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ABSTRACT

Cryptosporidium parvum is an encysted parasite that has been linked to 

waterborne disease. In water treatment, the oocysts are resistant to chlorine but may be 

reduced or inactivated by aqueous ozone. A theoretical analysis based on established 

inactivation kinetics and chemical engineering principals showed that C. parvum  

inactivation by ozone will be limited by the mixing patterns that exist in many 

conventional ozone contactors. An alternative two-stage ozone contactor design concept, 

in which a static mixer is used to rapidly dissolve ozone, was proposed to improve the 

efficiency of microorganism inactivation. To test the fundamental assumptions of this 

concept, seeding experiments with Bacillus subtilis spores, C. parvum oocysts and 

Giardia muris cysts were carried out in a prototype contactor under rigorously controlled 

conditions. For C. parvum and G. muris, contactor efficiency was assessed by comparing 

measured inactivation to that predicted using kinetic models previously developed in 

batch reactor studies and available in the literature. For B. subtilis a batch reactor study 

was completed, and a new kinetic model, describing spore inactivation at temperatures 

ranging from 3 to 22°C and for pH 6  to 8 , was developed.

In the prototype static mixer contactor, ozone gas-liquid mass transfer was 

determined mainly by the hydrodynamic conditions within the static mixer, which were 

given by the liquid superficial velocity (0.7 to 1.4 m/s) and the gas-liquid flowrate ratio 

(1.2 and 2.6%). For the dissolved ozone concentrations investigated, between 0.6 and 1.6 

mg/L for B. subtilis spores and between 0.5 and 0.8 mg/L for C. parvum  oocysts, 

inactivation was unaffected by static mixer hydrodynamic conditions and was determined 

mainly by contact with dissolved ozone in the reactive flow segment. Most importantly,
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spore and oocyst inactivation approached that predicted based on the batch kinetic 

models and the assumption of plug flow behaviour in the contactor. Results with Giardia 

muris cysts were similar, but less definitive. It was concluded that the primary role of the 

static mixer in the two-stage contactor was to dissolve gaseous ozone rapidly and 

efficiently, and to thereby facilitate efficient microorganism reduction by contact with the 

dissolved ozone in the reactive flow segment.
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1 INTRODUCTION

1.1 EMERGING CHALLENGES IN DRINKING WATER TREATMENT

The reduction and control of pathogenic microorganisms in public drinking water 

supplies through application of treatment processes was one of the most significant public 

health achievements of the twentieth century. Introduction of filtration and chlorination 

in water treatment during the earlier part of that century almost eradicated waterborne 

outbreaks of cholera and typhoid in major North American cities (Okun 1996). 

Chlorination was very quickly proven to be a highly capable and inexpensive treatment 

technique for reduction of pathogenic bacteria. For many years, there was little incentive 

to improve upon the engineering science of microorganism reduction processes, nor to 

investigate alternatives to chlorine.

In the latter part of the century, new microbial threats emerged in the form of the 

parasites Giardia lamblia and Cryptosporidium parvum. In the environmentally robust 

encysted form, these protozoan parasites proved to be much more resistant to the effects 

of conventional chlorination than are bacteria and viruses. Moreover, they have been 

increasingly identified as causes of waterborne disease in humans. At the same time, the 

level of awareness and concern over the potential long-term human health effects of 

ingestion of the chemical by-products formed during chlorination and other chemical 

treatment processes has increased (Tate and Fox Arnold, 1990). Federal drinking water 

regulations in the United States have now set simultaneous requirements for reduction of 

encysted protozoa and maximum allowable limits on the concentration of these chemical 

by-products in drinking water (U. S. Environmental Protection Agency, 1998a, 1998b). 

These recent historical events in the water treatment industry have forced environmental 

engineers to look for more rational and precise methods of water treatment facility 

design. The challenge is to strike the correct balance between risk of microbial 

contamination and disease on the one hand, and the long-term health effects of low level 

chemical exposure on the other, and to do so within reasonable economic cost 

constraints. This challenge must be met through selection of appropriate treatment 

methods and through rational process design.

1
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1.2 OZONE AS AN ALTERNATIVE FOR MICROORGANISM REDUCTION

The limitations and health concerns associated with chlorination have prompted 

exploration of alternatives for control of microorganisms in drinking water, such as the 

oxidant chemical ozone. Several laboratory studies have now confirmed that ozone is an 

effective biocidal agent against encysted protozoa (Finch et al. 1993a; Gyiirek et al. 1999; 

Hirata et al., 2000; Kanjo et al., 2000; Korich et al., 1990; Li et al. 2001; Oppenheimer et
t

al. 2000; Perrine et al., 1990; Ransome et al. 1993, Rennecker et al. 1999; Somiya et al. 

2000a, 2000b). In addition, ozone does not produce the same suite of chemical by

products as does chlorination (Singer, 1990). The rapid growth in the number of water 

treatment applications of ozone in North America (Figure 1-1) in the past decade and a 

half is not surprising. Ozone, however, is not without limitations. Ozonation systems are 

technically complex to design and to operate, are difficult to optimize, and are relatively 

capital and operating cost intensive (Glaze, 1990). It has also now been established that 

ozonation of some natural waters may also produce undesirable by-products that are of 

potential concern to human health (Singer, 1990). For example, ozonation of waters that 

contain low levels of the innocuous bromide ion results in the generation of bromate ion, 

a chemical believed to cause cancer in laboratory animals (Amy et al., 2000).

1.3 THE ENGINEERING CHALLENGE

In the past, design of ozonation facilities in water treatment has been based more 

on experience and empirical sets of rules and less on complete understanding of the 

underlying processes involved. Ozone is an extremely reactive gas of limited solubility. 

In most water treatment applications, gaseous ozone produced on site is dissolved into the 

water and an aqueuous ozone concentration is generated (Langlais et al. 1991). Once 

dissolved, ozone engages in complex chemistry that includes auto-decomposition and 

reaction with various constituents of the water, in addition to reaction with 

microorganisms (Hoigne, 1988). To date, most of the engineering effort has been 

directed at improving the efficiency of ozone dissolution, increasing system reliability 

and reducing costs. Less effort has been dedicated to understanding and optimizing the 

role of the ozone contactor as a reactor for microorganism reduction. And, for most 

applications, this approach has sufficed.

2
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Figure 1-1 Growth in ozone applications in water treatment. The vertical axis shows 

the number of installed ozone facilities in drinking water treatment 

application in the United States from 1985 to 2000 (after Overbeck 

(2000)).

The new emphasis on ozone as the primary protection against resistant encysted 

protozoa has prompted a more detailed examination ozone contactor design. The 

fundamentals of the reaction between dissolved ozone and encysted protozoa has been 

intensively studied in laboratory reactors, and the understanding has improved 

considerably in the past several years. The designer of water treatment facilities must be 

able to extrapolate this fundamental knowledge to full-scale operation with some level of 

confidence and assurance of real world performance. In full-scale ozone contactors, 

however, additional factors come into play. Variables such as gas-liquid contacting and 

the complex hydrodynamic environment that exists in conventional ozone contactors may

3
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impact the efficiency of protozoa reduction (Do-quang, 2000a, 2000b). The significance 

of these variables, however, is not fully understood.

1.4 THESIS OBJECTIVE AND OVERVIEW

The objective of this thesis was to explore the possibility of improving the 

hydrodynamic design of an ozone contactor and optimizing microorganism reduction 

through the use of an in-line static mixer for ozone dissolution. The potential impact of 

ozone contactor hydrodynamics on the efficiency of C. parvum reduction was examined 

using chemical reactor engineering principles. Based on this theoretical analysis and a 

review of the literature regarding the hydrodynamics of conventional ozone contactors, it 

was argued that a two-stage ozone contactor design may achieve more reliable 

microorganism reduction than conventional designs. The principal hypothesis was that, 

in such a design, the mass transfer process can be effectively separated from the 

microorganism reduction operation. This design approach will provide efficient and 

predictable reduction of microorganisms and will also simplify engineering analysis and 

process scale-up of the ozonation process.

The main body of the thesis describes an experimental program that was designed 

to rigorously test the two-stage contactor hypothesis. The core of the research involved 

measurement of microorganism reduction efficiency in an experimental static mixer 

ozone contactor under various operating conditions. In particular, the relationship 

between the hydrodynamic conditions of gas-liquid contact within the static mixer, ozone 

mass transfer efficiency and microorganism reduction was carefully examined. In order 

to determine to what extent the findings may be generalized, three microorganisms were 

studied. These were (1) spores of the aerobic bacteria Bacillus subtilis (2) encysted C. 

parvum oocysts and (3) encysted G. lamblia.

4
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2 BACKGROUND AND LITERATURE REVIEW

2.1 TERMINOLOGY

The process of adding oxidant chemicals to control microorganisms in drinking 

water treatment has traditionally been referred to as “disinfection”. In water treatment, 

disinfection has been defined as “a process designed for the deliberate reduction of a 

number of pathogenic microorganisms” (Haas 1990). The term “disinfection”, however, 

means the complete elimination of human disease-causing microorganisms from the 

water. In this thesis the term “microorganism reduction” is used to refer to engineered 

processes in which the goal is to ensure the protection of public health by removal or 

destruction of all types of microorganisms, not only those that are known human 

pathogens. The latter term also recognizes explicitly that treatment processes will 

typically not render drinking water completely free of viable microorganisms but will 

reduce their number to acceptable levels.

Throughout this thesis, the term inactivation is used to characterize 

microorganism reduction by ozone. This term reflects that ozone, under most application 

conditions, does not physically remove or destroy microorganisms present in the water, 

but renders them non-infective. Used in this sense, inactivation is considered to represent 

just one of several microorganism reduction mechanisms. In water and wastewater 

treatment literature, the survival ratio is usually defined as N/Nq where No and N  are the 

concentrations of infectious microorganisms in the water before and after a specific 

treatment. The inactivation ratio is defined as I -  -logio(N/No) and is often represented 

in terms of base 10 log-units. For example, 99% inactivation was equivalent to 2 log- 

units and 99.9% inactivation was equivalent to 3 log-units. Unless otherwise noted, the 

term “log” referred to the base 10 logarithm.

5
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2.2 ENCYSTED PROTOZOA IN DRINKING WATER

2.2.1 Cryptosporidium parvum and Giardia lamblia

Cryptosporidium and Giardia are the genus names of two distinct groups of 

unicellular parasitic microorganisms, both members of the idngdom protozoa that are 

known to infect a variety of vertebrate animals. C. parvum  and G. lamblia are the species 

that cause the gastrointestinal diseases in humans known as cryptosporidiosis and 

giardiasis, respectively. Discovery of organisms of the genus Giardia has been attributed 

to Antony van Leeuwenhoek (1632-1723), the inventor of the microscope, Clifford 

Dobell (1886-1949) and Vilem Lambl (1824-1895) (Meyer 1990a). It was not until 

1954, when Rendtorff (1954) conducted experiments with human volunteers, that 

Giardia spp. organisms were discovered to cause illness in humans. G. lamblia is now 

recognized as a common intestinal parasite of humans with recognized pathological 

effects (Marshall et al. 1997; Meyer 1990a; Thompson and Reynoldson 1993). The first 

documented waterborne outbreak of giardiasis in North America occurred in 1965-66 and 

several other outbreaks o f giardiasis have since been documented (Craun 1990).

E. E. Tyzzer first described the life cycle stages of C. parvum in the gut of 

laboratory mice in 1912 (Current and Garcia 1991). It was not until 1976, however, that 

the first cases of human cryptosporidiosis were reported (Nime et al. 1976) and not until 

1985 that the first documented outbreak of human cryptospordiosis traced to 

contamination of water supply was reported (D'Antonio et al. 1985). Since then, C. 

parvum has become one of the most important microbiological contaminants in drinking 

water treatment both in North America and other parts of the world in terms of its’ 

prevalence in water sources and association with waterborne disease (Smith and Rose

1998).

2.2.2 Basic Biology

Although both parasites are often discussed in the same breath in the water 

treatment industry, Cryptosporidium and Giardia species are biologically distinct and 

belong to different major groupings of protozoan parasites (Cox 1993). Species of the 

genus Cryptosporidium are members of the coccidian or sporozoan group, which are
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characterized by a lack of means of locomotion within the host. The C. parvum life cycle 

is similar to that of other coccidian parasites and involves several development stages, 

including both asexual and sexual reproduction stages, that all occur within a single host. 

The infectious stage is the environmentally resistant sporulated oocyst that contains four 

motile sporozoites. Subsequent to oral ingestion of the oocyst by the host, the six major 

development life stages are (Current and Garcia 1991):

1. excystation, the release of infective sporozoites through a suture in the oocyst 

wall, invasion of the epithelial cells of the gastrointestinal tract and formation 

of trophozoites;

2. merogony, the asexual division within host epithelial cells;

3. gametogony, the formation of micro- and macro-gametes for sexual 

reproduction;

4. fertilization, the union of micro- and macro-gametes to form a zygote;

5. development of the zygote into an oocyst;

6. sporogony, formation of infective sporozoites within the oocyt wall.

From a public health perspective, two of the significant aspects of the lifecycle of C. 

parvum are (1) it is intracellular and (2) it involves autoinfective stages. Subsequent to 

invasion of host epithelial cells in step 1, developmental stages take place within a 

parasitophorous vacuole that forms within the host cells, but external to the cell 

cytoplasm. The parasitophorous vacuole protects the parasite from attack by the host 

immune system and may also provide some measure of protection from the effects of 

antimicrobial drugs. This helps to explain the difficulty in clearing the infection 

experienced by some individuals, and also why efforts to develop drug therapies to treat 

human cryptosporidiosis have been unsuccessful (Clark 1999). During merogony, (step 

2) trophozoites form merozoites, which invade adjacent cells and produce more 

merozoites. In step 5, most of the zygotes form environmentally resistant oocysts, with a 

thick, two-layered wall that are passed into the environment with the feces. The infective 

cycle starts anew when oocysts are ingested by a new host. A smaller fraction of the 

zygotes are believed to form thin-walled oocysts, which later liberate their sporozoites 

within the gastrointestinal tract of the same host, re-invade the host cells and repeat the 

life cycle (Current and Garcia 1991). These two autoinfective stages contribute to the
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severity o f the illness and also result in excretion of large numbers of parasites by 

infected hosts.

Species of Giardia are members o f the group of protozoan parasites known as the 

intestinal flagellates. Unlike C. parvum, the flagellates have relatively simple 

extracellular life cycles that consist of two stages with reproduction by asexual binary 

fission. The biology, life cycle and ultrastructure of Giardia spp. have been described in 

detailed reviews by Feely and co-workers (1990) and Thompson and Reynoldson (1993). 

In the infective stage, which takes place outside the host, the trophozoites are protected 

within an environmentally resistant cyst, typically with two trophozoites per cyst. The 

host stage commences when cysts enter the host by ingestion of fecally contaminated 

water or food. During excystation, the trophozoites emerge from the cysts in the host 

duodenum. The motile trophozoites then attach to the surface of the epithilial cell layer 

of the villi in the duodenum and jejunum, and undergo binary division in the intestine. 

As they pass through the colon, some of the trophozoites become encysted within a 

protective wall and are excreted in the feces as cysts to re-initiate the life cycle.

2.2.3 Species Identification

The proper classification of the various species and strains of Cryptosporidium 

and Giardia that have been identified, and determination of host specificity, is a topic of 

ongoing research and controversy. Originally, over 40 species of Giardia were identified 

based on host occurrence (Thompson and Reynoldson 1993). Most authorities now 

prefer the species grouping proposed by Filice (1952), which describes three distinct 

morphologies of trophozoites. These are G. muris, which infects mice, G. agilis, which 

infects amphibians, and a human infective form that has been identified over the years as 

Lamblia intestinalis, G. intestinalis, G. enterica, G. duodenalis and G. lamblia (Meyer 

1990b).

In addition to C. parvum, which is believed to infect both humans and other 

mammals, there are several other Cryptosporidium species that infect a diversity of both 

domestic and wild animals, including mammals, birds and fish. In his recent review, 

Fayer (1997) identified seven other species of Cryptosporidium, in addition to C. parvum, 

based on morphology and host specificity. These other species and the animals they are

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



associated with are C. muris (rodents and cattle), C. meleagridis (birds), C. baileyi 

(birds), C. serpentis (reptiles), C. nasorum (fish), C. wrairi (guinea pigs) and C. felis 

(cats). Some of these species have been known for sometime to causes health problems 

in farm animals that result in significant economic loss (de Graaf et al. 1999). Both 

Cryptosporidium and Giardia species are very common in dairy cows and especially 

calves (de Graaf et al. 1999; Garber et al. 1994; Xiao et al. 1993; Xiao and Herd 1994). 

For example the prevalance of C. parvum and G. lamblia in diary calves in British 

Columbia was found to be 59% and 73%, respectively, based on stool examination 

(Olson et al. 1997).

Although the details and epidemiological significance of zoonotic transmission 

are not completely understood, most authorities recognize that giardiasis and 

cryptosporidiosis may be transmitted to humans from various animals (Current and 

Garcia 1991; Thompson and Reynoldson 1993). The introduction of molecular biology 

techniques, such as DNA hybridization, has improved the ability of microbiologists to 

characterize the various parasite isolates on the basis of genetic composition. These 

techniques have exposed the existence of considerable genetic heterogeneity amongst G. 

lamblia and C. parvum isolates and indicate that a series of host-adapted genotypes, 

strains or species of the parasites may exist (Morgan et al. 1999; Thompson and 

Reynoldson 1993). A review of recent genetic studies supports the concept that there are 

at least two, and probably more, genetically distinct isolates of C. parvum species (Clark

1999). One genotype is host specific and infects humans exclusively. The other is a 

zoonotic that infects both animals and humans. At this point in time, it is not clear what 

the implications of this genetic diversity will be for the design of water treatment 

processes.

2.2.4 Human Health Effects

Both C. parvum and G. lamblia are transmitted to humans mainly by ingestion of 

food or water contaminated with infectious (oo)cysts. The potential for disease 

transmission is amplified by the relatively low oral doses that are required to cause 

infection in humans. In human volunteer experiments with G. lamblia, a dose of as low 

as 10 cysts per individual was sufficient to cause infection (Rendtorff 1954). A single
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orally administered G. muris cyst was sufficient to cause infection in mice (Labatiuk et 

al. 1991). An oral dose of 30 C. parvum  oocysts was found to be sufficient to cause 

infection in healthy adult humans (DuPont et al. 1995). In the same study, the median 

infective C. parvum dose (ID50) was determined to be 132 oocysts. Water treatment 

industry professionals must consider that parasite virulence may be much higher in 

immuno-compromised individuals or in children than is indicated by these experiments 

with healthy adult volunteers.

Cryptosporidiosis and giardiasis share clinical symptoms common to other other 

gastrointestinal illnesses. Giardiasis often manifests itself as acute diarrhea, with 

symptoms that might include nausea, anorexia, intestinal uneasiness, malaise and low- 

grade fever, or as a chronic illness. Symptoms appear after an incubation period of about 

12 to 19 days and commonly resolve spontaneously. Compared to giardiasis, the 

gastrointestinal symptoms of cryptosporidiosis are more consistent and intense. The 

diarrhea is most often described as profuse, watery and “cholera-like” (Current and 

Garcia 1991). In healthy, immuno-competent individuals the disease is self-limiting and 

resolves in 3 to 12 days. However, in individuals with compromised immune systems, 

particularly those suffereing from acquired immuno-deficiency syndrome (AIDS), the 

disease is chronic and may contribute to premature death (Current and Garcia 1991).

Cryptospordisiosis and giardiasis are widely distributed worldwide at an endemic 

level in both industrialized and developing countries. Prevalence of the diseases is most 

common in crowed urban areas of developing nations where sanitation is poorest. Based 

on inspections of stool, one study found that rate of infection of C. parvum  in diarrhea 

cases was 2.2% in industrialized countries and 8.5% in developing countries (Crawford 

and Vermund 1988). According to another estimation, as many as 250 to 500 million 

infections may occur annually in Asia, Africa and Latin America (Current and Garcia 

1991). G. lamblia remains the most frequently isolated intestinal parasite in the world 

and the most frequently identified etiologic agent in waterborne disease outbreaks 

(Marshall et al. 1997). The rates of giardiasis in clinical cases of acute diarrhea has been 

reported to range from 2 to 44% in developing countries, with a higher frequency among 

children (Islam 1990). Health consequences, such as retardation of growth and normal 

development retardation have been associated with high rates of giardiasis in children
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(Thompson and Reynoldson 1993). Recent studies suggest that in developing countries 

cryptosporidiosis is common in children less than one year of age and contributes to 

malnutrition (Clark 1999). Health officials believe the incidence of infectious diseases, 

including cryptosporidiosis and giardiasis, is expanding both in North America and in the 

rest of the world (Marshall et al. 1997).

Several drug therapies have been used against giardiasis with varying degrees of 

clinical success, including quinacrine, metronidazole, furazolidone and paromomycin 

(Davidson 1990). Although the drug therapies are often effective against giardiasis, the 

drawbacks include adverse reactions and side effects, long dose regimes, poor 

palatability, cost and potential treatment failure (Thompson and Reynoldson 1993). 

There is still no effective cure for human cryptosporidiosis, although some progress has 

been made in the therapeutic treatment of immuno-compromised patients (Clark 1999). 

Provision of an uncontaminated drinking water supply, then, is still one of the best 

measures for control of cryptosporidiosis and giardiasis.

2.2.5 Oocysts and Cysts

C. parvum oocysts and G. lamblia cysts are fully infectious when they are 

released with the feces of an infected animal or human. Only the environmentally 

resistant oocyst and cysts can survive outside the host, and therefore, it is these encysted 

forms that are of most interest and relevance to environmental engineers. In water, 

oocysts and cysts behave as microscopic particles. C. parvum oocysts are spherical and 

about 4 to 6 pm in diameter. G. lamblia cysts are larger and more elliptical in shape, 

with dimensions o f 8 to 12 pm long by 7 to 10 pm wide. Using column settling tests and 

a Monte Carlo analysis, oocysts and cysts freely suspended in clean water were found to 

settle according to Stoke’s law with settling velocities of 0.35 and 1.4 pm/s, respectively 

(Medema et al. 1998). Oocysts and cysts in natural aquatic habitats, therefore, will most 

likely remain suspended in the water column and be readily transported with the bulk 

water flow.

Electron microscopy has shown that the C. parvum  oocyst wall is about 0.03 to

0.07 pm thick and is composed o f two distinct layers separated by a space (Reduker et al. 

1985). The thin outer layer is decomposed by hypochlorite but the thicker inner layer is
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resistant to the chemical. A suture in the oocyst wall dissolves during excystation and 

allows the motile sporozoites to emerge. A more recent electron microscopy study of the 

oocyst wall suggests a complex lattice structure of some unknown material that is 

reinforced by a layer of filamentous proteinaceous material on the inner surface (Harris 

and Petry 1999). The Giardia spp. cyst wall is about 0.3 to 0.5 pm thick and is composed 

of a layer of proteinaeous fibers arranged in a felt-like web (Feely et al. 1990). Although 

the chemical composition and functioning of the cyst and oocyst walls are poorly 

understood, it is well established that both parasites, in their encysted forms, will retain 

their viability for extended periods (days to months) in a range of aquatic environments 

(Chauret et al. 1998; Fayer et al. 1998; Robertson et al. 1992; Wickramanayake et al. 

1985).

2.2.6 Waterborne Disease

The results of numerous surveys that have been carried out since the late 1980’s 

show that both parasites are relatively widespread in surface waters (LeChevallier et al. 

1991a; LeChevallier et al. 1991b; Ongerth 1989; Ongerth and Stibbs 1987; Roach et al. 

1993; Rose et al. 1991a; Smith et al. 1993; Smith et al. 1995; Wallis et al. 1996). 

According to a recent review, Cryptosporidium spp. oocysts have been found in over 

80% and 50% of untreated surface waters, and in 26% and 37% of treated drinking 

waters, in the United States (US) and the United Kingdom (UK), respectively (Smith and 

Rose 1998). It is not surprising that the Center for Disease Control in the United States 

reports that, of the 25 disease outbreaks associated with supplied drinking water that were 

reported 1993-94, and for which the etiologic agent was identified, 10 were caused by 

either G. lamblia or C. parvum  (Kramer et al. 1996). A recent review lists 19 

documented waterborne outbreaks of cryptosporidiosis that have occurred in the US, the 

UK and Japan (Smith and Rose 1998). The most notorious of these is the outbreak that 

occurred in 1993 in the City of Milwaukee, Wisconsin (US), and which may have 

affected as many as 403,000 persons (MacKenzie et al. 1994). An informal list of 

cryptosporidiosis outbreaks is maintained on the website o f the Parasitology Laboratory 

at Kansas State University (http://www.ksu.edu/parasitology/water). Sixty-nine 

outbreaks are listed and the majority of these are associated with problems in the drinking
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water supply. In the US, G. lamblia is still the most frequently identified etiologic agent 

in waterborne disease outbreaks (Marshall et al. 1997).

A review of 35 waterborne cryptosporidiosis outbreaks in the US and Canada 

revealed both filtered and unfiltered surface water supplies, and even groundwater 

systems, are vulnerable to this parasite (Craun et al. 1998). In most of these outbreaks, 

sources of contamination and treatment deficiencies were identified. However, 

cryptosporidiosis outbreaks have occurred in public water systems using conventional 

treatment processes that were in compliance with federal and local regulations at the time 

of the outbreak (Solo-Gabriele and Neumeister 1996). Craun noted that the available 

epidemiological information and the quality of monitoring information are insufficient to 

estimate the endemic risk of cryptosporidiosis from consumption of potable water (Craun 

et al. 1998). As an alternative, analytic risk assessment approaches that are based on 

information from human dose-response studies have been used to establish the acceptable 

levels of infectious G. lamblia cysts and C. parvum oocysts in drinking water and to 

determine water treatment requirements (Haas et al. 1996; Rose et al. 1991b). Based on 

an acceptable level of annual infection risk of 1 infection in 10,000 persons, the average 

reduction requirements for drinking water treatment plants in North America has been 

estimated to be 5.4 log-units for cysts and 4.5 log-units for oocysts (LeChevallier and 

Norton 1995).

2.2.7 Reduction of Oocysts and Cysts by Conventional Water Treatment Processes

Laboratory-, pilot- and demonstration-scale studies have determined that well- 

designed and properly operated conventional water treatment processes will provide 

some measure of physical removal of Giardia spp. cysts and Cryptosporidium spp. 

oocysts. Both conventional and direct filtration processes, using anthracite coal and sand 

media, were demonstrated to be capable o f greater than 2 log-units of cysts and oocysts 

reduction when coagulation was optimized (Nieminski et al. 1995; Ongerth and Pecoraro 

1995; Patania et al. 1995). Non-conventional processes, such as slow sand filtration 

(Logsdon 1988), dissolved air flotation (Plummer et al. 1995) and diatomaceous earth 

filtration (Ongerth 1990; Schuler and Ghosh 1990; Schuler et al. 1991), have also been 

shown to be effective for reduction of cysts and oocysts. In small-scale testing,
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ultrafiltration membrane filtration processes have demonstrated almost complete parasite 

removal (Jacangelo et al. 1995). Application of membrane processes, such as 

ultrafiltration, is currently limited to smaller communities with relatively clean water 

sources.

An additional barrier to physical treatment is required for protection of public 

health from the risk of encysted protozoa, especially when surface water is used as the 

source. The most common chemical agent used in North America for primary control of 

microorganisms in both filtered and unfiltered water supplies has been chlorine. The 

estimated treatment required, in terms of the concentration-time (Ct) product, for 

inactivation of various microorganisms by chlorine compounds is summarized in Table 

2-1. The Ct products required for 2 log-unit inactivation G. lamblia cysts are much 

greater than those for vegetative bacteria or viruses, but are still within the realm of 

practical application in the water treatment. The same is not true for C. parvum  oocysts. 

The Ct products for only 1 log-unit reduction of C. parvum oocysts by chlorine would 

require several hours of contact time even at relatively warm water temperatures. As 

indicated in Table 2-1 the Ct products required for Giardia spp. are much greater at lower 

temperature. Though the data are not yet available, the same trend can be expected for C. 

parvum. This has recently been confirmed experimentally (Li et al. 2001, Oppenheimer 

et al. 2000). The much greater resistance of the encysted protozoa to chlorination, 

together with the desire to reduce the formation of health-related chlorination by

products, has encouraged the consideration of alternative oxidant chemicals like chlorine 

dioxide and ozone.

2.2.8 Regulatory Requirements

The emergence of encysted protozoa as a health problem in drinking water has 

greatly influenced the development of new drinking water regulations, particularly in the 

United States. In 1989, the United States Environmental Protection Agency (US EPA) 

introduced the Surface Water Treatment Rule (SWTR), the first regulation that dealt 

specifically with control of encysted protozoa (U.S. Environmental Protection Agency

1989). According to the SWTR, water treatment systems are required to provide 

treatment that is capable of ensuring 3 log-units reduction of G. lamblia cysts and 4 log-
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Table 2-1 Comparison of inactivation of various microorganisms by chlorine 

compounds

Microorganism Compound Temp
°C

pH Ct for 2 log- 
units 

inactivation

mgxmin/L

Reference

E. coli Free Cl2 23 7 0.014 Leahy et al. (1987)
5 6.5 0.24

Poliovirus Free Cl2 20 6 0.2 Leahy et al. (1987)
(Mahoney) 5 6 1.01

Coxsackievirus Free Cl2 20 6 0.5 to 0.7 Leahy e ta l. (1987)
B5 5 6 1.25

Entamoeba Free Cl2 27-30 7 20 Leahy et al. (1987)
histolytica (cysts)

Naegleria spp. Free Cl2 25 7.4 26 to 34 Langlais et al. (1990)
(cysts)

Ancanthameoaba Free Cl2 25 7.4 >81 Langlais et al. (1990)
spp (cysts)

G. lamblia Free Cl2 25 7 < 15 Leahy et al. (1987)
(cysts) 5 7 90 to 170

G. muris Free Cl2 25 7 45 to 26 Leahy et al. (1987)
(cysts) 5 7 449 to 1010

NH2C! 18 7 144 to 246 Hoff (1986)
3 7 496

C. parvum Free Cl2 22 6 *1700 to 4000 Gyiirek et al. (1997)
(oocyts) 25 7 4800 Korich et al. (1990)

NH2C1 25 8 3300 to 7000 Gyiirek et al. (1997)
22 9 to 10 7200 Korich et al. (1990)

Ct products for C. parvum are for 1 log-unit inactivation.

units reduction of viruses through a combination of physical and chemical treatment. 

New regulations are currently being developed by the US EPA specifically to address C. 

parvum. The Interim Enhanced Surface Water Treatment Rule (EESWTR), promulgated
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in 1998, sets a maximum contaminant level goal of zero for Cryptosporidium species in 

drinking water and requires that a utility demonstrate 2 log-units removal of oocysts 

(U.S. Environmental Protection Agency 1998b).

Unlike the SWTR for G. lamblia, the IESWTR does not specify a set of chemical 

Ct requirements for Cryptosporidium spp. inactivation. Rather, the removal target is to 

be achieved through use of conventional or direct filtration operated under appropriate 

coagulant conditions and optimized to meet specific turbidity requirements. The US EPA 

has delayed setting Ct requirements for Cryptosporidium spp. for ozone due to the state 

of scientific uncertainty surrounding the various studies that have investigated the effects 

of ozone on the parasite (U.S. Environmental Protection Agency 1999). It is expected 

that this scientific uncertainty will be resolved in the near future and that Ct requirements 

for C. parvum will be established in the Long Term 2 Enhanced Surface Water Treatment 

(LT2ESWTR) Rule scheduled for promulgation in 2002.

At the same time that the above rules are setting requirements for removal or 

inactivation of encysted protozoa, a concurrent set of US EPA rules will address the 

potential human health concerns that are associated with the use of oxidant chemicals and 

their by-products. Chlorine reacts with organic compounds present in the source water to 

form trihalomethanes (THMs), haloacetic acids (HAAs) and other undesirable organic 

by-products (Tate and Fox Arnold 1990). While the specific human health effects of 

exposure to these individual compounds through drinking water remains uncertain, 

epidemiological studies and laboratory studies with mice have indicated an association 

between consumption of chlorinated water with increased incidences of various forms of 

cancer (Tate and Fox Arnold 1990). To address these potential human health concerns, 

the Stage 1 Disinfection/Disinfectant By-Product (D/DPB) Rule was promulgated by the 

US EPA in 1998. The rule sets maximum limits and goals for the concentrations of 

chlorine, chloramine, chlorine dioxide, THMs, HAAs, chlorite and bromate in drinking 

water (U.S. Environmental Protection Agency 1998a). In the future, water treatment 

processes will need to be more carefully selected, and more precisely designed and 

controlled in order to achieve the appropriate balance between protection from microbial 

contamination and the potential long-term chemical risks.
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2.3 OZONE FOR REDUCTION OF ENCYSTED PROTOZOA

2.3.1 The Use of Ozone in Water Treatment

The development of ozone generator technology made possible the first large- 

scale installation of ozone for drinking water treatment in 1893 in the Netherlands. 

Installations in France, Germany and the United States soon followed with the primary 

intended purpose of bacterial reduction (Langlais et al. 1991). With the introduction of 

chlorination, a much less expensive alternative, interest in the use of ozone for bacterial 

reduction declined. Although France has continued to use ozone as the primary means of 

microorganism reduction until the present (Le Pauloue and Langlais 1999), application of 

ozone in water treatment in other parts of the world has been limited, until recently, to 

other recognized beneficial uses. These include reduction of taste and odour, oxidation 

and removal of iron and manganese, reduction of colour, control of algal growth and 

biofouling, enhancement of chemical coagulation, nitrification of ammonia, reduction of 

THM formation potential and oxidation of specific micropollutants (Glaze 1987; Singer

1990). Ozone can also be used to enhance biological removal of total organic carbon in 

combination with granular activated carbon beds, or can be coupled with ultraviolet light 

or hydrogen peroxide in advanced oxidation processes (AOPs) to destroy a range of 

organic micro-pollutants in water (Singer 1990).

In 1977, there were only five operating ozone installations in public drinking 

water systems in the United States, and most of these were originally designed for the 

purposes of taste and odour control or THM precursor removal (Glaze 1987). The new 

environmental regulations requiring protozoan removal and reduction of chlorination by

products have generated a marked increase in the use of ozone for water treatment in the 

United States. As of 1997, the number of ozone installations for water treatment in that 

country had grown to more than 200 (Rice 1999).

23.2 Ozone Solubility and Mass Transfer

Ozone, molecular formula O3, is an extremely reactive and unstable gas at 

ambient conditions. Consequently, the gas must be generated on site for immediate use. 

The conventional method for ozone generation for water and wastewater treatment is
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from either dry air or oxygen in commercial corona discharge generators (Glaze 1987). 

The use of medium frequency corona discharge generators with oxygen as a feed gas is 

increasing due to better ozone yields and higher concentrations of ozone in the ozonized 

gas (Schulz and Prendeville 1993).

In is generally believed that to be effective against microorganisms, ozone gas 

must first be dissolved into the water to be treated (Langlais et al. 1991, Singer 1990). 

Electrical generation of ozone is expensive and the solubility of the gas in water is 

limited. Ozone dissolution efficiency is, therefore, one of the critical design aspects of 

any ozonation system. Consequently, both the equilibrium and kinetic aspects of ozone 

dissolution into water have been the subjects of considerable study and have been 

reviewed by several authors (Kuo and Yocum 1982; Langlais et al. 1991; Masschelein 

1982a). The solubility of ozone in water is greater than that of oxygen and nitrogen, but 

less than that of carbon dioxide and chlorine (Masschelein 1982a). For the range of 

concentrations normally encountered in water treatment (less than 20 mg/L) ozone 

solubility obeys Henry's law, which states that the concentration of the dissolved gas is 

proportional to the partial pressure in the gas phase (Masschelein 1982a). The effect of 

water quality variables, such as temperature, pH. ionic strength and salt content, on the 

Henry’s law constant for ozone is well documented (Langlais et al. 1991; Sotelo et al. 

1989).

Lewis and Whitman two-film theory has frequently been used to describe and 

model the gas-liquid mass transfer of ozone in water and wastewater treatment (Kuo and 

Yocum 1982; Langlais et al. 1991; Masschelein 1982a). The molecular diffusivity of 

dissolved ozone in water is 1.74 x 10'9 m2/s at 20°C and, like diatomic oxygen, the 

overall rate of ozone transport is generally considered to be controlled by the rate of mass 

transfer within the liquid film (Langlais et al. 1991; Masschelein, 1982a). According to 

the two-film theory the local rate of ozone mass transfer into water, M, in mass per unit 

time can be described by:

Equation 2-1
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where C and C* are the concentrations of ozone in the bulk liquid and in equilibrium 

with the bulk gas, respectively, kL is local liquid-film mass transfer coefficient, and a is 

the specific gas-liquid interfacial surface area.

Measurement of the specific interfacial surface areas, a, in many gas-liquid 

contacting systems is difficult. The bulked parameter kLa, therefore, is usually used as 

the engineering design parameter to describe the mass transfer in a gas-liquid system. 

Langlais and co-workers (1991) have summarized kua correlations for various different 

types of ozone contacting systems including bubble-diffuser columns, mechanically 

stirred reactors and packed towers. Probably the best-studied type of ozone contacting 

system has been the vertical bubble-diffuser column. Several groups of researchers have 

applied two-film theory and estimates of kLa to model pilot-scale ozone bubble-diffuser 

columns for various water and wastewater situations (Le Sauze et al. 1993; Marinas et al. 

1993; Roustan et al. 1987; Smith and Zhou 1994; Zhou et al. 1994). The understanding 

of the mass transfer in bubble-column systems has improved with direct measurement of 

bubble size and size distribution using sophisticated techniques, including a laser particle 

dynamics analyzer (Zhou and Smith 2000) and photographic techniques (Roustan et al. 

1996). The presence of very fast reactions may also affect the rate of mass transfer and 

will tend to enhance the rate of mass transfer in ozone systems beyond that predicted by 

two-film theory (Mehta et al. 1989). For most water and wastewater situations, however, 

the disappearance of ozone is sufficiently slow that enhancement of the mass transfer 

process by chemical reaction will be insignificant and liquid side mass transfer resistance 

will dominate (Zhou et al. 1994).

2.3.3 Reaction and Decomposition of Aqueous Ozone

Ozone has a standard electrode potential of 2.07 V and is one of strongest 

chemical oxidants known (Glaze 1990). The chemistry of ozone in aqueous solution is 

complex and the precise nature of the various reactions that ozone may participate in 

depends on the properties of and the compounds present in the specific water. The 

categories of ozonation reactions in water have been described as (Hoigne 1988):
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1. direct reaction of molecular ozone with organic or inorganic substrates;

2. decomposition of ozone into a series of highly reactive secondary oxidants;

3. formation of additional secondary oxidants from ozone reacting with other 

solutes; and

4. subsequent reactions of these secondary oxidants with inorganic or organic 

substrate.

Although molecular ozone is a strong oxidant and is thermodynamically favoured to react 

with numerous substances, many of these reactions are extremely slow and are controlled 

by kinetics. Hoigne and associates (1983a; 1983b; 1985) studied the direct reaction of 

molecular ozone with a variety of organic and inorganic compounds and measured 

second-order rate constants that varied over several orders of magnitude. They 

determined that the reaction of molecular ozone with organic substrates is highly 

selective and that molecular ozone reacts mainly by electrophilic attack on electron dense 

sites of specific functional groups. The range of compounds with which molecular ozone 

reacts rapidly in water treatment situations is, therefore, limited and includes unsaturated 

aromatic and olefin compounds and simple amines. Compounds such as benzene react 

only very slowly, while saturated alkyl compounds do not react at all. Less is known 

about the end-products of the reaction between ozone and organic compounds, but lower 

molecular weight organic compounds such as aldehydes, ketones, acids and even 

polymers are formed (Hoigne 1988).

The rate and mechanism of ozone decomposition in water have been matters of 

considerable scientific inquiry and controversy. Grasso and Weber (1989) list 25 studies 

that have been published on the topic between 1913 and 1988. Two models for the auto

decomposition of ozone in pure water have been favoured in the literature; those 

postulated by Staehelin and Bader (1982) and by Tomiyasu and co-workers (1985). Both 

models propose a free-radical chain reaction process in which the chain is initiated by 

reaction of molecular ozone with hydroxyl ion, OH'. Propagation proceeds through a 

series of reactions that generate several free-radical intermediate species, including HO2, 

HO2',  O3', 0 2" and OH*. These free-radical intermediates react with molecular ozone to 

propagate the chain. The two reaction pathways differ in the mechanisms of hydroxide
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initiation, and the presence and role of the various postulated intermediate species 

(Chelkowska et al. 1992).

Various kinetic models for the aqueous decomposition of ozone have been 

presented in the literature. Reported values for the apparent order of the decomposition 

reaction with respect to ozone concentration vary from 0 to 2 (Grasso and Weber 1989). 

Staehlein and Hoigne (1982) concluded that the rate of ozone decomposition in pure 

water is limited by reaction with hydroxide ion in the initiation step, and therefore, for a 

given pH, the decomposition of ozone in pure water should be first-order with respect to 

ozone. Tomiyasu and co-workers (1985) proposed the following expression that included 

both first- and second-order terms to describe the rate of disappearance of ozone in pure 

waters:

In Equation 2-2, k\ and are rate constants.

The presence of organic and inorganic impurities in natural waters, which may act 

as either promoters or inhibitors of ozone decomposition, complicates the deterministic 

investigations of ozone decomposition rates. It is fairly well established, however, that 

the rate of decomposition of molecular ozone in natural waters increases with pH and in 

the presence of hydrogen peroxide, and decreases in the presence scavenging agents such 

as carbonate or bicarbonate ions, alkyl groups and tertiary alcohols (Staehelin and Hoigne 

1985). Humic compounds present in natural waters may act as either promotors or 

inhibitors of ozone decomposition, depending on the composition of other impurities in 

the water (Staehelin and Hoigne 1985). Yurteri and Gurol (1988) proposed a first-order 

rate expression to describe the disappearance of ozone in natural waters of the following 

form:

Equation 2-2

Equation 2-3
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The reaction rate constant, w, is a function of the pH, the total organic carbon (TOC) and 

alkalinity of the water and given by:

log w= B0 + a •  pH +b»  log (TOC) -  c •  log {alklinity /10) Equation 2-4

The parameters of this model were determined by fitting Equation 2-4 to the value of w 

measured in 96 synthetically prepared waters with different combinations of TOC, pH 

and alkalinity. When they tested it with various natural waters, Yurteri and Gurol found 

that the model they developed could predict w to within ± 25% of the measured value. 

The measured first-order rate constants in the 11 waters tests ranged from 0.4 hr'1 to 20 

hr'1 at 20°C.

Hoigne and Bader (1994) proposed that, in most cases, ozone decomposition in 

natural waters is adequately approximated as a two-step process. Part of the ozone is 

consumed by instantaneous or very rapid reactions that occur within seconds of addition 

of the ozone to the water. Instantaneous ozone demand is followed by a much more 

gradual decomposition of ozone that can be approximated as a first-order process. The 

two parameters that characterize ozone decomposition, the instantaneous demand and 

slow decomposition half-life, are considered to be distinct and measurable characteristics 

of the water (Richard 1994; Roustan et al. 1998). Oke and Smith (1998), however, 

observed that a first-order decomposition assumption, while valid for clean water, 

provided a poor fit to the ozone decomposition profile measured in natural surface 

waters. They proposed a decomposition model in which the first-order rate constant, kw, 

changes continuously as a function of the amount of ozone consumed by the reaction, 

A [03], as follows:

-  \Pi ] Equation 2-5
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. , -rA [o-> ]k w =a  + be 3 Equation 2-6

Although the model fit the observed ozone decomposition well, Oke and Smith were 

unable to correlate the ozone decomposition model parameters (a, b and c) to the 

measured water quality parameters.

Hoigne and Bader (1994) commented that because of the potential for synergistic 

effects, it is generally difficult to predict the rate of ozone decomposition based solely on 

analytical characterization of the water. Ozone reaction in water is also influenced by 

temperature (Morooka et al. 1979; Roth and Sullivan 1983). The Arrhenius activation 

energies for reaction between ozone and specific reactants are typically between of 33 to 

30 kJ/moI. Nevertheless, it is difficult to predict the effect of temperature on the overall 

ozone decomposition rate in natural waters (Hoigne and Bader 1994). Clearly, then, 

direct measurement of ozone decomposition in natural water is preferred for the purposes 

of ozone facility design.

2.3.4 Health-Related By-Products

One of the advantages of ozone over conventional chlorination is that it does not 

produce the same range of halogenated by-products. Reaction between ozone and 

organic contaminants present in the water, however, produces a unique set of by-products 

with uncertain health effects. These include, but are probably not limited to, aldehydes, 

organic peroxides, epoxides, ketones, carboxylic acids and other aliphatic and 

hydroxylated aromatic forms (Singer 1990). Ozonation of water containing bromide ion, 

B r\ leads to the formation of the inorganic by-product bromate, B1O3' (Amy et al. 2000). 

Health concerns linked to consumption of bromate ion have led to the establishment of 

maximum allowable level o f  10 pg/L in potable water in the US (U.S. Environmental 

Protection Agency 1998a). In addition to economic considerations, by-product 

considerations provide an additional motive for rational and efficient design of ozone 

facilities.
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2.3.5 Effect of Ozone on Microorganisms

The efficacy of ozone against various types of microorganisms in water or 

wastewater has been demonstrated in numerous studies. For a summary see Table 2-2. 

Examples of the dissolved ozone Ct requirements for inactivation of various 

microorganisms are provided in Table 2-3. The biocidal effectiveness of ozone varies 

considerably with both type and species of microorganism. Viruses tend to be somewhat 

more resistant than vegetative bacteria, while encysted amoebas are considerably more 

resistant. Sensitivity to ozone of different species of human enteroviruses has been 

observed to vary by as much as a factor of forty (Roy et al. 1982b). In one comparative 

study, the relative resistance to ozone was determined for several species of 

microorganisms using identical ozone exposure protocols, and was determined to be 

(increasing order of resistance): poliovirus I, E. coli, hepatitis A virus, Legionella 

pneumophilia serogroup 6 and Bacillus subtilis spores (Herbold et al. 1989). When 

comparing the Ct products required for 2 log-unit inactivation by ozone (Table 2-3) with 

those for chlorine (Table 2-1) the much greater effectiveness of ozone for all types of 

microorganisms is evident.

Interpretation of the results of individual experimental studies of the effect of 

aqueous ozone on microorganisms is complicated by the instability and reactivity of 

ozone in aqueous solutions. For example, aqueous ozone is less stable at higher 

temperature. A given initial concentration of aqueous ozone will, therefore, tend to be 

less effective against microorganisms as the temperature is increased, all other things 

being equal. However, using appropriate experimental designs and data analysis 

methods, several researchers have demonstrated that the intrinsic rate of inactivation of 

viruses and bacteria by aqueous ozone increases with temperature according to an 

Arrhenius type dependence (Farooq et al. 1977b; Roy et al. 1981a). This increased 

biocidal effectiveness at higher temperatures tends to counterbalance the effect of 

decreased ozone stability. Similarly, the effect of pH on inactivation of bacteria by ozone 

has been shown to be minimal in the range of pH 5.7 to 10 in experiments where the 

ozone concentration was maintained constant (Farooq et al. 1977a). On the other hand, 

viruses were found to be more resistant to ozone at acidic pH than at neutral pH (Roy et 

al. 1981a).
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Table 2-2 Summary of reported experimental studies on inactivation of various types 

of microorganisms by ozone in water and wastewater.

Type of 

Microorganism

Study Citation

Viruses Botzenhart et al. (1993); Coin et al. (1967); Coin et al. (1964); 

Finch and Fairbaim (1991); Hall and Sobsey (1993); Herbold et 

al. (1989); Katzenelson et al. (1974); Katzenelson et al. (1979); 

Kim et al. (1980); Roy et al. (1981a); Roy et al. (1982a); Roy et 

al. (1982b); Sproul et al. (1982)

Vegetative Bacteria Botzenhart et al. (1993); Broadwater et al. (1973); Burleson et al. 

(1975); Farooq et al. (1977a); Fetner and Ingols (1956); Finch et 

al. (1988); Gyiirek and Finch (1998); Hamelin and Chung 

(1974); Harakeh and Butler (1984); Harakeh and Butler (1985); 

Herbold et al. (1989); Hunt and Marinas (1999); Majumdar et al. 

(1973); Scott and Lesher (1963); Zhou and Smith (1994)

Sporulated Bacteria Botzenhart et al. (1993); Broadwater et al. (1973); Choe (1998); 

Facile et al. (2000); Herbold et al. (1989)

Yeast Farooq et al. (1977a)

Amoeba Langlais et al. (1990)

In a conventional ozonation process (as opposed to a process in which ozone 

decomposition and formation of radical intermediates is intentionally promoted), 

molecular ozone, not the radical products of ozone reactions, is believed to be the 

chemical species primarily responsible for microorganism inactivation. From a
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theoretical viewpoint, hydroxyl radicals are not expected to play a significant role as 

biocidal agents because they will likely be consumed by reaction with dissolved 

substrates before they have an opportunity to react with dispersed particles (Hoigne and 

Bader 1975). Within the microbial cell, hydroxyl radical activity is likely to be inhibited 

by the near-neutral pH and high bicarbonate concentration (Langlais et al. 1991). 

Experimental evidence tends to support the molecular ozone hypothesis. Conditions that 

favour increased hydroxyl radical formation, such as basic pH, UV light and addition of 

hydrogen peroxide did not enhance inactivation of bacteria or viruses beyond the effect 

of molecular ozone alone (Farooq et al. 1977b; Harakeh and Butler 1985; Wolfe et al. 

1989a). Further, the presence of a bicarbonate radical scavenging agent appeared to 

improve rather than hinder inactivation of enteroviruses (Harakeh and Butler 1985). In 

another study, humic acid had a significant effect on the rate of ozone disappearance but 

had little effect on the reaction rate constant between ozone and E. coli cells (Hunt and 

Marinas 1999). The authors concluded that this was evidence that molecular ozone, 

rather than radicals, was responsible for bacterial inactivation.

Table 2-3 The effect of ozone on various microorganisms -  a comparison.

Microorganism Temp.
°C

pH Ct for 2 log-unit 
inactivation 
mgxmin IL

Reference

E. coli 5 6 to 7 0.02 Langlais et al. (1991)
Poliovims 1 5 6 to 7 0.1 to 0.2 Langlais et al. (1991)

Rotavirus 5 6 to 7 0.006 to 0.06 Langlais et al. (1991)

Naegleria gruberi 

(cysts)

5 4.23 Langlais et al. (1991)

Acanthamoeba 

spp. (cysts)

25 7.4 1.0 to 1.12 Langlais et al. (1990)

Naegleria spp. 

(cysts)

25 7.4 0.3 to 0.70 Langlais et al. (1991)
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Despite the many experimental studies that have been done with ozone (Table 

2-2) there is little consensus on the mode of action of ozone on microorganisms. The 

chemical selectivity of molecular ozone results in very different rates of reaction with 

different cellular biomolecules. Polysacharrides, phospholipids and amine sugars react 

slowly, therefore, the chemical action of ozone on the cell surface and wall is expected to 

be weak (Langlais et al. 1991). Amino acids and nucleic acids react fairly rapidly, 

therefore, proteins in the cell membrane and nucleic acids within the cell are potential 

sites of ozone attack (Langlais et al. 1991). Conclusions from various experimental 

studies differ. The primary mode of action of ozone against viruses has been proposed to 

be damage to the capsid protein (Kim et al. 1980; Riesser et al. 1977; Sproul et al. 1982), 

direct damage to the nucleic acid within the capsid (Roy et al. 1981b), or a combination 

of both (Shinriki et al. 1988). Working with bacterial cells, one group of workers 

postulated that ozone does not permeate the cells, but rather attacks the bacterial cell 

surface, alters the cell membrane permeability and ultimately causes either lysis, or 

leakage of cell components (Scott and Lesher 1963). Others, in contrast, proposed that 

ozone permeates bacterial cell membranes and degrades the DNA, causing loss of 

viability (Hamelin and Chung 1974; Ishizaki et al. 1987). Most of the E. coli cells 

exposed to ozone were rendered non-viable before any noticeable structural changes were 

observed in the cells (Hunt and Marinas 1999). This observation tends to support a 

hypothesis wherein ozone permeates the cell and the lethal effect is by damage to 

biochemical molecules or processes within the cell.

23.6 Kinetic Modeling of Microorganism Reduction by Ozone

The rational design of ozone contactors for microorganism reduction requires an 

understanding of the inactivation kinetics of the microorganisms of interest. Harriet 

Chick (1908) proposed the notion that inactivation of microorganisms by chemical agents 

is a rate-govemed process that is analogous to a bi-molecular chemical reaction where 

one reactant is some vital component bacterial protoplasm and the other is the chemical 

agent. In experiments with anthrax spores exposed to dissolved phenol, she found that 

the rate of spore disappearance could be described consistently by a first-order 

relationship of the following form:
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— - = kN  Equation 2-7
dt

where N  is the number of surviving bacteria at a given time and & is a rate constant.

Chick noted that the rate was also function of the chemical concentration and, to 

account for this, Watson (1908) proposed the modified rate equation:

= kC nN  Equation 2-8

In Equation 2-8, C is concentration of the chemical agent and the n is known as the 

coefficient of dilution. The value of n can also be thought of as the number of molecules 

required to react with one molecule of a vital component, such as a particular protein, of a 

single microorganism to cause a lethal effect. Integration of Equation 2-8 yields the 

generalized form of the pseudo first-order Chick-Watson rate law:

In = kCnt Equation 2-9
No

The more common base 10 logarithm form of the Chick-Watson rate law is:

log—— = k'Cnt Equation 2-10
No

In Equations 2-9 and 2-10, No is the initial number of live microorganisms and N the 

number of surviving microorganisms after at time, t. If n is set equal to unity, the level of
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inactivation is proportional to the simple product of the oxidant concentration, C, and the 

contact time, t. Equation 2-10 is the basis for the use by the US EPA of the Ct product as 

the main criteria for design and performance analysis of microorganism reduction 

processes (Malcolm Pimie Inc. and HDR Engineering Inc. 1991). The popularity of the 

Ct product approach is that it is relatively simple to understand and to use for design and 

regulatory purposes.

Microorganism inactivation has been described as a multi-step physical-chemical 

process that includes mixing of the chemical in the bulk fluid, transport from the bulk 

fluid to the surface of the microorganism, diffusion through the microorganism cell wall, 

migration within the microorganism, and reaction at the site of lethal effect (Haas 1981). 

