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ABSTRACT 

Colorado Ri ver water (CRW) is a traditionally high quali ty 

source but it will require treatment for turbidity removal and 

disinfection in order to meet existing and future water treatment 

regulations. In this research, a treatment process consisting of 

preozonation followed by chemical coagulation, flocculation, and 

direct filtration was investigated. 

The effects of ozone, ferric chloride, and Cat-Floc T-2 doses on 

turbidity, UV absorbance at 254 nm, and total organic carbon (TOC) 

removal were statistically evaluated in order to determine the 

optimum chemical combinations required to achieve the treatment 

objectives. The ozone dose employed had the most significant impact 

(>99% confidence level) on turbidity removaL At a 99% confidence 

level, ozone and Cat-Floc T-2 were found to be statistically 

significant in reducing UV absorbance. There were no significant 

decreases in TOC observed with any of the treatment combinations 

studied. This was attributed to the low ozone doses employed. 

A second part of this research involved a study on the effects 

of the treatment chemicals on CRW after kaolinite had been added to 

artificially increase its turbidity. 
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CRAPI'ER 1 

INTRODUCTION 

The proposed Big Bend Water District Treatment Plant will be 

treating Colorado River water (CRW) in the vicinity of Laughlin, 

Nevada. The treatment process chosen to meet existing and future water 

treatment regulations will include preozonation followed by chemical 

coagulation, flocculation, and direct filtration. 

The water quality of the CRW is very consistent for a long 

stretch of the river above and below the proposed intake location of 

the water treatment plant (WTP). The presence of Hoover Dam and Davis 

Dam upstream of the proposed intake site regulates the flow of the 

river and results in an equalization of the water quality (CH2M-Hill 

WTP, Predesign Report, 1989). 

By reviewing the data collected by the Metropolitan Water 

District of Southern California (MWD), an estimate of the expected raw 

water quality can be lIade. The MWD diverts CRW for the Los Angeles 

Basin from Lake Havasu, which is directly downstream from the proposed 

Laughlin intake. The raw water quality at the proposed Laughlin intake 

will be basically the same as that being treated by the MWD (CH2M

Hill, 1989). 
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The water quality information collected by the MWD at Lake 

Havasu from 1987 to 1989, listed in Table 1.1, shows that, on the 

average, CRW meets all but two of the National Primary Drinking Water 

Regulations (NPDWR) established by the Environmental Protection 

Agency (EPA) in 1986. The NPDWR standard for turbidity, 1 

Nephelometric Turbidity Units (NTU), is based on a monthly average. It 

is anticipated that the NPDWR for turbidity will be reduced to 

0.5 NTU in the near future. The average turbidity of 1.1 NTU at Lake 

Havasu exceeded this value during the period studied. 

coliform bacteria value of 15 organisms per 100 ml, 

standard for coliform bacteria of one organism per 

The average 

exceeds the 

100 ml. The 

compliance levels for these two parameters can be readily met by 

disinfection and filtration. 

Fil tration is required in order to comply with the recently 

enacted Surface-Water Treatment Rule (SWTR) (Federal Register, 1987). 

Direct filtration can be employed following coagulation, and 

flocculation if the source water meets certain conditions. A water 

source is considered sui table for direct filtration if it meets the 

following minimum raw water quality parameters: 

(1) Total coliforms are less than 500 colonies/100 ml 

(2) Turbidity is less than 7 NTU with occasional 

periods up to 14 NTU. 

(3) Color is less than 15 cu 



Table 1.1 Mineral, Physical, and BlologLcal Analysis 
of Colorado River water (CU2H-Hill, 1989). 
(Results in .g/l, except where noted) 
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Since the CRW meets all of these cri teria, and based on the 

success other utilities such as the MWD Skinner Filtration plant have 

had treating CRW with direct filtration, it has been determined that 

this process will be a sui table treatment approach for the Laughlin 

WTP (CH2M-Hill, 1989). 

Ozone will be used as the primary disinfectant prior to direct 

filtration. Ozone is a stronger oxidant than chlorine and is more 

effective in removing Giardia, viruses, and certain types of algae. 

Ozone also appears to form significantly lower amounts of mutagens 

than chlorine (Glaze, 1987). 

The Los Angeles Department of Water and Power (LADWP) found that 

ozonation was the most cost-effective process for controlling 

obj ectionabl e taste, odors, and color in Los Angeles Aqueduct (LAA) 

water (Prendiville and McBride, 1983). At the LAA Filtration Plant, 

preozonation resulted in significantly lower trihalomethane (THM) 

levels and very low effluent turbidity values that were not obtainable 

with other treatment methods (Georgeson, 1987). Similar results have 

been found by Saunier et al, (1983) and Richard (1982). 

An additional benefit of ozone as a treatment chemical is that 

at low applied doses, 1 to 3 mg/l, it can enhance the 

coagulation/flocculation process resulting in reduced amounts of 

coagulation chemicals required and permits operation at higher 

filtration rates (Prendiville and McBride, 1983). The LADWP found that 

at its LAA Filtration Plant, preozonation at a 1 mg/l dose permitted a 

filtration rate of 13.5 gpm/ft2 cOllpared to 9 gpm/ft2 when 
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prechlorination at a 2 mg/l dose was used. In addition to this 

increased filtration rate, there was a decrease in optimum coagulant 

dose of 50% ferric chloride (FeCI3) and 25% for the cationic polymer 

(Prendiville & McBride, 1983). 

After filtration, chlorine or chloramines will be added to the 

distribution system to provide a disinfectant residual. Chloramines 

are the preferred choice for distribution system disinfection since 

they do not form substantial quantities of THMs (e.g., less than 5 

ug/l if preformed chloramines are used) (CH2M-Hill, 1989). 

Several studies have been conducted to determine whether 

ozonation produces compounds more toxic than those originally present 

in the water. Most of these studies have determined that aldehydes, 

carboxylic acids, and other aliphatic, aromatic, and mixed oxidized 

forms are produced following ozonation. None of these compounds appear 

to cause significant toxic effects at the concentrations expected in 

ozonated waters (Glaze, 1987). 

The concern about the safety of ozonation for drinking water 

treatment is not completely removed however. It is possible that 

harmful by-products are formed but haven't been found yet. For 

example, chlorination was used for decades before trihalomethanes 

(THMs) were discovered in drinking water. The situation with ozone by

products may be analogous (Glaze, 1987). 

Some studies have shown that high ozone doses may lead to 

increased THM formation potential due to the formation of simpler, 

more readily halogenated organic by-products (Collins, 1989). 
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Although THM levels were not measured in this research, it is 

important to determine the minimum concentration of ozone required to 

produce the desired water quality objectives in order to prevent the 

possible formation of these more readily halogenated compounds. 
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CHAPTER 2 

RESEARCH OBJECTIVE 

A matrix consisting of 16 experiments were performed in order to 

statistically evaluate the effects of ozone, ferric chloride, and Cat

Floc T-2 on the following dependent variables: turbidity, UV 

absorbance at 254 nm, and total organic carbon (TOC). Seven different 

treatment combinations were tested. 

The specific objectives of this research were: 

1. To define the optimum combination of ozone, metal coagulant 

and polymer, using the ANOVA and Duncan Multiple Range Test, to 

achieve: 

a) The target water quality objective for turbidity of 0.1 NTU. 

b) Maximum UV absorbance (254 nm) removal. 

c) Maximum TOC removal 

2. To determine the best combination of treatment chemicals 

(ozone, ferric chloride, and polymer) to .aximize removals of 

turbidi ty and UV absorbance (254 nm) from CRW increased in 

turbidity by the addition of kaolinite clay. 
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CHAPl'ER 3 

LITERATURE REVIEW 

3.1 IRON!III) COAGULATION 

Coagulation is defined as the process of combining small 

colloidal particles into larger aggregates. The coagulation process 

has two separate and distinct steps. The first is destabilization of 

the particulate lIatter via chemical treatment. Second, these 

destabilized particles must be brought into contact with each other 

(particle collisions) in order for aggregation to occur (O'Melia, 

1978). The first step takes place, primarily, during the rapid mixing 

process in which the coagulant is distributed quickly throughout the 

suspension so that it uniformly coats the surfaces of the suspended 

particles. The second step occurs by flocculation, the objective of 

which is to produce a dense uniformly-sized aggregate for removal by 

subsequent sedimentation or filtration (Treweek, 1979). 

The mechanisms of destabilization will be described in the 

following discussion of iron (III) aqueous chemistry. Due to the 

complex aqueous chemistry of iron(III), the simple species Fe3+ does 

not exist in natural aqueous environments. Instead, Fe(lll) is present 

as part of acidic aquo-metal complexes such as Fe(H20)63+. When an 

Fe(III) salt, such as ferric chloride (FeCI 3 ) is added to water in 

concentrations less than the solubility limit of iron hydroxide 

(Fe(OH)3)' a series of rapid hydrolysis reactions leads to the 
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formation of soluble monomeric, dilleric, and polymeric hydroxometal 

complexes, in addition to the free aquo-metal ion (Johnson, 1983). 

Hydroxide ion (OH-) ligands sequentially replace the six 

coordinated water molecules on the hydrated ferric ion, Fe(H20)63+. 

This leads to the formation of the following hydroxometal complexes 

(Johnson, 1983): 

Fe{H20)63+ + OH- -.a Fe(H20)5(OH)2+ + H2O ..-

Fe(H20)5(OH)2+ + OH- ...a. Fe(H20)4(OH)2+ + H2O ~ 

Fe{H20)4(OH)2+ + OH- ~ Fe(H2O)3(OH)3(aq) 

Fe{H20)3{OH)3(aq) + OH- ..... Fe(H20)2(OH)4- + "2° ..-

I t is customary to omit the aquo ligands when these equations 

are written. For instance, Fe(H20)5(OH)2+ becomes Fe(OH)2+. This 

practice is used in the remaining discussion. 

The solubility of the trivalent metal ion is dramatically 

effected by hydroxocomplexes, or hydrolysis products of these ions. 

The following equilibria apply to Fe3+ in pure water (Snoeyink and 

Jenkins, 1980): 

Fe3+ + "2° 
-.. Fe(OH)2+ + H+; log K1 = -2.16 ..-

Fe3+ + 2"2° - Fe(OH)2+ + 2H+; log K = -6.74 ~ 

Fe(OH)3(s) ... Fe3+ + 30H-; log Kso = -38 ..-

Fe3+ + 4H20 P Fe(OH)4- + 4H+; log K = -23 

2Fe3+ + 2"2° 
...a. Fe2(OH)24+ + 2H+; log K = -2.85 ..-
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It is these hydrolysis products, not the ferric ion, that causes 

particle destabilization through charge neutralization (Stumm and 

O'Melia, 1968). The release of H+ ions by these hydrolysis reactions 

lowers the pH of the solution in which they are forlled. The final 

solution pH will determine the concentrations of the various 

hydrolysis species (Amirtharajah, 1982). 

Figure 3.1 shows the stability diagram for Fe(lll) coagulation. 

The interior portion of the diagram indicates the areas in which 

precipitation of Fe(OH)3(s) may theoretically be expected. The zones 

of restabilization, adsorption-destabilization, and sweep coagulation 

are defined. These zones were determined empirically. The solution pH 

plays a dominant role in the coagulant-particulate interactions. 

The positively charged Fe(III) hydroxocomplexes are readily 

adsorbed onto the negatively charged colloidal particles. Due to the 

adsorption of oppositely charged species, charged neutralization 

occurs and the colloids are destabilized. This perllits coagulation to 

occur. The adsorption-destabilization lIechanism implies the 

possibili ty of colloidal restabilization if the coagulant dosage is 

increased beyond an optimum dose. The optimum dose appears to increase 

in proportion to the surface area of the colloids. The surface area of 

the colloids present deterllines the restabilization boundaries on the 

left of the diagram. The .echanism of coagulation in the adsorption

destabilization zone is dependent upon the stoichiolletry between 

coagulant dosage and colloid concentration (Johnson, 1983). 
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Another mechanism for colloidal removal is sweep coagulation. 

This occurs when the water is oversaturated with ferric chloride. The 

ensuing rapid precipitation of large quanti ties of ferric hydroxide 

enmeshes colloidal particles in the sweep floc and removes them from 

solution (Johnson, 1983). 

3.2 Nature of Dissolved Organic Matter 

The classification of aquatic organic matter is based on its 

physical properties and chemical reactivities, which are directly 

related to the major functional groups associated with the molecules. 

Thurman (1985) determined that there are 12 important functional 

groups in aquatic organic matter: carboxylic acids, phenolic hydroxyl, 

quinone, enolic hydrogen, alcoholic hydroxyl, ether, ketone, aldehyde, 

ester, lactone, amine and amide. The carboxylic acid group is one of 

the most important among these 12 functional groups because it 

contributes aqueous solubility and acidity to an organic molecule. The 

majority of dissolved organic matter, especially humic substances, 

contain carboxylic acid groups. 

Adsorption chromatography has been used to operationally divide 

dissolved organic carbon (DOC) into three major fractions: humic 

substances, hydrophilic acids (e.g., volatile fatty acids and hydroxy 

acids), and neutral compounds (e. g., simple alcohols and ketones) 

( Kuo , 1986). 

Thurman and Malcolm (1983) indicated that humic substances, 

comprised mostly of humic and fulvic acids, account for 40 to 80% of 
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the DOC in natural waters. Humic substances have been defined as 

amorphous, acidic, predominantly aromatic, hydrophilic, chemically 

complex polyelectrolytes that range in molecular weight from a few 

hundred to tens of thousands (Schnitzer, 1976). Under the pH 

conditions of most natural waters, humic materials occur as negatively 

charged macromolecules. Their negative charge is due to the presence 

of functional groups such as phenolic and carboxylic acid. The 

stability of these compounds increases with pH due to the dissociation 

of the functional groups and the resulting increase in the number of 

negative charges present in solution (Edwards and Amirtharajah, 1985). 

Humic materials can be divided into three main fractions based 

on their solubilities: (1) humic acid, which is soluble in water under 

alkali conditions but is insoluble under acidic conditions; (2) fulvic 

acid, which is soluble under all pH conditions; and (3) humins, which 

are insoluble in water at any pH condition (Edwards and Amirtharajah, 

1985) . 

The reactivity of humic substances in' an aquatic environment is 

attributed to their high content of oxygen-containing functional 

groups. Weber and Wilson (1975) concluded that such functional groups 

are good electron donors to metal ions resulting in significant 

organic matter-metal ion complexations. 

Humic and fulvic acid molecules can either be removed by 

processes such as chemical coagulation or activated carbon adsorption, 

or transformed by oxidative processes (e.g., ozonation) into lower 
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molecular weight by-products that are less reactive with chlorine and 

impart less color (Sierka and Amy, 1988). 

Amy and King (1981) have observed that humic acids are easier to 

coagulate than fulvic acids due to lower charge density and larger 

colloidal size. Rest et ale (1983) found that higher molecular weight 

fractions are preferentially removed by alum coagulation. 

Vik et ale (1985) have shown that specific molecular weight (MW) 

fractions of aquatic organic matter are preferentially removed by 

treatment processes. The water source with the greatest amount of 

lower MW organics exhibited the highest alum coagulant dosage demand 

and the lowest total organic carbon (TOC) removal. 

3.3 Natural Organic Matter 

Color in natural waters is primarily due to the presence of 

humic substances. These substances arise from decomposition of plant 

material, either in the ground or directly in the water. The color is 

caused by the presence of unsaturated organic components conjugated in 

the compounds (Le., alternating double and single bonds) (Rice, 

1981) • 

Compounds with the above configurations are susceptible to the 

short-wavelength/high-energy excitation of UV radiation, with 

increasingly shorter wavelengths required to excite .ore stable 

molecules. Therefore, simple aliphatic molecules will not tend to 

absorb UV, whereas the complex mul tiaromatic, .ul ticonjugated humic 
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substances would be expected to absorb UV very strongly (Montgomery, 

J. M., 1985). 

The UV absorption profile for colored water, given in Figure 

3.2, shows the increasing. absorbance with decreasing wavelength. Due 

to the ability of humic materials to absorb UV light, UV absorbance at 

254 nm is often used as a nonspecific parameter to quantify part of 

the organic content of the water (Montgomery, J.M., 1985). Ozone is 

highly reactive with unsaturated groups, cleaving the carbon-carbon 

double bonds to produce ketones, aldehydes, or acids, depending on the 

substituent groups present on the carbon atoms affected, the amount of 

ozone applied, and the contact conditions utilized. The color 

disappears when the conjugation is disrupted by this oxidation 

process. This does not necessarily mean however, that all of the 

color-causing organic compounds have been completely oxidized to 

carbon dioxide and water, but simply that the conjugated unsaturated 

groups causing the original color have been destroyed (Rice, 1981). 

