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ABSTRACT 

This research addressed the role of ozone and perox-

one (ozone plus hydrogen peroxide) in particle destabili

zation, microflocculation, and as a coagulation aid at 

a pilot scale water treatment facility for Colorado River 

Water and State Project Water. Different treatment sce

narios included i) alum, ii) ozone/peroxone with alum, and 

iii) ozone /peroxone with ferrous sulfate. While particle 

destabilization was observed at all dosages of ozone and 

peroxone, microflocculation was observed only at lower 

ozone dosages and the peroxone treatments. Ozone/peroxone 

plus alum treatments gave improved flocculation and ove

rall filtered water quality. Pre-oxidation with 2.5 mg/L 

of ozone reduces alum requirements by 50 percent. Ove

rall, in terms of particle destabilization and microfloccu

lation and as a coagulation aid, peroxone performed better 

than ozone. FeS04 appeared to be a more effective floccu-

lant than alum. 
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CHAPTER 1 

INTRODUCTION 

The application of ozone for treatment of drinking 

water has been practiced continuously since the beginning 

of this century. An EPA sponsored study (Rice, 1984) of 

European uses of ozone found well over 1,000 water treat

ment plants using this chemical. 50% of the plants were 

using ozone as a primary disinfectant, while the other 

half were exploiting the oxidation benefits of ozone for 

purposes other than disinfection. The application of 

ozone in an initial stage before filtration is known as 

preozonation. The major preozonation applications in 

U.S., Canadian and European water treament plants are 

(Rice, 1984): 

i) Control of algae. 

ii) Removal of taste and odor compounds. 

iii) Color removal. 

iv) Removal of iron and manganese. 

v) Control of THM formation potential. 

vi) Control of halogenated organic compounds, 

vii) Partial oxidation of dissolved organics for 
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subsequent biological oxidation of TOC. 

viii) Organic oxidation and volatilization. 

ix) Enhancement of coagulation and removal of turbidity. 

Although the use of ozone in U.S. water treatment 

plants is not as widespread as Europe, the number of water 

treatment plants applying ozone has risen sharply during 

the course of the last few years. Table 1 presents the 

list of some of the water treatment plants in the United 

States using ozone. Cities of Tucson, Mesa and Phoenix in 

the State of Arizona will be installing water treatment 

facilities using ozone in the near future. Most of the 

pre-ozonation applications are for taste and odor removal, 

but two plants remove manganese, seven remove color, four 

oxidize trihalomethane (THM) precursors, two use ozone to 

enhance micro-flocculation and one controls algae. Some 

of these plants use ozone for more than one purpose. 

Indeed, the recent emphasis is on multiple objective use 

of ozone. 

Potential health hazards associated with THM forma

tion have caused the water treatment professionals around 

the world to seek alternative treatment approaches to 

lower the levels of halogenated organic compounds in 

treated water supplies. Ozone has emerged as an alterna

tive disinfectant as well as a preoxidant for control of 
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Table 1. U.S. potable water treatment plants using ozone 

Location Purpose Startup Avg Flow 

Date Rate 

Whiting, IN T and 0 1940 4.0 

Strasburg, PA disinf 1973 0.1 

Grandin, ND Fe and Mn 1978 0.05 

Saratoga, WY T and 0 1978 3.5 

Bay City, MI T and 0 1978 40.0 

Monroe, MI T and 0 1979 18.0 

Newport, DE disinf. 1979 0.25 

Newport, RI THM precursors, 1980 5.0 

T&O,colour 

No. Tarrytown T and 0 1980 1.2 

Kennewick, WA color,T and 0 1980 3.0 

Elizabeth City,NC color 1981 5.0 

Casper, WY disinf. 1982 5.0 

Ephrrata Boro, NY T and 0 1982 0.145 

New Ulm, MN Fe and Mn 1982 2.6 

South Bay, FL color 1982 2.2 

Rockwood, TN THM precursors 1982 6.0 
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Table 1. U.S. potable water treatment plants using ozone 

Location Purpose Startup Avg Flow 

Date Rate 

( m g d ) 

Los Angeles,CA Microfloccul- 1984 580.0 

lation 

Beria, OH THM and T and O 1984 3.6 

Belle Glade, FL color,THM pre 1984 6.0 

cursors and algae 

Stillwater, OK color 1984 5.0 

New York, NY organics 1984 3.0 

Hackensack, NJ color,THM pre- 1986 100.0 

cursors,Fe&Mn 

Ormand Beach, FL color, THM 1987 4.0 

Costa Mesa, CA H2S, color 1984 5.0 

Myrtle Beach, SC color, THM 1987 30.0 
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THM precursors. 

This present research focuses on the role of ozone 

and peroxone (ozone plus hydrogen peroxide) in particle 

destabilization, microflocculation and coagulant savings. 

Particle destabilization addresses the reduction in sur

face charge on the colloidal particles because of reaction 

with ozone. Microflocculation, on the other hand 

addresses the ozone induced change in structure which 

results particle aggregation and floe formation. The 

research protocol was designed to evaluate particle desta

bilization and microflocculation seperately. 

This research also focused on analysis of the water 

at each point throughout the process train of a pilot-

scale water treatment facility of MWD at La Verne, Califo-

nia. Variables like pH, turbidity, electrophoretic mobil

ity (EPM) and total particle number (TPN) were measured 

after ozonation, flocculation, sedimentation and filtra

tion. In addition, scanning electron microscopy (SEM) was 

used for visual evaluation of the microflocculation phe

nomena and determination of shifts in particle numbers 

within the submicron particle size range. 

The specific research objectives were as follows; 

(1) Study the effect of various ozone and peroxone treat

ments on destabilization and microflocculation of par
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ticles/colloids (after ozonation) present in two river 

water sources at the pilot plant scale. 

(2) Study the impact of pre-ozonation and pre-

peroxonation on improvement in the flocculation phenomena 

and overall process efficiency by comparing various alum 

plus ozone/peroxone treatment combinations with alum alone 

(3) Study the relative impact of alternative coagulants, 

alum and FeS04 on preozonated waters. 

(4) Compare State Project Water (SPW) with Colorado River 

Water (CRW) as candidate sources for pre-ozonation and 

pre-peroxonation. 

(5) Study the effect of point of addition of chlorine 

during disinfection (chloramination) on the flocculation 

phenomena and overall process efficiency in pre-

ozonated/pre-peroxonated and flocculated waters. 
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LITERATURE REVIEW 

2.1 PARTICLES/COLLOIDS IN WATER: 

Naturally occurring particles/colloids in water con

sist of both submicron (<1 urn) and supramicron (>1 um) 

entitites. Inorganic particles include minerals such as 

clays, silica (Si02), aluminum oxide (e.g., Al203), iron 

oxides (e.g., Fe203 or FeOOH) etc. In addition, there 

are various bio-colloids and bio-particles. Most par

ticles in natural waters exhibit an amphoteric, acid/base 

character, resulting in a pH related charge and mobility. 

The pH ZpC (zero point of charge) characterizes the pH 

condition in which a specific type of particle exhibits no 

net charge or mobility. Water systems also have cations 

and anions like Ca2+, Mg2+, Na+, K"1", Mn2+, HC03", Cl~, 

S042" (Montgomery, 1985). 

2.2 NATURAL ORGANIC HATTER IN WATER: 

Natural organic matter (NOM) in water includes both 

humic and nonhumic fractions. The humic fraction consists 

of humic and fulvic acids with molecular weights ranging 

from 1,000-10,000 and 500-1,000, respectively (Schnitzer 
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and Khan, 1972). Humic/fulvic molecules posses acidic 

functional groups (e.g., carboxylic and phenolic) that 

impart a pH dependent charge density (Schnitzer and Khan, 

1972). Non-humic organic matter includes biochemicals such 

as proteins and amino acids. 

2.3 PROPERTIES OF OZONE: 

Ozone (03) is a trivalent form of oxygen. It is an 

unstable gas easily recognizable by its destructive pun

gent odor. The physical properties of ozone are given in 

Table 2. Ozone is a powerful oxidising agent with an oxi

dation potential of 2.07 volts. 

2.4 MECHANISM OF OZONE OXIDATION OF ORGANICS: 

Hoigne and Bader (1979) proposed a model for ozone 

oxidation presented in Figure 1. Reaction of ozone in 

aqueous solution may occur in one or a combinations of the 

following 

(a) direct substrate oxidation with molecular ozone 

(b) oxidation of the solute by hydroxyl radical, OH or 

other radicals formed by the autodecomposition of ozone. 

The condition in which one of the above mechanisms 

predominates is mainly dependant on the pH and the reacti

vity of the organic substrate. In the first mechanism, 
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Table 2. Physical properties of ozone 

Molecular Weight 48 

Boiling Point (centigrade) - 112 

Melting Point (centigrade) - 251 

Gas Density (pounds/ft3) -0.13 

Critical Temperature (centigrade) - 12 

Critical Pressure (atmosphere) 54.6 

Critical Volume (cm3/m°le) 111 

Solubility (pounds/gallon) 0.009 
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Stripped 

Direct 
Oxidation 
of Substrate 

Radical 
Oxidation 
of Substrate 

M = Substrate 
Mox = Oxidized substrate 
Si' = Free radical scavenger i 
D = Products which do not catalyze the decomposition 

of ozone 
R = Free radicals which catalyze ozone decomposition 

Figure 1. Model for the direct and free radical mecha
nisms of ozone oxidation 
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ozone molecules attack compounds directly. This is the 

predominant mechanism in acidic and mildly basic solutions 

(pH < 9). The reaction is relatively slow and selective. 

The reaction rate under such conditions is first order 

with respect to the concentrations of both ozone and the 

reducing substrate: 

d[S]/dt = Ks[03]/[S] 

or first order with respect to ozone if the substrate con

centration is much greater than that of ozone. This kind 

of reaction can also be called pseudo first order. The 

value of the rate constant, Ks depends on the nature of 

the substances and the pH. For example at pH range of 

2-6, it is 1.3xl03 M-1sec-1 for nondissociated phenol and 

1.4xl09 M-1sec-1 for dissociated phenol (Hoigne and Bader, 

1983) . 

The direct reaction of ozone with nonionizing organ-

ics such as aliphatic alcohols, olefines, substituted ben

zene, carbohydrate and chlorosubstituted ethylenes were 

reported (Hoigne and Bader, 1983) to be highly selective. 

The kinetics of all the reactions were first order with 

respect to both ozone and substrate concentrations. The 

rate constant was in the range of 10~2 to 105 at pH 2 to 

7, being the same order of magnitude in water and organic 

solvents. 
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Direct Reaction 

Substrate + O3 > partial oxidation + 

02 + H2O 

In the indirect reaction (pH>9), the by-products of 

ozone autodecomposition, particularly the highly reactive 

OH* radical are predominantly involved making the reaction 

very fast and nonselective. Autodecomposition of O3 is 

believed to be as a result of a chain reaction in which 

hydroxide ions act as the initiators. Figure 2 shows the 

principal species and the mechanism of the decomposition 

of ozone (Glaze et al., 1987) 

Autodecomposition 

O3 > OH* (Hydroxyl radical) 

Rapid and indiscriminate 

0H*+ Substrate > Partial oxidation prod

ucts + CO2 + H2O 

The hydroxyl radical can be lost on account of reac

tion with scavengers in the water like the carbonate and 



HO-

HOj 

HO, 

OH 

Figure 2. Principal species and the mechanism of de com
position of ozone. 
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the bicarbonate ion. In addition to reaction with the 

scavengers hydroxyl radicals can also be lost due to 

extinguishing reactions shown below: 

OH- + OH- > H202 

OH- + H02- > H20 + 02 

Thus during ozonation part of the ozone reacts 

directly with the solutes while a part of it decomposes to 

radicals before reaction with the solutes. The higher the 

pH the faster is the decomposition to the hydroxyl radi

cal. In addition it is accelerated by a chain reaction for 

which the radicals formed act as chain carriers. Because 

of this chain reaction the life time of ozone in water 

depends also on solutes yielding radical type intermedi

ates which additionally catalyze the decomposition of 

ozone, and on solutes which scavenge the OH. radicals 

(Hoigne and Bader, 1983). 

2.5 OZONE-PEROXONE SYSTEM CHEMISTRY: 

Hydrogen peroxide catalyzes the decomposition of 

ozone into radicals by the following reaction mechanism 

(Staehelin and Hoigne, 1982): 

h2°2 > H+ + ho2~ 



28 

o3 + ho2~ 

03- + H+ 

hq2 

> ®3*" •*" H02 

> H03 

> H+ + 02 

> H0*+02 

02*" + °3 > 02 + O3 

H02• is the hydroperoxyl radical 

0* is the oxide ion. 

02•~ is the superoxide ion 

O3- is the ozonide ion 

The overall reaction is as follows: 

H202 + 203 > . ?.H0- + 302 

The above reaction reflects a stoichiometery of 0.5 

moles of peroxide per 1.0 mole of ozone. Reaction of 

hydrogen peroxide enhances chemical reaction rates and 

also the transfer of ozone into water. The ozone decompo

sition is initiated by a single electron transfer process 

involving the conjugate base of hydrogen peroxide H02-. 

H02 03 > HO2 + O3 . 

Glaze et al. (1987) conducted experiments with the 

03/H202 system on different substrates, and showed a 

hyperbolic dependence on the peroxide dosage :i.e., ini
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tially with increasing peroxide ratio the pseudo first 

order rate constant increases rapidly, then levels off, 

and beyond a certain H202 concentration the rate constant 

starts decreasing. The hyperbolic nature of the curve can 

be attributed to peroxide acting both as a promoter as 

well as a scavenger. 

The O3/H2O2 system has also been investigated 

by Duguet et al (1985). They showed that addition of per

oxide enhanced the efficiency of oxidation of several 

organic substrates including THM precursors, and also 

increased the rate of ozone transfer. 