The treatment of microorganism inactivation by a chemical agent as a simple bi- 

molecular reaction is, therefore, a simplification of a much more complex process. It is 

not surprising, then, that observed microorganism inactivation rate curves tend to deviate 

from the Chick-Watson rate law and often exhibit the non-linear behaviour illustrated in 

Figure 2-1. Shoulder behaviour occurs when the initial rate of inactivation is very low 

and results in an apparent lag between the addition of the chemical and the onset of 

measurable inactivation. Explanations for a shoulder include poor mixing or the 

requirement of diffusion of the chemical to the site of action. More mechanistic 

explanations are based on target theory and include the requirement for damage to a 

minimum number of vulnerable target sites (multi-target) or completion of a series of 

distinct damaging reactions (series-event) in order to cause death of a microorganism 

(Hiatt 1964; Wei and Chang 1975). Tailing behaviour is often observed in the survival 

curves of bacterial spores and viruses when the rate o f inactivation decreases with extent 

of exposure and (Cerf 1977; Clark et al. 1994; Hiatt 1964). Explanations of tailing fall 

into two categories, the vitalistic and the mechanistic. In the vitalistic theory, resistance 

to the lethal agent differs between individuals in a heterogeneous population. 

Mechanistic explanations include a complex inactivation mechanism, adaptation of the 

individuals during the treatment, clumping of microorganisms, heterogeneity of treatment 

and error in enumeration of survivors (Cerf 1977).

Different types of kinetic behavior have been reported for reduction of bacteria 

and viruses by ozone. The existence of an apparent critical threshold ozone concentration
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Time

Figure 2-1 Possible forms of microorganism reduction inactivation curves

A = presence of tailing 

B = presence of a shoulder and tailing 

C = adherence to Chick-Watson rate law 

D = presence of a shoulder

required for lethal effect is often observed. Some researchers have reported an “all or 

nothing” effect with both vegetative and sporulated bacteria, wherein inactivation was 

essentially complete above the threshold concentration (Broadwater et al. 1973). Others 

have reported Chick-Watson type inactivation kinetics above the threshold (Fetner and 

Ingols 1956; Hamelin and Chung 1974). The existence of two distinct Chick-Watson 

type kinetic regions, a region of low inactivation rate below the threshold and one with
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higher inactivation above the threshold, has also been reported (Majumdar et al. 1973). 

In contrast, many other researchers did not observe a significant threshold but reported 

non-linear inactivation kinetic behaviour with a reduced inactivation rate at higher ozone 

exposures (Choe 1998; Farooq et al. 1977a; Finch et al. 1988; Gyiirek and Finch 1998; 

Katzenelson et al. 1974; Katzenelson et al. 1979; Roy et al. 1982b; Zhou and Smith 

1994). The use of ultrasound both before ozone exposure and during ozone exposure has 

been found to increase the rate of microorganism inactivation of both virus and 

vegetative bacteria (Burleson et al. 1975; Dahi 1976; Harakeh and Butler 1985; 

Katzenelson et al. 1974). Ultrasound may loosen or promote the break-up of aggregated 

microorganisms, thereby making the individual microorganisms in the aggregates more 

vulnerable to ozone. It is often not clear if the differences in reported kinetic behaviour 

represent the true differences in the response to ozone of the various microorganisms 

studied, or if they arise from differences in the experimental protocols used between the 

various studies.

Several alternative kinetic formulations have been proposed to describe non- 

linearities observed in experimental inactivation curves. Some of these are summarized 

in Table 2-4. Many of these, such as the multi-target, series-event and the Monod model, 

are based on a proposed reaction mechanism. Others, like the Horn and the rational 

model, are based solely on empirical observation. A few studies have rigorously 

compared different models using statistical techniques, but no one model has emerged as 

a universal solution for all situations. Based on computed regression correlation 

coefficients and standard errors, the Chick-Watson model was found to fit as well as the 

Horn and the Monod models for inactivation of coliform bacteria by chlorine in the case 

where the concentration of chlorine was constant (Haas and Karra 1984a). However, the 

Selleck model was preferred for the case in which chlorine demand and decomposition 

was significant (Haas and Karra 1984b). The Horn model was found to better represent 

inactivation of G. lamblia cysts by free chorine than the Chick-Watson model when the 

two models were compared using the method of maximum likelihood (Haas and Heller

1990). Using non-linear regression and error-in-variables techniques, five models 

representing three basic phenomena were compared for the case of E. coli inactivation by 

ozone in a completely-mixed reactor (Zhou and Smith 1994). The more complex models
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Table 2-4 Alternative kinetic models to describe reduction of microorganisms by chemical reagents.

Model Formulation System(s) Studied Mechanistic Basis Reference(s)

Chick-
Watson = -k'NC"

dt
anthrax spores and phenol bimolecular reaction Chick (1908; Watson 

(1908)

Horn = -*w cV
dt

chlorination of coliform bacteria 
in wastewater

empirical modification of 
Chick-Watson

Horn (1972)

Rational - ^  = - k'N 'C"  
dt

ozonation of poliovirus in 
wastewater

empirical modification of 
Chick-Watson

Majumdaret al. (1973)

Gard ( is  kS 
dt 1 + k'Ct

poliovirus and formaldehyde decrease in permeability 
of spore viral coat

Gard (1957); Hiatt 
(1964)

Selleck
dt b

chlorination of coliform in 
wastewater

none Selleck et al. (1978)

Modified
Gard dt

ozonation of E. coli in 
wastewater

empirical modification of 
Selleck model

Zhou and Smith (1994)

Monod

. „  "A-2CP

i
i

+11 
’

chlorination of poliovirus 2-step process with 
intermediate state of 
receptor sites bound with 
oxidant

(Haas 1980)

tub -  ^  “ ■
c + k d t , ( c + Ar„)

Multi-
Target Oa II T 1 l rs <*r ultraviolet exposure of various 

microorganisms
finite number, n, of 
discrete critical targets 
per organism

Kimball (1953); 
Severin et al. (1983)

Series-
Event

(Poisson)
N =

i=l '■

ultraviolet exposure bacteria and 
virus, and chlorine inactivation 
of amoebic cysts

inactivation of 
microorganism requires 
series of / first-order steps

Severin et al. (1983); 
Wei and Chang (1975)

Multi-
Possion v =  s

j = (  , = i

chlorine inactivation of amoebic 
cysts

n types of
microorganisms with 
different number of 
required steps

Wei and Chang (1975)

Notes: k, k '  kt, k?, Ko, b, fi, n, n„ I, i, x, = parameters of the various models



provided only a marginally better fit to observations than the Chick-Watson model with a 

dilution coefficient of n -  3.3. Others found that, of several models tested, a Horn model 

modified to incorporate a first-order ozone disappearance term provided the best fit to 

heterotrophic plate count bacteria inactivation data (Gyiirek and Finch 1998).

2.3.7 Effect of Ozone on Giardia spp.

Laboratory studies that have been conducted to determine the effect of ozone on 

cysts o f Giardia spp. are summarized in (Table 2-5). Wherever possible, an estimate of 

the ozone Ct product required for 2 log-units of cyst inactivation determined from the 

experimental results is included for each study. These Ct values provide an approximate 

basis for comparison of cyst sensitivity to ozone determined in the various studies. 

Wickramanayake and co-workers carried out the first set of studies using human source 

G. lamblia cysts and mouse source G. muris cysts suspended in phosphate buffered de

ionized water (Wickramanayake et al. 1984a; Wickramanayake et al. 1984b). The cysts 

were exposed to a constant ozone concentration by continuously dispersing ozonized gas 

through the suspension in a well-mixed semi-batch reactor. Using in vitro excystation as 

a measure of cyst viability, they found that the Ct products required for 2 log-units 

inactivation with ozone (Table 2-5) were approximately two orders of magnitude less 

than those reported previously for free chlorine (Table 2-1). The efficacy of ozone 

against the cysts was also found to be a function of both pH and temperature. At 7°C, 

significantly greater Ct products were required for equivalent cyst inactivation than at 

25°C. The Ct products required for cyst inactivation at pH 5 and 7 were approximately 

double those required at pH 9. The authors also reported similar enhancement of 

inactivation at alkaline pH with Naegleria grnberi cysts. This pH sensitivity of 

protozoan cysts contrasts with what has been observed with bacteria (Farooq et al. 1977a) 

and leads to speculation that the pH may play a role in the permeability of the protozoan 

cyst wall.
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Table 2-5 Summary of laboratory experimental studies on the effect of ozone on Giardia spp. cysts.

Study Species Viability
Method

Water
Matrix

Type of 
Reactor

Temp.
°C

pH Ct for 2 log- 
units 

inactivation 
mgxmin/L

Reference

1 G. lamblia in vitro excystation buffered
pure
water

semi
batch

5

25

7

7

0.53

0.17

Wickramanayake et al. 
(1984a)

2 G. muris in vitro excystation buffered
pure
water

semi
batch

5

25

7

7

1.94

0.27

Wickramanayake et al. 
(1984b)

3 G. muris in vitro excystation, 
flourogenic dye 
exclusion, and 
infectivity in mice

buffered
pure
water

batch 22 6.7 na Labatiuk et al. (1991)

4 G. muris infectivity in mice various
natural
waters

batch 5 to 22 5.7 to 7.6 na Labatiuk et al. (1992b)

5 G. lamblia 

G. muris

Infectivity in gerbils 

infectivity in mice

buffered
pure
water

batch 22

22

6.9 

6.7 to 7.6

< 1.0

0.1

Finch et al. (1994); 
Finch et al. (1993b); 

Labatiuk et al. (1992a)

Notes: na = value not available from information provided.



Finch, Labatiuk and co-workers at University of Alberta conducted a series of 

studies in which G. muris and G. lamblia cysts were exposed to dissolved ozone and 

hydrogen peroxide in well-stirred batch reactors (Finch et al. 1993a; Finch et al. 1994; 

Labatiuk 1992; Labatiuk et al. 1992a; Labatiuk et al. 1992b; Labatiuk et al. 1994; 

Labatiuk et al. 1991). These researchers used infectivity in mice and gerbils to assess 

cyst viability following exposure to ozone, rather than the in vitro excystation method 

used by previous researchers. G. muris cyst infectivity was determined using a model in 

which the size of the infective inoculum was a function of the latent period of cyst 

shedding in the feces of adult male C3H/HeN mice (Labatiuk et al. 1991). G. lamblia 

cyst infectivity was determined using a mongolian gerbil model in which the number of 

gerbils positive for infection was related to the size of infective inoculum through a logit 

dose response (Finch et al. 1993b). Inactivation of both species was found to be a linear 

function of dissolve ozone Ct product up to approximately 2 or 3 log-units, but was a 

non-linear function of Ct above 3 log-units (Finch et al. 1993b). Even at the highest 

ozone exposures (Cf greater than 2 mgxmin/L at 22°C), a small fraction of the cysts 

remained infectious. The Horn kinetic model (Haas and Joffe 1994; Horn 1972) was use 

to model the non-linear inactivation curve. The form of the kinetic model, which 

incorporated a first-order description of the rate of ozone disappearance in the batch 

reactor, was:

where kd is the first-order rate of ozone decomposition measured for each trial. The 

equation was solved numerically and the values of the best-fit kinetic parameters, 

computed using maximum likelihood criteria, were k'H = 1.04, m = 0.84 and n =0.12 

(Finch et al. 1993b).

Direct comparison of the results of these two experimental studies is difficult 

because the ozone exposure conditions and the resulting inactivation levels were

Equation 2-11
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different. Wickramanyake and co-workers studied ozone Ct products of less than 0.3 

mgxmin/L at 25°C and observed inactivation levels of less than 2.3 log-units 

(Wickramanayake et al. 1984a; Wickramanayake et al. 1984b). The Finch/Labatiuk 

group, in comparison, concentrated their effort on Ct products that were greater than 0.6 

mgxmin/L with resulting inactivation that was greater than 3 log-units (Finch et al. 

1993b). Nevertheless, the estimated ozone Ct product required for 2 log-units 

inactivation obtained by extrapolating the results of the Finch/Labatiuk group are in the 

same range as those determined by Wickramanyake and co-workers.

G. muris cysts have been proposed as a useful model for G. lamblia for use in 

microorganism reduction experiments with chlorine (Leahy et al. 1987). The advantages 

of the murine form for use in experiments are: (I) the cysts are relatively easy to produce, 

(2) they do not infect humans, (3) they consistently exhibit a high rate of excystation in 

vitro, and (4) they are somewhat more resistant to chlorine than are G. lamblia cysts. 

Using in vitro excystation, Wickramanayake and co-workers (1984a; 1984b) found G. 

muris cysts to be about 2 to 4 times more resistant to ozone than G. lamblia cysts when 

compared on the basis of Ct requirements. Finch and co-workers (1993b), on the other 

hand, reported that the resistance of G. muris and G. lamblia to ozone was not 

significantly different when determined using infectivity assays in mice and the 

mongolian gerbil, respectively. The disparity in the findings of these two studies may be 

linked to differences in the viability assays used. In any event, G. muris is a useful, and 

perhaps conservative, model for G. lamblia in experimental studies with ozone.

The experimental evidence supports the hypothesis that molecular ozone is 

responsible for inactivation of Giardia spp. cysts in ozonation systems and radical 

decomposition products exert little influence. When compared on the basis of molecular 

ozone Ct product, cyst inactivation in reactors in which hydroxyl radicals were promoted 

by addition of hydrogen peroxide was equivalent to cyst inactivation in reactors in which 

hydroxyl radicals were inhibited by addition of carbonate ion (Labatiuk et al. 1994). The 

performance of the carbonate-stabilized system was considered superior because the 

lifetime of the added ozone was longer. In a pilot-scale study with natural surface water, 

the ozone Ct required for inactivation of G. muris was the same with or without addition 

of hydrogen peroxide (Wolfe et al. 1989b).
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2.3.8 Effect of Ozone on Cryptosporidium parvum

Since 1989, there has been significant interest in the effects of ozone on C. 

parvum oocysts. As a consequence, the number of reported laboratory studies with ozone 

and C. parvum, summarized in Table 2-6, exceeds the number of similar studies with the 

Giardia spp. (Table 2-5). This reflects the current high profile of C. parvum  as a human 

health concern in water treatment and the promise of ozone as a method for controlling 

this parasite. Synthesis of the results of the various studies in Table 2-6 is complicated 

by the diversity in the experimental protocols used and the range of ozonation conditions 

investigated. Important differences in protocols include the oocyst source host, the 

method used to measure the loss of oocyst viability, the water matrix used in 

experiments, and the type of reactor used for the ozone exposure. Other potentially 

important differences between studies that are not captured in Table 2-6 include the 

specific strain of oocysts used, the oocyst purification and storage methods, and the age 

of the oocysts. In addition the analytical method used to measure dissolved ozone, and 

the way in which the dissolved ozone Ct was calculated may affect comparisons between 

studies.

As a result, there is considerable variability in the Ct products required for 2 log- 

units oocyst inactivation reported in these studies. This variability creates a dilemma for 

those responsible for developing engineering design or performance criteria for ozonation 

systems. Nevertheless, it is clear that C. parvum is considerably more resistant to ozone 

than are most other microorganisms (Tables 2-3 and 2-5). Estimated Ct products for 2 

log-unit inactivation of C. parvum are on the order of 10 to 20 times greater than for 

Giardia spp. While the earliest reported studies (Korich et al. 1990; Peeters et al. 1989; 

Perrine et al. 1990) demonstrated the potential of ozone, the range of experimental 

conditions was limited, the datasets were small and the infectivity analysis methods were 

not quantitative. The information from these studies was not sufficient to develop 

rigorous engineering design criteria for ozonation systems. The value of subsequent 

studies was often limited by the use of in vitro assays for determination of oocyst 

viability (Campbell et al. 1997; Parker et al. 1993; Ransome et al. 1993). (See discussion 

of viability methods in Section 2.3.9).
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Table 2-6 Summary of laboratory experimental studies on the effect of ozone on Cryptosporidium parvum oocysts.

Study Oocyst
Source

Viability
Method

Water
Matrix

Type of 
Reactor

Temp.
“C

pH Ct for 2 log- 
units 

inactivation 
mgxmin/L

Reference

1 Bovine infectivity in 
neonatal Swiss 
OF1 mice

buffered
laboratory
water

batch na na na Peeters et al. (1989)

2 Bovine infectivity in 
BALB/c Mice

in-vitro
excystation

buffered
laboratoy
water

semi-batch 25

25

7

7

5 to 10 

3.8

Korich et al. (1990)

3 Horses infectivity in 
rats

distilled
water

batch 20 6.9 to 7.1 2.6 Perrine et al. (1990)

4 Animal in vitro 
excystation

borehole
water

batch 10 7 > 19 Ransome et al. (1993)

5 Bovine flourogenic
dyes
(DAPI/PI)

na batch

semi-batch

5
20
5

na
na
na

>50 
10 to 12

> 0

Parker et al. (1993)

6 Human In vitro 
excystation 
and DAPI/PI

na batch 20 6 ' Campbell et al. (1997)

7 Bovine neonatal CD-I 
mouse

buffered
laboratory
water

batch 7
22

6.9
6.9

5.Ito 10.4 
1.7 to 8.1

Finch et al. (1993a); Finch et 
al. (1994)

8 Bovine neonatal CD-I 
mouse

buffered
laboratory
water

batch 22 6 to 8 4.4 to 4.9 (GyUr6k et al. 1999)

'An approximate value of Ct product was estimated from the information presented in the study.
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Table 2-6 (Continued)

\0

Study Oocyst
Source

Viability
Method

Water
Matrix

Type of 
Reactor

Temp.
°C

PH Ct for 2 log- 
unit 

inactivation 
mgxmin/L

Reference

9 Bovine neonatal CD-I 
mouse

buffered
laboratory
water

batch 1
5
13
22

6 to 8 42 to 43 
28 to 29 

11.8 to 12.4 
4.6 to 4.7

Finch and Li (1999); Li et al. 
(2001)

10 Bovine in vitro 
excystation

buffered
laboratory
water

semi-batch 5
15
25

7 32.5
9.6
3.8

Renneckeret al. (1999)

11 Bovine neonatal 
NMRI mice

buffered
laboratory
water

batch 20 7 2.5 to 4 1 de Traversay et al. (1999)

12 Human SCID mice de-ionized
water

semi-batch 5
23

na 10
3

Kanjo et al. (2000)

13 Human SCID mice buffered
laboratory
water

semi-batch 20 7 '3 to 6 Hirata et al. (2000)

14 Human ATP de-ionized
water

batch 20 na '9 Somiya et al. (2000a); 
Somiya et al. (2000b)

15 Bovine neonatal CD-I 
mice

various
natural
waters

continuous
stirred
tank(s)

3
10
22

6.2 to 8.2 22 to 52 
7.6 to 18 
1.2 to 2.9

Oppenheimer et al. (2000)

'An approximate value of the Ct product was estimated from information presented in the study



Perhaps the most comprehensive quantitative study and rigorous modeling effort 

of the effect of ozone on C. parvum oocysts was undertaken by Finch and co-workers at 

the University of Alberta (Finch et al. 1993a; Finch et al. 1994; Finch and Li 1999; 

Gyiirek et al. 1999; Li et al. 2001). These researchers set out to carefully determine the 

inactivation kinetics of the C. parvum-ozone system using well-defined protocols and a 

quantitative mouse infectivity assay, and to use this information to develop engineering 

design and performance criteria. Others have pursued a similar course using a modified 

in vitro exystation method to assess oocyst viability, rather than infectivity (Rennecker et 

al. 1999). Recent studies using oocysts derived from human hosts are indicating a level 

of resistance to ozone that is comparable to that reported in the earlier studies that used 

bovine-derived oocysts (Hirata et al. 2000; Kanjo et al. 2000). A recently completed 

comprehensive study of oocyst inactivation in several natural surface waters suggests that 

the water matrix has little effect on the oocyst inactivation kinetics except at extreme 

values of water quality parameters (Oppenheimer et al. 2000).

In the University of Alberta study, highly purified oocysts were suspended in a 

matrix of ozone demand-free phosphate buffered ultra-pure water in order to minimize 

extraneous ozone reactions. A unique batch reactor system that provided continuous 

monitoring of the dissolved ozone system ensured complete information regarding 

exposure to dissolved ozone. Infectivity reduction was measured using a neonatal CD-I 

mouse model and was interpreted quantitatively using a logistic oocyst dose-response 

model (Emest et al. 1986; Finch et al. 1993c). Quality control was ensured by 

determining the infective properties of each batch of oocysts used in experimental trials 

in dose-response experiments. Using these rigorous protocols, a comprehensive dataset 

was compiled over the course of the study period that comprised 62 independent 

ozonation experiments at temperatures ranging from 1°C to 37°C and pH ranging from 6 

to 8 (Li et al. 2001). Both first-order (n = 1) Chick-Watson and non-linear Horn kinetic 

models were developed to describe oocyst inactivation. For both models, the time- 

variable ozone concentration was accounted for by assumining first-order disappearance 

as per Equation 2-11. The incomplete gamma function was used to obtain an analytical 

solution to the modified Horn model of Equation 2-11, thereby, increasing the robustness
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of the model Fit. The incomplete gamma formulation of the Horn model, first proposed 

by Hass and Joffe (1994), is given by:

- l o g — =
N  _ mk'HC; 
N0 i.nkd)m

Y ( m , n k dt ) Equation 2-12

where y{m,nkdt) is the incomplete gamma function. The model is valid when m > 0 and 

nkjt >  0.

To account for the temperature variation of oocyst sensitivity to ozone, the 

inactivation rate constant k'H was expanded to incorporate an Arrhenius-type temperature 

dependence according to:

In Equation 2-13, k'H%22 is the value of the rate constant at 22°C, and k'H T is the value of

the rate constant at temperature, T. The adequacy of the model was tested using non

linear regression with maximum likelihood criteria. Based on an analysis of the residuals 

and the value of variance parameter in the maximum likelihood function, the Horn model 

was found to be superior to the Chick-Watson model (Gyiirek et al. 1999; Li et al. 2001). 

Best-fit values of the kinetic parameters for the Horn model with temperature correction 

were 0 = 1.080, k'H „  = 0.68, n = 0.71 and m = 0.73 (Li et al. 2001). The values of the n

and m parameters are less than unity but are close in value. This indicates both contact 

time and ozone concentration are equally important for C. parvum  inactivation, but that 

there is tailing in the inactivation curve. Water pH was found to have little effect on the 

intrinsic oocyst inactivation kinetics, although it did affect the rate of ozone 

disappearance. This observation is consistent with the hypothesis that molecular ozone is 

the principle agent responsible for microorganism inactivation. Other researchers arrived

Equation 2-13
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at the same conclusion after observing that addition of hydrogen peroxide did not 

enhance oocyst inactivation by ozone (de Traversay et al. 1999).

In contrast to the conclusion of the University of Alberta kinetic study, other 

researchers have reported that a first-order Chick-Watson model adequately described C. 

parvum oocyst inactivation by ozone (Oppenheimer et al. 2000; Rennecker et al. 1999). 

The reason for the discrepancy is not clear, although differences in the experiment reactor 

configurations may have been contributing factors. One of these research groups 

reported a distinct shoulder effect that may have been related to the use of in vitro 

excystation to determine infectivity reduction (Rennecker et al. 1999). The other 

research teams used infectivity in mice and did not observe a shoulder. Other researchers 

have also observed the dependence of oocyst inactivation on water temperature although 

the magnitude of this dependence has differed from study to study (Finch and Black 

1994; Finch et al. 1993a; Kanjo et al. 2000; Li et al. 2001; Oppenheimer et al. 2000; 

Parker et al. 1993; Rennecker et al. 1999). Reported activation energies range from 51.7 

kJ/mol to 102 kJ/mol. In comparison, the activation energies computed for G. lamblia 

and G. muris were 40 kJ/mol and 70 kJ/mol, respectively (Li et al. 2001).

2.3.9 Importance of the Method of Viability Determination

A crucial aspect in any experimental study on the effect of chemical agents on 

encysted protozoa is the choice of the assay used to determine the viability of the 

(oo)cysts following ozone exposure. The summaries in Tables 2-5 and 2-6 indicate that a 

variety of different assays have been used. However, these different assays can be 

categorized into two main types; infectivity assays and in vitro assays. The principal 

advantage of the in vitro assays, like in vitro excystation and fluorogenic or vital dyes 

techniques is that, compared with animal infectivity, they are much easier, more rapid, 

and much less expensive to carry out. The disadvantage is that these techniques do not 

directly measure the ability of the parasite to cause infection in a host and may not 

necessarily be good indicators of the infectious potential of parasites exposed to 

environmental stresses.

In vitro excystation measures the ability of the parasite to emerge from the cyst, 

or to excyst, when exposed to test-tube conditions that simulate the gastrointestinal tract
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of a warm-blooded host (Korich et al. 1990; Schaefer 1990; Woodmansee 1987). 

Parasites that excyst are considered to be alive and infectious while those that do not are 

considered to be dead. In vitro excystation has been the preferred method for 

determination of the effect of chlorine compounds on Giardia spp. cysts (Haas et al. 

1998; Jarroll et al. 1981; Jarroll et al. 1980; Leahy et al. 1987; Rubin et al. 1989) and has 

been shown to correlate with animal infectivity in at least one study (Hoff et al. 1985). 

Labatiuk and co-workers (1991) compared in vitro excystation and a fluorescien 

diacetate-ethidium bromide dye assay to infectivity in mice for G. muris cysts exposed to 

ozone. They found that, while the fluorogenic dye assay significantly overestimated cyst 

infectivity in mice, in vitro excystation results were not significantly different than those 

generated using animal infectivity. On the other hand, Taghi-Kilani and co-workers 

(1996) found that in vitro excystation significantly underestimated G. muris inactivation 

by ozone, while two commercial nucleic acid stains provided a better correlation to 

infectivity.

Korich and co-workers (1990) reported that both animal infectivity and in vitro 

excystation indicated loss of viability of ozone exposed C. parvum oocysts, while the 

vital dyes fluorescein diacetate and propidium iodide were found to be unreliable 

indicators of loss of viability. Others have reported inconsistencies between vital dye, in 

vitro excystation or infectivity assays for determination of the effect of ozone on C. 

parvum oocycts and have recommended animal infectivity as the most reliable method 

(Black et al. 1996; Bukhari et al. 2000; Campbell et al. 1997). Examination of Table 2-6 

shows that, in general, studies using in vitro assays tend to overestimate ozonation 

requirements for a given inactivation level when compared to studies using infectivity 

assays. In direct comparisons, several research groups have found that in vitro 

excystation overestimates the viability of oocysts exposed to ozone compared to animal 

infectivity (Bukhari et al. 2000; Hirata et al. 2000; Kanjo et al. 2000). On the other hand, 

Rennecker and others found that a modified in vitro exystation protocol gave more 

consistent results and better agreement with infectivity assays for ozone exposed oocysts 

(Rennecker et al. 1999). Recently, it has been shown that C. parvum oocysts that did not 

excyst in vitro were still able to cause infection in mice (Neumann et al. 2000). 

Conversely, both in vitro excystation and a commercial nucleic acid dye stain kit grossly
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overestimated the infectivity of G. muris cysts and C. parvum  oocysts exposed to 

ultraviolet light (Bukhari et al. 1999; Craik et al. 2000).

Therefore, in vitro assays, including excystation and vital stains, should be used 

with caution. For rigorous research work, animal infectivity assays are preferred 

whenever possible because they provide the best available measure of the ability of the 

parasite to cause illness in humans (Black et al. 1996; Bukhari et al. 2000; Labatiuk et al.

1991). An added advantage of infectivity assays is that they can potentially be used to 

measure inactivation ratios of greater than 3 log-units, while the practical limit of in vitro 

techniques is approximately 2 log-units (Labatiuk et al. 1991). In vitro infectivity assays 

based on cell culture techniques have now been developed for C. parvum  (Di Giovanni et 

al. 1999; Rochelle et al. 1997; Slifko et al. 1997; Slifko et al. 1999). Application of these 

techniques, however, has been limited mostly to the problem of detecting live parasites in 

environmental water samples. As of yet, there are no reported studies in which cell 

culture assays have been tested for determination of the viability o f ozone-exposed 

oocysts.

2.3.10 Scale-Up of Encysted Protozoa Inactivation by Ozone

Limited studies have been conducted in either pilot-scale or larger water treatment 

facilities to determine the reduction of encysted protozoa by ozone. This is in part due to 

the expense and logistical difficulties in carrying out this type of work, and in part due to 

technical challenges in recovery and enumeration of parasites. Reliance on direct 

measurement of reduction of encysted protozoa naturally present in the source water of 

an operating water treatment facility as an indicator of the efficacy of full-scale ozone 

processes is not practical. One difficulty is that cysts and oocysts are typically not 

present in sufficient numbers in the source water to enable determination of inactivation 

by ozone to any significant extent (LeChevallier and Norton 1995). In addition, the 

analytical methods that have been used to measure the numbers of cysts and oocyst in the 

inlet and outlet of water treatment facilities do not measure the viability o f the parasites 

(LeChevallier and Norton 1995; LeChevallier et ai. 1995). In a test on a large pilot 

facility that consisted of pre-ozonation, coagulation, flocculation and direct filtration 

steps, removal of heteroptrophic plate count bacteria was determined to be 1 to 2 log-
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units higher with ozonation. Assessment of cysts and oocyst inactivation was not 

successful because they were only present in sufficient numbers to be counted in the filter 

backwash water (Nieminski and Bradford 1991).

The most common approach to assessing scale-up of microorganism reduction 

processes is to conduct challenge experiments on pilot-scale facilities wherein the feed is 

seeded with a concentrate parasite preparation. Wallis and co-workers (1990) seeded the 

feed to a continuous-flow pilot-scale (0.15 m diameter x 2 m tall) ozone bubble column 

with both G. duodenalis and G. muris cysts. Using in vitro excystation and infectivity in 

mice, they found the level inactivation to be proportional to the dissolved ozone Ct 

product. Based on examination of exposed cysts by transmission electron microscopy, 

the authors concluded that ozone compromised the integrity of the cyst wall, and resulted 

in degradation of the cytoplasmic elements of the cysts even when the wall and 

membrane appeared intact. In a bubble column of similar size, Wolfe, Scott and co- 

workers (Scott et al. 1992; Wolfe et al. 1989b) observed that dissolved ozone 

concentration, and not applied dose, turbidity or hydrogen peroxide addition, was the 

main factor that determined inactivation of seeded G. muris cysts.

Labatiuk (1992) found that inactivation of G. muris added to a semi-batch ozone 

contactor equipped with a Rushton turbine for dispersal of gaseous ozone was similar to 

that observed in batch experiments with dissolved ozone. Because it was done in a semi

batch system, this study was not a complete test of the scale-ability of batch experimental 

results to the continuous-flow systems that are typical of water treatment facilities. In a 

well-designed study, reduction of Giardia muris cysts, MS2 bacteriophage and E. coli in 

in a pilot-scale ozone bubble column contactor was compared to inactivation based on a 

non-linear batch kinetic model (Haas et al. 1995; Haas et al. 1998). The variability in the 

measured microorganism reduction was 2 log-units or greater in repeat trials, therefore, 

interpretation of the results was difficult.

In a series of studies conducted by the United States Environmental Protection 

Agency, C. parvum, C. muris and G. muris were seeded into the feed water of a 0.15 m 

diameter x 2.65 m tall pilot-scale countercurrent flow bubble diffuser column (Miltner et 

al. 1997; Owens et al. 1994; Owens et al. 1995). Based on a mouse infectivity assay, the
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Ct required for 2 log-units of inactivation of C. parvum oocysts was somewhat higher 

than Ct requirements measured in previous laboratory studies where infectivity was used 

(Table 2-6). The difference may have been due back-mixing in the contactor. A 

mechanistic model pilot was later developed to predict the levels of C. parvum 

inactivation observed in the US EPA pilot study (Tomiak et al. 1998). Ozone mass 

transfer was modeled using two-film theory with axial dispersion in the liquid phase, and 

C. parvum  reduction by ozone was modeled using the pseudo first-order model of 

Rennecker and co-workers (1999). Model predictions were within about 1 log-unit of 

measured inactivation and the mismatch was attributed to analytical variation and 

imperfections in the hydrodynamic model. One potential problem in this comparison is 

that the model predictions were based on a kinetic model that used in vitro excystation to 

determine inactivation. Inactivation in the pilot study experiments was determined using 

a mouse infectivity assay.

A pilot-scale ozone contacting system that consisted of two 0.10 m diameter x 3.2 

m tall columns arranged in series was subject to challenge tests with C. parvum oocysts 

(States et al. 2000). At the measured dissolved ozone Ct values, the authors reported 

dramatically lower oocyst inactivation (less than 0.5 log-units) in the pilot system than 

would be expected by extrapolation of laboratory results. The authors concluded that 

bench-scale results could not be reliably extrapolated to a flow system and attributed the 

poor performance of the contactor “poorer ozone contact”, though they did not elaborate 

on the precise meaning of this phrase.

Judging from these pilot-scale studies, there are good indications that the same 

concepts determined in laboratory studies, such as the importance of dissolved ozone Ct 

in determining the extent of inactivation, seem to apply to these larger-scale systems. 

However, the data set is sparse, is limited to mostly bubble-column systems and the 

outcomes have been mixed. In addition, there is some question as to how well bubble- 

systems represent the performance of the large diffuser basins that are typical of full- 

scale ozone contactors. The ability of design engineers to transfer the results from 

laboratory studies to full-scale continuous-flow treatment situations remains uncertain.
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2.3.11 Use of Bacterial Spores as Models for Ozone Inactivation of Encysted

Protozoa

Traditional indicators o f microbial water quality, like the total and fecal coliform 

bacteria, are not appropriate for determining the effectiveness of protozoan parasites 

reduction by ozone. Proposed alternative surrogate microorganisms for assessment of 

treatment processes include sporulated aerobic bacteria (Nieminski and Bellamy 1998; 

Rice et al. 1996; Toenniessen and Johnson 1970), sporulated sulphite-reducing anaerobes 

(Hijnen et al. 1997) and heterotrophic plate count bacteria (Nieminski and Bellamy 

1998). The properties of an ideal model organism that can be used to evaluate ozonation 

processes include:

1. comparable resistance to ozone as C. parvum, with the same sensitivity to 

water quality variables like temperature and pH;

2. predictable ozone inactivation kinetics;

3. easy and inexpensive to produce in substantial titres;

4. easy and inexpensive to enumerate; and

5. non-pathogenic to humans.

Aerobic bacterial spores of Bacillus species have been shown to demonstrate 

considerable resistance to inactivation by ozone (Botzenhart et al. 1993; Broadwater et al. 

1973; Choe 1998; Facile et al. 2000; Herbold et al. 1989; Owens et al. 2000). In batch 

reactors, cultured spores of B. cereus were found to have similar resistance to ozone as C. 

parvum oocysts (Finch and Choe 1999). However, B. cereus is an agent of food 

poisoning in humans (Goepfert et al. 1972) and is, therefore, not an ideal model 

organism. In pilot-trials, both indigeneous aerobic spores and a pure strain of B. subtilis 

spores were found to be more than twice as resistant to ozone as were C. parvum oocysts 

(Owens et al. 2000) suggesting that these non-human pathogenic species of Bacillus 

might serve as good model organisms for ozonation processes.

The kinetics of inactivation of natural aerobic spores and a pure strain of B. 

subtilis spores by ozone were measured at 22°C and were modeled using a modified Horn 

equation (Facile et al. 2000). At the 2 log-unit level, resistance of the spores to ozone

was found to be comparable to that reported for C. parvum oocysts in other work.
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However, unlike C. parvum, the rate of spore inactivation was found to be a significant 

function of pH. Further, indigenous spores were found to be less resistant to ozone than 

were the cultured spores. The authors cautioned that the resistance to ozone might 

depend on the source of the spores. Others have also reported that the resistance of 

various species of aerobic spores to chemical agents may differ (Barbeau et al. 1999; 

Broadwater et al. 1973).

2.4 THE ROLE OF THE OZONE CONTACTOR IN MICROORGANISM 

REDUCTION 

2.4.1 General Design Considerations for Ozone Contactors

The two main design goals of an ozone contacting system intended primarily for 

microorganism reduction are to dissolve the gaseous ozone efficiently, and to provide the 

appropriate conditions of dissolved ozone contact that will achieve the required reduction 

of the target microorganisms. Ozone dissolution is a mass transfer problem, aspects of 

which were discussed in Section 2.3.2. In order to effectively optimize the 

microorganism reduction function, the designer of an ozone contacting system must 

simultaneously consider;

1. the fundamental kinetics of microorganism inactivation by dissolved ozone;

2. the ozone demand of the water and the rate of ozone reaction and 

decomposition; and

3. the effect of fluid mixing and hydrodynamics.

The first two factors have been considered in previous sections. The third will now be 

addressed. Other factors that must also be considered as part of the overall facility design 

include feed gas-preparation, choice of ozone generation technology, process off-gas 

treatment, and process monitoring and control (Masschelein 1982a).

2.4.2 Chemical Engineering Concepts

The same theoretical principles that have been developed by chemical engineers 

to describe the effect of mixing on the extent of conversion in chemical reactors can, and 

have been to some extent, applied to evaluate the impact of contactor hydrodynamics on
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microorganism reduction in water treatment. The theoretical basis for describing the 

effects of fluid mixing and non-ideal flow on the conversion in chemical reactors is well 

established in the chemical engineering literature and excellent reviews are found in texts 

by Levenspiel (1972) and Nauman and Buffham (1983). In general, the conversion of a 

reactant in a homogeneous continuous-flow chemical reaction system is determined by 

the intrinsic reaction kinetics, the residence time distribution (RTD), and the degree of 

fluid segregation (Levenspiel 1972).

The two idealized flow patterns that are most often used to approximate real 

systems are the continuous-flow stirred tank reactor (CFSTR) and the plug flow reactor 

(PFR). Feed material entering an ideal CFSTR immediately disperses and mixes 

completely with the reactor contents. In a PFR, on the other hand, there is no back- 

mixing or dispersion. Feed entering the reactor moves from the inlet to the outlet in an 

orderly fashion, like a plug. For reactions with positive order, as are most microorganism 

reduction processes, the ideal PFR flow condition provides the highest possible 

conversion for a given hydraulic detention time (Levenspiel 1972). The flow pattern and, 

therefore, the conversion in real reactors is generally considered to lie somewhere 

between the two idealized extremes of the CFSTR and PFR, although it is possible for 

poorly mixed real reactors to display performance that is inferior to that of a CFSTR 

(Nauman and Buffham 1983).

Flow patterns in real reactors typically deviate from these two idealized flow 

concepts and may be characterized by stagnant zones, regions of bypass flow or short- 

circuiting, back-mixing or dispersion. It is often convenient to use the RTD to 

characterize the non-ideal flow pattern of a real reactor. Using the nomenclature of 

Levenspiel (1972), the RTD can be described by the age distribution of fluid leaving a 

reaction vessel, £(/). The advantage of the RTD concept in practice is that E(t) can be 

readily determined for real reactor vessels, or contacting basins in water treatment plants, 

through pulse- or step-input tracer tests. Alternatively, the flow pattern can be modeled 

using conceptual mixing models. The most popular model used to describe non-ideal 

mixing in both chlorine contacting basins and ozone contactors has been the CFSTR-in- 

series model (Bellamy 1995; Do-Quang et al. 2000b; Lawler and Singer 1993; Lev and 

Regli 1992b; Reddy et al. 1997; Roustan et al. 1993; Roustan et al. 1996). In this model,
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the contactor is considered to behave as a series of J  ideal CFSTRs. The single model 

parameter, / ,  describes the deviation from ideal mixing conditions. When J  = 1, the 

reactor behaves as an ideal CFSTR. As J  increases the residence time distribution and 

the conversion approaches that of an ideal PFR. Other models that have been used to 

model the hydrodynamics in ozone contactors include the axial dispersion model 

(Bellamy 1995; Le Sauze et al. 1993; Marinas et al. 1993; Reddy et al. 1997; Zhou et al. 

1994) and the back-flow mixed cell model (Smith and Zhou 1994; Zhou et al. 1994).

In addition to the residence time distribution, which describes the macro-mixing 

pattern in the reactor, conversion may also depend on the degree of segregation or micro

mixing of the fluid. At one extreme, the fluid is said to be perfectly micro-mixed. As the 

fluid flows through the reactor, there is complete exchange of material at the scale of the 

individual molecules or particles. This condition is generally associated with a high 

degree of turbulent mixing. At the other extreme, there is no mixing at the molecular 

scale. The fluid behaves as a series of discrete clumps, or agglomerates, as it flows 

through the reactor from inlet to outlet. In this case, the fluid is considered fully 

segregated. In real reactors, the fluid is likely to be in a partially segregated state, and is 

neither perfectly micro-mixed nor fully segregated. It should be noted here that the 

micro-mixing and segregation are distinct from the macro-mixing pattern described the 

residence time distribution. Reactors with identical residence time patterns may have 

very different levels of micro-mixing (Levenspiel 1972).

If the flow is completely segregated, overall conversion can be calculated by 

integrating the exit age distribution with the conversion expected in a batch reactor 

operating at the same feed conditions. Mathematically, this is given by (Levenspiel

1972):

0 0 \  0 J  batch

Equation 2-14
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where Co and C are, respectively, the concentrations of reactant at the inlet or outlet of 

the flow reactor or at the beginning and end of the batch reaction time. Equation 2-14, 

therefore, represents a very simple way of combining information from laboratory batch 

reactors with a directly measurable flow characteristic in order to predict conversion in a 

larger flow system. In water and wastewater treatment, the term “segregated flow 

analysis" has been used to describe the analysis of Equation 2-14 (Haas 1988; Haas et al. 

1995; Haas et al. 1998; Lawler and Singer 1993; Lev and Regli 1992b; Trussed and Chao 

1977).

Segregated flow analysis yields exact conversion when the reaction kinetics are 

uni-molecular first-order, or for any kinetics when the flow is indeed completely 

segregated. To investigate the effect of deviations from the segregated flow assumption 

on conversion, Zwietering (1959) introduced the concept o f maximum mixedness. He 

presented a differential equation that describes conversion in a reactor in which the fluid 

was perfectly micro-mixed at all locations, and for any reaction kinetics and residence 

time distribution. The degree of fluid segregation becomes important for conditions of 

very high conversion, non-linear kinetics and deviations from plug flow. For positive- 

order reactions, conversion will be highest in the completely segregated flow reactor and 

lowest in the perfectly micro-mixed reactor, and will lie somewhere between the two 

fluid mixing extremes for intermediate levels of segregation. Unfortunately, Zwietering 

presented analytical solutions for only a few relatively simple cases, such as first-order 

uni-molecular reactions. Mechanistic models have been proposed to describe conversion 

for intermediate degrees of segregation, however, these are largely theoretical and of 

limited practical value (Nauman and Buffham 1983). Mixing models such as the 

CFSTR-in-series or the axial dispersion model incorporate an intrinsic level of 

segregation and, therefore, conversion based on these models will lie between the 

extremes of complete segregation and maximum mixedness (Nauman and Buffham 

1983).

The segregation number has been proposed as a measure of the degree of fluid 

segregation in a reactor. The segregation number, Ss, is related to the molecular 

diffusivity of the reactants,D ,  the mixing time-scale, t , and minimum turbulent eddy size
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determined from Kolmogoroff mixing theory. Sg can be estimated from the following 

equation:

Equation 2-15

where p and p are the density and viscosity of the water, respectively, and e is the energy 

dissipation rate. For a second-order reaction, the fluid segregation was shown to have an 

observable effect on conversion for Ss > 0.1 and to become important when Sg> 1.

2.4.3 Impact of Mixing on Microorganism Reduction

Microorganism reduction processes are vulnerable to the effects of both the 

residence time distribution and the degree of segregation because inactivation kinetics are 

generally not first-order, the hydrodynamics of contactors usually diverge from plug 

flow, and the target conversion efficiencies are often very high, typically exceeding 99%. 

A few theoretical studies have investigated the potential effect of contactor mixing on the 

efficiency of microorganism reduction in chlorine contactors by combining chemical 

reaction engineering principles with microbe inactivation kinetics. Trussell and Chao 

(1977) used fully segregated flow analysis to demonstrate the potential effects of 

dispersion and back-mixing in a chlorine contactor on coliform reduction. Haas (1988) 

compared reduction of Escherichia coli in a hypothetical chlorine contactor assuming 

complete segregation, partial segregation and perfect micro-mixing. He used the 

procedure of Zwietering (1959) to model the micro-mixed case and a CFSTR-in-series 

model to represent partial segregation. The effects of the residence time distribution and 

micro-mixing on E. coli reduction were most pronounced at the highest inactivation 

levels. Reduction in a perfectly micro-mixed contactor was up to 2 log-units less than in 

a segregated flow contactor when the inactivation level was 5 to 6 log-units. Using a 

CFSTR-in-series mixing model to represent partial segregation, Lawler and Singer 

(1993) calculated greater inactivation of G. lamblia in a completely segregated chlorine 

contactor compared to a partially segregated contactor. With a macro-mixing condition
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equal to 10 CFSTRs in series, predicted microorganism reduction was 4.1 log-units with 

complete segregation versus 3.6 log-units with partial segregation. Both Lawler and 

Singer (1993) and Haas (1988) noted that the fluid in chlorine contactors in drinking 

water treatment is likely to be closer to a micro-mixed state than a completely segregated 

state.

2.4.4 Types of Ozone Contactors

In their review of ozone engineering applications, Langlais and co-authors (1991) 

list a number of different technologies that have been employed to dissolved ozone into 

water or a waster water treatment. These include:

1 . conventional fine bubble diffusion;

2 . turbine mixers;

3. injectors and static mixers;

4. packed columns;

5. spray chambers;

6 . deep U-tube;

7. sweeping porous plate diffuser contactor; and

8 . submerged static radial turbine contactor.

O f these, the conventional fine bubble diffuser (FBD) is the most commonly employed 

ozone dissolution technique both in Europe and the United States (Langlais et al. 1991). 

A typical FBD contactor is illustrated in Figure 2-2. The contactor consists of a 

rectangular basin that is sub-divided into a series of chambers by walls or baffles. The 

water flows through the contactor in an up-and-over pattern. In one or more of the 

chambers, ozonized gas is dispersed into the water at the bottom through an array of 

porous diffusers, and off-gas is collected above the water level. The total number of 

chambers, the number of chambers to which ozone is added, and the arrangement of 

baffles varies between installations. Advantages of the FBD, as noted by Langlais and 

co-authors (1991), are that it is established and familiar technology, the ozone transfer 

efficiency is usually greater than 90%, there are no moving parts and hydraulic head loss 

is low. Disadvantages include the requirement for deep contact basins in order to achieve
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good ozone transfer, clogging of diffusers and the possibility of vertical channeling of the 

bubbles.

Water
In

Ozonized Gas

Figure 2-2 Depiction of a typical conventional multi-chamber fine bubble diffuser 

(FBD) ozone contactor consisting of four chambers with ozone addition to 

the first and third chamber.

2.4.5 Criteria for Ozone Contactor Design

Design of ozone systems for water treatment has lacked a rigorous scientific and 

engineering basis and has been based largely on previous experience and empirical 

“rules-of-thumb”. In France the historical “rule-of-thumb” was to maintain a minimum 

ozone concentration of 0.4 mg/L for 4 min (Langlais et al. 1991) because this exposure 

was found to be sufficient to inactivate poliovirus under ideal laboratory conditions (Coin 

et al. 1964). To account for potential effects of hydraulic short-circuiting, the hydraulic 

detention time of full-scale contactors was typically increased to 1 0  to 1 2  minutes 

(Langlais et al. 1991). In the United States formal design criteria for ozonation systems 

in water treatment were introduced with the 1989 US EPA Surface Water Treatment Rule 

in the form of Ct requirements for inactivation of bacteria, viruses and Giardia spp. cysts
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(U.S. Environmental Protection Agency 1989). The USEPA Ct requirements for 

reduction of cysts by ozone were based on the results of laboratory studies (Malcolm 

Pimie Inc. and HDR Engineering Inc. 1991). Conventional FBD ozone contactors, 

however, are much more complicated physical systems then are laboratory reactors. Gas- 

liquid mass transfer, ozone demand and decomposition reactions, and microorganism 

reduction all take place in the same continuous-flow vessel. A complicated two-phase 

hydrodynamic flow pattern and a distribution of residence times add to the physical 

complexity.

Given these complexities, the following question is raised: What values of C and t 

should used in the determination of Ct for full-scale ozone contactors in order to ensure 

target microorganism reduction? To account for non-ideal macro-mixing patterns in full- 

scale ozone contactors, the guidance manual to the SWTR recommends the use of the t\o 

as the time variable rather than the either the theoretical residence time, r, or the 

measured mean residence time, tm (Malcolm Pimie Inc. and HDR Engineering Inc. 1991). 

The rio is the time required for 10% of the total amount of tracer added to influent stream 

of a contactor in a pulse tracer experiment to exit the contactor in the effluent stream. 

For an ideal plug flow contactor, all of the tracer molecules exit the contactor at the 

exactly the same time, the theoretical residence time, r, and the value of the ratio of t io/r is 

unity. The mixing patterns in real ozone contactors invevitably deviate from plug flow 

and the measured tio values are often considerably less than r. The use of the /io derived 

from tracer experiments is intended as a conservative safety measure, and one that is 

simple to understand and is easy to use by water utilities.

Although selection of fio as the characteristic time appears somewhat arbitrary 

and empirical, it was based on a theoretical analysis conducted by Lev and Regli (1992b). 

In their analysis, Lev and Regli used a CFSTR-in-series mixing model with segregated 

flow analysis, and made the simplifying assumptions of constant ozone concentration and 

first-order microorganism inactivation kinetics. They concluded that the t\o will provide 

an adequate safety margin provided that the target inactivation levels are not too high or 

that the deviations from plug flow are not too large. A similar theoretical approach was 

used to generate guidelines for selecting the characteristic concentration, C (Lev and 

Regli 1992a). Requirement of the use of the t i0 as the characteristic time has been
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criticized as too conservative a measure for chlorine contacting facilities (Lawler and 

Singer 1993). Others have argued that the Ct design process of the US EPA does not 

capture the complex interrelationships between contactor hydrodynamics and the spatial 

and temporal distribution of ozone within full-scale ozone contactors (Bellamy 1995).

The American Water Works Association Research Foundation (AWWARF) 

sponsored a project to develop alternatives to the Ct method that would enable more 

accurate site-specific determination of microorganism reduction requirements. The 

integrated disinfection design framework, or IDDF emerged from that effort (Bellamy et 

al. 2000; Bellamy et al. 1997). The IDDF adopted reaction engineering methods that 

were used by others to analyze the effect of mixing on microorganism reduction, and 

formalized these into a calculation procedure that integrated oxidant demand and 

decomposition, microorganisms reduction kinetics and contactor hydrodynamics 

determined from tracer tests. The IDDF is directed toward analysis of existing facilities 

rather than design of new facilities.

2.4.6 Studies of Ozone Contactor Hydrodynamics

Since the introduction of the US EPA SWTR requirements, a number of 

engineering studies have appeared in the literature describing the hydrodynamics of 

ozone contactors in operation at water treatment facilities. The majority of the published 

studies have been with FBD contactors (Henry and Freeman 1995; Martin et al. 1992; 

Martin et al. 1995; Reddy et al. 1997; Roustan et al. 1993). Tracer tests on several full- 

scale FBD contactors have revealed that there is usually considerable divergence from 

perfect plug flow in these contactors. Reported values of the t\<Jr ratio, an approximate 

measure of the approach to perfect plug flow and the hydrodynamic efficiency, have 

ranged from approximately 0.40 to 0.70 (Bellamy 1995; Do-Quang et al. 2000a; Martin 

et al. 1995). In one study that surveyed 12 full-scale FBD contactors in the United 

Kingdom and France, the fio/r ranged from 0.41 to 0.67 and the number of CFSTRs that 

best described the measured residence time distribution was between 4 and 7 (Do-Quang 

et al. 2 0 0 0 a).

In response to the US EPA SWTR requirements for microorganism reduction, 

engineers have attempted to increase the f io/r ratio of FBD contactors by installing more
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baffles or by making other modifications. As the number of baffles and chambers are 

increased in an FBD contactor, the flow regime and residence time distribution will tend 

to better approach that of perfect plug flow. In a pilot-scale study, the t i0/T  ratio was 

found to improve considerably when the number of baffles and chambers was increased 

(Do-Quang et al. 2000a). Newer contactors, designed primarily for microorganism 

reduction, have been built with as many as six chambers in order to improve the 

hydrodynamic efficiency (Coffey and Gramith 1994; Reddy et al. 1997). However, as 

noted by Langlais and co-authors (1991), there are practical limits to the number of 

chambers. Other modifications, other than baffle installation, may also yield 

improvements. By appropriate adjustments to the height and spacing of the baffles in a 

1/5 size protoype of a 5-chamber design, the fio/r ratio improved from 0.5 to 0.67 

(Heathcote and Drage 1995).

Computational fluid dynamics (CFD) and finite element analysis (FGA) modeling 

techniques suggested the presence of large recirculation zones and areas of dead volume 

in three out of four full-scale FBD contactors that were studied (Henry and Freeman 

1995). An example of the type of flow pattern predicted by the CFD study contactor is 

shown in Figure 2-3. The CFD analysis further predicted that the fio/r ratio could be 

improved by increasing the depth to length ratio in each contactor cell or by adding vanes 

or wall foils at strategic locations (Henry and Freeman 1995). The hydrodynamic 

efficiency in FBD contactors is also sensitive to the conditions of gas dispersion. Gas 

addition has been observed to increase the degree of back-mixing and liquid dispersion in 

small-scale bubble columns (Marinas et al. 1993; Nieminski 1990; Roustan et al. 1996). 

In a small-scale FBD contactor, the t ratio increased with higher gas-to-liquid flow 

rate ratio, G/Qf, and when the gas was distributed to all chambers versus addition to only 

one chamber (Do-Quang et al. 2000a). The same effects were confirmed in full-scale 

contactors (Martin et al. 1992; Reddy et al. 1997).

The potential impact of contactor hydrodynamics on G. lamblia and C. parvum 

inactivation in full-scale ozone contactors has been studied by theoretical analysis with 

the CFSTR-in-series mixing model. Increasing the number of CSFTRs in series from 3 

to 1 0  in a hypothetical contactor resulted in a predicted decrease in the residence time 

required for 2 log-units of G. lamblia inactivation by a factor of almost two (Roustan et
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al. 1991). For C. parvum  a similar increase in hydrodynamic efficiency resulted in a 

reduction in the required residence time by a factor of more than three (Do-Quang et al. 

2000b). No studies have reported on the effect of contactor hydrodynamics on the 

efficiency of the reduction of either Giardia spp. cysts or Cryptosporidium oocysts based 

on direct measurement.

Off-Gas

Water Water
Out

Ozonized Gas

Figure 2-3 Potential hydrodynamic flow pattern in a typical conventional multi

chamber fine bubble diffuser ozone contactor. Row streamlines are 

adapted from results of the computational fluid dynamics study of Henry 

and Freeman (1995).

