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ABSTRACT

The Central Arizona Project is a water delivery

system which will bring Colorado River water to urban and

agricultural areas in central and southern Arizona via a

330-mile canal. Colorado River water is a high quality

source but will minimally require treatment for turbidity

removal and disinfection in order to meet federal, state and

municipal standards. In this research, ozone treatment of

CAP canal water was investigated.

A parametric study was conducted to evaluate the

effects of Ozone dose, aluminum sulfate dose and mixing

conditions on turbidity and particle removal, organic carbon

removal and filtration characteristics. Fluctuations in raw

water quality were substantial over the sampling period of

several months. At a 95% confidence level, turbidity removal

by filtration depended on alum dose and rapid mix duration.

Particle removal and TOC removal by filtration depended on

ozone and alum doses as well as mixing time. Substantial

removal of organic carbon, did not occur, but the mechanism

of removal was found to be adsorption and subsequent

filtration. In pressurized filtration tests, volume

throughput was found to be dependent on ozone and alum doses,

with higher alum doses resulting in decreased filtration

xi



CHAPTER 1

INTRODUCTION

Tucson, Arizona is one of the largest cities in the

world that is totally dependent on groundwater for meeting

municipal needs [1]. Other consumers in the Tucson area use

the same groundwater resources for agricultural and

industrial purposes as well. Water from the four major

wellfields in the Tucson area is of such high quality that

without treatment, it meets all current federal and state

drinking water regulations. Chlorination is required only

when the water is stored prior to distribution. To preclude

the need for chlorination, water is often pumped from

wellfields through distribution mains directly to consumers.

Depending on a variety of hydrogeoloqic factors, the

depth to groundwater in local area wellfields ranges from 150

to 400 feet. However, since the 1930s, groundwater

consumption has increasingly exceeded the natural recharge of

these wellfields, resulting in a declining water table. It

has recently been reported that the depth to groundwater in

some areas is increasing by up to 6 feet per year [21. In

order to prevent any future environmental impacts that may

arise from the continued overdraft of groundwater, alternate

sources are being developed to meet Tucson's future demands.

1
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The principal alternative source will be the Central

Arizona Project (CAP). The CAP is a massive water delivery

system providing Colorado River Water (CRW) from Lake Havasu

to urban and agricultural areas in Maricopa, Pinal and Pima

counties (see Figure 1). Costing over a billion dollars for

design and construction, the CAP system consists of over 300

miles of open concrete channel, a series of 14 pumping

stations, and a seven mile tunnel to transport the water over

a total vertical lift of 2900 feet at a maximum design flow

of 3000 cfs.

The CAP is projected to satisfy approximately 60% of

the present imbalance between water users and renewable water

supply in central Arizona. The City of Phoenix received its

first water deliveries in 1986. Delivery is scheduled for

Tucson in 1991. By the year 2025, CAP water is projected to

provide almost three-fourths of the demand served by Tucson

Water, the city's water utility [11.

Unlike the groundwater presently used, Colorado River

Water will require treatment. 	 Data collected from 1977

through 1984 [31 show that, on the average, raw Colorado

River Water meets all but two of the Interim Primary Drinking

Water Regulations (IPDWR) set by the Environmental Protection

Agency (EPA) in 1975 as part of the Safe Drinking Water Act

(SDWA) (P.L. 93-523). The IPDWRs were upgraded to National

Primary Drinking Water Regulations (NPDWR) by the 1986

ammendments to the SDWA [41. The NPDWR standard for
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turbidity, 1.0 Nephelometric Turbidity Units (NTU), is based

on a monthly average. This value is exceeded in some months

by CRW at Lake Havasu, although the median value was 0.9 NTU

for the time period studied [3]. The standard for coliform

bacteria, one organism per 100 milliliters, is exceeded by a

median value of 75 per 100 milliliters for CRW at Lake Havasu

[3].

CAP canal water quality will be determined not only

by Colorado River quality, but by the Bill Williams and Agua

Fria Rivers as well.	 The Bill Williams River enters Lake

Havasu near the canal intake system, and flow from the Aqua

Fria River may enter the canal west of Phoenix. Both rivers

are expected to influence values of total dissolved solids

(TDS), turbidity, organic carbon and coliform organisms

measured in the canal.	 Canal water quality may also be

influenced by factors such as development u-p-s-tre-a-m-

Havasu, fluctuations in Colorado River flow, operation of the.

canal intake structure, and transmission along the aqueduct

[31.

The Colorado River has been a source of water supply

for Southern California, Nevada and Arizona for decades.

Eleven water treatment plants currently employ or will employ

upon completion conventional treatment of CRW, using chemical

coagulation, flocculation, sedimentation and filtration,

including the cities of Mesa and Glendale, Arizona. The CAP

canal is the source of supply for both of these plants.
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Three other facilities combine conventional treatment with

softening. Four plants employ the direct filtration mode,

which eliminates the sedimentation step, including the Union

Hills Water Treatment Plant for the City of Phoenix, whose

source is the CAP canal. Five other plants presently utilize

the in-line filtration mode, which consists of coagulation

and filtration. None of the facilities currently treating

CAP canal water utilize ozone as a water treatment chemical.

As a result of the discovery in 1974 that

chlorination may cause the formation of trihalomethanes

(THMs) during drinking water treatment 15,61, and the finding

that THMs may be potential carcinogens [71, the EPA

promulgated an amendment to the National Interim Primary

Drinking Water Regulations in 1979, establishing a Maximum

Contaminant level (MCL) of 0.10 mg/L for total

trihalomethanes in drinking water [8]. THM formation during

the chlorination of drinking water results from complex

reactions between free chlorine and naturally-occurring

organic precursor compounds. With the recent findings that

chlorination may produce byproducts which can increase public

health risks to consumers, water treatment professionals have

been seeking alternative treatment approaches to lower the

levels of halogenated and other organic materials in treated

water supplies. The use of ozone as a chemical oxidant is

one such alternative approach.
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Ozone is a versatile and powerful water treatment

chemical. Its uses vary from virus inactivation to manganese

removal, but a major impetus for its utilization has become

the EPA's regulation of THMs and other organic compounds.

Ozone is the most important alternative pre-oxidant with

respect to reducing the formation of halogenated organics 1911

even though some researchers have found that the same amount

or more THMs may be formed after ozonation than without

ozonation, after post-chlorination. This was possibly due to

the high oxidizing power of ozone acting on molecules which

initially did not react with chlorine to form THMs [10]. In

practice, in most cases, the effect of ozonation has been

found to be a reduction in the co.ncentrat ion of THM

precursors, leading to a reduction in THM formation potential

[10].

A number of water suppliers, including the City of

Tucson, have voluntarily elected to set treated water THM

objectives below the current MCL, principally to: (1) reduce

the health risk associated with THMs to a level equivalent to

the risk established for other constituents such as

trichloroethylene, (2) improve water quality to the maximum

extent economically feasible, and (3) to ensure compliance

with possibly more stringent future THM MCLs [3]. This

decision by the City of Tucson anticipated such measures as

the 1986 amendments to the Safe Drinking Water Act Ill],

which portend a more strict philosophy regarding contaminants
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in drinking water. The amendments recognize a total of 83

contaminants for which regulations must be developed, only 22

of which are presently regulated. Other provisions of the

amendments include mandatory disinfection of all water

supplies, required filtration of all surface water supplies

and the definition of a treatment technique for all regulated

contaminants. Also included is a significantly strengthened

enforcement policy that allows enforcement actions to be

entered into sooner and increases maximum civil penalties

from $5000 to $25000 per day regardless of whether or not the

failure to comply was willful. Laws such as the 1986 SDWA

amendments indicate that water quality regulations will

become increasingly more restrictive and will impose a

greater burden on water suppliers in meeting the

requirements. Reliable and versatile treatment technologies

such as the use of ozone must be utilized as water suppliers

provide a safer product to consumers.

In this report, ozone treatment of CAP canal water

(designated as "CRW" in this report) was investigated. Water

samples collected from the CAP canal at Phoenix were treated

using a series of various applied ozone doses, coagulant

doses, and mixing conditions. Treatment effects were

evaluated using parameters such as turbidity, particle size

distribution, total organic carbon and pressure filtration.

In a study of electrophoretic mobility, the effect of ozone

on particulate surface charge was investigated. The studies
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were conducted over a period of months in the spring and

summer of 1986 so that temporal changes in raw canal water

quality could be evaluated.



CHAPTER 2

OBJECTIVES

The major objectives of this research were as

follows:

1)	 The evaluation, in the direct filtration mode,

over a period months, of the effect of ozone asa

pretreatment chemical, in the presence of the coagulant

aluminum sulfate, for Central Arizona Project canal water,

including:

a) The evaluation of the effects of applied ozone

dose and aluminum sulfate dose on treatment

results;

b) The evaluation of the effects of mixing time in

the rapid mix and flocculation processes on ozone

pretreatment in the presence of aluminum

sulfate;

c) The quantification, using turbidity and particle

size distribution measurements, of the

coagulating effects of ozone pretreatment in

conjunction with aluminum sulfate;

d) The determination, using the Mini Plugging Factor

Test as a surrogate parameter, of the effects of

ozone pretreatment on filtration rates and

headloss accumulation;

9



10

e) The evaluation, using total organic carbon

measurements, of preozonation as a method of

organics removal, in conjunction with chemical

coagulation and filtration.

2) The quantification, using electrophoretic

mobility measurements, of the effects of ozone pretreatment

on the surface charges of suspended particulates in a single

Central Arizona Project canal water sample.



CHAPTER 3

LITERATURE REVIEW

Alum Coagulation 

The aqueous chemistry of aluminum (III) is complex.

The simple species Al 3+ does not exist in a natural aqueous

environment, but rather is present as an aquo-metal complex,

Al(H 2 0) 6
3+. When an aluminum (III) salt, such as the

coagulant alum (A l 2 (SO 4 ) 3
 .nH 2

0) is added to water in

concentrations less than the solubility limit of aluminum

hydroxide, a rapid series of hydrolysis reactions leads to

the formation of soluble monomeric, dimeric and polymeric

hydroxo-metal complexes, in addition to the free aquo-metal

ion [12]. For example, at pH 4, half of the aluminum ion

-5-
added as alum hydrolyzes to Al(H 2

0)
5

OH
2+ within 10	 seconds

[13] .

As OH - ligands sequentially replace the six

coordinated water molectles, several hydrolysis species are

formed that are positively charged, neutral and negatively

charged [14]:

Al(H
2

0)
6

+3 > Al(H
2 0) 5

+2   

Al(H 0) (OH)	 >A1(H 0) (OH)
2 4	 2	 2 3	 3(aq)

—>A1 (H 0) (OH)	 —>A1 (H 0) (OH)
2 2	 4	 2	

52-

3-
—>A1 (OH) 6

11
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Two factors of importance in water treatment arise

from these hydrolysis reactions. First, hydroxometal

complexes readily adsorb on surfaces and the charges they

carry may cause reversals of the charges on the surfaces on

which they are adsorbed. Secondly, the series of hydrolysis

reactions is accompanied by a release of H + ions, lowering

the pH of the solution in which they are formed. The

concentration of the various hydrolysis species will be

controlled by the final solution pH [14].

The mechanisms of coagulation by hydrolyzing metal

ions have become better understood over the last two decades

[14]. For example, the stability diagram for alum

coagulation has become well-defined. It is possible to

delineate zones of slow coagulation, rapid coagulation, no

coagulation and restabilization on the stability diagram (see

Figure 2) (141. The amount of hydroxometal complex adsorbed

on the surfaces of colloidal particles, and consequently the

aluminum (III) coagulant dose necessary for destabilization

of the colloids, can depend on the amount (i.e. surface area)

of colloid present [12]. This is illustrated by the dashed

boundaries of the restabilization zone in Figure 2. In the

sweep coagulation zone, a degree of oversaturation occurs

sufficient to produce the rapid precipitation of aluminum

hydroxide which removes colloidal particles by enmeshment.
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The mechanism of aluminum coagulation is influenced

by reaction kinetics as well as stoichiometry. The two

primary mechanisms of coagulation with metal salts in water

treatment are: (1) adsorption/destabilization and (2) sweep

coagulation. The reactions that precede coagulation by

adsorption/destabilization are extremely fast and can occur

within microseconds. The formation of aluminum hydroxide

precipitate before sweep coagulation is slower, occurring in

the range 1 to 7 seconds. Rapid mix duration and intensity

can influence the predominant mode of coagulation (141.

The coagulation process may be considered to consist

of two separate and distinct steps: (1) particles in natural

waters must be treated chemically for destabilization, and

(2) the destabilized particles must be brought into contact

through particle collisions so that aggregation may occur

[15]. The first step primarrly takes place in the process or

rapid mixing, in which the coagulant is distributed quickly

throughout the suspension so that it may uniformly coat the

surfaces of suspended particulates. The second step occurs

by flocculation, the oblective of which is to produce a dense

uniformly-sized aggregate for removal by downstream

sedimentation or filtration [16].

The performance of alum coagulation is influenced by

several factors. Raw water quality is of primary importance,

especially with respect to four characteristics: (1)

particle size, (2) particle concentration, (3) particle
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surface characteristics, such as area and charge, and (4)

solution chemistry. Other factors include mixing intensity

and detention time in both rapid mix and flocculation

processes [15].

Of the solution parameters affecting

coagulant-particulate interactions, the solution pH plays a

dominant role, as seen in Figure 2. As a result, the pH of

the system after coagulant addition is strongly dependent not

only on the coagulant dose, but on the buffering capacity of

the solution imparted by alkalinity [12]. Solution pH may

also be affected by the presence of various anions as

quantified by total dissolved solids (TDS). The stability of

aluminum (III) complexes formed is dependent on the anion

functioning as the ligand [17]. These factors may be of

particular importance in the alum coagulation of waters, such

as CRW, having high alkalinity (median value of 138 mg/L as

CaCO3 
[3]) and high TDS (median value of 691 mg/L [31).

Aquatic Particulates 

Suspended particles in natural waters are comprised

of both inorganic and organic matter, including living

matter, with the proportion of each varying widely depending

on the geographic location and time of year. Inorganic

solids account for most of the total suspended matter

transported by rivers and consist principally of

alumino-silicates derived from physical erosion and partial
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weathering of continental rock [18]. Electron micrographs

reveal that inorganic particulates in CAP canal water include

silica particles and asbestos fibers, and that organic

particulates include pollen, diatoms and other microorganisms

[19].

Most pollutants of concern to human health and

environmental quality are solid particles or are associated

with solid particles, i.e., asbestos fibers, pathogenic

organisms, and toxic metals and synthetic orgnics adsorbed on

clays and detritus. Pollutants are transported in the

natural environment and in water and wastewater treatment by

processes that depend on the size, density and concentration

of solid particles [20]. Because of the many undesirable

organic and inorganic constituents associated with

particulates, system design for particle removal assumes a

key role in facilities planning for drinking water treatment

[21].

The major objective of water treatment facilities is

to provide a finished water at a reasonable cost, meeting

specified generally primary standards irrespective of source

water quality. Achieving this objective requires engineered

facilities capable of removing materials ranging in character

from true solutions to coarse suspensions. The particulate

_-  fraction of these constituents may be defined to include both

colloidal materials (greater than 1 nm) to coarse suspensions

(greater than 1 um), a size range which covers seven orders
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of magnitude 1211. A suspension containing particles of

various sizes can be said to have a continuous size

distribution. In fact, this particle size distribution may

be the ritost important physical characteristic of the system

[20].

The particulate content of water has generally been

quantified by such methods as suspended solids analysis,

nephelometric turbidity and optical particle counting.

Suspended solids concentration gives an indication of

particulate mass (20). Particle area is related to turbidity

[22). The turbidimeter has been relied upon in water

treatment as an indicator of source water clarity and of the

effectiveness of solid-liquid separation processes.

Turbidity is a measure of light scattering at 90 ° to the
light source. The results obtained by the light scattering

technique are dependent upon such factors as particle shape,

refractive index and the wavelength of the light source, in

addition to particle size and concentration. 
Optical

particle counting techniques are relatively unaffected by

these variables 123]. Because of the complex nature of light

scattering by particles, two water samples with equal

turbidity measurements do not necessarily contain the same

number of particles or the same size distribution (241.

The optical particle size analyzer works on a light

blockage principle in which the suspended particulate

material passes between a light source and a photoelectric
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detector, interrupting the light signal to produce a voltage

pulse that is electronically amplified and recorded to a

previously-calibrated scale. The particle size analyzer thus

gives an indication of the maximum area, perpendicular to

the light source, of each particle as it passes through the

sensor, and equates that area to a corresponding particle

diameter. Precise sizing of aggregates by this method is

impossible since the particles are not spherical and their

shape may be distorted by the rapid fluid flow through the

sensor [16]. In fact, the high fluid velocity through the

sensor results in considerable shear forces, suggesting that

floc particles cannot by analyzed without altering the

suspension characteristics [22]. Although the values for

aggregate size determined by the particle size analyzer are

therefore, at best approximations, the instrument provides

valuable information on the relative changes in particle size

distribution during the course of flocculation and filtration

[16].

Particle-size analysis also has utility as an on-line

process monitor. When used to monitor filter effluent

quality, Trussel and Tate reported results of pilot studies

at Kennewick, Washington, that showed particle breakthrough

occurring 0.5 to 2 hours before turbidity breakthrough,

indicating the sensitivity of particle counters as monitoring

devices [22]. Particle-size analysis is also important

because neither the appearance of a visible floc nor the
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reduction in suspension turbidity is an accurate predictor of

the ability of the flocculation process to produce filterable

flocs or of the filter medium to remove these flocs [16,201.

Lawler, et al. [20], have presented methods for

characterizing particle number and size distribution. The

particle counter provides data on the particulate

concentration within a certain range of diameters. For

calculation, particle counts recorded in each size interval

are assumed to have a mean aggregate diameter equivalent to

the midpoint of the size interval.	 Spherical geometry is

assumed.	 From these data, a total particle number (TPN),

total particle volume (TPV), or number-volume average

diameter (d	 ) may be calculated to characterize thevp

suspension.	 A common statistic of particle size

distributions is the number-volume average diameter (d ),vp

calculated by the following equation:

d	 (...1i.1211_,2 	 1/3
VP 	A Ni

in which ANi is the total number 
of particles per ml in the

ith size range and k i is the average particle diameter of

that size range [21). The statistic d vp is sensitive to the

concentration of large-sized particles.

Particle size distributions of heterogeneous

suspensions such as those found in freshwater systems may be

modeled by a two-parameter power law distribution function,

given by the expression [21):
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in which N is the particle concentration (number/ml), k is

the particle diameter (um), and a and	 are empirical

constants. The power law density coefficient (	 a

represents the rate of change of particle number with

particle diameter at 1=1, and all else being equal,

increasing a corresponds to increasing particle density at

all sizes [22].

The power law slope coefficient (8) can be used to

provide an estimate of the relative contribution of various

size classes to the three principal properties of the

suspension, i.e., particle number, area and volume [22].

When a=1, the particulates are distributed equally in each

of the size intervals.	 If a >3, the size distribution is

dominated by the fine-sized fraction, below 10 um [21]. 	 A

value of 8>4 indicates a size distribution comprised of

predominantly submicron particles [20]. Extrapolation of the

power law function into the submicron range is not justified,

although some evidence suggests the model can be extended to

0.01 um [21]. However, it is more likely that a complete

physical characterization of the seven orders of magnitude

covered by aqueous particle sizes will reveal a size

distribution more complex than a simple power law model

[21].

Performance of solid-liquid separation processes in
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water treatment can be evaluated through parameters such as

a . For instance, flocculation of Owens River Water reduced

the initial value of a from 4.1 to 2.0, reflecting the

influence of flocculation in agglomerating smaller particles

to larger ones [22). The same trend has been observed after

flocculation of Grasse River Water (raw 6= 6.3, flocculated

f3= 2.3) and Edisto River Water (raw 8= 3.5, flocculated 8=

0.8) [25].

Ozone 

Ozone is a triatomic molecule of oxygen. It is an

unstable gas that boils at -112 °C (1 atm), is partially
soluble in water, and has a characteristic pungent odor which

is readily detectable by humans at concentrations as low as

0.01 to 0.05 ppm. The solubility of ozone in water has been

found to be approximately thirteen times that of oxygen over

the temperature range 0 °C to 30 0C (1 atm) [26].

Ozone is a powerful oxidizing agent, possessing a

higher oxidation potential (-2.07 volts at unit hydrogen

activity) than other commonly-used water treatment oxidants

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

(-1.77 volts) and chlorine (-1.36 volts) [27]. As a result,

ozone is capable of oxidizing a great many organic and

inorganic constituents of raw waters.
_
_

Ozone is produced when high voltage alternating

current is imposed across a discharge gap in the presence of
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an oxygen-containing gas.	 This method of production is

inherently inefficient, since only about 10% of the energy

supplied is used to make ozone. The remainder is lost as

light, sound, and primarily heat. The decomposition of ozone

back to oxygen is accelerated as temperature increases, so

ozonators must employ an effective method of heat removal.

The instability of ozone dictates the need for on-site

production [28].

Ozone in the gas phase and in aqueous solution is

naturally unstable and readily decomposes to molecular

oxygen. The following mechanisms have been proposed for the

decomposition of ozone in water [29]:

0
2 + H 2

0	 > 0
2 

+ 2 . 0H

03 + 'OH ---> 02 + H0 2

0
3 

+ H0 2  ---> 202 + "OH

'OH + "OH ---> H 2 0 2

0H+ 1102' ---> H 2 0 + 02

"OH + OH - --->"0- + H 20

'0- + 0 2	 > . 0 3 -

H0 2 ' + H0 2 	H 2 02 + 0 2

where H02 	"OH are hydroperoxyl and hydroxyl free

radicals.	 The hydroxyl radical has a higher oxidation

potential (-2.80 volts) than that of ozone, while the

hydroperoxyl radical does not (-1.70 volts) [29]. The

possible species to be found in an aqueous ozone solution are

0 3 ,'0H,H0 2 ', the oxide radical '0-, and the ozonide ion '03-.
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There are two main sequences of reactions by which

ozone initiates oxidations of solutes in water: 1) the

direct reactions of molecular ozone, and 2) the reactions

which follow the decomposition of ozone to 'OH radicals. A

schematic diagram of ozone reaction pathways is presented in

Figure 3, proposed by Hoigne and Bader [30]. In the direct

pathway, ozone reacts directly with organic or inorganic

substrates. These are relatively slow and highly selective

reactions. Solutes containing chemical bonds of the types

often present in living cells or in compounds causing taste,

odor or color in water may show appreciable reaction rates by

the direct pathway, but compounds which do not contain such

reactive bonds are not attacked by these molecular ozone

reactions. These relatively slow reactions must compete with

the rapid decomposition of the ozone molecule to form

hydroxyl radicals [301.

Hydroxyl radicals ( . 0H) formed by ozone decomposition

may oxidize a solute or may be consumed by scavengers present

in the water. In natural waters, carbonate and bicarbonate

ions may act as scavengers. Radical pathway reactions are

non-selective and rapid, having reaction rates several orders

of magnitude greater than direct reactions [30].

Reaction conditions for ozonation can be chosen which

favor one of the two oxidation pathways; since ozone

decomposition is a complex function of temperature, pH and

concentrations of organic and inorganic constituents.
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Depending on the quantity and nature of organic and inorganic

constituents present, higher pH and lower alkalinity

conditions accelerate the decomposition of ozone and favor

the radical pathway, while lower pH and higher alkalinity

conditions favor the direct pathway. Because of these

complex interactions, it is not surprising that very

different effects of ozone treatment are observed with

different water sources [31].

Mass transfer of ozone to water is an important

aspect of the ozonation process. Ozone is produced from air

or oxygen. The output of ozone generators typically contains

1-3% by weight of ozone when generated from air and 2-5% when

oxygen is used, with the balance being air or oxygen [32].

The objective of ozonation is to transfer all the ozone in

this dilute gas mixture into the water. Although the

solubility of ozone in water is higher than that of oxygen,

its practical dissolution is much more difficult due to the

low partial pressure of the ozone contained in the input gas

[33]. The ozone exchange rate between gas and liquid phases

is proportional to the external contact surface between the

gas and liquid. To increase this surface, a principle of

dispersion through gas bubbles is generally adopted [34].