Rice et al. (1981) have stated that the ozone - per

oxide process has a high yield of hydroxyl radicals and 

is most amenable to adaptation in existing water treatment 

plant design. In comparison hydrogen peroxide with UV 

radiation is presently impractical for treating drinking 

water because the exceptionally low molar extinction coef

ficient of hydrogen peroxide causes this substance to 

accumulate to unacceptable levels. The ozone ultraviolet 

process too is difficult to use on a large scale but may 

be useful for small water treatment plants 

2.6 INTERACTIONS OP PARTICLES/ COLLOIDS with NOM: 

NOM adsorbs onto mineral surfaces, a process 
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affected by mineral surface identity, pH, and humic char

acteristics such as molecular weight. The sorbed NOM 

masks the original surface identity of the mineral, and 

generally increases particle stability due to its negative 

charge density (Davis and Gloor, 1981). Davis and Gloor 

found these stabilizing effects to increase with the 

molecular weight for AI2O3 while Jekel (1982) found a 

similar trend for Si02. This effect has been called 

"steric stabilization" whereby the organic coating masks 

the original surface identity, and overcomes Van Der Waals 

forces of attraction. The binding of the humics to the 

surface occurs by a combination of the following mecha

nisms: 

(i) Direct interaction (Schnitzer, 1969) 

(ii) Hydrogen bonding (Jekel, 1983) 

(iii) Bridging (Tipping, 1981) 

Figure 3 shows the schematic diagram of a clay-

humate complex in soil (Stevenson, 1982) and Fig.4 shows 

the metal organic-solid surface equilibria. 

The ligand sites on the fulvic/humic acid molecule are 

{Stevenson (1982), Wershaw, (1977)) : 

(i) Carboxylic/deprotonated (-A-) (pH 5-6) 

(ii) Carboxylic/protonated (-HA) 

(iii) Phenolic/protonated (-OH) (ph>10) 
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Cloy minero! 

Figure 3. Schematic diagram of the clay - humate co 
mplex in the soil 
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The origin of surface charge can be attributed to 

the following (Montgomery, 1985): 

(i) Ionizable functional groups on the surface. 

(ii) Formation of coordinate covalent bonds (i.e. com

plexes) at the surface. 

(iii) Clays can acquire surface charge by isomorphous 

substitution. 

(iv) Adsorption of NOM 

2.7 INTERACTIONS OF OZONE WITH NOM: 

Amy et al.(1987) have reported that ozone will par

tially oxidize humic and fulvic acids into lower molecular 

weight by-products that are rendered more hydrophilic by 

the introduction of acidic functional groups into the 

molecule. Thus, the effects of ozone are two-fold: (i) 

oxidative cleavage of larger molecules to smaller mole

cules and (ii) an increase in polarity (as evidenced by 

the ratio of C/0) for molecules constituting partial oxi

dation by-products). 

Gurol and Singer (1983) have reported that the 

hydroxyl radical can react with the aromatic groups in the 

humic molecule yielding hydroxylated a form which is then 

more susceptible to further attack by ozone. TOC (total 

organic carbon) is used by many researchers as a surrogate 
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for the humic material present. It has been shown that 

reduction of TOC is minimal with ozonation dosages of 2 mg 

03/mg TOC. However ozonation alters the remainder of the 

molecule so that it can be readily coagulated by alum. 

Maier (1979) reported that ozone does not bring about 

quantitative oxidation of water constituents to C02 but 

rather brings about chemical conversion of the constitu

ents. He also reported formation of organic acids with 

increased ozone concentration. Gurol (1983) and Maier 

felt that the humics are broken down to smaller, more 

polar fractions which a.re capable of hydrogen bonding 

which effectively increase the apparent molecular weight 

by providing a cross link between particles. In addition 

the simultaneous presence of polyvalent metallic cations 

such as iron and aluminum with these polar organic group

ings leads to flocculation of oxidized organics and an 

increase in turbidity. 

2.8 INTERACTIONS OF HYDROLYZING METAL COAGULANTS WITH NOM: 

Choudhry (1988) has reported that in the absence of 

ozone or any other pre-oxidant, positively-charged alumi

num hydrolysis species electrostatically interact with 

negatively-charged humic/fulvic acid molecules. Aluminium 

eventually forms complexes with ligand like functional 
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groups that are associated with the molecule, contributing 

to charge neutralization. Both soluble and insoluble com

plexes are formed and, depending on the amount of aluminum 

added, an insoluble aluminum humate or fulvate precipitate 

may eventually form. For this mechanism, overdosing and 

restabilization are possible. At higher A1 doses and 

higher pH levels, "sweep floe" phenomena predominate with 

some degree of co-precipitation as well as adsorption of 

both soluble complexes and uncomplexed NOM onto Al(0H)3(s) 

floes. The amorphous Al(0H)3(s) precipitate itself that 

is formed may also exhibit a pH-related charge density. 

2.9 INTERACTIONS OF HYDROLYZING METAL COAGULANTS WITH PAR

TICLES/COLLOIDS 

Even without the presence of NOM, most particles in 

natural waters exhibit a net negative charge. The 

reported values of pHZpC for silica (Si02), kaolinite 

clay, geothite (FeOOH), haematite (Fe203) and alumina 

(AI2O3) are 2.0, 4.6, 7.8, 8.5, and 9.1, respectively 

(Stumm and Morgan, 1981). As indicated previously, 

adsorbed NOM further contributes to the negative charge of 

most particles. A hydrolyzing coagulant such as Al(III) 

interacts with negatively-charged particles according to 

two mechanisms: (i) adsorption-destabilization (i.e., 
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charge neutralization) and (ii) "sweep floe" enmeshment in 

a A1(OH)3(s) precipitate (Amritharaja and Mills, 1982). A 

provision of mixing (i.e., fluid shear) provides contact 

opportunities for particle/floc growth. The correlation 

between lower AMW and greater carboxylic acidity in 

treated water implies that humics with higher AMW's and 

lower carboxylic acidities are preferentially removed by 

alum coagulation. 

In this content Wisner et al., have reported that 

when humic species are present at lower pH levels (e.g. 

5.5) cationic aluminum species react with negatively 

charged humic and fulvic acids to form aluminum organic 

complexes and precipitates. Although aluminum fulvate-

humate precipitates are too small to settle effectively 

they can be removed by filtration. At higher pH levels 

(e.g. 7.5) humic acid adsorption onto an aluminum hydro

xide precipitate is more important. Amritharajah and Mills 

(1982) have also reported sweep floe as a primary mecha

nism for removal of humics at higher pH values. Dempsey 

and Ganho (1984) have stated that at pH >7 the removal of 

fulvic acid occurs by adsorption of fulvic acid on a sol

uble fulvic acid - aluminum complex on a precipitate of 

aluminum hydroxide. 
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2.10 INTERACTIONS OF OZONE ALONE WITH NOM-COATED PARTICLES 

/COLLOIDS: 

According to Jekel (1983), ozone breaks up the sta

bilizing effects of natural organic matter (NOM) on sus

pended particles by oxidizing the more adsorbable higher 

molecular weight fraction of NOM. Past observations sug

gest that about 0.2 to 0.6 mg 03/mg DOC is sufficient for 

destabilization. Ozonation transforms higher molecular 

weight humics to lower molecular weight humics that are 

higher in polarity (Amy, Kuo, and Sierka, 1988). Ulti

mately, the oxidative process can promote desorption of 

the originally sorbed humic material. 

Gurol (1983) used particle counting techniques to 

study ozone-induced coagulation. An aggregation of small 

particles into larger particles was observed with the use 

of ozone alone. Particle counting was found to be a much 

more sensitive technique than the simple turbidity parame

ter. Felix-Filho et al. (1987) investigated ozone effects 

on flocculation. They found that waters of appreciable 

hardness are more likely to benefit from preozonation than 

soft waters on due to greater particle destabilization. 

They employed orthokinetic coagulation rate experiments to 

evaluate the impact of humic material, calcium, and ozone 
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on the colloidal stability of monodisperse aluminum oxide 

particles (A1203). Adsorption equilibria was allowed to 

first occur, followed by ozonation and mixing. Samples 

were then taken as a function of time and analyzed for 

particle size distribution. Humic acid was found to exhi

bit a stabilizing effect of the particles. In the absence 

of calcium, ozone had no discernable effect on particle 

stability as no change in the electrophoretic mobility was 

observed. Ozone has been reported to induce particle 

shifts from smaller particles to larger particles by 

Chedal (1984), Maier (1979) and Jekel (1983). However, 

shifts towards smaller particle sizes and no particle 

shifts have also been reported by Felix-Feliho (1985), 

Sierka et al. (1986), Pak et al. (1981) McBride et al. 

(1977). 

The most common analytical technique that is 

employed for determining the impact of ozonation on par

ticle stability is measuring the waters light scattering 

tendency i.e.turbidity. Turbidity has been shown to both 

decrease [Chedal (1989), Gerval (1983), Maier (1979), 

Prendiville (1986), Richard (1983), Sontheimer (1979), 

Kuhn et al (1978)] and to increase upon ozonation [Maier 

(1979), Sierka, (1978)]. Malesviate et al (1976) have 

reported an increase in turbidity after ozonation of Seine 



39 

water (T0C=4mg/L) with small amounts of ozone (0.1-2) 

atg/L. In this connection Collins M.R., Amy G.L. et al 

(1984) using an applied dosage of 1 mg/L have reported 

river water turbidity to increase slightly, the total par

ticle count (>2.5 um) to decrease and the UV absorbance to 

decrease. No significant difference in TOC was observed. 

Grasso and Weber (1988) state that ozone concentrations of 

<3 mg/L are most effective in destabilizing suspensions. 

Increases in ozone dosages beyond this concentration have 

shown to result in deterioration in water quality. 

Duguet J.P. et al (1985) have reported that addition of 

hydrogen peroxide to water during ozonation increases the 

rate of oxidation of organic compounds and also ozone 

transfer. Many researchers have found aromatic phenols, 

aliphatic mono and dicarboxylic acids, aldehydes and 

ketones to be present in drinking water. 

2.11 INTERACTIONS OF PREOZONATION AND COAGULATION WITH 

NOM-COATED PARTICLES: 

The use of ozone alone slightly improves coagulation 

efficiency by promoting an upward shift in the particle 

size distribution (PSD). Pre-ozonation enhances 

subsequent chemical coagulation, permitting a lower coagu

lant dose. In fact, it is this reduced coagulant amount 
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that ultimately leads to extended filter runs. In direct 

filtration, a net effect of pre-ozonation is to improve 

filter quality and to extend filter runs with low ozone 

doses of 1 to 2 mg/L. However, preozonation also leads to 

the eventual formation of more soluble metal-humate com

plexes, leading to reduced DOC removal. 

Saunier (1983) studied the effects of preozonation on the 

treatment of Seine River water. Dosage levels of ozone 

that were investigated were 0.3 - 1.2 mg/L. Preozonation 

significantly increased the removals of turbidity and par

ticle numbers. A 15 mg/L PAC plus 0.8 mg/L ozone dosage 

yielded the same turbidity removal as a 30 mg/L PAC treat

ment. The optimum ozone dosage was 0.8 mg/L. The 

increases in particle removal appeared to stem partly from 

increases in floe size during flocculation. 

Shepherd and Long (1982) examined Colorado River 

water under bench and pilot scale analyses for enhanced 

microflocculation upon ozonation. The ozone treatments 

evaluated ranged from 1 to 12 mg/L. Particle counts were 

used to help evaluate treatment efficiency of coagulation 

and flocculation with and without ozone. The data showed 

a distinct improvement in particle counts for preozonated 

filter effluent. Non-ozonated filter effluents frequently 

ranged between 1500-2500 total particles while the corre
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sponding ozonated filter effluent contained 100 to 500 

total particles. The ozonated water contained fewer than 

20 to 40 percent of the particles in the greater than 3.5 

micron size range while the non-ozonated filter effluent 

contained 40 to 60 percent. Georgeson and Karimi (1988) 

have discussed the process train defined by the City of 

Los Angeles for treatment of drinking water which utilizes 

ozone as a microflocculant. The ozone dosage was 1 mg/L 

and the contact time 7 minutes. Preozonation reduced the 

coagulation requirements and reduced the polymer require

ment by 0.5 mg/L. In addition, regardless of type of media 

used for filtration, ozone produced filtered water turbi

dities roughly 9 percent lower than when no ozone was 

used. Preozonation also raised the filtration rate from 

9.0 gal./m/ft2 to 13.5 gal./m/ft2. The total capital sav

ing due to ozone utilization was 1.9 million dollars. Son-

theimer (1978) reports that in Germany the amount of ozone 

used for microflocculation purposes is (0.1-0.3)gm 03/gm 

of DOC. 

2.12 MECHANISMS FOR OZONE INDUCED PARTICLE DESTABILIZA-

TION: 

Reckhow summarized five possible mechanisms respon

sible for ozone induced particle destabilization: 
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1) Carboxylic acid content increases caused by ozonation 

may lead to greater alumina, magnesium and calcium asso

ciation, resulting in the precipitation of metal humate 

complexes or increased adsorption to alum floes. 

2) Ozonation reduces the molecular weight of adsorbed 

organics, causing disruption of stabilized organic coat

ings and leading to reduced steric hinderance or charge 

neutralization. 

3) Polymerization of metastable organics via ozonation 

may lead to enmeshment, direct precipitation, bridging or 

adsorption. 

4) Ozone may disrupt complexed metal species (e.g. 

Fe(III) and Mn(IV) allowing them to behave as typical 

metal coagulants. 

5) Ozone may lyse algae and liberate biopolymers which 

could act as coagulating polymers. 
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CHAPTER 3 

METHODS AND MATERIALS 

3.1 RESEARCH DESIGN 

To achieve the previously defined set of objectives 

the range of experimental conditions studied are summa

rized in Table 3. The variables addressed in the exper

imental matrix were oxidant (ozone and peroxone), primary 

coagulant (alum and FeS04) and point of addition of chlo

rine. 

Runs 1-6 compose the State Project Water - alum series. 

Run 1 and 2 utilized alum alone while runs 3, 4, 5 and 6 

involve various alum plus ozone/peroxone combinations. 

