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ABSTRACT 

Laboratory studies using ozone oxidation were conducted on 

samples of groundwater from Orange County, California. The effects of 

ozone addition on natural organic matter (NOM), color, and trihalomethane 

formation potential (THMFP) were examined. The fourteen groundwater 

samples treated during the research had dissolved organic carbon (DOC) 

concentrations between 0.9 and 14.4 mg/L and color levels between 13 and 

210 platinum cobalt units (pcu). 

Small doses of ozone (< 0.3 mg/mg DOC) appeared to result in an 

oxidative polymerization phenomenon by the NOM whereby the apparent 

molecular weight (AMW) of the organics increased. Higher doses of ozone 

(> 1 mg/mg DOC) led to oxidative degradation of the organic molecules 

and lower AMW organic matter. Ozonation was successful in destroying 

color in the water samples. Ozone appeared to remove color by cleaving 

conjugated carbon-carbon double bonds as indicated by a reduction in 

ultraviolet absorbance at a wavelength of 254 nm. However, ozonation 

showed limited ability in removing THMFP. An average ozone dose of 1.9 

mg/mg DOC resulted in a 28.8 percent reduction in total THMFP. Most of 

the reduction in THMFP was in the form of reduced chloroform formation 

potential. Ozone treatment prior to chlorination increased the proportion of 

brominated trihalomethanes as compared to the non-ozonated water. 
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I. INTRODUCTION 

The population of Orange County, California has increased from 

about 0.75 million in 1960 to about 2.25 million in 1985. This 

urbanization has placed increasing demands on drinking water supplies. At 

present, water utilities in the area use both surface water and groundwater 

sources. The Orange County Water District (OCWD), which serves 

residents of the northern half of Orange County, obtains 60 to 70 percent 

of its water from wells tapping the upper aquifer of the Santa Ana River 

basin. It supplements these supplies by purchasing treated surface water 

from the Metropolitan Water District of Southern California (MWD) 

(OCWD, 1988). However, because the neighboring State of Arizona will 

soon be withdrawing its full allocation of Colorado River water, MWD 

may not be able to fulfill all of the excess water needs of Orange County. 

To become less reliant on imported supplies of water, OCWD is seeking 

additional groundwater sources. 

A potential new source of water is represented by the lower aquifer 

of the Santa Ana River basin. The lower aquifer consists of a series of 

confined aquifers and holds approximately 12 million acre-feet of water. 

In contrast to the upper aquifer, the lower aquifer contains water with 

moderate to high levels of dissolved organic carbon (DOC) (2-14 mg/L) 

and color (15-150 platinum cobalt units, pcu). OCWD estimates that 

between 1 and 6 million ac-ft of the lower aquifer water has color levels 

above the California standard of 15 pcu (OCWD, 1989). The color problem 
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is greatest in the deeper coastal aquifers. Samples taken from the lower 

aquifer indicated that between 50 and 94 percent of the DOC consists of 

humic substances. Humic material may react with chlorine during 

disinfection to form trihalomethanes (THMs). Water samples from the 

lower aquifer resulted in trihalomethane formation potential (THMFP) 

values ranging from 100 to 1000 Hg/L. 

The federal government specifies limits on acceptable levels of 

THMs and color. Under the Safe Drinking Water Act (SDWA) the federal 

government has directed the United States Environmental Protection 

Agency (EPA) to establish the Primary and Secondary Drinking Water 

Regulations. The primary regulations set legally enforceable maximum 

contaminant levels (MCLs) for water contaminants that pose a human 

health threat. Currently, the EPA enforces the MCL of 0.10 mg/L of total 

trihalomethanes (TTHMs). Chloroform (CHCI3) has been shown to be 

carcinogenic to mice and rats. The brominated THM species (CHC^Br, 

CHClBr2, CHBr3) have been demonstrated to be mutagenic. The current 

TTHM standard reflects the projected incremental risk of 3 to 4 cases of 

cancer per 10,000 people when 2 L of water containing 0.10 mg/L of 

TTHMs are consumed per day per person over 70 years (Symons et al., 

1981). The EPA is considering the adoption of more stringent standard 

during the next decade. The new MCL on TTHMs may be set to 50 |i.g/L 

(Miller, 1989). 

The EPA has also established secondary drinking water regulations 

which deal with essentially aesthetic qualities of water and are not legally 

enforceable. The EPA and the California Department of Health Service 
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(DOHS) have both set a suggested limit for color in drinking water of 15 

pcu. In practice, most municipal water treatment plants strive to achieve a 

finished water color value of 10 pcu or less (Black and Christman, 1963). 

If the water from the lower aquifer is to be used as a source of 

drinking water, it will have to comply with the primary standard for 

TTHMs. Also, if it is to be acceptable to the consumer, the water will have 

to meet the secondary standard for color. To achieve these MCLs, a water 

treatment process or set of processes will be necessary. 

Ozone oxidation represents a possible treatment process for both 

lowering the color level and limiting the formation of THMs in water from 

the lower aquifer. Ozone is a strong oxidizing agent and, therefore, may 

be well-suited for removing the color from the water. The ability of ozone 

to oxidize the natural organic matter (NOM) present may also lower the 

reactivity of the organics to form THMs upon chlorination. Ozone is also a 

superior disinfecting agent compared to chlorine for the inactivation of 

pathogenic bacteria, viruses, and protozoa (Montgomery, 1985). 

The 1986 Amendments to the Safe Drinking Water Act (SDWA) 

require the EPA to promulgate primary drinking water regulations that (1) 

specify criteria under which filtration would be required, (2) require 

disinfection as a treatment process, and (3) set MCLs or treatment 

technique requirements for 83 contaminants including Giardia lamblia, 

viruses, Legionella, and heterotrophic plate count bacteria. On 29 June 

1989 the EPA promulgated the Surface Water Treatment Rule establishing 

treatment requirements for systems using surface water sources. The EPA 
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anticipates promulgating disinfection requirements for systems using 

groundwater sources by September 1992. 

Among the disinfection requirements being considered by the EPA 

for groundwater are the CT based requirements for surface water 

treatment. The CT value represents the product of disinfectant 

concentration in mg/L and the contact time in minutes. Systems using 

surface water as a source would be required to demonstrate by monitoring 

that it is continuously achieving disinfection which is sufficient to 

inactivate 99.9 percent of Giardia cysts and 99.99 percent of enteric 

viruses. To demonstrate compliance with this rule, the system would 

monitor and report the type of disinfectants, disinfectant residual 

concentrations, disinfectant contact times, pH, and water temperature. 

From these data a system CT value would be calculated. The system CT 

value would have to match or exceed the CT value set by the EPA (Regli, 

1987). 

Table 1.1 shows experimentally derived CT value ranges necessary 

to achieve 99 percent inactivation of various microorganisms by various 

disinfectants at 5°C as determined by Hoff (1986). The CT values 

resulting from the use of ozone were consistently lower than those from 

the use of the other disinfectants. 

Although it represents an excellent primary disinfectant, ozone 

rapidly decomposes and will not maintain a stable residual in water. If 

microbial infestation of the distribution system is to be prevented, a 

residual disinfectant may be necessary. Free chlorine (CI2/HOCI/OCI") 

may be used as a secondary disinfectant after ozonation. However, free 
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Table 1.1. CT Value Ranges for 99 Percent Inactivation at 5°C 

Disinfectant 

Micro
organism 

Free 
Chlorine 
pH 6 to 7 

Preformed 
Chloramine 
pH 8 to 9 

Chlorine 
Dioxide 

pH 6 to 7 
Ozone 

pH 6 to 7 

E. coli. 0.03-0.05 95-180 0.4-0.75 0.02 

Polio 1 1.1-2.5 768-3740 0.2-6.7 0.1-0.2 

Rotavirus 0.01-0.05 3806-6476 0.2-2.1 0.006-0.06 

Giardia 47-150 na na 0.5-0.6 

na - not available 

chlorine may react with the remaining organic matter in the water to form 

THMs. An alternative secondary disinfectant is offered by monochloramine 

(NH2CI), a form of combined chlorine. Monochloramine is a weaker 

disinfectant than free chlorine but it is reported not to react with organics 

to form THMs (Jensen et al., 1985; Glaze, 1987). 

In summary, ozone represents a possible treatment chemical for the 

elimination of color in the water from the lower aquifer of the Santa Ana 

River basin. Ozone oxidation may also lower the reactivity of the NOM in 

the water towards the formation of THMs after disinfection with free 

chlorine. Due to the excellent disinfection properties of ozone, a weaker 

alternative disinfectant to free chlorine may be acceptable for use in the 

distribution system. Monochloramine may be a practical alternative 

secondary disinfectant. 
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II. OBJECTIVES 

The overall objective of this research was to examine the feasibility 

of using ozone oxidation to reduce the color and THMFP of water samples 

from the lower aquifer of the Santa Ana River basin. The specific research 

objectives included the following: 

(1) investigate the effects of ozone addition on the dissolved 

organic matter (DOM) in the water samples, 

(2) develop mathematical relationships between color, DOC, 

THMFP, and ultraviolet (UV) light absorbance at 254nm. 

(3) examine the relationship between the transferred ozone dose 

and the resulting color reduction, 

(4) investigate the ability of ozone addition to reduce the 

reactivity of THM precursors towards chlorine, 

(5) study any shifts in the proportion of the different THM 

species (CHCI3, CHC^Br, CHClBr2, CHBr3> when ozone is 

added prior to chlorination as compared to the proportions 

occurring when ozone is not added prior to chlorination, and 

(6) study the effects on THMFP of adding ammonia prior to 

chlorine to form chloramines on both untreated and ozone-

treated water. 
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III. LITERATURE REVIEW 

The review is divided into the following sections: (1) natural 

organic matter in water, (2) natural sources of color in water, (3) natural 

sources of trihalomethane precursors and the trihalomethane formation 

reactions, (4) surrogate parameters for natural organic matter, color, and 

trihalomethane precursors, (5) the reaction pathways of ozone in water, 

(6) the effects of ozone oxidation on natural organic matter, color, and 

THMFP, and (7) the use of monochloramine as a residual disinfectant 

following ozonation. 

3.1 Natural Organic Matter in Water 

The organic matter in water originates principally from the decay of 

biological materials. Plants are usually given as the major source of 

organic matter in water. However, in certain instances, algae and other 

microbial life may be major contributors to the NOM of water. Thurman 

and Malcolm (1981) developed a technique based on adsorption and ion 

exchange chromatography for the isolation and classification of NOM into 

different components. The procedure involves passing a sample of water 

containing NOM that has been acidified to a pH of 2.0 through a series of 

three resin columns. The first column contains a nonionic resin (XAD-8) 

which adsorbs humic substances. The second column contains a cation 

exchange resin which adsorbs amino acids and inorganic cations. The third 

column contains an anionic exchange medium to which hydrophilic acids 
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adsorb. (Due to there high charge density, low molecular weight 

hydrophilic acids will adsorb to the anion exchange resin but not to the 

XAD-8.) In this manner, the NOM is divided into the following fractions: 

humic substances, amino acids, hydrophilic acids, and neutral compounds 

such as ketones, simple alcohols, and sugars. 

The NOM of a water may consist of a diverse number of 

compounds. Each compound consists in turn of numerous chemical 

elements. For this reason, NOM is difficult to quantify directly. Organic 

geochemists generally use measurements of organic carbon to quantify 

NOM. Thurman (1985) reported that humic substances account for about 

30 to 50 percent of the DOC in most natural waters, with the exception that 

in colored waters they may represent 50 to 90 percent of the DOC. Another 

30 percent of the DOC in typical water samples may consist of hydrophilic 

acids. The remaining DOC is comprised of "simple" compounds such as 

carbohydrates, carboxylic acids, amino acids, and hydrocarbons. 

Humic substances are a complex and diverse group of organic 

acids. The physical structures of humic substances have not been well-

established. They are believed to consist of clusters of aromatic rings with 

carboxylic and hydroxyl functional groups; the entire structure being held 

together with hydrogen bonds (Thurman, 1985). Humic substances may be 

divided into two major groups: fulvic and humic acids. (In the literature, 

both classes are sometimes referred to as humic acid) The two divisions 

are defined by differences in solubility. Fulvic acids have been defined as 

that fraction which remains in aqueous solution at a pH of 1.0. Whereas, 

humic acids precipitate at a pH of 1.0. These solubility properties have 
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been explained in terms of structural characteristics of the fulvic and 

humic acid molecules. The fulvic acids are believed to be more soluble at 

low pH because of they contain a higher density of carboxylic and 

hydroxyl functional groups and also because they are lower in molecular 

weight (<2,000) than humic acids. Humic acids have molecular weights 

greater than 2,000 and may be colloidal in size (Thurman et al., 1982). 

Figure 3.1 shows a proposed model for a fulvic acid. Table 3.1 gives a set 

of elemental analyses of fulvic and humic acids as determined by Thurman 

and Malcolm (1981). 

The hydrophilic acids are not well-defined. They are believed to 

consist of a mixture of low molecular weight carboxylic acids, hydroxy 

acids, as well as more complex organic acids (Malcolm, 1985). 

3.2 Natural Sources of Color in Groundwater 

Natural sources of color in groundwater may be divided into two 

categories: inorganic and organic. Major inorganic sources of color include 

iron and manganese ions. In the absence of these metallic ions, color in 

groundwater may be caused by the presence of NOM. 

Humic substances have been identified as major contributors to 

color in water (Rook, 1977). Other organic compounds that may cause 

color include hydrophilic acids, carbohydrates, carboxylic acids, amino 

acids, hydrocarbons, lignins, and tannins (Thurman, 1985; Rice, 1980; 

Stumm and Morgan, 1981). 



OH V ?H LOH I i B I w^-wn -

~AcC' ^0H—O-C^Y^^0h—0-C^Y^( 

?VH ,ho4-tAT4 

Figure 3.1. A Proposed Chemical Structure for Fulvic Acid 
(Adapted from Schnitzer and Khan, 1972) 

^WteJdjJHen^jtel^al^MrfHjraMj^j^lvte^ids 

Sample C H N O P S Ash 

Suwanee River FA 54.65 3.71 0.47 39.28 0.20 0.50 0.95 
Suwanee River HA 57.24 3.94 1.08 39.13 0.20 0.63 0.56 
Biscayne aquifer FA 55.44 4.17 1.77 35.39 0.20 1.06 0.43 
Biscayne aquifer HA 58.28 3.39 5.84 30.14 0.22 1.43 0.1 

FA - Fulvic Add 
HA - Humic Acid 
Adapted from Thunnan and Malcolm, 1981 
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In dilute concentration humic substances may impart a yellow-

brown hue to water (Snoeyink and Jenkins, 1980). Thurman (1985) 

reported that for an average water approximately 85 percent of the organic 

color may be attributed to humics. 

The ability of NOM and humic substances in particular to cause 

color in water is in large part due to the presence of unsaturated moieties 

conjugated in the compounds (Rice et al., 1981). A common conjugated 

system existing in organic molecules is represented by alternating double 

and single carbon-carbon bonds (e.g., -C=C-C=C-). The nonbonding 

electrons associated with the double bonds (ji-bonds) are a source of 

potentially mobile electrons. Electromagnetic energy in the ultraviolet and 

visible ranges (200-400nm and 400-800nm, respectively) may be absorbed 

by the structure and excite electrons into a higher energy state or from a 

stable orbital to an unstable orbital (7t to 7t*) (Butler and Berlin, 1972). 

When the electron returns to its ground state the energy is emitted at the 

same wavelength at which it was absorbed. As the degree of conjugation 

of a molecule increases, less energy is required for electron excitation. In 

molecules containing numerous conjugated systems electromagnetic energy 

in the visible spectrum may serve as the energy source. In other words, 

organic matter that is highly conjugated may impart color to water (Terney, 

1979). Dyer (1965) states that at least four conjugated double bonds are 

required to produce a chromophore in the visible region. 

Another portion of the color caused by humic substances may be 

ascribed to their chelating properties. These substances may bind ferric 
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iron and manganic manganese which represent major inorganic color 

sources (Paillard et al., 1989). 

3.3 Naturally Occurring Trihalomethane Precursors and the 
Trihalomethane Formation Reaction 

The 1974 New Orleans Area Supply Study conducted by the EPA 

led to the discovery of THMs in the finished water along with other 

chlorinated organics (Rook, 1976). The National Organics Reconnaissance 

Survey (NORS) of 1975 revealed the widespread occurrence of THMs in 

chlorinated drinking water. The THMs most commonly formed were 

chloroform (CHCI3), dichlorobromomethane (CHC^Br), chlorodibromo-

methane (CHCIB^), and bromoform (CHB^). The sum of the 

concentrations of these four species is what comprised the TTHM MCL set 

by the EPA in 1979 (Symons et al., 1975). Both studies prompted 

investigations into the identity of the organic precursors reacting with 

chlorine to produce THMs. 

Bellar et al. (1974) suggested ethanol and acetaldehyde as possible 

THM precursor compounds. They proposed the classical haloform reaction 

as the mechanism of THM production. The classical haloform reaction 

involves the conversion of an acetyl compound into a carboxylic acid and a 

haloform (THM). 

However, Morris (1975) indicated that the rate of reaction of the 

classical halogen pathway was too slow to account for the amount of 

THMs produced during water treatment. This suggested the existence of 

another reaction mechanism and other organic precursors. 
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Rook (1976) proposed that humic substances were the primary 

organic precursors of the THM reaction. To determine which sites in fulvic 

acid molecules were reacting to form THMs, he tested a number of 

polyhydroxy aromatics and dihetro alicyclic ring structures. He indicated 

that these same compounds had been identified as oxidative degradation 

products of fulvic acids. The analyses were conducted at pH 7, 10°C, 4 

hours, and with precursor concentrations as high as the 1 to 10 mg/L 

range. The only compound in the study that reacted quickly enough to 

produce measurable amounts of THMs under these conditions was 

resorcinol (1,3-dihydroxybenzene). Rook showed that 75 percent of the 

carbon in resorcinol became incorporated into chloroform. In a later paper, 

Rook (1977) suggested that the carbon atom between two meta-positioned 

OH" groups was the most readily reacting site for haloform production. 

In a review of the literature, Rice (1980) stated that humic 

substances are the principal precursors in the formation of THMs. He also 

indicated that hydrophilic acids such as citric acid and amino acids react 

with free chlorine to produce THMs. Rice also presented evidence that 

tannins, lignins, and chlorophyll may contribute to the formation of 

THMs. 

Boyce and Hornig (1983) conducted a systematic analysis of the 

halogenation reactions of a series of dihydroxybenzenes and aliphatic 

ketones. The concentrations of the reactants were selected to simulate 

conditions typical of water treatment. The chlorine concentration ranged 

from 10"5 to 10"4 M, the organic substrate concentration was 10-5 M). The 

addition of chlorine to aqueous solutions of meta-dihydroxybenzenes 
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generally produced high yields of chloroform (0.54 to 1.00 moles of 

CHCI3 per mole of substrate) at neutral and alkaline pH. One exception 

occurred in the case of 2,6-dihydroxytoluene. The presence of the methyl 

group at the ortho position appeared to inhibit the yield of chloroform 

(0.07 mol CHCl3/mol substrate at pH = 7). The chlorination of aqueous 

solutions of methyl ketones (2-propanone, 2-butanone, and 2-pentanone) 

resulted in low yields of chloroform (<0.01 mol CHC^/mol substrate) at 

pH values of 4, 7, and 10. 