Generally, oxidations with ozone proceed more slowly in

-	 static, reactors than_ in fully-mixed reactors. Masschelein

[35] reported studies showing that the necessary ozone

concentration in the water increases when the
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energy dissipated in the mixing process is lowered, in

accordance with the two-film theory of mass transfer where

the films providing resistance to mass transfer are the gas

and liquid phases.

The mathematical model that describes the mass

transfer process of ozone from air or oxygen into water

expresses the rate of mass transfer as NA (lb. mole/hr) 
or

flux of ozone gas "A" through a unit area of interface "a" in

terms of the equations:
*

NA = KGa (YAG - YA )
*

NA = KLa (CA - CAL )

where K Ga and K L a are 
overall mass transfer coefficients

based on their respective phases, YA,G is the mole fraction

of A in the gas phase, Y A
*
 is the gaseous mole fraction of A

which is in equilibrium with the concentration of A in the

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

which is in equilibrium with the gaseous mole fraction of A

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

bulk liquid [32). In a system where Henry's Law holds, K La

and K
Ga can be related 

as:

KLa = HKGa

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

insoluble or sparingly soluble, generalizations may be made

regarding which phase provides the controlling resistance to

mass transfer. The value of H for ozone at 20 °C, 3760

atm/liquid mole fraction, is an intermediate value from which
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conclusions may not be drawn as to the controlling interface

or the contributions of each phase to mass transfer

resistance.	 Few K La or K Ga 
values for ozone have been

reported in the literature [29].	 In many practical

applications of ozone for water treatment, mass transfer of

ozone occurs simultaneously with a chemical reaction. The

reaction may be fast enough to compete with diffusion in the

region near the interface so that the rate of mass transfer

may be affected [32]. Therefore, the effectiveness of an

ozone oxidation system may be controlled by chemical reaction

rates or by ozone mass transfer.

Uses of Ozone in Water Treatment 

Ozone has been used as a water treatment chemical

since the early 1900s, when it was introduced as a

disinfectant. Today, there are over 1000 water treatment

plants worldwide utilizing ozone in a wide variety of

applications [36]. The two major applications of ozone in

water treatment are disinfection and chemical oxidation.

When employed as a disinfectant, ozone is applied as the last

or second to last treatment step conducted in the plant.

When used as a chemical oxidant, ozone is applied in the

initial stages of water treatment, and always before a

filtration step. When ozone is used as a chemical oxidant,
_
_

the process is known as "preozonation" [37].
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There are currently ten major applications of

preozonation in United States, European and Canadian water

treatment plants, none of which are directly related to

disinfection [371:

1) algae control

2) removal of taste and odor

3) color removal

4) removal of soluble iron and manganese

5) microflocculation

6) removal of turbidity

7) organics removal (oxidation of phenols,

detergents, some pesticides, etc.)

8) partial oxidation of dissolved organics

for subsequent biological oxidation of

organic carbon and nitrification

9) control of halogenated organic compounds

10) control of trihalomethane formation potential.

This list underscores the versatility of ozone as a water

treatment chemical and its applicability at several different

locations in the process train of a water treatment plant.

Multiple-stage ozonation was first used in French and

German water treatment plants. One of the first plants to

use double-stage ozonation was the La Chapelle plant at

Rouen, France, where preozonation is conducted to oxidize

iron and manganese as well as for partial oxidation as a
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pretreatment for biological oxidation and nitrification.

Ozone is then used as the primary disinfectant. Since the

ozone transfer efficiency into the disinfection contactor is

approxiMately 90%, the exhaust gases contain a significant

amount of ozone and are recycled through the preozonation

contactor by means of a turbine which serves as both ozone

contacting device and rapid mixer [37]. At several West

German plants (Flehe, Holthausen, and Am Staad in Dusseldorf,

Duisberg, Wupertal) ozone is used primarily for iron and

manganese oxidation, but the benefits of partial organics

oxidation, microflocculation and a considerable degree of

disinfection are also achieved [38]. At Belle Glade,

Florida, two-stage ozonation is used to control THM

precursors in a water with a typical organic carbon content

of 30 mg/L. Preozonation is used to partially oxidize

precursors to enhance their removal by lime and

polyelectrolytes, and another ozonation step after

clarification is used to polish the remaining organics before

filtration. The total amount of ozone applied is 6 mg/L,

divided equally between the pre- and post-ozonation steps

[37].

Triple-stage ozonation is employed at three plants in

suburban Paris. Low-dose preozonation promotes biological

degradation of organics and partial nitrification in the raw

water storage reservoirs. The second ozonation at a dose of

0.5 to 0.8 mg/L prior to sand filtration and activated carbon
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adsorption promotes further nitrification and biological

decomposition of organics. The third stage is used for

primary disinfection. The total applied ozone dose is

2.6-3.5 mg/L for the three plants [39].

Oxidation of Organic Matter by Ozone 

Aquatic organic carbon is divided into two

categories, depending on its size. Particulate organic

carbon (POC) is that portion retained on a 0.45-micron

filter, and may consist of algae, bacteria and other

microorganisms as well as detrital organic matter. Dissolved

organic carbon (DOC) is that portion passing through a

0.45-micron filter and may consist of humic substances,

hydrophilic acids, carboxylic acids, amino acids,

carbohydrates, hydrocarbons and viruses [40].

Concentrations of POC and DOC vary seasonally for a

given type of water body. For small streams with discharges

of less than 100 m
3 /sec, the DOC content typically ranges

from 1-4 mg/L, and the POC content is typically 0.1 to 0.3

mg/L. For larger rivers with discharges of 100 to greater

than 1000 m 3 /sec, DOC content is typically 2 to 10 mg/L and

POC is 2 to 5 mg/L [40].

The majority of organic matter present in surface

waters is naturally-occurring, not a human-made byproduct.

Natural leaching of soil and leaf litter accounts for much of

the color and dissolved organic materials present, which have
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very complex organic structures. Ubiquitous in raw waters

are organic materials such as humic, fulvic, tannic, lignin,

chlorophyll and acetogenin substances. Anthropogenic organic

compounds may also be locally present [411.

The DOC content of a water may be divided into three

fractions based on adsorption chromatography: humic

substances, hydrophilic acids and neutral compounds such as

sugars, simple alcohols and ketones. Humic substances

comprise approximately 50% of the total DOC and hydrophilic

acids and neutral compounds comprise 30% and 20% respectively

[40].

Humic acid may be defined as that part of soil

organic matter which is soluble in dilute base and insoluble

in alcohol or acid. Fulvic acid is defined as the water

soluble portion of what remains in solution after

neutralization and after all humic acid has precipitated out

[42]. Other fractions that comprise the category "humic

substances" are hymatomelanic acid and humin [43]. All humic

substances are amorphous, acidic, predominantly aromatic,

hydrophilic, chemically complex polyelectrolytes that range

in molecular weight from a few hundred to tens of thousands.

The various fractions are structurally similar but vary with

respect to molecular weight and functional groups. Under the

_ pH conditions of most natural waters, humic substances occur

as negatively-charged macromolecules, with the negative
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charge resulting from the presence of functional groups such

as carboxylic and phenolic [17].

Adsorption of organic matter on the surfaces of

aquatic particles is widely observed in natural waters. The

best evidence for the predominance of organic surfaces is the

negative charge of aquatic particles which is characteristic

of relatively strong organic acid surface groups, while

uncoated metal oxide particles are for the most part,

positively-charged at near-neutral pH [18]. Electrostatic

repulsion between aquatic humic substances and

negatively-charged inorganic particles such as clay minerals

can be overcome by their chemical adsorption energy [44].

The adsorption of aquatic organic matter on inorganic

particles may mask the properties of the underlying particle

3nd result in a surface with substantially different

physicochemical properties. Even when only a fraction of the

dissolved organic matter present in a natural water is

adsorbed on aquatic particles, the surface of the aquatic

particles might be entirely covered by organic material and

therefore exhibit physical and chemical properties

characteristic of organic matter [18). Organic materials

adsorbed on inorganic turbidity-causing particles endow them

with an increased capacity to remain in suspension by

_ providing a kind of protective-colloid action [45]. The

mechanism of stabilization is primarily steric, since the
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coating of adsorbed organic molecules is thick enough to

overcome the range of Van der Waal's forces of attraction

[46).

Ozone treatment of aquatic organic matter generally

does not result in a quantitative oxidation of these

constituents to CO2 and water, but rather 
causes a chemical

conversion of the organic constituents. The chemical

conversion produces organic materials that are of lower

molecular weight, are more polar, contain more oxygen in

their molecular structure, and have fewer multiple bonds than

non-ozonated organics [47]. These ozone oxidation effects

have important implications for a variety of water treatment

processes.

The decrease in molecular weight and attentuation of

the double-bond and aromatic character of organic molecules

are evidenced by decreases in ultra-violet light absorbance

at 254  nm. In ozonat ion experiments ona

biologically-treated domestic wastewater, Sontheimer [311

reported on UV-absorbance measurements at 254 nm for

molecular weight fractions of dissolved organic matter.

Substances of higher molecular weight have a higher

UV-absorbance. After ozonation, both the higher molecular

weight fraction and UV-absorbance (254 nm) values were

reduced. In the ozonation of raw Lake Constance water,

similar shifts in molecular weight were observed. The

fractions from 30,000 to 50,000 and 10,000 to 20,000 were
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significantly reduced from 21% to 5% and 24% to 9%,

respectively, while the 1,000 to 10,000 fraction increased

significantly, from 49% to 69% [31].

The increase in polarity and addition of oxygen to

the molecular structure result from an increase in the number

of hydroxyl, carbonyl and carboxyl groups upon ozone

oxidation. This effect is noticeable by the greater

intensity of absorption bands corresponding to these

functional groups [31].

Total organic carbon (TOC) is a non-specific

measurement of the concentration of organic matter without

indicating the nature of the organics present. Since ozone,

at the doses utilized in water treatment, does not completely

oxidize organic matter to CO 2 and H 20, TOC removal by ozone

oxidation generally does not occur. Organic material such as

humic substances may be removed by coagulation followed by a

solid-liquid separation process such as sedimentation or

filtration [9]. Coagulation of organic matter may occur via

charge neutralization or adsorption, depending on the pH

conditions [48].

Different researchers have encountered varying

results with respect to the effects of ozone on TOC removal.

Mallevialle [49] reported that the TOC of Seine River water,

initially near 4 mg/L, was reduced only 0.1 to 0.2 mg/L using

ozone treatment, both with and without alum coagulation.

Scrivner, et al. 150], found that ozone inhibited the alum
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coagulation of TOC. Experimental results reported by Reckhow

and Singer [9] showed that TOC was removed by ozonation to a

much lesser extent than were THM or total organic halide

precursors. Saunier, et al. [51], obtained inconclusive

results on TOC removal in Seine River water using ozone and

polyaluminum chloride treatment.

Some research has linked TOC removal with particle

removal, due to the organic coating on aquatic particulate

matter. Collins [52] found that although larger particles

are more easily removed in bench-scale treatment, removal of

small particles may result in better removals of organic

matter as quantified by TOC and UV absorbance measurements.

However, Saunier, et al. [51], did not find a correlation

between removal of chemical oxygen demand and turbidity or

particle removal, indicating a phenomenon other than simple

particle removal is responsible.

Microflocculation 

Ozone is not a coagulant or flocculating agent in the

traditional sense. However, its strong oxidizing

capabilities lead to improved coagulation through a number of

mechanisms, such as: 1) a shift in the particle size

distribution toward the larger sizes, 2) the formation of

_

	

	 colloidal particles from dissolved organic matter, 3) the

improved removal of TOC during subsequent solid-liquid

separation processes, 4) a decrease in the coagulant dose
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required to achieve a desired effluent turbidity or TOC, 5)

an increase in floc settling velocities, and 6) extended

length of filter runs due to slower headloss buildup or

delayed breakthrough [53]. A review of the applicable

literature reveals conflicting performance experiences of

many different researchers with respect to the listed

effects. The responsible mechanisms have not yet been

defined. The term "microflocculation" is used to describe

the ability of ozone to improve the removal efficiency of a

flocculation or filtration process for suspended and

colloidal materials [46]. Despite the lack of knowledge

regarding the basic physicochemical processes of

microflocculation, several full-scale water treatment plants,

such as the 600 MGD Los Angeles Aqueduct Filtration Plant

[37], are utilizing ozone to achieve the major objective of

improved turbidity removal efficiency.

The oxidative action of ozone on dissolved organic

substances, on organic substances adsorbed on inorganic

particles, and on organic solids is the process responsible

for the effects of ozonation on turbidity, suspended solids

and particle size distribution [54]. Maier [45] has

described two opposing processes at work in the phenomenon of

microflocculation, depending on raw water characteristics

such as the concentration and type of organic materials

present, and the presence of inorganic turbidity.
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In the presence of dissolved or colloidal organics,

such as humic substances, and comparatively low

concentrations of inorganic turbidity, the phenomenon called

"miscellization" may occur upon ozonation [55]. An increase

in turbidity occurs due to the formation of fragile, very

light organic flocs. This mechanism of particulate formation

has been attributed to different causes. Gurol and Pitadella

[56] postulated that the increase in turbidity after

ozonation was due to the polymerization of

naturally-occurring dissolved organic matter. They proposed

that the functional groups of organic compounds such as humic

substances which are adsorbed on suspended inorganic

particles are oxidized by ozone in such a way that the

surface characteristics of the particulates are changed to

favor particle aggregation. The carboxyl and other

functional groups which are produced after ozone oxidation

can produce cross-linking of particles via bridge formation.

Maier [45], Jekel [54] and Richard [55] propose that a

turbidity increase occurs due to the more polar organic

oxidation products forming insoluble salts with constituents

such as calcium, and the precipitation of these

previously-dissolved compounds as a new equilibrium is

attained.
_
_	 When dissolved or colloidal organic material is

present in addition to inorganic turbidity, ozonation can

lead to a decrease in turbidity. Initially, humic substances
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may be adsorbed onto the surfaces of turbidity-causing

inorganic particulates. The resulting protective layer of

large organic molecules is a steric hindrance to

particle-particle contact and gives particulates increased

capacity to remain in suspension. Ozonation can have two

effects: 1) the molecular weight of the adsorbed organic

molecules decreases so that the mineral particle has an

immediate increased capability to adsorb more, and 2) the

increased polarity of the organic molecules leads to greater

possibility of cross-linking by acting as a polyelectrolyte.

These factors combine to agglomerate suspended particles and

reduce turbidity and particle counts [45].

The net effects of preozonation appear strongly

dependent on raw water quality. Saunier, et al. [51], found

that the effects of ozone treatment on Seine River water

varied significantly with raw water batches, but were unable

to pinpoint the controlling raw water quality parameter.

Gerval, et al. [57], noted that the beneficial effects of

preozonation were not observed in all raw waters, and that

the raw water characteristics governing quality improvements

upon ozonation were not understood. The testing of

individual raw waters for preozonation treatability was

recommended.

One of the fundamental characteristics of the

flocculant effect of ozone is that it has a tendency to

diminish when the level of treatment exceeds a certain
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threshold. A major difficulty to resolve in this use of

ozone treatment is the determination of the treatment dose

[58]. Thus, selection of the correct dosage is a much more

significant factor for ozone than for other oxidizing agents

used in water treatment [31]. For instance, Schalekamp [59]

found that an ozone dose of 1.0 mg/L in Lake Zurich water

decreased the total particle number and modified the particle

size distribution according to diameter, with an increase in

the number of larger (up to 50 microns) particles. At a dose

of 2.5 mg/L, the same phenomenon was observed, but to a

lesser degree. When the ozone dose was increased to 7.0

mg/L, the TPN increased with the number of larger particles

decreasing, to the benefit of the number of smaller

particles. Sontheimer [31] reported results of research on

water containing hymatomelanic acid (a medium-molecular

weight humic acid), finding that small ozone additions (0.5

mg ozone/mg acid) primarily impaired flocculation efficiency

due in part to a decrease in molecular weight, as more than

96% of the organic molecules were shifted into the 10,000 and

less fractions. Upon the addition of larger ozone doses

(greater than 1.0 mg ozone/mg acid), the predominant factor

became enhanced polarity due to the increased number of

carboxyl groups, accompanied by improved particle

aggregation. This effect reached its maximum at a dose of

2.5 mg ozone/mg acid, then from that point the decrease in

molecular weight again became the predominant factor and
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flocculation efficiency was impaired (at 5.0 mg ozone/mg

acid). In the ozone treatment of Delaware River water at 0.4

mg/L, Gurol and Pitadella [56] found the total number of

particles between 1.2 and 53 microns was reduced

significantly, from approximately 125,000 to 45,000 per ml,

reaching a minimum at 5 minutes of ozonation. After 5

minutes, the particle count reverted back to that of the

unozonated water. They concluded that restabilization of

particles due to overdosing with ozone occurs as with a

conventional coagulant which causes coagulation by the

mechanisms of adsorption/charge neutralization or

adsorption/bridge formation.

Jekel [46] found that the ozone dose necessary for

full destabilization depended on the type and reactivity of

the organic matter present in the raw water, but was in the

range of 0.25 to 0.6 milligrams of ozone per milligram of

TOC. Maier [47] concluded that most treatment effects of

ozone on naturally-occurring organic compounds were obtained

at a dose of 0.5-1.0 milligrams per milligram of TOC, and

that higher doses produced less favorable results.

Despite the lack of agreement as to the mechanisms

responsible for the phenomenon of microflocculation

[45,54,55,56], there is a consensus that its primary benefit

is that reduced coagulant doses are required if

microflocculation occurs. The result is reduced sludge

volumes in a conventional treatment plant, or increased
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filtration rates and/or longer filter runs in a direct

filtration plant; both of which have a substantial impact on

operating costs.

Using conventional treatment, Saunier, et al. [51]

reported greatly enhanced settling characteristics of

polyaluminum chloride flocs after preozonation of Seine River

water, with a resulting decrease of 20-40% in the volumetric

load passed on to filters. Without ozonation, the optimum

coagulant dosage was found to be 45 to 60 mg/L, but the

beneficial effects of ozone on such parameters as turbidity,

particle counts and particle volumes were found to be more

pronounced at lower coagulant doses, i.e. 15 to 30 mg/L, at

which the performance of the coagulant alone was relatively

poor. In the Monroe, Michigan conventional treatment plant,

ozone at doses up to 3 mg/L is used primarily for taste and

odor control, but improved performance of alum coagulation is

also a benefit. LePage [60] described better coagulation and

settling through use of the ozone-alum combination. Although

the plant did not reduce its overall alum use, savings are

produced through filter runs of up to 96 hours with less than

0.5 ft. headloss, resulting in reduced backwash frequency

due to the reduced solids loading to the filters. The filter

influent often has a turbidity of less than 0.2 NTU.

_ Use of preozonation eliminated the need for the

Hackensack, New Jersey Water Company's sedimentation basins,

while their alum requirements have been cut by over half,
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from 17 to 7.5 mg/L [61]. Jekel 1461 described results

obtained at the Essen treatment plant on Ruhr River water,

where preozonation at a dose of 1.6 mg/I led to a 50%

reduction in polylaluminum chloride dosages, with a doubling

of filter run time. Ozone applied at 1.7 mg/L was found to

produce flocculating effect similar to polyaluminum

chloride added at a dose of 0.25 mg/L as A1
+3 , without

producing a chemical sludge requiring disposal.

Although ozone in combination with trivalent metal

coagulants has been found to improve coagulation and

flocculation, ozone may have adverse effects on the polymeric

coagulants used as aids to metal coagulants or as filter

aids. Due to its strong oxidizing capabilities, Smythe [62]

found that ozone may interfere with the coagulation process

by attacking the molecular structure of the polymer,

catalyzing its depolymerization and reducing viscosity. He

recommended use of polymeric coagulants only after ozone

residual has dissipated from a water. On the other hand,

Weng, et al. [63] reported on the Hackensack, New Jersey

Haworth Water Treatment Plant, where alum and then a cationic

polymer, at doses of 7.5 and 1.25 mg/L respectively, are

added to raw water upstream of ozone addition at 1.3 mg/L to

maximize the polymer/water contact time to more than 11

_ 
minutes.
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Surface Charge 

Colloids may be characterized as particles of

diameter 1 to 100 nm, and because of their small size, their

ratio of surface area to mass is very great. Some concept of

this ratio can be obtained by consideration of how the

surface area of a 1-cm cube increases when it is reduced to

colloid-sized cubes. If colloid-sized cubes of 10 nm are

formed, the surface area is increased from 6 cm
2 to 600 m 2 .

As a result of their large surface area, surface phenomena

predominate and control the behavior of colloidal

suspensions to such a degree that colloid chemistry is

synonymous with surface chemsitry. The mass of colloidal

particles is so small that gravitational effects are

unimportant [64).

All colloidal particles are electrically charged.

The charges vary in magnitude depending on the nature of the

colloidal material and may be positive or negative.

Electrical charge imparts stability to colloidal suspensions

since electrical repulsion prevents similarly charged

particles from becoming close enough to agglomerate [64).

Electrical charges existing at particulate surfaces arise in

three principal ways [44):

1) By lattice imperfections in crystalline minerals

_  and by isomorphous substitution of a lower valence atom for

one of higher valence, resulting in an excess of negative

charge at the surface;
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2) By preferential adsorption of specific ions due to

the great adsorptive power imparted by the large surface area

of the colloid;

3) By specific chemical reactions on particulate

surfaces due to the presence of ionizable functional groups

which may dissociate in water depending on the solution pH.

As a rule, most particulates have complex surface

chemistry and electrical charges may arise from several

sources [44]. Particulates whose surface charges are

dependent on pH may exhibit both positive and negative

surface charge, known as amphoteric behavior. The pH

corresponding to a surface charge of zero is defined as the

pH zero point of charge (pH zpc ).. At a solution pH greater

than the PHZPC' the surface will be negatively charged and

below the pH zpc the surface will be positively charged.

Clays, silica and most organic particulates are negatively

charged at neutral pH [13).

When colloidal particles are placed in an electrical

field, the particles migrate toward the pole of opposite

charge, a phenomenon known as electrophoresis [64]. This

property, quantified as electrophoretic mobility, is used

extensively to determine the nature of the charge on

colloidal particles.

Many researchers have evaluated coagulation and

flocculation effectiveness by observing the electrophoretic

mobility of the suspensions being	 flocculated [45,65,66].
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Richard [66] investigated ozone pretreatment of a highly

polluted surface water and found that zeta potential, which

is directly proportional to electrophoretic mobility, did not

vary with the addition of increasing amounts of ozone for

doses from 0 to 2.0 mg/L, concluding that ozone had no

influence on zeta potential. When ozone was used in

conjunction with aluminum sulfate coagulation, Richard found

that an applied ozone dose of 0.4 mg/L slightly reduced (from

220 to 200 mg/L) the alum dose necessary to completely

neutralize the colloidal charge, but an ozone dose of 1.0

mg/L reduced the required amount of alum to 120 mg/L.

Preozonation, therefore, reduced the amount of coagulant

required for clarification [66). Using a model suspension of

SiO2 
particles in two different surface waters, each with a

TOC in the range of 4.4 to 5.0 mg/L, at a pH of 5.5, Kuo [25)

found that preozonation at an applied dose of 2.0 mg/L did

not indicate a statistically significant change in

electrophoretic mobility from that of the raw water.

Direct Filtration 

The direct filtration process is an economical

alternative to conventional water treatment. It is

applicable primarily to water sources with low to moderate

turbidity and color. Raw water turbidities from less than 5

NTU to 250 NTU have been suggested as suitable candidates for

direct filtration by different researchers [67,68). Culp
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[67] suggested that 25 units was the maximum for both color

and turbidity of raw waters being considered 
for direct

filtration. Others [68] proposed that raw waters having

turbidity greater than 15 NTU and color greater than 40 Hazan

units may not be suitable for direct filtration. Treweek

[16] reported that direct filtration plants receiving raw

waters within a turbidity range of 0.1 to 60 NTU successfully

achieve the 1.0 NTU standard required by the Safe Drinking

Water Act.

In a conventional water treatment plant, the

objective of coagulation and flocculation is to produce a

large, bulky floc that will readily settle by gravity in a

sedimentation basin. On the other hand, aggregate removal by

direct filtration is enhanced by higher intensity

flocculation to produce a relatively small dense floc.