The polymer dosage was maintained constant at 1.5 mg/L for 

all the 6 runs. Runs 7, 8 and 9 represent the State Pro

ject Water - FeS04 series and comprise various 

ozone/peroxone plus FeS04 treatments at a constant polymer 

dosage of 2.5 mg/L. Runs 10 thru 15 compose the Colorado 

River Water -alum series with treatment conditions identi

cal to the State Project Water - alum series (runs 1-6) 

except that the polymer dosage, though constant, was main

tained at 0.5 mg/L. Runs 16 to 19 represent the Colorado 
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TABLE 3. Treatment conditions for various runs on 
Colorado River Water and State Project Water 

Run Alum Ozone H202 FeS04 Polymer Chlorine Ammonia 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

STATE PROJECT WATER - ALUM SERIES 

1 5 0 0 0 1.5 0 0 
2 10 0 0 0 1.5 0 0 
3 5 2.5 0 0 1.5 0 0 
4 10 2.5 0 0 1.5 .0 0 
5 5 4 0 0 1.5 0 0 
6 5 2.5 0.5 0 1.5 0 0 

STATE PROJECT WATER - FeS04 SERIES 

7 0 1 0 2 2.5 0 0 
8 0 2 0 2 2.5 0 0 
9 0 1 0.2 2 2.5 0 0 

COLORADO RIVER WATER - ALUM SERIES 

10 5 0 0 0 0.5 0 0 
11 10 0 0 0 0.5 0 0 
12 5 2.5 0 0 0.5 0 0 
13 10 2.5 0 0 0.5 0 0 
14 5 4 0 0 0.5 0 0 
15 5 2.5 0.5 0 0.5 0 0 

COLORADO RIVER WATER - DISINFECTANT SERIES 

16 3 2 0.4 0 0.5 1.5 0.5 
17 3 2 0.4 0 0.5 1.5 0.5 
18 3 2 0 0 0.5 1.5 0.5 
19 3 2 0.4 0 0.5 1.5 0.5 
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River Water -disinfectant (chloramine) series involving 

various ozone/peroxone, chlorine, ammonia, polymer and 

alum combinations. The chlorine, ammonia and polymer 

dosages were maintained constant at 1.5 mg/L, 0.5 mg /L 

and 0.5 mg/L, respectively. However the point of applica

tion of chlorine was prior to ozonation in runs 16 and 17 

and at the rapid mix basin in runs 18 and 19. 

Dosage levels of alum, polymer, and ferrous sulfate were 

in the same range as those used by MWD for their other 

experimental runs. The CRW - disinfectant series and the 

SPW - FeS04 series were primarily for pilot scale exper

iments already planned by MWD. Instead of ferric sulfate 

MWD planned to use ferrous sulphate as coagulant as fer

rous sulphate could potentially also serve as a reducing 

agent for the H202 residual. The difference in the 

polymer dosage used in the CRW -Alum runs and the SPW 

-Alum runs was because MWD, as a policy, maintained a con

stant polymer dosages of 0.5 mg/L and 1.5 mg/L for all 

alum treatments on CRW and SPW respectively. It must be 

recognized that water quality conditions such as, alkali

nity, Ca2+, TDS (total dissolved solids) and hardness can 

be expected to influence microflocculation. However, the 

proposed experimental approach does not permit these par

ameters to be studied as controlled variables. Neverthe
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less, the selected waters (Colorado River Water versus 

State Project Water) contain different concentrations of 

these species, thus permitting their effects on the micro-

flocculation phenomena to be studied indirectly. 

3.2 PILOT SCALE FACILITIES 

The experiments were conducted at the pilot scale 

water treatment facility at MWD's Weymouth filtration 

plant in La Verne, California. The pilot plant facility 

had a capacity of 6 gallons per minute and is constructed 

of stainless steel, glass and teflon. It was capable of 

treating Colorado River Water or State Project Water or 

any blend of these two surface waters. The process train 

simulated full scale conventional treatment and included 

pre-oxidation (using ozone alone/peroxone), coagula

tion/ flocculation, sedimentation and dual media filtra

tion. A schematic of the plant is shown in Fig. 5. 

There were four ozone contactors and each of them was 

designed to operate at a flow rate of 1.5 gpm. A sche

matic of a contactor is shown in Figure 6. Each contactor 

was made from tempered Corning glass and has an inside 

diameter of 15 cm and a height of 17 ft. The water level 

in the ozone contactor was maintained at 16 ft. for all 

the experimental runs. Raw water was pumped to the top of 
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the contactors. Ozone was bubbled through 10 cm diameter 

ceramic diffusers through each contactor to generate fine 

bubbles and the ozone and raw water flowed counter current 

to one another through the contactors. 

The ozone generator used was a tube type, oxygen 

fed, water cooled unit operating at a low frequency (60 

Hz) variable voltage power supply (Trailigaz Labo 76, 

Trailigaz Ozone of America Inc., Jenkintown, Pennsylva

nia) . It had a generating capacity of 1 lb/day with O2 as 

feed gas. The maximum concentration of ozone it could 

produce was approximately 5 percent by weight. The ozone 

concentration in the feed gas during this research was 

maintained at 2 percent by weight. At the beginning of 

each test the ozone generator was turned on and allowed to 

stabilize. Once stable, ozone concentration and gas flow 

rate were adjusted to the desired ozone dosage. The ozone 

concentration in both the ozone feed gas and off gas leav

ing the contactors were monitored by ozone monitors (Model 

HC12, PCL Ozone Corporation, West Caldwell, New Jersey). 

The ozone concentration in water leaving the contactor was 

measured by the indigo trisulphonate method. Both the 

ozone generator and the ozone monitors were calibrated 

periodically. Off gas from the contactors flowed through 

a thermocatalytic destruct unit for destruction of ozone 
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on a continuous basis prior to being discharged to the 

atmosphere. 

Peroxone testing included an ozone and a peroxide 

feed system. Hydrogen peroxide was injected using a per

istaltic pump into the common influent to four contactors 

when operating at the same peroxone ratios for all contac

tors. The point of injection was immediately prior to 

the in-line static mixer. Sample points for the hydrogen 

peroxide were installed in the piping immediately after 

the static mixer. The concentration of the hydrogen per

oxide feed stream was maintained at 0.2 percent by weight. 

The hydraulic residence time maintained in the ozone con

tactors was 6 minutes. 

3.2.1 RAPID MIX AND FLOCCULATION 

The rapid mix unit operated at a 'G' value of 300 

/sec and a mix speed of 55 RPM. The flocculation system 

had three units in series each having a mix speed of 27 

RPM. The mixing intensity was maintained at a 'G' value 

of 25 /sec in all the contactors. As stated earlier the 

flocculants used were alum and FeS04. 

3.2.2 FILTRATION SYSTEM 

The filtration system at the pilot plant had 6 dual 
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media filters in parallel. The media was composed of sand 

and anthracite coal. The maximum flow rate they could 

process was 23 gpm/ft2. The total cross sectional area of 

the filters was 1.5 ft2. The effective size of anthracite 

coal and the sand was 1.1 mm and 0.5 mm respectively. 

3.3 SAMPLING PROTOCOL 

Samples were taken from the sampling points for ana

lyses at the following points on the process train: 

i) Haw water (Prior to entry into ozone contactor) 

ii) Ozonated water. 

iii) Post flocculation. 

iv) Post sedimentation. 

v) Post filtration. 

Figure 7, the process schematic of MWD's pilot 

facility delineates all the sampling points in the system. 

3.3.1 Replication 

Each of the baseline conditions was replicated three 

times to measure experimental error and to provide a basis 

for statistical testing. The xt' test was used to deter

mine whether the differences between the parameter levels 

e.g. total particle number/TPN (#/mL), for two different 

treatment conditions was significant at the 95 percent 
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confidence level. 

3.4 ANALYTICAL METHODS 

The change in the particle status after each point 

in the process train was evaluated by number, size, and 

charge characteristics. 

The dv (volume average diameter),' davg (number aver

age diameter), and the total particle number per millili

ter expressed as TPN (#/mL) were calculated by data 

derived from the optical particle counting. Scanning 

electron microscopy ( SEM ) was used to provide visual 

evidence of microflocculation, and also to monitor the 

number of particles in the submicron range. Electropho-

retic mobility measurements were made to evaluate the sur

face charge on the particles, providing insight into par

ticle stability. Turbidity measurements were made to 

evaluate the particle concentrations on a surrogate level. 

3.4.1 Scanning electron microscopy 

A scanning electron microscope (SEM) model Hitachi 

ISI—IDSI30 (dual state) was used for enumeration of submi

cron particles and evaluation of the microflocculation 

phenomena. Sample preparation involved sequential filtra

tion of particles through 5.0 um and 0.1 um Nucleopore 
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polycarbonate membrane filters, and mounting a small piece 

of the filter (2 mm x 2 mm) on a stainless steel SEM stub. 

Polycarbonate membranes provide uniform vertical holes and 

facilitate microscopic observation. 

" Floes" are assumed to be greater than 5.0 um and 

thus appear on the first filter while unflocculated dis

crete particles in the <5 um and >0.1 um range appear on 

the second filter. The submicron particles were retained 

on the 0.1 um filter. Sample volume for preparation of 5 

um stubs was 100 ml and the sample volume for preparation 

of 0.1 um stub was 50 ml. 

3.4.2 Turbidity measurements: 

Turbidity measurements were accomplished with HACH 

model 2100A turbidimeter standardized with AEPA-1 turbi

dity standards of 1NTU and 5NTU. 

3.4.3 Micro Electrophoresis 

Electrophoretic mobility (EPM) measurements, to 

evaluate particle destabilization after ozonation and 

flocculation were made with a Rank Brothers (Cambridge, 

England) Mark II electrophoresis device. For each value 

of mobility at least 20 particles were timed in the device 

under constant voltage with an equal number of particles 
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at each stationery level at either polarity setting. 

Mean mobility was calculated by averaging the reciprocal 

of travel time using: 

Mobility (um sec-l)/(volt cm-1) = DL /tV 

where 

D is the travel distance (um), t is the travel time (sec), 

L is the cell length (cm) and V is the applied voltage. 

Measurements were made under a constant voltage setting of 

80 volts. All the EPM measurements were made at original 

pH conditions. Recognizing the effect of pH on par

ticle/colloid charge and mobility, all treated waters 

(oxidation and/or chemical coagulation) were adjusted back 

to the original raw water pH level before EPM determina

tions. 

3.4.4 Optical Particle Counting 

Enumeration of supramicron particles was performed 

in the field laboratory using a 12 channel HIAC optical 

particle counter (OPC) with a range of (2-150) um. The 

particle size ranges evaluated were 2-3 um, 3-4 um, 4-5 

um, 5-6 um, 6-7 um, 7-8 um, 8-10 um, 10-15 um, 15-20 um, 

20-40 um, 40-60 um and >60 um. The particle counter was 

flushed with distilled, deionized and organic free water 

prior to each observation. 
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In addition to the determination of the particle 

characteristics the following parameters were also moni

tored : 

1) pH - pH measurements were made for the raw water, ozo-

nated effluent, flocculator effluent, and filter effluent. 

2) Alkalinity, UV absorbance, and TOC (total organic car

bon ) measurements were made only for the raw water. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

Tables 4, 5, 6 and 7 summarize the pH, turbidity, 

total particle numbers {TPN (#/mL)} in the submicron and 

supramicron range, dv (volume average diameter), davg 

(number average diameter) and the electrophoretic mobility 

measurements (EPM) after the ozonation, flocculation, sed

imentation and filtration for the various pilot plant runs 

on the two source waters. Table 3 in the previous section 

summarizes the experimental conditions for the respective 

runs. The observations for State Project Water (SPW)-alum 

series (runs 1 thru 6) are presented in Table 4 and the 

observations for the SPW-FeS04.7H2O series (runs 7, 8 and 

9) are in Table 5. Tables 6 and 7 present the results for 

the Colorado River Water (CRW)-alum series (runs 10 thru 

15) and the CRW - disinfectant (chloramine) series (runs 

16 thru 19) respectively. Table 8 summarizes the notation 

used in the graphical plots to describe the various treat

ment conditions. 

