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ABSTRACT 

The Long Beach Water Department (LBWD) treatment plant 

presently employs conventional methods to treat groundwater 

sources which exhibit a characteristic color caused by 

naturally occuring organic matter. The incorporation of 

ozone into the treatment process train was investigated to 

enhance color removal. The effective dose and contact time 

required to meet the secondary color standard was found to 

be a function of initial color content of the water. 

UV absorbance was found to be a good surrogate parameter for 

color. Correlations using raw and ozonated water data 

exhibited a coefficient of determination (r2) of 0.81 and 

0.70, respectively. 

The determination of a reaction kinetic model to describe 

color disappearance with ozone contact time was 

inconclusive. The ozone contact system was found to be mass 

transfer limited at ozone doses greater than 5.0 mg/1. 
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CHAPTER 1 

INTRODUCTION 

The availability of sufficient water to supply the expanding 

needs of the municipal, industrial, and agricultural sectors 

is quickly becoming a world-wide concern. In areas such as 

Southern California, the demand for water has long since 

exceeded its directly potable groundwater sources. In the 

Los Angeles metropolitan area the prevailing groundwater 

sources require treatment for potable consumption. These 

sources are also supplemented with imported surface water 

supplies from the Sierra Nevada Mountains (California State 

Project) and the Colorado River. 

Various water utilities in the Long Beach/Orange County 

region (e.g., Long Beach Water Department, Mesa Consolidated 

Water District, Orange County Water District, Irvine Ranch 

Water District, City of Hunington Beach) utilize 

groundwater as well as treated surface water supplied by the 

Metropolitan Water District (MWD) for water supply purposes. 

The City of Long Beach Water Department (LBWD) Treatment 

Plant is capable of treating 50 million gallons of ground 

water per day. The groundwater basin utilized by LBWD lies 
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below the Santa Ana River and consists of an unconfined 

aquifer and a series of confined aquifers. A schematic of 

the Los Angeles basin is shown in Figure 1.1. There are two 

primary hydrogeological regimes of interest, those being, 

the upper and lower main aquifers. The estimated volumes of 

water associated with these two aquifer regimes are 

5,000,000 acre-feet and 12,000,000 acre-feet, respectively. 

The upper groundwater basin is recharged by natural 

infiltration and artificially recharged with excess MWD 

water. 

Wells penetrating to 1,000 feet or less have generally 

provided water free of color (<10 color units, p.c.u.) with 

low dissolved organic carbon (DOC) levels. Representative 

samples taken from the deeper aquifer have, however, 

indicated color levels in excess of the USEPA secondary 

standard of 15 p.c.u. and, correspondingly, contain several 

mg/1 of DOC. A representative level of the trihalomethane 

formation potential (THMFP) for a sample from the lower 

aquifer is about 100 to 150 ug/1. 

The LBWD operates a 25 MGD capacity water treatment plant 

for processing a moderate to highly colored groundwater 

(e.g., 35 p.c.u.). Currently, LBWD water treatment plant 

uses chemical coagulation with polymers to remove color 
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bodies. Multi- media filters are used to remove suspended 

particles and chlorination is used for both disinfection and 

residual color removal, followed by ammoniation for THM 

control. A schematic showing the treatment process train, 

resembling that of a conventional surface water treatment 

plant, is shown in Figure 1.2. 

Treatment provided for the high color groundwater involves 

coagulation, filtration and chlorination. Coagulation is 

achieved with a liquid cationic polyelectrolyte, Cat-Floc-T, 

and aluminum chloro-hydrate (ACH). Cat-Floc-T (Calgon 

Corp.), is a polymer that is reported to be low-to-medium 

molecular weight, medium charge density, and resistant to 

chlorine. The polymer alone typically achieves a 60% 

reduction in color, with a further reduction provided by 

chlorine addition. 

Chlorine is first added before the filters at a dose of 5.0 

to 6.5 mg/1, providing a free residual of about 0.5 mg/1 in 

the filter effluent as water emerges from a filter module 

after 20 minutes of contact time. Additional chlorine is 

then added to reach a level equivalent to 2.5 mg/1 which is 

then tied up with NH3 added according to C12/NH3 weight ratio 

of 4.8:1. The final product water from the plant typically 

exhibits a color of <8 p.c.u. and a turbidity of <0.3 NTU. 
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In addition, groundwater with lower color levels (e.g., 7 

p.c.u.) is treated according to an abbreviated process train 

(disinfection). Treatment provided for low color well water 

(up to 24 MGD) consists of chlorination for both color 

reduction and disinfection. Chlorine, Cl2, is applied at a 

concentration of 6 to 10 mg/1 prior to introduction into a 

cistern. Ammonia (NH3) is subsequently added to convert the 

remaining free residual to monochloramine, based on a 

Cl2/NH3 mole ratio of 1:1 which corresponds to a weight 

ratio of 4.8:1. The relevent reaction involving chlorine in 

the form of hypochlorous acid, H0C1, is shown below: 

H0C1 + NH3 > NH2C1 + H20 

Finally, LBWD purchases treated and disinfected water from 

the Metropolitan Water District (MWD) which is further 

disinfected before distribution. Water supplied by MWD (up 

to 40 MGD) typically contains a monochlorine residual of 1.1 

to 1.2 mg/1 along with a free ammonia concentration of 0.3 

to 0.4 mg/1. LBWD introduces additional chlorine based on a 

Cl2/NH3 weight ratio of 4.8:1. 

All three process streams are blended prior to distribution. 

Trihalomethane (THM) levels in the LBWD distibution system 

are typically in the range of 40 to 60 ug/1 in the "blended 

service area". The blend of all process streams typically 



contains about 2.2 mg/1 of NH2C1. 
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The current design adequately addresses existing water 

quality standards, but may have to be modified to meet more 

stringent standards of the near future. Of particular 

importance to water quality for the City of Long Beach is 

THM formation prevention. The Revised Safe Drinking Water 

Act of 1986 mandates that the Environmental Protection 

Agency (EPA) develop standards for total trihalomethane 

levels in municipal water supplies. Currently, regulations 

specify a maximum contamination level (MCL) for THMs of 100 

ug/1. 

This research was undertaken to investigate the inclusion of 

ozone at the LBWD treatment plant primarily to enhance color 

removal and, as a secondary concern, THM formation 

prevention. Ozone is considered as a chemical alternative 

to chlorine at the LBWD water treatment plant because it is 

one of the more powerful oxidizing agents and it does not 

produce THM by-products. The major disadvantage of ozone is 

that it is not perisitant in a water solution, therefore it 

is not effective alone in controlling regrowth of bacteria 

in the distribution system. 
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CHAPTER 2 

OBJECTIVES 

There were two main objectives of this research. The 

primary aim was to investigate the potential use of oxidants 

at the Long Beach Water Department Treatment Plant to 

improve the removal of color. In the course of this 

endeavor, variable oxidative conditions were investigated, 

such as: 

1) ozone dose, 

2) the addition of hydrogen peroxide to the ozonation 

system (perozone) with different modes of 

application and at different dosages. 

3) pH reduction from ambient values to pH 7.0 for 

experiments utilizing ozone as well as perozone. 

The secondary objective was to develop a kinetic model to 

accurately describe the chemical reactions that occur during 

color removal by oxidation with ozone. Specifically, the 

rate and order of the reaction were investigated. 
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CHAPTER 3 

LITERATURE REVIEW 

3.1 The History of Ozone in Water Treatment 

The use of ozone for water treatment dates back to 1906 when 

an ozone disinfection unit was installed at the Bon Voyage 

water treatment plant in Nice, France. Since that time, 

ozone has been used for various additional purposes in water 

treatment, including organic and inorganic oxidation, taste 

and odor removal, color removal, control of algal growth, 

promotion of aerobic biological processes in filters 

containing various solid media, flocculation and particle 

destabilization for turbidity removal, decomplexation of 

organically bound metals, and more recently, trihalomethane 

(THM) precursor destruction (Rice et al., 1985). 

Acceptance of ozone as a water treatment alternative in the 

United States has been relatively slow. According to Rice 

(1984), the number of water treatment plants using ozone in 

the U.S. increased from two in 1977 to 22 in 1984. In 

comparison, world-wide in 1977 there were over 1300 water 

treatment plants using ozone (Rice et al., 1986). As of 

1986, there were at least 26 operating drinking water 

treatment plants in the U.S. using ozone, with 9 plants 
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under construction, and 5 being designed (Georgeson and 

Karimi, 1988). On April 2, 1987, Los Angeles Aqueduct 

Filtration Plant (LAAFP) officially began full-scale 

operations becoming the world's largest water treatment 

facility utilizing ozone for pretreatment (Georgeson and 

Karimi, 1988). 

Chlorine has been the most widely used disinfectant for 

water treatment in the U.S. Although considerably less 

expensive and more convenient to use than ozone, chlorine 

has one, potentially hazardous, disadvantage. It is 

generally accepted that chlorination of waters containing 

humic substances results in the formation of THMs (Rice, 

1981). Now that THM levels are strictly regulated, with 

even lower standards being considered, the use of ozone is 

being seriously investigated by water treatment scientists 

and consulting engineers as an alternative to chlorine for 

disinfection and oxidation purposes. 

3.2 Properties of Ozone Relevant to Water Treatment 

As an oxidant, ozone is approximately 1.5 times stronger 

than chlorine, expressed by its standard reduction potential 

of -2.07v being the most negative of the common oxidants. 

Ozone is formed when molecular oxygen, 02(g), and atomic 
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oxygen, 0(g), react. The reaction is exothermic and leaves 

03 with a bond dissociation energy of roughly 105 kJ/mole. 

Once formed, the ozone molecule tends to decompose. Because 

the bond dissociation energy required to separate the ozone 

molecule is relatively low, being substantially less than 

that required to dissociate an oxygen molecule, i.e., 495 

kJ/mole, ozone is considered to be an unstable, highly 

reactive gas at temperatures and pressures typically 

encountered in water treatment plants. Consequently, ozone 

is sufficiently strong to oxidize a wide range of organic 

and inorganic compounds. 

Although ozone is known to be a very powerful bacterial and 

viral disinfectant, its usefulness as such has two major 

limitations. First, it has a short half-life in water, 

relative to the other common oxidants (approximately 20 

minutes), the rate of decomposition to oxygen being a 

function of pH of the water and the oxidant-demanding 

material present in solution (Rice et al., 1986). 

Therefore, maintaining a residual disinfectant in the 

distribution system is virtually impossible with the use of 

ozone. Secondly, ozone can actually promote biological 

growth in the distribution system by oxidizing large, high 

molecular weight, natural organic substances and producing 

smaller, polar, more biodegradable, oxygenated byproducts. 
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Therefore, it is clear that without a stable disinfectant 

residual, with the presence of higher dissolved oxygen 

content and more biodegradable organics, the distribution 

system will most likely develop a "regrowth" of bacteria if 

ozone disinfection is the terminal step of the treatment 

process (Rice et al., 1985). 

3.3 Ozone Generation 

Ozone must be generated on site and used immediately. The 

most common technique for generating ozone is the cold 

plasma discharge method, in which dry, oxygen containing gas 

(air, oxygen-enriched air, or high purity oxygen) is passed 

between two electrical plates separated by a ceramic 

dielectric and a narrow discharge gap. The most energy 

efficient ozone production is accomplished when high purity 

oxygen is used as the feed gas. However, no matter what the 

feed gas source, the reaction produces rather low ozone 

yields, usually 1-3% when air is used, and 2-6% for pure 

oxygen (Rice, 1984). This process requires considerable 

energy input, 6-8 kWh/lb 03 when air is used, and 4-6 kWh/lb 

03 when oxygen is used. The feed gas must be relatively 

free of oil, dust, and moisture (dew point of -60°C) , all of 

which can reduce ozone production efficiency. 

In an ozonator, the corona discharge initiates 03 production 
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by exciting the diatomic oxygen molecule sufficiently to 

break the double bond, forming two atomic oxygen radicals. 

Glaze (1987) suggests the following mechanism to describe 

the reaction: 

02 (corona discharge) > 0' + O-

O- + 02 <===> 03 + heat 

Ozone can also be generated by means of ultraviolet (UV) 

light (< 200 nm) by the same process by which ozone is 

generated in the upper atmosphere (Glaze, 1987). Because 

ozone generation is exothermic, the heat generated must be 

dissipated since surrounding heat will increase the rate of 

ozone decomposition. 

3.4 Ozone Mass Transfer 

Transport of a gas into a liquid occurs by diffusion of the 

gas molecules through the gas-liquid interface. This 

interface can be considered to consist of two films. For 

slightly soluble gases, such as ozone, primary resistance to 

transfer will occur in the liquid film. According to Grasso 

(1987), ozonation processes are rate limited by diffusive 

mass transfer rather than by chemical reaction rate. 

Fick's first law has been the basis of several models 

developed to describe mass transfer at phase boundaries. In 

design of ozonation systems, the product of the liquid phase 
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over-all mass transfer coefficient (Kt) and interfacial area 

per unit volume of reaction mass (a), referred to as the 

volumetric mass transfer coefficient, (Kta), is employed in 

the sizing of contactors. The value of (Kt) for ozone is 

strongly influenced by the accumulation of solute molecules 

at the gas/liquid interface and the associated changes in 

the transport of ozone, while the value of (a) is dependent 

on the bubble size and contactor geometry at a given flow 

rate (Gould, 1987). In the absence of chemical reactions, 

the equation for the rate of mass transfer of ozone into the 

bulk liquid is: 

(d[03]/dt) = Kta([03]s — [03]) 

where 

d[03]/dt = the rate of change of 03 concentration in the 

bulk liquid, 

[03] = ozone concentration at time t, and 

[03]s = ozone saturation concentration. 

The ozone saturation concentration may be determined from 

Henry's Law: 

P03 = H[03]s 

where 

P03 = partial pressure of ozone in the gas phase, and 

H = Henry's Law constant (0.082 atm m3 g-mol"1 @ 25°C) . 
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Since the interfacial area (a) can be greatly influenced by 

the fluid dynamics of the reactor, it is essential to adjust 

the operating conditions to approach optimal mass transfer. 

