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ABSTRACT

Effects of several important source-related and operationrelated factors on particle formation and growth as well as potential
particle and dissolved organic matter removal by alum coagulation are
described.

Two representative natural water sources, with low turbid-

ities and high concentrations of dissolved organic matter, and one
commercially available crystalline silica, with defined characteristics,
were employed to establish initial aquatic particle and dissolved
organic matter conditions.

Six experimental variables utilized for

evaluation include initial pH, initial turbidity, applied pre-ozonation
dose, alum dose, flocculation time and sedimentation time.

A bench-

scale experimental apparatus with capabilities of ozonation, coagulation, sedimentation and membrane filtration was employed to conduct a
series of selected experiments.
Each factor investigated in this research proves to be able to
inpart, individually or collectively, statistically significant effects
on particle formation and growth during alum coagulation.

While the

addition of model particles shows significant enhancement in particle
growth, it fails to demonstrate significant improvement in the removal
of dissolved organic matter.

On the contrary, effects of pH and alum

dose on particle formation and growth are accompanied by corresponding
effects on the removal of dissolved organiC matter.

xiv

xv
Pre-ozonation of dissolved organic matter renders the dissolved
organic matter more hydrophilic by increasing the number of" carboxylic
acid functional groups.

This phenomenon can significantly improve or

impede particle growth as well as

dissolv~d

organic matter removal

during alum coagulation, depending on raw water chemistry and other
operational factors.
Alum coagulation under all of the conditions investigated in
this research is demonstrably more effective in removing aquatic humic
substances with higher apparent molecular weights and fewer carboxylic
acid functional groups, as opposed to those with lower apparent molecular weight and more carboxylic acid functional groups.

The predominant

removal mechanisms were found to occur at the beginning stage of the
coagulation process; that is, the rapid mixing period.

The remaining

dissolved organic matter and humic substances can form significant
amounts of trihalomethanes upon reaction with chlorine.

CHAPTER 1
INTRODUCTION
Turbidity and color are two traditional parameters used by
environmental engineers to evaluate the potability of water.

The

conventional water treatment plant, consisting of coagulation, sedimentation and filtration, is used to remove undesirable turbidity- and
color-causing matter.

However, after the discovery of trihalomethanes

(THMs), potential carcinogens, by Rook (1974) in chlorinated drinking
water, the simple objectives of meeting turbidity and color criteria in
drinking water no longer suffice as safety standards for drinking water.
Rook (1974) indicated that aquatic humic substances, natural colorcausing matter, were the primary precursors for THM formation in natural
waters.

These aquatic organic materials are ubiquitous in natural

waters.

Thurman et ale (1982) reported that aquatic humic substances

generally account for 40 to 80% of the dissolved organic matter (DOC) in
natural waters.

Therefore, the removal of aquatic humic substances

during water treatment has become an increasingly important challenge to
environmental engineers.
Even though humic substances have been studied by various dis, ciplines of scientists for the last two centuries, there are many areas
of disagreement.

These areas include origin, formation, classification

and reaction mechanisms with other organic and inorganic matter.

Most

of the characteristics of humic substances are operationally defined
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instead of by absolute values.

As defined by Aiken et ale (1985), humic

substances are a general category of naturally occurring, biogenic,
heterogeneous organic substances that can generally be characterized as
being yellow or black in color, of high molecular weight, and refractory.

Aquatic humic substances have proven to be more varied, both in

characteristics and in concentration, than soil humic substances due to
the nature of their occurrence (Thurman, 1985).

Moreover, for a given

water source, the characteristics and concentration of aquatic humic
substances may vary seasonally (Larson, 1978; Veenstra, Barber and Khan,
1983; Thurman, 1985).
In spite of the inherent complexity of aquatic humic substances,
their removal from raw water sources is one of the general strategies
employed by environmental engineers to control THM formation in the
finished water.

Since conventional filters are able to remove very

small particles (Yao, Habibian and O'Melia, 1971), and since conventional pretreatment chemistry is designed to destabilize negativelycharged particles, it is plausible that coagulation as traditionally
practiced or with minor modifications can provide effective removal of
aquatic humic substances, which are normally negatively-charged within
the pH range of natural waters (pH 6 to 8) due to the ionization of
their carboxylic acid functional groups.

Various researchers have

reported that aluminum salts such as alum (aluminum sulfate) are very
effective in removing aquatic humic substances by coagulation and
subsequent sOlid-liquid separation processes (Hall and Packham, 1965;
O'Melia, 1978; Kavanaugh, 1978; AWWA Research Committee on Coagulation,
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1979; Edzwald et al., 1981, 1985; Amy and Chadik, 1983; Chadik and Amy,
1983; Dempsey, Ganho and O'Melia, 1984).
D'Melia (1978) stated that the ability of conventional coagulation processes to provide removal of humic substances was becoming
increasingly important.

Several investigators have found that humic

acids were readily removed whereas a significant fraction of the fulvic
acids were not removed by either aluminum or iron coagulants (Black and
Willems, 1961; Hall and Packham, 1965; Rook, 1976).

By examining the

performance of direct filtration, conventional treatment, and lime
softening water plants, Collins, Amy and King (1985) found that none of
these various treatments proved to be very effective in removing THM
precursor material below an apparent molecular weight of less than 500.
They concluded that the ability to remove THM precursors appeared to be
related to both the source of humic substances as well as the type of
treatment employed.
In addition to the presence of humic substances, the presence of
aquatic particles plays a very important role in water treatment processes.

Many pollutants of concern to human health and environmental

quality occur in particulate form or are associated with aquatic
particles.

For example, toxic heavy metals as well as synthetic

organics and naturally occurring humic substances adsorb on detritus,
asbestos fibers, and pathogenic organisms.

These pollutants are

transported in the natural environment and in water and wastewater
treatment plants by processes that depend on the size, density, and
concentration of the aquatic particles.

Morel (1983) pointed out that

the concentration of aquatic particles spans some seven orders of
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magnitude from 0.01 mg/L in the deep ocean to 50,000 mg/L in particularly turbid rivers and estuaries.
ranges from 0.005 to about 100

~m

The size of aquatic particles

(Stumm, 1977).

Most of the aquatic

particles transported by rivers are inorganic particles which consist
mainly of the different clay fractions (kaolinite, montmorillonite,
illite, etc.) of metal oxides.

Schindler (1981) stated that in the

presence of water, metal or metalloid (metal colloid) oxides were generally covered with surface hydroxyl groups, typically 4 to 10 hydroxyl
groups per square nanometer.

Stumm and Morgan (1981) concluded that

many suspended and colloidal particles encountered in natural waters
exhibited surface charges, and that the charge is generally affected
by pH.
Interactions between aquatic particles have been conveniently
divided into two sequential steps:

(1) transport and (2) attachment.

O'Melia (1986) stated that the distinction between transport and attachment, or physics and chemistry, was not perfectly clear and suggested
that a synthesis rather than a segregation of these concepts was needed
to accurately describe particle-particle interactions, and to provide a
quantitative basis for solving many particulate problems.

The presence

of aquatic humic substances magnified the complexity of interactions
between aquatic particles in natural waters as well as in water and
wastewater treatment plants.

Gibbs (1983) observed that particles with

natural organic coatings coagulated less rapidly than particles without
natural organic coatings and concluded that the natural organic coatings
stabilized the particles.

Morel (1983) found that even at the rela-

tively high pH of 8, the typical DOC concentration of a few mg/L was

5

sufficient to saturate the available inorganic surfaces on a few mg/L of
aquatic particles.

He concluded that the surfaces of aquatic particles

might be entirely covered by aquatic organic matter and hence exhibit
physical and chemical properties characteristic of organic matter.
Sedimentation and filtration are two of the most important
SOlid-liquid separation processes employed by environmental engineers in
removal of aquatic particles.

The surface loading rate used for a well-

designed and well-operated sedimentation tank is typically about 1000
gal/day/ft 2 (i.e., 40.7 m3/m 2 ·day or 0.05 cm/sec).

filters are typically larger than 500
particles are smaller than 10

~

~

Filter pores of sand

(Stumm, 1977).

Most aquatic

with terminal gravitational settling

velocities of less than 0.01 cm/sec.

Therefore, without proper pre-

treatment, aquatic particles cannot be readily removed by settling or
filtration.

One of the most important purposes of aquatic particle pre-

treatment is to render the surface characteristics of aquatic particles
to become in favor of aggregation and adsorption processes in sedimentation tanks and filters.
Several researchers have investigated particle formation and
growth during water treatment (Kavanaugh et al., 1980a; Lawler, O'Melia
and Tobiason, 1980; Snodgrass, Clark and O'Melia, 1984; Lawler and
Wilkes, 1984; Wiesner, 1986; Tobiason, 1986).

O'Melia (1985) stated

that in the conventional treatment plant, the particles present in the
influent of the filter were not particles present in the raw water.
Instead, they are primarily amorphous, sticky or unstable preCipitates
of aluminum or iron hydroxides.

Wiesner (1986) pOinted out that the

mechanisms by wnich the dissolved organic carbon (DOC) was removed from
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the dissolved phase largely determined the characteristics of the solid
phase.

He concluded that the changes in the particle size distribution

occurring after coagulant addition were closely related to the presence
of dissolved contaminants in the raw water'and the mechanisms by which
they were removed.
An initial understanding of the characteristics of aquatic
organic matter and aquatic particles is crucial to the subsequent understanding of particle formation and growth as well as related organic
matter removal during water treatment.

In addition, types and dosages

of coagulants as well as operational and pretreatment parameter levels
employed by a treatment plant operator will significantly influence the
characteristics of aquatic particles in each stage of water treatment
processes.

At present, much has been learned, but much more remains to

be discovered.

The approach taken with the work presented herein is to

evaluate effects of several important initial and operational factors on
particle formation and growth as well as potential particle and organic
matter removal by alum coagulation.

Two representative natural water

sources, the Grasse River (New York) and the Edisto River (South
Carolina) were selected for investigation in this research.

These

sources, with low turbidity and high concentrations of organic matter,
are typical of many water supplies found in the northeastern and
southeastern United States (Edzwald, 1986).

A bench-scale experimental

apparatus with capabilities of ozonation, coagulation, sedimentation,
and membrane filtration was employed to conduct a series of selected
experiments.
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1.1

Objectives

The objectives of this research may be summarized as follows:
1.

Delineate important factors affecting particle formation and
growth during alum coagulation.

2.

Depict important factors affecting potential particle removal by enhanCing particle growth during alum coagulation.

3.

Evaluate important factors affecting aquatic organic matter
and humic substances removal occurring in the presence and
absence of particles.

4.

Characterize properties of raw water and treated water for
interpreting hypothesized mechanisms of particle formation
and growth as well as related aquatic organic matter and
humic substances removal.

5.

Discern practical implications for water treatment design
and operation from bench-scale experiments.

CHAPTER 2
LITERATURE REVIEW
2.1

Nature of Aquatic Organic Matter

Since carbon is one of the most essential elements in organic
matter, the term "organic carbon" has been used widely to quantitatively
describe organic matter in the environment.

Aquatic organic carbon or

aquatic organiC matter can be divided into two categories, depending on
its size.

The first category is particulate organic carbon (POC) or

suspended organic carbon, which is the organic carbon retained on a
O.45-micrometer

(~m)

filter.

Aquatic POC consists of zooplankton,

algae, bacteria, and detrital organic matter from soil and plants.

The

second category is dissolved organic carbon (DOC), which is the organic
carbon passing through a

O.45-~

filter and is chemically more reactive

than POC because it is a measure of individual organic compounds in the
dissolved state.

Aquatic DOC consists of humic substances, hydrophilic

acids, carboxylic acids, amino acids, carbohydrates, and hydrocarbons.
Both POC and DOC are determined by oxidation to carbon dioxide and by
measurement of carbon dioxide by infrared spectrometry (Standard
Methods, 1985) •
As pointed out by Thurman (1985), there are two sources of
aquatic organiC carbon in fresh water.

One is the allochthonous source,

which is a source of organic carbon from the land, such as soil and
plant organiC matter.

The other is the autochthonous source, which is a
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source of organic carbon from the aquatic environment.

For streams and

rivers, the allochthonous organic carbon from both plants and soil is a
major source of their organic carbon.

The allochthonous organic carbon

in streams and rivers is relatively "young"

(i. e.,

30 years) because

"older" soil organic matter is readily adsorbed by clay minerals and
hydrous oxides of aluminum and iron, and persists as humic substances in
the soil for hundred of years (Campbell et al., 1967).

As the water

body enlarges in size from river to lake, the organic carbon contribution from allochthonous source decreases while that from the autochthonous source increases.

For lakes with rivers flowing through and

with high flushing rates, the organic carbon contribution from the
autochthonous source is approximately 30 percent.

For eutrophic lakes

fed by ground water, the organic carbon contribution from the autochthonous is nearly 100 percent.
The concentrations of POC and DOC in the environment depend on
the type of water body and the season of the year.

For small streams

with discharges of less than 100 m3/sec, the concentration of DOC varies
from 1 to 4 mg/L and the concentration of POC ranges from 0.1 to 0.3
mg/L, which is approximately 10 percent of the DOC.

For large rivers

with discharges ranging from 100 to 1,000 m3/sec or more, the concentration of DOC varies from 2 to 10 mg/L and the concentration of POC
ranges from 2 to 5 mg/L, which is approximately equal to or greater than
the DOC (Thurman, 1985).
The changes of POC and DOC in a river may be characterized by
two seasons of the year:

a wet and a dry season.

During the wet

season, a river increases in discharge as well as in POC and DOC.
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This increase in POC often correlates in a log-log relationship with
sediment concentration.

The DOC increases rapidly with initial flushing

of organic matter from sediment, soil, and plant matter, and then
decreases exponentially.
The classification of aquatic organic matter is based on its
physical properties and chemical reactivities, which are closely related
to the major functional groups associated with the molecules.

As con-

cluded by Thurman (1985), there are 12 important functional groups in
aquatic organic matter:

carboxylic acids, phenolic hydroxyl, quinone,

enolic hydrogen, alcoholic hydroxyl, ether, ketone, aldehyde, ester,
lactone, amine and amide.

Among these 12 functional groups, the

carboxylic acid group is one of the most important, because it contributes aqueous solubility and acidity to an organic molecule, and it
is commonly found in the majority of aquatic organic matter, especially
in the humic substances.
Based on adsorption chromatography, the DOC can be divided
operationally into three major fractions:

humic substances, hydrophilic

aCids, and neutral compounds (such as sugar, simple alcohols and
ketones).

Thurman (1985) summarized the abundance of these three frac-

tions as follows:

(1) humic substances

30%, and (3) neutral compounds

= 2~~.

= 50%,

(2) hydrophilic acids

=

Because humic substances comprise

the majority of the DOC in water and they are related to various health
concerns, they will be discussed separately in the next section (i.e.,
Section 2.2).

The second fraction, hydrophilic aCids, probably con-

sists of a mixture of organic compounds that are both simple organic
aCids, such as volatile fatty acids and hydroxy aCids, as well as
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complex

polyelectroly~ic

acids that probably contain many hydroxyl and

carboxyl functional groups (Leenheer, 1981).

However, because hydro-

philic acids are difficult to isolate and purify, their study has only
begun (Thurman, 1985).

The third fraction, neutral compounds, consists

of identifiable organic compounds.
include:

These identifiable compounds

carboxylic acids, amino acids, carbohydrates, volatile hydro-

carbons and other trace organic compounds such as aldehydes, sterols,
alcohols, ketones, ethers, chlorophyll, organic sulfur compounds,
organic phosphorous compounds, organic bases, vitamins, and pesticides
(Keith, 1981).
2.2
2.2.1.

Characteristics of Aquatic Humic Substances

Origin and Formation
Humic substances comprise a general class of biogenic, refrac-

tory, yellow-black organic substances that are ubiquitous, occurring in
all terrestrial and aquatic environments.

As defined by Aiken et ale

(1985), humic substances are a general category of naturally occurring,
biogenic, heterogeneous organic substances that can generally be characterized as being yellow or black in color, of high molecular weight, and
refractory.

Humic substances can operationally be divided into three

fractions in terms of their solubilities:

(1) humin, the fraction of

humic substances that is not soluble in water at any pH value, (2) humic
acid, the fraction of humic substances that is not soluble in water
under acid conditions (below pH 1), but becomes soluble at greater pH,
and (3) fulvic acid, the fraction of humic substances that is soluble
under all pH conditions.
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The presence and possible flowpaths of humic substances in diverse environments is shown in Figure 2.1.

As indicated in the figure,

all humic substances are interconnected through the medium of water, and
these substances are transported by water in the environment.

In com-

paring these different environments, it can be seen that humic substances exist in a tremendous range of environmental conditions (e.g.,
particulate versus dissolved, oxic versus anoxic, etc.) and remain in
the various environments for differing lengths of time (e.g., hundreds
of years in soil or deep aquifers versus a few weeks or months in the
surface waters of lakes, streams, and estuaries).
For the last two centuries, the study of humic substances has
been dominated by soil sCientists, and most investigations have involved
samples that were extracted from soil or peat (Kononova, 1966; Schnitzer
and Khan, 1972; Stevenson, 1982).

In recent years, aquatic humic sub-

stances have been investigated extensively partially because of the
potential health effects arising from the chlorination of municipal
drinking water containing low concentrations of humic substances (Rook,
1974, 1976, 1977; Kavanaugh, 1978; Oliver and Lawrence, 1979; Semmons
and Field, 1980; Edzwald et al., 1981; Johnson and Randtke, 1983; Amy
and Chadik, 1983; Chadik and Amy, 1983).

As pOinted out by Malcolm

(1985), the amount and composition of humic substances vary considerably
from soils, surface waters, and groundwaters.

Moreover, for a given

source, significant temporal and seasonal variations can occur (Veenstra
and Schnoor, 1980; Gong and Edzwald, 1981).

Malcolm (1985) stated that

the science of aquatic humic substances was advancing and changing so
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rapidly that approaches and theories of only a decade ago may be now
outdated.
The origin and formation of aquatic humic substances is a matter
of debate.

As argued by Malcolm (1985), soil is one source of aquatic

humic substances or humic substances precursors, but the contributions
from other sources, such as groundwater, decaying vegetation and litter,
canopy drip, sewage, and autochthonous material, cannot be neglected
(Malcolm and Durum, 1976; Reuter and Perdue, 1981).

Even though the

mechanisms for the formation of aquatic humic substances are still unknown and none of the formulated theories of humic substances formation
have been supported with adequate systematic data, a number of theories
and assumptions abound.

As summarized by Malcolm (1985), five of the

general or overall theories are the following:
1.

Aquatic humic substances consist of soil fulvic acid which
has been leached or eroded from soils.

2.

Aquatic humic substances are formed within the water body by
the same processes as soil humic substances, whatever they
may be.

3.

Aquatic humic substances are soil fulvic acids leached from
soil in the initial stages of hUmification and then modified, transformed, or aged by aquatic humification processes
which result in humic substances unique to the aquatic
environment.

4.

Aquatic humic substances are formed by a unique aquatic
humification process, whereby simple reactive moieties are
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polymerize? and condensed into humic substances unique to
the aquatic environment.
5.

Aquatic humic acids are formed by continuation of the polymerization process to form larger molecular units of fulvic
acids.

2.2.2.

Elemental Composition and General Structure
As mentioned in the previous section, aquatic humic substances,

like other humic substances in the various environments, represent a
complex mixture of molecules of various sizes and shapes, but no completely satisfactory scheme has been forthcoming for their extraction
and purification (Stevenson, 1982).

Therefore, the characteristics of

aquatic humic substances vary with their extraction and purification
procedures.

In comparison with soil humic substances, which are opera-

tionally defined by their isolation from soil with 0.1 N NaOH (Schnitzer
and Khan, 1972), aquatic humic substances are operationally defined by
their'isolation from water by sorption onto XAD resins, weak-base ion
exchange resins, or a comparable procedure (Thurman, 1985).

More

specifically, aquatic humic substances are defined as comprising that
portion of the organiC substances in water which passes through a prewashed

0.45-~

membrane filter and, upon acidification to pH 2 with

HCl, has a column distribution coefficient (k') of greater than 50 on
XAD-8 resin at 50% breakthrough of the column for the visually darkcolored, non-specific amorphous carbonaceous material (Malcolm, 1985).
Aquatic humic substances are composed of two fractions:
acids and aquatic fulvic acids.

aquatic humic

Aquatic humic acids are the fraction
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which is insoluble and form precipitates at pH 1.

Aquatic fulvic acids

are the fraction which is soluble at pH 1.
As summarized by Malcolm (1985), the average dissolved organic
carbon (DOC) in visually uncolored surface waters of the United states
is 5 mg/L with a range between 1.5 and 10 mg/L and the average concentration of dissolved aquatic humic substances is 2.2 mg/L as carbon or
4.4 mg/L as humic substances.

In organically colored surfacre waters,

the DOC is extremely variable, ranging from approximately 5 mg/L to
greater than 50 mg/L, and the proportion of the DOC as humic substances
varies considerably, ranging from 48% to 80%.

For uncolored waters,

approximately 90% of the humic substances occur as fulvic acid and only
1~~

or less as humic acid.

In organically colored surface waters, the

proportion of humic acid increases above 10% with increasing DOC.
The major elements in aquatic humic substances are carbon (C),
hydrogen (H), oxygen (0), nitrogen (N), phosphorous (P) and sulfur (S).
The distribution of these major elements in humic acids and fulvic acids
has been analyzed by several researchers (Packham, 1964; Stuermer and
Harvey, 1974; Weber and Wilson, 1975; Christman et al., 1983; Reuter and
Perdue, 1981; Thurman and Malcolm, 1983).

The results they obtained

were comparable and are summarized in Table 2.1.

The elemental

composition of soil humic substances from Schnitzer and Khan (1972) for
a range of soils is also shown in the table for comparison.

As pointed

out by Thurman (1985), carbon in fulvic acids from soil is 4% less than
that from water, and oxygen in fulvic acids from soil is 4% greater than
that from water.

Thurman and Malcolm (1983) concluded that the

17
Table 2.1

Elemental Composition of Aquatic Humic Substances and
Soil Humic Substances (Thurman, 1985)

Sample

C

H

0

N

P

S

Ash

0.4
0.3

1-2
2-4

Soil Humic Substance
Fulvic
Humic

48.0
56.0

4.5
4.5

45.0
37.0

1.0
1.6

River Water
Fulvic
Humic

51.9
50.5

5.0
4.7

40.3
39.6

1.1
2.0

0.2

0.6

1.5
5.0

52.0

5.2

39.0

1.3

0.1

1.0

5.0

59.7
62.1

5.9
4.9

31.6
23.5

0.9
3.2

0.3
0.5

0.6
1.0

1.2
5.1

50.0

6.8

36.4

6.4

0.5

3.4

Lake Water
Fulvic
Humic
Groundwater
Fulvic
Humic
Sea Water
Fulvic
Humic
Note:

All values are express as percentages.
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differences of element contents between aquatic and soil fulvic acids
were caused by the increased carbohydrate content of humic substances in
soil because of the difference in isolation procedures.

Free carbo-

hydrates are included in fulvic acids from soil, but not in those from
water.

Aquatic humic substances from groundwater were found to contain

approximately 8% more carbon than humic substances from rivers and
streams.

Thurman (1985) suggested that the increase in carbon in humic

substances from groundwater was due to a depletion in oxygen in the
anaerobic environment of groundwater.
As discussed in the previous sections, none of the exact structure of soil or aquatic humic substances has been elucidated.

Schnitzer

and Khan (1912) proposed a structure for soil-extracted fulvic acid,
which consisted of phenolic and benzene carboxylic aCids, joined by
hydrogen bonds.

They described the structure as "punctured by voids or

holes of different dimensions which can trap or fix organic molecules
such as alkanes, fatty aCids, dialryl phthalates, possibly also carbohydrates, peptides, and pesticides, as well as inorganic compounds such
as metal ions and oxides, provided that both organic and inorganic compounds have the proper molecular sizes."

As argued by Malcolm (1985),

the core or dominant structur'es of aquatic humic substances are primarily aliphatic and not aromatic, contrary to what has been theorized for
decades.

Hatcher, Rowan and Mattingly (1980) concluded that aquatic

sediments contained humic substances that were 10 to 15% aromatic,
whereas terrestrially derived humic acids were 20 to 35% aromatic.
Based on 13C nuclear magnetic resonance (13C-NMR) data, Thurman and
Malcolm (1983) found that only 16-20% of the carbon in aquatic fulvic
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acid was aromatic carbon and approximately 30% of the carbon in aquatic
humic acid was aromatic carbon.
2.2.3.

Acidic Functional Groups
One of the foremost important characteristics of aquatic humic

substances is that they are polyprotic acids and many of their properties are determined by carboxyl and phenolic functional groups.

Malcolm

(1985) noted that aquatic humic substances, as organic polyanions, had
significant effects on anion-cation balance, alkalinity titration,
cation-exchange reactions and metal complexation.
(1975)

concl~ded

Weber and Wilson

that acidic functional groups of aquatic humic sub-

stances were good electron donors to metal ions resulting in significant
organiC matter-metal ion complexations.

Gamble (1970) and Perdue (1985)

emphasized that the identification and quantification of acidic functional groups and the determination of pK a values were very essential to
properly describe the acid-base properties of humic substances.
Since most aquatic humic and fulvic acids contain less than 1%
sulfur and less than 2% of nitrogen (Hatcher, Maciel and Dennis, 1981),
the acidity of aquatic humic substances is generally assumed to arise
from carboxyl and phenolic hydroxyl groups.

Therefore, the sum of

carboxyl and phenolic hydroxyl acidity is named as the total acidity.
Alternately, carboxylic acidity determined by direct titration of 10 mg
of humic substances to pH 7 have been used to access the organiC acidity
contributed by humic substances (Burch, Langford and Gamble, 1978;
Oliver, Thurman and Malcolm, 1983).
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Even though there are numerous methods used to determine the
acidic functional groups of humic substances, all of them are inherently
operational and should be used accordingly (Schnitzer and Khan, 1972;
Perdue, Reuter and Ghosal, 1980; Stevenson, 1982).

Perdue (1985)

concluded that the two most commonly described methods were the barium
hydroxide total acidity determination and the calcium acetate exchange
method for determination of carboxyl groups, both of which were
classified as indirect potentiometric titration methods.

Recently,

liquid and solid 13C-NMR have been used for carboxyl group determinations of fulvic acid (Thurman and Malcolm, 1983).

By comparing data

from different methods, Thurman and Malcolm (1983) concluded that the
results by 13C-NMR compared favorably with titrations.
By examining statistical effects on acidity of humic substances,
Perdue, Reuter and Parrish (1984) observed that the frequency of occurrence of carboxyl groups was approximately a Gaussian distribution with
a mean dissociation constant (pK a ) of about 4.5, and that phenol
hydroxyl groups had similar distribution with a pK a of about 10.

An

inflection point between the two functional groups appeared around pH 8.
As summarized by Thurman (1985), the average aquatic fulvic acid
contains 5.5 meq carboxyl groups per gram of fulvic acid and 1.5 meq
phenolic hydroxyl groups per gram of fulvic acid.

The average aquatic

humic acid contains 4.0 meq carboxyl groups per gram of humic acid and
2.0 meq phenolic hydroxyl groups per gram of humic acid.

Because

aquatic humic acid contains fewer carboxyl groups than aquatic fulvic
acid, it is less soluble than aquatic fulvic acid.

For humic substances
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from soil, fulvic acid also contains more carboxyl groups than humic
acid (Schnitzer, 1911; Stevenson, 1982).

Thurman (1985) concluded that

aquatic humic substances contain more carboxyl groups and less phenolic
hydroxyl groups than soil humic substances (5.5 versus 3.6 meq/g and
1.75 versus 3.75 meq/g for carboxyl groups and phenolic hydroxyl groups,
respectively).
2.2.4.

Molecular Weight Determination
The determination of molecular weight has been used to assist in

identifying and understanding the basic chemistry of unknown organic
compounds such as humic substances.

As emphasized by Wershaw and Aiken

(1985), there are at least three reasons why knowledge of molecular
weights in the study of humic substances are so important:

(1) to

establish proximate molecular formulas in conjunction with data provided
by other methods of characterization; (2) to help establish stoichiometric relationships between humic substances and other chemical species
(e.g., trace metals) through the conversion of weight to molar concentrations; and (3) to aid in the comparison of humic substances extracted
from various environments.
Several methods have been employed for determining molecular
weight and molecular size.

As summarized by Wershaw and Aiken (1985),

methods used for measuring molecular size include gel permeation chromatography, ultrafiltration, scattering of electromagnetic radiation, and
electron microscopy, and methods used for measuring molecular weight
consist of ultracentrifugation, Viscometry, and colligative-property
measurements.

Even though many of these methods are powerful techniques
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that can provide information about the molecular size, shape, and weight
of humic substances, no single method is sufficient to provide a complete understanding of these molecular characteristics.

Also, the value

obtained from each method is dependent upon calibration with compounds
of known size that are similar in shape and chemical structure to the
compounds measured.
Gel permeation or gel filtration chromatography (GPC or GFC) is
one of the most common methods applied to the determination of the
molecular sizes of humic and fulvic acids.

Molecular weight data can be

estimated by calibrating the gel with appropriate standards.

For a

given type of gel, a unique range of molecular weight data can be obtained.

Molecules with a molecular weight above the upper limit of the

range are totally excluded from the gel and elute at a volume coinciding
with the bulk void volume.

Molecules which are smaller than the lower

limit of the range elute at an elution volume approximately equal to the
total bed volume.

Thurman (1985) pOinted out two factors that would

affect the gel chromatography:

(1) adsorption of the molecule onto the

gel either by a hydrophobic effect or hydrogen bonding between the
functional groups of the molecule and the gel, which leads to an underestimated molecular weight; and (2) ion exclusion between negatively
charged humic molecules and gels, which leads to an overestimated
molecular weight.

Moreover, the molecular weight data can be under-

estimated due to the shape or size of the smaller molecules (Gjessing
and Lee, 1967) and can also be overestimated due to the higher degI'ee of
concentration, the presence of polyvalent cations, and the occurrence of
flocculation of concentrated solutions (Buffle, Deladoey and Haerri,
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1978; stevenson, 1982).

To reduce the repulsion between humic molecules

and the gel, one can use an eluent with an ionic strength of greater
than 0.02 (Pharmacia, 1979) or use an eluent with an alkaline buffer
(Swift and Posner, 1971).

By increasing the eluent pH, the hydrogen

bonding between humic molecules and the gel will be reduced due to
ionization of the functional groups (Thurman and Malcolm, 1981).
Ultrafiltration (UF) is a method of separating macromolecules
according to molecular size by filtration under an applied hydrostatic
pressure through a n€mbrane.

This method is similar to reverse osmosis

and differs only in the size of particles allowed to pass the membrane.
Ultrafiltration separates particles in the range of 10 times the size of
the solvent molecules to approximately 0.5

~m.