These hydrodynamic studies expose the limitation inherent in the design of FBD 

contactors when considered for microorganism reduction. The gas-liquid contacting 

requirement in an FBD results in physical contactor designs and hydrodynamic 

conditions that are less than ideal for efficient microorganism reduction. This arises 

because contactor geometries are dictated primarily by mass transfer requirements, and 

not by hydrodynamic considerations. For example, the up-and-over configuration is 

dictated by the need to provide opportunity for contact between the ozone bubbles and 

the water. Further, FBD contactor height and width are determined by ozone transfer
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efficiency requirements and the area required for diffusers (Joost et ai. 1989; Rakness et 

al. 1988).

2.4.7 Influence of Gas-Liquid Contact

The implicit assumption underlying the discussion of contactor hydrodynamics 

thus far has been that the intrinsic microorganism inactivation rate at any point in the 

contactor depends on the local dissolved ozone concentration only. There are 

suggestions in the literature that other factors may influence the rate of microorganism 

inactivation by ozone, particulary in gas-liquid systems. Some authors have proposed 

that contact with bubbles of gaseous ozone may enhance microorganism inactivation in 

ozone contactors (Haas 1990; Masschelein et al. 1975; Masschelein et al. 1976; 

Masschelein 1982b). Gaseous ozone has been shown to be an effective bacteriocide as 

long as sufficient humidity is present (Dahi and Lund 1980; Ishizaki et al. 1986). The 

presence of ozone gas bubbles together with dissolved ozone was found to enhance the 

inactivation of the bacteria Mycobacterium fortuitum  and the yeast Candida parapsilosis 

by about 1 log-unit as compared to exposure to dissolved ozone alone (Farooq et al. 

1977a). The authors speculated that, because of their surface active properties, 

microorganisms would tend to concentrate in the liquid film at the gas-liquid interface, 

and would thus be exposed to both gaseous ozone and a higher concentration of ozone 

than in the bulk liquid (Farooq et al. 1978). In a continuous-flow laboratory-scale bubble 

column, standard plate count bacteria in secondary wastewater were more effectively 

inactivated when the ozone bubbles were smaller, given the same dissolved ozone 

concentration (Ahmad and Farooq 1984). It was postulated that this was due to the 

increased gas-liquid contact surface area associated with the finer gas bubbles. In a 

comparison of different contacting systems, including porous diffusors, ejectors and 

mixing turbines, the ozone concentration in the water necessary for a given level of 

Actinomycetes reduction was found to be lower if the energy dissipated during gas-liquid 

mixing was higher (Masschelein 1982b). The authors attributed this effect to an increase 

in the rate of exposure of the microorganisms to the surface of gaseous ozone bubbles. In 

the same study, the same authors also reported that the rate of ozone reaction with picric 

acid, a slowly reacting phenolic compound, was proportional to the surface area of gas-
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liquid contact in a dispersed bubble reactor. The reported information in these studies, 

however, was often not sufficient to distinguish whether the observed effects were due to 

an increased degree of direct contact between microorganisms and gaseous ozone, or to 

an increase in the ozone mass transfer rate that accompanied smaller bubble size.

The findings of other researchers, however, tend to contradict the gas-bubble 

hypothesis. Scaccia and Rosen (1978) argued and that inactivation of microorganisms 

would be equivalent in any type of contactor as long as the absorbed ozone dose was the 

same. They provided supporting evidence for their argument by comparing fecal 

coliform inactivation in three types of gas-liquid ozone contactors. Finch and Smith 

(1991) found that inactivation of E. coli in wastewater exposed to gaseous ozone in a 

semi-batch gas-liquid contact tank stirred with a Rushton turbine was less efficient at 

higher rates of energy input. They concluded that the design of ozone contactors for 

microorganism reduction should ideally consist of a gas-liquid contact stage for mass 

transfer, followed by a plug flow reactor for dissolved ozone contact and microorganism 

reduction.

The varied results of these experiments suggest that the role of ozone bubbles and 

gas-liquid contact may be system dependent. In addition, the studies were limited to 

microorganisms that are relatively rapidly inactivated by ozone, such as vegetative 

bacteria or yeast. No information is available on the effects of gas-liquid contact on 

microorganisms that are more resistant to ozone, such as sporulated bacteria or encysted 

protozoa like Cryptosporidium parvum or Giardia lamblia.

2.4.8 Use of Static Mixers for Ozone Contact

Several other methods for dissolving gaseous ozone in water have been 

experimented with in addition to the conventional FBD contactor, however, most of these 

have seen only limited application (Langlais et al. 1991; Masschelein 1982a). The deep 

U-tube contactor has been promoted in France as a means of improving hydrodynamic 

efficiency, although this was not proven in a test on a full-scale installation (Roustan et 

al. 1993). Another type of contactor that has been pilot-tested in the United States is the 

side-stream venturi injector with a downflow tube. The advantage of this contactor is 

that it can achieve both high dissolved ozone concentrations and mass transfer
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efficiencies and is well-adapted to the use of modem high concentration ozone gas feeds 

(Schulz et al. 1995).

Static mixers, also called motion-less mixers, consist of a series o f stationary 

mixing elements mounted inside a section of pipe or duct. They have been used in the 

chemical process and food industries for applications ranging from the mixing of highly 

viscous fluids, like polymers, to absorbance of gases into non-viscous liquids (Myers et 

al. 1997; Rader et al. 1989). As the fluid mixture flows through the elements of the static 

mixer, it is sheared, sub-divided into smaller elements, and recombined many times. 

Fluid kinetic energy is rapidly dissipated resulting in a highly micro-mixed, homogenous 

fluid with a radially uniform concentration. In gas-liquid contacting systems, high rates 

of mass transfer are promoted by formation of very fine bubbles, the surfaces of which 

are renewed constantly by coalescence and redistribution of the fluids, and by high 

turbulence (Grosz-Roll et al. 1982). The short residence times and rapid energy 

dissipation within static mixers make them particularly useful for enhancing the yield of 

very fast and competitive reactions where mass transfer and degree of micro-mixing are 

the rate controlling steps (Boume et al. 1992). For this reason, static mixers are useful 

for the rapid mixing of coagulation chemicals in water treatment (Schulgen et al. 1996).

Static mixers have been available as an option for ozone dissolution for some time 

(Masschelein 1982a). Langlais and co-authors (1991) list the principle advantages of 

static mixers, and other in-line contactors, for ozone contacting as follows:

1. They are simple systems with no moving parts that require little maintenance.

2. They provide good mixing and mass transfer.

3. Much smaller contacting vessels are required compared to FBD contactors 

because of the very short residence times within the mixers.

The main disadvantage of static mixers in drinking water treatment facilities is that the 

pressured drop incurred may create the need for additional pumping and energy 

expenditure.

The benefits of using a static mixer, or any other in-line mixing devices, for 

improving the efficiency of microorganism reduction processes in water treatment have 

been explored only to a limited extent. Zhu and co-workers (1989a) found that, in an
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experimental static mixer system, inactivation of E. coli in wastewater was controlled by 

the mass transfer rate within the static mixer and even proposed a mathematical 

relationship between inactivation and the mass transfer coefficient. However, it is not 

clear from the experimental design if these researchers were able to separate the effects 

on the microorganisms of mass transfer from those of contact with dissolved ozone. 

After studying the hydrodynamics of several conventional fine bubble diffuser 

contactors, Martin and co-workers (1992) recommended the use of static mixers as an 

alternative for for ozone dissolution. They argued that a static mixer used in combination 

with a plug-flow contactor would provide the best microorganism reduction. The design 

concept o f a rapid mass transfer stage followed by a microorganism reduction stage is 

similar to that suggested by Finch and Smith (1991). The concept was later tested to a 

very limited extent in a pilot study. The focus of the work was ozone transfer efficiency 

and oxidation of atrazine and limited information on the reduction of heterotrophic plate 

count (HPC) bacteria was provided (Martin and Galey 1994).

Others studied HPC and fecal coliform bacteria reduction in a static mixer ozone 

contactor (Bonnard et al. 1999). The experimental design, however, did not allow the 

effect o f the static mixer on microorganism reduction to be determined separately from 

the effects of other system parameters, such as contact time. Recently, enhanced 

reduction of C. parvum oocysts was reported when the microorganisms were pre

contacted with dissolved chlorine in a static mixer relative to pre-contact in an empty 

pipe (Heindel et al. 1999). This finding suggests that vigorous mixing within the static 

mixer might increase the efficacy of the chlorine by loosening, or otherwise altering, the 

oocyst wall.

Few documented full-scale examples of static mixer ozonation systems are 

available. Zhu and co-workers (1990) described a small installation in which hospital 

wastewater was contacted with ozone in a static mixer for a 0 . 1  min contact time with 

applied ozone doses ranging from 20 to 45 mg/L. Reduction of E. coli in the wastewater 

was 3 to 5 log-units. Martin and co-workers (1995) described an 84 x 103 m3/d static 

mixer installation at the Melun-Arvigny water treatment plant in France. Ozone was 

contacted with a side-stream of plant water flow in one static mixer and was then further 

blended with the main flow in a second static mixer. Additional contact time of 6.2
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minutes with dissolved ozone was provided in an “up and over” style, 4-chamber 

contactor. No microorganism reduction or hydrodynamic performance data was 

available.

2.5 SUMMARY

New requirements to provide reduction of encysted protozoa, particuiary C. 

parvum, have increased the need for a better understanding of ozone contactor design. 

Considerable information has been gained from batch and semi-batch reactor studies and 

the rate of reaction between C. parvum oocysts and dissolved ozone is now fairly well, 

but not completely, understood. For the purposes of water treatment process design and 

public health protection, animal infectivity remains the most reliable method of 

determining the effects of ozone on these parasites. The influence of ozone contactor 

hydrodynamics on microorganism reduction efficiency, however, is less well understood. 

Based on consideration of chemical reaction engineering principles and measurements of 

residence time distributions, conventional full-scale ozone contactor designs are not 

conducive to efficient microorganism reduction. It has been suggested that a better 

design would promote rapid ozone dissolution followed by contact with dissolved 

molecular ozone under plug flow conditions. Very little experimental work has been 

conducted to verify the effect of ozone contactor hydrodynamics on microorganism 

reduction or to demonstrate alternative contactor designs. No studies have been reported 

in which the effect of mixing in ozone contactors on C. parvum  inactivation was 

experimentally investigated. The effect of gas-liquid contacting conditions on C. parvum 

oocysts remains largely unexplored. It is, therefore, uncertain how well the information 

generated in batch and semi-batch reactors can be extended to larger-scale continuous 

flow ozone contacting systems.
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3 EFFECT OF MIXING ON CRYTPOSPORIDIUM PARVUM INACTIVATION 

IN AN OZONE CONTACTOR - A THEORETICAL ANALYSIS

3.1 INTRODUCTION

Chemical reactor engineering theory predicts that both the macro-mixing 

characteristics and the degree of fluid segregation, or micro-mixing, may influence 

conversion in chemical reactors. The extent to which micro-mixing is important is 

dictated by the reaction kinetics of the particular system under consideration, the macro

mixing and the extent of conversion. The potential impact of these hydrodynamic factors 

on inactivation of C. parvum oocysts in ozone contactors has been investigated only to a 

limited extent. The theoretical reaction engineering analysis of Do-Quang and co

workers (2000b), using a CFSTR-in-series mixing model, considered only two macro

mixing conditions, equivalent to 3 and 10 CFSTRs in series, and a fixed rate of ozone 

decomposition. The analysis was also restricted to the assumption of first-order Chick- 

Watson inactivation kinetics. Others have found that C. parvum  inactivation by ozone is 

better represented by a non-linear kinetic model (Gyiirek et al. 1999; Li et al. 2001). 

Further, the fluid micro-mixing condition was limited to the case of partial segregation 

that is intrinsic to the CFSTR-in-series model.

The objective of the theoretical mathematical analysis presented in this chapter 

was to predict the effect of hydrodynamic conditions in a hypothetical single-phase ozone 

contactor on C. parvum  inactivation over a wider range of macro-mixing states. Both 

first-order and non-linear kinetic models of C. parvum inactivation by dissolved ozone at 

22°C (Gyiirek et al. 1999) were used as the basis for a series of mathematical simulations. 

Partial and complete fluid segregation micro-mixing cases were considered using a 

modeling approach similar to that used by others for the case of fecal coliform and G. 

lamblia cyst inactivation by chlorine compounds (Haas 1988; Lawler and Singer 1993). 

The influence of ozone decomposition rate was also examined.
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3.2 CONTACTOR MODEL DEVELOPMENT

3.2.1 Scenario

The case of a hypothetical dissolved ozone contactor was considered in which 

gaseous ozone was dissolved into the water in an upstream step. Both the feed and the 

outlet streams of the contactor were assumed to be perfectly micro-mixed with respect to 

both microorganisms and dissolved ozone. Between the inlet and the outlet the fluid was 

in either a partially segregated or a completely segregated mixing state. Segregated flow 

analysis, wherein the residence time distribution was integrated directly with kinetic 

models of C. parvum inactivation by dissolved ozone, was used to simulate complete 

fluid segregation. A CFSTR-in-series mixing model that incorporated the same kinetic 

models was used to simulate partial fluid segregation.

3.2.2 Kinetic Models

The fundamental kinetic assumption in the analysis was that the local rate of C. 

parvum inactivation at any point within the contactor was determined by the dissolved 

ozone concentration according to either a Chick-Watson or a Horn model. The Chick- 

Watson model was described in both differential and integrated form in Equations 2-8 

and 2-10. The differential and the integrated forms of the Horn model were given by, 

respectively:

where k'H = kH/\n(lO). This parameter adjustment was required to convert from natural 

base e logarithm to the base 1 0  logarithm form more commonly used in the water 

treatment field. Model parameters were adopted from the work of Gyiirek and co-

—— = kHmNCntn~l 
dt H

Equation 3-1

N
- \o g —  = k 'C nt 

N
Equation 3-2
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workers (1999) on inactivation of C. parvum oocysts in phosphate buffered ultrapure 

water at 22°C and pH 6  to 8 , and were:

First-Order Chick-Watson Model: k '=  0.37 min"1, n = 1

Horn model: k'H = 0.68 min"1, n = 0.70, m = 0.73

Although various orders for the rate of ozone decomposition in natural water have been 

reported (Grasso and Weber 1989), for simplicity, a simple first-order relationship was 

used in the simulations. The differential and integrated forms were, respectively:

In these equations, C represented the local dissolved ozone concentration in the contactor, 

Co was the dissolved ozone concentration at the inlet of the contactor, and kd was the 

first-order ozone decomposition rate constant.

First-order ozone decomposition was incorporated mathematically into the 

differential form of the batch microorganism kinetic models by inserting Equation 3-4 

into Equation 2-8, for Chick-Watson kinetics, or into Equation 3-1, for Horn kinetics. 

The resulting differential equations were then integrated from / = 0 to t = t yielding the 

following expressions for inactivation ratio in a batch or perfect plug flow reactor

Equation 3-3

C = C0 exp(~kdt) Equation 3-4

Chick-Watson: -  l o g [ l  -  exp(— kdtn)\
N0 kdn

Equation 3-5
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Horn:
N  ntk'HCo- l o g ---- = — -——y(m ,nk.t)
N 0 (nkd)m

Equation 3-6

The analytical solution to the Horn model case was derived using the incomplete Gamma 

function, y, and is valid when m > 0 and nkdt > 0 (Haas and Joffe 1994). The gamma 

function was solved in Microsoft Excel 2000 using Gammadistf/iifc^/n, l,true) 

xexp(Gammaln(m)) (Gyiirek et al. 1999).

3.2.3 Partially Segregated Flow Analysis

To simulate non-ideal macro-mixing, the contactor was considered to be 

equivalent to a series of identical continuous-flow, perfectly stirred tank reactors 

(CFSTRs) as follows:

•  •

The extent of back-mixing in the contactor was described by the single parameter / ,  the 

number of CFSTRs in the series. A single perfect CFSTR was represented by setting J  

equal to 1. As J  was increased, the extent of back-mixing decreased and the macro

mixing and residence time distribution approached that of perfect plug flow. In each of 

the CFSTRs in the series, the fluid was considered to be perfectly micro-mixed, however, 

there was no mixing between the individual CFSTRs. Conceptually, therefore, this 

mixing model represented a condition of partial fluid segregation (Lawler and Singer 

1993).

Solution of the overall reactor problem required a mass balance for both dissolved 

ozone and microorganisms for each of the J  CFSTRs in the series. Given first-order 

ozone decomposition as described by Equation 3-3, a mass balance yielded the following 

expression for the ozone concentration, C„ in the ith CFSTR:
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1 Equation 3-7

In Equation 3-7, r, was the space time in each CFSTR in the series and was equal to the 

contactor hydraulic residence time divided by the number of CFSTRs (i.e. T/ =  rT / J). A 

similar expression was derived for the concentration of live C. parvum  oocysts in the ith 

CFSTR, Ni, by incorporating the differential form of the inactivation kinetic models 

(Equations 2-8 and 3-1) into the mass balance. The solutions for each of the two kinetic 

formulations were:

Chick-Watson: N. 1
N,_t 1 + r ,kC

Equation 3-8

Horn: N.
N,_t 1 + r tkHm Cnt

Equation 3-9

In Equation 3-9, the t variable arising from the Horn kinetic formulation presented a 

unique problem. The Horn formulation was originally derived from kinetic studies in 

batch reactors where r represents the duration of the ozone exposure (Horn 1972). In the 

CFSTR-in-series model, t in f  th reactor was defined as follows:

j
Equation 3-10

Substituting Equation 3-10 into Equation 3-9 yielded the following equation:
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Equation 3-11

C. parvum oocyst infectivity reduction in a hypothetical contactor with mixing equivalent 

to J  CFSTRs was determined by solving simultaneously the algebraic set of equations 

that described / = I to J  reactors. For each reactor, these were Equation 3-7 and either 

Equation 3-9 (Chick-Watson kinetics) or Equation 3-11 (Horn kinetics).

3.2.4 Segregated Flow Analysis

The residence time distribution for the segregrated flow analysis case was 

generated from the following equation that describes the exit age distribution function for 

a series of identical CFSTRs (Levenspiel 1972):

For segregated flow analysis, C. parvum  inactivation was determined by replacing the 

chemical concentration in Equation 2-14 with the concentration of live microorganisms. 

The resulting expression was:

where (AWVo)baich was the survival ratio determined from a batch reactor kinetic model of 

microorganism inactivation. Substituting Equations 3-5 and 3-6 into Equation 3-13 

yielded the following integral expressions for C. parvum  inactivation for the segregated 

flow case with either Chick-Watson or Horn kinetics:

t
e x p ----- Equation 3-12

0  ybatch

Equation 3-13
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Chick-Watson:

|  anti log |  [l - e x p ( - k dtn)^E (t)d t Equation 3-14

Horn:

Equation 3-15

3.2.5 Numerical Calculations

The algebraic set of equations that described the J  CFSTRs of the partially 

segregated fluid contactor was solved using a spreadsheet program in Microsoft Excel 

2000®. For segregated flow analysis, Equations 3-14 and 3-15 were integrated 

numerically using the trapezoid rule with a calculation interval of 1 s. Smaller 

calculation intervals were tested, but were found to provide the same solution to within

0.1% of the 1 s step size. Numerical calculations were done in Microsoft Excel 2000. 

Calculations were performed for a hypothetical ozone contactor with a total theoretical 

residence time, r, of 15 min. A residence time of approximately 15 min would be typical 

for an ozone contactor designed primarly for C. parvum  reduction.

3.3 SIMULATION RESULTS AND DISCUSSION

3.3.1 Simulation Plots

A corollary of reaction engineering theory is that a certain hydrodynamic mixing 

condition gives rise to a unique residence time distribution. The converse, however, is 

not necessarily true (Levenspiel 1972). Different degrees of fluid micro-mixing or 

macro-mixing patterns within the reactor may give rise to identical residence time 

distributions. In the hypothetical ozone contactor simulations, the macro-mixing 

condition and the residence time distribution for both partial and complete fluid
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segregation cases was defined by the value of the hydrodynamic parameter, J. Figure 3-1 

shows the computed exit age distribution, E(t), as a function of J  for a total theoretical 

residence time, r, o f 15 min. For J  = 1, the E(t) curve was identical to that of a single 

ideal CFSTR. As J  increased and the degree of back-mixing decreased the E(t) peak 

became progressively narrower, and approached that of a perfect plug flow reactor. For a 

given J, the exit age distribution, £(/), and macro-mixing characteristics of the partially 

segregated and completely segregated fluid contactors were identical. However, the 

extent of micro-mixing was determined by the assumptions implicit in segregated flow 

analysis of Equation 3-13 and the micro-mixing characteristics intrinsic to the CFSTR-in- 

series model.

0.0025

0 .002-

0.0015-

E(t)
J = 50 .001-

0.0005-

200 5 10 15 25 30
time (min)

Figure 3-1 The exit age distribution in a hypothetical ozone contactor as a function of 

the number of CFSTRs in series, J, for a total theoretical residence time, r, 

of 15 min.

The results of a series of contactor simulations are presented in the plots of 

Figures 3-2, 3-3 and 3-4. For each simulation, the total theoretical residence time, r, in
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the hypothetical zone contactor was 15 min. Each plot in these figures gives the 

predicted inactivation of C. parvum at 22°C on the vertical axis as a function of the 

macro-mixing parameter, J, on the horizontal axis. Simulation results for both complete 

and partial segregation are compared on the same set o f plot axes. Two levels of ozone 

treatment and inactivation were examined by adjusting the value of the initial ozone 

concentration, Co. The set of plotted curves at the top of each figure shows the 

simulation results based on the first-order Chick-Watson inactivation kinetic model. At 

the bottom, the simulation results at identical ozonation conditions but with the non

linear Horn kinetic model are provided.

3.3.2 Effect of Residence Time Distribution

The simulations of Figures 3-2, 3-3 and 3-4 have important implications for C. 

parvum inactivation in conventional multi-basin fine bubble diffuser ozone contactors. 

The predicted level of C. parvum inactivation increased as the value of J  increased and 

the degree of back-mixing in the contactor decreased. This observation follows directly 

from chemical reaction engineering theory and was thus expected. What was more 

interesting, and significant, was that the predicted level of inactivation was most sensitive 

to the value of J  for J  between 1 and 10. The J  values of operating conventional multi

basin fine bubble diffuser ozone contactors lie within this hydrodynamic range. One 

survey of ozone contactors operating in water treatment plants in the UK reported J  

values that ranged from 4 to 7 for conventional designs (Do-Quang et al. 2000a). 

Further, the effect J  in this range on inactivation was greatest when the ozone treatment 

and the inactivation level were higher. In one simulation (top of Figure 3-2) for example, 

an increase in J  from 4 to 7 resulted in a 0.7 log-unit increase in the inactivation level 

from 2.5 to 3.2 log-units. When the value of J  was increased further to 30, predicted 

inactivation increased to 4.6 log-units. The macro-mixing hydrodynmics in conventional 

ozone contactors, therefore, are not likely to be conducive to efficient C. parvum 

inactivation, expecially if the target inactivation level is greater than 2  log-units. 

Substantial improvements in inactivation could be achieved by modification of 

hydrodynamic design.
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Chick-Watson 
Kinetic Model

0 10 20 30
-log N/Nq

Horn Kinetic 
Model

0 10 20 30
Number of CFSTRs in Series, J

Partial, 0.5 mg/L 
Complete, 0.5 mg/L

Partial, 1 mg/L 
Complete, 1 mg/L

Figure 3-2 Simulation of the effect of contactor hydrodynamics on C. parvum 

inativation at 22°C for the case of no ozone decomposition (kj = 0 min'1) 

and both complete and partial fluid segregation.

73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Predicted 
Inactivatio 
-log N/Nq

2 -

Chick-Watson 
Kinetic Model

0 10 20 30

Horn Kinetic 
Model

0 10 20 30
Number of CFSTRs in Series

Partial, 0.5 mg/L 
Complete, 0.5 mg/L

-®- Partial, 1.5 mg/L 
Complete, 1.5 mg/L

Figure 3-3 Simulation of the effect of contactor hydrodynamics on C. parvum 

inativation at 22°C for the case of ozone decomposition with kj = 0.1 

m in'1, and both complete and partial fluid segregation.
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Chick-Watson 
Kinetic ModelPredicted 

Inactivation 
-log N/N0 0 10 20 30

m Kinetic 
Model

0 10 20 30
Number of CFSTRs in Series, J 

-a -  Partial, 1.0 mg/L Partial, 2.5 mg/L
Complete, 1.0 mg/L Complete, 2.5 mg/L

Figure 3-4 Simulation of the effect of contactor hydrodynamics on C. parvum 

inactivation at 22°C for the case of ozone decomposition with kd = 0.2 

min'1, and both complete and partial fluid segregation.
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3.3.3 Effect of Micro-Mixing and Fluid Segregation

The effect of micro-mixing on inactivation was influenced by several factors 

including the microorganism kinetics, the ozone decomposition kinetics, the macro

mixing condition and the level of inactivation. In all simulation cases, except one, and at 

all macro-mixing conditions, inactivation in the partially segregated contactor was lower 

than in the completely segregated contactor. That is, greater micro-mixing resulted in 

less inactivation. The exception was the case of no ozone decomposition (kj = 0) and 

first-order Chick-Watson inactivation kinetics for which predicted inactivation for 

complete and partial segregation was equal (top of Figure 3-2). For this case, the kinetic 

system was reduced to a uni-molecular first-order process. According to chemical 

reaction engineering theory, conversion in this type of system is unaffected by micro

mixing (Levenspiel 1972). When either a non-linear inactivation kinetic model or a non

zero ozone decomposition rate was introduced into the simulations, deviations between 

predicted inactivation for complete and partial segration were observed. Integration of 

first-order ozone decomposition with first-order Chick-Watson microorganism 

inactivation resulted in a kinetic system that was second-order overall and was thereby 

influenced by the degree of fluid segregation (top of Figure 3-3). The deviation between 

complete and partial segregation, and the importance of micro-mixing, increased as the 

value of the first-order decomposition rate constant, kj, was increased from 0 . 1  to 0 . 2  

min ' 1 (Figure 3-3 and 3-4).

The effect of micro-mixing on inactivation was greatest at lower values of J, or 

greater back-mixing, but diminished gradually when the hydrodynamic condition 

approached that of perfect plug flow. The greatest deviation between the complete and 

partially segregated fluid cases was observed to occur at J  of between approximately 4 

and 7, which corresponds to the macro-mixing region of conventional ozone contactors. 

C. parvum  inactivation in the conventional contactors, therefore, will not only be limited 

by macro-mixing, but might also be adversely impacted by micro-mixing. According to 

the simulations, the potential magnitude of the micro-mixing effect is considerable. For 

example, with an ozone decomposition rate of 0 . 2  min-1, an initial ozone concentration of

2.5 mg/L and macro-mixing equivalent to J  = 5 CFSTRs-in-series, the predicted 

inactivation for complete segregation was almost 2  log-units greater than for partial
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segregation (3.9 versus 2.0 log-units, bottom of Figure 3-4. Even for the lower ozone 

treatment of 1.0 mg/L, the magnitude of the micro-mixing effect was almost 1 log-unit 

(2.2 versus 1.3 log-units).

The potential impact of this analysis in terms of achieving a target level of C. 

parvum inactivation was examined in Figure 3-3. This figure plots the initial ozone 

concentration required to achieve 2  log-unit inactivation as a function of macro-mixing 

for both complete and partially segregated fluids. Horn inactivation kinetics at 22°C and 

a first-order ozone decomposition constant, kd, equal to 0.1 min ' 1 were assumed. The 

results indicated that the degree of micro-mixing will have a considerable effect on the 

ozonation requirements. At macro-mixing conditions that are typical of conventional fine 

bubble diffuser contactors ( /  = 4 to 7), the partially segregated contactor required 

approximately twice the ozone for the same level o f inactivation.

o-

9  2-Log
\  Inactivation

2- \
Initial Ozone \
Concentration \
C q  (mg/L)

1-

^  -j!

0- ---------------- i---------------- 1

Number of CFSTRs in Series, J 

-o — Complete Segregation 

- e -  Partial Segregation

Figure 3-5 Effect of fluid segregation on the ozonation requirements for 2 log-units 

inactivation of Cryptosporidium parvum  in an ozone contactor.
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In theory, then, C. parvum inactivation will be influenced by the degree of micro

mixing that exists in conventional contactors. Lawler and Singer (1993) observed that 

the complete fluid segregation condition was unlikely in chlorine contactors because of 

the low viscosity of water. Haas (1988) arrived at a similar conclusion based on 

determination of the segregation number, Sg, for a typical chlorine contactor. In an ozone 

contactor, the segregation number for ozone can be estimated from Equation 2-15:

P 3 2S* = — v- - ,--,- E q u a t i o n  2-15 
* 4 K 'p i -eu 'T>t

As indicated by Equation 2-15, the degree of segregation is inversely proportional to the 

rate of energy dissipation, and therefore, the degree of turbulent mixing. In the absence 

of mechanical mixing or mixing induced by gas addition, the rate of energy dissipation, e , 

is related to the loss of hydraulic head and can be estimated from:

Y h. „ „
e = — z- Equation 3-16

P  t

An order of magnitude estimate of the segregation number was calculated by assuming 

that typical values of the mixing time and hydraulic head loss in an ozone contactor are 

on the order of ?=15 min (900 s) and hL = 0 .1  m. Values for the properties of water and 

diffusivity of ozone used in the calculation were: viscosity, p  = 0.957 x 10' 3 N s m'2: 

specific weight, y = 9.78 x 103 N-m'3; density, p  = 998 kg-m'3; and diffusivity D =  1.74 x 

10"9 n r  s 1. Substituting these values into Equations 3-16 and 2-15 yielded the following 

estimates for energy dissipation and segregation number, respectively:

(9.78xlO3 N -m -3) (0.1m) , ,  , _ . 3 m 2e = -------------------r--- --------- - =  1 . 1 x 1 0  —r-
(998 kg m-3) (900 s) s3
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and

5  = __________________ (0.957X10- 3 N - s - m -T 2___________________ _ 0 ( K X ) 5

* 4(3.14)2(998kg • m -3 ) 3/2 (1.1 x 10-3  m2s ' 3 ) 1/2 (1.74x 10" 9 m2s-‘)(900s)

At segregation numbers of less than 0.1, segregation was shown to have little effect on 

the conversion of second-order reactions, and conversion was equal to the micro-mixed 

condition (Nauman and Buffham 1983). The estimated segregation number of 0.0005 

for this hypothetical ozone contactor without gas addition is, therefore, more then two 

orders magnitude less than the threshold value at which segregation may be expected to 

play a role in determining conversion. In ozone bubble diffusion chambers, addition of 

gas will tend to decrease the segregation number even further. It, therefore, seems 

unlikely that segregation will have a significant effect on inactivation of C. parvum 

inactivation in a conventional ozone contactor. It further follows that the assumption of 

partial segregation would be more accurate and appropriate for predicting C. parvum 

inactivation for ozone contactors. Haas (1988) found that, for the case of fecal coliform 

reduction by chlorine, the CFSTR-in-series model yielded predictions that were 

approximately midway between those of a perfectly micro-mixed contactor and a 

completely segregated contactor. Assumption of partial segregation may lead to 

overestimates of C. parvum  inactivation in fine bubble diffuser contactors that are both 

back-mixed and micro-mixed. The magnitude of the error introduced by the assumption 

of partial segregation, however, will tend to decrease as the level of back-mixing 

decreases and the residence time distribution approaches that of perfect plug flow.

3.4 CONCLUSIONS

The theoretical analysis presented in this chapter indicated that the 

hydrodynamics of ozone contactors have an important impact on the efficiency of C. 

parvum inactivation. In conventional multi-chamber fine bubble diffuser ozone 

contactors, inactivation will be limited by both the macro-mixing and micro-mixing 

regimes. The fluid in a typical ozone contactor is likely to be closer to a micro-mixed 

than a segregated condition, and, therefore, the assumptions of segregation will likely
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lead to overestimation of inactivation. The micro-mixing effect becomes more 

significant the greater the extent of back-mixing, the greater the ozone decomposition 

rate and the greater the desired level of inactivation. Micro-mixing is associated with 

turbulence, therefore, the optimum hydrodynamic design of an ozone contactor would be 

one in which turbulence is minimized. To achieve this, energy input by mechanical 

mixing and energy dissipation by head loss should be minimized during dissolved ozone 

contact. Given the low viscosity of water, however, some degree of micro-mixing is 

probably inevitable in ozone contactors. To minimize the effect of micro-mixing and to 

maximize inactivation, contactors should, therefore, be designed primarily to reduce 

back-mixing. The objective should be to provide a residence time distribution with 

behaviour that approaches that of perfect plug flow as much as possible.
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4 PROBLEM STATEMENT AND RESEARCH OBJECTIVES

4.1 PROBLEM STATEMENT

The current challenges of microorganism control in drinking water supply 

described in Chapter 2 have generated a need for more precise design and engineering 

analysis of microorganism reduction processes. Traditional ozone contactor design, 

represented by the conventional fine bubble diffuser contactor, falls short of fulfilling this 

need. The review in Chapter 2 discussed how the dual role of the conventional fine 

bubble diffuser contactors as gas-liquid mass transfer and contacting chambers makes 

them less than ideal as reactors for optimum microorganism inactivation. The theoretical 

analysis presented in Chapter 3 demonstrated that hydrodynamic conditions in ozone 

contactors will have a considerable influence on the efficiency of C. parvum inactivation. 

The design limitation of conventional FBD ozone contactors was captured by Haas 

(1990):

“Unfortunately, the characteristics that promote efficient gas-liquid mass 

transfer, particularly the desirability of intense agitation, lead to hydraulic 

characteristics that decrease disinfection efficiency (short-circuiting). 

Therefore, laboratory results on ozone inactivation of microorganisms are 

poor predictors of field performance, unless detailed aspects of field-scale 

hydraulics are considered. ”

Ozone contactor design is further complicated by the uncertainty surrounding the 

potential role of agitation and direct contact with gaseous ozone on the intrinsic rate of 

microorganism inactivation.

How can this design problem be resolved? One solution approach is to modify 

existing fine bubble diffuser designs and to refine the engineering methods of analysis to 

better account for the hydrodynamic complexities in these types of contactors. This 

avenue has been explored to some extent by engineering researchers such as Henry and 

Freeman (1995) and Do-Quang and co-workers (2000a).

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2 THE TWO-STAGE CONTACTOR DESIGN HYPOTHESIS

The hydrodynamic characteristics required for efficient microorganism 

inactivation are initial rapid mixing of the active chemical with the water followed by 

contact with the dissolved chemical in a vessel that is designed to minimize both back- 

mixing and micro-mixing. For an ozonation process in drinking water treatment, this 

hydrodynamic goal might best be achieved by separating the ozone gas-liquid mass 

transfer process from the microorganism inactivation process. It was hypothesized that 

such a two-stage ozonation process will provide optimal and predictable microorganism 

inactivation without compromising the requirement for good gas-liquid ozone transfer. 

The two-stage ozonation contactor design concept is illustrated in Figure 4-1. In the first 

stage, gaseous ozone is contacted with the flowing water and is rapidly dissolved using 

an in-line device such as a static mixer. Following off-gas separation, the 

microorganisms suspended in the water are contacted with dissolved ozone in a reactive 

flow segment for sufficient residence time to achieve the desired level of inactivation. 

The two processes are linked by the concentration of dissolved ozone in the water leaving 

the first stage and entering the second stage.

Water n
Off Gas

In Stage 1 Stage 2
Dissolution Reactive Flow Segment

U

Water
Out

Ozone Gas

> Rapid Dissolution and 
Off-Gas Separation

> Maximum micro-mixing
> Mass transfer 

optimized

> Dissolved Ozone Contact
> Plug Flow
> Segregated Flow
> Microorganism Reduction 

Optimized

Figure 4-1 Description of the two-stage ozone contactor design hypothesis.
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In the two-stage ozone contactor design, the mass transfer and microorganism 

inactivation processes are de-coupled and can be optimized independently. Ozone mass 

transfer is optimized in the first stage by appropriate specification of the hydrodynamic 

conditions of gas-liquid contact. Microorganism inactivation is optimized in the second 

stage reactive flow segment by selection of a physical design that promotes plug flow 

residence time distribution behavioour. A two-stage design concept, in which one stage 

is optimized for mass transfer while the other is optimized for microorganism 

inactivation, was previously proposed in the literature (Finch and Smith 1991; Martin et 

al. 1992). The concept, however, has not been proven.

One of the important underlying assumptions of the two-stage design-hypothesis 

is that microorganism inactivation is determined solely by the conditions of dissolved 

ozone contact in the second stage. Most importantly, it is assumed that inactivation was 

is independent of the hydrodynamics of gas-liquid contact in the first stage. As discussed 

in Chapter 4, the available literature regarding the effect of gas-liquid contact on 

microorganism inactivation is inconclusive. For the particular case of the encysted 

protozoa, like Cryptosporidium spp. or Giardia spp., virtually nothing was known 

regarding the importance of the gas-liquid contacting environment on inactivation by 

ozone.

4.3 RESEARCH OBJECTIVES

The primary objective of the research program was to rigorously test the two- 

stage ozone contactor design hypothesis by experiment. The specific goals of the 

investigation were to;

1 . design, build and test a small-scale continuous-flow ozonation system using 

an in-line static mixer for ozone dissolution;

2 . determine the efficiency of inactivation of ozone resistant microorganisms in 

the experimental ozone contactor;

3. determine the effect of the hydrodynamic condition of gas-liquid contact 

within the static mixer on microorganism inactivation; and
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4. establish the relationship between ozone gas-liquid mass transfer and 

microorganism inactivation in the experimental ozone contactor.

To determine if the findings generated were applicable to different microorganisms, the 

following three microorganisms were investigated:

1. spores of the aerobic bacterium Bacillus subtilis;

2. oocysts of Cryptosporidium parvum; and

3. cysts of Giardia muris.

Inactivation efficiency was to be assessed by comparing measured inactivation to that 

predicted by mathematical models of the contactor. These models incorporated both the 

hydrodynamics of the contactor and the kinetic models of microorganism inactivation. 

The effect of ozone on C. parvum  oocysts and G. muris cysts has been studied 

extensively in laboratory batch reactors and is fairly well characterized. Because of the 

cost and logistical difficulties associated with conducting experiments with the encysted 

protozoa, the majority of the effort was concentrated on experimentation with the B. 

subtilis spores. A secondary objective of the thesis was to investigate the suitability of 

these spores as models for the ozone resistance of C. parvum  oocysts.
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5 EXPERIMENTAL APPROACH

5.1 CONCEPTUAL DESIGN OF AN EXPERIMENTAL OZONE STATIC 

MIXER CONTACTOR

A small-scale experimental ozone contactor was designed and constructed for the 

purpose of testing the two-stage ozone contactor hypothesis. The conceptual design of 

the experimental contactor and the key features that were important to the experimental 

design are described below. A simplified schematic of the experimental contactor is 

provided in Figure 5-1 below. A more complete description of the physical details of 

experimental contactor and related experimental procedures is found in Chapter 6 .

Off-Gas

Bubble 
Column, H

Ozonized 
Gas, G

F eed  static
Water, Mixer
Q f vs ,  G /Q f

How
Split

Treated
Water

Waste Reactive How Segment

Figure 5-1 Simiplifed schematic of the experimental ozone static mixer contacting 

system.
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The first stage of the experimental contactor was comprised of an in-line static 

mixer for initial contact between the ozonized gas and the flowing water, followed by a 

vertical bubble column for additional ozone dissolution and gas-liquid separation. A 

photograph of the static mixer, dismantled to show the mixing elements is provided in 

Figure 5-2. Although the duration of gas-liquid contact within the elements of the static 

mixer was short (less than 0 . L s), the hydrodynamic and liquid shear conditions promoted 

formation of fine ozone bubbles and resulted in rapid gas-liquid ozone mass transfer and 

dissolution. Fine bubbles generated in the static mixer were carried with the bulk liquid 

flow into the bottom of the bubble column where they rose with the liquid in a co-current 

flow pattern. Off-gas containing a residual of un-dissolved ozone accumulated above the 

liquid surface and was vented from the top of the column. The total duration of gas- 

liquid contact within the dissolution stage, including both the static mixer and bubble 

column, was typically less than 45 s.

Figure 5-2 Photograph of the disassembled static mixer with internal mixing elements

removed.
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The water, now imparted with dissolved ozone, flowed from the top of the bubble 

column into the second stage reactive flow segment. At this point, ozone dissolution was 

complete and the ozone water mixer was in a well-mixed state due to the micro-mixing 

properties of the static mixer. With no requirements for additional gas-liquid mass 

transfer, the geometry of the reactive flow segment could, therefore, be selected solely on 

the basis of hydrodynamic conditions favourable to maximum microorganism 

inactivation. A long narrow pipe was selected as the geometry of choice to provide the 

following characteristics:

1 . a total hydraulic residence time of up to 16 minutes;

2 . a large length to diameter ratio to minimize the potential for flow short- 

circuiting and to provide a residence time distribution with plug-flow type 

characteristics; and

3. a diameter sufficiently large to minimize turbulence and micro-mixing.

The serpentine arrangement of the piping shown in Figure 5-1 was primarily for

convenience. With this experimental contactor design, less than 5% of the hydraulic

residence time was required for the task of ozone dissolution. The remaining 95% of the 

system hydraulic residence time, which was accounted for in the reactive flow segment, 

was dedicated to the microorganism inactivation function.

5.2 MANIPULATED EXPERIMENTAL VARIABLES

The key manipulated experimental variables of the experimental ozone contactor 

and the nominal ranges of each are summarized in Table 5-1. The two variables 

governing the hydrodynamic conditions of gas-liquid contact within the static mixer were 

the superficial liquid velocity, vs, and the gas-to-liquid volumetric flow rate ratio, G/Qf. 

The superficial liquid velocity, v5, was defined by the ratio of feed water volumetric flow 

rate, Qf, and the internal empty pipe cross sectional area of the static mixer, A:

Qfvs = - L- Equation 5-1
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The height of the bubble column, H, was introduced as an additional experimental 

variable that might impact the overall efficiency of gas-liquid mass transfer in the static 

mixer/bubble column system. The height of the column was varied between experiments 

by adding or removing vertical column sections.

Table 5-1 Manipulated variables in the experimental static mixer ozone contactor.

Variable Symbol Unit Nominal Range

Feed Water Flow Rate Qf L/min 7.5 to 15

Static Mixer Superficial Velocity Vv m/s 0.7 to 1.4

Gas to Liquid Volumetric Flow Rate 
Ratio @ 20°C and I atm

G/Qf % 1.2 to 4.1

Bubble Column Height H mm 45, 121,225

Initial Ozone Concentration (at 
Reactive Flow Segment Inlet)

Co mg/L 0 . 1  to 1 .2

Cumulative Theoretical Hydraulic 
Residence Time

r min 4 .5 ,6 , 12.2, 16

The conditions of dissolved ozone contact were determined primarily by the 

initial dissolved ozone concentration at the inlet to the reactive flow segment, Co, and the 

hydraulic residence time in the reactive flow segment, r. For a given combination of 

water flow, Qf, and G/Qf a desired Co target was arrived at by adjusting the concentration
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of ozone in the supplied ozone feed gas. Thereby, Co could be maintained at a fixed 

target independent of the settings of Qf, vy, G/Qf or H. The hydraulic residence time, x, 

was determined by the flow rate of water through the reactive flow segment and the 

length (and, therefore, volume) of the reactive flow segment. As indicated in Table S.l, 

the length of the reactive flow segment and the total contact time could be varied between 

experiments as desired by adding or removing sections of piping.

5.3 INDEPENDENT CONTROL OF OZONE DISSOLUTION 

HYDRODYNAMICS AND DISSOLVED OZONE CONTACT

The water flow leaving the top of the bubble column, Qf, was split. One part, 

Q rfs, was diverted to the reactive flow segment and the remainder was diverted to 

waste. Flow splitting is not a normal component of a functional water ozonation system 

but was incorporated into the experimental contactor to provide a measure of 

experimental flexibility. Most importantly, this feature enabled independent variation of 

the gas-liquid conditions within the static mixer and bubble column, and the conditions 

of dissolved ozone contact within the reactive flow segment. For example, to increase 

the efficiency of ozone dissolution, the feed water fiow rate could be increased from 7.5 

to 15 L/min. This would result in an increase of the superficial velocity in the static 

mixer from about 0.7 m/s to 1.4 m/s, with corresponding increases in the pressure drop 

and the rate of energy dissipation. By appropriate adjustment of the valve positions and 

the power level on the ozone generator, the water flow rate and initial ozone 

concentration at the inlet of the reactive flow segment could be maintained at the desired 

targets.

5.4 RESPONSE VARIABLES

The primary response variables in the experimental study were the efficiency of 

ozone dissolution and the efficiency of microorganism inactivation. The efficiency of 

ozone dissolution was interpreted in terms of the ozone transfer efficiency (TE). The TE 

measured the percent of ozone applied to the contactor with the feed gas that was actually 

transferred to the liquid. Because it is a direct measure of how efficiently the ozone is 

used, the TE is the performance parameter favoured by design engineers and is often used
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as a design specification in ozone systems (Rakness et al. 1988). It should be noted here 

that the objective of the study was not to conduct a detailed study or a mechanistic 

modeling exercise of the mass transfer fundamentals in the static mixer system. The TE 

was intended to provide a simple means of assessing the mass transfer efficiency in the 

experimental ozone contactor.

Microorganism inactivation in the experimental static mixer contactor was 

determined in experiments in which prepared suspensions of microorganisms were 

seeded into the feed water while the unit was operate at a steady-state, continuous-flow 

ozonation condition. The level of inactivation was quantified by recovery and 

enumeration of live microorganisms in the feed and treated water streams. For Bacillus 

subtilis spores, the concentration of live microorganisms was determined by standard 

bacterial plate counts. For the encysted protozoa, Cryptosporidium parvum  and Giardia 

muris, previously established animal infectivity assays were selected as the means of 

measuring microorganism viability.

The kinetics of inactivation of the microorganisms studied were established in 

batch ozone reactors. This information was combined with the measured ozonation and 

macro-mixing conditions within the experimental contactor to produce predictions of 

inactivation. Predicted inactivation was then compared to measured inactivation to assess 

the microorganism inactivation efficiency of the contactor. Ozonation conditions were 

determined by direct measurement of the dissolved ozone concentration profile and the 

residence time. Macro-mixing conditions were characterized by the residence time 

distribution and were measured in tracer dye experiments. Depending on the 

microorganism, the kinetic models of microorganism inactivation by ozone were either 

extracted from previously published studies, or were developed in a separate series of 

experiments in batch reactors. For C. parvum, the non-linear Hom-type kinetic model 

developed by Gyiirek and co-workers (1999) for inactivation of oocysts in phosphate 

buffered ultrapure water served as the reference kinetic model. For G. muris, a modified 

version of a similar model reported by Finch and co-workers (1993b) was used as the 

reference. The kinetics of inactivation of B. subtilis spores by ozone were determined in 

series o f batch-reactor experiments conducted as part of this study.
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5.5 VARIABLE CONTROL

Accurate comparison between microorganism inactivation observed in ozone 

studies is often hampered by differences in:

1 . the species, strains or culture methods of the microorganisms;

2 . the methods used to assess microorganism viability;

3. the characteristics of the test waters used; and

4. the methods used for measuring the ozone concentration and determining the 

exposure to dissolved ozone.

If these variables are not carefully controlled or adequately accounted for, extrapolation 

of bench-scale inactivation results to larger flow systems and determination of 

inactivation efficiency will be inaccurate. In this experimental study, the impact of these 

variables was eliminated or minimized by ensuring the sources of microorganisms, 

viability determination methods, and ozone measurement techniques uses in the ozone 

contactor experiments corresponded, as much as possible, to those used in the reference 

batch reactor studies. For example, the same mouse infectivity assays and ozone 

measurement techniques used by others (Finch et al. 1993b; Gyiirek et al. 1999; Li et al. 

2001) to derive kinetic models for C. parvum and G. muris inactivation by ozone were 

used to measure inactivation of these microorganisms in the experimental static mixer 

contactor. Identical methods of spore culturing and enumeration were used for both 

batch reactor and static mixer contactor studies with B. subtilis. These measures ensured 

that the number of variables potentially affecting microorganism inactivation in the static 

mixer ozone contactor was reduced to one, namely, the hydrodynamics of mixing of the 

contactor.

5.6 SELECTION OF THE EXPERIMENTAL WATER SOURCE

The batch reactor experiments used to develop the kinetic models for C. parvum  

(Gyiirek et al. 1999; Li et al. 2001) and G. muris (Finch et al. 1993b) inactivation by 

ozone were carried out in prepared, phosphate-buffered ultrapure water. Operation of the 

experimental static mixer required quantities of water much greater than could be 

synthetically prepared in a normal laboratory. Building potable tap water was selected as
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a convenient and relatively high quality water source for all trials with the experimental 

contactor.
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6 EXPERIMENTAL MATERIALS AND METHODS

6.1 STATIC MIXER OZONE CONTACTOR MATERIALS AND METHODS

6.1.1 Details of the Experimental Static Mixer Ozone Contactor

A detail schematic diagram of the experimental static mixer ozone contactor is 

provided in Figure 6-1. Physical details of the unit and of the experimental operation of 

the unit are provided in the following sections.

Off-Gas

Reactive Flow 
Segment 1 CxJ-S

Ozone 
Feed Gas

Microbe
MixerBubble

Column

♦♦ s
Microbe
Feed

Ozone
Static
Mixer

Feed
WaterThiosulfite

Addition Effluent

Figure 6-1 Detailed schematic of the experimental static mixer ozone contactor. 

Locations of liquid sampling points are indicated by the symbol “s” .

For all experiments, the water source was tap water in room 219 of the 

Environmental Engineering Building at University of Alberta, Edmonton, AB. Tap water 

was supplied from the EPCOR Rossdale Water Treatment Plant in Edmonton. This plant
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provides full conventional treatment including coagulation with alum and polymers, 

flocculation, settling, chlorination, dual media filtration and ammonia addition. Hot and 

cold tap water sources were blended to provide water at the desired experimental 

temperature to within ± PC. The combined water was passed through a set of activated 

carbon (F-400, Calgon Carbon, Pittsburgh, PA) columns to reduce the combined chlorine 

concentration from 2 mg/L to less than 0.2 mg/L. The chlorine-reduced water was then 

diverted to a 1000 L polyethylene storage tank. During experiments, water from the 

storage tank was pumped to the experimental static mixer contactor via a centrifugal 

pump. The flow was regulated by a ball valve and measured with an in-line flowmeter.

Ozonized gas was produced by passing extra-dry oxygen (Praxair, Edmonton, 

AB) through an air-cooled corona discharge generator (Doman Ozone, Edmonton, AB). 

Gas flow was regulated by an in-line rotameter equipped with a fine needle valve (Model 

P-03219-15, Cole Palmer, Niles, IL). Gas was introduced into the contacting system 

through a 3 mm ID Teflon® tube into the center of the feed water flow in the 19 mm ID 

polyvinyl chloride (PVC) pipe directly upstream of the static mixer. The water-gas 

mixture then flowed through a 15.7 mm ID Sulzer SMV static mixer fitted with three 15 

mm corrugated-type structured stainless-steel elements. The arrangement of the static 

mixer elements within the static mixer spool piece is depicted in Figure 6-2. Including 

the space between the elements, the total internal mixing length and volume were 75 mm 

and 15 mL, respectively. The gas-liquid mixture leaving the static mixer flowed into the 

bottom of a 38 mm ID vertical bubble column via a 16 mm ID x 1 m section of clear 

polyvinyl chloride tubing. Off-gas was separated from the liquid at the top of the column 

by means of a circular overflow weir. The height of the column could be adjusted to 0.45 

m, 1.2 m or 2.3 m by adding or removing column sections.

The flow of the gas-free, ozonated liquid from the weir was split. About 2 L/min 

was diverted to the reactive flow segment and the remainder was diverted to waste. This 

flow split was controlled by means of a regulating valve and an in-line flowmeter (Model 

P-324720-01, Cole Palmer) on the flow to the reactive flow segment. The reactive flow 

segment consisted of a 15 m length of 51 mm ID PVC, arranged in a serpentine fashion 

with six vertical sections of 2 . 2  m length each and six horizontal sections of 0.28 m each
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connected with 90 degree elbow bends. The length of the reactive flow segment could be 

varied between experimental trials by adding or removing piping sections.

FLOW DIRECTION

Mixing Flange
Element

S. J

Support

Figure 6-2 Detail of the internals of the Sulzer SMV static mixer. All dimensions are 

in mm.

A well-mixed suspension of microorganisms was seeded into the flowing feed 

water at a controlled rate using a variable speed peristaltic pump (Model 7553-70, Cole 

Palmer). Seeded microorganisms were blended with the flowing water by means of an 

in-line mixer (Model U-04669-92, Cole Palmer) located downstream of the 

microorganism addition point, but upstream of the ozone addition point and ozone static 

mixer. Capability for withdrawal of liquid samples was provided at various locations in 

the system as indicated in Figure 6-1. All sampling tubes and valves were constructed of 

Teflon® to minimize reaction with dissolved ozone, and were designed to withdraw the 

sample from the flowing liquid at a point located at distance from the inside of pipe
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equivalent to 1/3 of the pipe diameter. Provision was also made for sampling of the 

ozonized feed gas and the off-gas from the top of the bubble column. All in-line 

flowmeters used for liquid flow measurement were calibrated by a timed collection and 

weight measurement and the calibrations were checked for each experimental trial. The 

pressure at the inlet and the outlet of the static mixer and at the outlet of feed gas 

rotameter was measure by pressure gauges. The feed gas rotameter was calibrated using 

a wet test meter (GCA/Precision Scientific, Chicago, IL). Gas flow was corrected for 

system pressure and temperature and reported in litres per minute (L/min) at 0°C and 1 

atm.

The ozone in the effluent streams from the reactive flow segment and the bubble 

column was neutralized by continuous addition of sodium thiosulfite solution. For 

experiments with the human pathogenic organism C. parvum, the combined effluents 

were collected into a containment tank (not shown in Figure 6-1) and decontaminated by 

heating to 70°C and retaining that temperature for a minimum of one hour. Most of the 

system components were constructed of polyvinyl chloride (PVC) plastic to minimize 

reaction with ozone. The main sections of the bubble column and the reactive flow 

segment were fabricated of clear PVC to enable visual observation of mixing patterns 

during tracer experiments with methylene blue colored dye.

6.1.2 Ozone Transfer Efficiency Measurements

The following definition was use to calculate ozone transfer efficiency, TE 

(Langlais et al. 1991):

Y - Y
TE  (%) = — - x  100% Equation 6-1

Yf

where Yf  and Ya are the concentrations of ozone in the feed-gas and off-gas (in g/L), 

respectively. For the experimental static mixer ozone contactor, Yf was the concentration 

of ozone in the gas from the ozone generator and Ya was the concentration of ozone in the 

off-gas leaving the top of the bubble columm. This transfer efficiency measurement,
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therefore, incorporates the ozone transfer that occurs in the static mixer, the gas-liquid 

separator and any interconnecting piping and tubing.