Typically, ozone is introduced to the bulk liquid in a 

contactor, which is used to increase mass transfer of ozone 

out of the gas bubble into the bulk liquid. Some of the 

more common contactor types are: 

-Diffusive bubble (cocurrent and counter-current), 

-Positive pressure injection (PPI), 

-Negative pressure (Venturi), 

-Mechanically agitated vessel, and 

-Packed tower. 

Of these contactor types, the counter-current bubble 

contactor has been the most widely used for potable water 

treatment (Grasso,1987; Glaze, 1987). Systems employing 

mechanical agitation with a bubble diffuser commonly have a 

flat bladed impellor with the gas outlet mounted immediately 

beneath it. This system will not effect Kt to any great 

extent, however, it will increase the interfacial area for 

transfer (Grasso, 1987). It has also been reported by Hewes 

and Davison (1971) that increased turbulence enhances the 

rate of ozone decomposition. 

3 . 5 Acrueous Chemistry of Ozone 

The half life of ozone in air is several hours. However in 
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water, depending upon the pH, it is typically measured in 

the range of 20 minutes. In the gas phase, ozone will 

eventually decompose to diatomic and atomic oxygen (02 and 

0, respectively), the rate of which is a function of 

temperature. Peleg (1976), suggests the following mechanism 

to describe the reaction: 

M + 03 <===> 02 + O + M -24.6 kcal 

O + Oj > 202 +93 kcal 

where M represents all gases, including ozone, which can act 

as an initiator in the reaction. The more dilute the 

solution, the slower the dissociation (Peleg,1976). Ozone 

can also decompose by adsorption of solar radiation, 

requiring wavelengths of only 1140 nm or less. The overall 

reaction can then be summarized as such: 

203 <===> 302 

In water, both the mechanism and kinetics of the 

decomposition of ozone is more uncertain. There are several 

possible reaction mechanism schemes that have been proposed 

by different investigators. In a relatively early study, 

Weiss (1935) observed, by using ultraviolet (UV) adsorption 

measurements, that ozone concentrations decreased upon 

increasing alkalinity. Based on this observation, Weiss 

proposed the following reaction as the first step in ozone 

decomposition: 
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03 + OH' > 02" + H02 , 

where hyroxide ion (OH") is the initiator of ozone 

decomposition to oxide ion (02") and hydrogen dioxide (H02) . 

Much later, using the electron spin resonance technique and 

also adsorption spectroscopy, Gorgenko-Germanov and Kozlova 

(1974) reaffirmed that the hydroxide ion was probably 

reponsible for the first step in ozone decomposition in 

basic solutions, but proposed their own decomposition 

products: 

03 + OH" > 03" + OH- , 

being ozonide ion (03") and hydroxide radical (OH-) . 

Indirect evidence for OH radicals was presented by Hoinge 

and Bader (1975) who showed that the mechanism for ozonation 

seemed to change at high pH. The following mechanism for 

the decomposition of ozone in water was a compilation of 

several previous studies, first proposed by Peleg (1976), 

and again some years later, reaffirmed by Glaze (1980): 

[1] 03 + HzO > Oz + 20H" 

[2] 03 + OH- > 02 + H02-

[3] 03 + H02- > 202 + OH-

[4] OH- + OH- > H202 

[5] OH- + HOz > H20 + 02 

[6] OH" + OH" > O" + H20 

[7] H02- + H02- > H202 + 02 

[8] O" + 02 > 03" 
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Equations 1-3 illustrate three possible initiators to 03 

decomposition; water, the hydroxyl radical (OH*), and 

hydroperoxyl radical (H02*). The chain propagating radicals 

can be scavanged by several intermediates, as shown in 

equations 4-7. Hydrogen peroxide (H202) is shown to form by 

the reactant combinations shown in equations 4 and 7. It is 

noteworthy that these reactions can be reversible suggesting 

that H202 could also be effective in promoting oxidation by 

radicals. The atomic oxygen ion (0") formed in equation 6 

will react to form ozonide ion (03") in the presence of 

dissolved oxygen (equation 8), which has a half-life of only 

several milliseconds at 25°C. 

More recently, Hoigne et al. (1984), building upon previous 

studies, summarized the chemistry of ozone decomposition in 

pure water, illustrated as a cyclic chain (Figure 3.1). 

Other agents that can initiate the decomposition of ozone in 

water include: ultraviolet light, hydrogen peroxide, 

ultrasound, some metal ions, and even humic substances 

(Hoinge and Staehelin, 1985). Once initiated, the cyclic 

chain produces several intermediates such as the hydroxyl 

radical (OH-) , the radical anion of ozone (03-") and the 

superoxide ion (02*") . 



HO" 

On HO 

HO HO. 

Figure 3.1 Scheme showing the principle species in the 
decomposition of ozone in pure water initiated by hydroxide 
ions (after Hoinge and Staehelin, 1984). 
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3.6 Ozone Reaction Pathways 

Ozone may react with organics, inorganics, or with 

microorganisms present in the solution. Ozone oxidation of 

micropollutants has been found to follow two distinct 

pathways, directly as 03 or indirectly as radical 03 

decomposition species. Hoigne et al. (1983), have 

summarized ozone oxidation pathways (direct and indirect) in 

their simplified schematic shown in Figure 3.2. 

Direct oxidation reactions of ozone with water impurities 

are relatively slow (minutes) and highly selective. In 

organic chemistry, ozone is most useful for cleavage of 

multiple bonds and aromatic systems. But even in these 

cases, rates of oxidation are quite slow for water treatment 

application (Glaze etal., 1987). Several investigators have 

studied the kinetics of ozone decompositon in water. The 

reaction pathways and kinetics are, however, complicated 

because of several variables, such as, pH, temperature, type 

and concentration of oxidizable compounds in solution, the 

presence of scavangers, and alkalinity. A summary of 

experimental observations of several studies, concerning 

reaction order (with respect to ozone) under various pH and 

temperature conditions, is presented in Table 3.1 (Gurol and 

Singer, 1982). 
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Figure 3.2 Scheme of reactions of ozone added to an aqueous 
solution. M = solute; Moxid = oxidized solute; S = free 
radical scavanger; 0 = products which do not catalyze the 
ozone decomposition; R- = free radicals which catalyze the 
ozone decomposition (Hoinge et al.f 1983). 
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Table 3.1 Summary of the kinetics of ozone decomposition in 
water (Peleg, 1976 and Gurol & Singer, 1982). 

Range Temperature Reaction Order 
Reference pH (°C) (Oz) 

Rothmund & Burgstaller, 2—>4 0 2 
1913 

Sennewald, 1933 5.3—>8 0 2 

Weiss, 1935 2—>8 0 3/2 

Adler and Hill, 1950 1—>2.8 0—>27 1 

Stumm, 1954 7.6—>10.4 1.2—>19.8 1 

Kilpatrick et al., 1956 0—>6.8 25 3/2 

Kilpatrick et al., 1956 13 25 2 

Rankas et al., 1962 5.4—>8.5 5—>25 3/2 

Hewes & Davison, 1971 2—>4 30—>60 2 

Hewes & Davison, 1971 6 10—>50 3/2—>2 

Hewes & Davison, 1971 8 10—>20 1 

Czapski, 1968 10—>13 25 1 

Rogozhkin, 1970 9.6—>11.9 25 1 

Merkulova et al., 1971 0.22—>1.9 5—>40 1 or 2 

Hoinge & Bader, 1976 1 

Gurol & Singer, 1982 2 
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As observed, results have been contradictory. Change in 

reaction order may imply a shift in the predominant 

mechanism of oxidation as a function of pH or temperature. 

Kilpatrick et al. (1956) observed a variability in reaction 

order (3/2 to 2) with increasing pH, while keeping 

temperature constant at 25°C. Hewes and Davison (1971) also 

found the reaction order to vary with pH, but observed a 

decrease in reaction order with increased pH. Discrepancies 

between studies could be due to either analytical 

procedures, which have changed drastically in recent years, 

kinetic analysis, or to the presence of water impuities. 

The actual reactivity of ozone towards micropollutants is 

primarily due to its indirect oxidation route involving 

hydroxyl radicals (OH-), a decomposition product of 03 

(Glaze et al., 1987). Having a standard reduction 

potential of -2.80v, OH- radicals are much more reactive 

than 03. In fact, OH* radicals are so highly reactive that 

they react not only with organic pollutants but also with 

bicarbonate ions and other scavangers present in the water. 

Carbonates react with OH radicals to form the carbonate 

radical, which is relatively stable and cannot act further 

as a promoter of the chain process: 
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OH- + C03= > OH" + C03*' 

The rate constant for this reaction is very large, being on 

the order of 2.0 x 108 M^s"1 (Glaze, 1987). Hoinge and Bader 

(1976), have presented both rate constants and experimental 

evidence to show that 03 half-life will increase as the 

total carbonate concentration increases. Scavangers thus 

inhibit OH radicals not only from encountering the target 

pollutants but also from continuing the cyclic chain 

mechanism for the decomposition of ozone. 

The hydroxyl radical can react with aromatic groups of the 

humic molecules, yielding hydroxylated forms, which are then 

more susceptable to further attack by ozone, or with 

aliphatic side chains or fatty acids, usually by hydrogen 

atom abstraction reactions (Glaze, 1987). Generally, the 

hydroxyl radical reacts with organic compounds at extremely 

fast rates; rate constants typically are between 107 M"1 s"1 

and 109 M"1 s"1, making the reactions controlled essentially 

by mass transfer (Glaze, 1987). 

When ozone reacts with typical water contaminants, rate 

constants can vary significantly depending on the various 

compounds in solution and the reaction pathway. Hoinge et 

al. (1983) demonstrated that the rate constants for the 

reaction of many aromatic compounds with ozone were on the 
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order of 1000 M"1s"1 and 101° M^s"1 for OH radicals. Table 

3.2 compares rates of reaction of ozone and the hydroxy1 

radical with various organic compounds. 

3.7 The Significance of Organic Matter in Natural Waters 

Since it was first noted by Rook (1974) that significant 

levels of halogenated organics were formed immediately 

following chlorination of naturally colored waters, the 

presence of natural organic matter in water has changed from 

being of secondary concern, i.e., taste, color and odor, to 

that of primary concern, i.e., precursors of chlorinated by

products. The most notably detected among the compounds 

found were the trihalomethanes (THMs), especially 

chloroform. In 1979, the U.S. Environmental Protection 

Agency (EPA) defined a Maximum Contamination Level (MCL) for 

drinking water of 100 ug/1 for the summation of four THMs: 

chloroform, bromodichloromethane, chlorodibromomethane, and 

bromoform. As more effective analytical methods become 

available, additional THMs may be regulated. 

3.7.1 Classification of Natural Organic Matter 

Organic carbon in natural water is derived primarily from 

the leaching of humic substances from plant and soil organic 

matter. Predominantly acidic, hydrophilic, chemically 

complex and diverse, humic substances give water a 
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Table 3.2 Reaction rate constants of selected organic 
materials (Glaze, 1987). 

Rate Constants 

Compound Ozone Hvdroxvl radical 

Benzene 2 6 x 109 

Chlorobenzene 0.8 6 x 109 

Methanol 0.02 0.9 x 109 

Carbonate ion — 0.2 x 109 
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characteristically tan to brown color (Boggs, 1985). Total 

organic carbon (TOC) is defined as the summation of 

particulate organic carbon (POC) and dissolved organic 

carbon (DOC) present in the water. DOC defines that part of 

the organic carbon which passes through a 0.45um filter. 

Humic substances account for the bulk of organic substances 

present in natural waters, making up 50-75% of the DOC 

present. Another 30% of the DOC is not retained on XAD 

resin at pH 2.0. Because XAD resins are nonionic in nature, 

ionic organic compounds are adsorbed more efficiently on the 

resins at a pH at which ionization is suppressed, while 

neutral compounds are adsorbed independent of pH (Ringhand 

et al., 1987). This non-retained fraction is classified as 

"hydrophilic acid," a relatively unknown but large fraction. 

The remaining DOC is composed of identifiable organic acids, 

many of which are normal metabolites or metabolic 

intermediates of soil, plant and bacterial species (Rice et 

al., 1980). 

Groundwater and marine waters commonly have lower DOC 

concentrations than surface waters. Leenheer and others 

(1974) found in their work that DOC of groundwaters ranged 

from 0.2 to 15 mg/1 with a median of 0.7 mg/1 for sandstone, 

limestone and sand and gravel aquifers. The DOC in 

groundwaters comes from either surface organic matter or 



from bacterial action on the fossilized organic matter 

present in the geological material of the aquifer. 
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3.7.2 Humic Substances 

Humic substances have been sub-divided into groups of 

compounds based on their solubility in dilute acid and 

dilute base. Those compounds which precipitates in acid 

(pH 1) is classified as humic acid, and that which remains 

in solution is fulvic acid. Some authorities further divide 

humic substances into a third group of compounds which are 

insoluble in both dilute acid and dilute base, defined as 

humin. The actual structures of humic and fulvic acids are 

unknown, and are a function of pH and origin. Chemical 

degradation experiments conducted by Schnitzer and co

workers (1972) found similar products for humic and fulvic 

acids, suggesting that the cores for both are similar. The 

core is considered to be polyaromatic in nature with a 

variety of functional groups attached to its structure. 

Although the chemical structure of the humic and fulvic acid 

fractions of the humic substances is not precisely known, 

the nature of the major functional groups present is fairly 

well defined. The major functional groups include 

carboxylic acids and phenolic and alcoholic hydroxy1 groups, 

these being the major contributors to aqueous solubility and 

acidity of the organic molecule. 
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Humic acid is less soluble than fulvic acid, due to the 

presence of fewer carboxyl and hydroxyl groups and a higher 

molecular weight. The molecular weights of fulvic acids 

range from 800 to 2000 daltons, where humic acids probably 

have molecular weights of 10,000 or higher. Humic acids 

have been found to contain more long chain fatty acids upon 

than fulvic acids, indicating that the humic acid is more 

hydrophobic and therefore more likely to interact with clay 

minerals and adsorb to aquifer materials (Thurman, 1985). 

3.8 The Effects of Ozone on Color Removal and other 

Contaminants 

Usually the color present in drinking waters is due to the 

presence of conjugated unsaturated moieties, called 

chromophores (Rice, 1984). Ozone can cleave carbon-carbon 

double bonds producing ketones, aldehydes, or carboxylic 

acids. Once the conjugation is disrupted by ozone, the 

color disappears. Figure 3.3 shows a general schematic of 

the action of ozone on organic compounds from Dore et al. 

