundwaters by pharmaceuticals 

places our drinking water resources at risk. The presence of pharmacologically active and 

persistent compounds in drinking water sources is an environmental and public health 

concern. Sources of pharmaceuticals in the aquatic environment include wastewater 

treatment plant effluents and veterinary use. Antibiotics are of special concern because of 

their role in the spread of bacterial resistance. Furthermore, antibiotics have been shown 

to exhibit toxicity in aquatic ecosystems.  

Ciprofloxacin is the most widely prescribed fluoroquinolone antibiotic, has a high 

occurrence in studies conducted on surface and wastewater contamination, and is 

relatively persistent. As the pathway from wastewater to drinking water becomes shorter, 

it is increasingly important to develop strategies for removing pharmacologically active, 

persistent compounds such as ciprofloxacin from drinking water. Indeed, the potential for 

sustainable and safe water reuse, whether direct or indirect, depends on the ability to 

remove these compounds either at the source or prior to consumption. 

Drinking water treatment facilities utilize ozonation processes as pretreatment for 

primary disinfection, flocculation enhancement, and reduction of color, taste, and odor 

compounds. Although various treatment processes have demonstrated high removal 

efficiencies for pharmaceuticals, the operation of ozonation and advanced oxidation 

processes can be more cost effective than alternatives. Furthermore, existing treatment 

facilities can be retrofitted relatively easily for these technologies. 

During ozonation of drinking water, the two main oxidants are ozone and 

hydroxyl radicals formed during the decomposition of ozone. Both oxidants contribute to 

the removal of pharmaceutical compounds; however, the relative rates of destruction by 
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these two oxidants depends on the treatment operating conditions, the background water 

chemistry and the structure and reactivity of the target compound. The stability of ozone 

in water, and therefore ozone and hydroxyl radical exposure, is highly dependent on 

natural water parameters, such as organic matter concentration and composition, the 

concentration of carbonate species, and pH. Both natural organic matter and carbonate 

system bases can act as promoters or inhibitors of the radical type chain decomposition of 

ozone. Additionally, these species scavenge hydroxyl radicals, ultimately affecting the 

oxidation of trace organic contaminants in solution. pH is also an important parameter to 

consider during ozonation processes since the hydroxyl anion is a central component of 

the ozone decomposition cycle. Additionally, pH affects the protonation of compounds, 

and thus their reactivity with ozone.  

Previous research has established the rate constant of ciprofloxacin with ozone in 

deionized water. However, the effects of natural water constituents on the ozonation of 

ciprofloxacin have not yet been investigated. Since natural water constituents, such as 

organic matter, the carbonate system, and pH, vary considerably, it is necessary to 

understand how these parameters affect the removal of ciprofloxacin during ozonation.  

1.2 OBJECTIVES 

The goal of the research described in this thesis is to investigate the ability of 

ozonation processes to remove pharmacological activity from water with various 

background organic matter matrices. Specifically, the aim of this study was to understand 

the effects of natural water constituents on the kinetics of ciprofloxacin removal by 

ozonation. As part of the main objective, this research involved the specific deliverables 

outlined below: 
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 Isolate and characterize natural organic matter from two surface waters with 

different natural organic matter compositions to compare their effects on the 

kinetics of ciprofloxacin removal by ozonation. 

 Delineate the kinetics and the impact of different natural water parameters on 

the removal of ciprofloxacin by ozone and hydroxyl radicals 

1.3 APPROACH 

An experimental matrix was developed in this research to study the effects of 

natural water parameters on the removal of ciprofloxacin by ozonation. Natural organic 

matter from Claremore Lake (Claremore, Oklahoma) and Lake Austin (Austin, Texas) 

was isolated and fractionated. Ozonation experiments were conducted in a well-mixed, 

batch reactor; variables included pH, bicarbonate concentration, and natural organic 

matter (source and fraction). All experiments were conducted on synthetic waters made 

in the laboratory. Small samples were taken over time and measured for ozone and the 

contaminant of interest, and the data were used to determine apparent second-order rate 

constants with ozone and hydroxyl radicals.  

1.4 THESIS STRUCTURE 

This thesis is organized into five chapters that present the background, 

methodologies, results and conclusions from this work. Chapter 2 presents a literature 

review on pharmaceuticals in the environment, treatment options for the removal of 

pharmaceuticals from drinking water, ozonation and advanced oxidation processes, and 

discussion of the compound of interest. The literature review also discusses the effects of 

natural water constituents on ozonation processes. Chapter 3 describes natural organic 

matter isolation, research design, and experimental materials and methods. Experimental 
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results and kinetic models are presented in Chapter 4, while conclusions and 

recommendations for future work are outlined in Chapter 5. 
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Chapter 2: Literature Review 

2.1 INTRODUCTION 

The overall goal of this research is to delineate the effects of natural water 

parameters on the kinetics of ciprofloxacin removal by ozonation. Attainment of this goal 

requires an understanding of aqueous ozone chemistry, the impact of natural organic 

matter on ozonation, and the chemistry of persistent pharmaceuticals such as 

ciprofloxacin. The literature review begins by reviewing studies that have identified 

pharmacologically active, persistent compounds in the aquatic environment, describing 

the sources of these compounds, and highlighting their impacts on ecosystems and human 

health. Characterization of the chemistry of ciprofloxacin is then presented and followed 

by an assessment of the potential effectiveness of various treatment processes for 

removing ciprofloxacin and other pharmaceutically active compounds from drinking 

water sources. While a more detailed description of chemical oxidation using ozone is 

provided because this was the treatment process studied in this research, advanced 

oxidation processes are also reviewed because of their potential for achieving more rapid 

oxidation of pharmaceuticals and their pharmacologically active metabolites. Lastly, the 

impact of natural water characteristics on ozonation processes is examined. 

2.2 PHARMACEUTICALS IN THE ENVIRONMENT 

Various studies have shown that pharmacologically active and persistent 

compounds are present in surface water, ground water, and finished drinking water 

(Kolpin et al., 2002; Daughton and Ternes, 1999; Halling-Sorensen et al., 1998; Barnes et 

al., 2008; Benotti et al., 2009). Concentrations of pharmaceuticals in surface and ground 

water vary considerably but are generally less than 1 μg/L. For example, Koplin et al. 

(2002) evaluated 139 streams across 30 states for 95 organic wastewater contaminants 
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(OWCs); 80 percent of the streams contained OWCs with median concentrations less 

than 1 μg/L. Barnes et al. (2008) conducted a national scale examination of 

pharmaceutical compounds in ground water; 87% of the 137 measured detections were 

less than 1 μg/L. Benotti et al. (2009) followed the concentration of pharmaceutical 

compounds in source water, finished water, and the distribution system (tap) water from 

19 water utilities in the United States; pharmaceuticals in finished water and in the 

distribution system were in the lower ng/L range.  

Sources of pharmaceuticals in the aquatic environment include human or 

veterinary use and pharmaceutical manufacturing. Human medical compounds can be 

excreted with urine and feces. Some medical compounds are excreted unaltered, while 

others are metabolized to various degrees. In addition, disposal of pharmaceuticals to 

sewage also contributes to environmental exposure. Several studies have tracked 

pharmaceutical concentrations in wastewater treatment plant influents, effluents, and 

receiving waters (Ternes, 1998; Golet et al., 2003). Ternes (1998) found that 

conventional wastewater treatment provided incomplete removal of many compounds 

from different pharmaceutical classes. For antibiotics, concentrations can be reduced by 

60 to 90% during conventional activated sludge treatment paired with tertiary treatment. 

Sorption of the antibiotics to biological treatment sludges was found to be the primary of 

removal mechanism for these compounds (Dodd et al., 2006). That a significant fraction 

of many antibiotics remain in the wastewater effluent or remain in the sludge for further 

treatment or disposal suggests that further research is needed to develop or select 

appropriate treatment technologies. 

Pharmaceuticals can also contaminate soil, groundwater and surface waters 

through agricultural non-point source pollution. In the United States, sales of 

pharmaceuticals for animal disease prevention and treatment totaled $2.3 billion in 1996 
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(Boxall et al., 2003). Furthermore, estimates of antimicrobial use in US aquaculture alone 

are up to 196,400 kg annually (Boxall et al., 2003). Pathways to the environment include 

direct discharge of aquaculture products, excretion of compounds in urine and feces of 

livestock animals, and application of animal manure and slurry to agricultural fields for 

fertilizer (Campagnolo et al., 2002). A study by Campagnolo et al. (2002) found multiple 

classes of antimicrobial compounds in waste storage lagoons and also surface and ground 

waters in close proximity to large-scale swine and poultry operations. Current risk 

assessments indicate the concentrations of veterinary pharmaceuticals may not pose much 

of a risk to the environment, except in animal dung (Boxall et al., 2003). Of the select 

veterinary drugs examined by Boxall et al (2003), ciprofloxacin was the only 

pharmaceutical compound to be found in water at concentrations greater than the 

effective concentration (EC50) or maximum inhibitory concentration. 

The main concerns about the release of pharmaceutical compounds into the 

aquatic environment are the potential effects on human health and ecosystems. Pomati et 

al. (2006, 2008) studied the impact of various pharmaceutical compounds on E. coli, 

human embryonic kidney cells, and human carcinoma cells. Results showed that 

pharmaceuticals at environmentally relevant concentrations inhibited the growth of 

human embryonic kidney cells by up to 30% (Pomati et al., 2006). Synergistic effects of 

multiple compounds have also been observed. For example, in the study by Pomati et al. 

(2008), ciprofloxacin had a distinct negative effect on human carcinoma cells, but in the 

presence of another fluoroquinolone antibiotic, ofloxcin, ciprofloxacin had a stimulatory 

effect.  

Exposure to antibiotics and other trace organic contaminants can also alter the 

microbial ecology of natural waters (Daughton and Ternes, 1999). While high 

concentrations of antibiotics can have acute effects on bacteria, the prevalence of 
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antibiotics in the environment has the potential to promote antibiotic resistant bacteria. 

Antibiotic resistance poses a risk to both human health and microbial ecology (Huber et 

al., 2005). Antibiotic resistant bacteria have been detected in many environmental 

systems, including raw sewage and treated domestic wastewater (Dodd, 2008). 

Furthermore, Neuhauser et al. (2003) attributed the reduction in ciprofloxacin 

susceptibility (from 86% in 1994 to 76% in 2000) to increased national use, suggesting a 

trend that could have more significant implications in the future. 

2.3 CIPROFLOXACIN 

Ciprofloxacin is a fluoroquinolone antibiotic and functions by interfering with 

two essential enzymes, DNA gyrase and DNA topoisomerase IV (Drlica and Zhao, 

1997). Both enzymes are required for cell growth and division. Furthermore, quinolones 

can cause cell death by trapping the gyrase and topoisomerase IV enzymes on DNA, 

leading to the release of double-stranded DNA (Drlica and Zhao, 1997). According to the 

model for fluoroquinolone-DNA binding deveoped by Shen et al. (1989), the quinolone 

moiety is responsible for the interactions between the pharmaceutical and bacterial DNA.  

A few studies have examined the effects of trace levels of ciprofloxacin on the 

aquatic environment. Hartmann et al. (1998) found that ciprofloxacin was the main 

contributer to DNA toxicity in hospital wastewater effluent. Additionally, wastewater 

treatment plant effluent concentrations of ciprofloxacin may be harmful to organisms 

present in effluent-dominated receiving waters; Wilson et al. (2003) found that effluent 

concentrations of ciprofloxacin may affect structure and function of algal communities. 

During the first nine months of 2008, the sales for Ciprofloxacin were $242 

million, compared to $324 million for Bayer aspirin (Schneider, 2008). Ciprofloxacin 

was the most widely prescribed quinolone in Europe in 2009 (De Witte, 2009). 
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Considering the wide use of ciprofloxacin, it is not surprising that the pharmaceutical has 

been detected in surface waters and drinking water supplies around the world.  

Kolpin et al. (2002) detected ciprofloxacin in 2.6% of 139 surface waters across 

the United States. The maximum and median detected concentrations were 30 and 

20 ng/L, respectively. Golet et al. (2002) monitored ciprofloxacin concentrations in raw 

sewage, municipal wastewater effluents, and in a receiving surface water, the Glatt River. 

Concentrations in raw sewage and in final wastewater effluents ranged from 313 to 568 

ng/L and from 62 to 106 ng/L, respectively. In the Glatt River, ciprofloxcain was present 

up to 18 ng/L. Batt et al. (2006) also reported concentrations of ciprofloxacin in 

wastewater treatment plant effluents up to 5.6 μg/L. Not surprisingly, significantly higher 

concentrations of ciprofloxacin were detected in hospital wastewater effluents (up to 

124 μg/L) and wastewaters from pharmaceutical manufactuers (up to 31 mg/L) 

(Hartmann et al., 1998; Larsson et al., 2007).  

The presence of ciprofloxacin in wastewater effluents is not only due to its 

widespread use, but also due to its reactivity (or lack thereof) in aquatic environments. As 

shown in Table 2.1, ciprofloxacin has a complex structure that contains both acidic and 

basic moieties. At circumneutral pH, the compound is neutral. The compound does not 

readily undergo hydrolysis (Li and Zhang, 2010), but does degrade via direct photolysis 

(Albini and Monti, 2003). The measured log Kow of -1.1 suggests that the compound is 

hydrophylic; however, a portion of the molecule exerts a hydrophobic character. As a 

result, log Kow is a poor predictor of sorption to organic matter for this compound.  
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Table 2.1: Structure and properties of ciprofloxacin. Sites of ionization are 
numbered according to order of deprotonation (Dodd et al., 2006). 