The ozone concentrations in the feed-gas and in the off-gas were measured by the 

potassium iodide absorption method recommended by the International Ozone 

Association for determining gas-phase ozone concentrations (Masschelein et al. 1998). 

With the static mixer unit operating at steady-state, and after sufficient time was allowed 

to purge the gas headspace above the liquid at the top of the bubble column, the gas flow 

was diverted to the gas sampling apparatus depicted in Figure 6-3. The apparatus 

consisted of a gas-washing bottle filled with 300 mL of a solution of 5% reagent grade 

potassium iodide (Fisher Scientific Canada, Nepean, Ont.) prepared in de-ionized water. 

The sparging tube of the washing bottle was fitted with a drawn tip with a 0.5 mm 

diameter orifice that minimized back-pressure on the bubble column. The total volume 

of gas processed through the wash bottle was measured with a wet test meter 

(GCA/Precision Scientific). The ozone absorbed by the solution in the washing bottle 

rapidly reacts with iodide ion to liberate free iodine as follows:

After sampling was complete, the solution in the bubbler was acidified by addition of 10 

mL of 1 N HC1 solution (Fisher Scientific) and then titrated to a clear endpoint with 0.1 N 

certified grade sodium thiosulfate standard solution (Fisher Scientific) according to:

The volume of gas collected was corrected for ambient temperature, pressure and 

moisture content and reported in litres (L) of dry, ozone-free gas at NTP (0°C and 760 

mmHg). The gas sample size for each analysis was between 1 and 2 L. The ozone 

concentration in the gas was calculated from the following equation:

O3 +  21 + HiO —> It + O2 + 20H Equation 6-2

I2 + 2S20 3" -»  21 ‘ + S40 6" Equation 6-3
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Y _  2 4 — """ Equation 6-4

where Nthia is the normality of the thiosulfate titrant (0.1 N), Vthio *s the volume of the

thiosulfate titrant added (mL), and Vg is the total volume of the ozone gas collected in 

litres at NTP. The sample tubing used to collect the gas samples was composed of 

Teflon® PFA in order to minimize ozone gas decomposition.

Ambient
Temperature
Pressure

►

Gas Washing Bottle With vv/et Test Meter
Potassium Iodide Solution

Figure 6-3 Apparatus used for sampling and determination of ozone concentration in 

static mixer ozone contactor feed gas and off gas.

6.1.3 Residence Time Distribution

The residence time distribution (RTD) was determined at each microorganism 

sampling point in the static mixer ozone contactor from the results of pulse-input tracer
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tests conducted using methylene blue dye. For these tests, concentrated solutions (2 and

12.5 mg/L) of methylene blue (certified grade, Sigma Chemical Co., St. Louis, MO) were 

prepared in 5% glacial acetic acid (Fisher Scientific). With the static mixer contactor 

operating at a steady-state flow condition, between 10 and 20 mL of the concentrated dye 

solution was rapidly injected into the feed water at time equal to zero. A piece of 3 mm 

diameter Teflon® tubing was affixed to the end of a 60 mL plastic syringe to allow 

introduction of the tracer directly into the center of the 19 mm ID feed water pipe 

upstream of the microorganism in-line mixer. During the tracer experiments, the power 

to the ozone generator was shut off to avoid de-colorization of the dye by reaction with 

ozone. For each experiment, the dye concentration was monitored at the selected 

downstream location by diverting a side-stream of the flow through a 10 mm quartz 

spectrophotometric flow cell mounted inside a Hewlett Packard (Wilmington, DE) 

8452A diode-array spectrophotometer. The absorbance at 652 nm was measured and 

recorded at 1 s intervals. The time required for the sample to reach and flush the flow 

cell was estimated to be 12 s.

The methods of classical residence time theory apply only for closed vessels. 

Deviations from the closed vessel conditions during tracer experiments can result in 

errors in the determination of mean residence time (Levenspiel and Turner 1970). The 

locations for downstream monitoring of the tracer dye concentration were, therefore, 

carefully chosen to ensure good radial mixing of the dye and adherence to the closed 

vessel requirements. For this reason, samples were withdrawn from locations where the 

liquid was well-mixed radially. To determine the RTD of the static mixer and bubble 

column combination, the dye concentration was monitored in the 7.7 mm ID sample pipe 

that connects outlet of the bubble column with the inlet of the reactive flow segment. For 

the RTD of the static mixer + bubble column + reactive flow segment combination, the 

dye concentration was monitored in the narrow 7.7 mm pipe at the exit of the reactive 

flow segment.

The normalized exit age distribution function, £(f), at the downstream sampling 

location was estimated at each sampling instance according to:
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Equation 6-5

0 1 = 0

where C, is the measured tracer absorbance at time r, A/ is the sampling interval of 1 s and 

C tavg.i is the average dye absorbance at i = t given by:

Tracer experiments were conducted in triplicate for each sample point.

6.1.4 Microorganism Inactivation Experiments With B. subtilis

For all microorganism inactivation experiments, the static mixer contactor was 

operated at steady-state, with continuous addition of water, ozonized gas and 

microorganism suspension. For B. subtilis experiments, a quantity (30 to 60 mL) of 

prepared spore stock suspension was added to 6 L of distilled water in an 8 L plastic 

bottle together with a large, Teflon-coated magnetic stir bar. The bottle was sealed and 

shaken well to disperse the microorganisms, and then placed on a magnetic stir plate. 

The peristaltic pump speed was adjusted to provide a volumetric feed rate of the spore 

suspension of approximately 0.1 L/min. The volume of stock suspension and the 

suspension feed rate were chosen to provide a spore concentraton of between 2 x 105 and 

1 x 106 CFU/mL in the blended feed to the static mixer contactor.

Prior to the start of microorganism addition, the static mixer contactor was 

operated at the target steady-state ozonation condition for approximately 30 min to allow 

the ozone concentration in the water to stabilize. After this warm-up period, ozonation 

conditions were maintained constant and the microorganisms were continuously added to 

the feed for approximately 60 min. RTD analysis of the results o f pulse tracer test 

experiments showed that 30 minutes was sufficient to allow the concentration at the exit

Equation 6-6
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of the contactor to reach 98% of steady-state (the h&). Therefore, after 30 min of 

continuous microorganism addition, samples were collected from the static mixer feed 

and outlet, the inlet to the reactive flow segment and at four additional downstream 

locations in the reactive flow segment. Samples for spore enumeration (approximately 

100 mL) were collected directly into bottles containing a 0.75 mL of 0.1 N certified 

sodium thiosulfate standard solution (Fisher Scientific), sufficient to neutralize the 

remaining dissolved ozone. Additional samples were collected for measurement of 

dissolved ozone, water temperature, pH and combined chlorine concentration. Samples 

for spore enumeration and dissolved ozone analysis were collected in triplicate. To avoid 

disturbance of steady-state conditions, sample collection started at the exit of reactive 

flow segment and proceeded progressively from downstream to upstream sample points. 

Procedures for enumeration of the spores in the collected samples by the membrane 

filtration method (see Section 6.3.2) were commenced immediately.

6.1.5 Experiments With C. parvum

A purified suspension containing between 2 x 108 and 5 x 108 C. parvum oocysts 

in about 2 mL of Milli-Q® de-ionized water, prepared as described in Section 6.4.1, was 

added to a 4 L glass Erlenmeyer flask containing 3 L of deionized water. A large Teflon 

magnetic stir bar was added and stirring was commenced. Once the static mixer 

contactor was stabilized at the ozone target condition for 30 min, continuous addition of 

the oocyst suspension to the static mixer feed stream was started. The resulting 

concentration of oocysts in the feed stream was approximately 1 x 106 oocysts/L.

After a time equal to the tgs had elapsed, samples were collected for recovery of 

oocysts and for dissolved ozone, temperature, pH and combined chlorine analysis. For 

oocyst recovery, 2 L each of the static mixer feed and outlet sample were collected into 2 

L glass Erlenmeyer flasks into which 20 mL of a 0.1 N certified thiosulfate standard 

solution (Fisher Scientific) had been added. An 8 L sample of the outlet stream from the 

reactive flow segment was collected into two 4 L glass Erlenmeyer flasks into which 40 

mL of a thiosulfate solution had been added. All sample flasks were gently stirred during 

sampling to ensure immediate neutralization of the dissolved ozone by the sodium 

thiosulfate.
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The oocysts were recovered from the neutralized samples in the Erlenmeyer 

flasks by filtering the entire sample through a 47 mm polycarbonate track-etched 

membrane with a 0.8 micron pore size (Model K08CP04700, Osmonics, Minnetonka, 

MN) using a suction filtration apparatus. Oocysts were scraped and washed from the 

membrane using a rubber policeman and all the wash water was collected into 40 mL 

Teflon® lined plastic centrifuge tubes. Infectivity of the oocysts in the sample was 

determined using the neonatal CD-I mouse model as described in Section 6.4.2.

6.1.6 Experiments With G. muris

Experiments with G. muris cysts were similar to those with C. parvum except that 

larger samples (8 L versus 2 L) of the static mixer feed and outlet samples were collected. 

The feed suspension was prepared by adding between 6 x I06 and 13 x 106 cysts, 

prepared as described in Section 6.5.1, to 3 L of deionized water. The resulting cyst 

concentration in the feed water to the static mixer contactor was approximately 1 x 10s 

oocysts/L. Cysts were recovered using the sample membrane filtration as describe for C. 

parvum  oocysts in Section 6.1.5. Cyst recovery was enhanced by addition of a small 

amount 0.01% enzyme grade Tween 20 (Fisher Scientific) to the sample flasks during the 

rinse step. Infectivity of recovered cysts was determined using the latent period 

infectivity model in C3H/HeN mice as described in Section 6.5.3.

6.1.7 Dissolved Ozone Measurement

The inherent instability, reactivity and volatility of ozone make measurement in 

aqueous solution difficult, and different measurement techniques have yielded different 

results (Gordon et al. 1988). For this study, two measurement methods were used for 

aqueous-phase ozone concentration measurement; (1) direct ultraviolet (UV) absorbance 

and (2) the indigo trisulphonate colorimetric method. The UV method was selected as 

the primary measurement technique to allow for a direct comparison to the available 

kinetic models for inactivation of C. parvum (Gyiirek et al. 1999) and G. muris (Finch et 

al. 1993b). These kinetic models were developed based on direct UV absorbance 

measurements of ozone at a wavelength of 260 nm and using the molar absorbance 

coefficient of 3300 M 'c m '1 reported by Hart and co-workers (1983). The UV method
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has the advantage that it directly measures a fundamental property of the ozone in 

solution, however it suffers from two major drawbacks. Firstly, it is vulnerable to 

interferences from the UV absorbance spectrums of other compounds that may be present 

in the water. Therefore, its use is limited to high quality waters that are relatively free 

from background interferences. Secondly, values for the molar absorbance of ozone in 

water at the wavelength range of 258 to 260 nm that have been reported in the literature 

range from 2900 to 3600 M '‘cm '1 (Gordon et al. 1988). To address the UV interference 

issue a colorimetric method, based on the reaction between ozone and the dye indigo 

trisulphonate, was developed by Bader and Hoigne (1981; 1982). The indigo method 

been accepted as the standard method for manual determination of ozone in natural 

waters by the International Ozone Association (Masschelein et al. 1998) and others 

(APHA AWWA WEF 1992). Therefore, parallel measurements of dissolved ozone were 

made using the indigo method to enable comparisons of the results of this study to other 

data sets.

For the direct UV measurements, the sampling tube on the static mixer apparatus 

and a 10 mm quartz cuvette were first rinsed thoroughly with sample. The cuvette was 

then filled with fresh sample and quickly placed into an Ultrospec 2000 (Pharmacia 

Biotech, Cambridge, UK) UV/visible spectrophotometer. The absorbance at 260 nm was 

immediately recorded. For low concentration ozone samples (less than 0.2 mg/L), a 50 

mm quartz cuvette was used to increase method sensitivity. A reference blank was 

prepared by collecting a 200 mL sample of water from the outlet of the static mixer unit 

reactive flow segment, after several minutes of contact with dissolved ozone. The ozone 

in the sample was neutralized by addition of 0.20 mL of 1 M sodium formate solution 

(BDH Co., Toronto, Ont.) and the absorbance was measured at 260 nm. The ozone 

concentration in the sample, C, in mg/L was determined from the following equation:

C — [A?(50, sample ~^260. reference] ^  14.45 Equation 6-7
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where A 26o,samPie is the absorbance of the sample and A 260, reference is the absorbance of the 

reference. The proportionality factor 14.45 is derived from the molar absorbance of 3300 

M 'cm '1 and the molecular weight of ozone of 48,000 mg-mol-1.

The standard method for determination of dissolved ozone by indigo trisulphonate 

(APHA AWWA WEF 1992; Bader and Hoigne 1981; 1982) was used with some 

modification. A concentrated indigo trisulphonate stock solution was prepared by 

dissolving 0.770 g of 5,5'-7 indigosulfonic acid (Catalogue no. 1-3007, Sigma Chemical 

Co.) and 1 mL of reagent grade concentrated phosphoric acid (Fisher Scientific) in de

ionized water up to 1 L. A working solution was then prepared by dissolving 100 mL of 

the stock solution, 11.5 mg of N a^PC L H2O and 7 mL of concentrated phosphoric acid 

into de-ionized water up to 1 L. Ozonated water sample from the static mixer unit was 

allowed to flow into a 250 mL glass Erlenmeyer flask that had previously been made 

ozone demand-free. The end of the sampling tube was submerged below the surface of 

the liquid in the flask to minimize loss of ozone by evaporation. With the sample 

flowing, a 10 mL aliquot of the ozonated water was slowly withdrawn from the flask at 

from a point near the open end of the sampling tube using an Oxford Macroset pipette 

(Oxford Labware, St. Louis, MO). The pipette was fitted with a plastic tip that was 

previously made ozone demand-free (ODF). The aliquot was immediately dispensed into 

a vial containing 2, 5 or 10 mL of indigo reagent, with the tip of the pipette immersed 

below the liquid surface of the indigo reagent. For those samples in which combined 

chlorine was known to be present, an aliquot (0.100, 0.25 or 0.5 mL) of malonic acid 

reagent was added to the indigo reagent prior to sampling to mask potential interference. 

The malonic acid reagent was prepared by dissolving 5 g of reagent grade malonic acid 

(Fisher Scientific) up to 100 mL of de-ionized water. A reference blank was prepared by 

adding 10 mL of a sample of non-ozonated water from the feed tank of the static mixer 

contactor to the indigo reagent. The absorbance of the sample at 600 nm was measured 

on an Ultrospec 2000 UV/visible spectrophotometer using a 10 mm quartz cell. The 

ozone concentration, C, in mg/L was calculated according to the following equation;
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  1^600 .blank Ai00.i(imp/< )*  ^ to ta l EdUStlOIl 6  8

f mV,„mpu

where Aaw.biank and A6oo. sample are the absorbances at 600 nm in a 10 mm cell for the 

blank and the sample, respectively, and Vsampu and V,otai are the volumes of original 

sample and the total volume of sample, indigo reagent and malonic acid in mL, 

respectively. The value of the sensitivity coefficient,/, used in this work was 0.42 Lmg' 

'em '1 and is based on a molar absorbance coefficient of 20 000 M 'lcm‘l and stochiometric 

reaction between ozone and indigo (Bader and Hoigne 1981).

6.2 BATCH REACTOR EXPERIMENTS

Microorganism inactivation experiments were conducted in well-stirred batch 

reactors using methods and materials very similar to those used by others to study the 

inactivation kinetics of C. parvum (Gyiirek et al. 1999; Li et al. 2001) and G. muris 

(Finch et al. 1993b). The batch reactor apparatus is illustrated in Figure 6-4. The water 

matrix for experiments was either samples of water collected from the feed tank of the 

static mixer ozone contactor during experimental trials, or ozone demand-free phosphate 

buffer prepared in ultrapure de-ionized water (see Section 6.6.2 for preparation details). 

Suspensions of microorganisms were prepared in 200 mL of water matrix and then 

exposed to dissolved ozone in 250 mL Erlenmeyer reactor flasks. All material used in 

the batch reactor experiments, including glassware, stir bars and pipette tips, were made 

ozone demand-free (ODF) prior to use (Section 6.6.1).

For experiments with B. subtilis, an aliquot of prepared spore stock solution (see 

Section 6.3.1) was first diluted in an appropriate volume of the test water in a 50 mL 

plastic centrifuge tube. The contents of the tube were then mixed vigorously on a Maxi- 

Mix vortex mixer (Thermolyne Co., Dubuque, IO) at a high setting for 2 min to promote 

the break up of spores agglomertates. A 5 mL aliquot of the diluted, vortex-mixed spore 

suspension was then added to the test water in the reactor flask to provide a starting spore 

concentration of between 1 x 105 and 2 x 106CFU/mL. For experiments with C. parvum, 

a suspension of purified and washed oocysts was prepared in about 0.5 mL of de-ionized
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water in 5 mL plastic tube (see Section 6.4.1). The contents of the tube were vortex 

mixed at a high setting for 30 seconds and then transferred to the water in the reactor 

flask. The concentration of oocysts in the flask was 5 x I07 oocysts/mL.

Sample Loop
Reactor Flask

Pump

SpectrophotometerWater Bath Flow Cell

Figure 6-4 Apparatus used for microorganism inactivation experiments in well-mixed 

batch reactors with continuous dissolved ozone monitoring by UV 

absorbance.

Throughout the contact period, the microorganism suspension was continuously 

stirred by means of a Teflon®-coated magnetic stir bar. The reactor flask was immersed 

into a temperature-controlled water bath to control the reaction temperature to within ± 

0.5°C of the specified target. Prior to ozone addition, the microorganism suspension was 

left in the water bath with stirring for 13 minutes to equilibrate to the experimental 

conditions. The temperature of the suspension was measured to make sure that the 

temperature was within ± 0.5°C of the target. Ozone stock solution was prepared by 

bubbling ozone gas through 300 mL of de-ionized water cooled to between 1 to 4°C in an 

ice chest. An aliquot of ozone stock solution was transferred to the stirred 

microorganism suspension in the reactor flask using a calibrated Oxford Macroset Pipette 

fitted with an ODF tip. The tip of the pipette was inserted just below the surface of the
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suspension in the flask to minimize the loss of ozone by volatilization during the transfer. 

The concentration of ozone in the stock solution was determined both before and after the 

transfer by direct measurement of UV absorbance at 260 nm and assuming a molar 

absorption coefficient of 3 300 M 'cm '1. Absorbance measurements were made on an 

Ultrospec 2000 UV/visible spectrophotometer using a 10 mm quartz cuvette.

The dissolved ozone concentration in the suspension was monitored continuously 

by direct UV absorbance on a Hewlett Packard (Wilmington, DE) model 8452A diode- 

array spectrophotometer equipped with a 10 mm quartz continuous-flow cell. A molar 

absorbance coefficient of 3 300 M ' c m 1 (Hart et al. 1983) was assumed. In addition to 

the UV measurement, samples were removed from the reactor flasks at intervals using an 

Oxford Macroset Pipette fitted with an ODF tip and analyzed using the indigo 

trisulphonate colorimetric method (Section 6.1.7). At the end of the prescribed contact 

time, 0.2 mL of 1 M reagent grade sodium formate solution (BDH Co.) was added to the 

flask to neutralize the remaining dissolved ozone.

For B. subtilis experiments, three 10 mL samples were removed from the flask for 

enumeration of viable spores by the membrane filtration method (Section 6.3.2). For C. 

parvum experiments, the contents of the reactor were transferred to a 250 mL plastic 

centrifuge tube and the oocysts recovered using the procedure described in Section 6.4.2. 

For each set of batch experiments, a control flask was established using the same 

procedures and conditions as the experimental flasks, but without addition of ozone.

6.3 BACILLUS SU B TILIS  METHODS

6.3.1 Spore Production

A sample of spores of Bacillus subtilis strain number 6633 was obtained from 

American Type Culture Collection (ATCC, Manassas, VA). A portion of the freeze- 

dried spore sample was added to nutrient broth and the broth culture was incubated for 1 

to 2 days at 35°C to generate vegetative cells. For propagation of spores, 1 mL of the 

vegetative cell suspension was inoculated onto a layer of R2A agar in 1 L flasks along 

with a small amount (15 to 20 mL) of 0.05 M phosphate buffer (pH 6.0). After 14 to 16 

days o f incubation at 35°C, the spore suspension was collected from the agar and was
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washed 3 times in ODF pH 8, 0.05 M phosphate buffer (4500 x g, 10 min). The 

suspension was then heated to 75°C in a water bath and maintained at this temperature for 

20 min to kill any remaining vegetative cells. This spore suspension was then washed 

one more time in buffer, stored at 4°C and maintained as a mother stock. To generate 

daughter spore suspensions for experiments, the above process was repeated using a 

sample of the mother stock as starting material.

63.2 Enumeration

Viable spores in experimental samples were enumerated using a membrane 

filtration method (Barbeau et al. 1997). Decimal dilution series of the experimental 

samples were prepared using 10 mL of aliquot and 90 mL of sterile peptone dilution 

water (APHA AWWA WEF 1992). For each analysis, 2 to 4 dilutions were filtered 

through pre-sterilized 47 mm x 0.45 micron membrane filters (part no. 66586, Gelman 

Sciences, Ann Arbor, MI) using a vacuum nitration apparatus. The filters were then 

placed on sterile trypticase soy broth saturated pads in Petri dishes. The dishes were 

placed in a dry air oven at 70 to 75°C for 20 minutes, to inactivate any vegetative cells, 

and then into a 35°C incubator. After 22 h to 24 h the plates were removed from the 

incubator and the number of colonies on each counted to determine the concentration of 

viable spores in the original sample. For each experimental sample, the entire 

enumeration procedure, including sample collection, preparation of the dilution series, 

and plating was done in triplicate. The number of viable spores in the original sample 

was reported as the log of colony-forming units (CFU) per mL based on geometric 

average of the triplicate plate counts.

6.4 CRYPTOSPORIDIUM PARVUM  METHODS

6.4.1 Oocyst Production

C. parvum  oocysts used in this study were originally obtained from Dr. Harley 

Moon (National Animal Disease Control center) and are known as the Iowa strain. 

Previously established methods of C. parvum oocyst production and purification from 

Holstein calves were used for the UV exposure experiments (Finch et al. 1994; Finch et
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al. 1995; Finch et al. 1997). Calves, aged 2 to 4 days were infected with C. parvum 

oocysts and maintained on a diet of electrolyte solution. Feces collected from the calves 

at the onset of scouring were first passed through a series of sieves (400 to 75 pm). 

Oocysts were purified from the sieved feces by cesium chloride gradient centrifugation 

(Kilani and Sekla 1987). Recent work by others has demonstrated that purification using 

cesium chloride has no adverse effects on oocyst infectivity (Slifko et al. 2000). The calf 

diet of electrolyte solution reduced the lipid content of the feces and eliminated the need 

for the sucrose centrifugation pre-purification step that was used in previous work. Stock 

suspensions of purified oocysts were stored at 4°C in deionized water with antibiotics 

(100 pg/m L streptomycin, 100 pg/mL gentamicin, 100 U/mL penicillin) and 0.01% 

Tween 20 (Fisher Scientific).

6.4.2 Determination of Oocyst Infectivity in CD-I Neonatal Mice

Neonatal mice have been shown to be good models for determining infectivity of 

C. parvum oocysts (Ernest et al. 1986). A mouse model using outbred neonatal CD-I 

mice (Finch et al. 1993c) was used to evaluate infectivity of both fresh C. parvum 

oocycts and oocyst from ozonation experiments. Samples of oocysts suspended in water 

from ozonation experiments were centrifuged at 27,000 x g for 10 min at 4°C to 

concentrate the oocysts for inoculation into the neonatal CD-I mice. The supernatant 

was aspirated and the cell pellet re-suspended in deionized water. Oocysts were counted 

in quadruplicate using a hemacytometer and appropriate dilutions prepared in deionized 

water for mouse infection. Breeding pairs of outbred CD-I mice were obtained from the 

Charles River Breeding Laboratories (St. Constant, Quebec, Canada). The animals were 

given food and water ad libitum and were housed in cages with covers fitted with a 0.22 

pm  filter in a specific pathogen-free (P-2 level) animal facility. Mice were inoculated 

intragastrically 5 days after birth with a known number of oocysts suspended in 50 pL  of 

deionized water. Intragastric inoculation was preformed using a ball-point neonate 

feeding needle (24 gauge, Popper and Sons Inc.) attached to a tuberculin syringe. For 

each experimental sample, 2 to 4 dilutions of oocysts were prepared and cohorts of 5 to 

10 mice were inoculated. Processing of the samples and inoculation of animals occurred 

within 24 h of experimental exposure to ozone.
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The infectivity of the oocysts was determined 7 days after infection. The mice 

were killed by cervical dislocation and the large intestine (rectum to 30 mm anterior to 

the caecum) was removed and placed in 10 mL of ultrapure water from a Milli-Q® 

system water. The intestine was homogenized for 45 to 60 s in a Sorvall Omni-Mixer 

and the homogenate collected into a 15 mL polypropylene test tube. The suspension was 

centrifuged at 2000 x g for 15 min. The supernatant was then removed and the pellet was 

re-suspended in 10 mL of Milli-Q® water containing 0.01% Tween 20, and was 

centrifuged at 2000 x g for 15 min. After the second centrifugation, the supernatant was 

discarded and 20 p L  of the viscous pellet was removed and placed into a 6 mL 

polystyrene flow cytometer test tube fitted with a 35-pm  sieve (Becton Dickinson, 

Franklin Lakes, NJ). The intestinal homogenate was forced through the sieve by adding 

400 fiL  of 1% bovine serum albumen (BSA) in phosphate buffered saline (PBS)(Becton 

Dickinson). Samples were allowed to incubate for 15 min at room temperature to block 

non-specific absorption of the monoclonal antibody. One hundred microlitres of a 1:400 

dilution of fluorescein labeled anti-C. parvum  oocyst monoclonal antibody (ImmuCell) 

diluted in 1% BSA was subsequently added to each sample. The mixture was incubated 

at 37°C for 30 min.

The resulting suspension was examined for the presence of parasites on a 

FACScalibur flow cytometer (Becton Dickinson). Settings for the flow cytometer were 

as follows:

forward side scatter -  photodiode voltage equivalent to E00, AmpGain 4.00;

side light scatter -  photomultiplier voltage set to 402, AmpGain 4.00; and

FL1 - photomultiplier voltage set to 470.

All flow cytometric analyses were done at a high flow rate using PBS as the sheath fluid. 

Fifty-thousand events (parasite counts) were collected for each intestinal homogenate 

sample. Mice were scored as infected with C. parvum when the number of events 

segregating into a defined fluorescence region was greater than 1.25%. At regular 

intervals, flow cytometric results were confirmed using conventional microscopy 

methods. Daily negative controls were run in which the infectivity was checked in a
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group of mice that were not exposed to oocysts. None of the negative control mice were 

positive for infection. A complete discussion of the flow cytometric procedures, 

including a discussion of the rational for scoring mice as infected and a comparison to 

conventional microscopy, was presented by Neumann and co-workers (2000a, 2000b).

6.4.3 Interpretation of C. parvum  Infectivity Data with the Logistic Dose Response

Model

The proportion of mice positive for infection 7 days post-inoculation, P, was 

determined for each cohort using the previously described methods. The estimated 

number of infectious oocysts in the inoculum to each mouse, d, was then estimated using 

a logistic dose response model for C. parvum oocyst infectivity in the neonatal CD-I 

mice. Logistic regression is appropriate for treatment of binary data (Neter et al. 1989). 

Logistic transformation of the binay infectivity results yield the logistic form of the dose- 

response model:

In
1 - P

= P0 + $ lo g  d  Equation 6-9

In Equation 6-9, P is the proportion of animals in a cohort that become infected 

subsequent to ingesting a specified live inoculum, d, of oocysts. The parameters of the 

logit model, and Pi, were determined for the batch of oocysts used in the ozonation 

experiments in a series of oocyst dose-response experiments. Cohorts of S to 10 neonatal 

CD-I mice were inoculated with levels of inoculums ranging from 25 to 200 oocysts per 

mouse. The number of animals positive for infection at each dose level was determined 

using the previously described methods. Parameters of the logit model were estimated 

from the results of the dose response experiments by maximizing the natural logarithm of 

of the likelihood function, L, for binary data (Neter et al. 1989), given by:
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l n  L  =  X  Y, ( A )  +  A  x . ) -  X  , n & +  e * P ( A >  +  A  X ,)] Equation 6-10
1=1 1=1

In Equation 6-10, the subscripts i = 1, 2, ... A represent each individual mouse used in 

the dose response experiment, X, is the log (base 10) of the inoculum size for each mouse, 

and Yi is the binary score (0 = not infected, 1 = positive) of each mouse after 7 days. The 

likelihood function was maximized and the model parameters estimated using the Solver 

function in Microsoft Excel 2000. Confidence intervals for the logit model parameters 

were calculated at the 1 - a  significance level by assuming that the errors of the model 

were normally distributed and determining the profile for maximum likelihood estimators 

given by:

In £,_«(£) > In (0 ) - j Z 2p.a Equation 6 -11

Here fi0 and p , are the logit response parameters, '/CP.a is the chi-squared distribution. In L 

(P) is the likelihood function for normally distributed errors and In LmaxiP) is the 

maximum of the In L (Seber and Wild 1989). Approximate 90% confidence intervals 

were calculated in Microsoft Excel 2000 by varying one parameter at time with the other 

set at the optimal estimate and satisfying the equality constraint of Equation 6-11.

6.4.4 Characterization of Oocysts Used In Experiments

All oocysts used in this study were from a single batch of oocysts isolated from an 

infected Holstein calf between May 4 and 8, 2000. Oocysts were used in experiments 

between 18 and 75 days after isolation. Five dose-response trials were conducted with 

oocysts from this batch during this time period in order to determine the infectivity 

characteristics. Detailed information of these dose-response experiments was provided in 

Table A -l of Appendix A. Information from the individual dose-response trials was 

pooled and the logit dose-response model (Equation 6-9) was fit to the pooled data using 

the maximum likelihood method (Equation 6-10). Because the dose-response
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information was pooled, the logit model parameters generated represented the 

characteristics of the oocyts averaged over the life of the batch. The results of the pooled 

dose response analysis and the modeling are shown in Figure 6-5 below.

•  Data

Logit Model

P)

1.2 1.4 2.2 2.41.6 1.8 2
log d

Figure 6-5 Dose-response of Cryptosporidium parvum  oocysts used in experimental 

trials and maximum likelihood fit of logit dose-response model.

Best fit logit model parameters and the corresponding 90% confidence intervals were:

Po = -5 .0 9  ( - 5 .3 ,  -4 .8 )  and = 2.97(2.8,3.1)

The estimated oocyst dose required for 50% infection in the mice (ID50) were calculated 

from these parameters as follows:

ID50 = antilog (-fio /fi  1) = 52.
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In comparison, the ID50 of oocyst batches used to generate a kinetic model for 

inactivation by ozone at 22°C in earlier work ranged from 60 to 347 (Gyiirek et al. 1999). 

Therefore, the oocysts used in this study were slightly more infectious than those used in 

the earlier work.

6.5 GIARDIA M U RIS  METHODS

6.5.1 Cyst Production

The strain of G. muris used in this study was originally isolated by Roberts- 

Thomson (1976) from a golden hamster. The parasite has been maintained in the 

laboratory since 1981 using bi-weekly passages in CD-I or C3H/HeN mice. Methods for 

mouse inoculation and subsequent cyst collection and purification from mouse feces were 

adapted from those used previously (Belosevic and Faubert 1983; Finch et al. 1992; 

Labatiuk et al. 1991). Cysts for experiments were produced by inoculating groups of 8 to 

11 week-old male C3H/HeN mice with purified suspensions of fresh cysts. Mice were 

inoculated by gastric intubation. Feces from the infected mice were collected over a 2 to 

3 h period on each day of a one or two day period. Collection periods were somewhere 

between 4 and 28 days post-infection. To isolate cysts, the daily feces samples were 

emulsified in Milli-Q18 water, layered on 1 M sucrose solution and then centrifuged for 15 

min. at 400 x g at 4°C. After centrifugation, the cyst rich layer at the water-sucrose 

interface was carefully collected and then washed 3 to 4 times in Milli-Q® water by 

centrifugation at 600 x g  for 10 min. Cyst concentration was then determined by 

hemocytometer count. Cysts for experiments were stored in Milli-Q water at 4°C and 

used within 72 h of collection.

6.5.2 Development of a Quantitive Infectivity Model in C3H/HeN Mice

The pattern of G. muris cyst shedding in mice is characterized by a latent period, 

in which no or few cysts are observed in the feces. The latent period is followed by a 

phase of rapid increase in cyst output until a stable output of about 106 cysts per g of 

feces is reached, regardless of the size of infective inoculum (Belosevic and Faubert 

1983; Belosevic et al. 1984). The feature that distinguishes the size of the infective
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inoculum is the duration of the latent period and the temporal position of the rapid 

increase phase. In earlier work, the latent period was defined as the number of days post

infection until all of the mice in a cohort became positive for cysts in the feces (Labatiuk 

1992). This method of defining latent period was found to be unsatisfactory because the 

assignment of positive mice is sensitive to limits of detection of individual cysts by 

microscopy. A new method was proposed in which the latent period is defined in terms 

of average cyst output from the cohort.

To determine the relationship between inoculum size and latent period, cohorts of 

five, 8 to 11 week old male C3H/HeN mice were infected with 10s, 104, 103, 102, or 10 

cysts each in dose-response experiments. Cysts for the dose-response were collected and 

purified on the same day as infection. Mice were housed together, but were transferred to 

individual false bottom cages for 2 h each day post infection for feces collection. The 

wet feces sample collected from each mouse was weighed and cysts were recovered and 

purified using the previously described sucrose gradient centrifugation method. After 

centrifugation, the cysts were washed once in Milli-Q® water before counting on the 

hemocytometer. The average cyst output per gram of wet feces was determined for each 

cohort on successive post-infection days until cyst output was stable at about 106 cysts 

per gram of wet feces. The results o f a typical dose-response experimental are shown in 

Figure 6-6.

The latent period (LP) in days, for each inoculum size was defined as the 

arithmetic average of the times to reach cyst outputs of 103, 104 and 105 cysts per g of wet 

feces. These times were interpolated directly from the cyst shedding curves of Figure

6-6. A relationship between latent period and size of infective inoculum was developed 

using information from three separate dose response experiments performed as part of 

this work, as well as information from similar experiments conducted by Labatiuk (1992) 

using identical cyst collection methods. Detailed information from these independent 

dose-response experiments was provided in Table A-2 of Appendix A. The dose- 

response relationship, shown in Figure 6-7, was found to be reproducible between 

different batches of cysts. The method of least-squares was used to fit the following 

empirical model equation to the data from all four dose-response experiments:
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log (d) = (-10.4 ± 0.5) log (LP) + (9.5 ± 0.3) Equation 6-12

In this model, d  represented the number of infectious cysts in the mouse inoculum and LP 

was the latent period. In Equation 6-12, the model parameter values were shown together 

with the standard errors inside the brackets. Standard errors of the model parameters 

were determined by standard statistical techniques (Box et al. 1978).

No. Cysts in 
Inoculum

1x10s 

- o -  1X104 

1x10s 

-a -  ixio2 

1x 101

0 1  2 3 4 5 6 7 8 9  10
Days Post-Infection

Figure 6-6 Pattern of cyst shedding in the feces of C3H/HeN mice infected with fresh 

Giardia muris cysts in a dose-response experiment.

No. Cysts per 4 . 
Gram Feces

(log10)
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Figure 6-7 Latent period, LP, in the C3H/HeN mice as a function of the number of 

fresh Giardia muris cysts in the oral inoculum, d. Results from four dose 

response experiments are shown, including data from Labatiuk (1992) 

(indicated as Exp. 3).

6.5.3 Infectivity Analysis In Experimental Samples

Cysts from experimental samples were concentrated by centrifugation (800 x g for 

10 min at 4°C). The supernatant was removed and the concentrated pellet was re

suspended in the remaining 2 to 3 mL of liquid using a glass Pasteur pipette. The cyst 

concentration was calculated from the average of a minimum of eight hemocytometer 

counts. For each experimental sample, 5 mice were inoculated with 0.2 mL of the 

concentrated suspension. Cyst production in the feces was monitored as described for the 

dose-response experiments and the latent period, LP, was determined in the same way. 

The number of infectious cysts in the inoculum to each mouse, d, was estimated from 

Equation 6-12.
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6.6 MISCELLANEOUS PROCEDURES

6.6.1 Ozone Demand-Free Materials

All materials used in batch reactor trials or to analyze for dissolved ozone 

including flasks, stir bars and pipette tips, were made ozone demand-free (ODF) prior to 

use by soaking in a concentrated (approximately 20 mg/L) solution of ozone prepared in 

de-ionized water for at least 1 hour. After soaking, the ozone solution was drained, and 

the materials were covered with tin foil and placed in an air oven for 24 h at 80°C to 

remove any remaining moisture.

6.6.2 Ozone Demand-Free Phosphate Buffer

The phosphate buffers at pH 6.0 and pH 8.0 used in the batch reactor experiments 

were prepared by dissolving appropriate amounts o f reagent grade disodium hydrogen 

orthophosphate and potassium dihydrogen orthophosphate (BDH Co.) into de-ionized 

water from an Elga® Ultra-pure water system (Fisher Scientific). Buffer phosphate 

concentration was 0.05 M. The buffers were made ODF by bubbling ozonized gas 

through the prepared buffer, with stirring, until saturated with dissolved ozone at 

approximately 20 mg/L, and then letting stand for 1 h. The remaining ozone was 

removed by bringing the buffer to a boil for 10 minutes. After cooling, the pH was 

measured and recorded.

6.6.3 Measurement of Dissolved Combined Chlorine

The concentration of combined chlorine in the chlorine-reduced tap water used in 

the static mixer contactor experiments was measured using the /V.AZ-diethyl-p- 

phenylenediamine (DPD) colorimetric standard method (APHA AWWA WEF 1992) 

with Hach Permachem Reagent for DPD Total Chlorine (Cat. No. 14064-99, Hach Co., 

Loveland CO).

6.6.4 Measurement of pH and Temperature

Water pH was measured on an accumet® Model 25 pH/Ion Meter (Fisher 

Scientific) that was calibrated daily using commercial buffers. Temperature was
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measured using a calibrated thermocouple thermometer (Bamant Co., Model 600-1040, 

Barrington, IL).

6.7 CALCULATIONS

6.7.1 Mean Residence Time

At each sample location in the reactive flow segment, the mean residence time, tm 

was calculated from the exit age distribution function, £(/), using the method of moments 

described by Levenspiel (1972):

Equation 6-7 was solved numerically using the trapezoid rule with a step size of 1 s. 

Calculations were performed on a Microsoft Excel 2000 (Microsoft Co., Redmond, WA) 

spreadsheet program.

6.7.2 Average Concentration-Time Product

The microorganism inactivation measured for different levels of ozone treatment 

in the static mixer ozone contactor was interpreted using the product of the average ozone 

concentration and the effective contact time. The Cavstm in the reactive flow segment was 

estimated from an integrated average of the measured dissolved ozone concentration 

profile. A first-order ozone decomposition rate in the reactive flow segment was 

estimated by fitting the following equation to the measured ozone concentration profile:

where C is the predicted dissolved ozone concentration at each sample location, Co is the 

measured ozone concentration at the inlet of the reactive flow segment, tm is the

Equation 6-13

Equation 6-14
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arithmetic average of the measured mean residence times kj the estimated first-order 

decomposition coefficient. An example of a typical dissolved ozone profile in the 

reactive flow segment, which was measured at 16°C is shown in Figure 6-8 along with 

the fit of Equation 6-14. Curve fitting of Equation 6-14 to the measured profiles was 

done using non-linear least squares regression and the Solver function in Excel 2000.

0.7.

•  Measured
0 .6 . —  Predicted

0.5-

Dissolved Ozone o.4- 
Concentration, C 
(mg/L)

0.3-

0.2

0.1

0 8 162 4 6 10 12 14

Mean Residence Time. tm (min)

Figure 6-8 Typical ozone concentration profile in the reactive flow segment of the 

static mixer ozone contactor and fit of the first-order decomposition 

model. Experiment was conducted at 16°C using Bacillus subtilis spores.

An integrated average ozone concentration was then estimated for each sample point 

using the following equation (Langlais et al. 1991):

= -p 2-  6 -  exP(~ kJm )] Equation 6-15
d^m
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The contribution of the bubble column to the total Cavgtm was estimated using the 

following equation:

= (c .„x CoUI T \  Equation 6-16

where C,„ and Cou, are the concentration of dissolved ozone at the inlet and outlet of 

column, respectively, and tm is the arithmetic average of the mean residence times 

determined in triplicate tracer experiments.

For batch reactor experiments, the Cavgtb product was estimated in a similar way 

except that the batch sampling time, tb, replaced the mean residence time, tm, in Equations

6-14 and 6-15. Co was the ozone concentration immediately after addition of the 

concentration ozone stock. An ozone decomposition profile in a typical batch experiment 

is shown in Figure 6-9.

0.9
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—  Predicted0.7-
0 .6-
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Concentration, C ° '5'
(mg/L) :0.4-

0.3-
0 .2-

0 . 1-

8 10 12 14 16 180 62 4
Batch Contact Time, f b (min)

Figure 6-9 Typical ozone concentration profile in a batch reactor experiment and the 

fit of the first-order decomposition model. Experiment was conducted at 

16°C using Bacillus subtilis spores.
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6.7.3 Microorganism Reduction

Microorganism reduction by ozone in the static mixer contactor and in the batch 

reactors was interpreted in terms of the inactivation ratio, /, which was defined in log- 

units by the following equation:

where N  and N0 are the concentrations o f live microorganisms in the water before and 

after the specified ozone treatment. The precise definition of N  and No varied according 

to the microorganisms studied. For experimental trials with B. subtilis spores, N  and No 

were determined directly from spore enumerations and were defined as follows:

No = concentration of live spores in the static mixer contactor feed stream or 

prior to contact with ozone or in the batch reactor control flask (CFU/mL), 

and

N  = concentration of live spores after the specified contact with ozone in the 

static mixer contactor or in the batch reactor experimental flask (CFU/mL)

For triplicate plate counts (N\, N2 and A/3) an average value of log N  was determined as 

follows:

The standard error of log N  and log No and the Student t-distribution were used to 

construct 95% confidence intervals on the log inactivation ratio. The standard error, SE, 

o f -  log N/No was determined as follows:

Equation 6-17

(log A/)avg = 1/3 [(log N\ + log N 2 + log A/3) Equation 6-18

SE [ -  log N/Nq] — SE [log No] + [SE log N] Equation 6-19
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The log inactivation ratio of the encysted protozoans was inferred from the 

outcomes of the infectivity analysis on the recovered cyst or oocyst samples. The 

inactivation ratio was estimated from:

/  = -log = -log Equation 6-20

where d  and do were defined as:

d  = the estimated number of infectious cysts or oocysts in the inoculum to 
each mouse, and

do = the total number of cysts or oocysts in the same inoculum as determined 
by hemocytometer count.

Standard errors and confidence intervals for the log inactivation ratio of the 

protozoa were not estimated because reported inactivation ratios were based on a single 

infectivity measurement.
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7 KINETICS OF OZONE INACTIVATION OF BACILLUS SUBTILIS SPORES

7.1 INTRODUCTION

The efficiency of alternative ozone contactor designs for reduction of protozoan 

parasites, like Cryptosporidium parvum, is ideally evaluated by direct measurement. This 

is extremely difficult to do for ozone contactors in operation in drinking water facilities, 

because the concentration of C. parvum oocysts in the source water is usually several 

orders of magnitude below what is required for a meaningful assessment. One alternative 

is to evaluate a scale model of the contactor in seeding studies in which concentrated 

preparations of live parasites are introduced into the feed water. Seeded parasites are 

recovered from the treated water, typically by filtration, and the reduction in viability is 

determined by an appropriate method. Animal infectivity models are the most reliable 

means of determining the loss of viability of C. parvum  oocysts exposed to ozone (See 

discussion in Chapter 2, Section 2.3.9). Using animal models, like the neonatal CD-I 

mouse model for C. parvum, oral inocula on the order of 104 or 105 are required in order 

to determine levels of inactivation of 2 log-units or greater. This means that, even for a 

small-scale continuous-flow ozone contactor, like the experimental static mixer contactor 

described in Chapters 5 and 6, relatively large numbers of purified parasites, on the order 

of 10s, are required for meaningful challenge tests. The health and safety risks that must 

be considered further complicate such testing.

The task of evaluating an ozone contactor design would be greatly simplified if an 

appropriate model or surrogate microorganism was available. Cultured Bacillus subtilis 

spores have been proposed as a model organism to represent inactivation of 

Cryptosporidium parvum  oocysts by ozone. Experience has shown that these aerobic 

bacterial spores are easy to culture and to enumerate. Moreover, preparations of these 

spores have been assigned a biosafety level classification of 1 by the American Type 

Culture Collection (ATCC). According to the material safety data sheet provided by 

ATCC, microbial cultures at this classification level are not “known to cause disease in 

healthy human adults or animals”. From health risk and ease of use perspectives, these 

spores are, therefore, potentially good model organisms. The final criterion to be
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evaluated is how the resistance of these spores to ozone compares to that of C. parvum 

oocysts.

Published studies have suggested that the resistance to ozone of B. subtilis spores 

and C. parvum oocysts is similar. The investigations in these studies, however, were 

limited to a fairly narrow range of temperature range; 20 to 22°C in one case (Facile et al. 

2000) and to 22.7°C in another (Owens et al. 2000). Another aspect that must be 

considered carefully in any seeding studies is that assessment of spore inactivation 

kinetics may be sensitive to bacterial strain, the methods used to culture, purify and 

enumerate spores, and to the protocols for carrying out the ozone exposures. The 

objectives of the study described in this chapter were to:

1. determine the ozone inactivation characteristics of a certain strain of Bacillus 

subtilis spores (ATCC 6633) using batch ozone reactors;

2. develop a kinetic model to describe spore inactivation by ozone over a range 

of temperature (3 to 22°C) and pH (6 to 8); and

3. use the kinetic model to compare spore inactivation by ozone at various 

temperatures and pH to that of C. parvum  oocyst inactivation.

For objective 3, the kinetic model of C. parvum  oocyst inactivation by ozone developed 

by Li and co-workers (2001) served as a basis for comparison. The model provides 

predictions of oocyst inactivation over a range of temperatures (1 to 35°C) and pH (6 to 

8). To ensure the best comparison possible, the batch reactor protocols and ozone 

measurement techniques use by Li and co-workers (2001) were duplicated in this study 

with B. subtilis spores.

7.2 BATCH REACTOR OZONATION TRIALS

7.2.1 Experimental Trials

To elucidate the kinetics of inactivation of B. subtilis (ATCC 6633) spores, batch 

reactor ozonation experiments were carried out in ozone demand-free 0.05 M phosphate 

buffered laboratory water at two pH levels (6 and 8) and at three temperatures (3, 12 and 

22°C). A minimum of eight batch reactor trials, spanning a range of dissolved ozone 

concentration (0.4 to 1.8 mg/L) and contact times (2 to 15 min), were completed at each
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of the six pH and temperature combinations. Details of each experimental trial were 

provided in Tables B -l, B-2 and B-3 of Appendix B. The fifty batch ozonation trials 

listed in these tables were conducted in random order over the course o f an eight-week 

period using a single stock preparation of spores that was stored at 4°C (Stock A). 

Randomization was done to ensure that the effect of gradual changes in the 

characteristics of the prepared spores on the subsequent analysis and modeling was 

minimized.

7.2.2 Determination of Dissolved Ozone Concentration

Both the UV absorbance at 260 nm and the indigo trisulphonate methods were 

used to measure the dissolved ozone concentration in each batch reactor trial. The 

indigo-trisulphonate and direct UV absorbance methods are based on different operating 

principles. As a result, the ozone concentrations determined by the two methods were not 

the same. Data analysis and modeling, however, were based exclusively on measurement 

of ozone by the UV absorbance method. The justification for this was that Li and co

workers (2001) developed their kinetic model of C. parvum oocyst inactivation from a 

dataset that was derived from ozone concentrations determined strictly by direct UV 

absorbance. To maximize the integrity of the comparison between the results of this and 

the C. parvum study, parameters of the UV absorbance analytical procedure were 

matched. These parameters were (1) measurement wavelength of 260 nm, (2) specific 

molar aborbance of 3 300 M ’cm '1 and (3) baseline absorbance correction according 

Equation 6-7.

7.2.3 Measured Spore Inactivation Curves

Measured spore inactivation is plotted for each pH and temperature as a function 

of the integrated average dissolved ozone concentration - time product (Cavgtb) in Figures 

7-1, 7-2 and 7-3. Each datum plotted in these figures was determined from the average 

spore enumeration of three samples extracted from a single ozonation reactor and three 

samples extracted from the corresponding control reactor. For a given temperature, spore 

inactivation was a non-linear function of the average dissolved ozone concentration-time 

product, Cavgtb- Outcomes of trials with similar Cavgtb products, but obtained with
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different average dissolved ozone concentration, Cavs, and batch exposure time, tb, were 

found to lie on the same inactivation curve. At each temperature, the spore inactivation 

curve was characterized by three distinct kinetic regions. At low Cavgtb, a shoulder region 

was observed in which virtually no spore inactivation was measured. The shoulder 

region was followed by a region of rapid exponential decrease in viable spore 

concentration with increasing Cavgtb. At higher Cavgtb and inactivation levels, a tailing 

region was observed that was characterized by a much lower rate of spore inactivation. 

An increase in temperature had the effect of reducing the length of the shoulder region 

and increasing the slope and rate of inactivation in both the exponential and tailing 

regions.

•log 2-

0 5 10 IS 20

•  Measured pH 6 

□ Measured pH 8 

  Model

Figure 7-1

D issolved Ozone Cay^  (mg X min/L)

Ozone inactivation of Bacillus subtilis spores in ozone demand-free 

buffered laboratory water at 3°C.
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Figure 7-2
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Ozone inactivation of Bacillus subtilis spores in ozone demand-free 

buffered laboratory water at 12°C.
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Ozone inactivation of Bacillus subtilis spores in ozone demand-free 

buffered laboratory water at 22°C.
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Although poorly understood, tailing in the inactivation curves of bacterial spores 

and viruses exposed to various types of treatment is common (Cerf 1977; Hiatt 1964). 

Other investigators observed tailing phenomena in the survival curves of bacterial spores 

exposed to ozone but provided little explanation or discussion (Facile et al. 2000; Finch 

and Choe 1999). Tailing in the measured survival curves of Vibrio cholerae bacteria 

exposed to chlorine was attributed to the presence of a distinct sub-population of the 

bacteria that displayed increased resistance due to agglomeration and the presence a 

mucoid coating (Clark et al. 1994). The presence of agglomerated spore units that were 

much more difficult to completely inactivate than were the individual spores was 

suspected as the explanation for the tailing observed in the inactivation curves of Figures 

7-1, 7-2 and 7-3. Microscopic observations of the experimental spore preparations 

suggested the presence of spore agglomerations that were bound to extra-cellular material 

or glycocalyx. Although the spore preparations were mixed vigorously prior to use in the 

experiments, specifically to promote break-up of agglomerates, it is unlikely that 

agglomerates were completely eliminated. Agglomerates were observed under the 

microscope even after the mixing procedure.

In several instances, the measured spore concentration in the experimental reactor 

at the lowest ozone exposures was greater than that measured in the untreated control 

reactor. This unexpected increase in viable spore concentration resulted in a small 

negative value for the reported log inactivation. This effect, which was most pronounced 

in the trials at 22°C (Figure 7-3), was possibly explained in terms of spore agglomerates. 

The hypothesis is that a mild ozone exposure was sufficient to decompose the 

extracellular material binding the spore agglomerates, but did not result in measurable 

inactivation of individual spores. Free viable spores were released into the medium, 

effectively increasing the number of colony-forming units (CFU).

7.3 KINETIC MODELING

7.3.1 Development of a Two-Part Kinetic Model

A kinetic model was developed to describe the ozone inactivation of B. subtilis 

spores measured in the batch reactor experiments. The main purpose of the model
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development was to facilitate an unbiased comparison of the experimental spore 

inactivation kinetics to the ozone inactivation kinetics of C. parvum oocysts previously 

determined by Li and co-workers (2001). The sigmoid shape of the experimental spore 

inactivation curves plotted in Figures 7-1, 7-2 and 7-3 indicated that spore inactivation 

could not be described adequately with a simple first-order Chick-Watson rate law. The 

multi-phase nature of the observed inactivation curves suggested a more complex 

inactivation mechanism or heterogeneity of the spore population. In preliminary 

attempts, none of the literature kinetic models described in Table 2-4 were found to 

adequately describe the sigmoid form of the observed spore inactivation curves. No one 

model was capable of describing both the observed shoulder and tailing phenomena.

A two-part kinetic model was proposed to describe observed spore inactivation by 

ozone. In this model, the shoulder and exponential regions of the inactivation curve 

reflected inactivation of individual spores, freely suspended in the water matrix. The 

consistent presence of the initial shoulder in the inactivation curves at the different 

temperatures and pH was an indication of an inactivation mechanism that was based on 

cumulative damage (Hiatt 1964). The multi-target model (Table 2-4) was, therefore, 

used to mathematically describe inactivation of individual spores by a cumulative 

damage mechanism. A separate first-order rate term was then added to the mathematical 

formulation to account for the more gradual inactivation of agglomerated spore units. A 

similar modeling approach was used to describe inactivation of free and particle- 

associated coliform bacteria by ultraviolet light in wastewater (Emerick et al. 2000). The 

formulation of the proposed model was:

=  No.i [ 1 “  (1 -  e‘*'C' ]+ HQMe -k‘c‘ Equation 7-1

The first term of this equation represented inactivation of individual spores, according 

to the multi-target model, and the second term represents inactivation of agglomerated
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spore units, Na, by a simple first-order process. The variables were defined as follows; N  

was the total number of live CFU after a given dissolved ozone Ct exposure, JV0,, and N0.a 

were the initial number of CFU due to individual spores and agglomerated spore units, 

respectively, nc was the number of targets that must be hit in order to inactivate an 

individual spore, and and ka were rate constants. Implicit in the model formulation was 

the assumption that the rates of inactivation were first-order with respect to the number of 

targets in the individual spores and the number of agglomerated spore units, and first- 

order with respect to ozone concentration. The number of live microorganisms of both 

types was, therefore, proportional to the simple Ct product, which, in the batch reactor 

experiments, was given by the integrated average Cavgtb.

Another parameter that was specified in order to complete the model was the 

number ratio of the two spore subpopulations. The value of this ratio was given by the 

parameter, r, which was defined as follows;

r  = -------—----- Equation 7-2
* 0, + No

The number of critical targets, nc and the fraction of agglomerated units, r, were 

properties of the spore population and were not likely to be functions of temperature.