(1988). What is noteworthy from the figure is that two 

types of reactions are occurring. Initially, the aromatic 

rings are oxidized by substitution reactions involving ozone 

which leads to hydroxylation. The last group of reactions 

lead to the eventual opening of the aromatic rings and to 

the formation of ketones, aldehydes, acids, aliphatic 
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Figure 3.3 Summary of action of ozone on organic compounds 
(after Dore et al., 1978). 
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compounds and carbon dioxide, and thus, a reduction of 

color. 

There are two major sources of taste and odor in water, 

organic compounds (geosmin and methylisoborneol, MIB) and 

algae (Glaze et al., 1987). Due to the unsaturated bonds 

present in aromatics, those compounds containing aromatic 

groupings will be more readily oxidized by ozone than 

aliphatic materials (Rice, 1981). In most cases in water 

treatment operations, ozone can oxidize phenolics compounds 

sufficiently to produce more polar oxidation products which 

can then be removed more easily by 

flocculation/sedimentation. Chlorinated phenolics are, 

however, less readily oxidizable by ozone. As for the 

destruction of odors caused by algae, ozone can disrupt the 

metabolic processes of several types of algae by oxidizing 

key organic constituents. 

One principle result of ozonation of humic materials is 

depolymerization, which ultimately produces higher 

quantities of lower molecular weight compounds (Rice, 1980). 

Amy et al. (1988), observed, as a general rule, decreases in 

the relative amount of higher molecular weight material 

(>20,000), accompanied by increases in the relative amount 

of lower molecular weight material (<500) upon ozonation. 



Ozone can actually oxidize organic materials to C02 and H20. 

However, under typical conditions encountered in drinking 

water treatment, very little NOM will by oxidized 

completely, but will be alternatively be converted to other 

organic compounds (Rice, 1980). Consequently, most studies 

have revealed limited reductions in TOC levels upon 

ozonation, actual values of which are particular to the 

source water and the study conditions. 

Several studies have reported improved biodegradability of 

humic materials upon ozonation. The biodegradability of a 

water upon ozonation is defined as the ratio of (BOD/TOC)t 

of the ozonated sample at time t, relative to the (BOD/TOC)0 

of the unozonated sample at time 0 (Yamada et al., 1987). 

Yamada et al. (1987) found the biodegradability of humic 

acid increased four times relative to that before ozonation, 

at 1.8 mg 03/unit of TOC. Therefore, it is indicative that 

DOC removal can be achieved if ozonation is followed by 

biological treatment prior to chlorination. 

Organics oxidized by ozone have been found to be more polar 

than the original organic materials (Rice, 1980). This is 

because of the introduction of oxygen into the organic 

materials, producing alcohol, aldehyde and carboxylic acid 

functional groups. The organic molecule is thus rendered 
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more reactive towards polyvalent cations and 

polyelectrolytes. Increased flocculation may occur which 

can ultimately reduce turbidity levels as well as color. In 

natural water systems, turbidity can be stabilized by 

adsorbed large molecular weight organic compounds, keeping 

the compounds in suspension. As described by Grasso (1987), 

preozonation oxidizes the large molecular weight fractions 

which has a destabilizing effect and hense causes what is 

termed "microflocculation". Depending upon the initial 

level of dissolved organics present in the water, 

microflocculation may or may not be observed. Therefore, 

Rice (1984) suggests that filtration be incorporated 

following ozonation to remove any turbidity resulting from 

microflocculation. 

3.9 Ozonation to Control THM Formation 

Since humic and fulvic acids from different regional sources 

differ in their reactivity to ozone, prediction of ozone's 

ability to effect THMFP of a water can be difficult and is 

usually site specific. It is generally agreed that once 

formed, THMs are highly resistant to removal by ozone 

oxidation (Rice, 1980). Pretreatment to remove as much 

organic material as possible before chlorination remains the 

best approach thus- far to control THM formation in treated 

waters. The amount of THMs formed in the raw water is 
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dependent primarily upon the chemical structures of the 

organic molecules and their functional groups present. 

However, in any specific treated water supply system, THM 

levels may vary with several additional factors, such as, 

season, chlorine dosage and contact time, water temperature, 

pH , and treatment methodology. 

Contradictory results have, therefore, been observed 

regarding ozone's capability to reduce THMFP of certain 

waters. Amy et al. (1988) found that ozone reduced the 

overall THMFP of several waters evaluated, ranging from 4-

38% reductions at 2.0-2.5 mg Oj/mg DOC, indicating a lower 

reactivity of ozonation by-products with chlorine. Yamada 

et al. (1987) found that THMFP of humic acids increased in 

the initial stages of very low 03 consumption (i.e., less 

than 1 mg 03/mg initial TOC) and then gradually decreased 

with increased 03 consumption. The authors further concluded 

that by performing pre-ozonation of humic acid at an ozone 

level of 6 mg Oj/mg TOC, the amount of THMFP can be reduced 

by 50% of the corresponding totals formed in chlorination 

without pre-oxidation. By monitoring chloroform production 

and 03 consumed, Yamada et al. (1987) investigated the 

effects of ozonation on eleven aromatic compounds. Based on 

their studies, the authors were able to classify the 

compounds as either Group I or Group II. Those compounds 
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belonging to Group I, which included resorcinal, aniline, 

salicyladehyde, phenol, o-amino phenol, and p-hyroxybenzoic 

acid, showed a decrease in chloroform (mg/1) formed per unit 

TOC (mg/1) with respect to the amount of ozone consumed 

(mg/1) per unit of initial TOC (mg/1). Ozone was again 

found to produce a more stable by-product which had a lower 

reactivity with chlorine. On the contrary, those compounds 

belonging to Group II, which included hydroquinone, 

salicylic acid, benzoic acid, benzaldehyde, and 

methoxybenzene, are classified as compounds that show an 

increase in chloroform production upon increased ozone 

consumed. At ozone levels of 1.5-3.0 mg/1 per unit TOC, 

ozone was able to convert weakly activating or nonactivating 

groups to active groups, increasing chloroform formation 

potential from 0-20 ug/1 CHClj/mg TOC to 45-60 ug/1 CHCl3/mg 

TOC. At increased ozone concentrations (>3.0 mg/1), 

however, each compound decreased in CHC13 formation. 

As a general conclusion, Yamada et al. (1987) deduced that 

preozonation of humic acid was not, however, as effective in 

reducing THMFP as when simple aromatic compounds were 

treated. This observation may be due to the complexity as 

well as the variability of the humic acid. 

In a more specific study, Oliver and Visser (1979) found 

large fluctuations in the amounts of chloroform produced 
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with varying molecular weight fractions of humic and fulvic 

acids. The authors found an increase in THM levels produced 

from humic and fulvic acid fractions having molecular 

weights less than 20,000. 

The ultimate THMFP has also been found to be altered by the 

pH of the water. Riley et al. (1978) concluded from their 

studies that ozonation of humic acid at neutral pH destroyed 

sites on the molecule that otherwise would have produced 

chloroform if chlorinated at neutral pH, and simultaneously 

yielded chloroform when chlorinated at high pH. Rice et al. 

(1986) reported substantial reductions in THM formation by 

reducing the pH during chlorine contact. 

3.10 The Haloform Reaction 

The functional groups that protrude from the main structure 

of the humic and fulvic acids interact with chlorine to 

produce THMs. Haloforms are produced by reaction between 

hypohalous acids and organic compounds containing acetyl 

groups (methyl ketones) or substituents which can be 

converted into acetyl groups through oxidation, hydrolysis, 

or other mechanisms (Rice, 1980). Essentially, the 

reactions consist of alternating hydrolysis and halogenation 

steps. The traditional haloform reaction sequence, well 

known since the 1800s, is shown in Figure 3.4 (Rice, 1980). 



47 

O OH" <£> O 
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Figure 3.4 Reaction pathway of the haloform reaction (Rice, 
1980). 
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This reaction can take up to several hours to occur. 

According to Trussell and Umphres (1978), significant 

increases can occur even after 24 hours of contact. 

Substitution of the first hydrogen atom is the slowest step 

in the overall reaction, after which, substitution of the 

second and third hydrogen atoms occurs more rapidly (Rice, 

1980). 

3.11 Catalytic Ozonation Processes 

Ozone can be combined with several other agents which 

enhance ozonation effectiveness, such as UV radiation, 

ultrasound, hydrogen peroxide, and metallic catalysts. 

Hydrogen peroxide has been found to inrease the rate of 

ozone decomposition which in turn increases the efficiency 

of ozone oxidation of micropollutants. Hoinge and Staehelin 

(1982) identified the conjugate base of hydrogen peroxide, 

H02", as an initiator in the ozone decomposition cycle, 

involving a single electron transfer process: 

HOz" + 03 > H02 + 03", 

This initiation of the decomposition of ozone results in the 

formation of hydroxyl radicals. In support of this theory, 

Duguet et al. (1985) found that color removal was enhanced 

by ozone supplemented with H202 by, not only increasing the 

oxidation of organic matter, but by increasing the ozone 
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mass transfer as well. Glaze et al. (1987) also found 

hydrogen peroxide to be a good promotor of ozone 

decomposition, but, in addition, the authors observed a 

scavanger effect by H202 on OH radicals at high 

concentrations. 

Peyton and Glaze (1986) observed that the UV photolysis of 

ozone in water yields hydrogen peroxide rather than two 

hydroxyl radicals, which occurs in wet air. Figure 3.5, 

from Glaze et al. (1987), illustrates the various chemical 

processes involved in the 03/UV system, including direct 

ozonation, decomposition of ozone (OH radical chemistry) and 

direct photolysis of micropollutants and hydrogen peroxide. 

The most direct method known for generating OH radicals, 

however, is through cleavage of hydrogen peroxide with 

ultraviolet radiation, as in the reaction proposed by Glaze 

(1987) : 

H202 + hv > OH- + OH-

Stoichiometrically, H202 appears to have a greater yield of 

OH radicals than does ozone (H2Oz:OH- =1:2; 03:0H* = 3:2). 

However, in practice, ozone photolysis yields more radicals 

because of the higher photon absorptivity of ozone compared 

to hydrogen peroxide. 
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Figure 3.5 Schematic diagram of the elements of mass and 
photon transfer, and chemical processes involved in the 
03/UV process (Glaze et al., 1987). 
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CHAPTER 4 

EXPERIMENTAL METHODS 

4.1 Samples 

A total of six sample series (I,II,III,IV,V,VI) were 

evaluated. Sample-series I corresponded to a composite 

plant influent, derived from several wells and corresponded 

to "normal" medium color levels. The actual sampling 

location was situated after the aeration step to minimize 

H2S concentration, that would in effect consume ozone. 

Sample-series II consisted of five sub-samples taken 

progressively downgradient along the process train. Sub-

sample locations are indicated in Figure 4.1, which 

represents an abbreviated plant flow diagram for the LBWD 

treatment plant, beginning with; 1) untreated influent, 2) 

influent after aeration, 3) influent after retention basin, 

4) post-sedimentation and 5) post-filtration prior to post-

chlorination, corresponding to sub-samples Il-a, Il-b, II-c, 

Il-d and Il-e. (For this process train sample series, the 

pre-chlorination step before filtration was discontinued the 

day before sub-samples Il-d and Il-e were taken). 

Sample-series III, with sub-samples Ill-a and Ill-b, 
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Figure 4.1 An abbreviated schematic of the LBWD treatment 
plant flow diagram. 
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corresponded to individual wells with high color and low 

color, respectively. Sample-series IV was another composite 

plant influent (after aeration; similar to sample-series I). 

Sample series V was another process train sample (similar to 

sample-series II but taken on a later date). While all pre

chlorination was ceased for sample-series II, the post-

filter sample (V-d) was impacted by chlorination. 

Sample-series VI, like sample-series I and IV, was a 

composite plant influent subjected to a modified 

experimental protocol. The experimental motivation for 

Sample-series VI was to conduct a bench-scale evaluation of 

interactions between ozone and the coagulants presently used 

at the LBWD treatment plant. 

Sample collection was performed by personnel from the LBWD 

treatment plant. Samples were placed in one-gallon 

polypropolene bottles and sealed with screw-on caps. 

Bottles were acid washed and rinsed with milli-Q water prior 

to sampling. Immediately after sampling the bottles were 

shipped to the University of Arizona Environmental 

Engineering laboratory in insulated coolers with commercial 

Blue ice by express mail. Shipping time was one day. 

Samples were then refrigerated at 4°C until they could be 

analysed. 
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4.2 Ozonation 

Bench scale ozonation experiments were conducted using an 

OREC Model 03B1-0 ozonator. From pure oxygen, approximately 

1-2% ozone by weight in oxygen carrier gas was generated. 

Oxygen supply pressure in the reactor was set manually at 12 

psi on the ozone generator. Amperage was varied in several 

experiments, ranging from 0.2 to 0.85 amps. In most 

experiments, however, the ozonator was set at 0.6 amps, 

which gave the most consistent output of ozone. 

The ozone contactor, shown in Figure 4.2, consisted of a 

Virtis Omni-culture reactor, operating in a semi-batch mode 

(continuous gas admission, static liquid volume). Ozone and 

its carrier gas were admitted to the reactor via a stainless 

steel gas sparger located directly beneath a rotating 

impellor, rotating at 500 rpm. Due to the relatively small 

sample volumes (2L), only a portion of the ozone generated 

was diverted into the reactor. Total gas flow-rate into the 

reactor was kept constant at 0.2 L/min, corresponding to an 

ozone mass flow rate of 4 mg/min. All ozonation experiments 

were conducted at room temperature (23°C). 

The ozonator was allowed to warm up at the beginning of each 

work day for 20 minutes at the proper settings (12 psi, 0.6 

amps, 1.0 L/min air flow to ozonator). The ozonator was 



55 

Sample Port< —> N2 Hook-up 

•~;P 

Traps 
(400ml) 

J L 

Exhaust Hood 

Baffles 

(2L) 

Ob >A254 Flow Through 
—Cell 

3in 

Gas Sparger Impellor (500 rpm) 

Figure 4.2 Schematic of Virtis Reactor. 
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calibrated prior to sample application by performing a 

series of steps. First, a blank run was performed using 

Milli-Q water to adjust the gas flow rate to the reactor 

(0.2 L/min). Next, 2L of potassium iodide (KI) solution 

(0.12 moles/1) in the reactor and 400 ml of waiter in each KI 

trap was ozonated for roughly 1 minute. 800 ml of the 

reactor contents was then titrated to determine the ozonator 

output in mg 03/l min (Standard Methods). 