A number of different

membrane types with a wide variety of nominal molecular weight cutoffs
(500 to 106 daltons) are available.

Even though the membranes are

classified by the manufacturer according to molecular weight cutoff,
Wershaw and Aiken (1985) pOinted out that solute molecules are separated
according to molecular size in ultrafiltration.

Molecular weight data

for humic substances can be estimated only by comparison of fractionation results with those obtained using suitable standards.
In theory, ultrafiltration is a rather simple process (Cross and
Strathmann, 1973).
encountered.

In practice, however, a number of problems have been

Wershaw and Aiken (1985) summarized the most common

problems as follows:
1.

Because the size of the micropores in the membrane is not
uniform, the molecular weight cutoffs given by the manufacturer are not as sharp as would be expected.

Nominal
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molecular weight cutoffs usually represent the particle size
that will be 90% retained.

In addition, ultrafiltration

separates solutes according to molecular size, which will be
dependent on molecular charge and configuration.
2.

Because the separation process of ultrafiltration is dependent both on pressure and concentration gradient (Cross and
Strathmann, 1973), the concentration of larger-molecularsize solutes in the cell increased with the decreased volume
of solvent in the cell, and may result in a breakthrough of
larger-molecular-size solutes.

Buffle et ale (1978) recom-

mended that the filtration volume never exceed 90% of the
initial total volume.
3.

The possibility of interactions of humic substances in solution increases with the increased concentration of largemolecular-size material in the cell.

Buffle et ale (1978)

noted that the reactivities of humic and fulvic acids with
other dissolved species or colloidal particles and with each
other to form aggregates seemed to be the most important
factors in obtaining irreversible results with ultrafiltration.
4.

Interactions between humic substances and the membranes are
possible.

The membranes with the same nominal molecular

weight cutoffs may result in different results due to the
different chemical composition of membranes.
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Sinsabaugh et 'ale (1986) used ultrafiltration to fractionate
aquatic humic substances from two Virginia reservoirs and noted that
many factors affected the movement of molecules across the membrane:
(1) molecular characteristics such as shape and charge; (2) membrane
characteristics like pore-size variation and surface charge; (3) operating conditions, including temperature, pressure, pH, DOC concentration, and ionic strength.

The authors recommended that for valid

comparison to be made between water samples, it was imperative that the
ultrafiltration be performed under similar conditions.
By comparing the molecular weight data from GPC and UF, Amy
et ale (1985) concluded that both GPC and UF represented relatively
inexpensive analytical techniques requiring moderate levels of analyst
expertise, and that both methods represented potential analytical tools
in monitoring the presence of organic matter in raw water sources as
well as the removal of organic constituents during water treatment.

The

authors suggested that the UF method may be more appropriate in cases
where pH conditions were of importance because the GPC method was found
to be more profoundly affected by pH.

They pOinted out that both

methods yielded an operationally defined measurement of apparent molecular weight (AMW) as opposed to absolute values, and one must exercise
caution in interpreting AMW results and emphasize relative differences
between various raw water sources, or between an untreated and corresponding treated water.
Both GPC and UF methods have been widely used to determine the
molecular weights of aquatic humic substances.

Thurman (1985) compiled

AMW data by GPC and UF from the literature and concluded that AMW from
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both methods were comparable.
Tables 2.2 and 2.3.

The compiled AMW data are presented in

Thurman (1985) noted that the AMW of the majority

of aquatic organic matter was less than 10,000 and aquatic fulvic acids
generally were of low molecular weight, less than 2,000, and aquatic

.

humic acids were generally of higher molecular weight, from 2,000 to
5,000 or greater.

He pointed out that aquatic humic substances may

exhibit larger AMW than that determined on the purified aquatic humic
and fulvic acids because humic substances in water were associated with
various metal ions, clays and amorphous oxides of iron and aluminum.
2.2.5.

Hydrophobic and Hydrophilic Content of Organic Matter
Thurman (1985) stated that adsorption chromatography was the

cornerstone of the isolation method of humic substances from water.

The

theory of resin adsorption is that the hydrophobic part of the humic
molecule sorbed or partitioned into the resin matrix, an acrylic ester.
Several types of resins have been used by different researchers
(Mantoura and Riley 1915; Leenheer and Huffman, 1916; Larson, 1918;
Aiken et al., 1919; Thurman and Malcolm, 1983).

XAD-8 resin is the one

most commonly used and recommended by several researchers (Thurman and
Malcolm, 1983; Aiken, 1985).
Aiken (1985) pointed out that bleeding of organic polymer material by nonionic macroporous resins was a disadvantage of adsorption
chromatography.

He suggested that soxhlet extraction of the resin with

organic solvents must be employed prior to use.

As mentioned by Aiken

et ale (1919), hydrophobic and hydrophilic data from different resins
may vary considerably due to the differences of resins in pore size,
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Table 2.2

Apparent Molecular Weight of Aquatic Humic Substances
by Gel Permeation Chromatography (Thurman, 1985) .

Reference (as reported by Thurman, 1985)

Molecular
Weight 1

Ghassemi and Christman
Gjessing

0.7-10 K
10
K
<
10K
>
0.3-3 K
1.5-30K
5
< K
>5 K
0.7 K
5-10 K
> 10 K
< 10 K
1-5 K
<4K
>4 K
<5K
>5 K
<5 K
5-10 K
> 10K
<5 K
< 1.4K
> 1.4K
0.8-0.9 K
0.5-1.0 K
0.5 K

Larson
Tuschall and Brezonik
Gjessing and Lee
Kemp and Wong
Alderdice and others
Hall and Lee
Davis and Gloor
Steinberg
Ishiwatari and others
Rashid and Prakash
Hama and Handa
Dawson and others
Fotiyev
Stuermer and Harvey
1K

= 1000

molecular weight

Percentage

( 100%)
( 75%)
(25%)
(100%)
( 100%)
(33%)
(67%)
(23%)
(35%)
( 42%)
(100%)
( 100%)
(82%)
( 18%)
(55%)
(45%)
(42%)
(48%)
(10%)
( 100%)
(72%)
(28%)
(99%)
(99%)
(85%)
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Table 2.3 . Apparent Molecular Weight of Aquatic Humic Substances
by Ultrafiltration (Thurman, 1985)

Reference (as reported by Thurman, 1985)

Molecular
Weight 1

Andrew and Harriss

< 0.5 K
> 0.5 K
< 10 K
> 10 K
< 0.5 K
> 0.5 K
< 10K
> 10K
<1 K

Tuschall and Brezonik
Giesy and Briese
Buffle and others
Mauer

1-10 K

Schindler and others
Gjessing
Moore and others
Ogura
Wheeler
Wilander
Brown

'K

= 1000

molecular weight

> 10 K
< 10 K
> 10 K
> 20 K
< 10K
> 10K
< 10 K
> 10 K
< 30 K
> 30 K
< 10 K
> 10K
< 10 K
> 10 K

Percentage

(90%)
(10% )
(50%)
(50%)
(70%)
(30%)
(81%)
( 19%)
(70%)
( 15%)
( 15%)
(25%)

(75%)
(85%)
(78%)
(22%)

(73%)
(27%)

(75%)
(25%)

( 71%)
(29%)

(97%)
( 3"~)
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surface area, polymer

~omposition

and polarity.

Thurman and Malcolm

(1983) developed an extraction scheme by using XAD-8 to isolate aquatic
humic substances and claimed that more than 95% of the colored organic
substances were sorbed onto XAD-8 at a column distribution coefficient
(k') of 50, which resulted in a concentration factor of 10 or greater.
Therefore, the aquatic organic matter can be operationally divided into
two fractions:

hydrophobic and hydrophilic fractions.

fraction is operationally defined as humic substances.

The hydrophobic
Thurman and

Malcolm (1983) indicated that aquatic humic substances accounted for 40
to 80% of the dissolved organic matter in natural waters.
The hydrophilic portion of natural water consists of nonhumic
material which cannot be sorbed onto XAD-8 resin.

Saar and Weber (1982)

noted that organic degradation compounds other than humic substances
were predominantly polysaccharides and polypeptides.

Thurman and

Malcolm (1983) concluded that simple carbohydrates, uronic acids and
hydroxy acids were typical hydrophilic molecules which would not adsorb
onto the XAD-8 resin.
2.2.6.

Trihalomethane Formation
The finding of trihalomethanes (THMs) in chlorinated drinking

water from a water treatment plant by Rook (1914) has attracted broad
public attention and has brought extensive research involving aquatic
humic substances.

Rook (1914) stated that aquatic humic substances,

which cause nature color in water, were the primary precursors of THM.
By investigating the formation of aquatic humic substances, water
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chemists have come to a better understanding of the molecular character
of aquatic humic substances.
In a

sub~equent

study, Rook (1976) suggested that the metadi-

hydroxybenzene functional groups of fulvic acids were the most reactive
sites for THM formation.

By using resorcinol as a model compound of

fulvic acid, Rook (1976) found that with a 10 to 1 molar chlorine dose
(chlorine to resorcinol), the molar yield of chloroform from resorcinol
was 100% at pH 11 and 85% at pH 7.

Rook postulated that the pH depen-

dency of THM formation was associated with protonation of the hydroxyl
groups on the benzene ring and subsequent activation of the aromatic
ring.

He proposed a pathway for the formation of chloroform from

resorcinol, which involved oxidation, enolization, cleavage and
substitution.
Morris and Baum (1978) reported that some degradation products
of woody substances, such as vanillin and syringaldehyde, formed THMs,
upon reaction with chlorine.

These types of organiC compounds do not

contain dihydroxyl or 1,3-diketone groups like resorcinol.

Oliver and

Thurman (1983) suggested that aromatic rings conjugated with olefins or
ketonic groups or other aromatics were more likely THM precursors in
aquatic humic substances rather than resorcinol type structures.
In addition to THMs and other volatile total organiC halides
(TOX), several researchers (Miller and Uden, 1983; Christman et al.,
1983) have found that some nonvolatile halogenated products, such as
trichloroacetic acid (TCAA) and dichloroacetic acid (DCAA), were
produced when fulvic acid was chlorinated.
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By using a direct aqueous injection (DAI) technique, Peters,
Young and Perry (1980) concluded that THM formation occurred in two
phases:

(1) the first phase was fast and pH dependent, and (2) the

second phase was slower and less pH dependent.

The second phase is

characterized by THM formation through the hydrolysis of an
intermediate, probably trichloroacetyl derivatives.

Several researchers

(Morris and Baum, 1978; Pfaender et al., 1978) observed that after
chlorine was neutralized, THM formation could continue if the solution
pH was raised.

They attributed this phenomenon to the formation of

chlorinated intermediates at low pH and the hydrolysis of these
intermediates after the solution pH was raised.
To separate the oxidation reaction from the substitution
reaction, Luong, Peters and Perry (1982) coined the term TOC* which
represented the active sites of humic substances for THM formation
generated by chlorine oxidation.
To define THM and its precursor concentration, Stevens and
Symons (1977) introduced the following terms for treatment evaluation:
1.

Instantaneous THM - the THM concentration in the water at
the moment of sampling.

2.

Terminal THM - the THM concentration that occurs at the
termination of the THM measurement.

To measure terminal

THM, chlorine-precursor reaction conditions are selected
according to the treatment practiced at the particular plant
being evaluated.
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3.

THM formation potential (THMFP) - the THM concentration that
increases during the reaction period in the determination of
the Terminal THM.

THMFP is the difference between the

Instantaneous THM and the Terminal THM.
The actual reaction mechanisms of THM formation from humic substances may not be fully understood, but several factors have been
recognized to have significant influence on THM formation.
factors include:

These

(1) pH, (2) temperature, (3) time, (4) chlorine dose

and chlorine demand, (5) bromide ion concentration, and (6) nature and
concentration of the precursor (i.e., humic substances).
By examining THM formation from humic acid in a pH range of 3.4
to 9.2, Stevens et al. (1916) concluded that the pH dependence of THM
formation was closely related to the enolization reaction, which was the
rate determining step in the classical haloform reaction and had a positive dependence on pH.

They found that THM formation remained the same

between pH 3.4 and 5.2, but increased with an increase in pH from 5.2 to
9.2.

Rook (1980) stated that the increase of the solution pH would

enhance the deprotonation of the hydroxyl groups on the aromatic rings
of humic substances and, in turn, enhance the THM formation.

Several

researchers (Urano, Wad a and Takemaia, 1983) found a linear relationship
between THM formation and pH for a given humic substances.
THM formation has been found to increase with temperature in the
range of 2DC to 50 DC (Stevens et al., 1916; Kavanaugh et al., 1980b;
Oliver, 1980; Urano et al., 1983).

Oliver (1980) defined a temperature

coefficient (TC) as the ratio of the chloroform produced at one temperature between 2DC and 30 DC to the chloroform produced at the same pH and
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a temperature that

wa~

10°C lower.

He reported that the TC was

independent of reaction time and had values of 2.1 and 1.7 at pH 7 and
pH 11, respectively.

Peters et ale (1980) and Oliver (1980) found that

after the chlorine was neutralized, the THM formation continued when the
temperature of the sample was raised.

They stated that the continuation

of THM formation was due to the conversion of THM intermediates to THMs.
Trussell and Umphries (1978) stated that THM formation was a
function of the chlorine demand in the system rather than the THM precursor material.
demand:

They concluded that there were two types of chlorine

(1) inorganic demand, which was usually very rapid and exerted

before appreciable THM formation occurred, and (2) organic demand, which
occurred after the inorganic demand was satisfied.

They further pOinted

out that there were two phases in THM formation and both of them
occurred as a function of the organic demand.

The first phase is a

short-term residual characterized by substantial linear increases in THM
formation when the organic demand is high.

The second phase is a long-

term residual characterized by modest increases in THM formation when
most of the organic demand has been satisfied.

Kavanaugh et ale (1980b)

found that the production of THM from humic acid was proportional to the
chlorine residual cubed, while Urano et ale (1983) and Chadik (1985)
found a linear relationship between THM formation and initial chlorine
dose.
Cooper, Zika and Steinhauer (1985) conducted an extensive
literature review on the effects of the bromide ion on THM formation and
concluded that the presence of bromide ions tended to increase the
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production of THMs in chlorinated water sources when compared with the
THM formation in similar water sources if no bromide was present.
Stevens (1979) found that increasing the bromide concentration in
chlorinated water containing THM precursors would increase the molar
production of THM, but would decrease the chloroform yield.

They

observed that by increasing the bromide concentration, the brominated
THM species increased with the bromochloromethanes passing through
maximums and then decreasing and the bromoform increasing.

Luong et al.

(1982) found that for waters with low TOC the bromide substitution
reaction was limiting, while for the waters with high TOC the bromide
substitution reaction became significant and the percentage of
brominated THM increased.

Fraas (1984) pOinted out that increases in

bromide concentration increased molar THM yield for some natural waters
but not for others.
The rate of THM formation was found to increase rapidly in the
first stage and then approach a plateau at longer reaction times
(Chadik, 1985).

McBride (1978) reported that the rate of THM formation

could be described as a logarithmic fUnction of time, while Urano et al.
(1983) used a power function (t o. 36 ) to model THM formation.
Nature and concentration of THM precursors are two of the most
important factors affecting THM formation.

Humic substances (humic and

fulvic acids) are believed to be the primary and most important THM
precursors.

From the previous literature review, it was found that

aquatic humic substances were significantly different from soil humic
substances in humic and fulvic acid content, molecular weight, and
acidic functional groups (Trussell and Umphries, 1978; Veenstra and
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Schnoor, 1980; Plechanov, 1983; Thurman and Malcolm, 1983; Malcolm,
1985).

Therefore, it can be expected that the THM reactivity of aquatic

humic substances would be different from that of soil humic substances.
A summary of THM reactivites for soil humic substances (King,
1981) and aquatic humic substances (Oliver and Thurman, 1983) is presented in Table 2.4.

Even though these authors used different condi-

tions for THM formation, several trends of THM formation can be found in
Table 2.4.

It can be seen that for a given source, both soil fulvic

acids and aquatic fulvic acids have lower THM reactivities than the
corresponding humic acids.

It is also observed that fulvic acids from

swamps exhibit higher THM reactivites than those from rivers or ground
waters.

Babcock and Singer (1919) and Peters et ale (1980) also ob-

served higher THM formation for humic acid than that for fulvic acid.
Several researchers have observed that the THM reactivity of
humic substances from a given source varies as a function of molecular
weight (Schnoor et al., 1919; Oliver and Visser, 1980).

Schnoor et ale

(1919) concentrated humic sUbstances in Iowa River water by the freeze
drying method and then used gel chromatography to separate the fractions.

They found that 90% of the DOC had AMW less than 3,000 and 15%

of the THM formed was derived from the DOC with AMW less than 3,000.
They also observed that chloroform was primarily a product of chlorination of precursors with AMW less than 5,000 while the brominated THMs
formed from precursors with AMW less than 1,100.

Oliver and Visser

(1980), using adsorption chromatography and ultrafiltration to fractionate several natural waters, found that chloroform concentration per unit
weight of humic material changed with molecular weight and suggested
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Table 2.4

Comparison of THM Reactivity Between Soil Humic Substances
and Aquatic Humic Substances
Soil Humic Substances (King, 1981)
(20 0 C, pH 7.0, 96 hours, CI/TOC = 3, no bromide)

Precursor Source

Reactivity

(~m

Peat extracted humic acid

122

Peat extracted fulvic acid

81

Aldrich humic adic

108

Contech fulvic acid

130

THM/mg TOC)

Aquatic Humic Substances (Oliver and Thurman, 1983)
(20 0 C, pH 7.0, 168 hours, CI/TOC = 10, no bromide)

Arizona ground water fulvic acid

39

Florida ground water fulvic acid

45

Florida ground water humic acid

53

Georgia swamp fulvic acid

81

Georgia swamp humic acid

115

Colorado alpine lake fulvic acid

155

Massachusetts river fulvic acid

121

Massachusetts swamp fulvic acid

156
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that the major chloroform precursors in aquatic humic material were the
low molecular weight (less than 30,000) fulvic acid fractions.
By reviewing the literature related to the THM formation, Chadik
(1985) concluded that THM formation would increase as the increase of
the precursor concentration as long as a chlorine residual was maintained to sustain the reaction.Due to the length of time and the expense
of analysis involved in determining THM formation, several surrogate
parameters have been proposed as a means of predicting THMFP for a given
water source.

Singer et ale (1981) found good correlations between

THMFP and either nonvolatile TOC (NVTOC), UV absorbance or color for
various surface waters in North Carolina.

Edzwald et ale (1979, 1985)

suggested that UV absorbance was a good surrogate parameter for either
NVTOC or THMFP.
Besides aquatic humic substances, Hoehn et ale (1980) and Oliver
and Schindler (1980) observed that some biological metabolism products,
such as algae extracellular products, may result in THM formation.
Hoehn et ale (1984) associated diurnal and seasonal variation in THM
formation with the same variation in algal and heterotrophic bacterial
activity in a highly eutrophic lake in Virginia.
2.3
2.3.1.

Nature of Aquatic Particles

Origin and Classification
Particles in natural waters, called aquatic particles or natural

hydrosols, comprise both inorganic matter and organic matter (dead or
living) and the proportion of each fraction varies widely in time and
place (Morel, 1983).

Inorganic particles account for most of the total
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suspended matter transported by rivers and consist mainly of the
different clay fractions (kaolinite, montmorillonite, illite, etc.) of
metal oxides (Hahn, Kaser and Klute, 1980).

other inorganic particles

such as oxides and carbonate (e.g., FeO x , MnO x , CaC03 and Si02) are
largely precipitated in situ and account for most of the total mass of
sedimentation on the ocean floor (Morel, 1983).

Aquatic organic

particles consist primarily of bacteria, algae and zooplankton as well
as metabolic intermediaries.
Stumm and Morgan (1981) stated that the composition of inland
waters were related primarily to the following types of reactions of
water and atmospheric gases with forming minerals:

(1) congruent dis-

solution reactions, (2) incongruent dissolution reactions, and (3) redox
reactions.

Also, the occurrence of water evaporation and the release or

adsorption phenomenon by organisms will change the composition of water.
A summary of some of the more important rock-forming minerals is
presented in Table 2.5 (Stumm and Morgan, 1981).

Because of the low

solubilities of those minerals, most of them exist in suspended solid
form in water.
2.3.2.

Concentration and Size Distribution
The concentration of aquatic particles span some seven orders of

magnitude from 0.01 mg/L in the deep ocean to 50,000 mg/L in particularly turbid rivers and estuaries.

Concentrations of a few mg/L are

characteristic of productive surface waters, while eutrophic lakes may
reach up to a few hundred mg/L of aquatic particles, conSisting primarily of organic matter (Morel, 1983).

Table 2.5

Important Rock-forming Minerals (stumm and Morgan, 1981)

Class of Mineral

Mineralogical Name

Molecular Formula

Structural Description

Silicon oxides

a-Quartz

Si02

a-Tridymite

Si02

a-Cristobalite

Si02

Opal

Si02

Corundum

a- A1 203

Gibbsite

A1203·3H20

Boehmite

'Y-AlOOH

Diaspore

a_AlOOH

Orthosilicates
(olivines)

Forsterite
Fayolite

Mg2 Si04
Fe2Si04

Serpentines

Chrysotile

Mg3[Si20 5]( OH) 4

Trigonal; densely packed
array of Si02 tetrahedra
Orthorhombic, open
structure
Tetragonal sheets of
6-membered rings of
[Si04] tetrahedra
Hydrous, cryptocrystalline
form of cristobalite
Oxygen in hexagonal
closest packing
Monoclinic. A layer of Al
ions sandwiched between
2 sheets of closely
packed hydroxide ions
Orthorhombic. Double
sheets of octahedra with
al ions at their centers
Orthorhomic A18+ in octahedrally coordinated
sites
Si04 tetrahedra linked by
bivalent cations in
octahedral coordination
Two-layered sheet
silicate; Si04 tetrahedra and a modified
brucite layer

Aluminum oxides

W
\0

Table 2.5--Continued.

Class of Mineral

Mineralogical Name

Molecular Formula

structural Description

Two-layer clays
(kaolinites)

Kaolinite
Kalloysite

Al4[Si401 O](bH) 8
AI4[Si4010](OH)8·2H20

Sheet consisting of 2
layers: (1) Si04 tetrahedra in a hexagonal
array and (2) a layer of
Al in 6 coordination

Three-layer
minerals

Micas
Muscovite
Biotite

K2 AI 4[Si6 AI 2](OH,F)4
K2 AI 4(Mg,Fe)6
[Si6AI2](OH,F)4

A layer of octahedrally
coordinated cations
(usually AI) is sandwiched between two
identical layers of
[(Si,Al)04] tetrahedra

Glauconite

Expandable
three-layer clays

Illite
Talc
Smectites
(montmorillonite)
Vermicullite
Chlorite

Sulfides

Pyrite
Marcasite
Pyrrhotite
Galena

KxAI4[Si1-xAlx020] (OH)4
Mg6[Si8020J( OH) 4
Octahedral Al on Mg
(Na,K)x+y( Al 2-xMgx)2
sheets, tetrahedral Si
[(Si1- y Al y )8020]
(OH)4· nH 20
sheets. Al partially
replaced by Mg and occa(Ca,Mg) (Mg3-x Fex) 2
sionally by Fe, Cr, Zn.
[(Si6Al2)8020]
{OH)4· 8H 20
In tetrahedral sheet
occasional replacement
(Mg,AI)12[(Si,AI)8020
of Si by Al
(OH) 16
Cubic, octahedral coordinFeS2
ation of Fe by S
Orthorhombic, octahedral
FeS2
coordination of Fe by S
FeS
Monoclinic pseudohexagonal
PbS
Cubic
~

o

Table 2.5--Continued.

Class of Mineral

Mineralogical Name

Molecular Formula

Structural Description

Sulfates

Baryte
Gypsum
Anhydrite

BaS04
CaS04' 2H20
CaS04

Carbonates

Calcite

CaC03

Rhodochrosite
Magnesite
Siderite
Dolomite

MnC03
MgC03
FeC03
MgCa( C03)2

Orthorhombic
Monclinic
Orthorhombic; more stable
than gypsum above 42°C
Trigonal. Mg- and
Mn-calcite
Similar to calcite
Similar to calcite
Similar to calcite
One layer calcite combined
with one layer magnesite

Huntite
Aragonite
Strontianite
Goethite
Lepidocrocite
Limonite

Mg3 Ca ( C0 3)4
CaC03
SrC03
a-FeOOH
CaC03
FeOOH' nH 20

Iron oxides

a- Fe 204
Magnetite

Fe304

Titanium oxide

Rutile

Ti02

Magnesium hydroxide

Brucite

Mg(OH)2

Phosphates

Apatite
Carbonate-apatite

Ca5(OH,F,Cl)(P04)3
Ca5(P04,OH,C03)3(F,OH)

Orthorhombic
Similar to aragonite
Similar to diaspore
Similar to boehmite
Hydrated oxides of iron
with poorly crystalline
character
Trigonal, occurs in sediments. Spinel type
8 Fe 2+ in 4 coordination;
15 Fe 3+ in 6 coordination
Tetragonal; band of
octahedra
Trigonal, two sheets of
OH parallel to basal
plane with sheet of
Mg ion between them
Hexagonal.

.t-
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The size of aquatic particles ranges from 0.005 to about 100
(stumm, 1911).

Particles with diameters less than 10

~

~m

are usually

called colloids because their terminal gravitational settling velocities
are less than 10- 2 cm/sec and more likely to stay in water (stumm,
1911).

Some other researchers classified colloidal particles as ranging

from 1 to 100 nm (1 x 10- 9 m) (Sawyer and McCarty, 1918).
Kavanaugh et ale (1980a) compared the extensive aquatic particle
size distribution data in fresh water, sea water and wastewater systems
and concluded that the size frequency distribution of heterogeneous
suspensions can be modeled by a two-parameter power-law distribution
function given by the expression:

where N is the particle number density, 1 the particle size, and A and
empirical constants.

A summary of

~

~

values for various waters compiled

by Lerman (1919) and Kavanaugh et ale (1980a) is presented in Table 2.6.
Morel (1983) pointed out that the coefficient of power-law distribution
(~)

ranged from 2 to 5, most of the data being well approximated by an

exponent close to 4 in the size range from 1 to 100
suggested that a fourth power distribution

(~

= 4)

~m.

Hunt (1980)

could be predicted by

considering a steady state between aggregation of small particles due to
fluid shear forces and settling of large aggregates.
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Table 2.6.

Particle Size Distribution in Aquatic Systems
(Lerman, 1979; Kavanaugh et al. 1980)

Aquatic Systems

Coefficient of Power
Law Distribution

Lakes
Lake Zurich, Switzerland

1.7, 2.4

Lake Murten, Switzerland

1.6, 2.2

Deer Creek Reservation, Utah

3.4

Rivers
American, California

3.4

San Joaquin, California

4.2

Sacramento, California

3.8

Oceans
Indian (Porams, diatoms, surface)

4.5

Western Mediterranean

4.0

Equatorial Atlantic

4.0

East Atlantic (Calcareous material)

4.2

Wastewaters
Digested sludge

4.2

Activated sludge

3.3

Primary sludge

4.3
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2.3.3.

Surface Charge.
As described by the two-parameter power-law distribution func-

tion, most aquatic particles are less than 10

~m.

Due to the small

size of aquatic particles, the surface chemistry and physical behaviors
become more important than their gravitational effects (Sawyer and
McCarty, 1978).
charges.

Most aquatic particles are affected by their surface

Stumm and Morgan (1981) stated that many suspended and col-

loidal solids encountered in natural waters had surface charges, and
that the charge might be strongly affected by pH.

They summarized three

principal ways in which the surface charge might originate:
1.

Surface charge may arise from chemical reactions at the
surface.
groups:

Many solid surfaces contain ionizable functional
-OH, -COOH, -OP03H2'

The charge of these particles

become dependent on the degree of ionization (proton transfer) and consequently on the pH of the medium.

The electric

charges of a silica surface and other oxide surfaces in
water can be explained by the acid-base behavior of their
functional groups.
2.

Surface charge at the phase boundary may be caused by lattice imperfections at the solid surface and by isomorphous
replacements within the lattice.

Clays are representative

examples where such atomic substitution causes a charge at
the phase boundary.
3.

A surface charge may also be established by adsorption of a
surfactant ion.

Preferential adsorption of one type of ion
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on the surface can arise from London-van der Waals interactions and from hydrogen or hydrophobic bonding.
Schindler (1981) stated that in the presence of water, metal or
metalloid (metal colloid) oxides were generally covered with surface
hydroxyl groups, typically 4 to 10 hydroxyl groups per square nanometer.
Stumm and Morgan (1981) treated the specific adsorption of H+ and OHand of cations, anions, and weak acids in terms of surface coordination
reactions at the oxide-water interface.

To better describe the pH-

dependent charge of metal or metalloid hydrous oxides resulting from
proton transfers at the amphoteric surface, two terms (zero point of
charge and isoelectric point of charge) are commonly used.

Parks (1967)

distinguished between zero point of charge (ZPC or pH zpc ) and isoelectric point (IEP or pHiep); ZPC was the pH at which the solid surface
charge from all sources was zero, whereas IEP was a ZPC arising from
interaction of H+, OH-, the solid and water alone.

Stumm and Morgan

(1981) concluded that oxides formed by metal ions that were strong acids
have low pH zpc values and that less acidic metal ions have high pH zpc •
A summary of zero point of charge compiled by Stumm and Morgan is
presented in Table 2.7.
2.4

Interactions between Aquatic Particles and Organic Matter
Adsorption of aquatic matter on the surface of aquatic particles

is widely observed in natural waters (Davis and Gloor, 1981; Tipping and
Cook, 1982; Davis, 1982; Morel, 1983).

Some aquatic particles of pH zpc

above 9.0 were found negatively charged in natural waters (pH 6.0 to
8.0) due to adsorbed organic material (Davis and Gloor, 1981; Bales,
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Table 2.7.

Zero Point of Charge (Stumm and Morgan, 1981)

Material

pH zpc

a- A1 203

9.1

a-Al(OH)3

5.0

r-AlOOH

8.2

CuO

9.5

Fe304

6.5

a-FeOOH

7.8

r- Fe 20 3

6.7

"Fe (OH) 3" (amorph)

8.5

MgO

12.4

o-Mn0 2

2.8

f3- Mn0 2

7.2

Si02

2.0

ZrSi04

5

Feldspars

2-2.4

Kaolinite

4.6

Montmor illoni te

2.5

Albite

2.0

Chrysotile

> 12
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1984).