The *t' test was administered to determine whether 

the differences between the various parameters {TPN 



Table 4. Experimental results of the SPW-Alum series 

RUN STATUS pH TURB. EPM* TPN/mL dv TPN/mL 
(-) (supra) (um) (sub) 

RAW 8. 08 2. 1 0. 84 11862 6. 69 280000 
FLOC 7. 81 2. 5 0. 68 10270 7. 76 200000 
SED 7. 86 2. 2 - 7918 10. 08 — 

FILT. 7. 91 0. 1 - 1542 6. 10 — 

RAW 8 .10 2. 2 0. 79 11632 6. 88 280000 
FLOC 7 .68 2. 4 0. 61 11144 8. 46 153000 
SED 7 .83 2. 1 - 10026 9. 18 — 

FILT. 7 .91 0. 1 - 1046 6. 52 — 

RAW 8. 07 1. 9 0. 80 9351 6.62 200000 
OZON. 7. 81 1. 8 0. 65 7274 6.63 276000 
FLOC. 7. 68 1. 9 0. 58 7932 8.20 162000 
SED. 7. 81 1. 6 - 5396 9.96 — 

FILT. 7. 78 0. 07 - 600 5.923 — 

RAW 8 .04 2. 0 0. 70 9930 6. 74 200000 
OZON. 7 . 8 8  1. 9 0. 59 7019 6. 81 240000 
FLOC. 7 .63 2. 25 0. 50 8632 8. 56 151000 
SED. 7 .73 1. 9 - 8777 8. 30 —' 

FILT. 7 .71 0. 07 - 631 5. 76 — 

RAW 8 .13 2.25 0. 77 11858 6. 71 280000 
OZON. 7 .90 2.2 0. 59 7373 6. 45 501000 
FLOC. 7 .71 2.5 0. 44 8173 9. 23 115000 
SED. 7 .84 2.2 - 7972 9. 35 — 

FILT. 7 .82 0.065 - 366 5. 53 — 

RAW 8. 21 2. 2 0. 84 10980 6.87 280000 
OZON. 7. 92 2. 0 0. 60 9297 7.56 323000 
FLOC. 7. 75 2. 3 0. 44 8318 9.14 108000 
SED. 7. 83 1. 9 - 6376 10.64 — 

FILT. 7. 85 0. 08 - 265 6.9 — 

* - Units of electrophoretic mobility are (um/sec)/ 
volt/cm. Please note all EPM values are negative 
RAW - Water prior to entry to ozone contactor 
OZON - Effluent leaving ozone contactor 
FLOC - Effluent from flocculation basin 
SED - Effluent from sedimentation basin 
FILT. - Effluent from filtration basin 



Table 5. Experimental results of the SPW-FeS04 series 

RUN STATUS pH TURB. EPM TPN/mL 
(supra) 

dv 
(um) 

TPN/mL 
(sub) 

RAW 8.09 1.8 0.82 9049 6.85 200000 
OZON. 7.98 2.0 0.76 7975 7.3 151000 
FLOC. 7.90 2.5 0.69 8215 9.15 110000 
SED. 8.02 2.1 _ 7840 8.74 
FILT. 8.00 0.08 1796 5.5 

RAW 8 .08 2. 0 0.73 8660 6. 65 200000 
OZON. 7 .97 1. 9 0.61 8030 6. 94 170000 
FLOC. 7 .92 2. 5 0.57 10397 8. 27 123000 
SED. 7 .99 2. 1 8048 8. 66 — 

FILT. 7 .76 0. 08 
— 

1057 6. 87 — 

RAW 8 .05 2. 0 0.67 9021 6. 61 2G0000 
OZON. 7 .96 2. 1 0.54 7726 7. 47 223000 
FLOC. 7 .97 2. 5 0.47 8545 9. 29 — 

SED. 7 .96 2. 1 - 7070 9. 35 — 

FILT. 7 .93 0. 11 871 5. 82 — 

* - Units of electrophoretic mobility are (um/sec)/ 
(volt/cm). Please note all EPM values are negative 

RAW - Water prior to entry to ozone contactor 
OZON - Effluent leaving ozone contactor 
FLOC - Effluent from flocculation basin 
SED - Effluent from sedimentation basin 
FILT. - Effluent from filtration basin 



Table 6. Experimental results of the CRW-Alum series 

RUN STATUS pH TURB. EPM* 
(-) 

TPN/mL 
(supra) 

dv 
(um) 

TPN/mL 
(sub) 

RAW 8 .19 1. 4 0.66 11893 5. 40 180000 
FLOC 7 .95 1. 5 0.57 11700 6. 05 150000 
SED 8 .04 1. 4 — 10564 7. 88 — 

FILT 7 .95 0. 1 — 2021 6. 46 — 

11 RAW 8.21 1.5 0.65 13454 6.32 180000 
FLOC 7.93 1.9 0.52 12873 7.47 132000 
SED 8.01 1.5 — 10551 8.13 
FILT 8.07 0.08 — 730 6.57 

RAW 8 .19 1. 3 0.73 11553 5. 43 180000 
OZON. 8 .12 1. 4 0.60 10588 5. 33 210000 
FLOC. 7 .92 1. 5 0.56 10792 6. 84 101000 
SED. 8 .04 1. 2 — 9086 7. 39 — 

FILT. 7 .98 0. 07 — 1224 8. 08 — 

RAW 8 .14 1. 4 0. 62 13274 5. 75 180000 
OZON. 8 .08 1. 25 0. 50 12045 5. 76 223000 
FLOC. 7 .80 1. 7 0. 46 11076 7. 60 104000 
SED. 7 .90 1. 2 — 944 8. 63 — 

FILT. 7 .90 0. 06 — 392 9. 50 — 

RAW 8. 02 1. 5 0.71 16035 5. 67 180000 
OZON. 7. 97 1. 5 0.47 14502 5. 23 421000 
FLOC. 7. 82 1. 9 0.35 14725 7. 71 111000 
SED. 7. 92 1. 5 — 12874 7. 79 — 

FILT. 7. 93 0. 06 — 259 5. 16 — 

15 RAW 8. 28 1. 4 0.79 11283 5. 40 180000 
OZON. 8. 17 1. 2 0.55 9902 5. 75 278000 
FLOC. 7. 94 1. 25 0.47 9750 7. 11 96000 
SED. 8. 04 1. 2 — 10117 8. 56 — 

FILT. 8. 02 0. 07 - - 236 8. 54 

* - Units of electrophoretic mobility are (um/sec)/ 
(volt/cm). Please note all EPM values are negative 
RAW - Water prior to entry to ozone contactor 
OZON - Effluent leaving ozone contactor 
FLOC - Effluent from flocculation basin 
SED - Effluent from sedimentation basin 
FILT. - Effluent from filtration basin 



Table 7. Experimental results of the CRW-disinfectant 
series 

RUN STATUS pH TURB. EPM TPN/mL dv TPN/mL 
(*) (supra) (um) (sub) 

RAW 8. 14 1.1 0.68 8991 6. 18 180000 
OZON. 8. 23 1.0 0.50 8051 5. 81 240000 
FLOC. 8. 01 1.2 0.46 7453 7. 20 123000 
SED. 8. 10 0.85 — 7237 7. 51 — 

FILT. 8. 07 0.085 — 981 8. 84 — 

RAW 8 .23 1.3 0.67 10311 6. 22 180000 
OZON. 8 .12 0.92 0.49 9202 5. 68 210000 
FLOC. 8 .20 1.25 0.42 8422 7. 35 117000 
SED. 8 .21 0.81 — 7376 7. 43 — 

FILT. 8 .32 0.1 — 1017 10. 36 — 

RAW 8. 14 1.7 0.69 17071 6. 02 214000 
OZON. 8. 16 1.7 0.53 15402 6. 04 208000 
FLOC. 8. 04 1.9 0.45 15195 7. 45 147000 
SED. 8. 06 1.5 — 12235 9. 24 — 

FILT. 8. 12 0.065 — 299 6. 10 — 

RAW 8. 18 1.8 0. 67 16876 5. 89 214000 
OZON. 8. 22 1.8 0. 47 14760 6. 01 242000 
FLOC. 7 . 88 1.9 0. 43 12567 8. 23 91000 
SED. 8. 12 1.5 — 10386 8. 32 — 

FILT. 8. 13 0.065 - 322 5. 52 — 

* - Units of electrophoretic mobility are (um/sec)/ 
(volt/cm). Please note all EPM values are negative 

RAW - Water prior to entry to ozone contactor 
OZON - Effluent leaving ozone contactor 
FLOC - Effluent from flocculation basin 
SED - Effluent from sedimentation basin 
FILT. - Effluent from filtration basin 
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Table 8. Experimental notation used for representation of 

various treatments on Colorado River Water and State Pro

ject Water 

C - Colorado River Water (CRW) 

S - State Project Water (SPW) 

A - Alum 

F - Iron 

0 - Ozone 

H - Hydrogen Peroxide 

L - Chlorine 

R - Chlorine added in rapid mix (after ozonation) 

P - Chlorine added prior to ozonation 

EXAMPLE: SA502H0.5 represents State Project Water dosed 

with 5 mg/L of alum, 2 mg/L of ozone and 0.5 mg/L of 

hydrogen peroxide. 
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(#/mL), EPM} for the alternate treatments of ozone, perox-

one, alum & FeS04 were significant at the 95 percent con

fidence level. All the graphs relating to electrophoretic 

mobility (EPM) and TPN (#/mL) depict the mean value of 

the parameter and the shaded portions above and below the 

mean represent the 95 percent confidence interval as 

determined by the t test. An overlap of the shaded areas 

of the bar for an evaluation parameter (assume EPM) for 

two different treatment conditions (assume ozone dosages 

of 2.5 mg/L and 4 mg/L) would imply that the variation is 

not significant at the 95 percent confidence level. 

4.1 OZONE UTILIZATION 

Tables 9 and 10 illustrate the applied and trans

ferred ozone dosages and the residual ozone for various 

treatments using the SPW and CRW source waters respec

tively. These tables also include the equilibrium ozone 

concentration in the water calculated from concentration 

of ozone in the off-gas leaving the ozone contactors and 

Henry's coefficient. The ozone residuals were based on 

the effluent leaving the ozone contactor. The residence 

time of the water in the ozone contactor was 6 minutes. 

The concentration of ozone in the effluent was measured by 

the indigo trisulphonate method. As expected the ozone 
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Table 9. Transferred,residual,applied and utilized ozone 
levels for various applied, ozone/peroxone treatments on 
State Project Water 

APPLIED TRANSFER RESIDUAL UTILIZED PERCENT EQUIL. 
OZONE OZONE OZONE OZONE UTIL. C0NC(mg/L) 
mg/L mg/L mg/L mg/L (%) HENRY'S 

1 1.00 0.23 0.78 77.50 0. 01 
2 1.98 0.74 1.25 62.80 0. 06 in OJ 

2.48 0.75 1.72 69.52 0. 10 
4 3.88 1.45 2.43 62.50 0. 32 

1+0.2H202 1.00 0.08 0.92 92.30 0. 01 
2.5+0.5H2 2.47 0.37 2.10 85.06 0. 06 

Note: 1 +-0.2 H202 represents 1 mg/L of ozone and 0.2 mg/L 
hydrogen peroxide. 2.5 + 0.5 H202 represents 2.5 mg/L of 
ozone and 0.5 mg/L of hydrogen peroxide 
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Table 10. Transferred,residual,applied and utilized ozone 
levels for various applied, ozone/peroxone treatments on 
Colorado River Water 

APPLIED TRANSFER RESIDUAL UTILIZED PERCENT EQUIL. 
OZONE OZONE OZONE OZONE UTIL. CONC(mg/L) 
mg/L mg/L mg/L mg/L (%) HENRY'S 

2.5 2.47 1.20 1.27 51.3 0. 10 

4 3.79 2.02 1.77 46.7 0. 50 

2.5+0.5H202 2.49 0.59 1.89 76.1 0. 05 

Note: 2.5 + 0.5 H202 represents 2.5 mg/L of ozone 
and 0.5 mg/L of hydrogen peroxide 
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residuals for both CRW and SPW increased with increase in 

applied ozone dosage and as did the amount of ozone uti

lized in the system either by direct reaction or after 

decomposition to the hydroxyl radical (Hoigne and Bader, 

1979). However the percentage utilization followed an 

inverse relationship with applied ozone dosage. As the 

dosage was increased there was a generally a progressive 

decrease in percentage utilization. The peroxone treat

ment resulted in very low ozone residuals as peroxone 

enhanced the decomposition of ozone to hydroxyl radicals 

resulting in increased consumption of ozone for reaction 

(Staehlein and Hoigne, 1982). For identical dosages of 

ozone and peroxone the ozone used in the system was 

roughly 10 to 15 percent greater for SPW. A possible rea

son could be the higher TDS (total dissolved solids) in 

CRW (700-800 mg/L) as compared to SPW (300-400 mg/L). An 

interesting finding is that the residual ozone concentra

tions are roughly 5 to 10 times greater than 1 the equili

brium ozone concentrations based on the Henry's Law, 

inspite of ozone being consumed by reaction in the system 

indicating that the system is not at equilibrium. 
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4.2 PARTICLE/COLLOID DESTABILIZATION 

Particle destabilization is the reduction in surface 

charge caused by the interaction of ozone/peroxone with 

the colloidal particles. It was evaluated by measurement 

of the electrophoretic mobility (EPM) of the raw water and 

the effluent leaving the ozone contactor. Electrophoretic 

mobility is an indirect indicator of the surface charge 

(Stumm and Morgan, 1981). A reduction in electrophoretic 

mobility after ozonation would be an accurate indicator of 

reduction in surface charge and consequently particle 

destabilization (Chowdhury, 1988). It was planned to 

study the impact of various treatment levels of ozone and 

peroxone on particle destabilization. 

4.2.1 RESULTS 

4.2.1.1 STATE PROJECT WATER 

The ozone dosages administered on State Project 

Water were 1 mg/L, 2 mg/L, 2.5 mg /L. 2 peroxone dosages 

composed of 2.5 mg/L of ozone plus 0.5 mg/L of hydrogen 

peroxide (H2O2) and 1 mg/L of ozone plus 0.2 mg/L of 

hydrogen peroxide (H202) were also applied. 

Figure 8 shows the change in electrophoretic mobil

ity (raw vs. ozonated) for the various ozone and peroxone 
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after ozonation for various ozone/peoxone tr 
eatments on State Project Water (SPW). 
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treatments. An increase in ozone dosage from 1 mg to 4 

mg/L resulted in progressively greater reductions in the 

electrophoretic mobility. Significantly, the 4 mg/L ozone 

dosage resulted in a lower reduction in electrophoretic 

mobility as compared to the peroxone dosage composed of 

2.5 mg/L of ozone and 0.5 mg/L of hydrogen peroxide. In 

addition, an ozone dosage of 2 mg/L gave a lower reduction 

in electrophoretic mobility than a peroxone dosage com

posed of 1 mg/L of ozone and 0.2 mg/L H2O2. Thus, on an 

equal ozone dosage basis, peroxide assisted ozonation 

(i.e.peroxone) provided better performance. It must be 

stated that the time gap of 10 to 15 minutes between col

lection of the sample and measurement of electrophoretic 

mobility could introduce some degree of error as the 

residual ozone would also react in the interim time period 

as the half life of ozone at pH 8 is only 18 minutes 

(Hoigne and Bader, 1979). Although this is a limitation, 

it should not seriously affect the results as the ozone 

consumed in the system would still be proportional to the 

applied ozone dosages of 1 mg/L, 2 mg/L, 2.5 mg/L and 4 

mg/L. Electrophoretic mobility could also be affected by 

the size of the particle. There is however no information 

in literature relating to the EPM dependence on size. 
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4.2.1.2 COLORADO RIVER WATER 

Colorado River Water was administered ozone dosages 

of 2.5 mg/L and 4 mg/L and a peroxone dosage composed of 

2.5 mg/L of ozone and 0.5 mg/L of H2O2. Figure 9 reflects 

the variation in percentage decrease in EPM for ozone 

dosages of 2.5 mg/L and 4 mg/L and a peroxone dosage com

posed of 2.5 mg/L ozone+ 0.5 mg/L hydrogen peroxide. 