To confirm that the C2 site of 1,3-benzenediols was the origin of 

the carbon in chloroform, Boyce and Horning performed a set of 

halogenation experiments using isotopically labeled 1,3-

dihydroxybenzene. They concluded that chloroform was produced almost 

exclusively by a reaction pathway(s) involving carbon-carbon cleavage 

about the C2 position. They proposed a reaction pathway for the 

production of chloroform from 1,3-dihydroxyaromatic precursors in which 

the incorporation of chlorine atoms by electrophilic substitution and 

addition processes is followed by a series of hydrolyses and 

decarboxylations. 

Brominated THMs may occur upon chlorination in water containing 

bromide ions together with organic precursor material. The hypochlorous 

acid oxidizes the bromide ions which leads to the formation of 

hypobromous acid (HOBr) (Amy et al., 1984). The HOBr may react with 

organics to form bromoform (Haag and Hoigne, 1983). The combined 

action of HOC1 and HOBr leads to the formation of CHC^Br and 

CHClBr2. 
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3.4 Surrogate Parameters for Natural Organic Matter, Color, and 
Trihalomethane Precursors 

Surrogate parameters for the measurement of NOM, color and THM 

precursor concentration are useful to researchers and treatment plant 

operators alike. Surrogate parameters may offer a quicker, less expensive, 

and more precise means of measuring a water contaminant than by direct 

measurement. 

NOM is difficult to quantify directly because of its heterogeneous 

and often complex nature. For this reason, DOC has been generally 

employed as a semi-direct, non-specific measurement of dissolved organic 

matter (DOM). Carbon represents one of the major elements comprising 

most DOM. Thurman and Malcolm (1981) reported that the carbon content 

of humic substances was about 50 percent by weight. A possible surrogate 

parameter for DOC and hence DOM is represented by light absorbance. 

Ultraviolet light absorbance has been shown to be an accurate surrogate 

parameter for DOC. Edzwald et al. (1985) performed a linear regression 

between TOC and UV-absorbance at 254nm for samples of the Grasse 

River, Glenmore Reservoir and a fulvic acid solution. The coefficient of 

determination (r2) values were 0.93, 0.71, and 0.99, respectively. These 

results indicated that UV-absorbance at 254nm was an accurate predictor 

of the organic carbon content of the samples tested in that research. 

Currently, there are several methods employed for the measurement 

of color in water. The secondary standard for color set by the EPA is 

defined in terms of color units (pcu). This method of color quantification 

involves the comparison of a water sample to a color scale produced by a 
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series of dilutions of a standard chloroplatinate-cobalt solution. The 

chloroplatinate-cobalt standard has no relation to the color-causing 

substances in the water other than by its hue (Montgomery, 1985). The 

same analysis may be performed using a set of tinted glass filters. The 

visual analysis of color is problematic because it is subject to experimenter 

bias. Differences in the color perception of analysts may lead to 

differences in color values assigned to a given sample. 

A more objective measure of color may be performed using a 

spectrophotometer. This device measures the light absorbing properties of 

water contaminants. Researchers have shown that UV-absorbance at a 

wavelength of 254nm is a good surrogate parameter for quantifying the 

color-causing organic matter in water (Singer et al., 1981; Edzwald et al., 

1985; Amy et al., 1986). Organic material that contain conjugated double 

bonds such as humics absorb light in the ultraviolet range. Singer et al. 

(1981) measured the color and UV-absorbance at 254nm of 13 raw surface 

waters in North Carolina. They found a good correlation between the two 

measures (r2 = 0.81). Amy et al. (1986) measured the color and UV-

absorbance at 254nm of 6 surface waters from different parts of the United 

States. Their data indicated that UV-absorbance at 254nm was a good 

predictor of color in the raw waters (r2 = 0.85). 

Visible light absorbance has also been used to quantify color. 

Thurman (1985) reported the use of visible light absorbance at a 

wavelength of 400nm. Dore et al. (1978) used light absorbance at 420nm 

to monitor color destruction by ozone oxidation. Mallevialle (1979) found 

light absorbance at 400nm to be an accurate surrogate parameter for 
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measuring color removal with ozone addition. One difficulty in using 

visible light for DOM measurement is that the intensity of absorbance 

generally decreases as a function of wavelength. Therefore, to measure 

very low concentrations (<1 mg/L as carbon) of DOM, a longer pathlength 

sample cuvette is required for accurate measurements. 

Surrogate parameters have also been used to quantify the amount of 

THM precursors in water. Since, the organic contaminants which impart 

color to water are in general also the major contributors to THMFP, the 

same surrogate parameters used to measure color have been used to 

quantify THM precursors. Singer et al. (1981) demonstrated that raw 

water ultraviolet absorbance at 254nm was a good predictor of 7-day 

THMFP (r2 = 0.87). They also indicated that the total organic carbon 

(TOC) concentration of the raw water correlated well with 7-day THMFP 

(r2 = 0.71). The data of Amy et al. (1986) indicated that raw water 

ultraviolet absorbance at 254nm and TOC both correlated with 96-hour 

THMFP (r2 = 0.621 and 0.637, respectively). They went on to conclude 

that the multiplicative parameter UV*TOC provided the best overall 

predictor of raw water THMFP (r2 = 0.925). 

3.5 Ozone Reaction Pathways in Natural Waters 

When ozone is used as an oxidant in aqueous solutions, two 

principle reaction pathways result. Ozone, O3, may react directly with 

substrates, or molecular ozone may decompose into radicals which react 

with substrates. The most reactive of these radicals is the hydroxyl 
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radical, OH*. In water systems at near neutral pH and with moderate 

alkalinity (75-150 mg/L as CaC03) both reaction pathways are thought to 

be followed simultaneously (Hoigne and Bader, 1983). Which pathway 

predominates is dependent upon the substrates that are reacting as well as 

pH and alkalinity. The two pathways are regulated by different 

mechanisms and generally lead to different oxidation products (Hoigne and 

Bader, 1983). 

Molecular ozone, O3, is a powerful oxidizing agent. Under acidic 

conditions it has a thermodynamic oxidation potential of -2.1 volts at [H+] 

= 1M (Peleg, 1976). Theoretically, ozone should be able to oxidize 

inorganic compounds to their highest oxidation states and organic 

substances to carbon dioxide and water. However, molecular ozone has 

been shown to be rather selective in its oxidation reactions. Ozone reacts 

rapidly with most alkenes and aromatic structures to cleave carbon-carbon 

double bonds (Clark et al., 1988). On the other hand, ozone reacts only 

slowly with most alkanes. For instance, the oxidation of trihalomethanes 

using ozone is quite slow under water treatment conditions (Glaze et al., 

1987). 

A reaction model for the direct reaction of ozone with a substrate M 

is provided by Hoigne and Bader (1983): 
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M + O3 —> X (slow) 

X + (z - 1)03 —> Moxid (fast) 

X = a primary intermediate formed during the rate limiting step. 
Moxid = a stable oxidation product which consumes no more ozone, 
z = a stoichiometric factor dependent on the solute and reaction 
conditions, (typically, z = 1 to 5) 

If the rate of reaction is assumed to be first order with respect to both the 

ozone and solute concentrations, the rate expression may be written as 

follows: -d[03]/dt = ko3[C>3][M]. (The extensive research of Hoigne, 

Bader, Haag, and Staehelin on aqueous ozone reactions with organic and 

inorganic substances support this assumption (Hoigne et al. ,1985)). 

The radical reaction pathway results when dissolved molecular 

ozone decomposes to radicals. The decomposition of ozone into hydroxyl 

radicals may be initiated by common water constituents including 

hydroxide, formate, and ferrous ions. Humic substances have also been 

reported as initiators of ozone decomposition (Staehelin and Hoigne, 

1985). Once the decomposition is initiated, a chain reaction may follow, 

whereby, the radicals and their reaction products additionally accelerate 

the decomposition of ozone. Hundreds of ozone molecules may decompose 

from a single initiation. Staehelin and Hoigne (1982) give the following 

decomposition reactions: 
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(1) 03 + OH- > H02~ + 02 ko3 = 70 ± 7 M'V1 @ 20°C 

(2) 03 + H02" >0H + 02" + 02 k = 2.8 X 106 M_1s_1 @ 20°C 

(3) O3 + 02- > O3" + 02 

(4) 03" + H20 >0H+0H"+02 

Figure 3.2 illustrates the chain reaction mechanism for the decomposition 

of dissolved molecular ozone. 



OH"—K 

M'o*ld 

02 ROO 

• OH 

Figure 3.2. The Chain Reaction Mechanism for the Decomposition of 
Ozone. (Adapted from Hoigne and Bader, 1984) 
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Hoigne and Bader (1984) furnish the following description of the 

decomposition of ozone in water illustrated in Figure 3.2: 

OH" (hydroxide ions), or HO2" (H2O2 = hydrogen peroxide), or some 

organic compounds react with ozone to initiate a chain reaction by producing 
(^"(superoxide ions) (Reaction 2). O2" immediately transfers its electron to 

O3 (k = 1.6 X 109 M^s"1) (3). The ozonide anion (O3") which is formed 

becomes protonated (4) within 0.1 ms and decomposes instantaneously (k = 

1.1 X 105 s_1) to OH* radicals (5). OH* radicals may react with an organic 

molecule M (6). A secondary addition product with oxygen (7) may split off 
O2" (8). For instance, formic acid (formiate ions) undergoes this sequence of 

reaction within microseconds and regenerates O2" with a yield factor of 1.00. 

Solutes such as glyoxylic acid, benzene, sugars, or humics react somewhat 
similarly to formic acid. O2" restarts the cycle of reactions (3-8) which 

transforms another O3 molecule to another OH*. The radicals O2" and OH* 

act as chain carriers. The rate of the transformation of ozone molecules into 

the highly reactive OH' radicals therefore depends on (i) the rates by which 

the chain reaction is initiated, (ii) the relative extent by which the organic 
substrate after reaction with OH*, splits off O2" to continue the chain, and 

(iii) the extent by which OH* becomes scavenged by solutes which do not 

form O2" and therefore terminates the chain (9). 

The hydroxyl radical is the most reactive of the radical species 

formed when ozone decomposes. The standard electrode potential of the 

hydroxyl radical is -2.8 volts at [H+] = 1M (Peleg, 1976). Not only does 

the hydroxyl radical have a higher electrode potential than molecular 

ozone, it also is a less selective oxidant (Glaze et al., 1987). 

The presence of common water contaminants such as bicarbonate 

and carbonate ions may inhibit the chain reaction decomposition of ozone. 

Bicarbonate and carbonate ions may readily trap the hydroxyl radicals 
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before they react with ozone molecules. Therefore, the extent of radical 

formation is dependent upon the pH and alkalinity of the water (Glaze et 

al., 1987). The half-life of dissolved ozone depends primarily on the pH 

of the water. Also, the half-life at a particular pH-value will increase as 

carbonate is added to the system. This suggests that carbonate is 

scavenging the hydroxyl radicals (Staehelin and Hoigne, 1982). Staehelin 

and Hoigne (1982) offer the following hydroxyl radical scavenging 

reactions (@20°C): 

(5) 0H+C03"2—>0H" + -C03- k = 4.2xl08M-1s*1 

(6) OH +HCO3-—>0H" + HC03- k = 1.5 X 107 M-V1 

(7) OH- + HPO4-2 —> OH" + -HP04- k = 5.0 X 106 M'V1 

The radicals formed by the scavenger + OH* reactions are not 

believed to react further with ozone molecules. In contrast to OH-; HO2', 

•O2", 'O3", and H202 are not scavenged and may lead to further 

decomposition of ozone. Hence, when carbonate exists at high enough 

levels to scavange all the hydroxyl radicals generated, three molecules of 

ozone decompose per initiating step. (See reactions (l)-(3)) The 

decomposition of ozone may be described by a second order differential 

equation where the reaction is first order in both ozone concentration and 

hydroxyl concentration: 

d[03]/dt = k[03][0H"] ko3 = 70 ± 7 M'V1 @ 20°C 
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As an aside, the decomposition of ozone initiated by the ionized 

form of H2O2, HO2", is much faster than the reaction with hydroxide ions. 

See reaction (2) above. Therefore, very small concentrations of HO2* may 

lead to the rapid decomposition of ozone. This property has led 

researchers to investigate the combined use of ozone and hydrogen 

peroxide (Staehelin and Hoigne, 1982). 

As stated above, in natural water systems oxidation by ozone will 

likely follow both reaction pathways (i.e., direct reaction with molecular 

ozone and reaction with hydroxyl radicals). The predominant pathway 

depends largely on pH and carbonate concentration. If high levels of 

carbonates exist then radical scavenging will occur and the direct reaction 

pathway is likely to predominate. 

3.5.1 Ozone-Bromide Reactions 

The ozonation of water containing bromide ion, Br", occurs in the 

treatment of ground and surface waters for drinking purposes. In this 

instance, the bromide concentration is likely to be less than 2 mg/L. The 

reaction between ozone and bromide is of primary concern due to the 

possibility of forming brominated DBPs. 

Figure 3.3 illustrates the reaction mechanisms between ozone and 

bromide. Ozone oxidizes bromide to form hypobromous acid, HOBr. 

HOBr in its ionized form, OBr", may react with ozone to form bromate 

ion, Br03~. OBr" may also react with ozone and disproportionate back to 

bromide ion. Haag and Hoigne (1983) present the following reaction 

scheme: 



(8) O3 + Br —> O2 + OBr 

(9) O3 + OBr" —> 2O2 + Br" 

(10) 203 + OBr" —> 202 + B1O3" 

k = 160 ± 20 JVHs"1 @20°C 

k = 330 ± 60 M^s-l @20°C 

k = 100 ± 20 M'V1 @20°C 

Haag and Hoigne (1983) discovered that the ozonation of water containing 

HOBr but no initial bromide ions resulted in the formation of bromide 

ions. They attributed the accumulation of Br" to the oxidation of OBr" in 

which the oxygen atom is oxidized. This resulted in the formation of an 

intermediate species, bromide peroxide. They presented the following 

reaction scheme: 

Because of the regeneration of Br", reactions (8) and (9) represent a 

catalytic destruction cycle of ozone. This represents an additional ozone 

decomposition mechanism to the radical chain reactions. The 

stoichiometric factor (z) for the complete oxidation of Br" to Br03" is 

equal to 9 mol 03/mol Br" when enough ozone is added to maintain steady-

state conditions whereby the concentrations of Br" and OBr" equilibrate in 

reactiions (8) and (9). 

(11) O3 + OBr—>02 + Br-O-O-

(12) Br-O-O > 02 + Br 

(slow) 

(fast) 
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Figure 3.3. Ozone-Bromide Interactions in Water 
(Adapted from Haag and Hoigne, 1983) 

3.6 The Effects of Ozone Addition on Natural Organic Matter 

The interaction between ozone and NOM in water has been studied 

by several researchers (Maier, 1979; Lawrence, 1980; Veenstra et al., 

1983; Chrostowski et al., 1983; Gilbert, 1983; Glaze, 1986; Reckow et 

al., 1986; Amy, 1988; Rice, 1989; Duguet et al., 1989). This research has 

led to the discovery of two major types of reactions: (1) the oxidative 

degradation of organic matter and (2) the oxidative coupling of organic 

molecules. 

The oxidative degradation of DOM occurs when dissolved ozone or 

its decomposition products, namely hydroxyl radicals, cleave the 

molecular chemical bonds of the organics. This reaction scenario manifests 

itself in the shift from higher molecular weight compounds to lower 
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molecular weight compounds. The ultimate products of the oxidative 

degradation of DOM are carbon dioxide, water, and other fully mineralized 

compounds such as nitrate. However, at the ozone doses typically applied 

at water treatment facilities (1-7 mg/L) seldom yields mineralized products 

(Rice, 1980). 

Lawrence et al. (1980) ozonated aqueous solutions of fulvic acid 

under simulated treatment plant conditions and identified the predominant 

oxidation products. An ozone dose of approximately 1 mg of ozone per mg 

of fulvic acid was applied. They noted a marked increase in the number 

and relative concentrations of lower and intermediate molecular weight 

compounds. Partial oxidation products identified included carboxylic 

acids, aldehydes, and ketones. 

Veenstra et al. (1983) treated Kaw Reservoir water with ozone and 

monitored the shifts in apparent molecular weight (AMW) of the organics. 

Oxidation of DOM with absorbed ozone doses of between 1 and 6 mg/L 

resulted in a decrease in the organics of the 30,000-50,000 AMW range 

and an increase in the organics falling in the 1000-3000 AMW range. 

Glaze (1986) stated that in the reaction of molecular ozone with 

humic substances there are three likely reaction sites: (1) carbon-carbon 

double bonds, (2) aromatic rings which are activated with hydroxyl 

groups, and (3) complexed metals such as iron. Carbon-carbon double 

bonds may be cleaved through the process of ozonolysis. Figure 3.4 

shows the ozonolysis of an alkene. 
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Alkene Molozonide Ozonide Aldehydes 
and Ketones 

Figure 3.4. The Ozonolysis of an Alkene 
(Adapted from Morrison and Boyd, 1973) 

The oxidation of aromatic ring structures containing hydroxyl 

groups occurs in stages: (1) quinone formation and (2) ring fission. Figure 

3.S shows a possible reaction sequence. 
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Figure 3.5. Aromatic Ring Fission. (Adapted from Glaze, 1986) 

Rice (1989) reports that the oxidation of aromatic rings leads to the 

production of aliphatic, saturated, 2- and 4-carbon compounds such as 

muconic, maleic, tartaric, glyoxylic, fumaric, ketomalonic, oxalic, and 

formic acids as well as glyoxal, muconaldehyde, malealdehyde, carbon 

dioxide, and hydrogen peroxide. Intermediate aromatic compounds that 

have been identified from the ozonation of benzene and/or phenol include 

catechol, resorcinol, hydroquinone along with ortho- and para-

benzoquinones. 

Ozone reacts rapidly with inorganic ions bound to organic chelates 

raising the ions to a higher oxidation state (Glaze, 1986). In the case of 

iron, ferrous ions are oxidized to ferric ions which then may hydrolyze 
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and precipitate from solution. Organically bound manganous ions are 

oxidized to manganic ions which may then hydrolyze and precipitate. 

However, manganic ions may be further oxidized by ozone to the highly 

soluble permanganate state (Rice, 1989). 

Amy et al. (1988) examined the effects of ozonation on the 

molecular weight distribution of dissolved organic carbon of humic 

substances from four different sources (Contech fulvic acid, peat fulvic 

acid, Aldrich humic acid, Biscayne aquifer DOM). Both gel permeation 

chromatography and ultrafiltration were employed to define AMW. Applied 

ozone doses ranged from 2.0 to 2.5 mg/mg DOC. In all cases, ozonation 

resulted in the disintegration of higher AMW material and the concomitant 

formation of lower AMW molecules. Little or no reduction in overall DOC 

concentration resulted from the ozonation. For instance, the application of 

2.16 mg 03/mg DOC to a Contech fulvic acid solution resulted in the 

reduction in the average AMW of the DOM from 21,000 to 11,800, based 

on DOC measurements. No change in DOC concentration was detected. 

Most of the reduction in average AMW was attributed to the disappearance 

of DOM in the 20,000 to 40,000 AMW range and the increase in DOM of 

the < 500 AMW range. 