3.4 Clay-Organic Matter Interactions 

Recent studies have indicated that lIost colloids suspended in 

natural waters are negatively charged due to adsorbed organic .aterial 

(Davis, 1981). Several lIechanisms are involved in the adsorption of 

organic compounds by clay .inerals. The primary ones are listed below: 

(1) physical adsorption or van der Waal's forces 

(2) electrostatic attraction or chemical adsorption 
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(3) hydrogen bonding 

(4) coordination complexes 

The latter two mechanisms actually fall within the other two 

categories and two or more of the above mechanisms may operate 

simultaneously (Stevenson, 1982). 

Humic substances contain a variety of reactive functional groups 

that are capable of combining with clay minerals, as shown in Figure 

3.3. The sorption of humic material by clay still provides an active 

organic surface for exchange with cations (Stevenson, 1982). 

Due to the negative charges of organic anions and clay surfaces 

at pH's found in natural waters, adsorption of humic and fulvic acids 

by clay minerals (e.g., montmorillonite) occurs when polyvalent 

cations are present to act in a bridging capacity (Stevenson, 1982). 

Polyvalent cations are able to maintain neutrali ty at the surface by 

neutralizing both the charge on the acidic functional group of the 

humic molecule and the clay surface. Monovalent cations (e.g., Na+ and 

K+) are not capable of doing this. Greenland (1971) described the 

importance of Ca+, Fe3+ and A1 3+ in the binding of organic matter to 

clays. The divalent calcium ion does not form strong coordination 

complexes with organic molecules but a bridge linkage can be formed. 

Greenland (1971) found that this adsorption process was reversible and 

greatly influenced by the electrolyte concentration. In contrast, 

Fe(lll) and Al(lll) form coordination complexes with organic compounds 

and strong bonding of humic substances with clay surfaces are possible 

(Stevenson, 1982). 
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Hydrogen bonding between polar groups on the organic molecule 

and adsorbed water molecules or oxygens of the silicate surface can 

also lead to the bonding of organic molecules with clay surfaces. 

Although the strengths of an individual H-bond are small, they are 

additive. Thus total adsorption energy can be appreciable (Stevenson, 

1982). 

Davis (1982) concluded that natural organic matter can be easily 

adsorbed by alumina and kaolinite in the pH range found in natural 

waters. Molecular weight and pH have been found to be important 

factors in controlling the adsorption of dissolved organic material on 

alumina (Davis, 1981). The adsorption of DOC by clay minerals has been 

shown to increase with decreasing pH (Davis, 1982). 

3.5 Polymer Destabilization Mechanisms 

3.5.1 Charge Neutralization Model: 

Destabilization is achieved by adsorption of oppositely charged 

polymers on particle surfaces. Relatively low 1I01ecular weight, high 

charge density cationic polymers are often used to destabilize 

negatively charged colloidal particles (Edzwald, 1983). 

The "electrostatic patch" .odel, proposed originally by Kasper 

(1971) and later by Gregory (1973), is used to describe the adsorption 

of relatively low molecular weight (105 or less) cationic polymers on 

negatively charged particles. This adsorption model is illustrated in 

Figure 3.4. The polymer molecules adsorb in a flat planar 

configuration and are distributed unevenly resulting in "patches" of 
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positive charge. It is not a requirement of the optimum polymer dose 

to produce complete charge neutralization since floes are formed by 

strong electrostatic attraction between "patches" of positive charge 

and "bare" negatively charged areas on the particle. Interparticle 

bridging may occur at high particle concentrations and as the 

molecular weight of the polymer increases. This is due to the kinetics 

of forming bridges becoming more rapid than the kinetics of polymers 

adsorbing in a flat planar configuration (Edzwald, 1983). 

3.5.2 Int~rparticle Bridging Model: 

Following the addition of alum or iron, anionic polymers can be 

used as coagulant aids to form large floc particles. Nonionic polymers 

can also be used for the same purpose and also as filter aids. These 

polymers have high molecular weights (usually in excess of 106 ) and 

achieve particle destabilization by first adsorbing at one or more 

si tes on the particle surface. The high molecular weights of these 

polymers provides them with sufficient size (chain length) to extend 

into solution for distances larger than double layer thicknesses and 

attach to other particles (Edzwald, 1983). 

3.5.3 Charge Neutralization/Precipitation Model: 

This model describes the lIechanism involved in the coagulation 

of humic substances by cationic polymers. Although charge 

neutralization is an important part of this 1I0del, the lIechanism is 

different than that traditionally described for cationic polymers 
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adsorbing on colloidal solid surfaces. Aggregates (precipitates of 

humic matter and cationic polymer) are formed from a cross-linking 

between the negatively charged humic macromolecules and the cationic 

polymers (Figure 3.5). Precipitation of a cationic polymer-humic solid 

phase occurs at the optimum polymer dose. At doses greater than the 

optimum, charge reversal occurs and the particles are restabilized 

(Edzwald, 1983). 

3.6 Ozone 

Ozone (03) is an unstable gas that boils at -1120 C (1 atm), is 

partially soluble in water, and has a characteristic pungent odor 

which is readily detectable at concentrations as low as 0.01 to 0.05 

ppm. Ozone has a solubility in water that is approximately thirteen 

times that of oxygen over a temperature range of OOC to 300 C (Rice, 

1981). 

The oxidation potential of 03 (-2.07 volts at unit hydrogen 

activity) is higher than other commonly-used water treatment oxidants 

such as chlorine dioxide (-1.91 volts), hydrogen peroxide (-1.77 

volts) and chlorine (-1.36 volts) (Rice, 1979). Due to its high 

oxidation potential, 03 is capable of oxidizing many organic and 

inorganic substances found in raw waters. 

Ozone is an unstable gas and must be generated on-site. The 

corona discharge method is the most common method of 03 production for 

water treatment applications. In this method, a low, alternating 

current is imposed across a gap through which a dry oxygen-containing 
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gas is flowing. The collisions between the high energy electrons and 

oxygen breaks the molecular bond, thus producing free oxygen (0 ). The 

formation of 03 then occurs through collisions between free oxygen 

atoms and molecular oxygen (Khoudary, 1986): 

02 + e- ~ 0' + 0' 

0' + 02 --. 03 

Ozone is unstable in the gas phase and in aqueous solution and 

readily decomposes to molecular oxygen. Peleg (1976) has suggested the 

following mechanisms for the decomposition of 03 in water: 

°2 + H2O ~ °2 + 2 'OH 

°3 + 'OH --+ °2 + HO' 2 

°3 + HO' 2 --t 2 02 + 'OH 

• OH + 'OH ~ H202 

'OH + HO' 2 ~ H2O + °2 

• OH + OH- ~ , 0- + H2O 

• 0- + 02 ---+. 03-

H02 + H02 --+ H202 + 02 

where HOi and 'OH are hydroperoxyl and hydroxyl free radicals. The 

hydroxyl radical has a higher oxidation potential (-2.80 volts) than 

03' whereas the hydroperoxyl radical has a lower potential (-1. 70 

volts) (Peleg, 1976). 
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3.7 Ozonation Mechanis.s 

There are two reaction pathways by which 03 initiates oxidations 

of solutes in water: (1) the direct reactions of 03 and (2) the 

radical pathway reactions which occur following the decomposition of 

03 to hydroxyl radicals (OH). These reaction pathways are shown in 

Figure 3.5 (Hoigne and Bader, 1979). The rate of oxidation and/or type 

of solute oxidized is dependent upon which of these two pathways 

predominates. The'OH radicals are more reactive, but not as selective 

as °3, 

As can be seen in Figure 3.6, part of the 03 applied reacts 

directly with the solutes, and a part of it decomposes to form 

radicals before it reacts with solutes. Due to mass transfer 

limitations, some of the 03 will also pass through the system without 

reacting. Hydroxyl ions (OH-) initiate the break down of 03' and 

therefore, the rate of decomposition increases with pH. Radical-type 

intermediates formed by the oxidation of certain solutes additionally 

catalyze the decomposition of ozone. These radicals act as chain 

carriers and maintain the chain reaction. Due to this chain reaction, 

the lifetime of 03 in water is dependent on the solutes present, that 

is, do they yield radical-type interllediates, and on the presence of 

hydroxyl radical scavengers, such as bicarbonate (H003-) and carbonate 

(C03=) ions, which quench the chain reaction and so.ewhat stabilize 

the dissolved ozone (Hoigne and Bader, 1979). 
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3.8 Ozone Mass Transfer 

The transfer of 03 to water or wastewater is required before 

desirable, effective reactions occur. Water quality 

characteristics, contactor configurations, and applied 

characteristics are some of the factors that affect 03 transfer 

efficiency (Rakness, 1988). 

Ozone is produced from air or oxygen. Ozone generators typically 

produce 1-3% 03 by weight when generated from air, and 2-5% when 

oxygen is used, with the balance being air or oxygen (Bollyky, 1981). 

The transfer of all the 03 in this dilute gas mixture into water is 

the objective of ozonation. The solubility of 03 is higher than that 

of oxygen but due to the low partial pressure of the 03 contained in 

the input gas, its practical dissolution is much more difficult to 

attain (Masschelein, 1980). The exchange rate of 03 between the gas 

and the liquid phase is proportional to the external contact surface 

between gas and liquid. The principle of dispersion through gas 

bubbles is generally employed to increase this surface area 

(Masschelein, 1982). 

The mass transfer of 03 from air or oxygen into water is 

described by the following mathematical lIodel where the rate of lIIass 

transfer is expressed as NA (lb. lIIo1e/hd or flux of 03 gas "A" 

through a unit area of interface "a": 

* NA = KGa (YA,G - YA ) 

NA = KLa (CA* - CA,L) 
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where KGa and KLa are overall lIass transfer coefficients based on 

their respective phases, YA,G is the mole fraction of A in the gas 

phase, Y A * the gaseous mole fraction of A in equilibrium with the 

concentration of A in the bulk liquid, CA* is the concentration of A 

in the liquid which is in equilibrium with the gaseous mole fraction 

of A in the bulk gas, and CA,L is the concentration of A in the bulk 

liquid (Bollyky, 1981). 

In systems where Henry's Law holds, KLa and KGa are 

related as: 

where H is the Henry's Law constant. If a gas is highly soluble (small 

H) or sparingly soluble (large H), certain generalizations can be made 

regarding which phase controls resistance to mass transfer. The value 

of H for 03 at 200 C, 3760 atm/liquid mole fraction, is an intermediate 

value however, and therefore, it is not known which interface controls 

or to what extent each contributes to lIass transfer. Very few values 

for KLa or KGa have been reported in the literature. The lIass transfer 

of 03 occurs simultaneously with a chemical reaction in lIany of the 

practical applications of 03 for water treatment. The reaction lIay be 

fast enough to compete with diffusion in the region near the interface 

so that the rate of mass transfer may be affected (Bollyky, 1981). 

3.9 Uses of Ozone in Water Treat.ent 

The use of 03 for the treatllent of drinking water dates back to 

1906, when it was installed for disinfection purposes in the city of 
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Nice, France. Today, there are more than 1000 drinking water treatment 

plants worldwide employing 03 for a wide variety of functions (Rice, 

1981). Although most of these plants are in Europe, the use of 

ozonation in water treatment in the United States is starting to gain 

acceptance. The number of ozonation plants in the United States has 

increased from 5 in 1977 to 20 in 1984 (Glaze, 1987). The interest in 

ozonation in the U.S. began when halogenated organic compounds formed 

during chlorination were identified as a potential health risk (Rice, 

1981). 

Although the initial use for 03 was primarily as a disinfectant, 

the oxidative powers of 03 are now being used to control taste and 

odors, remove color, and to reduce the iron and manganese content of 

drinking water. Preozonation has also been found to enhance the 

flocculation of suspended particles in surface waters, and its use in 

this area is rapidly expanding (Glaze, 1987). 

3.10 MicroClocculation 

Ozone is not a coagulant or flocculating agent in the 

conventional sense in that it cannot neutralize the electric charge of 

colloidal matter (Richard, 1982). Preozonation has, however, been 

observed to aid in the coagulation of turbidity. The term 

microflocculation is used to describe the ability of 03 to i.prove the 

removal efficiency of a flocculation or filtration process for 

suspended and colloidal lJaterials (Jekel, 1983). Although there is a 

lack of knowledge on the basic physico-chemical processes of 
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microflocculation, several full-scale water treatment plants, such as 

the 600 MGD Los Angeles Aqueduct Filtration Plant (Georgeson, 1987), 

are employing 03 to achieve the major treatment objective of improved 

efficiency in turbidity removal. Based on the experience gained in 

the practice of drinking water treatment, it has become evident that 

more than one mechanism can be made responsible for the 

microflocculation effect. Reckhow et ale (1986) summarized work 

reported in Ii terature of the five most probable mechanisms 

responsible for the observed beneficial effects of ozonation on 

coagulation-flocculation processes: 

1. Increasing organic oxygenated functional groups, especially 

carboxylic, resulting in increased complexation (primarily with 

calcium and alumina), and adsorption to alum or ferric floes. 

2. Decreased molecular weight of dissolved organic carbon 

resulting in an increase in its hydrophillic nature. This leads to a 

reduction in the steric stability of the organically coated 

particulates. 

3. Formation of meta-stable organics such as ozonides, organic 

peroxides, and organic free radicals that contribute to a condensation 

or polymerization of organic lIaterial in a method similar to the 

addition of a conventional polymer. 

4. Rupture of organo-metal complexes leading to the action of 

the liberated metals as conventional coagulants, particularly if the 

metals were originally reduced and subsequently oxidized. 
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5. Biopolymers (e.g., nucleic acids, proteins, polysaccharides) 

may be liberated by the lysing of algae and could then act as 

conventional polymers. 

Of the above mechanisms, the fourth and fifth are the most 

speculative and least supported in the literature. The rupturing of 

organo-metal complexes can liberate metals, which could subsequently 

be oxidized if not already, but at the same time smaller, more polar 

organic fragments would be formed. These organic fragments are often 

more difficult to coagulate with metal coagulants than the original 

humic substances. 

A fundamental premise of the cause of microflocculation is that 

ozone primarily acts on organic materials leading to an overall 

reduction of colloidal system stability. From this viewpoint the five 

mechanisms are somewhat confusing as some directly affect the 

colloidal stability while others, such as divalent metal ion 

concentration, only modify or enhance the action of ozone (Collins, 

1979) . 

Recent studies have suggested that at low ozone dose to humic 

material ratios the initial reaction of ozone is to attack the 

conjugated chains on the humic aacromolecule which carry some of the 

colloidal charges. The separation of these chains from the 

macromolecules leads to the formation of low .olecular weight 

dissol ved organics which reduces the charge density and the steric 

hindrance effect on the remaining particles. As a result, the 

coagulant demand of the system is reduced (Collins, 1989). 
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Microflocculation can occur following ozonation of waters 

containing dissolved organics, such as humic substances, and 

comparatively low concentrations of inorganic turbidity. This leads to 

a slight increase in turbidity due to the formation of fragile, very 

light organic floes. These floes can be destroyed if too high an 

ozonation rate is used. This results in an increase in small particles 

which are difficult to flocculate (Richard, 1982). Several different 

mechanisms have been suggested to explain the particulate formation. 

Richard (1982) suggested that the increase in turbidity is due to the 

more polar organic oxidation products forming insoluble salts with 

constituents such as calcium, these new compounds precipitate out as a 

new equilibrium is attained. According to Gurol and Pitadella (1983), 

increases in turbidity after ozonation are due to the polymerization 

of naturally-occurring dissolved organic compounds. They proposed that 

functional groups on natural occurring organic compounds such as humic 

acids are oxygenated by ozone and this change in the particulate 

surface characteristics favors particle aggregation. The carboxyl and 

other functional groups produced after ozonation can produce cross

linking of particles via bridge formation. 

The increase in carboxyl groups on the ozonated compounds leads 

to increased complexation with metal hydrolysis species (Reckhow, 

1986). Saunier et al. (1983) reported that less coagulant was required 

to achieve turbidi ty removals following ozonation. I f too high an 03 

dose is applied however, the beneficial flocculating effects are 

decreased due to a restabilization of the organic particles. This is 
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due to the higher degree of hydrophilicity exhibited by the newly 

formed lower molecular weight organic compounds. Because these 

compounds are more hydrophilic, they are less likely to be adsorbed 

onto flocculated trivalent metal cation species (Collins, 1989). 