There was a sharp decrease in electrophoretic mobility 

(from 20 percent to 40 percent) between ozone dosages of 

2.5 mg/L and 4 mg/L. However, similar to State Project 

Water, the peroxone dosage resulted in a drop in EPM of a 

substantially higher magnitude than an ozone dosage of 2.5 

mg/L and marginally lower than an ozone dosage of 4 mg/L. 

4.2.2 DISCUSSION 

It is apparent from electrophoretic mobility 

measurements that ozone induced particle destabilization, 

and an increase in ozone dosage gave rise to progressively 

greater levels of destabilization. The results correlate 

well with the findings of Dowbiggiin et al. (1989). They 

too observed increased particle destabilization with 

increases in ozone dosage in their experiments with syn

thetic water systems composed of alumina particles, humic 

acid and calcium ions. It is apparent that ozone affects 
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the NOM (natural organic matter) coating (Davis and Gloor, 

1981) on the particle in such a way that the surface 

charge and hence the mobility is reduced. The results 

however do not correlate with Grasso and Weber's (1985) 

observation that ozone concentrations of less than 3 mg/L 

are most effective in destabilizing colloidal suspensions 

since there was a sharp increase in particle destabiliza

tion between ozone dosage of 2.5 mg/L and 4 mg/L. Jekel 

(1983) demonstrated that 0.2 - 0.6 mg ozone/mg of DOC is 

sufficient for destabilization of suspensions which agrees 

fairly well with the results in this research. 

One possible mechanism for particle destabilization 

is the oxidation of complexed metals such as Fe, to yield 

free ions which complex with the negatively charged NOM 

coating to result in charge neutralization (Jekel, 1983). 

There is also possibility of the transformation of high 

molecular weight humics to lower molecular weight humics 

that are higher in polarity and desorb from the surface 

thus reducing the surface charge (Amy, Kuo and Sierka, 

1988). To evaluate this mechanism experiments which 

evaluate the adsorption isotherms of humics in raw and 

ozonated water need to be performed. 

Metal humate complexes are formed by in natural 

waters by the reaction of the metal ions like Ca2+, Fe3+ 
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with humic and fulvic acids. Ca2+, Mg2+ the metal ions 

predominant in natural waters are weakly bound to the hum-

ics (Van Dijk, 1971) and form unstable complexes (Mantoura 

et al., 1978). The presence of divalent cations aids humic 

bridging to the clay surface due to formation of a linkage 

between the metal and the clay surface {Stevenson (1982) 

and Tipping (1981)} (Refer to Fig.4). Tipping showed that 

at pH 7 presence of calcium and magnesium ions increased 

the adsorption capacity of humics to the clay surface. 

Ozone can disrupt the metal bridge linking the humic to 

the clay surface by oxidizing the metal and causing the 

metal humate complex to dissociate from the surface which 

results in a decrease in negative charge, as reflected by 

reduced electrophoretic mobility. This could be a pos

sible explanation for Dowbiggins' (1988) finding that 

presence of calcium aids and accelerates particle destabi-

lization. Increase in concentrations of metal humate com

plexes after ozonation (Maier, 1981) also support the 

above theory. However, more research needs to be done to 

establish which of the mechanisms stated above predom

inates. 

The obvious reason for the higher levels of destabi-

lization associated with peroxone is H2O2 enhancing the 

decomposition of ozone, resulting in increased utilization 



74 

of ozone in the system and consequently lower residuals 

(Refer to Tables 9 and 10). H202 also increases the yield 

of the hydroxyl radical a more powerful oxidant than 

ozone and enhances the efficiency of oxidation of organics 

(Rice et al., 1983 and Duguet et al., 1985). One mole of 

hydrogen peroxide consumes two moles of ozone and produces 

two moles of hydroxyl radical. The 0.015 milli moles/L 

hydrogen peroxide dosage used in the peroxone treatments 

on SPW and CRW would release 0.030 milli moles/L of 

hydroxyl ion for reaction and consume 0.030 milli moles/L 

of ozone. Since the total ozone dosage was 0.05 milli 

moles/L, roughly 60 percent is consumed in reaction with 

hydrogen peroxide. Gurol and Singer (1983) have stated 

that hydroxyl radical reacts with the aromatic group in 

the humic molecule yielding hydroxylated forms which are 

more susceptible to further attack by ozone. Thus it is 

safe to conclude that peroxone has a more favorable impact 

on particle destabilization compared to ozone as a 

consequence of greater ozone utilization in reaction and 

the increased oxidation efficiency associated with 

hydroxyl radicals. 

Although there is dissimilarity between CRW and SPW 

(see Table 11) in terms of TDS (total dissolved sol

ids) ,hardness and alkalinity and the ozone utilized in the 
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Table 11. Comparision of characteristics of Colorado 
River Water and State Project Water 

SPW CRW 

TOC (mg/L) 

UV Absorbance (1/cm) 
§ 254 nm 

Alkalinity 
mg/L as CaC03 

PH 

Tubidity (NTU) 

EPM (um/sec)/(volt/cm) 

Supramicron TPN (#/mL) 

dv (volume average diameter) 
(urn) 
Submicron TPN (#/mL) x 1000 

TDS (mg/L) 

Hardness (mg/L as CaC03) 

Calcium (mg/L) 

2.59-2.69 2.48-2.61 

0.085-0.096 0.033-0.049 

78-88 

8.04-8.21 

1.8-2.25 

0.67-0.84 

8660-11858 

6.61-6.85 

200-280 

340 

140 

83 

130-133 

8 . 0 2 - 8 . 2 8  

1.3-1.5 

0.62-0.79 

11283-16035 

5.4-6.32 

180-214 

750 

330 

31 
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system is greater for SPW for identical dosages of ozone 

(refer Table 9 and 10) both source waters exhibited simi

lar trends in particle destabilization. The reduction in 

electrophoretic mobility for the 2.5 mg/L ozone and the 

peroxone treatment was the same for both waters, 17 and 30 

percent respectively. A detailed comparision of the 

results obtained for SPW and CRW for particle destabiliza

tion, microflocculation and coagulant savings is presented 

in section 4.7. 

4.3 MICROFLOCCPLRTION 

Microflocculation is the ozone/peroxone induced 

change in structure which results in particle aggregation 

and floe formation. Particle destabilization, as 

explained earlier is the reduction in surface charge due 

to ozone/peroxone reaction with colloidal particles. The 

general understanding has been that since microfloccula

tion is preceded by a reduction in the surface charge, 

particle destabilization automatically correlates with 

microflocculation and vice versa. However, in this 

research particle destabilization (discussed in the previ

ous section) and microflocculation were evaluated sepa

rately. The primary objective was to evaluate microfloc

culation in ozonated and peroxonated waters for various 
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ozone and peroxone treatments and the extent of its corre

lation with particle destabilization. A secondary objec

tive was to compare ozone and peroxone as microfloccu-

lants. Microflocculation in the ozonated and peroxonated 

water was evaluated by employing three alternative parame

ters: 

(i) Scanning electron microscope (SEM) evaluation for 

presence of coagulated particles retained on a 5 um 

Nucleopore filter in ozonated water. 

(ii) The change in dv (volume average diameter) of par

ticles/ colloids after oxidant induced aggregation. The 

volume average diameter (dv) of the raw and ozonated par

ticles was calculated based on the particle counts in the 

various channels of the optical particle counter. 

2 nifli3 
dv3 = 

X ni 

where dj_= Average diameter of ith channel 

n^= # of particles in the ith channel. 

(iii) Changes in the total particle number TPN (#/ml) in 

both the submicron and supramicron particle size ranges. 

Enumeration of particles in the supramicron range 
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was done with the optical particle counter and scanning 

electron microscopy was used to determine particle numbers 

in the submicron range. In addition to direct visual 

identification via SEM, an increase in dv and reduction in 

TPN (#/mL) in the supra and submicron particle size ranges 

would confirm ozone or peroxone's role as a microfloccu-

lant. 

4.3.1 RESULTS 

4.3.1.1 STATE PROJECT WATER 

The ozone dosages administered on State Project 

Water were 1 mg/L, 2 mg/L, 2.5 mg /L. Two peroxone 

dosages composed of 2.5 mg/L of ozone plus 0.5 mg/L of 

hydrogen peroxide and 1 mg/L of ozone plus 0.2 mg/L of 

hydrogen peroxide were also applied. 

4.3.1.1.1 SEM EVALUATION 

Photographs 1, 2 show SEM micrographs of the SPW 

source and photographs 3, 4, 5, 6 show SEM micrographs of 

ozonated and peroxonated SPW water. An estimation of the 

size of the particle can be made from the scale at the 

bottom of the photograph. Microflocculation was observed 

at ozone dosages of 1 mg/L and 2 mg/L (photographs 3 and 



Photo 1. state Project Water particle retained on 
Nucleopore filter (close-up) 
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mm : 

Photo 2. State Project Water particles retained on 5 um 
Nucleopore filter 
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Photo 3. Ozonated State Project Water particles retained 
as floes on 5 um Nucleopore filter, ozone dosage i mg/L 
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Photo 5. Peroxonated State Project Water retained as 
floes on 5um filter, peroxone dosage of ozone 1 mg/L 
and hydrogen peroxide 0.2 mg/L 
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Photo 6. Peroxonated State Project Water retained as 
floes on 5um filter, peroxone dosage of ozone 2.5 mg/L 
and hydrogen peroxide 0.5 mg/L 
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4) and both the peroxone dosages (photographs 5 and 6). 

Clear evidence of microflocculation at ozone dosages of 

2.5 mg/L and 4 mg/L was not found. 

4.3.1.1.2 EVALUATION OF CHANGES IN d„ (volume .average 

diameter! 

Figure 10 shows the percentage change in dv after 

preozonation or pre-peroxonation (pretreatment with perox

one) for the various dosages specified earlier. In the 

supramicron range, ozone dosages of 1 mg/L and 2 mg/L 

resulted in an increase in the dv of 7 percent and 4.5 

percent respectively. There was a marginal increase in 

the dv for ozone dosage of 2.5 mg/L while the dv went down 

by 4 percent for the ozone dosage of 4 mg/L. 

Both the peroxone dosages resulted in a significant 

increase in dv (>10 percent) with the peroxone treatment 

of ozone 1 mg/L and H202 0.2 mg/L being roughly 3 percent 

higher than the ozone 2.5 mg/L and H2O2 0.5 mg/L. 

4.3.1.1.3 CHANGES IN TPN (# /mLl IN THE SUPRAMICRON AND 

SUBMICRON PARTICLE SIZE RANGES 

Figures 11 and 12 show the percentage change in 

total particle numbers/TPN (#/mL) in supramicron and the 

submicron particle size ranges respectively, for the 
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ozone/peroxone dosage specified earlier. 

Ozone dosages of 1 mg/L and 2 mg/L resulted in a 

decrease in TPN in both the supramicron and submicron 

ranges. Although ozone dosages of 2.5 mg/L and 4 mg/L also 

resulted in a decrease in TPN in the supramicron range, 

there was an increase in the TPN in the submicron range. 

This increase was especially noticeable for an ozone 

dosage of 4 mg/L, resulting in an increase of 80 percent 

in the TPN in the submicron range. Both the peroxone 

dosages resulted in an decrease in the TPN of roughly the 

same magnitude (15 percent) in the supramicron particle 

size ranges and an increase in TPN in the submicron chan

nel . 

4.3.1.2 COLORADO RIVER WATER 

Colorado River Water was administered ozone dosages 

of 2.5 mg/L and 4 mg/L and a peroxone dosage of (2.5 mg/L 

ozone and 0.5 mg/L H202) 

4.3.1.2.1 SEM EVALUATION 

Photographs 7 and 8 show SEM micrographs of raw CRW 

before preozonation while Photograph 9 shows the SEM 

micrograph after peroxonation. It is noteworthy that 

microflocculation was observed only for the peroxonated 
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CRW. Conclusive SEM evidence of microflocculation at ozone 

dosages of 2.5 mg/L and 4 mg/L was not observed. 

4.3.1.2.2 EVALUATION OF CHANGE IN dv (volume average 

diameter^ 

Figure 13 shows the percentage change in dv after 

preozonation or pre-peroxonation for the various dosages 

specified earlier. Ozone dosages of 2.5 mg/L gave only a 

marginal rise in the dv while an ozone dosage of 4 mg/L 

resulted in a decrease in dv (7.8 percent). The peroxone 

dosage resulted in an increase of 6.5 percent in the dv of 

the particles. 

4.3.1.2.3 CHANGES IN TPN IN THE SUPRA-MICRON & SUB-MICRON 

RANGE 

Figures 14 and 15 show the percentage change in the 

TPN (#/mL) in the supramicron particle range and the sub-

micron particle size range, respectively, for the 

ozone/peroxone dosages specified earlier. 

In the supramicron range both the ozone and peroxone 

dosages resulted in decreases in TPN in the range of 9-14 

percent with the peroxone dosage recording the greatest 

decrease followed by ozone 4 mg/L and ozone at 2.5 mg/L. 

In the submicron particle size range there was an 
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increase in the TPN for all oxidant dosages. In particu

lar, the particle size increase for the 4 mg/L ozone was a 

dramatic 127 percent. 

4.3.2 DISCUSSIONS 

Based on (i) the identification of microflocs via 

SEM, (ii) increases in dv and (iii) the removal of par

ticles in both the submicron and supramicron ranges, it 

can be concluded that ozone dosages of 1 mg/L and 2 mg/L 

lead to microflocculation. This correlates well with the 

0.1 to 0.3 mg ozone/mg DOC dosage for microflocculation 

reported by Sontheimer, 1978. Collins and Amy (1984) also 

have reported decrease in the particle counts in the 

supramicron particle size range for ozone dosage of 1 

mg/L. In addition to ozone induced particle destabiliza-

tion (discussed in the previous section) microfloccula

tion can be on due to the humics reduced in AMW into 

smaller more polar fractions, capable of hydrogen bonding 

which effectively increases apparent molecular weight by 

providing a cross link between particles (Gurol and 

Maier,1983). 