With all else held constant (i.e., ozonator setttings), 

ozone contact times were varied to achieve the target ozone 

applied dosages. Typical applied dosages were; 2.5, 5.0, 

10.0 and 20.0 mg 03/l, requiring contact times ranging from 

1 to 10 minutes. The mass balance of ozone to the system is 

as follows: 

°3A = °3T + °3E 

where, 

03A = applied ozone dose, mg/1 

03T = transferred ozone to solution, mg/1 

03E = ozone that escapes as vapor, mg/1. 

The transferred dose of ozone to solution can then be 

obtained by calculating that ozone which escapes as vapor, 

with the amount applied calculated as described previously. 

4.3 Determination of Ozone Transferred Dose 
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After ozonating a specific sample for the required time, 

the sample was sparged with nitrogen for 2 minutes to 

transfer any remaining ozone into the KI trap. To determine 

the amount of ozone in the gas stream exiting the reactor, 

the contents of the KI traps were acidified with 20 ml of 1 

N H2S04 and then titrated with standardized 0.005 N Na2S203 

until the yellow color was almost discharged, at which point 

4 ml of starch solution was added. Titration continued 

until a blue color was totally discharged. Ozone 

concentrations in the KI traps were then calculated as 

follows (Standard Methods): 

ma Oj = (ml of titrant) (Normality of titrant) (24.000) 
L 800 ml of sample 

4.4 Determination of Dissolved Ozone 

The ozone that is transferred to solution can either, 

decompose, react with contaminants, or remain dissolved in 

solution. The mass balance of ozone transferred to solution 

is as follows: 

°3T ~ D03 + °3R + °30 

where, 

DOj = dissolved ozone in solution, 

03R = ozone which reacts with contaminants, and 

03D = ozone which decomposes in solution. 

At the end of each experiment, dissolved ozone, D03, was 
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measured spectrophotometrically based on the decolorization 

of an aqueous indigo-trisulfonate reagent by ozone observed 

at 600 nro (Hoinge and Bader, 1983). The Indigo Reagent 

reacts immediatly with all residual oxidants. According to 

Hoinge and Bader (1981), ozone concentrations as low as 0.5 

uM can be determined with an accuracy of better than 10%. 

5.0 ml of Indigo Reagent was added to two 50 ml volumetric 

flasks. The first flask, a blank, was filled to the 50 ml 

mark with Milli-Q water. The second, was filled to the 50 

ml mark with the ozone containing sample water. Absorbance 

measurements of both solutions were then taken at 600nm 

wavelenth. 

Dissolved ozone concentration was then calculated according 

to the following equation: 

D03 (mgOj/l) = Ac * 100 
f * b * V 

where 

AC = difference in absorbance between sample and blank 

b = pathlength of the cuvette in cm 

V = volume of the sample added in ml 

f = 0.42 

Using the mass balance equation for ozone transferred to 

solution, the amount of ozone that decomposed or reacted 



with contaminants can thus be determined. 
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UV absorbance at 254nm also measures dissolved ozone. Based 

on a study by Sierka (1989), using the same laboratory 

apparatus as was used for this study, a linear relationship 

between A254 and D03 (measured by the Indigo Reagent) was 

developed, i.e., D03 = -0.182 68 + 12 . 5 67 (A254) , r2 = 0.966. 

Based on this relationship, 1.0 mg/1 of D03 would correspond 

to an A254 measurement of 0.0941 cm'1. 

4.5 Monitoring Parameters 

The samples obtained from LBWD were subjected to an array of 

analytical tests to determine the water characteristics. 

The analytical tools used were chosen based on their 

relative ability to better quantify how ozone effects humic 

substances in water. The tests in elude anyalysis for 

color, UV-absorbance, (continuous A254) , dissolved organic 

carbon (DOC), and trihalomethane formation potential 

(THMFP). 

4.5.1 Color 

Sample color was determined for all treated and untreated 

samples. Color was evaluated by visual comparison with a 

Hellige Aqua Tester color wheel. The color wheel is 

graduated into 10 platinum-cobalt units (pcu). Color values 
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which appeared to fall between various graduations were 

assigned values which most closely approximated the true 

value. Accuracy was increased by averaging values obtained 

by 2 to 3 persons. 

4.5.2 UV-Absorbance 

The reactor was hydraulically connected to a Shimadzu (UV-

160A) Visible Spectrophotometer via a 1-cm path length, 

quartz, flow-through cell, thus permitting continuous 

monitoring of UV-absorbance (Figure 4.2). UV-absorbance at 

254nm wavelength has been found to measure aromatic 

structures and double bonded compounds, therefore, it may 

serve as a surrogate parameter for the measurement of humic 

substances as well as for ozone. The spectrophotometer was 

standardized between each run with Milli-Q water. All 

fittings and flow-lines were ozone resistant, being either 

stainless steel or Teflon. 

The flow-through cell was actuated prior to any ozone 

addition. The contents of the cell were recirculated back 

into the reactor in order to approximately maintain a 

constant volume. The flow time required for the contents of 

the continuously mixed batch reactor to reach the cell was 

about 5 seconds, considered to be an acceptably short time 

frame, given the relatively slow kinetics of color 
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destruction. Ozone addition then commenced and the actual 

monitoring of the kinetic response began. 

Final UV-absorbance readings were repeated for each sample 

24 hours after the finish of each experiment. This was 

necessary to determine the long term stability of the 

ozonation by-products to further oxidation by residual ozone 

or ozonation decomposition products still in solution. 24-

hour UV-absorbance readings were taken in a 1 cm path 

length, quartz cuvette. The instrument was calibrated prior 

to sample analysis with Milli-Q water placed in the 

reference cell. 

4.5.3 Dissolved Organic Carbon 

Dissolved organic carbon (DOC) was measured for all samples 

as received prior to bench scale studies, and again 

following all treatment steps performed. A Shimadzu, Model 

500, Total Organic Carbon Analyzer was used for measurement 

of DOC. Sample preparation for DOC analysis was done at 

room temperature and included two steps. First, the sample 

was acidified with 1.2 N HC1 solution to a pH less than 2.0. 

The sample was then sparged for 5 minutes with high purity 

air to remove any inorganic carbon. The sample was then 

ready for injection. Results were compared to standards, 

made of known concentrations of DOC in solution. 



4.5.4 Trihalomethane Formation Potential 

Trihalomethane formation potential (THMFP) was evaluated for 

all treated and untreated samples. In this study, THMFP 

refers to the terminal THM concentration (Term THMs) less 

the instantaneous THM concentration (Inst THMs). Terminal 

THM is the concentration of THMs produced from a given 

sample in seven days, under conditions of controlled pH and 

temperature in the presence of chlorine. Instantaneous THM 

is the concentration of THMs in the water at the moment of 

sampling. Since THMs are formed upon the addition of 

chlorine, Sample V-e was the only sample having an 

Instantaneous THM concentration. 

THMFP was determined under the following conditions: 3:1, 

4:1 or 5:1 C12:D0C ratio (mass basis), pH 7, and an 

incubation period of 168 hours at 20°C. Chlorine was added 

using the double-syringe technique (L. Tan, 1989) based on 

the DOC of the sample to ensure that a chlorine residual was 

present following the incubation period. 

A 3:1 C12/D0C ratio was used for Sample Series I, but was 

found to be insufficient to maintain a chlorine residual in 

several samples in Sample-series II. Therefore the ratio 

was increased to 4:1 for Sample Series Ill-a and Ill-b and 

5:1 for Sample Series IV, V, and VI, which was found to be 
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adequate. It is important to note that maximum recovery of 

THMFP is dependent upon maintaining a chlorine residual. 

1.5 ml of sodium thiosulfate (Na2S203) was injected into the 

sample, prior to GC analysis, to interrupt any further Cl2 

reaction. The presence of a chlorine residual was then 

determined, according to Standard Methods. 

A Hewlett Packard 5794 Gas Chromatograph (GC) equipped with 

a 3390 Reporting Integrator and an electron capture detector 

(ECD) was used to measure the THM species. Employing N2 as 

a carrier gas, compound separation was acheived using a DB-l 

Megabore Capillary column. 

The liquid-liquid extraction technique with pesticide-grade 

pentane was used for GC analysis because the ECD cannot 

accept water into the column. 5 ml of pentane was injected 

into the sample, again using the double-syringe technique, 

and subsequently agitated for 2 minutes to fully separate 

the more volatile THM compounds into the pentane. A 2 ul 

sample was then taken from the pentane layer and injected 

into the GC. Prior to sample analysis, standards were 

tested from stock solutions containing known amounts of each 

THM species in the required response range. Calibration 

curves were developed periodically to check for any drift in 

GC sensitivity. 
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4.6 Ozone/Hvdroaen Peroxide Experiments 

Hydrogen peroxide, as discussed earlier, has been found to 

decompose ozone into highly reactive hydroxyl radicals. For 

this reason, experiments were conducted to determine the 

effect this combination of oxidants would have on LBWD water 

sources. 

The dose of H202 was determined based on the stoichiometric 

relationship between H202 and 03 to produce OH radicals: 

H202 + 20j > 20H- + 302 

Thus, based on the assumption that for every mole of ozone 

transferred, 0.5 moles of H202 would be consumed, a target 

optimal dose of 0.35 mg H202/mg 03 transferred was chosen for 

all experiments. 

Hydrogen peroxide was introduced into the sample by two 

methods; spike and tapered. Spike samples were injected by 

syringe into the top of the reactor through rubber septa at 

the onset of ozonation. The tapered method was accomplished 

by pumping H202 solution at the required rate to allow 

continuous addition throughout the ozonation run. 

4.7 Adjustment of pH 

The reactions between ozone and organic compounds are highly 

dependent on pH. As noted previously, the hydroxide ion is 
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one of the most common initiators of ozone decomposition. 

Therefore, at high pH, indirect oxidation pathways 

predominate and conversely, at low pH, direct oxidation 

pathways predominate. In order to study the influence of pH 

on color removal, the pH of the water was adjusted from 

ambient to pH 7.0 with IN HCl prior to treatment with ozone. 

The pH was measured using a Fisher Scientific Accument 950 

pH/ion meter. The instrument was calibrated using buffers 

at pH 4.0, 7.0, and 10.0 using an Orion pH probe at room 

temperature. 

4.8 Full Treatment Scheme 

Sample-series VI was analysed to simulate, at the bench 

scale, the treatment process presently utilized at the LBWD 

water treatment plant with the addition of ozone prior to 

coagulation. In the process scheme, the Virtis reactor was 

employed for simulation of both ozonation and coagulation. 

As before, 2L of sample was ozonated for a specific contact 

time to acheive a desired applied 03 dose. Aluminum 

chloro-hydrate (ACH) was then added at a dose of 1.39 mg/1 

and the sample was mixed rapidly (1000 rpm) for 1.0 minute 

to achieve thorough contact of coagulant and dissolved 

species. Cat-Floc-L was then added at a dose of 3.68 mg/1 

and again mixed rapidly at 1000 rpm for 1.0 minute. These 
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doses mirrored those presently used at the LBWD plant. 

Tapered flocculation was then provided at 80, 40, and 20 rpm 

for 10 minutes each. Gravity settling was allowed for 

approximately 5.0 minutes followed by filtration through 5.0 

um prewashed membrane filters. 



67 

CHAPTER 5 

RESULTS 

5.1 Characterization of Untreated Water Samples 

Raw water characterisitics of sample series I, II, III, IV, 

V, and VI prior to oxidation are summarized in Table 5.1. 

Pertinent observations, based on Table 5.1, include: 

* pH values for water samples were between 7.63 and 8.64. 

* Dissolved organic matter (DOC) varied somewhat with 

untreated water source, with concentrations ranging from 

2.43 to 3.96 (mg/1). 

* UV-absorbance and color also varied considerably between 

different water samples, ranging from 0.044 to 0.211 

(cm"1) and 12 to 65 (pcu), respectively, for the 

samples. Therefore, most samples analyzed were in 

excess of the Secondary Standard for color. 

* THMFP of the raw waters was found to range from 78 to 

323 ug/1. Therefore, some samples exceeded the Primary 

Standard for THM's. 

* The relatively high alkalinity levels observed for all 

the samples tested (108-147 mg/1 as CaC03) indicate a 

substantial potential for radical scavanger 

effects exerted by carbonate and bicarbonate ions. 

Sample Series II and V represent samples taken along the 



TABLE 5.1 Raw water characteristics prior to oxidation 

SamDle 
DOC 
rmcr/1) 

A^, Color 
RCM'~) F DCU) 

Alkalinity 
(ma/1 CaC03> 

PH THMFP 
rucf/H 

I 2.53 0.141 38 147 8.50 187 

Il-a 3.23 0.146 45 108 8.28 222 
Il-b 2.47 0.136 45 NA NA 163 
II-c 2.81 0.135 44 NA NA 159 
Il-d 2.16 0.127 38 NA NA 125 
Il-e 2.13 0.087 12 NA NA 117 

Ill-a 3.96 0.211 65 113 8.64 221 
Ill-b 0.94 0.044 13 104 8.27 66 

IV 3.58 0.196 45 145 8.58 323 

V-a 2.56 0.134 45 139 8.37 78 
V-b 2.51 0.137 45 NA 8.34 124 
V-c 2.49 0.124 42 NA 8.27 NA 
V-d 2.07 0.115 40 NA 8.28 NA 
V-e 2.86 0.092 12 NA 7.63 74* 

VI 2.43 0.133 45 143 7.99 121 

*THMFP = Term THMs - Inst THMs 
(where, Inst THMs = 33 ug/1). 
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process train sequence at LBWD treatment plant. Tables 5.2 

and 5.3 show measured parameter values at each point along 

the process train followed by a tabulation of percent 

removal due to each process along the treatment scheme for 

Sample Series II and V, respectively. The following 

observations were made in reference to Tables 5.2 and 5.3: 

* The most substantial decrease in A2M and color was 

observed after filtration for both samples series. 