Jekel (1983) found that the type and reactivity of the organic matter 

present in the raw water determined the 03 dose required for complete 

destabilization of the colloidal particles. He found that the 03 doses 

necessary to achieve destabilization ranged from 0.2 to 0.6 mg of 03 

per mg TOC. The Los Angeles Angeles Department of Water and Power 

(LADWP) reported that turbidity removal from Los Angeles Aqueduct 

water was maximized when 1. 35 mgll of 03 was applied prior to the 

addi tion of 1. 0 mg/l FeCl3 and 1. 2 mgll cationic polymer. The LADWP 

found that when preozonation was used in place of chlorine, the 

polymer dosage required to produce the same turbidity level was 

reduced. They concluded that preozonation resulted in a saving of 0.5 

mgll polymer (Georgeson, 1987). 

Saunier et a1. (1983) reported that the optimum 03 dose for 

turbidity and UV (254 nm) abs removal from Seine River water was about 

0.8 mgl1. Experiments conducted at the Mont Valerien plant on Seine 

Ri ver water indicated that the lowest turbidity levels were obtained 

at 03 doses between 1 and 2 mgll, but that beyond 1 .g/l very little 

improvement was noticed. Preozonation was found to have little effect 

on TOC removal however (Richard, 1989). The removal of organic 

material such as humic substances occurs through chemical coagulation 

followed by a solids-liquid separation process such as sedimentation 
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or filtration (Reckhow, 1984). Depending on the pH conditions, 

coagulation of the organic matter occurs through charge neutralization 

or adsorption (Edwards, 1985). Mallevialle (1979) found that the TOC 

of Seine River water, originally near 4 mg/l, was reduced by only 0.1 

to 0.2 mg/l using 03 treatment, both with and without alum 

coagulation. Paillard et a1. (1989) concluded that TOC removal from 

Choisy-le-Roi raw water was not significantly improved in the presence 

of ozonation prior to the coagulation-sedimentation step. 

Many researchers have shown that the dissolved organic content 

(DOC) of natural waters is only slightly decreased by ozone treatment. 

This is due to the fact that ozonation does not bring about a 

quantitative oxidation of the organic constituents to carbon dioxide, 

but rather an oxidative chemical conversion of these constituents 

takes place to produce new compounas (Maier, 1979). 

By measuring the chemical oxygen demand (COD) before and after 

ozonation of organically loaded waters, Maier (1979) found that this 

chemical conversion was primarily a conversion into polar constituents 

rich in oxygen contents. Simultaneous studies of the molecular weight 

distribution showed that during ozonation, this chemical conversion 

was accompanied by a reduction of the molecular weight of the initial 

organic compounds. 

Based on the ozonation reaction mechanisms cited in the 

literature (Maier, 1979), it is apparent that, depending on the pH, 
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both electrophilic additions to any multiple bonds present, and 

radical attacks on the molecule are possible. Infra-red spectroscopy 

of isolated ozonized water constituents has clearly shown that 

ozonation leads to a strong attenuation of the double-bond character 

and the aromatic character, while simultaneously an increase in the 

contents of hydroxyl, carbonyl, and carboxyl groups is noticeable by 

the greater intensity of the corresponding absorption bands (Maier, 

1979). 

3.11 Direct Filtration 

The principle advantages of the direct filtration process as an 

alternative to conventional water treatment are its lower capital and 

operation and maintenance costs. Direct filtration is an applicable 

treatment process for raw waters that are low in turbidity, color, 

plankton, and coliform organisms. Culp (1977) suggested that raw 

waters being considered for direct filtration should have turbidity 

and color values of less than 25 units each. Filtration is required in 

order to comply with the recently enacted Surface-Water Treatment Rule 

(SWTR). According to the United States Environmental Protection Agency 

(USEPA, 1987c), a water source is considered suitable for direct 

filtration if it meets the following minimum raw water quality 

parameters: 

(1) Total coliforms are less than 500 colonies/lOO _1 

(2) Turbidity is less than 7 NTU with occasional periods up to 

14 NTU. 
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(3) Color is less than 15 cu 

Treweek (1979) has reported that the 1.0 NTU standard required by the 

Safe Drinking Water Act is successfully achieved at direct filtration 

plants receiving raw waters with turbidities ranging from 0.1 to 60 

NTU. 

The use of a nonionic or slightly anionic polymer as a filter 

aid usually works best for direct filtration. Dosages ranging from 

0.05 to 0.5 mg/l are usually required. When used as a primary 

coagulant, however, a cationic polymer at dosages of 0.1-5 mg/l is 

usually required. It also serves as a filter aid. Cationic polymers, 

in general, permit deeper penetration of floc into the filter bed than 

do nonionic or anionic polymers. The latter two permit less 

penetration at higher filter throughput rates and afford greater 

protection against breakthrough. With some exceptions, depending on 

the raw water quality, the cost of alum plus a filter-aid polymer is 

less than using a cationic polymer for both purposes (Culp, 1977). 

The formation of large, bulky floc that will readily settle in a 

sedimentation basin is the design objective of a conventional water 

treatment plant. Sweep coagulation is the desired colloidal removal 

mechanism for conventional plants since it produces larger more 

settleable floc than adsorption-destabilization. In a direct 

filtration plant, higher intensity (Le. higher velocity gradient) 

flocculation is employed to produce a relatively small dense floc. The 

porosity of the filter bed limits the available storage space for 

particulate matter. Increasing the floc density enables the filter bed 
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to hold more particulate matter resulting in longer filter runs. In 

addi tion to the formation of dense floc, it is also important to 

produce uniformly-sized floc that can penetrate throughout the depth 

of the filter bed (Treweek, 1979). 

The use of preozonation has been found to improve filter 

performance in direct filtration plants. This is believed to due to 

the microflocculating effect induced by ozonation which reduces the 

amounts of coagulation chemicals required and permits higher 

fil tration rates. The LADWP found that at its Los Angeles Aqueduct 

Filtration Plant, preozonation at a 1 mg/l dose permitted a filtration 

rate of 13.5 gpm/ft2 compared to 9 gpm/ft2 when prechlorination at a 2 

mg/l dose was used. In addition to this increased filtration rate, 

there was a decrease in optimum coagulant dose of 50% Fee13 and 25% 

for the cationic polymer (Prendiville & McBride, 1983). 

Stolarek (1981) reported that the primary design goal for direct 

filtration plants is to achieve as high a filtration rate as possible 

since filters are the main capital cost component of direct filtration 

plants, and the required surface area is inversely related to the 

filtration rate. Effective and efficient high filtration rates have 

been traced to good filter pretreatment. He found that the use of 03 

pretreatment at the Los Angeles Water Purification Plant demonstrated 

superior benefits over other pretreatment methods. 

Bench-scale testing procedures can be used to predict the 

filtered water quality by the use of filtration through filter papers. 

Hudson and Wagner (1981) have found that good replication of water 
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quality results in the full-scale plant can be attained using Whatman 

No. 40 (Whatman Ltd, England) filter paper. The relative lengths of 

filter runs, however, can not be determined by this method. This can 

only be determined by full-scale operation or by pilot plant testing 

of filters. 
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CHAPl'ER 4 

EXPERIMENTAL METHODS 

The experimental methods and procedures employed during this 

research are presented in the following sequence: 

1. Experimental Design 

2. Sample Acquisition and Storage 

3. Reactor Design and Operation 

4. Experimental Procedures 

5. Analytical Methods 

4.1 ~ri.ental Design 

A matrix of 16 experimental runs were performed in order to 

evaluate the effects of ozone (03)' ferric chloride (FeC1 3), and Cat

Floc T-2 (CF-T2) on the following characterization parameters: 

turbidity, UV absorbance at 254 nm (UV abs), and total organic carbon 

(TOC). Seven different treatment combinations were tested in order to 

determine the optimum doses of chemicals for each of the quality 

parameters delineated above. 

The experimental variables and specific dose range used were: 

transferred 03 (0, 1. 5, and 3 JIg/I), FeC13 (0, 1, and 2 Jlg/l) , and 

CF-T2 (0, 0.5, and 2 mg/l). The experillental conditions .atrix is 

illustrated in Figure 4.1. The degree of replication was chosen on the 

basis of established theory to theoretically yield statistically 
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significant results. The statistical lIethods used to analyze these 

data are described in Chapter 5. 

Table 4.1 summarizes the chemical conditions for the 

experimental runs that were performed. 

TABLE 4.1 Che.ical Conditions for Experimental Runs 1-16 

Trans. 
03 Dose FeCl 3 CF-T2 Run 
(mg/l) (mg/l) (mg/l) Numbers 

1.5 1 0.5 1-6 
3.0 1 0.5 7-9 
0 1 0.5 10-12 

1.5 1 2.0 13 
1.5 1 0 14 
1.5 0 0.5 15 
1.5 2 0.5 16 

In addition to the above runs, experiments were performed on 

Colorado River water (CRW) that had kaolinite added to artificially 

increase the turbidity to approximately 2.5 NTU (runs 17 through 41). 

This was done in order to simulate higher turbidity conditions that 

might be experienced in CRW during storm periods which occur at 

several times throughout the year. Treatment combinations employing 03 

doses of 0, 3, 4, 5, and 10 mg/l, FeCl3 doses of 1.5 and 10 IIg/l, and 

CF-T2 doses of 0, 0.5, and 1.5 .g/l were studied. The data for these 

runs were not analyzed statistically, however, experimental results 

are presented and discussed in Chapter 6. 
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4.2 Saaple Acquisition and Storage 

The water samples used during this research were obtained from 

the Colorado River in the vicinity of Laughlin, Nevada, during the 

period of February to April, 1990. The water was transported to the 

University of Arizona in I-gallon Nalgene containers packed in ice. 

Upon arrival, they were immediately transferred to cold storage at 

4oC. Prior to use, the samples were brought to room temperature. 

4.3 Reactor Design and Operation 

All of the experiments were conducted in a two-liter Virtis 

Omni-Culture Bench Top Laboratory Fermentor (The Virtis Company, Inc., 

Gardiner, NY). One impeller was utilized, at a height of 69 mm from 

the bottom of the vessel. The impeller speed could be varied in order 

to produce the desired velocity gradient, G (Appendix C). 

The experiments were performed in a semi-batch mode (continuous 

gas (°2/°3) admission, static liquid volume). Ozone and its carrier 

gas, oxygen, were admitted to the reactor through a stainless steel 

sparger located directly beneath the rotating impeller (Figure 4.2). 

Ozone was generated from pure oxygen using an OREC Model 0351-0 

Ozonator (Ozone Research and Equipment Corporation, Phoenix, AZ) 

yielding approximately 2% 03 by weight in oxygen. An internal 

rotameter and an internal pressure gauge indicated the flow rate and 

pressure of oxygen into the 03 generator. An oxygen flow rate of 3.8 

L/min and pressure of 5 psig were used throughout this research. 

A sample flow valve was used to regulate the gas flow into the 03 
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generator and the 03 reactor. An external rotameter (size No. 13, 

Gilmont Instruments, Inc., Great Neck, NY) was connected between the 

03 generator and the ozonation reactor to control the 03/carrier gas 

flow rate into the reactor at 0.3 L/min. The remainder of the flow 

from the ozone generator was vented to the atmosphere. Tygon or 

stainless steel tubing was used for connections between the pure 

oxygen cylinder and the ozonator, and the ozonator and Virtis reactor. 

For a given experiment, the 03 was applied at a constant rate 

Cmg/L-min) until the desired transferred 03 dose was achieved (e.g., 

1.5 mg/1). In order to optimize the rate of ozone mass transfer, the 

impeller was operated at 500 rpm. This was based on previous studies 

performed on CRW that indicated the optimum mixing rate for ozone mass 

transfer occurred at 500 rpm (G = 1170 sec-1). Increasing the impeller 

speed above 500 rpm resulted in little, if any, improvement in mass 

transfer (Sierka, 1987). 

The applied 03 rate (mg/l-min) was measured by ozonating 2 L of 

a 2% potassium iodide (KI) solution in the Virtis reactor for 2 

minutes. The ozonated KI solution was titrated with standardized 

sodium thiosulfate solution using starch indicator for the final end 

point (Standard Methods, 1985). 

Gases exiting the Virtis reactor were passed in series through 

two 500 ml gas washing bottles with porous glass frit diffusers. Each 

washing bottle contained 400 ml of 2% KI solution. The non-utilized 

03 that passed through the system was collected in these bottles. 

After applying a given concentration of 03 to 2 L of CRW, the 
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concentration of non-utilized 03 was determine~ by the same iodometric 

titration as described previously. The amount of 03 transferred into 

the reactor was then determined by subtracting the non-utilized 03 

dose from the applied 03 dose. 

Following preozonation, treatment chemicals were added to the 

Virtis reactor. Rapid mixing was simulated by mixing at an impeller 

speed of 940 rpm for 1 minute each for FeCl3 and CF-T2. This rate of 

mixing corresponds to a mean velocity gradient , G, of 3015 sec-1 

which coincides to the G value that has been proposed for the Big Bend 

Water District Treatment Plant (WTP). Following chemical coagulation, 

the water was flocculated by reducing impeller speed to 50 rpm (G = 37 

sec-1 ) for 20-minutes. (Calculations of the velocity gradients, G, are 

listed in Appendix C). Finally, filtration was simulated by passing 

the treated water through a Whatman No. 40 (Whatman Ltd, England) 

filter paper that had been pretreated by passing through a 100 ml 

aliquot of Milli-Q water. Water quality results in full-scale direct 

fil tration plants have been replicated in bench-scale tests using 

Whatman No. 40 filter paper (Hudson and Wagner, 1981). 

4.4 Experi.ental Procedures 

The FeCl3 stock solution was prepared daily from analytical 

grade solid FeCl3. A stock solution concentration of 100 _gIl FeCl3 

was used for runs 1 through 27. In runs 28 through 41, a higher 

concentration of FeCl3 (10 mg/l) was applied to the CRW. In order to 

minimize the volume of FeCl3 solution required to attain this dosage, 
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a stock solution concentration of 1000 mg/l FeCl3 was employed for 

these runs. 

The CF-T2 (Calgon Corporation) stock solution was prepared daily 

at a concentration of 100 mg/l. CF-T2 is a low molecular weight 

cationic polymer (MW = 48,000 g/mol). 

The following procedure was used for the experimental runs 

throughout this research. 

1. The 1-gallon Nalgene container was manually shaken to re

suspend any settled particles. A water sample was taken, and 

the raw water turbidity was determined immediately. The 

remainder of the sample was stored in an acid-washed glass vial 

sealed with a Teflon-lined screw cap, for later analysis. 

2. Two liters of CRW were added to the Virtis reactor. 

3. The water was ozonated until a target transferred 03 dose 

was achieved. The impeller speed was fixed at 500 rpm (G = 
1170 sec-1) during the ozonation step. The ozonation rates 

for runs 1 through 16 are given in Table 4.2. 

4. The selected FeCl3 dose was added to the Virtis 

reactor and the impeller speed was increased to 940 rpm (G 

= 3015 sec-1). The solution was rapid mixed for 1 minute. (Gt = 

180,900) • 
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Table 4.2 Ozone Application Rates and Percent Transferred 

Ozone Ozone Ozone Percent 
RUN # Rate Appl. Trans. Transferred 

(mg/l-min) (mg/l) (mg/l) 

1 1.07 1. 70 1.52 89.4 
2 1.07 1. 70 1.58 92.9 
3 1.07 1. 70 1. 54 90.6 
4 1.19 1. 70 1. 52 89.4 
5 1.19 1. 70 1.48 87.1 
6 1.19 1. 70 1.58 92.9 

7 1. 22 3.50 3.03 86.6 
8 1. 22 3.50 3.05 87.1 
9 1. 22 3.50 3.08 88.0 

10 0 0 0 
11 0 0 0 
12 0 0 0 

13 1. 38 1. 70 1.56 91.8 
14 1. 38 1. 70 1. 57 92.4 
15 1.10 1. 70 1. 51 88.8 
16 1.10 1. 70 1.49 87.6 
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5. The selected CF-T2 dose was added to reactor and the 

solution was rapid mixed at 940 rpm for 1 minute. 

6. The impeller speed was reduced to 50 rpm (G = 37 sec-1), 

and the chemically treated water flocculated for 20 minutes. (Gt 

= 44,400). 