However at higher dosages of ozone, although par

ticle destabilization did occur, there was no evidence of 

microflocculation. There was a decrease in dv (volume 
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average diameter) and the SEM evaluation showed no pres

ence of floes. The decrease in TPN in the supramicron 

range was accomplished by an increase in the TPN in the 

submicron range suggesting that higher dosages of ozone 

possibly result in a break up of the colloidal aggregates. 

This could account for the observed shift in the particle 

size distribution. 

A major finding of this research is that ozone 

induced particle destabilization (EPM results) does not 

necessarily correlate with microflocculation. Although 

particle destabilization was observed at all dosages of 

ozone, microflocculation was observed only at ozone 

dosages of < 0.8 mg ozone/mg DOC. At higher dosages, 

rather than playing the role of a miroflocculant, ozone 

appears to breakup the colloidal aggregates, thereby dis

persing the colloids. Previous research in this field has 

not addressed the effect on particle numbers in the submi

cron range. This shift in ozone's role from a microfloccu-

lant at lower to an agent for particle break up at higher 

dosages remains to be established. Interestingly, perox-

one functions both as a microflocculant and as an agent 

for particle breakup. The increase in dv and the identi

fication of floes by SEM accompanied by a decrease in the 

TPN in the supramicron range demonstrate peroxone's role 
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as a microflocculant. However the increase in the par

ticles in the submicron particle size range, indicates it 

also serves to break up colloidal aggregates. 

Previous research on the microflocculation phenomena has 

only focused on supramicron particle number evaluation. 

Both decreases (Chedal 1984, Maier, 1978, Jekel, 1983) and 

increases (Feliho Felix, 1985 Mcbride, 1977 and Sierka et 

al, 1986) in particle number have been recorded. Jekel 

reported a 40 percent reduction in particle number for an 

applied ozone dosage of 2.5 mg/L that correlates well 

with the 26 percent obtained in this research. However 

Maier recorded a 42 percent decrease for an ozone dosage 

of 1 mg/L which is substantially different from the 12 

percent decrease for the same dosage on SPW. The increase 

in the TPN in the supra-micron range obtained by the other 

researchers are totally at variance with the findings of 

this research (only reduction in TPN's were observed) and 

almost impossible to explain. 

A possible explanation of the microflocculation phenomena 

is as follows : 

Ozone at low dosages interacts only with the NOM coating 

resulting in a reduction in the negative charge and sta

bility. The reduced stability accompanied by mixing gives 

rise to microflocs. However at higher dosages the ozone 
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not only interacts with the NOM coating to reduce charge 

but also disrupts and disperses the colloidal aggregates. 

If the SPW water dosed with 4 mg/L of ozone is compared 

with that dosed with peroxone (2.5 mg/L ozone and 0.5 mg/L 

H2O2)' it observed that although ozone utilized in 

reaction and the particle destabilization were the same, 

the peroxone dosage resulted in an increase in the dv 

while the ozone dosage (4 mg/L) resulted in pronounced 

particle break up. 

Since addition of H2°2 favors "the free radical mech

anism of ozone decomposition it appears that the direct 

oxidation pathway enhances particle breakup while the free 

radical mechanism of ozone decomposition favors microfloc-

culation. More research is needed before more definitive 

mechanistic explanations can be put forth. 

CRW and SPW exhibited similar trends. Peroxone treatment 

of 2.5 mg/L ozone plus 0.5 mg/L H202 resulted in micro-

flocculation in both waters while the ozone treatments of 

2.5 mg/L and 4 mg/L showed no evidence of microfloccula-

tion. 
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4.4 EVALUATION OF TURBIDITY AS A PARAMETER FOR ESTIMATING 

OZONE INDUCED PARTICLE DESTABILIZATION AND MICROFLOCCULA-

TION 

In the past turbidity has been the common analytical 

tool for determining the impact of ozone on particle sta

bility and microflocculation. Turbidity has been shown to 

both decrease [Chedal (1984), Gerval (1983), Maier (1979), 

Perndivilte (1986), Sontheimer (1979)] and increase upon 

ozonation [Maier (1979), Sierka (1986)]. 

The utility of this technique was evaluated by com

paring it with the other techniques used in this research: 

i.e. scanning electron microscopy, optical particle count

ing and electrophoretic mobility measurement. Figure 16 

presents the percentage change in turbidity after ozona

tion for the various ozone/peroxone treatments using State 

Project Water? Figure 17 presents the same results for the 

various treatments using CRW. It has been established by 

SEM and OPC that microflocculation occurs for ozone 

dosages of 1 mg/L and 2 mg/L as well as the various perox-

one dosages using SPW. If microflocculation is indicated 

by an increase in turbidity, and if turbidity is an 

effective criterion for determining microflocculation, one 

would expect a turbidity increase for the ozone dosages 

of 1 mg/L and 2 mg/L dosage and both the peroxone condi-
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tions evaluated. However, the turbidity showed an 

increase only for the ozone (1 mg/L) and peroxone [ozone 1 

mg/L + H202 0.2 mg/L] treatments while it decreased for 

the other two treatments. 

In the case of CRW, microflocculation was observed 

only for the peroxone ( 2.5 mg/L ozone + 0.5 mg/L H202) 

dosage. However instead of an increase in turbidity, a 

decrease of 14 percent was observed. The two identical 

ozone dosages of 2.5 mg/L administered on CRW showed oppo

site trends: while one resulted in a rise in turbidity 

the other resulted in a decrease. From the above analy

sis, it is apparent that turbidity is an inappropriate 

parameter for evaluation of the particle destabilization 

and microflocculation phenomena and could result in mis

leading conclusions. A possible reason could be that the 

differentials in terms increase in the particle size after 

ozonation which should increase the light scattering 

capacity of water (turbidity) are too small to be detected 

by turbidity measurements. 

4.5 IMPACT OF PREOZONATION/PRE-PEROXONATION ON IMPROVEMENT 

IN FLOCCPLATION AND OVERALL PROCESS EFFICIENCY 

The primary objective of this phase of the research 

was to compare and contrast the increase in particle size, 
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reduction in surface charge after flocculation and overall 

turbidity and particle removals after filtration of vari

ous alum and ozone/peroxone treatment combinations with 

alum alone to establish whether pre-

ozonation/pre-peroxonation results in improvement in floc

culation and overall water quality. The secondary objec

tive was to compare the performance of ozone and peroxone 

as coagulant aids by evaluating results of ozone and floc-

culant (alum/FeS04) treatments with peroxone plus floccu-

lant treatments. 

The flocculation phenomena was evaluated by (i) 

monitoring the changes in dv of floes with respect to the 

raw water colloids and (ii) monitoring particle destabili-

zation by comparing the EPM of the raw water with the 

flocculated water. 

Overall process efficiency was estimated by (i) 

reduction in the total particle number (#/mL) and (ii) 

reduction in the turbidity for raw versus filtered water. 

In light of the inconclusive results on turbidity obtained 

in this work, more emphasis will be given to interpreting 

the TPN results. The results are presented in the follow

ing sequence : 

(i) SPW - Alum series 

(ii) CRW - Alum series 
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(iii) SPW - FeS04 series 

4.5.1 SPW - Rlum Series 

The treatment conditions studied for evaluation of 

the impact of pre-ozonation and peroxonation on improve

ment in flocculation and overall process efficiency were 

as follows: 

( i) Alum 5 mg/L 

( ii) Alum 10 mg/L 

(iii) Alum 5 mg/L + Ozone 2.5 mg/L 

( iv) Alum 10 mg/L + Ozone 2.5 mg/L 

( v ) Alum 5 mg/L + Ozone 4 mg/L 

( vi) Alum 5 mg/L + Ozone 2.5 mg/L + H2O2 0.5 mg/L 4.5.1.1 

EVALUATION OF PARTICLE DESTABILIZATION 

EPM measurements were made on the flocculated par

ticles to compare particle destabilization associated 

with alum plus ozone combinations with alum alone. The 

results are presented in Figure 18 where the percentage 

decrease in EPM after flocculation is presented for the 

various treatment conditions. The decline in EPM ranged 

from 20 percent for the 5 mg/L alum treatment to roughly 

50 percent for the 4 mg/L ozone plus 5 mg/L alum treat

ment. The positive impact that preozona-
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tion/pre-peroxonation has on destabilization is demon

strated by the observation that the 5 mg/L of alum in com

bination with either 4 mg/L ozone or peroxone gave more 

than twice the percent decrease in EPM for a 10 mg/L alum 

dosage. In addition 10 mg/L alum in combination with 2.5 

mg/L ozone resulted in roughly half the reduction in EPM 

as compared to a 5 mg/L alum plus 4 mg/L ozone treatment. 

4.5.1.2 EVALUATION OF PERCENT INCREASE IN dv AFTER FLOCCU-

LATION 

The percentage increase in dv ranged from 16 for the 

5 mg/L alum treatment to 38 for the 4 mg/L ozone + 5 mg/L 

alum treatment combination. Figure 19 presents the 

increase in dv (raw vs flocculated) for the various alum 

and ozone combinations. The advantage of ozone and perox

one induced particle destabilization is mirrored in the 

fact that 2.5 mg/L ozone in combination with 5 mg/L of 

alum resulted in a dv increase that was roughly the same 

as a 10 mg/L alum dosage without preozonation. The supe

rior results of peroxone in terms of particle destabiliza

tion and microflocculation culminate in significantly 

improved flocculation. The increase in dv associated with 

peroxone treatment was comparable to the 4 mg/L ozone 

treatment and significantly higher than all the other alum 
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plus ozone treatments. 

Figure 20 presents the percent decrease in TPN and 

Figure 21 presents the percent decrease in turbidity 

between raw and filtered water for the various treatments 

using State Project Water. The decrease in TPN ranged 

between 87 percent for the 5mg/L alum treatment to 98 per

cent for the 5 mg/L alum plus 4 mg/1 ozone treatment com

bination. 

The greater particle destabilization attributed to 4 

mg/L ozone and the peroxone treatment that resulted in 

higher flocculation efficiencies, culminated in the high

est percentage decrease in TPN. The alum dosages (5 mg/L 

and 10 mg/L) without pre-oxidant resulted in the poorest 

performance, thus establishing the role played by ozone 

and peroxone in improving water quality. 

To a large extent the results for the percentage 

decrease in TPN are reflected by the turbidity removals. 

The alum and ozone or peroxone combinations gave higher 

turbidity reduction than the alum dosages of 5 mg/L and 10 

mg/L with the alum dosage of 5 mg/L and an ozone dosage of 

4 mg/L resulting in the"greatest turbidity reduction. 

4.5.2 CRW - Ilium Series 

The treatments used for evaluation of the impact of 
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ozone/peroxone on improvement in flocculation and overall 

process efficiency are as follows: 

( i) Alum 5 mg/L 

( ii) Alum 10 mg/L 

(iii) Alum 5 mg/L + Ozone 2.5 mg/L 

( iv) Alum 10 mg/L + Ozone 2.5 mg/L 

( v) Alum 5 mg/L + Ozone 4 mg/L 

(vi) Alum 5 mg/L + Ozone 2.5 mg/L + H2O2 0.5 mg/L  

4.5.2.1 4.5.2.1 EVALUATION OF PARTICLE DESTABILIZATION 

EPM measurements were made on the preozo-

nated/pre-peroxonated waters to compare the particle 

destabilization associated with alum and ozone combina

tions with alum alone. The results are presented in Fig

ure 22 where the percentage decrease in EPM after floccu

lation is plotted with respect to the treatment condition. 

The percentage decline in the EPM ranged from 13.6 percent 

for the 5 mg/L alum treatment to 51 percent for the 4 

mg/L ozone plus 5 mg/L alum treatment combination. As 

expected, an alum dosage of 10 mg/L gave a higher decrease 

in electrophoretic mobility than an alum dosage of 5 mg/L. 

A dosage of 5 mg/L alum in combination with 2.5 mg/L ozone 

resulted in significantly (95 percent confidence level) 

greater reduction in electrophoretic mobility than 10 mg/L 
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alum alone demonstrating the favorable impact that preozo-

nation has on destabilization. Significantly, the perox-

one (2.5 mg/L ozone plus 0.5 mg/L hydrogen peroxide) 

dosage in combination with 5 mg/L of alum, provided 

roughly the same degree of destabilization as the 5 mg/L 

alum + 4 mg/L ozone treatment. 

4.5.2.2 EVALUATION OF THE PERCENTAGE INCREASE IN dv AFTER 

FLOCCULATION 

Figure 23 presents the increase in dv (raw vs floc

culated) for the various alum + ozone/peroxone combina

tions. The increase varied between 12 to 36 percent. The 

ozone 4 mg/L + alum 5 mg/L treatment gave the greatest 

increase in dv with the peroxone + alum treatment being 

marginally lower. The increase in dv for the ozone dosage 

of 2.5 mg/L in combination with 5 mg/L of alum was nearly 

50 percent higher than the increase for an alum dosage of 

10 mg/L, demonstrating the efficiency of pre-ozonation in 

improving flocculation efficiency. The results indicate 

that use of oxidant can reduce the amount of flocculant 

needed. 

4.5.2.3 EVALUATION OF PARTICLE REMOVALS AND TURBIDITY 

REMOVALS 
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Figure 24 presents the percentage decrease in TPN 

(#/mL) (raw vs. filtered) and Figure 25 presents the per

centage decrease in turbidity (raw vs. filtered) for the 

various treatments using Colorado River Water. 

The removal of particles (i.e.,TPN) ranged between 83 to 

98 percent, while the turbidity removals ranged between 93 

to 96 percent. The peroxone and alum (5 mg/L) treatment 

and the alum (5 mg/L) plus ozone (4 mg/L) treatment 

resulted in the highest TPN removals of roughly 98 per

cent. The process efficiencies were significantly higher 

than the alum 5 mg/L dosage, demonstrating the utility of 

pre-ozonation and pre-peroxonation for Colorado River 

Water. 