7.3.2 Modeling Temperature Dependence

Temperature dependence of the spore inactivation kinetics was, therefore, 

modeled in terms of temperature dependence of the rate constants, kt and ka. According 

to Arrhenius activation energy theory (Levenspiel 1972), temperature dependence of 

kinetic rate constants is given by:

ki—  = exp
k ,

I 1_
r, r ,

Equation 7-3
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where EA is the activation energy of the reaction, R is the universal gas constant and k\ 

and are the values of the rate constant at the respective absolute temperatures T\ and 

T2. Equation 7-3 may be re-written as:

Equation 7-4

where the temperature coefficient, 9, is given by q\^{E a/RT\T2). Over a sufficiently 

small temperature range, 9, can be assumed to be constant. Using this approach, the 

temperature dependence of the two rate constants in Equation 7-i were mathematically 

described as follows:

The reference temperature in Equations 7-5 and 7-6 was 12°C, the approximate midpoint 

of the experimental range.

7.3.3 Model Regression to Experimental Data

Best-fit parameters of the kinetic model were estimated by simultaneous 

regression of Equations 7-1, 7-2, 7-5 and 7-6 to the datasets of Figures 7-1, 7-2 and 7-3. 

The criteria for best fit was minimization of the sum of the squares of the residuals 

described as follows:

Equation 7-5

and

Equation 7-6
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® /m easuredv. 0 /  model

Equation 7-7

Least-square computations were performed in a Microsoft Excel 2000 spreadsheet using 

the Solver function with the Newton search method selected and the convergence 

tolerance set to 0.0001.

The kinetic model was found to provide a good fit to the observed experimental 

outcomes at each of the three experimental temperatures. Best-fit model parameters are 

summarized in Table 7-1. Inactivation curves predicted by the model are compared to the 

batch reactor experimental results in Figures 7-1, 7-2 and 7-3. Direct comparisons of the 

model-predicted and measured inactivation are provided in Figures 7-4, 7-5 and 7-6. The 

45° diagonal solid lines in these figures represented a perfect model fit to the data. Model 

prediction errors were given by:

When all the errors at each temperature and pH were grouped together and plotted as a 

frequency histogram, the errors were found to approximate a random normal distribution 

(Figure 7-8). The mean value of the grouped prediction error, e, ,was -0.04 log units and

when tested using the Student t-distribution was found to be not statistically different 

than zero at the 95% confidence level (Table 7-2). The assumptions of least-squares 

regression were, therefore, adequately fulfilled.

The activation energies reported in Table 7-1 were estimated from the best-fit 

values of the temperature coefficients 0, and Qa, and Equation 7-3. The magnitude of the 

activation energies provides some insight into the processes underlying microorganism 

inactivation. For example, the activation energy of individual spores, EA i = 49 kJ/mole, 

was very close to the activation energy reported for inactivation of C. parvum  oocysts by

0 /measured/predicted

Equation 7-8
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ozone of 51.7 kJ/mole (Li et al. 2001). This is consistent with the contention that a 

similar rate-limiting step governed inactivation of individual spores and oocysts. On the 

other hand, the activation energy for inactivation of the agglomerated spore units, EA i = 

28 kJ/mole, was only half that of individual spores. This is an indication that inactivation 

of agglomerated spores was controlled by a different physical or chemical process than 

inactivation of individual spores or oocysts.

Table 7-1 Best-fit parameters of the Bacillus subtilis spore inactivation kinetic model 

as determined by least-squares regression.

Param eter Physical Significance Best-Fit
Value

Units

Rate constant for inactivation of free 
spores

2.8 L mg-1 min-1

0, Temperature coefficient for 
inactivation of free spores

1.08 none

ka Rate constant for inactivation of 
resistant agglomerated spore units

0.23 L mg"' min-1

ea Temperature coefficient for 
inactivation agglomerated spore units

1.04 none

nc Number of targets for inactivation of 
free spores

8500 number

r Fraction of agglomerated spore units 
in the total population

0.003 none

Eaj Estimated Arrhenius activation energy 
for free spores

49 kJ mol-1

EA.a Estimated Arrhenius activation energy 
for agglomerated spore units

28 kJ mol-1
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Figure 7-4 Comparison of model-predicted and measured inactivation of Bacillus 

subtilis spores at 3°C.
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Figure 7-5 Comparison of model-predicted and measured inactivation of Bacillus 

subtilis spores at 12°C.
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Figure 7-6 Comparison of model-predicted and measured inactivation of Bacillus 

subtilis spores at 22°C.
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Figure 7-7 Histogram of the Bacillus subtilis ozone inactivation kinetic model 

prediction errors.
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7.4 EFFECT OF pH ON SPORE INACTIVATION

The stability of aqueous molecular ozone is known to be a strongly dependent on 

pH, however, it is less clear to what extent pH affects the intrinsic rate of microorganism 

inactivation by ozone. Published studies differ in the reported effect of pH on 

microorganism inactivation by ozone (Farooq et al. 1977a; Roy et al. 1981a). In Figures

7-1, 7-2 and 7-3 the effect of pH on ozone stability in the batch reactors was accounted 

for by representing inactivation in terms of the ozone Cavgtb product, in which the 

integrated average ozone concentration, Cavg, was calculated using Equation 6-15. This 

representation assumes that, for a given temperature, spore inactivation was determined 

by the integrated dissolved ozone exposure only, and that the rate of reaction between 

dissolved ozone and the microorganisms was independent of either pH or the rate of 

ozone decomposition. A cursory examination of the inactivation curves in Figures 7-1,

7-2 and 7-3 suggests that spore inactivation was only slightly greater at pH 8 than at pH 6 

for an equivalent Cavgtm, and that this assumption thus was true.

The pH effect was more closely investigated by examination of the mean 

prediction errors, e t , of the kinetic model for each temperature and pH (Table 7-2).

According to the signs on the computed values of e , , the model tended to over-predict

inactivation at pH 6 and to under-predict inactivation at pH 8. The effect was consistent 

at each temperature. When grouped by pH, the magnitude of the mean prediction errors 

were computed to be + 0.2 and - 0.2 log-units at pH 6 and pH 8, respectively, and these 

were statistically different than zero at the 95% confidence level. Spore inactivation at 

pH 8 was, on average, 0.4 log-units greater than at pH 6. It was concluded that, between 

pH 6 and 8, pH had a statistically significant but relatively minor effect on inactivation of 

these spores. For kinetic model development, therefore, no distinction was made 

between pH, and experimental outcomes at both pH 6 and 8 were combined into a single 

dataset.
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Table 7-2 Analysis of the Bacillus subtilis kinetic model prediction errors at each pH 

and temperature level.

Temp.
°C

pH Mean
Error

n s Uu2 '95% Confidence 
Limits on Mean 

Error

^  ± ‘ 2̂ 7 =
V n

Statistical 
Significance 

at 95% 
Level?

3 6 0.3 8 0.2 2.4 0.1,0.4 Yes

12 6 0.2 8 0.2 2.4 0.0,0.3 Yes

22 6 0.3 9 0.2 2.3 0.1,0.4 Yes

ALL 6 0.2 25 0.2 2.1 0.1,0.3 Yes

3 8 -0 .2 8 0.4 2.4 0.5, -0.1 No

12 8 -0 .2 8 0.2 2.4 -0.02,0.3 No

22 8 - 0.1 9 0.3 2.3 -0.1,0.3 No

ALL 8 -0 .2 25 0.3 2.1 - 0 .3 , - 0 .0 1, Yes

ALL ALL 0.04 50 0.3 2.0 -0.05, -0.1, No

'Confidence limits were determined using the two-tailed Student t distribution with a/2 

=0.025

Statistical significance was determined by comparing the measured mean error to zero. 

Significance was rejected if 95% confidence interval included zero.
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7.5 COM PARISON TO O TH ER STUDIES

The ozone inactivation characteristics of B. subtilis spores determined in this 

study differed somewhat from what has been reported by others. Facile and co-workers 

(2000) conducted a detailed study of the kinetics of B. subtilis spore inactivation by 

ozone using batch reactors and phosphate-buffered laboratory water. Working at 22°C 

and with the same strain of B. subtilis spores (ATCC 6633) used in the present study, 

they reported that the Horn kinetic model provided an adequate description of spore 

inactivation by ozone. They seem to have ignored, however, the lack of fit of the Horn 

model in the shoulder region of the observed inactivation curves. If they had investigated 

lower temperatures. Facile and co-workers (2000) may have discovered a more 

pronounced shoulder region in the spore inactivation curves and found that the Horn 

model provided a much poorer fit. In the present study, the size of the shoulder region 

was found to increase substantially as the temperature was decreased from 22°C to 3°C 

(Figures 7-1, 7-2 and 7-3). In the preliminary modeling work, the Horn model was found 

to provide a poor fit to the observed shoulder, especially at the lower temperatures, and 

was abandoned. The multi-target model, on the other hand, was found to adequately 

describe the shoulder at each experimental temperature.

According to the kinetic model developed in this study, a dissolved ozone Ct of

2.4 mgxmin/L was required to provide 2 log-unit inactivation of spores at 22°C, and at 

either pH 6 or 8 (Figure 7-8). Facile and co-workers (2000) reported a comparable Ct 

product (3.2 mgxmin/L) for 2 log-units inactivation of B. subtilis spores at pH 6.3 and 

22°C. At pH 8.2, however, they reported a much greater Ct product requirement (6.3 

mgxmin/L) for the same level of inactivation. From the experimental information 

provided in their published work, it was not clear if these researchers appropriately 

accounted for the decomposition of ozone in these estimated Ct requirements. Ozone is 

much less stable at pH 8.2 than at pH 6.3. This may help explain why these researchers 

reported a significant pH effect on the ozone inactivation of the B. subtilis spores, while 

no such effect was observed in the present study. Using similar batch reactor protocols 

and within the same pH range (6 to 8), others reported that the effect of pH on 

inactivation of C. parvum oocysts by ozone was not significant (Gytirek et al. 1999; Li et 

al. 2001).
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Owens and co-workers (2000) reported on the inactivation of an unidentified 

strain of B. subtilis spores seeded into a pilot-scale ozone bubble-column contactor. In 

natural water from the Ohio River, the Ct product required for 2 log-units inactivation 

was estimated to be 18 mgxmin/L at 22.TC. This Ct product is considerably greater than 

that reported in either this study or by Facile and co-workers. Such discrepancies in the 

inactivation requirements for B. subtilis spores reported from different studies might be 

attributed to differences in the experimental material and methods used. Spore sensitivity 

to ozone is potentially affected by the strain of bacterium and the procedures used for 

propagation of vegetative cells, sporulation, purification and enumeration of viable 

spores. Unfortunately, Owens and co-workers did not report these details in their work. 

The importance of method consistency and quality control when using spores as model 

organisms is emphasized.

7.6 COMPARISON TO  CRYPTOSPORIDIUM PARVUM

Comparisons of the model-predicted ozone inactivation curves for B. subtilis 

spores and for C. parvum  oocysts for three different temperatures (3, 12 and 22°C) are 

provided in Figures 7-8, 7-9 and 7-10. The B. subtilis curves were produced using the 

kinetic model developed in Section 7-3 with the parameters listed in Table 7-1. The C. 

parvum  curves were produced using the temperature-corrected incomplete gamma Horn 

kinetic model previously reported by Li and co-workers (2001). Model inputs used in 

these simulations are indicated in the captions of each figure. For B. subtilis spores, the 

choice of initial ozone concentration, Co, and first-order decomposition, kd, rate was not 

important because inactivation was determined by the Cavgtb product. On the other hand, 

different combinations of Co and kd will have a minor effect on predicted C. parvum 

inactivation because inactivation is proportional to C a i /70̂ 0 73 (Gyiirek et al. 1999; Li et 

al. 2001).

A perfect model microorganism would share comparable ozone resistance to the 

pathogen of interest over the entire spectrum of ozone exposure conditions likely to be 

encountered in practice. Clearly, the spores of B. subtilis investigated in this study did 

not fulfill this criterion (Figures 7-8, 7-9 and 7-10). In particular, the shapes of the 

inactivation curves of the two microorganisms differed considerably. The curvi-linear C.
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parvum oocyst inactivation curve predicted by the Li and co-workers (2001) model 

contrasted sharply with the sigmoid inactivation curve of the B. subtilis spores. Because 

identical batch reactor protocols were used in both studies, it must be concluded that the 

observed differences in the inactivation curves were due solely to differences in the 

action of dissolved ozone on the microorganisms.

5 

4 

3
-log N %

2 

1 

0
0 2 4 6  8  10

D issolved Ozone c a v ^ p  (mg X min/L)

Figure 7-8 Comparison of model-predicted ozone inactivation curves of Bacillus 

subtilis ATCC 6633 spores and Cryptosporidium parvum  oocysts at 22°C 

and pH 6 to 8. Model simulations were based on the following ozonation 

conditions: Co = 1 mg/L. = 0.1 mg/L, tb = various.

The different shapes of the inactivation curves of the two microorganisms 

complicated attempts at one-to-one comparison of inactivation. At low Ct, oocyst 

inactivation was greater than spore inactivation, mainly because of the shoulder region of 

the spore inactivation curve. At approximately 1 log-unit inactivation, the inactivation 

curves intersected and spore and oocyst inactivation requirements were approximately 

equal. As Ct was increased, however, spore and oocyst inactivation diverged rapidly. At
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the highest Ct levels, spore inactivation exceeded oocyst inactivation by as much as two 

to three log-units. The same pattern was observed at each temperature, however the 

difference between spore and oocyst inactivation at high Ct was greatest at the lowest 

temperature (Figure 7-10). For this reason, direct inference of C. parvum  oocyst 

inactivation capability of an ozone contactor, based on B. subtilis spore inactivation 

measured in challenge experiments, must be done with care.

D issolved Ozone (mg X min/L)

—  Spores

—  Oocysts

Figure 7-9 Comparison of model-predicted ozone inactivation curves of Bacillus 

subtilis ATCC 6633 spores and Cryptosporidium parvum  oocysts at 12°C 

and pH 6 to 8. Model simulations were based on the following ozonation 

conditions: Co = 1.25 mg/L, kd = 0.05 mg/L, tb = various.
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Figure 7-10 Comparison of model-predicted ozone inactivation curves of Bacillus 

subtilis ATCC 6633 spores and Cryptosporidium parvum  oocysts at 3°C 

and pH 6 to 8. Model simulations were based on the following ozonation 

conditions: Co = 1.50 mg/L. kd = 0.05 mg/L.

7.7 COMPARISON OF OZONE MEASUREMENT METHODS

The previous kinetic analysis was based on measurement of the dissolved ozone 

concentration in the batch reactors by the direct UV absorbance method. It was noted 

earlier that, in each batch reactor trial dissolved ozone concentration was also determined 

by the indigo trisulphonate colorimetric technique. The data set collected (Tables B -l, B- 

2 and B-3 of Appendix B) provided an excellent opportunity to compare the two 

analytical methods. Each of the batch reactor trials was carried out in ODF phosphate- 

buffered laboratory water. In this clean aqueous matrix, the potential sources of 

interference with the measurement of ozone by UV absorbance at 260 nm were few. The 

amount of background UV absorbance at 260 nm was low relative to the absorbance of 

ozone, and the change in background before and after ozone exposure was negligible. A
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comparison of the two measurement methods, in terms of the ratio of the integrated 

average ozone concentration determined by the indigo method versus that determined by 

direct UV absorbance is presented in Figure 7-11. In the 50 batch reactor trials, the 

measurement ratio was observed to range from as low as 0.96 to as high as 1.35. The 

mean value was 1.17 with a relative standard deviation of 7%. The scatter plot at the top 

of Figure 7-11 and the histograms below it suggest that the ratio was randomly 

distributed and was independent of both ozone concentration and pH.

In this relatively clean aqueous system, therefore, ozone measurement by indigo 

was, on average, 17% greater than that measured by direct UV absorbance. This offset, 

which appeared to be constant in these batch reactor experiments, was probably related to 

the assumptions regarding the molar absorption coefficients used in the respective 

methods. The molar absorbance coefficient of 3 300 M 'lcm '1 used in the UV absorbance 

method was based on the published experimental work of Hart and co-workers (1983). 

The value of 20 000 M~lcm~l at 600 nm used with the indigo trisulphonate method was 

originally determined by Bader and Hoigne (Bader and Hoigne 1981) and is the currently 

recommended standard (APHA AWWA WEF 1992). There is, however, some degree of 

uncertainty associated with both of these values. According to Gordon and co-workers 

(1988), various molar absorption coefficients have been reported in the literature for 

aqueous molecular ozone. A recent study suggested that the molar absorption coefficient 

for determination of ozone by the indigo trisulphonate method might vary by up to 25%, 

depending on the source of the commercial indigo reagent (Gordon et al. 2000).

When making comparisons between different ozone studies or datasets, therefore, 

due consideration must be given to the methods used to measured dissolved ozone 

concentration. Differences in the methods used could very easily result in systematic bias 

when comparing inactivation of different microorganisms in similar contacting systems, 

or when comparing microorganism inactivation measured in two different ozone 

contacting systems. The comparison between ozone inactivation of C. parvum  oocysts 

and B. subtilis spores presented in this chapter was free from this type of bias because 

identical ozone measurement methods were used to develop the respective kinetic 

models. The importance of ozone measurement method in such comparisons will be 

revisited in subsequent chapters of this thesis.
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Figure 7-11 Ratio of the average dissolved ozone concentration in the Bacillus subtilis 

spore batch reactor experiments as determined by the indigo trisulphonate 

method and the direct UV absorbance method. TOP: Ratio is shown as a 

function of the dissolved ozone concentration and pH. BOTTOM: 

Histograms of the ratio at each pH.
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7.8 SUMMARY O F BATCH REACTOR EXPERIM ENTS W ITH  BACILLUS 

SU B TILIS  SPORES

A kinetic model was developed that predicts ozone inactivation of the strain of B. 

subtilis spores used in this study. The model was valid from 3 to 22°C and from pH 6 to 

8. Direct inference of C. parvum  inactivation from measured spore inactivation was not 

recommended due to gross differences in the shapes of the inactivation curves of the 

respective microorganisms. B. subtilis spores may still potentially serve as model 

organisms for evaluation of the hydrodynamic efficiency of ozone contactor designs. By 

comparing the measured spore inactivation in an ozone contactor for a given ozonation 

condition to the spore inactivation predicted by batch reactor studies, the hydrodynamic 

efficiency of the contactor can be assessed. Problems such as flow short-circuiting and 

excessive back-mixing can, potentially, be detected and resolved. If the challenge tests 

are conducted over a range of ozonation conditions, the strength of the analysis will 

improve. The intrinsic kinetics of inactivation of the experimental spores must, of 

course, be fairly well characterized in batch reactors. The added caveat is that the 

experimental methods, including spore methods and ozone measurement, must be 

carefully duplicated between the batch reactors and the experimental contactor. This 

approach to contactor evaluation using B. subtilis spores was demonstrated in 

experiments with the experimental static mixer ozone contactor described in Chapter 9.
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8 OZONE TRANSFER EFFICIENCY

8.1 INTRODUCTION

Static mixers are useful for dispersion and dissolution of gases into liquids 

because the hydrodynamic conditions within the mixer elements promote generation of 

fine gas bubbles and high mass transfer rates. Available literature suggests that ozone 

gas-liquid mass transfer efficiency in static mixers is governed by hydrodynamic 

variables such as the superficial liquid velocity, vs, pressure drop and the gas-to-liquid 

volumetric flow rate ratio, G/Qj (Martin et al. 1992; Richards and Fleischman 1975; Zhu 

et al. 1989b). The objective of the experiments described in this chapter was to 

determine the factors that affected ozone mass transfer efficiency in the experimental 

static mixer contactor. The information developed was used in subsequent chapters to 

help study the relationship between ozone mass transfer efficiency and microorganism 

reduction in the static mixer contactor.

8.2 EXPERIMENTAL SYSTEM AND VARIABLES

The components o f the experimental static mixer system that were part of the 

transfer efficiency study, the important experimental variables and the relevant sampling 

locations are summarized in Figure 8-1. The manipulated hydrodynamic variables were 

the superficial liquid velocity within the static mixer, v„ and the gas-liquid volumetric 

flow rate ratio, G/Qf. The height of the bubble column, H, was included as third 

manipulated variable. Ozone transfer efficiency determination was based on the 

measurement of ozone concentration in the feed gas, Yf, and in the off-gas leaving the top 

of the bubble column, Y0, and was calculated according to Equation 6-1. This measure of 

transfer efficiency included ozone dissolution that occurred within the mixing elements 

and spaces of the static mixer itself (see Figure 6-2), as well as any additional dissolution 

that occurred as the bubbles formed in the mixer rose in the bubble column. It also 

included any ozone dissolution that occurred in the 1 m length of 16 mm ID connecting 

tubing between the outlet of the static mixer and the bubble column.
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Figure 8-1 Manipulated and response variables in the ozone transfer efficiency 

experiments.

8.3 PRELIMINARY EXPERIMENTS

Detailed experimental information on each of the 31 transfer efficiency trials that 

were completed as part of this study was provided in Table C -l of Appendix C. With the 

exception of trials 27 and 28, all trials were conducted at constant feed water temperature 

of 16 ± 1°C. Trials 27 and 28 were conducted at a feed water temperature of 7°C. A set 

of preliminary experiments was carried out at a fixed feed water flow rate and with the 

bubble column adjusted to the maximum height of 2.3 m (Trials 1 thru 8 in Table C-l). 

At constant hydrodynamic conditions within the static mixer (i.e vs and G/Qf ), transfer
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efficiency was found to be essentially independent of both the feed gas ozone 

concentration, Yf, the applied ozone concentration, Ca, and the dissolved ozone 

concentration at the outlet of the column, Co (Table 8-1). The most significant finding 

was that operation of the static mixer contactor at a lower G/Qf resulted in substantially 

greater transfer efficiency, regardless of the dissolved ozone concentration. The results 

of these preliminary trials were used as the basis for a designed experiment on ozone 

transfer efficiency.

Table 8-1 Results of preliminary ozone transfer efficiency trials with the 

experimental static mixer contactor.

Trial vs G/Qf Yf Ca Co TE

m/s % g/L mg/L mg/L %

1 0.93 4.3 47 2.0 1.6 80.2

2 0.93 4.4 86 3.7 3.0 80.9

3 0.93 4.3 10 0.4 0.4 77.9

4 0.93 4.3 71 2.4 2.8 78.3

5 0.93 1.3 90 0.9 1.0 92.2

6 1.04 1.2 104 1.1 1.6 92.7

7 1.04 1.2 20 0.2 0.2 93.8

8 1.04 1.2 104 1.1 0.9 93.2

8.4 TRANSFER EFFICIENCY DESIGNED EXPERIMENT

A factorial experiment was designed to quantitatively evaluate the impact of 

hydrodynamic conditions within the experimental static mixer contactor, given by vs and 

G/Qf, on transfer efficiency. One of the advantages of a static mixer is that the
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dissolution of ozone is very rapid and takes place within a very short contact time. 

Rapid dissolution in the static mixer reduces the need for the large two-phase contacting 

chambers of conventional fine-bubble diffuser contactors. The dissolved ozone profile 

measured in the static mixer and bubble column o f the experimental contactor (Figure 8- 

2) indicated that development of the dissolved ozone concentration was mostly complete 

by the time the two-phase mixture entered the bottom of the bubble column. A 

considerable fraction of the ozone transfer appears to have occurred in the 1 m section of 

16 mm ID tubing that connected the outlet of the static mixer to the inlet of the bubble 

column. This raised the question of the importance of the bubble column to overall 

ozone gas-liquid mass transfer and dissolution. To explore this question, the height of the 

bubble column, H, was included as a third factor in the experimental design.

1.5-

Dissolved 
Ozone Cone. 
(mg/L) 1*0-

0.5-

0.0 -
Static Mixer Column Inlet Column Mid- Column Outlet 

Outlet Height

C/Qf = ■  4%

Figure 8-2 Typical dissolved ozone profiles in the static mixer ozone contactor 

bubble column at high and low G/Qf settings. The static mixer superficial 

velocity, vs, was constant at 0.9 m/s.

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A two-level, three-factor full-factorial experiment was designed to investigate the 

potential effects of the three factors (vv, G/Qf and H) on ozone transfer efficiency and any 

possible interactions. The high (+1) and low (-1) target levels for each of the factors are 

provided in Table 8-2. In factorial experimental design, the magnitude of the 

manipulated variables are often normalized to a range of between -1 and +1 and are 

expressed in coded units as follows (Box et al. 1978):

Coded Value = 2 Real Measured Value -  Low Target Value (-1) 
High Target Value (+1) -  Low Target Value (-1)

- I  Equation 8-1

The outcomes of the experimental design trials are summarized in Table 8-3. The coded 

values the factors shown in Table 8-3 were adjusted for the actual conditions achieved 

during the experimental trial. The experimental trials shown in Table 8-3 were carried 

out in random order to minimize the effects of day-to-day variations in uncontrolled 

variables such as water quality and ozone generator operation.

Table 8-2 Settings of the transfer efficiency designed experiment factors in real and 

coded units.

Variable Low Level Medium Level High Level

Coded Unit -I 0 +1

vs, m/s 0.7 0 1.3

G/Qf, % 1.2 2.7 4.1

H, m 0.45 1.4 2.3
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Table 8-3 Results of ozone transfer efficiency factorial designed experiment on the 

experimental static mixer contactor.

Factor Values in Coded Units Response Variables

Trial v, G/Qf H TE Co

% mg/L

16 -1.04 -1.02 -1 76.1 1.2

20 -1.15 -0.98 1 88.7 1.2

11 -1.21 1.22 -I 66.3 0.8

29 -0.94 0.85 I 11A 0.8

17 0.04 -1.01 -1 86.7 1.0

31 -0.36 -0.88 -0.16 87.1 1.2

22 0.04 -1.01 1 93.0 1.1

15 0.04 0.95 -I 73.7 0.5

21 0.04 0.99 1 82.0 0.8

25 1.28 -1.02 -1 90.3 1.0

26 1.13 -0.99 -0.16 91.8 1.2

24 1.18 -1.01 1 93.8 1.3

10 1.10 -0.03 -1 81.3 1.0

23 1.18 -0.02 1 88.1 1.0

12 -0.16 0.05 -0.16 80.6 1.1

19 -0.09 0.00 -0.16 82.0 0.8

18 -0.08 -0.01 -0.16 80.7 0.9

Although the transfer efficiency was the primary response variable, the value of 

the ozone concentration at the outlet of bubble column, Co, was also provided for 

information purposes. For each experimental setting of vs and G/Qf, the objective was to 

maintain Co at approximately 1 mg/L by appropriate adjustment of the feed gas ozone

152

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



concentration. During the experiments, Co, varied between 0.5 and 1.3 mg/L. Based on 

the outcomes of the preliminary trials (Table 8-1), this variation in dissolved ozone 

concentration was not expected to have a significant effect on transfer efficiency. Also, 

during the course of the experiment, it became clear that it was not possible to maintain 

stable operation of the contactor at the target test condition of high (+1) vs and high (+1) 

G/Qf. A target condition of high (+1) v, and intermediate (0) G/Qf was, therefore, 

substituted. As a result, the resulting factorial experiment was less than perfectly 

balanced.

8.5 TRANSFER EFFICIENCY MODELING

To interpret the outcomes of the designed experiment in Table 8-3, an empirical 

mathematical model o f the following general linear polynomial form was regressed to the 

experimental data:

TE = a0 + a.x. + a ,x , + a,x, + a..x.2 + a ^ x ;  + a33x:
0 11 - * 33 1,1 “  - 33 3 Equation 8-2

+ al2x,.r, + an xx.r3 + a ^x zx^ + am  xlx2x i

In this equation, the generic variables xi, x?. xj represented the normalized coded values 

of the experimental variables vs, G/Qf and H. Model coefficients, ao, a\ ...etc., were 

computed by multiple linear regression of Equation 8-2 to the data of Table 8-3 using 

least squares minimization criteria. Computations were done on a Microsoft Excel 2000 

spreadsheet program using the Solver function. Several linear models with different 

combinations of the terms shown in Equation 8-2 were tested using regression analysis. 

Analysis of variance (ANOVA) was used to test the significance of each model. The 

significance of model terms was determined by comparing the computed coefficient 

value to zero in a hypothesis test. Terms were rejected if the probability of a type I error, 

indicated by the p-value computed for that parameter, was greater than 0.05.

Of the various linear model forms explored, the following model was found to 

provide the best fit to the data:
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TE =83.2 + 3.9v' -6.1 (G/Qf j  + 4.1H'-l.&v'sz +I.Sv' s(g  / Qf j  H' Equation 8-3

The prime (') in Equation 8-3 signifies that the value of each manipulated variable was in 

coded units as defined by Equation 8-1. ANOVA results for this model are summarized 

and presented in Table 8-4 below.

Table 8-4 Analysis of variance (ANOVA) results for the transfer efficiency model 

least-squares linear regression.

Source of 

Variation

Degrees of 

freedom

Sum of 

Squares

Mean

Square

F-statistic p-value

Model 5 878 176 126 2.5 x 10 9

Error 11 15.3 1.4

Total 16 893

Model Term Coefficient Standard Error p-value

Y-intercept 83.2 0.43 8.3 x 10'21

Vv 3.9 0.37 3.9 x 10‘7

G/Qf -6.1 0.38 4.7 x 10’9

H 4.2 0.35 1.2 x 10‘7

vr -1.8 0.45 0.002

vs x G/Q/X H 1.8 0.47 0.003

Notes: Computation of standard error, sums of squares, mean square and p-values were 

done using the regression option in the Analysis Tool Pak of Microsoft Excel 2000.
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The large value of the computed F  statistic (F = 126) compared to value required for 

significance at the 99.9% level (F  > 9.6) is indicative of the significance of the regressed 

model. The computed p-values demonstrated that each model term was significantly 

different than zero at the 95% confidence level (p < 0.05). Comparison of model- 

predicted and measured transfer efficiency indicated a good overall fit to the data (Figure 

8-3).

Predicted
TE(«X*

100

90-
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70-

60
60 70 80 10090

Measured TE (%)

Figure 8-3 Comparison of model-predicted and measured ozone transfer efficiency. 

The 45 degree diagonal line represents a perfect model fit.

8.6 MODEL PREDICTIONS

As expected, the hydrodynamic conditions within the static mixer, determined by 

the superficial veloctity, vs, and the gas-liquid volumetric flow rate ratio, G/Qf, were 

found to have significant effects on ozone transfer efficiency. Transfer efficiency was 

greatest when vs was highest and G/Qf was lowest. Transfer efficiency was also 

improved by increasing column height under all hydrodynamic conditions within the
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static mixer. Increasing column height increased both the duration of contact between 

gas bubbles and the water, and the pressure of the total gas pressure in the static mixer. 

An increase in either of these factors was intuitively expected to result in an increase in 

the amount of ozone transferred to the liquid phase. The significance of the 3-factor term 

(vs x G/Qf x H) in the model suggested variable interactions that were not necessarily 

intuitive. The empirical transfer efficiency model of Equation 8-3 and these interactions 

were investigated further by examining plots of selected model predictions such as those 

provided in Figure 8-4.

95
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65
0.6 0.8 1 1.2 1.4
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H = 2.3 m H = 1.2 m H = 0.45 m

Figure 8-4 Examples of transfer efficiency model predictions. Effect of superficial 

velocity, v5, within the static mixer and bubble column height, H, on 

transfer efficiency at two G/Q/levels.
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The plots of Figure 8-4 suggest that the importance of column height to transfer 

efficiency was related to the hydrodynamic conditions within the static mixer. For 

example, at high vv and low G/Qf (top of Figure 8-4), ozone dissolution within the static 

mixer was efficient and most of the transfer occurred within the mixer itself. At this 

condition, the effect of the bubble column was relatively small. A five-fold increase in 

the height of the separator from 0.45 m to 2.3 m produced only a 4 percent increase in 

transfer efficiency. At low v*, and still at a low G/Qf, where the mass transfer and 

dissolution within the static mixer was less efficient, a much larger (-11% ) percent 

increase in transfer efficiency was realized by making the column taller. Interestingly, at 

a high G/Qf condition (bottom of Figure 8-4) the effect was reversed. The column height 

had the least impact at the lowest velocities, where efficiency was lowest, and the most 

impact at higher velocities and efficiency.

8.7 EFFECT OF WATER TEMPERATURE

The factorial designed experiment was carried out at a constant water temperature 

of 16 ± 1°C. To determine to the magnitude of the effect of a decrease in temperature on 

the transfer efficiency in the static mixer, two trials were conducted at a lower 

temperature of 7°C. The results o f these trials are summarized in Table 8.5 together with 

the results o f three other trials conducted at 16°C and at the same settings of v„ G/Qf and

H. The decrease in water temperature of 9°C resulted in only a modest increase in 

transfer efficiency of about 1.9%. Based on the principles of gas-liquid mass transfer, 

this reduction in water temperature may have affected ozone transfer efficiency in the 

static mixer system in several ways, and was, therefore, the outcome was difficult to 

predict. On the one hand, ozone gas solubility, which is governed by Henry’s law, 

dictates that the equilibrium driving for mass transfer, C* -  C, was greater at 7°C than at 

22°C. On the other hand, diffusion rates generally decrease with temperature, therefore, 

the rate of diffusion through the liquid-film, described by rate coefficient, kL, in Equation 

2-1, would have been lower at 7°C than at 22°C. In addition, the change in water 

viscosity with temperature may have influenced the formation and size of the ozone 

bubbles and the thickness of the liquid film in more complex ways. The outcomes of the 

low temperature trials suggest, in the static mixer system, that the solubility and other
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mass transfer rate mechanisms balanced each other, resulting in overall transfer 

efficiency that was relatively insensitive to temperature.

Table 8-5 Effect of water temperature on ozone transfer efficiency in the static mixer 

contactor.

T rial Temp.

Factor Values M easured Transfer 

Efficiency, TEv, G/Qf H

°C m/s % m %

12 16 0.93 2.72 1.4 80.6

18 16 0.95 2.63 1.4 80.7

19 16 0.95 2.65 1.4 82.0

27 7 0.96 2.65 1.4 82.8

28 7 0.96 2.65 1.4 83.2

8.8 DISCUSSION

Engineers often prefer ozone transfer efficiency (T£) for specifying and 

measuring performance of ozone dissolution systems (Rakness et al. 1988). Although 

this parameter can be used to compare the efficiency and economics of ozone use 

between different types of contactors, it provides little information regarding the 

mechanisms that govern the gas-liquid mass transfer process. For example, a taller 

column may have resulted in better ozone transfer efficiency either through increased 

duration of bubble contact or increased gas pressure. By itself, the transfer efficiency 

measurement provided no insight into which physical factor was more important. 

Researchers who have conducted detailed mechanistic studies of ozone mass transfer, 

such as Zhou and Smith (2000) and Roustan and co-workers (1996), prefer to use o f the
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overall mass transfer coefficient, k\a, of Lewis and Whitman two-film theory. The 

primary purpose of the analysis presented in this chapter, however, was to develop a 

mathematical tool that could be used to predict the ozone transfer efficiency in the 

experimental static mixer contactor under a limited set of well-defined operating 

conditions. For this purpose, the empirical approach was considered sufficient. A 

detailed mechanistic study of the gas-liquid ozone mass transfer based on available mass 

transfer theories, though interesting to consider, was beyond the intended scope of the 

work.

The empirical modeling analysis provided useful insights into optimization of 

ozone dissolution in a static mixer contacting system. The finding that transfer efficiency 

increased with superficial velocity and decreased with increasing gas-liquid flow rate 

ratio was consistent with what has been reported by other researchers for ozone 

dissolution in static mixing systems (Martin et al. 1992; Richards and Fleischman 1975; 

Zhu et al. 1989b). In mechanically stirred ozone contactors, the overall mass transfer 

coefficient, kia, has been observed to be directly proportional to the power input or rate 

of energy dissipation (Langlais et al. 1991). In a static mixer, the rate of energy 

dissipation is directly proportional to the fluid pressure drop and flowrate, which is, in 

tum proportional to the superficial velocity (supporting data in Table C-l of Appendix 

C). The measured superficial velocity effect in the experimental static mixer was, 

therefore, expected.

Better transfer efficiency at lower G/Qf may be explained in terms of either a 

hydrodynamic effect or a concentration effect. In the hydrodynamic explanation, lower 

G/Qf resulted in the formation of smaller gas bubbles with greater specific surface area 

and better mass transfer properties. Smaller bubbles were qualitatively observed at lower 

G/Qf, but this observation was not confirmed by quantitative bubble size measurement. 

At lower G/Qf, a higher concentration of ozone in the ozonized feed gas was required in 

order to maintain the same applied ozone dose and dissolved ozone concentration. The 

equilibrium dissolved ozone concentration, C*, and the driving force for ozone mass 

transfer, C * - C, were consequently higher at lower G/Qf. According to two-film theory 

(Equation 2-1), this should have resulted in a higher overall mass transfer rate, M. With 

the experimental static mixer system, however, it was difficult to determine to what
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extent these two potential mechanisms influenced transfer efficiency because the 

variables G/Qf, Yf and Co were not independent. The settings of any two of these 

variables determined the level of the third. Nevertheless, for a fixed dissolved ozone 

concentration in the bubble column outlet, the most efficient operation was at a low G/Qf 

and high feed gas ozone concentration, Yf. Better transfer efficiency at low gas flows is 

an advantage of static mixers because it means that these devices can be effectively 

integrated with modem, high-concentration ozone generators. In comparison, 

conventional fine bubble diffusion systems are limited by the requirement of sufficient 

volumetric gas flow to ensure adequate gas-liquid mixing and ozone dissolution (Shulz et 

al. 1995).

In previous experimental studies involving static mixers (Martin et al. 1992; 

Richards and Fleischman 1975; Zhu et al. 1989b), the ozone transfer efficiency was 

reported for the overall contacting system only and not for the individual system 

components. Addition of the bubble column height as an experimental variable in the 

present study provided new insight into the contribution of the various components of a 

static mixer dissolution system for ozone. Difficulty in collecting a representative gas 

sample prevented direct determination of transfer efficiency within the static mixer itself. 

The dissolved ozone concentration, however, increased between the outlet of the static 

mixer and the inlet of the bubble column (Figure 8-1). This meant that dissolution was 

far from complete at the outlet of the static mixer and that significant additional ozone 

dissolution occurred within the 0.7 s and 1.5 s hydraulic residence time in the connecting 

tubing between the static mixer outlet and the bubble column inlet. The transfer 

efficiency model further demonstrated that additional ozone mass transfer occurred 

within the bubble column, even at optimum conditions within the static mixer.

To truly optimize static mixer systems for ozone dissolution, equipment designers 

need to consider the contribution of the various system components, including the static 

mixer itself, the static mixer outlet piping and any downstream contact vessels. 

Designers also need to consider how these components work together to provide the best 

ozone dissolution. In particular, the role of the piping at the exit of the static mixer 

should be considered carefully. A more detailed investigation than the empirical study
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presented in this Chapter, however, would be required in order to better understand the 

mechanisms dominating ozone gas-liquid mass transfer in the static mixer contactor.
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9 INACTIVATION O F BACILLU S SU BTILIS  SPORES IN T H E  STATIC

M IX ER CONTACTOR

9.1 INTRODUCTION

Mass transfer in gas-liquid systems is often dominated by hydrodynamic 

considerations. The study in Chapter 8 demonstrated how the static mixer liquid 

velocity, vv, and the gas-liquid flow rate ratio, G/Qf, dictated ozone transfer efficiency in 

the experimental contactor. An ozone contacting system designed for microorganism 

reduction, however, involves both gas-liquid mass transfer and the reaction between 

ozone and the microorganisms. The question addressed in this chapter was: to what 

extent does the hydrodynamic environment within the static mixer influence the intrinsic 

kinetics of microorganism inactivation by ozone? Of particular interest was to determine 

if microorganism inactivation was affect by the hydrodynamic conditions of gas-liquid 

contact within the static mixer.

9.2 EXPERIM ENTAL DESIGN

In this experimental study, cultured Bacillus subtilis (ATCC 6633) spores were 

used as indicators of microorganism reduction efficiency in challenge tests. In Chapter 7, 

the ozone resistance and inactivation kinetics of this strain of spores was characterized. It 

was concluded that these microorganisms were useful for evaluation of the efficiency of 

microorganism reduction in ozone contacting systems. A factorial experiment was 

designed using the experimental static mixer contactor in which the hydrodynamic 

conditions within the static mixer were varied by adjusting the settings of vs and G/Qf. 

Target conditions for the 2-level, 2-factor design are provided in Table 9-1. By 

exploiting the independent flow adjustment capability of the experimental contactor, the 

conditions of dissolved ozone contact in the reactive flow segment (RFS) were 

maintained approximately constant while experimental settings of vs and G/Qf were 

varied. For example, the flow rate in the reactive flow segment was maintained at a 

nominal setting of 2 L/min regardless of the setting of vs. The dissolved ozone 

concentration at the inlet to the reactive flow segment, Co, was adjusted to between 0.9 

and 1.1 mg/L for each setting of vs and G/Qf by manipulating the ozone concentration in
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the feed gas. All spore challenge trials were done using the shortest bubble column 

configuration ( //  = 0.45 m) and at a target water temperature of 16°C. The ozone transfer 

efficiency at each operating condition was estimated using the empirical transfer 

efficiency model developed in Chapter 8.

Table 9-1 Target experimental conditions for the factorial designed experiment on 

the effect of static mixer hydrodynamic conditions on Bacillus subtilis 

spore inactivation.

Target
Experimental

Setting

v,
m/s

G/Qf
%

'Co
mg/L

RFS Flow 
Rate 

L/min

1 0.6 1.2 0.9 to 1.1 2.0
2 0.6 2.6 0.9 to l . l 2.0
3 1.4 1.2 0.9 to 1.1 2.0
4 1.4 2.6 0.9 to l . l 2.0

'Dissolved ozone concentration at inlet to reactive flow segment (RFS)

9.3 RESIDENCE TIME DISTRIBUTION

9.3.1 Determination of the Mean Residence Times

Microorganism inactivation measured at different locations in the static mixer 

contactor was interpreted in terms of the cumulative dissolved ozone Cavgtm product. To 

permit a rigorous analysis, precise knowledge of the mean residence time, tm, at each 

microorganism sampling location was required. The mean residence time was carefully 

determined for each microorganism sampling location by way of pulse tracer tests with 

methylene blue dye. Examples of the exit age distribution, E(t), measured at the outlet of 

the bubble column for two different feed water flow rates and G /Q f , were provided in 

Figure 9-1. These flow rates corresponded to the target settings of the superficial
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velocity, y5, in Table 9-1. The value of G/Qf was found to have little impact on the 

measured E(t) and tm for the bubble column. Examples of the exit age distributions 

measured at each of the sampling locations in the reactive flow segment for a fixed flow 

rate of 2 L/min were shown in Figure 9-2. Each tracer test was repeated in either 

duplicate or triplicate and the mean residence time, tm, was calculated using Equation 6- 

13. The calculated tm values for each replicated tracer test are provided in Table 9-2. For 

the reactive flow segment, the relative standard deviation of replicated tm determinations 

ranged from 1.2 to 4.5%. Exit age distributions and calculated tm values were, therefore, 

considered reproducible.

0.06
Flow = 7.6 L/min

E(t )(•*') 0.03-

0.20.0 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.1

Flow = 15.2 L/min

E(t)(» ) 0.05-

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Time (min)

Figure 9-1 Examples of the exit age distribution, E(t), measured at the outlet of the 

bubble column for the two experimental feed water flow rates.
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0.007

RFS 1/2

252010 150 5
0.0045
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0.004

RFS Out

25200 5 10 15
Time (min)

Figure 9-2 Examples of the exit age distribution, E(t), measured at four different 

locations in the reactive flow segment (RFS) for a flow rate o f 2 L/min.
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Table 9-2 Summarized results of replicate residence time determinations at 

microorganism sampling locations in the experimental static mixer ozone 

contactor.

Location Water
Flow

G/Qf
%

Mean Residence Time, tm 
(min)

ho /

Rate, Qf  

L/min
1 2 3 Avg. 1 2 3 Avg

Column
Out

7.5 1.2 0.63 0.72 na 0.68 0.68 0.69 na 0.69

Column
Out

7.5 2.6 0.68 0.75 na 0.72 0.66 0.64 na 0.65

Column
Out

15.2 1.2 0.40 0.57 na 0.49 0.65 0.70 na 0.68

Column
Out

15.2 2.6 0.45 0.42 na 0.44 0.58 0.57 na 0.58

'RFS V* 2 na 4.5 4.3 4.5 4.4 0.83 0.78 0.83 0.81
lRFS Vi 2 na 8.0 8.6 8.6 8.4 0.75 0.73 0.75 0.74
'RFS y* 2 na 12.2 11.9 12.1 12.1 0.77 0.79 0.78 0.78
'RFS Out 2 na 16.0 15.5 16.5 16.0 0.80 0.77 0.82 0.80

'Measured at a bubble column flow rate of 7.6 L/min.

na = not applicable (single-phase flow in reactive flow segment)

9.3.2 Effect of the Residence Time Distribution on Ozone Decomposition

For each spore challenge experiment, the average tm values reported in Table 9-2 

were integrated with the measured dissolved ozone concentration profile and the average 

CaVgt products at each sampling location according to Equations 6-14 and 6-15. This 

calculation of CavStm assumed that, in terms of the ozone decomposition reaction, the
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deviation from perfect plug flow behaviour in the contactor was negligible. Perfect plug 

flow, however, is an abstraction that is generally not achieved in practice. The measured 

E(r) curves of Figure 9-1 and Figure 9-2, were closer to streamline or laminar flow than 

perfect plug flow (Nauman and Buffham 1983). The colored dye used in the tracer tests 

permitted visual examination of the flow pattern within the contactor during the tracer 

tests. Observations of the radial dye concentration profile were consistent with a laminar- 

type flow pattern. Further, the estimated Reynold’s number in the reactive flow segment 

of approximately 800 was more closely associated with laminar flow than fully 

developed turbulent flow in pipes (Daugherty and Franzini 1977).

To test if the observed deviation from perfect plug flow in the static mixer 

contactor had a significant impact on ozone decomposition, a series of segregated flow 

analysis calculations were performed. Equation 3-13 and Equation 6-13 were combined 

to yield the following segregated flow analysis expression for the estimated ozone Cavgtm 

in a non-ideal flow contactor:

Using the measured E(t) in Figure 9-2 and reasonable estimates of the first-order ozone 

decomposition rate, kd, (0.02 to 0.04 m in 1) the Cavstm product calculated using the plug 

flow assumption (Equation 6-15) was found to be within 5% of that determined using the 

segregated flow analysis (Equation 9-1). For determination of the dissolved ozone CavStm 

products in the experimental ozone contactor, the assumption of plug flow, therefore, was 

considered be sufficiently accurate.

9.4 FACTORIAL EXPERIM ENT RESULTS

The 2 x 2  factorial design described in Table 9-1 was completely replicated for a 

total of eight B. subtilis challenge experiments, two at each of the four static mixer 

hydrodynamic conditions. A summary of the ozonation conditions actually achieved in

batch

Equation 9-1
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each of the eight challenge experiments is provided in Table 9-3. Complete information 

for each experiment, including ozonation conditions and spore enumeration information, 

is provided in Tables D -l, D-2 and D-3 of Appendix D.

Table 9-3 Experimental conditions for Bacillus subtilis spore inactivation 

experiments in the experimental static mixer ozone contactor.

T rial v, G/Qf lC0 2kd 3t e sTem p.

6Inactivation in 

the static mixer

m/s % mg/L m in 1 % mg/min °C log-units

34 0.63 1.3 1.22 0.039 77 9.8 16.6 0.30 ± 0.5

38 0.59 1.3 1.22 0.018 75 9.5 15.6 0.07 ± 0.2

35 1.34 2.5 0.88 0.016 82 15.0 16.0 0.01 ±0.1

39 1.38 2.4 0.98 0.037 82 17.5 15.4 -0.03 ±0.2

36 1.37 1.2 1.34 0.030 89 23 16.3 0.01 ±0.5

40 1.40 1.2 0.83 0.032 89 14.7 16.4 0.11 ±0 .4

37 0.55 3.2 1.16 0.023 70 8.3 16.4 0.04 ± 0.2

41 0.69 2.5 1.47 0.039 75 12.4 16.4 0.03 ±0 .4

Ozone concentration measured at the inlet of the RFS.

2Estimated 1st order ozone decomposition constant in the RFS.

3Ozone transfer efficiency estimated from an empirical model.

4Ozone mass transfer rate based on measured £)/and measured Co values.

3Average of water temperature measured at inlet to static mixer and outlet of reactive 

flow segment.

&Mean and ± 95% confidence interval shown.
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For each trial, ozone mass transfer was characterized by the transfer efficiency, 

TE, and the overall rate of mass transfer, M, in mass per unit time. The ozone transfer 

efficiency values listed in Table 9-3 were calculated using the empirical model described 

in Chapter 8 (Equation 8-3) with the height of the bubble column, H , set equal to 0.45 m. 

The mass transfer per unit time was estimated as the product of the feed water flowrate, 

Qf, and the ozone residual at the outlet of the bubble column, Co. The last column in 

Table 9-3 shows the spore inactivation within the static mixer itself. This was 

determined from measurement of viable spore concentrations in the feed and at the outlet 

of the static mixer.

9.4.1 Selection of Dissolved Ozone Measurement Method

Spore inactivation measured in duplicate challenge experiments is plotted as a 

function of the dissolved ozone Cavgtm product in the contactor Figure 9-3. Plots were 

shown for each of the four experimental static mixer hydrodynamic conditions. The 

CavSim upon which these plotted inactivation curves were based were derived from 

dissolved ozone analysis by the indigo trisulphonate colorimetric method. Similar 

inactivation curves, but based on dissolved ozone analysis by the UV absorbance method, 

were shown in Figure 9-4. Reproducibility of the measured inactivation curves based on 

the indigo trisulphonate method was found to be superior. The variation associated with 

the UV absorbance method was believed to have been the result of background 

interference arising from the presence of UV absorbing compounds in the tap water that 

served as the water source in these experiments. The indigo trisulphonate method was 

less sensitive to the presence of UV absorbing compounds because the 

spectrophotometric measurement was made at 600 nm, in the visible light range.

Further evidence of background interference was provided by the ratio of the 

ozone concentrations determined by the two methods. During the B. subtilis spore 

challenge experiments, the ratio of the ozone concentration measured by the indigo 

trisulphonate method to that measured by the UV absorbance method varied from 1.0 to

1.7. In the batch reactor trials of Chapter 7, which were carried in phosphate-buffered 

laboratory water with little background interference, the range of this ratio 0.95 to 1.35 

(see Section 7.7). Further, these challenge experiments with B. subtilis spores were
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Figure9-3 Results of duplicate challenge trials with Bacillus subtilis spores at 

different static mixer hydrodynamic conditions based on ozone 

concentration determined using the indigo trisulphonate measurement 

method.

carried out relatively early in the experimental period, and the baseline correction for the 

UV absorbance method described by Equation 6-7 was not used. (The correction was 

used in the batch reactor trials of Chapter 7 and was later adopted in the static mixer 

contactor experiments with C. parvum  and G. muris.) For these reasons, results o f the 

challenge experiments with B. subtilis spores were interpreted based on ozone 

measurement by the indigo trisulphonate method.
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Figure9-4 Results of duplicate challenge trials with Bacillus subtilis spores at 

different static mixer hydrodynamic conditions based on ozone 

concentration determined using the UV absorbance measurement method.

9.5 EFFECT OF STATIC MIXER HYDRODYNAMICS

9.5.1 Proposed Mechanisms for Enhanced Inactivation

Contact within the static mixer may have potentially enhanced microorganism 

inactivation by ozone by several mechanisms. For example, the relatively high liquid
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shear stresses within the static mixer that promoted high rates of mass transfer may have 

also cause sufficient physical damage to the microorganism cell wall and resulted in 

direct loss of viability. If ozone was present, shear stress induced weakening of the cell 

wall and membrane may have resulted in increased permeability, rapid penetration of 

ozone to the inactivation sites within the cell, and rapid loss of viability. Or, as proposed 

by Zhu and co-workers ( 1989a) the enhanced mass transfer regime within the static mixer 

may have resulted in a significant increase in the rate o f reaction between ozone and the 

cell wall. As suggested by the gas bubble theory of Farooq and others (1977a; 1978) and 

Ahmad and Farooq (1984), an enhanced reaction rate o f inactivation may also have been 

promoted by the increased gas-liquid surface area within the static mixer.

Initial contact with ozone within the static mixer may have also altered the 

integrity or permeability of the microorganism cell wall or membrane without causing 

immediate loss of viability. Such a change in the cell wall or membrane induced by the 

static mixer could have resulted in an increased rate of inactivation by subsequent contact 

with dissolved ozone. In the experimental static mixer contactor, this indirect effect 

would have been manifested in the inactivation curves of Figure 9-3. If this proposed 

indirect hydrodynamic effect were significant, the resulting inactivation curves would 

have been a function of the static hydrodynamic parameters such as vs and G/Qf.

9.5.2 Evidence for a Direct Effect: Spore Inactivation in the Static Mixer

One or more of these mechanisms, acting in isolation or in combination, may 

have resulted in a direct and measurable loss of viability within the static mixer itself. 

Given the very brief contact time within the mixer of less than I s and the resistance to 

ozone demonstrated by the spores in batch reactor studies, a measurable loss of 

microorganism viability at the outlet of the static mixer would have been interpreted as a 

direct effect. The measured log inactivation across the static mixer reported in Table 9-3 

suggested that very little direct loss of viability occurred in the experimental contactor, 

even at the highest superficial velocities. On average, the measured inactivation within 

the static mixer itself in the eight trials was only 0.07 log-units. A hypothesis test based 

on a two-tailed Student t-distribution indicated that this level of average inactivation was 

not statistically different from zero at the 95% level (probability of a type I error, p  —

172

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.1). Further, the 90th percentile of the distribution of the measured inactivation within 

the static mixer, was found to overlap the origin (Figure 9-5).

-0.05 0 0.05 0.1 0.15 0.2 0.25
•log N/Nq

Figure 9-5 Box and whisker diagram of measured Bacillus subtilis spore inactivation 

across the static mixer itself. From left to right, lines represent 90%, 25%, 

median, 25% and 90% percentile boundaries, respectively. The square 

symbol represents the mean.

9.5J Evidence for an Indirect Effect: Spore Inactivation in the Reactive Flow 

Segment

The results of the eight challenge experiments with B. subtilis spores at different 

static mixer hydrodynamic conditions, are plotted together in Figure 9-6. On first 

examination, there appeared to be no discemable difference between the inactivation 

curves determined at the various combinations o f vs and G/Qf. The sigmoid shape of the 

ozone inactivation curve observed with this strain o f spores in the batch reactor trials was 

also apparent in the inactivation curves generated in the static mixer. The characteristics 

of the curve, such as size of the shoulder region and slope of the exponential and tailing 

regions, were independent of the settings of vs and G/Qf.
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Figure 9-6 Effect of hydrodynamic conditions within the static mixer on the Bacillus 

subtilis spore inactivation curve in the static mixer ozone contactor. The 

different symbols represent different combinations of the superficial 

velocity, vs, and gas-liquid flow rate ratio, G/Qf, in the static mixer.