Chemical 
Formula 

Molecular 
Weight 

Structure 

C17H18FN3O3 331.35 

 

Indeed, Golet et al. (2003) observed relatively high concentrations of 

cirpofloxacin in a wastewater treatment plant sludge in Switzerland. They observed a 

mass flow reduction of ciprofloxacin of 84 and 88 percent following secondary and 

tertiary treatment of domestic wastewater, respectively. Ciprofloxacin removal was 

attributed to sorption on the sewage sludge; the log Kd for the sludge was determined to 

be 4.3 (Golet et al., 2003) which is significantly higher than what is expected for a 

compound with a log Kow of -1.1 for the neutral compound (Takacs-Novak et al., 1992).  

2.4 TREATMENT OF PHARMACEUTICALS 

Many studies have focused on the removal of trace organic contaminants from 

drinking water, including pharmacologically active compounds. Conventional drinking 

water treatment primarily focuses on removal of particles, elimination of undesired 

dissolved organic compounds (such as taste or odor compounds), and disinfection. 

Coagulation, sedimentation, and filtration can remove suspended solids. Elimination of 

dissolved organic compounds can be accomplished by adsorption onto activated carbon, 

oxidation (chlorine, ozone, or chlorine dioxide), or by membrane separation. Generally, 

the last step of drinking water treatment is disinfection by chlorine, chloramines, ozone, 

pKa1=6.2 

pKa2=8.8 

N(4) amine 
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or chlorine dioxide. Several research efforts have focused on the effectiveness of these 

physical and chemical treatment processes for the removal of pharmaceutical compounds.  

Particle treatment processes, such as coagulation, sedimentation, and filtration, 

are often ineffective for removing trace organic contaminants (Ternes et al., 2002; Adams 

et al., 2002; Westerhoff et al., 2005). Membrane processes are promising for the removal 

of trace organic contaminants by size exclusion, electrostatic hindrance, and 

hydrophobic-hydrophobic interactions. Microfiltration for pre-treatment followed by 

reverse osmosis is considered the standard to ensure removal of trace organic 

contaminants, especially for water of impaired quality. Xu et al. (2005) studied the 

removal of trace organic contaminants by membrane processes; reverse osmosis (RO), 

nanofiltration (NF), and ultra-low-pressure reverse osmosis (ULPRO) membranes were 

studied to simulate drinking water treatment. The ULPRO and NF membranes were 

operated at a lower feed pressure, yet performed similarly to the conventional RO 

membrane for the removal of trace organic contaminants. Although membrane processes 

are effective for trace contaminant treatment, the equipment is expensive and often cost 

prohibitive to retrofit an existing treatment facility. Furthermore, treatment of the 

concentrate stream is necessary prior to disposal.  

A number of treatment processes that have proven effective for other trace 

dissolved organic compounds have also been considered for the treatment of 

pharmaceuticals. Adams et al. (2002) showed that typical plant dosages of powdered 

activated carbon are effective for the removal of antibiotic compounds. Westerhoff et al. 

(2005) found powdered activated carbon to remove polar pharmaceuticals and personal 

care products; powdered activated carbon was not sufficient for the removal of aliphatic 

and charged species (protonated bases or deprotonated acids). Additionally, Ternes et al. 

(2002) and Kim et al. (2007) found granular activated carbon to eliminate 



 12

pharmaceuticals during pilot scale operations. A pilot scale study conducted by Vieno et 

al. (2007) followed several pharmaceutical compounds through the drinking water 

treatment process; ozonation, two-stage granular activated carbon filtration, and UV 

disinfection were added to conventional treatment. All compounds but ciprofloxacin were 

removed below their limit of quantification. While adsorption onto activated carbon has 

shown to be effective for the removal of pharmaceuticals from drinking water, filter 

backwash would potentially concentrate the trace organic compounds and require further 

treatment. Ozonation and advanced oxidation, however, are transformative processes. 

Furthermore, ozonation and advanced oxidation offer process flexibility and competitive 

economics compared to alternative treatment technologies. 

The ozonation of ciprofloxacin has been investigated by De Witte et al. (2008, 

2009) and Dodd et al. (2006). Desethylene ciprofloxacin was identified as the primary 

degradation product by De Witte et al. (2008, 2009); however, pH was shown to strongly 

affect parent compound destruction and degradation product formation. Reaction 

pathways for the formation of desethylene ciprofloxacin were also identified (De Witte et 

al., 2009). Dodd et al. (2006) investigated the oxidation of antibacterial compounds by 

ozone; the apparent second-order rate constants of ciprofloxacin with ozone and hydroxyl 

radical at pH 7 were 1.9 × 104 and 4.1(±0.3) × 109 M-1s-1, respectively. Dodd et al. (2006) 

also observed a trend based on pH and postulated that the deprotonation of the N4 amine 

increases the reactivity of ciprofloxacin with ozone. These studies suggest that ozonation 

or ozone coupled with an additional oxidant may prove to be a suitable technology for 

removal of fluroquinolones such as ciprofloxacin.  
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2.5 OZONE AND ADVANCED OXIDATION PROCESSES 

2.5.1 History 

Ozone has been used in drinking water treatment since the late 19th century when 

ozone was installed for disinfection in Oudshoorn, Netherlands (Lawler and Benjamin, 

2010). Currently, more than 200 drinking water treatment plants in the United States use 

ozone for disinfection and oxidation, including removal of taste and odor compounds, 

micropollutant elimination, and enhancement of flocculation and filtration. Ozone is 

often employed before filtration to oxidize natural organic matter. The oxidation products 

can then be degraded during biologically active filtration, which prevents growth of 

biofilms in the distribution system. Ozone is also used for disinfection in municipal 

wastewater treatment following primary or secondary treatment. The focus of this 

research is the use of ozone for removal of the trace organic contaminant, ciprofloxacin, 

from drinking water sources. 

2.5.2 Chemistry  

Ozone is an unstable colorless gas that is slightly soluble in water and a very 

powerful oxidant. The Henry’s constant for ozone at 25ºC is 107 atm/(mol/L), meaning 

ozone is more soluble than oxygen but less soluble than chlorine (Lawler and Benjamin, 

2010). The redox potential of ozone is 2.07 V compared to 1.36 V for chlorine, indicating 

that it is a stronger oxidant than chlorine. The stability of ozone is highly dependent on 

the temperature of the water and the water matrix, especially pH since hydroxide ions 

initiate the radical-type chain decomposition of ozone. Thus, ozone decay is more rapid 

at high pH. During ozonation of drinking water, the two main oxidants are ozone and 

hydroxyl radicals formed during the decomposition of ozone. Hydroxyl radicals are the 

strongest oxidants in water but exist at low concentrations compared to ozone. Ozone is 
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primarily responsible for disinfection, whereas both ozone and hydroxyl radicals are 

important during oxidation processes. While ozone is a powerful, highly selective 

oxidant, hydroxyl radicals are non-selective and react with most reduced aqueous 

compounds at diffusion-controlled rates (von Gunten, 2003).  

Reaction rates for ozone are highly dependent on the electron density of the target 

compound. Reactions with inorganic compounds generally involve the transfer of an 

oxygen atom (Lawler and Benjamin, 2010). When oxidizing organic compounds, ozone 

reacts as an electrophile and attacks electron-rich moieties, such as aromatic carbon-

carbon double bonds, aromatic alcohols, and deprotonated amine groups. The reaction of 

ozone with dissolved organic compounds can be described as a bimolecular, second order 

reaction, as shown in Equation 2.1 (von Gunten, 2003). The rate expression is shown in 

Equation 2.2, while the integrated rate expression for a batch reactor is shown in 

Equation 2.3. 

O3 Sproducts (Equation 2.1) 

  3s OSr k  (Equation 2.2) 

ln S  S o  k O3   dt  (Equation 2.3) 

S is the dissolved organic compound and [S] is its concentration, k the second order rate 

constant, and ∫ [O3] dt the ozone exposure. Because ozone is used in many reactions 

simultaneously, including its own decay, the loss of the organic of interest and the loss of 

ozone are not stoichiometrically related. As a result, the concentration of ozone must be 

monitored over time to determine the ozone exposure. To characterize the kinetics of an 

ozonation process, the concentration of the compound of interest and oxidant exposures 

must be known.  

Since both ozone and hydroxyl radicals are potential oxidants in ozone systems, 

rate expressions must include terms that describe decay via hydroxyl radical oxidation 
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and ozone oxidation. The rate expression for oxidation of a dissolved organic compound 

with ozone and hydroxyl radicals is shown in Equation 2.4. Elovitz and von Gunten 

(1999) defined a term, Rct, which describes the ratio of hydroxyl radicals to ozone, as 

illustrated in Equation 2.5. Inserting Equation 2.5 in Equation 2.4 yields Equation 2.6. 

The integrated rate expression for a batch reactor, assuming that Rct is constant, is shown 

in Equation 2.7.  

-rs = kO3
S O3 +k

HO°
S HO°  (Equation 2.4) 

Rct =  HO° O3⁄  (Equation 2.5) 

rs = - kO3
+kHO°Rct O3  (Equation 2.6) 

ln S S 0⁄  = - kO3
+kHO°Rct O3 dt (Equation 2.7) 

S is the dissolved organic compound, kO 3
 the second order rate constant for the reaction 

of S with ozone, and HO
k  the second order rate constant for the reaction of S with 

hydroxyl radicals. Determination of these rate constants for a particular organic 

compound can be accomplished by conducting separate experiments to isolate the 

reaction with ozone and quantify Rct. The hydroxyl radical scavenger t-butanol  

(k”
app,O3,t-BuOH = 0.003 M-1s-1 and k”

app,HO°,t-BuOH = 6×108 M-1s-1) can be used to isolate the 

reaction of ozone with ciprofloxacin. In a separate experiment, the ozone-resistant probe 

compound para-chlorobenzoic acid (pCBA), which has second order rate constants of 

k”
app,O3,pCBA = 0.15 M-1s-1 and k”

app,HO°,pCBA = 5.2×109 M-1s-1, can be utilized to determine 

hydroxyl radical exposure and ultimately Rct (Neta and Dorfman, 1968; Hoigne and 

Bader, 1983; Buxton et al., 1988; Yao and Haag, 1991).  

2.5.3 Ozone decomposition 

The decomposition of ozone in natural waters can be characterized by an initial, 

dramatic decrease in ozone concentration followed by a period of slower ozone decay 
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that is generally described using first order kinetics. Figure 2.1 shows the two phases of 

ozone decomposition in natural waters. The first phase of ozone decomposition is often 

described as instantaneous ozone demand (IOD). Buffle et al. (2006) suggested that the 

very high Rct values initially present during the first phase of decomposition in a batch 

reactor produce oxidation conditions that are consistent with those observed during 

advanced oxidation processes. This conclusion not only highlights the importance of 

quantifying Rct, but also demonstrates the complexity of ozone decay.  

 

Figure 2.1: Two phases of ozone decomposition in natural waters (Buffle, 2006) 

The mechanisms associated with ozone decomposition are complex, and different 

substrates influence the rate of decay by interacting with ozone and its decomposition 

products at different stages of the decay process. The radical-type chain decomposition of 

ozone is initiated by reactions with hydroxide ion (HO-) or the hydroperoxy anion (HO2
-). 

Through the ozone decomposition cycle, hydroxyl radicals (HO°) are produced. 

Hydroxyl radicals react with constituents in the water matrix, such as organic chemicals, 

to generate the superoxide anion (O2°
-). Superoxide reacts with ozone to produce the 

ozonide radical (O3°
-), which quickly decays to a hydroxyl radical. Figure 2.2 shows the 

reaction scheme for the radical-type chain decomposition of ozone.  
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Figure 2.2: Radical-type chain decomposition of ozone during conventional 
ozonation (right) and advanced oxidation (left; adapted from Acero and von 
Gunten, 2000) 

Hydroxyl radical scavengers include promoters and inhibitors of ozone decomposition. 

Promoters react with hydroxyl radicals to generate the radical chain carrier superoxide, 

which encourages ozone decomposition. Inhibitors, however, react with hydroxyl radicals 

to form oxidation products that do not accelerate ozone decomposition. Examples of 

inhibitors are t-butanol and acetate, while promoters include methanol and formaldehyde.  

2.6 REMOVAL OF TRACE ORGANIC CONTAMINANTS BY OZONATION PROCESSES 

The potential of ozonation and advanced oxidation processes for the removal of 

trace organic contaminants has been confirmed in many studies (Zwiener and Frimmel, 
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2000; Huber et al., 2003; Adams et al., 2002; Ternes et al., 2002). The study conducted 

by Benotti et al. (2009) showed that ozone treatment resulted in the fewest number of 

detected compounds in finished drinking water and tap water. Ternes et al. (2002) found 

ozonation to be 90% effective for the removal of some pharmaceutical compounds at 0.5 

mg/L, while other compounds were resistant to ozone treatment even at higher ozone 

doses. Of particular interest is that the processes appear to be scalable; pilot scale and full 

scale studies were consistent with batch tests (Vieno et al., 2007; Snyder et al., 2006).  

Snyder et al. (2006) investigated the oxidative removal of many trace organic 

contaminants, including endocrine disrupting compounds, pharmaceuticals, pesticides, 

and industrial chemicals; removal of the compounds was greater than 90% at ozone 

dosages used for disinfection. Addition of hydrogen peroxide increased the removal of 

some compounds, while hindering the removal of others. The majority of the studies 

utilized natural waters during experimentation; however, the impact of water quality on 

compound removal was not investigated.  