All of the ozone/peroxone + alum combinations 

resulted in turbidity removals higher than the alum 

dosages of 5 mg/L and 10 mg/L, acting alone. The 5 mg/L 

of alum + 4 mg/L of ozone dosages resulted in the highest 

turbidity removals (96 percent) followed by a (10 mg/L) + 

ozone (2.5 mg/L) and peroxone + alum (5 mg/L) treatments. 

4.5.3 DISCUSSIONS 

Thus for both State Project Water and Colorado River 

Water, ozone/peroxone induced particle destabilization and 

microflocculation resulted in improved flocculation effi-
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ciency and culminated in higher particle removals and 

improved water quality compared to alum dosages not pre

ceded by pre-ozonation. Other than particle destabiliza-

tion and microflocculation improvement in flocculation can 

also be due to ozonation breaking down the humics to more 

polar fractions which complex with metal ions in solution 

to form precipitates. 

The results enumerated above are not unexpected; 

Gurol (1983), Jekel (1983), Shepherd and Lang (1978), 

Saunier (1983), and Georgeson and Karimi (1988) reported 

reduced effluent turbidities and particle counts for pre-

ozonated and flocculated waters. They have also reported 

reduced coagulant requirements and extended filter runs on 

account of pre-ozonation. 

The findings correlate well with the results of 

Shepherd and Long (1982) on Colorado River Water. They 

obtained filtered effluent TPN's of 1500-2000 for non ozo-

nated waters and 100-500 for water dosed with ozone in the 

range of 1 to 12 mg/L. In this research the TPN in the 

filtered effluent of non ozonated waters ranged between 

1000 to 2000 and the corresponding figure for ozonated 

waters was 200 to 1000. However, contrary to previous 

reports {Saunier, (1983)) Sontheimer (1978 ) & Jekel 

(1983)}, the role of ozone as a destabilizing agent and 
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coagulant aid is not regulated to dosages below 1 mg 

ozone/mg DOC. Ozone has been shown to cause particle 

destabilization and improve flocculation efficiency and 

overall water quality at dosages as high as 1.6 mg 

ozone/mg DOC at the pilot plant scale. As reported by 

Sontheimer, Saunier and Jekel the role of ozone as a 

coagulant aid does not diminish beyond 1 mg ozone/mg DOC. 

The results have also established peroxone as a better 

candidate than ozone for improvement of flocculation and 

overall process efficiency. The peroxone (ozone 2.5 mg/L 

+H202 0.5mg/L) plus alum (5 mg/L) combinations gave sig

nificantly better results than the ozone (2.5 mg/L) plus 

alum (5 mg/L) treatment combination, and nearly equivalent 

to ozone (4 mg/L) + alum (5 mg/L) dosage. 

There is similarity between the results for CRW and 

SPW. It is not surprising since the trends in particle 

destabilization and microflocculation in the two waters 

too were similar. 

4.5.4 SPW - Feso^ Series 

The objective of this experimental series was to 

compare the impact of ozone with respect to peroxone on 

improvement in flocculation and overall process efficiency 

with a coagulant other than alum. The coagulant selected 
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was FeS04. The following ozone and peroxone treatments in 

conjunction with a constant FeS04 (hydrated) dosage of 2 

mg/L were administered on SPW 

(a) Ozone 1 mg/L 

(b) Ozone 2 mg/L 

(c) Ozone 1 mg/L + H2O2 0.2 mg/L 

4.5.4.1 EVALUATION OF PARTICLE DESTABILIZATION 

Figure 26 presents the percentage decrease in EPM 

(raw versus flocculated) for the various treatments. The 

peroxone + FeS04 dosage resulted in the greatest decrease 

(29.8 percent) in electrophoretic mobility. The ozone 

dosage of 2 mg/L performed better than an ozone dosage of 

1 mg/L. 

4.5.4.2 EVALUATION OF PERCENTAGE INCREASE IN dv AFTER 

FLOCCULATION 

Figure 27 presents the percentage increase dv for 

the (ozone/peroxone + FeSOjj) treatments listed above. In 

the supramicron range, surprisingly the lower ozone dosage 

of ozone (1 mg/L) resulted in a greater increase in dv 

than the higher ozone dosage (2 mg/L). The peroxone 

treatment gave the greatest increase in volume average 

diameter. 
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Figure 26. Reduction in electrophoretic mobility (EPM) 
after flocculation for various FeSO^ + ozone/pe 
roxone treatments on State Project Water (SPW). 
Initial EPM (mean) = - 0.77 (um/sec)/(volt/cm) 
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4.5.4.3 EVALUATION OF TPN AND TURBIDITY REMOVALS 

Figure 28 presents the percent reduction in TPN/mL 

between raw and filtered waters and Figure 29 presents the 

percent decrease in turbidity for the various treatments 

using State Project Water. The FeS04 plus peroxone combi

nation resulted in the highest particle removals followed 

by 2 mg/L of FeS04 plus 2 mg/L of ozone treatment. This 

was expected since the peroxone plus FeS04 combination 

resulted in the highest flocculation efficiency. 

Although both the FeS04 + ozone combinations gave simi

lar results for turbidity removal and particle removal, 

the peroxone + FeS04 yielded the lowest turbidity remov

als. However, not much credence should be given to these 

findings as the range of turbidity variation was very 

small, between 94.5 to 96 percent. 

4.5.5 DISCUSSION 

Thus based on the reduction in mobility and 

increases in particle size after flocculation and TPN 

removals after filtration it is reasonable to state that 

peroxone is a more effective coagulant aid than ozone 

alone. This result was expected because after ozonation 

too the peroxone treatment provided a greater decrease in 
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electrophoretic mobility and larger floes than the ozone 

treatments. The results have also demonstrated that as a 

pre-oxidant peroxone performs better than ozone in con

junction with both alum and FeSOjj. 

4.6 STUDY OF THE RELATIVE IMPACT OF ALTERNATIVE COAGULANTS 

OH STATE PROJECT WATER 

Most of the previous research on coagulation of pre-

ozonated waters has involveed using A1 as the flocculating 

agent. It was planned to evaluate the coagulation effi

ciency of aluminium with respect to iron (Fe) on preozo-

nated waters by comparing the results of various 

ozone/peroxone plus alum treatment combinations with 

ozone/peroxone plus FeS04 treatments. 

The flocculation efficiency of the individual treat

ments was evaluated by (i) evaluation of the increase in 

dv (volume average diameter) of floes with respect to the 

raw water colloids and (ii) evaluation of particle desta-

bilization (reduction in surface charge) by comparing the 

electrophoretic mobility of the raw water with the floccu

lated water. Overall process efficiency of the respective 

treatments was estimated by (i) reduction in the total 

particle number (#/mL) (raw vs filtered) and (ii) reduc

tion in the turbidity (raw vs filtered). The alum and 
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FeSC>4 experiments cannot be directly compared and only 

trends can be analyzed because of the absence of controls 

(i.e. more than one parameter was varied at a time). The 

polymer dosage was different and the dosages of the two 

flocculants were also different. The FeS04 dosage of 2 

mg/L corresponded to 7.2 x 10~6 mol/L as Fe, which was 

substantially lower than the alum dosages of 5 mg/L and 10 

mg/L (15xl0~6 mol/L and 30 x 10~6 mol/L as Al respec

tively) . At the dosages mentioned above the predominating 

aluminium species is Al(0H)3(s) (Stumm and O'Melia, 1968). 

Thus xsweep floe'is predominating mechanism of alum coagu

lation. In addition, the ozone dosages of 1 mg/L and 2 

mg/L used for the Fe runs were lower than the 2.5 mg/L and 

4 mg/L of ozone used for the alum runs. The polymer 

dosage was 1.5 mg/L for the alum runs and 2.5 mg/L for the 

FeS04 runs. The treatments evaluated were: 

i) Alum 5 mg/L + Polymer 1.5 mg/L 

ii) Alum 10 mg/L + Polymer 1.5 mg/L 

iii) Alum 5 mg/L + Polymer 1.5 mg/L + Ozone 2.5 mg/L 

iv) Alum 10 mg/L + Polymer 1.5 mg/L + Ozone 2.5 mg/L 

v) FeS04.7H20 2mg/L + Polymer 2.5mg/L + Ozone lmg/L 

vi) FeS04.7H20 2mg/L + Polymer 2.5mg/L + Ozone 2mg/L 

vii) FeS04.7H20 2mg/L + Polymer 2.5mg/L + Ozone lmg/L 

+ H202 0.2mg/L 
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Figure 30 presents the dosage vs percentage increase 

in dv after flocculation. Figure 31 presents the dosage 

vs percentage decrease in EPM after flocculation. Figures 

32 and 33 present the TPN (#/ml) and turbidity removals 

for the various treatments. In terms of turbidity removal 

the FeSC>4 (2 mg/L) + ozone (1 mg/L and 2 mg/L) combina

tions performed better than alum (5 mg/L or 10 mg/L) and 

similar to the alum-ozone combinations of alum (5 mg/L)+ 

ozone (2.5 mg/L) and alum (10 mg/L) + ozone (2.5 mg/L). 

The FeS04.7H20 (2 mg/L) + ozone (2 mg/L) dosages resulted 

in TPN removals comparable to alum 5 mg/L and about 3-4 

percent lower than the two alum - ozone combinations of 

alum (5 mg/L) + ozone (2.5 mg/L) and alum (10 mg/L) + 

ozone (2.5 mg/L). The Fe + peroxone dosage is gave remov

als marginally lower than the alum + ozone combinations 

while being similar to the alum (5 mg/L or 10 mg/L) treat

ments . 

The FeS04 (2 mg/L) + ozone (1 mg/L) and FeS04 + 

peroxone treatments resulted in significantly greater 

increases in dv in comparision to the other treatments. 

The increase in dv (volume average diameter) of the floes 

was roughly 15 percent higher than other treatments. 

Based on the percentage decline in electrophoretic mobil-
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Figure 30. Percentage increase in dv (volume average 
diameter) after flocculation for various 
alum/FeSO* + ozone/peroxone treatments on 
State Project Water (SPW). Initial dv = 6.73 um 
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ity after flocculation, the FeS04 and peroxone (ozone 1 

mg/L + H2O2 0.2 mg/L) treatment performed the best while 

the FeS04 + ozone (2 mg/L) was about 5 percent lower than 

the alum + ozone combinations and comparable to the alum 

treatments of 5 mg/L and 10 mg/L. 

Thus (inspite of a lower ozone and coagulant 

dosages), the FeS04 + ozone combination resulted in 

either comparable or marginally (3-4 percent) lower per

formance than the alum + ozone combinations in relation 

to the various evaluation parameters. 

It can be stated with caution that FeS04 appears to 

be more effective on preozonated waters than alum. How

ever, ferrous sulphate costs about 18 cents/pound while 

alum is 11 cents/pound. More experimentation with controls 

on the ozone/peroxone dosage, polymer dosage, and coagu

lant dosage is required to effectively compare performance 

of Fe and A1 on preozonated or pre-peroxonated waters and 

make meaningful cost comparisions. 

4.7 STATE PROJECT WATER VS COLORADO RIVER WATER - ft COM-

PARISION 

Although there is similarity in the TOC (total 

organic carbon), UV absorbance, pH, turbidity, electropho-

retic mobility, TPN (#/mL) and dv the CRW and SPW there is 
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considerable variation in the TDS (total dissolved sol

ids) , and total hardness (see Table 11). Inspite of the 

alkalinity for CRW (130-133 mg/L) being significantly 

higher than SPW (78-88 mg/L) and the ozone utilized in the 

system for similar dosages of ozone being 10 to 15 percent 

lower there is a striking similarity between results 

obtained for the two source waters (refer Table 12 which 

lists the range of percentage decreases in TPN (#/mL) and 

turbidity, percentage decrease in EPM after flocculation, 

and percentage increase in dv after flocculation). 

Since alkalinity is a scavenger for hydroxy1 radical, it 

would be expected to reduce the availability of ozone for 

reaction in CRW, resulting in a concomitant decrease in 

the particle destabilization and particle removal compared 

to State Project Water. An interesting finding of this 

research is that alkalinity is not consumed by reaction 

with ozone. Although the alkalinity of the filter efflu

ent was not measured in this research, data procured from 

MWD for their experimental investigations involving 

ozone/peroxone established that the decline in alkalinity 

is marginal (1-2 percent) or none at all. 

The equivalent performance of CRW inspite of lower 

consumption of ozone in the system could be traced to the 

greater hardness and calcium concentrations. CRW has a 
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Table 12. Comparision of percentage variation in various 
parameters for Colorado River Water and State 
Project Water 

SPW CRW 
Parameter (%) (%) 

Decrease in turbidity 95-97 93-96 

Decrease in supramicron TPN (#/mL) 87-98 83-98 

Decrease in EPM after flocculation 19-48 14-50 
(i. e., less negative) / 

Decrease in sub-micron TPN (#/mL) 27-61 17-47 
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hardness level of roughly 330 mg/L and calcium concentra

tion of 83 mg/L while SPW has hardness of 140 mg/L and 

calcium concentration of 31 mg/L. Dowbiggin and Singer 

(1989) have reported that calcium increased susceptibility 

to ozone-induced colloid destabilization and suspensions 

of higher calcium concentrations coagulate more readily 

than suspensions at lower concentrations. In this con

text, Saunier (1983) stated that water with appreciable 

levels of hardness are more likely to benefit from preozo-

nation than those with lower hardness levels. Higher cal

cium concentrations in CRW would indicate greater associa

tion between NOM and the clay particles due to metal brid

ging (refer Figures 3 and 4). The results indicate that 

disruption of the metal bridge leading to the dissociation 

of the humic molecule from the clay surface could be one 

of the important mechanisms of particle destabilization. 

However more research needs to be done to obtain evidence 

to firmly support this mechanism. 