Available storage space for particulate matter in a filter is

limited to the porosity of the filter bed. Increased

particulate density enables the filter bed to hold more

particulate matter and thus provides for longer filter runs.

Equally important to the formation of dense floc is the

requirement for uniformly-sized floc that may penetrate

throughout the depth of the filter bed [16].

Ozone pretreatment in the direct filtration mode has

been found to enhance filter performance and allow higher

filtration rates than other methods of pretreatment. A

primary design goal for direct filtration plants is to
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achieve as high a filtration rate as possible, for economic

reasons. The main capital cost component of direct

filtration plants is the filters, and the required filter

surface area is directly related to the design filtration

rate [69]. For instance, at the 600 MGD Los Angeles

Aqueduct Filtration Plant, ozone oxidation allowed such an

increase in filtration rates over chlorine oxidation, that

the estimated savings in capital costs for filter

construction amounted to over 200% of the additional capital

expenditure for the plant's ozonation system [69].

In extensive pilot studies for the City of Los

Angeles Aqueduct Filtration Plant comparing ozone and

chlorine pretreatment, ozone consistently produced effluent

turbidities of less than 0.5 NTU at filtration rates from

6-18 gpm/ft 2 , while chlorine produced effluent turbidities

which exceeded 0.5 NTU at times, especially at filtration

rates of 12 to 18 gpm/ft 2 , regardless of the media type

tested [69]. Ozone pretreatment made possible a design

filtration rate of 13.5 gpm/ft 2 while achieving the design

turbidity objective of 0.3 NTU, compared to the rate of 9

g pm /ft 2 required to meet this goal using chlorine

pretreatment [70 ] . At the Hackensack, New Jersey, Haworth

Water Treatment Plant, use of ozone at a dose of 1.3 mg/L in

-	 the coagulation process not only eliminated the need for

sedimentation basins but allowed for a doubling of the

plant's filtration rate from 3 to 6 gpm/ft 2 [61].



CHAPTER 4

EXPERIMENTAL METHODS

The experimental methods and materials employed

during this research are described herein.

Experimental Design

	

The matrix	 of experiments performed to attain

the stated objectives of this research is presented in

Table 1. The experiments were concerned with

quantifying the effects of treating CRW with ozone only,

alum only, and the combination of ozone and alum at two

different rapid mix and flocculation times. Ozone doses

of 0, 0.25, 0.50, 1.0, 1.5 and 3.0 mg/L and 
alum

doses of 0,	 2.0,	 4.0,	 8.0,	 16.0	 and	 24.0 Ing/L

(as Al 2 (SO 4 ) 3 .18H 2 0) were employed to treat CRW at four

mixing conditions:	 rapid mix at 1.0 and 2.0 minutes, and

flocculation for 10.0 and 20.0 minutes.	 A total of 144

experiments would have been required to complete the total

matrix, however not all experiments were performed. In

actuality, a total of 110 were completed.

A blank square in the matrix (Table 1) indicates the

experiment for the specified condition was not carried out.

To facilitate data presentation in Appendix B, a run number

was assigned to each unique set of experimental conditions.
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Table 1. Experimental Matrix

ozorE TRAIISFEEP.ED (mg/L)

1 0 mg	 1 0.25 mg 0.50 mg 1.0 mg 1.5 mg 3.0 mg

to
E

1.102.10 1.10 2.10 1.10 2.10 1.10 2.10 1.10 2.101.102.10

....req 1.20 2.20 1.20 2.20 2.20 2.20

oc
E
,c,

1.102.10 1.10 2.10 2.10 1.10 2.10 2.10 2.10

1.20 2.20 1.20 2.20 2.20 2.20

co
0

*3

1.10 2.10 1.10 2.10 1.10 2.10 1.10 2.10 1.10 2.101.102.10

1.20 2.20
1

1.2012.20

1

1.20 2.20 1.20 2.20 1.20 2.201.20 2.20

to
E

''

1.102.10 1.1012.10
L

2.10 1.10 2.10 2.10 2.10

1.20 2.20

1

1.20 2.20 2.20 2.20

co
0

cs,

1.102.10 1.10.2.10 1.10 2.10 1.10 2.10 1.10 2.101.102.10

1.20 2.20 1.20 2.20 2.20 2.20

to
0
0

1.10 2.10 1.10 2.10 1.10 2.10 1.10 2.101.102.10

1.2012.20 1.20 2.20 1.20 2.20 1.20 2.201.202.20

NOTE:

= experiment not performed

The number in the squares above, 1 or 2, before the period refers to the

rapid mix time in minutes, while the numbers 10 or 20 after the period refers

to the flocculation time in minutes.

49



50

A table of the run numbers is presented in Appendix A.

In addition to the experiments shown in Table 1, a

set of six replicate runs was conducted on one CRW sample

_ over the same day. This replication sequence was carried out

to establish a statistical basis for evaluation of the

results obtained from the experiments described in Table 1.

The experimental conditions for the replication experiments

are described in Table 2.

Table 2

Experimental Conditions for Six Replicate Runs

Polymer: Nalco 8792
Polymer Dose: 1.0 mg/L

Applied Ozone Dose: 1.0 mg/L
Alum Dose: 8 mg/L

Mixing Conditions:

Rapid Mix - 500 rpm

Chemical Addition Sequence:

1) alum added
2) 0 3

 immediately after alum, 1.0 minutes
3) 0

3 
discontinued,polymer added, 1.0 minutes

Flocculation - 50 rpm, 10 minutes

A separate experiment was conducted to characterize

the effects of ozone treatment on the surface charge of

suspended particulates, using measurements of electrophoretic

mobility. The experiment utilitzed one sample of CRW and was

conducted over two consecutive days.	 The experimental

conditions are presented in Table 3.
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Table 3

Experimental Conditions for
Surface Charge Experiment

Applied Ozone Doses: 0, 0.3, 0.8, 1.6, 2.7 and 4.0 mg/L
Alum Dose: 0 mg/L
Polymer Dose: 0 mg/L

Mixing Conditions:

Rapid Mix 500 rpm, 1.0 minutes
Flocculation 50 rpm, 10 minutes

Selection of Experimental Parameters

The following brief description is provided to give

background information on the rationale for selecting the

experimental parameters.

The rapid mixing step was carried out at 500 rpm.

Throughout this report, the designation for 1.0 or 2.0

minutes of rapid mixing time will be expressed as 1RM and 2RM

respectively. Flocculation was carried out in the reactor

after rapid mixing, at a rate of 50 rpm. The two levels of

flocculation time studied, 10 and 20 minutes, will be

expressed at 10F and 20F, respectively, in this thesis.

These mixing conditions were selected as the result of

previous experimentation conducted on CRW which is described

elsewhere [71]. The values of the velocity gradient, G, were

1170 sec -1 and 38 sec
-1 for rapid mix and flocculation,

-	 respectively. Calculations appear in Appendix C.

Five transferred doses of ozone, 0.25, 0.50, 1.0,

1.5, and 3.0 mg/L were chosen for this study. The rationale
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for these selections was that a range of ozone -doses, based

on an expected average annual TOC of 3.0 mg/L for CRW, would

be from approximately 0.08 to 1.0 mg ozone/mg TOC. European

ozone water treatment experience and literature reports [46]

suggested that microflocculation took place at low doses

(i.e., 0.2 to 0.6 mg ozone/mg TOC), but this effect did not

occur at higher doses of oxidant.

Ozone was produced from pure oxygen at the 3.0 mg/L

concentration level and from air for all lower doses. The

use of oxygen as the ozonator feed gas was recognized as

presenting a data interpretation problem because of the high

oxygen partial pressure and potential for radical production.

However, it was not possible with the experimental apparatus

employed to maintain the identical superficial gas velocity

to the reactor at the 3.0 mg/L ozone transfer level unless

pure oxygen was used as the carrier gas.

The choice of alum as the primary metal coagulant and

the doses in which it was applied, as well as the choice of

cationic polymer and the dose utilized in the replication

experiments,were based on experiences in bench-scale testing

on CRW which is reported elsewhere [71).

Experimental Procedures 

Samples

An experimental flow diagram is depicted in Figure 4

to facilitate the presentation of the experimental
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procedures. CAP canal water (CRW) was collected in 10-gallon

plastic containers at the influent structure of the Union

Hills Water Treatment Plant in Phoenix. The samples were

generally transported the same day to the University of

Arizona where they were stored at 4
oC. Prior to use, the

samples were brought to room temperature.

Reactor Operation

A Virtis Omni-Culture Bench Top Laboratory Fermentor

(The Virtis Company, Inc., Gardiner, NY) was employed as the

chemical reactor. One impeller was used, at a height of 69

mm from the bottom of the vessel (see Figure 5). The

reactor allowed variable impeller speed and provided a

digital readout of agitator rpm. All injection and sampling

ports were sealed, however provision was made for alum

addition, ozone gas entry, and reactor off-gas collection.

Rapid mix was carried out at 500 rpm and flocculation

at 50 rpm. Rapid mix at 1.0 and 2.0 minutes and flocculation

at 10 and 20 minutes were studied. Ozone was introduced into

the reactor for the duration of the 1-minute rapid mix as

well as for the first 60 seconds of the 2-minute rapid mix

condition.

Breathing-quality air was used to produce ozone doses

of 0.25, 0.5, 1.0, and 1.5 mg/L, while commercial-grade

oxygen was used to produce a dose of 3.0 mg/L. Air or oxygen

was fed into an Orec Model 0351-0 Ozonator (Ozone Research
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and Equipment Corporation, Phoenix, AZ) for ozone production.

Tygon or stainless steel tubing was used for connections

between the air or oxygen cylinder and the ozonator, and the

ozonator and the reactor. A powerstat in the ozonator was

adjusted to permit operation at the voltage and wattage

required to produce a desired dose. An internal rotameter

and an internal pressure gauge indicated the flow rate and

pressure of air or oxygen into the ozone generator (i.e., 6

L/min for air and 4 L/min for oxygen, and 10 psig). The

sample flow valve was used to regulate the gas flow into the

ozone generator and the ozonation reactor. An external flow

meter (Size No. 13, Gilmont Instruments, Inc., Great Neck,

NY) was connected between the ozone generator and the

ozonation reactor to control the ozone/carrier gas flow rate

into the reactor at 0.4 L/min. The remainder of the flow

from the ozone generator was vented to the atmosphere.

Two 500 ml gas washing bottles with porous glass

frit diffusers were connected in series each containing 400

ml of 2% KI solution. The approximate ozone utilization rate

per experiment was estimated from the difference between the

applied ozone dose and the ozone measured in the reactor

off-gas. The ozone utilization rate in this research was

approximately 90-100%, essentially depending on applied

- dose.

Aluminum sulfate stock solution was prepared

bi-weekly.	 The stock solution	 concentration of 2 mg
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of Al 2 (SO 4 ) 3 .18 H 2 0 per ml was employed 
for all

experiments.

The following procedure was used for runs 13-42,

53-82, 93-122, and 133-162.

1. The 10-gallon contained was manually shaken to

resuspend any settled particles.

2. Two liters were withdrawn, glass wool filtered

and poured into the Virtis reactor.

3. Applied ozone dose was measured by diverting the

gas flow through the two KI traps in series for

60 seconds.	 The ozonated KI solution was

titrated with standardized sodium thiosulfate

solution using starch indicator for the final end

point [72].

4. The reactor impeller speed was set at 500 rpm.

5. The selected alum dose was pipetted into the

reactor through a 1/4" line at the top of the

Virtis reactor.

6. Immediately the ozone gas flow was diverted into

the reactor for 60 seconds.

7. Impeller speed was reduced to 50 rpm for runs

8-42, and	 88-122, or rapid mix	 at 500 rpm

continued for an additional 60 seconds before

flocculation at 50 rpm for runs 48-82 and

128-162.

8. Reactor off-gases were collected during ozonation
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in two KI traps positioned in series, and were

titrated as in (3) above.

9. After the prescribed flocculation period, either

10 or 20 minutes, the impeller was turned off,

the reactor lid removed, and samples were

withdrawn by a glass siphon tube (0.5 cm

diameter) and divided into aliquots as follows:

a) 100 ml into an Erlenmeyer flask for particle

size analysis.

b) 125 ml	 into an Erlenmeyer flask for

turbidity, pH, and TOC analyses, and Whatman

*40 filtration.

c) 1200 ml into the MPFT pressure vessel.

Runs 8-12, 48-52, 88-92, and 128-162, which did not

require ozone addition, followed the procedure described

above with the exception of steps (3), (6) and (8). The

60-second rapid mix time commenced immediately after the alum

dose was pipetted into the reactor.

Raw water analyses followed steps (1) and (2) with

the exception that the 2-liters were withdrawn into a beaker

and samples were divided as outlined in (9) a-b-c.

The replication runs, in which polymer was added,

followed the procedure outlined in steps (1) through (6).

After alum addition and immediately upon cessation of the

1-minute ozone addition, with the impeller speed remaining at

500 rpm, the polymer dose was quickly pipetted into a port in
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the reactor lid and rapid mix continued for a total of 2.0

minutes. Flocculation followed at 50 rpm for 10 minutes.

Steps (8) and (9) above were then carried out.

Analytical Procedures

All untreated and treated samples were analyzed for

pH, turbidity, total organic carbon (TOC), Mini-Plugging

Factor Test (MPFT) characterization, and particle size

distributivn (PSD). A 50-ml aliquot of each sample was

Whatman #40 filtered and analyzed for turbidity and TOC.

Turbidity was measured on the MPFT filtrate. The Whatman #40

and/or MPFT filtrates of selected untreated and treated

samples were analyzed for PSD. All untreated and selected

treated samples were analyzed for alkalinity.

The following section describes the analytical

protocol and equipment used in each of the above analyses.

1. ELi. All pH measurements were made using an Orion

Research Microprocessor pH/Millivolt Meter 811 (Orion

Research, Inc., Cambridge, MA) equipped with a standard

reference electrode and an Ag/AgC1 electrode. The pH meter

was calibrated daily using commercial buffer standards.

Readings were taken in millivolts for standards with a pH of

4.0, 6.0, 7.0, 8.0, 9.0, and 10.0. These data were regressed

to produce a calibration curve. All sample readings were

made in millivolts and converted to pH using this equation.

Stirring bars were used in the sample containers to expedite
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the attainment of stable measurement conditions. Temperature

was also measured on the pH meter.

2. Turbidity. A Hach Model 2100A Turbidimeter (The

Hach Company, Ames, IA) was used for turbidity measurements.

The instrument was calibrated with AEPA-1 Turbidity Standards

(1 NTU and 5 NTU).

3. Total Organic Carbon(TOC). Total organic carbon

(TUC) was measured as nonvolatile total organic carbon

employing a Dohrman DC-80 TOC analyzer (Envirotech

Corporation, Santa Clara, CA) with a Horiba PIR-2000 infrared

detector. The operating principle of the analyzer is an

	ultraviolet-promoted persulfate oxidation technique.	 The

procedure was as follows:

a) The analyzer was calibrated 	 by	 a one-point

calibration using a 10 mg/L as carbon standard

of potassium acid phthalate.

b) 20-ml aliquots of unfiltered sample (which had

been stored at 4 °C in acid-washed vials until
use) were acidified by adding 3 drops of

concentrated phosphoric acid.

c) The	 acidified aliquots	 were purged	 with

zero-grade nitrogen gas for 3 minutes to remove

inorganic carbon.

d) Three 1.0 ml injections were made per sample.

e) The results were averaged to give the

reported value.
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4. Mini-Plugging Factor Test (MPFT). MPFT is a

pressurized filtration test in which times to pass

incremental volumes of filtrate are measured. The MPFTs

were performed using the apparatus shown in Figure 6. The

procedure involved the following steps.

a) Approximately 1200 ml of untreated or treated

water was charged into a stainless steel

vessel	 and pressurized	 to	 20	 psig using

nitrogen from a gas cylinder.

b) The filter	 feed line was purged	 to remove

trapped gas.

c) The water was passed through a 5.0 um Type

SM Millipore filter (25 mm diameter) which had

been prewetted with 10 drops of distilled water

and the filtrate was collected in a 1000 ml

graduated cylinder.

d) The time required to filter incremental volumes

of the water was recorded up to a total

filtrate volume of 1000 ml.

e) Filter plugging resulted in the condition of

"drops", defined as the occurrence of the

full-flowing filtrate stream being diminished to

an interrupted dropping pattern. The time of

_
this occurrence was noted as well as the total

filtrate volume produced.

5 • Particle Size	 Distribution.	 A six-channel



62



63

HIAC/Royco Model 4100 (Pacific Scientific, Menlo Park, CA)

with an automatic bottle sampler was used for particle size

analysis. The sensor was an HR-60 STD, which had a detection

range of 1.0-60 microns.

The channel apertures were fixed in the following

micron ranges:	 (1) 1.5-2.5, (2) 2.5-5, (3) 5-10, (4) 10-20,

(5) 20-40, and (6) 40-60. Initially, the first channel was

set at 1.0-2.5 microns and several runs from the experimental

matrix were conducted with this condition. It was determined

that the sensor noise level was sufficiently high to cause

interference at 1.0 microns, so the minimum reading was

raised to 1.5 microns. During the course of the experiments,

the sensor was recalibrated based on an incorrect noise

level. These runs were determined to have channel settings

of (1) 1.7-2.5, (2) 2.5-5, (3) 5-10, (4) 10-23, (5) 23-43,

and (6) 43-60. The actual channel settings for each run are

noted on the data sheets (see Appendix B).

Particle-free water was used for cleaning the sensor,

rinsing glassware, diluting samples, and obtaining a baseline

prior to each particle count. The water which was either

Milli-Q water or distilled deionized water, was passed

through a 3-micron prefilter and a 0.2-micron filter prior to

use.

All clean glassware used in conjunction with this

procedure was kept covered with plastic membranes except when

in use.
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The procedure for particle size distribution analysis

was as follows:

1) A baseline particle count was obtained using

particle-free water. An acceptable baseline was

one which yielded less than a total of 3

particles per ml, which indicated a clean sensor.

The baseline was recorded for each sample.

2) If an acceptable baseline was not achieved, the

sensor was rinsed with particle-free water or

cleaned with a dilute solution of Micro

Laboratory Cleanser (International Products

Corporation, Trenton, NJ) and then thoroughly

rinsed with particle-free water.

3) 100 ml samples were counted, within 2 hours of

collection.

4) Untreated and treated samples were diluted by a

factor of 10 to insure that the sensor limit of

approximately 3000 particles per ml would not be

exceeded. The dilution procedure had been tested

previously and found to be over 90% accurate

[71]. The dilution procedure was as follows:

(a) A 10 mm x 3 mm teflon spinbar was placed

into a 125 ml Erlenmeyer flask. These flasks

and graduated cylinders of 100 ml and 10 ml

were rinsed a minimum of six times with

particle-free water and covered with plastic

membranes before use.
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(b) The 100-ml graduated cylinder was filled to

90 ml with particle-free water, and

recovered.

(c) The sample flask was gently rotated 	 to

resuspend any settled paritcles and 10 ml was

poured into the small graduated cylinder.

(d) Approximately one-half of the dilution water

was carefully poured into the flask

containing the spinbar. The entire 10-ml

sample was then added, followed by the

remaining dilution water. All sample and

dilution water was poured slowly and

carefully down the side of the container to

avoid entraining air or shearing particles.

5) The diluted sample was then magnetically stirred

for 60 seconds at a setting of 5-1/2 on the

automatic bottle sampler.

6) The particle count was run in 
triplicate with a

volume of 10 ml and the 3-run average was

reported.

7) The run time was monitored 
and the run was

repeated if the prescribed flow rate 
had not been

maintained.

Whatman #40 and MPFT filtrates did not require

dilution, since the concentration of 
particles did not exceed

the sensor limit. The 
above procedure was followed,
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excluding (4), and deleting the word "diluted" from step

(5).

• Whatman #40 Filtration. Approximately 50 ml 
of

each untreated and treated sample were gravity filtered

through a Whatman #40 filter (9-cm diameter) and collected in

a 125 ml Erlenmeyer falsk. All filters were prewashed with

100 ml distilled water (Figure 7).

7. Alkalinity. All untreated samples and selected

treated samples were analyzed in triplicate for total

alkalinity by the titrimetric method with 0.02 N sulfuric

acid as titrant and a mixed indicator solution [72].

8. Electrophoretic Mobility.	 Electrophoretic

mobility of the suspended particles was measured by a

procedure called "microelectrophoresis" with a ZETA-METER

(Model ZM-80, ZETA-METER, Inc., New York, NY).	 The sample

was placed in an electrophoresis cell and observed under a

microscope.	 A DC voltage was applied and, because the

particles were electrically charged, they moved toward the

opposite electrode.	 The velocity of the particle was

measured by timing the individual particle on a microscope

grid as it moved. Typically, ten to twenty particles were

tracked during a given analysis. The average time was then

determined and used to calculate electrophoretic mobility.

Since the electrophoretic mobility of the particle was pH and

temperature related, the sample was also analyzed for pH and

temperature.
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CHAPTER 5

RESULTS AND DISCUSSION

The objective of this study was to evaluate the

effects of ozone pretreatment in conjunction with the

coagulant alum for the treatment of CAP canal water. In this

section, representative results will be discussed to

demonstrate the findings of this study. All data derived

from experiments conducted in this study are presented in the

appendices.

CAP Canal Water pH and Alkalinity Variations 

Variations in pH and 'alkalinity values for the

untreated CRW are plotted in Figure 8. Table 4 summarizes

statistical data for pH and alkalinity values of the

untreated CRW measured - over the duration of

Table 4
Untreated Water pH and Alkalinity Statistics

pH
	 Alkalinity (mg/L as CaCo,)

Mean
C.V.
Range
41 Samples

8.15
.022

7.86-8.46
35

99.5
.068

92.4-113.0
33

Historical data collected on Lake Havasu Water from

January, 1977 to January, 1984 [3] indicate a median pH of

8.3 and a range of 7.8 to 13.5 for Lake Havasu water.
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Experimental results for this research do not vary

significantly from these values. The storage and sampling

procedure for the untreated water did not prevent interaction

with the atmosphere over the several days that water was used

from the container. Also, microbiological activity was

microscopically observed to exist within the containers.

These two factors may have affected untreated water pH during

the course of data collection.

Historical data for CRW [3] indicate an average

alkalinity range for untreated Lake Havasu Water of 128-168

mg/L, with an average of 138 mg/L, which is substantially

higher than the experimentally measured mean of 99.5 mg/L.

Figure 8 shows a considerable increase in CRW alkalinity

occurring near the middle of July, with the increase

appearing to continue through the end of the sampling period.

A longer sampling period may have resulted in a higher mean

alkalinity. Algae and diatoms were observed by microscopic

examination of selected untreated samples. Seasonal

microbiological activity impacts pH and alkalinity, and may

be responsible for the fluctuations plotted in Figure 8.

Depicted in Figure 9 is the relationship between

alum dose and pH at an ozone dose of 0 mg/L at the mixing

condition 1RM 20F, which is characteristic of the other

mixing conditions investigated. pH is an important variable

in regulating the effectiveness of alum coagulation.

Referring to Figure 10, the operational diagram for alum



I	 I	 I	 I

2	 4	 8	 16

Aluminum Sulfate Concentration (mg/L)
0 24

Figure 9 . Effect of Aluminum Sulfate Concentration in
Reducing Colorado River Water pH

71



72

Ile.. MAPAA.04

I

44 0. 4

,

r: . .. '''' ..... •••T••11'...tn.: . •

t
—441

!

:.0:.• 1.iiir.: :. ii
.

I 1 1 MI I WU ill 1 E MI 14 IFAMII 1

—.......4.3....36msmonc0.10.4
crone

1111111=1011n 162.F.M23.7.411.
'owl Ill	 "

IMIE
...——.

f

Am
11111•11.1[0.,

illftli ,::	 • ' V

1
CaA10....3.,
mow MO anon.0.

1

1

Ar

1

1

MONi I

.01...

...

1

\

pH of Mixed Solution

Figure 10. Design and Operation Diagram for Alum
Coagulation [14] Showing Data From
Figure 9



73

coagulation by Amirtharajah and Mills [14], it is possible to

define the operational region specified by the range of alum

doses and solution pH values for the experiments. The data

from Figure 9 is plotted on the alum diagram. It is apparent

that only at 24 mg/L is optimum sweep coagulation achieved.