The other major reaction between ozone and NOM in water is the 

oxidative coupling of organic molecules. This type of reaction is often 

referred to in the literature as one of the so called "microflocculation" 

phenomena (Maier, 1979). Microflocculation may be defined generally as 

the beneficial effects on the coagulation and flocculation processes due to 

the prior addition of ozone to the water. The beneficial effects are seen in 
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the form of increased removal of suspended and dissolved matter during 

sedimentation and filtration at a reduced primary coagulant dose (Rice et 

al., 1981). 

Rechow et al. (1986) presented a summary of the several 

mechanisms of microflocculation which have been postulated by 

researchers. Among the proposed mechanisms is the coupling or 

polymerization of organic molecules. The addition of ozone to water 

containing organic matter has been shown to lead to the formation of 

highly polarized meta-stable organic compounds such as ozonides, organic 

peroxides, and organic free-radicals (Gilbert, 1983). These meta-stable 

organics may combine with other meta-stable compounds or with stable 

organic molecules to form larger molecules (Duguet et al., 1989). 

Maier (1979) reported the experimental results of Kurz (1977) who 

treated a 30 mg/L hymatomelanic acid (medium weight humic substances) 

solution with ozone. Ozone doses of less than 1.0 mg/mg acid resulted in 

increases in turbidity. The maximum increase in turbidity occurred with an 

ozone dose of about 0.65 mg/mg acid. In this instance the turbidity was 

increased from 1.6 to 2.7 NTU. The increased turbidity was concluded as 

evidence of dissolved substances being converted into colloidal-sized 

material. Maier also reported on the data of Schalekamp (1977) who 

treated Lake Zurich water with ozone. After ozonation with 1 mg/L, the 

mean particle diameter increased from 2.35 |im to 2.97 |J.m and the total 

number of particles was reduced from 13,040 to 8,158. When the ozone 

dose was increased to 2.5 mg/L, the same phenomena were demonstrated 

but to a lesser degree. 
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Rice (1984) suggested that the increase in turbidity following ozone 

addition to water may be attributed to the introduction of oxygen into the 

organic materials. Carboxyl, carbonyl, and hydroxyl groups are added to 

organic molecules increasing the polarity of the organics. The highly polar 

organics subsequently combine with polyvalent cations such as calcium, 

magnesium, iron, and aluminum forming higher molecular weight 

compounds which precipitate and increase turbidity. 

Chrostowski et al. (1983) noted coupling/polymerization of 

aqueous phenolics following the addition of low doses (0.04-0.07 mg/mg 

DOC) of ozone. Catechol, resorcinol, catechin, gallic acid, and tannic acid 

were all found to experience polymerization after ozone addition. The 

increase in molecular size was evidenced by bathychromic shifts, increased 

color intensities, and size exclusion chromatograms. 

Gilbert (1983) observed polymerization during ozone addition to 

aqueous solutions of substituted aromatics. Aminohydroxynaphthale-

nesulfonic acid was formed after the addition of ozone to a 1.0 mmole 

aqueous solution of aniline. The maximum amount of aminohydroxy-

naphthalenesulfonic acid was formed with an ozone dose of 1.4 mg/mg 

carbon. 

Duguet et al. (1989) showed the formation of aromatic polymers 

during the ozonation of aqueous solutions of 2,4-dichlorophenol. The 

application of 1.3 mg 03/mg carbon resulted in the formation of insoluble 

compounds as defined by filtration through a 0.45 |xm filter. Mass 

spectrometry coupled with gas chromotagraphy was used to identify the 

soluble ozonation products. The products identified included dioxins and 
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chlorinated dibenzofurans. The coupling of these aromatic structures 

involved carbon-oxygen-carbon and carbon-carbon single bonds. The exact 

structures of higher molecular weight polymers could not be determined. 

3.7 Organic Color Removal by Ozone Addition 

The addition of ozone to water has been shown by several 

investigators to be an effective treatment for the removal of color. Rice 

(1980) reported that ozone is particularly reactive with unsaturated groups 

of organic compounds. The carbon-carbon double bonds responsible for 

the original color are cleaved and the color disappears. 

Lawrence et al. (1980) ozonated a 500 mg/L fulvic acid solution. A 

160 mg/L applied ozone dose rendered the solution almost colorless. 

Reckow and Singer (1984) noted that ozone reacted rapidly with a 

Black Lake, N.C. fulvic acid solution. A transferred ozone dose of 0.2 

mol O3 per mol DOC resulted in a 50 percent reduction in UV-absorbance 

at 254nm. 

Flogstad and Odegaard (1985) studied the effects of ozone addition 

on color removal from Norwegian waters containing humic substances. 

They determined that ozone demand was a function of initial color level. 

Also, they showed that the residual ozone concentration in the water was 

relatively low until most of the color was removed. After that, the residual 

ozone increased almost linearly with time. Increased doses of ozone led 

only to an increase in residual ozone concentration without any further 
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reduction in color. They indicated that there was a certain level of color 

that was refractory to ozone. 

Gilbert (1988) treated fulvic acid solutions derived from in the 

River Ruhr and groundwater from Fuhrberg, Germany. He reported a 

decrease in color, as measured by ultraviolet absorbance at 400nm, as well 

as a reduction in ultraviolet absorbance at 254nm upon ozone addition. The 

fulvic acid solutions had DOC concentrations of approximately 90, 180, 

and 540 mg/L. Ozonations were conducted at pH values of 3 and 7. The 

combined results indicated that between 3.2 and 3.7 mg 03/mg DOC was 

necessary to achieve an 80 percent reduction in ultraviolet absorbance at 

254nm. A refractory level of ultraviolet absorbance at 254nm was 

observed. 

3.8 Effects of Ozone Addition on Trihalomethane Formation Potential 

Previous research indicates that the effects of ozone addition on 

color and UV-absorbance at 254nm are pronounced. The effects of ozone 

addition on THMFP is less clear. In the majority of cases, the addition of 

ozone prior to chlorination has led to reduced concentrations of THMs 

formed. However, there are several reports of increased THM levels due to 

preozonation of water (Dore, 1978; Rice et al., 1980; Glaze et al., 1982). 

These results indicate that the ozone oxidation of organic matter (i.e., 

humic substances) may both destroy and create THM precursors. 
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Rice (1980) suggested that ozonation may result in the 

depolymerization of humic substances yielding larger quantities of 

activated lower molecular weight THM precursors. 

Dore et al. (1978) treated a 100 mg/L fulvic acid solution with 

ozone. The gas flow rate to the reactor was 7.5 L/hr and concentration of 

46 mg/L as oxygen. They took samples at discrete time intervals over a 

period of 45 minutes. To measure the effects of ozonation on the formation 

of THMs, the samples were chlorinated with 29.8 X 10"3 moles/L of CI2 

and allowed to react for 30 minutes. The chloroform concentrations 

increased as a function of increasing ozonation time up to a maximum at 25 

minutes. Beyond 25 minutes the chloroform concentrations decreased as a 

function of ozonation time. 

Veenstra et al. (1983) performed an 11 month study of the effects 

of ozonation on THMFP of Kaw Reservoir water. They noted a mean 

percentage reduction in 2-day THMFP of 15.3 ± 13.9 and a mean 

percentage reduction in DOC of 9.4 ± 22.4 with a mean absorbed ozone 

dose of 2.7 ± 0.9 mg/L. They concluded that ozone addition altered the 

THM precursors to make them less amenable to THM formation as well as 

reduced the DOC. They also related that the ability of ozone to reduce 

THMFP was somewhat inconsistent. In some of the samples the THMFP 

were reported to have increased after ozone addition. 

Robertson and Oda (1983) conducted research on Scugog River 

water. They found that a 60 percent reduction in chloroform concentration 

could be achieved by replacing prechlorination with preozonation, when a 

30 minute chlorine residual was applied. Also, they showed that ozone 
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addition reduced the THM production from the organics. An applied ozone 

dose of 2 mg/L reduced the chloroform formation potential from 253 to 

173 Hg/L for river samples taken in July. An applied ozone dose of 20 

mg/L reduced the chloroform formation potential to 154 (ig/L. 

Reckow and Singer (1984) treated a Black Lake fulvic acid solution 

with several doses of ozone. They found small reductions in DOC but 

relatively larger reductions in THMFP. A dose of 0.75 moles of ozone 

transferred per mole of initial DOC resulted in a 20 percent reduction in 

DOC and a 50 percent reduction in THMFP. Total organic halide formation 

potential (TOXFP) was reduced by approximately the same relative extent 

as THMFP. Their data also indicated that it made little difference to final 

THMFP values whether the ozonated water was chlorinated immediately or 

after three days of retention. 

Yamada et al. (1986) ozonated a humic acid solution. At low 

consumed doses of ozone (< 0.25 mg O3 per mg TOC) They found an 

increase in THMFP over the unozonated water. At successively higher 

doses of ozone the THMFP was concomitantly reduced. An ozone level of 

6 mg O3 consumed per mg of TOC resulted in about a 50 percent reduction 

in chloroform produced upon chlorination. 

Glaze (1986) reported that dissolved molecular ozone may react 

with organically bound transition metal ions in a one-electron transfer 

process that may yield the ozonide radical, 'O3". This radical may then 

initiate the decomposition of molecular ozone to produce hydroxyl 

radicals. Glaze suggested that the hydroxyl radicals could activate aromatic 

structures through hydroxylation. The more highly activated aromatic 
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compounds would be able to react more readily with chlorine during 

disinfection to create DBPs. This sequence of events could account for 

increased THMFPs following ozone addition. 

Chlorine substitution on carbon is generally a slow reaction but 

may be hastened if the carbon is activated. The activation of carbon may be 

accomplished by the addition of electron-donating atoms such as oxygen or 

nitrogen to neighboring carbon atoms (Johnson and Jensen, 1986). Figure 

3.6 indicates how the increase in activation of benzene results in its higher 

reactivity towards chlorine. 

Georgeson and Karimi (1988) studied the effects of ozone addition 

to the influent to the Los Angeles Water Treatment Plant which treats water 

from the L.A. Aqueduct. A 24 percent reduction in THMFP was 

accomplished from the application of an ozone dose of 0.7 mg/L (0.46 

mg/mg TOC). Most of the reduction in THMFP was in the form of a 

reduction in chloroform concentration (-21 %). The raw water had an 

average THMFP of 96.2 ±4.6 |i.g/L and a chloroform concentration of 

about 80 |J.g/L. The ozone-treated water had a THMFP of about 73 Hg/L 

and a chloroform concentration of about 58 |ig/L. 
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+ H0C1 ---> (no reaction) 

OH 

6 OH OH 

+ HOC1 —> (^j) (Hf (slow reaction) 

a 
o,n 

+ HOC1 —> CHCI3 + other DBPs (fast reaction) 

Figure 3.6. Activation Effects on Reactivity Towards Chlorine 
(Adapted from Johnson and Jensen, 1986) 

Singer et al. (1989) reported on the use of ozone to treat Lake 

Okeechobee water at Belie Glade, Florida. They noted changes in THM 

speciation after the adoption of ozonation. Prior to the implementation of 

ozonation, chloroform comprised about 85 percent of the TTHM 

concentration; with ozone addition, chloroform constituted only 40 percent 

of the TTHM concentration. 

The chlorination of water containing bromide ions has been shown 

to lead to the formation of the brominated THM species: CHC^Br, 

CHClBr2, and CHBr3 (Amy et al., 1984; Cooper et al., 1985). Cooper et 

al. (1985) furnished a literature review of ozone and bromide ion 

interactions. They related that the ozonation of bromide containing waters 

prior to chlorination had been reported to both increase and decrease the 

formation of brominated trihalomethanes. 
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Trussell and Umphres (1978) reported that preozonation of Lake 

Casitas water caused reductions in the average proportion of chloroform 

(16%) and dichlorobromomethane (21%) and increases in the proportion of 

dibromochloromethane (19%) and bromoform (160%). The average ozone 

dose was not given. 

Haag and Hoigne (1983) have demonstrated that ozonation of water 

containing bromide ions and organics leads to the formation of bromoform 

(CHBr3). They reported that the creation of bromoform is highly 

dependent upon the pH and the ozone dose. After ozonating a 2 mg/L 

humic acid solution containing 1 mg/L of Br", it was found that the 

maximum 21-hour bromoform concentrations occurred at an ozone to 

bromide ratio of about 5. Also, almost 3 times as much bromoform 

resulted when using water at a pH of 6.1 as compared to using water at a 

pH of 8.8. They associated the 03/Br" and pH effects with the 

concentration of HOBr formed during ozonation. Higher ozone doses 

resulted in the oxidation of HOBr to BrC>3". At the higher pH value more 

of the HOBr would be in the dissociated form, OBr" (pKa = 8.8) which is 

less reactive in forming THMs. 

Cooper et al. (1986) studied bromoform formation in ozonated 

Florida groundwaters containing bromide and humic substances. In three 

out of the four waters studied when the ozone dose was held constant, the 

amount of bromoform produced decreased as a function of increasing pH. 

They also noted that at a given pH level, the concentration of bromoform 

increased as a function of ozone dose. Also, for a constant ozone dose, 
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bromoform levels increased when the initial bromide concentration was 

elevated. 

Daniel et al. (1989) conducted a pilot-scale evaluation of the 

interaction of ozone and bromide concentrations on DBP formation in 

groundwater from the Sacramento-San Joaquin Delta. They added different 

amounts of NaBr to the water and then treated the water with ozone. In 

regard to THM formation, increasing the concentration of bromide led to 

an increase in TTHM concentration as well as a shift to a greater 

proportion of brominated THM species. In one set of experiments, an 

ozone dose of 4 mg/L (1.05 mg/mg TOC) was applied to water samples 

containing 0.1 and 0.6 mg/L of bromide ions; chlorination with 20 mg/L of 

CI2 resulted in TTHM concentrations of 100 and 247 |Xg/L, respectively 

after 48 hours of reaction time. In another set of analyses, bromoform 

concentration was examined as a function of ozone dose and bromide 

concentration. For ozone doses of 1 and 4 mg/L and a bromide 

concentration of 0.6 mg/L, bromoform concentration was <0.5 and 4 |i.g/L, 

respectively after 1 hour and no chlorine addition. For an ozone dose of 4 

mg/L and bromide concentrations of 0.3 and 0.6 mg/L, bromoform 

concentration was 120 and 220 M.g/L, respectively after 48 hours and a 

chlorine dose of 20 mg/L. 
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3.9 The Use of Monochloramine Following Ozonation 

The literature review concerning the performance of ozone addition 

for water treatment indicates certain advantages and disadvantages. Among 

the chief advantages of ozone oxidation is the ability of this oxidant to 

destroy organic color and to deactivate pathogenic microorganisms. The 

major disadvantages of ozone addition are the inability to consistently 

lower THMFP of waters to meet the current standard and the inability to 

provide a long-lasting residual disinfectant. A possible treatment regime 

that takes account of these advantages and disadvantages would be to team 

ozone oxidation with the addition of a secondary, residual disinfectant less 

reactive towards forming THMs than HOC1. An alternative secondary 

disinfectant suggested for controlling THM formation is NH2CI (EPA, 

1983). Monochloramine is formed by the addition of chlorine to water 

containing ammonia. Monochloramine is a weaker oxidant and disinfectant 

than free chlorine but is less reactive with organics and forms a more 

stable residual disinfectant. 

Johnson and Jensen (1983) performed a literature review to 

compare the yield of THMs and total organic halide (TOX) from the 

reactions of humic substances with monochloramine and with free 

chlorine. They found that NH2CI reacted with organics primarily via 

substitution reactions. Whereas, HOC1 acted both as an oxidizing agent 

and a substituting agent. The two reaction scenarios resulted in different 

reaction products. The reaction between humics and NH2CI yielded 

proportionally less volatile TOX, including THMs, and more nonvolatile 
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TOX as compared to the reaction between HOC1 and humic substances. 

However, on an absolute scale, treating the water with NH2CI resulted in 

less nonvolatile TOX than treating the water with free chlorine. 

Chloramination resulted in nonvolatile TOX concentrations of between 9 

and 49 percent of those resulting from chlorination. 

Robertson and Oda (1983) conducted research on Scugog River 

water. The raw water contained high amounts of natural organic matter and 

had a TOC in the range of 8 to 12 mg/L. They compared the use of 

chloramine addition with and without preozonation by measuring the 

resulting chloroform concentration. A chloramine residual of 0.5 mg/L was 

maintained for 30 minutes. This treatment resulted in mean chloroform 

concentrations of 5.74 |Xg/L for the raw July samples and 3.56, 5.74, and 

5.62 (Xg/L for the preozonated July samples with applied ozone doses of 2, 

7.5, and 20 mg/L, respectively. Another set of samples were disinfected 

with free chlorine. This treatment resulted in mean chloroform 

concentrations of 253 fig/L for the raw July samples and 173, 175, and 

154 |ig/L for the preozonated samples with applied ozone doses of 2, 7.5, 

and 20 mg/L, respectively. The data illustrate the utility of 

monochloramine in lowering the THMFP of the finished water. 

Jensen et al. (1985) treated a Black Lake, N.C. fulvic acid solution 

with preformed monochloramine. They reported that monochloramine 

reacts with fulvic acid molecules at olefinic (aliphatic double bond) sites 

"rich" in K-electrons. Monochloramine may decolorize fulvic acid 

solutions by the reaction with these olefinic sites. However, it was 

determined that 100 times more monochloramine than free chlorine was 
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required to destroy the fulvic chromophores to the same degree. It was 

also noted that preformed monochloramine does not react with fulvic acid 

molecules to form chloroform or low molecular weight chlorinated acids. 

Monochloramine produced TOX that was larger in molecular size and less 

polar than chlorine-produced TOX. 

Singer et al. (1989) reported on the effects of adding ozone 

followed by monochloramine at the Belle Glade water treatment plant. The 

Lake Okeechobee water is "rich" in humic substances with an average TOC 

concentration of about 30 mg/L. Prior to the implementation of ozonation 

and chloramination the water was decolorized by large (15-20 mg/L) of 

chlorine. THM levels in the distribution system averaged about 600 |J.g/L. 

The use of ozone followed by chloramination were instituted to lower the 

THM concentration. 

An average applied ozone dose of 6 mg/L was split evenly between 

two contact chambers. The first ozone contact chamber was located at the 

head of the plant prior to the rapid mix basin. The second ozone contact 

chamber was located after the sedimentation basin and before the filters. 

Chloramination was performed directly after each ozone contact basin. 

Ammonia and chlorine were added simultaneously. The ammonia dose and 

chlorine doses ranges from 1.6 to 4 mg/L and 5 to 13 mg/L, respectively. 

A nitrogen to chlorine mass ratio of 3 was maintained. 

The implementation of ozonation with chloramination has resulted 

in TTHM concentrations in the distribution system of less than 30 fig/L. 

The quality of the finished water in terms of color and turbidity have 

remained "satisfactory." Taste and odor episodes have occurred 
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periodically but were no worse than before the modifications to the 

treatment regime. The only problem resulting from the changes relates to 

elevated heterotrophic plate counts in water samples taken from certain 

points in the distribution system. 
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IV. EXPERIMENTAL 

4.1 Sample Collection and Handling 

Fourteen samples from 11 individual wells in the Orange County 

area were obtained for analysis. All samples were collected after the wells 

were pumped long enough to achieve a stable UV absorbance 

measurement. Samples were placed in acid-washed 1 gallon Nalgene 

containers. The samples were shipped chilled in ice chests and were 

received at the University of Arizona the day after sampling. Upon receipt 

the samples were stored in a refrigerator at 4°C. All analyses were 

performed on water first brought to room temperature (21-24°C) and 

filtered through 0.45 (J.m Millipore type HA membrane filters. The filters 

were prewashed by filtering 500 ml of deionized (Milli-Q) water. The 0.45 

|j.m filtration provided an operational definition of dissolved organic matter 

(DOM). 