7. Following the flocculation period, the 

filtered through pretreated Whatman #40 

water was directly 

filter paper. The 

effluent turbidity was immediately measured. The remainder of 

the f i I tered sample was stored in an acid-washed glass vial 

sealed with a Teflon-lined screw cap,for later analysis. 

For runs that did not require 03 addition, step 3 was 

eliminated. Likewise, in runs that did not employ FeC13 or CF-T2, step 

4 or 5, respectively, was eliminated. For runs 38 through 41, a water 

sample was also taken prior to direct filtration and allowed to settle 

for 24 hours. The turbidity was then determined, and the sample 

preserved for later analysis. For runs 17 through 41, kaolinite was 

added to the CRW prior to the preozonation step. The kaolinite stock 

suspension was prepared by adding 100 ms of kaolini te clay to one 

li ter of Milli-Q water and mixing with a magnetic stirrer bar for 1 

hour. The suspension was kept well mixed until used. The turbidity 

adjustment for these experiments was accomplished by adding a pre

determined amount of kaolinite stock suspension into the raw water and 
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mixing for 10 minutes. For the initial turbidity level of 2.5 NTU, the 

concentration of kaolinite in the prepared samples was 5 mg/l. 

4.5 Analytical Methods 

All the untreated and treated samples were analyzed for 

nephelometric turbidity, UV abs, TOC, and pH. 

4.5.1 Turbidity 

The turbidity was measured using 

Turbidimeter. The instrument was calibrated 

a Hach Model 2100A 

with AEPA-1 Turbidity 

Standards ( 1 NTU and 5 NTU) which can be obtained from Advanced 

Polymer Systems, Inc. 

4.5.2 UV Absorbance 

A Shimadzu UV-160A UV/VIS spectrophotometer was used to measure 

UV absorbance at 254 nm. All of the samples were measured in matched 1 

cm path length quartz cuvettes against a Milli-Q water blank. 

4.5.3 Total Organic Carbon 

A Dohrman DC-SO TOC analyzer with a Horiba PIR-2000 infrared 

detector was used to measure TOC as nonvolatile total organic carbon 

(NVTOC). The principle that the instrument operates on is the 

ultraviolet-promoted potassium persulfate oxidation of carbonaceous 

matter. 
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The analyzer was calibrated prior to use by a one-point 

calibration, using a 10 mg/l carbon standard, prepared in the 

laboratory, of potassium acid phthalate (KHP) diluted from stock 

solution of 2000 ppm as carbon to a standard of 10 ppm. 

Prior to injecting the sample into the instrument, the sample 

(approx. 20 ml) was acidified with three drops (approx. 0.6 ml) of 

phosphoric acid (H3P04) in order to reduce the pH of the sample below 

pH 2. The acidified sample was then purged with nitrogen gas for 5 

minutes to drive off inorganic carbon from the sample. 

Measurements were made by injecting a 1 ml of sample, using a 

1000 ul syringe, into the carbon analyzer. Three injections were made 

for each sample, and the average value was reported. 

4.5.4 .ruf 

The pH measurements were made using an Orion Research 

Microprocessor pH/Millivolt Meter 811 equipped with a standard 

reference electrode and a Ag/AgCl electrode. The meter was calibrated 

prior to use against a three point scale using standard buffered 

solutions at pH 4, 7, and 10. 



62 
CHAPTER 5 

STATISTICAL METHODS 

The following statistical methods were used to analyze the data 

obtained from experimental runs 1 through 16: 

1. Analysis of Variance (ANOVA) 

2. Duncan's Multiple Range Test (DMRT) 

The ANOVA test indicated which treatment methods were significant, 

whereas the DMRT determined which chemical combinations were 

significantly better in treating the water. These methods are 

described in the subsequent discussion. 

5.1 ANOVA 

In order to use the Duncan Multiple Range Test, an estimate for 

the mean standard error (MSE) was required. An analysis of variance 

(ANOVA) test was performed to determine this value. 

The analysis of variance technique employs tests based on 

variance ratios and allows the determination of whether or not 

significant differences exist between the means of several groups of 

observations (Bethea, 1975). This statistical technique permits the 

evaluation of the effects of each of the treatment variables on the 

aeasured parameters (e.g. turbidity, TOC, etc.). 
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The ANOVA table for the three way classification used in this 

study is shown in Table 5.1. 

TABLE 5.1 ANOVA Table for Three-Way Classification 

Source of Sum of Degrees 
Variation Squares of Freedom Mean Square Fcalc 

A. Ozone SSA 3 - 1 = 2 MSA = SSA/2 MSA/MSE 

B. FeCl3 SSB 3 - 1 = 2 MSB = SSB/2 MSB/MSE 

C. CF-T2 SSC 3 - 1 = 2 MSC = SSC/2 MSC/MSE 

Error SSE 9 MSE = SSE/9 

Total SST 16 - 1 = 15 

The ANOVA Tables containing the experimental sum of square and 

Fcalc values are given in Appendix B. The calculated F values 

were compared against standard tabular values for a given confidence 

leve I (95%, two-tailed test), the error degrees of freedom and the 

treatment degrees of freedom. The treatment is considered significant 

if the calculated F value is greater than the tabular F value (Bethea, 

1975). The treatment is insignificant if Fcalc is less than Ftab' 

5.2 Duncan's Multiple Range Test 

The effects of the different treatment coordinates (ozone, 

ferric chloride, and Cat-Floc T-2 doses) on the characterization 

parameters (turbidity, UV absorbance, and TOC) were evaluated using 
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the Duncan Multiple Range Test [DMRT] (Duncan, 1955). This test is 

used to compare pairs of means to determine whether the difference is 

significant. 

5.2.1 General Assumptions and Decisions 

I n a general problem a sample of observed means, 111' m2' ••• ,mn ' 

are given, and assumed to have been drawn independently from n normal 

populations with "true" means, ul,u2""'un, respectively, and a 

common standard error om. This standard error is unknown, but an 

estimate Syi can be determined. This estimate is independent of the 

observed means and is based on a number of degrees of freedom, denoted 

by f. (More precisely, Syi has the property that f(Syi)2/ om2 is 

distributed as X2 with f degrees of freedom, independently of 

In the simplest case where n = 2, with two means, Illl and m2' 

there are three possible decisions. These are: 

(1) m1 is significantly less than m2 j 

(2) m1 and 112 are not significantly differentj 

(3 ) m2 is significantly less than 111' 

The number of decisions increases rapidly as n increases. 

5.2.2 Application of DMRT 

The treatllent values were arranged in descending order and the 

standard error (Syi) of each treatment mean was determined by: 
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Syi = (MSE/n' )0.5 

MSE = mean standard error (determined from ANOVA) 

f = error degrees of freedom = 9 (from ANOVA) 

n' = average number of replicates per treatment 

= 16 runs/7 treatments 

= 2.29 replicates/treatment 

In order to reject the null hypothesis that the sample means are 

equal i. e. Ho: ui = Uj when the two averages IIi and mj span over a 

number, p, of ranked averages, DMRT requires that: 

mi - mj > Rp 

Rp = Least significant range value 

Rp = (SYi)(r~ ,P, f) 

r' = « ,p,f Duncan tabular range value 

0( = Significance level (0.05) 

f = error degrees of freedom (9) 

The observed differences between treatment averages (m·- m·) 
1 J 

were tested by cOllparing the largest versus the smallest value with 

the least significant range value Rp' The difference between the 

largest and the second smallest value was then tested and co.pared to 

Rp- 1' This process was continued until all the values were 

compared to the largest value. These cOllparisons were sequentially 
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possible differences, n(p - 1)/2 pairs, 

were analyzed (Tables A.4 & A.5). When the differences were greater 

than the least significant range value (Rp )' then the two treatments 

were considered significantly different at the 95% confidence level 

(Montgomery, D.C., 1984). 

The results of the Duncan Mul tiple Range Test are given in 

Appendix A (Tables A.l - A.3). The significance of the treatment means 

was determined using Tables A.6 - A.B. 
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CHAPTER 6 

RESULTS AND DISCUSSION 

The experimental plan was designed to study the effects of ozone 

(03), ferric chloride (FeCI3)' and Cat-Floc T-2 (CF-T2) on three 

characterization parameters: turbidity, UV absorbance at 254 nm (UV 

abs), and total organic carbon (TOC). In the first three sections of 

this chapter, the effects of the treatment chemicals on these measured 

parameters are discussed. The primary purpose of the experimental plan 

was to determine the optimum combination of doses of the three 

treatment chemicals that will be required to produce an effluent 

turbidi ty following direct filtration of 0.1 NTU and maximize UV 254 

nm abs and TOC removal. 

The water sample employed for this part of the study was 

collected in early April, 1990, from the Colorado River at Laughlin, 

Nevada. The average water quality for these samples as measured by pH, 

TOC, NTU and UV abs is listed in Table 6.1. 

TABLE 6.1 Average CRW Quality (April, 1990) 

pH 

TOC (llg/l) 

Turbidity (NTU) 

UV Abs. (254 nm) 

8.32 

5.329 

0.66 

0.048 
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6.1 Effect of 03' FeC13' and Cat-floc T-2 Doses on Turbidity 

The results of the treatment experiments in terms of turbidi ty 

removal are summarized in Table 6.2. The experimental data were 

analyzed statistically by the methods described in Chapter 5. 

The results of the analysis of variance test (ANOVA) (Appendix 

B, Table B.l) indicated that transferred 03 dosage had by far the most 

statistically significant impact on the filtered effluent turbidity. 

The level of significance of the 03 concentration was greater than the 

99% confidence level. Ferric chloride and CF-T2 concentrations were 

not found to be statistically important at any of the levels tested, 

although FeCl3 clearly had a larger impact than CF-T2 based on the 

calculated F-values for these two chemicals (1.99 and 0.15 

respecti vely) • 

While the ANOVA test indicated which treatment methods were 

significant, the Duncan Multiple Range Test (DMRT) yielded information 

concerning which treatment chemical combinations were significantly 

better in treating the water. 

The results presented in Table 6.2 indicate that the water 

quality objective for turbidity of 0.1 NTU was met when the following 

combination of treatment chemicals was applied: 1. 5 IIg/I transferred 

03' 1 mgll FeCI3, and 0.5 mg/l CF-T2. The average filtered turbidity 

achieved using these doses was 0.09 NTU, essentially equivalent to an 

87% removal in turbidity. The results from the DMRT (Appendix A, Table 

A.l) indicated that optimum turbidity removal occurred when this 

treatment combination was applied. When a higher transferred 03 dose 
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Table 6.2 Iffect of Ozone, PeC13, and Cat-Ploc T-2 on Turbidity a .. oval 

Ozone Ozone 'eCll CP-T2 Initial Pinal Percent Pinal 
RUN' Appl Trans (_S/l) (_S/l) Turbidity Turbidity Turbidity pH 

(-s/l) (_S/l) (NTU) (NTU) I .. oved 

1 1.70 1.52 1 0.5 0.67 0.09 86.6 8.35 
2 1.70 1.58 1 0.5 0.67 0.07 89.6 8.35 
3 1.70 1.54 1 0.5 0.65 0.10 84.6 8.37 
4 1.70 1.52 1 0.5 0.64 0.08 87.5 8.38 
5 1.70 1.48 1 0.5 0.68 0.11 83.8 8.33 
6 1.70 1.58 1 0.5 0.68 0.08 88.2 8.34 

Ava. c 0.67 0.09 86.7 

7 3.50 3.03 1 0.5 0.67 0.13 80.6 8.27 
8 3.50 3.05 1 0.5 0.63 0.14 77.8 8.16 
9 3.50 3.08 1 0.5 0.64 0.11 82.8 8.26 

Ava. c 0.65 0.13 80.4 

10 0 0 1 0.5 0.65 0.16 75.4 8.24 
11 0 0 1 0.5 0.65 0.18 72.3 8.28 
12 0 0 1 0.5 0.67 0.19 71.6 8.22 

Ava. c 0.66 0.18 73.1 

13 1.70 1.56 1 2.0 0.63 0.12 81.0 8.27 
14 1.70 1.57 1 0.0 0.62 0.12 80.6 8.34 
15 1.70 1.51 0 0.5 0.69 0.15 78.3 8.30 
16 1.70 1.49 2 0.5 0.65 0.10 84.6 8.33 
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was employed (3 mg/l) the average filtered turbidity was 0.13 NTU. 

This corresponded to an 80.4% reduction in turbidity which was 

determined to be significantly less (at the 95% confidence level) 

turbidity removal based on the DMRT. The poorest results occurred when 

zero 03 was applied to CRW, producing an average filtered turbidity 

of 0.18 NTU (73.1% reduction). 

All of the treatment combinations tested produced filtered 

turbidi ties less than 0.2 NTU which is well below the proposed 

National Primary Drinking Water standard of 0.5 NTU. 

The beneficial effects of preozonation on the coagulation

flocculation processes are attributed to the lIicroflocculation 

property of ozone. This leads to an increase in organic oxygenated 

functional groups such as carboxylic acids, aldehydes, and ketones. 

These compounds are more polar and are capable of hydrogen bonding 

which can lead to a significant increase in their molecular weights 

(Rice, 1981). These compounds are then more readily adsorbed onto 

inorganic turbidity or flocculated trivalent metal cation species such 

as iron or aluminum. The increase in carboxyl groups on the ozonated 

compounds leads to increased complexation with the metal coagulant 

hydrolysis species (Reckhow, 1986). 

Higher 03 doses, however, can lead to a decrease in flocculating 

effects due to a restabilization of the organic particles. This 

process is due to the higher degree of hydrophilicity exhibited by the 

newly formed lower molecular weight organic compounds. Because these 

compounds are more hydrophilic, they are less likely to be adsorbed 
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onto alum or ferric floes (Collins, 1989). Thus, an optimum 03 dose 

may be defined for a specific water. Increasing the treatment 03 dose 

beyond this concentration, results in a decrease in the turbidity 

removal. This phenomenon was observed in this research when the 03 

dose was increased to 3 IIg/l. These results are in agreement wi th 

results reported by Saunier, et al. (1983) who found that turbidity 

removal from Seine River water decreased when the 03 dosage applied 

was beyond an optimum concentration. Experiments conducted by the Los 

Angeles Department of Water and Power (LADWP) on Los Angeles Aqueduct 

(LAA) water, indicated that turbidity removal was maximized when a 

dose of 1.35 mg/l of 03 was employed. These studies employed a Fee1 3 

dose of 1.0 mg/l and a cationic polymer dose of 1.2 mg/l (Georgeson, 

1987). 

Jekel (1983) found that the type and reactivity of the organic 

matter present in the raw water determined the 03 dose required for 

complete destabilization of the colloidal particles. He found the 03 

doses necessary to achieve destabilization ranged from 0.2 to 0.6 mg 

of 03 per mg of TOC. Since the CRW used in this research had a TOC of 

about 5 mg/l, 03 doses ranging from approxillately 1 mg/l to 3 mg/l 

would be required. The 03 doses studied were in this range. 

When used in combination with 1.5 mg/l 03 and 0.5 IIg/l CF-T2, a 

FeC13 dosage of 1 mg/l was statistically just as effective as 2 mg/l 

FeC13 with respect to turbidity removal (86.7% and 84.6% removal, 

respectively). When zero FeC1 3 was added however, in conjunction with 

the same 03 ( 1. 5 IIg/l) and CF-T2 ( 0.5 IIg/1) doses, the filtered 
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turbidi ty was 0.15 NTU (78.3% reduction) which was determined to be 

significantly less turbidity removal based on the DMRT. Although 

varying the CF-T2 doses was shown to be not as important as 03 or 

FeCl3 based on the ANOVA results (Table B.1), the DMRT showed that 

doses of 0 and 2 mg/1 CF-T2 resulted in notably poorer results than 

0.5 mg/l when used in combination with 1.5 mg/l 03 and 1 mg/l FeCla. 

The filtered turbidities following the addition of 0 and 2 mg/l CF-T2 

were 0.12 NTU (81% removal) and 0.12 NTU (80.6% removal), 

respectively. 

At the low FeC13 doses used in this research, the expected 

mechanism for colloidal removal was adsorption-destabilization. The 

positively charged Fe(III) hydroxocomplexes are readily adsorbed onto 

the negatively charged colloidal particles. Due to the adsorption of 

oppositely charged species, charge neutralization occurs and the 

colloids are destabilized. This permits coagulation to occur. The 

adsorption-destabilization mechanism implies the possibility of 

colloidal restabilization if the coagulant dosage is increased beyond 

an optimum dose. The optimum dose appears to increase in proportion 

to the surface area of the colloids (Johnson, 1983). 