* Percent removal of color after each treatment process 

was consistent between Sample Series II and V, with a 

total removal after filtration of 73.3%, for both sample 

series. 

* Total A254 removal after filtration for Sample Series II 

was 40.4%, and 31.3% for Sample Series V. 

* THMFP and DOC expressed a fairly uniform decrease along 

the process train sequence for Sample Series II. The 

same trend, however, was not observed for Sample Series 

V. 

Overall, it appears that the treatment plant process 

train is effective in consistently removing A254 and 

color, primarily by filtration, indicating that the 

flocculant material produced by the plant is filterable but 

not effectively settleable. DOC and THMFP was not, 

however, consistantly removed between sample periods. 
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TABLE 5.2 SAMPLE SERIES II: Removal of parameters due to the 
process train sequence at LBWD. 

Measured Parameter Values 

Sample 
DOC 

fmcr/1) 
Color 
(PCU) ^254.1 

fcm M 
THMFP 
(ua/1) 

Il-a 3.23 45 0.146 222 
Il-b 2.47 45 0.136 163 
II-c 2.81 44 0.135 153 
Il-d 2.16 38 0.127 125 
Il-e 2.13 12 0.087 117 

Percent Removal Due to Each Treatment 
Plant Process Relative to Influent 

DOC Color A^, THMFP 
Sample % | § 5. 

Il-a 
Il-b 23.5 0 6.8 26.6 
II-c 13.0 2.2 7.5 31.1 
Il-d 33.1 15.6 12.3 43.7 
Il-e 34.1 73.3 40.4 47.3 
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TABLE 5.3 SAMPLE SERIES V: Removal of parameters due to the 
process train sequence at LBWD. 

Measured Parameter Values 

Sample 
DOC 

fmcr/1) 
Color 
(pcu) 

^254.. 
(cm 

THMFP 
fucr/1) 

V-a 2.56 45 0.134 78 
V-b 2.51 45 0.137 124 
V-c 2.49 42 0.124 NA 
V-d 2.09 40 0.115 NA 
V-e 2.86 12 0.092 74* 

Percent Removal Due to Each Treatment 
Plant Process Relative to Influent 

DOC Color A^, THMFP 
Sample $ £ | | 

V-b 2.0 0 -2.2 -59.0 
V-c 2.7 7.0 7.5 NA 
V-d 19.1 11.0 14.2 NA 
V-e -11.7 73.3 31.3 5.1 

*THMFP = Term THMs-Inst THMs 
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5.2 Bench Scale Water Treatment Results 

Conditions and results of ozonation experiments are 

summarized in Tables 5.4, 5.5, 5.6, 5.7, 5.8, and 5.9 for 

Sample-Series I, II, III, IV, V, and VI, respectively. 

5.2.1. Sample-Series I 

This sample corresponds to a composite of several wells 

which represents medium (normal) colored plant influent. 

Based on the results summarized in Table 5.4, the following 

observations were made: 

* Good experimental replication was achieved, except for 

DOC analysis. 

* Color removal increased with increased ozone dose until 

21.4 mg/1 applied, after which it remained constant. 

* DOC reduction at low ozone doses (2.5-5.0 mg/1) was 

relatively low and showed no predictable trends relative 

to ozone dose. However, at ozone doses of 10.0 mg/1 

and above, DOC decreased with ozone dose, ranging from 

20-24 % removal. 

* THMFP decreased with increased ozone dosages. 

* Stoichiometrically, the relationship: A &z5t,/Qz 

transferred, was observed to have an average value of 

0.0064 (cm*1)/(mg/1) for ozone applied doses between 2.5 

and 10.0 mg/1. 



TABLE 5.4 SAMPLE SERIES I: Plant infuent. Treatment 
results. 

Sample 
Run 

Ozone % Removal Slope, k AA25A/°3T 

fcm*1) /fmo/1) 
Sample 
Run 

Applied Transfer Rate 
(itiq/11 % fma/lminl 

Residual 
fma/11 Color DOC THMFP 

fxlO"5) 
(sec"1! 

AA25A/°3T 

fcm*1) /fmo/1) 

1-1 2.5 77 0.67 <0.01 9 0 -14.6 16.6 5.9 0.0068 

1-2* 5.0 84 1.20 <0.01 16 39 10.3 NA 8.8 0.0053 
1-2* 5.0 87 1.20 <0.01 18 39 10.3 32.6 10.0 0.0057 
1-2* 5.0 NA 1.20 <0.01 16 34 -4.3 34.2 9.0 0.0061 

1-3 5.0 75 0.70 

H
 

O
 

O
 19 34 -4.2 34.2 6.2 0.0071 

1-4* 10.0 76 0.87 <0.01 45 79 20.2 34.2 9.0 0.0081 
I-5b 21.4 64 1.87 0.24 40 84 22.9 59.4 16.0 0.0041 
1-6° 34.0 60 2.96 NA 40 84 24.1 60.4 25.0 0.0027 

*replicate series 
a ozonator setting = 0.40 amps 
b ozonator setting = 0.60 amps 
c ozonator setting = 0.80 amps 

-0 
w 
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Ozone contact times for each sample run were varied as a 

function of the desired ozone applied dose. The values for 

contact time are encorporated into the rate of ozone 

application which was determined by the following 

expression: 

rate of 03 application = [03]T/t 

where, 

[03]T = ozone transfer dose (mg/1), and 

t = contact time of ozonation (min). 

For experiments 1-4, 1-5 and 1-6, the ozone application rate 

(mg/1 min) was varied by changing the ozonator amperage 

setting, having values of 0.87 and 1.87 and 2.96, 

respectively. As a result, the rate of A254 destruction, as 

indicated by k, increased with increased ozone applied rate. 

A loss in ozone efficiency is, however, noted as indicated 

by the reduction in A A254/°3 transferred with increased rate 

of 03 applied, decreasing from 0.0081 to 0.0027 (cm"1)/(mg/l) . 

5.2.2 Sample-Series II-a.b.c.d.e. 

This sample series corresponds to five samples taken at the 

LBWD plant at various locations along the process train. 

The objective for this sample series was to observe the 

effects of oxidation at different points within the 

treatment plant. The data in Table 5.5 show that: 



TABLE 5.5 SAMPLE SERIES II: Process train sequence. Treatment 
results. 

(Il-a = plant Influent before aeration, Il-b = plant Influent 
after aeration, II-c = influent after equalization basin, Il-d = 
post-sedimentation prior to any chlorine addition, and Il-e = 
post-filtration prior to post-chlorination). 

Sample 
Run 

Ozone % Removed Slope, k 
(X105) 

(cm*1! fsee"'l 

A AJ^/OJT 

fan-') / fmo/U 
Sample 
Run 

Applied Transfer Rate 
fma/1^ % fma/lmin) 

Residual 
fma/11 &254 Color DOC THMFP 

Slope, k 
(X105) 

(cm*1! fsee"'l 

A AJ^/OJT 

fan-') / fmo/U 

XI-a-1 5.0 64 1.87 <0.01 21 NA 14.2 38.7 19 0.0094 
II-a-2* 5.0 73 2.61 0.21 9 NA 12.7 42.8 12 0.0038 

II-b-1 5.0 70 2.02 <0.01 15 NA 2.0 -2.5 14 0.0054 
II-b-2 10.0 82 2.00 0.01 42 NA 6.1 32.0 19 0.0070 
II-b-3* 5.0 66 1.65 <0.01 9 NA 0 19.0 6.7 0.0039 

II-c-1 2.5 77 1.91 <0.01 9 7 4.0 -11.3 15 0.0063 
II-c-2 5.0 82 2.03 0.03 22 55 13.9 25.2 19 0.0073 
II-c-3 10.0 70 1.64 0.03 33 84 17.8 42.8 12 0.0063 

II-d-1 5.0 81 1.97 <0.01 6 8 0 28.8 5.0 0.0015 
II-d-2 10.0 73 2.09 0.02 26 79 -5.1 NA 12 0.0044 
II-d-3* 5.0 61 1.97 0.01 27 34 6.5 NA 20 0.0132 

II-e-1 5.0 80 2.03 0.01 26 42 5.2 35.9 15 0.0060 
II-e-2 10.0 73 1.98 0.03 27 42 10.8 35.9 13 0.0031 
II-e-3* 5.0 91 2.05 <0.01 4 0 3.3 NA 3.0 0.0009 

* H20, added, spike method. Additions for samples II-a-2, Il-b-
3, II-d-3 and II-e-3 were 0.11, 0.36, 0.41, 0.27 mg H2o2/mg 03 
transferred, respectively) ui 
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* Reductions in DOC again did not reflect any trends 

relative to ozone dose, as was expected at such low 

ozone doses. 

* By keeping the rate of ozone application relatively 

constant (2.00 mg/1 min), A254 disappearance with time of 

ozonation, k, could be analyzed relative to the 

treatment conditions. The disappearance of A254 with 

time of ozonation (k) remained relatively constant at 

the various points along the process train, under the 

various oxidizing conditions. For experiments performed 

with ozone an average value of 14.2 (cm"1) (sec"1) was 

calculated. 

* Ozone alone was more effective than Oj/HjOj in removing 

color and A254, for those samples tested under similar 

ozonating conditions (03 applied dose and rate). 

* An average ozone efficiency, as expressed by AA2K/03(T), 

was calculated to be 0.00567 (cm"1)/(mg/1) for ozonation 

experiments. Values for A A254/03T for H202/03 experiments 

were less predictive, ranging from 0.0009 to 0.0132 

(cm" 1)/(mg/l), with a median value of 0.0039 

(cm"1)/(mg/1) . 

5.2.3 Sample-Series Ill-a 

This sample represents the most highly colored well water 

entering the treatment plant. The observations obtained 
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from Table 5.6 include: 

* Similar trends were observed for A254, color, DOC and 

THMFP with ozone dose as was observed for previous 

samples. 

* High ozone doses (>10 mg/1), however, were required, 

for this highly colored water (65 pcu), to meet the 

secondary color standard (15 pcu). 

* In most cases, ozone alone was more effective in 

reducing A254, color and THMFP than was H202/03. 

* "Spike" additions of H202 provided slightly better 

results than continuous application. 

* Little difference in A A254/°3T was observed between 03 

and 03/H202 experiments, having an average value of 

0.0080 (cm"1)/ (mg/1) . 

5.2.4 Sample-Series Ill-b 

This sample represents the least colored well water entering 

the treatment plant. The observations obtained from Table 

5.6 include: 

* Hydrogen peroxide additions with ozone were seen to 

increase removal of A254, color, and, to a lesser extent, 

THMFP, over those reductions obtained with ozone alone, 

which conflicts with results obtained for Sample Series 

Ill-a. 

* An increase in H202 dosage, ranging from 0.20, 0.35 and 



TABLE 5.6 SAMPLE SERIS Ill-a: High color water and Ill-b: Low 
color water. Treatment results. 

Ozone % Removal Slope,k & A~,/0,t 
Sample 
Run 

Applied 
fma/l\ 

Transfer Rate 
% fracj/lmin\ 

Residual 
fma/l\ Color DOC THMFP 

(X105) 
fsec"1} fcm"1! / lma/l\ 

III-a-1 5.0 92 1.18 <0.01 17 22 -11.9 9 13.8 0.0089 
-2 10.0 82 2.94 <0.01 31 65 5.3 17 31.0 0.0072 
-3 20.0 80 1.18 0.27 60 89 33.8 51 23.3 0.0096 
-4 5.0** 95 2.66 <0.01 8 8 15.9 7 18.9 0.0040 
-5 10.0** 83 1.33 0.02 37 65 16.2 23 18.0 0.0098 
-6 10.0**c 82 1.35 0.03 30 62 14.6 23 14.5 0.0080 

III-b-1 2.5 80 1.21 <0.01 29 46 3.2 39 10.9 0.0080 
-2 5.0 71 1.28 <0.01 21 46 -3.2 26 4.4 0.0045 
-3 10.0 67 1.21 0.36 26 54 -16.0 48 6.5 0.0036 
-4 5.0* 60 1.35 <0.01 54 62 16.0 41 11.0 0.0073 
-5 5.0** 70 1.35 0.02 51 62 0 41 11.6 0.0063 
-6 5.0*** 80 1.35 0.03 48 62 13.0 45 12.4 0.0042 

*0.50 mg H2o2/mg 03 transferred 
**0.35 mg H,02/mg 03 transferred 
***0.20 mg H2o,/mg o3 transferred 
e continuous addition of H,0,, all other runs are by spike 
addition. 

-j 
oo 
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0.50 mg/mg 03 ratio, had the effect of slightly 

increasing A254 removal, but had no effect on color or 

THMFP. 

* An average value of 0.0057 (cm'1)/(mg/l) was observed 

for A A25«/°3 transferred. 

5.2.5 Sample-Series IV 

This sample represents medium (normal) colored plant 

influent. From Table 5.7, the following observations have 

been made: 

* Ozone provided better color destruction at pH 7.0 than 

at ambient pH. 

* 03/H202 also provided better color destruction at pH 7.0 

than at ambient pH. 

* Little difference was observed in contrasting ozone 

versus 03/H202 performance. 

* A reduction in THMFP was observed with increased ozone 

dose, but little to no response was noted for changes in 

pH and the addition of hydrogen peroxide. 

* The data show better color and A254 removal at the lower 

applied rate (1.30 mg/l min) with DOC and THMFP removals 

being less conclusive. 

5.2.6 Sample-Series V 

This sample was similar to sample series II, except that 



TABLE 5.7 SAMPLE SERIES IV: Plant Influent, medium/normal color. 
Treatment Results. 