To more closely examine the potential effect of static mixer hydrodynamic 

conditions, the inactivation measured at each of the four hydrodynamic conditions was 

compared to the average inactivation determined for all sets of hydrodynamic conditions. 

Average inactivation was determined by fitting Equation 7-1 to the combined dataset of 

Figure 9-6 using linear least-squares regression. Recall from Chapter 7 that Equation 7-1 

was used to model the spore inactivation kinetics determined in batch ozone reactors. 

The best-fit average inactivation curve is shown in Figure 9-7. Model prediction errors, 

given by

f  N \
£ i =  1°S| T7“  ~ log —

predicted \  ® >
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were then determined for each experimental condition. The values of £, are plotted for 

each hydrodynamic condition in Figure 9-8.

•log N/Nq

Figure 9-7

0 10 15 205

= 0.6 m/s, 1.3%

o 0 .6  m/s, 2 .6 %

a 1.4 m/s, 1.2%

♦ 1.4 m/s, 2.6%

  Average

c avgrm<m9 x mln/L>

Best-Fit curve of Bacillus subtilis spore inactivation in the experimental 

static mixer contactor. Best-fit model parameters of Equation 7-1 are: £, 

= 1.7, ka = 0.41, nc = 9800, r  = 0.0089. Error bars shown in Figure 9-6 

have been removed for clarity.

Errors were distributed between -1.0 and +1.0 log-units with mean values, ,

ranging from -0.3 to +0.1 log-units (Figure 9-8). In only one case (v, = 1.4 m/s, G /Q f-  

2.5%) were the residuals consistently greater than or less than zero and was the mean 

error, et , statistically different than zero (based on a Student t-test). In this case, the

mean and maximum absolute values of the error were only -0.3 log-units and -0.5 log- 

units, respectively. Based on this examination of the errors, it was concluded that

175

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



inactivation curves generated under the different static mixer hydrodynamic conditions 

were not substantially different from the average curve and from each other. Moreover, 

for the conditions investigated in the static mixer contactor, spore inactivation was 

essentially independent of the mass transfer performance of the system as indicated by 

the transfer efficiency, TE, and the overall rate of mass transfer, M  (Table 9-3).

1.0

0.5- 

e 0.0 f  
-0.5 —

- 1.0
62 3 4 5 70 1

0.6 m/a, 1.2%

Mean = 0.04 +/- 0.3

0.5-

e

-0.5-

1 ■
0.5-
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E

3 4 61 2 5 70

1.4 nrVs, 2.5%

Mean = - 0.3 +/- 0.1
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Mean = 0.1 +/- 0.3
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E
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3 4 5 6 70 1 2
M easured ■log1QAM̂

Figure 9-8 Effect of static mixer hydrodynamic conditions (vs and G/Qf) on prediction 

errors o f the average Bacillus subtilis spore inactivation model. The mean 

error and the 95% confidence interval of the mean error are shown.
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9.6 COMPARISON TO BATCH REACTORS

9.6.1 Experimental Conditions for Generation of the Batch Reactor Inactivation 

Curves

Spore inactivation measured in the static mixer contactor, at all hydrodynamic 

conditions, is compared to spore inactivation measured in batch reactors in Figure 9-9.

-log N/Nq I

*

Static Mixer 
Contactor

Batch
Reactor

5 10 15
c a v j m  x min/L>

Figure 9-9 Comparison between Bacillus subtilis spore inactivation measured in the 

static mixer contactor, under all hydrodynamic conditions, and Bacillus 

subtilis spore inactivation measured in batch reactors at 16°C.

To minimize the potential effect of extraneous variables on this comparison, care was 

taken to ensure that the methods and materials used in these batch reactor trials matched 

those of the static mixer contactor experiments as much as possible. Spores from the 

same stock preparations (batches B and C) were used in both sets of experiments. 

Samples of water were collected from the feed tank of the static mixer contactor on each
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experimental day. These were combined, stored at 4°C for no longer than 4 weeks, and 

then used as the matrix water in the batch reactor experiments. Both batch reactor and 

static mixer trials were conducted at 16.0 ± 1°C. In both cases, results were interpreted 

based on dissolved ozone concentration measured using the indigo trisulphonate method. 

Average dissolved ozone concentrations ranged from approximately 0.6 to 2.1 mg/L in 

the batch reactor experiments and from approximately 0.8 to 1.2 mg/L in the static mixer 

contactor experiments. Complete details of the batch reactor experiments are provided in 

Table D-4 of Appendix D.

9.6.2 Modeling of the Batch Reactor Inactivation Curve

A cursory examination of Figure 9-9 suggested little difference in the spore 

inactivation curves measured in the two different ozone contactor configurations. To 

better compare the inactivation curves, an empirical model was developed to describe the 

inactivation curve observed in the batch reactor experiments. Once again, the B. subtilis 

spore inactivation model of Equation 7-1 was chosen to represent the batch reactor data 

and the best fit was determined using least-squares regression. The best-fit model is 

shown in Figure 9-10. Model-predicted spore inactivation in the batch reactors and the 

static mixer contactor were compared in Figure 9-11. The model comparison revealed 

that, although the inactivation curves were similar, they were not identical. At Cavstm 

levels between approximately 5 and 9 mgxmin/L, inactivation in the batch reactors 

exceeded that of the static mixer contactor by almost 1 log-unit. At Cavgtm greater than 

approximately 12 mgxmin/L, the reverse was true.

9.6.3 Interpretation of the Tailing Region as Spore Agglomeration

Spore inactivation curves measured in the static mixer contactor and in the batch 

reactors were remarkably similar (Figure 9-9 and 9-11), though not identical. 

Approximately equivalent inactivation was achieved in each contactor configuration at 

the same dissolved ozone Ct product. There was little evidence to suggest that initial gas- 

liquid mixing within the static mixer increased the intrinsic rate of rate of microorganism 

inactivation by ozone, compared to exposure to dissolved ozone only and with gentle 

mixing in batch reactors. Spore inactivation was, therefore, determined primarly by the

178

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



conditions of contact with dissolved ozone, and was independent of the conditions of gas- 

liquid contact. One exception to this was an apparent reduction in the tailing effect at 

high Ct in the static mixer contactor. The was indicated by the fact that the computed 

value of the inactivation rate constant of the agglomerated spore units, ka, for the static 

mixer contactor was approximately 40% higher than for the batch reactors.

-log

o  o

250 5 10 15 20

x  m ln /L )

Batch Reactor 
Data 

Batch Reactor 
Model

Figure 9-10 Linear regression fit of the Bacillus subtilis spore inactivation model 

(Equation 7-1) to spore inactivation measured in the batch reactor 

ozonation trials. Best-fit model parameters are: kt = 2.0, ka = 0.29, nc = 

7000, r  = 0.0074.
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Figure 9-1 i Comparison between Bacillus subtilis spore inactivation measured in the 

static mixer contactor, under all hydrodynamic conditions, and spore 

inactivation measured in batch reactors at I6°C using best-fit models. 

Best-fit parameters of the static mixer contactor model are: = 1.7, ka -

0.41, nc = 9800, r  = 0.0089. Best-fit parameters of the batch reactor model 

are: k( = 2.0, ka = 0.29, nc — 7000, r  = 0.0074.

In Chapter 8, it was postulated that tailing in the observed spore inactivation 

curves was due to spore agglomeration. An alternative explanation is that the tailing was 

caused by spore population heterogeneity and the presence of a sub-population of spores 

with greater resistance to ozone. The difference in tail inactivation rates between the 

static mixer contactor and the batch reactors is more consistent with the agglomeration 

hypothesis than the heterogeneity hypothesis. In both batch reactor and static mixer 

contactor experiments, spore preparations were mixed vigorously prior to use in 

experiments to promote break-up of spore agglomerates. The persistence of the tail in 

the batch reactor inactivation curves was evidence that this procedure reduced, but did
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not eliminate, agglomerates. In the static mixer contactor experiments, agglomerates 

were exposed to additional shear stress within the static mixer itself. This might have 

promoted more efficient break-up of spore agglomerates and might have accounted for 

the observed increased in inactivation rate in the tail region. If tailing was due to 

heterogeneity alone, the degree of vigorous mixing and shear stress experienced by the 

spores would likely have had no effect on the observed inactivation curves and one would 

expect no differences in the tailing regions of the inactivation curves measured in the two 

reactor configurations.

The cause of the tailing in the spore inactivation curves was not confirmed in this 

work, but could likely be determined through further experimental research. If it were 

shown that tailing in the inactivation curves was due to the presence of agglomerates that 

were present in the spore preparations as hypothesized, then one might argue that the 

static mixer effect, and perhaps the tailing effect itself, was an experimental artifact.

9.6.4 Interpretation with Segregated Flow Analysis

The deviation between the spore inactivation curves generated in the batch reactor 

and the static mixer contactor in the exponential region of the inactivation curve (at lower 

Cavgt) was interpreted in terms of the hydrodynamic efficiency of the reactive flow 

segment. The residence time distribution and deviation from plug flow may have 

accounted for the lower spore inactivation measured in the static mixer contactor 

compared to the batch reactors. In terms of hydrodynamic efficiency, batch reactors are 

identical to perfect plug flow reactors (Levenspiel 1972). To test the plausibility of this 

hypothesis, a series of segregated flow analysis computer simulations were done. The 

spore inactivation model of Equation 7-1 was combined with the general expression for 

segregated flow analysis given by Equation 3-13 to yield the following expression:

-(1 -g-*'cT]+Ar0,flg-*“a Equation 9-3
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The measured exit age distributions, E(r), of Figure 9-2 and the best-fit parameters of 

batch spore inactivation model of Figure 9-10 were substituted into in Equation 9-3. The 

resulting equation was solved numerically on a Microsoft Excel 2000 spreadsheet using 

the trapezoid rule with a step size of 1 s. The results of two simulations at mean 

residence times, tm, of 8.2 min and 15.5 min are summarized in Table 9-4. The First 

simulation was done at a shorter residence time and at an ozonation condition in the 

exponential region of the spore inactivation curve. The second simulation was done a 

longer residence time and at an ozonation condition in the tailing region of the spore 

inactivation curve.

The results of the first simulation case are consistent with the residence time 

distribution explanation for lower spore inactivation in the static mixer contactor in the 

exponential region of the inactivation curves. For identical initial ozone conditions, 

inactivation determined by segregated flow analysis was about 1 log-unit lower than that 

predicted for batch or perfect plug flow conditions, and was within 0.1 log-unit of 

average measured inactivation in the static mixer contactor. The reason for this was that, 

in the exponential region of the inactivation curve, spore inactivation was very sensitive 

to residence time. Those spores that spent less time in the contactor had a much greater 

likelihood of survival and exerted a disproportionate effect on the overall log inactivation 

of the entire population. This residence time effect was much lower in the second 

simulation because spore inactivation was much less sensitive to residence time in the 

tailing region of the inactivation curve. Here, spore inactivation predicted by segregated 

flow analysis was almost identical to that predicted for batch or perfect plug flow 

conditions, but was less than the measured inactivation in the static mixer contactor. This 

is consistent with the spore agglomeration explanation for the reduced tailing in the spore 

inactivation curve that was observed in the static mixer contactor.
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Table 9-4 Comparison of model-predicted Bacillus subtilis spore inactivation in 

batch reactors and in the experimental static mixer ozone contactor.

Simulation Case 'Batch/Plug 

Flow Model

^Segregated 

Flow Analysis

3Static Mixer 

Measured

C0 = 1 mg/L 

kd = 0.03 min”1 

tm = 8.2 min

Cavgfm — 7.3 mgxmin/L

2.4 1.5 1.4

C0 = 1 mg/L 

it,/= 0.03 min”1 

tm = 15.5 min

CaVgtm = 12.4 mgxmin/L

3.7 3.6 4.2

'Based on batch reactor analysis with the following best-fit model parameters of 

Equation 7-1: kt = 2.0, ka = 0.29, nc = 7000, r  -  0.0074.

2Based on segregated flow analysis using the exit age distributions described in 

Figure 9-2 and the following best-fit model parameters of Equation 7-1: it, = 2.0, 

ka = 0.29, nc = 7000, r  = 0.0074.

3Based on batch reactor analysis and the following best-fit model parameters of 

Equation 7-1: = 1.7, ka = 0 41, nc = 9800, r  = 0.0089.
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9.7 SUMMARY OF B. SU BTILIS  SPORE EXPERIM ENTS

A previous study reported that reduction of E. coli by ozone in a static mixer 

system was determined primarily by the mass transfer rate of ozone into water (Zhu et al. 

1989a). Another study suggested that decreasing the velocity in a static mixer improved 

the reduction of heterotrophic plate count (HPC) and coliform bacteria (Bonnard et al. 

1999). The weakness of these earlier experimental studies with static mixers was that the 

conditions of gas-liquid contact were coupled to the conditions of dissolved ozone 

contact. This may have confounded interpretation of the experimental results with 

respect to the effect of the static mixer on microorganism inactivation. The unique 

design and flexibility of the experimental static mixer contactor used in the present study 

enabled a careful investigation of the role of the static mixer on B. subtilis spore 

inactivation by ozone. Most importantly, the experimental design permitted the effects of 

static mixer hydrodynamics, and ozone gas-liquid mass transfer, to be separated from 

those of dissolved ozone contact.

Other than a modest reduction in tailing at high inactivation levels, which might 

have been an experimental artifact, there was little evidence to suggest that B. subtilis 

spore inactivation was influenced by the hydrodynamic conditions within the static 

mixer. After accounting for the residence time distribution in the reactive flow segment, 

spore inactivation in the static mixer contactor was equivalent to that measured in the 

batch reactors when compared on the basis of the dissolved ozone Ct product. Spore 

inactivation, therefore, was determined primarily by contact with dissolved ozone contact 

and the residence time distribution. Vigorous initial gas-liquid mixing in the static mixer 

provided no apparent enhancement of the rate o f spore inactivation rate by ozone when 

compared to contact with dissolved ozone with gentle mixing in batch reactors. In the 

static mixer, spore inactivation was independent of either the ozone transfer efficiency or 

the mass transfer rate, as long as the amount of ozone transferred was sufficient to 

establish the required dissolved ozone residual.
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10 INACTIVATION OF CRYPTOSPORIDIUM  PARVUM  IN TH E STATIC

M IXER CONTACTOR

10.1 INTRODUCTION

As discussed in the literature review of Chapter 2, the effect of aqueous ozone on 

C. parvum  oocysts has been extensively studied. The most comprehensive studies have 

been limited to investigations of the kinetics of inactivation in laboratory-scale well- 

mixed batch reactors (Gyiirek et al. 1999; Li et al. 2001), semi-batch reactors (Rennecker 

et al. 1999) or continuous-flow, reactors (Oppenheimer et al. 2000). There are few 

published experimental studies that have explored the potential impact of ozone gas- 

liquid contactor design on C. parvum inactivation, and these have been limited in scope 

(Owens et al. 2000; States et al. 2000). The results of the experimental study presented in 

Chapter 9 demonstrated that inactivation of spores of the bacterium Bacillus subtilis in a 

static mixer contactor was determined primarily by contact with dissolved ozone. The 

intrinsic rate of spore inactivation was unaffected by the hydrodynamic conditions of gas- 

liquid contact within the mixing elements of the static mixer. One objective of the 

experimental study presented in this chapter was to determine if this conclusion extends 

to the encysted protozoan parasite Cryptosporidium parvum. A second objective was to 

rigorously test the two-stage ozone contactor design hypothesis put forward in Chapter 4 

by assessing the C. parvum inactivation efficiency in the experimental static mixer 

contactor.

Inactivation of seeded C. parvum  oocysts was measured in a series of carefully 

controlled challenge experiments with the experimental static mixer contactor. The 

efficiency of oocyst inactivation was assessed by comparing measured inactivation to 

predictions of inactivation that were generated by integrating basic hydrodynamic models 

of the macro-mixing pattern with a published kinetic model of C. parvum oocyst 

inactivation by ozone at 22°C. It was recognized at the outset that the success of this 

comparison would depend greatly on the influence of extraneous or nuisance variables.
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Strict quality control measures were implemented to ensure that the influence of these 

variables was minimized.

10.2 EXPERIMENTAL DESIGN

10.2.1 Static Mixer Contactor Challenge Experiments

Nine challenge experiments with C. parvum oocysts were completed with the 

experimental static mixer ozone contactor. For each experiment, the bubble column 

height, H, was maintained of 0.45 m to minimize contact time within the bubble column. 

The feed water temperature was regulated to 22 ± 1°C, the temperature for which the 

published kinetic model of C. parvum inactivation by ozone was developed (Gyiirek et al. 

1999). Most of the experimental trials (seven of nine) were done at approximately 

constant hydrodynamic conditions within the static mixer. The superficial liquid 

velocity, vs, and the gas-liquid flow rate ratio, G/Qf, were maintained at 0.6 m/s and 

between 1.2% and 1.6%, respectively. Two additional experimental trials were 

completed at vs of 1.4 m/s to investigate the potential effect of static mixer hydrodynamic 

conditions on oocyst inactivation. Using the flow splitting feature of the experimental 

contactor, the flow rate through the reactive flow segment, Qrfs, was maintained at 

approximately 2 L/min, independent of the static mixer superficial velocity, vs. In each 

experimental trial, the power level on the ozone generator was adjusted such that the 

ozone concentration at the inlet of the reactive flow segment, C0, was between 0.5 and 

0.6 mg/L. Different experimental Cavgtm conditions were obtained by adjusting the length 

of the reactive flow segment to provide total contact times of approximately 4, 8 and 16 

min.

To assess the level of oocyst inactivation in the contactor, samples of the reactive 

flow segment outlet water were collected for oocyst recovery' using the membrane 

filtration method and subsequent and infectivity analysis with the CD-I neonatal mouse 

assay. In each trial, a sample of the contactor feed water, after seeding of oocysts but 

prior to ozone addition, was also collected for oocyst recovery and infectivity analysis. 

This sample served as quality control, the purpose being to ensure that the infectivity of 

the oocysts seeded into the feed water was within the normal range for prepared oocysts.
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To determine the extent of direct oocyst inactivation within the static mixer itself, an 

additional sample was collected from the outlet of the static mixer in five of the nine 

trials. A single control trial was done using oxygen gas in place of ozonized gas and with 

16 min total contact time to confirm that oocyst inactivation was due solely to exposure 

to ozone.

10.2.2 Batch Reactor Experiments

As a quality control measure, a series of batch reactor experiments were 

completed in parallel with the static mixer contactor challenges. The primary purpose of 

these batch reactor experiments was to validate the use of the literature inactivation 

kinetic model and to investigate the possibility of oocyst batch or water matrix effects on 

the kinetics of oocyst inactivation. Samples of water were collected from the feed tank of 

the static mixer contactor during experimental days. For each batch reactor experiment, a 

preparation of parasites was taken from the same batch of oocysts used in the static mixer 

contactor experiments. The parasites were suspended in 200 mL of the contactor water in 

the 250 mL batch reactors flasks, equilibrated to 22°C, and then exposed to controlled 

doses of dissolved ozone according to the procedures described in Section 6-2. The 

experimental temperature of 22°C was chosen to correspond to the target temperature of 

the static mixer contactor experiments and to the temperature for which the published 

kinetic model of C. parvum  inactivation by ozone was developed (Gyurek et al. 1999). 

Batch reactor experiments were typically conducted on the same day or at least during the 

same week as the static mixer contactor experiments to ensure that the properties of the 

parasites and the water used were representative of those used in the static mixer 

contactor experiments.

10.3 CONTACTOR MODELING

10,3.1 Basic Approach

To assess microorganism reduction efficiency in the static mixer contactor, 

measured oocyst inactivation was compared to that predicted by mathematical models. 

Two approaches were used to model inactivation in the static mixer contactor, plug flow
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analysis (PFA) and segregated flow analysis (SFA). Both approaches assumed that the 

rate of oocyst inactivation at any point in the contactor was determined by the 

concentration of dissolved ozone and the intrinsic oocyst inactivation kinetics. The two 

modeling approaches differed only in how the residence time distribution of the contactor 

was considered. In plug flow analysis, the contactor was assumed to behave as a perfect 

plug flow reactor. Segregated flow analysis is a chemical reaction engineering technique 

in which batch reaction kinetics are integrated with residence time distribution 

information to estimate conversion in a non-ideal flow reactor (Levenspiel 1972). 

Segregated flow analysis has been used by others to model microorganism reduction by 

chlorine in water and wastewater treatment (Haas 1988; Lawler and Singer 1993; Trussed 

and Chao 1977) and is an integral component of the integrated disinfection design 

framework (IDDF) approach to analysis of microorganisn reduction in drinking water 

treatment (Bellamy et al. 2000). Recall from Chapter 3 the general equation for 

segregated flow analysis is;

where N/N0 is the estimated inactivation ratio in the continuous-flow contactor, (MWoWh 

is the inactivation ratio in a batch reactor, and E(t) is the exit age distribution of the 

contactor.

10.3.2 Kinetic Model of C. parvum  Oocyst Inactivation

The rate of C. parvum oocyst inactivation by dissolved ozone was interpreted 

using the Horn kinetic model of Gyurek and co-workers (1999) for 22°C. Li and co- 

workers (2001) later expanded the model to incorporate the effect of water temperature 

from l°C to 35°C. The temperature dependence was not relevant in this analysis because 

all experiments, both in the static mixer contactor and in the batch reactors, were carried 

at 22 ± 1°C. Although the first-order Chick-Watson model has been used to model C. 

parvum inactivation by ozone, Gyurek and co-workers (1999) reported that the non-linear

Equation 3-13
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Horn model provided a statistically superior fit to their dataset. The Horn kinetic model 

they used was presented in Chapter 3 and is repeated below in differential and logarithm 

base 10 integrated forms:

Differential form:
dt

Equation 3-1

Integrated form: Equation 3-2

Note that k'H = &«/ln( 10) corrects for conversion to base 10 logarithm from the base e 

natural logarithm.

Equation 3-2 is only strictly applicable if the dissolved ozone concentration, C, is 

constant. In the experiments with B. subtilis spores at 16°C (Chapter 9), the dissolved 

ozone concentration decreased by between 27% and 47% from the inlet to the outlet of 

the reactive flow segment in the experimental static mixer contactor. To account for this 

large reduction in ozone concentration in the reactive flow segment, the expression for 

first-order ozone decomposition, C = Coexp(-M), was inserted into Equation 3-2. The 

resulting expression was identical to Equation 2-11 for batch reactors:

Equation 2-11 was solved exactly using the incomplete gamma function to yield the 

incomplete gamma Horn formulation (Gyurek and Finch 1998; Haas and Joffe 1994), 

previously presented in Chapter 3:

Equation 2-11
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N mk' C
- lo g —  = — {L-^-Y(m^nkdt) m > 0 , n k J > 0  

N0 (nkH)m
Equation 3-6

where y(m,nkdt) is the incomplete gamma function. Using batch reactors with Iowa strain 

oocysts suspended in ozone demand-free phosphate buffered lab water at 22°C, Gyurek 

and co-workers (1999) determined the following best-fit values for the parameters of the 

incomplete gamma-Hom kinetic model: k'H = 0.68 min"1, n -  0.70 and m = 0.73. In 

their experiments, Gyurek and co-workers measured dissolved ozone using direct UV 

absorbance at 260 nm with a molar extinction coefficient of 3 300 M 'cm"1, and measured 

C. parvum  oocyst infectivity reduction using a neonatal CD-I mouse model. Using 

statistical techniques that were well-suited to multi-parametric non-linear regression, they 

estimated that the 90% confidence range on the model predictions was approximately ± 

0.7 log-units over the range of conditions investigated.

10.3.3 Predicted Inactivation in the Reactive Flow Segment

C. parvum oocyst inactivation in the reactive flow segment was estimated by both 

plug flow analysis and segregated flow analysis. For plug flow analysis, Co in Equation 

3-6 was set equal to the dissolved ozone concentration at the inlet of the reactive flow 

segment. The First-order ozone decomposition rate constant, kd, represented the rate of 

ozone decomposition within the reactive flow segment. For each experimental trial, C0 

and kd were estimated by least-squares regression of Equation 6-14 to the measured 

ozone concentration profile in the reactive flow segment. An example of this regression 

was provided in Figure 6-8. The time variable, t, used in all of these calculations was the 

average mean residence time, tm, previously determined at various points along the 

reactive flow segment in pulse tracer tests (Table 9-2).

For segregated flow analysis, the incomplete gamma Horn kinetic expression for 

C. parvum  oocyst inactivation by ozone with first-order ozone decomposition (Equation 

3-6) was substituted into the general expression for segregated flow analysis (Equation 3- 

13) to yield the following expression:
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v  '7° f  -  mk' C "  ^
—  =  J  anti log ------ " 0 y(m ,nkdt) E(t)dt Equation 3-15
Nn \ (nkj)m1=0

C0 and kd in Equation 3-15 were determined in the same manner as described above for 

plug flow analysis. The exit age distribution, £(/), at each point along the reactive flow 

segment was determined in pulse tracer tests (Figure 9-2). Equation 3-15 was solved 

numerically on a Microsoft Excel 2000 computer spreadsheet program using the 

trapezoidal rule with a step size six of 1 s in the time variable, t. Numerical solution of 

Equation 3-15 provided the inactivation ratio, N/N0, at the exit of the contactor. This was 

then converted to log inactivation by computing the base 10 logarithm.

10.3.4 Predicted Inactivation in the Bubble Column

Although most of the oocyst inactivation was expected to occur in the reactive 

flow segment, a small, but not negligible, amount was also expected to occur during the 

initial period of gas-liquid contact within the bubble column. The dissolved ozone profile 

within the bubble column at the lower G/Qf settings was observed to be relatively flat 

(See Figure 8-1). Inactivation within the bubble column was, therefore, estimated by 

assuming constant dissolved ozone concentration and perfect plug flow. The geometric 

mean of the ozone concentration in the bubble column, Cavg, was estimated using 

Equation 6-16 and the average mean residence time, tm, was determined from pulse tracer 

tests and the residence time distribution analysis (Table 9-2). Using these values for C 

and r, the estimated level of inactivation in the bubble column was calculated using 

Equation 3-2. Inactivation calculated for the reactive flow segment, by either the plug 

flow analysis or the segregated flow analysis procedures describe above, was added to the 

inactivation calculated for the bubble column to yield the estimated net inactivation at the 

outlet of the reactive flow segment.
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10.4 RESULTS OF CHALLENGE EXPERIMENTS

10.4.1 Ozonation Conditions

A summary of the ozonation conditions for each of the nine C. parvum oocyst 

challenge experiments with the static mixer contactor is provided in Table 10-1. Full 

details of the ozonation and other operating conditions for each of these experiments are 

provided in Tables E-l and E-2 of Appendix E. Due to the very short residence time 

within the static mixer (less than 0.2 s), the Cavgtm to which the oocysts were exposed at 

the outlet of the static mixer was considered to be essentially zero. The measured 

experimental Cavg/m in the bubble column was limited to between 0.2S and 0.52 

mgxmin/L. In comparison, the cumulative Cavgtm at the reactive flow segment outlet 

ranged from 1.9 to 6.8 mgxmin/L, depending on the contact time. The majority of the 

oocyst inactivation, therefore, was expected to take place within the reactive flow 

segment.

To maintain internal consistency, all modeling calculations and interpretations of 

experimental work discussed in this Chapter were based on ozone concentration 

determined by UV absorbance at 260 nm. All Cavgtm values in Table 10-1 are based on 

measurement of dissolved ozone by UV absorbance at 260 nm rather than by the indigo 

trisulphonate method, even though both methods were used. UV absorbance at 260 nm 

was selected as the basis for comparison primarily because Gyurek and co-workers 

(1999) used this method exclusively in their batch reactor experiments. To improve the 

accuracy of the UV absorbance for measurement of dissolved ozone in the GAC-filtered 

tap water, the baseline correction technique described by Equation 6-7 was implemented 

for the C. parvum  challenge experiments. As a result, the variability of the UV 

absorbance method was reduced relative to the experiments with B. subtilis spores 

described in Chapter 9. In the C. parvum experiments the ratio of ozone concentration 

determined by the indigo trisulphonate method to that determine by the UV absorbance 

method ranged from to 1.1 to 1.5 with an average of 1.3 (data in Tables E-l and E-2 of 

Appendix E). With the B. subtilis trials, this ratio varied from 1.0 to 1.7.
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Table 10-1 Summary of ozonation conditions for the Cryptosporidium parvum 

challenge experiments in the static mixer contactor. All ozone 

concentrations are based on measurements by UV absorbance at 260 nm.

2A#
Bubble Column Reactive Flow Segment Cum.

Trial v, G/Qf lTE jC Ca*|/m sc„ % Catftm

m/s % % mg/
min

mg/L min mgx
min/L

mg/L min min-1 mgx
min/L

mgx
min/L

43 0.63 1.26 74 3.6 0.60 0.73 0.44 0.50 15 0.055 5.08 5.5
44 0.64 1.23 74 4.0 0.56 0.71 0.40 0.53 15 0.037 6.12 6.5
45 0.68 1.18 76 5.7 0.78 0.67 0.52 0.73 7.4 0.047 4.57 5.1
46 0.64 1.24 74 4.3 0.62 0.71 0.44 0.57 7.4 0.059 3.45 3.9
47 0.65 1.22 75 4.7 0.66 0.70 0.46 0.62 15 0.055 6.35 6.8
48 1.12 1.57 84 7.5 0.59 0.55 0.32 0.57 3.7 0.028 1.96 2.3
49 0.64 1.24 74 4.0 0.60 0.71 0.43 0.54 3.6 0.070 1.72 2.2
50 0.64 1.24 74 4.1 0.58 0.71 0.41 0.55 3.7 0.091 1.66 2.1
51 1.38 1.56 86 8.2 0.56 0.45 0.25 0.51 3.6 0.075 1.59 1.9

C 0.60 1.26 na na 0 0.7 0 0 15 0 0 0

1 Ozone transfer e Fficiency estimated rom an empirical model

2 Ozone mass transfer rate based on measured Q/and measured Co values

3 Geometric average of ozone concentration at inlet and outlet of bubble column

4 Mean residence time determined from residence time distribution

5 Ozone concentration at inlet of RFS estimated from best-fit of 1st order kinetic 

model to measured ozone profile in RFS

61st order ozone decomposition rate constant estimated from best-fit o f 1st order 

kinetic model to measured ozone profile in the RFS 

C = control run with no ozone added 

na = not applicable
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10.4.2 C. parvum Inactivation Measured by the CD-I Neonatal Mouse Model

Oocyst inactivation results measured with the CD-I neonatal mouse model are 

provided in Table 10-2. Additional details pertaining to the infectivity analysis with 

mouse model are provided in Table E-3 of Appendix E. Recovery of sufficient numbers 

of oocysts for infectivity analysis in the C. parvum  challenge experiments required 

collection of the entire 2 L/min flow of water leaving the reactive flow segment. For this 

reason, oocyst inactivation was measured only at the outlet of the reactive flow segment 

in each experimental trial. In the B. subtilis spore challenge experiments, in contrast, 

samples were collected for spore viability determination from four different points along 

the length of the reactive flow segment. The difficulty and expense of conducting the 

challenges with live C. parvum  oocysts limited the number of experimental challenges 

that could be completed with these parasites. As a consequence, the C. parvum dataset 

was much less extensive than that for B. subtilis.

Oocyst inactivation measured in the contactor feed samples, prior to any ozone 

exposure, ranged from -0.7 to +0.6 log-units with a mean of 0.05 log-units. This range of 

variation in infectivity of the control samples as determined by the CD-i neonatal mouse 

assay is similar to that reported in a previous study on UV inactivation of C. parvum 

oocysts (Craik et al. 2001). Most importantly, the average inactivation in the contactor 

feed determined from the results of all nine trials was close to zero. In the single no 

ozone control trial, no loss of infectivity was observed between the feed and the outlet of 

the contactor. There was little evidence to suggest that inactivation measured in the 

experimental ozonation trials was due to anything other than contact with ozone.

For experimental trial 44, the infectivity result was reported as greater than the 

numerical value indicated in Table 10-2. In this particular trial, a single infection was 

observed in the cohort that received an inoculum of 10 000 oocysts per mouse, but no 

infections were observed in the cohort that received an inoculum of 100 000 oocysts per 

mouse. This unusual result was interpreted by setting the number of infections in the 

higher inoculum equal to one, and then calculating the log inactivation for both inocula. 

The infectivity reduction was then reported as greater than the arithmetic average of these
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two calculated results. All other infectivity results were interpreted in a straightforward 

manner.

Table 10-2 Measured and model-predicted Cryptosporidium parvum oocyst 

inactivation in the experimental static mixer ozone contactor.

Model Predicted Measured

Trial Column Cumulative at RFS Out Feed Static RFS

Out PFA SFA Mixer

Out

Out

43 0.4 2.8 2.7 -0.2 -0.3 3.1

44 0.4 3.1 3.0 -0.2 -0.2 >3.3

45 0.4 2.6 2.5 i © L/i 0.3 3.1

46 0.4 2.1 2.0 I o 1.0 2.3

47 0.4 3.2 3.1 0.5 0.1 3.4

48 0.3 1.4 1.4 0.6 nd 1.5

49 0.4 1.4 1.4 0.2 nd 1.7

50 0.4 1.4 1.4 0.2 nd 2.0

51 0.3 1.3 1.2 0.1 nd 1.5

Control 0 0 0 0.5 nd 0.4

nd = not done

10.4.3 Measured C. parvum  Oocyst Inactivation Curve

Measured oocyst inactivation was plotted as a function of the cumulative 

dissolved ozone CavStm product in the static mixer contactor in Figure 10-1. The plotted 

values at the .v-axis origin represent inactivation measured at the outlet of the static mixer 

where, because of the extremely short residence time, the Cavstm product was essentially 

zero. As expected, inactivation was found to increase proportionately with Cavgtm. The 

polynomial trendline shown along with the experimental data in Figure 10-1 suggested
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that the relationship between inactivation and Cavgtm was not first-order. Best-fit values 

of the trendline parameters were determined using non-linear least squares regression. 

Calculations were performed in a Microsoft Excel 2000 spreadsheet using the solver tool. 

The best-fit value of the Cavgtm exponent of 0.6 was relatively close to the values of the 

exponent parameters (n = 0.70 and m = 0.73) of the Horn kinetic model reported by 

Gyiirek and co-workers (1999). This finding tends to support the use o f a non-linear 

Hom-type kinetic model to describe oocyst inactivation rather then a first-order Chick- 

Watson kinetic model preferred by other researchers (Oppenheimer et al. 2000; 

Rennecker et al. 1999).

•log N/Hq
2 -

0 1 2 3 4 5 6 7 8

■ 0.65 m/s 

o  1.25 m/s 

  Model

Figure 10-1 Measured inactivation of Cryptosporidium parvum  oocysts in the 

experimental static mixer ozone contactor. The arrow indicates that the 

measured inactivation was beyond the level of detection of the infectivity 

analysis for this datum.
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10.5 EFFECT OF STATIC MIXER HYDRODYNAMIC CONDITIONS ON C. 

PARVUM  INACTIVATION

10.5.1 Direct Effect on C. parvum  Inactivation

In trials 43 through 47, the mean measured oocyst inactivation in the feed and 

static mixer outlet streams was 0.06 log-units and 0.19 log-units, respectively (columns 5 

and 6 o f Table 10-2). The difference in mean inactivation between the feed and the static 

mixer outlet streams was, therefore, only 0.13 log-units. The distributions of the 

measured values, illustrated in the box and whisker diagram of Figure 10-2 were found to 

overlap the origin considerably. This was an indication that inactivation in neither the 

feed nor static mixer streams was significantly different than zero. In these five trials, the 

inactivation measurements in the feed and static mixer outlet streams were paired results. 

The distribution of the paired differences was also shown (SMX Out -  SMX In) in the 

Figure 10-2. This distribution of this result also significantly overlapped the origin. A 

two-tailed hypothesis test based on the Student t-distribution confirmed that the mean 

paired difference in inactivation was not statistically different than zero at the 95% 

confidence level (p = 0.55). Given such a large value of the computed p  statistic, it was 

concluded with a considerable degree o f statistical confidence that the small amount of 

direct inactivation of oocysts that was measured between the inlet and outlet of the static 

mixer was not significant.

10.5.2 Indirect Effect on C. parvum Inactivation

Both predicted ozone transfer efficiency, TE, and the measured ozone mass 

transfer rate, M, increased considerably for the two trials conducted at the higher static 

mixer superficial velocity (trials 48 and 51 in Table 10-1). Given that the dissolved G/Qf 

ratio and the dissolved ozone concentration, Co, were unchanged, the increase in transfer 

efficiency and mass transfer rate in these two trials was probably related to increased gas- 

liquid mixing intensity within the static mixer and decreased bubble size. Oocyst 

inactivation, on the other hand, was essentially unchanged when compared on the basis of 

dissolved ozone Cavgtm (Figure 10-1). This finding supports the notion that oocyst 

inactivation in the experimental static mixer contactor was determined primarily by
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contact with dissolved ozone and was unaffected by the hydrodynamic conditions within 

the static mixer. Further, inactivation was independent o f both the ozone mass transfer 

efficiency and mass transfer rate in the static mixer contactor.

SMX Out - SMX In

SMX Out

SMX In

•1 -0.5 0  0.5 1

-log

Figure 10-2 Box and whisker diagram of measured Cryptosporidium parvum 

inactivation measured directly at the inlet and outlet of the static mixer. 

From left to right, lines represent 90%, 25%, median, 25% and 90% 

percentile boundaries, respectively. The square symbol represents the 

mean.
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10.6 VALIDATION OF THE BATCH KINETIC MODEL

10.6.1 Importance of Validation

Gyurek and co-workers (1999) conducted their experiments in pH 6 to 8 

phosphate-buffered ultrapure water using eight different batches of Iowa strain oocysts 

that were isolated from the feces of Holstein calves. One of the potential weaknesses of 

the contactor modeling analysis was that this kinetic model might not have adequately 

represented the rate of inactivation of the oocysts used in the static mixer contactor 

experiments. Relatively little is known about how oocyst strain, isolation procedure, age 

and storage conditions affect C. parvum resistance to ozone, nor to what extent water 

composition and quality affect the inactivation kinetics. These variables, therefore, 

represent potential sources of error in the modeling analysis.

One study reported that the kinetics of inactivation by ozone of different strains of 

C. parvum oocysts were significantly different (Rennecker et al. 1999). The single batch 

of oocysts used in the static mixer contactor experiments, therefore, were derived from 

the same Iowa strain as used by Gyurek and co-workers (1999) and were isolated from a 

Holstein calf using similar procedures. Another recent study reported that for turbidity 

less than 10 NTU and pH between 6.5 and 8.2 the rate of C. parvum inactivation by 

ozone was not significantly affected by water quality (Oppenheimer et al. 2000). The 

large volumes of water required in the static mixer contactor experiments prohibited the 

use of ultrapure water. A good quality, low turbidity, building tap water at pH 7.5 to 8.1 

that was additionally treated with granular activated carbon filtration was used as 

convenient substitute source (Section 6.1.1). Therefore, neither experimental water 

matrix nor oocyst batch was expected to have a significant effect on ozone inactivation 

kinetics. In order to remove any uncertainty regarding the modeling analysis, it was, 

nevertheless, important to verify this expectation.

10.6.2 C. parvum Inactivation in Batch Reactors Versus Kinetic Model-Prediction

Seven batch reactor experiments were completed using the same batch of oocysts 

and the same water as used in the static mixer challenge experiments. Other than water 

matrix and oocyst batch, all other experimental procedures were identical to those used
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by Gyurek and co-workers (1999). These procedures included; the reactor type (batch), 

water temperature (22 ± 1°C), ozone determination by UV absorbance at 260 nm with a 

molar absorbance coefficient of 3 300 M '1 c m 1, and oocyst infectivity determination by 

the neonatal CD-I mouse model. Details of the batch reactor experiments are provided in 

Tables E-4 and E-5 of Appendix E. Oocyst inactivation measured in these batch reactor 

experiments is compared to that predicted by the Horn kinetic model of Gyurek and co- 

workers (1999) in Figure 10-3. Model predictions were generated by inserting the 

experimental batch reactor ozonation conditions, given by Co, kd and tb (Table E-4) into 

the incomplete gamma-Hom model formulation (Equation 3-6). The central diagonal line 

in Figure 10-3 represents perfect model fit. The outer diagonal lines in Figure 10-3 

represent the approximate error bounds of the Horn kinetic, estimated by Gyurek and co- 

workers (1999) to be ± 0.7 log-units at the 90% confidence level.

10.6.3 Error Analysis

In 6 out o f the 7 experiments, measured inactivation was within the approximate 

error bounds of the kinetic model. Moreover, the mean prediction error, et , was only

0.03 log-units. (Prediction errors, were defined using Equation 7-8.) Although a 

hypothesis test based on the two-tailed Student t-distribution indicated that this mean 

error was not significantly different from zero at the 95% confidence level (p = 0.95), the 

prediction errors were not randomly distributed, indicating possible lack-of-fit. To test 

for the significance of this lack-of-fit, a straight line (not shown in Figure 10-3) was 

regressed through the data points using least-squares criteria. The 95% confidence 

intervals of the slope and y-intercept of this line, computed using least-squares criteria 

and the regression tool in Microsoft Excel 2000, were 1.4 ± 1.2 and -1 .0  ± 2.9, 

respectively. The computed parameters of this model-fit line, therefore, were not 

statistically different from the unity slope and zero y-intercept o f the perfect fit line. It 

was thus concluded that, on average, the kinetic model of Gyurek and co-workers (1999) 

neither overestimated nor underestimated C. parvum  inactivation. There may have been 

some degree of lack of fit, however, the statistical evidence was not sufficient to establish 

true lack of fit.

200

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Predicted

2 3 40 1

•  Batch Trials

  Perfect Fit

 ♦ 90% Limit

  - 90 % Limit

Measured
■log

Figure 10-3 Comparison of model-predicted and measured batch reactor inactivation 

of the Cryptosporidium parvum oocysts used in the static mixer contactor 

experiments

10.7 RESULTS OF MODELING ANALYSIS

10.7.1 Model Predictions

Predictions of C. parvum inactivation for each of the experimental ozonation 

conditions summarized in Table 10-1 are provided in Table 10-2. Inactivation predicted 

at the outlet of bubble column is provided in column 2. Predictions of net inactivation at 

the outlet of the reactive flow segment are provided in columns 3 and 4, based on plug 

flow analysis and segregated flow analysis, respectively. The inactivation curve of C. 

parvum by ozone was previously observed to be non-linear with respect to Cavstm, (Figure 

10-1). Because of this non-linearity in oocyst response to ozone, the additive correction

201

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



was, therefore, not exact. The magnitude of the error introduced, however, was expected 

to be minor because inactivation in the bubble column was limited to 0.4 log-units.

10.7.2 Comparison between Plug Flow Analysis (PFA) and Segregated Flow

Analysis (PFA)

According to the modeling analysis, the residence time distribution in the reactive 

flow segment had little influence on oocyst inactivation. Predictions of oocyst 

inactivation based on the assumption of perfect plug flow were within 0.1 log-unit of 

those generated using segregated flow analysis and the measured exit age distribution 

(Table 10-2). This was true regardless of the experimental residence time or CaVgtm 

product. Close agreement between the plug flow and segregated flow predictions was the 

first indication that the two-stage design of the contactor was conducive to very efficient 

inactivation of C. parvum. That is, based solely on knowledge of the exit age 

distribution, E(t), inactivation in the experimental contactor was expected to approach 

that of a perfect plug flow contactor.

The segregated flow analysis computations did not consider the potential effect of 

the degree of fluid segregation or extent of micro-mixing that exists in the contactor. One 

of the conclusions of the theoretical analysis of Chapter 3 was that, for the case of C. 

parvum inactivation by ozone with first-order ozone decomposition, the degree of 

segregation in a contactor might have an important effect on inactivation. Strictly 

speaking, segregated flow analysis provides only an upper bound on predicted 

inactivation (Figures 3-2, 3-3 and 3-4). Measured inactivation in a contactor that was 

closer to a micro-mixed condition might be considerably lower that that predicated on the 

assumption of a segregated fluid. It was further argued in Chapter 3 that, on the basis of 

segregation number, a typical ozone contactor is more likely to approximate a micro

mixed state with respect to ozone. The experimental results suggest that the degree of 

segregation did not have a significant effect on C. parvum  inactivation in the static mixer 

contactor. Indeed, measured inactivation exceeded that predicted by segregated flow 

analysis (Figure 10-4). A possible explanation is that the residence time distribution of 

the contactor was sufficiently close to that of perfect plug flow such that the degree of 

segregation had little influence on the level of inactivation. According to reaction
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engineering theory, the degree of segregation becomes unimportant for most reacting 

systems as the residence time distribution behaviour approaches that of perfect plug flow 

(Levenspie! 1972; Nauman and Buffham 1983). A second explanation is that the theory 

of micro-mixing and segregation as applied to dissolved homogeneous chemical 

reactants, like ozone, does not apply equally to microorganisms like C. parvum.

10.7.3 Comparison to Measured Inactivation

Model-predicted inactivation at the outlet o f the reactive flow segment is plotted 

against measured inactivation in Figure 10-4. The 45 degree diagonal line in this figure 

represents a perfect model fit. The upper and lower diagonal lines represent the 

approximate 90% confidence bounds of the kinetic model of ± 0.7 log-units (Gyurek et 

al. 1999). A series of data points lying exactly on, or evenly distributed about the perfect 

fit line would indicate that inactivation was equivalent to the theoretical maximum 

predicted for a perfect plug contactor. In a hydrodynamic and mixing sense, the 

contactor would be considered perfectly efficient in terms of microorganism reduction for 

this range of ozonation conditions. A series of data points lying above the line would 

suggest the impact of deviations from perfect plug-flow residence time distribution 

behaviour and would indicate less than perfectly efficient performance.

The outcomes of each of the nine challenge experiments with the static mixer 

contactor were found to lie below the 45 degree diagonal line of perfect fit, but within the 

approximate 90% confidence band of the kinetic model predictions. Using the definition 

of error given by Equation 7-8, the calculated mean prediction error, e . , of the contactor

model was determined to be -0.3 log-units. In other words, measured inactivation was 

actually greater than the theoretical maximum of perfect plug flow by, on average, 0.3 

log-units. Although the individual results were within the approximate prediction 

intervals of the model, a hypothesis test based on a two-tailed Student t-distribution 

revealed that this computed mean error of 0.3 log-units was statistically significant at the 

95% confidence level {p = 0.0007).
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Figure 10-4 Comparison of model-predicted and measured Cryptosporidium parvum  

oocyst inactivation at the outlet of the reactive flow segment in the 

experimental study static mixer contactor. The arrow indicates that the 

measured inactivation was beyond the level of detection of the infectivity 

analysis for this datum.

Attempts to rationally explain the 0.3 log-unit mean prediction error were 

inconclusive. The batch kinetic model validation exercise described in Section 10-6 

helped to rule out explanations related to oocyst batch or water matrix effects. 

Unidentified sources o f bias in determination of the Cavgtm products may have also 

accounted for the mean error. A relatively small systematic error in determination of 

Cavgtm would be required to generate the observed prediction error. For example, a 

consistent error in the estimation of the Cavgtm of only 0.13 mgxmin/L, equivalent to 

about 2% to 6% of the experimental CavStm values, would have been sufficient to generate 

a 0.3 log-unit prediction error in inactivation (Figure 10-1). A third explanation for the
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offset was that the rate of oocyst inactivation was indeed enhanced by virtue of the 

conditions of initial gas-liquid contact within the static mixer. However, as noted earlier, 

doubling of the superficial velocity in the static mixer had no apparent effect on oocyst 

inactivation in the reactive flow segment (Figure 10-1). Given this inconsistency and the 

relatively small magnitude of the prediction error of 0.3 log-units, it is difficult to 

conclude that significant kinetic enhancement occurred.

10.7.4 Comparison to B. subtilis Inactivation

C. parvum oocyst inactivation in the experimental static mixer contactor exceeded 

predictions based on the assumption of perfect plug flow over the full range of 

experimental Cavgtm conditions. Recall from Chapter 9, that B. subtilis spore inactivation 

in the experimental static mixer contactor was approximately 1 log-unit less than that 

predicted based on perfect plug flow at intermediate Cavgtm values. What accounted for 

this apparent difference in inactivation performance of these two microorganisms in the 

experimental static mixer contactor? The explanation is related to the different shapes of 

the inactivation curves of the two microorganisms.

The contrast between the sigmoid shape of the spore inactivation curve and curvi

linear shape of the oocyst inactivation curve was depicted in Figure 7-4, 7-5 and 7-6 of 

Chapter 7. Most importantly, the slope of the exponential region of the spore inactivation 

near the middle of the experimental Cl range was much steeper than the slope of the C. 

parvum oocyst inactivation curve. In Chapter 9, it was explained that inactivation of 

spores in a continuous flow contactor would tend to be sensitive to the residence time 

distribution because of the steep slope of the inactivation curve in this Ct region. This 

point was demonstrated mathematically using segregated flow analysis and was 

supported by experimental measurements in the static mixer contactor. Segregated flow 

analysis using the same residence time distributions showed that C. parvum  oocyst 

inactivation was considerably less sensitive to the residence time distribution than was 

spore inactivation. Again, this was supported by the results of challenge experiments 

with oocysts. This point is important when considering use of model organisms for 

evaluating the efficiency of ozone contactors. The appropriateness of a particular

205

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



microorganism will depend not only on the overall level or resistance to ozone, but on the 

shape of the inactictivation curve as well.

10.8 SUMMARY OF CRYPTOSPORIDIUM  PARVUM  EXPERIMENTS

The results of the C. parvum challenge experiments described in this chapter 

suggest that, for the hydrodynamic and ozonation conditions investigated, inactivation of 

C. parvum in the experimental static mixer contactor was determined primarily by 

contact with dissolved ozone. There was little evidence to suggest that the intrinsic rate 

of oocyst inactivation by dissolved ozone was significantly enhanced by initial gas-liquid 

contact in the static mixer. If any such enhancement occurred, it was limited to less than 

0.3 log-unit. The two-stage contactor hypothesis presented in Chapter 4 was

demonstrated. Based on segregated flow analysis modeling, the residence time

distribution in the static mixer contactor was predicted to have little effect on C. parvum 

inactivation. Contactor performance, in terms of microorganism inactivation, was 

expected to be approach that of a perfect plug flow contactor. This expectation was 

confirmed by direct measurement of C. parvum  inactivation at the outlet of the reactive 

flow segment. Efficient C. parvum inactivation was therefore achieved in the 

continuous-flow ozone dissolution and contacting system. Ozone was rapidly dissolved 

with the static mixer and hydrodynamically efficient dissolved ozone contact was 

achieved in the reactive flow segment.
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11 INACTIVATION OF GIARDIA M U RIS  IN THE STATIC MIXER

CONTACTOR

11.1 INTRODUCTION

In the experiments described in Chapters 9 and 10, Bacillus subtilus spores and 

Cryptosporidium parvum oocysts were found to be largely unaffected by the 

hydrodynamic and gas-liquid contacting environment that existed within the static mixer. 

The objective of the experimental study described in this chapter was to determine if 

these conclusions could be extended to Giardia spp. cysts. The effect of static mixer 

hydrodynamics on G. muris was determined using the same approach that was previously 

described for B. subtilis cysts and C. parvum oocysts. Challenge experiments with G. 

muris cysts were conducted in the experimental static mixer contactor in which the static 

mixer hydrodynamic conditions were varied independently from the conditions of 

dissolved ozone contact in the reactive flow segment.

11.2 EXPERIMENTAL DESIGN

A total of six challenge experiments were completed with G. muris. For each, the 

short bubble column configuration (H = 0.45 m) was employed and the feed water 

temperature was regulated to 22°C. Experiments were carried out at nominal static mixer 

superficial velocities, vs, of either 0.5 m/s or 1.4 m/s while maintaining approximately 

constant dissolved ozone conditions. Because G. muris oocysts are considerably more 

sensitive to the effects of ozone, much lower target ozone exposures were used in the G. 

muris challenges compared to those used in the C. parvum oocyst challenges. The 

objective was to ensure that cyst inactivation remained within measurable limits. The 

length of the reactive flow segment was reduced to provide a total contact time of 

approximately 3.7 minutes, and the target ozone concentration range was decreased from 

about 0.6 mg/L to 0.1 mg/L. In each experiment, samples of water were collected from 

the feed (after cyst addition but prior to ozone addition), the static mixer outlet and the 

reactive flow segment outlet for cyst recovery and infectivity analysis with the C3H/HeN 

mouse latent period model.

207

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



11.3 CONTACTOR MODELING

11.3.1 G. muris Kinetic Model

Finch and co-workers (1993b) published a non-linear Horn kinetic model that 

described the inactivation of G. muris by ozone. The mathematical form of the model 

was the following:

-  log—— = k'HC nt m Equation 3-2
No

The Finch and co-worker kinetic model was developed from a very limited dataset of 

experimental batch reactor ozonation trials with G. muris cysts. To develop a more 

robust kinetic model, the data from the Finch and co-worker study was combined with 

information from additional reactor ozonation experiments with G. muris extracted from 

the doctoral thesis of Charles Labatiuk (1992), who was one of the Finch co-workers. 

The relevant information regarding the batch reactor ozonation experimental trials 

extracted from the Labatiuk thesis and used for model development is summarized in 

Table F-4 of Appendix F.

The Finch and co-worker (1993b) and Labatiuk (1992) studies were selected 

mainly because the strain of G. muris cysts used was the same as in this study, and 

inactivation was assessed using a similar infectivity assay based on latent period of 

infection in C3H/HeN mice. The Labatiuk thesis contains information on numerous 

batch reactor ozonation experiments with G. muris that were conducted in various 

different natural water matrices and at various temperature and pH condtions. Only those 

trials for which certain experimental conditions were comparable to those of the static 

mixer challenge experiments were selected for examination. These experimental 

conditions were, namely, a matrix of phosphate buffered ultrapure water, a temperature 

of 22°C and near neutral pH (6.7 to 7.6). For this analysis, the Horn kinetic model of 

Equation 3-2 was simplified by assuming that values of the exponent parameters n and m 

were equal. With this assumption, inactivation became a non-first order function of the

208

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



simple Ct product, that is, a function of (Ct)n. Using non-linear regression with least- 

squares minimization criteria, the best fit parameters of Equation 3-29 were determined 

to be k'H = 3.3 and n = m = 0.18. The fit of the model to the combined Finch and co

worker and Labatiuk datasets is shown in Figure 11-1. The resulting inactivation curve 

was found to deviate significantly from linearity. Cyst inactivation was very rapid 

initially, but quickly diminished with a pronounced tailing effect. A small fraction of the 

cyst population (<0.1%) appeared to exhibit resistance to extended ozone exposure.