Another mechanism for colloidal removal is sweep coagulation. 

This occurs when the water is oversaturated with ferric chloride 

coagulant. The ensuing rapid precipitation of large quantities of 

ferric hydroxide enmeshes colloidal particles in the sweep floc and 

removes them from solution (Johnson, 1983). Sweep coagulation leads to 

larger more settleable floc than adsorption-destabilization and 
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would be more applicable for a water treatment plant using 

sedimentation. Because direct filtration has been proposed for the 

Laughlin plant, adsorption-destabilization is the optimum mechanism 

and therefore, lower FeCl3 doses were tested. 

The role of the coagulant aid, CF-T2, was to aid in the 

destabilization of the particulates and to form stronger, more shear

resistant floes. Since CF-T2 is a cationic polymer, the principal 

mechanism for destabilization was charge neutralization. The optimum 

dose of polymer occurs when the particulate surface is only partially 

covered (less than 50%). Restabilization can occur if the water is 

overdosed with polymer (Montgomery, 1985). Restabilization occurred in 

this research when 2 mg/l of CF-T2 was added. In experiments performed 

by the LADWP, similar results were found. Turbidity removal decreased 

when the cationic polymer dose was increased beyond 1.5 mg/l 

(Georgeson, 1987). 

6.2 Effect of 03' FeCla. and Cat-floc T-2 Doses on UV Absorbance at 

254 IlII 

The results of the experiments measured in terms of UV abs 

removal are shown in Table 6.3. 

Based on the ANOVA results (Table B. 2), both 03 and CF-T2 were 

found to be significantly important (>99% confidence level) in 

reducing UV abs. Ozone was the most important variable based on its 

higher calculated F-value (94.7 vs. 10.6 for CF-T2). Ferric chloride 

was found to have very little impact (Fcalc = 0.95). 
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'J'able! 6.3 Bffect of Ozone, PeC13, and Cat-Ploc 'J'-2 on UV Aba He.oval 

Ozone Ozone r.C13 Cr-T2 In! tial final Percent 
HUN • Appl Trans (.a/l) (aa/l) Aba Aba l1V Aba. 

e.sll) e.S/l) (254 MI) (254 na) .eaoved 

1 1.70 1.52 1 0.5 0.046 0.031 32.6 
2 1.70 1.58 1 0.5 0.046 0.030 34.8 
3 1.70 1.54 1 0.5 0.047 0.031 34.0 
4 1.70 1.52 1 0.5 0.048 0.034 29.2 
5 1.70 1.48 1 0.5 0.048 0.035 27.1 
6 1.70 1.58 1 0.5 0.047 0.033 29.8 

AVe. " 0.047 0.032 31.3 

7 3.50 3.03 1 0.5 0.047 0.035 25.5 
8 3.50 3.05 1 0.5 0.047 0.033 29.8 
9 3.50 3.08 1 0.5 0.046 0.030 34.8 

.we ... 0.047 0.033 30.0 

10 0 0 1 0.5 0.049 0.050 -2.0 
11 0 0 1 0.5 0.050 0.050 0.0 
12 0 0 1 0.5 0.050 0.052 -4.0 

Ave. " 0.050 0.051 -2.0 

13 1. 70 1.56 1 2.0 0.049 0.043 12.2 
If 1.70 1.57 1 0.0 0.048 0.043 10.4 
15 1.70 1.51 0 0.5 0.047 0.035 25.5 
16 1.70 1.49 2 0.5 0.050 0.040 20.0 
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The results of the DMRT (Table A.2) indicate that there was no 

significant difference between using 1. 5 mgll Os and 3 DIg/lOS when 

used in combination with 1 mg/l FeCIS and 0.5 mg/l CF-T2. A reduction 

in UV abs of Sl.S% was observed when 1.5 mg/l 03 was applied, compared 

to a SO% reduction obtained when 3 mg/l 03 was used. Economically, 

however, the optimum choice would be 1.5 mg/l OS' Similar to the case 

for turbidity removal, the poorest results occurred when zero Os was 

added (0% reduction in UV abs). The DMRT showed that there was no 

notable difference between using 0 or 2 mg/l FeCIS when used in 

combination with the optimum doses of Os (1.5 mg/l) and CF-T2 (0.5 

mg/l), although both doses were significantly worse than using 1 mg/l 

FeC13· 

As predicted by the AN OVA test, varying the CF-T2 dose from the 

optimum concentration resulted in even worse results than varying the 

FeCl 3 doses. There was no significant difference (based on the DMRT) 

between using 0 or 2 mg/l CF-T2 (10.4% vs. 12.2% reduction, 

respectively), but both doses were significantly worse than using 0.5 

mg/l in combination with 1.5 mg/l 03 and 1 mg/} FeCIS' 

Saunier et al, (1983), also found that varying the 03 dose had a 

larger impact than the coagulant dose in terms of UV abs removal, in 

treating Seine River water. Again, the effect of high coagulant or 

coagulant aid concentrations led to poorer absorbance removals due to 

particle restabilization caused by complete coverage of the particles 

by these chemicals. 
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UV abs levels measured at 254 nm are primarily due to the 

dissolved organic content of the water. In natural waters, UV abs is 

predominantly caused by the presence of humic and fulvic acids (Rice, 

1981). There are two mechanisms by which 03 can reduce the UV abs in 

the water. One is due to the "primary effects" of the ozone. These 

effects are caused by the 03 attack and rupture of double bonds and 

aromatic ring structures which are responsible for the UV absorbance. 

These primary effects can than lead to "secondary" effects relating to 

coa~ulation (Reckhow, 1986). The secondary effects of 03 on 

coagulation were explained previously in this discussion. This 

research indicated that at 03 doses higher than 1.5 mg/l, UV abs 

removal did not increase. This was probably due to the presence of an 

ozone-refractory fraction of humic substances remaining in sol ut ion 

(Amy and Sierka, 1989). An ozone-refractory UV abs of about 0.030 cm-1 

was present in the CRW used in this research. 

Based on the poor TOC removals observed in this research 

(Section 6.3), it appears that the humic materials were not being 

removed, but instead, transformed into by-products (lower molecular 

weight, partial oxidation products) that still appear, although to a 

lesser extent, as UV-absorbing materials. That is, the reduction in UV 

abs was due, mainly, to the "primary" effects of ozone. 

6.3 ~ffect of °31 reCI3' and Cat-floc T-2 Doses on TOe 

TOC removals from CRW as a function of treatment conditions are 

given in Table 6.4. None of the treatment combinations tested resulted 
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fable 6.4 IIffect of Ozone. PeCI3. and Cat-rIDe f-2 on fOC ae.oval 

Ozone Ozone reCl3 CP-f2 Initial Pinal Percent 
RUN • App1 frans (.S/l) (.S/l) fOC fOC fOC 

(as/1 ) C.S/1) (.s/1) (.s/1) Reaoved 

1 1.70 1.52 1 0.5 5.322 4.720 11.3 
2 1.70 1.58 1 0.5 5.322 4.665 12.3 
3 1.70 1.54 1 0.5 5.322 4.501 15.4 
4 1.70 1.52 1 0.5 5.322 4.821 9.4 
5 1.70 1.48 1 0.5 5.322 4.711 11.5 
6 1.70 1.58 1 0.5 5.322 4.578 14.0 

Ave ... 5.322 4.666 12.3 

7 3.50 3.03 1 0.5 5.349 4.514 15.6 
8 3.50 3.05 1 0.5 5.349 4.551 14.9 
9 3.50 3.08 1 0.5 5.349 4.595 14.1 

Ave. I: 5.349 4.553 14.9 

10 0 0 1 0.5 5.302 4.573 13.7 
11 0 0 1 0.5 5.302 4.711 11.1 
12 0 0 1 0.5 5.302 4.686 11.6 

Ave. I: 5.302 4.657 12.1 

13 1.70 1.56 1 2.0 5.345 5.349 -0.1 
14 1.70 1.5'1 1 0.0 5.345 4.573 14.4 
15 1.70 1.51 0 0.5 5.345 5.314 0.6 
16 1.70 1.49 2 0.5 5.345 4.834 9.6 
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in any significant removals of Toe. The average Toe of the raw water 

tested was 5.329 mg/l. Patania (1987) found that for CRW, 8 mg 03/mg 

Toe are theoretically required for total organic oxidation (i.e., Toe 

removal) by 03 to occur. This translates to a required 03 transferred 

dose of about 42.6 mg/l. Since the highest 03 dose tested was 3 mg/l 

03' removals by total oxidation were not expected to any great extent. 

The principle mechanism of Toe removal was through adsorption of the 

organics onto floes which were subsequently removed by filtration. 

Based on the ANOVA results (Table B.3), it can be seen that all of the 

treatment parameters had a statistically significant effect on TOe, 

wi th eF-T2 and Fee13 being more significant (>99% confidence level) 

than 03 (>98% confidence level). 

Based on the results presented in Table 6.4, however, it doesn't 

appear that 03 had any effect on Toe. In fact, the results from the 

DMRT indicate that there was no statistically significant difference 

in using 0, 1. 5, and 3 mg/l 03 when used in combination with 1 mg/l 

FeC13 and 0.5 mg/l eF-T2. These three doses of 03 resulted in 

reductions in Toe of 12.1%, 12.3%, and 14.9%, respectively. These 

resul ts are in agreement with those obtained by Richard (1982) I who 

found that preozonation had no effect on the removal of TOe from 

Moulle River water. Richard concluded that TOe removal was primarily 

dependent on alum dose and subsequent solids-liquids separation. 

Saunier et a1. (1983) determined that Toe removal from Seine River 

water depended primarily on the coagulant dosage and the solution pH 

at a fixed 03 dose. 
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Poor TOC removals have also been reported by other researchers. 

Mallevialle (1979) found that the TOC of the Seine River water, 

originally near 4 mg/l, was reduced by only 0.1 to 0.2 mg/l using 

03 treatment, both wi th and without alum coagulation. Pai Hard et 

a1. (1989) reported that TOC removal from Choisy-le-Roi raw 

water was not significantly improved in the presence of ozonation 

befcre the coagulation-sedimentation step. 

Sierka and Amy (1988) found that CRW contains a predominance of 

lower molecular weight fulvic acids. They found that both ozonation 

and activated carbon adsorption provided only slight to moderate 

reductions of DOC and UV absorbance. 

Amy and King (1981) observed that humic acids are easier to 

coagulate than fulvic acids due to lower charge density and larger 

colloidal size. Rest et a1. (1983) reported that higher molecular 

weight fractions are preferentially removed by alum coagulation. 

Poor TOC removals by coagulation processes have been reported 

for water sources, such as the CRW, that primarily contain lower 

molecular weight organics (Vik et al., 1985). 

Based on the DMRT, FeC13 doses of 0 mg/l resulted in 

significantly worse results than 1 mg/l and 2 mg/l FeC13 when used in 

combination with 1. 5 mg/l 03 and 0.5 mg/l CF-T2. A FeC13 dose of 0 

mg/l resulted in only a 0.6% reduction in TOC, which was significantly 

less than the removals achieved with 1 and 2 IIg/l FeC13 (Le. 12.3% 

and 9.6%, respectively). 
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A CF-T2 dose of 0 mg/l resulted in a 14.4% removal of TOC, which 

was proven to be just as effective (based on the DMRT) as 0.5 mg/l in 

reducing TOC, but a dose of 2 mg/l CF-T2 when used in combination with 

1. 5 mg/l 03 and 1 mg/l FeCl3 resulted in no removal of TOC. An 

experiment was conducted in order to determine whether this was caused 

by addition of organic carbon in the water due to CF-T2 passin~ 

through the filter media. 

In order to test this hypothesis, 2 mg/l of CF-T2 were added to 

250 ml of CRN and Toe values of this solution were determined both 

prior to and following direct filtration through Whatman #40 filter 

paper. A control run was also performed using Milli-Q water to 

determine the maximum amount of TOC that the CF-T2 could add to the 

water. The addition of 2 mg/l CF-T2 to CRN resulted in a TOC increase 

of only 0.26 mg/l. It was suggested, therefore, that the poor Toe 

removals found when 2 mg/l CF-T2 was applied were not due to the 

organic content of the polymer, but probably due to restabilization 

(i.e. charge reversal). Table 6.5 summarizes the findings of the above 

experiment. 



TABLE 6.5 The Contribution of TOe and Milli-Q Water 
by 2 .g/l of CF-T2 Before and After Filtration 

~~PL.t: 

CRW Raw (pH = 8.3) 

CRW + 2 mg/l CF-T2 
Unfiltered 

CRW + 2 mg/l CF-T2 
After Filtration 

Milli-Q Water Raw 
(adjusted to pH 8.0) 

Milli-Q Water + 2 mg/l CF-T2 
Unfiltered 

Milli-Q Water + 2 mg/l CF-T2 
After Filtration 

TOC (.gI.U 

4.872 

5.140 

5.131 

0.326 

0.560 

0.589 

6.4 Artificially Increased Turbidity Studie~ 
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In order to simulate higher turbidity conditions that might be 

experienced in CRW due to local storm effects or increased rates of 

discharges from Hoover and Davis Dams upstream from Laughlin, 

particulate matter was added to increase the turbidity to 

approximately 2.5 NTU. Since kaolinite clays are naturally present in 

CRW, kaolinite was employed to raise the turbidity of the water. 

To determine the optimum doses of chemicals to treat this 

artificially turbid water, experiments were conducted employing 03 
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doses of 0, 3, 4, 5, and 10 mg/l, FeC13 doses of 1.5 and 10 mg/l, and 

CF-T2 doses of 0, 0.5, and 1.5 mg/l. The water samples used for this 

study were collected during the period of February to March, 1990, 

from the CRW at Laughlin, Nevada. 

Treated CRW water quality for 03 doses ranging from 0 to 10 

mg/l, and CF-T2 doses of 0 and 0.5 mg/l at a fixed FeC13 dose of 1.5 

mg/l is summarized in Tables 6.6 and 6.7. These data are also 

illustrated in Figures 6.1 and 6.2. The water sample used in this part 

of the study was collected in early February, 1990. 

From Fi~ure 6.1, it can be seen that the addition of CF-T2 had 

a substantial impact on the optimum 03 dose. Without polymer addition, 

the lowest effluent turbidity (0.23 NTU) occurred when 10 mg/l 03 was 

appl ied, whereas when the polymer was added, the optimum 03 dose was 

5 mg/l resulting in an effluent turbidity of 0.18 NTU. The polymer 

also improved the removal of UV abs slightly, with the degree of 

removal leveling off at 03 doses higher than 5 mg/l (Figure 6.2). 

Tables 6.8 and 6.9 list the results of the study using the same 

03 doses as above, in conjunction with CF-T2 doses of 0 mg/l and 1.5 

mg/l respectively and a fixed FeCl3 dose of 10 mg/l. These results are 

plotted in Figures 6.3 and 6.4. The water sample used in this part of 

the study was collected in early March, 1990. 

The impact of CF-T2 was not nearly as significant when the FeCl3 

dose was increased from 1. 5 to 10 .. g/l. The optimum 03 dose occurred 

at 4 mg/l with and without polymer addition. With doses of 4 mg/l 03 

and 10 mgll FeCl3, the treated CRW turbidity was improved from 0.19 



'able 6.6 Effect of Various Ozone Doses and 1.5 8./1 reClS on 
Turbidity and UV Aba R .. oval fra. CRW Artificially 
Increaaed in Turbidity 

Initial Turbidity = 2.5 NTU (5 8./1 kaolinite added) 
Init. Abs (254 0.) • 0.Ot9 
1.5 8./1 rerric Chloride 
o 8./1 Cat-rloc T-2 

Run • OZONE DOSE rlNAL TURBIDITY PERCENT 
(8S/1) TURBIDITY REHOVED TURBIDITY 

(NTU) (HTU) BEHOVED 

17 0 0.58 1.92 76.8' 
18 S 0.43 2.07 82.811 
19 4 0.39 2.11 84.tII 
20 5 0.34 2.16 86.t' 
21 10 0.23 2.27 90.8' 

Table 6.7 Effect of Varioua Ozone Doses, 1.S 8S/1 reCl3 and 

PINAL 
ABS. 

(254 0.) 

0.049 
0.033 
0.026 
0.026 
0.020 

0.5 8s/l Cat-rloc T-2 on Turbidity and UV Abs B .. oval 
fra. CRW Artificially Increased in Turbidity. 