4.2 Experimental Matrix 

Figure 4.1 provides an illustration of the experimental matrix. To 

distinguish the effects of ozone addition, aliquots of the untreated samples 

were characterized along with aliquots of the treated water. 
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SAMPLE 

0.45 um FILTRATION 

AMW 

FRACTIONATION 

UV-ABS 

DOC 

THMFP 

UV-ABS 

DOC 

THMFP 

Color 

OZONATION 

UV-ABS 

DOC 

THMFP 

Color 

AMW 

FRACTIONATION 

UV-ABS 

DOC 

THMFP 

Figure 4.1. Experimental Matrix 
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Untreated water characterization consisted of first taking an aliquot 

of the 0.45 fim filtered sample water and applying the following analyses: 

nonpurgeable dissolved organic carbon (DOC), ultraviolet absorbance at 

254 nm (UV-ABS), color, and trihalomethane formation potential 

(THMFP). Additionally, an aliquot of the untreated water was fractionated 

by ultrafiltration according to the method of Collins et al. (1986). In this 

manner, the DOM was separated into different apparent molecular weight 

(AMW) ranges: <30,000; <10,000; <5,000; <1,000; and <500. The 

various AMW fractions were analyzed for DOC, UV-ABS, and THMFP 

using both free chlorine and monochloramine. 

Ozone treated water characterization consisted of taking 1.0 L 

aliquots of the 0.45 |0.m filtered water and applying different doses of 

ozone per aliquot. Each ozonated aliquot was analyzed for DOC, UV-ABS, 

and color. Ultrafiltration was performed on the ozonated aliquot that had 

approximately 50 percent UV-ABS reduction. This aliquot was referred to 

as the "select" dose. Each of the AMW fractions was analyzed for DOC, 

UV-ABS, and THMFP using free chlorine. Additionally, the chloramine 

THMFP (NH2CI-THMFP) was performed on the <0.45 |i.m fraction of the 

select dose. 

Additional parameters monitored on the raw water included pH, 

alkalinity, and bromide ion concentration. Each of the untreated samples 

was also analyzed for inorganics by the laboratories of the Orange County 

Water District. 
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4.3 Ozone Reactor and Ozonation Procedure 

Figure 4.2 is an illustration of the ozone reactor system. A 2 L 

Virtis reactor was employed as an ozone contactor. The reactor was 

constructed completely of glass and stainless steel except for teflon 

bushings for the impeller shaft. The reactor was operated in a semi-batch 

mode (i.e., continuous gas admission, static liquid volume). With a 1.0 L 

sample the reactor had 1.925 L of head space. The ozone was added to the 

reactor through a stainless steel tube with five 0.5 mm diameter holes in 

the end of the tube that protruded 4.5 cm below the water surface. Mixing 

was produced by an impeller with six flat blades each measuring 1.0 cm x 

1.0 cm spun at 700 rpm during ozone admission. Two baffle plates 

inhibited rotation of the water and thereby improved mixing. 

Ozone was produced using an Orec model 03V5-0 0.25 lb/day 

water cooled ozone generator. Medical-grade oxygen was used as the 

source and carrier gas. The gas flow into the reactor was maintained at 

about 0.2 L/min. A Gilmont No. 13 glass in-line flow meter was used to 

monitor the gas flow rate. The tubing conducting the ozone from the 

generator to the reactor was stainless steel and new Tygon. 

The rate of ozone application to the reactor was determined by the 

reaction of ozone with potassium iodide (KI) as outlined in Standard 

Methods section 422A (1985). One liter of 2 percent KI was placed in the 

reactor. A gas washing bottle containing 400 ml of 2 percent KI was 

placed in-series after the reactor. The O3/O2 gas mixture was passed 

through the system for an allotted time period (typically 2 minutes). An 
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800 ml aliquot of the reactor contents was acidified to a pH value of about 

2 with 20.0 ml of IN H2SO4 and was quickly titrated with 0.0050N 

sodium thiosulfate (Na2S203) until the contents were straw yellow. Four 

milliliters of standard starch solution was then added to colorize the 

remaining iodine blue. The titration was continued until the fluid was 

completely decolorized. The reaction between ozone and potassium iodide 

and iodide and sodium thiosulfate is represented by the following 

equations: 

O3 + 2KI + H20 —> 02 +12 + 2KOH 

I2 + 2Na2S2C>3 —> Na^Og + 2NaI 

The applied ozone dose to the reactor was varied by adjusting the 

time of C>3/02 gas application. The ozone application rate was calculated as 

follows: 

mg C>3/L-min = (vol*N*24,000)/(800*time) 

vol = volume of titrant, ml 

N = normality of titrant, equiv/L 

24,000 = equivalent wt of O3, mg/equiv 

800 = volume of aliquot, ml 

Once the ozone application rate was determined, the samples were 

ozonated. Any residual KI in the reactor was removed by a tap water rinse 

followed by a rinse of distilled water. A 1.0 L aliquot of the sample water 
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was then placed into the reactor. A gas-washing bottle containing 400 ml 

of 2 percent KI was placed in-series after the reactor. To check the reactor 

for gas leaks, the system was pressurized with nitrogen. If no leaks were 

detected, the Tygon tubing leading from the ozone generator was attached 

to the reactor. The impeller was set at 700 rpm. The O3/O2 gas mixture 

was started by opening a Whitney model 1MR4 stainless steel needle 

valve. A digital stop watch was used to time the process. Once the 

required gas application time had elapsed, the valve was closed. At this 

point, the impeller speed was adjusted to 350 rpm to simulate mixing 

conditions in a full-scale ozone contactor. The mixing time varied 

dependent upon the gas application time. The total time of treatment for all 

samples was set at 10 minutes. This time period included gas application, 

mixing, and sparging time segments. Gas sparging was performed during 

the last 2 minutes of treatment (i.e., beginning at t = 8.0 min and ending at 

t = 10.0 min). Gas sparging consisted of applying nitrogen to the reactor 

to evacuate the reactor headspace of gaseous ozone not transferred to the 

water. The nitrogen flow rate was approximately 2.0 L/min. This flow rate 

over 2 minutes resulted in about 2.0 headspace volumes of nitrogen to be 

passed through the reactor. Any unreacted ozone was trapped in the gas-

washing bottle. The KI was immediately titrated per the idiometric 

procedure described above. In this manner, the ozone dose transferred to 

the sample water was determined. 

The ozonated samples were placed in 1 L glass bottles and stored in 

a dark cabinet at room temperature. The samples were stored overnight 

before analyses were performed. 
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4.4 Analytical Procedures 

The analytical procedures employed for sample characterization 

included the following: 

(1) DOC 

(2) UV-ABS @ 254nm 

(3) color 

(4) THMFP 

(5) pH 

(6) Bromide 

(7) AMW Distribution 

4.4.1 Glassware Preparation 

All glassware taken from the general laboratory supply was 

scrubbed with an Alconox soap solution and soaked in chromic acid for at 

least 1 hour. Then the glassware was rinsed 3 times in tapwater and 3 

times in Milli-Q water. The chromic acid was prepared in accordance with 

Standard Methods section 409G (2)c (1985). Subsequent cleanings of the 

glassware was accomplished by soaking for at least 20 minutes in a 1:1 

aqueous solution of sulfuric acid and then rinsing in tapwater and Milli-Q 

water as described above. An exception to this procedure was used in 

cleaning the THMFP vials. To remove residual pentane, the vials were 

soaked in chromic acid for 20 minutes and then rinsed with tapwater and 
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Milli-Q water. The glass ozone reactor vessel was periodically acid washed 

in 1:1 H2SO4. Before a set of samples was treated, the reactor was cleaned 

by filling it with 2 L of distilled water and ozonating for several minutes. 

However, between each sample the reactor was merely rinsed with distilled 

water. The stainless steel components of the reactor were initially cleaned 

by scrubbing and soaking in an Alconox solution. Subsequently, the 

reactor components were rinsed with distilled water. 

4.4.2 Analytical Methods 

DOC. The dissolved organic carbon content of each sample were measured 

using a Shimatzu TOC-500 Total Organic Carbon Analyzer. The Shimatzu 

analyzer employs a combustion process of carbon oxidation. A 12 ml 

aliquot of the sample was placed into a 2.0 cm diameter by 7.0 cm long 

glass vial. The aliquot was acidified with 3 drops of 1.2N hydrochloric 

acid (HC1) which brought the pH to about 2. The aliquot was then sparged 

with "zero" air (<1 ppm CO, CO2, and hydrocarbons) for 5.0 minutes. 

Acidification and sparging resulted in the removal of inorganic carbon 

(HC03"/C03*2) and, unavoidably, purgeable organic carbon. A 100 \lL 

glass syringe with a teflon plunger was used to inject 50 |J.L of the sample 

aliquot into the DOC analyzer. The organic carbon was subsequently 

oxidized to CO2 and then measured by an infrared detector. Generally, 

three injections were employed. A coefficient of variation of less than 2 
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percent was obtained for the procedure. Calibration of the analyzer was 

accomplished using a potassium acid phthalate (KHP) standard solution. 

UV-ABS. A Shimatzu UV-160A UV-Visible Spectrophotometer with 1 cm 

pathlength matched quartz cuvettes was used to measure the light 

absorbance of the samples. Calibration/zeroing of the instrument was 

accomplished using Milli-Q water. Measurements were made at ambient 

pH. 

Color. Color measurements were made with the use of a Helige Aqua 

Tester. This instrument employed a series of tinted glass plates 

corresponding to different color values in platinum cobalt units (pcu). An 

incandescent light bulb provided the light source. Two clear glass tubes 

(1.8 cm diameter by 22.5 cm length) were provided. Into one tube a 42.0 

ml volume of the sample was placed. Into the other tube an equal volume 

of Milli-Q water was poured. The tinted glass plates were successively 

aligned over the tube with the Milli-Q water and a visual comparison 

between the two tubes was made until the color values were the same. 

When the color value exceeded the maximum color value of the 

tinted glass slides (100 pcu), an accurate 1:1 dilution of the sample was 

made using Milli-Q water. Then the resulting color value was multiplied by 

a factor of 2. 

THMFP. Trihalomethane formation potential was measured using an 

Hewlett-Packard 5790 Gas Chromatograph equipped with an electron 
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capture detector. A fused silica large bore capillary column was used in the 

splitless mode. An oven temperature program was used with a starting 

temperature of 45°C. Once the chloroform (CHCI3) peak was recorded 

(3.08 min) the oven temperature was increased at a rate of 30°C/min until 

a temperature of 85°C was reached. The injection and detector 

temperatures were kept constant at 250 and 280°C, respectively. The 

column flow rate was 4.8 ml/min. The column pressure was 4.0 psig. 

UHP helium was used as the carrier gas. UHP nitrogen was used as the 

auxiliary gas. Liquid-liquid extraction was employed using either 

trihalomethane- or pesticide-grade pentane (CsH^). 

A set of calibration curves were plotted periodically to monitor 

changes in detector response. Analytical-grade pure trihalomethanes used 

in calibration were obtained from Aldrich Chemical Corp. Calibration 

standards were made by weighing a drop of each concentrated THM placed 

into a separate 50 ml volumetric flask containing methanol. Then known 

volumes of each of the methanol based standards were injected into 72 ml 

serum vials containing Milli-Q water. In this manner a set of water-based 

standards of different known concentrations were created. 

The procedure for THMFP analysis involved using 80 ml aliquots 

of the sample water. An aliquot was placed in a 250 ml beaker with an 

acid-washed 4.0 cm long stirbar. The pH was adjusted to 7.0 using 0.5N 

H2SO4 or HC1. Then a volume of sodium hypochlorite (NaOCl) solution 

was added using either a 1.0 or 3.0 ml disposable syringe. The amount of 

free chlorine added was based on the concentration of DOC of the sample. 

A 5 to 1 mass ratio of CI2 to DOC was used. The pH of the aliquot was 
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readjusted to 7.0 if necessary. Each aliquot was then placed into a 72 ml 

serum vial. The vials were sealed with Teflon coated septa. Care was taken 

to eliminate any trapped air bubbles. The vials were stored in a 20°C dark 

incubation cabinet for 168 ± 3 hours. After this time period, the vials were 

removed from the cabinet and the contents tested for a positive chlorine 

residual. The chlorine residual test was performed in accordance to 

Standard Methods section 408A (1980). N,N-diethyl-p-phenylenediamine 

(DPD) was used as the chlorine indicator. One milliliter of IN sodium 

thiosulfate (Na2S2C>3) was used to reduce any remaining chlorine and halt 

the reaction. 

A similar procedure to the above was used in performing the 

NH2CI-THMFP tests as the disinfectant. The only difference lay in the 

addition of ammonia (NH3) to the sample aliquot 10 seconds prior to 

adding the chlorine. A 1000 mg/L ammonium chloride (NH4CI) solution 

provided the source of ammonia. The amount of ammonium chloride 

solution added was based on a molar ratio of ammonia to chlorine of 1:1. 

The amount of sodium hypochlorite added was based on a mass ratio of 

free chlorine to DOC equal to 5:1. A 5:1 ratio was necessary to maintain a 

chlorine residual during the 7-day test period. During the entire procedure 

the water was constantly mixed with an approximate 20 percent vortex 

depression. After the sodium hypochlorite injection the pH was readjusted 

to 7.0. The water was then transferred to 72.0 ml septum vials that were 

then sealed and stored as described above. The same procedure was used 

to determine if a positive chlorine residual existed at the end of the 

reaction period. 
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To measure the THM concentration in the serum vials using the GC, 

it was necessary to extract the THMs from the water using pentane. A 

glass syringe was used to inject 5.0 ml of pentane into the vials using the 

double syringe technique. The vials were then shaken rhythmically for 2.0 

min. A 10 p.L gas tight syringe was used to inject a 2.0 (J.L volume from 

the pentane layer into the GC. The area counts were recorded on an 

Hewlett-Packard 3390A integrator. The concentration of the individual 

THM species was determined using a set of calibration curves. 

pH. The pH values of the raw water and the ozonated water were 

measured using an Orion 910200 glass electrode. The electrode was 

attached to a Corning model 125 digital pH meter. The meter was 

calibrated before use using certified buffers at pH 7 and pH 10. 

Bromide. The concentration of bromide ion in the raw water samples was 

measured using an Orion 94-35 bromide ion specific electrode (ISE) 

attached to a Corning model 125 digital pH meter. A calibration curve of 

concentration (|J.g/L) versus millivolt (mV) was developed using a sodium 

bromide (NaBr) standard solution. 

AMW Distribution. The apparent molecular weight distribution of the 

dissolved organic matter in the samples was determined using an 

ultrafiltration technique. Ultrafiltration was performed using a set of 

pressurized cells (Amicon model 8200) fitted with a series of ultrafiltration 

membranes (Amicon: YC-05, YM-2, YM-5, YM-10, and YM-30). The 
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ultrafilters were operated in-parallel rather than in-series. In this way, a 

set of cumulative AMW fractions of DOM was produced (i.e., <500; 

<1,000; <5,000; <10,000; and <30,000). 

The first step in the ultrafiltration process involved the preparation 

of the membranes. The membranes were soaked overnight in Milli-Q 

water. The Milli-Q water was changed three times during this period. Then 

the membranes were placed in the ultrafiltration cells along with 180 ml of 

Milli-Q water. The cells were pressurized to 55 psig with nitrogen. The 

cell magnetic impellers were set to yield a 20 percent vortex depression. 

The units were run until 140 ml of the Milli-Q water had passed through 

the membranes. At this point the membranes were considered to be 

sufficiently clean for sample processing. The individual membranes were 

used a total of ten times before being discarded. Between samples the 

membranes were soaked in Milli-Q water and stored in a 4°C refrigerator. 

Subsequent cleaning of the membranes consisted of filtering 50 ml of 

Milli-Q water. 

The ultrafiltration of samples consisted of placing aliquots of the 

sample into the cells with the membranes fitted. Because the permeation 

rate of the <500 and <1,000 membranes (YC-05 and YM-2, respectively) 

was quite slow, two cells were used for each of these membranes. Sample 

aliquots of 90 ml were placed into each of the four cells containing the 

<500 and <1,000 membranes. Aliquots of 150 ml were placed into the 

cells holding the <5,000; <10,000; and <30,000 membranes. The cells 

were pressurized with nitrogen to 55 psig and a 20 percent vortex was 

created with the impeller. The first 5 ml of permeate was discarded. The 
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units were run until 30 ml remained in the cells. The permeates were 

collected in 250 ml flasks. Tygon tubing was used to convey the permeates 

from the cells to the flasks. For samples with a raw DOC concentration of 

less than 2.0 mg/L, only the <1,000 and <10,000 membranes were 

employed. 

Tables 4.1 and 4.2 present results of statistical analysis for 

ultrafiltered samples. The measurements are expressed as the mean ± the 

standard deviation (Std Dev). 
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Table 4.1. Replicate Series for Sample No. 4 

Measurements 
DOC ± Std Dev 

Fraction n fme/D 
UV-ABS ± Std Dev 

fcm-n 
THMFP ± Std Dev 

(Ug/D 

<0.45 (im 3 
<30,000 3 
<10,000 3 
<5,000 3 
<1,000 3 

<500 3 

3.31 ± 0.07 
3.00 ± 0.22 
1.75 ± 0.15 
1.31 ± 0.21 
0.68 ± 0.17 
0.58 ± 0.01 

0.185 ± 0.005 
0.138 ± 0.005 
0.079 ± 0.006 
0.049 ± 0.013 
0.015 ± 0.002 
0.088 ± 0.029 

196 ± 25.5 
162 ± 9.7 
117 ± 7.0 
104 ± 12.5 

67 ± 8.7 
47 ± 5.2 

Paired t-test Results 
Significance Levels * 

Fraction DOC UV-ARS THMFP 

<0.45(lm vs <30,000 
<30,000 vs <10,000 
<10,000 vs < 5,000 

<5000 vs <1,000 
<1,000 vs <500 

P < 0.05 
P < 0.005 
P < 0.05 
P < 0.025 
P < 0.20 

P < 0.005 
P < 0.005 
P < 0.05 
P < 0.05 
P < 0.005 

P < 0.10 
P < 0.01 
P < 0.20 
P < 0.01 
P < 0.01 

* A significance level (P) of 0.05 corresponds to a 95 
Std Dev - standard deviation 
Table adapted from Carey (1989) 

% confidence level. 
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Table 4.2. Replicate Series for Sample No. 8 

Measurements 
DOC ± Std Dev UV-ABS ± Std Dev THMFP ± Std Dev 

Fraction n fme/D fcm-11 (tig/U 

<0.45 |im 3 3.44 ± 0.18 0.166 ± 0.000 144 ± 13.0 
<30,000 3 2.41 ± 0.06 0.118 ±0.001 120 ± 19.2 
<10,000 3 1.74 ± 0.01 0.072 ± 0.003 95 ± 7.8 
<5,000 3 1.17 ± 0.04 0.038 ± 0.001 83 ± 12.5 
<1,000 3 1.01 ± 0.07 0.013 ± 0.002 55 ± 6.6 

<500 3 0.57 ± 0.02 0.003 ± 0.001 39 ± 8.6 

Paired t-test Results 
Significance Levels * 

Fraction DOC UV-ABS THMFP 

<0.45|im vs <30,000 P < 0.01 P < 0.0005 P < 0.10 
<30,000 vs <10,000 P < 0.005 P < 0.0005 P < 0.01 
<10,000 vs < 5,000 P < 0.001 P < 0.005 P < 0.20 

<5000 vs <1,000 P < 0.025 P < 0.005 P < 0.10 
<1,000 vs <500 P < 0.01 P < 0.01 P < 0.025 

* A significance level (P) of 0.05 corresponds to a 95 % confidence level. 
Std Dev - standard deviation 
Table adapted from Carey (1989) 
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V. RESULTS AND DISCUSSION 

Fourteen groundwater samples from the lower aquifer of the Santa 

Ana River basin were treated with ozone. The two water quality parameters 

of primary interest were color and trihalomethane formation potential. The 

objective of this research was to determine if ozone oxidation represents a 

feasible treatment process that would allow water utilities using the 

groundwater to meet the present secondary standard for color (15 pcu) as 

well as the present THM standard (0.10 mg/L) and projected THM 

standard (0.02 to 0.05 mg/L). To satisfy the objectives of this research the 

following areas were examined: 

(1) surrogate parameters for characterizing DOM, color, and THMFP, 

(2) the effects of ozone oxidation on DOM, color, and THMFP, 

(3) the use of monochloramine as a secondary, residual disinfectant. 