Accurate descriptions of the kinetics of ozone oxidation can be used to predict the 

removal efficiency of ozonation and advanced oxidation processes in different natural 

waters. Huber et al. (2003) studied the ozonation of pharmaceuticals to determine 

apparent second-order rate constants for the reaction of pharmaceuticals. Rate constants 

for nine pharmaceutical compounds with ozone and hydroxyl radicals were determined 

by applying Equation 2.4 to data collected for each pharmaceutical. Second-order rate 

constants for the reaction of ozone with the investigated pharmaceuticals varied 

considerably from 7.5×10-1 to 7×109 M-1s-1. However, second-order rate constants for the 

reaction of hydroxyl radicals with the investigated pharmaceuticals were all in the order 

of 109 M-1s-1. Furthermore, Huber et al. (2003) used kinetics to predict the behavior of the 

pharmaceuticals during ozonation in natural waters and compared the predictions to 
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measured oxidation results. For pharmaceutical compounds that reacted slowly with 

ozone, the oxidation was largely controlled by reactions with hydroxyl radicals. The 

oxidation efficiency of these compounds improved with increasing dissolved organic 

carbon (DOC) concentration and decreasing alkalinity. Higher DOC led to increased rates 

of ozone transformation to hydroxyl radicals, while alkalinity stabilized the ozone 

concentration. Generally, pharmaceuticals that reacted quickly with ozone were removed 

at greater proportions in natural waters where ozone was stabilized by low DOC and high 

alkalinity. Treatment efficiencies varied with pharmaceutical structure, dissolved organic 

carbon (DOC), and alkalinity, indicating these parameters are important to consider 

during ozonation and advanced oxidation processes for the removal of trace organic 

contaminants.  

2.7 IMPACTS OF NATURAL WATER CONSTITUENTS ON OZONATION PROCESSES 

2.7.1 Natural organic matter 

Natural organic matter (NOM) is ubiquitous in the aquatic environment; 

concentrations of NOM range from 1 to 20 mg/L of organic carbon (Aiken, 1987), 

though few waters have concentrations above 6 mg/L. Due to the diversity of sources and 

the numerous pathways of degradation and transformation, the structure of organic matter 

is complex. NOM consists of hydrophobic and hydrophilic organic acids. Hydrophobic 

organic acids (HPOA) are further characterized as humic and fulvic acids by pH-

dependent solubility; humic acids are only soluble in alkaline solution and fulvic acids 

are soluble in both acids and bases. The major component of HPOA is fulvic acid (Aiken 

et al., 1992). The non-humic fraction of NOM is comprised of hydrophilic organic acids, 

proteins, and carbohydrates (Owen et al., 1995).  
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NOM in drinking water sources significantly affects physical and chemical 

treatment processes, including oxidation, coagulation, and adsorption. Furthermore, the 

reactivity of oxidants and disinfectants with NOM decreases their effectiveness and leads 

to the formation of organic disinfection by-products (DBPs). During ozonation processes, 

NOM can react directly with ozone and hydroxyl radicals. Furthermore, NOM can act as 

an initiator, promoter, and inhibitor of ozone decomposition. As shown by Equation 2.8 

and Equation 2.9, NOM can scavenge ozone and hydroxyl radicals, and this scavenging 

interferes with the oxidation process and inhibits the ozone decomposition cycle. 

Equation 2.10 shows how the direct reaction of ozone with NOM can lead to the 

formation of hydroxyl radicals. By reacting with hydroxyl radicals, NOM can generate 

the superoxide radical and encourage ozone decomposition, as shown in Equation 2.11 

(Westerhoff et al., 1999). 

O3 + NOM → products (Equation 2.8) 

HO° + NOM → products (Equation 2.9) 

O3 + NOM → O2
-  + H2O2  → HO° + products (Equation 2.10) 

HO° + NOM → O2
-  + products (Equation 2.11) 

According to Westerhoff et al. (1999), unsaturated bonds consume ozone directly, alkyl 

compounds inhibit ozone decomposition, and aromatic compounds promote or inhibit 

ozone decomposition. Since organic matter is heterogeneous in nature and can contain all 

of these groups, it can be involved in various mechanisms during ozonation processes.  

One approach to quantifying these different effects for different NOM containing 

waters is to use a surrogate measure of the aromaticity of the water. The specific 

ultraviolet absorbance (SUVA) at 254 nm or 280 nm positively correlates with the 

aromatic carbon content and inversely correlates with aliphatic carbon content in organic 

matter. Ozone has been shown to react preferentially with the aromatic content of natural 
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organic matter, while hydroxyl radical reactions with natural organic matter are less 

selective (Westerhoff et al., 1999). The chemical nature of NOM influences its reactivity 

with ozone and ultimately affects ozone decomposition and formation of secondary 

oxidants.  

2.7.2 The carbonate system 

The carbonate system is the dominant acid-base system in natural waters, and its 

impact on ozone decomposition must be considered in water treatment processes. 

Depending on the system, carbonate and bicarbonate can act as promoters or inhibitors of 

the decomposition of ozone. During conventional ozonation processes, bicarbonate and 

carbonate behave as inhibitors of the ozone decomposition cycle (Acero and von Gunten, 

2000). Hydroxyl radicals react with bicarbonate and carbonate to form carbonate radicals, 

as shown in Equation 2.12 and Equation 2.13, respectively. Notice that the rate constants 

for hydroxyl radicals with bicarbonate and carbonate are different, so pH is important for 

the hydroxyl radical scavenging rate. The reactions for the three carbonate species are 

shown in Equations 2.14 and 2.15. 
  OHHCOHOHCO 33

  k = 8.5 × 106 M-1s-1  (Equation 2.12) 

  OHCOHOCO 3
2
3

   k = 3.9 × 108 M-1s-1 (Equation 2.13) 

H 2CO 3  HCO 3
  H   pKa = 6.3  (Equation 2.14) 

HCO 3
  CO 3

2  H   pKa = 10.3  (Equation 2.15) 

These reactions highlight several important features of the interaction of the carbonate 

system with ozone. First, the reaction of hydroxyl radicals with the carbonate system 

during conventional ozonation does not generate any species that accelerate ozone 

decomposition. Second, carbonate radicals do not react directly with ozone. During 

advanced oxidation processes, however, bicarbonate and carbonate function as promoters 
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of ozone decomposition (Acero and von Gunten, 2000). Carbonate radicals react with 

hydrogen peroxide (H2O2) and the hydroperoxy anion (HO2
-) to form superoxide, which 

promotes ozone decomposition. In this research, carbonate was not considered as a 

promoter because hydrogen peroxide and hydroperoxy anion were not present in the 

systems studied. 
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Chapter 3: Materials and Methods 

3.1 INTRODUCTION 

The Materials and Methods chapter serves to describe experimental methods and 

the analytical techniques used to obtain data. First, the general procedures for natural 

organic matter (NOM) isolation are discussed, and detailed information is provided 

regarding NOM isolates from Claremore Lake (Claremore, Oklahoma) and Lake Austin 

(Austin, Texas). Next, the research design chosen to study the chemical oxidation of 

PPCPs is presented. Finally, experimental procedures for collecting and analyzing kinetic 

data for ozone, hydroxyl radicals and ciprofloxacin are described, followed by analytical 

methods for chemical these constituents.  

3.2 NATURAL ORGANIC MATTER ISOLATION 

3.2.1 General Procedure 

NOM was isolated from Claremore Lake and Lake Austin based on the method 

described by Thurman and Malcolm (1981) and further developed by Aiken et al. (1992). 

Supelco Supelite DAX-8 resin was purchased from Sigma-Aldrich and cleaned according 

to Thurman and Malcolm (1981). Bio-Rad AG-MP 50 cation exchange resin was 

obtained from Dr. George Aiken (USGS, Boulder, CO). Although Bio-Rad currently 

manufactures a resin described as AG-MP 50, it is not available in the required mesh size 

for desalting isolated natural organic matter. A Kontes Chromaflex Chromatography 

Column (Kimble Chase, 4.8 by 60 cm, 1085 L) was used for the XAD-8 resin. A 

Spectra/Chrom Organic Chromatography Column (Spectrum Chromatography, 2.5 by 60 

cm, 300 mL) with a 1 L packing reservoir attachment was used for the AG-MP 50 cation 

exchange resin. The cation exchange resin column was operated at atmospheric pressure, 
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and the reservoir attachment was open to the atmosphere. All tubing and fittings for the 

XAD-8 and AG-MP 50 columns were made of Teflon.  

Sample waters were collected and stored in clean, collapsible, plastic containers. 

Before use, these containers were filled with deionized water and stored for 24 to 48 

hours to allow carbon and other contaminants to leach from the plastic into the water. 

During the cleaning process, the containers were stored at 4°C to prevent bacterial 

growth. The container cleaning process was repeated twice before sample collection.  

For water collection, a peristaltic pump (Masterflex Console Drive with 

Masterflex L/S Cartridge Pump, Model 7519-06, Cole-Parmer) was used to pump water 

from a Nalgene tub to four 0.45 μm capsule filters (Geotech Environmental Equipment, 

Dispos-a-filter, Versapor) connected in parallel. Hose clamps were used to secure tubing 

from the pump to the filters and from the filters to the filtrate storage containers. A 

pressure gauge was placed before each filter to monitor the pressure drop; the capsule 

filters were replaced when the pressure drop became greater than 138 kPa. The first 1.5 L 

of filtrate from each capsule filter was wasted. Filtrate was directed to clean storage 

containers and placed in coolers with ice. Sample waters were stored at 4°C for less than 

5 days before being applied to the XAD-8 column.  

The pH, dissolved organic carbon (DOC) concentration, and ultraviolet 

absorbance at 254 nm of the source waters were measured immediately upon collection. 

Samples were not acidified until minutes before being applied to the XAD-8 column, and 

acidification took place in a 20 L glass container to prevent plastic leaching from the 

storage containers. During the isolation process, sample waters and isolated NOM 

fractions were stored in glass containers to prevent contamination. Also, all acid and base 

solutions applied to the columns were prepared in 9 L glass storage containers. 
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3.2.2 NOM Isolation from Claremore Lake 

Claremore Lake hydrophobic organic acid (HPOA) and transphilic organic acid 

(TPIA) fractions were isolated at USGS in Boulder, Colorado, under the direction of Dr. 

George Aiken. The NOM fractions were isolated using the methods described in 

Thurman and Malcolm (1981) and Aiken et al. (1992). The NOM isolation method was 

further standardized by Dr. Aiken and Kenna Butler (Butler, 2009). Claremore Lake 

water samples were collected near the Ranger Station on D4168 Road in Claremore, 

Oklahoma. The coordinates of the sampling location are 36.329864, -95.581356 (WGS84 

datum). Samples were collected below the water surface of the lake. Although the City of 

Claremore drinking water treatment plant was nearby, the only accessible raw water line 

contained 0.4 mg/L potassium permanganate, which was used as a pretreatment chemical. 

A total of 200 L of Claremore Lake water was collected and delivered to USGS in 

Boulder, Colorado, where HPOA and TPIA fractions were isolated over four days.  

3.2.3 NOM Isolation from Lake Austin 

Lake Austin HPOA was isolated in EWRE laboratories at the University of Texas 

at Austin. A total of 400 L of Lake Austin water was collected at the Ullrich drinking 

water treatment plant in Austin, Texas. The sampling location was the raw water pump 

station on Forest View Drive and the coordinates are 30.296698,-97.78811 (WGS84 

datum).  

The sample water was applied to the XAD-8 column without incident. However, 

the cation exchange resin presented some difficulties. AG-MP 50 resin was purchased 

from Bio-Rad a month before the Lake Austin HPOA isolation event. While cleaning the 

resin and setting up the column, it became apparent that the new resin was not the same 

resin used at USGS. After further investigation and help from Bio-Rad scientists, it was 

determined that Bio-Rad changed the AG-MP 50 resin during the 1990’s to a smaller 
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mesh size. The new resin is not suitable for desalting isolated NOM fractions due to the 

smaller mesh size and resulting low flow rate through the resin. The problem with the 

cation exchange resin surfaced during the Lake Austin HPOA isolation event, and Dr. 

George Aiken and Kenna Bulter at USGS kindly volunteered to desalt and freeze dry the 

Lake Austin HPOA isolate.  

3.2.4 NOM Isolation Summary 

NOM was successfully isolated from Claremore Lake (Claremore, Oklahoma) 

and Lake Austin (Austin, Texas). Table 3.1 describes several water quality parameters of 

both sources, with an emphasis on the characteristics of the organic matter. Lake Austin 

is characterized by high alkalinity and pH due to its limestone base and low TOC from 

ground water influx. Claremore Lake has a lower alkalinity and pH compared to Lake 

Austin, and it has high TOC. The City of Claremore disposes of Christmas trees in Lake 

Claremore to promote aquatic life. These trees and erosion from nearby farmland are the 

main sources of organic matter. Claremore Lake and Lake Austin were chosen as water 

sources due to their differences in specific ultraviolet absorbance (SUVA) at 254 nm, 

which is an indication of aromaticity and reactivity with oxidants. Further discussion of 

the waters and their affects on ozonation is in Chapter 4.  
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Table 3.1: Claremore Lake and Lake Austin water parameters 

Parameter Claremore Lake Lake Austin 

Collection Date 6/18/09 7/22/09 

pH 7.5 8.0 

Alkalinity (mg CaCO3/L) 57 164.5 

UV Absorbance, 254 nm 0.185 0.059 

DOC (mg/L) 6.4 3.5 

Turbidity (NTU) 8.5 4.5 

SUVA, 254 nm 2.9 1.7 

HPOA (%) 45% 35% 

HPOA SUVA, 254nm 3.9 2.5 

TPIA (%) 19 20 

TPIA SUVA, 254 nm 2.5 1.7 

 

Table 3.2 summarizes the NOM isolation events for Claremore Lake (CL) and 

Lake Austin (LA). As a rough quality check, it is useful to estimate the expected mass of 

isolate obtained from a certain volume of water. Equation 3.1 shows the calculation for 

expected mass recovery of HPOA; the method assumes that HPOA is 50% carbon by 

weight.  