Initial Turbidity = 2.5 NTU (5 8s/l kaolinite added) 
Init. Abs (254 0.) = 0.049 
1.5 8S/l rerric Chloride 
0.5 8g/l Cat-rloc T-2 

RUN • OZONE DOSB rlNAL TURBIDITY PERCENT PINAL 
(8sll) TURBIDITY BEHOVED TURBIDITY ABS. 

(NTU) (NTU) BEHOVED (25t 0.) 

22 0 0.60 1.90 76.0' 0.044 
23 3 0.42 2.08 83.2' 0.030 
24 4 0.25 2.25 80.0' 0.025 
25 5 0.18 2.32 82.8' 0.023 
26 10 0.20 2.30 82.011 0.021 
27 10 0.22 2.28 81.211 0.018 
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UV ABS. PERCENT 
REHOVED UV ABS. 

BEHOVED 

0.000 0.0' 
0.016 32.7' 
0.023 t6.9' 
0.023 U.9' 
0.029 59.2' 

UV ABS. PERCENT 
REHOVED UV ABS. 

REHOVED 

0.005 10.211 
0.019 38.8' 
0.024 49.0' 
0.026 53.1' 
0.028 57.111 
0.031 63.3' 
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• 

OZONE DOSE emg/l) 
• 0 mg/l Cf"-T2 • 0.5 mg71 Cf"-T2 

Figure 6.1 Percent Turbidity Removals as a Function 
of Ozone Dose for Various CF-T2 
Concentrations and 1.5 .g/l FeCI3· 
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T.ble 6.8 !ffect of V.rious Ozone Doses .nd 10 _g/l PeC13 on Turbidity and 
and UV Abs R.-ov.l fro. CRW Artificially Incr •••• d in Turbidity. 

Initi.l Turbidity • 2.6 KTU (5 _g/l kaolinite added) 
Initial Abs (254 n.) • 0.052 
10 _g/l Perric Chloride 
o _g/l Cat-Ploc T-2 

Run. OZONI DOSE PINAL TURBIDITY PIRCINT 
(_g/l) TURBIDITY REHOVED TURBIDITY 

(KTU) (KTU) REHOVED 

28 0 0.44 2.16 83.1~ 

29 3 0.24 2.36 90.8~ 

30 4 0.19 2.41 92.7~ 

31 5 0.20 2.40 92.3~ 

32 10 0.25 2.35 90.n 

PINAL UV ABS. 
ABS. UHOVED 

(254 n.) 

0.047 0.005 
0.025 0.027 
0.024 0.028 
0.021 0.031 
0.017 0.035 

Table 6.9 Effect of Various Ozone Dosea, 10 ag/l PeC13 .nd 1.5 _g/l Cat-Ploc T-2 
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PERCENT 
UV ABS. 
REHOVED 

O.O~ 

51.9' 
53.8' 
59.6~ 

67.3' 

on Turbidity and UV Aba R.-oval fro. CRW Artificially Increased in Turbidity. 

Initial Turbidity. 2.6 NTU (5 _g/l kaolinite added) 
Initial Aba (254 ~) = 0.052 
10 _g/l Perric Chloride 
1.5 -gIl Cat-Ploc T-2 

RUN • OZONE DOSE PINAL TURBIDITY PERCENT PINAL UV ABS. PERCENT 
(_g/l) TURBIDITY REHOVED TURBIDITY ABS. REHOVED UV ABS. 

(NTU) (NTU) BEHOVBD (254 na) REHOVED 

33 0 0.42 2.18 83.8~ 0.038 0.014 26.9~ 

34 3 0.27 2.33 89.6~ 0.027 0.025 48.1' 
35 4 0.14 2.46 94.6~ 0.021 0.031 59.n 
36 5 0.15 2.45 94.2~ 0.023 0.029 55.8~ 

37 10 0.27 2.33 89.n 0.022 0.030 57.71 
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NTU to 0.14 NTU with the subsequent addition of 1.5 _gil CF-T2. The 

removal efficiency decreased at 03 doses higher than the optimum 

value. 

The mechanism for turbidity removal when FeCl3 doses of 10 mg/l 

were employed was particle enmeshment, or sweep coagulation. Referring 

to Figure 3.1, the design-and-operation diagram for Fe( I I I) 

coagulation (Johnson, 1983), it can be seen that the operational 

region specified by 10 mg/l FeCl3 (16.7 mg/l FeCl3'6H20) and solution 

pH 8.3 occurs in the sweep coagulation region. 

The role of the cationic polymer is to aid in the adsorption

destabilization process, since this wasn't the primary mechanism 

involved in the colloidal removal at this FeCl3 dose, the effect of 

the CF-T2 was not as pronounced as when the lower FeCl3 doses were 

used. 

Wi th respect to UV abs, the addition of CF-T2 improved the 

removal efficiency at 03 doses of 0 and 4 mg/l, but decreased the 

reduction of UV abs when 10 mg/l 03 was applied. When the polymer was 

added the optimum 03 dose was decreased from 10 mg/l to 4 mg/l. 

In order to determine the amount of turbidity that was being 

removed by the Whatman #40 filter paper, duplicate experiments to 

those described above were carried out and the turbidity and UV abs 

were measured on a portion of the treated water that was not filtered, 

but allowed to settle for 24 hours after the flocculation step. These 

values were compared to those obtained directly after Whatman #40 

filtration following the flocculation step. These results are 
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presented in Table 6.10 and plotted in Figures 6.5 and 6.6. In both 

cases the optimum removal occurred at an 03 dose of 4 mg/l with direct 

fil tration being significantly better than sedimentation alone. 

Al though direct filtration improved the removals of turbidity and UV 

abs, the relative rates of removal at the varying 03 doses for the 

two processes appeared to parallel each other. This indicates that the 

data were not being normalized by the effects of filtration through 

Whatman #40 filter paper. 



Table 6.10 Final Turbidity and UV Abs Values Following 
Chemical Treatment and either Direct Filtration 
or Sedimentation without Filtration 

Ini tial 1'urbidity = 2.6 NTU (5 mg/l kaolinite added) 
Initial Abs (254 nm) = 0.051 
10 mg/l Ferric Chloride 
0.5 mg/l Cat-Floc T-2 

Run # Ozone Dose Filt. Settled Filt. 
(mg/l) Turb.* Turbidity** ABS.* 

(NTU) (NTU) (254 nm) 

38 0 0.29 0.60 0.042 
39 3 0.24 0.58 0.028 
40 4 0.18 0.49 0.024 
41 10 0.25 0.75 0.023 

*- Treated water was directly filtered through Whatman #40 
filtration paper. 

**- Treated water was allowed to settle for 24 hours. 
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Settled 
ABS.** 

(254 nm) 

0.054 
0.037 
0.039 
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CHAPTER 7 

CONCLUSIONS 

Based on the experimental protocol and analytical results of 

this research the following is concluded: 

(1) The water quality objective for turbidity of 0.1 NTU was 

achieved when treatment chemical doses of 1.5 mgll transferred 03' 

1 mgll FeCl3 , and 0.5 mgll CF-T2 were applied. Maximum removal of 

turbidity (86.7%) occurred when this treatment combination was 

employed. The ANOVA test indicated that varying the 03 dose had the 

most statistically significant impact (>99% confidence level) on 

turbidity removal. The higher transferred 03 dose of 3 mgll resulted 

in less turbidity removal (80.4%). The poorest results occurred when 

03 was deleted from the treatment (73.1% removal). 

The addition of FeCl 3 also had an impact on the reduction in 

turbidity. The addition of 2 mgll FeCl3 was equally effective in 

turbidity removal (84.6%) as 1 mgll FeCl3 when used in combination 

with 1. 5 mg/l 03 and 0.5 mg/l CF-T2. When these 03 and CF-T2 doses 

were applied without the addition of FeCl3 however, significantly 

poorer turbidity removal occurred (78.3~). 

Varying the CF-T2 dose was shown to be not as statistically 

significant as 03 or FeCl 3 based on the ANOVA results. The DMRT 

indicated that doses of 0 and 2 mg/l CF-T2 resulted in poorer 

turbidity reductions (81%) than 0.5 mg/l when used in combination with 

1.5 mg/l 03 and 1 mgll FeCl3' 
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(2) Based on the ANOVA resul ts, 03 and CF-T2 were found to be 

statistically significant (>99% confidence level) in reducing UV abs. 

Ozone transferred doses of 1.5 and 3 mg/l resulted in essentially the 

same reduction in UV abs (31.3% and 30.3% respectively) when used in 

combination with 1 mg/l FeCl3 and 0.5 mg/l CF-T2. Again, the poorest 

results occurred when 03 was omi tted from the treatment, with zero 

reduction in UV abs being observed. With 03 and FeCl3 doses fixed at 

1.5 mg/l and 1 mg/l, respectively, CF-T2 doses of 0 and 2 mg/l 

produced poorer UV abs removals (10.4% and 12.2%, respectively) than 

when 0.5 mg/l was used. 

(3) None of the treatment combinations tested produced any 

notable decrease in Toe. Based on the results from the DMRT. 

preozonation was found to have no significant impact on Toe removal. 

This was expected based on the low 03 doses that were employed. The 

poorest TOC removal occurred when 2 mg/l CF-T2 was used in combination 

with 1.5 mg/l 03 and 1 mg/l FeCI3' This treatment combination resulted 

in zero reduction in TOC. 

(4) The water quality objective for turbidity of 0.1 NTU was 

not met by any of the treatment combinations tested when the CRW was 

artif icia11y increased in turbidi ty to 2.5 NTU by the addi tion of 

kaolinite clay, All of the treatments employing 03' however, produced 

filtered turbidities below the proposed National Primary Drinking 

Water standard of 0.5 NTU. An 03 dose of 5 .g/l was found 
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to be the optimum, when used in combination with 1.5 IIg/l FeCl3 and 

0.5 mg/l CF-T2. This resulted in an effluent turbidity of 0.18 NTU 

(92.8% reduction). Ferric chloride doses of 10 IIg/l did not result in 

significantly improved turbidity removals, although the optimum 03 

dose was reduced from 5 mg/l to 4 mg/l. The lowest effluent turbidity 

achieved was 0.14 NTU (94.6% reduction). This occurred when 4 mg/l 

03' 10 mg/l FeCl3 and 1.5 mg/l CF-T2 were applied. 

The addition of CF-T2 had a notable impact on turbidity and UV 

abs removal when 1.5 mgtl FeCl 3 was applied. At the higher FeCl3 dose 

(10 mg/1) however, the addition of the polymer wasn't as important. 

These responses are ascribed to the difference in the colloid removal 

mechanisms involved, namely adsorption-destabilization and sweep 

coagulation respectively. 
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APPENDIX A 

DUNCAN~S MULTIPLE RANGE TEST (DMRT) 
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Table A.l 

Duncan's Multiple Range Test. 
Effect of Treatment Doses on Turbidity 

Turbidity Difference at 95% 
Ozone Cat-Floc fraction Confidence level 

Run # Trans. FeCl3 T-2 ~.':lJk removed 
(mg/l) (mg/l) (mg/l) 1 - C/Co 

2 1.5 1 0.5 1 0.896 a 
6 1.5 1 0.5 2 0.882 a b 
4 1.5 1 0.5 3 0.875 a b c 
1 1.5 1 0.5 4 0.866 a b c 
3 1.5 1 0.5 5 0.846 a b c d 

16 1.5 2 0.5 6 0.846 a b c d 
5 1.5 1 0.5 7 0.838 b c d 
9 3.0 1 0.5 8 0.828 c d e 

13 1.5 1 2.0 9 0.810 d e 
7 3.0 1 0.5 10 0.806 d e 

14 1.5 1 0.0 11 0.806 d e 
15 1.5 0 0.5 12 0.783 e f 
8 3.0 1 0.5 13 0.778 e f 

10 0.0 1 0.5 14 0.754 f ~ 
11 0.0 1 0.5 15 0.723 ~ 
12 0.0 1 0.5 16 0.716 g 

Note: Ranked values having a letter in common are not 
significantly different at a 95% confidence level. 
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Table A.2 

Duncan's Multiple Range Test. 
Effect of Treatment Doses on UV Absorbance (254 nm) 

UV Abs. Difference at 95% 
Ozone Cat-Floc fraction Confidence level 

Run # Trans. FeCl3 T-2 Rank removed 
(mg/l) (mg/! ) (mg/! ) 1 - C/Co 

2 1.5 1 0.5 1 0.348 a 
9 3.0 1 0.5 2 0.348 a 
3 1.5 1 0.5 3 0.340 a b 
1 1.5 1 0.5 4 0.326 a b c 
6 1.5 1 0.5 5 0.298 a b c 
8 3.0 1 0.5 6 0.298 a b c 
4 1.5 1 0.5 7 0.292 a b c 
5 1.5 1 0.5 8 0.271 b c d 
7 3.0 1 0.5 9 0.255 c d 

15 1.5 0 0.5 10 0.255 c d 
16 1.5 2 0.5 11 0.200 d 
13 1.5 1 2.0 12 0.122 e 
14 1.5 1 0.0 13 0.104 e 
11 0.0 1 0.5 14 0.000 f 
10 0.0 1 0.5 15 -0.020 f 
12 0.0 1 0.5 16 -0.040 f 

Note: Ranked values having a letter in common are not 
significantly different at a 95% confidence level. 
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Table A.3 

Duncan's Multiple Range Test. 
Effect of Treatment Doses on TOC 

TOC Difference at 95% 
Ozone Cat-Floc fraction Confidence level 

Run # Trans. FeCl3 T-2 Rank removed 
(mg/l) (mg/l) (mgll ) 1 - CICo 

7 3.0 1 0.5 1 0.156 a 
3 1.5 1 0.5 2 0.154 a b 
8 3.0 1 0.5 3 0.149 a b c 

14 1.5 1 0.0 4 0.144 a b c 
9 3.0 1 0.5 5 0.141 a b c 
6 1.5 1 0.5 6 0.140 a b c 

10 0.0 1 0.5 7 0.137 a b c 
2 1.5 1 0.5 8 0.123 a b c d 

12 0.0 1 0.5 9 0.116 a b c d 
5 1.5 1 0.5 10 0.115 b c d 
1 1.5 1 0.5 11 0.113 c d 

11 0.0 1 0.5 12 0.111 c d 
16 1.5 2 0.5 13 0.096 d 

4 1.5 1 0.5 14 0.094 d 
15 1.5 a 0.5 15 0.006 e 
13 1.5 1 2.0 16 -0.001 e 

Note: Ranked values havin~ a letter in common are not 
si~nificantly different at a 95% confidence level. 
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Table A.4 
DMRT Ranking of Means 

TURBIDITY ABSORBANCE 
Ranking of Means Ranking of Means 

RUN # 1 - CICo Rank RUN # 1 - CICo Rank 

2 0.896 1 2 0.348 1 
6 0.882 2 9 0.348 2 
4 0.875 3 3 0.340 3 
1 0.866 4 1 0.326 4 
3 0.846 5 6 0.298 5 
16 0.846 6 8 0.298 6 
5 0.838 7 4 0.292 7 
9 0.828 8 5 0.271 8 
13 0.810 9 7 0.255 9 
7 0.806 10 15 0.255 10 
14 0.806 11 16 0.200 11 
15 0.783 12 13 0.122 12 
8 0.7i8 13 14 0.104 13 
10 0.754 14 11 0.000 14 
11 0.723 15 10 -0.020 15 
12 0.716 16 12 -0.040 16 

TOC 
Ranking of Means 

RUN # 1 - CICo Rank 

7 0.156 1 
3 0.154 2 
8 0.149 3 
14 0.144 4 
9 0.141 5 
6 0.140 6 
10 0.137 7 
2 0.123 8 
12 0.116 9 
5 0.115 10 
1 0.113 11 
11 0.111 12 
16 0.096 13 
4 0.094 14 
15 0.006 15 
13 -0.001 16 
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Table A.5 DMRT Evaluation of Differences Between Treatment Averages 

TURBIDITY ABSORBANCE 

MSE = 0.0004986 MSE = 0.0010760 
Sy = 0.0147688 Sy = 0.0216968 

p r' ( .05) Rp = (Sy)( r') p r'(.05) Rp=Syr' 

2 3.20 0.0472602 2 3.20 0.0694297 
3 3.34 0.0493279 3 3.34 0.0724672 
4 3.41 0.0503617 4 3.41 0.0739860 
5 3.47 0.0512478 5 3.47 0.0752878 
6 3.50 0.0516909 6 3.50 0.0759387 
7 3.52 0.0519862 7 3.52 0.0763726 
8 3.52 0.0519862 8 3.52 0.0763726 
9 3.52 0.0519862 9 3.52 0.0763726 
10 3.52 0.0519862 10 3.52 0.0763726 
11 3.52 0.0519862 11 3.52 0.0763726 
12 3.52 0.0519862 12 3.52 0.0763726 
13 3.52 0.0519862 13 3.52 0.0763726 
14 3.52 0.0519862 14 3.52 0.0763726 
15 3.52 0.0519862 15 3.52 0.0763726 
16 3.52 0.0519862 16 3.52 0.0763726 

Toe 

MSE = 0.0003054 
Sy = 0.0115599 

P r' ( .05 ) Rp = (Sy)( r') 

2 3.20 0.0369918 
3 3.34 0.0386102 
4 3.41 0.0394194 
5 3.47 0.0401130 
6 3.50 0.0404597 
7 3.52 0.0406909 
8 3.52 0.0406909 
9 3.52 0.0406909 
10 3.52 0.0406909 
11 3.52 0.0406909 
12 3.52 0.0406909 
13 3.52 0.0406909 
14 3.52 0.0406909 
15 3.52 0.0406909 
16 3.52 0.0406909 



Tables A.6 - A.a can be read as follows: 

(1) For a given parameter (Turbidity, UV Abs., or TOC) 

the appropriate Table. 