Sample 
Run dH 

Ozone % Removal Slope, k 
(acl0's) 

fern"1! fsec'1) 

A A25t/0JT 

fcm'M/fma/ll 
Sample 
Run dH 

Applied 
fma/11 

Transfer Rate 
% fma/lminl 

Residual 
fma/n Color DOC THMFP 

Slope, k 
(acl0's) 

fern"1! fsec'1) 

A A25t/0JT 

fcm'M/fma/ll 

IV-1 8.58 2.5 92 1.15 0.03 11 0 4.5 37 19 0.0109 

-2 7.0 2.5 88 1.15 0.07 18 18 3.6 35 32 0.0160 

-3 8.58 2.5* 87 1.36 0.09 9 0 5.9 35 17 0.0037 

-4 7.0 2.5* 87 1.36 0.09 19 11 0 32 40 0.0175 

IV-5 8.58 5.0 74 1.30 0.11 32 56 3.4 26 30 0.0146 

-6 7.0 5.0 76 1.30 0.02 38 71 8.7 25 36 0.0190 

-7 8.58 5.0* 84 1.30 0.24 24 16 -10.0 19 23 0.0105 

-8 7.0 5.0* 86 1.30 0.05 36 62 5.3 22 33 0.0170 

IV—9 8.58 5.0* 82 1.30 0.02 30 51 6.1 35 26 0.0160 

-10 8.58 5.0b 84 1.66 0.02 18 11 3.4 31 21 0.0088 

-11 8.58 5.0C 90 2.14 0.06 19 16 4.2 37 27 0.0094 

IV-12 8.58 10.0 75 2.60 0 50 73 2.8 68 21 0.0145 

-13 7.0 10.0 73 2.40 0.06 46 73 6.1 56 33 0.0170 

-14 8.58 10.0* 78 2.22 0.19 60 NA 16.5 47 32 0.0140 

-15 7.0 10.0* 76 2.40 0.19 67 73 11.7 52 34 0.0155 

*0.35 mg H202/mg 03 transferred, continuous node 
* ozonator setting =0.6 amps 
b ozonator setting = 0.7 amps 
c ozonator setting = 0.85 amps 

CO 
o 
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chlorine was added prior to filtration, leaving the sample 

with an instantaneous THMFP of 33 ug/1. The rate of ozone 

application was 1.25-1.30 mg/l-min for all runs. The 

following observations are based on the results presented in 

Table 5.8: 

* Adjustment of the pH to 7.0 prior to ozonation did not 

significantly improve ozone performance in removal of 

A254 and color. 

* 03/H202 provided better A254 destruction than ozone 

alone for samples later in the process train, suggesting 

that flocculation/sedimentation/filtration 

preferentially remove ozone-refractory material over 

03/H202 refractory material. 

* A A2W/03(T) (ozone efficiency) was, on the average, 

0.0131, 0.0122 and 0.0124 for samples treated with ozone 

alone, ozone at pH 7.0, and H202/03, respectively. 

5.2.7 Sample-Series VI. Bench Scale Coagulation Results 

Conditions under which Sample-Series VI were treated are 

presented in Table 5.9.1. As shown, experiment VI-1 was 

conducted to evaluate the performance of the coagulants, 

aluminum chloro-hydrate (ACH) and Cat-Floc-L, alone. 

Parameter measurements and percent removal of the parameters 

with ozone applied and with no ozone, are presented in Table 

5.9.2. The following observations are based on the results 



TABLE 5.8 SAMPLE SERIES V—a, b, c, d, e: Process train. 
Treatment results. 

(V-a = plant influent before aeration, V-b = plant influent after 
aeration, V-c = influent after equalization basin, V-d = post-
sedimentation prior to any chlorine addition, and V-e = post 
filtration with chlorine added prior to filters; 33 uq/1 Inst 
THMs). 

Sample i 
Run 

Ozone % Removal Slope,k 
(X10"S) 

(cm'h (sec'h 

A A25</°3U> 

(cm'^/fmg/l) 
Sample i 
Run 

Applied 
(ma/11 

Transfer 
% 

Residual 
fma/lt A,-, Color DOC THMFP 

Slope,k 
(X10"S) 

(cm'h (sec'h 

A A25</°3U> 

(cm'^/fmg/l) 

V-a-1 5.0 81 0.04 33 73 0 -23 21 0.0119 
V-b-2 5.0 81 0.06 40 78 2.3 27 25 0.0158 
V-c-3 5.0 81 0.04 37 71 0 NA 28 0.0140 
V-d-4 5.0 77 0.06 32 70 -12.6 NA 20 0.0163 
V-e-5 5.0 80 0.06 0 17 13.6 28*** 16 0.0071 

V-a-6* 5.0 77 0.05 18 51 -9.4 -13 14 0.0054 
V-b-7* 5.0 77 0.06 38 84 4.4 23 29 0.0155 
V-c-8* 5.0 65 0.06 34 83 -12.4 MA 29 0.0149 
V-d-9* 5.0 65 0.08 27 83 -16.0 NA 28 0.0154 
V-e-10* 5.0 65 0.09 0 42 9.0 7*** 17 0.0099 

V-a-11** 5.0 91 0.04 11 16 -5.5 -28 7 0.0038 
V-b-12** 5.0 83 0.06 39 73 0.4 15 24 0.0161 
V-C-13** 5.0 78 0.06 48 74 -8.4 NA 26 0.0165 
V-d-14** 5.0 81 0.18 37 58 -16.0 NA 19 0.0143 
V-e-15** 5.0 73 0.04 45 33 16.0 23*** 17 0.0114 

*pH 7 
**H202 additions, continuous mode. Doses for samples V-a (11-15) 
were 0.38, 0.41, 0.44, 0.44, 0.47 mg H202/mg 03 ratio, 
respectively. 
***THMFP = Term THMs-Inst THMs 

00 
to 



TABLE 5.9.1 SAMPLE SERIES VI: Medium color water. Pre-
ozonation and coagulation conditions*. 

Ozone 
Sample Applied Transfer Residual 
Run (mcr/l) % fma/H 

VI-1 0 0 0 
VI-2 1.5 91 <0.01 
VI-3 4.0 79 0.02 
VI-4 7.0 80 0.02 
VI-5 11.6 56 0.08 
VI—6 1.5** 83 <0.01 
VI-7 5.0** 79 0.07 

*Full treatment conditions described in section 4.6 , with 
ACH (mg/1) = 1.39 and Cat-Floc-L (mg/1) = 3.68. 
**pH =7.0 



TABLE 5.9.2 SAMPLE SERIES VI: Bench scale oxidation and 
coagulation results: Percent removal with ozone 
applied vs no ozone. 

PARAMETER OZONE DOSE OZONE DOSE AT PH 7.0 
RAW WATER 0 1.5 4.0 7.0 11.6 1.5 5.0 

A254 (cm"1) 0.143 0.064 0.067 0.065 0.063 0.014 0.065 0.059 
DOC (mg/1) 2.43 1.88 1.95 2.05 2.17 2.26 2.17 2.30 
THMFP (ug/1) 120.9 67.4 83.6 73.1 78.2 80.9 82.4 71.4 
COLOR (pcu) 43 12 12 12 11 6 12 11 

PERCENT REMOVAT, 

^54 51.8 52.1 52.9 55.9 89.9 54.5 58.7 
D0C 22.6 19.8 15.6 10.7 7.0 10.7 5.3 
THMFP 44.2 30.7 39.4 35.2 33.0 32.0 41.0 
C0IX5R 72.1 72.1 72.1 74.4 86.0 72.1 74.4 
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presented in Table 5.9.2: 

* Good color reduction was obtained (72% removal) with no 

pre-ozonation. 

* Little additional color removal was achieved with pre-

ozonation except at the highest ozone dose (11.6 mg/1). 

* Reduction in THMFP was greatest for experiment VI-l, 

having no preozonation (44.2%). 

* Results of the full treatment scheme were not enhanced 

when run at pH 7.0. 

5.3 Mass Transfer of Ozone to the Contactor System 

The rate of ozone transfer to the bulk solution represents 

the efficiency of the ozonation system (i.e., contactor 

configuration, liquid volume, and diffusor type) under some 

predetermined set of generating conditions. Numerical 

values for the volumetric mass transfer coefficient (kta) 

and the ozone saturation concentration [03]s for the 

contacting system are reported. Since the volumetric mass 

transfer coefficient is a function of the contactor 

dimensions and the gas bubble size, the values obtained for 

kta as well as for the saturation ozone concentration, are 

specific to the study conditions. 

Since dissolved ozone (D03) absorbs UV light at 254 nm, it 

was possible to monitor the transfer of ozone to solution 
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(in the absence of humic material and other ozone demanding 

substances) with time of ozonation (Figure 5.1). As 

discussed previously, the pH of a solution will greatly 

effect ozone chemistry. Therefore, the pH was adjusted to 

8.0, using a phosphate buffer (KHgPO^/KjPC^), to reflect the 

average pH value of the raw waters used in this study. As 

can be seen from the front portion of Figure 5.1, the rate 

of ozone transfer to the bulk liquid is a function of how 

saturated the system is with respect to ozone. As the 

system becomes more saturated, the rate of dissolved ozone 

build-up begins to decrease. As indicated in Figure 5.1, 

A254 levels-off at roughly 0.19 cm'1 which corresponds to 

approximately 2.20 mg/1 of D03. 

Ozonation was discontinued after 1000 seconds (16.7 

minutes). What the latter portion of Figure 5.1 represents 

is the autodecomposition of ozone with time. Again, it can 

be seen that the rate is dependent upon the amount of ozone 

in solution. This phenomena was also observed by Sierka 

(1989), who, by performing a series of similar semi-batch 

experiments where three successive doses of ozone (at pH 

8.0) were applied and subsequently monitored by A254, 

reported an increase in rate of decompostion with increased 

initial ozone dose. 
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Figure 5.1 The build up of dissolved ozone in Milli-Q water 
(pH 8.0) applied at 1.30 mg/l min and the subsequent auto-
decomposition of ozone after ozone introduction was 
discontinued at t = 1000 sec. 
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Numerical values for the mass transfer coefficient (kta) of 

ozone to the bulk liquid and the saturation concentration of 

ozone ([03]s) were determined by constucting a mass balance 

on ozone in the liquid phase. As described in section 3.4, 

the mass balance equation (with the inclusion of a reaction 

term) is as follows: 

dI03l = kia(t°3]s " t°3]) ~ kd[°3]n t5*1] 
dt 

where: 

d[03]/dt = the rate of change of 03 concentration in the 

bulk liquid, 

kla([03]s - [03]) = mass transfer from gas to liquid, 

k[03]n = rate of ozone decomposition, 

[03]s = ozone saturation concentration 

[03] = concentration at time t, 

kta = volumetric mass transfer coefficient, 

kd = the rate constant of ozone decomposition, and 

n = the order of reaction. 

The rate and order of ozone autodecomposition, kd and n, was 

determined by using the data obtained after ozonation was 

stopped, reflected by declining ozone concentration portion 

of Figure 5.1. By using the differential method for 

calculating kd and n, it was assumed that the initial rate 

of ozone decomposition (r03) is: 
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r03 = d£0jl = -kd[03]n , [5.2] 
dt 

where [03] is the initial ozone concentration, 

which was then linearized: 

In r03 = In kd + nln[03] , [5.3] 

and plotted (Figure 5.2). The rate constant for ozone 

decomposition was found to be, kd = 1.011 x 10"3 sec"1 with an 

order of reaction, n = 1.22 (or approximately 1.0), and a r2 

value of 0.9775. A reaction order of 1.0 was also reported 

by Stuirnn (1954) and Hewes & Davison (1971) under similar pH 

and temperature conditions. 

Gurol & Singer (1982), studying ozone decomposition in a 

batch reactor, reported second-order kinetics for ozone at 

pH 8, 9, and 9.5. The authors report that second-order 

kinetics represents the data much better than does first-

order or 3/2-order kinetics. At pH 8.0, Gurol et al. (1982) 

report a reaction rate constant (kd) of 56.0 L/mol-s at n=2 

(r2 value of 0.992) and a kd value of 6.0 x 10"3 sec"1 at n=l 

(r2 value of 0.975). 

Discrepancies between studies could be due to differences in 

ionic strength of the medium or possible impurities in the 

reagents used. Gurol et al. (1982) also noted that the use 

of phosphate has a significant retardation effect on the 

rate of ozone decomposition, where phosphate acts as an 



Rate of Ozone Decomposition 
in Milli-Q water at pH 8.0 

In r 

-8.8 

In r = 1.22(ln C) - 6.8969 
r2 = 0.9775 
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In C 

Figure 5.2 Linearized rate expression of ozone decomposition 
at pH 8.0 
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hydroxy1 radical scavanger. 

By substituting in values of k and n and the rates of ozone 

build up in the system, the linearized form of Equation 5.1: 

[03] = _=±_ (d[03]/dt + kd[03]n) + [03]s [5.4] 
kta 

is plotted in Figure 5.3. Obtained values for kta and [03]s 

for this system (at pH 8.0) are 2.872 x 10"3 sec"1 and 2.96 

mg/1 (0.2502 cm"1), respectively. Gurol & Singer (1982) 

reported a kta value, at pH 3.0 and ionic strength (u) of 

0.1, of 2.0 x 10"3 sec*1. 



Mass Transfer Coefficent 
Milli-Q water at pH 8.0 
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Figure 5.3 Linearized mass balance equation to determine the 
mass transfer coefficient for the ozonation 
system. 
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CHAPTER 6 

DISCUSSION 

The data were examined to ascertain the capability of ozone, 

as a preoxidant, to enhance the removal of color-causing 

humic substances present in the source waters, by monitoring 

the extent of color, A254, DOC and THMFP removal at various 

ozone doses and oxidizing conditions. To warrant using UV 

absorbance at 254nm as a surrogate parameter, statistical 

relationships were developed for A254 vs color for raw and 

treated water data. Other statistical relationships were 

compared to the literature for various combinations of DOC, 

A254, color and THMFP. In addition, the data developed in 

the A254 destruction experiments were analyzed with the goal 

of defining a kinetic model. Specifically, the goal was to 

define a rate expression such as d[A254]/dt = -k[A254]n, with 

a reaction rate, k, and reaction order, n. 

6.1 Extent of Color. A:::4. and DOC Removal By Oxidation 

Figure 6.1 shows the removal of color for four different 

groundwaters, having different initial color, as a function 

of ozone transferred dosage. Samples include, a high color 

water, two medium color waters and one low color water, 

having initial color contents of 65, 45, 38, and 13 p.c.u. 