Table 5.1 gives a chemical characterization of the fourteen untreated 

samples. 
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Table 5.1. Chemical Characterization of Untreated Water Samples 

Sample 
No. 

OCWD 
Designation 

Color 
(pcu) 

UV-ABS 
(cm-1) 

DOC 
(mg/L) 

THMFP 
(p.g/L) 

1 OCWD-Dl-a 60 0.218 3.4 143 

2 IRWD-13-a 20 0.062 1.3 137 

3 IRWD-12 20 0.072 1.4 118 

4 MCWD-4 55 0.183 3.3 223 

5 OCWD-CC 100 0.266 5.1 370 

6 IRWD-13-b 20 0.060 1.4 56 

7 OCWD-CMGC 210 0.758 14.4 1100* 

8 OCWD-GW3 50 0.166 3.4 138 

9 OCWD-GW4 45 0.121 2.2 162 

10 HBWD-2-a 13 0.045 1.1 61 

11 OCWD-C5 150 0.460 8.6 652 

12 OCWD-C3 25 0.074 1.4 104 

13 HBWD-2-b 15 0.054 0.9 65 

14 OCWD-Dl-b 60 0.193 3.0 164 

OCWD - Orange County Water District 
UV-ABS - ultraviolet light absorbance at 254 nm 
DOC - dissolved organic carbon 
THMFP - 7-day trihalomethane formation potential 
* - estimated value based on linear extrapolation 
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5.1 Surrogate Parameters for the Measurement of Dissolved Organic 
Matter, Color, and Trihalomethane Formation Potential 

The measurement of DOM, color, and THMFP using surrogate 

parameters may be quicker, easier, less expensive, and more precise than 

their direct measurement. For instance, DOM is difficult to characterize 

directly because of its diverse composition. Its direct characterization 

would involve the definition of its elemental composition as well as its 

molecular conformation. Hence, DOM is more expediently analyzed by the 

use of surrogate parameters. 

The concentration of DOM in a water is usually expressed in terms 

of the concentration of organic carbon present. Carbon is a major element 

of most DOM. Carbon comprises about 50 percent of the weight of aquatic 

humic substances (Thurman, 1985). DOC may be measured directly using 

a carbon analyzer or indirectly using a surrogate parameter such as UV-

light absorbance measured with a spectrophotometer. 

The color of a water sample may be measured directly by visual 

comparison with a series of dilutions of a standard colored solution or 

with a set of tinted glass plates. This direct measurement of color is 

relatively quick, easy, and inexpensive. However, it is subjective in that it 

depends on the visual perception of the person performing the analysis. 

This dependence may lead to different color values being assigned to a 

sample by different analysts. The use of a surrogate measure of color, 

such as light absorbance, would permit the use of a spectrophotometer 

and, therefore, the measurement would be more objective. 
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The direct measurement of THMFP involves a lengthy and 

expensive analytical procedure. The use of a surrogate measure for 

THMFP would allow faster operational changes to be implemented at a 

water treatment plant to enhance precursor removal. Also, if a reliable 

surrogate parameter for THMFP were derived, researchers would be able 

to rapidly access the effectiveness of treatments tested in the laboratory. 

5.1.1 Light Absorbance as a Surrogate Parameter 

Organic compounds containing chemical structures, chromophores, 

which absorb electromagnetic energy in the visible and/or ultraviolet (UV) 

ranges may be measured in water with the use of a spectrophotometer. 

Table 5.2 lists some common UV chromophores along with the associated 

wavelengths of maximum absorption and molar absorptivities (Terney, 

1979). 

A type of chemical structure that is able to absorb light in both the 

UV and visible ranges is a system of alternating single and double carbon 

bonds (-C=C-C=C-). The ability of the structure to absorb light in the 

visible region is dependent upon the degree of conjugation. Dyer (1965) 

indicated that at least four conjugated double bonds are required to 

produce a chromophore in the visible region. Humic substances due to 

their aromatic nature may absorb both UV and visible light. 
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Table 5.2. Ultraviolet Chromophores 

Structure Name 
^-max 
(nm) 

Molar 
Absorptivity 

(cm^moHL) 

-NO2 nitro 210 15,000 -NO2 
280 20 

-C6H5 phenyl 208 3,000 -C6H5 
265 150 

>c=o carbonyl 280 20 

-CO2H carboxy 205 50 

Figure 5.1 shows the UV absorption spectrum for a purified humic 

acid solution (Aldrich) as well as for two of the water samples studied 

during this research. The intensity of absorbance decreases as a function 

of increasing wavelength. This relationship may be explained by the 

reduction in energy of light as the wavelength of the light increases. As 

the wavelength of the light increases there is less energy available to excite 

the electrons. This concept follows the mathematical form: E = hc/A, ; E is 

the energy absorbed in producing the electronic transition from a ground 

state to an excited state, h is Planck's constant (6.625 X 10"27 erg*sec), c 

is the velocity of light (3.00 X 1010 cm/sec), and X is the wavelength of 

the light. 

Another feature of Figure 5.1 which is worth noting is the lack of a 

distinct peak within the UV range. This may be attributed to the complex 

and heterogeneous nature of DOM in these samples. The existence of 
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Figure 5.1. UV-absorbance vs wavelength for 
Sample No. 4 and 5 and a purified 
humic acid solution (Mdrich) 
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numerous different chromophores with wavelengths of maximum 

absorption spaced closely together may have obscured any sharp peaks. 

Ultraviolet absorbance at a wavelength of 254 nm (UV-ABS) has 

been used widely by researchers to measure the concentration of organic 

matter in water (Singer et al., 1981; Edzwald et al., 1985; Amy et al., 

1986). The wavelength of 254nm was chosen because the low-pressure 

mercury vapor lamps used in some spectrophotometers emitted strong and 

sharp spectral lines at a wavelength of 253.7nm. Also, the common 

inorganic salts, with the exception of transition metal ions, do not have 

large absorbances above a wavelength of 250 nm (Dobbs et al., 1972). 

5.1.2 Ultraviolet Light Absorbance as a Surrogate Parameter for 
Dissolved Organic Carbon 

Figure 5.2 displays a linear correlation between the DOC 

concentration and the UV-ABS values of the fourteen untreated samples. 

The coefficient of determination (r2 = 0.994) indicates that the untreated 

water UV-ABS value is an accurate predictor of the untreated water DOC 

concentration for OCWD samples. The fact that the DOC vs UV-ABS linear 

expression very nearly intersects the origin indicates that the DOC is 

associated almost completely with materials which absorb UV light such as 

humic substances. Organic substances which do not absorb light in the UV 

range include sugars, simple aliphatic acids, alcohols, and simple, non-

aromatic amino acids such as glycine. 
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Figure 5.2. Correlation between DOC and UV-ABS 
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Figure 5.3 illustrates a linear correlation between color measured in 

platinum cobalt units and UV-ABS for the untreated samples. UV-ABS is 

shown to be an accurate predictor of color (r2 = 0.980). Figure 5.4 gives 

the least-squares best-fit line for the relationship of color versus UV-ABS 

of the untreated as well as ozone-treated samples. The correlation between 

the two parameters is good (r2 = 0.925). In other words, UV-ABS 

represented an accurate surrogate parameter for color in both the untreated 

and ozone-treated water samples. These correlations indicate that UV-ABS 

may be employed to represent color in both untreated and ozone-treated 

water. 

5.1.3 Ultraviolet Light Absorbance and Dissolved Organic Carbon as 
Surrogate Parameters for Trihalomethane Formation Potential 

Figure 5.5 shows the untreated sample water THMFP plotted 

against the untreated sample water UV-ABS. The linear correlation 

resulted in an r2 value of 0.931. Figure 5.6 illustrates the relationship 

between THMFP and DOC of the untreated water samples. The linear 

correlation between these two parameters led to an r2 value equal to 0.939. 

Therefore, for the untreated water, UV-ABS and DOC were both accurate 

predictors of THMFP. A slightly more accurate surrogate parameter for 

untreated water THMFP is represented by the multiplicative parameter 

DOC*UV-ABS (r2 = 0.940). This relationship is shown in Figure 5.7. 

The correlation between the THMFP and UV-ABS of the ozone-

treated samples is shown in Figure 5.8. The resulting r2 value was 0.883. 



250 n 
7.5(UV—ABS) 
= 0.980 

Color = 28 'i 
R Squared = 
n = 14 

200 

o 150 
CL 

8100 

50 

T I I | I I I I 
0.20 

1111 
0.40 

ttt 
0.60 

T 
60 

1111 i 11 
0.80 

UV-ABS (1/cm) 

Rgure 5.3. Correlation between color and UV—ABS 
(254 nm) for the untreated samples 



250 
'(l/V-ABS) - 2.8 
0.925 

Color = 287.7i 
R Squared = I 
n = 43 

200-

o 150 

100 

GO 

50 

0.00 0.40 0.60 0.20 0.80 
UV-ABS (1/cm) 

Rgure 5.4. Correlation between color and UV—ABS (254 nm) 
for the untreated and ozone—treated samples 



800n 

600 

o> 
3 

400 
a. 
LU 
2 
X 

200 

THMFP = 1341 (UV—ABS) 
R Squared = 0.931 
n = 13 

- 11.1 

M11ii111111111ii111111111111111 ii 111111 M i M 11111 
0.00 0.10 0.20 0.30 0.40 0.50 

UV-ABS (1 /cm) 

Rgure 5.5. Correlation between THMFP and UV—ABS 
(254 nm) for the untreated samples 



THMFP = 73.92(D0C) -
R Squared = 0.765 
n = 13 

14.4 

A 

0 1111 111 111111 11111111111 111111 111 ii ii ii i ii '  
0.0 2.0 4.0 6.0 8.0 

DOC (mg/L) 
10.0 

Rgure 5.6. Correlation between THMFP and DOC 
for the untreated samples 



84 

700-. 
149.6(UV—ABS*00C) + 94.4 THMFP 

600-

500-

2 300-

200-

100-

4.0 0.0 2.0 
UV-ABS * DOC 

3.0 

Figure 5.7. Correlation between THMFP and UV-ABS (254 nm) 
times DOC for the untreated samples 



700-, THMFP = 1590(UV—ABS) + 38.1 
; R Squared = 0.883 

600-

500; 

2 300-
• • 

200-

100-

V I I I I I I I I I I I I I I I II I I I I 1 II II I II I I I I I I I I I I I I I I 1 I I I I I I I 
0.00 0.10 0.20 0.30 0.40 0.50 

UV-ABS (1/cm) 

Rgure 5.8. Correlation between THMFP and UV—ABS 
(254 nm) for the ozone-treated samples 



86 

The least-squares best-fit line for the relationship between THMFP and 

DOC is given in Figure 5.9. The regression led to an r2 value equal to 

0.813. UV-ABS was a better predictor of THMFP than DOC. The 

multiplicative parameter UV-ABS*DOC had an r2 value of 0.871 indicating 

that it was a more accurate predictor of the THMFP of the ozone-treated 

water than DOC but less accurate than UV-ABS. Figure 5.10 shows the 

relationship between THMFP and UV-ABS*DOC. Table 5.3 summarizes 

the predictive equations and statistics produced from the least-squares 

regression analyses of the different surrogate parameters. 

In summary, UV-ABS appeared to be an accurate surrogate 

parameter for the untreated sample water DOC, color, and THMFP. UV-

ABS remained an accurate predictor of color in the ozone-treated water 

samples and was used as a measure of color destruction by ozone 

oxidation. UV-ABS was also a fairly accurate predictor of THMFP for the 

ozone-treated water samples. For the measurement of THMFP of the 

untreated as well as the ozone-treated samples, DOC and DOC*UV-ABS 

both were accurate predictors. 

5.2 The Effects of Ozone Oxidation on Dissolved Organic Matter 

At the ozone doses (1-7 mg/L) and contact times (6-12 min) 

normally used at water treatment facilities, little complete oxidation of 

organic matter to CO2 and H2O occurs. Ozone oxidation mainly leads to 

the production of partial oxidation products (Rice, 1980). Several investi-
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Table 5.3. Predictive Equations Using Surrogate Parameters 
Data 

Source 
Dependent 

Variable 
Independent 

Variable n 
Predictive 
Equation r2 

Untreated DOC UV-ABS 14 DOC = 18.78(UV-ABS) - 0.04 0.994 

Untreated Color UV-ABS 14 Color = 287.5(UV-ABS) - 4.1 0.980 

Combined Color UV-ABS 43 Color = 287.7(UV-ABS) - 2.8 0.925 

Untreated THMFP UV-ABS 13 THMFP = 1341(UV-ABS) -11.1 0.931 

Untreated THMFP DOC 13 THMFP = 73.92(DOC) - 14.4 0.765 

Untreated THMFP UV-ABS*DOC 13 THMFP = 149.6(DOC*UV-ABS) + 94.5 0.940 

Ozone-Treated THMFP UV-ABS 19 THMFP = 1588(UV-ABS) + 38.1 0.883 

Ozone-Treated THMFP DOC 19 THMFP = 52.40(DOC) + 8.90 0.813 

Ozone-Treated THMFP UV-ABS*DOC 19 THMFP = 164.4(UV-ABS*DOC) + 102.7 0.871 
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gators using ultrafiltration and/or gel permeation chromatography have 

reported the oxidative disintegration of large organic molecules into 

smaller molecules by ozone (Mallevialle, 1979; Lawrence et al., 1980; 

Veenstra et al., 1983; Amy et al., 1988). The decomposition of humic 

material by ozone oxidation is believed to result from the cleavage of the 

hydrogen bonds holding the polymer together as well as the carbon-carbon 

double bonds of the aromatic structures (Rice et al., 1981). Some of the 

partial oxidation products identified include carboxylic acids, aldehydes, 

and ketones (Lawrence et al., 1980). Other research (Maier, 1979; Rice et 

al., 1981; Chrostowski, 1983; Gilbert, 1983; Duguet et al., 1989) 

indicates that low doses of ozone (< 1 mg/mg DOC) may promote the 

polymerization of organic molecules. The polymerization results in the 

formation of higher molecular weight organics. This has been reported to 

be one of the phenomena responsible for improved coagulation-

flocculation performance associated with preozonation. 

To discern the effects of ozone oxidation on the organic matter in 

the samples, ultrafiltration was employed to separate the DOM into 

different AMW ranges. This technique was used on aliquots of both the 

untreated and ozone-treated water. Each of the ultrafiltration permeates 

was analyzed for DOC, UV-ABS, and THMFP. In this manner, a set of 

AMW "fingerprints" of the DOM was produced for each sample. 

The percentage values of DOC in a particular AMW range were 

determined as follows: 
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(1) the DOM was separated by ultrafiltration into the different 

cumulative AMW fractions (<30,000; <10,000; <5,000; <1,000; and 

<500), 

(2) the DOC of each of the cumulative fractions along with the 

0.45 |xm filtrate was measured using a carbon analyzer, and 

(3) the percentage of DOC in each AMW range was calculated by 

divided by the DOC value of the 0.45 p.m filtrate, and finally the quotient 

was multiplied by 100. 

Table A1 of the Appendix shows the AMW data for each of the fourteen 

samples. 

5.2.1 The Oxidative Degradation of Natural Organic Material 

The overall effect of ozone oxidation was to modify the AMW 

distribution of the organic matter. For transferred ozone doses greater than 

about 1 mg 03/mg DOC, the average AMW of the organic material was 

lower than that of the untreated sample water. The addition of ozone to the 

water led to the oxidative degradation of the organic molecules and the 

creation of lower AMW materials. 

Figure 5.11 shows a DOC AMW fingerprint for Sample No. 11. 

The untreated water of Sample No. 11 had approximately 15.9 percent of 

its DOC in the >30K (K = 1,000) AMW range. After the transfer of 11.4 
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Figure 5.11. A comparison of DOC AMW distribution for untreated 
and ozone-treated (11.4 mg/L) Sample No. 11. 
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mg O3/L (1.3 mg/mg DOC) into the sample, only about 2.8 percent of the 

DOC remained in the >30K AMW category. The partial oxidation of the 

>30K material appears to have produced DOM of the 5-1 OK AMW size 

range. The average AMW of the DOC was reduced from 8,100 to 6,200. 

The addition of ozone resulted in the overall reduction in DOC 

concentration from 8.56 to 8.17 mg/L for the 0.45|J.m filtrate. The 

determination of average AMW for the untreated and 11.4 mg O3/L treated 

Sample No. 11 water is shown in Figure A1 of the Appendix. The AMW 

fingerprints displayed in this report represent those samples on which the 

AMW fractionation by ultafiltration procedure was performed on more than 

one ozone dose. In this manner, the effects of ozone oxidation on the 

NOM could be observed. 

Figure 5.12 shows the effects of transferring a much higher ozone 

dose, 76.4 mg/L (8.9 mg/mg DOC), to Sample No. 11. In this case, the 

DOC remaining in the >30K AMW category was reduced to about 0.6 

percent. Again there was an increase in the DOC of the 5-10K AMW range. 

However, there was also a significant increase in the 0.5-IK AMW 

category. The untreated water had about 2.9 percent of its DOC in the 0.5-

1K range; whereas, the transfer of 76.4 mg/L of ozone resulted in about 

10.9 percent of the DOC to be associated with DOM of this size range. The 

average AMW of the DOM was reduced from 8,100 to 3,500. The addition 

of ozone resulted in the overall reduction in DOC from 8.56 to 6.78 mg/L 

for the 0.45 ja.m filtrate. 

The examination of the overall effects of these two doses of ozone 

on the DOC AMW distribution suggests that the >30K material was readily 



30-

25-

3 2°-i 
f2 
*3 15-
g 

J 1°-Oh 

>30K 10-30K 5-10K 1-5K 0.5-1K <0.5K 

AMW Range 

• Untreated 

iH 76.4 mg/L 

Figure 5.12. A comparison of DOC AMW distribution for untreated 
and ozone-treated (76.4 mg/L) Sample No. 11. 



95 

oxidized into smaller molecules. Most of the >30K material appears to 

have been transformed into molecules of the AMW size range of 5-10K 

when an ozone dose of 1.3 mg 03/mg DOC was transferred into the 

sample. The transfer of 8.9 mg 03/mg DOC into the water further reduced 

the DOC of the >30K size range. However, little effect was seen in the 10-

30K and 1-5K ranges. The main effect of adding the higher dose of ozone 

was to decompose DOC of the >30K size range into matter of the 5-10K, 

0.5-1K, and the <0.5K AMW size categories. 