Davis (1982) suggested that the extent of surface coverage by

the adsorbed organic matter was dependent on pH, the relative amounts of
surface area and adsorbable organic matter in the system, the nature of
the solid surface, and inorganic electrolyte composition.
Stumm and Morgan (1981) stated that adsorption of a solute molecule, such as humic and fulvic acids on the surface of a solid, involved
removing the solute molecule from the solution, removing solvent from
the solid surface, and attaching the solute to the surface of the solid.
They concluded that the net energy of interaction of the solid surface
with the adsorbate may result from short-range chemical forces (covalent
bonding, hydrophobic bonding, hydrogen bonding, steric or orientation
effects) and long-range forces (electrostatic and van der Waals
attraction forces).
Stevenson (1982) stated that humic substances contained a variety of reactive functional groups that were comparable in combining with
clay minerals, and the adsorption of humic substances by clay still
provided an active organic surface for exchange with cations.

Morel

(1983) concluded that the surface of aquatic organic matter normally
contributed most of the functional groups for metal adsorption, either n
the form of organiC particles proper (live organisms, dead remains,
condensed humic material) or in the form of organic coating on inorganic
(oxide) particles.
Gjessing (1916) found that the adsorption of DOC by clay
minerals increased with decreasing pH.

Davis (1982) found that aquatic

organiC matter was readily adsorbed by aluminum and kaolinite in the pH

48

range found in natural waters, and suggested that both pH and molecular
weight were two important factors controlling the adsorption phenomenon.
Electrostatic repulsion between aquatic humic/fulvic acid and
negatively-charged aquatic particles (e.g., silica, montmorillonite) can
be overcome by the specific (chemical) adsorption energy.

stumm and

Morgan (1981) explained that for the adsorption of a monovalent organic

ion to a surface of similar charge, and against a potential drop of
100 mV, the electrostatic repulsion energy was 10 kJ/mole, which could
be easily overcome by a standard chemical adsorption energy of 8 to
35 kJ/mole for typical sorbable monovalent organic ions.

They found

that hydroxyl, phosphoryl, and the adsorption mechanisms between humic
substances and mica-type clay minerals (e.g., montmorillonite) were
proposed to be by ligand exchange or anion exchange (Greenland, 1971).
Greenland (1971) stated that ligand exchange occurred when the anion
group (e.g., COO-) penetrated the coordination shell of Al or Fe and
became incorporated with the OH layer at the surface, in which the
anionic humic substances were not easily displaced.

By anion exchange,

the association of the anionic humic substances with the oxides on the
clay surface is simply caused by coulombic attraction and the anionic
humic substances can be readily removed by increaSing the solution pH or
by leaching the NaCI solution (Stevenson, 1982).
By conducting an isotherm experiment between fulvic acid and
Na-montmorillonite, Schnitzer and Kodama (1969) found that over half of
the adsorbed fulvic acid was in the interlamellar space of the clay,
with the remainder on external surfaces.

Schnitzer and Kahn (1972)

suggested at pHs below the apparent pK a of fulvic acid (pH 4.5),

49
relatively few of the acidic functional groups were ionized.

Therefore,

fulvic acid behaves like an uncharged molecule and can penetrate interlamellar spaces and displace water molecules between silicate layers of
the montmorillonite.

Tan and McCreery (1975) proposed that the high

molecular-weight humic acids might be too large to penetrate the interlamellar spaces.
The adsorption of aquatic organic matter on clays could mask the
properties of the underlying clay and present a surface with very different physicochemical properties (Hunter, 1980).

Davis (1982) sug-

gested that the organic coating on clay was expected to have a great
influence on subsequent adsorption of inorganic anions and cations.

By

considering the adsorption of aquatic organic matter as a function of
aquatic particles concentration, Morel (1983) found that even at the
relatively high pH of 8, the typical DOC concentration of a few mg/L was
sufficient to saturate the available inorganic surface on a few mg/L of
aquatic particles.

He concluded that only a fraction of the organic

matter might be adsorbed on aquatic particles, the surface of aquatic
particles might be entirely covered by organiC material and hence
exhibited physical and chemical properties characteristic of organic
matter.
2.5
2.5.1.

Alum Coagulation

Aqueous Chemistry of Aluminum (III)
The hydrolytic reactions of aluminum have been studied by many

investigators of various disciplines for many purposes.

Although there

are many areas of agreement, there are also several of disagreement.
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Hayden and Rubin (1914) pOinted out that the principal area of disagreement appeared to be whether the hydrolyzed aluminum species were monomeric or polynuclear.

They suggested that part of the ambiguity was

attributed to the fact that aluminum solutions were very slow to
approach a true equilibrium state so that meaningful measurements were
difficult to obtain.
When aluminum salts are dissolved in water in the absence of
complexing anions, the free metal ion A13+ first hydrate, coordinating
six water molecules in an octahedral orientation (Fiat and Connick,
1968), and then reacts forming various hydrolytic species.

By analyzing

the boundaries between concentration regions of coagulation and restabilization, Matijevic et al. (1961) suggested the octamer A18(OH)204+ as
the principal hydrolyzed species in aqueous aluminum solutions.

By

utilizing a modified SCOGS (stability constants of generalized species)
computer program to analyze formation constants and ligand number,
Hayden and Rubin (1914) concluded that the principal ionic aluminum
(III) species included the monohydroxo species (A13+, Al(OH)2+ and
Alo(OH)4-) and the octameric ion (A18(oH)204+).
Various anions can significantly affect the solution pH, form
and nature of the aluminum precipitate, and pH of maximum precipitation.
Pokras (1956) found that the order of stability of aluminum (III) complexes was oxalate> sulfate> chloride> bromide> iodide> nitrate.
He concluded that the stability of the aluminum (III) complex significantly affects the pH of maximum precipitation of aluminum hydroxide
depending on whether the anion was incorporated into the precipitate or
replaced by hydroxide ion.

Hayden and Rubin (1974) explained that if
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the anion complexed with the aluminum and was displaced by hydroxide
ions forming aluminum hydroxide, the pH limit of precipitation (pH p )
would shift to a higher pH indicating that a higher concentration of
hydroxide ion was required to displace the anion from the soluble
complex, and that if the anion was incorporated into the precipitate
forming a mixed salt, the pHp would be shifted to lower pH.
Sulfate at relatively low concentrations (e.g., 5 x 10- 5 M to
10- 4 M) was found to affect both the pH range of precipitation and the
colloidal stability of the precipitate (Hayden and Rubin, 1974).

For

the results of precipitation studies, Hayden and Rubin (1974) pointed
out that soluble and insoluble sulfatohydroxo-aluminum (III) species
were formed, evidenced by the shift of pHp to a lower pH.

They stated

that at an approximate Al:S04 ratio of 3:2, the pH range of precipitation was the widest, and'that above the 3:2 ratio, the pHp shifted to
the higher pH, indicating that higher pH was required to displace
possibly one or more sulfate ions from the soluble complex before a
precipitate could be formed.

They also found that when the S042-

concentration was above approximately 10- 4 M, the pH of coagulation
(pH c ) shifted to a lower pH rather abruptly.

They suggested that the

nonlinear nature of the pH c boundary indicated the occurrence of both
aluminum-sulfate complexing and coagulation.

They concluded that the

hydrosol of aluminum hydroxide precipitated could be completely
destabilized (i.e., coagulated) by sulfate at an Al:S04 ratio of 1:1.
In their precipitation study, Hayden and Rubin (1974) found that
the precipitate of aluminum hydroxide was initially detected at an OH/AI
ratio of 1.0, but stabilized precipitate was not formed in the acidic pH
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range until the OH/AI ratio reached 3.0 and settleable precipitate was
formed in the alkaline pH range at the OH/AI ratio of 3.0 to 4.0.

From

the streaming current data obtained with a Waters Associates Streaming
Current Detector, Hayden and Rubin (1974) pOinted out that at pH 7 and
below, aluminum hydroxide hydrosols were strongly positively charged and
that the preCipitate in the alkaline pH range was weakly negative.

They

suggested that the zero point of charge (ZPC) for the aluminum hydroxide
precipitate was at approximately pH 8.

They also found that hydrolyzed

aluminum species such as A18{OH)204+, which stabilized the hydroxide
preCipitate, stabilize the various sols as well.

From coagulation

studies with the clay illite, Hayden and Rubin (1974) concluded that
restabilization closely followed the formation of preCipitate and
suggested that some colloidal suspensions may require the presence of
preCipitate before restabilization would occur.
2.5.2.

Alum Coagulation of Aquatic Particles
In the chemical and engineering literature, some different

interpretations associated with the terms "coagulation" and "flocculation" can be found.

LaMar (1964) referred to coagulation as destabil-

ization produced by compression of the electric double layers surrounding all colloidal particles, while flocculation was referred to as
destabilization by the adsorption of large organic polymers and the
subsequent formation of particle-polymer-particle bridges.

O'Melia

(1972) commented that LaMar's definitions of the terms coagulation and
floccuation were not universally accepted and suggested applying the
term coagulation to the overall process of particle aggregation,
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including both particle destabilization and particle transport, and
applying the term flocculation to the transport step only.

A schematic

flow diagram of a coagulation process, as described by O'Melia (1978),
is presented in Figure 2.2.

He explained that the coagulation process

consisted of two separate and distinct steps:

(1) particles in natural

waters must be treated chemically to make them unstable (destabilization), and (2) the destabilized particles must be brought into contact
with each other (particle collisions) so that aggregation could occur.
Coagulation with alum (aluminum sulfate) is traditionally considered as one of the most common processes for turbidity and color
removal.

As proposed by Hayden and Rubin (1974), the presence of

sulfate ion will widen the pH range of precipitation for aluminum
hydroxide and enhance the coagulation process.

Amirtharajah and Mills

(1982) proposed two important deductions from the existence of hydrolysis Al (III) species in the alum coagulation process:
1.

Hydroxometal complexes readily adsorb on surfaces and the
charges that they carry may cause charge reversals of the
surfaces that they adsorb on.

2.

The sequential hydrolysis reactions release H+ ions lowering
the pH of the solution, in which they are formed.

In addi-

tion, the concentration of the various hydrolysis species
will be controlled by the final concentration of H+ ions,
that is, by the pH.
By conducting an extensive review of the literature, Amirtharajah and Mills (1982) developed a design and operation diagram for alum
coagulation (Figure 2.3).

They stated that alum coagulation in water
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treatment occurred predominantly by two mechanisms:

(1) adsorption of

the soluble hydrolysis species on the colloid, and (2) destabilization
or sweep coagulation where the colloid is entrapped within the precipitating aluminum hydroxide.

They pointed out that the reactions that

preceded coagulation by adsorption-destabilization were extremely fast
and occurred within microseconds if no Al (III) hydrolysis polymers were
formed, and occurred in the range of 1 to 1 seconds if Al (III) hydrolysis polymers were formed.

They concluded that according to the design

and operation diagram of alum coagulation (Figure 2.3), rapid mixing
with a high intensity blender (G

= 16,000

sec- 1 , t

=1

sec) made a

significant difference only in the adsorption-destabilization zones but
not in the zone dominated by sweep coagulation.
2.5.3.

Alum Coagulation of Aquatic Organic Matter
Aquatic organic matter (e.g., humic substances) exhibits some-

what similar surface behavior as aquatic particles (e.g., clay colloids)
(Edzwald, 1979, 1981).

Edwards and Amirtharajah (1985) proposed that

the mechanisms for the removal of color associated with humic acids
seemed to be closely related to those associated with the removal of
turbidity.

Two major mechanisms of alum coagulation with humic sub-

stances have been suggested by several researchers (Hall and Packham,
1965; Mangravite et al., 1915; Edzwald, 1919; Edwards and Amirtharajah,
1985):
1.

In the pH ranges of 4 to 6, the humic substances are
destabilized by charge neutralization and can be preCipitated through a soluble, or incipiently solid-phase,
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aluminum hydroxide species.

An aluminum humate or fulvate

precipitate could also result from this mechanism.
2.

In the pH ranges of 6 to 8, where conditions are favorable
for rapid formation of amorphous, solid-phase AI(OH)3(s)'
humic substances can adsorb directly onto the aluminum
hydroxide precipitate.

In this region, the humic material

can also coprecipitate as aluminum humate or aluminum
fulvate.
Dempsey et al. (1984) stated that there were two zones in the
log Altotal versus pH diagram for the removal of humic substances by
aluminum coagulant.

They suggested that Zone I corresponded

~o

the con-

dition where the formation of a settleable precipitate of AI(OH)3(s) was
necessary for the removal of humic substances and Zone II corresponded
to the condition where precipitation of AI(OH)3(s) was unlikely and
formation of large polymers was uncertain or unexpected.

They indicated

that after the formation of monomers of aluminum, which occurred very
rapidly, the formation of (1) complexes between humic substances and
monomers of aluminum, (2) certain polymers of aluminum, and (3) aluminum
hydroxide precipitate were competing reactions.

They pOinted out that

at higher pHs or higher doses of the aluminum coagulant, polymerization
and AI(OH)3(s) precipitation were the predominant reactions.
Several researchers have demonstrated that the color caused by
the presence of humic substances was readily removed by alum and other
coagulants (Black and Willems, 1961; Hall and Packham, 1965; Rook,
1976).

By investigating the removal of color from several ground waters

in Mississippi, Bowie (1975) showed that effective color removal could
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be achieved with high 'doses of alum.

Hall and Packham (1965) found that

some fulvic acids could be difficult to coagulate, and they suggested
that this material might be deficient in carboxyl groups needed to
complex with the coagulation ions.
A defined stoichiometry between the concentration of humic
substances and the amount of coagulant required for effective removal
has been demonstrated by several researchers (Black and Christman, 1963;
Hall and Packham, 1965; Narkis and Rebhun, 1977; Edzwald et al., 1981).
Kavanaugh (1978) found that a linear stoichiometric relationship between
humic substance concentration and chemical dosage for charge neutralization and humate/fulvate precipitation mechanisms, while Dempsey et
al. (1984) showed a nonlinear stoichiometry for these mechanisms and
found a linear stoichiometry for the adsorption of the organics onto the
aluminum hydroxide precipitate.

Hall and Packham (1965) stated that the

optimum pH range narrowed and shifted to more acidic conditions as the
concentration of fulvic acid increased.

Amy, Chadik and King (1985)

stated that a stoichiometry in relation to coagulation of humic substances from highly controlled experiments might exist but no one has
yet found a "unjversal" stoichiometry for natural waters.

By using

model compounds for jar tests, Semmons and Ayers (1985) found that the
removal of organic matter by alum coagulation was weakly dependent on
alum dose.
In the presence of aquatic particles (e.g., clay), the removal
of aquatic matter (e.g., humic substances) by chemical coagulation may
be more difficult or more complicated than that in the absence of
aquatic matter (Kawamura, 1976; O'Melia, 1978; Amy, Chadik and King,
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1985).

Kawamura (1976) pOinted out that under identical conditions, two

different water sources may result in unequal treatment due to different
types of turbidity-causing material.

He attributed this phenomenon to

the differences of adsorption capacity and particle size distribution of
turbidity-causing material.

Kavanaugh (1978) stated that the optimum pH

for turbidity removal was s·1ightly higher than the optimum pH for total
organic carbon removal.
By investigating the mechanism of coagulation of humic substances in the presence of clay, Narkis and Rebhun (1975) found that
cationic coagulants reacted first with the dissolved humic substances
and then the clay.

They attributed this phenomenon to the higher cation

exchange capacity of humic acid (8.7 meq/g) and fulvic acid (4.72 meq/g)
as opposed to clay (0.8 to 1.0 meq/g).

They found that organo-clay

complexes (organics adsorbed onto clay surfaces) which were found in
natural waters required a higher coagulant dose to neutralize the additional negative charge on the clay surface by the adsorbed organics.
O'Melia (1978) suggested that the coagulant dose required to remove both
humic substances and clay were higher than that for the removal of
either humic substances or clay alone.
By conducting extensive jar testing to define areas of optimum
color removal by alum coagulation, Edwards and Amirtharajah (1985)
observed several important relationships between humic aCid, and silica
concentrations.

They found that optimum color removal areas tended

toward lower pH ranges and higher alum dosages as the concentration of
humic acid increased.

They pointed out that optimum color removal areas

for waters with and without turbidity occurred in the same ranges of pH
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and coagulant dosage.

One area occurs in the region of charge neutral-

ization-precipitation, within a pH range of 4 to 4.75 and alum dosage of
1.35 to 7.20 mg/L as AI.

The other area is in the accelerated aluminum

hydroxide precipitation region, within a pH range of 5.75 to 7.5 and
alum dosages of more than 2.7 mg/L as AI, where removal mechanisms are
probably associated with adsorption on the aluminum hydroxide precipitate.

They suggested that at low concentrations of color, (e.g., less

than 100 p.c.u.), a small amount of turbidity would actually decrease
the coagulant dosages required for color removal while at normal or
higher concentrations of color (e.g., above 100 p.c.u.), the coagulant
dosage required for simultaneous color and turbidity removal was
slightly higher than the dosage necessary for color removal alone.
The removal of aquatic organic matter by alum coagulation has
been demonstrated to be one of the most effective processes to remove
THM precursors from waters (Kavanaugh, 1978; Edzwald et al., 1981;
Chadik and Amy, 1983).

McBride (1978) stated that a 47% THM reduction

due to the removal of THM precursors by coagulation was found at the Los
Angeles Water Treatment Plant.

He also pOinted out that alum coagula-

tion preferentially removed that portion of the total organic carbon
that was most reactive in forming THM.

Symons et ale (1981) reported

that the removal of THM precursors by coagulation ranged from 29 to 49%
for eastern U.S. water treatment plants.

Edzwald (1985) stated that

alum coagulation could achieve a 70% removal of THM precursors in water
from the Grasse River (Canton, New York).
By investigating the removal of THM precursors, Kavanaugh (1978)
indicated that humic acids are easier to coagulate than fulvic acids.
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He attributed this phenomenon to the lower charge density and larger
molecular size of humic acids as opposed to fulvic acids.

Amy and King

(1981) stated that the lower charge density of humic acid require less

coagulant for destabilization.

Davis and Gloor (1981) observed that the

THM precursors with high molecular weight were preferentially adsorbed
on the surface of aluminum oxide particles.

They postulated that the

adsorption mechru1ism was based on the formation of complexes between the
surface of alumina and the carboxylic and phenolic functional groups of
humic substances, and suggested that the precursors of organochlorine
compounds (THM) also contained the necessary functional groups for
reaction with the alumina surface.

Rest et ale (1983) also found that

alum coagulation preferentially removed the higher molecular weight
fractions which were also observed to be the more reactive fractions in
forming THMs.

By using gel permeation chromatography (GPC) and

ultrafiltration (UF) for molecular weight fractionation, Collins et ale
(1985) pointed out that higher molecular weight matter proved to be more

amenable to removal than lower molecular weight material, particularly
that fraction with an apparent molecular weight of less than 500.

They

concluded that alum coagulation preferentially removed the most reactive
fraction of THM precursors present in each molecular weight range.
Several researchers have shown that chemical coagulation is one
of the most important pretreatment processes for the subsequent solidliquid separation process in the water treatment design and operation
(O'Melia, 1985; Graham, 1986).

Lawler et ale (1980) stated that coagu-

lation facilities and solid-liquid separation processes should be
approached with an integrative perspective.

Scheuch and Edzwald (1981)
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pointed out that coagulation and filtration should not be considered
independent of each other.
Raw water quality is one of the most critical factors controlling the performance of alum coagulation.

O'Melia (1985) identified

four important raw water characteristics: (1) particle size, (2) particle concentration, (3) particle surface characteristics and (4) solution
chemistry.

For the solution chemistry, he pOinted out that the concen-

tration of calcium ions and natural organic matter could determine
chemical coagulant requirements and process configuration at a few mM/L
of calcium ion or a few mg/L of DOC.

Collins et ale (1985) summarized

important raw water quality parameters including types and concentrations of aquatic particles, types and concentrations of aquatic matter,
pH and temperature.
In addition to raw water quality, several other factors would
also impart significant influence on the performance of alum coagulation:

(1) mixing intensity (i.e., velocity gradient, G) and detention

time (t) during the rapid mixing period, and (2) mixing intenSity and
detention during flocculation (or slow mixing) period.
O'Melia (1978) stated that the primary purpose of rapid mixing
facilities was to accomplish destabilization of the particles in the raw
water.

He warned that poor mixing permitted local regions of high dose

and uncertain pH, so that coagulants were wasted.
velocity gradient of 700 to 1000 sec- 1•

He suggested the mean

Amirtharajah (1981) pOinted out

that for low alum coagulation dosages, Gt combinations of 16,000 to
20,000 would result in comparable results if direct filtration was
chosen for the subsequent sOlid-liquid separation process.
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Edzwald, Becker and Tambini (1982) demonstrated that with G
values ranging from 600 sec- 1 to 32,000 sec- 1 with detention times of
one second, both alum and alum plus cationic polyelectrolyte additions
could achieve comparable NVTOC and THMFP removal.

McCormick and King

(1982) suggested a G value greater than 1000 sec- 1 with a detention time
between 2 to 3 minutes.

Amirtharajah and Mills (1982) stated that the

rapid-mix design was dependent on the mechanisms of alum coagulation.
They observed that when coagulation occurred under optimum sweep conditions, there was no difference in coagulation results for rapid mixing
at G values of 300, 1000 or 16,000 sec- 1 , while when coagulation
occurred in the adsorption-destabilization conditions, the rapid mixing
at a G value of

16,000 sec- 1 and a t value of 1 second resulted in a

significant improvement when compared with the rapid mixing at a G value
of

300 sec- 1 and a t value of 60 seconds, or at a G value of 1000 sec- 1

and a t value of 20 seconds.
For a conventional water treatment plant, a flocculation or slow
mixing basin is required to provide collisions between particles and
produce dense and settleable aggregates for the subsequent sedimentation
process, while for a direct filtration plant, the need for a flocculation basin has been a matter of disagreement (Culp, 1911; Monsovitz
et al., 1918; stump and Novak, 1919).

Culp (1917) stated that floccu-

lation basins could be eliminated with no subsequent effects on the
direct filtration process while stump and Novak (1919) pOinted out that
by employing the flocculation process, the direct filtration could
achieve higher filtrate volumes as opposed to when the flocculation
process was not used.
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Camp (1955) demonstrated that the total number of particle
collisions was proportional to a Gt value, where. G is the mean velocity
gradient (sec- 1 ) and t is the hydraulic detention time (sec).

O'Melia

(1978) recommended that at least three flocculation basins in series
should be used and the total Gt value should be between 10 4 and 105 with
a G value between 10 and 100 sec- 1 for each basin.

Lawler et ale

(1983), based on experimental results and model predictions, pointed out
that the velocity gradient was not as influential as expected.

They

concluded that the velocity gradient in mixing was not to bring about
particle contact directly, but to keep particles in suspension so that
collisions by Brownian movement and differential sedimentation could
continue to occur.
For the direct filtration plant, a higher G value is commonly
used.

Kawamura (1973) observed that higher mixing intensities provided

better turbidity removal with alum coagulation.

Camp (1968) and McBride

(1984) concluded that by increasing flocculation mixing intensity,
filter runs could be longer due to the resultant smaller flocs and the
deeper penetration of flocs in the filter bed.
For conventional water treatment plants, the detention time for
the flocculation basin can be calculated based on the selected G value
and Gt value.

Singley (1981) reported that floc settling improved by

increasing flocculation times up to 30 minutes but further mixing began
to break up flocs.
For a direct filtration plant, the extent of flocculation time
is still a matter of disagreement.

Hutchison and Foley (1974) suggested

that flocculation times should be greater than 3.5 minutes to prevent
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after-floc formation but less than 10 minutes to prevent turbidity
breakthrough and rapid head loss accumulation.

Sweeney and Prendiville

(1974) recommended that flocculation times should vary with weather,
10 minutes during hot weather and 30 minutes during cold weather.
Hutchison (1976) stated that when the flocculation time was greater than
45 minutes, the possibility of turbidity breakthrough increased.
Treweek (1979), using a constant velocity gradient (G) of 100 sec- 1 for
flocculation, pointed out that a mixing time shorter than a certain
threshold value would not result in adequate floc aggregation necessary
for removal by the filter media.

They concluded that beyond the

threshold value for flocculation, there was sufficient growth of
aggregates to result in effective removal in the subsequent filtration
step and no further benefit was found.

Edzwald et ale (1982) reported

that with a flocculation time of 9 to 16 minutes, good NVTOC and THMFP
reductions could be achieved.
2.6 Ozonation
2.6.1.

Ozone
Ozone is a triatomic molecule of oxygen that possesses a higher

oxidation potential than either chlorine or chlorine dioxide.

At the

condition of 25°C and unit hydrogen ion activity, the oxidation potentials for ozone, chlorine and chlorine dioxide are -2.07, -1.49 and
-1.27 volts, respectively (Rice et al., 1979).

At high concentration,

ozone is a blue gas, but its color is not discernible at the concentration at which it is normally produced, such as 1% by weight in air and
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2% in pure oxygen.

Its characteristic odor can be detected at a very

low level, such as 0.05 ppm in air, by humans.
Manley and Niegowski (1967) stated that ozone is naturally unstable and readily decomposes to molecular oxygen.

Posselt and Weber

(1972) pOinted out that ozone was subject to decomposition in the gas
phase as well as in solution phase.

In the gas phase, decomposition

generally increases with temperature and is catalyzed by a variety of
substances, such as solid alkalis, metals, metal oxides, carbon and
moisture.

stumm (1958) observed that ozone decomposition was much more

rapid in aqueous solution than in the gas phase due to the catalytic
effect of the hydroxide ion in aqueous solutions.

He reported that the

half-life of ozone at pH 7.6 and 10.4 were 41 and 7.6 minutes,
respectively.
Adler and Hill (1950) proposed the following mechanism as an
ozone decomposition model in a pure aqueous solution:
03 + H20

~

H03+ + OH-

H03+ + OH----+ 2 H02·
03 + H02

~HO·

+ 2 02

HO· + H02 ~ H20 + 02
where H0

2

and HO· are hydroperoxyl and hydroxyl free radicals.

( 1)
( 2)
(3)
( 4)
Both

have higher oxidizing potentials than ozone and are thought to be the
responsible species for oxidation with organics and inorganics in water
solution.

They disappear by reaction with organics and inorganics and

by self-quenching reactions (see Equation 4).
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Ozone has been used in drinking water treatment for a variety of
purposes.

Reckhow, Singer and Trussell (1986) summarized the ozone

applications in water treatment as follows:
1.

Disinfections.

2.

Oxidation of inorganic pollutants, such as Fe(II) and
Mn(II).

3.

4.

Oxidation of organic micropollutants.
a.

taste and odor compound.

b.

phenolic pollutants.

Oxidation of organic macropollutants (i.e., non-specific
organic targets).
a.

bleaching of color.

b.

increasing the biodegradability of organics.

c.

destruction of trihalomethane (THM) precursors,
total organic halide (TOX) precursors and chlorine
demand.

5.

Coagulating effects of ozone.

Both ozonation of aquatic organic matter and humic substances as
well as coagulating effects of ozone are related to this research and
will be discussed in the following two sections.
2.6.2.

Ozonation of Aquatic Organic Matter and Humic Substances
Ozonation of aquatic organic matter and humic substances has

been investigated by many researchers (Trussell and Umphries, 1918;
HOigne and Bader, 1919; Mallevialle, 1919; Lawrence et al., 1980;
Rice, 1980; Richard and Brender, 1981; Glaze et al., 1982; Veenstra
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et ale 1983; Reckhow and Singer, 1984; Sierka and Amy, 1985).

Hoigne

and Bader (1979) proposed a schematic diagram of ozonation mechanisms
(Figure 2.4).

In this schematic diagram, there are three pathways of

ozone in water:
1.

Ozone may be physically stripped out of the water phase.

2.

Ozone may react directly with an organic or inorganic
substrate or with microorganisms.

These relatively slow

reactions must compete with potentially rapid decomposition
of the ozone molecule to form hydroxyl radicals (OH ).
3.

Ozone may enter into a series of radical reactions.

In the

radical pathway, ozone is converted to hydroxyl radical by
reaction with hydroxide ion or another free radical after
which it reacts either with the intended substrate to form
an organic radical or with an extraneous material (radical
scavenger) such as carbonate and bicarbonate ions.

The

organic radicals formed will react with the solvent to form
an oxidized product.
Hoigne and Bader (1979) showed that the rates of the free
radical reactions were several orders of magnitude greater than the
direct or ionic reactions.

They also demonstrated that the rate of

ozone decomposition was a complex function of temperature, pH, and the
concentration of organic and inorganic constitutes.

They suggested that

the selectivity of ozone reactions might be controlled by solution pH
and alkalinity, depending on the relative concentrations of oxidizable
SUbstrates.

At high pH and low alkalinity, rapid decomposition of the

ozone molecule, and thus solute oxidation by hydroxyl radicals, is
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Schematic Diagram of Ozonation Mechanism
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enhanced.

At lower pH and higher alkalinity, the reactions of the ozone

molecule are favored.
By reviewing the literature related to the organic products of
ozonation, Chrostowski (1981) concluded that most ozonated products were
low molecular weight, highly oxidized species such as dibasic carboxylic
acids, monobasic acids, oxyl acids and carbonyl compounds.

He summar-

ized that the reactions between ozone ,and an organic compound would be
affected by at least six factors:

(1) pH and ozone speciation,(2) reac-

tivity of substrate, (3) ozone dose or concentration, (4) ozonation
time, (5) gas flow

rat~,

and (6) presence of scavengers.

Ozone is one alternative oxidant for controlling trihalomethane
(THM) formation (Singer, 1983).

The ozonation products of humic sub-

stances, THM precursors, have been investigated by several researchers
(Mallevialle, 1979; Lawrence et al., 1980; Glaze et al., 1982).

A

summary of ozonation products of humic substances is presented in
Table 2.8 (Chrostowski, 1981).

Trussell and Umphries (1978) summarized

the results of several pilot studies with pre-ozonation to remove THM
precursors.

They found that the applied ozone doses ranged from 0.2 to

227 mg/L and the reduction in THM formation ranged from -29% (enhancement of THM formation) to 90%.

They attributed the variation in the THM

reduction to the following five factors:

(1) the concentration and

specific characteristics of the organic substrate, (2) the inorganic
chemistry of the water, (3) transfer efficiency of the ozone contactor,
(4) variations in the contact time allowed after chlorine was added, and
(5) the delay between the time of ozonation and the time of chlorination.

Singer (1983) warned that one must exercise caution in
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Table 2.8.

Ozonation Products of Humic Substances (Chrostowski, 1981)

References 1

Products

Lawrence et al. (1980)

Phthalates
ChI oro benzenes
Fatty acid esters
Dibasic acid esters
Aliphatic ketones
Alicyclin ketones
Oxygenated aromatics
Aliphatic/aromatic hydrocarbons

Lawrence (1977)

Aliphatic fatty acid esters
Dibasic acid esters
Benzoic acid esters
Glyoxylic acid

Sivers et al. (1977)

C6 to C9 alkanes
Toluene
n-Pentanol

Schalekamp (1978)

C5 to C8 n-Aldehydes

Ahmed & Kinney (1950)

Oxalic acid

Kinney & Friedman (1952)

Oxalic acid
Acetic acid
Terephthalic acid

Glaze et al. (1980b)

Alkanes
Oxygenated aromatics
Phthalates
Low molecular weight ketones
Aliphatic acid esters

1References as reported by Chrostowski, 1981.
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interpreting the results of pilot studies as, in many cases, the applied
ozone doses were excessive and may represent doses up to an order of
magnitude higher than were likely to be used in practice.

