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I . Introduction

The organic carbon component of upland surface waters is composed of an
amorphous matrix of organic compounds ranging from simple dissolved
molecules through colloidal to particulate matter. The dissolved organic
carbon(DOC) fraction is the predominant phase in most upland streams and
geochemically the more important, representing discrete, chemically reactive
molecules(Malcolm, 1985 Thurman, 1985). The DOC content of originally colored
waters is extremely variable, however, ranging from approximately 5 mgC/ £ to
greater than 50 mgC/f. The composition of the DOC in organically colored
waters also varies quite considerably from source to source. In general, about
20~25 % of the DOC component is comprised of simple compounds such as
carbohydrates, carboxylic acids, amino acids and hydrocarbons. The remainder of
the DOC component in most upland waters is a complex mixture of organic
compounds that can only be defined operationally into two general groups:
aquatic humic substances and hydrophilic acids(Thurman, 1985).

Aquatic humic substances occur in every natural water sample that has been
analyzed for their presence(Malcolm, 1985). In most natural waters, they account
for about 40~60 % of the DOC component(Rebhun and Lurie, 1993). Humic
substances are a product of the microbiological, chemical and photochemical
degradation of allochthonous and autochthonous organic matter(Langlais et al,
1991, Malcolm, 1985; Steelink, 1985). They are composed of a heterogeneous
continuum of naturally-occurring organic compounds that can generally be
considered to consist of a wide-range of molecular weight (polydisperse),
non-volatile, hydrophilic, chemically-complex, polyelectrolytic organic acids that
impart a yellow to almost black coloration in many natural waters(Aiken et al,,
1985; Chiou, 1990; Thurman, 1985). Oden(1919) classified them in terms of four

fractions based upon the solubility of the composite molecules: humic



acid(soluble in base but not in acid), fulvic acid(soluble in acid and base),
humin(insoluble in water at any pH) and hymatomelanic acid(soluble in base
and alcohol but not in acid). In natural waters, the predominant fractions
present are fulvic and humic acids(Smith and Banks, 1986).

From a point of public health significance, the presence of humic substances
in natural waters causes many problems, such as formation of potentially
carcinogenic trihalomethanes(THMs) which form upon chlorination(Rook, 1974),
undesirable color, taste and odor in drinking water. In addition, it is known that
they are easily adsorbed on surfaces of many particles(Buffle, 1990). Adsorption
on particles is very important process for regulating of their transport in natural
waters as particles have a large surface area and high surface charge induced
by the formation of coatings on their surface. Such humic coatings also
contribute to the organic carbon content of clay particles, which has a far
higher adsorption capacity and the much higher stability(Fairhurst and Warwick,
1998; Gibbs, 1983, Jekel, 1986, Tipping and Higgins, 1982), It has been
speculated that a combination of electrostatic and steric stabilization is
responsible for the increased colloidal stability of humic-clay complexes
(Kretzschmar et al., 1998). For this reasons, it can make humic substances more
difficult to remove by conventional water treatment processes,

Several methods, including flocculation, oxidation and adsorption processes, are
used to remove aqueous organic materials or particles during water treatment
and a very common method is coagulation/ flocculation, followed by either direct
filtration, sedimentation or floatation. Since natural organics are nearly always
anionic over the usual range of natural water pH(pH 6~8), they interact
strongly with cationic additives, such as hydrolyzing metal salts and cationic
polyelectrolytes.

Up to the present, a large number of studies have been conducted on the
colloidal behavior or stability of particles, humic substances and particles

coated with humic substances(Buffle and Leppard, 1995; Chandrakanth and Amy,



1996; Gregory, 1976; Kjellin et al., 1997, Malcolm, 1985, Tipping, 1993; Tsuruta
et al, 1995), interaction of particles and humic substances(Zhou et al., 1994) and
coagulation/flocculation of particles(Dentel, 1991, Gregory, 1988, Gregory and
Nelson, 1986; Letterman et al., 1982) and humic substances(Babcock and Singer,
1979; Edzwald, 1977, Hall and Packham, 1965; Kam et al, 1997, Kavanaugh,
1978; Narkis and Rebhun, 1977). However, little reseach has been done on the
flocculation of humic substances in the presence of particles for their removal.
Also it is known that the ionic strength of the solution affects the
flocculation(Dahlgren et al, 1995, Lee and Gregory, 1990).