This is consistent with visual observations that only at alum

doses of 16 and 24 mg/L were a visible floc produced,

independent of the ozone dose applied. The three lower alum

doses fell outside the range defined for alum coagulation due

to the high pH of the solution even after alum addition.

According to the diagram, coagulation by

adsorption-destabilization did not occur at any alum dose.

The high alkalinity content of CRW imparts a substantial

buffering capacity which would have to be overcome by

external acid addition to reduce the pH to the optimum range

for alum coagulation.

Nephelometric Turbidity 

Nephelometric turbidity measures the intensity of

light scattered by turbidity-producing particles in

nephelometric units (NTU). Turbidity measurements were made

on untreated and treated CRW and after these waters received

filtration by a Whatman #40 filter and in the MPFT

procedure.

A normal probability plot of untreated CRW turbidity

(NTU)	 (Figure 11) shows substantial variations in quality
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of the water tested. This figure is representative 
of the

untreated water probability plots for all mixing conditions

investigated. The data are not normally distributed 
as seen

by the several outlying points at which 
turbidities of up to

4.4 NTU occurred at probability values greater than 
70%. The

results for all mixing conditions are summarized 
in Table 5

for the cumulative probability levels of 10, 50 and 90%.

Historic quality data for CRW at Lake Havasu [3) 
indicates a

median turbidity of 0.88 NTU, with a range of 0.13 
to 3.1

NTU. Turbidity values for the canal water may 
have departed

from historical Lake Havasu values due to 
fluctuations in

canal operation that occurred during 
the course of sample

collection for this investigation.

Table 5

Untreated CRW Turbidity (NTU)
From Probability Plots

Cumulative Probability
Level (%)

10	 50	 90

	

0.26
	

0.53
	

0.80

	

0.07
	

0.45
	

0.86
	0.44

	
0.70
	

0.92
	0.20

	
0.58
	

0.96

Probability plots of treated Whatman #40 filtrate

turbidity do not reflect the large variations 
seen in the

turbidity of the untreated samples. Figure 
12, the

probability plot for the 2RM 1 0F mixing condition, is

representative of treated Whatman #40 filtrate 
turbidities

Mixing
Condition

1RM 1OF
1RM 2OF
2RM 10F
2RM 2OF
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for all mixing conditions studied. The data show a normal

distribution which indicates that the variability associated

with the outlying points in the untreated water probability

plot (Figure 11) has been smoothed out so that the

coagulation, flocculation and filtration may yield

predictable results despite fluctuations in raw water

quality. Hudson [73] has demonstrated success with the

Whatman #40 filtration test in predicting coagulant dose and

filtrate quality in actual direct filtration plant

operation.

Whatman #40 filtrate turbidities for cumulative

probability levels of 10, 50 and 90% are summarized in Table

6 for all mixing conditions. These results indicate that

significant differences in Whatman #40 filtrate turbidity did

not occur as a function of mixing condition. At each

cumulative probability level (%) value listed, all mixing

conditions produced filtrate turbidities within one standard

deviation as subsequently determined by the statistical

analysis presented later in this discussion, despite the high

degree of variability in the untreated samples.
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Table 6

Whatman *40 Filtrate Turbidity
(NTU) From Probability Plots

Cumulative Probability
Level (%)

10	 50	 90

1RM 1OF
1RM 20F
2RM 10F
2RM 2OF

0.11
0.15
0.12
0.12

0.21
0.24
0.20
0.19

0.31
0.33
0.28
0.27

The design treatment objective for turbidity has been

set by the City of Tucson For the CAP 
treatment plant at 0.5

NTU [3]. The cumulative probability at which this treatment

goal was met may be obtained from the 
Whatman #40 filtrate

turbidity probability plots for the various mixing 
conditions

tested (see Table 7). Also listed in Table 
7 are cumulative

probability levels at which the filtrate achieved 
the goal of

0.2 NTU. The 0.2 NTU level would be a 
desirable design goal

if the primary drinking water standard 
is reduced to 0-5 NYU

in the future as anticipated. The objective of 
0.5 NTU was

achieved by Whatman #40 filtration in 
virtually all instances

at all mixing conditions, while the 
0.2 NTU level was

attained much less frequently.

Mixing .

Condition
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Table 7

Percent Occurrence at Which Whatman #40 Filtrates
Achieved Treatment Goals of 0.5 and 0.2 NTU

Mixing
	 Percent Occurrence of

Condition
	 Less Than or Equal to

1RM 10F
1RM 20F
2RM 1OF
2RM 20F

0.5 NTU

99.99
99.99
>99.99
>99.99

0.2 NTU

48
30
50
57

The untreated CRW had a range of turbidity from 0.22

to 4.4 NTU. After Whatman #40 filtration and the MPFT

procedure, the range was 0.15 to 0.68 and 0.08 to 0.24,

respectively. The difference in filtrate turbidities was due

to the different average pore size of the filters and if the

filtration was carried out under gravity (Whatman) or

pressure (MPFT) conditions.

The raw water quality in terms of turbidity varied

considerably, and in an effort to describe the effect of

treatment conditions, a normalizing procedure was utilized.

The data used to generate Figures 13 through 16 were obtained

by calculating the value (1-Whatman #40 NTU/Untreated NTU)

for each experimental condition. These data were plotted as

a function of aluminum sulfate concentration at various ozone

doses and the four mixing conditions.
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Figure 13. Turbidity Removals as a Function of Alum
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1-minute Rapid Mix and 10-minute Flocculation
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Figures 15 and 16 clearly demonstrate the negative

effects of employing ozone when turbidity removal is to be

maximized.	 The flocculation time in these cases was 20

minutes.	 The highest consistent turbidity removals

(approximately 90%) occurred at the alum-only case for all

alum doses. Reduction in flocculation time to 10 minutes at

rapid mix times of both 1 and 2 minutes yielded a mixed

response. As seen in Figure 14 for the mixing condition 2RM

10F, the addition of ozone was clearly beneficial. At alum

doses up to 8 mg/L, ozone-treated samples showed a turbidity

up to 30% higher than for the nonozonated case. These

results are in agreement with results reported by Jekel [46]

in which ozone applied at 1.6 mg/L in conjunction with 0.25

mg/L Al 3+ as polyaluminum chloride, yielded turbidity removal

of 74% from Ruhr River Water after filtration, while the zero

ozone yielded a removal of 67%. Saunier [51] found a

predictable response in which increasing ozone dose from 0 to

1.2 mg/L enhanced turbidity removal, with removal also

increasing as the dose of polyaluminum chloride increased.

Such regular responses yielding smooth curves for turbidity

removal were not obtained in this investigation, most likely

due to the large fluctuations in the quality of the raw water

samples over the duration of sample collection. Saunier (51]

found that raw water quality had a significant effect on

treatment results, bud did not ascertain the controlling raw

water quality parameter.
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The data presented in Figures 17 and 18 portray the

Whatman #40 filtrate turbidity of treated CRW divided by the

corresponding untreated CRW turbidity as a function of alum

dose at various ozone doses and mixing conditions. These

data suggest that the mixing condition of 2RM 1 0F produced

and excellent water quality for essentially all alum and

ozone doses. In essence, with this treatment condition, the

system response was not sensitive to the reaction

conditions.

Particle Size Distribution 

For this research, particle count data were

characterized by comparing treated and untreated particle

size distribution, number-volume average diameter (d ), andvp

power law coefficients.

Particle Counts

A wide range of particle concentrations in the

untreated water was experienced as demonstrated in Figure 19,

a probability plot of particle concentration in the untreated

CRW. This plot points out that the data are not normally

distributed. The distribution may have resulted in some

cases from the presence or absence of algae and diatoms.

Also, the irregular canal flow operation and time of sampling

may have been partially responsible for the character of the

data.

From plots of normalized particle count (i.e.,[Total
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Number of Particles per mll treated / (Total Number of

Particles per ml] untreated" (see 
Figures 20 - 23), it is

evident that a simple relationship does not exist between

coagulant dose, oxidant dose, and their effects on particle

size distribution. However, the effects of various levels 
of

treatment may be discerned from the plots.

Considering the ozone-only case, significant

reductions in particle number may be seen at the two highest

ozone doses for the 20-minute flocculation period. Ozone

doses of 1.5 and 3.0 mg/L produced consistent reductions of

over 50% in total particle number at both 1RM 20F and 2RM 20F

conditions. The higher ozone dose in combination with the

longer flocculation period caused microflocculation to occur;

that is, the ozone effectively caused charge neutralization

and subsequent aggregation, resulting in fewer 
total

particles. The addition of ozone-only (i.e. no alum) 
was a

beneficial treatment under those conditions.

The 10-minute flocculation period did not produce

such consistent dose-related reductions in total 
particle

number at the ozone-only dose. At 1RM 10F, the 
most

beneficial treatment occurred at 0.25 and 0.5 mg/L of ozone,

with total particle number reductions of over 50%. 
At 1RM

20F, the 1.0 mg/L ozone dose produced the lowest total

particle count, which was 30% of the untreated value.

Considering the alum-only plots, maximum points occur

at low doses (4 to 8 mg/L) and minimum points occur near 16
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mg/L for all mixing conditions. This trend is seen in some

curves for ozone plus alum treatment, but a relationship to

dosage or mixing condition is not apparent.

For the 2RM 20F mixing condition, ozone treatment led

to improved particle counts at almost every alum dose, with

the exception of the 1.0 mg/L ozone dose. This particular

ozone dose had yielded anomalous behavior in other

analytically measured performance parameters as well. At the

1RM 20F mixing condition, the alum-only treatment resulted in

consistent improvement over untreated particle counts of

approximately 20-30%. Examination of other data in graphical

form generated mixed results of ozone plus alum treatment

over the range of applied doses.

Increases in total particle count over the untreated

water are evident from Figures 20 through 23. For the 1RM

2 0F and 2RM 20F mixing conditions, the 1.0 mg/L ozone dose

resulted in significant increases in total particle number,

while other ozone doses resulted in reduced particle counts.

The 10-minute flocculation period caused significant

increases in total particle count at alum doses of 16 and 24

mg/L for both alum-only and ozone plus alum treatment. Alum

treatment may increase the number of particles present if

particles are physically added to the water via the alum

solution itself, or if the dosage and pH conditions cause the

formation of a precipitate. Ozone treatment may increase

particle numbers if the dose is sufficient to fracture
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newly-formed microflocculation particles into smaller, more

numerous particles. Gurol and Pitadella [56] noted that

restabilization due to overdosing with ozone may occur, as

with conventional coagulants which cause coagulation by

adsorption/destabilization or adsorption/bridge formation.

The most consistently beneficial ozone plus alum

treatment occurred at low alum doses for the 2RM 20F

condition. Alum additions of 2 to 8 mg/L at all ozone doses,

except 1.0 mg/L, resulted in improvements of up to 50% over

alum-only treatment. Saunier [51] found consistently high

particle removals when treating Seine River water with ozone

and polyaluminum chloride at a 45-minute flocculation time.

The percent of particles removed increased with both

increasing alum dose (0 to 1.2 mg/L) and increasing coagulant

dose (15 to 60 mg/L) but the increase in removal became minor

as the coagulant dose increased above approximately 45 mg/L.

Number-Volume Average Diameter

Flocculation effectiveness may be quantified partly

on the basis of an increase in d vp , especially 
for

conventional treatment. Larger d values translate to anvp

overall larger particle which may be easier to remove by

filtration or sedimentation. This objective can by 
met by

shifting the particle size distribution toward the 
larger

size ranges through chemical treatment in the coagulation and

flocculation processes.
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In Figures 24 through 27, normalized d	 valuesvp

(i.e., (d vp ) treated /	 untreated ) are 
plotted as a(d vp) 

function of alum dose for all ozone doses and mixing

conditions tested in this research. The treatment objective

was to produce a normalized d value which is greater thanvp

1.0. The plots indicate that alum doses greater than 8 mg/L

generally resulted in the largest increases in d.	 Alumvp

doses of 16 and 24 mg/L consistently produced the highest

treated water turbidity, lowest total MPFT volume, and

shortest MPFT runs due in part ot the increased total

particle volume, which is proportional to d cubed. Visible
vp

floc was only produced when 16 mg/L or 24 mg/L of alum were

used. At these high doses, solution pH was reduced to a

point approaching the optimum value for alum coagulation by

the mechanism of enmeshment.

Consistent beneficial effects of ozone on d	 andvp

therefore on particle volume, such as those reported by

Saunier 151 1, were not obtained in this investigation.	 In

ozone/polyaluminum chloride treatment, Saunier [51] found

that preozonation at a dose of 1.2 mg/L greatly enhanced floc

settling characteristics at a coagulant dose of 15 mg/L.

This was due, in part, to increased particle volumes produced

by the coagulating action of ozone enhancing polyaluminum

chloride coagulation.	 He also found that as ozone dose

increased from 0 to 1.2 mg/L, consistent improvement in

particle volumes occurred. The inconsistency of results
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obtained for d	 values in this study is due in part to thevp

inconsistency of particle counts, as discussed previously,

since d	 is calculated from particle count data. The 
raw

vp

water particle counts showed substantial fluctuations, and

this may have been a major factor in preventing 
more

consistent particle counts from being obtained on the treated

samples. Other raw water quality parameters, such as TOC,

showed substantial variations over the course of data

collection. A change in the concentration or character of

organic material present in the raw water, and especially the

fraction adsorbed on inorganic particles, could have an

impact on the ability of ozone to cause destabilization of

the suspension. All of these factors may have contributed to

the inconsistencies encountered in the resulting particle

counts and volumes.

For all ozone doses, the 2-minute rapid mix did not

result in significant changes in d	 for low alum doses (i.e.vp

0 to 8 mg/L) from the alum-only case. The 1-minute rapid mix

condition produced and improved d	 over the alum only casevp

at the lower alum doses. The 1RM 20F condition yielded 
the

best improvement over the alum-only case. The 2RM 2 0 F

condition did not result in a significiant overall

improvement with ozone addition at any alum dose.
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Power Law Function

Values of (3 , the power law slope coefficient, were

calculated for the mixing conditions 2RM 1 0F and 2RM 20F.

Significant reductions in (3 were not achieved at any level

of treatment. The mean value of for the two mixing

conditions was 4.740, with a coefficient of variation (CV) of

only 9.2%, for values at all alum and ozone concentrations.

The range was 3.951 to 5.530, indicating that small particles

are the dominant feature of the size distribution regardless

of the oxidant dose, coagulant dose or mixing condition

employed.

Trussell and Tate [22] reported that (3 decreased

from an initial value of 4.1 to 2.0 after flocculation of

Owens River water. For unflocculated water, particle

distributions are often dominated by smaller particles.

After flocculation, larger particles tend to dominate the

size distribution. Similar results were found by Treweek

[16]. Trussell and Tate [22] found that filtration, in both

conventional treatment and direct filtration modes, resulted

in (3 values of approximately 3. This trend of variations in

(3 caused by treatment processes was not observed under the

experimental conditions investigated for CRW. This fact

follows from the particle size distribution data plotted in

Figures 20 through 23, in which a clear trend corresponding

to increasing ozone or alum dose, or mixing condition, was

not observed.
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Normalized (3, values (f3 treated / (3 untreated
) also do

not show significant treatment effects at all levels of

chemical addition. Figure 28, for 2RM 1 0F is representative

of the results from all mixing conditions •investigated. A

decrease in (3 treated 
is expected from a untreated since as

a decreases, the influence of larger particles is more

pronounced in the particle size distribution.	 However, in

most cases, the normalized	 is slightly greater than 1.0,

showing no such expected trend. The mean of the normalized

(3 values for the two mixing conditions was 1.11 with a CV of

12.5% for the range of 0.82 to 1.42.

Values of the power law density coefficient (a ) were

calculated for the mixing conditions 2RM 10F and 2RM 20F.

The statistical results are reported in Table 8 for the

normalized value, calculated by a	 /	 The
- treated	 untreated'

coefficients of variation in both cases are not large enough

to reflect any significant change in a values as the result

of different levels of treatment or mixing condition.

Table 8

Statistical Summary of Normalized Power Law Density
Coefficients (a) for Mixing Conditions

2RM 1 0F and 2RM 20F

Mixing Condition

Mean
C.V.
Number of Data Points
Range

2RM 1OF
1.04
0.11
35

0.86-1.26

2RM 2OF
1.02
0.09
27

0.83-1.17
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Particle removal in the direct filtration mode is

achieved through the formation of small dense flocs that are

removed over the depth of a granular media filter without

causing a high rate of headloss development. Values of a

for the PSDs investigated did not reflect increased particle

density.

Values of (3 have been found to be more useful than a

values in the interpretation of PSD data [22], especially

with respect to evaluations of treatment performance that are

reflected by variations in the value of (3 for a particular

PSD. From the consistently high values of it may be

concluded that small particles dominated the particle size

distributions of both untreated and treated waters at all

chemical doses. The number of submicron particles, which was

not investigated in this research, may have a significant

effect on levels of treatment achieved. With respect to PSD

in an operating flocculation tank, Lawler and Wilkes [74]

concluded, "From the trend of increasing particle number

concentration with decreasing size just above the detection

limit, it is reasonable to assume that many more particles

were smaller than 1 um and that the particle sizes spanned

more than two orders of magnitude." The same trend of

increasing numbers of particles as the lower detection limit

of the instrument (1.5 um) was approached, is evident in the

particle size distribution data collected over the duration

of this experiment.
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Mini-Plugging Factor Test 

The Mini-Plugging Factor Test (MPFT) was developed by

Sierka [75] to determine fouling characteristics of reverse

osmosis feedwaters by measuring the rate at which ultrafine

suspended and colloidal matter in water plugs a given

membrane filter at a constant applied pressure. Tests such

as the MPFT were developed because of the inability of

turbidity or particle size distribution measurements to prove

useful as indicators of colloidal membrane fouling.

Normalized MPFT volumes (i.e., (MPFT Volume to

Drops) treated 
/ (MPFT Volume to Drops) untreated

) are plotted

as a function of alum dose in Figures 29 through 32.

Considering the case of zero alum addition, significant

increases in MPFT filtrate volumes occurred at the higher

ozone doses of 1.5 and 3.0 mg/L. This is evidenced by a

normalized volume greater than 1.5 in most instances. This

response occurred regardless of mixing condition.

Substantial increases in normalized MPFT volumes over

the alum-only condition are seen in most cases when ozone is

added to CRW containing up to 8 mg/L of alum, regardless of

mixing condition. Increasing alum dosage above 8 mg/L leads

_	 to an exponential decay in normalized MPFT 
volume obtained

for all mixing conditions.
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Although there is not a simple relationship between

, 
ozone dose and MPFT volume increase, it is evident that ozone

addition significantly improves filtration character in most

cases at both ozone only and alum additions less than 8 mg/L.

At alum doses greater than 8 mg/L the curves tend to

converge and become asymptotic to the zero normalized volume.

Visible floc was produced only at alum doses of 16 and 24

mg/L, regardless of ozone dose. The influence of increasing

alum dose is apparent in the plots, with the plugging effects

of visible floc production overshadowing the effects of ozone

addition, causing the curves to converge and reach an

asymptotic value. Due to the nature of the MPFT test, solid

matter is essentially all trapped on the filter and thus the

expected decrease in filtration performance was noted.

Flocculation time also had an effect on the magnitude

of the increase caused by ozone addition at alum doses of 0

to 4 mg/L. The 20-minute flocculation periods produced

increases of greater than 150% over the raw water in MPFT

responses in several instances, while increases of this

magnitude were only seen at the two highest ozone doses for

the 10-minute flocculation periods, regardless of rapid mix

time. The beneficial effects of increased flocculation time

become less pronounced at alum doses greater than 4 mg/L.

_	
This signals a change in the controlling mechanism with

repsect to particle aggregation. 	 From the alum stability

diagram (see Figure 10) , it is apparent that a transition in
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the effectiveness of alum coagulation occurs in the range of

alum doses from 4 to 8 mg/L. At doses less than 4 
mg/L, at

the high pH values of CRU, the stability diagram indicates

that formation of a precipitate did not occur. Alum 
addition

at these low doses resulted in the formation of the aluminate

_
ion A1(OH) 4

 , which would not aid in the destabilization of

the suspension. At these low doses, the action of ozone on

both organic and inorganic matter may be the controlling

mechanism of coagulation. At higher alum doses, the

formation of a precipitate became the controlling factor in

coagulation, regardless of flocculation time. This resulted

in smaller increases in normalized MPFT volumes due to solids

deposition on the filters.

At ozone dose of 1.0 mg/L caused anomalies in the

filtration behavior of CRW. In plots of the 1RM 1 0F (Figure

29) and 2RM 1 0F (Figure 30) conditions, the 1.0 mg/L ozone

dose produced a curve that, for 10 out of 12 alum doses

tested, fell below the curve for the alum-only case. Every

other ozone dose produced an improvement over the alum-only

case at most alum doses. After 20 minute of flocculation, 
an

ozone dose of 1.0 mg/L produced some of the highest

normalized MPFT volumes at lower alum doses, and then fell

below the alum-only case at the higher range of alum doses.

_
An explanation of this anomalous behavior has not been

determined. It is speculated that since the 1.0 mg/L ozone

runs employed several different CRW untreated samples, that
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this behavior pattern may be reflective of a maximum

Other researchers [31,47,56,59] have shown thatresponse.

increasing ozone doses led to increased beneficial response

up to a maximum point, but continued higher ozone doses

produced less favorable responses.

The improvements in MPFT volume with ozone treatment

have two important implications. First, ozone treatment is

capable of causing significant increases in filtration rates

without excessive rates of headloss development. This

phenomenon has been reported by several researchers

[61,63,69,70], especially with respect to direct filtration.

A good example is the pilot plant results reported for the

Los Angeles Aqueduct Filtration Plant by Stolarick (69] and

Prendiville [70]. Ozone treatment in conjunction with ferric

chloride coagulation led to such an improvement in filtration

rates to achieve the desired filtrate quality of 0.3 NTU that

the recommended design filtration rate of 13.5 gpm/ft
2

required special approval by The State of California

Department of Health Services. The highest filtration rate

practiced in California up to that time was 10 gpm/ft
2 , using

convential treatment [69]. The maximum rate that could be

achieved using chlorine oxidation to achieve the turbidity

objective in the pilot studies was 9 gpm/ft 2 [69].

Prendiville [70] reported that reliable filter operation at a

rate as high as 15 gpm/ft 2 was possible using ozone

treatment, while easily meeting the California turbidity
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standard of 0.5 NTU.

The second implication of the improvements in MPFT

final volume with ozone treatment is the usefulness of the

MPFT procedure as an indicator of both the raw and treated

water quality. The MPFT was the only parameter investigated

which was consistently sensitive to changes in water quality

produced by changing ozone and alum doses. Plots of

turbidity and particle size distribution data, Figures 13

through 16 and 20 through 23, did not reflect, with any

consistency, trends that could be related to chemical doses

or mixing times. It is possible that the wide variations in

raw water quality overshadowed the effects on these

parameters of the levels of treatment investigated. Other

researchers have found that particle size distribution data

is more sensitive than turbidity measurements to changes in

particle volume, density and size distribution, occurring in

the coagulation and flocculation processes [16,20,22].

However, plots of MPFT final volume and total particle number

do not show a relationship between these two parameters.

Plots of MPFT total volume drops as a function of total

particle count are presented in Figures 33 and 34 as a

function of alum dose and ozone dose, respectively. It would

be expected that as total particle number increased,

_	
filtration volumes prior to drops would decrease. These

plots do not show any evidence of such a correlation.	 It

appears that the MPFT procedure was more sensitive than
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either turbidity or particle size distribution measurements

to changes in water quality produced by the ozone treatment

utilized in this research, regardless of raw water quality.

Based upon theoretical considerations of the

mechanisms involved during filtration of water through a

filter, blocking filtration, cake filtration without

compression, and cake filtration with compression can occur.

By plotting the ratio of filtration time to filtrate volume

(t/v) as a function of the total filtrate volume (V T ), a

curve containing three segments may be obtained in which

blocking filtration, cake filtration, and cake filtration

with compression occur consecutively (Fig. 35). Since the

5.0 um Millipore filter used in this test had a large,

isomorphic pore structure, it provided uniform retention of

particulates.