Rice (1980)

summarized that the doses and contact time encountered during ozonation
of drinking water supplies ranged from 1 to 7 mg/L and 6 to 12 minutes,
respectively.

He also pOinted out that the naturally occurring humic

and fulvic acids from different water sources were not necessarily the
same, nor did they necessily behave the same upon ozonation.
HOigne (1979) hypothesized that some ozonation intermediates
such as hydroxy-substituted benzenes or methyl-substituted ketones may
be attributed to the increase of THM formation after ozonation of humic
substances.

Glaze et ale (1982) showed a related phenomenon by ozonat-

ing water from Caddo Lake, Texas.

They attributed the increase of THM

formation to an initially rapid rate of destruction of THM precursors by
ozone, followed by formation of secondary precursors as the ozonation of
the natural organics preceeded.
By reviewing the literature on controlling THM formation with
pre-ozonation, Singer (1983) concluded that like permanganate or
chlorine dioxide, the use of ozone as pretreatment oxidants in place of
chlorine had only a minor impact on THM formation potential at the
dosage levels commonly employed in water treatment practice.

He stated

that the use of ozone in place of chlorine for pretreatment purposes
allowed for coagulation and subsequent sedimentation and/or filtration
to remove a significant portion of the THM precursors prior to the
application of final chlorination.
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2.6.3.

Coagulating Effects of Ozone
Coagulating effect of ozone included:

(1) a shift in particle

size distribution towards larger sizes; (2) the formation of colloidal
particles from "dissolved" organic matter; (3) the improved removal of
total organic carbon (TOC) or turbidity during subsequent settling,
flotation or filtration; (4) a decrease in coagulant dose necessary for
achieving desired effluent turbidity or TOC; (5) an increase in floc
settling velocities; and (6) extended filter run length due to slower
headloss build-up or delayed breakthrough (Reckhow, Singer and Trussell,
1986).

The experiences in each listed effect of ozone are mixed, some-

what confusing, and at times contradictory.

A possible reason for a

wide range of diverse observations may be due to the fact that no single
mechanism can be responsible for all of the observed phenomena (Maier,
1979) and no single phenomenon can prove to be a manifestation of one
mechanism and not of another (Reckhow et al., 1986).
Prior to the general use of particle counters in the water
treatment research, turbidity was the common parameter used to describe
the so-called microflocculation induced by ozonation (Maier, 1979).
Some investigators described microflocculation by the observation of
turbidity increase after ozonation (Campbell and Pescod, 1966; Diaper,
1970; Gomella, 1972; Summerville and Rempel, 1972; Cromley and O'Conner,
1976; Chedal and Schulhof, 1979), while the others depicted it by
turbidity reduction after ozonation (O'Donovan, 1965; Richard, 1982;
Jekel, 1983).

As described by these investigators, the raw waters

investigated contained either color-causing dissolved organic matter,
such as humic subtances, in surface waters, or dissolved inorganic
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irons, such as Fe(II), in groundwater.

By an extensive literature

review in microflocculation, Maier (1979) concluded that more than one
mechanism could be made responsible for the so-called microflocculation.
He suggested that the observation of turbidity increase in the ozonated
lake water was somehow connected with the phytoplankton content of the
water and its metabolic products.

He stated that the increase of

turbidity due to the formation of preCipitating products from dissolved
substances might be strongly dependent on the molecular structure of
dissolved substances and should be regarded as preCipitation reactions
rather than true flocculation.

For the reduction of turbidity due to

destabilization of turbid suspensions in organics-rich water, he
suggested that the ozonated organic substances adsorbed on the surfaces
of turbidity-causing particles contributing by bridge-formation to
cross-linking of the particles as a result of their polyelectrolyte
character and that the process should be regarded as true flocculation
according to Stumm and Morgan's classification (1970).
Electronic particle size analyzers have been employed by several
researchers to investigate coagulating effects of ozone (Schalekamp,
1979; Hodges et al., 1979; Richard, 1982; Gurol and Pidatella, 1983;
Jekel, 1983; Mathonnet et al., 1985).
ers are mixed.

The results from these research-

At low ozone doses (less than 2.5 mg/L) , some observed

an immediate flocculating behavior evidenced by an increase in the
number of large particles at the expense of smaller ones (Schalekamp,
1979; Gurol and Pidatella, 1983; Jekel, 1983), while the others observed
an anti-flocculating behavior evidenced by a reduction in the number of
large praticles with an accompanying increase in small particle
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concentration (Hodges et al., 1979; Mathonnet et al., 1985).

At high

ozone doses, ozonation generally results in anti-flocculation behavior
even when lower ozone doses on the same water show flocculation
(Schalekamp, 1979; Gurol and Pidatella, 1983).
Electrophoretic mobility (BPM) or zeta potential can be used to
determine the stability of aquatic particles or the ability to be
flocculated (Hunter, 1981).

In a particular study conducted by Richard

(1982), he found that pre-ozonation improved flocculation but did not
change the zeta potential of aquatic particles.

Chedal (1982) observed

either a less negative potential or no change in zeta potential after
ozonation.
Several researchers have investigated the effects of pre-ozonation on subsequent coagulation and solid-liquid separation processes
(Richard and Blue, 1978; Hodges et al., 1979; Gurol and Pidatella, 1983;
Jekel, 1983; Saunier, Selleck and Trussell, 1983; Gerval et al., 1985).
The results from pilot and laboratory-scale investigations have sometimes shown complex and unpredictable effects of pre-ozonation on
subsequent coagulation.

As an example of contradictory observations,

Reckhow et al. (1986) pointed out conflicting reports on the treatability of the Seine River water near Paris.

Some researchers observed

improved coagulation while others failed to see improved coagulation.
By using pre-ozonation and coagulation with basic aluminum polychloride (PAC) followed by sedimentation, Saunier et al. (1983) found
that pre-ozonation Significantly increased the removal of turbidity,
particle number and VOlume, chemical oxygen demand and UV absorbance at
all treatment levels investigated (0.3 to 1.2 mg/L for ozone and 15 to
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60 mg/L for PAC).

Optimal ozone dose was approximately 0.8 mg/L.

They

concluded that the favorable effects of ozone increased with pH and
particle count of the untreated water, and that the increases in particle removal appeared to stem partly from increases in floc size and
settling velocity.

However, they were unable to demonstrate a signifi-

cant effect on total organic carbon (TOC) removal.

By using pre-ozona-

tion and coagulation with alum as coagulant, Reckhow and Singer (1984)
observed that ozonation at 0.3 and 1.2 mg

03/mg

C, at natural

bicarbonate levels (i.e., 10- 3 M) and pH 7, hindered the alum coagulation of THM precursors and the coagulation of TOC and UV-absorbing
substances.
The utilization of direct filtration has become a more promising
approach in achieving an improved economy in water treatment (Westerhoff, Hess and Barnes, 1980; Wagner and Hudson, 1981; McCormick and
King, 1982).

Pre-ozonation incorporated with direct filtration has been

investigated by several researchers (McBride et al., 1979, 1984; Hodges
et al., 1979).

Hodges et ale (1979) demonstrated the beneficial effects

of ozone on improvement of filtered water turbidities for sand,
anthracite and dual, media filters at any coagulant dose.

They found

that the improvement in filtered water turbidities increased with
increasing ozone doses up to 1.9 mg/L.

They also noted that at a given

alum dose, pre-ozonation resulted in lower optimum polymer doses and
greater ultimate turbidity removal as compared to controls using
chlorination.

Prendiville and McBride (1983) found that pre-ozonation

at a 1-mg/L dose allowed an increase in filtration rate from 9 gpm/ft 2
(with prechlorination at a 2 mg/L dose) to 13.5 gpm/ft 2 (pre-ozonation
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only).

Jekel (1983) observed that pre-ozonation resulted in lower

filtered water turbidity at low coagulant doses (e.g., 0.5 mg/L as AI)
while it did not show any improvement at higher coagulant doses (e.g.,
1.0 mg/L as AI).

He concluded that pre-ozonation may result in the most

advantages in filtration or direct filtration of surface waters
containing low amounts of suspended solids and an objective for filtered
water turbidity in the range of 0.3 to 1.0 NTU.
By using silica dispersions (quartz powder, 0.5 to 10

~m)

as

model particles and extracted aquatic humic acids as model organic compounds in a laboratory-scale study, Jekel (1983) suggested that the
adsorption of humic compounds on silica was responsible for its stabilization and suggested that the adsorption was caused by hydrogen-bonding
between silanol groups and undissociated acidic groups of humic acids.
He postulated that the coagulating effects of ozone were caused by the
strong oxidative action of ozone to render aquatic organic matter to
become lower in molecular size and higher in polarity, which led to
reductions in the adsorbility of ozonated products on silica surfaces
and thinner coatings with organics (i.e., easier to be coagulated).
However, the beneficial effects of ozone on turbidity removal was not
accompanied by a beneficial effect on the DOC removal.

Jekel (1983)

pOinted out that, for silica dispersions with a particle size range of
0.5 to 10 ~ and a surface area of 4 m2/g·Si02, the silica surface
should be fully coated by about 20

~g

of humic acid per gram of Si02.

Thus, the DOC reduction due to the removal of turbidity-causing substances is not significant.

He also found that complexing acidic groups

of humic acids was approximately 50% of the total acidic groups and
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these complexing acidic groups were not attacked by ozonation, while the
new acidic groups could be formed by ozonation.

He concluded that pre-

ozonation might have a negative effect on the DOC removal, especially at
low coagulant dosages (e.g., 0.5 mole/m 3 as AI), as soluble complexes
were formed that were also inactive in flocculation (Hall and Packham,
1965).

He postulated that lower ozone dosages (e.g., less than 0.7 mg

03/mg humic acid) might improve organic removal by rendering the

substances to become more adsorbable on hydroxide flocs, without the
detrimental solubility of metal-organic complexes.
By an extensive literature review on coagulating effects of
ozone, Reckhow et al. (1986) proposed that ozone reacted with both
organics and inorganics in raw waters to form a diverse group of reaction products (i.e., primary effects) and then these reaction products
gave rise to a family of phenomena (i.e., secondary effects), which
manifested themselves as some type of coagulating behavior.

A summary

of mechanisms for the coagulating properties of ozone is presented in
Table 2.9 (Reckhow et al., 1986).

They concluded that the observed

phenomena on coagulating effects of ozone mayor may not be traced to a
single set of primary effects from the reaction of ozone with raw
waters.

They suggested that a better job of documenting observations in

the field and laboratories would provide a better understanding of the
changes induced by ozonation.

Figure 2.9.

Some Mechanisms for the Coagulating Properties of Ozone (Reckhow et al., 1986)
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CHAPTER 3
EXPERIMENTAL METHODS
The experimental methods and materials employed during this
research are described herein.

The methods discussion is divided into

nine sections, as shown below:
1.

Experimental Design and Procedures.

2.

Sample Acquisition and Storage.

3.

Definition and Establishment of Initial Conditions.

4.

Ozonation.

5.

Alum Coagulation and Sedimentation.

6.

Ultrafiltration.

7.

Adsorption Chromatography.

8.

Analytical Procedures.

9.

Statistical Analysis
3.1

Experimental Design and Procedures

The experiments performed to attain the stated objectives of
this research are described in Figure 3.1.

The first phase (Phase I) of

this research was to conduct a series of jar tests and to monitor particle formation and growth under various experimental conditions.

The

second phase (Phase II) of this research was to conduct a detailed characterization of untreated and treated waters, and to define the removal
of aquatic organic matter under various experimental conditions.
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For the Phase I research, five experimental variables were
designated for evaluation, individually and collectively, of their
effects on particle formation and growth during alum coagulation.

The

selection of these five variables was based on recommendations by other
researchers involved in alum coagulation and humic substances removal.
The five variables selected, assumed to be independent of each other,
were associated with either:

(1) initial conditions, including pH and

turbidity; or (2) operating/pretreatment conditions, including alum
dose, flocculation time and applied pre-ozonation dose.

In addition, a

separate set of experiments with one-hour settling periods was performed
to study the effects of sedimentation on particle size distribution.
The objective of these sedimentation experiments was to simulate the
conventional treatment process as compared to the direct filtration
process which does not include a sedimentation step.
An orthogonal design of the five variables was employed to
develop a statistically-based experimental matrix for this research.

A

schematic representation of the experimental design for the Phase I
research is shown in Figure 3.2.
presents a set of replicate runs.

Each solid circle in the figure reThe center of the orthogonal experi-

mental design represents a designated set of "baseline" conditions.

If

the line associated with a variable passes through the center of an
orthogonal experimental design, the experiments represented by circles
on this line indicate that only values of this variable are varied from
the baseline conditions.
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The determination of values for each variable and the selection
of the baseline conditions were based on:

(1) recommendations by other

researchers discussed in the literature, (2) general conditions found in
natural waters and common conditions encountered in water treatment
design and operation, and (3) laboratory results of preliminary experiments.

The baseline conditions for this research were designated as:

initial pH

= 5.5,

initial turbidity

=5

NTU, applied pre-ozonation dose

. = 2 mg/L, alum dose = 25 mg/L as AI2(S04)3 • 18 H20, NaHC03 = 19 mg/L as
NaHC03 (a stoichiometric amount of alkalinity for AI(OH)3 formation from
25 mg/L alum), velocity gradient (G1) for rapid mixing
rapid mixing period (t1)

= 300

sec- 1,

= 1 minute, velocity gradient (G2) for floccu-

lation = 30 sec- 1 , flocculation mixing time (t2) = 20 minutes.

However,

for purposes of the discussion in Chapter 4, the conditions do not
include an applied pre-ozonation dose and thus represent a "standard
coagulation" condition.

Different values for each variable used in this

research are as follows:

(1) initial pH

= 5.5,

turbidity (NTU) = 0, 5 and 10; (3) applied

7.0 and 8.5; (2) initial

pre-ozonation dose (mg/L) =

0, 2 and 4; (4) alum dose (mg/L as alum) and correspondingly stoichiometric amount of alkalinity (mg/L as NaHC03) = 010, 25/19 and 50/38; and
(5) flocculation time (minutes)

=0

and 20.

Specific values for vari-

ables in each set of experimental conditions are presented in Tables 4.3
and 4.4.
For the Phase II of the research, treated waters derived from
six sets of selected experimental conditions were subjected to a
detailed characterization.

One of these six sets of experimental con-

ditions was designated as representing baseline conditions, and is
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called the "ozone baseline" conditions since it reflected pre-ozonation.
A schematic representation of the experimental design for the Phase II
research is shown in Figure 3.3.

The specific values employed for

variables in each set of experimental conditions are presented in
Table 4.22.

As indicated in Figure 3.3, experimental conditions were

selected such that each set of experimental conditions involved varying
only one variable or experimental condition from the baseline
conditions.
For each water source investigated during this research, a set
of preliminary experiments was performed under the baseline conditions
except that for alum dose and applied pre-ozonation dose.

The purpose

of preliminary experiments was to confirm the adequacy of the baseline
conditions.

An illustrative example of typical results derived from the

Edisto River source is presented in Figure 3.4, portraying the turbidity
of coagulated waters and the non-purgeable dissolved organic carbon
(NPDOC) of filtered waters as a function of alum dose at applied preozonation doses of 0 and 2 mg/L.

In these preliminary experiments, the

turbidity of coagulated waters was used to monitor particle formation
and growth and the NPDOC of filtered waters was used to define aquatic
organic matter.

Based on the results shown in Figure 3.4, 25 mg/L of

alum as AI2(S04)3 • 18 H20 or 7.5 x.10-5 mole/L as Aluminum (AI) was
selected for the baseline conditions with and without pre-ozonation.
The selected alum dose and pH for the baseline conditions were
compared against the alum coagulation diagram (Edwards and Amirtharajah,
1985) and corresponded to a predominant removal mechanism of adsorptiondestabilization by charge neutralization to zero potential with aluminum
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hydroxide precipitate.

This combination of alum dose and pH was also

found to be within the ranges of AWWA practice (Amirtharajah and Mills,
1982) •
3.2 Sample Acquisition and Stor-age
Since this research focused on aquatic organic matter and humic
substances in natural waters, two representative water sources, the
Grasse River (Canton, New York) and the Edisto River (Charleston; South
Carolina), were selected for study.

Both water sources are highly

colored river waters having low alkalinity, low turbidity and high concentration of organic matter.

These sources are fairly typical of many

water supplies found in the northeast and southeast regions of the
United States.
The water district manager or chief water chemist of water
utilities using the aforementioned sources was contacted by telephone to
arrange for water shipments.

Once their assistance in arranging ship-

ments was obtained, follow-up correspondence was sent to the water
district, formally requesting the sampling and shipment.
The samples were discrete, grab samples of the raw water taken
prior to any pretreatment at either the Canton or Charleston water
treatment plant.

The samples were shipped via parcel post in two

20-liter polyethylene carboys which were chromic-acid washed and
thoroughly rinsed with distilled water.

Samples for the Grasse River

source were taken on March 25, 1985 and received on April 2, 1985.
Samples for the Edisto River source were taken on June 19, 1985 and
received on June 26, 1985.
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Once received at the laboratory, the samples were filtered
through prewashed (with one liter of distilled water) 0.45-~ membrane
filters (Millipore Type HA, Millipore Corporation, Bedford, MA) to
remove particulate matter and isolate dissolved organic matter.
filtration step removed naturally occurring supramicron (> 1
particles and submicron particles down to a size of 0.45

~m.

This

~m)

Until

required for experimental evaluation and analysis, the filtered samples
were stored at 4°C to minimize biological activity.

All glassware used

during this research was washed with chromic acid and rinsed thoroughly
with distilled water prior to use, according to procedures in Standard
Methods (1985).

Generally, all samples were analyzed within two weeks

of receipt with complete experiments and characterizations accomplished
within an additional two to three months.

Periodic measurements of

NPDOC were performed to ensure sample stability.

No changes in sample

NPDOCs were observed during this research.
3.3 Definition and Establishment of Initial Conditions
Samples for jar tests were prepared in a two-liter or four-liter
acid-washed and distilled-water-rinsed Ehrlinmeyer flask.

Before volume

measurement, the sample taken from a laboratory refrigerator was allowed
to reach the normal room temperature (23.5°C).

A one-liter graduated

cylinder was used to measure samples from a polyethylene carboy and pour
into a flask for preparation of initial conditions.
3.3.1.

Turbidity Adjustment
Turbidity in natural waters is caused by living and non-living

particulate matter.

The living particulate matter includes plankton,
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algae, bacteria and other microscopic organisms.

The non-living

particulate matter includes clay, silt, silica, metal oxides and other
finely divided organic and inorganic matter.
water sources were filtered through pre-washed

Since the samples from the
0.45-~

membrane filters

and the filtered samples exhibited a turbidity less than 0.1 Nephelometric Turbidity Unit (NTU), it was considered reasonable to designate
the filtered raw water as 0 NTU in this research.
A commercial product of crystalline silica, Min-U-Sil 5 (Pennsylvania Glass Sand Corporation, Pittsburgh, PAl, was chosen as the
model particles for this research.

The reasons for selecting silica

were because it occurs ubiquitously in natural waters and is characterized by less prominent complications of ion exchange, when compared with
kaolinite or montmorillonite.

According to the manufacturer, Min-U-Sil

5 is a natural air-floated silica, produced by crushing sandstone of and
consists

more than 99% Si02.

cal properties are:

Some of the specific chemical and physi-

(1) specific gravity

= 2.65,

(2) specific surface

area = 2.06 m2/g, (3) porosity = non-porous, (4) mean particle size by
volume

= 1.9

~m,

(5) mean particle size by surface area

(6) % by weight less than 5

~m

= 98%.

= 1.1

~m,

and

According to Stumm and Morgan

(1981), the PH zpc of pH at zero point of charge (ZPC) for Si02 is
pH 2.0.

Kane et ale (1964) prepared 400 mg/L of Min-U-Sil 5 in

distilled water and reported its electrophoretic mobility as ranging
from

-2.0 to -2.2

~/sec/volt/cm

within the pH range of 5.5 to 7.5.

The silica stock suspension was prepared by adding one gram of
Min-U-Sil 5 to one liter of distilled water and mixing with a magnetic
stirrer bar for 24 hours.

The turbidity adjustment for each set of
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experiments was accomplished by adding a pre-determined amount of silica
stock suspension into the filtered raw water and mixing for 24 hours to
insure adequate particle dispersion as well as to provide pseudo-equilibrium conditions for sorption of aquatic matters onto the silica.

For

initial turbidity levels of 5 NTU and 10 NTU, the concentrations of
silica in prepared samples were 11 mg/L and 22 mg/L, respectively.
3.3.2.

pH Adjustment
The ambient pH's for the filtered raw waters were 7.5 and 7.6

for the Grasse River source and the Edisto River source, respectively.
After the addition of silica for turbidity adjustment, the solution pH
did not change and was adjusted to the desired pH (i.e., pH 5.5, 7.0 or
8.5) prior to an experiment.
For experiments without the addition of silica, samples were
taken from a laboratory refrigerator and allowed to reach the normal
room temperature (23.5°C.).

A 500-mL aliquot was poured into a one-

liter glass beaker for pH adjustment.

During the pH adjustment process,

the sample was mixed with a magnetic stirrer bar and pH was monitored by
a pH meter (Orion 811, ·Orion Research, Cambridge, MA).

Various normal-

ities of HCl and NaOH solutions were prepared to adjust the sample to
the desired pH without causing significant dilution.
For experiments involving the addition of silica, the pH adjustment procedure described above for experiments without silica was performed after the turbidity adjustment step, including the 24-hour mixing
period, was completed.
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3.4

Ozonation

A schematic diagram of the ozonation system is shown in
Figure 3.5.

Commercial-grade oxygen with negligible hydrocarbon content

was fed into an Orec Model 03B-10 Ozonator (Ozone Research & Equipment
Corporation, Phoenix, AZ) for ozone production.

Tygon tubing or stain-

less steel tubing was used for connections between the oxygen cylinder
and the ozonator, and between the ozonator and the reactor.

A powerstat

in the ozonator was adjusted to permit operation at the desired voltage
and wattage (i.e., 60 watts in this research).

An internal rotameter

and an internal pressure gauge indicated the flow rate and the pressure
of oxygen gas into the ozone generator (i.e., 6 liters per minute at
10 psig).

Both the main flow valve and the sample flow valve of the

ozonator were used to regulate the gas flow into the ozone generator and
the ozonation reactor.
The ozonation reactor used in this research was a 500-mL gas
trap bottle with a porous frit plate diffuser situated at the bottom.
Two gas trap bottles were connected in series.

The first bottle was

used as a reactor, filled with 500 mL of sample, and the second bottle
was used as a KI trap, filled with 400 mL of
iodide (KI) solution.

~k

by weight potassium

An external flowmeter (Size No. 12, Gilmont

Instruments, Inc., Great Neck, NY) was connected between the ozone generator and the ozonation reactor to control the ozone/oxygen gas flow
rate into the ozonation reactor (i.e., 50 mL/min in this research).
The applied ozone dose was determined by filling the first gas
trap bottle with 500 mL of

~k

of 50 mL/min for 10 minutes.

KI solution and ozonating at the flow rate
The ozonated KI solution was titrated with

Samole Flow

Exhaust
Exhau.u.

(9(9

~~
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standardized sodium thiosulfate solution using starch indicator for the
final end pOint.

The measured applied ozone dose was determined to be

22.3 mg·ozone/min·liter oxygen and was approximately 1.7% by weight
ozone in oxygen.

Therefore, applied ozone doses of 2 mg/L and 4 mg/L in

a 500-mL sample required ozonation time of 54 and 108 seconds, respectively.
The approximate ozone utilization rate was estimated from the
difference between the applied ozone dose and the exhausted ozone
trapped in the second gas trap bottle filled with KI solution.

A pre-

liminary experiment was conducted by ozonating the sample at pH 5.5 for
10 minutes and measuring the exhausted ozone dose in the second gas trap
bottle.

The ozone utilization rate in this research was roughly 50%.
3.5 Alum Coagulation and Sedimentation
A conventional jar testing apparatus (Phipps-Bird Stirrer,

Richmond, VA) was used to conduct the alum coagulation experiments.
aliquot of 500 mL of sample was placed in a one-liter beaker.

An

Reagent-

grade aluminum sulfate (alum, AI2(S04)3 • 18 H20) and distilled water
were used to prepare an alum stock solution at a concentration of
2.5 mg/mL as alum or 0.18 mg/mL as AI.

Reagent-grade sodium bicarbonate

(NaHC03) and distilled water were used to prepare the alkalinity stock
solution at a concentration of 1.9 mg/mL as NaHC03.

The ratio of 2.5 to

1.9 was based on the stoichiometry of the following equation:
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Stoichiometrically, 0.76 mg/L of alkalinity as NaHC03 is required for
1 mg/L of alum to form aluminum hydroxide precipitates.

Note that all

alum doses reported for this research are in concentration units of mg/L
as alum unless otherwise indicated.
Two pipettes were used to measure the desired quantities of alum
and alkalinity stock solutions into two 50-mL beakers, and then both of
their contents were simultaneously introduced into a one-liter sample
beaker at the beginning of the rapid mixing period.

A few milliliters

of distilled water were used to rinse the two 50-mL beakers and insure
that all alum and alkalinity solutions had been delivered to the sample
beaker.

The addition of alum and alkalinity solutions represented time

zero for calculating the durations of rapid mixing and flocculation
(slow mixing) periods.
Two sequential mixing steps were used: a rapid mixing of 100 rpm
for a one-minute period followed by a flocculation at 20 rpm for
20 minutes.
2.5 x 7.5 cm.

The paddles mounted on the Phipps-Bird stirrer were
The corresponding velocity gradients (0) were estimated

to be 300 sec- 1 for the 100 rpm rapid mixing and 30 sec- 1 for the 20 rpm
flocculation (Collins, 1985).
intensities or durations.

No attempt was made to optimize mixing

The values chosen were based on the work of

others (Collins, 1985).
After the flocculation step was completed, aliquots of coagulated water were used to measure pH, turbidity, electrophoretic mobility
and particle size distribution.

For experiments without a sedimentation

step, an aliquot of coagulated water was subsequently filtered through a
prewashed

0.45-~

membrane filter (Millipore HA) and the filtrate was
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collected for UV absorbance and non-purgeable dissolved organic carbon
(NPDOC) measurements.

For experiments with a sedimentation step, the

coagulated water was allowed to settle for one hour.

After the one-hour

settling period, an aliquot of the supernatant of the settled water was
withdrawn from the beaker and analyzed for pH, turbidity, electrophoretic mobility and particle size distribution.

Another aliquot of

the supernatant was then filtered through a prewashed

O.45-~m

membrane

filter with the resultant filtrate analyzed for UV absorbance and NPDOC.
In the Phase II research, the same jar test methods were used to
generate two batches of

O.45-~

filtrate.

The filtrates were then

evaluated by ultrafiltration and adsorption chromatography.
3.6 Ultrafiltration
Ultrafiltration (UF) was employed in this research to fractionate the aquatic organic matter in the untreated water source and corresponding treated waters into various molecular weight ranges.

It

should be recognized that UF provides the only indication of apparent
molecular weight (AMW) due to the operation nature of the procedure.
Mass balances in the UF process indicated that all but five percent of
the sample NPDOC can be accounted for (Collins, 1985).
A schematic diagram of the UF fractionation process is shown in
Figure 3.6.

The parallel UF technique was chosen in this research due

to its simplicity of operation.

The sample preparation for UF included:

(1) prior filtration of the sample through prewashed

O.45-~

membrane

filters (Millipore HA), and (2) pH adjustment for the filtrate to
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Schematic Diagram of Ultrafiltration
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pH 7.0.

The reason for the pH adjustment was to facilitate the UV

absorbance measurement of UF permeates at pH 7.0.
Aliquots (45 mL) of pH-adjusted sample were placed in a 200-mL
stirred UF cell (Amicon Corporation, Danvers, MA) with membranes characterized by nominal molecular weight cutoffs of 500, 1,000,5,000, 10,000
and 30,000 (YC05, YM2, YM5, YM10 and YM30; Amicon Corporation, Danvers,
MA).

A series of permeates were produced for each sample and provided a

series of "cumulative" fractions encompassing overlapping AMW ranges
instead of "discrete" AMW fractions.

Each permeate contained all AMW

fractions less than the nominal molecular weight cutoff.

All permeates

were characterized by UV absorbance (pH 7, 254 nm, 1-cm cell) and NPDOC.
All UF membranes from the manufacturer were pretreated with
glycerin to prevent drying and the YM series of membranes contained
sodium azide as a preservative.

To remove these materials prior to use,

the membranes were rinsed by floating them skin (glossy) side down in a
600-mL beaker of distilled water for at least one hour, changing water
three times.

The membrane was then place in alternating baths (two

each) of 5% NaCl solution and distilled water as part of the cleaning
process.

The membrane was finally placed in the UF cell and approxi-

mately 50 mL of distilled water was passed through the membrane under
pressure to check the flow rate against the value recommended by the
manufacturer.

The operating pressure was 60 psi, except for the YMl0

and YM30 membranes, which were operated at 40 psi.

The UF cell was

pressurized accordingly with nitrogen and placed on a magnetic stirring
assembly so that the magnetic stirrer, which was part of the cell,
stirred the water immediately above the membrane.

Stirring was used to
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prevent concentration polarization and was controlled so that the vortex
was never allowed to reach the membrane surface.
For cleaning of a membrane between two different samples, alternating baths (two each) of 5% NaCl solution and distilled water were
used, and distilled water was also used to check the flow rate prior to
placing the sample in the cell.

Short-term storage of membranes (less

than one week) was in refrigerated distilled water and long-term storage
was in refrigerated 10% ethanol solution.
3.7

Adsorption Chromatography

Adsorption chromatography was employed in this research to
determine the humic substances content of aquatic organic matter.

Since

the separation mechanism of adsorption chromatography is by the hydrophobic effect, the technique has been widely utilized to separate the
hydrophobic fraction from the hydrophilic fraction. Hydrophobic dissolved organiC matter in natural waters can be isolated by adsorption
onto Amberlite XAD-B resin (Rohm and Haas Company, Philadelphia, PAl and
are operationally defined as aquatic humic substances.

Hydrophilic

matter does not adsorb onto the resin.
A commercial ,product representing an intermediate polarity
adsorbent, Amberlite XAD-B resin, was chosen for this research due to
its effectiveness in adsorbing hydrophobic materials from water and its
general application in research work related to aquatic humic substances.