In this study, the flocculation charactenistics and the subsequent removal of
humic acid were investigated, using several cationic polymers of different charge
density and molecular mass, with several parameters such as the dosage of
each polymer, the content of kaolin particles and the ionic strength of the

solution.



II. Literature Review

1. Characteristics and removal methods of humic substances

1) Characteristics of humic substances

Humic substances are present in practically all surface-near soil and aquatic
environments, They are the organic compounds formed in soil, water and
sediment by the decay of dead organisms(Vik and Eikebrokk, 1989) and are
amorphous, acidic and predominately aromatic, hydrophillic, chemically complex
polyelectrolytes that can have molecular weights ranging from several hundred
to tens or hundreds of thousands(Tipping, 1993) and impart a yellow to almost
black coloration in natural waters(Aiken et al., 1985; Chiou, 1990; Thurman,
1985). Because living organisms are made up of a very large number of
different organic compounds, their degradation and the possible recombination of
the resulting products may lead to an almost infinite number of different
molecules(Buffle, 1990).

In the environment, the predominant fractions present are humic and fulvic
acids(Vik and Eikebrokk, 1989). Humic and fulvic acids originating from soil
include a large proportion of aromatic compounds(in particular benzenecarboxylic
and phenolic compounds) (Zhou et al., 1994), whereas the humic and fulvic acids
from sediments and the aquagenic type are much more aliphatic(Buffle, 1990).

Humic substances, humic and fulvic acids are enormously complex in
structure and some proposed chemical structure are given in Fig. 1. The

principal characteristics of humic and fulvic acids are summarized in Table 1.
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Fig. 1. Structure of humic substances([al; Trussell and Umphres, 1978)
humic([b]; Rook, 1974) and fulvic acids([c]; Schnizer, 1971).

Table 1. Principal characteristics of humic and fulvic acids
(Smith and Banks, 1986)

Properties Humic acids Fulvic acids
Color brown -~ black yellow ~ clear
Molecular weight 10° ~ 10° 500 ~ 5000
Aromatic carbon(%) - 60
C 55 ~ 60 42 ~ 52
Elementary composition(95) O 32~ % o4
H ~ 5 3~6
N 2 ~5 1 -2
Carboxyle 26 ~ 45 55 -~ 65
Phenolic 10 ~ 20 10 - 30
c?j:tyjs:ﬁon Alcohol 10 ~ 15 10 ~ 15
Carbonyle 10 - 25 5~ 10
Methoxyle 1~ 2 1~ 2




A common feature of humic substances is that they are fairly resistant to
degradation, ie., refractory ; their residence times are often in the range of
centuries to millennia(Buffle, 1990).

Humic substances with predominantly carboxylic, hydroxyl, and phenolic
functional groups are negatively charged at the pH of most natural waters, 6~
8. These charged groups repulse one another and spread out the molecules
(Kretzschmar et al., 1998; Tipping, 1993; Vik and Eikebrokk, 1989).

Humic substances possess ion-exchange and complex properties that are
associated with most constituents of water, including toxic elements and organic
micropollutants, They act as a vehicle for transport of toxic, water-insoluble
elements and organic micropollutants, thus influencing processes such as
dissolution, coagulation and crystal growth(Buffle, 1990, Collins et al, 1986,
Edzwald, 1993; Fairhurst and Warwick, 1998; Vik and Eikebrokk, 1989).