Shown in Figure 36 is an example of the t/v versus V 7

data collected on treated CRW at the fixed mixing conditions

of 2RM 1 0F for variable alum doses. The data portray the

sensitive response of the MPFT test in reflecting small

changes in chemical treatment. All three types of

resistances to flow, that is, blocking filtration, cake

filtration, and cake filtration with compression are

demonstrated in the plot. One of the reasons for the

- different responses probably lies in the rheological nature

of the deposited floc on the filter and the electrical

charges remaining on the surfaces of the solids. A second
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effect may be the submicron-sized particles in the treated

water that would tend to quickly block the 5.0 micron pores.

The degree of the effect that these minute particles would

have on filtration should be directly related to their

association with formed chemical flocs. All of these

phenomena combine to make the interpretation of the MPFT data

difficult. Correlation of the MPFT results from bench-scale

treatment with pilot or full-scale chemically-treated water

is the next step which must be completed if a predictive

filtration model is to be derived.

Total Organic Carbon 

TOC measurements were conducted on all untreated

samples before and after Whatman #40 filtration. A

statistical summary of untreated samples is reported in Table

9, from which it is seen that Whatman #40 filtration did not

significantly remove TOC from untreated CRW. No overall

trends were observed in the fluctuation of untreated TOC

values over the course of data collection that would suggest

seasonal changes in organics content of CRW. As an

illustration of this point, the highest and lowest TOC values

obtained in this study occurred in samples collected during

the same week. Algal and microbial activity in the storage

containers themselves may account for these organic

concentration fluctuations.



Table 9
Statistical Analysis of Untreated
Samples for Total Organic Carbon

Unfiltered	 Filtered

121

Data Points
Mean (mg/L)
Std. Dey. (mg/L)
C.V.
TOC Range (mg/L)

32
7.968
1.008
0.127

5.047-10.45

29
7.540
0.969
0.129

5.702-10.11

TOC is a surrogate parameter, and therefore no

differentiation between types of organic matter may be

determined by this analysis. Therefore, while TOC values may

be equal for two samples, the character of organics may be

substantially different. For example, one sample may be

humic acid dominated, while water containing algae may

contain organic matter comprised of algal extra-cellular

products and therefore will respond quite differently in

terms of coagulation, flocculation and filtration.

The TOC of the untreated CRW ranged for 5.047 to

10.45. For total organic oxidation (i.e., TOC removal) by

ozone, theoretically 8 mg ozone/mg TOC are required. This

translates to an ozone dose requirement of between 40.4 and

83.6 mg/L for the range of TOC measured, which is

considerably, more than the maximum applied dose of 3.0 mg/L.

Thus, removals by total oxidation would not be expected to

_
any great extent.

Organic removals relative to the untreated water were

calculated for the treated samples both before and after
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Whatman #40 filtration. In many cases, for both filtered and

unfiltered treated samples, there was an increase in TOC over

the untreated water. The increase did not appear to be

related to mixing condition, and occurred most frequently at

both the lower and higher ozone doses (0 to 0.25 and 1.5 to

3.0 mg/L) over the entire range of alum doses for the

unfiltered samples. An increase in TOC over the untreated

water did not occur as frequently after Whatman #40

filtration, especially at alum doses of 8 mg/L and higher.

Thus, it may be seen that the mechanism of TOC removal was

principally through adsorption of organic molecules onto

flocs, with subsequent removal by filtration. This finding

is in agreement with results obtained by Richard [66], who

determined that preozonation had no effect on the removal of

TOC from Moulle River water. He concluded that TOC removal

depended mainly on alum dose and subsequent solids-liquids

separation.

Scrivner, et al. [501 found that preozonation

hindered TOC removal by alum coagulation in some raw waters.

TOC removal is also pH dependent in treatment with ozone and

a chemical coagulant [51]. These factors may explain

increases in TOC upon treatment with alum and ozone. If the

increases occured only at the highest ozone doses, it could

be argued that the dose was sufficient to impede flocculation

by destroying newly-formed microflocculation particles,

increasing the number of small particles that are more
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difficult to remove. Since TOC removal occurred through

adsorption, effective removal will not occur if particles are

not removed. However, this rationale does not apply to

increases in TOC with application of low ozone doses (0 to

0.25 mg/L). The complex interaction of ozone with organic

molecules present in CRW, and operating outside the optimum

pH range for chemical coagulation may be factors influencing

TOC removal from CRW.

It is a well-established fact that solution pH

determines the type of ozone oxidation pathway followed for

organic matter in water [30]. At low pH, highly specific

direct organic oxidation with molecular ozone takes place.

At higher pH, ozone decomposes to free radicals which produce

rapid and indiscriminate oxidation with virtually all organic

matter. Thus, it can be seen that the partial oxidation

products will vary widely and will affect subsequent

treatment processes. Measured TOC values may be reflective

of the oxidation pathway. Saunier, et al. [51] reported that

TOC removal from Seine River water depended on the coagulant

dosage and the solution pH at a fixed ozone dose. He

conlcuded that TOC removal was sensitive to pH values greater

than 7.5 and explained that the inconclusive results for TOC

removal obtained in a separate study were caused by the

_ 
reaction pH values being in the sensitive zone [51]. This

phenomenon may be partly responsible for the inconclusive

results for TOC removal obtained for CRW in this
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investigation, since solution pH values were almost always

greater than 7.5 even at the highest alum doses.

Collins [52] determined that organic matter, as

quantified by TOC and UV absorbance (254 nm) measurements, is

removed simultaneously with particles. While larger

particles are easier to remove via sedimentation or

filtration, if smaller particles (<2.5 microns) can be

removed, then increased amounts of organics removal will take

place. This reflects the nature of organics removal, which

is sorption [52]. Particle removal, as plotted in Figures 20

through 23, was highly variable, and consistent removal of

small particles did not occur under the treatment conditions

studied. The influence of small particles on the particle

size distribution of CRW was apparent from the power law

slope coefficient data discussed previously. TOC removal in

CRW may be dependent on removal of small particles. Since

consistent removal of small particles was not achieved,

consistent TOC removal likewise did not occur.

TOC removal prior to Whatman #40 filtration, relative

to the untreated water, occurred most consistently at ozone

doses of 0.5 and 1.0 mg/L and did not appear to improve with

increasing alum dose. Removals occurred in a range of less

than 1% to almost 30% with a mean removal of 8.8%. The

highest removal occurred at alum doses of 4 and 16 mg/L and

an ozone dose of 1.0 mg/L for the 1RM 2 0F mixing condition,

and was 30% and 24%, respectively.
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TOC removal after Whatman #40 filtration relative to

the untreated water occurred consistently at alum doses of 8

mg/L and above. The range of removal at these doses was 5 to

28%. The overall average removal was 11.6%. Ozone addition

at all doses resulted in increased removals over the alum-

only case for the 20-minute flocculation condition. For this

condition, the alum-only case showed an increase in TOC over

the untreated water. For the 10-minute flocculation

condition, TOC removal appeared more directly related to alum

addition than to ozone addition with consistent removals

occurring at all ozone doses in the higher range of alum

doses (greater than 8 mg/L).

The range of values for the ratio of milligrams of

ozone utilized to milligrams of TOC in each untreated sample

is reported in Table 10 for the various applied ozone doses.

Table 10
Milligrams of Ozone Utilized Per Milligram TOC

Applied 03 Dose (mg/L.)	 mg 03/mg TOC (Mean)

0.25
0.50
1.0
1.5
3.0

0.038
0.084
0.134
0.178
0.378

This ratio may be referred to as the effective ozone dose.

Jekel [46 ] has reported that microflocculation, as defined by

reduction of the stabilizing effect of natural organic matter
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on suspended inorganic particles, occurs within the range 0.2

to 0.6 mg ozone/mg DOC. Maier [47 ] found that most treatment

effects of ozone on naturally-occurring organic compounds are

obtained at a dose of 0.5 to 1.0 mg ozone/mg TOC. The

effective ozone doses used in this research fell within and

below these ranges. CRW is a much higher quality source than

many of the European surface waters reported on by Jekel [ 46]

and Maier [47 ] , and therefore the ozone dose to TOC optimum

may be quite different.

Statistical and Experimental Error Analysis 

The objective of this phase of the investigation was

to conduct a sequence of six replicate runs employing a

single set of treatment conditions, on which a statistical

analysis was performed. Data are presented in Appendix D.

All parameters were analyzed for the mean, standard deviation

and coefficient of variation. The results of these

calculations are presented in Table 11.



Table 11
Statistical Analysis of Six Replicate Runs

Parameter Mean
Coefficient
of Variation Range

Treated Turbidity	 (NTU) .300 .021 0.29-0.31
Whatman Turbidity	 (NTU) .223 .176 0.18-0.28
MPFT Turbidity	 (NTU) .133 .039 0.13-0.14
Ozone Utilized	 (mg/L) 1.02' .129 0.90-1.21
pH 7.937 .005 7.89-7.98
Alkalinity	 (mg/L as CaCO) 109.6 .010 108.6-111.4

3
TOC	 (mg/L) 6.452 .033 6.100-6.766
Whatman TOC (mg/L) 6.547 .072 6.124-7.422

Temperature	 ( ° C) 26.4 .013 25.7-26.6

MPFT	 (sec to 50% volume) 35.95 .114 32.91-43.29

127
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The replication runs were included in the

experimental plan as a means of quantifying the repeatability

and statistical significance of the previously-discussed

results obtained in this research. The indicator of

repeatability in this analysis is the coefficient of

variation (CV), which is equal to the standard deviation

divided by the mean. The CV is a measure of the role of

experimental error in data collection and analysis. The

error may be analytical (i.e., exceeding the detection limit

of a piece of equipment) or procedural (i.e., permitting

variable sample detention times prior to analysis). Both

types of errors were possible during the course of these

experiments.

pH

The CV for the six pH measurements was 0.005.

Standard Methods [72] suggests an accuracy of 0.1 pH units

which is well within the acceptable performance range

observed in these runs. The calibration method employed for

the pH meter was to use a minimum of five commercially

available standard solutions, measure the pH of each

(millivolt readings), and produce a calibration curve from

these readings using a simple linear regression model. The

_	 standardized solutions were buffered at the following pH

values:	 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0.
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Temperature

Sample temperatures were measured with the Orion 211

pH meter. The overall CV for these measurements was 0.013.

It should be noted that during the course of the experiments,

the temperature of the water varied, but only to a small

extent (see Table 12). No attempt was made to control the

temperature of the water being treated.

Table 12

Statistical Summary of Temperature
(6 replicate runs)

Std.
Sample	 Mean
	 Dey.	 CV

Untreated	 26.3 oC
Treated	 26.4°C

0.382
0.316

0.015
0.012

Turbidity

Nephelometric turbidity (NTU) was measured on three

types of samples: treated water, MPFT filtrates and Whatman

#40 filtrates. CV values for treated samples and MPFT

filtrates were quite low, 0.021 and 0.039, respectively;

however, the CV of Whatman #40 filtrate turbidities was

comparatively high at 0.176.

A possible explanation for the Whatman #40 results is

the nature of the filter itself. Although each filter was

prewashed with 100 ml of distilled water, nevertheless the_

filter paper itself contributed to the particulate count in

the filtrate. This is demonstrated by the data from the
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following experiment.

Milli-Q water was filtered through a 3-micron then

0.2-micron filters to produce "particle free" water.

Particle count data in dupilcate was obtained on this water

to produce a baseline count. Glassware employed in these

experiments was rinsed 15 times with "particle free" water.

Finally, a Whatman #40 filter was rinsed with 100 ml of

Milli-Q water then an additional 100 ml was filtered,

collected and analyzed in triplicate for particles. The

results of these experiments are presented in Table 13.

These data demonstrate that Whatman #40 filters leach a

significant number of particles into the filtrates even

though the filter is prewashed.

Table 13

Particle Counts on "Particle-Free" Water Before
and After Whatman #40 filtration (#particles/m1)

Aperture
Range
(microns)

Whatman #40 Filtration
Before	 After               

1.5-2.5	 1	 84
2.5-5.0	 1	 51
5.0-10	 0	 10
10-20	 0	 5
20-40	 0	 1
40-60	 0	 0
Total	 2	 151
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An increase in particulate concentration due to the filter

itself could have an effect on subsequent turbidity

measurements.

Total Organic Carbon

TOC was measured for treated samples and for Whatman

#40 filtrates. During the course of this investigation, TOC

experimental error remained large. Each sample was analyzed

in triplicate and CV values for the triplicate injections

often approached 10%. Standard Methods [72] precision and

accuracy information for TOC measurements gives a range of 1

to 6% for CV values using the persulfate-ultraviolet

oxidation method. The data, therefore, reflect the influence

of experimental error.

Saunier, et al. [51] experienced similar findings

with respect to TOC in their parametric investigation of

ozone treatment on Seine River water. During the course of

experimentation, the researchers found that TOC experimental

error was too great to permit the evaluation of significant

treatment effects. The results obtained in Saunier's study

hinted at complex interactions between polyaluminum chloride

and ozone but a relationship could not be proven significant

at a 95% confidence level. In a separate investigation the

_ researchers conducted on the same raw water source, TOC

experimental error remained high (27%) but some treatment

effects, such as coagulant dose and pH, did prove to
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significant	 [51].

When the six replicate runs were conducted, CV 
values

for TOC measurements on treated samples 
and Whatman #40

filtrates were 0.033 and 0.073, respectively. . These 
values

are slightly lower than the CVs typically calculated 
for the

rest of the experimental matrix.

Alkalinity

Standard Methods [721 lists an error of 1-8 mg/L in

alkalinity determinations depending on the level of

alkalinity present in the sample. The 1% 
CV obtained from

the replication data is at the low end of 
this range for the

mean alkalinity value of 109.6 mg/L. Therefore, it is

concluded that these are reliable data.

Ozone Utilized

	The CV for utilized ozone was 0.129.	 This value

gives an indication of the difficulty in 
achieving an exact

uniform applied ozone dose over several runs. During 
the

course of experimentation, the target dose 
(i.e., 0.25, 0.5,

1.0, 1.5, or 3.0 mg/L) was replaced by 
a range of doses

surrounding the target. As shown by the CV, this 
range was

within approximately 13% of the target.

Particle Size Analysis

A statistical analysis of particle size 
distribution

data for treated samples from the six 
replicate runs is
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presented in Table 14, in terms of both particle

concentration and percent of total in each size range. The

coefficients of variation for particle numbers range from 10

to 40%, with the highest CVs occurring in the smallest and

largest size intervals. The high CV for the 1.2-2.5 um range

may be due to the influence of a high number of submicron

particles that are just below the detection limit of the

sensor. The sensor may be capable of detecting the presence

of such particles, but not be able to quantify them

accurately. The influence of small particles on the particle

size distribution is apparent from the values of the power

law slope coefficient as discussed previously. Also, as

found by Lawler and Wilkes [74], the trend of increasing

particle number concentration with decreasing size just above

the instrument's detection limit indicates the presence of

many more particles just below the instrument's detection

limit. Trussell, et al. [22] reported that CVs commonly

increase as the mean diameter of the size interval increases,

indicating poorer precision for the readings. This trend is

seen in the CV of 40% (see Table 14) for the interval 20-40

um.

When the proportion of particles in each size range

is considered, rather than the actual number, CVs range from

5-9% in the lower size ranges, and increase to 37% in the

20-40 um range, reflecting the trend described by Trussell,

et al. [22]. The lower CVs for the percentages rather than



134

the absolute numbers of particles in each channel show that

although fluctuations in the actual numbers occurred over the

six runs, the distribution was not perturbed to the same

degree. This finding is in agreement with those of Treweek

[16] and Trussell, et al. [22]. The particulates in the

samples were subjected to coagulation and flocculation, and

although visible floc was not produced at the chemical doses

employed in the replicate runs, the particles were most

likely flocculant rather than discrete. Trussell, et al.

[22] reported that the high fluid velocity through the

particle counter's sensor results in considerable shear

forces which may cause an alteration of the characteristics

of a flocculant suspension. Treweek [16] concluded that

although values of aggregate size determined by a particle

counter may be approximations, the instrument provides

valuable information on the relative changes in particle size

distribution during the course of treatment.



Table 14

Statistical Analysis of Particle Size
Distribution Data for Six Replicate Runs

Particle Counts: Treated Samples

Number of Particles per ml in Each Size Range 

Range	 Mean	 Std. Dey.	 C.V.

1.5-2.5 um	 1607	 301	 0.19
2.5-5.0	 1177	 117	 0.10
5.0-10	 366	 51	 0.14
10-20	 88	 13	 0.15
20-40	 5	 2	 0.40

40-60

Total	 3244

Percent of Total in Each Size Range 
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Range
	 Mean
	 Std. Dey.	 C.V.

1.5-2.5 um
	 0.493
	

0.027
	

0.05

2.5-5.0
	

0.365
	

0.018
	

0.05

5.0-10
	

0.113
	

0.010
	

0.09

10-20
	

0.0273
	

0.0023
	

0.08
20-40
	

0.0015
	

0.0006
	

0.37
40-60
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A statisitcal analysis of particle count data on

Whatman #40 and MPFT filtrates was also conducted for the six

replicate runs. The CVs were consistently high in both cases

for the numbers of particles in all size ranges, varying from

18 to 82%. CVs for the percent of total in each range did

not give more acceptable values, varying from 8 to 47%.

Further experimentation was conducted to determine the

repeatability of particle counts on Whatman #40 filtrates.

As discussed previously, pre-washed Whatman #40 filters were

found to contribute particles to the filtrates. If this did

not occur to a uniform degree for all filters, the filtrate

particle count could be significantly affected, so that

repeatable results would not be obtainable. Other particle

count data collected on selected MPFT filtrate samples over

the course of experimentation resulted in high filtrate

particle counts and nonrepeatable results. These results

were attributed in part to micro-tears in the Millipore

filters utilized in the MPFT procedure due to the screen

support structure. It is recognized that Millipore filters,

in a similar fashion to Whatman filters, do contribute

particulates to the filtrates, although to a lesser extent.

It may be concluded that the particle count data for

treated samples are repeatable, especially with respect to

the actual distribution of particles over the detection range

of the sensor, but are affected by the postulated presence of

large numbers of submicron particles. Particle size analysis



137

data was not found to be repeatable for Whatman #40 and MPFT

filtrates, possibly due to variations in filter quality that

allow particles to enter the filtrate.

MPFT Time and Volume

The basis used to evaluate both MPFT time and volume

data for the six replicate runs was the time in seconds to

reach the "50% volume". The "50% volume" was determined by

averaging the six final MPFT volumes and rounding off 50% of

that value to the nearest 50 or 100 ml incremental volume

recorded during the test. The result was 300 ml as the "50%

volume".

The resulting coefficient of variation was 11.4%.

There is insufficient background data on the repeatability of

MPFT times and volumes to evaluate the influence of

experimental error reflected by the CV of 11.4%. The MPFT

volumes to the condition of "drops" had a range of 470 to 635

ml, and a final filtration time range of 154.47 to 210.49

seconds. Some influence of experimental error is evident

from these values. The error may be due to not only error

incurred in the MPFT procedure, but to any error in applied

oxidant or coagulant dose, mixing conditions, or any other

factor in producing the six flocculated samples that were

___	 filtered.
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Analysis of Variance

An analysis of variance was conducted to determine

the significance of treatment variables at a 95% level of

confidence. The parameters evaluated were Whatman #40

filtrate turbidity, total particle number, Whatman #40

filtrate TOC, and MPFT final volume. The data points

utilized in the analysis were the points common to all four

mixing conditions, a total of 76 out of the 110 experiments

conducted. The data points correspond to ozone doses of 0,

0.25, 0.5, 1.0, 1.5 and 3.0 mg/L at alum doses of 0 and 8

mg/L (excluding the point corresponding to zero ozone with

zero alum), and ozone doses of 0 and 1.0 mg/L at alum doses

of 2, 4, 8, 16 and 24 mg/L; at all four mixing conditions.

The analysis of variance method, presented by

Montgomery [761, allows the simultaneous evaluation of

several treatment conditions. An analysis of variance table

for the four treatment variables is shown in Appendix E. The

experimental error sum of squares was calculated from the

results of the six replicate experiments. Although this set

of experiments did not repeat a point on the experimental

matrix due to the addition of polymer, it was assumed that

the error associated with the six experiments was the same as

that associated with the 110 experiments in the matrix. The

residual is a source of variation which is not accounted for

by the four main treatments. The residual may be attributed

to the other factors which were not controlled, such as raw
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water quality, or to interaction between the four main

treatments. Calculation of the sums of squares is presented

by Montgomery [76]. Results are presented in Appendix E.

The results of the analysis of variance for the

parameters total particle number, Whatman *40 filtrate TOC

and MPFT final volume indicate that the effects of all

treatment variables were significant at a 95% confidence

level. For these parameters, the effects of the residual

were also significant at a 95% confidence level. These

results indicate that although treatment effectiveness was

dependent on ozone and alum doses, as well as rapid mix and

flocculation times, that uncontrolled variables such as raw

water quality also exert a significant influence on treatment

results. These results are in agreement with findings

deduced from the graphical representations of the data for

total particle counts. Although Whatman #40 filtrate TOC

removal appeared to depend on alum dose, especially at doses

greater than 8 mg/L, the effect of ozone was also proven

significant at a 95% confidence level. MPFT final volume,

which had appeared from Figures 29 through 32 to be strongly

dependent on ozone and alum doses, was also found to depend

on mixing conditions and uncontrolled variables at a

confidence level of 95%.

The analysis of variance results for Whatman #40

filtrate turbidity indicate that this parameter was dependent

on alum dose and rapid mix time, but not on ozone dose,
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flocculation time or uncontrolled variables, such as raw

water quality, at a 95% confidence level. These results were

not expected based on examinations of the data in graphical

form. An intuitive conclusion based on Figures 13 through 16

for turbidity removal would be that the inconclusive results

stemmed from the influence of an uncontrolled variable such

as raw water turbidity or pH on coagulation effectiveness.

However, the analysis of variance results do not support this

conclusion.

Surface Charge

In this phase of the investigation, one sample of CRW

was treated with ozone at six transferred dose levels (0,

0.3, 0.8, 1.6, 2.7 and 4.0 mg/L) and was analyzed for

electrophoretic mobility (EPM) and MPFT filtration. Ozone

utilization ranged from 95 to 100% of the applied dose. The

samples were analyzed for EPM after 72 hours to quantify any

changes in surface charge after dissipation of the ozone

residual. These readings are designated t=0 and t=72 hours,

respectively. All EPM measurements were conducted at a

sample temperature of 25 °C. The objective of this experiment
was to evaluate the effects of ozone oxidation on the surface

charges of suspended particles, as measured by EPM and by the

MPFT characterization of the samples.

The particles studied were those naturally present in

the sample. For each analysis, 10 to 20 different particles
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were measured for mobility. The particles in a sample

exhibited slightly different EPMs due to the variety of

organic and inorganic particles naturally occurring in the

sample. The initial conditions of the sample are summarized

in Table 15. Data and results of the statistical analysis

are presented in Appendix F.

Table 15

Initial Conditions of CRW Sample
Utilized in EPM Experiments

Turbidity (NTU)	 1.1
pH	 8.13
Alkalinity (mg/L as CaCO 3 )	 84.7
TOC (mg/L)	 7.964

Particle Size Distribution (#/m1)
1.5-2.5 um	 1803
2.5-5	 1650
5-10	 667
10-20	 164
20-40	 44
40-60	 8

Total	 4338

The TOC of the untreated sample was 7.964 mg/L. At

this concentration, it may be assumed that adsorbed organics

influenced the surface chemistry of inorganic particulates.

As discussed previously, even when only a fraction of the

dissolved organic matter present in a natural water is

adsorbed on aquatic particulates, the surfaces of the

particulates may be entirely covered by organic material

[18]. This layer of organics may endow the particles with

chemical and physical properties, such as electrophoretic
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mobility, that are characteristic of organic matter rather

than of inorganic particluates.