Expected mass (mg) = DOC (mg C/L) % HPOA
1 mg HPOA

0.5 mg C
Vol. applied (L) (Equation 3.1) 

Table 3.2: NOM Isolation Summary 

Parameter CL TPIA CL HPOA LA HPOA 

Volume of sample loaded onto columns (L) 201.6 201.6 423.3 

Expected mass recovery (mg) 490 1161 1037 

Mass recovered (mg) 436 1100 923 

Percent recovered 89% 95% 89% 
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3.3 RESEARCH DESIGN 

The purpose of the study was to delineate the effects of NOM, pH, and the 

carbonate system on the removal of the antibiotic ciprofloxacin by ozonation. 

Ciprofloxacin was chosen based on its documented environmental occurrence in effluents 

from wastewater treatment plants and surface waters worldwide. Ciprofloxacin is also the 

most frequently prescribed fluoroquinolone antibiotic. Furthermore, the apparent second 

order rate constant of ciprofloxacin with ozone in deionized water has been identified 

(Dodd et al., 2006). This allowed for comparison of rate constants determined in this 

study to an established baseline.  

While various processes have shown high removal efficiencies for certain trace 

organic contaminants, reverse osmosis and advanced oxidation processes (AOPs) are 

currently considered to be the most promising technologies for trace organic contaminant 

removal. Since ozone and AOPs can be installed more economically at existing drinking 

water treatment plants, ozone was selected as the oxidant. Additionally, many existing 

drinking water treatment plants use ozonation as a pretreatment process for primary 

disinfection, reduction of color and odor compounds, and improvement in flocculation. 

Therefore, these plants could simply modify operations for trace organic contaminant 

removal. NOM, pH, and the carbonate system were selected as matrices of interest 

because of their importance in drinking water sources and their effects on ozonation and 

AOPs. Batch studies were conducted to understand the effects of these natural water 

constituents on ozone and the contaminant of interest over time to determine reaction 

kinetics. The matrix of experiments is shown in Table 3.3.  
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Table 3.3: Matrix of experiments 

pH 
[HCO3

-] 
(mM) pCBA t-BuOH NOM 

7 0 1 M   
7 0.5 1 M   
7 1 1 M   
7 0  10 mM  
7 0.5  10 mM  
7 1  10 mM  
5 0 1 M   
5 1 1 M   
5 0  10 mM  
5 1  10 mM  
7 1 1 M  LA HPOA 
7 1 1 M  CL HPOA 
7 1 1 M  CL TPIA 
7 1  10 mM LA HPOA 
7 1  10 mM CL HPOA 
7 1  10 mM CL TPIA 
7 0.5 1 M  CL HPOA 
7 0.5  10 mM CL HPOA 

 

3.4 EXPERIMENTAL PROCEDURES 

3.4.1 Ozone Reactor Setup 

A diagram of the ozone reactor setup is shown in Figure 3.1. Oxygen gas flowed 

to the ozone generator (OzoneLab Model OL80W/FM100VT) through a mass-flow 

controller (Mass Flo Model 1179A-01522CS1BV) set at 30 mL/min; the generator was 

set to maximum intensity. Gaseous ozone flowed from the ozone generator through a 

three-way valve to a 500 mL gas-washing bottle containing 500 mL of deionized water. 

The gas-washing bottle was chilled on ice to increase the solubility of ozone. Waste 

gaseous ozone from the gas-washing bottle was directed to catalytic ozone destructor 
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columns. The aqueous ozone stock solution generally had a concentration between 55 

and 65 mg/L after running for several hours.  

 

 

Figure 3.1: Ozone reactor setup 

A well-mixed, batch reactor was utilized for the kinetics studies. An aliquot of the 

high strength, aqueous ozone stock solution was used to deliver the appropriate initial 

ozone concentration to a 2 L, amber glass reactor containing the contaminant of interest 

at a specified concentration with the background matrix of interest. Samples for ozone 

and the contaminant measurements were taken simultaneously using a bottle top 

dispenser (VWR LabMax); all wetted parts of the bottle top dispenser are made of 

Teflon. The reactor had a small hole drilled near the top to dose ozone because the bottle 

top dispenser was in place for sampling; the hole was several centimeters above the liquid 
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level. Before beginning an experiment, two samples were used to prime the bottle top 

dispenser, while two additional samples were taken as blanks for ozone and organic 

analysis. Immediately after dosing ozone, one sample was wasted to rinse the lines of the 

bottle top dispenser. A picture of the experimental setup is shown in Figure 3.2. From 

right to left is the oxygen supply tank, mass flow controller, ozone destructor columns, 

ozone generator, gas-washing bottle in ice bath, and reactor on stir plate with bottle top 

dispenser on top. 

 

 

Figure 3.2: Experimental setup  

3.4.2 Pre-experiment preparations 

The bottle top dispenser was cleaned with a dilute concentration of ozone to 

remove any residual organics. Following the dilute ozone rinse, 800 mL of deionized 
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water was pumped through the bottle top dispenser. The reactor was also rinsed with 

ozone to remove any contaminants and to condition the glass. The reactor was then rinsed 

six times with deionized water and given sufficient time to dry before an experiment. All 

glassware used during experimentation was cleaned according to the following 

procedure: wash with Liqui-Nox soap, rinse six times with deionized water, soak for 30 

minutes in a 10% nitric acid solution, rinse three times with deionized water, and bake at 

550ºC for one hour.  

3.4.3 Carbonate free experiments 

Carbonate free solutions were prepared in a glove box (Labconco Protector Glove 

Box, Catalog Number 50700009147) in a nitrogen rich environment. Carbonate free 

water was prepared by autoclaving deionized water for 30 minutes. After cooling in the 

autoclave for 30 minutes, the water was transferred to the glove box to reach room 

temperature. Any solutions transferred to the glove box were first purged with nitrogen. 

The experimental solution was prepared with carbonate free water and transferred to the 

reactor, where the pH was adjusted. Upon leaving the glove box, the headspace of the 

reactor was filled with argon gas to prevent gas transfer of carbon dioxide from the 

atmosphere to the solution.  

3.5 DETERMINATION OF RATE CONSTANTS FOR THE REACTION OF PHARMACEUTICALS 

WITH OZONE AND HYDROXYL RADICALS 

Experiments were conducted at 0.3 µM (100 µg/L) ciprofloxacin with 1 mM 

phosphate buffer and 3 mM NaCl; pH was adjusted with 5 N HCl or NaOH solutions. 

Ozone doses for carbonate free and 1 mM bicarbonate experiments were 11.5 μM (0.55 

mg/L) and 6.3 μM (0.3 mg/L), respectively. The ozone dose for experiments containing 

NOM at 0.5 mg/L (as TOC) was 11.5 μM (0.55 mg/L). The hydroxyl radical scavenger t-
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butanol (k”
app,O3,t-BuOH = 0.003 M-1s-1 and k”

app,HO·,t-BuOH = 6×108 M-1s-1) was used to 

isolate reaction of ciprofloxacin with ozone. In separate experiments, the probe 

compound para-chlorobenzoic acid (pCBA), which has second order rate constants of 

k”
app,O3,pCBA = 0.15 M-1s-1 and k”

app,HO·,pCBA = 5.2×109 M-1s-1, was employed to determine 

hydroxyl radical exposure (Neta and Dorfman, 1968; Hoigne and Bader, 1983; Buxton et 

al., 1988; Yao and Haag, 1991). The concentrations of pCBA and t-butanol used in 

experiments were 1 μM and 10 mM, respectively (Huber et al., 2003; Elovitz and von 

Gunten, 1999). 

The decay of ozone was modeled using first-order kinetics (von Gunten, 2003). 

Ozone exposure was calculated by integration of the ozone concentration over reaction 

time; the ozone exposure model was calculated from the integration of the concentration 

of ozone from the first-order model for ozone decomposition. For experiments containing 

t-butanol, the apparent second-order rate constant for ciprofloxacin with ozone was found 

using Equation 3.2: 

      dt OCipCipln 3PhaC ,Oo 3  k  (Equation 3.2) 

Cip represents ciprofloxacin and [Cip] its concentration, kO3, PhAC is the second order rate 

constant for the pharmaceutical with ozone, and ∫ [O3] dt is the ozone exposure. 

Experiments with pCBA determined hydroxyl radical exposure and ultimately Rct, the 

ratio of hydroxyl radical exposure to ozone exposure. The integrated rate expression for 

the overall removal of ciprofloxacin by O3 and hydroxyl radicals is formulated in 

Equation 3.3. The overall removal rate constant can be described by the term kT, as 

shown by Equation 3.4. The apparent second-order rate constant for ciprofloxacin with 

hydroxyl radicals, kHO°, was calculated according to Equation 3.5 (Elovitz and von 

Gunten, 1999). 
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ln Cip Cip o⁄  = - kO3
+kHO°Rct O3 dt (Equation 3.3) 

kT = kO3
 + kHO°Rct (Equation 3.4) 

kHO°= kT - kO3
Rct (Equation 3.5) 

3.6 ANALYTICAL METHODS 

3.6.1 Chemicals and Stock Solutions 

Ciprofloxacin was purchased from VWR. t-Butanol and para-chlorobenzoic acid 

(pCBA) came from Fisher Scientific and Acros Organics, respectively. Stock solutions of 

ciprofloxacin and pCBA were prepared at 602 μM (200 mg/L) and 50 μM (7.8 mg/L), 

respectively. Reconstituted NOM solutions were made at 1 g NOM/L with deionized 

water; the DOC concentration of the NOM stock solutions was verified before 

experimentation. Stock solutions were stored in the dark at 4ºC. 

3.6.2 High Performance Liquid Chromatography 

High performance liquid chromatography (HPLC; Waters Corporation, Milford, 

MA) was used for ciprofloxacin and pCBA detection. A Sonoma C18 column (3 μm 

particle size, 3.2 mm by 150 mm) was employed for both compounds. The flow rate was 

0.7 mL/min and the column temperature was set at 40ºC. The sample volumes for 

ciprofloxacin and pCBA were 50 and 100 μL, respectively. For ciprofloxacin, the eluent 

gradient was based on the method described by Golet et al. (2002) but optimized for our 

system: 7% acetonitrile (ACN), 93% 25-mM H3PO4 for 2 min; 3 min ramp to 12% ACN, 

88% 25-mM H3PO4; 2 min ramp to 15% ACN, 85% 25-mM H3PO4; 3 min ramp to 20% 

ACN, 80% 25-mM H3PO4; 10 min isocratic. Excitation and emission wavelengths were 

278 nm and 445 nm, respectively. Analysis of pCBA was based on the method described 

by De Witte et al. (2009): a moile phase containing 75% water (0.1% phosphoric acid) 

and 25% ACN with quantification at 234 nm.  
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Appropriate cleaning of the column was performed after analyzing ciprofloxacin 

and pCBA due to low concentrations of indigo blue in the samples. The column was 

cleaned at 0.7 mL/min according to the following method recommended by the column 

manufacturer: deionized water for 10 minutes, 15% ACN and 85% deionized water for 

17 minutes, 85% ACN and 15% deionized water for 17 minutes, then 65% ACN and 

35% deionized water for 5 minutes. A wet prime and injector purge was performed last to 

clean the system components. The column was always stored in 65% ACN and 35% 

deionized water. 

3.6.3 Ozone  

Ozone stock solutions were measured by direct ozone absorbance at 258 nm, 

using the known molar absorptivity of ozone (3000 M-1cm-1; Acero and von Gunten, 

1981). Ozone stock solutions were diluted 1:7 with 5 mM phosphate buffer before 

measuring the absorbance in a 1 cm quartz cuvette. A 1000 μL electronic pipette with 

disposable, plastic pipette tips was used to dispense an aliquot of aqueous ozone stock 

solution to the cuvette; the pipette tip was conditioned three times before drawing and 

dispensing the sample. The cuvette was covered with a Teflon cap immediately after 

dispensing the aqueous ozone stock solution. The sample was measured on the 

spectrophotometer within 30 seconds to minimize ozone decomposition. At least three 

measurements of the absorbance were taken before beginning an experiment to guarantee 

the concentration of the stock solution. All experiments were dosed with a specific 

concentration of aqueous ozone stock solution based on the measured concentration. 

Specific glass pipettes that were pretreated for ozone demand were used to dose 

experiments. 



 36

The indigo colorimetric method (4500-O3 Residual; AWWA, 2005) was 

employed to measure ozone in reaction solutions. Ozone samples were diluted 9:10 with 

indigo reagent II, which also quenched the reaction. 13.5 mL samples from the bottle top 

dispenser were delivered to a 25 mL beaker containing 1.5 mL indigo reagent II. The 

bottle top dispenser was used with care to minimize bubble formation during sampling, 

and the receiving beaker was slightly swirled to encourage mixing (Bader and Hoigne, 

1981). Two blanks (with respect to ozone) were taken before each experiment; the blanks 

also functioned as initial concentration samples for ciprofloxacin and pCBA. Sample 

absorbances were analyzed in a 4 cm glass cell at 600 nm. Equation 3.6 shows how to 

convert the difference in absorbance between sample and blank to ozone concentration: 

mol O3/L 
A600nm

L


sample volume

total volume
 (Equation 3.6) 

where ΔA, ε, and L are the difference in absorbance between sample and blank, molar 

absorptivity (20,000 M-1cm-1), and path length of cell (cm), respectively.  

3.6.4 pH  

pH measurements were taken with a Thermo Electron Corporation pH meter 

(Orion 720 A+), calibrated before use with three standard buffers (pH 4.0, 7.0, and 10.0). 

pH measurements were taken before and after experimentation at ambient temperature.  
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Chapter 4: Results 

The goal of this research was to understand the impact of natural water 

characteristics on the ozonation of the antibiotic ciprofloxacin. As part of the main 

objective, several tasks were performed. First, tracer studies were completed to 

understand the hydraulic characteristics of the reactor utilized during experimentation. 

Ozonation experiments were conducted in the laboratory using a batch reactor; the 

variables investigated were pH, bicarbonate concentration, and different natural organic 

matter matrices. The effects of these natural water parameters on oxidant exposure and 

oxidation of ciprofloxacin were studied. Data collected from the batch reactor 

experiments were used to determine apparent second-order rate constants for the 

destruction of ciprofloxacin by ozone and hydroxyl radicals. 