It is seen from the figure that color removal for all water 
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(High, Low, and Medium color waters) 
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Figure 6.1 Effect of ozone dosage on color removal for 
Sample Series Ilia (high color), Illb (low 
color), IV (medium color), and I (medium color). 
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samples continues with increased ozone dose. However, what 

is also apparent is that different ozone doses were required 

for each water to reduce the color level either to some 

refractory level, after which very little color removal is 

achieved with additional ozone, or to a color level below 

the secondary color standard of 15 p.c.u. 

For Sample Series Ilia (high color water) 16.0 mg 03/l was 

sufficient to reduce color to a level below 10 p.c.u., 

while only 7.5 mg 03/l was required for Sample Series IV and 

I (medium color) and 2.0 mg 03/l for Sample Series Illb (low 

color). The apparent ozone refractory color level for 

medium color water was approximately equal to that obtained 

for the low color water, i.e., 7 p.c.u. Flogstad and 

Odegaard (1985) observed similar results, i.e., that the 

ozone demand of a water increases with the raw water color. 

To more fully quantify ozone's effect on the removal of 

humic substances, Figures 6.2 and 6.3 are shown to compare 

the removal of color, A254, and DOC with ozone dosage for a 

medium color water (Sample Series I) and a high color water 

(Sample Series Ilia), respectively. For Sample Series I 

color, A254, and DOC all reach a ozone refractory level after 

roughly 7.5 mg 03/l is transferred. Color exhibits the most 

notable overall reduction with ozone dose of 89%, which 
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Sample Series I: Composite 
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4.0 6.0 ao 

. Ozone Transferred (rng/l) 

14.0 

Color 
—B— 

UV-Abs 

DOC 

Figure 6.2 Parameter profiles with ozone transferred dose 
for a medium color water (Initially: Color = 38 
p.c.u., A254 = 0.141 cm"1, DOC = 2.53 mg/1). 
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Sample Series Ilia: High Color 

Well Water 
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DOC 

Figure 6.3 Parameter profiles with ozone transferred dose 
for a high color water (Initially: Color = 65 
p.c.u., A254 = 0.211 cm"1, DOC = 3.96 mg/l). 
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corresponds to 7 p.c.u. A254 and DOC both exhibit less 

overall reductions than does color before reaching a ozone 

refractory level having 40 % and 22 % reductions, 

respectively, which correspond to values of 0.0846 cm"1 and 

1.97 xng/1, respectively. 

The variable degree to which ozone reduces each parameter is 

due to the different characteristics of the humic substance 

of which each parameter measures. That is, color measures 

all those unsaturated components of the humic substance 

which reflect a visible tan to brown color. A254, however, 

measures all double bonded and aromatic componenets within 

the molecule which includes those compounds that reflect 

color as well as those that do not. DOC, as discussed 

previously, is not expected to decrease dramatically with 

typical ozone doses utilized for water treatment. 

Exceedingly high ozone doses are required to oxidize the 

humic substances in order to ultimatly remove carbon as C02. 

Studying the removal of surrogate parameters such as color, 

A254, TOC, and fluorescence upon ozonation of Siene River 

water, Duguet et al. (1986) reported similar results, having 

removals of 100, 95, and 35 % for color, A254, and TOC, 

respectively. 

For Sample Series Ilia color, A^, and DOC decrease with 
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ozone dosage but do not reach a refractory level. Instead, 

all three parameters appear to be declining steadily up to 

16.0 mg/1 of ozone transferred. Color, again, shows most 

noteable reductions (90%) followed by A254 (70%) and DOC 

(35%). DOC levels were found to increase with ozone 

addition at low ozone dosages (2.0 and 4.0 mg/1) for both 

sample series I and Ilia. This most likely is due to 

experimental error. In comparison of the two water sources, 

it is noteworthy that the more highly colored water obtained 

greater reductions of all three parameters upon similar 

ozone conditions, which, again, illustrates the variability 

between water sources in their reactivity towards ozone 

oxidation. 

6.2 Extent of THMFP Removal Bv Ozone Oxidation 

The reduction of raw water THMFP of the different water 

sources was also of concern. Because humic substances in a 

water will vary, characteristically, from region to region, 

it was expected that ozone oxidation would effect 

chlorination by-products (THMs) to various degrees for each 

water source. Generally, however, it was found that THM 

levels were reduced upon ozone oxidation. 

Using a medium color groundwater as one example, Figure 6.4 

shows an almost linear downward trend of THMFP upon 
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Sample Series I: Initial THMFP 187 ug/1 
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Figure 6.4 THMFP removal with ozone dosage for a composite 
medium color water. 
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increased ozone dosage. After roughly 7.0 mg/1 of ozone 

transferred, the THMFP had dropped by 70% to 56.1 ug/1, 

being well below the present EPA primary standards for total 

THMs. However, if the anticipated, more stringent, future 

regulation for THM's is as low as 25 ug/1, further treatment 

would be required. 

In contrast, using a high color ground water (Sample Series 

Ilia) an applied ozone dose of 20 mg/1 was required to 

reduce THMFP by just 51% to 113 ug/1 as illustrated in 

Figure 6.5. The use of hydrogen peroxide (at 0.35 mg H202/mg 

03 transferred) with 5.0 mg/1 ozone applied, did not improve 

upon THMFP reductions obtained with ozone alone at 5.0 mg/1, 

i.e., 7.0% removal versus 18.6% removal with ozone alone. 

Some what improved reductions at 10.0 mg 03/l plus H202 were 

obtained (22.8%) over that achieved with ozone alone (7.0%). 

For the low color ground water (Sample Series Illb), the 

best overall reduction in THMFP was observed for 10.0 mg/1 

ozone, down from 65.7 ug/1 to 48.2 ug/1 (27%) (Figure 6.6). 

Comparing results of experiments run with ozone at 5.0 mg/1 

and experiments with H202/03, also with 5.0 mg/1 ozone, 

shows noteable improvement in THM reductions upon H202 

addition. Experiments varying H202 to 03 ratios (0.50, 0.35, 

0.20 mg/mg) showed minimal difference in THM reductions. 
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SAMPLE SERIES !IBa: Well Water 
High Color Water 
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(a) H202/03 addition at 0.35 mg/mg ratio. 

Raw water THMFP = 221.1 ug/l. 

Figure 6.5 THMFP with ozone applied dose of 5.0, 10.0, and 
20.0 mg/1 and with hydrogen peroxide additions 
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SAMPLE SERIES Illb: Well Water 

Low Color Water 

CHCC 

CHBr3 

Raw 25 SO 10.0 5.0(a) &0(b) 5.0(c) 

Ozone Dose (mg/l) 

(a) H202/03 addition at 0.50 mg/mg ratio, 
(b) H202/03 addition at 0.35 mg/mg ratio, and 
(c) H202/03 addition at 0.20 mg/mg ratio. 

Raw water THMFP = 65.7 ug/1. 

Figure 6.6 THMFP with ozone applied dose of 2.5, 5.0 and 
10.0 mg/l and with H202/03 additions. 
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As discussed previously, ozone initially oxidizes certain 

functional groups that protrude from the humic molecule, 

making them either more or less amendable to THM formation 

upon chlorination. It appears that for the high color water 

sample, 5 mg/1 of ozone applied converts some of the active 

THM forming groups to inactive groups. Upon further 

oxidation (10.0 mg/1), however, a negative effect is 

produced, i.e., ozone converts more groups to active THM 

producers. This phenomena could be due to the opening of 

aromatic rings by ozone oxidation which can create more 

accessible sites for further attack by ozone, but more 

importantly, by chlorine as well. 

Figures 6.4, 6.5, and 6.6 again illustrate the variability 

between water sources. Gerval et al. (1985) reported 

similar results, noting that preozonation does not always 

produce beneficial response to THMFP but rather is system-

specific. 

6.3 Effects of H-O^/O, and pH Alteration 

The addition of hydrogen peroxide, as discussed previously, 

can promote the radical oxidation pathway by decomposing 

ozone to hydroxyl radicals. The use of ozone alone was 

generally found to be more effective in color and A254 
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removal than H202/03 for most waters tested. Exceptions 

include the low color water (Sample Series Illb) and samples 

taken later in the process train sequence (Sample Series V-d 

and e), i.e., after sedimentation. The most apparent 

characteristic of which these waters hold in common is their 

low humic substance content, indicating that H202/03 is more 

effective at low color levels. 

Glaze et al. (1987), studying advanced oxidation processes 

in the removal of TCE and PCE from groundwaters obtained in 

the Hollywood, California area, observed greater removals at 

H202/03t doses of 0.6 to 0.8 mg/mg with an ozone dose of 14.9 

mg/1. Glaze's study suggests that greater color reductions 

may have been observed at higher H202/03T doses for this 

study. However, scavanger effects by H202 of OH radicals 

were observed by Glaze et al. 1987) at a H202/03T ratio of 

1.0 mg/mg or greater with an ozone dose of 14.9 mg/1. 

According to Duguet et al. (1986), the optimal dose of 

hydrogen peroxide will ultimately depend on the background 

organic matrix in the water. 

Reducing the pH to 7.0 prior to ozonation also showed 

variable results between water sources. Enhanced color 

removal was observed for a medium color water (Sample Series 

IV) at pH 7.0 with ozone and H202/03 treatment. However, pH 
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alteration to 7.0 did not enhance color or A254 removal for a 

similar sample (medium color influent, Sample Series VI) or 

for the process train sequence (Sample Series V). 

Figure 6.7 illustrates THMFP removal with 03 dose, H202/03 

addition, and pH reduction to 7.0 for a medium color plant 

influent. The raw water sample produced a fairly high THMFP 

upon chlorination (323 ug/1). Best THM reductions were 

obtained at ambient pH with 10.0 mg/1 of ozone applied 

(67.5%). At 2.5 mg/1 of ozone applied, the addition of H2Oz 

and pH alteration had little to no effect on THMFP. As a 

group, the experiments run at 5.0 mg/1 ozone applied showed 

the least reductions in THMFP. Altering the pH and adding 

H202 had the effect of increasing THMFP slightly over 

ozonating at ambient pH. This trend was also apparent for 

experiments run with 10.0 gm/1 ozone applied. In contrast, 

Duguet et al. (1986), studying a lake water source, obtained 

a 62% improvement in THMFP removal with the addition of 

hydrogen peroxide, over that obtained with ozone alone, at a 

H202/03T ratio of 0.31 mg/mg and an ozone dose of 3.2 mg/1. 

Duguet et al. (1986) further conclude that the formation and 

reduction in concentrations of trihalomethane precursors 

depends on the nature of the organic matter and the ozone 

reaction pathway (i.e., direct or radical reactions). 
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SAMPLE SERIES IV: Composite 

Medium Color Water 
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(*) ozonation at pH 7.0 
(**) H202 addition at 0.35 mg/mg ratio 
(***) h202 addition, 0.35 mg/mg ratio, pH 7.0. 

Raw water THMFP = 323 ug/1. 

Figure 6.7 THMFP with ozone dose applied with H202/0, 
addition and pH alteration for a composite 
medium color water. 
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6.4 Effects of Ozone Inclusion to the Treatment Process at 

the Bench Scale 

The bench scale coagulation experiments were effective in 

color removal without preozonation (72% removal), which 

correlates well with the LBWD treatement plant removal of 

color (73%). Ozone addition showed little improvement in 

color removal at the bench scale except at the highest ozone 

dose applied in this study, i.e., 11.6 mg/1, giving a 

reduction in color of 86% and a reduction in A254 of 89.9%. 

The effects of bench scale full treatment on THMFP removal, 

with and without ozone, are shown in Figure 6.8. The raw 

sample contained a THMFP of 120.9 ug/1. Very little THM 

removal was obtained using 5.0 mg/1 of ozone for this 

sample (8.2%). Best results were obtained for the full 

treatment scheme (44.3%), followed by ozone + full treatment 

(39.5%). Alterating the pH had little effect on THM 

reduction and H202/03 gave minimal removal of THMs (13.0%). 

6.5 Speciation of the THM's upon Ozonation 

Ozonation had a discernible effect on speciation of the THM 

compounds. Generally, as shown in Figure 6.5, the major 

fraction of THMFP removal occurs for chloroform (58.4%), 

while all other THM fractions remain relatively constant. 

Prior to ozonation for Sample Series Ill-a, the ratios THM-
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Sample Series VI: Composite 

140. 

120 fill 

Ozone Dose (mg/1) 

VWWVI 
CHC13 

CHCBr2 

I 
CHBr3 

Raw = untreated, 
Full = full treatment scheme, as described in 

section 4.8, with no preozonation, 
(*) = treated with 5.0 mg/1 ozone, 
(**) = 5.0 mg Oj/l at pH 7.0, 
(***) = 10.0 mgOj/l + H202 (0.35 mg/mg) 

Raw water THMFP = 120.9 ug/1. 

Figure 6.8 THMFP of a composite sample with ozone dose and 
with bench scale coagulation treatment. 



110 

Cl/THM-X and THM-Br/THM-X were 99.2% and 15.6%, 

respectively. Upon ozonation at 20.0 mg/1 allied dose, the 

ratios of THM-C1/THM-X and THM-Br/THM-X were 99.5% and 

27.7%, respecively. Thus, for this sample, the brominated 

THM species become more important upon ozonation, as they 

are relatively more resistant to oxidation that the 

chlorinated species. 

6.6 Surrogate Parameter Evaluation 

Surrogate parameters are used because they may be measured 

more easily, rapidly and inexpensively than the parameter of 

interest. However, because surrogate parameters are 

substitute measurements and are often nonspecific, they have 

certain limitations. In this research, A254, was used as a 

surrogate parameter for color. Color itself is a visual 

surrogate parameter for humic matter. UV absorbance at 

254nm has also been used by several investigators as a 

surrogate parameter for TOC and THM precursors. Also, it 

should be noted that, THMFP in itself is an indirect measure 

of THM precursors. 

Linear regression analyses were performed to establish 

predictive equations between the dependent variable and the 

surrogate parameter. The examination of A2M as a surrogate 

parameter of color was emphasized in this study. The data 
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base used to develop surrogate relationships consisted of 

all raw water sources and those treated with ozone alone. 