Note that the term Amberlite XAD-B resin is hereafter referred

to as XAD-B in this dissertation.
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According to the manufacturer, XAD-B is a nonionic methylmethacrylate polymer.
area

= 140

m2 /g, (2) average pore diameter

= 52%

porosity

Its physical properties are as follows:

= 250

(1) surface

Angstroms, (3) Helium

by volume or 0.B2 mL/g, (4) skeletal density

= 1.26

(5) nominal mesh size = 25 to 50, and (6) dipole moment = 1.B.

g/mL,

Adsorp-

tion and desorption between XAD-B and aquatic humic substances may be
controlled by balancing the polar and nonpolar interactions.

This is

done by adjusting the pH to 2.0, which makes the humic substance
molecules nonionic and allowing them to adsorb onto the resin.

At a

pH 5.0 or greater, humic substances are ionic and desorb, because of the
ionic character of the carboxyl group.
The XAD-B resins received from the manufacturer were industrialgrade products and were Soxhlet-extracted sequentially for 24 hours with
methanol.

Before column packing, XAD-B was further cleaned by alterna-

tively soaking with methanol and 0.1 N NaOH for 5 three-hour cycles.
Fines were also removed by decanting off the cleaning solution.
cleaned resin was then placed in a

~-inch

The

diameter glass column and

flushed with two liters of 0.1 N NaOH solution, and then rinsed with
distilled water until the influent and effluent TOC concentrations remained unchanged.

The bed depth of XAD-B in the column was 15 cm.

The

flow rate was controlled at appproximately 5 mL/min by adjusting the
elevation of the influent reservoir, which was a 500-mL separatory
funnel.
In the adsorption mode, 500 mL of

0.45-~

filtered sample was

acidified to pH 2 with reagent-grade HCl and then passed downflow
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through the XAD-B column at a rate of approximately 5 mL/min.

The

effluent was collected and designated as the hydrophilic fraction.
In the desorption mode, the XAD-B column was eluted with 0.1 N
NaOH solution with the first 6 mL wasted (void volume of the XAD-B
column).

The next 50 mL of the eluent was collected and operationally

defined as the hydrophobic fraction or humic substances.

Mass balances

of NPDOCs between the initial sample and the hydrophobic and hydrophilic
fractions indicated that over 95 percent of the NPDOC was accounted for.
For cleaning of the XAD-B column between two different samples,
the column was flushed with 200 mL of 0.1 N NaOH solution and rinsed
with two liters of distilled water.

To insure the cleanness of XAD-B

resin, the influent and effluent TOC concentrations were measured.
3.B Analytical Procedures
All untreated and treated water samples were characterized
according to pH, UV absorbance and non-purgeable dissolved organic
carbon (NPDOC).

In addition, selected samples were also analyzed for

color, alkalinity, hardness, turbidity, electrophoretic mobility (EAM),
particle size distribution (PSD), trihalomethane formation potential
(THMFP), and carboxylic acidity.

The following section describes the

analytical protocol and equipment used in each of the above parameters.
3.B.1.

pH
The pH measurements were made using an Orion B11 microprocessor

pH/millivolt meter equipped with a standard reference electrode and an
Ag/AgCI electrode (Orion Research, Cambridge, MA).
calibrated daily using commercial buffer standards.

The pH meter was
A two-point
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calibration was used employing pH standards of 4.0 and 7.0 or 7.0 and
10.0.

Stirring bars were used in the sample containers to expedite the

attainment of stable measurements.
3.8.2.

Color
Color was determined by the platinum-cobalt method using 50-mL

Nessler tubes and platinum-cobalt color standards, as detailed in
Standard Methods (1985).

All samples were adjusted to a pH of 1.0 prior

to analysis.
3.8.3.

Alkalinity
Two water sources were analyzed for total alkalinity by the

titrimetric method with 0.02 N sulfuric acid as titrant and methyl
orange solution as indicator.

The results were reported in terms of

mg/L as CaC03.
3.8.4.

Hardness
The two water sources were analyzed for total hardness and

Calcium hardness by the EDTA titrimetric method with 0.01 M EDTA
solution as titrant and using Eriochrome Black T (EBT) and Murexide as
indicators for total hardness and Calcium hardness, respectively.

The

results were reported in terms of mg/L as CaC03.
3.8.5.

Turbidity
A Hach turbidimeter (Model 2100A, Loveland, Colorado) was used

for turbidity measurements.

The instrument was calibrated for each

sample with AEPA-1 Turbidity Standards (1 NTU and 5 NTU) manufactured by
Advanced Polymer Systems, Inc. (Redwood City, CAl.
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3.S.6.

Electrophoretic Mobility
Electrophoretic mobility of the model particle (silica,

Min-U-Sil 5) in water sources and coagulated waters was measured by a
procedure called "microelectrophoresis" with a ZETA-METER (Model ZM-SO,
ZETA-METER, Inc., New York, NY).

The sample was placed in a electro-

phoresis cell and observed under a microscope.

A DC voltage was applied

and, because the particles are electrically charged, they move 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.
3.S.7.

Particle Size Distribution
Particle size distributions in water sources and coagulated

waters were determined by a microprocessor-controlled optical particle
counter (HIAC/ROYCO Model 4100, Pacific Scientific, Menlo Park, CA) with
an automatic bottle sampler and a liquid sensor.

The sensor employes

the light obscuration principle to detect each particle passing through
the sensor zone and producing a voltage pulse proportional to the
projected area.
Two liquid sensors were used in this research.
CMB-150 sensor, which had an orifice size of 150
capable of measuring particle sizes from 2.5

~m

~

to

One was the

x 2500
150~.

~

and was

The other
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one was the HR-60 sensor, which had an orifice size of 90
and was capable of measuring particle sizes from 1.0
particle size ranges were used for each sensor:
6.0-10.0, 10.0-20.0, 20.0-40.0 and 40.0-150

~m

~m

x 2500

~

to 60

~m.

~m

Six

(1) 2.5-4.0, 4.0-6.0,
for the CMB-150 sensor,

and (2) 1.0-2.5, 2.5-4.0, 4.0-6.0, 6.0-10.0, 10.0-20.0 and 20.0-60.0

~m

for the HR-60 sensor.
The CMB-150 sensor was obtained with the particle counter in
1983, and was used for the experiments conducted with the Grasse River
source.

The HR-60 sensor was procured subsequently at the time when the

water sample from the Edisto River source was received (June 1985).
Since the HR-60 sensor has a lower detention limit than the CMB-150
sensor (1.0 versus 2.5

~m),

it was used for the experiment conducted

with the Edisto River source.
3.8.8.

Ultraviolet Absorbance
Ultraviolet (UV) absorbance was measured with a Perkin Elmer

Spectrophotometer (Model 200, Maywood, IL) equipped with a deuterium
lamp as a UV light source.

For Phase I research, samples were analyzed

for UV absorbance at ambient pH and 254 nm.

For Phase II research,

samples were analyzed for UV absorbance at pH 1 and 254 nm.

All samples

were measured in matched quartz cuvettes (1-cm path length) and
distilled water used as the blank.

The two water sources were also

defined according to their UV spectra ranging from 210 nm to 400 nm.
3.8.9.

Non-purgeable Dissolved Organic Carbons
Non-purgeable Dissolved Organic Carbon (NPDOC) measurements were

made by employing a Dohrman DC-80 total organic carbon analyzer
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(Envirotech Corporation, Santa Clara, CAl.

The operating principle

utilized by the analyzer is an ultraviolet-promoted persulfate oxidation
technique. Fifteen mL aliquots of

0.45-~

filtered sample were

acidified by adding three drops of concentrated phosphoric acid and
purged with zero-grade nitrogen gas for five minutes to remove inorganic
carbon.

Three 1.0-mL injections were made per sample and the results

were averaged to give the reported NPDOC.

Prior to use, the analyzer

was calibrated by a one-point calibration using a 10 mg/L as Carbon (C)
standard of potassium acid phthalate (KHP).
3.8.10. Trihalomethane Formation Potential Determination
Trihalomethane formation potential (THMFP) tests for water
sources and treated water were determined under the following conditions:

(1) pH

action time

= 7.0,

= 168

(2) temperature

= 20 o C,

(3) C12/NPDOC

= 3,

(4) re-

hours. Samples used for THMFP determination were buf-

fered at a pH of 7.0 using a 0.1 M phosphate buffer system (potassium
phosphate monobasic, KH2P04, and sodium phosphate diabasic, Na2HP04),
and then transferred to the reactor bottles (120 mL serum vials) and
sealed headspace free with teflon-coated septa and metal crimped caps.
The exclusion of headspace precluded the volatilization of THMs and the
teflon coating prevented adsorption of THMs onto the seals.
The pH-buffered samples were placed in an incubator set at 20 0 C
and allowed to attain this temperature.

The samples were removed from

the incubator and chlorinated with stock sodium hydrochlorite solutions
which had been standardized by the iodiometric method, as detailed in
Standard Methods (1985).

The chlorine solution was injected with a
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syringe through the septum and the displaced sample was allowed to flow
out of the vial through another syringe that had been inserted through
the septum.

The chlorine dose was based on the NPOOC measured for each

sample, with an applied C12 to NPOOC mass ratio of 3.

The injection of

chlorine solution represented time zero for calculating the duration of
the THM formation reaction.
The samples were placed in a 20°C incubator and the THM formation reaction was allowed to proceed for the prescribed reaction time of
168 hours.

At the end of the incubation time, all samples were sub-

jected to a qualitative determination of chlorine residual by injecting
one mL of distilled water into the reaction bottle, with the displaced
sample being transferred into a test tube containing one mL of OPO and
buffered reagents which had been prepared according to Standard Methods
(1985).

If the solution turned a pink color, it indicated the presence

of a chlorine residual.

All samples examined during this research were

found to maintain a chlorine residual over the 168-hour reaction
timeframe.
After the chlorine residual test was performed, the THMFP
reaction was terminated by injecting 1 mL of 0.624 N sodium thiosulfate
(a quantity in excess of the stoichiometric equivalent of the chlorine
dose) into the reaction bottle in the same manner as described for the
chlorine injection.

The reaction bottles were returned to the 20°C

incubator and analyzed as soon as possible (normally within one week).
THM analysis was performed with a Hewlett-Packard gas chromatograph (GC) Model 5194 equipped with a Ni-63 electron capture detector
(ECO) and a glass packed column (2.0 mm 10 x 2.0 m long) of 10% squalane
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on Chromosorb WAW (S0/100 mesh).

The instrument was operated under the

following conditions:

(1) injection port temperature

(2) column temperature

= 67°C.,

= 90°C.,

and (3) ECD temperature

= 275°C,

iso-

The carrier gas was ultrapure Argon-Methane (95/5 %) which was

thermal.

pretreated with a molecular sieve and a drying tube.

The electrical

output from the ECD was integrated by means of an external HewlettPackard 3390A reporting integrator.
A liquid-liquid extraction technique was used to transfer the
THMs from the aqueous phase into a non-polar organic phase for injection
into the GC.

The extraction procedure was performed by injecting 5 mL

of pesticide-grade pentane into the reaction bottle and manually shaking
the reaction bottle vigorously 200 times (about 2 minutes).

After an

adequate time for phase separation (about 5 minutes), a 3

aliquot of

the pentane layer was withdrawn with a 10

~L

~L

syringe (Model 701,

Hamilton Company, Reno, NV) for injection into the GC.
Calibration of the GC was made by using reagent grade THM species dissolved in methanol, as described in the Federal Register (1979).
All standards and samples were extracted and analyzed in the same
manner.

The concentrations of the standards bracketed the THM concen-

trations found in the sample.

Where nonlinearity of the detector was

observed at high concentrations, appropriate curvilinear corrections
were made.
3.S.11. Carboxylic Acidity Determinations
In the desorption mode of XAD-S adsorption chromatography, 50 mL
of 0.1 N NaOH eluent was collected to determine carboxylic acidity by

109
the potentiometric titration method.

The procedure described herein was

a modification of the method used by Perdue et ale (1980).

The carbox-

ylic acidity determination was made in a 200-mL three-neck distillation
flask in which a positive nitrogen atmosphere was maintained.

A SO-mL

XAD-8 eluent was placed in the flask and adjusted to pH 3.0 with concentrated HCI solution, purged with nitrogen for 10 minutes to remove free
carbon dioxide.

Titrations were performed by stepwise additions of car-

bonate-free 0.02 N NaOH solution from a S-mL, submerged-tip microburette
with 0.01 mL graduations.

An Orion Model 811 pH meter was used to moni-

tor the pH during the titration process.

A pH of 8.0 was used as the

titration endpoint to define operational carboxylic acidity, as suggested by Thurman and Malcolm (1983).

Aliquots (SO mL) of 0.1 NaCI solution

were used to estimate a blank correction.

Six blank replicates were

All samples and blanks were titrated in the same manner.

conducted.

The following formula was used to calculate carboxylic acidity
for each sample:
CA
where CA

=

(A - B) x N x 1000
(C - D) x V

= carboxylic acidity of sample, milliequivalents per gram
of hydrophobic NPDOC (meq/gm·C).

A

= volume of NaOH titrant required to raise the pH of the

B

= volume of NaOH titrant required to raise the pH of the

sample from 3.0 to 8.0, milliliter (mL) •

C
D
V

=
=
=

N

=

blank from 3.0 to 8.0, milliliter (mL). The value used
is the average of the figures for six blanks.
overall NPDOC of original sample.
hydrophilic NPDOC of original sample.
the volume of original sample processed during the
XAD-8 adsorption procedure, liter (L) •
normality of NaOH titrant, milliequivalents per
milliliter (meq/mL).
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. 3.9 Statistical Analysis
In order to individually and collectively evaluate the effects
of five experimental variables on particle formation and growth as well
as related organic matter removal, Duncan's Multiple Range Test (1955)
was employed to determine the significance of the differences between
parameter measurements derived from a comparison of paired sets of
experiments.
A general rule used for the a-level of Duncan's Multiple Range
Test is as follows (Duncan, 1955):
The difference between any two means in a set of n means is
significant provided the range of each and every suhset which
contains the given means is significant according to an Yp-level
range test, where a p = 1 - lp, Yp = (1 - a)p-1, and p is the
number of means in the subset concerned.
To apply Duncan's Multiple Range Test for equal sample sizes
(n), the m averages of parameter measurements are arranged in ascending
order, and the standard error of each average (Syi) is determined as:
m
SSE

=

L

(n - 1 )Si 2

( 1)

i=1

m
f

where:

n
m

=

L

i=1

MS E

= -SSE
f-

Syi

=

JM~E

(n - 1)

= m(n -

1)

(2 )

(3 )

(4 )

is the number of the sample size or replicates,
is the number of the average parameter measurement,
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Si
SSE
f
MSE
Syi

is
is
is
is
is

the
the
the
the
the

standard deviation of the ith average,
sum of the squares of error
degrees of freedom,
mean squares of error,
standard error of each average.

For unequal sample sizes, replace n in equation (4) by the harmonic mean

m

~

. i=l
Note that if n1

(5) .

(1 In. )
~

= n2 = •••• = nm,

then nh

= n.

From Duncan's table of

significant studentized ranges (Duncan, 1955), the values Ya(P, f), for
p

= 2, 3, ••• , m, are obtained where a is the significance level and

f is the degrees of freedom from the equation (2).
used in this research.

A a value of 0.05 is

Significant studentized ranges are converted

into a set of m - 1 least significant ranges (e.g., Rp) for p

... ,

= 2,

3,

m, by calculating as follows:
for p

= 2,

3 , ••• m

Then, the observed differences between averages (or means) are tested,
beginning with the largest versus the smallest, which would be comparied
with the least significant range Rm.

Next, the difference of the

largest and the second smallest is computed and compared with the least
significant range Rm-1.

These comparisons are continued until all

averages have been compared with the largest mean.

Finally, the dif-

ference of the second largest average and the smallest is computed and
compared against the least significant range Rm-1.

This process is

continued until the differences of all possible m(m-1)/2 pairs of
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averages have been considered.

If an observed difference is greater

than the corresponding least significant range, then we conclude that
the pair of averages in question is significantly different.

To prevent

contradictions, no differences between a pair of averages are considered
significant if the two averages involved fall between two other averages
that do not differ significantly.
In this research, the overall effects of each set of experimental conditions were evaluated on the basis of Duncan's Multiple Range
Test rather than using a conventional analysis of variance.

This

approach was taken because it could not be assumed that a consistent
mechanistic effect would be exerted by a parameter across the entirety
of the experimental design.
Use of Duncan's Multiple Range Test allows "localized" evaluation of the results.

In Figure 3.2, for example, each solid circle

represents a set of experimental conditions and each side or face of the
cube can represent another set of experimental conditions by averaging
the parameter measurements on the side or face of the cube.

Therefore,

the variation of experimental conditions between a pair of averages
compared may consist of one, two, ••• , or five parameters (or factors)
investigated in this research.

CHAPTER 4
RESULTS AND DISCUSSION
The discussion of experimental results is presented in two
sections:

(1) evaluation of factors affecting particle formation and

growth during the alum coagulation process, and (2) evaluation of factors affecting the removal of aquatic organic matter by the alum coagulation process.

The first section focuses on a

series of jar tests

conducted to investigate particle formation and growth under various
initial and operational conditions.

The second section concentrates on

detailed characterization of the dissolved organic matter present in the
untreated and treated waters.

The results of both sections are inferred

to: (1) interpret particle formation and growth mechanisms, (2) examine
the removal of aquatic organic matter and humic substances, and (3)
elucidate implications for water treatment design and operation.

Major

objectives were to delineate important factors affecting (1) particle
growth and potential removal during a subsequent solid-liquid separation
process, and (2) aquatic organic matter and humic substances removal
occurring in the presence and absence of particles.
4.1 Evaluation of Factors Affecting Particle Formation
and Growth During Alum Coagulation
In order to remove particles and the dissolved organic carbon
(DOC) associated with humic substances in water supplies, various types
of pretreatment processes can be utilized to enhance the effectiveness
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and efficiency of the subsequent solid-liquid separation processes such
as sedimentation and filtration.

Chemical coagulation is one of the

most effective pretreatment processes commonly used in water treatment.
Since both raw water characteristics and pretreatment operating parameters can affect particle formation and growth during coagulation, they
will also affect the performance of the subsequent sOlid-liquid separation processes.
In this research, two surface waters with comparable amounts of
non-purgeable dissolved organic carbon (NPDOC) were used as sources of
aquatic organic matter and humic substances.

Most of the naturally

occurring particles in water sources were removed by filtration through
prewashed

O.45-~

membrane filter (Millipore Type HA, Millipore

Corporation, Bedford, MA).

Various amounts of crystalline silica (Min-

U-Sil 5, Pennsylvania Glass Sand Corporation, Pittsburgh, PA) were added
to the filtered waters as an external source of model particles.
Chemcial and physical properties of the Min-U-Sil 5 are presented in
Chapter 3, Experimental Methods.
The specific objectives of this study were to evaluate, individually and collectively, the effects of two initial conditions and three
operating/pretreatment conditions by utilizing a bench-scale, batch-mode
experimental apparatus.

The initial conditions of a given water were

described by pH and turbidity.

The operating/pretreatment variables

included applied pre-ozonation dose, alum dose and flocculation time.
The phenomenon of particle formation and growth was monitored by turbidity, electrophoretic mobility (EPM) and particle size distribution
(PSD).

The effects of initial conditions and operating/pretreatment
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conditions the NPDOC removal quality were evaluated by filtering coagulated water through prewashed

O.45-~

membrane filters and measuring

the UV absorbance and NPDOC of the filtrate.

The purpose of

O.45-~

membrane filtration is to remove particles with sorbed DOC and flocs
with incorporated DOC.
The discussion of results derived from this phase of the
research was divided into nine sections, as shown below:
1.

Effects of Initial Conditions on Particle Formation and
Growth.

2.

Effects of Initial"Conditions on Treated Water Quality.

3.

Combined Effects of Selected Initial and Operating/
Pretreatment Conditions on Particle Formation and Growth.

4.

Combined Effects of Selected Initial and Operating/Pretreatment Conditions on Treated Water Quality.

5.

Effects of Sedimentation on Particle Size Distribution.

6.

Correlations Between Parameters Used to Monitor Particle
Formation and Growth.

7.

Correlations Between Parameters Used to Define Treated Water
Quality.

8.

Correlations Between Particle Growth and Treated Water
Quality.

9.

Implication for Water Treatment Plant Design and Operation.

4.1.1. Effects of Initial Conditions on Particle Formation and Growth
Two natural water sources, the Grasse River (New York) and the
Edisto River (South Carolina), were selected for investigation in this
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research.

Each source was processed by 0.45

~m

dissolved organic matter and humic substances.

filtration to isolate
Results of measurements

of selected water quality parameters for the two natural water sources
after

0.45-~

membrane filtration are presented in Table 4.1.

The filtration step also removed the diverse array of naturally
occurring supramicron particles of greater than 1.0
micron particles of greater than 0.45

~m

in size.

~m

as well as sub-

Crystalline silica

was added in the form of Min-U-Sil 5 as a highly characterized model
particle.

The reason for selecting silica as a model particle in pref-

erence to kaolinite or montmorillonite is because complications
associated with ion exchange are less prominent (Kane et al., 1964).
Particle count data for externally introduced silica are presented in
Table 4.2.

The corresponding turbidity (as NTU) for each level of

initial silica concentration (as mg/L Si02) is also listed in the Table
4.2.

Hereafter, the concentration of silica will be expressed as NTU

instead of mg/L.
Specific values of the independent variables evaluated for each
water source and each experiment are summarized in Tables 4.3 and 4.4
for the Grasse River and the Edisto River, respectively.

The numbers of

replicates conducted for each experiment are also indicated in the
tables.

Experiments R-1 through R-3 represent raw, untreated water

while Experiment 1 represents the designated baseline experiment.

The

orthogonal experimental design employed in this research was predicted
on varying one or more parameter's levels from their defined baseline
levels.
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Table 4.1.

Water Quality Characteristics of the Two Natural
Water Sources after 0.45 ~m Filtration

Parameter
pH

Grasse River
Canton, New York

Edisto River
Charleston, S. Carolina

7.5

7.6

NPDOC (mg/L)

4.956

4.352

UV Absorbance (pH 7,
254 nm, 1-cm cell)

0.186

0.164

Color (pH 7)
(p.c.u.)

27

28

Alkalinity
(mg/L as CaC03)

31

24

Total Hardness
(mg/L as CaC03)

41

22

Ca-Hardness
(mg/L as CaC03)

23

20

THMFP (~/L)
(pH 7, 168 hrs.)

3.589

2.914

THMFP (~g/L)
(pH 1, 168 hrs.)

431

396

Total Particle Count
(no./mL)(2.5-150 ~)

213

58

Total Particle Count
(no./mL)(1.0-60 ~m)

138
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Table 4.2.

Particle Size Distribution and Characterization for
Crystalline Silica (Min-U-Sil 5) Using CMB-150 and
HR-60 Sensors

MEASUREMENTS BY CMB-150 SENSOR
Concentration
(mg/L)

01

0.125 2

11

22

<0.1

<0.1

5

10

2.5-5.0 IJ.m
(no./mL)

77

1,617

135,597

271 ,117

5.0-10 IJ.IIl
(no. /mL)

16

107

8,024

16,032

10-20 IJ.m
(no./mL)

0

88

176

TPN3
(no./mL)

93

1,725

143,709

281,325

TPV4
(IJ.m 3/mL)

5,660

70,046

5,671,628

11,227,596

4.3

4.2

4.2

Turbidity
(NTU)

dv5
( IJ.m)
Note:

1.
2.

3.
4.
5.

The data presented for a concentration of 0 mg/L is the
baseline associated with the Milli-Q water.
The concentration of 0.125 mg/L represents a concentration
that can be measured by the CMB-150 sensor without dilution
and without exceeding the concentration limit (i.e., 2000
no./mL) specified by the manufacturer.
TPN - total particle number for particles between 2.5 and
150 1J.IIl.
TPV - total particle volume for particles between 2.5 and
150 1J.IIl.
dv - volume average diameter.
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Table 4.2. Continued.
MEASUREMENTS BY HR-60 SENSOR
01

Concentration
( mg/L)

0.05 2

11

22

<0.1

<0.1

5

10

1-2.5 jJ.m
(no./mL)

67

1,217

253,067

506,067

2.5-4.0 jJ.m
(no./mL)

48

573

115,548

231,048

4-6 jJ.m
(no./mL)

8

161

33,608

67,328

6-10 jJ.ID
(no./mL)

2

24

4,842

9,682

6

1,320

2,640

Turbidity
(NTU)

10-20 jJ.m
(no./mL)

0

TPN3
(no./mL)

125

1,981

408,445

816,765

TPV4
( jJ.m 3/mL)

2,111

41,289

8,621,291

17,240,472

3.4

3.4

3.4

dv5
(jJ.m)
Note:

1.
2.

3.
4.
5.

The data presented for a concentration of 0 mg/L is the
baseline associated with the Milli-Q water.
The concentration of 0.05 mg/L represents a concentration
that can be measured by the HR-60 sensor without dilution and
without exceeding the concentration limit (i.e., 5000 no./mL)
specified by the manufacturer.
TPN - total particle number for particles between 1.0 and
60 jJ.m.
TPV - total particle volume for particles between 1.0 and
60 jJ.m.
dv - volume average diameter.

120
Table 4.3.

Initial Conditions and Operational Parameter Levels for
Various Experiments Conducted with the Grasse River Source

Experiment

Initial Conditions

No.

Replicates

pH

Silica
(as NTU)

R-1
R-2
R-3
1*
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
Sed •

1
1
1
8
2
2
2
2
2
2
2
2
2
2
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2

7.5
7.5
7.5
5.5
5.5
5.5
5.5
5.5
7.0
7.0
7.0
7.0
8.5
8.5
8.5
8.5
5.5
5.5
5.5
5.5
5.5
5.5
7.0
7.0
7.0
7.0
7.0
7.0
5.5
7.0
5.5

0
5
10
5
5
5
5
5
0
0
10
10
0
0
10
10
5
5
5
5
5
5
5
5
5
5
5
5
0
5
5

experiment
•1 baseline
alum dose as A12(S04)3"18 H2O

Operational Conditions
Applied
Pre-Ozone Alum Dose 1 Flocculation
Dose (mg/L) (mg/L)
Time (min.)
0
0
0
2
2
0
2
2
0
4
0
4
0
4
0
4
4
0
4
0
4
0
4
0
4
0
4
0
2
2
2

0
0
0
25
0
25
25
50
25
25
25
25
25
25
25
25
5
5
25
25
50
50
5
5
25
25
50
50
25
25
25

0
0
0
20
20
0
0
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
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Table 4.4.

Initial Conditions and Operational Parameter Levels for
Various Experiments Conducted with the Edisto River Source

Experiment
No.
R-1
R-2
R-3
1*
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

18
19
20
21
Sed-1
Sed-2

Initial Conditions

Replicates

pH

Silica
(as NTU)

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

7.6
7.6
7.6
5.5
5.5
5.5
5.5
5.5
5.5
5.5
7.0
7.0
7.0
7.0
7.0
7.0
8.5
8.5
8.5
8.5
5.5
5.5
5.5
5.5
5.5
5.5

0
5
10
5
5
5
5
5
0
0
5
5
0
0
10
10
0
0
10
10
5
5
5
5
5
5

2

2
2
2
1
1
1
1
1

experiment
*1 baseline
alum dose as A12(S04)3'18

H2O

Operational Conditions
Applied
Pre-Ozone Alum Dose 1 Flocculation
Time (min.)
Dose (mg/L) (mg/L)
0
0
0
2
0
2
2
0
2
0
2
0
4
0
4
0
4
0
4
0
2
0
2
0
2
0

0
0
0
25
25
0
25
25
25
25
25
25
25
25
25
25
25
25
25
25
10
10
50
50
25
25

0
0
0
20
20
20
0
0
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
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Summaries of the average parameter measurements for coagulated
waters are presented in Tables 4.5 and 4.6 while corresponding parameter
measurements for

0.45-~

membrane-filtered waters are shown in

Tables 4.7 and 4.8.
Effects of initial conditions on particle formation and growth
were investigated under a standard coagulation condition, corresponding
to 25 mg/L of alum as AI2(S04)3 • 18 H20 with a corresponding stbichiometric amount of 19 mg/L of sodium bicarbonate as NaHC03 added to a 500
milliliter sample at the beginning of the rapid mixing period.

A rapid

mixing period of one minute with a velocity gradient of 300 sec- 1 was
followed by a flocculation (slow mixing) period of twenty minutes with a
velocity gradient of 30 sec- 1 •
and 4 mg/L.

Applied pre-ozonation doses were 0, 2,

Based on a preliminary experiment conducted to evaluate the

ozone utilization rate for

pre~ozonation

experiments, the exhausted

ozone trapped in the gas trap bottle filled with KI solution was
approximately 50% of the applied ozone dose.
The turbidity, volume average diameter (d v ) and EPM of the various coagulated waters under each set of initial conditions are presented
in Tables 4.9, 4.10 and 4.11, respectively.

The values of dv were cal-

culated from PSD data, which consisted of number concentrations of six
particle size intervals for each sample measurement.

The formula used

to calculate dv is as follows:
dv

where

~Ni

= (1:

6N'~ d ~. 3 / 1:

~N')~
~

is the particle number concentration (no./mL) of the ith size

interval, and di is the arithmetic mean size of the upper and lower size
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Table 4.5.

Average Parameter Measurements of Coagulated Waters for the
Grasse River Source.

Experiment
pH
No.
R-1
R-2
R-3
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
Note:

1.

2.

Turbidity
(NTU)

7.5
7.5
7.5
6.0
5.9
6.1
6.1
6.1
7.1
7.1
7.1
7.0
7.3
7.3
7.3
7.3
6.0
6.0
6.0
6.0
6.0
6.0
7.3
7.4
7.0
7.0
7.0
7.0

0.0
5.0
10.0
7.9
4.4
7.9
8.2
8.6
2.0
1.8
16.0
19.0
1.7
1.5
14.0
15.0
5.0
5.0
5.0
6.4
6.6
6.6
5.0
5.0
6.0
6.4
8.0
9.0

6.2

0.7

EFM
(~m/sec/volt/cm)

-2.1
-2.1
-1.1
-2.1
-1.2
-1.1
-0.1
-1.8
-2.1
-2.0
-2.0

-0.8

TPV 1

dv1

(~m)

TPN1
(no./mL)

4.7
4.2
4.2
16.0

213
143,709
287,325
5,684

11 ,834
5,671,628
11,331,596
11,998,319

10.7
11.8
16.1
6.5
7.8
11.2
17.0
8.5
7.4
10.7
11.2

7,137
5,093
4,154
934
1,936
5,091
3,510
72
122
5,714
5,134

4,566,694
4,382,688
9,078,122
74,092
123,511
3,715,715
9,063,469
22,991
26,038
3,664,866
3,673,194

13.4
18.5
16.2
14.9

7,965
3,499
4,954
6,200

10,034,594
11,600,021
11,028,100
10,738,661

13.1
8.8
16.4
17.8

7,046
10,194
4,100
3,436

8,293,850
3,637,410
9,469,238
10,146,419

6.2

1,226

138,201

(~m3/mL)

Data were calculated from measurements by the CMB-150 sensor
(2.5-150 ~m)
"__ " means data unavailable.
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Table 4.6.