4.1 TRACER STUDIES 

Tracer studies were performed on the experimental reactor to characterize the 

hydrodynamics of the system. Approximately 1.2 g of the conservative tracer, sodium 

chloride (NaCl), was added to the 2 L batch reactor at the start of each experiment, and 

conductivity was measured over time. This concentration of NaCl (0.6 g/L) yielded a 

conductivity of 1160 µS/cm. Figure 4.1 presents the conductivity of each sample (Ct) 

normalized to the final conductivity value (Cf) measured in the system at the end of the 

experiment (Ct/Cf) for three replicate tracer studies. The data show that samples reached 

values of Ct/Cf = 0.96±0.15 approximately 15 seconds after the dose was delivered to the 

reactor for each of the three replicate experiments. Lower values of Ct/Cf observed at 

earlier sampling times suggest that either the reactor did not achieve complete mixing 

instantaneously or the variability in the initial samples may be due to error associated 

with the sampling method as explained in Chapter 3. 
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Figure 4.1: Tracer studies on the experimental reactor. The conductivity of each 
sample (Ct) is normalized to the final conductivity value (Cf) measured in the system 
at the end of the experiment (Ct/Cf) 

The results of the tracer studies have direct implications on the determination of 

apparent second-order rate constants for the reaction of ciprofloxacin with ozone and 

hydroxyl radicals. If the system is not completely mixed in the first 15 seconds, then 

there is the potential for a systematic bias; this bias could be reflected in values of rate 

constants extracted from the data. It should be noted that the region of instantaneous 

ozone demand described in the literature review occurs within this initial period of 

incomplete mixing. As a result, no attempts were made to quantify oxidation kinetics 

associated with the instantaneous ozone demand. 
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4.2 DETERMINATION OF RATE CONSTANTS 

4.2.1 Analysis of a Single Experiment 

Apparent second-order rate constants for the reactions of ciprofloxacin with ozone 

and hydroxyl radicals were determined from experiments conducted with solutions with 

varying pH, bicarbonate concentrations, and natural organic matter matrices. The 

concentrations of ozone, ciprofloxacin, and the probe compound para-chlorobenzoic acid 

(pCBA) were monitored during experimentation to quantify the effects of ozone and 

hydroxyl radicals on ciprofloxacin transformation. In separate experiments, t-butanol was 

utilized to isolate the reaction of ciprofloxacin with ozone by scavenging hydroxyl 

radicals. Details of the methodology used to determine the apparent second-order rate 

constants of ciprofloxacin with ozone and hydroxyl radicals can be found in Sections 

2.2.2 and 3.5 of this thesis. Results from experiments conducted at pH 5 with 1 mM 

bicarbonate are used here to illustrate the approach for determining rate constants. 

The first step was to determine the first-order rate constant for ozone 

decomposition. Figure 4.2a shows the decrease in ozone concentration as a function of 

time for the experiment conducted with 10 mM t-butanol at pH 5 and 1 mM bicarbonate. 

The initial sharp decrease in ozone concentration is due to the instantaneous ozone 

demand discussed previously. The second phase of ozone decay can be described using 

first-order kinetics (Buffle, 2005) in which the rate of decay is proportional to the ozone 

concentration. For the batch reactor used in this research: 

d O3

dt
 = -kO3

O3  (Equation 4.1) 
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Integration of this equation yields: 

ln
O3

O3 o
= -kO3

t (Equation 4.2) 

Thus, the first-order rate constant was obtained by plotting the natural log of 

normalized ozone concentration versus time from t = 15 seconds. The first-order rate 

constant for ozone decomposition was 0.13 min-1 (R2=0.95). Essentially the same value 

of the rate constant was obtained when data collected at times less than 25 seconds were 

omitted from the analysis (0.14 min-1).  

 

 

 

Figure 4.2: Illustration of (a) ozone concentration history and (b) transformed ozone 
data used to determine the first-order rate of decay.  
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Ozone concentration data and the first-order ozone decay rate were used to 

determine ozone exposure. Ozone exposure was calculated by the integration of the 

ozone concentration over the reaction time by the trapezoidal rule: 

O3
N

i
dt = ∑ ti+1- ti

N
i=1

O3 ti
+ O3 ti+1

2
 (Equation 4.3) 

where the symbols i and N represent the first and last time points of the experiment, 

respectively. Ozone concentration and exposure are shown in Figure 4.3; ozone 

concentration data are repeated from Figure 4.2. The decay of ozone in this experiment 

was relatively slow because there was a low concentration of hydroxyl anions in solution 

to initiate the decomposition of ozone. Furthermore, fewer hydroxyl radicals were 

available to participate in the radical-type chain decomposition of ozone due to hydroxyl 

radical scavenging by t-butanol. The ozone exposure was nearly linear with respect to 

time because of the slow ozone decomposition. The ozone concentrations determined 

from the first-order decay rate were also integrated by the trapezoidal rule, which is 

represented as the ozone exposure model.  
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Figure 4.3: Illustration of approach used to determine ozone exposure from 
experimental data and the first-order ozone decay rate. Data (d) are plotted as 
symbols and the model simulations (m) are represented as lines in the figure. 

Once the ozone data have been converted to ozone exposure, then the 

ciprofloxacin concentration-time series data can be transformed to concentration-ozone 

exposure series data. This process is shown in Figure 4.4a in which the ciprofloxacin 

concentration data are log transformed and normalized to the initial concentration. The 

transformed data were then linearly regressed where the slope of the line is the apparent 

second-order rate constant for the reaction of ciprofloxacin with ozone as shown in 

Equation 4.4: 

ln
Cip

Cip 0
 = - kO3,Cip

" O3dt (Equation 4.4) 

where [Cip] represents ciprofloxacin concentration and k”
O3,Cip the apparent second-order 

rate constant for ciprofloxacin with ozone. The apparent second order rate constant for 

the reaction of ciprofloxacin with ozone at pH 5 with 1 mM bicarbonate is 

1.26×103 M-1s-1 (R2=0.9921). Removal of data points collected prior to 25 seconds had 
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no impact on the value of the rate constant (1.25×103 M-1s-1) and yielded a correlation 

coefficient that was comparable to the value obtained using all of the data. This result 

suggests that the apparent incomplete mixing observed in the first 25 seconds of the 

tracer studies did not impact the kinetic analysis. Indeed, model fits to the experimental 

data shown in Figure 4.4b are indistinguishable for the two analyses.  

 

 

 

Figure 4.4: Illustration of (a) approach used to determine the apparent second-order 
rate constant for the reaction of ciprofloxacin with ozone and (b) experimental data 
and model fits 
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To determine the overall removal rate constant and the apparent second-order rate 

constant of ciprofloxacin with hydroxyl radicals at pH 5 and 1 mM bicarbonate, a 

separate experiment that also included 1 µM pCBA was conducted. The probe compound 

pCBA was employed to determine hydroxyl radical exposure (Elovitz and von Gunten, 

1999). The integrated rate expression for the overall removal of ciprofloxacin by O3 and 

hydroxyl radicals is formulated in Equation 4.5. The overall removal rate constant can be 

described by the term kT, as shown by Equation 4.6.  

ln Cip Cip o⁄  = - kO3
+kHO°Rct O3 dt (Equation 4.5) 

kT = kO3
 + kHO°Rct (Equation 4.6) 

The ciprofloxacin concentration data are log transformed, normalized to the initial 

concentration, and plotted against ozone exposure, as shown in Figure 4.5. The slope of 

the line is the overall removal rate constant for ciprofloxacin, kT. The overall removal 

rate for ciprofloxacin at pH 5 and 1 mM bicarbonate was 4.88×103 M-1s-1. 

 

 

Figure 4.5: Illustration of approach used to determine the overall removal rate, kT, 
at pH 5 and 1 mM bicarbonate 
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Since pCBA has a low reactivity with ozone but reacts quickly with hydroxyl 

radicals, it was utilized as a probe for hydroxyl radical exposure: 

d pCBA

dt
 = - kHO°, pCBA

" pCBA HO°  (Equation 4.7) 

Integration of this equation yields: 

ln
pCBA

pCBA 0
= - kHO°, pCBA

" HO° dt (Equation 4.8) 

The ratio of hydroxyl radical exposure to ozone exposure is defined as Rct, as shown in 

Equation 4.9: 

Rct= HO° dt O3 dt⁄  (Equation 4.9) 

Substitution of Equation 4.9 into Equation 4.8 gives: 

ln
pCBA

pCBA 0
= -kHO°, pCBA

" Rct O3 dt (Equation 4.10) 

Equation 4.10 shows that Rct can be determined by measuring the decrease in pCBA and 

ozone concentrations over time. By plotting the left side of Equation 4.10 versus the 

ozone exposure, Rct can be calculated by the slope of the linear regression, as shown in 

Figure 4.6. The slope of the line was divided by k”
HO°,pCBA=5.2×109 M-1s-1 to determine 

Rct. The value of Rct for the experiment at pH 5 and 1 mM bicarbonate was 7.85E-8. 
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Figure 4.6: Illustration of approach used to determine Rct at pH 5 and 1 mM HCO3
- 

pCBA reacted slowly due to low hydroxyl radical concentrations in this 

experiment. This result is consistent with the literature (Elovitz and von Gunten, 2000). 

The apparent second-order rate constant for ciprofloxacin with hydroxyl radicals was 
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similar to the value found in this work, 1.26×103 M-1s-1. Dodd et al. (2006) did not 

determine the apparent second-order rate constant for ciprofloxacin with hydroxyl 

radicals at pH 5. However, he did report a substantially higher rate constant for hydroxyl 

radicals compared to ozone at pH 7 which is consistent with this work. Since hydroxyl 

radicals react with aqueous compounds indiscriminately, high rate constants for reactions 

with hydroxyl radicals are expected. Ozone, however, is a selective oxidant that attacks 

electron rich moieties, such as carbon-carbon double bonds and amine groups, both of 

which are present on ciprofloxacin. Thus, it is reasonable that the rate of ciprofloxacin 

with O3 contributes to the rate of the reaction but is much slower than the rate with 

hydroxyl radicals. 
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Figure 4.7: Ciprofloxacin removal by ozone and hydroxyl radicals at pH 5 and 
1 mM bicarbonate. Empty symbols represent the O3 oxidation and solid symbols 
represent the overall oxidation; models show the impacts of ozone (dash-dot line), 
hydroxyl radicals (dotted line), and the overall reaction (solid line). 
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(Acero and von Gunten, 2000). Notice that the rate constants for hydroxyl radicals with 

bicarbonate and carbonate are different and, thus, pH has a significant effect on the 

overall rate of hydroxyl radical scavenging.  

HCO3
-  + °OH → HCO3° + OH- k”

bicarbonate,HO° = 8.5×106 M-1s-1 (Equation 4.12) 

CO3
2- + °OH → CO3°- + OH- k”

carbonate,HO° = 3.9×108 M-1s-1 (Equation 4.13) 

During advanced oxidation processes with hydrogen peroxide, the carbonate system acts 

as a promoter of ozone decomposition by utilizing the radicals formed via Equations 4.12 

and 4.13 to accelerate the decay of ozone. The carbonate radicals (e.g., HCO3°) formed 

from these reactions can propagate the radical chain by reacting with hydrogen peroxide 

(H2O2) and the hydroperoxide ion (HO2
-) to form superoxide (HO2°), which reacts 

quickly with ozone to accelerate its decomposition through the formation of hydroxyl 

radicals (Acero and von Gunten, 2000). In this research, the carbonate system functions 

only as an inhibitor of ozone decomposition since hydrogen peroxide is not utilized in 

experimentation. 

As noted above, the ratio of hydroxyl radical exposure to ozone exposure is 

described by the term Rct (Elovitz and von Gunten, 1999). Rct values depend on water 

quality parameters such as pH, alkalinity, dissolved organic carbon concentration, and 

temperature (von Gunten, 2003). Figure 4.8 shows the effect of bicarbonate concentration 

on Rct at (a) pH 5 and (b) pH 7. Hydroxyl radical exposures and ozone exposures are 

shown in Appendix A for all data sets. Increasing the concentration of bicarbonate from 0 

to 1 mM resulted in a decrease in Rct at both pH 5 and 7; the decrease was more profound 

at pH 7. Increased bicarbonate concentration led to more hydroxyl radical scavenging, 

greater inhibition of the radical-type chain decomposition of ozone, slower rates of ozone 
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decomposition, and consequently higher Rct values. This type of behavior was expected 

based on the known role of carbonate chemistry on ozone.  

 

 

 

Figure 4.8: The effect of bicarbonate concentration on Rct at (a) pH 5 and (b) pH 7 

For 0 and 1 mM bicarbonate, Rct values were higher at pH 7 compared to pH 5. 

Since hydroxyl anions initiate the decomposition of ozone that eventually produces 

hydroxyl radicals, an increase in pH resulted in lower ozone exposure, greater hydroxyl 

radical exposure, and higher Rct values. At 1 mM bicarbonate, the concentrations of 

carbonate were 5×10-6 mM and 5×10-4 mM for pH 5 and 7, respectively. The product of 

k”
bicarbonate,HO° times the concentration of bicarbonate gives the relative reaction rate for 
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bicarbonate with hydroxyl radicals; the product was 8.5×103 s-1 at pH 5 and 7 since 

bicarbonate concentration was constant. The product of k”
carbonate,HO° times the 

concentration of carbonate was 2.0 s-1 and 2.0×102 s-1 for pH 5 and 7, respectively. Thus, 

bicarbonate was the primary hydroxyl scavenger at both pH 5 and 7. The impact of 

bicarbonate concentration and pH on Rct directly influences the oxidation of ciprofloxacin 

by ozone and hydroxyl radicals.  