(2) For a given comparison between two ranked values 
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select 

select 

the appropriate row and column from the leftmost and uppermost 

most lines of ranked values. 

(3) Extend the desired experiment comparison rightward and 

downward and read the calculated parameter difference. 

(4) Compare this value to the appropriate least 

significant range value (Rp) given in the column on the far 

right. The appropriate value for Rp is dependent on 

the number of ranked values, p, that the comparison takes 

place over. For example, if the comparison is between the 

#1 ranked value and the #5 value, then the value for p is 5. 

( 5) If the calculated difference exceeds the tabular 

difference then the means of the two treatment values are 

considered significantly different at the 95% confidence level. 
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(6) In order to compare the ranked values in a tabular forll to 

illustrate which ones are significantly different, a letter or 

set of letters is assigned to each ranked value. For exalllple, 

in Table A.6, if the horizontal row is extended from the top 

ranked value in the left column to the right until it is 

interrupted by a heavy vertical line, which occurs in between 

#6 and #7, all of the values up to this point (1-6) are not 

considered significantly different at the 95% confidence level 

and are assigned the same letter designation: a. This process is 

then sequentially continued down the column in the same manner, 

with different letters being assigned to significantly different 

groups (Duncan, 1955). 
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APPENDIX B 

ANALYSIS OF VARIANCE RESULTS (ANOVA) 



TABLE B.1 

ANOVA Table for the Effects of Ozone, FeCl3 and Cat-Floc T-2 
Doses on Turbidity. 

Source of SS Degrees of MS Calculated 
Variance Freedom F-Statistic 

Ozone 0.0304008 2 0.0152004 30.5 

FeCl3 0.0019884 2 0.0009942 1. 99 

Cat-Floc 0.0001475 2 0.0000738 0.15 
T-2 

Error 0.0044868 9 0.0004985 

Total 0.0444264 15 

* Two-tailed F-test 
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Level of 
Signif .* 

>99% 

For a two-tailed F-test at the 95% confidence level, F(0.05) = 5.71 

TABLE B.2 

ANOVA Table for the Effects of Ozone, FeCl3 and Cat-Floc T-2 
Doses on UV Absorbsorbance (254 nm). 

Source of SS Degrees of MS Calculated 
Variance Freedom F-Statistic 

Ozone 0.2038840 2 0.1019420 94.7 

FeCl3 0.0020397 2 0.0010199 0.95 

Cat-Floc 0.0227059 2 0.0113530 10.6 
T-2 

Error 0.0096842 9 0.0010760 

Total 0.2769214 15 

* Two-tailed F-test 

Level of 
Signi f. * 

>99% 

>99% 

For a two-tailed F-test at the 95% confidence level, F(0.05) = 5.71 



TABLE B.3 

ANOVA Table for the Effects of Ozone, FeCl3 and Cat-Floc T-2 
Doses on Total Organic Carbon (TOC). 

Source of SS Degrees of MS Calculated 
Variance Freedom F-Statistic 

Ozone 0.006144 2 0.0030720 10.1 

FeCl3 0.012590 2 0.0062950 20.6 

Cat-Floc 0.014285 2 0.0071424 23.4 
T-2 

Error 0.002748 9 0.0003054 

Total 0.033076 15 

* Two-tailed F-test 
For a two-tailed F-test at the 95% confidence level, F(0.05) = 

110 

Level of 
Signif.* 

>98% 

>99% 

>99% 

5.71 
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fable 8.4 ANOVA fable for Deterllnatlon of 'urbldlty fSS 

Ozone Ozone Fec13 cat-Floc Initial Final 1- CICo fSS 
RUM I lppl 'rans (19/1) '-2 TUrbidity turbidity 

(lq/1) (lq/1) (lql1) (M'l'U) (M!U) 

(1- x)"2 
1 1. 70 1.52 1 0.5 0.67 0.09 0.866 0.0025188 
2 1. 70 1.58 1 0.5 0.67 0.07 0.896 0.0064300 
3 1. 70 1.54 1 0.5 0.65 0.10 0.846 0.0009113 
4 1. 70 1.52 1 0.5 0.64 0.08 0.875 0.0035032 
5 1. 70 1.48 1 0.5 0.68 0.11 0.838 0.0004923 
6 1.70 1.58 1 0.5 0.68 0.08 0.882 0.0043808 

7 3.50 3.03 1 0.5 0.67 0.13 0.806 0.0000963 
8 3.50 3.05 1 0.5 0.63 0.14 0.778 0.0014298 
9 3.50 3.08 1 O.S 0.64 0.11 0.828 0.0001485 

10 0 0 1 0.5 0.65 0.16 0.754 0.0038208 
11 0 0 1 0.5 0.65 0.18 0.723 0.0086142 
12 0 0 1 0.5 0.67 0.19 0.716 0.0099625 

13 1. 70 1.56 1 2.0 0.63 0.12 0.810 0.0000338 
14 1.70 1.57 1 0.0 0.62 0.12 0.806 0.0000963 
15 1. 70 1.51 0 0.5 0.69 0.15 0.783 0.0010767 
16 1. 70 1.49 2 0.5 0.65 0.10 0.846 0.0009113 

- lean 
x = 0.816 

'l'SS 
0.0444264 



112 
table 8.5 ANOVl table for Deterlination of turbidity ISS 

Ozone Ozone FeC13 cat-Floc Initial Final 1- C/Co ISS 
RUN I appl tlans (19/1) t-2 turbidity turbldlty 

(lg/1) (Ig/l) (Ig/l) (M'W) (1f'W) 

(x - x)A2 
1 1.70 1.52 1 0.5 0.67 0.09 0.866 0.0000014 
2 1.70 1.58 1 0.5 0.67 0.07 0.896 0.0008314 
3 1. 70 1.54 1 0.5 0.65 0.10 0.846 0.000U80 
4 1. 70 1.52 1 0.5 0.64 0.08 0.875 0.0000614 
5 1. 70 1.48 1 0.5 0.68 0.11 0.838 0.0008507 
6 1. 70 1.58 1 0.5 0.68 0.08 0.882 0.0002200 

ean -x = 0.867 

(y _ y)A2 
7 3.50 3.03 1 0.5 0.67 0.13 0.806 0.0000040 
8 3.50 3.05 1 0.5 0.63 0.14 0.778 0.0006760 
9 3.50 3.08 1 0.5 0.64 0.11 0.828 0.0005760 

lean -y = 0.804 

(z - z)A2 
10 0 0 1 0.5 0.65 0.16 0.754 0.0005290 
11 0 0 1 0.5 0.65 0.18 0.723 0.0000640 
12 0 0 1 0.5 0.67 0.19 0.716 0.0002250 

ean -z = 0.731 

13 1. 70 1.56 1 2.0 0.63 0.12 0.810 
14 1.70 1.57 1 0.0, 0.62 0.12 0.806 
15 1. 70 1.51 0 0.5 0.69 0.15 0.783 
16 1. 70 1.49 2 0.5 0.65 0.10 0.846 

ISS 
0.0044868 
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'able 8.6 AHOVl 'able for Deterlinatlon of UV lbs 'SS 

Ozone Ozone FeC13 tat-Floc Initial Final 1- C/Co 'ss 
RUM I lppl 'rans (lg/1) '1'-2 lbs lbs 

(lg/1) (lg/1) (lg/l) (254 III) (254 0) 

(x - 1'''2 
1 1. 70 1.52 1 0.5 0.046 0.031 0.326 0.01292C8 
2 1.70 1.58 1 0.5 0.046 0.030 0.3ce 0.0184111 
3 1. 70 1.54 1 0.5 o.on 0.031 0.340 0.0163041 
4 1. 70 1.52 1 0.5 0.048 0.034 0.292 0.0063501 
5 1.70 1.48 1 0.5 0.048 0.035 0.271 0.OO34U2 
6 1. 70 1.58 1 0.5 0.047 0.033 0.298 0.0073423 

7 3.50 3.03 1 0.5 0.047 0.035 0.255 0.0018222 
8 3.50 3.05 1 0.5 0.047 0.033 0.298 0.0073423 
9 3.50 3.08 1 0.5 0.046 0.030 0.348 0.0184111 

10 0 0 1 0.5 0.049 0.050 -0.020 0.0539691 
11 0 0 1 0.5 0.050 0.050 0.000 0.0450766 
12 0 0 1 0.5 0.050 0.052 -0.040 0.0636616 

13 1. 70 1.56 1 2.0 0.049 0.043 0.122 0.0081563 
14 1. 70 1.57 1 0.0 0.048 0.043 0.104 0.0117316 
15 1. 70 1.51 0 0.5 0.047 0.035 0.255 0.0018222 
16 1. 70 1.49 2 0.5 0.050 0.040 0.200 0.0001516 

lean -x = 0.212 
'l'SS 

0.2769214 
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fable B.7 ANOVI fable for Deterlination of UV lbs ESS 

Ozone Ozone FeC13 tat-Floc Initial Final 1- cleo ISS 
RUN I lppl frans (lg/1) f-2 lbs lbs 

(lg/1) (Ig/l) (lg/1) (254 na) (254 na) 

(x - x)"2 
1 1. 70 1.52 1 0.5 0.046 0.031 0.326 0.0001823 
2 1.70 1.59 1 0.5 0.046 0.030 0.3U 0.0012603 
3 1. 70 1.54 1 0.5 0.047 0.031 0.340 0.0007563 
4 1.70 1.52 1 0.5 0.048 0.034 0.292 0.0004203 
5 1. 70 1.U 1 0.5 0.048 0.035 0.271 0.0017223 
6 1. 70 1.58 1 0.5 0.047 0.033 0.298 0.0002103 

lean -x = 0.313 

(y - y)"2 
7 3.50 3.03 1 0.5 0.047 0.035 0.255 0.0020551 
8 3.50 3.05 1 0.5 0.047 0.033 0.298 0.0000054 
9 3.50 3.08 1 O.S 0.046 0.030 0.348 0.0022721 

lean -y = 0.300 

(z - z)"2 
10 0 0 1 0.5 0.049 0.050 -0.020 0.0000000 
11 0 0 1 0.5 0.050 0.050 0.000 0.0004000 
12 0 0 1 0.5 0.050 0.052 -0.040 0.0004000 

lean -z = -0.020 

13 1. 70 1.56 1 2.0 0.049 0.043 0.122 
14 1. 70 1.57 1 0.0 0.048 0.043 0.104 
15 1. 70 1.51 0 0.5 0.047 0.035 0.255 
16 1. 70 1.49 2 0.5 0.050 0.040 0.200 

ESS 
0.0096842 
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table 8.8 INOVl table for Deterlination of roc tSS 

Ozone Ozone PeCl3 Cit-Floc Initial Pinal 1- CICo tSS 
RUI , lppl trans (lg/1) t-2 toe toe 

(lg/1) (Ig/l) (lg/1) (lg/1) (ag/l) 

(I - x,"2 
1 1. 70 1.52 1 0.5 5.322 •• 720 0.113 0.0000008 
2 1. 70 1.58 1 0.5 5.322 4.665 0.123 0.0001183 
3 1.70 1.54 1 0.5 5.322 4.501 0.154 0.0017535 
4 1. 70 1.52 1 0.5 5.322 4.821 0.094 0.0003285 
5 1. 70 1.48 1 0.5 5.322 4.711 0.115 0.0000083 
6 1. 70 1.58 1 0.5 5.322 4.578 0.140 0.0007770 

7 3.50 3.03 1 0.5 5.349 4.514 0.156 0.0019250 
8 3.50 3.05 1 0.5 5.349 4.551 0.149 0.0013598 
9 3.50 3.08 1 0.5 5.349 4.595 0.141 0.0008338 

10 0 0 1 0.5 5.302 4.573 0.137 0.0006188 
11 0 0 1 0.5 5.302 4.711 0.111 0.0000013 
12 0 0 1 0.5 5.302 4.686 0.116 0.0000150 

13 1. 70 1.56 1 2.0 5.345 5.349 -0.001 0.0127973 
14 1. 70 1.57 1 0.0 5.345 4.573 0.144 0.0010160 
15 1.70 1.51 0 0.5 5.345 5.314 0.006 0.0112625 
16 1. 70 1.49 2 0.5 5.345 4.834 0.096 0.0002600 

lean -x = 0.112 
,SS 

0.0330758 
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'able B.9 AHOVl 'able for Deterllnatlon of toe ISS 

Ozone Ozone FeC13 cat-Floc Initial Final 1- CICo ISS 
RUM I lppl 'rans (lg/1) T-2 toe !OC 

'Ig/l) (lg/1) (119/1 ) (lg/1) (lg/1) 

(i - x)"2 
1 1.70 1.52 1 0.5 5.322 4.720 0.113 0.0001034 
2 1. 70 1.58 1 0.5 5.322 4.665 0.123 0.0000000 
3 1. 70 1.54 1 0.5 5.322 4.501 0.154 0.0009507 
4 1. 70 1.52 1 0.5 5.322 4.821 0.094 0.0008507 
5 1.70 1.48 1 0.5 5.322 4.711 0.115 0.0000667 
6 1. 70 1.58 1 0.5 5.322 4.578 0.140 0.0002834 

lean -
x = 0.123 

(1 - y)"2 
7 3.50 3.03 1 0.5 5.349 4.514 0.156 0.0000538 
8 3.50 3.05 1 0.5 5.349 4.551 0.149 0.0000001 
9 3.50 3.08 1 0.5 5.349 4.595 0.141 0.0000588 

lean -y = 0.149 

(I - z)"2 
10 0 0 1 0.5 5.302 4.573 0.137 0.0002454 
11 0 0 1 0.5 5.302 4.711 0.111 0.0001068 
12 0 0 1 0.5 5.302 4.686 0.116 0.0000284 

lean -z = 0.121 

13 1. 70 1.56 1 2.0 5.345 5.349 -0.001 
14 1. 70 1.57 1 0.0 5.345 4.573 0.144 
15 1. 70 1.51 0 0.5 5.345 5.314 0.006 
16 1. 70 1.49 2 0.5 5.345 4.834 0.096 

ISS 
0.0027482 
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'able B.I0 ANOY' Table for Deterllnatlon of furbldlty 88 for Ozone 

Ozone Ozone pecn cat-Floc Inltll1 Final 1- CICo 88 
RUM I lppl trans (lg/l) '-2 turbidity turbidity OZone 

(lg/1) (lg/1) (lg/1) (NTO) (NTU) 

10 0 0 1 0.5 0.65 0.16 0.754 
11 0 0 1 0.5 0.65 0.18 0.723 
12 0 0 1 0.5 0.67 0.19 0.716 

- lean (I - a)"2 
I = 0.731 0.0071932 

(3)[(x - a)"2) 
0.0215795 

13 1. 70 1.56 1 2.0 0.63 0.12 0.810 
14 1. 70 1.57 1 0.0 0.62 0.12 0.806 
15 1.70 1.51 0 0.5 0.69 0.15 0.783 
16 1. 70 1.49 2 0.5 0.65 0.10 0.846 
1 1. 70 1.52 1 0.5 0.67 0.09 0.866 
2 1. 70 1.58 1 0.5 0.67 0.07 0.896 
3 1. 70 1.54 1 0.5 0.65 0.10 0.846 
4 1.70 1.52 1 0.5 0.64 0.08 0.875 
5 1. 70 1.48 1 0.5 0.68 0.11 0.838 
6 1. 70 1.58 1 0.5 0.68 0.08 0.882 

lean (x - b)"2 
b = 0.845 0.0008403 

(10)[(x - b)"2) 
0.0084028 

7 3.50 3.03 1 0.5 0.67 0.13 0.806 
8 3.50 3.05 1 0.5 0.63 0.14 0.778 
9 3.50 3.08 1 0.5 0.64 0.11 0.828 