Figure 5.13 illustrates the effects of three transferred ozone doses 

on the AMW distribution of DOC of Sample No. 7. As the transferred 

ozone dose was increased, the DOC became more concentrated into the 

lower AMW ranges. The average AMW was reduced from 15,000 in the 

raw water to 7,000; 4,800; and 4,700 after the addition of ozone doses of 

17.6; 26.4; and 39.6 mg/L, respectively. 

5.2.2 The Polymerization of Dissolved Organic Matter by Ozone Treatment 

Figure 5.14 shows the effects of transferring 1.8 mg/L (0.21 mg/mg 

DOC) to Sample No. 11. This resulted in an increase in the percentage of 

the DOC in the >30K and 10-30K AMW size ranges. There was also a 

concomitant decrease in the percentage of DOC of the 1-5K and 0.5-IK 

AMW size categories. This shift in the distribution of DOC also resulted in 

an increase in the average AMW. The untreated Sample No. 11 water had 
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Figure 5.13. A comparison of DOC AMW distribution for untreated 
and ozone-treated (17.6, 26.4, and 39.6 mg/L) Sample No. 7. 
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Figure 5.14. A comparison of DOC AMW distribution for untreated 
and ozone-treated (1.8 mg/L) Sample No. 11. 
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an average AMW of about 8,100; the 1.8 mg/L dose of ozone resulted in 

an average AMW of the organics of 9,800. Ozone treatment reduced the 

measured DOC from 8.56 to 8.53 mg/L. 

Figure 5.15 shows the effects of two ozone doses on the AMW 

distribution of DOC of Sample No. 9. Oxidative polymerization appears to 

have occurred as a result of the transfer of 0.6 mg/L (0.28 mg/mg DOC) of 

ozone. In this instance, no discernable increase in average AMW was seen; 

it remained constant at 5,000. When the ozone dose was increased to 5.8 

mg/L (2.7 mg/mg DOC), oxidative degradation of the DOM was observed. 

The average AMW was reduced to 4,200. Ozone treatment reduced the 

measured DOC from 2.14 to 2.12 mg/L. 

Figure 5.16 shows the DOC AMW distribution for the untreated as 

well as the ozone-treated water of Sample No. 12. The oxidative 

polymerization effect was also observed after treating Sample No. 12 with 

a transferred ozone dose of 0.4 mg/L (0.29 mg/mg DOC). An increase in 

average AMW of the DOM from 3,300 to 6,000 was observed due to ozone 

addition. The measured DOC of this sample increased from 1.37 to 1.45 

mg/L after ozone treatment. This increase in DOC may have resulted from 

contamination of the sample or analytical error in the measurement of 

DOC. An ozone dose of 2.4 mg/L (1.8 mg/mg DOC) resulted in the 

oxidative degradation effect and an average AMW of 1,900. This higher 

dose of ozone resulted in a measured DOC value of 1.27 mg/L; a 0.10 

mg/L reduction in DOC. 
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Figure 5.15. A comparison of DOC AMW distribution for untreated 
and ozone-treated (0.6 and 5.8 mg/L) Sample No. 9. 
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Figure 5.16. A comparison of DOC AMW distribution for untreated 
and ozone-treated (0.4 and 2.4 mg/L) Sample No. 12. 
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Sample No. 10 was also treated with a low dose of ozone, 0.33 

mg/L (0.36 mg/mg DOC) to encourage the oxidative polymerization 

phenomenon. However, the effect was not observed. In fact, the average 

AMW of the organics was reduced from 3,300 to only 100. The measured 

DOC of this sample was reduced from 0.92 to 0.91 mg/L after ozone 

treatment. This reduction in average AMW is difficult to explain. Possible 

explanations include experimental error in the DOC measurements or 

problems with the ultrafiltration membranes. For Sample No. 10, only two 

ultrafiltration membranes (YM-10 and YM-2) were employed to determine 

the AMW. If the YM-10 (<1,000) membrane was damaged (scratched), 

then DOC of AMW of greated than 1,000 would have been able to pass 

through. This would explain the very low average AMW observed. The 

higher dose of ozone (2.5 mg/L) transferred to Sample No. 10 resulted in 

an average AMW of 700 and a measured DOC of 0.87 mg/L. 

The AMW fingerprints shown in Figures 5.11 through 5.16 and the 

average AWM data summarized in Table 5.4 are dependent on DOC 

measurements. To determine the analytical error associated with DOC 

measurement triplicate series of DOC measurement were performed and are 

shown in Tables 3.1 and 3.2 of the Experimental Section of this report. 

Table 5.4 gives the average AMW of the samples before and 

after ozonation. The transferred ozone doses are given in terms of both 

mg/L and mg/mg of initial DOC. 



Table 5.4. The Effects of Ozone Oxidation on Average 
Apparent Molecular Weight of Organic Matter 

Transferred 
Ozone Dose Average Apparent 

Sample (mg/mg DOC) (mg/L) Molecular Weight 

1 0 0 8,800 
1.9 6.5 2,600 

2 0 0 600 
2.2 3.0 550 

3 0 0 3,600 
3.2 4.4 700 

4 0 0 9,300 
1.9 6.3 1,600 

5 0 0 12,000 
2.3 11.9 2,800 

6 0 0 900 
1.4 1.9 800 

7 0 0 15,000 
1.2 17.6 7,000 
1.9 26.4 4,800 
2.8 39.6 4,700 

8 0 0 9,400 
1.9 5.9 1,200 

9 0 0 5,000 
0.28 0.60 5,000 
2.7 5.8 4,200 

10 0 0 3,300 
0.36 0.33 100 
2.7 2.5 700 

11 0 0 8,100 
0.21 1.8 9,800 
1.3 11.4 6,200 
8.9 76.4 3,500 

12 0 0 3,300 
0.29 0.40 6,000 
1.8 2.4 1,900 

13 0 0 1,400 
3.5 3.2 800 

14 0 0 10,600 
1.6 4.8 5,600 
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5.3 Color Destruction by Ozone Oxidation 

Organic color in water is generally caused by the presence of humic 

substances (Thurman, 1985). The ability of humics to impart color to 

water is mainly due to the presence of unsaturated moieties conjugated in 

the compounds (Rice, etal., 1981). Ozone has been shown to be effective 

in the removal of organic color from water (Lawrence et al., 1980; Reckow 

and Singer, 1984; Flogstad and Odegaard, 1985; Amy et al., 1988). Rice 

et al. (1981) reported that ozone is particularly reactive with the 

unsaturated groups of organic compounds. Ozone readily cleaves the 

carbon-carbon double bonds responsible for the color. 

Figure 5.17 shows the relationship between transferred ozone dose 

and the amount of UV-ABS removed for Sample No. 3 water. Sample No. 

3 had an untreated water color value of 20 pcu (UV-ABS = 0.072 cm-1) 

and represented a relatively low colored water sample. Up to an ozone 

dose of about 2.5 mg/L, the reduction in UV-ABS for a unit increase in 

transferred ozone dose, as described by the slope of the plot, was 

approximately 0.0152 cm_1/mg/L. Beyond this point, ozone appeared less 

productive in removing additional UV-ABS; the slope of the plot was 

reduced to about 0.0017 cnrVmg/L. Approximately 50 percent of the UV-

ABS was destroyed before the change in slope. This suggests a refractory 

level of color of between 4 and 8 pcu. The data of Reckhow and Singer 

(1984) showed a similar relationship between ozone dose and UV-ABS. A 

transferred ozone dose of 0.2 mol 03/mol DOC (0.8 mg 03/mg DOC) 

resulted in a 50 percent reduction in UV-ABS of a Black Lake fulvic acid. 
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Increasing the transferred ozone dose by 3.75 times to 0.75 mol 03/mol 

DOC (3 mg 03/mg DOC) reduced the UV-ABS by only an additional 40 

percent. Flogstad and Odegaard (1985) also observed a level of color in a 

fulvic acid solution that was refractory to ozone oxidation. 

Gilbert (1988) ozonated fulvic acid solutions derived from the 

River Ruhr and groundwater form Fuhrberg, Germany. He also reported a 

refractory level of UV-ABS. A transferred ozone dose of between 3.2 and 

3.7 mg 03/mg DOC resulted in an 80 percent reduction in UV-ABS. 

Figure 5.18 shows the relationship between transferred ozone dose 

and UV-ABS both parameters having been normalized by dividing by the 

raw water UV-ABS value. Gilbert (1988) plotted a similar relationship 

showing that the UV-ABS decreased steadily up to a transferred ozone 

dose of 0.8 mg 03/m"1 (80 mg 03/cm"1). Higher ozone doses then caused 

only a slight further decrease in UV-ABS. In Figure 5.18 there also 

appears to be a decrease in the slope of the curve around 80 mg 03/cm"1. 

However, there is insufficient data in this region of the curve and above to 

draw a conclusion. 

Figure 5.19 illustrates UV-ABS as a function of transferred ozone 

dose for Sample No. 11. This sample had a relatively high untreated color 

value of 150 pcu (0.46 cm"1). A similar relationship between UV-ABS 

destruction and ozone dose existed for Sample No. 11 as previously 

demonstrated for Sample No. 3. At the lower transferred doses of ozone 

(<18 mg/L or <2.1 mg/mg DOC), the slope of the plot was about 0.0075 

cnrVmg/L. At intermediate doses of ozone (18-25 mg/L), the slope became 

progressively more shallow. At transferred ozone doses beyond 25 mg/L, 
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the slope was only 0.0005 cnrVmg/L. The marginal utility of ozone 

addition decreased as the ozone dose was increased. In this case, the break 

in the slope occurred after about 65 percent of the UV-ABS was destroyed. 

The transferred ozone dose of 24.5 mg/L resulted in an observed color 

value of 15 pcu and a UV-ABS value of 0.143 cm-1. 

Figure 5.20 illustrates the relationship between UV-ABS and 

transferred ozone dose for Sample No. 7. This sample was the most highly 

colored water examined during this research. It had an untreated water 

color of 210 pcu (0.76 cm"1). About 55 percent of the UV-ABS was 

eliminated before the color became more difficult to remove by ozone 

oxidation. Increasing the transferred ozone dose from 26.4 to 39.6 mg/L 

only lowered the UV-ABS value from 0.355 to 0.347 cm*1. This indicates 

a refractory color level of approximately 100 pcu. 

The changes in the slope of the UV-ABS versus transferred ozone 

dose plots suggest that part of the color as measured by UV-ABS is 

refractory to destruction by ozone oxidation. The color and UV-ABS in 

water containing DOM is due to the presence of chemical structures, 

chromophores, which absorb light (Rice et al., 1981). The chemical 

structures believed to be chiefly responsible for the color-causing ability 

of humic substances are the alternating single and double carbon-carbon 

bonds of the aromatic rings. Ozone is thought to destroy color by first 

cleaving the aromatic rings and then breaking double bonds in an 

ozonolysis reaction as illustrated previously in Figure 3.4 and 3.5. The 

inability of ozone to completely eliminate color and UV-ABS suggests that 

ozone may have only partially destroyed the initial chromophores. 
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Dissolved molecular ozone has been characterized as a very 

selective oxidant (Clark et al., 1988). Ozone reacts with various substrates 

at different rates. For instance, Hoigne and Bader (1983) determined the 

rate constants, kQ, for the consumption of ozone by various aromatic 

compounds. The kG values at a pH of about 2 for benzene; phenol; and 

resorcinol were 2; 1,300; and >300,000 M^S"1, respectively. Each 

additional hydroxide group led to a faster reaction rate. The degree of 

activation of the aromatic ring structures of humic substances may also 

influence the rate and degree of ring fission and color destruction by ozone 

oxidation. The ozone would have reacted preferentially with aromatic rings 

which were activated by the presence of hydroxide or other activating 

chemical groups. 

The work of Hoigne and Badar (1983) was conducted at a pH of 2 

and with the presence of t-butanol, a hydroxyl radical scavanger. They 

were primarily concerned in the reaction kinetics of molecular ozone with 

dissolved substrates. The present work was performed at ambient pH (8.3 

- 8.9) and without the addition of an artificial scavenger. No attempt was 

made to eliminate hydroxyl radical formation. Therefore, both the direct 

and indirect reaction pathways were likely to be occurring during ozone 

treatment. It was not possible to distinguish what proportion of the 

oxidation was being accomplished through each of the two reaction 

pathways. However, the samples had a bicarbonate alkalinity of between 

116 and 168 mg/L and a carbonate alkalinity of between 0 and 16 mg/L, 

both as CaCC>3. Bicarbonate and carbonate ions are natural hydroxyl 

scavengers. Their presence during ozone addition would inhibit the 
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decomposition of molecular ozone by inhibitting the chain reaction 

decomposition of ozone as illustrated by Step (9) in Figure 3.2. This 

would assure that at least some fraction of the oxidation was through the 

direct pathway. 

Figure 5.21 shows a parallel phenomenon to the existence of a level 

of color (UV-ABS) that was refractory to removal by ozone oxidation. The 

figure shows the relationship between the average AMW of the DOM and 

the transferred ozone dose for Samples No. 7 and No. 11. The plots 

indicate that the reduction in average AMW for a unit increase in ozone 

dose was greater at low to moderate doses of ozone than at the higher 

doses. This relationship is similar to that found for the reduction in UV-

ABS as a function of transferred ozone dose. It appears that the reduction 

in UV-ABS by ozone addition is indicative of the reduction in average 

AMW. The partial disintegration of high AMW organic material into lower 

AMW molecules, as shown in Figures 5.11, 5.12 and 5.13, led to a 

reduction in color and UV-ABS. Ozone reacted rapidly with the larger 

molecular weight structures to form smaller molecules. In the process, 

apparently, the number of conjugated caTbon-carbon double bonds was 

reduced sufficiently to eliminate visible chromophores. However, ozone 

was unable to eliminate all of the conjugated structures; ultraviolet 

chromophores remained. 

Table A2 of the Appendix provides the data concerning UV-ABS 

reduction as a function of transferred ozone dose for all fourteen samples 

examined in this work. The slopes of the plots are given in column (5). All 

but one of the samples showed the type of relationship illustrated above in 
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the plots. For Sample No. 8 the slope of the plot of UV-ABS versus 

transferred ozone dose remained fairly constant. This fact is illustrated in 

Figure 5.22. There may have been differences between the DOM of Sample 

No. 8 and the other samples to explain this. However, examination of the 

organic as well as the inorganic parameters do not indicate any obvious 

differences. 

5.4 The Effects of Ozone Oxidation on Trihalomethane Formation 
Potential 

A review of the literature indicates that ozone oxidation of DOM 

may result in either the destruction or production of THM precursors 

(Dore, 1978; Rice, 1980; Lawrence et al., 1980; Glaze et al., 1982; 

Veenstra et al., 1983; Robertson and Oda, 1983; Reckow and Singer, 

1984; Glaze, 1986; Yamada et al., 1986). The ability of chlorine to react 

with aromatic compounds to form THMs is dependent upon the degree of 

activation of the aromatic ring (Johnson and Jensen, 1986). The para-

carbon on meta-dihydroxybenzenes has been implicated as the reaction site 

of chlorine during chloroform formation (Boyce and Hornig, 1983). 

Glaze (1986) suggested that ozone may increase the reactivity of 

DOM towards forming THMs by the activation of aromatic structures. He 

proposed that molecular ozone decomposes into hydroxyl radicals which 

subsequently add hydroxide groups to the ring structures. If no further 

oxidation by ozone occurred, then the reactivity of the aromatics towards 

chlorine would have been increased. The reduction of THMFP by ozone 
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addition may result from the more complete oxidation of the DOM. Ozone 

has been shown to react with humic substances by cleaving the aromatic 

ring structures (Glaze, 1986). Once the ring is broken ozone may react 

with the carbon-carbon double bonds of the opened ring (Morrison and 

Boyd, 1973). The resulting oxidation products (e.g., aldehydes and 

ketones) may be less reactive in forming THMs. 

Table 5.5 lists the THMFP values of both the untreated and ozone-

treated samples. In all but two instances, the THMFP of the ozone-treated 

samples was reduced as compared to that of the untreated samples. An 

average transferred ozone dose of 5.4 mg/L (2.2 mg/mg DOC) resulted in 

an average reduction in THMFP of 28.8 percent. (Only the THMFP values 

from the "select dose" treated samples were used to calculate the average 

THMFP value of the ozone-treated waters. Recall that the select dose 

treated samples, defined in Section 4.2 above, received AMW fractionation 

analysis. An asterisk denotes the select dose for those samples treated with 

multiple doses.) 

The two cases of an increase in THMFP after ozone treatment were 

Sample No. 1 and that aliquot of Sample No. 11 which received the lowest 

dose of ozone. For Sample No. 1, a transferred ozone dose of 6.5 mg/L 

(1.9 mg/mg DOC) led to a 9.5 percent increase in TTHMFP. For Sample 

No. 11, a transferred dose of 1.8 mg/L (0.21mg/mg DOC) resulted in a 1.1 

percent increase in TTHMFP. However, in neither case was the increase in 

THMFP large and may have been due to experimental error. (See Tables 

3.1 and 3.2 for an examination of experimental error.) Comparing the 

THMFP values of the samples before and after ozonation may not give an 



Table 5.5. THMFP Values for Untreated 
and Ozone-Treated Samples 

Transferred 
Sample Ozone Dose THMFP Sample 

(mg/mg DOC) (mg/L) (Ug/L) 

1 0 0 143 
1.9 6.5 158 

2 0 0 137 
2.2 3.0 104 

3 0 0 118 
3.2 4.4 80 

4 0 0 223 
1.9 6.3 191 

5 0 0 370 
0.60 3.1 270 
1.2 6.4 233 
2.3* 11.9* 296 
3.6 18.3 137 

6 0 0 56 
1.4 1.9 71 

7 na na na 
8 0 0 137 

1.9 5.9 117 
9 0 0 162 

2.7 5.8 94 
10 0 0 61 

2.7 2.5 49 
11 0 0 652 

0.21 1.8 659 
0.94 8.0 567 
1.3* 11.4* 326 
2.0 17.4 380 
2.9 24.5 346 
8.9 76.4 273 

12 0 0 104 
0.29 0.4 73 
1.8* 2.4* 71 

13 0 0 65 
3.5 3.2 61 

14 0 0 164 
1.6 4.8 104 

na - not available 
* - select dose treated samples 
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accurate account of the difference in the propensity of the organic matter 

present to form THMs. Ozone oxidation converted some of the organic 

matter to CO2 and H2O. Therefore, there would have been less organic 

matter, as measured by DOC, in the ozonated samples prior to chlorine 

addition. To account for the reduced DOC concentration when comparing 

the yield of THMs from the untreated and treated samples a parameter 

termed reactivity was computed. Reactivity was calculated by dividing the 

THMFP value of the sample by its DOC value. In this way, the THMFP of 

the samples were normalized on a DOC basis. 

Table 5.6 shows the reactivities of the untreated as well as the 

ozone-treated samples. In general, the reactivity of the samples went down 

after ozone addition. An average ozone dose of 5.4 mg/L (2.2 mg/mg 

DOC) resulted in a 16.9 percent reduction in the average reactivity. Also, 

as exhibited by Samples No. 5 and No. 11, the reactivity of the organic 

matter went down as a function of ozone dose. In six instances, the 

reactivity increased after ozonation. The increase in reactivity may have 

resulted from an increase in the activation of the aromatic ring structures 

as previously discussed. Ozonation may have increased the number of 

hydroxyl groups on the rings allowing chlorine to react more readily with 

the organics to form THMs. 