-log N/Nq

oo

0 1 2 3 4 5 6 7 8 9

Labatiuk 
(1992) Data

Simplifed 
Horn Model

cav^b x mln/L>

Figure 11-1 Inactivation of Giardia muris by ozone in batch reactors as determined by 

latent period infectivity analysis in C3H/HeN mice. Data is from Labatiuk 

(1992). Arrows indicate that the outcome was beyond the detection limit 

of the infectivity assay.
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11.3.2 A Simplified Contactor Modeling Approach

A simpler approach was used to model inactivation of G. muris in the 

experimental static mixer contactor than was used for C. parvum. For G. muris, the 

entire static mixer contactor, including both the bubble column and the reactive flow 

segment, was treated as a single ideal plug flow unit. The rational for the simpler 

modeling approach was as follows. In Chapter 10, it was explained that two-stage 

modeling approach used for C. parvum  was inexact for non-linear kinetics, however, the 

error introduced was expected to minor because little inactivation was expected in the 

bubble column. Based on the simplified G. muris kinetic model and the non-linear 

inactivation curve of Figure U -1, much of the cyst inactivation was expected to take 

place very rapidly and in the bubble column, even at the lower ozone concentrations 

employed. Relatively less inactivation was expected to occur in the reactive flow 

segment of the experimental contactor. Simple addition of the computed inactivation in 

both segments, as was done for C. parvum, would have resulted in serious errors in the 

case of G. muris.

To estimate the net G. muris inactivation in the contactor for a given experimental 

ozonation condition, an integrated average Cavstm was first determined by combining the 

contributions of the bubble column and the reactive flow segment. The Cavgtm in each of 

these sections was computed as described for the previous challenge experiments with B. 

subtilis spores and C. parvum  oocysts. The average Cavstm thus determined was 

substituted directly in the simplified Horn kinetic model o f Equation 3-2 (with m -n) and 

the log inactivation calculated.

11.4 CHALLENGE EXPERIMENT RESULTS

Ozonation conditions for each of the challenge experiments with G. muris cysts 

are summarized in Table 11-1. Further details of the ozonation and other operating 

conditions of the G. muris challenge experiments are provided in Tables F-l and F-2 of 

Appendix F. The ozone conditions selected for analysis were those based on 

measurement of dissolved ozone by the UV absorbance method. The justification for this 

decision was identical to that described for analysis of the C. parvum  challenge 

experiments in Chapter 10. That is, the dataset used to develop the batch kinetic model
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of G. muris inactivation by ozone was based on ozone measurements by UV absorbance 

at 260 nm with a molar absorbance coefficient of 3 300 M '1cm '1 (Labatiuk, 1992). Cyst 

inactivation measured using the C3H/HeN mouse latent period model was summarized 

for each trial in Table 11-2. Information regarding determination of cyst inactivation 

using the C3H/HeN mouse latent period model is provided in Table F-3 of Appendix F. 

Model-predicted inactivation determined for the experimental ozonation conditions is 

also provided in Table 11-2. As expected, most of the cyst inactivation within the static 

mixer contactor was predicted to occur within the bubble column.

Table 11-1 Summary of ozonation conditions for the Giardia muris challenge 

experiments with the experimental static mixer contactor. All ozone 

concentrations are based on measurements by UV absorbance at 260 nm.

Bubble Column Reactive Flow Segment Total

Trial v. G/Qf lTE c.n Gtvgtm Co kd Ca^m C„Jm

m/s % % mg/
L

mg/L min mgx
min/L

mg/L min min’1 mgx
min/L

mgx
min/L

54 0.46 1.70 71 0.44 0.11 1.21 0.13 0.08 3.7 0.15 0.23 0.37

55 1.15 1.50 86 1.00 0.08 0.60 0.05 0.07 3.6 0.18 0.20 0.25

56 0.39 1.98 68 0.49 0.13 1.31 0.17 0.11 3.7 0.10 0.33 0.51
57 1.32 1.30 89 1.36 0.10 0.51 0.05 0.09 3.6 0.13 0.26 0.31
58 0.43 1.80 69 0.36 0.09 1.25 0.11 0.07 3.6 0.23 0.18 0.28

59 1.33 1.36 88 0.96 0.08 0.51 0.04 0.06 3.7 0.20 0.16 0.20

'Ozone transfer efficiency was estimated from an empirical model 

2Ozone mass transfer rate based on measured (2/and measured Co values
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Table 11-2 Measured and model-predicted Giardia muris cyst inactivation in the 

experimental static mixer ozone contactor. All values are in log-units.

Trial PFA Model Predicted Measured
Bubble

Column

Out

RFS Out Feed Static Mixer 

Out

RFS

Out

54 2.3 2.8 0.18 -0.22 -0.23

55 2.0 2.6 -0.22 -0.32 >2.2

56 2.4 3.0 -0.36 -0.11 1.5

57 2.0 2.7 -0.39 -0.73 1.3

58 2.3 2.7 -0.5 -0.04 >3.0

59 1.9 2.5 -0.49 -0.72 >3.4

Control 0 0 -0.19 -0.20 0.63

11.5 CYST INACTIVATION WITHIN THE STATIC MIXER

A box and whisker diagram of cyst inactivation measured in the feed and outlet of 

the static mixer is shown in Figure 11-2. Counter to expectations, a slight increase in 

infectivity (i.e. negative inactivation) was observed in the cysts present in both the feed 

and static mixer outlet streams. Average inactivation levels were -0.2 log-units and -0.4 

log-units in the feed and static mixer outlet, respectively. This may have reflected a 

slight increase in the infectivity of the cyst preparations used in experiments relative to 

those used to develop the latent period dose-response model (Figure 6-7). Because the 

measured inactivation in the static mixer feed and outlet streams represented paired data, 

the difference between these results was calculated for each experimental trial. The mean 

of these paired differences was determined to be only 0.1 log units. Therefore, even 

though the average measured inactivation in the static mixer feed and outlet stream may
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have differred from zero, the change in inactivation was not significantly different from 

zero. It was concluded, therefore, that no measurable inactivation occurred within the 

static mixer itself. This was true at both low and high superficial velocities within the 

static mixer.

SMX Out • SMX In

SMX Out

SMX In

-0.8 - 0.6 -0.4 - 0.2 0 0.2 0.4
-log/Wfe

Figure 11-2 Box and whisker diagram of measured Giardia muris inactivation at the 

inlet at outlet of the static mixer. From left to right, lines represent 90%, 

25%, median, 25% and 90% percentile boundaries, respectively. The 

square symbol represents the mean.

11.6 COMPARISON TO MODEL PREDICTIONS

G. muris cyst inactivation is plotted as a function of the measured dissolved ozone 

Cavgtm product in static mixer contactor in Figure 11-3. Predictions of the simplified Horn 

model are also plotted in Figure 11-3 for comparison purposes. Precise interpretation of 

the results was made difficult by the rather large amount of variability in the outcomes of 

the infectivity analysis. One of the limitations of the G. muris challenge experiments was

213

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the relatively low recovery of cysts from the outlet of the reactive flow segment. Cyst 

recoveries measured at the outlet of the reactive flow segment ranged from as low as

0.2% to as high as 19% (Table F-3, Appendix F). In comparison, C. parvum  recoveries 

were consistently higher, at between 6 and 67% (Table E-3, Appendix E). In the 

experiment in which cyst recovery was only 0.2% (Trial 54), essentially no cyst 

inactivation was observed at the outlet of the reactive flow segment. If those cysts that 

were inactivated by ozone were less likely to be recovered in the sample filtration 

procedure, then this would have introduced a bias into the measured inactivation result. 

This would explain the unusually low inactivation result of Trial 54. Such low recoveries 

significantly reduce the confidence in the experimental result. A modification to the cyst 

concentration procedure that resulted in better cyst recovery was introduced in Trials 57, 

58 and 59. In these trials, the 8 L samples of water that were collected from each 

sampling point were split into two 4 L portions and each portion was filtered through a 

single PCTE filter. In addition, a small amount of Tween 20, a surfactant, was added to 

improve the recovery of cysts from the PCTE filter. Based on infectivity analysis of the 

feed samples in these trials (Table F-3, Appendix F), there was no evidence that these 

procedures had an adverse effect on the infectivity of the cysts.

A second difficulty of the G. muris analysis was posed by the fact that in three of 

the trials (Trials 55, 58 and 59) the measured inactivation was beyond the limits of 

detection of the infectivity assay. As an approximate and conservative analysis, the 

average inactivation of all trials was estimated by setting the outcomes of these trials at 

the detection limit. Because of the very low cyst recovery, the result of Trial 54 was 

excluded from this analysis. The estimated average inactivation of the five remaining 

experimental trials was 2.3 log units. For the range of experimental Cavgtm products 

(approximately 0.2 to 0.5 mgxmin/L), the simplified Horn model predicted between 2.5 

log-units and 2.9 log-units inactivation. The average measured inactivation, therefore, 

was not considerably different from that predicted using the simplified Horn model and 

assuming perfect plug flow. The result also agrees well with the ozone resistance of G. 

muris cysts reported by others in the literature. For example, the Ct product required for 

2 log-units of inactivation at 25°C and pH 7 in batch reactors was estimated to be 0.27 

mgxmin/L (Wickramanayake et al. 1984b). It may be concluded, though tentatively, that
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cyst inactivation was unaffected by the hydrodynamic conditions within the static mixer, 

the transfer efficiency and overall mass transfer rate.

-log N/Nq

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

□ 0.5 m/s

•  1.3 m/s

Simplified 
Horn Model

c avgfm (mg x mln/L)

Figure 11-3 Inactivation of Giardia muris in the experimental static mixer ozone 

contactor at different superficial velocities, v5, in the static mixer. The 

solid line represents predictions of the simplified Horn batch kinetic 

model. Arrows indicate outcomes were beyond the detection limit of the 

infectivity assay.

11.7 SUMMARY OF GIARDIA M U RIS  EXPERIMENTS

The finding that little or no inactivation of B. subtilis spores or C. parvum  oocysts 

resulted from direct gas-liquid contact within the static mixer was also found to apply to 

G. muris cysts. This finding was interesting because G. muris cysts are known to be less 

robust than C. parvum oocysts. Compared to C. parvum oocysts, Giardia spp. cysts are
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less resistant to chemical oxidants used in water treatment, including chlorine compounds 

(Table 2-1) and ozone (Table 2-5 and Table 2-6). In addition, Giardia spp. cysts are not 

as resistant to physical stresses as are C. parvum oocysts. For example, freezing at -6°C 

for 4 days resulted in greater than 99.8% loss of G. muris cyst viability (Wickramanayake 

et al. 1985), while only 80% of C. parvum oocysts were killed by freezing at -22°C 

(Robertson et al. 1992). Anectodal evidence in the author’s laboratory suggested that 

vigorous mixing on a vortex mixer resulted in reduced counts and lysis of cysts in G. 

muris preparations. For this reason, the vigorous mixing of G. muris preparations was 

strictly avoided. C. parvum oocysts, on the other hand, were found to be insensitive to 

this mixing procedure and the procedure was routinely employed to thoroughly mix C. 

parvum  suspensions.

Given the variability in the infectivity analyses, the low cyst recovery, and the 

number of outcomes that were above the detection limit, it was not possible to state 

categorically whether or not initial gas-liquid contact within the static mixer affected G. 

muris inactivation by dissolved ozone in the reactive flow segment.
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12 DISCUSSION AND SUMMARY

12.1 THE PROBLEM STATEMENT REVISITED

Ozonation is a technology for reduction of the protozoan parasite Cryptosporidium 

parvum  in drinking water treatment. The effect of dissolved ozone on oocysts of C. 

parvum  has now been well established and several studies have elucidated and modeled 

the kinetics of the rate of inactivation of oocysts by ozone in controlled laboratory 

environments (Gyiirek et al. 1999; Li et al. 2001; Oppenheimer et al. 2000; Rennecker et 

al. 1999). There are several unanswered questions regarding the effect of ozone on 

oocysts. Some of these are listed below;

•  What is the mechanism by which ozone inactivates or reduces the infectivity of 

individual oocysts?

• How does water quality affect oocyst inactivation kinetics?

•  What are the impacts of oocyst strain, source and age on susceptibility to ozone?

•  Will environmental oocysts behave similarly to the preparations that have been 

used in the published kinetic studies?

•  How can the differences between the results obtained in the different laboratory 

studies be rationalized into reliable design criteria that can be used by the water 

treatment industry to guide facility design?

These questions will undoubtedly be answered by ongoing laboratory research. In this 

thesis project, they were put aside in order to concentrate on a different problem. The 

research question describing that problem was: How can the knowledge of C. parvum 

inactivation kinetics by ozone that has been accumulated in the laboratory be applied to 

the problem of designing efficient ozone contactors?

Although ozone contactors have been used in the water and wastewater treatment 

industry for many years and for different purposes, only a few studies have specifically 

addressed the problem of optimizing ozone contactor hydrodynamic design for reduction 

of resistant microorganisms, and these have been largely theoretical (Do-Quang et al.
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2000b; Roustan et al. 1991). Application of ozone in water treatment facilities has been 

dominated by a single contactor design, namely the multi-chamber, fine bubble diffuser 

contactor illustrated in Figure 2-2. One of the reasons this design has been favoured, is, 

as noted in the review by Langlais and co-authors (1991), it is both familiar and proven. 

Conventional fine-bubble diffuser contactors, however, which consist of arrays of 

diffusers in large contact basins, have been designed primarily for ozone mass transfer. 

In addition, rigorous design procedures and approaches based on fundamental 

engineering science have been slow to emerge. Empirical design rules, such as the US 

EPA Ct design criteria described in the Guidance Manual to the Surface Water Treatment 

Rule (Malcolm Pimie Inc. and HDR Engineering Inc. 1991) have dominated design 

practice.

The theoretical analysis described in Chapter 3 demonstrated that the mixing 

regime within an ozone contactor will have an important effect on the level of C. parvum 

reduction. For ozone contactors, efficient inactivation will be promoted mainly by 

ensuring residence time behaviour that approaches that of perfect plug flow. Several 

engineering studies demonstrated that this hydrodynamic regime is difficult to achieve in 

a conventional fine bubble diffusers (Bellamy 1995; Do-Quang et al. 2000a; Henry and 

Freeman 1995; Martin et al. 1995). One of the limiting factors is that the operations of 

gas-liquid contact for ozone dissolution, and dissolved ozone contact for inactivation of 

microorganisms are constrained to take place in same contacting vessel. As part of this 

thesis, therefore, a two-stage contactor concept, in which ozone dissolution and 

microorganism reduction processes are treated as separate unit operations, was proposed 

as a ozone contactor design alternative.

The theoretical analysis and the two-stage contactor concept relied on the 

assumption that the process of inactivation of oocysts by ozone can be treated much like 

a chemical reaction between two dissolved reactants. Ozone contactor analysis was, 

therefore, amenable to treatment using the chemical reaction engineering concepts of 

residence time distribution and fluid segregation. Further, it was assumed that 

inactivation kinetic models developed in batch reactors, such as the C. parvum  ozone 

kinetic model developed by Gyiirek and co-workers (2001) and Li and co-workers 

(2001), can be used to predict microorganism inactivation by ozone in full-scale
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contactors. But was it safe to assume that oocysts and ozone behaved as dissolved 

reactants in continuous-flow systems? Consider that in a 1 mg/L solution of ozone, about 

1 million ozone molecules occupy a volume equal to that occupied by a single 5 um 

diameter, spherical C. parvum oocyst particle (see calculation in Appendix G). 

Moreover, the roles of gaseous ozone and the intensity of gas-liquid mixing on 

microorganism inactivation were uncertain. Some researchers suggested that reduction 

of yeast and bacteria was improved by promoting gas-liquid contact (Ahmad and Farooq 

1984; Farooq et al. 1977a; Farooq et al. 1978) or intense mixing (Masschelein 1982b). 

Others argued that bacterial inactivation was determined by primarily dissolved ozone 

(Finch and Smith 1991; Scaccia and Rosen 1978). Very little was known regarding the 

effect of gas-liquid mixing on inactivation of C. parvum  oocysts or, indeed, on the 

mechanism of C. parvum  inactivation by dissolved ozone.

The research objectives were first to demonstrate that efficient microorganism 

inactivation, of C. parvum oocysts in particular, could be achieved in a two-stage ozone 

contactor using a static mixer for gas-liquid mass transfer and rapid dissolution. The 

approach taken was to design and build an experimental static mixer contactor, and to 

measure inactivation of C. parvum oocysts and other microorganisms in carefully 

controlled challenge experiments. Static mixers create an intense hydrodynamic 

environment that not only promotes rapid ozone gas-liquid mass transfer, but may also 

enhance the rate of ozone inactivation of microorganisms (Bonnard et al. 1999; Zhu et al. 

1989a). The second objective was, therefore, to investigate the effect of the 

hydrodynamic conditions of gas-liquid contact within the static mixer on microorganism 

inactivation. The intended goal was to understand the impact of the static mixer on 

microorganisms and to better define the role of this device for improving the reduction of 

microorganisms in an ozone contacting system.
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12.2 FACTORS THAT DETERMINED MICROORGANISM INACTIVATION 

IN THE STATIC MIXER CONTACTOR

12.2.1 Effect of Turbulent Mixing on Mass Transfer and Microorganisms

In the experimental static mixer contactor, the seeded microorganisms were 

exposed to two extremes of hydrodynamic conditions of contact with ozone. The first 

phase involved very brief, but vigorous turbulent mixing with both gaseous and dissolved 

ozone within the mixing elements of the static mixer itself. In the second phase, the 

microorganisms were exposed to dissolved ozone under gentle mixing conditions within 

the reactive flow segment. The concept of the velocity gradient, G, and energy 

dissipation rate, e. have been used to quantify the intensity of turbulence in mixing 

processes in water treatment (Amirtharajah and O’Melia 1990). These concepts have 

been applied to the case of static mixers employed for mixing coagulation chemicals 

(Schulgen et al. 1996). Values of these hydrodynamic parameters were calculated for the 

experimental static mixer and are provided in Table 12-1. Details of the calculations are 

provided in Appendix H.

Table 12-1 Estimated hydrodynamic conditions within the static mixer.

Superficial 'Contact ‘Pressure Velocity Rate of Energy Kolmogoroff
Velocity Time Drop Gradient Dissipation Mixing Scale

v, (s) Ap G e n
(m/s) (kPa) (s*1) (J/kg-s) (pm)

0.6 0.075 6 9,200 80 10

1.4 0.032 32 32,000 1000 5
n p  ■■ ■ " i  ■ ■ ■ *■ ■ a  *

Contact time within the mixing elements of the static mixer.

2Estimated pressure drop based on measurement made during experiments.
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The evidence from the experimental studies was that the level of turbulent shear stress 

induced by the velocity gradients within the static mixer was not sufficient to cause 

damage that resulted in a direct lethal affect. Nor was there any evidence that a brief 

initial exposure within the static mixer altered the integrity of these microorganisms and 

their resistance to dissolved ozone. This finding applied to all three microorganisms 

investigated, B. subtilis spores, C. parvum oocysts or G. muris cysts. With G. muris 

cysts, the evidence of an indirect effect was not conclusive due to poor cyst recovery and 

variation in the experimental outcomes, but a strong effect was indicated. At the two 

levels of static mixer superficial velocities, vs, that were investigated, the microorganisms 

were exposed to estimated G values of 9 200 and 32 000 s '1 and energy dissipation rates, 

e, of 80 and 1 000 J/(kgs). In comparison, G values for in-line mixers used for rapid 

mixing of coagulation chemicals in water treatment processes are typically between 3 000 

and 5 000 s*1 (Amirtharajah and O'Melia 1990). Kastanek and co-authors (1993) listed 

values of energy dissipation rates, e , determined for various types of gas-liquid mixing 

equipment, including bubble columns and stirred vessels, that were between 1.5 and 11 

J/(kg-s). The turbulent mixing conditions experienced by the microorganisms in this 

study were considerably greater than what would likely be encountered in water 

treatment practice.

The Kolmogoroff mixing length, rj, is another parameter used in turbulent mixing 

theory to describe the scale of turbulence. The mixing length provides an estimate of the 

size of the smallest turbulent eddies that can be expected for a given energy dissipation 

rate. Given the estimated sizes of rj in Table 12-1, it is evident why the mass transfer 

rates in static mixer systems are much more rapid than in bubble diffusers. Bubbles 

generated in conventional porous diffusers are the order o f a few hundred pm or much 

greater (Zhou and Smith 2000). In the experimental static mixer, bubbles of this size 

would have been susceptible to size reduction by the shear stress induced by the 

comparatively small turbulent eddies that were established. Most microorganisms in 

drinking water, however, are much smaller than the bubbles generated by porous 

diffusers. C. parvum  oocysts are approximately 3 to 5 pm in size, and G. muris cysts are 

about 8 to 12 pm in size. B. subtilis spores are even smaller, at about 1 urn or less. 

Turbulent eddies o f  5 and 10 pm size (Table 12-1) are sufficient to generate very fine
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bubbles and high gas-liquid mass transfer rates, but are not small enough to transmit 

turbulent shear stress to spores, and are probably not small enough to do to a significant 

extent for cysts and oocysts. In light of these estimates of the scale of turbulence, it is not 

suprising that brief contact within the static mixer did not result in direct physical damage 

to these microorganisms. Moreover, it is not likely that the intensity of mixing in 

conventional gas-liquid contacting equipment used in water treatment would be sufficient 

to cause physical damage to these types of microorganisms.

12.2.2 Relationship Between Mass Transfer and Microorganism Reduction

Zhu and co-workers (1989a) reported significant inactivation of E. coli in a static 

mixer system with a residence time of between 2 and 6 seconds. They further concluded 

from their experiments that the rate of E. coli inactivation was controlled primarily by the 

rate of gas-liquid mass transfer. Results obtained with the microorganisms used in the 

investigations described in this thesis suggested otherwise. It was demonstrated that 

inactivation of B. subtilis spores, C. parvum oocyts and G. muris cysts within the static 

mixer, was independent of both the mass transfer efficiency and the overall mass transfer 

rate. The rapid development of a dissolved ozone concentration in the static mixer and 

the bubble column (Figure 8-2) was indicative of the high rate of ozone gas-liquid mass 

transfer in the experimental ozone contactor. Measurable dissolved ozone concentrations 

were developed in the very brief (< 0.1 s) residence time within the static mixer. Most of 

the gaseous ozone was dissolved by the time the flowing water reached the inlet of the 

bubble column, after less then 3 s of total contact time. Despite the rapid mass transfer 

rate, there was no evidence of inactivation within the static mixer itself or of improved 

inactivation with subsequent dissolved ozone contact for any of the microorganisms 

studied.

The discrepancy between the results of this study and that of Zhu and co-workers 

(1989a) can be explained in terms of the relative rates of gas-liquid mass transfer, ozone 

reaction in solution and the microorganism inactivation processes. It is a well-established 

principle of chemical reaction engineering that, if the reaction between a dissolved gas 

and soluble substrate is sufficiently fast, the rate of gas-liquid mass transfer will control 

the overall rate of reaction in a heterogeneous gas-liquid reaction system. If, on the other
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hand, the reaction is very slow, then the rate is determined by kinetics alone and mass 

transfer resistance has a little effect (Levenspeil, 1972). The principle can be extended to 

the case of the reaction between ozone and microorganisms. For a microorganism to be 

inactivated by ozone in a gas-liquid contactor, the ozone must first be transported from 

the bulk gas-phase to the bulk liquid-phase by diffusion through both gas and liquid 

films. The ozone must then diffuse through another film to the surface of the 

microorganism. The ozone then diffuses through the cell wall, spore coat or (oo)cyst 

wall, to the points of lethal effect, which may be targets within the protoplasm of the cell 

such as the cellular DNA. A recent study using SYTO-9® vital dyes suggested found 

that reduction of infectivity of oocysts exposed to ozone correlated with changes in 

permeability of the oocyst wall (Gytirek et al. 2001). This suggests that the sites of lethal 

effect with the oocysts, are structural constituents of the oocyst wall itself and not 

components of the protoplasm. Either way, the ozone must first diffuse through the 

oocyst wall to the critical sites. This multi-step, mass transfer-inactivation process is 

depicted at the top of Figure 12-1.

If the reactions at the sites of lethal effect within the cell interior or cell wall were 

very fast relative to the diffusion rates through the gas, liquid or cell wall films, mass 

transfer would tend to dominate the overall rate of microorganism inactivation. In this 

case, faster mass transfer, in either the gas or liquid phase, promoted by higher turbulent 

mixing levels would tend to result in greater microorganism inactivation in a given 

contacting volume. Similary if the rate of ozone decomposition within the liquid was 

very fast, such that gas-liquid mass transfer was required to maintain the concentration of 

dissolved ozone in the bulk liquid, then the gas-liquid mass transfer rate would be seen to 

control inactivation. This may explain the findings of Zhu and co-workers (1989a) with 

E. coli. At the ozone concentrations used in their work, the time frame required for log 

levels inactivation of vegetative E. coli bacteria is on the order of a few seconds (Hunt 

and Marinas 1997; Zhou and Smith 1994) which is approximately the same time scale 

required for gas-liquid mass transfer. In addition, Zhu and co-workers (1989a) were 

exploring a wastewater system in which the rate of ozone decomposition was probably 

much greater than in the treated drinking water use in the presented study.
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Figure 12-1
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Depiction of ozone concentration profiles in microorganism inactivation 
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As a result, the rates of microorganism inactivation and ozone decomposition were very 

fast relative to the gas-liquid mass transfer rate. Inactivation and decomposition occurred 

as quickly as the ozone was transferred from the gas to the liquid phase. In contrast, the 

time required for inactivation of the microorganisms used in the present study was much 

longer, on the order of minutes. This explains why no inactivation of these 

microorganisms was observed within the static mixer, despite the rapid gas-liquid mass 

transfer. A measurable effect of ozone on these microorganisms required extended 

contact with dissolved ozone in the reactive flow segment, after ozone dissolution was 

complete. As long as a sufficient dissolved ozone concentration was developed in the 

static mixer and bubble column, the overall rate of inactivation was was unaffected by the 

gas-liquid mass transfer rate. The relatively low rate of ozone decomposition in the 

drinking water decreased the necessity for continuous gas-liquid mass transfer that would 

otherwise be required in order to maintain the required dissolved ozone concentration.

12.2.3 Effect of Dissolved Ozone and Mixing

Microorganism inactivation in the experimental static mixer contactor was a 

function of the dissolved ozone concentration and residence time distribution. This was 

demonstrated conclusively for B. subtilis spores and C. parvum  oocysts. In each of the 

challenges experiments with the static mixer contactor, the Reynold’s number was 

constant at value of approximately 800. The seeded microorganisms were, therefore, 

exposed to dissolved ozone mostly under laminar flow conditions and with very little 

turbulent mixing or dissipation of energy. In comparison, the microorganisms in the 

batch reactor experiments were probably exposed to a greater mixing intensity by virtue 

of the magnetic stir bar (Note: mixing intensity in the batch reactors was not measured). 

The difference in mixing regimes, however, had no apparent effect on microorganism 

inactivation by the dissolved ozone. Both spore inactivation and oocyst inactivation in 

the contactor were accurately predicted based on kinetic models determined in well- 

stirred batch reactors. In the case of B. subtilis spores, the discrepancy between 

inactivation in the contactor and the batch reactors at intermediate Cavgtb was explained in 

terms of a residence time effect. No such explanations were required for the case of 

parvum  oocysts, because no discrepancy was observed.
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These results suggest that the rate of microorganism inactivation in the reactive 

flow segment of the experimental contactor was not limited by the rate of mass transfer 

from the bulk liquid to the surface of the spores or oocysts. Rather, the rate of 

inactivation was controlled by processes that occurred within the spore or oocyst, such as 

diffusion through the cell wall or reaction at the sites of lethal effect. The scenario of a 

microorganism limited rate process is depicted at the bottom of Figure 12-1. In this 

figure, the concentration of dissolved ozone at the surface of the oocyst, C5, is essentially 

the same as the concentration in the bulk liquid, Cb. The rate of inactivation is 

determined by the concentration of ozone in the bulk liquid. Two important points are 

illustrated by the comparison between microorganism inactivation in the contactor and 

the batch reactors. First, kinetic models of B. subtilis spore and C. parvum oocyst 

inactivation by ozone that were developed in well-stirred batch reactors should be valid 

for prediction of the rate of microorganism reduction in reactive flow segments in full- 

scale water treatment processes. Second, efforts to increase the rate of spore or oocyst 

inactivation by increasing the degree of turbulent mixing beyond that required for 

replacement of the ozone consumed in the inactivation reaction are not likely to be 

successful. These points will likely hold for any microorganism that has similar, or 

greater, resistance to ozone than B. subtilis spores or C. parvum oocysts.

12.3 ENGINEERING SIGNIFICANCE

Based on the experimental investigations and the previous discussion, it follows 

that, to achieve the most effective inactivation of ozone resistant pathogenic 

microorganisms like C. parvum, ozone contactors should be designed to create the 

optimum conditions for contact with dissolved ozone. These are:

1. generation of a sufficient dissolved ozone concentration; and

2. a residence time distribution behaviour that approaches that of perfect plug 

flow.

The role of the static mixer in improving microorganism inactivation, therefore, is 

primarily to serve as a means for rapidly and efficiently dissolving the gaseous ozone. 

Once the ozone is dissolved and the off-gas separated, efficient microorganism 

inactivation can be realized by contact with dissolved ozone in a well-designed reactive
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flow segment. When integrated into a two-stage contactor design, static mixers can, 

therefore, be effectively exploited to achieve efficient microorganism reduction. The fact 

that inactivation of B. subtilis spores and C. parvum oocysts in the static mixer contactor 

was nearly equivalent to that of a perfect plug flow contactor, demonstrated this point. 

Other gas-liquid contacting devices that provide rapid dispersal and dissolution of ozone, 

such as venturi injectors, may potentially perform the same role as static mixers in the 

two-stage contactor design.

From a process design perspective, another advantage of a two-stage ozone 

contactor based on a static mixer is that the mass transfer process is decoupled from the 

microorganism inactivation process. In the experimental investigations, ozone transfer 

efficiency in the static mixer contactor was demonstrated to be independent of 

microorganism inactivation. The same level of inactivation was achieved at either high 

or low ozone mass transfer efficiency provided that the conditions of dissolved ozone 

contact were the same. In conventional fine bubble-diffuser contactors, a relatively large 

physical volume is required for ozone dissolution. Economic and space constraints often 

dictate that mass transfer and dissolved ozone contact be carried out in the same vessel. 

If the contactor consists of both gas dispersion basins and reactive flow basins, the 

situation may be improved to some degree, however the physical design of the latter will 

still be dictated by the design of the former. A much smaller residence time will be 

required for ozone dissolution with a static mixer, therefore, it may be much easier to 

consider the design of the ozone contactor as two distinct unit operations. By separating 

the contactor into ozone dissolution and dissolved ozone contact unit operations, design 

flexibility will be increased and both operations can be optimized independently. In a 

full-scale static mixer contactor, mass transfer requirements, economics of ozone 

generation and pressure drop restrictions will dictate the design of the ozone dissolution 

unit operation. The design of the dissolved ozone contacting unit operation, the reactive 

flow segment, will be dictated primarily by the microorganism inactivation requirements. 

The two unit operations will be linked by the dissolved ozone concentration.
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12.4 APPLICATION AT LARGER SCALES

The two-stage ozone contactor design was demonstrated in the laboratory using a 

relatively smail-scale model contactor. Another potential advantage of the two-stage 

design is the potential for straightforward and reliable scale-up. Separation of ozone 

dissolution and dissolved ozone contact into two unit operations means that the 

hydrodynamic design of the reactive flow segment need not be restricted by gas-liquid 

mass transfer requirements. For the reactive flow segment, the primary scale-up 

variables are the mean residence time and the residence time distribution. The reactive 

flow segment must provide sufficient contact time with a residence time that approaches 

plug flow, and with little opportunity for flow short-circuiting. The simulations of 

Chapter 3 suggested that a macro-mixing regime that was equivalent to 20 CFSTRs in 

series (i.e. J  -  20) was adequate for efficient inactivation of C. parvum. At J  values of 

less than 10, the C. parvum inactivation was sensitive to the value of J  and degree of 

back-mixing in the contactor.

The few published studies on the dispersal and dissolution of the ozone in static 

mixer systems suggest that mass transfer in static mixers can be modeled in terms of 

physical variables (Grosz-Rdll et al. 1982; Martin and Galey 1994; Richards and 

Fleischman 1975). In principle, therefore, ozone mass transfer in static mixers is scale- 

able. Proprietary information on mixer performance developed by the manufacturers of 

static mixer equipment may also be available to aid in scale-up. As a parenthetic note, 

the manufacturer of the static mixer used in this experimental work, Sulzer, was able to 

provide estimates of the ozone mass transfer efficiency for various sizes and 

configurations of the SMV static mixer. Static mixers themselves have a relatively small 

construction footprint, and are amenable to modular installations. This feature may 

facilitate applications in water treatment facilities treating large volumes of water. In 

side-stream injection, ozonized gas is contacted with only a fraction of the total water 

flow in the treatment plant in a static mixer. This side-stream is then combined with the 

main water flow. This design option can be exploited for scale-up o f static mixer 

installations and to address issues of turndown ratio.
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Examples of the application of static mixers for dissolution of ozone in water 

treatment are available. Chandrakanth and co-workers (2000) described an evaluation of 

static mixers in water treatment plants at both pilot- and full-scale. Four examples of 

full-scale installations of static mixers for ozone dissolution in water treatment plants in 

the UK were used as part of the study, though few details were provided. According to 

the authors, these ozonation installations were intended primarily for oxidation of 

pesticides. Martin and co-workers (1995) described a 84 x 106 L/d installation that used 

side-stream injection of ozone with static mixers. In 2000, the Greater Vancouver 

Regional District (GVRD) commissioned an ozonation facility at their Coaquitlam 

location (Reil 2001). The facility was comprised of a unique side-stream ozone injection 

system that made use of static mixers. The duration of gas-liquid contact was less than 

12 seconds, including off-gas separation. Ozonated water flowed into a 3 m ID x 1000 m 

long stainless steel pipeline contactor that provided 10 minutes of contact time between 

microorganisms and the ozonated water.

This GVRD system was remarkably similar in concept to the two-stage contactor 

design described in Figure 4-1 and, unlike previous ozone static mixer installations, was 

designed primarily to provide protection against C. parvum. No hydrodynamic 

characterization or microorganism inactivation assessments were done (at least to the 

author’s knowledge). The hydrodynamic performance of the GVRD contactor was, 

therefore, estimated based on the physical dimensions and operating conditions. Details 

of these calculations were provided in Appendix I. The Reynolds number in the pipeline 

was calculated to be approximately 5 x 106, which indicates fully-developed turbulent 

flow. Using information provided for turbulent flow in pipes (Levenspiel 1972), the 

dispersion number of the pipeline was estimated to be 1 x 10° or equivalent to 80 

CFSTRs in series (i.e. J  = 80). The hydrodynamic performance of this contactor for C. 

parvum inactivation was, therefore, likely to approach that of a perfect plug flow 

contactor and very efficient inactivation was expected. The GVRD ozone contactor 

demonstrated the feasibility of the two-stage ozone contactor design concept at full-scale 

with a real-world example. The design challenge in most situations will be to determine 

how to integrate a pipe-line contactor, or one with equivalent hydrodynamic 

performance, into a treatment facility given head loss, space and economic constraints.

229

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13 CONCLUSIONS

Static mixers have been proposed, and have been used to a limited extent, as 

alternatives to conventional fine bubble diffusers contactors for dissolution of ozone in 

drinking water. An experimental investigation was carried out to help determine how 

static mixers can be employed to improve the ozonation process for the particular case of 

reduction of pathogenic microorganisms like Giardia lamblia and Cryptosporidium 

parvum. Static mixers have also been proposed as a means of enhancing the rate of 

microorganism inactivation by ozone, though no work had been done to test this 

hypothesis against encysted parasites like G. lamblia or C. parvum. A theoretical 

analysis demonstrated that inactivation of C. parvum in a continuous flow dissolved 

ozone contactor will be maximized by improving the approach to plug flow and by 

minimizing micro-mixing. An experimental study involving a small-scale static mixer 

ozone contactor was carried out to investigate these questions. The main conclusions of 

the study are listed below.

1. Static mixers can be employed to improve the design of ozone contactors for the 

reduction of pathogenic microorganisms in drinking water treatment. The main role 

of the static mixer is to serve as a means for rapidly and efficiently dissolving ozone 

into the water. By integrating a static mixer into a two-stage ozone contactor design 

that consists of an ozone dissolution stage followed by dissolve ozone contact stage, 

an ozone contactor can be designed to mimic a perfect plug flow contactor. Very 

efficient inactivation of Cryptosporidium parvum  can, thereby, be achieved. This 

approach to contactor design represents an improvement over conventional fine 

bubble diffuser ozone contactors.

2. There was no evidence that measurable inactivation of Bacillus subtilis spores, 

Cryptosporidium parvum  oocysts and Giardia muris cysts occurred within the static 

mixer itself. Nor was there evidence that inactivation of these microorganisms by 

dissolved ozone was improved or hindered, or affected in any way, by initial vigorous
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mixing and gas-liquid contact within the static mixer. Inactivation was determined 

exclusively by the conditions of contact with dissolved ozone, namely the dissolved 

ozone concentration, the mean residence time and the residence time distribution.

3. In the experimental contactor, there was no evidence that inactivation of C. parvum 

oocysts and B. subtilis spores was controlled by mixing or mass transfer. This 

includes mass transfer of ozone between the gas and liquid phases, or between the 

bulk liquid phase and the oocyst or spore surface. This finding supports the use of 

kinetic models of microorganism inactivation developed in small, well-stirred batch 

reactors for predicting inactivation in full-scale water treatment processes.

4. The efficiency of ozone dissolution in a static mixer ozone contactor was determined 

by the hydrodynamic conditions of gas-liquid contact, including the superficial 

velocity and the gas-liquid flow rate ratio. Dissolution efficiency was greatest at the 

highest velocities and the lowest gas-liquid flow rate ratio tested. Ozone dissolution, 

however, was not complete in the static mixer. Additional ozone transfer occurred in 

the piping and a bubble column downstream of the static mixer. For true 

optimization of the ozone dissolution unit operation, these components of the 

contactor should be considered in conjunction with the static mixer during system 

design.

5. Spores of the aerobic bacterium B. subtilis may serve as useful indicators of the 

efficiency of an ozone contactor for microorganism reduction. A kinetic model of 

spore inactivation by ozone, which was applicable at temperatures ranging from 3 to 

22°C, and at pH between 6 and 8, was developed. Spore inactivation was found to be 

only slightly dependent on pH. Although the spores shared a similar resistance to 

ozone as C. parvum oocysts, the shape of the inactivation curves of the two 

microorganisms differed considerably. It is not recommended that inactivation of C. 

parvum oocysts be inferred directly from measured inactivation of B. subtilis spores.
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14 RECOMMENDATIONS

In terms of engineering design, the following recommendations are made:

1. In order to optimize conditions for inactivation of Cryptosporidum parvum , ozone 

contactor design effort should be concentrated on aspects of contact with dissolved 

ozone. Most importantly, contactors should be designed to maximize the approach to 

plug flow. A two-stage ozone contactor design, using static mixers or other devices 

for rapid and efficient dissolution of ozone, is a recommended alternative to 

conventional fine bubble diffuser contacting basins. There is no reason to believe that 

increasing the intensity of mixing in an ozone contactor will improve the rates of 

inactivation. Such measures may, in fact, serve to decrease performance if the they 

contribute to back-mixing or micro-mixing and are not recommended.

2. If static mixers are selected as the means for ozone dissolution, designers should 

consider the contribution of other components of the ozone contactor to ozone 

transfer efficiency. This includes the piping at the exit of the static mixer, and any 

downstream contacting vessel in which additional gas-liquid contact takes place.

In terms of future research, the following recommendations are made:

3. This study focused primarily on the effects of the static mixer and the hydrodynamics 

of gas-liquid contact on microorganism inactivation by ozone. Ozone system design 

may be subject additional constraints that are related to other components o f the water 

of other treatment objectives. Future research work should be directed at determining 

how the hydrodynamics within the static mixer affects aspects such as formation of 

ozonation by products such as bromate and aldehydes, and decomposition of natural 

organic matter and formation of assimilable organic carbon (AOC).

4. The extremely rapid mass transfer properties of the static mixer may provide 

advantages for other beneficial uses of ozone in water treatment for which mass
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transfer rates are important. These include oxidation and destruction of organic 

micro-pollutants, oxidation chlorination process by-product pre-cursors and 

enchanced coagulation. Research investigations into the use of static mixers for 

improving conversion or reaction selectivity is recommended.

S. Relatively few studies have been published in which the ozone dissolution in static 

mixers has been investigated from the point of the view of mass transfer theory. The 

work in Chapter 8 of this thesis was mostly empirical in nature. One of the 

conclusions, however, was that other components of the contacting system contribute 

significantly to overall mass transfer efficiency. Further fundamental work should be 

done better understand the mass transfer that occurs within the static mixer and in the 

various downstream system components. One approach might be to use laser doppler 

anemometry to characterize the bubble size distributions within the static mixer as has 

been used by others to study conventional bubble columns (Zhou and Smith 2000).
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APPENDIX A INFORMATION FR O M  DOSE-RESPONSE EXPERIM ENTS

W ITH CRYPTOSPORIDIUM PARVUM  OOCYSTS AND 

GIARDIA M URIS  CYSTS (CHAPTER 6)
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Table A-l Results of five dose response experiments with experimental C. parvum 

oocysts

Dose
Response

Experiment

Oocyst Age 

(days)
Inoculum Size 

d
No. of Mice in 

Cohort
No. of Mice 
Positive for 

Infection

1 16 25 10 3
50 10 5
100 10 9
200 10 10

2 30 25 10 I
50 10 5
100 10 6
200 10 10

3 44 25 10 6
50 10 5
100 10 6
200 10 10

4 58 25 10 2
50 10 4
100 10 4
200 10 8

5 72 25 10 4
50 10 5
100 10 5
200 10 8
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Table A-2 Information from G. muris dose-response experiments with adult-male 

C3H/HeN mice used to develop the latent period dose-response model.

Trial

Cysts in 
Inoculum 

do

Cyst production on successive da]fS pos infection ( DPI) Latent 
Period 
LP, d

1 2 3 4 5 6 7 8 9 10

1 100 000 1.8 1.8 5.0 6.6 6.1 6.3 6.2 2.6
10 000 1.8 1.8 2.6 5.6 5.9 6.1 6.1 3.5

1 000 1.8 1.8 1.8 4.3 6.0 6.1 6.2 3.9
100 1.8 1.8 2.5 2.9 4.1 5.8 6.1 4.8

10 1.8 1.8 2.4 1.8 1.8 2.7 4.5 5.3 6.8

2 100 000 2.7 2.7 4.8 5.9 5.9 6.0 2.7
10 000 2.7 2.7 2.8 5.4 5.7 6.0 6.0 3.5

1 000 2.7 2.7 2.0 3.5 5.3 5.9 6.0 5.9 4.3
100 2.7 2.7 2.1 2.2 2.8 4.5 5.1 5.2 5.6 5.9

10 2.7 2.7 2.2 2.0 3.5 5.0 5.0 4.8 5.1 5.8 6.1

3 100 000 2.5 2.5 4.8 6.3 6.1 6.5 2.7
10 000 2.5 2.5 2.5 5.9 6.3 6.8 6.3 3.5

1 000 2.5 2.5 2.5 2.5 6.1 6.1 6.3 6.5 4.5
100 2.5 2.5 2.5 2.5 4.7 5.5 5.6 6.1 6.2 4.8

10 2.5 2.5 2.5 2.5 2.5 2.5 5.6 6.2 5.8 6.6

4 10 1.9 3.1 4.5 4.4 4.3 5.3 6.1 6.4

Table Notes:

Cyst production is shown as the logio of the average cyst production of 

the mouse cohort in cysts/g wet feces.

A < value for cyst production indicates that no cysts were observed 

under microscopic analysis with a hemocytometer. The value is the 

detection limit and is based on the observation o f 1 cysts and the average 

daily wet feces output per mouse and observation of 4 hemocytometer 

wells.

Information for experiment 3 was extracted from Labatiuk (1992)
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APPENDIX B INFORMATION FROM BATCH REACTOR OZONATION

TRIALS WITH BACILLUS SUBTIUS (ATCC 6633) 

SPORES SUSPENDED IN PHOSPHATE BUFFERED 

WATER (CHAPTER 7)
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Table B-1 Batch reactor ozonation trials with Bacillus subtilis (ATCC 6633) spores. All trials were conducted in 0.05 M ozone 
demand-free phosphate buffered ozone laboratory water at 3°C.‘

Trial pH c a h

Direct UV Absorbance @ 260 nm Indigo Trisulphonate Colorimetric 
Method

log/V log/V. -  log(/V//V.)
±95%
conf.c . c , C„ - C» c c . c „ - c . k„ c m„

mg/L min mg/L mg/L mg/L /min mg/L mgx
min/L

mg/L mg/L mg/L /min mg/L mgx
min/L

log-
units

log-
unils

log-units log-
units

1 6 1.59 10.0 1.76 1.29 -0.17 0.031 1.51 15.1 2.07 1.46 -0.48 0.035 1.75 17.5 2.1 5.5 3.4 0.4
2 6 0.94 6.0 0.99 0.77 -0.05 0.041 0.87 5.2 1.22 1.02 -0.28 0.030 1.11 6.7 5.7 5.5 -0.2 0.4
3 6 1.55 6.0 1.66 1.31 -0.11 0.039 1.48 8.9 2.15 1.61 -0.60 0.048 1.87 11.2 4.5 5.5 1.0 0.2
4 6 1.00 10.0 1.10 0.74 -0.10 0.040 0.90 9.0 1.44 0.93 -0.44 0.044 1.17 11.7 4.3 5.5 1.3 0.5
5 6 1.53 15.0 1.57 1.00 -0.04 0.030 1.26 18.9 2.04 1.12 -0.51 0.040 1.54 23.0 1.9 5.8 3.8 0.5
6 6 1.03 15.0 1.14 0.77 - 0.11 0.026 0.95 14.2 1.41 0.89 -0.38 0.031 1.13 16.9 2.3 5.8 3.5 0.3
7 6 0.98 19.0 0.97 0.21 0.01 0.081 0.49 9.4 0.97 0.19 0.01 0.086 0.48 9.1 1.9 5.8 1.9 0.3
8 6 1.61 7.30 1.67 1.26 -0.05 0.038 1.45 10.6 1.98 1.48 -0.37 0.040 1.71 12.5 3.7 5.6 2.0 0.4

9 8 2.02 10.0 2.15 1.16 -0.13 0.062 1.60 16.0 2.40 1.32 -0.38 0.060 1.81 18.1 1.8 5.8 4.0 0.4
10 8 1.01 4.0 1.08 0.81 -0.07 0.071 0.94 3.7 1.49 1.07 -0.48 0.081 1.27 5.1 5.8 5.8 0.1 0.4
11 8 0.96 10.0 1.06 0.50 -0.10 0.075 0.74 7.4 1.29 0.64 -0.33 0.071 0.93 9.3 4.6 5.4 0.8 0.5
12 8 1.99 4.0 1.96 1.55 0.03 0.058 1.75 7.0 2.55 1.77 -0.56 0.091 2.14 8.5 4.9 5.4 0.5 0.1
13 8 1.92 15.0 1.89 0.83 0.03 0.055 1.29 19.3 2.14 0.94 -0.22 0.055 1.46 21.9 1.4 5.6 4.3 0.4
14 8 1.14 15.0 1.15 0.46 - 0.01 0.061 0.75 11.3 1.46 0.57 -0.32 0.063 0.94 14.1 2.5 5.6 3.1 0.2
15 8 1.53 7.0 1.64 1.20 - 0.11 0.045 1.41 9.8 2.01 1.31 -0.48 0.061 1.64 11.4 2.9 5.8 2.9 0.2
16 8 2.04 8.0 2.06 1.37 -0.02 0.051 1.69 13.6 1.98 1.43 0.06 0.040 1.69 13.5 2.7 5.6 2.9 0.3

'Spore stock preparation A was used for a I trials.
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Table B-2 Butch reactor ozonation trials with Bacillus subtilis (ATCC 6633) spores. All trials were conducted in 0.05 M ozone 
demand-free phosphate buffered ozone laboratory water at 12°C.1

Trial pll C„ b

Direct l)V Absorbance @ 260 nm Indigo Trisulphonate Colorimetric 
Method

log N log/V, -  log(/V//V,) ±95%
conf.c . c ! c . - c . kd C ri c . c, C.-C , k„ Q ii

mg/L min mg/L mg/L mg/L /min mg/L mgx
min/L

mg/L mg/L mg/L /min mg/L mgx
min/L

log-
unils

log-
units

log-units log-
units

1 6 1.57 12.3 1.60 0.94 -0.03 0.04 1.24 15.3 2.0 1.08 -0.5 0.05 1.51 18.5 1.5 5.5 4.0 0.7
2 6 1.54 4.0 1.71 1.37 -0.17 0.06 1.54 6.1 1.9 1.47 -0.4 0.07 1.69 6.8 2.8 5.5 2.7 0.6
3 6 0,98 12.0 1.13 0.73 -0.15 0.04 0.92 11.0 1.1 0.82 -0.1 0.03 0.96 11.6 2.3 5.8 3.5 0.3
4 6 0.98 4.1 1.01 0.80 -0.03 0.06 0.90 3.7 1.2 0.95 -0.2 0.06 1.08 4.4 4.9 5.8 0.9 0.2
5 6 1.28 12.0 1.31 0.78 -0.03 0.04 1.02 12.2 1.5 0.81 -0.3 0.05 1.13 13.6 2.1 5.8 3.8 0.4
6 6 1.32 4.0 1.42 1.09 -0.10 0.07 1.25 5.0 1.7 1.17 -0.4 0.09 1.42 5.7 4.0 5.8 1.8 0.3
7 6 1.00 10.0 1.11 0.81 -0.11 0.03 0.95 9.5 1.2 0.97 -0.2 0.02 1.07 10.7 2.0 5.3 3.3 0.4
8 6 0.59 4.0 0.55 0.47 0.04 0.04 0.51 2.0 0.8 0.59 -0.2 0.06 0.67 2.7 5.5 5.3 -0.2 0.2

9 8 2.32 12.0 2.36 0.59 -0.04 0.12 1.27 15.3 2.9 0.66 -0.5 0.12 1.50 18.0 1.5 5.5 4.0 0.7
10 8 2.57 4.0 2.54 1.49 0.03 0.13 1.97 7.9 3.1 1.72 -0.5 0.14 2.33 9.3 2.1 5.5 3.4 0.5
II 8 1.48 12.0 1.67 0.51 -0.19 0.10 0.98 11.7 1.8 0.45 -0.3 0.12 0.98 11.8 1.9 5.8 3.8 0.5
12 8 1.48 4.0 1.53 0.94 -0.05 0.12 1.21 4.9 1.8 1.00 -0.3 0.15 1.36 5.4 3.1 5.8 2.7 0.3
13 8 1.73 5.0 1.84 1.09 -0.11 0.10 1.43 7.2 2.1 1.30 -0.4 0.10 1.66 8.3 2.1 5.4 3.3 0.3
14 8 0.75 4.0 0.85 0.48 -0.10 0.14 0.65 2.6 1.0 0.51 -0.2 0.16 0.71 2.8 5.5 5.4 -0.1 0.5
15 8 1.79 12.0 2.01 0.63 -0.22 0.10 1.19 14.3 2.2 0.59 -0.4 0.11 1.21 14.5 1.2 5.7 4.5 0.5
16 8 1.49 6.1 0.73 0.42 0.76 0.09 0.56 3.4 0.9 0.47 0.6 0.11 0.67 4.1 4.8 5.7 0.9 0.2

'Spore stock preparation A was used for all trials.
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Table B-3 Batch reactor ozonation trials with Bacillus subtilis (ATCC 6633) spores. All trials were conducted in 0.05 M ozone 
demand-free phosphate buffered ozone laboratory water at 22°C.'

Trial pH C . h

Direct UV Absorbance @ 260 nm Indigo Trisulphonate Colorimetric 
Method

log/V log N , - lo g  (MW.) ±95%
conf.

c . C f c . - c . c*-’arg c .rtt c . C f c . - c . h t Can

mg/L min mg/L mg/L mg/L /min mg/L mgx
min/L

mg/L mg/L mg/L /min mg/L mgx
min/L

log-
units

log-
units

log-units log-
units

1 6 1 10.0 1.06 0.53 -0.06 0.07 0.76 7.6 1.28 0.65 -0.28 0.07 0.93 9.3 2.1 5.6 3.4 0.2
0 6 1.78 5.0 2.10 1.51 -0.32 0.07 1.79 8.9 2.44 1.71 -0.66 0.07 2.05 10.3 1.7 5.6 3.9 0.4
3 6 1.89 10.0 2.02 1.17 -0.13 0.05 1.56 15.6 2.38 1.52 -0.49 0.05 1.91 19.1 0.5 5.3 4.8 0.5
4 6 0.99 5.0 1.10 0.70 -0.11 0.09 0.88 4.4 1.39 0.86 -0.40 0.10 1.10 5.5 2.5 5.3 2.8 0.3
5 6 0.76 4.0 0.76 0.55 0.00 0.08 0.65 2.6 0.88 0.64 -0.12 0.08 0.75 3.0 3.3 5.5 2.2 0.3
6 6 0.48 2.0 0.50 0.34 -0.02 0.20 0.41 0.8 0.61 0.43 -0.13 0.17 0.51 1.0 5.8 5.5 -0.3 0.2
7 6 0.69 8.0 0.70 0.39 -0.01 0.07 0.53 4.3 0.84 0.47 -0.15 0.07 0.63 5.1 2.0 5.3 3.3 0.2
8 6 0.47 3.0 0.47 0.32 0.00 0.13 0.39 1.2 0.58 0.39 -0.11 0.13 0.48 1.4 5.7 5.3 -0.4 0.2
9 6 0.63 4.0 0.54 0.38 0.09 0.09 0.46 1.8 0.67 0.49 -0.04 0.08 0.58 2.3 5.1 5.5 0.4 0.1

10 8 1.36 10.0 1.41 0.15 -0.05 0.22 0.57 5.7 1.43 0.19 -0.07 0.20 0.61 6.1 1.5 5.6 4.1 0.5
11 8 2.93 5.0 3.21 1.11 -0.28 0.21 1.97 9.9 3.74 1.22 -0.81 0.22 2.25 11.2 1.4 5.6 4.2 0.4
12 8 2.74 10.0 2.96 0.30 -0.22 0.23 1.16 11.6 3.50 0.32 -0.76 0.24 1.33 13.3 1.1 5.5 4.4 0.4
13 8 1.43 5.0 1.52 0.34 -0.09 0.30 0.78 3.9 1.88 0.38 -0.45 0.32 0.94 4.7 2.1 5.5 3.4 0.3
14 8 0.99 4.0 1.06 0.32 -0.07 0.30 0.62 2.5 1.23 0.37 -0.24 0.30 0.72 2.9 2.9 5.5 2.6 0.3
15 8 0.66 2.0 0.66 0.33 0.00 0.35 0.48 1.0 0.81 0.43 -0.15 0.32 0.60 1.2 5.7 5.5 -0.2 0.2
16 8 0.68 3.0 0.80 0.35 -0.12 0.27 0.55 1.6 0.78 0.33 -0.10 0.29 0.52 1.6 5.5 5.3 -0.3 0.3
17 8 1.2 12.0 1.24 0.08 -0.04 0.23 0.42 5.1 1.40 0.08 -0.20 0.24 0.46 5.5 1.8 5.3 3.5 0.3
18 8 0.8 4.0 0.70 0.24 0.10 0.27 0.43 1.7 0.67 0.34 0.13 0.17 0.49 1.9 5.0 5.4 0.5 0.1

'Spore stock preparation A was used for a I trials.
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Table C-l Information from ozone transfer efficiency experiments with the static 

mixer ozone contactor.