Figure 4.9 shows the effects of bicarbonate concentration on ciprofloxacin 

degradation by ozone and hydroxyl radicals at (a) pH 5 and (b) pH 7 as a function of 

ozone exposure; experiments were conducted at 0 and 1 mM bicarbonate. At pH 5, the 

results show similar reaction rates for the removal of ciprofloxacin by O3at 0 and 1 mM 

bicarbonate; the same trend was found at pH 7. Thus, bicarbonate concentration does not 

exhibit an effect on the oxidation of ciprofloxacin by O3. Since ozone does not react 

directly with the carbonate system, it is reasonable to conclude that bicarbonate 

concentration does not impact the removal of ciprofloxacin by O3 (Acero and von 

Gunten, 2000). However, the increase in bicarbonate concentration from 0 to 1 mM 

caused a decrease in the effect of hydroxyl radicals on the removal of ciprofloxacin. 

Increasing the concentration of bicarbonate from 0 to 1 mM led to slower overall removal 

of ciprofloxacin at both pH values. The decrease in Rct values with the addition of 

bicarbonate demonstrated the impact of hydroxyl radical scavenging by the carbonate 

system. Therefore, scavenging of hydroxyl radicals by the carbonate system reduces the 

amount of the oxidant available for reaction and impacts the overall oxidation of 

ciprofloxacin. Similar results would be expected for other pharmaceuticals for which the 

dominant removal mechanism during ozonation is attack by hydroxyl radicals.  
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Figure 4.9: Effect of bicarbonate on ciprofloxacin removal by ozone and hydroxyl 
radicals at (a) pH 5, (b) pH 7 with 0 mM HCO3

-, and (c) pH 7 with 1 mM HCO3
-. 

Empty symbols represent O3 oxidation and solid symbols represent overall 
oxidation; models show the impacts of O3, HO°, and overall reaction. 
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Several differences were observed between the experiments conducted at pH 5 

and 7 that highlight the role of the hydroxyl radicals. First, hydroxyl radicals were the 

primary oxidant for ciprofloxacin removal at pH 5 for both the 0 and 1 mM bicarbonate 

experiments. Increasing the pH from 5 to 7 led to faster removal of ciprofloxacin by O3 

and faster overall removal of ciprofloxacin in both cases. However, the primary oxidant 

shifted to ozone for the experiment conducted at pH 7 and 1 mM bicarbonate.  

These observations are consistent with ozone and ciprofloxacin chemistry. Since 

hydroxyl anions initiate the radical-type chain decomposition that produces hydroxyl 

radicals, the relative reaction rate increases at a higher pH as more hydroxyl radicals are 

produced. Furthermore, at pH 7, ciprofloxacin becomes more reactive from deprotonation 

at the N(4) amine (Dodd et al., 2006) and degradation of ciprofloxacin at the quinolone 

moiety is enhanced at neutral pH (De Witte et al., 2009). Thus, at pH 7 and 1 mM 

bicarbonate, the sequestration of hydroxyl radicals by bicarbonate is compensated by the 

increase in reactivity with ozone such that the overall rate is higher.  

These observations are confirmed by the values obtained for the apparent second-

order rate constants for the reaction of ciprofloxacin with ozone and hydroxyl radicals 

shown in Table 4.4. The increase in pH from 5 to 7 led to an order of magnitude increase 

for the reaction rates of ciprofloxacin with O3 at 0 and 1 mM bicarbonate.  
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Table 4.4: Apparent second-order rate constants for ciprofloxacin with ozone and 
hydroxyl radicals with different pH values and bicarbonate concentrations 

  pH 5 pH 7 

  0 mM HCO3
- 1 mM HCO3

- 0 mM HCO3
- 1 mM HCO3

- 

k"
O3, Cip 1.15×103 1.26×103 1.49×104 1.54×104 

k"
Tot, Cip 8.70×103 4.88×103 4.01×104 2.34×104 

k"
HO° × Rct 7.55×103 3.62×103 2.51×104 8.05×103 

Rct 5.81×10-7 7.85×10-8 1.94×10-6 4.46×10-7 

k"
HO° 1.30×1010 4.62×1010 1.29×1010 1.80×1010 

 

Compared to other pharmaceuticals, ciprofloxacin oxidation rates with O3 fall 

within the middle of the range of reported values for other pharmaceuticals. Huber et al. 

(2003) studied the ozonation of several pharmaceutical compounds to determine apparent 

second-order rate constants of each compound with O3 and hydroxyl radicals. Rate 

constants for O3 varied considerably from 7.5×10-1 to 7×109 M-1s-1, indicating the wide 

range of rate constants for the reaction of O3 with pharmaceutical compounds (Huber et 

al., 2003).  

Dodd et al. (2006) reported the apparent second-order rate constant for 

ciprofloxacin with O3 at pH values ranging from 3 to 8. The rate constants for O3 

determined by Dodd et al. (2006) at pH 5 and pH 7 in Nanopure water, 1×103 M-1s-1and 

1.9×104 M-1s-1, are comparable to the rate constants found in this thesis.  

Rate constants for the reaction of ciprofloxacin with hydroxyl radicals varied 

from 1.29×1010 to 1.80×1010 for three of the four rate constants (see Table 4.1). The rate 

constant for the experiment conducted at pH 5 and 1 mM bicarbonate had very little 

change in pCBA concentration over time, meaning few hydroxyl radicals were produced. 

This observation is consistent with ozone chemistry under the experimental conditions. 
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At pH 5 and 1 mM bicarbonate, ozone decay is very slow due to hydroxyl radical 

scavenging by the carbonate system and fewer hydroxyl anions to initiate the 

decomposition of ozone. While Dodd did not determine rate constants for hydroxyl 

radicals over the entire pH range, he did report a value at pH 7 of 

k”
HO°,Cip=4.1(±0.3)×109 M-1s-1, which is slower compared to the values reported in this 

research. An et al. (2010) reported k”
HO°,Cip=2.15(±0.1)×1010 M-1s-1 by pulse radiolysis at 

pH 7, which is very similar to rates found in this research.  

This research suggests that the relative impact of hydroxyl radicals on the 

mechanism of decay is dependent on pH and carbonate concentration. However, 

regardless of the conditions, the rates of oxidation by ozonation are relatively rapid. 

Several studies have examined the kinetics of ciprofloxacin removal by other oxidantion 

processes, including free available chlorine and potassium permanganate. Dodd et al. 

(2005) investigated the kinetics and mechanisms of ciprofloxacin removal by free 

available chlorine (HOCl, OCl-). HOCl was found to react very quickly with the N(4) 

amine group, similar to ozone. The second-order rate constants for reactions of HOCl 

with the ciprofloxacin cation, neutral compound, and anion were 4.3(±6.6)×103, 

3.8(±2.4)×105, and 4.9(±1.9)×107 M-1s-1, respecively (Dodd et al., 2005). These rates 

correspond to pH 5, 7.5, and 10. The rate constants of ciprofloxacin with HOCl are 

higher than the rates with O3 alone. However, the rate constant for hydroxyl radicals with 

pharmaceutical compounds is much higher (on the order of 109 M-1s-1). Therefore, the 

effect of hydroxyl radical scavenging can have a significant impact on the reaction 

efficiency of chlorine versus ozone. The second-order rate constant of ciprofloxacin with 

potassium permanganate was 0.61(±0.02) M-1s-1 and, therefore, potassium permanganate 

has a low reactivity with ciprofloxacin compared to ozone and chlorine (Hu et al., 2010). 

Additionally, pH had a small effect on rates of ciprofloxacin removal by potassium 
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permangante. For drinking water treatment applications, ozone and chlorine react 

relatively quickly with ciprofloxacin, while potassium permanganate has a lower 

reactivity with ciprofloxacin.  

4.4 EFFECTS OF NATURAL ORGANIC MATTER 

Ozonation processes can be greatly impacted by the presence of natural organic 

matter in the source water. Specifically, natural organic matter affects the ozonation 

process through direct reactions with ozone and hydroxyl radicals. Depending on the 

nature of the organic matter, these substances can behave as promoters or inhibitors of 

the radical-type decomposition of ozone. Generic reactions of natural organic matter with 

hydroxyl radicals are shown in Equations 4.14 and 4.15 (Acero and von Gunten, 2000).  

NOM + HO° → αO2
- ° + products (Equation 4.14) 

NOM + HO° →  O2
-  + products (Equation 4.15) 

Some fractions of natural organic matter react with hydroxyl radicals to form the 

superoxide radical and, thus, promote the ozone decomposition reaction. Other fractions 

of natural organic matter react with hydroxyl radicals to form species that do not 

accelerate the decomposition of ozone. Because natural organic matter varies with respect 

to the distribution of these fractions, the source and nature of natural organic matter 

influence the reactivity of the substance with ozone and hydroxyl radicals. This study 

utilized natural organic matter from two sources to study the effects of organic matter 

variation on the oxidation of ciprofloxacin by ozone and hydroxyl radicals.  

The impact of natural organic matter on the ozonation of ciprofloxacin was 

investigated at pH 7 with 1 mM bicarbonate. Claremore Lake (CL) hydrophobic organic 

acid (HPOA) was utilized at 0.5 mg/L of total organic carbon (TOC) during 

experimentation. The effect of natural organic matter on Rct is shown in Figure 4.10, 
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where the pCBA experimental results are shown with and without natural organic matter. 

The Rct value was slightly greater for the experiment with 0.5 mg/L Claremore Lake 

HPOA compared to the value obtained from the comparable study conducted without 

NOM. As reported in several studies (Acero and von Gunten, 2000; Westerhoff et al., 

1999), portions of natural organic matter can act as promoters or inhibitors of ozone 

decay. It is possible that some fraction of the Claremore Lake HPOA was scavenging 

hydroxyl radicals and ozone, while another fraction was reacting with hydroxyl radicals 

to produce the superoxide radical and further generate more hydroxyl radicals. The 

decrease in ozone exposure coupled with production of hydroxyl radicals from the 

radical-type reaction led to the slight increase in Rct. 

 

 

Figure 4.10: Effect of natural organic matter on Rct at pH 7 and 1 mM bicarbonate  

The effect of natural organic matter on ciprofloxacin removal by ozone and 

hydroxyl radicals as a function of ozone exposure is shown in Figure 4.11. The overall 

removal of ciprofloxacin, which includes the quantitative effects of ozone and hydroxyl 

radicals, was not impacted by the presence of natural organic matter. Furthermore, the 

addition of natural organic matter did not impact the rate of ciprofloxacin oxidation by O3 
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or hydroxyl radicals, as reflected in experimental results and model fits. These trends are 

supported by rate constants for the removal of ciprofloxacin by O3 and hydroxyl radicals 

with and without natural organic matter, which are shown in Table 4.1. The apparent 

second-order rate constant for ciprofloxacin removal by O3 was not affected by the 

presence of natural organic matter. The presence of Claremore Lake HPOA at 0.5 mg/L 

caused an apparent decrease in k”
HO°, Cip of approximately 20% but the value is within the 

range of values found in the four experiments reported in the previous section. 

 

 

Figure 4.11: Effect of natural organic matter on ciprofloxacin removal by ozone and 
hydroxyl radicals; 0 and 0.5 mg/L CL HPOA at pH 7 and 1 mM bicarbonate 
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Table 4.1: Effect of the presence of natural organic matter on apparent second-
order rate constants for ciprofloxacin with ozone and hydroxyl radicals (M-1s-1; 

pH 7 and 1 mM bicarbonate) 

  
No NOM CL HPOA 

  

k"
O3, Cip 1.54×104 1.59×104 

k"
Tot, Cip 2.34×104 2.52×104 

k"
HO° × Rct 8.05×103 9.35×103 

Rct 4.46×10-7 6.52×10-7 

k"
HO° 1.80×1010 1.43×1010 

 

The effect of bicarbonate concentration on Rct in the presence of natural organic 

matter is shown in Figure 4.12; experiments were conducted at pH 7 with 0.5 mg/L 

Claremore Lake HPOA. As the bicarbonate concentration increased from 0.5 to 1 mM, 

the Rct value decreased due to scavenging of hydroxyl radicals by the carbonate system 

and increased ozone stabilization. The same trend was observed in experiments 

conducted without natural organic matter.  

 

 

Figure 4.12: Effect of bicarbonate concentration on Rct in the presence of 0.5 mg/L 
CL HPOA at pH 7 

-2.0

-1.6

-1.2

-0.8

-0.4

0.0

0.E+00 1.E-04 2.E-04 3.E-04

p
C

B
A

,  
ln

(C
/C

o)

Ozone exposure (M-s)

0.5 mM HCO3
-

Rct=1.38E-06

1 mM HCO3
-

Rct=6.52E-07



 60

Figure 4.13 shows the effect of bicarbonate concentration on ciprofloxacin 

degradation in the presence of 0.5 mg/L Claremore Lake HPOA. Similar to experiments 

conducted without natural organic matter, the removal of ciprofloxacin by ozone was not 

impacted much by the concentration of bicarbonate since ozone does not react directly 

with bicarbonate. However, the removal of ciprofloxacin by hydroxyl radicals was 

impacted by the increase in bicarbonate concentration from 0.5 to 1 mM. Although the 

increase in bicarbonate concentration from 0.5 to 1 mM affected the oxidation of 

ciprofloxacin by hydroxyl radicals, the overall removal of ciprofloxacin was not 

influenced.  
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Figure 4.13: Effect of bicarbonate on ciprofloxacin removal by ozone and hydroxyl 
radicals in the presence of 0.5 mg/L CL HPOA 
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Table 4.2: Effect of bicarbonate concentration on apparent second-order rate 
constants for ciprofloxacin with ozone and hydroxyl radicals in the presence of 

0.5 mg/L CL HPOA at pH 7 

  0.5 mM HCO3
- 1 mM HCO3

- 

k"
O3, Cip 1.64×104 1.59×104 

k"
Tot, Cip 3.43×104 2.52×104 

k"
HO° × Rct 1.79×104 9.35×103 

Rct 1.38×10-6 6.52×10-7 

k"
HO° 1.30×1010 1.43×1010 

 

The effect of the source of natural organic matter on Rct is shown in Figure 4.14; 

experiments were performed at pH 7 with 1 mM bicarbonate. Claremore Lake HPOA and 

Lake Austin (LA) HPOA were added to the system at a concentration of 0.5 mg/L. The 

Lake Austin Rct value was lower than Claremore Lake HPOA (and experiments without 

NOM) by approximately a factor of 3. The reduction in Rct with this lower SUVA254 

NOM suggests that Lake Austin NOM did not react with ozone as rapidly. This is 

consistent with research that suggests that higher SUVA254 NOM is  expected to be more 

reactive with ozone (Westerhoff et al., 1999). Claremore Lake HPOA (3.9 L/mg-m) is 

distinctly greater than that of the Lake Austin HPOA (2.5 L/mg m).  Thus, the Rct value 

for Claremore Lake HPOA was higher because natural organic matter was reacting 

preferentially with ozone compared to the hydroxyl radicals. Westerhoff et al. (1999) 

found that ozone reacts preferentially with the aromatic content of natural organic matter, 

which correlates to higher SUVA254 values. Furthermore, the study found that hydroxyl 

radicals were less selective with natural organic matter than ozone. Elovitz and von 

Gunten (2000) found that organic matter source can cause significant differences in rates 

of ozone decomposition, which impacts hydroxyl radical exposure and ozone exposure. 