Table 5.6. The Effects of Ozone Oxidation on Reactivity 

Transferred 
Sample Ozone Dose Reactivity Sample 

(mg/mgDOC) (mg/L) (Ug/mg) 

1 0 0 41.7 
1.9 6.5 45.5 

2 0 0 105.2 
2.2 3.0 76.5 

3 0 0 86.9 
3.2 4.4 65.8 

4 0 0 67.8 
1.9 6.3 67.5 

5 0 0 71.9 
0.60 3.1 51.6 
1.2 6.4 46.9 
2.3 11.9 62.2 
3.6 18.3 30.8 

6 0 0 41.4 
1.4 1.9 50.9 

7 na na na 
8 0 0 43.1 

1.9 5.9 43.2 
9 0 0 75.4 

2.7 5.8 43.8 
10 0 0 55.1 

2.7 2.5 56.8 
11 0 0 76.2 

0.21 1.8 77.2 
0.94 8.0 67.0 
1.3 11.4 39.9 
2.0 17.4 50.3 
2.9 24.5 46.1 
8.9 76.4 40.3 

12 0 0 75.8 
0.29 0.4 50.3 
1.8 2.4 55.7 

13 0 0 72.4 
3.5 3.2 73.0 

14 0 0 54.5 
1.6 4.8 39.4 

Reactivity = THMFP/DOC 
na - not available 
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5.5. Effects of Ozone Oxidation on the Speciation of Trihalomethanes 

All fourteen of the samples examined during this research contained 

measurable amounts of bromide ions, Br-. The bromide concentration 

along with other inorganic parameters for each sample are given in Table 

A3 in the Appendix. The bromide concentrations ranged from a low of 120 

|Xg/L for Sample No. 3 to a high of 475 |J.g/L for Sample No. 11. The 

mean bromide content for all the samples was 290 \igfL. 

The ozonation of water containing bromide has been shown to lead 

to the production of hypobromous acid, HOBr (Haag et al., 1982). 

Hypobromous acid may react with organic matter present in the water to 

produce the THM species bromoform (CHB^). The chlorination of water 

containing both bromide ions and organic matter has been shown to lead to 

the formation of the brominated THM species: CHC^Br, CHClBr2, and 

CHBr3 (Cooper et al., 1986). 

Figure 5.23 shows a plot of THMFP versus bromide concentration 

for thirteen of the fourteen untreated water samples. Sample No. 7 is 

excluded from the plot because an accurate THMFP value was not 

obtained. (The THMFP concentration for Sample No. 7 was above the 

highest standard value on the gas chromatograph calibration curves. The 

THMFP value previously presented in Table 5.1 for Sample No. 7 was an 

estimate based on linear extrapolation from the calibration curves.) The 

plot shown in Figure 5.23 does not indicate a sttong linear relationship 

between THMFP and bromide concentration. A least squares regression 

between the two parameters resulted in an r2-value of 0.33. 
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Figure 5.24 shows a plot of reactivity (THMFP/DOC) versus the 

ratio of bromide to DOC concentration for the same thirteen samples 

shown in Figure 5.23. The reactivity of the DOC to form total THMs does 

not appear to be a fuction of bromide concentration. This finding agrees 

with previous research. Cooper et al. (1983) studied the effects of bromide 

concentration on THM formation after chlorination of Florida 

groundwater. Up to a concentration of 1 x 10 "5 mol Br"/L (800 |i.g/L), the 

addition of bromide did not have a measureable influence on the total 

concentration of THMs. However, the addition of bromide to the samples 

did decrease the concentration of chloroform and increase the 

concentration of the brominated THMs. (During the research for this 

thesis, the effects of increasing the concentration of bromide on THM 

formation was not examined.) 

If the water containing bromide ions and organic matter was treated 

with ozone prior to chlorination, the proportion of THM species produced 

may differ from those produced from the non-ozonated water. This effect 

has been observed by several researchers (Cooper et al., 1986; Amy et al., 

1988a; Amy et al., 1984). In general, when ozonation precedes 

chlorination, a greater proportion of the total THMs produced are of the 

brominated species as compared to the distribution of THM species 

produced when ozone is not added prior to chlorination. 

Table 5.7 summarizes the effects on THM speciation of adding 

ozone to each sample prior to chlorination. The average values and the 

percent changes in THM concentration are provided at the bottom of the 

table. As stated in the previous section, the average overall effect of 
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Table 5.7. The Effects of Ozone Oxidation on Trihalomethane Speciation 

THMFP (ug/L) 

Trans. 
Ozone 

CHCia CHChBi CHClBr? CHB^ Total 

Sample Dose no no no no no 
No. (mg/L) Own? Ozone OzQtl? Ozone Ozone Ozone Ozone Ozone Ozone Ozone 

1 6.5 96.2 94.4 37.4 45.0 6.5 19.0 2.8 0 142.9 158.4 
2 3.0 85.8 40.0 37.3 37.0 12.3 25.3 1.3 1.7 136.7 104.0 
3 4.4 66.5 20.2 36.2 33.1 14.0 24.4 1.5 2.6 118.2 80.3 
4 6.3 167.8 144.3 42.5 36.4 10.3 8.0 2.6 2.3 223.2 191.0 
5 11.9 295.5 180.1 61.2 86.5 10.9 25.4 1.5 3.5 369.5 295.5 
6 1.9 45.0 35.0 8.6 27.5 2.1 8.3 0.2 0 55.9 70.8 
7 na na na na na na na na na na na 
8 5.9 105.1 74.0 24.1 17.5 8.1 6.0 0 0 137.3 97.5 
9 5.8 120.0 65.0 32.0 18.2 8.2 9.4 1.9 1.1 162.1 93.7 
10 2.5 33.0 16.5 19.5 19.0 7.2 12.4 0.9 1.5 60.6 49.4 
11 11.4 612.5 288.8 31.3 29.0 4.4 7.6 4.0 0.7 652.2 326.1 
12 2.4 76.5 35.6 21.7 23.6 4.8 10.5 0.8 1.1 103.8 70.8 
13 3.2 40.5 27.2 16.9 20.9 6.7 11.5 1.1 1.0 65.2 60.6 
14 4.8 133.0 79.0 25.4 19.1 3.4 5.3 1.8 0.7 163.6 104.1 

Ave. 5.4 144.4 84.6 30.3 31.8 7.6 13.3 1.6 1.3 183.9 130.9 
Percent Change 41.4 + 5.0 + 75.0 - 18.8 28.8 

na - not available 

to 
OJ 
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preozonation on THMFP was to reduce it by 28.8 percent. This reduction 

was due to a reduction in the average chloroform and bromoform 

concentrations, 41.4 and 18.8 percent, respectively. However, 

preozonation led to increases in the concentrations of 

dichlorobromomethane and dibromochloromethane, 5.0 and 75.0 percent, 

respectively. 

These results differ somewhat from those presented by Trussell and 

Umphres (1978). They reported that preozonation led to decreases in the 

concentration of chloroform (16%) and dichlorobromomethane (21%) 

along with increases in the concentrations of dibromochloromethane (19%) 

and bromoform (160%). 

Georgeson and Karimi (1988) conducted pilot- and full-scale tests 

using ozone to treat Los Angeles Aqueduct water. They noted an overall 

reduction in THMFP following the addition of 0.7 mgC>3/L (0.46 mgC>3/mg 

DOC). Their data also indicated a difference in the proportion of THM 

species between samples chlorinated before and after ozone treatment. For 

the untreated water, approximately 80 percent of the THMFP was 

comprised of chloroform. For the ozone-treated water, chloroform 

represented about 76 percent of the THMFP. 

Singer et al. (1989) observed a shift in the THM speciation with 

ozone treatment at Belle Glade, FL. Prior to the implementation of ozone 

treatment, chloroform represented approximately 85 percent of the TTHM 

concentration in the water distribution system. After the incorporation of 

ozone treatment, chloroform constituted an average of about 40 percent of 
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the TTHM concentration; the remaining 60 percent was distributed among 

the brominated THM species. 

Table 5.8 provides a summary of the effects of ozone oxidation on 

bromide incorporation into THMs. Ozone oxidation prior to chlorine 

addition resulted in a higher proportion of brominated THMs as compared 

to non-ozonated samples. This is indicated by the increase in the jag THM-

Br~ to |Xg TTHM ratio. In most of the samples, ozonation prior to 

chlorination also resulted in a greater amount of the naturally occurring 

bromide present being incorporated into THMs. This is suggested by the 

increase in the Jig THM-Br" to |4.g Br" ratio. The addition of ozone appears 

to have oxidized bromide ions to form HOBr which subsequently reacted 

with the organics and HOC1 to produce brominated THMs. 
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Table 5.8 The Effects of Ozone Oxidation on Bromide 
Incorporation into Total Trihalomethanes 

Transferred 
Ozone 

Sample Br- Dose ue THM-Br" ueTHM-Br 
No. (Hg/L) (mg/L) |0.g 1'1'hM HgBr 

1 250 0 0.181 0.104 
6.5 0.231 0.146 

2 230 0 0.189 0.113 
3.0 0.376 0.170 

3 120 0 0.252 0.248 
4.4 0.465 0.311 

4 160 0 0.181 0.162 
6.3 0.203 0.242 

5 450 0 0.107 0.088 
3.1 0.130 0.078 
6.4 0.149 0.077 
11.9 0.220 0.114 
18.3 0.232 0.071 

6 180 0 0.107 0.033 
1.9 0.279 0.108 

7 450 na na na 
8 390 0 0.131 0.046 

5.9 0.135 0.034 
9 310 0 0.181 0.083 

5.9 0.231 0.118 
10 320 0 0.262 0.053 

2.5 0.294 0.067 
11 475 0 0.034 0.047 

1.8 0.038 0.052 
8.0 0.040 0.047 
11.4 0.063 0.044 
17.4 0.062 0.050 
24.5 0.073 0.053 
76.4 0.076 0.044 

12 290 0 0.145 0.052 
2.4 0.291 0.071 

13 370 0 0.221 0.048 
3.2 0.329 0.067 

14 320 0 0.102 0.053 
4.8 0.135 0.044 

na - not available 
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5.6 The Use of Monochloramine Following Ozonation 

The current EPA MCL for TTHMs is set at 100 Hg/L. In the 1990s, 

this primary standard will be lowered to 50 or as low as 25 |ig/L. In light 

of this projection, water utilities are seeking methods which will permit 

their compliance with the law. The results of other researchers along with 

the results of the previous section indicate that ozone may lower the 

amount of THMs (THMFP) formed after chlorination; however, ozonation 

does not completely eliminate THMFP (Dore, 1978; Rice, 1980; Lawrence 

et al., 1980; Glaze et al., 1982; Veenstra et al., 1983; Robertson and Oda, 

1983; Reckow and Singer, 1984; Yamada et al., 1986). Ozonation of 

DOM results in the formation of partial oxidation products which may react 

with chlorine to produce THMs. 

Although ozone is a powerful disinfecting agent, its use as the sole 

disinfectant poses the risk of microbial growth in the water distribution 

system. Ozone does not form a stable residual. In fact, ozone has been 

cited as encouraging microbial regrowth by making the organic matter 

present more biodegradable as well as by increasing the dissolved oxygen 

concentration of the water (Gilbert, 1983). Therefore, a secondary, 

residual disinfectant is needed to control biological activity in the 

distribution system. 

A possible secondary disinfectant is free chlorine. But, HOC1 will 

react with the remaining organics to produce disinfection by-products 

including THMs. The amount of THMs produced will depend upon the 

amount and reactivity of the organics plus the amount of HOC1 added. 
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An alternative secondary disinfectant for use after ozonation is 

monochloramine, NH2CI. Monochloramine is formed by combining 

ammonia with chlorine. It is a less powerful oxidant and disinfectant than 

free chlorine, but has the reported advantage of once formed not reacting 

with organic matter to form THMs (Jensen et al., 1985; Glaze, 1987). 

However, in most instances preformed NH2CI is not used. Rather, a 

source of ammonia and free chlorine are added separately. 

NH3 + HOC1 —> NH2C1 + H2O 

The rate constant for this reaction is 5.1 X 106 (liters/mole sec) at 

25°C (Snoeyink and Jenkins, 1980). The reaction kinetics are such that 

sufficient time for some of the chlorine to react with DOM to form THMs 

is available. The dissociation of NH2CI back to NH3 and HOC1 is 

considerably slower with a rate constant of 3.0 X 10"5 sec"1. The ratio of 

the forward and backward rate constants defines the equilibrium constant 

for the reaction (K = 1.7 X 1011). Therefore, once the free chlorine is 

combined with the ammonia to form monochloramine, the THM reaction 

between HOC1 and DOM should become practically nonexistent. 

Table 5.9 shows a comparison of THMFP and NH2CI-THMFP for 

both untreated and ozone-treated sample. The chloramination procedure 

involved adding ammonium chloride 10 seconds prior to adding the sodium 

hypochlorite solution. The NH3 to CI2 molar ratio was 1:1 and the CI2 to 

DOC ratio was 5:1. A chlorine residual was measured in all the samples 
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Table 5.9. Trihalomethane Formation Potential Using Free Chlorine and 
Monochloramine 

Sample 
No. 

Transferred 
Ozone 
Dose 

(mg/L) 
THMFP 

(HK/L) 
NH2Cl-THMFP 

(Hfi/L) A% 

1 0 143 39 72.7 

2 0 139 19 86.3 

3 0 115 12 89.6 

4 0 212 19 91.0 

5 0 
3.1 
6.4 
18.3 

370 
271 
233 
137 

42 
35 
45 
37 

88.6 
87.1 
80.7 
73.0 

6 0 56 11 80.4 

7 0 na 310 na 

8 0 
5.9 

145 
97.6 

21 
12 

85.5 
87.7 

9 0 
5.8 

162 
93.7 

13 
11 

92.0 
88.3 

10 0 
2.5 

60.6 
49.4 

8.8 
7.4 

85.5 
85.0 

11 0 
11.4 

652 
326 

56 
54 

91.4 
83.4 

12 0 
2.4 

104 
70.8 

8.4 
10.0 

91.9 
85.9 

13 0 
3.2 

65.2 
60.6 

3.4 
5.6 

94.8 
90.8 

14 0 
4.8 

164 
104 

8.1 
10 

95.1 
90.4 

na - not available 
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after the 7 day reaction period. The addition of ammonia prior to the 

chlorine resulted in reduced levels of THMs in the samples. For the 

untreated water, the NH2CI-THMFP value was 88.3 percent lower than the 

THMFP value. For the ozone-treated samples, the NH2CI-THMFP value 

was 85.2 percent lower than the THMFP value. Lower NH2CI-THMFP 

values may be achievable through the use of a lower CI2 to NH3 ratio, a 

lower chlorine dose, and more complete mixing of the water and ammonia 

prior to chlorine addition. The chlorine to ammonia ratio used in this work 

(1:1) may have been insufficient to eliminate all of the free chlorine and 

thus resulted in the formation of THMs. The free and total chlorine and the 

ammonia concentrations in each sample were not measured. 

It must be noted that the THMFP analysis provides an extreme 

measure of the potential to form THMs. This analysis provides excess 

HOC1 for a seven day period. The analysis is best suited for comparing the 

effects of different treatments on the reactivity of the organics. The 

THMFP values generated are an overestimate of the concentration of THMs 

likely to be found in a water distribution system (Georgeson et al., 1988). 
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VI. CONCLUSION 

A laboratory study was conducted on groundwater samples from the 

lower aquifer of the Santa Ana River basin. Analyses were performed to 

characterize the inorganic and organic constituents of each sample. 

Surrogate parameters were developed to assist the characterization of the 

organic material. A set of apparent molecular weight "fingerprints" were 

defined to describe the effects of the ozone treatment on the DOM of the 

samples. Based on this research and the imposed experimental conditions 

the following is concluded: 

1. UV-ABS provided an accurate surrogate parameter for characterizing 

the DOM of each sample. For the untreated water, the linear correlations 

between UV-ABS and the organic descriptors color and THMFP resulted in 

coefficients of determination (r2) greater than 0.90. For the ozone-treated 

samples, the same linear correlations led to r2 values greater than 0.85. 

This degree of accuracy permitted the development of mathematical 

equations with color and THMFP as functions of UV-ABS. These types of 

equations should assist an investigator during subsequent pilot- and full-

scale studies to predict the color and THMFP concentrations from UV-ABS 

measurements. 

2. The addition of ozone to the water samples resulted in changes to the 

DOM. Small doses of ozone (< 0.3 mg/mg DOC) appeared to lead to an 

"oxidative polymerization" phenomenon. This effect was quantified 
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through the use of AMW DOC fingerprints of the DOM. The fingerprints 

revealed that an additional fraction of the DOC (4 - 8 %) was rejected by 

the higher (< 30,000 and < 10,000) AMW ultrafiltration membranes when 

ozone dosed of less than 0.3 mg/mg DOC were transferred to the water. In 

Sample No. 11 and 12, this phenomenon also led to increased average 

AMW of the DOM. For Sample No. 11, the average AMW increased from 

8,100 to 9,800 when treated with a transferred ozone dose of 0.21 mg/mg 

DOC. For Sample No. 12, a transferred ozone dose of 0.29 resulted in an 

increased AMW of the DOM from 3,300 to 6,000. 

Higher doses of ozone (> 1 mg/mg DOC) led to the oxidative 

degradation of the DOM molecules. This phenomenon was also quantified 

by the use of AMW DOC fingerprints. After the transfer of an ozone dose 

of greater than 1.0 mg/mg DOC, a larger proportion of the DOM passed 

through the less than 30,000 and less than 10,000 AMW ultrafitration 

membranes. Also, the average AMW of the DOM was lower after ozone 

treatment. The average AMW of the DOM of all fourteen untreated samples 

was 6,520. Ozone treatment with an average transferred dose of 2.5 

mg/mg DOC reduced the average AMW to 2,940. 

3. The addition of ozone to the samples also destroyed the organic color. 

Ozone appeared to eliminate the color by destroying conjugated carbon-

carbon double bonds as indicated by the reduction in UV-ABS. The 

untreated samples had an average UV-ABS of 0.195 cm"1. Ozone treatment 

with an average transferred dose of 6.7 mg/mg DOC resulted in an average 

UV-ABS of 0.098 cm"1 for the fourteen samples. 
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4. Ozone oxidation showed limited ability in removing THMFP from the 

water. An average ozone dose of 1.9 mg/mg DOC resulted in a 28.8 

percent reduction in THMFP. The reduction in THMFP was seen mostly as 

a reduction (41.4 %) in chloroform formation potential. However, ozone 

oxidation prior to chlorine addition increased the proportion of the 

brominated THM species. In the untreated samples, the brominated THM 

species accounted for 21.5 percent of the TTHMs. In the ozone treated 

samples, the proportion of brominated THMs increased to 35.4 percent of 
T 

the TTHMs. 