TRIAL Units 1 2 3 4 5 6 7 8 9 10

Operating Conditions
Feed Water Flow. Qf L/min 10.8 10.8 10.8 10.8 10.8 12.1 12.1 12.1 16.5 15.6

Feed Gas Flow, G L/min 0.47 0.47 0.47 0.47 0.14 0.14 0.14 0.14 0.11 0.41
SMX Inlet Pressure psig 7.3 7.4 7.3 7.4 5.5 7.3 7 6.9 6.9 7.6

SMX Outlet Pressure PS'g 4.0 4 4 4 3.9 3.9 3.9 4 4.5 4.3
Bubble Column Height. H m 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 0.45 0.45

Feed Water
DPD Total Chlorine 

PH
Temperature

mg/L

°C

0.2

16.8

0.17

16.9

0.19
8.2
17.3

8.4
16.2

0.26
8.2
16.9

8.2
15.2

0.26
8.4
16.5

8.2
16.1

8.3
16.3

0.32
8.4
15.9

Off-Gas Anavsis
Volume Collected L 2.2 2.13 3.05 1.89 1.42 1.83 3.61 2.15 2.145 2.01

Vol. Na2Si0 3  Titrant mL 7.5 12.75 2.6 10.75 3.25 5.15 1.65 5.6 5.6 6.4

Feed Gas Analysis
Vol. Gas Collected L l.l 1.02 1.48 1.02 1.04 1.03 1.09 1.04 1.07 1.12

Vol. Na^SiOs Titrant mL 17.9 32.05 5.7 26.7 30.55 39.5 8.05 39.75 39.15 19.1
Wet Test Meter Temp. °C 23.3 23.3 23.5 23.5 23.5 23.3 23.3 23.3 23.5 23.5

Barometric Pressure mmHg 710 710 710 710 710 710 710 710 709 709
Vol. Correction Factor 0.9 0.88 0.87 0.87 0.87 0.87 0.87 0.87 0.86 0.87

Dissolved Ozone 
Cone, bv UV 260

SMX Outlet mg/L 0.22 1.46 0.11 1.17 0.50 0.47 0.15 0.66 0.99 0.71
Column Inlet mg/L 1.96 4.21 0.65 4.19 1.20 1.57 0.33 1.25 1.47 1.83

Column Mid-Height 
Column Outlet

mg/L
mg/L

1.25
1.17

3.19
2.99

0.43
0.42

2.80
2.75

0.88
0.96

1.18
1.47

0.24
0.23

1.14
0.85 0.95 1.03

Calculated Variables
G/Qf % 4.3 4.35 4.32 4.33 1.26 1.17 1.17 1.16 0.67 2.61

SMX Sup. Velocity, v, m/s 0.93 0.93 0.93 0.93 0.93 1.04 1.04 1.04 1.42 1.34
Feed Gas Ozone Cone,)/ g/m3 46.5 85.7 10.4 70.9 79.6 103.9 20.0 103.5 99.2 46.2
Off Gas Ozone Cone. Ya g/m3 9.2 16.3 2.3 15.4 6.2 7.6 1.2 7.1 7.1 8.6
Transfer Efficiency, TE 7c 80.2 80.9 77.9 78.3 92.2 92.7 93.8 93.2 92.9 81.3

Mass Balance
Ozone Addition Rate mg/L 2.0 3.7 0.5 3.1 1.0 1.2 0.2 1.2 0.7 1.2
OzoneTransfer Rate mg/L 1.6 3.0 0.4 2.4 0.9 1.1 0.2 l.l 0.6 1.0

Ozone Loss mg/L 0.4 0.0 -0.1 -0.3 0.0 -0.3 0.0 0.3 -0.3 -0.1
Mass Balance Closure % 38 1 -17 -12 -3 -23 -6 32 -35 -5
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Table C-l (continued)

TRIAL Units 11 12 13 14 15 16 17 18 19 20

Operating Conditions
Feed Water Flow, Qf L/min 6.7 10.8 7.1 16.1 11.6 7.4 11.5 11.1 11.0 7.0

Feed Gas Row, G L/min 0.30 0.29 0.30 0.27 0.47 0.09 0.14 0.29 0.29 0.09
SMX Inlet Pressure psig 4.6 6.5 5 9 6.6 4.5 6.1 6.4 6.5 4.5

SMX Outlet Pressure psig 3.6 4 3.6 4.4 3.9 3.6 4.1 4 4 3.7
Bubble Column Height, H m 0.45 1.4 2.3 2.3 0.45 0.45 0.45 1.4 1.4 2.3

Feed Water
DPD Total Chlorine 

PH
mg/L

8.4
0.23
8.3 8.4 8.5

0.33
8.5 8.5 8.5

0.36
8.5

0.27
8.2 8.3

Temperature °C 16.2 17 16 15.9 16.3 16.6 16.4 16.5 16.5 16.7

Off-Gas Anavsis
Volume Collected L 2.07 2.02 2.11 2.17 2.04 1.21 1.21 2.12 2.02 1.14

Vol. NaiSjOj Titrant mL 7.6 5.8 8.64 3.25 3.55 11.2 6.9 6.6 5.25 4.8

Feed Gas Analvsis
Vol. Gas Collected L 1.4 1.12 1.66 1.1 1.21 1.01 1.03 2.1 1.19 0.9

Vol. NaiSiOj Titrant mL 15.25 16.6 15.5 18.9 8 39.1 44.15 33.95 17.2 33.65
Wet Test Meter Temp. °C 23.5 23.6 23.7 23.8 23.5 23.3 23.2 23.1 23.7 23.7

Barometric Pressure mmHg 709 690 690 690 690 690 690 690 693 693
Vol. Correction Factor 0.89 0.86 0.86 0.86 0.86 0.86 0.86 0.86 0.87 0.87

Dissolved Ozone 
Cone, bv UV 260

SMX Outlet mg/L 0.35 0.33 0.31 0.49 0.28 0.48 0.60 0.43 0.46 0.50
Column Inlet mg/L 2.00 1.88 0.83 0.93 1.24 2.47 2.26 1.87 1.53 1.57

Column Mid-Height 
Column Outlet

mg/L
mg/L 0.81 1.06

0.78
0.68

0.70
0.76 0.53 1.17 0.99 0.86 0.81

1.48
1.22

Calculated Variables
G/Qf % 4.42 2.72 4.18 1.69 4.03 1.16 1.19 2.63 2.65 1.23

SMX Sup. Velocity, vs m/s 0.58 0.93 0.61 1.39 0.99 0.64 0.99 0.95 0.95 0.60
Feed Gas Ozone Conc.fy g/m3 29.5 41.3 26.0 47.8 18.4 107.8 119.3 45.0 40.1 103.6
Off Gas Ozone Cone, Ya g/m3 10.0 8.0 11.4 4.2 4.8 25.8 15.9 8.7 7.2 11.7
Transfer Efficiency, TE % 66.3 80.6 56.1 91.3 73.7 76.1 86.7 80.7 82.0 88.7

Mass Balance
Ozone Addition Rate mg/L 1.3 1.1 1.1 0.8 0.7 1.3 1.4 1.2 1.1 1.3
OzoneTransfer Rate mg/L 0.9 0.9 0.6 0.7 0.5 1.0 1.2 1.0 0.9 1.1

Ozone Loss mg/L 0.1 -0.2 -0.1 0.0 0.0 -0.2 0.2 0.1 0.1 -0.1
Mass Balance Closure % 7 -15 -10 -3 3 -18 23 11 8 -7
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Table C-l (continued)

TRIAL Units 21 22 23 24 25 26 27 28 29 30 31

Oneratins Conditions
Feed Water Flow, Qf L/min 11.5 11.5 15.9 15.9 16.3 15.7 11.1 11.1 7.7 10.0 10.0

Feed Gas Flow, G L/min 0.47 0.14 0.42 0.19 0.19 0.19 0.29 0.29 0.30 0.14 0.14
SMX Inlet Pressure psig 7.1 6.2 9 8.6 9 8.8 6.5 6.5 5.5 6.1 6.1

SMX Outlet Pressure psig 4.1 4 4.5 4.4 4.5 4.5 4 4 3.6 4 4
Bubble Column Height. H m 2.3 2.3 2.3 2.3 0.45 1.4 1.4 1.4 2.3 1.4 1.4

Feed Water
DPD Total Chlorine 

PH
Temperature

mg/L

°C 16.6

0.32
8.5
16.2

8.5
15.9

8.5
16.5

0.24
8.0
16.9

8.3
16.6

8.6
7

0.48
8.5
7

0.29
8.0
16.6 16.2 16.2

Off-Gas Anavsis
Volume Collected L 2.05 1.28 2.24 1.73 2.02 1.95 2.01 2.06 2.35 2.06 2.13

Vol. NaiSiOj Titrant mL 3.2 3.6 4.1 4.4 7.4 6.6 5.4 5.25 5.95 11.1 12.34

Feed Gas Analysis
Vol. Gas Collected L 1.19 1.25 1.05 1.01 1.23 1.05 1.04 1.06 1.4 1.03 1.03

Vol. NaiSiOs Titrant mL 10.3 50.3 16.1 41.75 46.6 43.1 16.2 16.05 15.7 42.9 42.9
Wet Test Meter Temp. °C 23.7 23.5 23.4 23.4 23.2 23 22.7 22.7 23 23 23

Barometric Pressure mmHg 693 693 693 693 700 700 700 700 694 694 694
Vol. Correction Factor 0.87 0.87 0.87 0.87 0.88 0.88 0.88 0.88 0.87 0.87 0.87

Dissolved Ozone 
Cone, bv UV 260

SMX Outlet mg/L 0.46 0.67 0.66 0.93 0.84 0.97 0.57 0.49 0.24 0.73 0.73
Column Inlet mg/L 0.95 1.36 1.20 1.57 1.10 1.57 1.13 1.06 1.12 2.08 2.08

Column Mid-Height 
Column Outlet

mg/L
mg/L

0.94
0.85

1.09
1.10

1.00
0.97

1.30
1.27 1.03 1.24 1.02 0.93

1.03
0.80 1.22 1.22

Calculated Variables
G/Q{ % 4.09 1.19 2.63 1.19 1.17 1.21 2.65 2.65 3.92 1.37 1.37

SMX Sup. Velocity, v, m/s 0.99 0.99 1.37 1.37 1.40 1.35 0.96 0.96 0.67 0.86 0.86
Feed Gas Ozone Conc.fy g/m3 24.0 111.5 42.5 114.6 103.9 112.6 42.7 41.5 31.0 115.2 115.2
Off Gas Ozone Cone. Ya g/m3 4.3 7.8 5.1 7.0 10.0 9.3 7.4 7.0 7.0 14.9 16.0
Transfer Efficiency. TE % 82.0 93.0 88.1 93.8 90.3 91.8 82.8 83.2 77.4 87.1 86.1

Mass Balance
Ozone Addition Rate mg/L 1.0 1.3 1.1 1.4 1.2 1.4 1.1 l.l 1.2 1.6 1.6
OzoneTransfer Rate mg/L 0.8 1.2 1.0 1.3 l .l 1.3 0.9 0.9 0.9 1.4 1.4

Ozone Loss mg/L 0.0 0.1 0.0 0.0 0.1 0.0 -0.1 0.0 0.1 0.2 0.1
Mass Balance Closure % -5 12 1 I 7 1 -8 _2 18 12 11
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Table D-l Static mixer contactor challenge experiments with B. subtilis spores:

Ozonation conditions based on UV 260 absorbance method.

Trial Units 34 35 36 37 38 39 40 41

SMX Conditions
Feed Flow. Qf L/min 7.36 15.58 15.92 6.43 6.87 16.06 16.28 8.04
Gas Flow. G L/min 0.092 0.391 0.197 0.203 0.092 0.388 0.196 0.2
Sup. Vel. v, m/s 0.63 1.34 1.37 0.55 0.59 1.38 1.40 0.69
G/Qr % 1.25 2.51 1.24 3.16 1.34 2.42 1.20 2.49
RFS Flow, Qrfs L/min 1.95 2.03 2.03 2.04 1.99 2.1 2.09 2.1
Pressure Drop, Ap kPa 6.2 32.4 29.64 9.65 6.2 31.02 28.26 5.51

Water
Avg. Temp °C 16.6 16.0 15.8 16.4 15.6 15.4 16.2 16.4
DPD Total Cl; mg/L 0.06 0.18 0.19 0.12 0.19 0.2 0.21 0.42
pH 7.6 7.6 75 7.7 7.8 7.9 7.8 7.8

Ozone Cone.
SMX Out mg/L 0.22 0.57 0.76 0.50 0.46 0.58 0.57 0.62
Column In mg/L 0.85 1.03 1.27 1.32 1.41 1.09 0.85 1.41
RFS In mg/L 0.78 0.78 1.21 1.13 1.07 1.06 0.79 1.16
RFS 1/4 mg/L 0.66 0.75 1.06 1.04 1.01 1.01 0.68 1.13
RFS 1/2 mg/L 0.59 0.68 0.94 0.92 0.95 0.96 0.60 1.01
RFS 3/4 mg/L 0.49 0.69 0.93 0.88 0.84 0.90 0.56 0.96
RFS Out mg/L 0.40 0.64 0.87 0.78 0.75 0.84 0.43 0.77

Column
min 0.72 0.46 0.45 0.83 0.77 0.44 0.44 0.66

c mt mg/L 0.81 0.90 1.24 1.22 1.23 1.07 0.82 1.28

RFS
t„ 1/4 min 3.8 3.7 3.7 3.6 3.7 3.5 3.5 3.5
tm 1/2 min 7.9 7.6 7.6 7.5 7.7 7.3 7.3 7.3
tm 3/4 min 11.7 11.3 11.2 11.1 11.5 10.8 10.9 10.9
tm Out min 15.6 15.1 15.1 15.0 15.4 14.5 14.6 14.6
Co mg/L 0.78 0.78 1.18 1.13 1.09 1.07 0.79 1.20
kj min'1 0.040 0.013 0.022 0.024 0.023 0.016 0.037 0.026

Cumulative

RFS In mgxmin/L 0.59 0.41 0.56 1.01 0.95 0.47 0.36 0.84
RFS 1/4 mgxmin/L 3.33 3.19 4.69 4.93 4.86 4.14 2.98 4.90
RFS 1/2 mgxmin/L 5.84 6.03 8.75 8.76 8.70 7.84 5.42 8.85
RFS 3/4 mgxmin/L 7.84 8.56 12.25 12.03 11.99 11.12 7.41 12.22
RFS Out mgxmin/L 9.63 11.07 15.62 15.16 15.16 14.35 9.23 15.43

283

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table D-2 Static mixer contactor challenge experiments with B. subtilis spores:

Ozonation conditions based on the indigo trisulphonate method.

Trial Units 34 35 36 37 38 39 40 41

SMX Conditions
Feed Flow, Qr L/min 7.36 15.58 15.92 6.43 6.87 16.06 16.28 8.04
Gas Flow, G L/min 0.092 0.391 0.197 0.203 0.092 0.388 0.196 0.2
Sup. Vel. v, m/s 0.63 1.34 1.37 0.55 0.59 1.38 1.40 0.60
G/Qf % 1.25 2.51 1.24 3.16 1.34 2.42 1.20 2.49
RFS Flow, Qrfs L/min 1.95 2.03 2.03 2.04 1.99 2.1 2.09 2.1
Pressure Drop, Ap kPa 6.2 32.4 29.64 9.65 6.2 31.02 28.26 5.51

Water
Avg. Temp °C 16.6 16.0 15.8 16.4 15.6 15.4 16.2 16.4
DPD Total Cl2 mg/L 0.06 0.18 0.19 0.12 0.19 0.2 0.21 0.42
PH 7.6 7.6 7.5 7.7 7.8 7.9 7.8 7.8

Ozone Cone.
SMX Out mg/L 0.64 0.72 0.69 0.66 0.56 0.69 0.74 0.70
Column In mg/L 1.41 1.17 1.42 1.45 1.33 1.28 1.03 1.66
RFS In mg/L 1.34 0.97 1.47 1.27 1.35 1.08 0.92 1.62
RFS 1/4 mg/L 1.16 0.91 1.30 1.23 1.30 0.97 0.81 1.26
RFS 1/2 mg/L 0.95 0.83 1.12 1.04 1.28 0.84 0.68 1.07
RFS 3/4 mg/L 0.85 0.80 1.00 0.99 1.08 0.70 0.65 1.08
RFS Out mg/L 0.75 0.77 0.98 0.94 1.02 0.66 0.58 0.91

Column
tm min 0.72 0.46 0.45 0.83 0.77 0.44 0.44 0.66
rV"UV* mg/L 1.37 1.07 1.44 1.36 1.34 1.17 0.97 1.64

RFS
tm 1/4 min 3.8 3.7 3.7 3.6 3.7 3.5 3.5 3.5
tm 1/2 min 7.9 7.6 7.6 7.5 7.7 7.3 7.3 7.3
tm 3/4 min 11.7 11.3 11.2 11.1 11.5 10.8 10.9 10.9
tm Out min 15.6 15.1 15.1 15.0 15.4 14.5 14.6 14.6
Co mg/L 1.33 0.96 1.45 1.29 1.38 1.09 0.91 1.54
*,/ m in'1 0.039 0.016 0.030 0.023 0.018 0.037 0.032 0.039

Cumulative
Ganim

RFS In mgxmin/L 1.0 0.5 0.7 1.1 1.0 0.5 0.4 l.l
RFS 1/4 mgxmin/L 5.7 3.9 5.7 5.6 6.0 4.1 3 5 6.2
RFS 1/2 mgxmin/L 10.0 7.4 10.5 10.0 11.0 7 5 6.4 10.9
RFS 3/4 mgxmin/L 13.5 10.4 14.5 13.8 15.3 10.3 8.8 14.7
RFS Out mgxmin/L 16.6 13.4 18.2 17.5 19.5 12.8 11.0 18.2
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Table D-3 Microorganism enumeration information from laboratory study with static 

mixer ozone contactor experiments with B. subtilis spores.

Trial 34 35 36 37 38 39 40 41

Spore Stock B C B C C C B B

Loe Snore Cone.
Feed 4.6 4.8 4.2 5.0 5.0 4.5 4.1 4.7
SMX Out 4.3 4.7 4.2 4.9 5.0 4.6 4.0 4.6
RFS In 4.3 4.6 4.2 5.0 4.9 4.4 4.0 4.7
RFS 1/4 4.2 4.5 3.7 4.2 4.3 4.4 4.1 4.0
RFS 1/2 2.2 3.0 1.5 1.9 1.7 2.9 3.1 0.9
RFS 3/4 0.1 0.8 -0.3 0.2 0.1 0.5 1.4 0.0
RFS Out -0.1 -0.2 -0.3 -0.1 - l .l -0.2 0.1 -0.8

Loe Inactivation
SMX Out 0.30 0.01 0.01 0.04 0.07 -0.03 0.11 0.11
RFS In 0.3 0.1 -0.1 0.0 0.1 0.1 0.1 0.0
RFS 1/4 0.3 0.2 0.5 0.7 0.7 0.2 0.0 0.7
RFS 1/2 2.5 1.7 2.7 3.0 3.3 1.6 1.0 3.7
RFS 3/4 4.5 3.9 4.5 4.7 5.0 4.0 2.7 4.7
RFS Out 4.6 4.9 4.5 5.0 6.1 4.7 4.0 5.5

95 % Confidence
Interval

SMX Out 0.5 0.1 0.5 0.2 0.2 0.2 0.4 0.4
RFS In 0.4 0.3 0.3 0.2 0.2 0.4 0.4 0.3
RFS 1/4 0.4 0.1 0.7 0.2 0.5 0.2 0.4 0.3
RFS 1/2 0.3 0.2 0.4 0.4 0.3 0.3 0.4 0.2
RFS 3/4 0.4 0.1 0.9 0.2 0.3 0.2 0.4 0.4
RFS Out 0.3 0.1 0.4 0.2 0.6 0.2 0.5 0.9
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Table D-4 Batch reactor ozonation trials with B. subiilis (ATCC 6633) spores. All trials were conducted in samples of feed water 

from the static mixer ozone contactor at 16°C.

Trial pH c . h

Direct UV Absorbance @ 260 nm Indigo Trisulphonate Colorimetric 
Method

log N log/V# -log (N/A/o) ±95%
conf.

c . Cf c . - c . k* c atf CgrJ Co Cf CaCo K Catj

mg/L min mg/L mg/L mg/L /min mg/L mgx
min/L

mg/L mg/L mg/L /min mg/L mgx
min/L

log-
units

log-units log-units log-units

1 7.8 1.8 7.0 0.70 0.41 1.10 0.08 0.55 3.8 1.13 0.59 0.7 0.09 0.83 5.9 4.7 5.9 1.2 0.2
2 7.8 2.08 20.0 0.85 0.18 1.23 0.08 0.43 8.6 1.28 0.21 0.8 0.09 0.59 11.8 2.8 5.9 3.2 0.3
3 7.8 2.37 30.0 1.27 0.08 1.10 0.09 0.43 13.0 1.79 0.11 0.6 0.09 0.60 18.1 1.9 5.9 4.0 0.2
5 7.8 2.49 12.0 1.20 0.31 1.29 0.11 0.66 7.9 1.84 0.30 0.7 0.15 0.85 10.2 2.1 6.0 3.8 0.2
6 7.8 1.51 3.0 0.47 0.31 1.04 0.14 0.39 1.2 0.75 0.41 0.8 0.20 0.56 1.7 6.0 6.0 0.0 0.2
7 7.8 1.77 20.0 0.83 0.15 0.94 0.09 0.40 8.0 1.20 0.20 0.6 0.09 0.56 11.1 2.3 6.0 3.7 0.2
9 7.8 1.46 12.0 0.71 0.34 0.75 0.06 0.50 6.0 1.19 0.52 0.3 0.07 0.81 9.7 3.0 6.1 3.0 0.3
10 7.8 2.48 3.0 1.71 1.03 0.77 0.17 1.34 4.0 2.55 1.42 -0.1 0.20 1.93 5.8 5.0 6.1 1.1 0.1
11 7.8 2.07 7.0 1.34 0.52 0.73 0.14 0.87 6.1 1.87 0.71 0.2 0.14 1.20 8.4 3.0 6.1 3.1 0.3
14 7.8 1.81 10.0 1.04 0.53 0.77 0.07 0.76 7.6 1.38 0.68 0.4 0.07 0.99 9.9 2.5 6.0 3.5 0.2
15 7.8 1.45 7.0 0.73 0.39 0.72 0.09 0.54 3.8 0.98 0.59 0.5 0.07 0.77 5.4 5.1 6.0 0.9 0.2
17 7.8 2.93 19.0 1.84 0.26 1.09 0.10 0.81 15.4 2.78 0.27 0.1 0.12 1.08 20.6 1.2 6.0 4.8 0.2
18 7.8 2.08 6.0 1.08 0.45 1.00 0.15 0.72 4.3 1.80 0.56 0.3 0.19 1.06 6.4 4.3 6.0 1.7 0.2
19 7.8 1.85 3.0 0.90 0.56 0.95 0.16 0.71 2.1 1.36 0.87 0.5 0.15 1.10 3.3 5.9 6.0 0.1 0.2
22 7.8 1.91 15.5 1.99 0.52 -0.08 0.09 1.10 17.0 2.19 0.60 -0.3 0.08 1.23 19.0 0.7 5.5 4.8 0.2
23 7.8 1.89 4.0 1.98 1.19 -0.09 0.13 1.55 6.2 2.47 1.45 -0.6 0.13 1.91 7.7 3.0 5.5 2.5 0.2
25 7.8 1.9 15.0 2.07 0.51 -0.17 0.09 1.11 16.7 2.43 0.58 -0.5 0.10 1.29 19.3 l.l 6.3 5.2 0.3
26 7.8 2.02 10.0 2.09 0.91 -0.07 0.08 1.42 14.2 2.55 1.04 -0.5 0.09 1.68 16.8 1.7 6.3 4.6 0.3
27 7.8 1.93 4.0 2.12 1.42 -0.19 0.10 1.74 7.0 2.42 1.77 -0.5 0.08 2.08 8.3 3.3 6.3 3.0 0.2

to
00
O n

Notes: Trials I through 15 were conducted with spore batch preparation B. Trials 16 through 27 were conducted with spore batch preparation C
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Table E-l Static mixer contactor experiments with Cryptosporidium parvum oocysts:

Ozonation conditions based on UV 260 absorbance method.

Trial Units 43 44 45 46 47 48 49 50 51

SMX Conditions
Feed Row, Qf L/min 7.29 7.48 7.9 7.49 7.6 12.96 7.49 7.49 16.01
Gas Row, G L/min 0.092 0.92 0.093 0.093 0.093 0.203 0.093 0.093 0.20
Sup. Vel. v, m/s 0.63 0.64 0.68 0.64 0.65 1.12 0.64 0.64 1.38
G/Qr % 1.26 1.23 1.18 1.24 1.22 1.57 1.24 1.24 1.26
RFS Flow, Qkfs L/min 2.05 2.05 2.06 2.06 2.06 2.05 2.05 2.09 2.09
Pressure Drop, Ap kPa 6.2 5.51 7.58 6.89 7.58 34.46 7.58 7.58 31.7

Water
Avg. Temp °C 22.2 21.6 22.3 21.7 21.9 21.9 21.8 22.3 21.7
DPD Total Cl2 mg/L 0.02 0.10 0.18 0.02 0.13 0.13 0.00 0.14 0.23
pH 7.2 7.9 8.1 7.9 7.8 7.8 7.7 8.0 7.8

Ozone Cone.
SMX Out mg/L 0.33 0.27 0.35 0.22 0.25 0.33 0.27 0.23 0.37
Column In mg/L 0.72 0.59 0.82 0.70 0.71 0.62 0.68 0.62 0.63
RFS In mg/L 0.51 0.54 0.74 0.55 0.61 0.56 0.53 0.55 0.51
RFS 1/4 mg/L 0.38 0.45 0.66 0.52 0.51
RFS 1/2 mg/L 0.30 0.44 0.59 0.51 0.43 0.56 0.49 0.47 0.45
RFS 3/4 mg/L 0.28 0.34 0.32
RFS Out mg/L 0.22 0.30 0.53 0.34 0.27 0.50 0.41 0.39 0.39

Column
tm min 0.73 0.71 0.67 0.71 0.70 0.55 0.71 0.71 0.45
c'■'OV* mg/L 0.60 0.56 0.78 0.62 0.66 0.59 0.60 0.58 0.56

RFS
tm 1/4 min 3.6 3.6 1.8 1.8 3.7
tm 1/2 min 7.5 7.5 3.6 3.6 7.6 1.81 1.8 1.8 1.8
tm 3/4 min 11.1 11.1 11.3
tm Out min 14.9 14.9 7.5 7.4 15.1 3.63 3.6 3.6 3.6
Co mg/L 0.50 0.53 0.73 0.57 0.62 0.57 0.54 0.55 0.51
Ki m in'1 0.055 0.037 0.047 0.059 0.055 0.028 0.070 0.091 0.075

Cumulative Cirttn
RFS In mgxmin/L 0.44 0.40 0.52 0.44 0.46 0.32 0.43 0.41 0.25
RFS 1/4 mgxmin/L 2.08 2.21 1.78 1.41 2.52 0.32 0.43 0.41 0.25
RFS 1/2 mgxmin/L 3.50 3.89 2.93 2.29 4.30 1.33 1.34 1.31 1.10
RFS 3/4 mgxmin/L 4.59 5.27 0.52 0.44 5.66 0.32 0.43 0.41 0.25
RFS Out mgxmin/L 5.52 6.52 5.09 3.88 6.81 2.28 2.15 2.07 1.85
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Table E-2 Static mixer contactor experiments with Cryptosporidium parvum oocysts:

ozonation conditions based on indigo trisulphonate method.

Trial 43 44 45 46 47 48 49 50 51

SMX Conditions
Feed Row, Qf L/min 7.29 7.48 7.9 7.49 7.6 12.96 7.49 7.49 16.01
Gas Row, G L/min 0.092 0.92 0.093 0.093 0.093 0.203 0.093 0.093 0.20
Sup. Vel. v, m/s 0.63 0.64 0.68 0.64 0.65 1.12 0.64 0.64 1.38
G/Qr % 1.26 12.30 1.18 1.24 1.22 1.57 1.24 1.24 1.26
RFS Flow, QRfs L/min 2.05 2.05 2.06 2.06 2.06 2.05 2.05 2.09 2.09
Pressure Drop, Ap kPa 6.2 5.51 7.58 6.89 7.58 34.46 7.58 7.58 31.7

Water
Avg. Temp °C 22.2 21.6 22.3 21.7 21.9 21.9 21.8 22.3 21.7
DPD Total Cl2 mg/L 0.02 0.10 0.18 0.02 0.13 0.13 0.00 0.14 0.23
PH 7.2 7.9 8.1 7.9 7.8 7.8 7.7 8.0 7.8

Ozone Cone.
SMX Out mg/L 0.41 0.27 0.54 0.34 0.26 0.33 0.30 0.23 0.40
Column In mg/L 0.85 0.59 1.09 0.82 0.94 0.62 0.80 0.73 0.63
RFS In mg/L 0.72 0.54 0.92 0.64 0.76 0.56 0.78 0.59 0.57
RFS 1/4 mg/L 0.58 0.45 0.81 0.62 0.62
RFS 1/2 mg/L 0.51 0.44 0.77 0.56 0.52 0.56 0.80 0.51 0.46
RFS 3/4 mg/L 0.43 0.34 0.43
RFS Out mg/L 0.39 0.30 0.59 0.47 0.34 0.50 0.69 0.45 0.42

Column
min 0.73 0.71 0.67 0.71 0.70 0.55 0.71 0.71 0.45

C„v, mg/L 0.78 0.56 1.00 0.72 0.85 0.59 0.79 0.66 0.60

RFS
tm 1/4 min 3.6 3.6 1.8 1.8 3.7
tm 1/2 min 7.5 7.5 3.6 3.6 7.6 1.81 1.8 1.8 1.8
tm 3/4 min 11.1 11.1 11.3
tm Out min 14.9 14.9 7.5 7.4 15.1 3.63 3.6 3.6 3.6
Co mg/L 0.71 0.65 0.92 0.65 0.76 0.71 0.80 0.59 0.56
kd m in'1 0.040 0.026 0.056 0.041 0.053 0.025 0.031 0.077 0.091

Cumulative Cn L
RFS In mgxmin/L 0.57 0.40 0.67 0.51 0.59 0.32 0.56 0.47 0.27
RFS 1/4 mgxmin/L 2.96 2.64 2.24 1.63 3.13 0.32 0.56 0.47 0.27
RFS 1/2 mgxmin/L 5.17 4.82 3.65 2.68 5.36 1.58 1.97 1.45 1.19
RFS 3/4 mgxmin/L 6.95 6.66 0.67 0.51 7.07 0.32 0.56 0.47 0.27
RFS Out mgxmin/L 8.55 8.41 6.25 4.67 8.53 2.79 3.30 2.31 1.97
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Table E-3 Infectivity analysis with the CD-I mouse infectivity assay in the static

mixer contactor experiments with Cryptosporidium parvum oocysts.

Trial Sample Oocyst
Recovery

d. Mice in 
Cohort

Mice
Infected

P d log 
Inactivation 
-  log (d/d,)

Average log 
Inactivation 
-log (d/d,)

43 Feed 73 50 5 3 0.60 71 -0.15 -0.15
500 5 5 1.00 > 18 <0.52

SMX Out 67 50 3 2 0.67 89 -0.25 -0.25
500 4 4 1.00 > 121 <0.62

5000 5 5 1.00 > 152 < 1.52

RFS Out 67 500 5 0 0.00 < 18 > 1.45 3.12
5000 5 0 0.00 < 18 >2.45

50 000 5 2 0.40 38 3.12

44 Feed 64 50 5 3 0.60 71 -0.15 -0.15
500 5 5 1.00 > 152 <0.52

SMX Out 55 50 5 3 0.60 71 -0.15 -0.15
500 5 5 1.00 > 152 <0.52

5000 5 5 1.00 > 152 < 1.52

RFS Out 64 1 000 5 0 0.00 < 18 > 1.75 >3.25
10 000 5 1 0.20 18 2.75

100 000 5 1 0.20 < 18 >3.75

45 Feed 63 50 5 4 0.80 152 -0.48 -0.48
500 5 5 1.00 > 152

SMX Out 44 50 5 2 0.40 38 0.12 0.32
500 5 4 0.80 152 0.52

5000 5 5 1.00 > 152 < 1.5

RFS Out 43 500 5 0 0.00 < 18 > 1.44 3.12
5 000 5 0 0.00 < 18 >2.44

50000 5 2 0.40 38 3.12

46 Feed 43 50 5 I 0.20 18 0.45 0.65
500 5 3 0.60 71 0.85

SMX Out 30 50 7 1 0.14 13 0.59 0.97
500 8 2 0.25 22 1.36

RFS Out 10 2000 7 1 0.14 13 2.19 2.30
20000 8 5 0.63 77 2.42
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Table E-3 (continued)

Trial Sample Oocyst
Recovery

Mice in 
Cohort

Mice
Infected

P d log
Inactivation 
-  log (d/d,)

Average log 
Inactivation 
-log (d/d*)

47 Feed 32 50 5 1 0.20 18 0.45 0.45
500 5 5 1.00 > 152 <0.52

SMX Out 25 50 7 3 0.43 41 0.08 0.08
500 8 8 1.00 >234 <0.33

RFS Out 17 9 000 7 1 0.14 13 2.84 3.37
90000 8 1 0.13 11 3.90

48 Feed 17 50 6 1 0.17 15 0.53 0.64
500 6 4 0.67 89 0.75

RFS Out 22 1000 10 6 0.60 71 1.15 1.48
10 000 10 8 0.80 152 1.82

49 Feed 51 50 6 3 0.50 52 -0.01 0.21
500 6 5 0.83 180 0.44

RFS Out 6 1000 10 2 0.20 18 1.75 1.65
10 000 10 9 0.90 284 1.55

50 Feed 52 50 5 3 0.60 71 -0.15 0.18
500 5 4 0.80 152 0.52

RFS Out 63 500 8 1 0.13 11 1.64 1.97
5000 7 2 0.29 25 2.29

51 Feed 56 50 5 2 0.40 38 0.12 0.12
500 5 5 1.00 > 152 <0.52

RFS Out 60 500 8 1 0.13 11 1.64 1.51
5000 7 6 0.86 208 1.38

'52 Feed 48 50 5 1 0.20 18 0.45 0.45
500 5 5 1.00 > 152 <0.52

RFS Out 61 50 7 3 0.43 41 0.08 0.45
500 8 5 0.63 77 0.81

No ozone addition control trial.
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Table E-4 Ozonation conditions in batch ozone reactor experiments with Cryptosporidium parvum oocysts. All trials were 

conducted in samples of feed water from the static mixer ozone contactor at 22°C.

VOr o

Trial pH c . h

Direct UV Absorbance @ 260 nm Indigo Trisulphonate Color metric Method

- log(AWV,)C , Cj c a - c , Carg C 0 cf c . - c . k d c'-'arg Carft

mg/L min mg/L mg/L mg/L /min mg/L mgx
min/L

mg/L mg/L mg/L /min mg/L mgx
min/L

J 7.8 1.43 12 1.55 0.23 -0.12 0.16 0.69 8.34 1.72 0.31 -0.29 0.14 0.82 9.85 2.7
2 7.9 0.8 12.3 0.88 0.2 -0.08 0.12 0.46 5.63 0.95 0.18 -0.15 0.13 0.46 5.7 2.8
3 7.9 0.79 4 1.04 0.5 -0.25 0.18 0.74 2.94 0.99 0.23 -0.2 0.13 0.78 3.13 1.9
4 7.8 1.35 12 1.43 0.24 -0.08 0.15 0.67 8.02 1.79 0.3 -0.44 0.15 0.83 9.98 2.8
5 7.8 0.79 4.9 0.77 0.31 0.02 0.19 0.51 2.46 0.85 0.4 -0.06 0.16 0.6 2.9 1.4
6 7.9 0.79 4 0.81 0.28 -0.02 0.26 0.5 1.99 1 0.33 -0.21 0.28 0.61 2.42 2.2
7 7.9 0.79 12 0.77 0.04 0.02 0.25 0.24 2.91 0.92 0.04 -0.13 0.27 0.27 3.28 2.3



Table E-5 Infectivity analysis with the neonatal CD-I mouse infectivity assay in the

batch ozone reactor experiments with Cryptosporidium parvum oocysts.

Trial Sample Oocyst
Recovery

</• Mice in 
Cohort

Mice
Infected

P d log 
Inactivation 
-  log (d/dt)

Average log 
Inactivation 
-log  (d/di)

L Exposure 23 10 000 5 2 0.40 38 2.42 2.79
100000 10 6 0.60 71 3.15

Control 55 50 5 2 0.40 38 0.12 0.12
500 4 4 1.00 > 121 <0.62

2 Exposure 11 500 5 0 0.00 < 18 > 1.45 2.79
5000 5 1 0.20 18 2.45

50 000 5 2 0.40 38 3.12

Control 24 50 5 2 0.40 38 0.12 0.12
500 5 5 1.00 > 152 <0.52

3 Exposure 39 500 5 0 0.00 < 18 > 1.45 1.85
5000 5 3 0.60 71 1.85

50 000 5 5 1.00 > 152 <2.52

Control 54 50 5 4 0.80 152 -0.48 -0.48
500 5 5 1.00 > 152 <0.52

4 Exposure 27 100 5 0 0.00 < 18 > 1.45 2.75
1000 5 0 0.00 < 18 > 1.75

10 000 5 1 0.20 18 2.75

Control 73 50 5 1 0.20 18 0.45 0.79
500 5 2 0.40 38 1.12

5 Exposure 21 1000 7 4 0.57 65 1.19 1.41
10 000 8 7 0.88 234 1.63

Control 64 50 5 3 0.60 71 -0.15 -0.15
500 5 5 1.00 > 152 <0.52

6 Exposure 51 500 7 0 0.00 < 13 > 1.59 2.16
5000 8 3 0.38 35 2.16

7 Exposure 57 1000 7 0 0.00 < 13 > 1.89 2.29
10 000 8 4 0.50 52 2.29

Control 58 50 5 3 0.60 71 -0.15 -0.15
500 5 5 1.00 > 152 <0.52
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Table F-1 Static mixer ozone contactor experiments with Giardia muris cysts:

Ozonation conditions based on the UV 260 absorbance method.

Trial Units 54 55 56 57 58 59

SMX Conditions
Feed Flow, Qf L/min 5.29 13.35 4.55 15.37 5.01 15.43
Gas Flow, G L/min 0.09 0.2 0.09 0.2 0.09 0.21
Sup. Vel. v, m/s 0.46 1.15 0.39 1.32 0.43 1.33
G/Qf % 1.70 1.50 1.98 1.30 1.80 1.36
RFS Flow, Qrfs L/min 2.04 2.07 2.03 2.07 2.05 2.03
Pressure Drop, Ap kPa 11.0 40.7 7.6 33.8 9.7 36.5

Water
Avg. Temp °C 21.9 22.0 21.7 21.5 22.0 22.1
DPD Total Cl2 mg/L 0.22 0.21 0.12 0.21 0.18 0.03
PH 7.7 7.9 8.0 7.9 7.8 7.8

Ozone Cone.
SMX Out mg/L 0.05 0.04 0.05 0.06 0.02 0.05
Column In mg/L 0.15 0.08 0.16 0.11 0.10 0.10
RFS In mg/L 0.08 0.08 0.11 0.09 0.07 0.06
RFS 1/2 mg/L 0.06 0.04 0.09 0.07 0.05 0.04
RFS Out mg/L 0.05 0.05 0.08 0.06 0.03 0.03

Column
tm min 1.21 0.60 1.31 0.51 1.25 0.51
C„v, mg/L 0.11 0.08 0.13 0.10 0.09 0.08

RFS
tm 1/2 min 1.8 1.8 1.8 1.8 1.8 1.84
fin Out min 3.7 3.6 3.7 3.6 3.6 3.67
Q mg/L 0.08 0.07 0.11 0.09 0.07 0.06
*,/ min'1 0.153 0.179 0.096 0.128 0.230 0.201

Cumulative Cm..m
RFS In mgxmin/L 0.13 0.05 0.17 0.05 0.11 0.04
RFS 1/2 mgxmin/L 0.27 0.16 0.35 0.19 0.21 0.13
RFS Out mgxmin/L 0.37 0.25 0.51 0.31 0.28 0.20
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Table F-2 Static mixer ozone contactor experiments with Giarda muris cysts:

Ozonation conditions based on the indigo trisulphonate method.

Trial Units 54 55 56 57 58 59

SMX Conditions
Feed Flow. Qf L/min 5.29 13.35 4.55 15.37 5.01 15.43
Gas Flow. G L/min 0.09 0.2 0.09 0.2 0.09 0.21
Sup. Vel. Vj m/s 0.46 1.15 0.39 1.32 0.43 1.33
G/Qr % 1.70 1.50 1.98 1.30 1.80 1.36
RFS Flow, Q/tps L/min 2.04 2.07 2.03 2.07 2.05 2.03
Pressure Drop, Ap kPa 11.0 40.7 7.6 33.8 9.7 36.5

Water
Avg. Temp °C 21.9 22.0 21.7 21.5 22.0 22.1
DPD Total Cl: mg/L 0.22 0.21 0.12 0.21 0.18 0.03
PH 7.7 7.9 8.0 7.9 7.8 7.8

Ozone Cone.
SMX Out mg/L 0.05 0.07 0.05 0.07 0.02 0.05
Column In mg/L 0.15 0.07 0.16 0.12 0.08 0.09
RFS In mg/L 0.08 0.06 0.12 0.11 0.06 0.08
RFS 1/2 mg/L 0.06 0.06 0.11 0.09 0.05 0.05
RFS Out mg/L 0.05 0.03 0.09 0.07 0.04 0.03

Column
ffft min 1.21 0.60 1.31 0.51 1.25 0.51
c „ mg/L 0.11 0.07 0.14 0.11 0.07 0.09

RFS
tm 1/2 min 1.8 1.8 1.8 1.8 1.8 1.84
tm Out min 3.7 3.6 3.7 3.6 3.6 3.67
C0 mg/L 0.08 0.07 0.12 0.11 0.06 0.08
kd min'1 0.116 0.152 0.065 0.127 0.058 0.255

Cumulative C----
RFS In mgxmin/L 0.13 0.04 0.18 0.06 0.09 0.04
RFS 1/2 mgxmin/L 0.26 0.15 0.38 0.23 0.18 0.16
RFS Out mgxmin/L 0.37 0.23 0.56 0.37 0.27 0.23
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Table F-3 Latent period infectivity analysis in adult-male C3H HeN mice for static mixer ozone contactor experiments with 

Giardia muris.

Trial Sample Cyst
Recovery

%

Cysts in 
Inoculum 

i t

Cyst production on successive days post infection 
(DPI)

Latent
Period
L P , d

Live Cysts in 
Inoculum 

d
-log (d/d#)

2 3 4 5 6 7 8

'53 Feed 7 4 940 < 1.9 2.9 5.2 5.9 3.5 7,596 -0.19
SMX Out 3 2 500 < 1.9 1.9 4.8 5.9 3.7 3,933 -0.20
RFS Out 5 3 380 < 1.9 < 1.9 3.1 5.8 5.9 4.3 797 0.63

54 Feed 10 8 310 <2.0 2.0 5.4 5.8 3.1 5,491 0.18
SMX Out 17 13 700 <2.0 3.8 5.8 4.6 22,951 -0.22
RFS Out 0.3 220 <2.0 2.9 3.6 4.1 5.1 5.4 3.6 376 -0.23

55 Feed 11 7 560 <2.0 3.2 5.5 3.3 12,541 -0.22
SMX Out 14 9 810 <2.0 3.7 5.7 3.2 20,325 -0.32
RFS Out 2 1440 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 >6.5 < 10 >2.2

56 Feed 39 23 500 <2.0 4.4 5.9 2.9 53,401 -0.36
SMX Out 31 15 800 <2.0 3.7 5.7 3.2 20,103 -0.11
RFS Out 3 3000 <2.0 <2.0 2.9 3.2 4.9 5.3 5.8 5.3 86 1.54

57 Feed 64 33 900 <2.0 5.1 6.1 2.8 83,177 -0.39
SMX Out 41 24 100 <2.0 4.7 5.9 2.6 130,412 -0.73
RFS Out 19 10 800 <2.0 <2.0 3.3 4.8 5.7 5.7 5.8 4.5 537 1.30

'n o ozone addition contra trial.
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Table F-3 (Continued)

Trial Sample Cyst
Recovery

%

Cysts in 
Inoculum 

4.

Cyst production on successive days post infection 
(DPI)

Latent 
Period 
L P ,  d

Live Cysts in 
Inoculum 

d
-log (d /d ,)

2 3 4 5 6 7 8

58 Feed 30 6 690 <2.1 <2.1 5.5 3.6 5,993 0.05
SMX Oul 28 13600 <2.1 3.2 5.9 3.3 15,011 -0.04
RFS Oul 12 10900 <2.1 <2.1 2.1 2.1 2.1 2.1 2.1 >6.5 < 10 >3.04

59 Feed 30 19 100 <2.1 4.4 6.1 2.9 58,832 -0.49
SMX Oul 22 25 400 <2.1 4.0 5.9 2.6 133,887 -0.72
RFS Oul 11 27 300 <2.1 <2.1 2.1 2.1 2.1 4.2 4.7 >6.5 < 10 >3.44

Notes:

Cyst production is shown as the logm of the average cyst production of the mouse cohort in cysts/g wet feces.

A < value for cyst production indicates that no cysts were observed under microscopic analysis with a 

hemocy tome ter. The value is the detection limit and is based on the observation of 1 cysts and the average daily wet 

feces output per mouse and observation of 4 hemocylometer wells.

maximum latent period determined in the dose response experiments is 6 .S days.

In trials 57, 58 and 59, the 8  L samples were split and were filtered through two 47mm PCTE membrane filters(4 L 

per filter) to improve cyst recovery. In all other trials, only 1 membrane filter was used for all 8  L.
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Table F-4 Batch ozonation trials with Giardia muris cysts and simplified Horn model predictions. Experimental 

information extracted from Charles Labatiuk Ph. D. thesis (1992).

Trial pH Batch
Time

h

Applied
Ozone

c .

Initial
Ozone

c ,

Final
Ozone

Cf

c Measured 
•log MW,

Horn Model 
Prediction 
-log A//V,

Model
Error

min mg/L mg/L mg/L mg/L mgxmin/L

At 6.7 5 0.62 0.47 0.3 0.38 1.88 4.2 3.71 0.49
A2 6.7 5 0.64 0.52 0.4 0.46 2.28 4.2 3.84 0.36
Bi 6.7 5 0.26 0.18 0.1 0.13 0.67 3.1 3.10 0.00
B2 6.7 5 0.3 0.22 0.1 0.15 0.74 3.1 3.15 -0.05
Cl 6.7 5 2.55 2.14 1.3 1.67 8.34 4.4 4.83 -0.43
C2 6.7 0.58 0.13 0.07 0.04 0.05 0.03 1.2 1.79 -0.59
01 6.7 0.58 0.28 0.15 0.2 0.17 0.10 2.2 2.21 -0.01

30-4 7.6 2 2.73 2.1 1.36 1.69 3.38 3.4 4.12 -0.72
30-7 7.6 7 1.54 1.48 0.29 0.66 4.59 4 4.35 -0.35
36-4 7.6 5 0.82 0.7 0.36 0.50 2.51 5.1 3.91 1.19

Notes:

• All trials were conducted in ozone demand-free 0.05 M phosphate buffered ultrapure water at 22°C.



APPENDIX G CALCULATION OF THE NUMBER OF OZONE

MOLECULES TO OOCYSTS IN A DISSOLVED OZONE 
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Assumptions:

•  Oocysts are 5 nm in diameter and are spherical

•  Concentration of dissolved ozone is 1 mg/L

•  Molecular weight of ozone is 48 g/gmole

Volume of a single oocyst, V„:

V„ = 1/6 n  d3 = 1/6 7t (5 x 10*6 ) 3 = 6.5 xlO ' 17 m3 = 6.5 x 10' 14 L

No. ozone molecules of per L @ 1 mg/L:

= I mg/L / [(48 mg/mmole)( 1000 mmole/gmole)] x 6.02 x 1023 molecules/gmole 

= 1.3 x 1019 molecules/L

No. ozone molecule per oocysts:

= (1.3 x 1019 molecu!es/L)/(6.5 x 10' 14 L/oocyst) = 8  x 105 O3 molecules/oocyst
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APPENDIX H CALCULATIONS OF HYDRODYNAMIC CONDITIONS

WITHIN THE STATIC MIXER
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CALCULATION OF VELOCITY GRADIENT. G. IN THE EXPERIMENTAL 

STATIC STATIC MIXER:

The velocity gradient was estimated using the conventional definition of G as 

given by Camp and Stein (1943):

For the static mixer, the power dissipation was estimated from the measured pressure 

drop that was provided in Tables D -l, D-2, E -l, E-l and F-l and F-2. Based on the 

information in these tables, approximate pressure drop, Ap, was:

Case 1: Qf = 7 L/min, v\ = 0 . 6  m/s -> Ap = 6 kPa

Case 2: Qf  = 16 L/min, v, = 1.4 m/s Ap = 32 kPa

Calculations were done base on a water temperature of 22°C and the following values for 

the water properties:

Specific Weight, y = 9.78 kN/m3

Viscosity, p. = 0.957 x 10' 3 Ns/m2

Density, p = 998 kg/m3

The volume of the static mixer was taken to be the volume of the 3 mixing elements

themselves:

V =  3 x (0.015 m) (3.14/4)(0.0157m)2 = 8.7 x lO 6̂  m3 (8.7 mL)
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The power dissipation was estimated from the pressure drop as follows:

p  = vQ ,K  = y Q , ^ -  
pg

where, A/., was the head loss across the static mixer.

Case 1: v* = 0.6 m/s

P = (9780 N/m3)(0.007 m3/min)(6000 Pa)/[(998 kg/m3)(9.81 m/s2)(60 s/min) 

= 0.7 Nm/s = 0.7 W 

G = [(0.7 Nm/s)/( 0.957 x 10'3 Ns/m2)( 8.7 x 10 6 m3 )]1/2 = 9 200

Case 2: vs = 1.4 m/s

P = (9780 N/m3)(O.OI6 m3/min)(32000 Pa)/[(998 kg/m3)(9.8i m/s2)(60 s/min) 

= 8.5 Nm/s

G = [(8.5 Nm/s)/( 0.957 x 103 Ns/m2)( 8.7 x 10‘6 m3 )J,/2 = 32 000
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CALCULATION OF THE ENERGY DISSIPATION RATE IN THE

EXPERIMENTAL STATIC MIXER

Energy dissipation, £, rate was calculated using the expression provided by Taweel and 

Walker (1983)

v, &Pe  =  *■ —
L psrn r '

where, Lsm, represented the length of the mixer. For the experimental system, Lsm = 3 x 

15 mm = 45 mm = 0.045 m.

Case 1: v, = 0.6 m/s

e = [(0.6 m/s)/(0.045 m)] x [(6000 Pa)/(998 kg/m3)] = 80 J/(kg s)

Case 2: vs= 1.4 m/s

s = [(1.4 m/s)/(0.045 m)] x [(32000 Pa)/(998 kg/m3)] = 1 000 J/(kg s)
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CALCULATION OF THE KOLMOGOROFF SCALE OF TURBULENCE

Based on Kolmogoroff, the minimum turbulent eddy size, ij, can be estimated 

from the energy dissipation rate and the properties of the fluid according to (Nauman and 

Buffham 1983)

n  =
(  3 V /J

p 3e

Case 1: vs = 0.6 m/s

rj = {(0.957 x 10‘3 Ns/m2)3/(998 kg/m3)3(80 J/kgs)}1/4 = 0.00001 m = 10 pm

Case 2: vs= 1.4 m/s

7  = {(0.957 x 10 3 Ns/m2)3/(998 kg/m3)3(1000 J/kgs)}1/4 = 0.0000054 m = 5 pm
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APPENDIX I CALCULATIONS OF THE HYDRODYNAMIC REGIME IN

THE GREATER VANCOUVER DISTRICT GVRD 

COAQUITLAM FACILITY OZONE CONTACTOR
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CALCULATION OF REYNOLDS NUMBER

For the purposes of this calculation, the physical dimensions and operating 

parameters of the GVRD ozone were assumed to be:

Length, L = 1000 m 

Diameter, d = 3 m

Hydraulic Residence Time, r = 10 min

Liquid Velocity, v = (L/x) = (1000 m)/(10 min) = 100 m/min = 1.7 m/s

Calculations were done based on a water temperature of 22°C and the following values 

for the water properties:

Viscosity, p = 0.957 x 10'3 Ns/m2

Density, p = 998 kg/m3

The Reynold's number for flow in a pipe was calculated from the following:

N  = ^Re

Therefore,

NRe = (998 kg/m3)(3 m)(1.7 m/s)/( 0.957 x 10 3 Ns/m2) = 5.3 x 106

From page 284, Figure 20 in Levenspeil (1972), the intensity of dispersion, D/ud, in a 

turbulent pipe at this NRe is approximately 0.2. The dispersion number, D/uL was 

calculated by multiplying the intensity of dispersion by the geometric factor, d/L:
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D/uL = (0.2)(3 m/1000 m) = 6 x 10 4

According to the axial dispersion model and the CFSTR-in-series model, the normalized 

variance of the residence time distribution, oe2, is related to the dispersion number and the 

number of CFSTRs in series, J, as follows (Levenspiel 1972):

Substituting values:

ere2 = 2(6 x 10-4) + 8(6 x lO"*)2 = 1.2 x 103

Therefore, the number of CFSTRs in series for the GVRD pipeline contactor was 

estimated to be:

J  = 1/1.2 x 10'3 = 83
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