However, in this study it appeared that the more reactive NOM showed little impact on 
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Rct values whereas the lower SUVA254 NOM demonstrated differences compared to a 

comparable system without NOM. 

 

 

Figure 4.14: Effect of natural organic matter source on Rct; 0.5 mg/L CL and LA 
HPOA at pH and 1 mM bicarbonate 
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natural organic matter. Furthermore, there appeared to be a decrease in the rates of 

oxidation of ciprofloxacin with ozone and with hydroxyl radicals for Lake Austin while 

there was no impact in the presence of Claremore Lake HPOA.  
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Figure 4.15: Effect of natural organic matter source on ciprofloxacin removal by 
ozone and hydroxyl radicals; 0.5 mg/L LA and CL HPOA at pH 7 and 1 mM 
bicarbonate 
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major contributor to the reduction in ciprofloxacin degradation in the presence of Lake 

Austin HPOA is the impact on Rct. 

Table 4.3: Effect of NOM source on apparent second-order rate constants for 
ciprofloxacin with ozone and hydroxyl radicals at pH 7 and 1 mM bicarbonate 

  No NOM CL HPOA LA HPOA 

k"
O3, Cip 1.54×104 1.59×104 8.67×103 

k"
Tot, Cip 2.34×104 2.52×104 1.34×104 

k"
HO° × Rct 8.05×103 9.35×103 4.72×103 

Rct 4.46×10-7 6.52×10-7 2.28×10-7 

k"
HO° 1.80×1010 1.43×1010 2.07×1010 

 

Other researchers have studied the effects of natural organic matter and other 

matrix components on the removal of pharmaceutical compounds during ozonation. 

Huber et al. (2003) investigated the ozonation of several pharmaceutical compounds to 

determine kinetic parameters and to observe the removal of the compounds during 

ozonation of natural waters. For pharmaceutical compounds that reacted slowly with 

ozone, the oxidation was largely controlled by reactions with hydroxyl radicals. The 

oxidation efficiency of these compounds improved with increasing dissolved organic 

carbon (DOC) concentration and decreasing alkalinity. Higher DOC led to increased rates 

of ozone transformation to hydroxyl radicals, while alkalinity stabilized the ozone 

concentration. Generally, pharmaceuticals that reacted quickly with ozone, like 

ciprofloxacin, were removed at greater proportions in natural waters where ozone was 

stabilized by low DOC and high alkalinity. During ozonation of ciprofloxacin in 

secondary effluent, Dodd et al. (2006) found that ozone accounted for nearly 80% of 

compound transformation. The literature and this research suggest hydroxyl radical 

scavenging by the water matrix has an impact on ciprofloxacin removal by hydroxyl 
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radicals such that the primary oxidant for ciprofloxacin removal during natural water 

treatment is ozone.  

4.5 SUMMARY 

This research shows that the oxidation of ciprofloxacin is impacted by pH, 

bicarbonate concentration, and source of natural organic matter. These natural water 

constituents impact ozone decomposition and therefore ozone and hydroxyl radical 

exposure. Higher natural organic matter concentrations can lead to faster ozone 

decomposition and hydroxyl radical formation, while the carbonate system stabilizes 

ozone by scavenging hydroxyl radicals. pH is an important parameter not only because 

the hydroxyl anion initiates the decomposition of ozone , but pH also influences 

ciprofloxacin chemistry and its reactivity with ozone. While bicarbonate and natural 

organic matter can affect Rct through hydroxyl radical scavenging, natural organic matter 

can also impact Rct through ozone consumption. 

Despite the complex data analysis (using data from two separate experiments to 

find the rate constants), the instantaneous ozone demand in many of the experiments, and 

the scatter in the data in each experiment, the results for the rate constants for oxidation 

of ciprofloxacin by ozone and by hydroxyl radicals were remarkably constant. For four of 

the five experiments performed at pH 7 with different bicarbonate concentrations, 

different NOM concentrations, and different sources, the values for k”
O3, Cip were in the 

narrow range between 1.49×104 and 1.64×104 M-1s-1. For the two experiments performed 

at pH 5, the values for k”
O3, Cip agree. Similarly, six of the seven experiments found 

k”
HO°, Cip values in the range of 1.29×1010 to 2.07×1010 M-1s-1. Furthermore, five of the 

eight experiments found k”
HO°, Cip values in the range of 1.29×1010 to 1.80×1010 M-1s-1. 

The consistency of these values lends credence to the data and the data analysis. The 
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effect of the constituents added to the water is to change the Rct value, i.e., the ratio of the 

concentrations (or exposure) of the hydroxyl radicals and the ozone, as expected.
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Chapter 5: Conclusions 

5.1 RESTATEMENT OF OBJECTIVES AND APPROACH 

The overall goal of this research is to examine the ability of ozonation processes 

to remove pharmacological activity from water with various natural organic matter 

matrices. More specifically, the aim of this study was to understand the impact of natural 

water constituents on the ozonation of the fluoroquinolone antibiotic ciprofloxacin. The 

carbonate system, pH, and presence and source of natural organic matter were the water 

components examined during this research. Natural organic matter was isolated from two 

source waters with different natural organic matter compositions to study their impact on 

the kinetics of ciprofloxacin oxidation.  

All ozonation experiments were conducted in a batch reactor using synthetic 

waters that were prepared in the laboratory. The concentrations of ozone, ciprofloxacin, 

and the probe compound for hydroxyl radicals, para-chlorobenzoic acid (pCBA), were 

monitored during experimentation to assess the quantitative effects of ozone and 

hydroxyl radicals on ciprofloxacin transformation. In separate experiments, t-butanol was 

utilized to isolate the reaction of ciprofloxacin with ozone by scavenging hydroxyl 

radicals. Apparent second-order rate constants for the oxidation of ciprofloxacin by ozone 

and hydroxyl radicals were determined to characterize the impact of natural water 

constituents on the ozonation process.  

5.2 CONCLUSIONS 

The major results and conclusions for this research are as follows: 

1. The oxidation of ciprofloxacin during ozonation occurs through a combination of 

both ozone and hydroxyl radicals.  



 69

2. The carbonate system influenced the ratio of hydroxyl radical exposure to ozone 

exposure, Rct, by scavenging hydroxyl radicals and inhibiting the decomposition 

of ozone.  

3. The addition of bicarbonate did not affect the oxidation of ciprofloxacin by O3. 

Rather, hydroxyl radical scavenging by the carbonate system reduced hydroxyl 

radical exposure which decreased the contribution from hydroxyl radicals on the 

overall removal of ciprofloxacin. 

4. Increasing the pH from 5 to 7 caused ciprofloxacin to change to a neutral 

compound, which led to increased rates of reaction as ciprofloxacin became more 

reactive with ozone. Additionally, the increase in pH resulted in greater hydroxyl 

radical production from the decomposition of ozone, which also increased 

oxidation of ciprofloxacin. 

5. The addition of 0.5 mg/L Claremore Lake HPOA did not have an impact on 

ciprofloxacin removal at pH 7 and 1 mM bicarbonate.  

6. In the presence of 0.5 mg/L Claremore Lake HPOA, the increase in bicarbonate 

concentration from 0.5 to 1 mM affected Rct and the relative rate of ciprofloxacin 

removal by hydroxyl radicals However, the overall removal of ciprofloxacin in 

the presence of Claremore Lake HPOA was not impacted by the increase in 

bicarbonate concentration because ozone was the dominant oxidant in both cases.  
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5.3 FUTURE WORK 

Recommendations for future work include the following: 

1. Additional ozonation experiments should be conducted with a wider range of 

natural organic matters to further examine the impact of these constituents on 

oxidant exposure and ciprofloxacin removal. 

2. It would be valuable to examine the effects on oxidant exposure and ciprofloxacin 

removal caused by pH-induced changes in natural organic matter and changes in 

the hydroxyl anion-initiated decomposition of ozone. An increase in pH would 

cause ozone to be more reactive with deprotonated acid and phenol groups present 

in natural organic matter, which would produce more reactive organic matter 

species from the direct reaction of ozone with natural organic matter.  

3. Future studies should include the removal of ciprofloxacin by ozonation and 

advanced oxidation by the peroxone process. It would also be useful to study how 

molar ratios of hydrogen peroxide to ozone impact oxidant exposure and 

ciprofloxacin removal during the advanced oxidation process. 
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Appendix A 

 

Table A.1: First-order rate constants for ozone decay at different pH values and 
bicarbonate concentrations. Rate constants determined from separate experiments 

that included either 1µM pCBA or 10 mM t-butanol. 

pH 
[HCO3

-] k'O3 (s
-1) 

(mM) pCBA t-butanol 

5 0 9.98E-03 3.27E-03 
5 1 4.23E-03 2.23E-03 
7 0 2.58E-02 4.70E-03 
7 1 8.28E-03 2.58E-03 

 

Table A.2: First-order rate constants for ozone decay in the presence of 
hydrophobic organic acid (HPOA). Rate constants determined from separate 

experiments that included either 1µM pCBA or 10 mM t-butanol. 

NOM [HCO3
-] k'O3 (s

-1) 

(0.5 mg/L C) (mM) pCBA t-butanol 

Claremore Lake HPOA 0.5 2.42E-02 3.88E-03 
Claremore Lake HPOA 1 2.00E-02 4.83E-03 

Lake Austin HPOA 1 7.13E-03 2.38E-03 

 



 72 

 

 

Figure A.1: Effect of bicarbonate concentration on ozone exposure and hydroxyl 
radical exposure at (a) pH 5 and (b) pH 7 (1µM pCBA) 
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Figure A.2: Effect of 0.5 mg/L Claremore Lake hydrophobic organic acid (HPOA) 
on ozone exposure and hydroxyl radical exposure; experiment conducted at pH 7 
with 1 mM bicarbonate and 1µM pCBA 

 

Figure A.3: Effect of bicarbonate concentration on ozone exposure and hydroxyl 
radical exposure in the presence of 0.5 mg/L Claremore Lake HPOA; experiment 
conducted at pH 7 with 1 mM bicarbonate and 1µM pCBA 
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Figure A.4: Effect of natural organic matter source on ozone exposure and hydroxyl 
radical exposure; 0.5 mg/L Lake Austin and Claremore Lake HPOA at pH 7 with 1 
mM bicarbonate and 1µM pCBA 
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Appendix B 

Table B.1: pH 5 and 0 mM bicarbonate experimental/calculated data. Initial 
concentration of ciprofloxacin=0.3 µM, ozone dose=11.5 μM, pCBA=1 µM. 

Time (s) 
Ozone 

(M) 
O3 Exposure 

(M-s) 
pCBA 
(µM) 

HO° Exposure 
(M-s) 

Cipro 
(µM) 

0 1.15E-05 0.00E+00 9.66E-01 0.00E+00 3.07E-01 
15 5.37E-06 1.26E-04 4.44E-01 1.50E-10 7.83E-02 
19 5.16E-06 1.47E-04 3.79E-01 1.80E-10 6.21E-02 
27 4.77E-06 1.87E-04 3.38E-01 2.02E-10 4.30E-02 
36 4.14E-06 2.27E-04 3.15E-01 2.16E-10 3.59E-02 
44 3.70E-06 2.58E-04 2.86E-01 2.34E-10 2.95E-02 
53 3.35E-06 2.90E-04 2.79E-01 2.39E-10 2.19E-02 
62 3.06E-06 3.19E-04 2.64E-01 2.49E-10 1.90E-02 
91 2.39E-06 3.98E-04 2.21E-01 2.84E-10 1.32E-02 
120 1.93E-06 4.61E-04 2.09E-01 2.94E-10 9.72E-03 

 

Table B.2: pH 5 and 0 mM bicarbonate experimental/calculated data. Initial 
concentration of ciprofloxacin=0.3 µM, ozone dose=11.5 μM, t-butanol=10 mM. 

Time (s) 
Ozone 

(M) 
O3 Exposure 

(M-s) 
Cipro 
(µM) 

0 6.25E-06 0.00E+00 4.97E-01 
11 4.34E-06 5.83E-05 4.64E-01 
15 4.43E-06 7.58E-05 4.37E-01 
23 4.20E-06 1.10E-04 4.32E-01 
31 4.12E-06 1.44E-04 4.22E-01 
40 4.01E-06 1.80E-04 4.10E-01 
48 3.89E-06 2.12E-04 3.88E-01 
57 3.87E-06 2.47E-04 3.73E-01 
92 3.23E-06 3.71E-04 3.14E-01 
119 3.17E-06 4.57E-04 2.88E-01 
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Table B.3: pH 5 and 1 mM bicarbonate experimental/calculated data. Initial 
concentration of ciprofloxacin=0.3 µM, ozone dose=6.3 μM, pCBA=1 µM. 