The range of effective ozone doses studied in this

experiment was 0.04 to 0.50 mg ozone/mg TOC. Within this

range, it was expected that the effects of ozone 
oxidation of

the adsorbed organics would be apparent, resulting in an

observable effect on surface charge. Jekel [461 has defined

a dose range 0.2 to 0.6 mg ozone/mg TOC over Which ozone

"breaks the stabilization effect of natural organic matter"

on suspended particulates by "oxidizing the 
adsorbable high

molecular weight fraction." He deduced the effects of ozone

oxidation on the stability of suspensions from the 
effects of

ozone treatment on dissolved organic matter. 
As discussed

previously, some of these effects are a reduction 
in

molecular weight of the higher molecular weight fraction, and

an increase in polarity. Both of these factors 
reduce the

adsorbability of ozonated products on inorganic 
surfaces

[46].

Surface charge is highly pH dependent for inorganic

particles exhibiting amphoteric behavior, or if the charge

arises from ionizable functional groups such as 
those present

on adsorbed humic substances. The samples in this experiment

were analyzed at ambient pH, which ranged from 7.85 to 8.22.

This relatively high pH range exceeded the pH zpc of many

inorganic particles [44], so that they possessed negative
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surface charges regardless of the effects of adsorbed organic

molecules.

The experimental results were analyzed for

significance at the 95% confidence level using the Analysis

of Variance Method (ANOVA) and the Duncan Multiple Range

Test. Results of these statistical analyses are presented in

Appendix F. Each level of treatment was conducted in

triplicate and mean values are reported in Table 16. Since

the experiments were conducted over the course of two days,

two analyses of the same raw sample are reported. The ozone

doses 0.3, 2.7 and 4.0 mg/L were applied to Raw Sample A, and

doses 0.8 and 1.6 mg/L to Raw Sample B.

Table 16

Results of EPM Experiments
(3-run Mean Values)

Ozone Dose
(mg/L)

EPMt=0	
EPMt-72

(um/sec/volt7cm)
MPFT Rate
(ml/sec)

MPFT Volume
(ml)

RAW A 0.561 0.575 0.364 609

RAW B 0.527 0.614 0.413 637

0.3 0.510 0.607 0.322 619

0.8 0.499 0.556 0.325 544

1.6 0.527 0.563 0.301 614

2.7 0.512 0.606 0.273 642

4.0 0.500 0.619 0.272 651

Plots of EPM as a function of ozone dose are

presented in Figure 37 for readings taken at t=0 and t=72

hours. No definite trend in EPM relative to ozone dose may

be discerned from the plots. Although the ANOVA indicated
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•
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Figure 37. Electrophoretic Mobility as a Function of
Ozone Dose
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significant treatment effects at the 95% confidence level for

the EPMt=72 
values, the Duncan Multiple Range Test did not

indicate that these effects were related to increasing ozone

dose.	 Significant treatment effects were not indicated by

the ANOVA for EPMt=0 .

Similar results have been obtained by other

researchers. Chedal [771 reported zeta potential values for

Seine River water before and after ozonation. Zeta potential

is another parameter used to quantify surface charge and is

directly proportional to EPM. After ozonating at a dose of

0.6 to 0.8 mg/L, Chedal [77], reported zeta potentials that

were less negative, exhibited no change, or were more

negative than before ozonation. Therefore, he could not

conclude that ozone acted directly on the suspended particles

by changing their surface charges. No pH data was published

for that study. Richard (661 concluded that ozone 
had no

effect on zeta potential in doses ranging from 0 to 2.0 mg/L,

at pH values ranging from 7.4 to 8.7. These 
values are

comparable to those studied in the EPM experiments on CRW.

However, Kuo [251 determined that under low pH conditions

(pH = 5.5) preozonation rendered negatively-charged silica

particles more negatively charged when suspended 
in surface

waters with TOC values in the range 4.4 to 4.9 mg/L.

It is possible that significant results would 
have

been obtained for changes in surface charge with increasing

ozone dose had the solution pH been lower than the range
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studied. Effects on surface charge may have been more

apparent at a solution pH near the pH zpc of the inorganic

particles. The tests were conducted at ambient pH in order

to approximate conditions encountered at a water treatment

plant. The literature contains few reports of the effects of

ozone on surface charge over a range of pH values. There is

insufficient evidence to determine whether the lack of

significant results in this study is due to the fact that

increasing ozone dose actually had no effect on surface

charge or that other substances in the water exerted a large

ozone demand. If substances such as alkalinity scavenged

radicals produced when the water was ozonated at high pH

values, then the remaining oxidizing species may have been

insufficient to cause a change in surface charge.

The EPMt=0 
and EPM t=72 

data were subjected to a

t-test to determine if there was a statistically significant

effect on surface charge of time after ozonation. The 
mean

values of EPM t . 0 and EPMt=72 
at each of the six ozone doses

were compared to determine if they were different at a 95%

confidence level. The results of the t-test showed that for

the ozone treated samples, all doses but 1.6 mg/L produced

an EPM higher after 72 hours than it was at time zero.

Although EPMt=72 was higher than EPMt . 0 at the 1.6 mg/L dose,

the increase was not significant at a 95% confidence level.

Therefore, although the effect could not be proven to depend

on increasing ozone dose, ozone oxidation produced an effect
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on surface charge that was significantly different at time

zero than it was after 72 hours. The average increase in EPM

at 72 hours was 16% over the time zero value, indicating a

consistently higher surface charge after 72 hours. Since the

objective of the coagulation process is to destabilize a

suspension so that particles may aggregate, the reduction in

surface charge upon ozonation is indicative of the ability of

ozone to function as an aid in coagulation. Lower surface

charge indicates a less stable suspension.

Other researchers have noted time-dependent effects

of ozone. For instance, Rook [78] found that the beneficial

effects of ozonation in limiting THM formation decreased as

the time between ozonation and chlorination increased. As

time between ozonation and chlorination increased from 0 to

15 hours, the resulting chloroform concentration increased by

almost 100% [78]. Another way of utilizing the

time-dependent effects of ozone is demonstrated by the first

stage of triple-stage ozonation at the Mery-Sur-Oise

treatment plant outside Paris. Raw water is ozonated at 0.75

mg/L, then stored in a reservoir for 2 to 3 days. The effect

of ozonation followed by 48 to 72 hours of storage promotes

settling and enchances subsequent polyaluminum chloride

coagulation [39].

Plots of MPFT final volume and final rate (MPFT final

volume/MPFT final time) are presented in Figures 38 and 39.

The MPFT analyses were conducted at t=0, within 20 minutes of
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the EPMt=0 
readings. The objective of conducting MPFTs was

to determine if improvements in filtration rates upon ozone

treatment were linked to changes in the nature of the solids

deposited on the membrane filter. Surface charge is one

characteristic of the deposited particles that could change

by ozone oxidation. The plots do not indicate a clear

relationship between surface charge and filtration

characteristics. The 2-liter sample volume was insufficient

for an MPFT analysis at 72 hours, so it cannot be determined

if the increases in EPM values after 72 hours would have been

reflected in a change in filtration character after 72

hours.

MPFT results obtained in this experiment do not

reflect the same consistent improvements upon ozonation that

were evident in previously-discussed results (see Figures 29

through 32). Both MPFT final volumes and final rates

fluctuated to some degree at ozone doses up to 1.6 mg/L, but

then showed steadily increasing and decreasing trends,

respectively, at the higher doses. This occurrence could be

due in part to changes in the raw water quality measured on

the two consecutive days although the same 20-gallon sample

of raw water was used throughout the experiments. These

changes in raw water quality are apparent for all parameters

- reported in Table 16 for Raw Samples A and B. From Figures

38 and 39, it is evident that the data points produced from

Raw Sample A show a clear trend of increasing MPFT final
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volume and decreasing MPFT final rate as ozone dose

increased. The data points produced from Raw Sample B do not

show such a clear trend, indicating that fluctuations in

filtration character may be related to fluctuations in raw

water quality. It is possible that a model water containing

known concentrations of components, in the absence of

microbiological activity, would be a more stable raw water

source for which trends in EPM and filtration properties as a

function of ozone dose could be ascertained.



CHAPTER 6

CONCLUSIONS

The following conclusions may be drawn from this

research:

1) Due to the high pH and alkalinity values of raw

CRW, alum doses greater than 8 mg/L were required to achieve

sweep coagulation or a combination of sweep coagulation and

adsorption. Alum doses less than 8 mg/L may have resulted in

formation of the negatively-charged aluminate ion, which does

not function as a coagulant.

2) Turbidity removal by Whatman #40 filtration was

variable.	 At a 95% confidence level, turbidity removal by

Whatman #40 filtration was found to depend on alum dose as

well as on the duration of rapid mixing. Although raw water

quality was highly variable with respect to turbidity, after

treatment and Whatman #40 filtration, all mixing conditions

investigated achieved the goal of 0.5 NTU at a probability

of at least 99.99%.

3) Particle removal was dependent on ozone dose,

alum dose and mixing condition, as well as uncontrolled

variables such as raw water quality, at a 95% confidence

level. Substantial increases in d	 occurred most often invp

response to the higher alum doses rather than to mixing

condition or ozone addition. Power law function coefficients

151
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did not reflect improvement in response to the levels of

treatment investigated. Submicron particles appeared to

exert a substantial effect on the particle size distributions

of both treated and untreated samples.

4) The MPFT procedure was sensitive to the changing

levels of treatment. MPFT final volumes decreased in an

exponential manner at alum doses of 8 mg/L and higher. The

best overall MPFT filtration performance was achieved with

ozone-only treatment, and slightly decreased performance was

achieved with ozone plus alum treatment at alum doses up to 4

mg/L.	 Ozone-only treatment was sensitive to flocculation

time, but alum addition resulted in a decreased influence of

flocculation time.	 At a 95% confidence level, MPFT final

volumes were dependent on ozone and alum doses, mixing

condition, and uncontrolled variables such as raw water

quality.

5) Applied ozone doses were far below those

theoretically required for total oxidation of organic matter,

so minimal TOC removal occurred upon treatment with ozone

only. The mechanism of TOC removal was adsorption, with

subsequent filtration. TOC was consistently removed by

Whatman #40 filtration at alum doses of 8mg/L and higher.

TOC removal by Whatman #40 filtration was sensitive at a 95%



153

confidence level to ozone and alum doses, mixing 
conditions

and uncontrolled variables such as raw water quality.

6) Ozone treatment had an effect on the surface

charge of suspended particles. Surface charges 
were

consistently less negative at 15 minutes after ozonation than

at 72 hours after ozonation. These results were significant

at a 95% confidence level.



CHAPTER 7

RECOMMENDATIONS

The following recommendations are offered for

continuing research in the subject area of this

investigation:

1) Further study should focus on the correlation of

laboratory-scale MPFT filtration characteristics to results

obtained from pilot plant or full-scale granular media

filters.	 Such a study may lead to the development of a

filtration model utilizing the MPFT procedure to predict

filtration rates and headloss accumulation rates in

full-scale filters.

2) Further research should be conducted to

characterize the effects of ozone on the surface charges of

suspended particulates at varying concentrations of aquatic

organic matter, using parameters such as electrophoretic

mobility. Various types of dissolved aquatic organic matter,

such as humic or fulvic acid, may also influence the effect

of ozone on surface charge. Research in this area may

provide more insight into the mechanisms by which ozone

functions as a coagulant, as well as the raw water

_	 characteristics controlling the effectiveness of ozone as a

coagulant aid.
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RUN NUMBERS ASSIGNED TO EXPERIMENTAL MATRIX
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Run Numbers for Stated Chemical and Reactor Mix Conditions

• Nixing Condition 2 min RA & 10 min Floc
• Ozone	 Alum
• Dose	 Dose
• lmg/11	 lmg/11

Run Number
48	 0	 2
49	 0	 4
50	 0	 8
51	 0	 16
52	 0	 24
53	 .25	 0
54	 .25	 2
55	 .25	 4
56	 .25
57	 .25	 16
58	 .25	 24
59	 .5	 0
60	 .5	 2
61	 .5	 4
62	 .5
63	 .5	 16
64	 .5	 24
65	 1	 0
66	 1	 2
67	 1	 4
68	 1
69	 1	 16
70	 1	 24
71	 1.5	 0
72	 1.5
73	 1.5
74	 1.5
75	 1.5	 IL
76	 1.5	 24
77	 3	 0
78	 3	 2
79	 3	 4
BO	 3
81	 3	 lt
82	 3	 24
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Run Numbers for Stated Chemical and Reactor Mix Conditions

• Mixing Conditiom 1 sin RN & 10 min Floc
• Ozone	 Alue
• Dose	 Dose
• (eg/1)

Run Nueber
8	 0	 2

	

0	 4
10	 0	 8
11	 0	 16
12	 0	 24
13	 .25
14	 .25	 2
15	 .25	 4
16	 .25
17	 .25	 16
18	 .25	 24
19	 .5	 0
20	 .5	 2
21	 .5	 4
22	 .5	 8
21	 .5	 16
24	 .5	 24
25	 1	 0
26	 1	 2
27	 1	 4
28	 1	 8
29	 1	 16
30	 1	 24
31	 1.5
32	 1.5	 2
33	 1.5	 4
34	 1.5
35	 1.5	 16
36	 1.5	 24
37
38	 3	 2
39	 3	 4
40	 3
41	 3	 16
42	 3	 24
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Run Numbers for Stated Chemical and Reactor Mix Conditions

• NixinQ Condition 1 sin RN & 20 min Floc
• Ozone	 Alum
• Dose	 Dose
• (mg/1 )	 img/1/

Run Number

	

BB	 O	 2

	

89	 0	 4

	

90	 0

	

91	 0	 16

	

42 	0	 24

	

93	 .25

	

94	 .25	 2

	

95	 .25	 4

	

96	 .25

	

97	 .25	 16

	

98	 .25 	 24

	

99	 .5	 0

	

100	 .5	 2

	

101	 .5	 4

	

102	 .5

	

103	 .5	 16

	

104	 .5	 24

	

105	 1	 0

	

106	 1	 2

	

107 	1	 4

	

108	 1

	

109	 1	 16

	

110	 1	 24
111	 1.5

	

112	 1.5	 2

	

113	 1.5	 4
114	 1.5

	

115	 1.5	 16
116	 1.5	 24
117	 3
118	 3	 2
119	 3	 4
120	 3	 8
121	 3	 16
122	 3	 24
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Run Numbers for Stated Chemical and Reactor Mix Conditions

• Nixing Condition 2 sin RN t 20 sin Floc
• Ozone Alga
• Dose Dose
• 114/11 (ag/1)

Run Number
128 0 2
129 0 4
130 0 8
131 0 16
132 0 24
133 .25 0
134 .25 2
135 .25 4
136 .25 8
137 .25 16
138 .25 24
139 .5 o
140 .5 2
141 .5 4
142 .5 8
143 .5 16
144 .5 24
145 1 o
146 1 2
147 1 4
148 1 B
149 1 16
150 1 24
151 1.5 0
152 1.5 2
153 1.5 4
154 1.5 8
155 1.5 16

156 1.5 24

157 3 o
158 3 2
159 3 4

160 3 a
161 3 16

162 3 24
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Turbidity (NTU) Data for Treated and Untreated
Central Arizona Project Water

• Nixing Condition 1 min RN & 10 min Floc
•
•
•

Run Number

Ozone
Dose
(mg/1)

Alum
Dose	 Untreated
1mg/11Sample 	 Whatman NPFT

Treated
Sample Whitman NPFT

8 0 2 .68 .24 .16 .63 .25 .14
9 0 4 .68 .24 .16 .57 .29 .14

10 0 8 .68 .24 .16 .63 .15 .11
11 0 16 .41 .2 .11 .65 .11 .16
12 0 24 .41 .2 .11 .74 .19 .16
13 .25 0 .68 .25 .11 .56 .18 .12
14 .25 2 .79 .24 .14 .78 .16 .1
15 .25 4 .79 .24 .14 .75 .14 .13
16 .25 8 .79 .24 .14 .8 .17 .11
17 .25 16 .68 .25 .11 .86 .16 .14
18 .25 24 .79 .24 .14 1.4 .15 .35
19 .5 0 .67 .27 .14 .58 .26 .13
20 .5 2 .67 .27 .14 .54 .34 .11
21 .5 4
22 .5 8 .67 .27 .14 ,76 .14 .09
23 .5 16
24 .5 24 .22 .15 .09 .45 .05 .1
25 1 0 .46 .19 .14 .58 .18 .12
26 1 2 .46 .19 .14 .61 .22 .12
27 1 4 .46 .19 .14 .09 .23 .67
28 1 8 .46 .19 .14 .69 .15 .08
29 1 16 .61 .23 .13 .71 .08 .11
30 1 24 .46 .19 .14 .82 .13 .15
3t 1,5 0 .38- .26 .15- ,-36 it :,25-
32 1.5 2 .36 .21 .16 .44 .23 .15
33 1,5 4
34 1.5 8 .38 .26 .15 .39 .26 .18
35 1,5 16
36 1.5 24 .36 .21 .16 .63 .47 .19
37 3 0 .38 .26 .15 .32 .25 .17
38 3 2 .36 .21 .16 .32 .26 .16
39 3 4
40 3 8 .38 .26 .15 .35 .22 .16
41 3 16
42 3 24 .36 .21 .16 .64 .39 .22
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Turbidity (NTU) Data for Treated and Untreated
Central Arizona Project Water

•
•
•
•

Run Nueber

Mixing Condition 2 un RN & 10 sin Floc
Ozone	 Alum
Dose	 Dose	 Untreated
(ag/1)	 leg/11Sasple	 Whiten	 MPFT

Treated
Saeple Whiten MPFT

48 0 2 .72 .33 .18 .69 .33 .19
49 0 4 .64 .3 .18 .69 .33 .15
50 0 8 .72 .33 .18 .75 .18 .12
51 0 16 .64 .3 .18 .72 .15 .11
52 0 24 .64 .3 .18 .72 .13 .21
53 .25 0 .42 .18 .13 .42 .2 .11
54 .25 2 .42 .18 .13 .45 .22 .11
55 .25 4 .61 .18 .11 .62 .17 .12
56 .25 8 .42 .18 .13 .49 .25 .15
57 .25 16 .61 .18 .11 .73 .17 .11
58 .25 24 .42 .18 .13 .74 .12 .14
59 .5 0 .65 .18 .11 .62 .19 .16
60 .5 2 .65 .18 .11 .49 .19 .13
61 .5 4 2.4 .22 .12 .94 .27 .11
62 .5 8 .65 .18 .11 .52 .21 .13
63 .5 16 .65 .18 .11 .72 .25 .17
64 .5 24 .65 .18 .11 .83 .13 .15
65 1 0 .6 .31 .19 .49 .26 .16
66 1 2 .6 .31 .19 .47 .26 .16
67 1 4 .43 .26 .14 .32 .18 .11
68 1 8 .43 .26 .14 .5 .1 .09
69 1 16 .43 .26 .14 .52 .18 .07
70 1 24 . 4 3 .26 .14 .77 .09 .08
71 1.5 0 .72 .22 .1 .79 .2 .38-
72 1.5 2 .72 .22 .1 .79 .26 .34
73 1.5 4 :.5 .21 .13 .55 .24 .1
74 1.5 8 .72 .22 .1 .77 .19 .14
75 1.5 16 1.5 .21 .13 .88 .14 .27
76 1.5 24 .72 .22 .1 .91 .16 .17
77 3 0 1.6 .25 .17 .73 .22 .17
78 3 2 1.1 .25 .17 .54 .2 .23
79 3 A .6t •26 .17 .54 .2 .23
80 3 E 1.6 .25 .17 .78 .16 .16
81 3 16 .66 .26 .17 .93 .14 .16
82 3 24 1.6 .25 .17 1.8 .25 .24
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Turbidity (NTU) Data for Treated and Untreated
Central Arizona Project Water

•
•
•
•

Run Number

Mixing Condition 1 min RN & 20 min Floc
Ozone	 Alum
Dose	 Dose	 Untreated
lag/11	 leg/11Sample	 Whiten	 MPFT

Treated
Sample Whatman MPFT

88 0 2 4.4 .68 .12 2 .37 .11

89 0 4 4,4 .68 .12 .7 .15 .11
90 0 8 4.4 .68 .12 .95 .18 .12
91 0 16 4.4 .68 .12 .92 .61 .6

92 0 24 4.4 .68 .12 1.9 .19 .15
93 .25 0 .34 .19 .1 .35 .24 .11

94 .25 2
95 .25 4
96 .25 8 .34 .19 .1 .34 .18 .12

97 .25 16
98 .25 24
99 .5 0 .22 .15 .09 .17 .12 .08
100 .5 2
101 .5 4
102 .5 13 .34 .19 .1 .35 .21 .08

103 .5 16
104 .5 24
105 1 0 2,6 .24 .22 .39 .28 .34
106 1 2 2.6 .24 .22 .42 .3 .24

107 1 4 .53 .26 .24 .47 .27 ,24

108 1 8 2.6 .24 .22 .45 .29 .18

109 1 16 .53 .26 .24 .58 .31 .14

110_ 1 24 2,6 .24 .22 .64 .25 .16
111 1,5 0 .31 .24 .12 .3 •19 .11
112 1.5 2
113 1.5 4
114 1.5 8 .31 .24 .12 .5 .21 .11
115 1,5 16
116 1.5 24
117 3 0 .36 .24 .12 .3 .21 .1

118 3 2
115 3 4
120 3 8 .36 .24 .12 .29 .19 .09

121 3 16
121 3 24
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Turbidity (NTU) Data for Treated and Untreated
Central Arizona Project Water

•
•
•
•

Run Number

Nixing Condition 2 min RM li 20 min Floc
Ozone	 Alue
Dole	 Dose	 Untreated	 Treated
(eg/l)	 logillSample	 Watson	 NPFT	 Sample Mateo MPFT

128 o 2 2 .16 .08 1.9 .17 .11
129 0 4 2 .16 .08 2.2 .23 .12

130 o e 2 .16 .08 1.8 .16 .11
131 0 16 2 .16 .08 3.1 .15 .1
132 0 24 2 .16 .08 3 .16 .2
133 .25 0 .34 .19 .1 .31 .29 .11
134 .25 2
135 .25 4
136 .25 8 .34 .19 .1 .32 .19 .07

137 .25 16
138 .25 24
139 .5 0 .22 .15 .09 .19 .13 .08
140 .5 2
141 .5 4
142 .5 8 .34 .19 .1 .31 .18 .08

143 .5 16
144 .5 24
145 1 0 .26 .15 .1 .24 .14 .1
146 1 2 .32 .21 .13 .31 .21 .12

147 1 4 .32 .21 .13 .29 .16 .13

148 1 8 .26 .15 .1 .29 .21 .1
149 1 16 .32 .21 .13 .48 .12 .16
150 1 24 .32- .21 .13 .62 _.13 -18

151 1,5 0 .8 .24 .14 .62 .25 .14

152 1.5 2 .59 .28 .17 .46 .19 .14

153 1,5 4 .59 .28 .17 .43 .25 .13

154 1.5 8 .59 .28 .17 .59 .23 .14
155 1.5 16 .59 .28 .17 .77 .16 .15

156 1.5 24 .59 .28 .17 .76 .12 .25

157 3 0 .69 .28 .19 .6 .28 .18

158 3 2 .98 .26 .17 .59 .26 .18
159 3 4 .62 .29 .16 .74 .19 .14

160 3 e .98 .26 .17 .79 .15 .14

161 3 16 .62 .29 .16 .74 .12 .12

162 3 24 .96 .26 .17 1.2 .17 .16
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Particle Size Distribution Data for Treated and
Untreated Central Arizona Project Water