Average Parameter Measurements of Coagulated Waters for the
Edisto River Source

Experiment
pH
No.
7.6
7.6
1.6
6.0
5.9
6.0
5.9
5.8
5.8
5.8
6.8
6.8
6.8
6.8
6.8
6.8
1.1
1.2
1.0
1.1
6.1
6.0
6.0
6.1
5.9
5.8

R-l
R-2
R-3
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
Sed-1
Sed-2
Note:

1.
2.

Turbidity
EPM
(NTU)
(Ilm/sec/volt/cm)
0.0
5.0
10.0
7.3
1.8
4.6
7.4
1.6
2.1
3.2
6.9
6.0
1.8
2.0
13.0
13.0
1.4
1.6
13.0
13.0
5.9
5.9
7.2
7.1
0.9
0.6

-2.1
-2.1
-0.3
-0.2
-2.0
-0.4
-0.0
-1.1
-0.8
-1.1
-0.9
-1.2
-1 .1
-1.6
-1.3
+0.4
+0.6
-0.3
-0.4

dv 1

(Ilffi)

TPNl
(no./mL)

TPV 1
( Il m3 /mL)

4.3
3.4
3.4
25.6
25.9

138
408,445
816,525
2,651
3,147

11.,164
8,621,291
11,240,412
23,267,220
28,402,321

15.8
16.0
5.3
6.3
19.4
25.6
5.8
5.5
23.0
30.6
1.1
6.2
29.0
30.8

1,391
1,392
3,041
2,784
2,315
2,189
1,832
3,504
1,600
1,168
866
1,888
1,553
1,531

2,898,113
2,932,186
213,491
394,295
14,164,852
18,948,101
119,123
285,904
16,110,196
26,036,392
162,382
230,432
20,866,427
23,414,061

26.6
26.6
3.1
4.2

1,112
1 ,113
6,252
6,343

17,462,514
16,881,145
165,815
246,061

Data were calculated from measurements by the HR-60 sensor
(1.0-60 Ilffi).
" __ " means data unavailable.
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Table 4.7.

Average Parameter Measurements for Treated Waters Derived
from the Grasse River Source

Experiment
No.

UV Absorbance
(254 nm, ambient pH, 1-cm cell)

NPDOC
(mg/L)

R-1
R-2

0.192
0.178
0.176
0.036
0.161
0.036
0.030
0.017
0.055
0.045
0.066
0.051
0.092
0.063
0.086
0.069
0.136
0.175
0.036
0.036
0.027
0.028
0.146
0.175
0.054
0.066
0.033
0.037
0.038
0.063
0.032

4.922
4.908
4.847
2.196
4.710
2.218
2.277
2.034
2.801
3.176
2.734
2.801
3.651
3.604
3.419
3.247
4.923
4.835
2.243
1.989
1.746
1.738
4.923
4.913
3.253
2.963
2.228
2.035
2.036
2.925
2.214

R-3
1
2

3
4

5
6

7
8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
Sed
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Table 4.8.

Average Parameter Measurements for Treated Waters Derived
from the Edisto River Source

Experiment
No.

UV Absorbance
(254 nm, ambient pH, 1-cm cell)

NPDOC
(mg/L)

R-1
R-2
R-3

0.169
0.162
0.160
0.032
0.036
0.'42
0.030
0.035
0.031
0.034
0.046
0.049
0.035
0.050
0.039
0.048
0.038
0.056
0.042
0.058
0.075
0.075
0.026
0.029
0.033
0.031

4.352
4.346
4.318
2.226
2.126
4.338
2.239
2.153
2.468
2.273
2.709
2.571
2.829
2.688
2.659
2.512
2.895
2.866
2.870
2.780
3.543
3.334
2.018
1.906
2.147
2.090

1
2

3
4
5
6

7
8

9
10
11

12
13
14
15
16
17
18
19
20
21
Sed-1
Sed-2
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Table 4.9.

Effects of Initial Conditions on Turbidity (NTU) of Coagulated Waters fo~ the Grasse River and Edisto River Sources
(Coagulation conditions: 25 mg/L alum and 19 mg/L NaHC03'
G = 300 sec- 1 for 1 minute, G = 30 sec- 1 for 20 minutes.)

GRASSE RIVER SOURCE
Initial
pH
5.5

7.0

8.5

Pre-Ozonation Dose
( mg/L)
0
2
4

Initial Silica Concentration (as NTU)
0
10
5
6.4
7.9
6.3

0
2
4

2.0

6.4

16

1.8

6.0

19

0
2
4

1.7

15

1.5

15

EDISTO RIVER SOURCE
Initial
pH
5.5

1.0

8.5

Note:

Pre-Ozonation Dose
( mg/L)
0
2
4

Initial Silica Concentration (as NTU)
10
0
5
3.2
7.8
2.7
7.3

0
2
4

2.0
1.8

13

0
2
4

1.6

13

1.4

13

" __ " means data unavailable.

6.0
6.9

13
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Table 4.10.

Effects of Initial Conditions on Volume Average Diameter
(~m) of Coagulated Waters for the Grasse River.and
Edisto River Sources
(Coagulation conditions: 25 mg/L alum and 19 mg/L NaHC03,
G = 300 sec- 1 for 1 minute, G = 30 sec- 1 for 20 minutes.)
GRASSE RIVER SOURCE1

Initial
pH

Pre-Ozonation Dose
(mg/L)
0
2
4

5.5

7.0

8.5

Initial Silica Concentration (as NTIJ)
0
10
5
18.5
16.0
13.4

0
2
4

6.5

8.8

11.2

7.8

13.1

17.0

0
2
4

8.5

10.7

7.4

11.2

EDISTO RIVER SOURCE2
Initial
Pre-Ozonation Dose
Initial Silica Concentration (as NTIJ)
__ P_H__________~(m~g~/~L~)--------------~-0~------~5~-------1-0---o
6.3
25.9
5.5
2
5.3
25.6
4

o
7.0

5.5

2

8.5

4

5.8

o

6.3
5.3

2

25.6
19.4

30.6
23.0

25.9
25.6

5

Note:

1.
2.
3.

Samples were measured using the CMB-150 sensor (2.5-150 ~m),
dv = 4.2 ~m for 5 and 10 NTU untreated waters.
Samples were measured using the HR-60 sensor (1.0 - 60 ~m),
dv = 3.4 ~m for 5 and 10 NTU untreated waters.
" __ " means data unavailable.
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Table 4.11.

Effects of Initial Conditions on Electrophoretic Mobility
(EPM) (~m/sec/volt/cm) of Coagulated Waters for the
Grasse River Sources
(Coagulation conditions: 25 mg/L alum and 19 mg/L NaHC03,
G = 300 sec- 1 for 1 minute, G = 30 sec- 1 for 20 minutes.)

GRASSE RIVER SOURCE1
Initial
Pre-Ozonation Dose
Initial Silica Concentration (as NTU)
__p~H__________~(m~g~/~L~)__________________~5_____________1_0_______

o
-1.1

2
4

7.0

8.5

o

-1.8

2
4

-2.1

o

-2.0

2
4

-2.0

EDISTO RIVER SOURCE2
Pre-Ozonation Dose
(mg/L)
0
2
4
0
7.0

2

8.5

Note:

1.
2.
3.

Initial Silica Concentration ( as NTU)
10
5
-0.2
-0.3
-0.8
-1 .1

-0.9

4

-1.1

0
2

-1.1

4

-1.2

EPM was -2.1 ~m/sec/volt/cm for untreated waters at pH 5.5
and 7.5.
EPMs were -2.0 and -2.1 ~m/sec/volt/cm for untreated waters
at pH 5.5 and 7.6 respectively.
tI __ tI means data unavailable.
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thresholds (i.e., boundaries in the ith size interval).

In essence, the

dv parameter represents a weighted average particle size based on particle volumes.

The size threshold settings for the CMB-150 sensor, which

was used for the experiments conducted with the Grasse River source,
were 2.5, 4.0, 6.0, 10.0, 20.0, 40.0 and

The size threshold

150~.

settings for the HR-60 sensor, which was used for the experiments conducted with the Edisto River source, were 1.0, 2.5, 4.0, 6.0, 10, 20,
and 60

~m.

By comparing total particle number (TPN) and total particle
volume (TPV) results for Experiments R-2 (i.e., filtered raw water with
5 NTU silica) and 1 (i.e., the baseline experiment) in Table 4.5 and
4.6, it can be seen that after alum coagulation the TPN decreases while
the TPV increases.

This change is reflected by a change in the dv

(e.g., 4.2 versus 16.0

~m

and 3.4 versus 35.6

source and the Edisto River source,

~m

for the Grasse River

respectively)~

The EPM determination was employed to measure the stability of
the model particles (i.e., crystalline silica, Min-U-Sil 5) in untreated
or coagulated waters.

For experiments involving the added silica, an

aliquot of each coagulated water was used to determine its EPM at ambient pH and ambient temperature.

For comparison purposes, the measured

EPM values at the ambient temperature were converted to equivalent
values at a standard temperature of 25 DC using a EPM Temperature Conversion Chart provided by the manufacturer (Zeta-Meter, Inc., New York).
For experiments without the addition of silica, no EPM data were available due to the inability of the instrument (ZETA-METER, Model ZM-SO,
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Zeta-Meter, Inc., New York) to determine the EPM of aluminum hydroxide
precipitates or flocs.
As shown in Table 4.9, the turbidity increased after coagulation
for both the Grasse River source and the

~disto

River source under all

of the initial conditions investigated.

The increase in turbidity was

due to the formation of aluminum hydroxides flocs as well as aggregation
of destabilized particles of silica.

For waters without silica addi-

tion, pre-ozonation reduced the turbidity increase by approximately 10
percent for both the Grasse River source and the Edisto River source
under all of the initial pH conditions investigated.

For waters with

silica addition, the effects of pre-ozonation on the turbidity of
coagulated waters did not show any consistent patterns.

A possible

reason for this inconsistency may be due to the lack of sensitivity
associated with the turbidity to the presence of large particles formed
during alum coagulation (Treweek, 1979).
Data associated with the volume average diameter of coagulated
waters are shown in Table 4.10.

As anticipated, the addition of silica

resulted in a significant impact on particle formation and growth,
especially for the Edisto River source.

For example, the ,volume average

diameter of coagulated water, under the initial condition of pH 7,
increased from 5.5
the

0.45-~

~

to 25.6

~

after the addition 5 NTU silica into

filtered Edisto River water.

the increase was from 6.5

~m

to 8.8

~m.

For the Grasse River source,
For experiments without the

addition of silica, the majority of particles in coagulated waters were
likely comprised simply of aluminum hydroxide precipitates.

A possible

reason for the Grasse River source not being as affected as the Edisto
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River source may be due to the fact that the filtered water from the
Grasse River source contained more "ambient" particles, ranging from
2.5

~m

to 10

~m,

than the Edisto River source (i.e., 213 versus 58

particles per milliliter).

It was also observed that the first addition

of 5 NTU of silica demonstrated a more significant effect on the increase in volume average diameter than that imparted by the second
incremental addition of 5 NTU silica; that is, when the initial condition of turbidity was increased from 5 to 10 NTU.

For the Edisto

River, the differential increases in volume average diameter were
21.1

~m

and 5.0

~m

for the first and second additions of 5 NTU of

silica, respectively.
increases were 2.0

~m

For the Grasse River source, the differential
and 2.7

~m

for the first and second addition of

5 NTU of silica, respectively.
In contrast to the effects of adding silica, the initial pH
condition showed a more significant effect on the increase of volume
average diameter for the Grasse River source than for the Edisto River
source.

It was found that under an initial condition of pH 5.5, pre-

ozonation resulted in lower volume average diameters of coagulated
waters, and the extent of this reduction increased with the increase in
applied pre-ozonation dose.

For the Grasse River source, the volume

average diameters of coagulated waters, under the initial condition of
pH 5.5 and 5 NTU, were 18.5, 16.0 and 13.4

~

for the applied pre-

ozonation doses of 0, 2, and 4 mg/L, respectively.

For the Edisto River

source, the difference between volume average diameters found at applied
pre-ozonation doses of 0 and 2 mg/L, under the initial condition of pH
5.5 and 5 NTU, was only 0.3

~m.
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In comparison to initial conditions of pH 5.5 and pH 8.5, an
initial condition of pH 7.0 was more conducive to pre-ozonation effects
on particle formation and growth, either enhanced or depressed depending
on the source of water and the addition of silica.

For the Grasse River

source, pre-ozonation, under the initial condition of pH 7.0, enhanced
particle formation and growth for experiments with and without silica,
and the extent of this enhancement increased with an increase in silica
addition.

On the contrary, with the addition of silica to the Edisto

River source, pre-ozonation, under the initial condition of pH 1.0,
depressed particle formation and growth, the extent of which increased
with an increase in silica addition.

Therefore, it can be concluded

that effects of pre-ozonation on particle formation and growth are not
only source-related but also related to initial water quality conditions.
The effects of initial conditions on electrophoretic mobility
are described in Table 4.11.

The results indicate that the electro-

phoretic mobilities measured under all of the initial conditions investigated were negative.

This implies that the negative surface charge of

the silica under the pH conditions investigated as not neutralized completely by the addition of alum.

It was found that the negative value

of electrophoretic mobilities increased with the increase of the initial
pH and the increase of silica addition.

It was also found that except

for the Grasse River source, under the initial condition of pH 8.5 and
10 NTU, the coagulated water with pre-ozonation exhibited more negative

electrophoretic-mobilities than those without pre-ozonation.

This trend

may result from the generation of negative charged functional groups
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(e.g., carboxylic acid groups) by ozonation of humic substances or the
removal of organic by sorption onto the surface of silica particles
( Jekel, 1983) •
4.1.2.

Effects of Initial Water Quality Conditions on Treated Water
Quality
This portion of the research employed the standard coagulation

condition described in Section 4.1.1.

The applied pre-ozonation doses

were 0, 2 and 4 mg/L.
As demonstrated by Wagner and Hudson (1981), laboratory jar
testing and filter-paper filtration can be used to roughly simulate sand
filtration and thus permit evaluation of the effects of initial conditions on filtered water quality.

UV absorbance and NPDOC were used as

parameters to measure dissolved organic matter and humic substances, and
thus samples were filtered to remove particulate matter prior to
measurement.
The initial pH conditions were maintained constant by adding a
stoichiometric amount of alkalinity (i.e., NaHC03) with alum at the
beginning of the rapid mixing period.

However, the initial pH condi-

tions of 5.5, 7.0 and 8.5 resulted in final pH levels of 6.0, 7.1 and
7.4, respectively, for the Grasse River source and 5.9,6.8 and 7.1,
respectively, for the Edisto River source.

According to Edzwald et ale

(1985), for natural surface waters, pH has little effect on the UV
absorbance readings in the pH range of 5.5 to 7.5.

This may be due to

the fact that most carboxylic acid functional groups of aquatic fulvic
acids are ionized while most phenolic hydroxyl functional groups are not
ionized in the pH range of 5.5 to 7.5 (Bales, 1986).

Therefore, the UV
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absorbances data presented in Table 4.12 were measured at final pH
levels.
The data presented in Table 4.12 indicate that the initial pH
condition was the predominant factor influencing the reduction of UV
absorbance by alum coagulation.

Among the initial pH conditions

investigated, a pH of 5.5 was the pH condition most conducive to the
reduction of UV absorbance.

Reductions in UV absorbance decreased with

increasing values of initial pH.

This may be because at lower pH levels

(e.g., pH 5.5) the aluminum hydroxide precipitates and other aluminum
hydrolysis species are more positively charged than those at higher pH
levels (e.g., pH 7.0 or 8.5) and therefore removal of UV absorbing
substances by adsorption-neutralization mechanisms is more effective at
lower pH levels than that at higher pH levels (Mangravite et al., 1975;
Vik et al., 1985).
To investigate the effects of initial turbidity on the treated
water quality derived from alum coagulation, silica was added to each
water source with mixing for 24 hours to insure adequate particle
dispersion as well as to provide pseudo-equalibrium conditions for
sorption of aquatic matters onto the silica.

The data presented in

Tables 4.7 and 4.8 (Experiments R-1, R-2, and R-3) imply that some UV
absorbing organic matter is adsorbed onto the silica and removed by
O.45-~

filtration.

However, the differences in UV absorbance are

found statistically insignificant when the Duncan's Multiple Range Test
is employed (see Section 4.1.4).
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Table 4.12.

Effects of Initial Conditions on UV Absorbance (cm- 1 )
of Treated Waters for the Grasse River and Edisto
River Sources
(Coagulation conditions: 25 mg/L alum and 19 mg/L NaHC03,
G = 300 sec- 1 for 1 minute, G = 30 sec- 1 for 20 minutes.)

GRASSE RIVER SOURCE1
Initial
pH
5.5

7.0

8.5

Pre-Ozonation Dose
( mg/L)
0
2
4

Initial Silica Concentration (as NTU)
10
0
5
0.036
0.038
0.036
0.036
0.066
0.063
0.054

0.066

0
2
4

0.055

0
2
4

0.092

0.086

0.063

0.069

0.045

0.051

EDISTO RIVER SOURCE2
Initial
pH
5.5

0
2
4

7.0

0
2
4

8.5

Note:

Pre-Ozonation Dose
(mg/L)
0
2
4

1.
2.
3.

Initial Silica Concentration (as NTU)
10
0
5
0.034
0.036
0.031
0.032
0.050

0.049
0.046

0.048

0.035

0.039

0.056

0.058

0.038

0.042

Raw Water UV absorbance (pH 7, 254 nm)
Raw Water UV absorbance (pH 7, 254 nm)
"__ " means data unavailable.

= 0.186
=

cm- 1 •
0.164 cm- 1•
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The effect of pre-ozonation on UV absorbance is depicted in
Table 4.12.

It can be seen that at the initial pH condition of 5.5,

pre-ozonation did not enhance or impair the UV absorbance reduction for
experiments conducted with the Grasse River source while approximately
10 percent of the experiments conducted with the Edisto River source
were enhanced.

For experiments not conducted under the initial pH

condition of 5.5, the beneficial effects of pre-ozonation on UV absorbance reduction increased with increases in initial pH condition and
ozone dose.

The reduction of the UV absorbance by ozonation may be due

to the conversion of UV absorbing double bonds present in humic substances to single bonds (Edzwald et al., 1985).
The positive effect of the higher initial pH condition may be
due to the greater concentration of hydroxide ions which can catalyze
the ozonation process.

As demonstrated by Hoigne and Bader (1979), free

radical reactions under alkaline conditions are the predominant ozonation mechanisms with reaction rates several orders of magnitude greater
than a direct reaction of molecular ozone.

In the radical reaction

pathway, ozone is converted to hydroxyl radical by reaction with
hydroxide ion or another free hydroxyl radical after which it reacts
either with the intended substrate to forman organic radical or with an
extraneous material (radical scavenger) such as bicarbonate ion.
The beneficial effect of pre-ozonation on UV absorbance reduction became less profound for the experiments with the addition of
silica.

This may be because the presence of silica reduces the ozone

transfer rate and, in turn, impairs the reaction between ozone and UV
absorbing organic matter (Sierka, 1986).
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The effects of" initial conditions on the NPDOC of treated waters
derived from alum coagulation are presented in Table 4.13.

The

significant effect of initial pH conditions on the reduction of UV absorbance was also found for NPDOC removal.

The most effective initial

pH condition for NPDOC removal was the same as that observed for UV
absorbance reduction (e.g., 5.5).
For experiments with and without pre-ozonation, a slight increase in NPDOC removal was observed in association with silica addition.

However, the differences in NPDOC are found statistically

insignificant when the Duncan's Multiple Range Test is employed (see
Section 4.1.4).
In contrast to UV absorbance reductions, NPDOC removals were
adversely affected by pre-ozonation for most of the initial conditions.
The reduction in NPDOC removal by pre-ozonation was likely because the
additional carboxylic functional groups generated by ozonation reduced
the adsorbability of ozonated products on model particles (silica) and
rendered the residual humics/fulvics more hydrophilic and thus more
difficult to be removed by alum coagulation.

Such findings agree with

the conclusions of other researchers (Jekel, 1983; Reckhow and Singer,
1984).

However, this reduction in NPDOC removal by pre-ozonation became

less profound by an increase in initial pH condition.

For the Grasse

River source, the effect of pre-ozonation on NPDOC removal changed from
deterioration to improvement when the initial pH condition increased
from 7.0 to 8.5.

For the Edisto River source, the effects of pre-ozona-

tion on NPDOC removal at higher initial pH condition were not as
dramatic as that for the Grasse River source.

These results also
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Table 4.13.

Effects of Initial Conditions on NPDOC (mg/L) of Treated
Waters for the Grasse River and Edisto River Sources
(Coagulation conditions: 25 mg/L alum and 19 mg/L NaHC03,
G = 300 sec- 1 for 1 minute, G = 30 sec- 1 for 20 minutes.)
GRASSE RIVER SOURCE1

Initial
pH

Pre-Ozonation Dose
( mg/L)
0

5.5

2

4
7.0

8.5

Initial Silica Concentration (as NTU)
10
0
5
1.989
2.036
2.196
2.243

0
2
4

2.801

0
2
4

3.651

3.419

3.604

3.247

3.176

2.963
2.925
3.253

2.734
2.801

EDISTO RIVER SOURCE2
Pre-Ozonation Dose
(mg/L)
0
2
4

Initial
pH
5.5

0
2
4

7.0

0
2
4

8.5

Note:

Initial Silica Concentration (as NTU)
10
0
5
2.273
2.126
2.468
2.226

1.
2.
3.

Raw Water NPDOC = 4.956 mg/L.
Raw Water NPDOC = 4.352 mg/L.
"--" means data unavailable.

2.688

2.571
2.709

2.512

2.829

2.659

2.866

2.780

2.895

2.870
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demonstrate the

benefi~ial

under alkaline solutions.

effect of pre-ozonation on NPDOC removal
This result may be due to the higher concen-

tration of hydroxide ions at higher pH conditions, catalyzing the
radical reactions of the ozonation process and, in turn, enhancing NPDOC
removal.
4.1.3.

Combined Effects of Selected Initial and Operating/Pretreatment
Conditions on Particle Formation and Growth
In order to collectively evaluate the effects of two initial

conditions and three operating/pretreatment conditions on particle
formation and growth, the average parameter measurements of coagulated
waters presented in Tables 4.5 and 4.6 were statistically analyzed to
determine the significance of difference at the 95 percent confidence
level using the Duncan's Multiple Range Test.

The Duncan's Multiple

Range Test was employed in this research due to its inherent advantages
over the more commonly used t-test when a number of comparisons are
involved within a given data set.

This approach was taken because it

could not be assumed that a consistent mechanistic effect is exerted by
a parameter across the entirety of the experimental design.

Use of

Duncan's Multiple Range Test allows 'localized' evaluation of the
experimental results.
The initial raw water data, designated as R-1, R-2, and R-3 in
the Tables 4.5 and 4.6, were employed to determine whether each set of
experimental conditions significantly affects particle formation and
growth during alum coagulation.

Turbidity, volume average diameter and

electrophoretic mobility were used to evaluate effects of particle
formation and growth.

The results of comparisons between initial raw
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water results and corresponding experimental results derived from
treated waters are presented in Tables 4.14 and 4.15, in which a '+' or
'-' indicates a statistically significant difference at the 95 percent
confidence level.

Thus, a '+' indicates an increase while a '-'

indicates a decrease in performance relative to the initial raw water
quality.

A blank entry indicates that differences in parameter values

are not statistically significant at the 95 percent confidence level
while a 'NA' means that the result of the comparison is not available
due to a lack of data.
The results presented in Tables 4.14 and 4.15 indicate that all
of the coagulation experiments conducted with the Grasse River and
Edisto River sources showed a statistically significant improvement in
particle formation and growth.

Most of the results show statistically

significant increases in turbidity and volume average diameter,
especially in the experiments including the addition of silica.
For the experiments with pre-ozonation only (Experiment 2 for
the Grasse River source and Experiment 3 for the ·Edisto River source),
both turbidity and electrophoretic mobility values did not indicate a
statistically significant change relative to those observed for the raw
untreated water.
The results of comparisons to the baseline experiment with an
applied ozone dose of 2 mg/L (Experiment 1 for both the Grasse River and
Edisto River sources) are presented in Tables 4.16 and 4.17.

It was

observed that an increase in the initial pH condition from 5.5 to 7.0
and 8.5 resulted in statistically significant deterioration in particle
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Table 4.14.

Experimental
Comparison
R-1 vs

Selected Results of Duncan's Multiple Range Tests
Between Initial Raw Water Results and Corresponding
Treated Water Results for the Grasse River Source

UV

Turbidity

6
1

10
11
R-2 vs

R-3 vs

1
2
3
4
5
14
15
20
21
Sed
8

+

EPM

Absorbance

+
+
+

+
+
+
+

R-1 vs R-2

+

R-2 vs R-3

+

R-1 vs R-3

+

+
+
+
+

NA
NA
NA
NA

+
+
+
+

+
+
+
+

+

+

+

+

+
+
+

+
+
+

+
+
+

NA
NA
NA
NA

NA
NA
NA
NA

+
+
+
+

+

+

+
+
+
+

+
+

+

+
+
+
+

+
+
+
+

NA

NA

statistically significant increase at 95% level.
"-" - statistically significant decrease at 95% level.
"NA" - data unavailable.
blank entry - difference not statistically significant.
"+" -

NPDOC

NA

9
12
13

Notes:

dv
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Table 4.15.

Experimental
Comparison
R-1 vs

R-2 vs

Turbidity
+
+
+
+
+
+

1
2
3
4
5

+
+

+
+

+
+
+

+
+
+
+
+

9
20
21
Sed-1
Sed-2

EPM

UV
Absorbance

NPDOC

NA
NA
NA
NA
NA
NA

+
+
+
+
+
+

+
+
+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+
+
+
+

+
+
+
+
+

+
+
+
+

+
+
+
+

+
+
+
+

+
+

NA

+
+

12
13
16
17

+
+
+
+

R-1 vs R-2

+

R-2 vs R-3

+

R-1 vs R-3

+

Notes:

dv

6
7
10
11
14
15

8

R-3 vs

Selected Results of Duncan's Multiple Range Tests
Between Initial Raw Water Results and Corresponding
Treated Water Results for the Edisto River Source

+
+
+
+

+

NA

NA

"+" - statistically significant increase at 95% level.
"-" - statistically significant decrease at 95% level.
"NA" - data unavailable.
blank entry - difference not statistically significant.

144
Table 4.16.

Experimental
Comparison
1 vs

2
3
4
5
6
1
8
9
10
11
12
13
14
15
16

Selected Results of Duncan's Multiple Range Tests
Between the Baseline Experiment Results and Other
Experiment Results for the Grasse River Source

UV

Turbidity

Notes:

EPM

Absorbance

NA
+

NA
NA
+
+

NA
NA
+
+

17

18
19
20
21
22
23
24
25
26
21
Sed

dv

+

NA
NA

NA
NA

NA
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

"+" - statistically significant increase at 95% level.
"-" - statistically significant decrease at 95% level.
"NA" - data unavailable.
blank entry - difference not statistically significant.

NPDOC
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Table 4.17.

Experimental
Comparison
1 vs

Selected Results of Duncan's Multiple Range Tests
Between the Baseline Experiment Results and Other
Experiment Results for the Edisto River Source

UV

Turbidity

EPM

Absorbance

NPDOC

2
NA

3
4

5

NA
NA

6
7
8

9

NA
NA

10

11
12
13

+
+

+

NA
NA

14
15
16

17
18

19

+
+

+
+

NA
NA

20

21
Sed-1
Sed-2
Notes:

"+" - statistically significant increase at 95% level.
"_" - statistically significant decrease at 95% level.
"NA" - data unavailable.
blank entry - difference not statistically significant.

+
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formation and growth during alum coagulation.
this deterioration are:

Two possible reasons for

(1) when the coagulation mechanism changes from

charge neutralization to sweep coagulation in association with a pH
increase, the optimal alum dosage

increase~,

and (2) the increase of the

electrophoretic mobility for silica due to the increase of the solution
pH increases the stability of silica and hinders particle formation and
growth during alum coagulation.
By comparing the results of experiments with and without preozonation in Tables 4.5 and 4.6, it can be seen that the electrophoretic
mobility of silica increased slightly after pre-ozonation.

It was also

observed that there was a negative effect of pre-ozonation on particle
formation and growth during alum coagulation for the water source with a
higher NPDOC.

The Grasse River source exhibited a higher NPDOC than the

Edisto River source (i.e, 4.956 mg/L versus 4.352 mg/L) and, statistically, particle formation and growth under baseline experimental
conditions for the Grasse River source was affected significantly by
pre-ozonation but not for the Edisto River source.
The results of comparisons between various initial and operating/pretreatment conditions are shown in Tables 4.18 and 4.19.

The

notation used in the tables are the same as that used in Tables 4.14
through 4.17.

All of the possible experimental comparisons were

analyzed by the Duncan's Multiple Range Test, but only specific results,
which showed statistically significant differences for at least one of
the parameters measured, are presented in these tables.

The presenta-

tion of results in these tables is arranged such that the effect of each
initial or operating/pretreatment condition on each parameter
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Table 4.18.

Selected Results of Duncan's Multiple Range Tests for
Various Initial and Operating/Pretreatment Conditions
Conducted with the Grasse River Source

Experimental
Comparison

Turbidity

dv

Initial pH condition
6 vs 10
9 vs 13
16 vs 22
17 vs 23
19 vs 25

+

Initial Silica Concentration
6 vs 23
+
23 vs 8
+
7 vs 22
+
22 vs 9
+
10 vs 12
11 vs 13
+

+
+
+
+
+
+

Pre-Ozonation Dose
15 vs 14
17 vs 16
5 vs 18
23 vs 22
8 vs 9

Flocculation Time
3 vs 17
4 vs 1
Notes:

UV
Absorbance

NPDOC

NA

'\'-

Alum Dose
15 vs 17
14 vs 16
16 vs 18
21 vs 23
23 vs 25
22 vs 24
20 vs 24

EPM

NA
NA
NA
NA
NA
NA
NA
NA
NA

+

NA
NA
NA
NA
NA
NA

+
+

+
+

+

+
+
+
+

+
+

+
+
+

NA
+

+
+

+

+

+
+

NA

"+" - statistically significant increase at 95% level.
"-" - statistically significant decrease at 95% level.
"NA" - data unavailable.
blank entry - difference not statistically significant.
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Table 4.19.