4.8 STUDY OF THE IMPACT OF POINT OF ADDITION OF CHLORINE 

ON FLOCCPLATION AND OVERALL PROCESS EFFICIENCY IN PREOZO-

NATED AND FLOCCULATED WATERS 

Since ozone has very poor residual characteristics 

(half life of 18 minutes at pH of 8 {Hoigne and Bader, 
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(1979)}, it was planned by MWD to use chloramine as the 

secondary disinfectant and to evaluate formation of bromi

nated disinfection by-products due to application of ozone 

or peroxone. A separate set of experiments was run to 

study the impact of the point of chlorine addition on the 

flocculation and overall process efficiency in preozo-

nated/pre-peroxonated Colorado River Water. A secondary 

objective was to study the impact of bromide ion on the 

performance of ozone and peroxone as coagulant aids. 

Flocculation in the various treatments was evaluated by 

(i) percentage increase in dv (volume average diameter) 

after flocculation (Figure 34) and the overall process 

efficiency was evaluated by (i) percentage decrease in 

turbidity (raw vs filtered) (Figure 35) and (iii) percent

age decrease in TPN (#/ml) (raw vs filtered) (Figure 36). 

The ammonia and chlorine dosages selected for all treat

ments were 0.5 mg/L (as NH3 - N) and 1.5 mg/L respec

tively. Ammonia was applied before ozonation to reduce the 

formation of brominated disinfection by products and chlo

rine was to be added either before ozonation or after ozo

nation at the rapid mix stage. The alum and polymer 

dosages in all the treatments were 3 mg/L and 1.5 mg/L 

respectively. The ozone dosage too was maintained constant 

at 2 mg/L. The treatments variables evaluated were 
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(i) H2O2 0.4mg/L, Chlorine applied before ozone con

tactor 

(ii) H2O2 0.4mg/L, Br" 0.5 mg/L, Chlorine applied 

before ozone contactor 

(iii) H2O2 none, Br"" 0.5 mg/L, Chlorine applied at the 

rapid mix basin 

(iv) H2O2 0.4mg/L, Chlorine applied at the rapid mix 

basin 

4.8.1 RESULTS 

The percentage increase in the dv after flocculation 

for the peroxone treatment [2 mg/L ozone + 0.4 mg/L H2C>2] 

with chlorine addition in the rapid mix basin was nearly 

double that of the same peroxone dosage with chlorine 

addition prior to ozonation. The ozone treatment of 2 

mg/L with chlorine addition after ozonation in the rapid 

mix step also gave better results than the peroxone 

dosages with chlorine added prior to ozonation, although 

based on the results that have already been obtained with

out chlorine, peroxone (2 mg/L ozone + 0.4 mg/L hydrogen 

peroxide) was expected to give a higher particle destabi-

lization and flocculation efficiency than ozone alone (2 

mg/L). 

The relatively higher flocculation efficiency of the 
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ozone and peroxone treatment involving addition of chlo

rine after ozonation (in rapid mix) culminates in turbi

dity removals that are roughly 4 percent higher (Figure 

39) and particle removals that are roughly 7 percent 

higher than the peroxone treatment involving the addition 

of chlorine prior to ozonation (Figure 40) 

The peroxone or ozone treatments involving bromide 

ion did not perform differently from the same treatments 

not including bromide in terms of either particle removal 

or turbidity removal. 

4.8.2 DISCUSSION 

Thus, the addition of chlorine prior to ozonation 

has a negative impact on the particle destabilizing 

properties of ozone/peroxone, and its ability to play the 

role of a coagulant aid. The possible reason is that 

chlorine reduced the reactivity of ozone toward NOM 

because : 

(1) chlorination of humics which then become less suscep

tible to attack by ozone (Dore et al., 1987). Chlorinated 

aromatics do not react very rapidly with ozone under neu

tral conditions (Hoigne and Bader, 1983). 

(2) consumption of ozone in reaction with chlorine or 

chloramine leading to its conversion to oxygen by the fol
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1.2303 + 0C1 > 202 + 0.77C1-

+ 0.23C103~ 

NH2C1 + 303 > 2H+ + N03" 

+ CI" + 302 

Chlorine or chloramine will reduce the availability 

of ozone for reaction with humics and adversely impact the 

ozone induced particle destabilization and microfloccula-

tion phenomena. At pH range of 7 to 8 reaction of ammonia 

with ozone is so slow to be insignificant (Singer and 

Zilli, 1975). Consequently ammonia does not impact the 

performance of ozone as a coagulant aid. Bromide ions not 

having an impact on performance of ozone is very surpris

ing because ozone is reported to react very rapidly (k = 

160 per mole per second) with bromide to form hypobromous 

acid and hypobromite ion (Mitchell, 1985). 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 

The major findings of this research were as follows: 

PARTICLE DESTABILIZATION 

Particle destabilization (reduction of surface 

charge measured by change in electrophoretic mobility) was 

observed at all levels of ozone in the range of 1 to 4 

mg/L and the two peroxone treatments of 2.5 mg/L of ozone 

+ 0.5 mg/L of hydrogen peroxide and 1 mg/L of ozone + 0.2 

mg/L of hydrogen peroxide. Increases in ozone dosage gave 

rise to progressively greater levels of destabilization. 

Interestingly, peroxone treatments resulted in particle 

destabilization of substantially higher magnitude than 

comparable ozone dosages (2.5 mg/L ozone + 0.5 mg/L 

hydrogen peroxide versus 2.5 mg/L ozone alone), presumably 

due to hydrogen peroxide enhancing the decomposition of 

ozone to hydroxyl radical. 

MICROFLOCCULATION 

This research suggests that it is misleading to 

assume that ozone induced particle destabilization always 
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correlates with microflocculation. Reduction in surface 

charge after ozonation was not always accompanied by the 

formation of floes. While particle destabilization was 

observed for all ozone dosages in the range of 1 to 4 

mg/L, microflocculation was observed only at lower dosages 

(< 2 mg/L) of ozone, and in conjunction with the peroxone 

treatments. At higher dosages there seems to be a rever

sal in the role of ozone. Rather than acting as a micro-

flocculant, ozone appears to breakup colloidal aggregates 

thereby dispersing the colloids. Turbidity, the most com

mon parameter used by researchers in the past for evalua

tion of particle destabilization and microflocculation 

phenomena has been shown to be both inappropriate and 

insensitive. This reliance on turbidity could partially 

explain the often conflicting results of previous 

researchers working in this field. The research findings 

reported herein have established that it is imperative to 

evaluate both the submicron and supramicron particle size 

ranges to gain a better understanding of the microfloccu

lation phenomena. The utility of scanning electron micro

scopy for the visual evaluation of the microflocculation 

phenomena and determination of shifts in particle numbers 

within the submicron range was also demonstrated in this 

research. 
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IMPACT OF PRE-OXIDATION ON FLOCCULATION AND OVERALL PRO

CESS EFFICIENCY 

As anticipated, and also observed by previous 

researchers ozone/peroxone induced particle destabiliza-

tion resulted in improved flocculation efficiency and par

ticle/turbidity removals. As compared to alum alone (i.e. 

alum treatment not preceded by pre-ozonation), 

ozone/peroxone plus alum treatments gave higher particle 

removals. However, contrary to many previous articles, 

the role of ozone as a coagulant aid is not restricted to 

dosages below 1 mg ozone/mg DOC. The benefits of preozo-

nation extended to as high as 1.6 mg ozone/mg DOC and 

could extend to even higher ozone dosage levels. Similar 

to results for particle destabilization, peroxone treat

ments resulted in better flocculation and higher particle 

removals than comparable ozone treatments. 

COAGULANT SAVINGS ATTRIBUTED TO PRETREATMENT WITH OZONE 

AND PEROXONE 

An improvement in the process efficiency associated 

with pretreatment by ozone or peroxone leading to particle 

destabilization and microflocculation, directly translates 

into coagulant savings. In this context, the oxidant 
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plays the role of a coagulant aid. Based on an analysis 

of particle removal or turbidity removal, the 5 mg/L alum 

dosage in combination with 2.5 mg/L of ozone gave superior 

results compared to the 10 mg/L alum dosage. Thus, on a 

conservative basis, it can be stated that 2.5 mg/L ozone 

pretreatment results in a saving of 5 mg/L of alum (50 

percent). If visualized in the context of a 50 MGD water 

treatment plant processing SPW, it signifies a saving of 

roughly 750,000 lbs of alum. Significantly, the cost sav

ings associated with reduced alum dosages are further aug

mented by advantages due to reduced sludge volumes. A 

reduction in sludge production would dramatically affect 

plant economics, extend filter runs, reduce capital 

investment on filtration systems and reduce sludge pro

cessing requirements. Since the head loss profiles in the 

filters were not monitored over time during the experimen

tal runs it is not possible to furnish specific figures on 

improvement in filter performance. At this juncture, it 

must be emphasized that coagulant savings will vary for 

waters of different characteristics and results obtained 

on SPW cannot be generalized: they have to be estimated 

for a specific water by comparing the results of various 

alum and ozone combinations with alum alone. 

Georgeson and Karimi (1988) have reported polymer 
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savings of 0.5 mg/L due to pretreatment with 1 mg/L of 

ozone. Preozonation also raised filtration rates from 9 

gallons/m/ft2 to 13.5 gallons/xn/ft2. Saunier, in his 

study on Seine river water has reported coagulant (PAC) 

savings of 50 percent due to treatment with 0.8 mg/L of 

ozone. It is important to recognize that in addition to 

playing the role of a coagulant aid, ozone (or peroxone) 

also serve to remove taste and odor compounds, THM precur

sors and color. MWD is planning to use ozone or peroxone 

primarily for THM control, removal of taste and odor com

pounds and pre-disinfection; not as a coagulant aid. 

Thus, although the savings associated with the reduced 

alum requirement are to a partial extent nullified by the 

added cost of oxidant, the multi-purpose nature of ozone 

makes it an almost inevitable choice for water treatment 

in the near future. 

However the crux of the research findings reported 

herein are the greater coagulant savings that would accrue 

by the usage of peroxone based on the peroxone (2.5 mg/L 

ozone + 0.5 mg/L hydrogen peroxide) treatment, performing 

better than a comparable level of ozone (2.5 mg/L) treat

ment and equivalent to a higher level of ozone (4 mg/L) 

treatment. All of the three ozone or peroxone treatments 

identified above were in conjunction with the same amount 
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of alum (5 mg/L). The use of hydrogen peroxide, which 

results in enhanced decomposition and greater consumption 

of ozone for reaction, makes it possible to obtain the 

same particle/turbidity removals with lower dosages of 

ozone. From an ozone saving view point, 0.5 mg/L of 

hydrogen peroxide makes it possible to dispense with about 

1.5 mg/L of ozone. Since the production cost of ozone is 1 

to 1.5 dollars per pound while hydrogen peroxide costs 

about 50 cents per pound, there are apparent attributes of 

peroxone over ozone in the context of their respective 

roles as coagulant aids. In addition another implication 

of an ozone and hydrogen peroxide combination providing 

better results than ozone alone are lower ozone generation 

capacities and reduced capital investments. The capital 

costs for ozone generation from liquid oxygen are roughly 

20 cents per pound. Also, hydrogen peroxide does not have 

to be generated on site and offers far more flexibility 

and ease in handling. However, a limitation of hydrogen 

peroxide is that it decomposes in the presence of light or 

even trace impurities. Since a FeS04 treatment without any 

preoxidation was not part of the experimental matrix, it 

was not possible to directly gauge the ferrous sulfate 

savings attributable to pre-ozonation/ pre-peroxonation. 

However, the advantage of the reduction in ozone require
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ments due to hydrogen peroxide usage was also observed in 

this series of experiments. The peroxone treatment of 1 

mg/L ozone + 0.2 mg/L H2O2 yielded higher TPN removals 

than the 2mg/L of ozone alone. The coagulant dosage for 

both treatments was the same (2 mg/L FeS04). 

COMPARISION OF ALUM VERSUS FERROUS SULFATE AS COAGULANTS 

Prima facie ferrous sulfate appears to be more 

effective than alum on preozonated waters. Fe also pro

duces floes which settle better and is more effective in 

removing color and humic substances. However, ferrous 

sulfate costs 18 cents/pound while alum costs 11 

cents/pound. More experimentation with controls on the 

ozone/peroxone, polymer and coagulant dosages is required 

to arrive at a more accurate economic equation between the 

two primary coagulants. 

COMPARISION OF STATE PROJECT WATER AND COLORADO RIVER 

WATER 

The results of ozone and peroxone induced particle 

destabilization, microflocculation and their role as 

coagulant aids showed a marked similarity for the State 

Project Water and Colorado River Water sources. 
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OPTIMUM POINT OF CHLORINE ADDITION DURING CHLORAMINATION 

The research also showed that the effectiveness of 

ozone and peroxone as coagulant aids is sensitive to other 

factors such as the point of addition of chlorine during 

disinfection (chloramination). The addition of chlorine 

prior to ozonation/peroxonation had an adverse impact on 

the particle destabilizing properties of ozone/peroxone 

and its ability to play the role of a flocculant aid. 

Future research should address the following areas 

1) Impact of higher dosages of ozone / peroxone on par

ticle destabilization, microflocculation and improvement 

of overall process efficiency. Because of limitations in 

ozone generating capacity at MWD's pilot water treatment 

facility higher treatment levels could not be adminis

tered. 

2) Role of the direct mechanism of ozone oxidation vis-a

vis free radical mechanism of ozone oxidation in the par

ticle destabilization and microflocculation phenomena. 

3) Impact of pre-ozonation/pre-peroxonation on water 

sources having high DOC and turbidity. 

4) Role of the different metal ions present in the water 

on the microflocculation phenomena. 

5) Role other water treatment variables like pH and tem
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perature has to be evaluated. 

6) There seems to be no end of confusion regarding the 

mechanisms for ozone induced particle destabilization and 

microflocculation. Research has to be directed at evaluat

ing the alternative mechanisms proposed in this research 

to determine which mechanism plays the determining role. 
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