Particle $ize Cmitts
treated - Apertere Rages Treated - Aperture Rams

1 2 3 4 5 1. Us 1 2 3 4 5

• 8420 2964 977 174 7 1 12542 7169 7324 740 58 1 0 11203
• 8420 2964 177 174 7 1 12542 8045 2421 SA 25 o 0 1108
to 8420 2964 or 174 7 0 12542 113111 3271 734 66 2 0 15483
11 6372 2029 294 32 2 0 1729 3129 1770 1476 301 8 0 8484
12 1372 2029 294 12 2 1 1729 15431 1114 1117 146 4 0 18152
13 e550 198211 171 36 1342 131 2 47024 4238 7294 013 187 9 0 18014
14 9450 7921 6712 312 33 1 24519 4049 8072 6e.2 343 22 0 22141
15 9450 7929 6712 392 33 1 24519 7127 7233 6269 412 43 1 21086
16 9450 7921 6712 392 13 1 24511 9492 8369 6756 470 37 1 25627
17 1558 19821 17136 1342 19 2 47024 5394 1015 4722 388 46 0 18868
11 9450 7129 6712 392 33 1 24519 14960 4444 4553 551 50 1 21563
19 1391 3 11120 1243 516 hi 2 28142 6083 44160 1391 1 99 13 0 12549
20
21
n
n
24
25 4773 3816 1026 107 3 0 9727 4272 3831 1.281 192 22 1 9519
24 4773 3816 1026 107 3 0 1727 4601 4310 1297 145 7 0 10349
27 4773 3811 1024 107 3 197V4157 4353 MU 140 7 1 10590
21 4773 916 1024 107 3 0 97D 4341 4264 1311 115 4 1 10146
21 6043 4947 1343 Ill 19 I 1.256 2424 2715 1715 352 27 1 7445

9 4773 na NU W 3 I 4727 3512 1315 1311 W 14 0 1852
11 1065 1556 683 64 i 1 WI 1190 1741 674 45 2 0 3454
32
33
34 MO MU W 6,11 6 11 3378 1596 2060 731 54 3 0 4445
35
34 1278 1138 397 71 14 0 2900 14459 1068 427 101 6 0 11263
37 1065 1556 483 M 6 0 mn M ME 594 42 0 0 3000
38 4017 1231 1334 98 40 1 0 3396
31
40 1045- 1556 483 64 4- 0 3378 1259 1712 642 47 _1 _0_ 3642
41
42 1516 1706 707 10 i 0 017 1144 MM 634 44 1 0 3398

MOTE: The 4611pm:rip data lines hare the aperture ranges opted  bila.:

Lim 88: 1.1.0-2.5 ; 2.2.5-5.0 ; 34.0-10.0 1 4.10.0-20.0 : 5.20.0-40.0 ; 6.40.0-60.0 : All si:es in sierons
Lanes 34 thru 42: 1.1.7-2.5 ; 2.2.5-5.0 ; 3.5.0-10.0 ; 4.10.0-23.0 : 5.23.0-43.0;	 All sizes in microns

401 other lines: 1.1.5-2.: ; 2.2.5-5.0 ; 3.5.0-10.0 ; 4.10.0-20.0 ; 5.20.0-40.0 : 6.40.0-60.0 : All sizes is alums
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Particle Size Distribution Data for Treated and
Untreated

Particle Site Carts
Netreated - denture Ramses

Central Arizona Project Water

Treated - Newt,. hates
1 2 1 4 5 6.5.. 1 2 3 4 s 6. See

4$	 24480 4003 1719 182 40 11 32432 16173 210 1733 174 11 1 23622
49	 20190 3919 1046 94 9 0 25278 161117 4062 1033 55 2 0 219E5
54	 24480 6003 1719 182 40 8 32432 16412 5934 1810 156 7 0 24221
51	 20190 3919 1066 94 9 0 25278 10033 2143 2116 640 4 0 14956
52	 20190 3919 1066 94 9 0 25278 13104 2091 2397 575 6 0 18173
53	 4829 5573 2295 243 32 0 12973 4415 WM 1972 159 14 0 1 214e
54	 4829 5373 2295 243 12 0 12973 3.453 4890 1914 184 17 0 10459
55	 5261 5800 4229 426 40 1 14759 1237 5067 2612 243 18 0 11198
56	 4829 5373 2295 243 32 0 12971 4970 4850 1835 118 12 0 11787
57	 5261 5800 1229 426 40 1 14759 8353 3762 2514 501 40 0 15172
58	 4829 5573 2295 243 32 0 12973 171137 3926 2238 301 18 1 24322
59	 3893 9445 6770 570 112 5 20817 3.849 7754 5163 314 22 0 17103
60	 3893 9465 6770 570 112 5 20817 2944 7504 4156 187 19 1 14816
61	 3986 11094 5066 994 219 5 21346 3901 10211 4137 464 62 1 16799
62	 3893 9445 6770 570 112 5 20817 2969 8024 3996 137 9 0 15146
63	 1986 11094 5046 194 219 5 21366 2968 8240 4568 378 28 0 16185
64	 3893 9465 6770 570 112 5 20817 6014 4485 3908 401 16 0 16825
65	 10438 9120 3047 768 166 6 2354.6 3344 2700 767 120 10 1 4943
66	 14438 9120 3047 768 166 6 23544 3.253 2391 646 96 e 1 6297
67	 1650 2546 611 110 11 0 6949 2335 1739 381 89 5 0 4550
48	 3650 2566 611 110 11 0 6949 3419 2501 403 75 7 0 4407
69	 1450 2566 611 110 11 0 6949 9033 1201 419 122 3 0 11279
70	 3650 2566 611 110 11 0 6949 27967 1869 1180 125 5 0 31148
71	 1557 7320 6112 402 M 1 17445 3950 7907 6145 431 25 0 18664
72	 5675 13829 inn 1782 319 8 39821 1328 7172 6347 430 26 0 17304
73	 5673 13829 18202 1782 319 8 39821 2735 6038 4659 196 13 0 13643
74	 3537 7320 6112 402 52 1 17443 3646 6949 5560 352 13 0 16542

75	 san 13829 18202 1782 319 8 3982! 1741 4187 1349 740 77 1 10097

76	1557 7320 6112 402 52 1 1744f 2487 3485 2835 831 55 0 9693

77	8231 10003 1749 545 120 4 2265 5426 5712 1721 125 8 0 12994

78	 8231 10003 1749 545 120 4 2265 5548 5841 1779 139 6 0 13314

79	12285 13460 4668 730 107 5 31255 4119 -3672 991 90 6 0 4100

80	8231 10003 3749 545 120 4 22654 4786 5610 2399 334 17 0 13148

81	 12285 13460 4460 730 107 5 3125 536 730 593 535 83 1 2479
82	 8231 10003 1749 545 120 4 2265 2124 657 671 744 78 1 4276

NOTE: The fol .1119 data limes have the aperture ranges notrJ helot:

1-ines AB thru	 i1.0-:.5 1 2=2.5-5.0 : 3=5.0-10.0 ; 4=10.0-20.0 ; 5 , 20.0-40.0 ; 6=40.0-60.0: All si:es in microns

All other lines. 1=1.5-2.5 ; 2=2.5-5.0 ; 3=5.0-10.0	 4=10.0-20.0 ; 5.'0.0-40.0 : 6=40.v-60.0 : All sues Ili microns
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Particle Size
Untreated

Particle Size Carts
Untreated - Aperture lamges

Distribution Data for Treated
Central Arizona Project Water

Treated - Aperture beiges

and

1	 2	 3 4 5 6.8.. 1	 2	 3 4 5 6.8..

1.165 17945 5211 1062 435 115gg 12961 6073 10464 7385 712 216 18 24818
gq 8145 17945 5211 1062 435 115 32961 10922 10544 5404 232 20 0 27142
qg 1165 17945 3239 1062 435 115 32961 6331 10735 6832 462 87 1 24448
'I 1145 17945 5239 1062 435 115 32961 4410 13249 5510 412 29 1 23411
92 1165 17945 5239 1062 435 115 32961 9197 9896 5467 150 106 4 25520
13 3214 1183 294 54 4 0 4829 2254 1166 281 54 3 0 3760

94
95
96 3294 1183 294 54 4 0 4829 3257 1562 415 59 3 0 5296
17
11
'I 1278 1138 397 71 14 0 2900 1203 1037 356 56 4 0 2658

100
101
102 3294 1183 294 54 4 0 4829 1568 1143 347 57 7 0 3123
103
104
115 961 1430 510 62 4 0 2969 958 1404 540 64 2 0 2970
106 961 1430 510 62 4 0 2949 1202 1454 622 70 1 0 3550
1417 1141 1082 381 45 2 0 2372 940 1414 558 64 4 0 2978
1411 961 1430 510 62 4 0 2949 1.268 2029 147 19 e 0 4153
109 861 1082 381 45 2 0 7372 1234 1789 656 69 4 0 3754
110 961 1430 510 62 4 0 2169 1820 1133 712 73 5 0 4447
111 6.709 3538 1145 121 6 0 11519 2813 2108 675 85 3 1 5685
112
113
114 6705 3538 1145 121 6 0 11519 2383 2040 708 69 4 0 5204

115
116
117 6709 3538 1145 121 6 0 11519 2193 1353 442 38 1 0 4049
118
119
120 4709 zsu 1145 121 6 0 11511 1641 1537 127 44 0 3752 -

121
122

NOTE: The folios:14 data liars have the aperture ropes noted helm:

line 99 6 Lutes 105 thru 110:
1.1.7-2.5 a 2.2.5-5.0 ; 3.3.0-20.0; 4.10.0-23.0 ; 5.23.0-43.0 ; 6.43.0-60.0: All	 1. slum
All ether lires: 1.1.5-2.5 ; 2.2.5-5.0 ; 1.5.0-10.0 ; 4.10.0-20.0 ;  3420.0-40.0; 6.40.0-60.0 : All sizes la alums
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Particle Size Distribution Data for Treated and

Untreated Central Arizona Project Water

Petrie fin Gnats
%treated - 6psftwe Arm trued - feertart loges

1 2 3 4 5 6. he 1 2 3 4 s t. Sus

121	 7380 7110 1174 162 213 27 24466 6447 11731 1853 100 213 12 24906

129	 7180 7110 1174 862 211 27 24464 5486 9193 9751 1177 216 11 26054

134	 7380 7110 1174 %I 213 27 24446 5194 7946 8414 945 154 11 23381

131	 7380 7110 8174 862 213 27 24446 3113 4828 6971 1034 482 15 16463

132	 7180 7110 1174 842 211 77 24466 4806 3953 5805 1252 456 16 16288

153	 1294 1 1 83 294 54 4 0 WI 2344 1211 308 31 2 0 3938

134
135
134 	3294 1113 214 54 4 0 41129 1%1 1331 349 61 3 0 3647

137
131
139	 1278 1138 277 71 14 0 ADO 1209 1053 358 44 4 0 2724

140
141
142 	3294 1183 294 54 4 0 4124 1274 149 301 35 1 0 2560

143
144
145	 1173 1140 364 5 2 0 2702 1512 1035 347 51 2 0 2969

146	 2449 2154 730 105 s 0 5445 AP 1234 W 41 3 0 MN

W	 2449 nu m m s 0 5445 11129 1536 493 50 3 8 39 11

141	 1173 1144 3144 55 2 0 2242 2454 1147 331 41 4 41 CP

W 	2449 2156 M M s 0 5445 ZIP 1074 749 255 9 0 4126

M	 2449 2154 M M s 0 5445 5862 742 PO 212 10 0 7716

151	 4422 11420 14699 147 145 6 31042 38111 6147 4134 212 42 I 1441 9

122	 3323 7044 1607 233 21 0 12261 3242 5902 1134 130 I 0 104 19
rn

M	 ILI nu av m A 0 12261 AP 5646 M M 9 0

m	 nn nu 1607 M 29 0 IMI 3571 6715 1451 198 18 1 11956

135 	3323 7064 1607 233 29 0 12261 205 9 2905 712 433 54 1 6164

156	 3323 7064 1607 213 A 0 12261 ON 3170 1014 530 33 1 11458

157	 18288 21356 7736 150 96 4 40430 4295 4474 1339 111 5 0 10226

158	 8107 1320 2849 120 19 0 19416 5983 5313 1433 113 4 0 12847

10	 4438 3251 136 150 19 0 8696 1772 3599 1338 244 17 0 8974

140	 8107 CO 2149 320 19 0 19616 2443 2442 1610 595 32 0 7284

161	 4438 3251 836 150 19 0 8696 5123 519 447 358 30 1 4500

162	 1107 CO 2849 LI 19 0 19414 5653 848 921 403 22 0 8050

ROTE: The follomni data liftes have the aperture ropes noted helm:

Line	 ; 742.5-5.0 ; 345.0-10.0 : 4410.0-21.0 ; 5421.0-41.0 ; 6443.0-60.0 : All sues in eacruns

Line 145 ttlatr: -.ted Ralph
141.7-2.5 ; 242.5-5.0 343.0-10.0; 4=10.0-20.0 ; 3420.040.0; 6440.0-68.0 : All si:es is across

eUter liars: 141.5-2.5 ; 242.3-1.6 : 34.0-10.0 : 4.00.0-20.0; 5.20.0-40.0;  040.0-60.0 : All lion le sicraos
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MPFT Data for Untreated Central Arizona Project
Water; Filtration Time (sec) vs. Filtrate Volume (ml):
Runs 8 - 42

Volume of Filtrate Collected	 fall
Nun Nueber 50 100 150 200 250 300 350 400 450 500 550 600

8 4.8 9.6 16.1 25 36.1 56.4 93.2

9 4.8 9.6 16.1 25 36.1 56.4 93.2

10 4.8 9.6 16.1 25 36.1 56.4 93.2
11 3 9 15 23 32 45 62 86 122

12 3 9 15 23 32 45 62 86 122

13 6.39 32.1
14 7.16
15 7.16
16 7.16
17 6.39 32.1
18 7.16
14 6.47 17.35 34.08 64.96
20 6.47 17.35 34.08 64.96
21
22 6.47 17.35 34.08 64.96
23
24 5.39 11.24 18.41 27.26 37.62 49.77 63.59 81.75 102.16 129.17 163.29 206.61

25 4.59 11.35 19.67 30.02 45.2 70.26

26 4.59 11.35 19.67 30.02 45.2 70.26

27 4.59 11.35 19.67 30.02 45.2 70.26

28 4.59 11.35 19.67 30.02 45.2 70.26

29 5.16 15.89 33
30 4.59 11.35 19.67 30.02 45.2 70.26

31 5.02 10.41 16.19 24.31 33.84 47.31 65.17 85.96 114.89 153.85 212.95

32 5.16 11.17 18.24 27.95 40.02 55.38 74.1 101.22 134.39 181.88

33
45,1734 5.02 10.41 16.19 24-31 3k84- -47.31- 85.96_ 114..89 153._85_ _212.95

35
36 5.16 11.17 18.24 27.95 40.02 55.38 74.1 101.22 134.39 181.88

37 5.02 10.41 16.19 24.31 33.84 47.31 65.17 85.96 114.89 153.85 212.95

36 5.16 11.17 18.24 27.95 40.02 55.38 74.1 101.22 134.39 181.88 

39
40 5.02 10.41 16.19 24.3! 3334 47.31 65.17 85.96 114.89 153.85 212.95

41
42 5.16 11.17 18.24 27.95 40.02 55.38 74.1 101.22 134.39 181.88

....CONTINUED ON NEXT MBE.-
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Continued: MPFT Data for Runs 8 - 42 (Untreated)

Muse pi Filtrate Collected 1811

	

Run !Weber	 650	 700	 750	 800	 850	 900	 950	 1000

10
11
12
13
14
15
16
17
18
19
20
21
22
23

	

24	 265.58
25
26
27
28
29
30
31
32
33
34
35
36
37
36
34
40
41
42

Drees el Drops

359
359
359
485
485
102
95
95
95

102
95

228
228

228

662
349
349
349
349
200
349
565
535

_565_

sec

98.4
98.4
98.4

162.97
162.97
35.74
34.13
34.13
34.13
35.74
34.13
92.91
92.91

92.91

278.52
118.92
118.32
118.92
118.32
76.93

118.92
235.75
22E.12

_235,75

228.12
235.75
228.12

235.75

228.12

535
565
535

565

535
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MPFT Data for Untreated
Water; Filtration Time
Runs 48 - 82

Volume of Filtrate Collected 1.11
	Run Number	 50	 100	 150	 200

	

48	 3 	9 	18	 35

	

49	 3	 9	 15	 23

	

50 	3	 9	 18	 SS

	51 	 3	 9	 15	 23

	

52	 3 	9	 15	 23

	

53	 4.91	 13.6	 26.81	 54.24

	

54	 4.91	 13.6	 26.81	 54.24

	

55	 4.59	 13	 28.49

	

56	 4.91	 13.6	 26.81	 54.24

	

57	 4.59	 13	 28.49

	

58	 -4.91	 13.6	 26.81	 54.24

	

59	 5.9	 18.9 9

	

60	 5.9	 18.99

	

61	 6.9

	

62	 5.9	 18.99

	

63	 5.9	 18.99

	

64	 5.9	 18.99

	

65	 4.53	 12.19	 23.16	 45.52

	

66	 4.53	 12.19	 23.16	 45.52

	

67	 4.63	 10.99	 18.3	 27.58

	

68	 4.63	 10.99	 18.3	 27.58

	

69	 4.63	 10.99	 18.3	 27.58

	

70	 4.63	 10.99	 18.3	 27.58

	

71	 5.88	 24.15

	

72	 5.88	 24.15

	

73	 7.71

	

74	 5,88-	 -24.15

	

75	 7.71

	

76	 5.88	 24.15

	

77	 3.96	 11.05	 23.29

	

78	 3.96	 11.05	 23.29

	

79	 4.71	 13.43

	

80	 3.96	 11.05	 23.29
	el	 4.71	 13.43

	

82	 3.96	 11.05	 23.29

Central
(sec)	 vs.

	250 	 300

	

33	 48

	

33	 48

	

33	 48

	

38.31	 53.137

	

38.31	 53.87

	

38.31	 53.87

	

38.31	 53.87

Arizona Project
Filtrate Volume

350	 400	 450	 500

70	 113

70	 113
70	 113

75	 105.24	 151.61
75	 105.24	 151.61
75	 105.24	 151.61
75	 105.24	 151.61

(ml):

550	 600

....CONTINUED	 NEXT FAH.-
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Continued: MPFT Data for Runs 48 - 82 (Untreated)

blow o4 Filtrate Collected (111 )

Run Bober	 650	 700	 750	 BOO	 1150	 900	 950	 1000	 Drops ol Drops sec

	232 	 66.27

	

402	 117.15

	

232	 66.27

	

402	 117.15

	

402	 117.15

	

220	 75.88

	

220	 75.88

	

197	 66.65

	

220	 75.88

	

197	 66.65

	

220	 75.88

	

130	 42.43

	

130	 42.43

	

98	 33.89

	

130	 42.43

	

130	 42.43

	

130	 42.43

	

230	 72.47

	

230	 72.47

	

466	 172.74

	

466	 172.74

	

466	 172.74

	

466	 172.74

	

115	 37.64

	

115	 37.64

	

90	 30.34

	

115	 37.64

	

90	 30.34

	

115	 37.64

	

197	 61.95

	

197	 61.95

	

145	 42.74

	

197	 61.95

	

145	 42.74

	

197	 61.95

48
49
50
Si
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
76
79
80
81
82
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MPFT Data for Untreated Central Arizona Project
Water; Filtration Time (sec) vs. Filtrate Volume (ml):
Runs 88 -	 122

Volume of Filtrate Collected loll
kw, amber 50 100 150 200 250 300 350 400 450 500 550 600

88 10.6
89 10.6
90 10.6
91 10.6
92 10.6
93 6.66 17.53 35 68.22
94
95
96 6.66 17.53 35 68.22
97
98
99 5.39 11.24 18.41 27.26 37.62 49.77 63.59 81.75 102.16 129.17 163.29 206.61

100
101
102 6.66 17.53 35 68.22
103
104
105 4.69 8.65 13.94 19.13 25.02 31.66 39.29 47.45 56.46 66.62 78.11 90.85

106 4.69 8.65 13.94 19.13 25.02 31.66 39.29 47.45 56.46 66.62 78.11 9.85

107 5.67 12.77 23.41 37.36 56.93 87.6 131.09

106 4.69 8.65 13.94 19.13 25.02 31.66 39.29 47.45 56.46 66.62 78.11 90.85

109 5.67 12.77 23.41 37.36 56.93 87.6 131.09

110 4.69 8.65 13.94 19.13 25.02 31.66 39.29 47.45 56.46 66.62 78.11 90.85

111 5.41 12.38 22.19 37.72 62.59 106.44

112
113
114 5.41 12.38 22.19 37.72 62.59 106.44

115
116
117 5.41 12.38 22.19 37.72 62.59 106.44

118
119
120 5.41 12.38 22.19 37.72 62.59 106.44

121
122

....CONTINUED ON NEVI PA8E....
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Continued: MPFT Data for Runs 88 - 122 (Untreated)

Volute of Filtrate Collected 411
Run Rustier	 650	 700	 750	 SOO 850 900 950 1000 Drops al Drops sec

88 65 19.9

89 65 19.9

90 45 19.9

91 65 19.9

92 65 19.9

93 231 104.55

94
95
96 231 104.55

97
98
99 265.58 662 278.52

100
101
102 231 104.55

103
104
105 104.77 120.92 138.94 158.92 181.67 208.33 238.2 272.65

106 104.77 120.92 138.94 158.92 181.67 208.33 238.2 272.65

107 380 173.49

108 104.77 120.92 138.94 158.42 181.67 208.33 238.2 272.65

109 380 173.49

118 104.77 120.92 138.94 158.92 181.67 208.33 238.2 272.65

111 320 133.41

112
113
114 320 133.41

115
116
117 320 133.41

118
119
120 320 133.41

121
122
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MPFT Data for Untreated Central Arizona Project
Water; Filtration Time (sec) vs. Filtrate Volume (ml):
Runs 128 - 162

Voluee of Filtrate Collected	 le11
RuF Wetter 50 100 150 200 250 300 350 400 450 500 550 600

128 6.3
129 6.3
110 8.3
131 8.3
132 8.3
133 6.66 17.53 35 68.22
134
135
136 6.66 17.53 35 68.22
137
138
139 5.39 11.24 16.41 27.26 37.62 49.77 63.59 81.75 102.16 129.17 163.29 206.61

140
141
142 6.66 17.53 35 68.22
143
144
145 5.89 12.81 21.78 34.57 51.45 75.32 108.49 162.63

146 5.31 11.43 19.71 32.63 49.39 75.77 113.69

147 5.31 11.43 19.71 32.63 49.39 75.77 113.69

146 5.89 12.81 21.78 34.57 51.45 75.32 108.49 162.63

149 5.31 11.43 19.71 32.63 49.39 75.77 113.69

150 5.31 11.43 19.71 32.63 49.39 75.77 113.69

151 5,23 12.93 39.04
152 4.15 10.46 16.96 26.53 40.13 63.74

153 4.15 10.46 16.96 26.53 40.13 63.74

154 4.15 10.46 16.96 26.53 40.13 63.74

155 -41-1 - 10.46 - 1076v 26..53 63.74-4M-3-

156 4.15 10.46 16.96 26.53 40.13 63.74

157 4,31 9.91 16.41 26.67 40.91 67.19 119.13

156 3.99 11.02 21.99 48.69

159 4.32 12.07 22.95 45.2

160 3.99 11.02 21.99 48.89

161 4.32 12.07 22.95 45.2

162 3.19 11.02 21.99 48.89

....CONTINUED ON NEXT PA6E....
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Continued: MPFT Data for Runs 128 - 162 (Untreated)

	Vol use of	 Filtrate Collected	 (all

	

Run amber	 650	 700	 750	 BOO	 850	 100	 950	 1000

128
129
130
131
132
133
134
135
136
137
138

	

139	 265.58
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154-
155
156
157
158
159
160
161
162

Drops al Drops sec

07	 33.02
07	 33.02
87	 33.02
87	 33.02
87	 33.02

231	 104.55

231	 104.55

662	 278.52

231	 104.55

419	 185.52
391	 162.74
391	 162.74
419	 185.52
391	 162.74
391	 162.74
160	 46.63
140	 101.6
140	 101.8
340	 101.8
340	 101.8
340	 101.8
352	 121.35
219	 68.88
230	 73.36
219	 66.88
230	 73.36
219	 66.88
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MPFT Data for Treated Central Arizona Project Water;
Filtration Time (sec) vs. Filtration Volume (ml):
Runs 8 - 42

Voliame of Filtrate Collected 4.11
Run Number 50 100 150 200 250 300 350 40 450 500 550 600