- lean (x - c)"2 
c = 0.804 0.0001395 

(3)((x - c)"2J 
0.0004186 

total 88 
lean OZone -

I = 0.816 0.0304008 
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ANOiA Table for Deterllnatlon of Turbidity SS for FeCl3 

Ozone Ozone FeCll cat-Floc 
Appl Trans (lg/1) '-2 

(Ig/l) (Ig/l) (19/1) 

1.70 1.51 0 0.5 

0 0 1 0.5 
0 0 1 0.5 
0 0 1 0.5 

1. 70 1.56 1 2.0 
1. 70 1.57 1 0.0 
1. 70 1.52 1 0.5 
1. 70 1.58 1 0.5 
1.70 1.54 1 0.5 
1. 70 1.52 1 0.5 
1. 70 1.48 1 0.5 
1. 70 1.58 1 0.5 
3.50 3.03 1 0.5 
3.50 3.05 1 0.5 
3.50 3.08 1 0.5 

1. 70 1.49 2 0.5 

InlUal Final 1- C/Co ss 
Turbidity turbidity FeCll 

(BTU) 

0.69 

0.65 
0.65 
0.67 
0.63 
0.62 
0.67 
0.67 
0.65 
0.64 
0.68 
0.68 
0.67 
0.63 
(1.64 

0.65 

(BTU) 

0.15 0.783 

- lean (x - a)"2 
a = 0.783 0.0010767 

0.16 0.754 
0.18 0.723 
0.19 0.716 
0.l2 0.810 
0.12 0.806 
0.09 0.866 
0.07 0.896 
0.10 0.846 
0.08 0.875 
0.11 0.838 
0.08 0.882 
0.13 0.806 
0.14 0.778 
0.11 0.828 

lean (x - b)"2 
b = 0.816 3.5168-08 

(14)[(1 - b)"2J 
0.0000005 

0.10 0.846 
lean (x - c)"2 

c = 0.846 0.0009113 

total SS 
_ aean FeC13 
x = 0.816 0.0019884 
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ANOVA table for Deterlination of turbidity SS for cat-Floc t-2 

Ozone Ozone FeCIl Cit-Floc 
lppl trans (lg/1) t-2 

(lg/1) (lg/1) (ag/l) 

1. 70 1.57 1 0.0 

0 0 1 0.5 
0 0 1 0.5 
0 0 1 0.5 

1. 70 1.51 0 0.5 
1. 70 1.49 2 0.5 
1. 70 1.52 1 0.5 
1.70 1.58 1 0.5 
1. 70 1.54 1 O.S 
1. 70 1.52 1 0.5 
1. 70 1.48 1 0.5 
1. 70 1.58 1 O.S 
3.50 3.03 1 0.5 
3.50 3.05 1 0.5 
3.50 3.08 1 0.5 

1. 70 1.56 1 2.0 

Initial FInal 1- CICo ss 
turbIdIty turbIdIty cat-Floc 

(N'I'U) 

0.62 

0.65 
0.65 
0.67 
0.69 
0.65 
0.67 
0.67 
0.65 
0.64 
0.68 
0.68 
0.67 
0.63 
0.64 

0.63 

(N'I'U) t-2 

0.12 0.806 
lean - (x - a)"2 

a = 0.806 0.0000963 

0.16 
0.18 
0.19 
0.15 
0.10 
0.09 
0.07 
0.10 
0.08 
0.11 
0.08 
0.13 
0.14 
0.11 

0.12 

0.754 
0.723 
0.716 
0.783 
0.846 
0.866 
0.896 
0.846 
0.875 
0.838 
0.882 
0.806 
0.778 
0.828 
lean (x - b)"2 

b = 0.817 0.0000012 

(14)[(x - b,"21 
0.0000174 

0.810 
_ lean (x - c)"2 
c = 0.810 0.0000338 

total SS 
_ lean cat-Floc 
I = 0.816 0.0001475 
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'able 8.13 lNOVA 'able for Deterllnatlon of UV lbs SS for Ozone 

Ozone Ozone Peel3 cat-Ploc InlUal Pinal 1- C/CO ss 
RUN I lppl 'rans (lg/1) '-2 lbs ~.bs Ozone 

(lg/1) (lg/1) (lg/1) (254 01) (254 Ill) 

10 0 0 1 O.S 0.049 0.050 -0.020 
11 0 0 1 0.5 0.050 0.050 0.000 
12 0 0 1 0.5 0.050 0.052 -0.040 - -- lean (x - a,"2 

a II -0.020 0.0539691 

(3)(x - a,"2J 
0.1619073 

13 1. 70 1.56 1 2.0 0.049 0.043 0.122 
14 1. 70 1.57 1 0.0 0.048 0.043 0.104 
15 1. 70 1.51 0 0.5 0.047 0.035 0.255 
16 1. 70 1.49 2 0.5 0.050 0.040 0.200 
1 1. 70 1.52 I 0.5 0.046 0.031 0.326 
2 1. 70 1.58 1 0.5 0.046 0.030 0.348 
l 1. 70 1.54 1 0.5 0.047 0.031 0.340 
4 1. 70 1.52 1 0.5 0.048 0.034 0.292 
5 1. 70 1.48 1 0.5 0.048 0.035 0.271 
6 1. 70 1.58 1 0.5 0.047 0.033 0.298 - -lean (x - b,"2 

b= 0.256 0.0018738 

(10)( (I - b)"21 
0.0187381 

7 3.50 3.03 1 0.5 0.047 0.035 0.255 
8 3.50 3.05 1 0.5 0.047 0.033 0.298 
9 3.50 3.08 1 0.5 0.046 0.030 0.348 

- Han (x - c,"2 
c = 0.300 0.0077477 

(3)(x - c,"2J 
0.0232430 

total SS 
aean Ozone -x II 0.212 0.2038884 
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lMOVI fable for Deterllnatlon of UV lbs SS for FeCl3 

OZone OZone FeCll cat-Floc 
Appl frans (lg/l) "'-2 

(lg/1) (lg/1) (lg/1) 

1. 70 1.51 0 0.5 

0 0 1 0.5 
0 0 1 0.5 
0 0 1 0.5 

1. 70 1.56 1 2.0 
1. 70 1.57 1 0.0 
1. 70 1.52 1 0.5 
1. 70 1.58 1 0.5 
1.70 1.54 1 0.5 
1. 70 1.52 1 0.5 
1.70 1.48 1 0.5 
1. 70 1.58 1 0.5 
3.50 3.03 1 0.5 
3.50 3.05 1 O.S 
3.50 3.08 1 O.S 

1. 70 1.49 2 0.5 

Initial 
lbs 

(254 nl) 

0.0t? 

o.on 
0.050 
0.050 
0.049 
0.048 
0.046 
0.046 
0.047 
0.048 
0.048 
0.0t? 
0.047 
0.047 
0.046 

0.050 

Final 1- CICo SS 
lbs FeCl3 

(254 Ill) 

0.035 0.255 

- lean (x - a)"2 
a = 0.255 0.0018222 

0.050 -0.020 
0.050 0.000 
0.052 -0.040 
0.043 0.122 
0.043 0.104 
0.031 0.326 
0.030 0.348 
0.031 0.340 
0.034 0.292 
0.035 0.271 
0.033 0.298 
0.035 0.255 
0.033 0.298 
0.030 0.348 

lean (x -b)"2 
b = 0.210 0.0000047 

(14)[(1 .• b)"2J 
0.0000659 

0.040 0.200 
_ lean (x - c)"2 
c = 0.200 0.0001516 

total SS 
_ lean FeCl3 
x = 0.212 0.0020397 
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lHOVl fable for Deterllnatlon of UV lbs SS for cat-Floe 1'-2 

Ozone Ozone PeCl3 cat-Ploc 
Appl frans (lg/1) "-2 

(Ig/l) (lg/1) (lg/1) 

1. 70 1.S7 1 0.0 

0 0 1 0.5 
0 0 1 0.5 
0 0 1 O.S 

1. 70 1.51 0 0.5 
1. 70 1.t9 2 0.5 
1. 70 1.52 1 O.S 
1. 70 1.58 1 0.5 
1. 70 loSt 1 O.S 
1. 70 1.52 1 0.5 
1. 70 1.48 1 0.5 
1. 70 l.S8 1 0.5 
3.50 3.03 1 0.5 
3.50 3.05 1 0.5 
3.50 3.08 1 0.5 

1. 70 1.56 1 2.0 

Initial 
lbs 

USt Ill) 

0.048 

0.049 
0.050 
0.050 
o.on 
0.050 
0.046 
0.Ot6 
o.on 
0.048 
0.Ot8 
o.on 
o.on 
o.on 
0.Ot6 

0.049 

Final 1- C/Co SS 
lbs cat-Floc 

(2St na) '-2 

0.043 0.104 

- lean (x - a)"2 
a = 0.10t 0.0117316 

0.050 -0.020 
0.050 0.000 
0.052 -0.040 
0.035 0.255 
0.040 0.200 
0.031 0.326 
0.030 0.348 
0.031 0.340 
0.034 0.292 
0.035 0.271 
0.033 0.298 
0.035 0.255 
0.033 0.298 
0.030 0.3ts 

lean (x - b)"2 
b= 0.227 0.0002013 

(1"((x - b)"2J 
0.0028180 

0.043 0.122 
_ lean (x - c)"2 
c = 0.122 0.0081563 

total SS 
_ lean cat-Floc 
x = 0.212 0.0227059 
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fable 8.16 ANDVl fable for Deterllnatlon of toe SS for Ozone 

Ozone Ozone FeCll tat-Floc Initial Final 1- C/Co ss 
RUN I lppl frans (19/1) "-2 fOe toe Ozone 

(19/1) (19/1) (lg/1) (19/1) (19/1) 

10 0 0 1 0.5 5.302 4.573 0.U7 
11 0 0 1 0.5 5.302 4.711 0.111 
12 0 0 1 0.5 5.302 4.686 0.116 

- lean (x - a)"2 
a = 0.121 0.0000848 

(3)[ (x - a)"2) 
0-.0002544 

13 1. 70 1.56 1 2.0 5.345 5.349 -0.001 
14 1. 70 1.57 1 0.0 5.345 4.573 0.144 
15 1. 70 1.51 0 0.5 5.345 5.314 0.006 
16 1. 70 1.49 2 0.5 5.345 4.834 0.096 
1 1. 70 1.52 1 0.5 5.322 4.720 0.113 
2 1. 70 1.58 1 0.5 5.322 4.665 0.123 
3 1. 70 1.54 1 0.5 5.322 4.501 0.154 
4 1. 70 1.52 1 0.5 5.322 4.821 0.094 
5 1. 70 1.48 1 0.5 5.322 4.711 0.115 
6 1. 70 1.58 1 0.5 5.322 4.578 0.140 - -lean (x - b)"2 

b = 0.098 0.0001884 

(10)[(x - b)"2J 
0.0018838 

7 3.50 3.03 1 0.5 5.349 4.514 0.156 
8 3.50 3.05 1 0.5 5.349 4.551 0.149 
9 3.50 3.08 1 0.5 5.349 4.595 0.141 

- lean (x - c)"2 
c = 0.U9 0.0013353 

(3)(x - c)"2J 
0.0040059 

total SS 

- lean Ozone 
I • 0.112 0.006144 
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ANOVA fable for Deterlination of tOe SS for PeCl3 

Ozone PeCn cat-Floc Initial 
lppl (lg/1) !-2 fOe 

(lg/1) (lg/1) (lg/1) 

1.70 0 0.5 5.345 

0 1 0.5 5.302 
0 1 0.5 5.302 
0 1 0.5 5.302 

1. 70 1 2.0 5.345 
1.70 1 0.0 5.345 
1. 70 1 0.5 5.322 
1. 70 1 0.5 5.322 
1. 70 1 0.5 5.322 
1. 70 1 0.5 5.322 
1. 70 1 0.5 5.322 
1. 70 1 0.5 5.322 
3.50 1 0.5 5.349 
3.50 1 0.5 5.349 
3.50 1 0.5 5.349 

1. 70 2 0.5 5.345 

Pinal 1- C/Co ss 
'rOC PeCn 

(lg/1) 

5.314 0.006 
lean - (x - a)"2 

a = 0.006 0.0112625 

4.573 
4.711 
4.686 
5.349 
4.573 
4.720 
4.665 
4.501 
4.821 
4.711 
4.578 
4.514 
4.551 
4.595 

4.834 

0.137 
0.111 
0.116 
-0.001 
0.144 
0.113 
0.123 
0.154 
0.094 
0.115 
0.140 
0.156 
0.149 
0.141 
lean (x - b)"2 

b = 0.121 0.0000763 

(14)1 (x - b)"2J 
0.0010675 

0.096 
_ lean (x - c)"2 
c = 0.096 0.0002600 

total SS 
_ lean reCl3 
I = 0.112 0.0125900 
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table 8.18 INO'A table for Deterllnatlon of toe SS for cat-Floc t-2 

Ozone OZone FeC13 cat-Floc Initial Final 1- C/CO ss 
RUM I &ppl trans (19/1) '-2 toe toe cat-Floc 

(lg/l) (lg/1) (lg/l) (lg/1) (lg/1) t-2 

14 1.70 1.57 1 0.0 5.345 4.573 0.144 

- lean (x - a)"2 
a = 0.144 0.0010160 

10 0 0 1 0.5 5.302 4.573 0.U7 
11 0 0 1 0.5 5.302 4.711 0.111 
12 0 0 1 0.5 5.302 4.686 0.116 
15 1.70 1.51 0 0.5 5.345 5.314 0.006 
16 1. 70 1.49 2 0.5 5.345 4.834 0.096 
1 1.70 1.52 1 0.5 5.322 4.720 0.113 
2 1. 70 1.58 1 0.5 5.322 4.665 0.123 
3 1.70 1.54 1 0.5 5.322 4.501 0.154 
4 1. 70 1.52 1 0.5 5.322 4.821 0.094 
5 1.70 1.48 1 0.5 5.322 4.711 0.115 
6 1. 70 1.58 1 0.5 5.322 4.578 0.140 
7 3.50 3.03 1 0.5 5.349 4.514 0.156 
8 3.50 3.05 1 0.5 5.349 4.551 0.149 
9 3.50 3.08 1 0.5 5.349 4.595 0.141 

lean (x - b)"2 
b = 0.118 0.0000337 

- -(14)((x - b)"2J 
0.0004715 

13 1. 70 1.56 1 2.0 5.345 5.349 -0.001 _ _ 
_ lean (x - c)"2 
c = -0.001 0.0127973 

total SS 
_ lean cat-Floc 
x = 0.112 0.0142848 
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APPENDIX C 

VELOCITY GRADIENT DETERMINATION 



MEAN VELOCITY GRADIENT DETERMINATION FOR 

TWO-LITER VIRTIS REACTOR 

G = (p/uV)1/2 = 

where G = velocity gradient, sec-1 

Let v = 
where 

and 

where 

FD 

CD 

A 

jJ 

P = power utilized, ft-lb/sec 

V = volume of fluid, ft3 

u = absolute viscosity of fluid, lb-sec/ft2 

= drag force on the paddle, lb. 

= coefficient of drag, dimensionless 

= area of paddle, ft2 

= fluid density, lb sec2/ft4 

v = relative velocity of fluid with respect to 
paddle, ft/sec 

kvp 

vp = paddle velocity, ft/sec 

k = ratio of fluid velocity to paddle velocity 

vp = 2 rN/60 

r = paddle radius, ft 

N = revolutions per minute (rpm) 
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Therefore 

For the Virtis reactor and experimental conditions used herein: 

Thus: 

Temperature = 230 C 

k = 0.70 

CD = 1.8 for rectangular paddles 

A = paddle area = (0.35 in. )(0.35 in. )(6) = 0.735 in. 2 

V = sample volume = 2 liters = 0.071 ft3 

G = 0.1046 N3/ 2 

For Rapid Mixing at 940 rpm: G = 3015 sec- 1 

For Flocculation at 50 rpm: G = 37 sec- 1 
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