5. Because ozone had limited ability to reduce THMFP, monochloramine 

was tested as an alternative residual disinfectant to free chlorine. In all 

samples except Sample No. 7, the use of monochloramine resulted in a 7-

day NH2CI-THMFP concentration below the current TTHM standard of 

100 |J.g/L. In twelve of the fourteen samples, the projected standard of 50 

|j.g/L was met using monochloramine and in nine of the fourteen samples, 

the 25 |xg/L standard was met. 
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VII. NEEDS FOR FUTURE RESEARCH 

Several areas of research touched on by the present research need to 

be pursued further. Included in the topics for continued research are the 

following: 

1. Advanced oxidation processes (AOPs) to destroy color and THMFP 

should be studied. The addition of hydrogen peroxide and/or ultraviolet 

light during ozonation may produce hydroxyl radicals (OH*). The hydroxyl 

radicals likely destroy color and THM precursors more quickly and 

completely than molecular ozone. Raising the pH of the water also may be 

used to promote the generation of hydroxyl radicals. The performance of 

AOPs may be improved by reducing the bicarbonate and carbonate 

alkalinity of the water and thereby lowering the amount of radical 

scavangers. 

2. The oxidation by-products of the reaction of ozone with DOM have only 

been partially identified. More research is needed to determine the identity 

as well as the human health risks posed by these by-products. 

3. The enhanced biodegradability of organic matter after ozone addition to 

water has been cited in the literature. Ozone oxidation of DOM may lead to 

increased microbial growth in water distribution systems. Further research 

is required to determine if secondary disinfectants such as monochloramine 
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applied after ozonation will prevent the growth of pathogenic and nuisance 

bacteria. 

4. Additional research is required to determine the optimum conditions for 

ozonation when ozone addition precedes other treatment processes. For 

instance, the "microflocculation" phenomena need to be further studied. 

Ozonation followed by activated carbon adsorption may be a feasible 

treatment alternative for treating colored groundwater and requires 

additional research. 



APPENDIX 

ADDITIONAL PARAMETERS 



Table A1. Summary of the Organic Characteristics o£ 
the Dntreated and Ozone-Treated Water Samples 

( 1 )  

Sample 
Mo. 

( 2 )  

Transferred 
Ozone 
Dose 

( m e / L )  

6.52 

(3) (4) (5) (6) 

AMW DOC 0V-ABS THMFP 
Fraction f msr/M (em-1) fun/Li 

<0.45um 3. .43 0. 218 142.9 
<30,000 -- — 

<10,000 1. ,91 0. 103 135.7 
<5,000 1. .28 0. 077 101.0 
<1,000 1. .11 0. 047 76.3 

<500 0. .40 0. 007 13.3 

<0.45um 3. .49 0. 101 158.4 
<30,000 - - — 

<10,000 2, .57 0. 063 154.3 
<5,000 2. .08 0. 044 112.5 
<1,000 1, .16 0. 015 87.9 

<500 0. .62 0. 007 54.8 

2 0 

2 2.96 

<0.45um 1.30 
<30,000 
<10,000 1.13 
<5,000 0.95 
<1,000 0.79 

<500 0.62 

<0.45um 1.30 
<30,000 
< 1 0 , 0 0 0  1 . 1 1  
<5,000 1.09 
<1,000 0.75 

<500 0.67 

0.062 136.7 

0.033 104.9 
0.019 80.3 
0.009 58.4 
0.004 41.9 

0.031 104.0 

0.024 93.8 
0.017 84.8 
0 . 0 1 0  6 6 . 0  
0.004 27.3 
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Table Ai. Continued 

(1) (2) (3) (4) (5) (6) 

Transferred 
Ozone 

Sample Dose AMW DOC 0V--ABS THMFP 
No. Fraction ( m e / L )  (em-11 (uff/L 1 

3 0 <0.45um 1. .36 0. 072 118.2 
<30,000 - -— 

<10,000 0. ,81 0. 031 83.5 
<5,000 0. .83 0. 027 78.3 
<1,000 0. .45 0. 011 65.3 

<500 0. .39 0. 004 61.8 

3 4.35 <0.45um 1, .22 0. 033 80.3 
<30,000 --

<10,000 1. .04 0. 022 76.3 
<5,000 - -

<1,000 0. .67 0. 010 57.9 
<500 — • — — 

4 0 <0.45um 3, .29 0. 183 223.; 
<30,000 — 

<10,000 1. .75 0. 079 124. 
<5,000 1. .31 0. 049 105. 
<1,000 0. .68 0. 015 75. 

<500 0. .58 0. 008 59.i 

4 6.30 <0.45um 2. .83 0. 068 191. 
<30,000 2, .72 0. 065 150. 
<10,000 2  .28 0. 050 117. 
<5,000 1, .94 0. 034 91. 
<1,000 1, .26 0. 020 58. 

<500 0, .80 0. 009 45. 



(1) (2) (3) (4) (5) (6) 

Transferred 
Ozone 

Sample Dose AMW DOC 0V-•ABS THMFP 
No. ( m e / L )  Ranffe < m a / L )  fem-n ( u a / L )  

5 0 <0.45urn 5, .14 0. 266 369.5 
<30,000 3. .71 0. 174 346.6 
<10,000 2 .21 0. 099 177.9 
<5,000 1. .57 0. 051 98.0 
<1,000 0. .88 0. 020 55.0 

<500 0. .84 0. 013 50.8 

5 11.9 <0.45um 4. .75 0. 099 295.5 
<30,000 4, ,50 0. 098 220.3 
<10,000 3. .91 0. 066 174.6 
<5,000 2. .92 0. 036 138.2 
<1,000 1. .66 0. 018 76.5 

<500 0, .80 0. 007 51.7 

6 0 

6 1.92 

<0.45um 1.35 
<30,000 1.18 
< 1 0 , 0 0 0  1 . 0 0  
<5,000 0.93 
<1,000 0.72 

<500 0.53 

<0.45um 1.39 
<30,000 1.34 
<10,000 1.29 
<5,000 0.95 
<1,000 0.57 

<500 0.45 

0.060 55.9 
0.047 50.3 
0.032 52.8 
0.023 40.7 
0.010 29.9 
0.004 15.8 

0.042 70.8 
0.037 56.2 
0.030 41.8 
0.024 26.7 
0.009 28.7 
0.007 13.2 
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TahTft Al. Continued 

( 1 )  

Sample 
No. 

( 2 )  

Transferred 
Ozone 
Dose 

fag/Li) 

17.6 

(3) 

1 

(4) (5) (6) 

AMW DOC 0V--ABS THMFP 
Rnnffe ( m a / L )  fem-n (uff/Ll 

<0.45um 14. .40 0. 758 1100# 
<30,000 9. .25 0. 447 
<10,000 6. .46 0. 290 
<5,000 4. ,31 0. 177 
<1,000 2. .06 0. 065 

<500 1. .21 0. 010 
* = 

estimated value 

<0.45um 13 .62 0. 501 
<30,000 11. .02 0. 395 
<10,000 8. .22 0. 257 
<5,000 5. .58 0. 161 
<1,000 1. .86 0. 048 

<500 0. .81 0. 009 

26.4 <0.45um 12.40 0.355 
<30,000 10.92 0.306 
<10,000 8.70 0.233 
<5,000 6.39 0.155 
<1,000 2.02 0.044 

<500 0.82 0.001 

39.6 <0.45um 12.40 0.347 
<30,000 10.38 0.291 
<10,000 8.42 0.225 
<5,000 6.39 0.147 
<1,000 1.94 0.041 

<500 0.93 0.009 
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Table A1. Continued 

(1) (2) (3) (4) (5) (6) 

Transferred 
Ozone 

Sample Dose AMW DOC 0V--ABS THMFP 
No. ( m<?/L) Ran it* (ma/L) fem-n f ua/L) 

8 0 <0.45um 3. .44 0. 166 137.3 
<30,000 2. .41 0. 117 108.3 
<10,000 1. .74 0. 073 98.4 
<5,000 1. .14 0. 038 87.7 
<1,000 1, ,02 0. 013 57.2 

<500 0. .58 0. 003 45.8 

8 5.9 <0.45um 2. .70 0. 059 116.7 
<30,000 2. .68 0. 054 109.0 
<10,000 2. .12 0. 039 93.4 
<5,000 1. .79 0. 027 90.6 
<1,000 1. .32 0. 022 71.5 

<500 0. ,75 0. 006 16.2 

9 0 <0.45um 2. .15 0. 121 162.1 
<30,000 1. ,79 0. 088 122.2 
<10,000 1. .15 0. 047 77.8 
<5,000 0. ,87 0. 030 47.0 
<1,000 0. ,53 0. 008 22.0 

<500 0, ,42 0. 003 12.4 

9 5.82 <0. 45urn 2. ,04 0. 070 93.7 
<30,000 1. ,92 0. 059 85.5 
<10,000 1. ,66 0. 043 64.5 
<5,000 1, ,19 0. 026 60.3 
<1,000 0. ,63 0. 007 33.6 

<500 0. ,46 0. 003 13.9 



Table A1 Continued 

(1) (2) (3) (4) (5) (6) 

Transferred 
Ozone 

Sample Dose AMW DOC 0V-•ABS THMFP 
No ( m e / L )  Ranee ( m a / h )  ( c m - 1)  (ua/Ll 

10 0 <0.45um 1. 10 0. 045 60.6 
<30,000 --

<10,000 0. 63 0. 013 56.2 
<5,000 — — 

<1,000 0. 44 0. 005 23.0 
<500 - -

10 2.54 <0.45um 0. .87 0. 023 49.4 
<30,000 - -

<10,000 0. ,87 0. 021 42.4 
<5,000 --

<1,000 0. ,50 0. 005 18.6 
<500 - -

— • — — — 

11 0 < 0.45um 8. .56 0. 460 652 
<30,000 7. 20 0. 332 629 
<10,000 4. .68 0. 188 251 
<5,000 3. ,54 0. 148 299 
<1,000 1. .15 0. 024 80.7 

<500 0. .90 0. 022 84.6 

11 1.83 <0.45um 8. .53 0. 404 659 
<30,000 7. ,06 0. 291 
<10,000 4. ,34 0. 111 
<5,000 3. ,21 0. 066 
<1,000 1. .08 0. 018 

<500 0. .94 0. 017 
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Table Ai. Continued 

(1) (2) (3) (4) (5) (6) 

Transferred 
Ozone 

Sample Dose AMW DOC 0V-ABS THMFP 
No. ( mff/M Rarme ( m a / L )  fCH ril ( uff/L)  

11 11.4 <0.45um 8, ,17 0. 236 326 
<30,000 7, .94 0. 204 
<10,000 5. .69 0. 135 
<5,000 3. .41 0. 081 
<1,000 1. .13 0. 023 

<500 0, ,83 0. 015 

11 76.4 <0.45um 6, .78 0. 117 273 
<30,000 6, ,74 0. 102 
<10,000 4. .83 0. 065 
<5,000 3. .50 0. 048 
<1,000 1. .61 0. 017 

<500 0. .87 0. 009 — — — — 

12 0 <0.45um 1, .37 0. 074 103.8 
<30,000 . 

<10,000 0, .83 0. 030 62.6 
<5,000 --

<1,000 0, .54 0. 006 39.3 
<500 - -

12 0.4 <0.45um 1, .45 0. 070 73.0 
<30,000 --

<10,000 0, .77 0. 026 
<5,000 - -

<1,000 0, .43 0. 008 
<500 - -
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Table A1 Continued 

(1) (2) (3) (4) (5) (6) 

Transferred 
Ozone 

Sample Dose AMW DOC UV-ABS THMFP 
No (me/Li Ransa ( m a / L )  (em-11 (utr/L) 

12 2.43 <0.45um 1. 27 0. 047 70.8 
<30,000 --— 

<10,000 0. 89 0. 026 52.5 
<5,000 — — 

<1,000 0. 55 0. 010 40.4 
<500 — — 

13 0 <0.45um 0. 92 0. 054 65.2 
<30,000 — — 

<10,000 0. 70 0. 035 61.0 
<5,000 — 

<1,000 0. 45 0. 013 41.0 
<500 — • — — — — — 

13 3.15 <0.45um 0. . 83 0. 031 60.6 
<30,000 --— 

<10,000 0. ,72 0. 024 56.2 
<5,000 --— 

<1,000 0. 53 0. 012 30.6 
<500 --

— 

14 0 <0.45um 3. 00 0. 193 163.1 
<30,000 2. ,70 0. 151 164. • 
<10,000 1. .70 0. 083 109.; 
<5,000 1. ,20 0. 044 65.1 
<1,000 0. 85 0. 035 48.1 

<500 0. ,78 0. 025 32.! 
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Table A1. Continued 

(1) (2) (3) (4) (5) (6) 

Transferred 
Ozone 

Sample Dose AMW DOC OV-ABS THMFP 
No. ( m e / L I  Ranffe f m«r/L} ( \ i e / L )  

14 4.80 <0.45um 2.64 0.097 104.1 
<30,000 2.48 0.087 88.3 
<10,000 1.78 0.058 63.5 
<5,000 1.26 0.039 59.4 
<1,000 0.58 0.009 39.9 

<500 0.45* 0.007 31.6 
* = estimated value 
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Table A2.—PV-ABS Removal due to Ozone Addition 

(1) (2) (3) (4) (5) 
Transferred DELTA PV-ABS 

OV-ABS 03 Dose nv-ARfi DELTA Os 
Sample fcm-l^ (ma/L) (DV-ABS)O (em-l/mg/L) 

1  0 . 2 1 8  0  1  
0.175 2.26 0.803 0.0190 
0.145 4.40 0.665 0.0140 
0.102 6.52 0.468 0.0203 
0.092 8.36 0.422 0.0054 

2  0 . 0 6 2  0  1  
0.053 0.78 0.855 0.0115 
0.038 1.41 0.613 0.0238 
0.031 2.96 0.500 0.0045 
0.028 4.16 0.452 0.0025 

3 0.074 0 1 
0.047 1.57 0.635 0.0172 
0.035 2.56 0.473 0.0121 
0.033 4.35 0.446 0.0011 
0.030 5.96 0.405 0.0019 
0.026 7.84 0.351 0.0021 

4 0.188 0 1 — 
0.134 2.36 0.714 0.0229 
0.085 4.30 0.452 0.0253 
0.068 na na na 
0.070 8.79 0.372 0.0033 
0.047 14.01 0.250 0.0044 

5 0.270 0 1 
0.209 3.08 0.774 0.0198 
0.155 6.40 0.574 0.0163 
0.099 11.90 0.367 0.0102 
0.073 19.32 0.270 0.0035 
0.071 24.28 0.263 0.0004 

6  0 . 0 6 0  0  1  
0.056 1.00 0.933 0.0040 
0.040 1.92 0.667 0.0174 
0.030 2.36 0.500 0.0227 
0.028 na na na 
0.024 na na na 
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Table A2. Continued 

(1) (2) (3) (4) (5) 
Transferred DKT.TA DV-

UV -ABS 03 Dose UY-i IBS DELTA 03 
Samel ft (cm-l} fOY-i ABS)0 { cm* 

7 0 .758 0 1 _ _ _  
0 .501 17 .6 0 .661 0 .0146 
0 .355 26 .4 0 .468 0 .0166 
0 .347 39 .6 0 .458 0 .0006 

8 0 .167 0 1 
0 .129 2 .28 0 .773 0 .0167 
0 .095 4 .26 0 .569 0 .0172 
0 .082 4 .62 0 .491 0 .0361 
0 .059 5 .90 0 .353 0 .0180 

9 0 .121 0 1 
0 .107 1 .50 0 .884 0 .0093 
0 .097 2 .90 0 .802 0 .0071 
0 .086 4 .38 0 .711 0 .0074 
0 .071 5 .82 0 .587 0 .0104 

10 0 .046 0 1 
0 .042 0 .33 0 .913 0 .0121 
0 .034 1 .31 0 .739 0 .0082 
0 .023 2 .54 0 .500 0 .0089 
0 .023 3 .17 0 .500 0 .0000 
0 .022 4 .42 0 .478 0 .0008 
0 .018 5 .69 0 .391 0 .0031 

11 0 .459 0 1 
0 .404 1 .83 0 .880 0 .0301 
0 .293 8 .04 0 .638 0 .0179 
0 .236 11 .44 0 .514 0 .0170 
0 .178 17 .59 0 .388 0 .0097 
0 .143 24 .74 0 .312 0 .0049 
0 .117 76 .40 0 .255 0 .0005 

12 0 .074 0 1 
0 .070 0 .40 0 .946 0 .0100 
0 .063 1 .05 0 .851 0 .0108 
0 .049 1, .88 0 .662 0 .0169 
0 .047 2 .43 0 .635 0 .0036 
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Tabis A2 Continued 

(l) 

Sample 

13 

( 2 )  

UV-ABS 
fcm-n 

0. 054 
0.051 
0.046 
0.036 
0.031 
0.025 

(3) 
Transferred 

03 Dose 
(mg/L^ 

0 
0.30 
1 . 1 0  
2.14 
3.15 
4.06 

(4) 

UV-ABS 
niV-ARS1f> 

1 
0.944 
0.852 
0.667 
0.574 
0.463 

(5) 
DKT.TA nV-ABS 
DELTA 03 

frm-i/mg/Ll 

0 . 0 1 0 0  
0.0063 
0.0096 
0.0050 
0 . 0 0 6 6  

14 0.193 
0 . 1 8 0  
0.139 
0 . 1 0 1  
0.076 
0.076 

0 
0 . 8 8  
2.92 
4.80 
5.96 
7.35 

1 
0.933 
0.720 
0.523 
0.394 
0.394 

0.0148 
0 . 0 2 0 1  
0 . 0 2 0 2  
0 . 0 2 1 6  
0.0000 

na = data not available 



Table A3. Summary of Inorganic Water Quality Parameters for the Untreated Samples 

AlkO 
HardO) HCO3-/CO3-2 

Sample pH Ca++ Mg++ (mg/L as (mg/L as Br" Fe (total) Mn (total) NH3-N S04"2 TDSW 
No. (mg/L) (mg/L) CaCOs) CaC03) (Hg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

1 8.5 6.4 0.7 18.9 168/6 250 0.029 0.074 0.5 4.4 230 
2 8.6 17.0 3.0 56.0 137/6 230 0.015 0.050 nd 30.0 232 
3 8.8 6.4 0.3 17.2 133/11 120 0.064 0.002 nd 29.0 234 
4 8.7 12.0 2.0 38.0 146/11 160 0.022 0.005 nd 17.0 208 
5 8.8 8.1 0.3 21.5 161/16 450 0.034 nd nd 8.8 310 
6 8.7 16.0 3.1 52.7 140/8 180 0.011 0.002 nd 29.0 256 
7 8.7 7.3 1.1 22.8 152/0 450 0.056 0.027 1.0 nd 652 
8 8.8 6.5 0.3 17.5 116/10 390 rd 0.003 0.4 7.5 204 
9 8.8 7.4 0.3 19.7 144/na 310 0.017 0.001 0.2 17.0 246 

10 8.3 32.0 4.4 98.0 150/0 320 0.015 0.018 1.0 35.0 242 
11 8.9 2.5 1.0 10.4 161 /13 475 0.077 0.004 nd 0.9 272 
12 8.5 20.0 12.1 50.0 115 /na 290 na na na na na 
13 8.4 32.0 3.9 96.0 163/0 370 0.017 0.004 nd 37.0 248 
14 8.7 6.6 0.8 19.8 158 /10 320 0.020 0.004 0.3 5.0 224 

(1) - Hardness (Ca«+Mg«) 
(2) - Alkalinity 
(3) - Total dissolved solids 
na - not available 
nd -not detected 
Note: All analyses except bromide were performed by OCWD. 
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Percent 

Figure Al. Determination of average apparent molecular weight (AMW) 
for an untreated and ozone-treated (11.4 mg/L) sample of 

Sample No. 11 water. 
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