Time (s) 
Ozone 

(M) 
O3 Exposure 

(M-s) 
pCBA 
(µM) 

HO° Exposure 
(M-s) 

Cipro 
(µM) 

0 6.25E-06 0.00E+00 1.01E+00 0.00E+00 3.04E-01 
12 5.70E-06 7.17E-05 9.78E-01 6.93E-12 2.05E-01 
17 5.10E-06 9.87E-05 9.18E-01 1.91E-11 1.67E-01 
25 4.96E-06 1.39E-04 9.10E-01 2.09E-11 1.40E-01 
33 4.78E-06 1.78E-04 8.67E-01 3.02E-11 1.13E-01 
41 4.73E-06 2.16E-04 8.54E-01 3.30E-11 9.64E-02 
51 4.39E-06 2.62E-04 8.73E-01 2.88E-11 7.64E-02 
60 4.21E-06 3.00E-04 8.41E-01 3.59E-11 5.90E-02 
92 3.66E-06 4.26E-04 8.14E-01 4.23E-11 3.50E-02 
119 3.38E-06 5.21E-04 8.19E-01 4.11E-11 2.17E-02 

 

Table B.4: pH 5 and 1 mM bicarbonate experimental/calculated data. Initial 
concentration of ciprofloxacin=0.3 µM, ozone dose=6.3 μM, t-butanol=10 mM. 

Time (s) 
Ozone 

(M) 
O3 Exposure 

(M-s) 
Cipro 
(µM) 

0 6.25E-06 0.00E+00 2.74E-01 
13 5.09E-06 7.37E-05 2.51E-01 
17 4.76E-06 9.34E-05 2.45E-01 
25 4.88E-06 1.32E-04 2.28E-01 
33 4.82E-06 1.71E-04 2.19E-01 
42 4.74E-06 2.14E-04 2.10E-01 
50 4.66E-06 2.51E-04 1.99E-01 
58 4.52E-06 2.88E-04 1.88E-01 
92 4.20E-06 4.36E-04 1.51E-01 
118 3.93E-06 5.42E-04 1.40E-01 
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Table B.5: pH 7 and 0 mM bicarbonate experimental/calculated data. Initial 
concentration of ciprofloxacin=0.3 µM, ozone dose=11.5 μM, pCBA=1 µM. 

Time (s) 
Ozone 

(M) 
O3 Exposure 

(M-s) 
pCBA 
(µM) 

HO° Exposure 
(M-s) 

Cipro 
(µM) 

0 1.15E-05 0.00E+00 9.78E-01 0.00E+00 2.96E-01 
15 3.36E-06 1.11E-04 2.33E-01 2.76E-10 3.80E-02 
19 1.29E-06 1.20E-04 1.79E-01 3.26E-10 2.79E-02 
27 8.48E-07 1.29E-04 1.77E-01 3.29E-10 1.89E-02 
36 6.90E-07 1.36E-04 1.72E-01 3.35E-10 1.71E-02 
44 5.49E-07 1.41E-04 1.68E-01 3.39E-10 1.42E-02 
52 4.82E-07 1.45E-04 1.66E-01 3.41E-10 1.51E-02 
60 4.29E-07 1.49E-04 1.67E-01 3.40E-10 1.34E-02 
95 9.17E-07 1.72E-04 1.58E-01 3.51E-10 1.22E-02 
120 3.76E-07 1.88E-04 1.74E-01 3.32E-10 1.37E-02 

 

Table B.6: pH 7 and 0 mM bicarbonate experimental/calculated data. Initial 
concentration of ciprofloxacin=0.3 µM, ozone dose=11.5 μM, t-butanol=10 mM. 

Time (s) 
Ozone 

(M) 
O3 Exposure 

(M-s) 
Cipro 
(µM) 

0 6.25E-06 0.00E+00 3.94E-01 
12 3.32E-06 5.74E-05 1.81E-01 
19 2.64E-06 7.83E-05 1.32E-01 
27 2.58E-06 9.92E-05 1.02E-01 
34 2.34E-06 1.16E-04 7.23E-02 
43 2.29E-06 1.37E-04 5.52E-02 
51 2.14E-06 1.55E-04 4.37E-02 
87 1.87E-06 2.27E-04 1.54E-02 
110 1.72E-06 2.68E-04 1.03E-02 
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Table B.7: pH 7 and 1 mM bicarbonate experimental/calculated data. Initial 
concentration of ciprofloxacin=0.3 µM, ozone dose=6.3 μM, pCBA=1 µM. 

Time (s) 
Ozone 

(M) 
O3 Exposure 

(M-s) 
pCBA 
(µM) 

HO° Exposure 
(M-s) 

Cipro 
(µM) 

0 6.25E-06 0.00E+00 9.72E-01 0.00E+00 2.96E-01 
20 2.35E-06 8.60E-05 6.14E-01 8.83E-11 3.80E-02 
28 1.98E-06 1.03E-04 5.46E-01 1.11E-10 2.18E-02 
36 1.92E-06 1.19E-04 5.33E-01 1.16E-10 1.38E-02 
45 1.73E-06 1.35E-04 5.63E-01 1.05E-10 8.79E-03 
54 1.58E-06 1.50E-04 5.44E-01 1.12E-10 6.67E-03 
62 1.51E-06 1.63E-04 5.24E-01 1.19E-10 5.16E-03 
94 1.23E-06 2.06E-04 5.26E-01 1.18E-10 3.98E-03 
123 1.10E-06 2.40E-04 5.24E-01 1.19E-10 2.50E-03 

 

Table B.8: pH 7 and 1 mM bicarbonate experimental/calculated data. Initial 
concentration of ciprofloxacin=0.3 µM, ozone dose=6.3 μM, t-butanol=10 mM. 

Time (s) 
Ozone 

(M) 
O3 Exposure 

(M-s) 
Cipro 
(µM) 

0 6.25E-06 0.00E+00 3.31E-01 
13 4.98E-06 7.30E-05 2.20E-01 
17 3.73E-06 9.04E-05 2.11E-01 
25 3.39E-06 1.19E-04 1.15E-01 
33 3.33E-06 1.46E-04 7.30E-02 
39 3.26E-06 1.66E-04 5.74E-02 
47 3.16E-06 1.91E-04 3.07E-02 
55 3.10E-06 2.16E-04 2.23E-02 
92 2.82E-06 3.26E-04 3.18E-03 
125 2.73E-06 4.18E-04 4.53E-04 
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Table B.9: 0.5 mg/L Claremore Lake hydrophobic organic acid (HPOA) at pH 7 
and 0.5 mM bicarbonate experimental/calculated data. Initial concentration of 

ciprofloxacin=0.3 µM, ozone dose=11.5 μM, pCBA=1 µM. 

Time (s) 
Ozone 

(M) 
O3 Exposure 

(M-s) 
pCBA 
(µM) 

HO° Exposure 
(M-s) 

Cipro 
(µM) 

0 1.15E-05 0.00E+00 1.04E+00 0.00E+00 3.11E-01 
17 2.49E-06 1.19E-04 3.58E-01 2.05E-10 3.53E-02 
21 2.41E-06 1.28E-04 2.90E-01 2.45E-10 2.01E-02 
29 2.06E-06 1.46E-04 2.75E-01 2.55E-10 1.29E-02 
36 1.64E-06 1.59E-04 2.68E-01 2.60E-10 9.82E-03 
43 1.29E-06 1.70E-04 2.67E-01 2.61E-10 6.43E-03 
52 9.86E-07 1.80E-04 2.59E-01 2.67E-10 4.96E-03 
60 9.15E-07 1.87E-04 2.53E-01 2.71E-10 1.47E-03 
88 2.81E-07 2.04E-04 2.15E-01 3.02E-10 1.00E-03 
118 3.01E-07 2.13E-04 2.25E-01 2.94E-10 8.76E-04 

 

Table B.10: 0.5 mg/L Claremore Lake HPOA at pH 7 and 0.5 mM bicarbonate 
experimental/calculated data. Initial concentration of ciprofloxacin=0.3 µM, ozone 

dose=11.5 μM, t-butanol=10 mM. 

Time (s) 
Ozone 

(M) 
O3 Exposure 

(M-s) 
Cipro 
(µM) 

0 1.15E-05 0.00E+00 3.14E-01 
18 7.38E-06 1.70E-04 7.66E-02 
23 7.41E-06 2.07E-04 3.59E-02 
31 7.11E-06 2.65E-04 9.77E-03 
41 6.74E-06 3.34E-04 2.36E-03 
49 6.52E-06 3.87E-04 -4.12E-04 
60 5.87E-06 4.55E-04 2.04E-04 
67 6.09E-06 4.97E-04 -1.42E-04 
93 5.52E-06 6.48E-04 -4.10E-04 
119 5.10E-06 7.86E-04 4.00E-05 
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Table B.11: 0.5 mg/L Claremore Lake HPOA at pH 7 and 1 mM bicarbonate 
experimental/calculated data. Initial concentration of ciprofloxacin=0.3 µM, ozone 

dose=11.5 μM, pCBA=1 µM. 

Time (s) 
Ozone 

(M) 
O3 Exposure 

(M-s) 
pCBA 
(µM) 

HO° Exposure 
(M-s) 

Cipro 
(µM) 

0 1.15E-05 0.00E+00 1.01E+00 0.00E+00 3.12E-01 
15 3.69E-06 1.14E-04 5.23E-01 1.27E-10 3.58E-02 
19 3.27E-06 1.28E-04 5.00E-01 1.36E-10 2.31E-02 
26 2.66E-06 1.48E-04 4.85E-01 1.42E-10 1.28E-02 
34 2.29E-06 1.68E-04 4.74E-01 1.46E-10 7.31E-03 
41 1.91E-06 1.83E-04 4.65E-01 1.50E-10 5.36E-03 
49 1.49E-06 1.96E-04 4.41E-01 1.60E-10 4.06E-03 
56 1.50E-06 2.07E-04 4.35E-01 1.63E-10 2.96E-03 
93 6.92E-07 2.47E-04 4.02E-01 1.78E-10 -2.85E-03 
123 3.94E-07 2.64E-04 3.85E-01 1.86E-10 -2.85E-03 

 

Table B.12: 0.5 mg/L Claremore Lake HPOA at pH 7 and 1 mM bicarbonate 
experimental/calculated data. Initial concentration of ciprofloxacin=0.3 µM, ozone 

dose=11.5 μM, t-butanol=10 mM. 

Time (s) 
Ozone 

(M) 
O3 Exposure 

(M-s) 
Cipro 
(µM) 

0 1.15E-05 0.00E+00 3.10E-01 
12 6.25E-06 1.06E-04 1.70E-01 
17 6.28E-06 1.38E-04 9.55E-02 
25 5.93E-06 1.86E-04 3.51E-02 
33 5.62E-06 2.33E-04 1.80E-02 
42 5.33E-06 2.82E-04 6.46E-03 
50 5.08E-06 3.24E-04 1.92E-03 
58 4.91E-06 3.64E-04 -2.85E-03 
94 4.17E-06 5.27E-04 -2.85E-03 
121 3.77E-06 6.34E-04 -2.85E-03 
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Table B.13: 0.5 mg/L Lake Austin HPOA at pH 7 and 1 mM bicarbonate 
experimental/calculated data. Initial concentration of ciprofloxacin=0.3 µM, ozone 

dose=11.5 μM, pCBA=1 µM. 

Time (s) 
Ozone 

(M) 
O3 Exposure 

(M-s) 
pCBA 
(µM) 

HO° Exposure 
(M-s) 

Cipro 
(µM) 

0 1.15E-05 0.00E+00 9.58E-01 0.00E+00 3.57E-01 
15 5.25E-06 1.25E-04 6.02E-01 8.93E-11 4.60E-02 
19 5.19E-06 1.46E-04 5.83E-01 9.53E-11 2.58E-02 
27 4.64E-06 1.86E-04 5.41E-01 1.10E-10 1.33E-02 
36 4.45E-06 2.26E-04 5.39E-01 1.11E-10 1.11E-02 
43 3.93E-06 2.56E-04 5.21E-01 1.17E-10 9.48E-03 
51 3.85E-06 2.87E-04 5.12E-01 1.20E-10 7.79E-03 
60 3.57E-06 3.20E-04 5.07E-01 1.22E-10 3.25E-03 
93 2.84E-06 4.26E-04 4.81E-01 1.32E-10 3.25E-03 
124 2.42E-06 5.08E-04 4.58E-01 1.42E-10 3.25E-03 

 

Table B.14: 0.5 mg/L Lake Austin HPOA at pH 7 and 1 mM bicarbonate 
experimental/calculated data. Initial concentration of ciprofloxacin=0.3 µM, ozone 

dose=11.5 μM, t-butanol=10 mM. 

Time (s) 
Ozone 

(M) 
O3 Exposure 

(M-s) 
Cipro 
(µM) 

0 1.15E-05 0.00E+00 3.37E-01 
26 5.81E-06 2.25E-04 6.21E-02 
30 5.86E-06 2.48E-04 4.12E-02 
37 5.85E-06 2.89E-04 2.36E-02 
45 5.63E-06 3.35E-04 1.96E-02 
53 5.48E-06 3.79E-04 1.63E-02 
60 5.41E-06 4.17E-04 1.41E-02 
68 5.46E-06 4.61E-04 1.27E-02 
97 4.97E-06 6.12E-04 9.62E-03 
120 4.70E-06 7.23E-04 9.88E-03 
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