8 4.5 9.8 15.8 25.4 37.3 55.3 85.8
9 4.5 12 36.5

10 4.9 10.7 23.5
11
12
13 5.11 14.27
14 5.34 27.88
15 5.2 23.95
16 5.9 28.18
17
18
19 4.3 10.12 20.65 46.13
20 4.52 12.55 24.56 50.24
21
22 5.34
23
24
25 4.24 10.68 19.56 34.95 70.19
26 4.26 11.15 21.36 31.74
27 5.35 23.1
28 5.41
29
30
31 3.84 8.16 13.23 11.1 25.34 3:,E !.:.çt. 50.56 61.66 73.05 88.75 107.02
32 4.36 7.95 12.74 18.7E 25.24 33.0 A:.01 53.26 67.15 84.03 106.39 136.31
33
34 4.35 9.63 16.27 24.99 37.63 53.C., 117.06
35
36 7.12
37 4.24 7.53 15.72 20.21 -25.: 37.32 17)44- 51.09- 18.671 1.15 61.94-

38 4.11 8.28 12.2 16.83 21.97 28.02 47 41.91 49.99 58.87 69.81 81.57
39
40 3.91 8.14 13.43 21.07 29.7; 02.4: 85.13 128.81
41
42 6.4

....CONTINUED ON NEXT PAK._



Continued: MPFT Data for Runs 8 - 42 (Treated)

Muse o4 Filtrate Collected toll

kun Milder	 650	 700	 750	 BOO	 850	 900	 950	 1000	 Drops el Drops sec

178

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31	 128.11	 156.06	 187.01	 231.21	 286.79

32	 177.8	 238.28
33
34-
15
36
37	 77.96	 89.56	 101.34	 114.63	 130.16	 147.36	 167.56	 190.16

38	 94.52	 110.2	 128.6	 150.51	 175.28	 207.48	 249.4

39
40
41
42

375	 111.2
157	 39
167	 49.7
30	 9.2

18.5	 4.79
133	 38.39
101	 31.45
108	 31.02
101	 30.12
50	 12.3
21	 5.67

230	 71.03
222	 71.74

83	 23.53

23	 6.68
252	 73.84
238	 71.43
110	 31.58

89	 23.88
30	 7.53
18	 4.77

880 332.38
710	 251.34

440	 164.58

68	 19.58

980 276.95

470	 153.12

80	 24.47
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MPFT Data for Treated Central Arizona Project Water;

Filtration Time (sec) vs. Filtration Volume (ml):

Runs 48 - 82

Voluoe of Filtrate Collected loll

	kr Number	 50	 100	 150	 200

	

48	 4	 10	 16	 27

	

49	 3	B	 14	 22

	

50	 4	 12
51
52

	

53	 4.84	 10.8	 19.02	 36.62

	

54	 3.99	 8.22	 14.53	 30.43

	

55	 4.32	 9.88	 20.3	 42.73

	

56	 4	 11.06	 28.81
57
se

	59 	 4.03	 11.85

	

60	 3.38	 10.38	 22.02

	

61	 5.44	 23.74

	

62	 4.37	 12.11	 40.97

	

63	 11.67
64

	

65	 4.72	 13.62

	

66	 4.06	 9.38	 16.55	 25.71

	

67	 4.3	 10.58	 18.33	 29.04

	

66	 4.2	 15.62
69
70

	

71	 2.84	 10.84

	

72	 3.76	 10.14	 35.37

	

73	 3.63	 12.81

	

74	 4.2	 10.74	 34.13

	

75	 3.29
76

	

77	 3.22	 7.34	 11.66	 18.61

	

78	 3.24	 6.99	 11.35	 17.8

	

7S	 3.56	 8.09	 15.84	 37.24

	

80	 4.02	 11.45
BI

250

45
31

40.35
46.2

27.8I
28.5:

300

45

67.47
75.18

51.E'
53.33

350

65

400

101

450 500	 550

82

....CONTINUED ON NEXT 46E.-
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Continued: MPFT Data for Runs 48 - 82 (Treated)

%lase of Filtrate Collected 411
Run Number	 650	 700	 750	 BOO	 150	 900	 950	 1000 Drops al Drops sec

48 290 80.26

49 420 126.09

50 140 37.09

51 33 9.04

52 19 5.63

53 235 58.36

54 248 75.7

55 212 54.46

56 180 53.99

57 34 8.69

58 21 5.49

59 145 40.01

60 176 46.79

61 109 31.93

62 151 41.45

63 51 13.29

64 27 6.84

65 140 38.02

66 333 103.04

67 330 103.2

68 125 35.06

69 30 6.91

70 21 5.87

71 139 34.34

72 153 38.44

73 140 37.58

74 153 38.7

-75-
_52 AL.13

76 21.5 6.12

77 323 74.87

78 318 70.86

79 210 47.86

80 130 30.26

El 33 8.15

82 22 5.82
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MPFT Data for Treated Central Arizona Project Water;

Filtration Time (sec) vs. Filtration Volume (ml):

Runs 88 - 122

Yoluae of Filtrate Collected tall
Run Nuaber 50 100 150 200 250 300 350 400 450 500 550 600

88 8
89 9.5
90 9.3
91
92
93 5.02 11.2 17.99 27.52 39.41 55.63 77.09 105.36 145.2 204.77

94
95
96 6.09 23.99
97
98
99 4.08 13.23 12.61 18.03 24.16 31.87 41.02 52.13 67.65 89.27 121.84

100
101
102 5.2 12.74 27.68
103
104
105 4.7 11.76 20.16 30.56 42.62 56.14 70.32 85.84 104.06 123.34 143.65 164.91

106 4.69 11.76 20.48 31.84 44.22 57.88 72.74 90.6 109.46 129.45 152.89 177.07

107 6.13 15.34 29.23 46.84 67.25 92.33 121.6 155.2 194.24 240.09 293.66

108 5.14 12.94 24.17 40.92 67.09 113.13
109 7.87
110 9.12
111 4.31 8.21 12.62 17.31 22.85 28.77 35.63 42.95 51.22 60.56 71.65 83.88

112
113
114 4.63 9.34 16.1 25.35 38.34 58.59 95.31

- 115
116
117 4.66 8.85 12.49 17.14 21.71 27.46 33.33 39.66 46.59 54.36 63.17 73.13

118
119
120 4.43 8.66 13.84 20.65 29.16 40.54 55.71 78.05 119.15

121
122

....CONTINUED ON NEXT PAU.-
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Continued:	 MPFT Data for Runs 88 - 122 (Treated)

Volute of Filtrate Collected la11

Run Sober	 650	 700	 750	 800	 850	 900	 950	 1000	 Drops al Drops sec

70	 25.7
88 70 26.4
89 68 23.7
90 10 8.5
91 16 4.6
/2 505 212.53
93
94
95 120 41.26
96
97
98 598 177.87
99

100
101 200 66.24
102
103
104
105 189.31 216.31 244.17 274.17 309.96 146.2 387.78 433.49

106 204.54 232.63 267.05 302.63 343.8 388.91 439.92 498.69
599 358.59

107
108

317
90

129.83
32.59

109
60 17.25

110
111 97.47 114.32 133.71 157.59 186.71 224.61 273.1 994 333.45

112
113 370 118.45
114

- 111
117 83.77 96.5 110.51 126.25 145.72 168.55 196.14 230.94

ILE
114 465 138.35
120
121
122



183

MPFT Data for Treated Central Arizona Project Water;
Filtration Time (sec) vs. Filtration Volume (ml):
Runs 128 - 162

Volume of filtrate Collected (al)

Run Nueber 50 100 150 200 250 100 350 400 450 500 550 600

128 8.49
129 9.05
130 8.77
131
132
133 4.33 10.7 18.6 30.91 46.84 74.13 111.97

134
135
136 4.81 14.23 47.71
137
138
139 4.58 8.52 12.64 17.51 22.77 28.7 35.1 42.73 50.58 55.88 70.44 82.74

140
141
142 5.21 12.51 23.77 49.02
143
144
145 434 9.1 14.03 19.84 26.3 33.47 41.16 50.65 60.31 72.11 84.97 100.1

146 4.38 8.27 12.31 17.41 23.21 29.94 37.05 45.59 55.97 67.52 81.42 98.86

147 4.24 8.56 13.06 17.56 23.55 29.7 37.33 45.79 55.44 66.3 79.18 94.27

148 4.61 9.79 16.79 26.23 40.21 62.22 103.7

145
150
15 1 3.91 8.27 19.59
152 3.95 7.98 12.23 17.31 23.35 31.66 42.34 59.33 91.04

153 3.60 8.13 13.95 23.14 43.52
154 3.45 9 15.52 26.15 47.28
155
15e
157 3.48 7.33 11.13 16.2 22.84 32.52 49.27

158 3.5 7.6 14.92 33.14

15S 3.65 10.61
160
161
162

....CONTINUED 0N NEXT BABE-.
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Continued: MPFT Data for Runs 128 - 162 (Treated)

Voluse of Filtrate Collected 1611
Run Nusber	 650	 700	 750	 800	 854	 900	 950	 1000	 Drops sl Drops sec

128
129
130
131
132
133
134
135
136
137
138
139	 97.24	 115.16	 135.74	 162.57	 198.41	 248.48

140
141
142
143
144
145	 117.15	 138.16	 162.31	 190.63	 227.07	 269.7	 327.97

146	 120.55	 149.25	 187.81	 245.34

147	 111.86	 134.18	 162.05	 197.58	 245.49

148
149
150
151
152
153
154
155
156
157
158
159
160
161
162

	

78	 28.7

	

75	 27.45

	

75	 28.23

	

25.5	 7.97

	

18.5	 6.09

	

395	 165.31

	

155	 51.82

927 282.08

224	 73.6

975 363.55
810 257.53
BBB 295.06
364	 118.14
48	 13.52
23	 5.84
182	 43.64
471	 115.88
265	 57.27
279	 74.85
A!; 10;96-

24	 6.57
399	 90.15
215	 48.24
138	 32.27
46	 11.16
36	 9.08
24	 6.3



Total Organic Carbon Data for Central Arizona
Project Water

.	 Unfiltered Samples
Untreated	 Treated

Run kuaber	(as mg/1)

Nhatsan Filtration Sample
Untreated	 Treated

(as mg/1)

8	 7.27 8.685 7.239 7.873

9	 7.27 6.968 7.239 8.176

10	 7.27 7.883 7.239 7.434

11	 7.015 7.257 7.124 5.584

12	 7.015 7.014 7.124 5.515

13	 9.701 8.963 7.798 9.501

14	 8.223 8.164 7.162 6.762

15	 8.223 8.233 7.162 8 .253

16	 8.223 8.951 7.162 8.341

17	 8.701 8.512 7.798 8.118

18 	8 .223 8.219 7.162 6.734

19	 7.961 8.01 7.757 7.885

20	 7.961 6.747 7.757 7.85

21
22	 7.961 7.165 7.757 7.032

23
24	 7.3 6.4 7.039 5.89

25	 8.826 8.612 8.501 7.782

26	 8.826 8.838 8.501 8.938

27	 8.826 7.494 8.501 7.217

28	 8.826 7.588 8.501 6.566

29	 7.961 7.698 7.757 6.41

30	 8.826 8.117 8.501 6.158

31	 9.726 10.25 8.679 9.53

32	 10.03 9.812 10.11 4.579

33
34	 9.728 9.923 8.679 9.66

35
36	 10.03 10.13 10.11 9.482

37	 9.728 10.23 8.679 9.619

38	 10.03 10.36 10.11 9.31

39
40	 9.728 10.15 8.679 9.622

41
42	 10.03 10.67 10.11 9.467

185



Total Organic Carbon Data for Central Arizona
Project Water

.	 Unfiltered Samples	 Matsui Filtration Sample

Untreated	 Treated	 Untreated	 Treated

Run Number	 (as ag/1)	 (as mg/1)

48 7.732 8.261 6.719 7.552

49 7.707 7.444 7.74 7.329

50 7.732 7.946 6.719 7.054

51 7.707 7.631 7.74 5.949

52 7.707 11.34 7.74 6.245

53 7.034 7.004
54 7.034 7.004

55 7.71 7.659
56 7.034 7.004
57 7.71 7.659
58 7.034 7.004

59 7.639 7.1 7.231 8.081

60 7.639 7.035 7.231 6.985

61 7.862 6.6 7.18 7.364

62 7.639 7.336 7.231 6.704

63 7.639 7,144 7.231 6.411

64 7.639 7.963 7.231 6.25

65 8 .I83 7.751 7.418 7.779

66 8.183 8.624 7.418 8.406

67 7.879 8.291 7.839 8.625

66 7.879 8.213 7.839 7.105

69 7.879 7.79 9 7.839 6.382

70 7.879 7.587 7.839 6.116

71 7 . 	7.838
72 7.838 7.651

73 8.318 8.526

74 7.838 7,651

75 8.318 8.526

76 7.838 7.651

77 8.596 7.967 7.664 8.008

78 8.596 8.66' 7.664 8.405

79 8.605 7.9:: 8.072 7.985

80 8.596 7.999 7.664 8.456

BI 8 .605 8.94: 8.072 7.341

82 8.596 9.571 7.664 8.101

186



Total Organic Carbon Data for Central Arizona
Project Water

Unfiltered Samples
Untreated	 Treated

Run Number	 (as spill

Vhatean Filtration Sample
Untreated	 Treated

(as mg/l)
88 8.349 7.705 6.535 9.026
89 8.349 8.189 6.535 5.411
90 6.349 8.462 6.535 8.523
91 8.349 7.621 6.535 7.053

92 8.349 7.12 6.535 6.364
93 5.047 6.675 5.702 5.62
94
95
96 5.047 6.054 5.702 4.976
97
98
99 7.3 5.526 7.039 6.685
100
101
102 5.047 5.257 5.702 5.173

103
104
105 8.659 9.223 8.2 7.82

106 8.659 9.216 8.2 8.047

107 10.45 7.352 9.53 7.267

108 8.659 8.2
109 10.45 7.955 9.53 7.578

110 - 1;659 -9.417 7,221

111 7.508 6.682 7.041 6.851
112
113
114 7.508 6.99 7.041 6.683

115
116
117 7.508 7.089 7.041 6.603

118
119
120 7.508 6.562 7.041 6.656

121
122
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Total Organic Carbon Data for Central Arizona
Project Water

.	 Unfiltered Saaples	 Whataan Filtration Saaple

Untreated	 Treated	 Untreated	 Treated

Run Rustier	 (as •g/1 )	 (as soil)

128 	7.572 9.011 7.625 8.022

129	 7.572 9.155 7.625 9.653

130	 7.572 8.783 7.625 7.898

131	 7.572 9.159 7.625 8.107

132	 7.572 7.504 7.625 8.026

133	 5.047 5.959 5.702 6.18

134
135
136	 5.047 5.373 5.702 4.672

137
138
139	 7.3 6.204 7.039 6.175

140
141
142	 5.047 5.689 5.702 5.052

143
144
145	 7.789 5.606 5.958 6.488

146	 6.402 6.699 5.951 5.343

147	 6.402 5.981 5.951 6.179

148	 7.789 6.684 5.958 6.55

149	 6.402 5.553 5.951 4.947

150	 6.402 5.638 5.951 4.953

151
152
153
154
155
156
157	 7.581 8.045

158	 7.298 7.752

159	 8.169 8.053

160	 7.298 8.504

161	 8.169 13.517
162	 7.298 9.156
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APPENDIX C

VELOCITY GRADIENT DETERMINATION
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MEAN VELOCITY GRADIENT DETERMINATIONS FOR
TWO-LITER VIRTIS REACTOR

_E_	 = ( F ipv ) 11 =	 cD pAv 3 G = (	 (	 )VII	 V 1.1	 2V

where
G = velocity gradient, sec-1

P = power utilized, ft-lb/sec

V = volume of fluid, ft 3

= absloute viscosity of fluid, lb-sec/ft2

FD = drag force on the paddle, lb.

CD = coefficient of drag, dimensionless

A = area of paddle, ft 2

p = fluid density, lb sec 2 /ft 4

v - relative velocity of fluid with respect to
paddle, ft/sec

Let v = kv

where
vp = paddle velocity, ft/sec

k = ratio of fluid velocity to paddle velocity

and	 27rN
60

where

r = paddle radius, ft

n - revolutions per minute (rpm)

Therefore

G = ( 
C
D
PAk

3
7
3
r
3
N
3 

) 1/2
5.4*104Vp
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For the reactor and experimental conditions herein:

Temperature = 250c

K = 0.70

CD = 1.8 for rectangular paddles

A = paddle ara equals 0.35 in. * 0.35 in.* 6 =
0.735 in.`

V = w liter sample volume = 0.071 ft 3

Thus:

G = 1170 sec -1
	

Rapid Mix

G = 38 sec-1
	

Flocculation



APPENDIX D

EXPERIMENTAL DATA: REPLICATION RUNS
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Turbidity (NTU) Data for Replicate Runs

Saaple	 Whataan 40 	 MFFT

Untreated .25 .16 .19

	RI .3 .18 .13

	 R2 .3 .28 .14

	 R3 .29 .24 .13

	 R4 .31 .2 .14

	 R5 .3 .25 .13

	 R6 .3 .29 .13

Total Organic Carbon Data for Replicate Runs

Saaple
Unfiltered Filtered

Untreated 6.369 6.322

 	 .R1 6.522 7.422

	 R2 6.388 6.647

	 R3 6.493 6.359

	R4 6.1 6.124

	 R5 6.766 6.546

	 R6 6.445 6.182
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Particle

Aperture

Size Distribution Data for Replicate Runs

Saeple 1 2 3 4 5 6	 Sue Total

Untreated 2739 1489 418 100 4 0	 4752

	RI 1764 1249 369 96 6 0	 3487

	 R2 1261 1016 295 80 6 0	 2659

	 R3 2009 1258 379 102 4 0	 3752

	 R4 1745 1303 451 100 4 0	 3605

	 R5 1610 1179 356 75 2 0	 3222

	 R6 1251 1054 347 76 6 0	 2736

NOTE: Aperture range is as listed below

1=1.5-2.5 ; 2=2.5-5.0 ; 3=5.0-10.0 ; 4=10.0-20.0 ; 5=20.0-40.0 ; 6=40.0-60.0
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MPFT Data for Replicate Runs, Filtration Time (sec)
vs. Filtrate Volume (ml)

Volume of Filtrate Collected 41)
Sample	 50	 100	 150	 200	 250	 300	 350	 400	 450	 500	 550	 600

	

Untreated	 4.52	 9.1	 14.41	 20.52	 27.43	 35.55	 44.77	 55.24	 67.35	 80.39	 95.76	 113.4

	 RI	 4.07	 8.02	 12.78	 18.27	 25.1	 33.38	 43.16	 55.88	 72.14	 94.27	 125.27	 175.44

	 R2	 3.79	 7.74	 12.57	 16.27	 24.8	 33.02	 42.79	 55.97	 71.09	 92.89	 122.98	 167.6

	 R3	 3.89	 7.99	 13.15	 19.38	 26.59	 35.06	 45.27	 58.56	 75.14	 97.82	 127.31	 173.39

	 R4	 4.13	 8.62	 13.91	 21.63	 30.77	 43.29	 59.74	 85.4	 126.53

	 R5	 4.16	 8.25	 12.91	 18.42	 25.17	 32.91	 42.4	 54.62	 69.49	 89.96	 118.05	 160.49

	 R6	 4.22	 8.2	 12.97	 19.86	 27.91	 38.06	 50.51	 67.9	 92.7	 129.51

...CONTINUED BELOW-

Volume of Filtrate Collected 1611
Sample	 650	 700	 750	 800	 850	 900	 950	 1000	 Drops al Drops sec

	

Untreated	 131.76	 154.72	 179.04	 208.62	 241.91	 280.02

	RI	 615	 193.48

	 R2	 625	 198.22

	9.3	 620	 201.49

	94	 470	 154.47

	 R5	 635	 199.5

	96 	535	 169.42
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ANALYSIS OF VARIANCE RESULTS
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ANALYSIS OF VARIANCE

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

A. Ozone SS
A

6-1 MS
A
=SS

A
/5 MS

A
/MSE

B. Alum SS B 6-1 MSB=SS B/5 MSB/MSE

C. Rapid Mix SS
C

2-1	
.
MS

C 
=SSC /1 MSC/MSE

D. Flocculation SSD 2-1 MSD=SSD/1 MSD/MSE

Error SS E
6-1 ms

E
=ss

E
/5

Total SST
76-1

Residual SS R 75-12 MSR =SS R/63 MSR/MSE
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ANALYSIS OF VARIANCE RESULTS

Source of
Variation

Sum of
Squares

Degrees of
Freedom

Mean
Square Fcomp 'tab

Whatman #40 Filtrate Turbidity

Ozone 0.01710 5 0.00342 1.82 5.05
Alum 0.07422 5 0.01484 7.89 5.05
Rapid Mix 0.01717 1 0.01717 9.13 6.61
Flocculation 0.00722 1 0.00722 3.84 6.61
Error 0.00940 5 0.00188
Total 0.44021 75
Residual 0.32450 63 0.00515 2.74 4.43

Total Paritcle Number

Ozone 2.1282*109 5 4.2564*108 2030 5.05
Alum 1.0105*109 5 2.0212*108 964 5.05
Rapid Mix 1.0600*108 1 1.0600*108 506 6.61
Flocculation 1.9783*10 8 1 1.9783*10 8 944 6.61
Error 1.0482*10 6 5 2.0964*10 5
Total 4.6540*10 9 75
Residual 1.2114*10 9 63 1.9229*10 7 91.7 4.43

Whatman #40 Filtrate TOC

Ozone 9.6527 5 1.9305 8.59 5.05
Alum 16.424 5 3.2848 14.6 5.05
Rapid Mix 3.3837 1 3.3837 15.1 6.61
Flocculation 14.357 1 14.357 63.9 6.61
Error 1.1231 5 0.22462
Total 117.67 75
Residual 73.855 63 1.1723 5.22 4.43

MPFT Final Volume

Ozone 1,164,390 5 232.879 53.1 5.05
Alum 2,427,970 5 485,594 110 5.05
Rapid Mix 125,592 1 125,592 28.6 6.61
Flocculation 380,918 1 380,918 86.8 6.61
Error 21,933.3 5 4,386.66
Total 6,640,940 75
Residual 2,542,070 63 40,350.3 9.19 4.43
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APPENDIX F

DATA AND STATISTICAL ANALYSIS:

SURFACE CHARGE EXPERIMENT
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ANALYSIS OF VARIANCE-SURFACE CHARGE EXPERIMENT

EPM t=0 EPMt=72

MPFT

Final Volume Final Time

Sum of Squares
8.512*10 -3 1.226*10-2 22,603 19,069Treatment

Residual 1.203*10 -4 1.483*10-3 353.29 176.52
Total 2.603*10 -2 1.785*10 -2 26.941 20.139
Error 1.740*10 -2 4.107*10-3 3984.7 892.81

Degrees
of Freedom

Treatment 6 6 6 6
Residual 2 2 2 2
Total 20 20 20 20
Error 12 12 12 12

Mean Square
1.419*10 -3 2.043*10 -3 3763.2 3178.3Treatment

Residual 6.014*10 -5 7.414*10 -4 176.65 88.262
Error 1.450*10

-3 3.423*10 -4 332.06 74.401

Fcomp: treatment 0.978 5.97 11.34 42.7
Ftab:	 treatment 3.00 3.00 3.00 3.00

Fcomp: residual 0.042 2.17 0.532 1.19
Ftab:	 residual 3.89 3.89 3.89 3.89
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DUNCAN'S MULTIPLE RANGE TEST FOR EPMT=72

Ozone
Dose	 (mg/L)

Mean Value
of EPMt=72 Rank

Difference at 95%
Confidence Level

4.0 0.619 1 a

Raw A 0.614 2 a b

0.3 0.607 3 a b c

2.7 0.606 4 b c d

Raw B 0.575 5 c d e

1.6 0.563 6 e f

0.8 0.556 7 e f

Note: Ranked values having a letter in common are not
significantly different at a 95% confidence level.
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T-TEST COMPARING MEAN VALUES OF
EPMT=0 AND EPMT=72

AT 95% CONFIDENCE LEVEL

Degrees of Freedom = 4

203

tab = 2.776

Ozone
Dose (mg/L)

Raw A

Raw B

0.3

0.8

1.6

2.7

4.0

Significant
tcomp	 Difference

	0.4850	 No

	

3.353	 Yes

	

3.037	 Yes

	

4.099	 Yes

	

1.691	 No

	

5.618	 Yes

	

5.807	 Yes
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