Experimental
Comparison

Selected Results of Duncan's Multiple Range Tests for
Various Initial and Operating/Pretreatment Conditions
Conducted with the Edisto River Source

Turbidity

Initial pH Condition
2 vs 9
1 vs 11
12 vs 16
13 vs 17

dv

EPM

NA

+
+
+

NA
NA

Pre-Ozonation Dose
9 vs 8
13 vs 12
17 vs 16

Flocculation
4 vs 1
5 vs 2
Notes:

"+" -

NPDOC

+

Initial Silica Concentration
1 vs 2
+
9 vs 13
+
14 vs 16
+

Alum Dose
3 vs 18
18 vs 20
19 vs 2

UV
Absorbance

+

+
+
+

NA
NA

+
+

+
+
+

+
+

statistically significant increase at 95% level.
"_" - statistically significant decrease at 95% level.
"NA" - data unavailable.
blank entry - difference not statistically significant.

+
+
+
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measurement was due an increase in the value of each condition in
progressing from the former to the latter experiment mentioned in the
first column of the table (e.g., 6 versus 10).
It is evident from Tables 4.18 and 4.19 that all of the initial
and operating pretreatment conditions affect, individually and collectively, particle formation and growth during the alum coagulation process.

The results also demonstrate that effects due to each change in

conditions can result in statistically significant differences, positively or negatively, in particle formation and growth.

For experiments

with changes in two or more conditions, combined effects can either
exceed or be less than individual effects.

It can be seen that both

water sources investigated in this research behaved in a comparable
manner to changes in initial and operating/pretreatment conditions.
Effects due to an increase in initial pH conditions or applied
pre-ozonation doses were found to be statistically significant in
inhibiting particle formation and growth.

However, when both changes

occurred conjunctively, a statistically significant improvement in
particle formation and growth was noted.

This shift in effect occurred

when the initial pH condition increased from 5.5. to 8.5 and the applied
pre-ozonation dose was increased from 0 to 4 mg/L.
Either an increase in the amount of silica, alum dose or flocculation time resulted in a statistically significant improvement in
particle formation and growth during alum coagulation.

When increases

in two or more aforementioned conditions occurred conjunctively, the
composite effects were greater than individual effects.

It was found

that the addition of a flocculation period of 20 minutes at a velocity
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gradient of 30 sec- 1 following a rapid mixing period of one minute at a
velocity gradient of 300 sec- 1 resulted in a statistically significant
increase in volume average diameter in the coagulated water.
4.1.4.

Combined Effects of Selected Initial and Operating/Pretreatment
Conditions on Treated Water Quality
The statistical approach discussed in Section 4.1.3 was also

employed to analyze the levels of dissolved organic matter found in the
treated water, as summarized in Tables 4.7 and 4.8.

Results of the

Duncan's Multiple Range Test for UV absorbance and NPDOC levels are
presented in Tables 4.14 to 4.19.

The notation used to show the

significance of the difference between various experiments is the same
as used previously: a

n+"

indicates a statistically significant increase

at 95% level, etc.
The results presented in Tables 4.14 and 4.15 show that the
untreated water derived from a source after adding various amounts of
silica (5 and 10 NTU) did not exhibit any statistically significant
difference in UV absorbance and NPDOC, compared to the absence of
silica.

This observation implies that the adsorption of UV absorbing

organic subsorbances or NPDOC onto silica was not statistically
significant.

Such findings agree with the conclusion associated with

using quartz powders (0.5-10

~,

Si02) and humic acids from the Ruhr

River and Hohloh Lake (Jekel, 1983).
Pre-ozonation with an applied ozone dose of 2 mg/L did not prove
to be statistically significant in reducing UV absorbance and NPDOC for
the Grasse River source but showed a statistically significant reduction
in UV absorbance for the Edisto River source.

Since the UV absorbance
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and NPDOC for the untreated Grasse River source were approximately
14 percent higher than those observed for the Edisto River source, the
applied ozone dose per milligram of NPDOC was actually higher for the
Edisto River source than that for the Grasse River source.

Moreover,

the required amount of applied ozone per milligram of NPDOC needed to
produce a statistically significant reduction in NPDOC is higher than
that needed to cause a statistically significant reduction in UV
absorbance.

This is because the reduction of UV absorbance can be

accomplished by simply converting complex aromatic compounds to less
complex aromatic compounds while the NPDOC reduction requires the
complete destruction of organic compounds to carbon dioxide and other
inorganic products.
For experiments with the lowest alum dose (e.g., 5 mg/L for
Experiments 14, 15, 20, and 21 for the Grasse River source), the results
demonstrated that pre-ozonation can reduce the alum dose requirement for
achieving a statistically significant reduction in UV absorbance.
Comparisons of results derived from other experiments against
results of the baseline experiment appear in Tables 4.16 and 4.17.

It

can be seen that, with only one exception, all of the experiments with
varied experimental conditions either showed no statistically significant changes in UV absorbance and NPDOC or showed a statistically
significant deterioration when compared against the baseline experiment.
The exception, Experiment 21 conducted with the Edisto River source,
exhibited a statistically significant improvement in NPDOC removal when
compared against the baseline experiment.

The initial conditions for

Experiment 21 were the same as those for the baseline experiment
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(i.e., pH 5.5, 5 NTU), but Experiment 21 did not employ pre-ozonation
and used 50 mg/L of alum (4.0 mg/L as Al or 1.5 x 10- 4 M as AI), twice
the dose used for the baseline experiment.
The results of comparisons between: various combinations of
experimental conditions are presented in Tables 4.18 and 4.19.

It is

evident that the addition of silica and the provision of a flocculation
time did not demonstrate any statistically significant effect on UV
absorbance and NPDOC levels.

While an increase in alum dose resulted in

a statistically significant improvement in UV absorbance and NPDOC
reductions, an increase in the initial pH condition could impair this
improvement.
Results shown in Tables 4.18 and 4.19 also depict the effects of
pre-ozonation under various other experimental conditions.

It was

observed that, only under experimental conditions in which alum coagulation alone could not achieve a statistically significant reduction in
UV absorbance, pre-ozonation may result in a statistically significant
improvement in the reduction of UV absorbance.

These experimental

conditions were pH 8.5 (e.g., Experiments 16 and 17 for the Edisto River
source) or an alum dose of 5 mg/L (e.g., Experiment Nos. 14 and 15 for
the Grasse River source).

For the reduction in NPDOC, experiments with

and without pre-ozonation did not exhibit any statistically significant
difference.
4.1.5.

Effects of Sedimentation on Particle Size Distribution
The sedimentation study was Simply involved adding a one-hour

settling period to the baseline experiment prior to the

0.45-~
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membrane filtration step.

After the one-hour settling period, an

aliquot of the supernatant of the settled water was withdrawn from the
beaker and analyzed for pH, turbidity, electrophoretic mobility and
particle size distribution.

Another aliquot of the supernatant was

filtered through a prewashed

0.45-~

membrane filter with the resultant

filtrate analyzed for UV absorbance and NPDOC measurement.

The

objective of this exper.iment was to simulate the conventional treatment
process as compared to the direct filtration process which was simulated
by the baseline experiment.
The results presented in Tables 4.16 and 4.17 demonstrated that
the addition of the sedimentation step provided a statistically significant improvement in reducing turbidity and the number of particles
greater than 10

~m

in the coagulated water.

However, the addition of

the sedimentation step did not demonstrate any statistically significant
improvement in filtered water quality, characterized by UV absorbance
and NPDOC.

Such findings agree with the conclusions made by comparing

the performance of conventional treatment and direct filtration plants
using Colorado River water (Collins et al., 1985) and Grasse River water
(Edzwald et al., 1982).
The effects of pre-ozonation on the particle characteristics of
the settled water, and the UV absorbance/NPDOC levels of corresponding
filtered water were investigated by conducting a set of baseline
experiments with the Edisto River source.
Table 4.20.

The results are presented in

Data for the initial untreated water and coagulated water

are also included for comparison.
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Table 4.20.

Effects of Pre-ozonation on Particle Characteristics of
Settled Water and Treated Water Quality Under
Baseline Conditions for the Edisto River Source
(pH 5.5, Si02 - 5 NTU, Alum - 25 mg/L, NaHC03 - 19 mg/L}
Ozone - 2 mg/L, G - 300 sec- 1 for 1 minute, G - 30 sec-I
for 20 minutes, settling - 1 hour.)

Without Pre-ozonation
Parameter

Raw Water

Final pH

Coagulated
Water

Settled
Water

With Pre-ozonation
Coagulated
Water

Settled
Water

5.5

5.9

5.8

6.0

5.9

5

7.8

0.6

7.3

0.9

-2.1

-0.2

-0.4

-0.3

-0.3

Volume Average
Diameter

3.4

25.9

4.2

25.6

3.7

Particle Count
(no./mL)
1.0 - 2.5 ~
2.5 - 4.0 ~
4.0 - 6.0 ~
6.0 - 6.0 ~
10 - 20 ~
20-60 ~

2,530,067
1,155,048
336,608
48,402
13,200
0

374
298
317
475
865
798

3,907
1,598
621
183
32
2

255
234
271
428
815
648

3,917
1,646
565
111
12
1

UV Absorbance
( cm-1 )( 254 nm)

0.158

0.036

0.031

0.032

0.033

NPDOC
(mg/L)

4.346

2.126

2.090

2.226

2.147

3.53

0.82

4.04

0.87

4.38

Final Turbidity
(NTU)
Electrophoretic
Mobility (25°C.,
~m/sec/volt/cm)

Power-Law
Coefficient

( ~)
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By examining data for particle size distributions, it was
observed that the experiment without pre-ozonation resulted in higher
volume average diameters in both the coagulated water and the settled
water in comparison to the experiment with pre-ozonation.

The results

also showed that the settled water without pre-ozonation contained
larger particles (i.e., greater than 4

~m)

than that in the settled

water with pre-ozonation (i.e., 838 no./mL versus 689 no./mL).

This

observation suggests that the flocs formed by alum coagulation with preozonation settled faster than those formed by alum coagulation without
pre-ozonation.

It was also observed that pre-ozonation did not exhibit

any statistically significant difference in the reduction of UV
absorbance and NPDOC.
4.1.6.

Correlations Between Parameters Used to Monitor Particle
Formation and Growth.
Turbidity, particle size distribution and electrophoretic mobil-

ity are three parameters that can be used to monitor particle formation
and growth during alum coagulation.

As emphasized by several research-

ers (Tate, Lang and Hutchinson, 1911; Treweek, 1919; Kavanaugh et al.,
19S0a; Lawler and Wilkes, 19S4), the particle size measurement is very
important because of the lack of sensitivity of turbidity measurements
to the presence of large aggregates (> 10
small particles

«

2

suspension turbidity.

~m)

~)

and the significance of

contributing to more than 90 percent of the

Data obtained from particle size measurements

were analyzed to calculate several parameters, including total particle
number (TPN), total particle volume (TPV), volume average diameter (d v )'
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and the power-law coefficient for particle size frequency distribution

Among the

parameter~

calculated from particle size measurements,

volume average diameter proved to be very sensitive to the concentration
of large-sized particles.

Indeed a shift in the particle size distribu-

tion from smaller to larger particles is indicative of particle growth.
However, when the

w~ter

contained relatively small concentrations of

particles or when the levels of measured particles in a sample were
close to the lower detection limit (i.e., noise level) of the particle
counter sensor, the calculated volume average diameter may be somewhat
misleading.

Consequently, values of total particle number and total

particle volume should be considered concurrently.
The value of TPN is simply the summation of particle number
concentrations (hN, no./mL) for the six size intervals used in this
research.

The value of TPV was estimated by assuming all particles were

characterized by a sphere shape.

The formula used to calculate TPN is

as follows:
TPV

7t
= 6"'
dv • TPN

where dv is the volume average diameter, which can be calculated by a
formula as follows:
dv

=

~

(L hN1
. d . 31
/ L hN . ) 3
1

where hNi is the particle number concentration (no. mL) of the ith size
interval, and di is the arithmetic mean size of the upper and lower size
thresholds.
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Lal and Lerman (1975) have successfully used the power-law size
distribution function to characterize a number of particle systems in
natural water.

The so-called two parameter power law size distribution

function is expressed as rollows:

where N is the particle number concentration (no./mL), 1 is the particle
size

(~),

and A and

~

power-law coefficient.

are empirical constants.

~

is known as the

In essence, the term of dN/dl is reflective of

the particle size distribution.
Following the approach used by Kavanaugh et ale (1980a) and
Lawler et ale (1980) to monitor changes in particle size distribution
during water treatment processes, power-law coefficients for experiments
conducted during this research under baseline conditions are summarized
in Table 4.21.

After examining the results for the coefficient of

determination (r 2 ), it can be seen that there was a strong correlation
(r 2

= 0.951 to 0.998) for raw water and settled water while a poor

correlation for rapid mixed water and flocculated water (r2
0.857).

= 0.298

to

Possible reasons for the poorer correlations associated with

rapid mixed and flocculated waters may be related to the insensitivity
of the sensor to particle size close to the lower detection limit (i.e.,
1

~

for the

HR~60

sensor used for Edisto River source and 2.5

~m

for

the CMB-150 sensor used for the Grasse River source), and the inherent
potential problems of the light obscuration or blockage principle associated with the particle counter.

The sensor employed, based on the
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Table 4.21.

Changes in Power-Law Coefficients, ~, During
Alum Coagulation under Standard Coagulation Conditions.
(pH 5.5, Si02 - 5 NTU, Alum - 25 mg/L, NaHC03 - 19 mg/L
Ozone - 2 mgl LO, G - 300 sec- 1 for 1 minute, G - 30 sec- i
for 20 minutes.)

Number of'
Cases
( n)

Size Range

Grasse River Source With Pre-ozonation
Raw Water
6.30
0.988
Rapid Mixed
2.30
0.857
Flocculated
0.884
2.55
Settled
5.85
0.990

3
5
6
4

2.5-150
2.5-150
2.5-150
2.5-150

Grasse·River Source Without Pre-ozonation
6.30
0.988
Raw Water
Rapid Mixing
0.851
2.93
2.34
0.840
Flocculated
Settled

3
5
6

2.5-150
2.5-150
2.5-150

Edisto River Source With Pre-ozonation
Raw Water
3.53
0.954
4.28
Raw Water
0.951
0.82
0.298
Rapid Mixed
Rapid Mixed
1.26
0.431
0.831
Flocculated
0.71
0.81
0.885
Flocculated
Settled
0.978
3.95
4.38
Settled
0.998

5
4
6
5
6
5
6
5

1.0-60
2.5-60
1 .0-60
2.5-60
1 .0-60
2.5-60
1 .0-60
2.5-60

Edisto River Source Without Pre-ozonation
Raw Water
3.53
0.954
4.28
Raw Water
0.991
Rapid Mixed
0.92
0.455
Rapid Mixed
1.35
0.605
Flocculated
0.74
0.897
Flocculated
0.82
0.888
3.61
Settled
0.975
4.04
Settled
0.996

5
4
6
5
6
5
6
5

1.0-60
2.5-60
1.0-60
2.5-60
1.0-60
2.5-60
1.0-60
2.5-60

Treatment

Power-law
Coefficient
(~ )

Coefficient of
Determination
( r2)

( Ilm)
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light obscuration principle, may underestimate the number of.smaller
particles « 2.5
(> 10

~)

~)

when they co-exist with larger particles

in the water sample and

simul~aneously

pass through the

illumination zone of the sensor with larger particles.

Results pre-

sented for the Edisto River source in Table 4.21 demonstrate that the
correlation was improved significantly by reducing the particle size

range from 1-60

~m

to 2.5-60

~.

From Table 4.21, it can be seen that the absolute

~

values

decrease during alum coagulation and increase after sedimentation.

This

observation is in agreement with the conclusions made by other researchers (Kavanaugh et al., 1980a; Lawler et al., 1980).
Electrophoretic mobility has been used to describe colloid
stability and predict the performance of the coagulation and filtration
processes in removing colloids from water (Kane et al., 1964; Riddick,
1980; and Bales, 1984).

An attempt was made to discern a possible

correlationship between electrophoretic mobility and volume average
diameter during alum coagulation.

It was observed that the electro-

phoretic mobility of silica decreased with an increase in alum dose.
However, the experiments with and without a flocculation period did not
exhibit a statistically significant difference in the reduction of
electrophoretic mobility.

This phenomenon suggests that electrophoretic

mobility can only qualitatively describe the stability of colloids or
the potential for particle formation but cannot quantitatively indicate
particle growth during alum coagulation.
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Results presented in Tables 4.5 and 4.6 indicate a poor correlation between turbidity and volume average diameter.

It was observed

that even though the 20-minute flocculation period at a velocity gradient of 30 sec- 1 resulted in a statistically significant increase in
volume average diameter, corresponding turbidity measurements did not
indicate any statistically significant change.
4.1.7.

Correlations Between Parameters Used to Define Treated Water
Quality
UV absorbance at 254 nm has been widely used as a surrogate

parameter for total organic carbon (TOC), total organic halide (TOX)
precursors and trihalomethane (THM) precursors by several researchers
(Edzwald and Laffin, 1983; Amy and Chadik, 1983; Reckhow and Singer,
1984; Edzwald et al., 1985) •. However, some attention should be given to
the characteristics of the aquatic organic matter present in a water
source and to sample-handling conditions.

The UV absorbance to TOC

ratio of a water was used by Edzwald et al. (1985) to indicate the
applicability of a predictive equation developed under a specific range
of UV absorbance to TOC ratios.

Sample filtration and pH adjustment are

also very important considerations because particulates may interfere
with UV absorbance determinations while pH can affect the magnitude of
UV absorbance measurements.
UV absorbance and NPDOC data shown in Tables 4.7 and 4.8 were
analyzed by least-squares linear regression.

The statistical results

indicated that there were good correlations between UV absorbance and
NPDOC for the Grasse River water (r 2 = 0.904) and the Edisto River water
(r 2

= 0.824). It was also observed that the UV absorbance to NPDOC
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ratio varied widely for experiments conducted with a given water source.
These ratios ranged from 1.32 to 3.90 for the Grasse River source and
from 1.24 to 3.89 for the Edisto River source.
an increase in the NPDOC removal efficiency.

The ratio decreased with
Thus, it can be concluded

that any predictive equation relating NPDOC to UV absorbance is not only
source-related but also treatment-related.
4.1.8.

Correlations Between Particle Growth and Treated Water Quality
The chemical coagulation process is employed to produce dense,

uniformly sized aggregates for removal by either sedimentation or filtration (Treweek, 1979).

Thus, the treated water quality is closely

related to the particle size distribution of coagulated water.

UV

absorbance and NPDOC, however, have become important surrogate parameters for defining water quality and monitoring plant performance due to
increased concerns of organic matter and its potential to form carcinogens such as trihalomethanes upon reaction with chlorine.

Several

researchers (Narkis and Rebhum, 1975; Dempsey et al., 1984; and O'Melia,
1985) have also demonstrated that chemical requirements for the coagu-

lation process are often controlled by the aquatic organic matter and
humic substances in a water as opposed to requirements for destabilizing
colloidal minerals (clays, metal oxides and silica).

Therefore, it is

considered important to examine possible correlation between the effects
of particle formation and growth and those on treated water quality.
The data shown in Figure 4.1 indicate that there was no conclusive correlation between the volume average diameter of coagulated
waters and the NPDOC of the corresponding treated waters.

Results
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Figure 4.1.

Correlation Between Volume Average Diameters
of Coagulated Waters and NPDOC of Treated Waters
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portrayed in Tables 4.18 and 4.19 also demonstrate that even though the
addition of silica and flocculation time resulted in a statistically
significant increase in volume average diameter, a statistically significant improvement in UV absorbance and NPDOC reductions of treated
water was not observed.

However, it was also found that when the volume

average diameter of coagulated waters increased due to an increase in
alum dose or a decrease in initial pH, reductions of UV absorbance and
NPDOC in treated waters also increased.

Possible reasons for the

discrepancy between these two observations are that the predominant
NPDOC removal mechanisms by alum coagulation occur at the beginning
stage of the coagulation process and size of particle nuclei formed at
this stage (i.e., the aluminum fulvate/humate nucleus hypothesized by
Snodgrass et al., 1984) are too small to be measured by the particle
counter used in this research.
The correlation between the electrophoretic mobilities of
coagulated waters and the NPDOC of the corresponding filtered waters is
depicted in Figure 4.2.

This graph demonstrates that reducing the

electrophoretic mobilities of colloids in water is essential for
improving the NPDOC removal efficiency by alum coagulation, althougb it
is not always economically practical to control alum coagulation at the
zero point charge (ZPC) condition.

The data shown in Figure 4.2 also

indicate that the type and amount of dissolved organic matter in water
can affect the surface chemistry and physical behavior of particles in
water, and further affect the NPDOC removal efficiency of the chemical
coagulation process.
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of Coagulated Waters and NPDOC of Treated Waters
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4.1.9.

Implications For Water Treatment Design and Operation
Several implications for water treatment design and' operation

can be discerned from the experiments conducted with the Grasse River
and Edisto River sources, two sources exhibiting similar water quality
characteristics such as pH, NPDOC, UV absorbance, color, alkalinity and
calcium hardness.
1.

Each factor investigated in this phase of the research

proves to be able to impart, individually or collectively, statistically
significant effects on particle formation and growth during alum coagulation.

Laboratory jar tests and membrane filter filtration have been

shown to be effective methods of investigating the effects of initial
and operating/pretreatment conditions on particle formation and growth
as well as the related organic matter removal.
2.

Under lower pH conditions (e.g., pH 5.5), pre-ozonation may

impair particle formation and growth by rendering negatively-charged
particles more negatively-charged (i.e., greater negative electrophoretic mobility).

Alum flocs formed by more negatively-charged particles

and strongly positively-charged aluminum hydroxide precipitates seem to
settle faster thap alum flocs without pre-ozonation.
3.

Under higher pH conditions (e.g., pH 8.5), pre-ozonation may

improve the removal of dissolved organic matter.

Therefore, the applic-

ability of pre-ozonation used with alum coagulation depends primarily on
pH conditions, as well as the chemical and physical characteristics of
particles and aquatic organic matter present in a water source.

166
4.

Since the predominant NPDOC removal mechanisms by alum

coagulation occur at the beginning stage of the coagulation process,
(i.e., rapid mixing period), the direct filtration process with or
without a flocculation period may be able to achieve the same NPDOC
removal as the conventional treatment process for some sources.
5.

Due to the limitations of commercially available particle

counters and the complex composition of particles in untreated and
coagulated waters, one must exercise caution in interpreting particle
size distribution data.

Even though volume average diameter is the

parameter used most often in evaluating particle formation and growth
and in selecting cost-effective water treatment processes, total
particle number and total particle volume are also very useful
parameters.
6.

By using the diagram (Figure 4.3) proposed by Wiesner

(1985), the 0.45

~m

filtered raw water (i.e., R-1) is suitable for

contact filtration, while with silica addition (i.e., R-2 and R-3) the
conventional treatment process would be the optimal treatment
configuration.
7.

By using the diagram (Figure 4.4) proposed by Kavanaugh

et al. (1980a), the 0.45

~

filtered raw waters with and without silica

addition are suitable for direct filtration.

For the treated waters

from Experiment 1 (baseline condition) and Sed-1 (baseline condition
with a 60-minute sedimentation period) are also suitable for direct
filtration.
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4.2

Factors Affecting the Removal of Dissolved Organic Matter
by Alum Coagulation
In order to provide more insight into the effects of initial and

operating/pretreatment conditions on the removal of dissolved organic
matter by alum coagulation, a series of

0~45 ~m

filtered waters were

derived from six sets of selected experimental conditions (as shown in
Table 4.22), and subjected to a detailed characterization.

The water

quality characteristics investigated during this phase of the research
included the apparent molecular weight (AMW) distribution of aquatic
organic matter, the humic substances content of aquatic organic matter
and the carboxylic acidity of humic substances.
Experimental conditions were selected such that the effects of
each initial or operating/pretreatment condition on water quality
characteristics could be investigated individually.

Experiment C-1 in

Table 4.22 was designated as the "ozone baseline" experiment due to the
special interest in pre-ozonation effects on the removal of aquatic
organic matter.

The selection of the initial pH condition of 5.5 and

alum dose of 25 mg/L was based on the results and discussion in the
previous section (i.e., Section 4.1), as well as the design and operat ion diagram for alum coagulation (Edwards and Amirtharajah, 1985).
The inital pH condition of 5.5 resulted in final pH levels ranging from
5.9 to 6.1.

(The alum dose of 25 mg/L as AI2(S04)3 • 18 H20 is

equivalent to 7.5 x 10- 5 mole/L as aluminum (AI) or 22.5 mg/L as
AI2(S04)3 • 14.3 H20.)

According to the alum coagulation diagram shown

in Figure 4.5, the color and turbidity removal mechanisms at a pH of 6.0
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Table 4.22.

Selected Experimental Conditions for Detailed
Characterization of Aquatic Organic Matter
Derived from Alum Coagulation of the Grasse River
and the Edisto River Sources

Initial
pH

Silica
Addition
(NTU)

Applied
Ozone
(mg/L)

Alum
Dose 1
(mg/L)

Flocculation
Time 2
(minutes)

C-1

5.5

5

2

25

20

C-2

5.5

0

2

25

20

C-3

5.5

5

0

25

20

C-4

5.5

5

2

0

20

C-5

5.5

5

2

25

0

C-6

7.0

5

2

25

20

Experiment
No.

Notes:

1. A stoichiometric amount of alkalinity (19 mg/L of NaHC03 for

25 mg/L of A12{S04)3 • 18 H20) was added with alum at the
beginning of the one-minute rapid mixing period.
2. An one-minute rapid mixing step at a velocity gradient of
300 sec- 1 was accomplished prior to the 20-minute flocculation (slow mixing) step at a velocity gradient of 30 sec-l
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and an alum dose of 1.5 x 10- 5 mole/L as Al is adsorption-destabilization by charge neutralization to zero zeta potential with aluminum
hydroxide precipitate AI(OH)3.

As postulated by Hayden and Rubin

(1914), the AI(OH)3 formed at pH values of less than 1 is positively-

charged and may participate in mutual- or heterocoagulation with
negatively-charged colloids or humic substances.

This mutual- or

heterocoagulation can further enhance the color and turbidity removal
efficiency by sweep coagulation.
Discussion of results derived from this phase of this research
is divided into five sections, as shown below:

4.2.1.

1.

Raw Water Ouality.

2.

Apparent Molecular Weight Distribution.

3.

Humic Substances Content.

4.

Carboxylic Acidity.

5.

Implication for Water Treatment Design and Operation.

Raw Water Ouality
The two aforementioned natural water sources, the Grasse River

and the Edisto River, were used for evaluating factors affecting the
removal of aquatic organic matter by alum coagulation.
quality charcteristics of the 0.45

~m

General water

filtered waters were previously

summarized in Table 4.1.
To provide some background into this phase of the research, the
two raw waters were subjected to a detailed characterization as
discussed below.

Raw water from each source was processed by 0.45

filtration to isolate the dissolved organic matter.

This isolated

~m
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dissolved organic

ma~ter

hydrophilic fractions.

was further separated into hydrophobic and
This fractionation was accomplished by passing

0.5 liters of acidified (pH 2.0) filtered water through a column of
XAD-8 resin (Rohm and Haas Company, Philadephia, PAl.

The organic

matter in the column effluent was deSignated as the hydrophilic fraction
while the organic matter adsorbed onto the resin was designated as the
hydrophobic fractibn.

The absorbed hydrophobic fraction was eluted by

passing 50 mL of 0.1 N NaOH solution through the column.

The collected

eluent was used to determine the carboxylic acidity of aquatic humic
substances by potentiometric titration with 0.02 M NaOH from pH 3.0 to
pH 8.0 (Oliver, Thurman and Malcolm, 1983).

Characteristics of the

hydrophobic and hydrophilic fractions associated with each water source
a·re shown in Table 4.23.
Both the 0.45

~m

filtered water and the XAD-8 filtrate (i.e.,

hydrophilic fraction) were adjusted to pH 7.0 and then filtered through
a series of ultrafiltration membranes (YC05, YM2, YM5, YM10 and YM30;
Amicon Inc.) for molecular weight fractionation at nominal molecular
weight cutoffs of 500, 1,000, 5,000, 10,000 and 30,000.

Aliquots

(45 mL) were processed through the range of membranes in parallel,
yielding a series of permeates, each containing all molecular weight
fractions below the indicated molecular weight cutoff.

All permeates

were characterized by UV absorbance (pH 7, 254 nm, 1-cm cell) and NPDOC.
The UV absorbance and NPDOC are presented as percentages of those in the
0.45-~

filtered raw water in Tables 4.24 and 4.25.
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Table 4.23.

Characteristics of Hydrophobic and Hydrophilic Fractions
Derived from Two Natural Water Sources after 0.45 ~m
Filtration and XAD-8 Resin Processing

GRASSE RIVER SOURCE
UV Absorb.1 THMFPI
Carboxylic
Acidity
NPDOC
NPDOC
(m- 1/mg/L) (jlM/mM) (meq/g·HB·NPDOC)

Fraction

UV
NPDOC Absorbance THMFP
(mg/L)
(cm- 1 )
(jlM/L)

Total

4.956

0.186

3.589

3.75

8.7

HB1

3.142

0.134

2.938

4.26

11.2

HI2

1.814

0.052

0.651

2.87

4.3

6.4

EDISTO RIVER SOURCE
UV
Fraction NPDOC Absorbance
( mgl L)
(cm- 1 )

THMFP
(jlM/L)

UV Absorb.1 THMFPI
Carboxylic
NPDOC
NPDOC
Acidity
(m- 1/mg/L) (~/mM) (meq/g·HB·NPDOC)

Total

4.352

0.164

2.974

3.76

8.2

HB

2.615

0.113

2.651

4.32

12.2

HI

1.737

0.051

0.323

2.94

2.2

Notes:

"--" means data unavailable.
1 "HB" means Hydrophobic.
2 "HI" means Hydrophilic.

8.5
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Table 4.24.

Percentage Distribution of UV Absorbance and NPDOC
Between Hydrophobic and Hydrophilic Fractions for the
Grasse River Source
(UV absorbance and NPDOC for 0.45 ~m filtered raw water
were 0.186 cm- 1 and 4.956 mg/L, respectively.)
UV ABSORBANCE (pH 7, 254 nm, 1-cm cell)

AMW Range

% of Overall
UV Absorbance

% of Hydrophobic
UV Absorbance
(72% of Total)

% of Hydrophilic
UV Absorbance
(28% of Total)

> 30 K

9

7

15

10-30 K

3

4

o

5-10 K

37

50

4

1- 5 K

36

31

46

0.5-

1 K

9

< 0.5 K

6

29
7

6

NPDOC

AMW Range

> 30 K

% of Overall
NPDOC

% of Hydrophobic
NPDOC
(63% of Total)

6

3

10-30 K

% of Hydrophilic
NPDOC
(37% of Total)

0

3

5-10 K

31

44

8

1- 5 K

35

45

18

0.5- 1 K

16

8

31

< 0.5 K

14

2

34
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Table 4.25.