Figures 6.9 and 6.10 illustrate the correlations between A254 

and color for all raw and ozonated waters, respectively, 

where r2 is the coefficient of determination and n is the 

number of individual analyses or bench scale tests which 

were used to compute the r2 value. Relatively good 

correlation was obtained for the raw water data, having an 

rz value of 0.8101. Upon ozone oxidation the linear 

relationship expressed an r2 value of 0.7013. For ozonated 

samples, low color levels, 7-10 pcu, corresponded to a 

rather wide range of A254 readings, 0.03-0.1 cm"1. The 

negative value obtained for the Y-intercept (-10.076) 

indicates that part of the ozonated A254 does not cause 

color. Thus, it appears that when color is reduced to such 

low levels, those constituents which absorb UV light at 254 

nm show slightly more resiliance to ozone oxidation than 

does color. This same observation was also apparent from 

the data presented in section 6.2. 

Various other predictive equations for raw and ozonated 

water data are summarized in Table 6.1, along with the 

pertinent statistical measures, r2 and n. The equations and 

the analytical results for the various correlations are 

noteably similar between the raw and ozonated water data. 
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Figure 6.9 Correlation between color and for all raw 
water data. 
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60 

Color = 293.81 (UV-abs) - 10.076 
r2 = 0.7013 

n = 28 50 

40 

30 

20 

10 

0 
0 0.05 0.15 0.1 0.2 

UV-Abs (1 /cm) 

Figure 6.10 Correlation between color and A^, for all 
ozonated water data. 
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Table 6.1 Equations and analytical results of correlations 
between surrogate parameters. 

Untreated Water Data: 

Color = 300.11 (A^) -• 0.664 n = 14 r2 = 0.8101 

DOC = 15.35(A254) + 0. 5825 n = 14 r2 = 0.7844 

THMFP = 1301.22 (A^) - 23.5617 n = 12 r2 = 0.6147 

THMFP = 71.749(DOC) -• 40.331 n = 12 r2 = 0.545 

DOC = 0.038(Color) + 1.119 n = 14 r2 0.537 

THMFP = 2.853(Color) + 39.472 n = 12 r2 = 0.333 

Ozonated Water Data; 

Color = 293.81(A254) - 10.076 n = 28 r2 
= 0.7013 

DOC = 18.442(A2M) + 0.656 n = 28 r2 = 0.8354 

THMFP = 1303.06(A254) - 8.787 n = 26 r2 = 0.7802 

THMFP = 66.275(DOC) - 40.04 n = 26 r2 
= 0.7684 

DOC = 0.0414(Color) + 1.705 n = 28 r2 = 0.5189 

THMFP = 3.183(Color) + 60.556 n = 26 r2 = 0.5716 
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The statistical data presented in Table 6.1 demonstrate the 

relatively good predictive ability of A254 for DOC using raw 

water data (r2 = 0.7844) and for ozone treated water data 

(r2 = 0.8354). In a study performed by Carey (1989), 

excellent correlation was obtained between A254 and DOC (r2 = 

0.99), using raw water data collected from 10 different 

wells containing highly colored water in Orange County, 

California. The exceptionally high correlative ability of 

A254 for DOC obtained by Carey could be due to similarities 

in the water compositions where samples were taken from 

wells penetrating the same aquifer basin. Using two 

different water sources (the Grasse River water and the 

Glenmore Reservoir water), Edzwald et al. (1985) also found 

good correlation between A254 and DOC for raw water data (r2 

= 0.93 and 0.71, respectively). After treatment of the 

respective water sources by direct filtration (pilot plant), 

correlations between A254 and DOC remained comparable (r2 = 

0.86 and 0.72, respectively). 

The use of A254 and DOC as surrogate parameters for THMFP has 

been evaluated by several investigators. Amy et al. (1986), 

using six different surface water sources and soil derived 

humic and fulvic acids, found A254 to express a better 

correlative ability of THMFP for raw water data (r2 = 0.521) 
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than for ozonated water data (r2 = 0.077). In addition, the 

authors found NVTOC (non-volatile total organic carbon) to 

be an excellent surrogate parameter of THMFP for treated 

water data (r2 = 0.828) , and to a lesser degree, raw water 

data (r2 = 0.637). The authors, however, considered the 

multiplicative parameter, UV-TOC, to be the best overall 

surrogate parameter for THMFP (r2 = 0.925 for raw water data 

and r2 = 0.679 for treated water data). The multiplicative 

term is intended to simulate the total amount of precursor 

(NVTOC) as well as the reactivity of the precursor (AZ54) in 

forming THMs. For this study, using UV-TOC as a surrogate 

parameter for THMFP for raw and ozonated water data gave r2 

values of 0.670 and 0.718, respectively. 

Statistical relationships for various surrogate parameters, 

relative to THMFP, were reported by Singer et al. (1981) as 

well. The study encompassed 13 treatment plants in North 

Carolina from which samples were taken before and after the 

various treatment processes. The authors felt the raw water 

correlation between A2M and THMFP was good, having an r2 

value of 0.553. Singer et al. (1981) also found TOC to be a 

reasonable indicator of THM precursors in raw drinking 

water, having an r2 value of 0.712. 

For this study, as noted in Table 6.1, A254 was better 
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correlated to THMFP for ozonated water data (r2 = 0.7802) 

than for raw water data (rz = 0.6147). DOC also had better 

correlative ability in predicting THM precursors for 

ozonated water data (r2 =0.77) than raw water data (r2 = 

0.545) . 

Amy et al.(1986) and Singer et al.(1981) also evaluated 

color as a surrogate to THMFP. Both investigations, 

however, found color to be a poor surrogate for THMFP. In 

this study as well, color was found to be a poor surrogate 

to THMFP for raw and ozonated water data, having an r2 value 

of 0.333 and 0.572, respectively (Table 6.1). However, 

Carey (1989) reported good correlation between color and 

THMFP (r2 = 0.74) for raw water data. 

6.7 Kinetic Analysis 

To determine the rate of a reaction, experiments are usually 

conducted in a batch reactor. In a batch experiment, one 

would monitor the disappearance of both color and ozone with 

time. For this work, rate expressions were based on the 

assumption that reactions were both hetrogeneous and 

irreversible, having the form: A254 + 03 > products. One 

difficulty in analysing the data was that the system used 

was not a true batch-mode system or was it a true steady 



118 

state continuous flow system. Rather, a semi-batch mode 

system was used, having ozone gas added continuously to a 

static water sample containing color. 

Typical kinetic curves for A254 disappearance with time are 

presented in Figure 6.11. These curves show a linear 

response for A254 destruction with time, suggesting zero-

order kinetics with respect to color. Duguet et al. (1986), 

studying various ground and surface waters in France and 

utilizing a semi-batch mode reactor, obtained a psuedo-first 

order reaction with repect to the UV absorbance (at 254nm) 

with time of ozonation. For all waters tested by Duguet, 

the limiting factor in A2M removal was the reaction rate. 

Kinetics for heterogeneous reaction systems can by 

controlled by either the reaction rate or transport rate of 

the reactants. A primary concern in this study was whether 

the observed zero-order kinetics were just an artifact of 

ozone being depleted as rapidly as it was introduced into 

the reactor. 

Although continuous monitoring of D03 was not done, 

measurements taken at the conclusion of each ozonation 

experiment indicated that little, if any, D03 was present. 

For those experiments shown in Figure 6.11, final D03 
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Sample Series I: Composite Plant 
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• 
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Figure 6.11 A^, removal with time of ozonation for 
different ozone transferred dosages. Rate of 
ozone addition was approximately 0.75 mg/l min 
for all experiments. 
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measurements were less that 0.01 mg/l. Thus ozone was most 

likely being consumed as rapidly as it was supplied to the 

reactor. Only after UV absorbance was reduced to an 

oxidant-refractory level did any significant D03 residual 

appear. Figure 6.12 illustrates these findings. At a high 

ozone dose (12.8 mg/l transferred), the UV absorbance curve 

initially decreases in a linear manner with time, similar to 

previous experiments at lower ozone doses, but subsequently 

the curve levels off indicating a oxidant refractory level. 

Finally, the UV absorbance curve increases in response to a 

build-up of D03 residual. 

What is also apparent from Figure 6.12 is that the high 

ozone dose curve deviates from the other two curves after 

3.76 mg/l of ozone is transferred (120.0 seconds), becoming 

more steep and reaching a ozone refractrory A254 level 

sooner. What is noteworthy about this occurrence is that 

this experiment was conducted at a higher ozone application 

rate (1.87 mg/l min) than the two previous experiments (0.70 

and 0.87 mg/l min, respectively), indicating that the 

previous experiments were mass transfer limited. What is 

not known, however, is whether the experiment performed at 

the higher rate is also mass transfer limited. 

It appears that at low ozone dosages (i.e., 4.0 mg/l or 
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Sample Series I: Composite Plant 

Influent, Medium Color 

0.16 

? 0.14 

0.12 

0.1 
<g) 

§ 
0.08 

<g) 

§ 

0.06 

0.04 
=> 

0.02 

0 
100.0 200.0 300.0 400.0 

Time (sec) 

£00.0 600.0 700.0 

» 
3.75 mg/l 
——BB — 
7.60 mg/l 

12.8 mg/l 

Figure 6.12 removal with time of ozonation for 
different ozone transferred dosages. Ozone 
application rates were 0.70, 0.87, and 1.87 
mg/l min, respectively. 
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less), all application rates examined gave similar results 

relative to the rate of A254 destruction with time, as shown 

in Figure 6.13. Thus, at low ozone dosages, ozone is being 

transferred to solution efficiently for all application 

rates examined. Because a greater reduction in A^ was 

achieved at a high ozone dosage (> 4.0 mg/1) when conducted 

at a high ozone application rate (1.87 mg/1 min), it appears 

that the system is mass transfer limited with respect to 

ozone, at this point in the ozonating process. 

Speculation for this occurrance could involve several 

factors. For instance, the ozonation by-products that are 

being formed during the advanced stages of oxidation may be 

such that they consume more ozone, more readily. Another 

possibility lies in that during oxidation of humic 

substances, initiators to ozone decomposition may also be 

produced, which would cause more radical type reactions to 

occur and thereby increase the rate of A254 destruction. 

Thus, a psuedo-zero order kinetic model describing the 

removal of A254 with time of ozonation can not be proposed 

with certainty for this study. Further experiments are 

required to determine the mass transfer limitations of this 

system before an accurate model can be described. 
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High, Medium and Low Amperage Settings 
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Figure 6.13 UV absorbance reduction with time of ozonation 
at high, medium, and low rates of ozone 
application for Sample Series IV (medium color 
influent). 
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6.8 Feasibility of Ozone Inclusion at LBWD 

Ozone doses are often expressed in terms of the ratio of 

Oj/DOC. An economic upper limit can be construed to be 

about 2.0 mg Oj/mg DOC. Typical DOC levels observed for the 

high, medium, and low color waters were roughly 3.23, 2.53, 

and 0.94 mg/1, respectively. Thus, an economical viable 

upper limit for transferred ozone for these waters would be 

6.46, 5.06, and 1.88 mg/1. Since the bench-scale 

experimental system used in this research typically 

exhibited a transfer efficiency of about 80%, our equivalent 

applied doses would be 8.07, 6.33, and 2.35 mg/1, 

respectively. Based on the existing bench-scale research 

data base, a transferred ozone dose of approximately 5.0 

mg/1 will be required for treatment of the medium color 

water processed at the LBWD treatment plant. 
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CHAPTER 7 

CONCLUSIONS 

The water sources that are presently being treated by 

conventional methods at LBWD treatment plant can be treated 

for color removal by encorporating ozone in the process 

train sequence. The effective dose and contact time 

required to meet the secondary color standards was found to 

be a function of initial color content of the water. For a 

typical medium color plant influent, an applied dose of 5.0 

mg 03/l is recommended. Incorporation of ozone into a bench 

scale process train showed improved color removals above an 

ozone dose of 11.0 mg/1. However, THMFP was observed to 

increase with ozone addition to the treatment scheme. 

The use of perozone did not improve oxidative performance 

over ozone alone for most water sources tested, with the 

exception of waters containing low initial color levels. 

This result may indicate that the oxidative pathway, i.e., 

direct or radical, which most effectively reduces color is 

specific to the water source. The groundwater matrix (i.e., 

pH, alkalinity, etc.) may be the most influential factor 

effecting the actual oxidant reaction pathway. 
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Reduction of pH to 7.0 did not improve oxidative 

performance of ozone or perozone. Some bench-scale results 

indicated better oxidant performance at pH 7.0 versus 

ambient pH. While lowering the pH with mineral acid reduces 

hydroxide and carbonate alkalinity, both of which effect 

oxidant chemistry, a key concern relates to the economic 

viability of reducing the pH from ambient to 7.0. 

THM levels were found to, generally, decrease upon ozone 

oxidation. Ozone doses of 10 mg/1 or greater were found to 

be most effective for high, medium and low color waters. In 

most cases, THMFP reduction was not enhanced by hydrogen 

peroxide addition or pH alteration to 7.0. The use of 

H202/03 had the effect of actually increasing the THMFP of a 

composite sample subjected to the bench scale full treatment 

scheme. 

In this research, UV absorbance at 254nm was used as a 

surrogate parameter for color. Using all the raw water 

data, the following correlation was established: 

Color = 300.11(A254) - 0.664 [7.1] 

Using data of water treated with ozone, the following 

correlation was established: 

Color = 293.81(A254) - 10.076 [7.2] 

The above correlation (equation 7.2) was used to predict the 
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UV absorbance corrresponding to a color of 15 p.c.u., the 

secondary standard. The predicted value is 0.085 cm"1. 

The determination of a reaction kinetic model for UV 

absorbance disappearacne with time of ozonation was 

inconclusive. Further testing is required to determine the 

mass transfer limitations of the contacting system. 



CHAPTER 8 

128 

RECOMMENDATIONS 

The following are suggestions offered for future research in 

the area of ozone oxidation for the removal of color causing 

constituents in water: 

1) Develop an accurate method for measuring D03 on a 

continuous basis when in the presence of UV absorbing humic 

substances. 

2) Investigate the use of fluorescence as a possible 

alternative for continuous monitoring of color removal, thus 

eliminating the interference of ozone in solution. 

3) Further investigate the mass transfer limitations of the 

contacting system used for ozonation. 

4) Further investigate how pH and alkalinity effect H202/03 

performance in destroying humic materials. 

5) Investigate the effects of H202/03T ratios greater than 

0.50 mg/mg for the destruction of color and THM precursors. 
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