Percentage Distribution of UV Absorbance and NPDOC
Between Hydrophobic and Hydrophilic Fractions for the
Edisto River Source
(UV absorbance and NPDOC for .0.45 ~m filtered raw water
were 0.164 cm- 1 and 4.352 mg/L, respectively.)
UV ABSORBANCE (pH 7, 254 nm, 1-cm cell)

AMW Range

% of Overall
UV Absorbance

% of Hydrophobic
UV Absorbance
(69% of Total)

% of Hydrophilic
UV Absorbance
(31% of Total)

> 30 K

19

9

43

10-30 K

0

0

0

5-10 K

43

60

6

1- 5 K

24

21

29

0.5- 1 K

7

4

14

< 0.5 K

7

6

8

NPDOC

AMW Range

% of Overall
NPDOC

% of Hydrophobic
NPDOC
(60% of Total)

% of Hydrophilic
NPDOC
(40% of Total)

> 30 K

5

2

10

10-30 K

0

0

0

5-10 K

35

45

20

1- 5 K

28

47

0.5- 1 K

10

0

24

< 0.5 K

22

6

45

111
Data shown in. Tables 4.1, 4.23, 4.24, and 4.25 indicated that
two water sources investigated in this research exhibited similar
characteristics even though they were located in geographically different regions (the Grasse River in the State of New York and theEdisto
River in the State of South Carolina).

The two sources were sampled at

different times of the year (March 25, 1985 for the Grasse River source
at the water treatment plant of Canton, New York, and June 19, 1985 for
the Edisto River source at the water treatment plant of Charleston,
South Carolina).

Both water sources contained higher amounts of hydro-

phobic NPDOC (HB-NPDOC) than hydrophilic NPDOC (HI-NPDOC): 63% versus
31% and 60% versus 40% for the Grasse River source and the Edisto River
source, respectively.

It was also observed that the majority of the

HB-NPDOC occurred in the AMW range of 1,000 to 10,000 (89% and 92% for
the Grasse River source and the Edisto River source, respectively),
while the majority of the HI-NPDOC was found in the AMW range of less
than 1,000 (65% and 69% for the Grasse River source and the Edisto River
source, respectively).

The mean AMWs of the HB-NPDOC and the HI-NPDOC

were 3,000 and 150, respectively, for the Grasse River source and 4,600
and 580, respectively, for the Edisto River source.

The mean AMW was

determined by interpolation of the AMW distribution data, based on
NPDOC.

For the convenience of discussion, the AMW will be expressed as

K (1000) during the remainder of this discussion.
As discussed in Section 4.1.1, UV absorbance is an useful surrogate parameter for TOC, as well as TOX and THM precursors.

Organic

compounds that are aromatic or that have conjugated double bonds absorb
light in the UV wavelength range.

Oliver and Thurman (1983) postulated
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that both phenolic groups and conjugated double bonds in a humic/fulvic
acid molecule are the sites for chlorine attack and subsequent trihalomethane production.

This implies that the AMW fraction having a higher

specific absorbance (i.e., UV absorbance/NPDOC, m- 1 /mg/L) is more susceptible to attack by oxidants such as chlorine or ozone, and more

readily reacts with metal hydrolysis products derived from metal
coagulants.

The results shown in Tables 4.24 and 4.25 indicate that

molecules with higher AMWs (> 30 K) exhibited higher specific absorbances for both hydrophobic and hydrophilic fractions.

This trend

implies that molecules with higher AMWs are most amenable to removal by
alum coagulation or ozonation.
Following the approach used by Plechanov (1983), the UV spectra
for both of the water sources and their corresponding hydrophilic
fractions are presented in Figures 4.6 to 4.9.

The graphs show that UV

absorbance decreased with increasing wavelength as anticipated.

For

both the overall water and its hydrophilic fraction, the UV absorbance
decreased to almost zero above 225 nm for AMWs of less than 1 K.

This

trend suggests that most of aquatic organic matter with AMW of less than
1 K is less aromatic or contains fewer conjugated bonds.

For both of

the water sources, the hydrophilic fractions with AMW of greater than 30
K and between 1 K and 5 K significantly contributed to UV absorbance.
This UV absorbing matter in the hydrophilic fraction likely consists of
so-called hydrophilic acids or hydrophilic humic substances (Thurman,
1985).
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The THM specific yield or reactivity of NPDOC is portrayed in
Table 4.23 as

~/mM.

Results shown in Table 4.23 indicate that the HB-

NPDOC exhibited a much higher THM reactivity than the HI-NPDOC; that is,
11.2

~/mM

versus 4.3

~/mM

and 12.2

~/mM

versus 2.2

~/mM

Crasse River and the Edisto River sources, respectively.

for the

In comparison

with the Grasse River source, the HB-NPDOC in the Edisto River source
exhibited a greater mean AMW (4.6 K versus 3.0 K), higher THM reactivity
(12.2

~/mM

versus 11.2

~/mM)

and greater carboxylic acidity

(8.5 meq/mg·HB-NPDOC vs. 6.4 meq/mg·HB-NPDOC).

This trend suggests

possible correlations between THM reactivity and AMW or carboxylic
acidity.
4.2.2.

Apparent Molecular Weight Distribution
Ultrafiltration (UF) and gel permeation chromatography (GPC) are

two of the most common techniques used to define the AMW distribution of
aquatic organic matter (Amy et al., 1985).

The UF technique was used in

this research because results are less affected by pH and the experimental apparatus is less complicated than GPC.
As emphasized by several researchers (Amy et al., 1985 and
Sinsabaugh et al., 1986), AMW distribution obtained by UF or GPC can
only be considered "apparent" distributions due to the operational
nature of the procedure.

Factors affecting the movement of molecules

across the membrane in the UF procedure include:

(1) molecular

characteristics such as shape and charge; (2) membrane characteristics
such as pore-size variation and surface charge; and (3) operating
conditions, including temperature, pressure, pH, NPDOC concentration,
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and ionic strength.

To minimize the influence of the aforementioned

factors, the technique of parallel UF separation was used in this
research instead of the serial UF separation.

The reason for this

decision is because the serial UF technique has the following major
disadvantages:

(1) except for the lowest AMW fraction

«

500),

concentrated retentates need to be collected and analyzed; (2) because
permeates from higher AMW cutoff membranes are used as· feeds to lower
AMW cutoff membranes, the sample available for analysis is more
restricted; and (3) the serial UF separation increases the exposure of
the sample to interactions between molecules and membranes such as
adsorption.
For valid comparisons between raw water and treated water, all
of the ultrafiltration steps performed in this research were accomplished under the same operating conditions of temperature (23.5° C.),
pressure (60 psi for YC05, YM2 and YM 5, and 40 psi for YM10 and YM30),
and pH (7.0).

Summaries of UF results derived from the two raw water

sources and the corresponding treated waters are presented in
Tables 4.26 and 4.27.
Plots of AMW distribution are shown in Figures 4.10 and 4.11,
portraying the effects of pre-ozonation on NPDOC and UV absorbance without the addition of alum.

These plots indicate that both the UV absor-

bance and the NPDOC reduction occurred in the same general AMW range but
the magnitude of the NPDOC reduction was less than that for UV absorbance.

Most of the UV absorbance and NPDOC reductions by pre-ozonation

occurred in the AMW range between 1 K and 5 K for the Grasse River
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Table 4.26.

Apparent Molecular Weight (AMW) Distribution of
UV Absorbance and NPDOC in Treated Waters Derived
from the Grasse River Source

UV ABSORBANCE (pH 7, 254 nm, 1-cm cell)
Experiment
No.

<0.45 /lm

< 30 K

Raw Water

0.186

0.169

0.163

C-1

0.041

0.039

C-2

0.038

C-3

AMW Range
< 10 K
< 5 K

< 1 K

<0.5 K

0.094

0.028

0.012

0.037

0.028

0.019

0.008

0.038

0.037

0.031

0.018

0.008

0.041

0.041

0.040

0.037

0.014

0.007

C-4

0.158

0.142

0.132

0.070

0.027

0.009

C-5

0.041

0.041

0.041

0.031

0.018

0.008

C-6

0.063

0.061

0.061

0.041

0.021

0.010

< 1 K

<0.5 K

NPDOC (mg/L)
AMH Range
< 10 K
< 5 K

Experiment
No.

<0.45 /lm

< 30 K

Raw Water

4.956

4.823

4.760

3.231

1.483

0.680

C-1

2.123

2.115

2.098

1.658

1.186

0.702

C-2

2.036

2.032

2.032

1.742

1.235

0.746

C-3

2.140

2.097

1.986

1.670

1.179

0.667

C-4

4.695

4.502

4.216

2.717

1.452

0.652

C-5

2.389

2.389

2.389

1.855

1.474

0.796

C-6

2.925

2.794

2.719

2.235

1.388

0.807

186
Table 4.27.

Apparent Molecular Weight Distr-iblltion of UV Absorbance
and NPDOC in Treated Waters Derived from the Edisto River
Source

UV ABSORBANCE (pH 7, 254 nm, 1-cm cell)
Experiment
No.

<0.45 Ilm

< 30 K

Raw Water

0.164

0.132

0.132

C-1

0.039

0.039

C-2

0.038

C-3

AMW Range
< 10 K
< 5 K

< 1 K

<0.5 K

0.061

0.022

0.011

0.031

0.029

0.012

0.008

0.035

0.029

0.021

0.016

0.011

0.041

0.041

0.035

0.035

0.020

0.009

C-4

0.155

0.135

0.088

0.061

0.027

0.008

C-5

0.041

0.038

0.037

0.032

0.017

0.007

C-6

0.049

0.049

0.038

0.034

0.022

0.009

AMW Range
< 10K
< 5 K

< 1 K

<0.5 K

NPDOC (mg/L)
Experiment
No.

<0.45 Ilm

< 30 K

Raw Water

4.352

4.118

4.111

2.579

1.344

0.934

C-1

2.166

2.157

1.954

1.694

0.954

0.907

C-2

2.146

1.977

1.694

1.655

1.036

0.940

C-3

2.119

2.117

1.640

1.631

1.119

0.933

C-4

4.352

4.343

3.337

2.450

1.472

0.805

C-5

2.166

2.131

2.090

1.725

1.194

0.881

C-6

2.556

2.553

2.146

1.859

1.230

0.913
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source and between 5"K and 10 K for the Edisto River source.

By

examining the UV absorbance and NPDOC data presented in Tables 4.24 and
4.25, it was observed that in the aforementioned AMW ranges the hydrophobic fraction exhibited higher values of UV absorbance and NPDOC than
the hydrophilic fraction.

This observation implies that the hydrophobic

fraction is more susceptible to reaction with ozone.

Figures 4.10 and

4.11 also show that the AMW range of less than 1 K did not exhibit any
changes in UV absorbance and NPDOC after pre-ozonation.

No consistent

trends in shifts of AMW were observed in these experiments.
Graphical comparisons between the ozone baseline experiment,
designated as C-1 in Table 4.22, and various other experiments are
presented in Figures 4.12 to 4.15.

By comparing the results of

Experiments C-1 versus C-4, it can be seen that alum coagulation removed
most of the NPDOC and UV absorbing matter in the AMW range of greater
than 0.5 K, but showed little effect within the AMW range of less than
0.5 K.

The results also indicate that the reduction in UV absorbance by

alum coagulation was higher than that in NPDOC.

This implies that most

UV absorbing matter or high-yield THM precursors are readily removed by
alum coagulation.
By comparing Experiments C-1 and C-6, it was observed that the
efficiency of alum coagulation in the removal of both UV absorbance and
NPDOC was impaired by the change of the initial pH condition from 5.5 to
7.0.

However, the specific AMW ranges affected by this pH change was

found to differ for the two water sources investigated.

For the Grasse

River source, the AMW range between 1 K and 5 K was found to be more
affected while, for the Edisto River source, effects on the AMW range
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between 10 K and 30 K was found to be more pronounced.
for these differences include:

Possible reasons

(1) a change in pH can affect the charge

density of the humic substances and influence the nature of polycation
complexes formed from hydrolysis of the trivalent aluminum ions and (2)
the two water sources investigated in this research contained different
amounts of hydrophobic and hydrophilic matter within each AMW range.
In comparing Experiments C-1 (ozone baseline experiment), C-2
(without the addition of silica), C-3 (without pre-ozonation) and C-5
(without a flocculation period), no discernible differences in reductions of UV absorbance and NPDOC were observed for either of the water
sources.

This suggests that, under optimal alum coagulation conditions,

neither an applied ozone dose of 2 mg/L nor the addition of 11 mg/L
silica exerted a significant effect, beneficial or not, on the reductions of UV absorbance and NPDOC by alum coagulation.

Moreover, these

results suggests that a 20-minute flocculation period after a one-minute
rapid mixing period may not be necessary for effective removal of NPDOC
and UV absorbancing matter by alum coagulation.
4.2.3.

Humic Substance Content
Humic substances are the dominant group of natural organic com-

pounds in waters (about 40% to 60% of the DOC) and are very reactive in
geochemical reactions and processes (Aiken et al., 1985).

Aquatic

humic substances do not consist of specific known compounds but rather
represent a fraction of organic matter with chemically similar properties.

Therefore, important characterics of humic substances can only be
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operationally defineq, and may vary from method to method for a given
water source.
The method of determining humic substances content· in this
research is based on adsorption chromatography using a XAD-8 resin, a
nonionic methylmethacrylate polymer that adsorbs organic matter from
water by hydrophobic bonding.

Therefore, the hydrophobic fraction of

the aquatic organic matter is "operationally" defined as humic substances and the hydrophilic fraction is "operationally" defined as nonhumic substances.

The "operationally" defined humic substances can be

further divided into humic and fulvic acids, depending on their solubilities at a pH of 1.0.

The "operationally" defined non-humic sub-

stances consist of some known and some unknown organic compounds.
The known non-humic SUbstances consist of amino aCids, carboxylic acids,
carbohydrates, hydrocarbons, and some trace organic compounds.

The

unknown non-humic substances, approximately 30% of DOC, have been
designated as "hydrophilic acids" (Leenheer and Huffman, 1976) and
likely consist of simple organic acids and complex poly electrolytic
acids, which may form THMs upon reaction with chlorine (Collins, 1985).
A summary of the characterization of .the hydrophobic and
hydrophilic (i.e., humic and non-humic) fractions for each untreated
water source as well as corresponding treated waters is presented in
Tables 4.28 and 4.29.

Each untreated and treated water were

characterized by UV absorbance (pH 7, 254 nm, 1-cm cell), NPDOC, and
THMFP (pH 7, 168 hrs., Cl2/NPDOC
well as the overallwater.

= 3) for the hydrophilic fraction as

The characteristics of the hydrophobic

fraction were then determined by calculating the differences between the
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overall water and the nydrophilic fraction.

To better compare removals

of hydrophobic and hydrophilic fractions during various experiments,
data presented in Tables 4.28 and 4.29 were used to calculate percent
reductions in UV absorbance, NPDOC and THMFP.

These results are

presented in Table 4.30.
By examining the percent reductions portrayed in Table 4.30, it
can be seen that some experiments resulted in negative values of percent
removal for the hydrophilic fraction.

It is speculated that some

substances classified as hydrophobic matter in the water source were
converted to hydrophilic matter by the treatment imparted during a given
experiment.

Among the experiments indicating negative values of

removal, pre-ozonation was the common pretreatment condition, and the
experiment with pre-ozonation and without alum addition (Experiment C-4)
exhibited the largest negative value of NPDOC and THMFP removal for in
the hydrophilic fraction.

This suggests that pre-ozonation alters some

hydrophobic molecules to become hydrophilic due to an increase in
hydroxyl, carbonyl or carboxyl groups (Maier, 1979).

As suggested by

Maier (1979), the formation of hydroxyl, carbonyl and carboxyl groups is
due to electrophilic additions to multiple bonds by ozone, which is the
predominant reaction mechanism at pH 5.5 and 7.0.
In comparison with the "ozone baseline" experiment (Experiment C-1), the alum coagulation experiment without pre-ozonation
(Experiment C-3) achieved higher NPDOC and THMFP reductions for the
hydrophilic fraction but exhibited lower NPDOC and THMFP reductions for
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Table 4.28.

Characteristics of Hydrophobic (HB) and Hydrophilic (HI)
Fractions for the Two Natural Water Sources and
Corresponding Treated Waters: UV Absorbance and NPDOC

GRASSE RIVER SOURCE
Experiment
No.

UV Absorbance (cm- 1 )
HB
HI
Total

HB

NPDOC (mg/L)
HI

Total

Raw Water

0.134

0.052

0.186

3.142

1.814

4.956

C-l

0.023

0.018

0.041

0.780

1.343

2.123

C-2

0.020

0.018

0.038

0.687

1.349

2.036

C-3

0.023

0.018

0.041

1.041

1.099

2.140

C-4

0.097

0.061

0.158

2.434

2.261

4.695

C-5

0.019

0.022

0.041

1.280

1.109

2.389

C-6

0.034

0.029

0.063

1.553

1.372

2.925

EDISTO RIVER SOURCE
Experiment
No.

UV Absorbance (cm-l)
HI
Total
HB

HB

NPDOC (mg/L)
Total
HI

Raw Water

0.113

0.051

0.164

2.615

1.737

4.352

C-l

0.024

0.015

0.039

0.898

1.268

2.166

C-2

0.025

0.013

0.038

0.915

1.231

2.146

C-3

0.026

0.015

0.041

0.990

1.129

2.119

C-4

0.105

0.050

0.155

2.344

2.008

4.352

C-5

0.026

0.015

0.041

0.936

1.230

2.166

C-6

0.030

0.019

0.049

1.249

1.307

2.556
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Table 4.29.

Characteristics of Hydrophobic (HB) and Hydrophilic (HI)
Fractions for the Two Natural Water Sources and
Corresponding Treated Waters: THMFP and THM Reactivity

GRASSE RIVER SOURCE
THMFP (IlM/L)
Total
HI

THM Reactivity (1lM/mM)
HI
Total
HB

Experiment
No.

HB

Raw Water

2.938

0.651

3.589

11.2

4.3

8.7

C-1

0.548

0.686

1.235

8.4

6.1

7.0

C-2

0.447

0.687

1.133

7.8

6.1

6.7

C-3

0.579

0.596

1.175

6.7

6.5

6.6

C-4

1.522

1.480

3.002

7.5

7.8

7.7

C-5

0.606

0.642

1.248

5.7

6.9

6.3

C-6

0.721

0.887

1.608

5.6

7.7

6.6

EDISTO RIVER SOURCE
THMFP (IlMlL)
Total
HI

THM Reactivity (1lM/mM)
HB
HI
Total

Experiment
No.

HB

Raw Water

2.651

0.323

2.974

12.2

2.2

8.2

C-1

1.096

0.204

1.300

14.6

1.9

7.2

C-2

0.981

0.198

1.179

12.9

1.9

6.6

C-3

1 .119

0.176

1.295

13.6

1 .9

7.3

C-4

2.457

0.463

2.920

12.6

2.8

8.1

C-5

1.119

0.192

1 .311

14.3

1.9

1.3

C-6

1.312

0.212

1.524

12.6

1.9

7.2
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Table 4.30.

Percent Reductions of UV Absorbance, NPDOC and THMFP for
Hydrophobic (HB) and Hydrophilic (HI) Fractions

GRASSE RIVER SOURCE
Experiment
No.

UV Absorbance
HB
HI
Total

HB

C-1

83

65

78

75

26

C-2

85

65

80

78

C-3

83

65

78

C-4

28

-17

C-5

86

C-6

75

NPDOC
HI
Total

HB

THMFP
HI

Total

57

81

-6

66

26

59

85

-5

68

67

40

57

80

8

67

15

23

-25

5

48

-127

16

58

78

59

39

52

79

44

66

51

24

41

76

-36

HB

THMFP
HI

Total

65
55

EDISTO RIVER SOURCE
Experiment
UV Absorbance
No.
HB
HI
Total

HB

NPDOC
HI
Total

C-1

78

73

76

66

27

50

59

37

56

C-2

77

77

77

65

29

51

63

39

60

C-3

76

73

75

62

35

51

58

46

56

C-4

7

2

6

10

-16

0

7

-43

2

C-5

76

73

75

64

29

50

58

41

56

C-6

72

66

70

52

25

41

51

34

49
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the hydrophobic fraction.

Considering UV absorbance, experiments with

and without pre-ozonation achieved the same percent reductions for t.he
hydrophobic and hydrophilic fractions.

This observation implies that

the higher NPDOC reduction in the hydrophobic fraction by alum coagulation with pre-ozonation may actually be due to a conversion of some
NPDOC from the hydrophobic fraction to the hydrophilic fraction and not
because of an improvement in alum coagulation caused by pre-ozonation.
Such findings are in agreement with conclusions derived from coagulating
pre-ozonated aquatic humic substances and silica with calcium chloride
at neutral pH (Jekel, 1983).
To investigate the effects of intial pH conditions on percent
reductions associated with the hydrophobic and the hydrophilic fractions, results derived from Experiments C-1 (pH 5.5) and C-6 (pH 7.0)
were compared.

It can be seen that the increase in the initial pH

condition from 5.5 to 7.0 resulted in a more significant impairment in
the removal of hydrophobic NPDOC as opposed to hydrophilic NPDOC.

These

trends suggest that the chemical behavior of hydrophobic matter is more
sensitive to pH change than that of hydrophilic matter.
As discussed in the previous section (i.e., Section 4.2.2), the
addition of silica and the elimination of a flocculation step did not
result in any discernible difference in UV absorbance, NPDOC and THMFP
reductions for the hydrophobic and hydrophil:i.c fractions.

This obser-

vation indicates that removal of NPDOC by alum coagulation is largely
accomplished during the rapid mixing period and is not appreciably
affected by adding 5 NTU of silica or by providing a 20-minute flocculation period.
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By examining.the THM reactivities shown in Table 4.29, it can be
seen that after alum coagulation, the THM reactivity increased in the
hydrophilic fraction and decreased in the hydrophobic fraction for the
Grasse River source.

For the Edisto River source, except for Experiment

C-4, the THM reactivity for the hydrophobic and the hydrophilic fractions did not exhibit any discernible differences.

As suggested by

Sinsabaugh et ale '(1986), the higher AMW, fast-reacting, high-yield THM
precursors are fulvic acids, accounting for approximately 80 to 90
percent of the hydrophobic fraction, which are readily removed by
chemical coagulation.

However, the THM precursors in the hydrophilic

fraction are less amenable to removal by alum coagulation.

The increase

in the THM reactivity of the hydrophilic fraction after alum coagulation
implies that some hydrophilic NPDOC, which are not THM precursors, may
be readily removed by alum coagulation.
4.2.4.

Carboxylic Acidity
The carboxylic acid group is one of the most important function-

al groups associated with aquatic humic substances because it imparts a
pH-related charge density as well as providing sites for metal complexation.

The phenolic hydroxyl group is another common functional group

found in aquatic humic substances but it exists primarily in its nonionized form at the pH of natural waters (6 to 8) due to its higher acid
dissociation constant (K a ).

Therefore, only the carboxylic acidities of

humic substances for untreated waters and corresponding treated waters
were determined in this research.

Carboxylic acidities are summarized
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in Table 4.31 as determined by potentiometric titration from pH 3.0 to
8.0.
For experiments with pre-ozonation and without alum addition
(Experiment C-4), the carboxylic acidity increased after pre-ozonation.
This observation agrees with Reckhow and Singer's work (1984) on ozona-

tion of Black Lake fulvic acid.

As observed by Reckhow and Singer

(1983), pre-ozonation hindered the alum coagulation of NPDOC and shifted
the region of optimal NPDOC removal to a higher alum dose range.

This

correlation between an increase in the carboxylic acidity and an
increase in the required alum dose suggests that the production of
carboxylic functional groups by pre-ozonation is not beneficial to alum
coagulation.

However, as postulated by Gurol and Pidatella (1983),

carboxyl and other functional groups produced by ozonation may provide
cross-linking of the particles by bridging and, in turn, reduce the
coagulant dose.

Therefore, the so-called ozone-induced microfloccula-

tion may require other changes in surface chemistry and the physical
behavior of inorganic and organic matter in addition to an increase in
carboxylic acidity by ozonation.
By examining the data presented in Table 4.31, it can be seen
that the carboxylic acidity of the residual hydrophobic matter present
in treated waters was higher than that found in the corresponding
untreated water source.

Moreover, the lower the NPDOC found in a

treated water, the higher the carboxylic acidity was.

As discussed in

Section 4.2.2, the remaining NPDOC in the treated water is characterized
by a lower AMW.

This apparent correlation between lower AMW and greater

carboxylic acidity in the treated waters implies that humic substances
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Table 4.31.

Carboxylic Acidities for Two Natural Water Sources and
Corresponding Treated Waters

GRASSE RIVER SOURCE
Experiment
No.

HB-NPDOC

Raw Water

3.142

6.4

C-1

0.780

19.3

C-2

0.687

14.7

C-3

1.041

10.8

C-4

2.434

10.2

C-5

1.280

12.4

C-6

1.553

10.6

(mg/L)

Carboxylic Acidity
(meq/g HB-NPDOC)

EDISTO RIVER SOURCE
Experiment
No.

HB-NPDOC

Raw Water

2.615

8.5

C-1

0.898

18.3

C-2

0.915

12.3

C-3

0.990

10.3

C-4

2.344

9.6

C-5

0.936

11.2

C-6

1.249

10.0

( mg/L)

Carboxylic Acidity
(meq/g HB-NPDOC)
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with higher AMWs and lower carboxylic acidities were more readily
removed by alum coagulation.

This trend is analogous to a comparison

between humic acids (e.g., higher AMW and lower carboxylic acidity) and
fulvic acids (e.g., lower AMW and higher carboxylic acidity) •
. 4.2.5.

Implication for Water Treatment Design and Operation
Several implications for water treatment design and operation

can be discerned from the experiments conducted with the aforementioned
Grasse River water and Edisto River water, two sources exhibiting
similar water quality characteristics in AMW distribution humic
substances content, aquatic organic matter and carboxylic acidity of
humic substances.
1.

As demonstrated by several researchers (Collins et al.,

1985; Sinsabaugh et al., 1986), chemical coagulation is more effective
in removing humic sUbstances with higher AMWs and lower carboxylic
acidities than those with lower AMWs and higher carboxylic acidities.
However, the remaining NPDOC in treated waters can still form a
significant amount of THMs upon reaction with chlorine.

Also, the non-

humic or hydrophilic fraction of the NPDOC proved to be less readily
removed by alum coagulation.

The non-humic substances found in treated

waters accounted for higher percentages of NPDOC and THMFP than the
remaining humic substances.
2.

Even though the removal mechanisms of alum coagulation and

ozonation are different, both processes proved to be more capable of
removing aquatic organic matter with a higher AMW and a lesser
hydrophilic nature than in removing aquatic organic matter with a lower
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AMW and a more

hydro~hilic

nature.

Thus, under optimum alum coagulation

conditions, pre-ozonation did not demonstrate any discernible
improvement in NPDOC and THMFP removal.
3.

Pre-ozonation of aquatic organic matter may result in an

increase in the NPDOC of the hydrophilic fraction and an increase in the
carboxylic acidity of the hydrophobic fraction.

These increases may

impair the NPDOC removal efficiency for the hydrophobic and hydrophilic
fractions by alum coagulation.

CHAPTER 5

CONCLUSION
The following conclusions may be drawn from this research:
1.

Each factor investigated in this research proves to be able
to impart, individually or collectively, statistically
significant effects on particle fOl'mation and growth during
alum coagulation.

2.

While the addition of model particles shows significant
enhancement in particle growth during alum coagulation, it
fails to demonstrate significant improvement in the removal
of dissolved organic matter.

3.

Effects of pH and alum dose on particle formation and growth
are accompanied by corresponding effects on the removal of
dissolved organic matter.

4.

Pre-ozonation of dissolved organic matter renders the
dissolved organic matter more hydrophilic by increasing its
carboxylic acid functional groups.

This phenomenon can

improve or impede particle formation and growth during alum
coagulation, depending on raw water chemistry and other
operational factors.
5.

The predominant removal mechanisms of dissolved organic
matter and humic substances occur at the beginning stage of
the coagulation process, that is, the rapid mixing period.
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Therefore, the direct filtration process with or without a
flocculation period may be able to achieve the·same reductions in dissolved organic matter and humic substances
removal for some sources.
6.

Alum coagulation is more effective in removing humic substances with higher apparent molecular weights and lower
carboxylic acid functional groups, as opposed to those with
lower apparent molecular weights and higher carboxylic acid
functional groups.

However, the remaining dissolved organic

matter and humic substances can still form significant
amounts of trihalomethanes upon reaction with chlorine.
Also, the operationally-defined non-humic substances
remaining in the alum-treated water account for higher
percentages of dissolved organic matter and trihalomethane
formation potential than the remaining humic substances.
7.

The measurement of particle size distribution is more
sensitive than the determination of turbidity in monitoring
particle formation and growth during alum coagulation.
However, due to the limitations of commercially available
particle counters and the complex characteristics of particles in untreated and treated waters, one must exercise

caution in interpreting particle size distribution data.

CHAPTER 6
RECOMMENDATIONS FOR FUTURE RESEARCH
The following recommendations are offered for continuing
research in the subject area which was investigated during this
research:
1.

Further study should focus on different types and concentrations of model particles (for example, aluminum oxide) as
well as different sources of surface waters and groundwaters.

Such a study may provide more insight into inter-

actions between different types of particles, as well as
particles and dissolved organic matter.
2.

Further study should focus on other conventional coagulants
such as Iron (III) coagulants or polymers as well as combinations of metallic coagulants and polymers as aids.

Such a

study may provide a better understanding of interactions
among coagulants, hydrolysis products of metal coagulants,
aquatic particles and aquatic organic matter.
3.

Further study should consist of pilot-plant studies on sedimentation and packed bed filtration.

Such a study may

provide more conclusive information regarding the relationship between particle growth and removal efficiency, as well
as the effectiveness of water treatment plant operation.
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4.

Further study should comprise highly-controlled laboratory
experiments using model organic compounds and model particles.

Such a study may yield more information on inter-

actions between functional groups of organic compounds and
the surface chemistry of particles.
5.

Further study should include detailed characterization of
water samples from sources which have exhibiyted beneficial
effects of pre-ozonation on chemical coagulation and
filtration.

Such a study may provide inSight into reaction

mechanisms of pre-ozonation with aquatic particles as well
as aquatic organic matter.
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