When chlorine is added to drinking water supplies in the concentration
required for disinfection, it has been found to react with humic substances of
the water to produce a variety of chlorinated products. The most ubiquitous
products, and the products found in the highest concentrations, are potentially
carcinogenic chloform(CHCl;) and other trihalomethanes(THMs)(Jimenez et al.,
1993). So the removal of humic substances and hence color from water is

therefore important to reduce its THM formation potential(THMFP).

2) Removal methods of humic substances

A variety of methods have been used for the removal of aqueous organic
compounds from potable water supplies, including coagulation, adsorption and

oxidation processes.

(1) Coagulation

Conventional treatment for the removal of aqueous organic compounds usually



involves the use of a hydrolysing metal salt, such as aluminium sulphate, ferric
sulfate, and polyelectrolytes followed by either direct filtration, sedimentation and
filtration, or flotation and filtration. The removal of dissolved organic compounds
from influent raw waters requires substantially more careful control of pH and
coagulant dosing and the efficiency of conventional treatment is strongly related
to the operational practice employed at a particular treatment plant, including the
coagulant dose applied, the use of a coagulant aid, the order of chemical
addition, the mixing intensity and the water pH maintained(Bragg et al.,, 1985;
Logsdon and Fox, 1982). Removals also vary according to the nature and
composition of the dissolved organic matter in the influent raw waters.

A review of the literature reveals that the typical organic color removals from
upland raw waters by coagulation processes is approximately 80%(Lambert and
Graham, 1992).

(2) Adsorption

Adsorption has become one of the most significant processes for the
treatment of potable waters over recent years and is increasingly being
considered for the removal of natural organic compounds from upland sources. It
is associated with the removal of dissolved contaminants from solution by their
accumulation at the surface of a solid, applied either directly in to the process
stream in a powdered form, or more frequently in a granular form as a filter
media. The solid—phase material is termed the adsorbent, while the contaminant
accumulated at the adsorbents surface is termed the adsorbate.

Adsorption occurs when the relative affinity of an adsorbate molecule for an
adsorbent surface is thermodynamically greater than the affinity of either the
adsorbate or adsorbent for molecules of the water. This is therefore dependent
upon the interacting properties of the adsorbate, adsorbent and components of
the aqueous environment in which they are placed. Properties of the adsorbates

important to their adsorption from solution are primarily molecular weight, steric



structure and functional group content. As a surface phenomenon, the propetties
of an adsorbent important to the adsorption of organics are primarily the
physico-chemical nature of the adsorbent’s surface and the extent of the surface
area available to potential adsorbates(Bernadin, 1985, Faust and Aly, 1987
Weber, 1985).

(3) oxidation

Oxidation processes have been an integral part of potable water treatment
operations since the 18th century, when the employment of aeration, to aid in
the removal of aqueous organic compounds, became common practice. The
aeration of raw waters has only a limited effect, however, and more powerful
oxidising agents, such as permanganate, chlorine dioxide, chlorine and ozone,
became Increasingly employed by treatment utilities throughout the 19th century.

In this country, the most commonly used chemical oxidant has been chlorine,
Applied extensively for the disinfection of finished water supplies prior to
distribution, chlorine used for the preoxidation of raw waters has the additional
advantages over other oxidants of low cost and ease of application. Chlorine is
also very effective not only as a pretreatment for the removal of aqueous
organic compounds, but also for the removal of some organic taste and odor
compounds. However, it has recently become evident that the chlorination of
potable waters containing a dissolved organic component results in the
formation of large quantities of potentially harmful halogenated organic
compounds. As a consequence, the application of chlorine as a raw water
pretreatment process has become particularly undesirable and interest in the use
of alternative oxidants has increased(Reynolds et al.,, 1989).

Of the alternative oxidants, ozone is currently receiving the most significant
interest. Due largely to the stringent requirements for water quality of current
legislation however, and increased consumer water quality expectations, ozone

has recently found a more extensive role as a raw water oxidant for a wide



variety of quality problems. These have been reviewed by Hyde and Zahel(1984)
and others(Langlais et al., 1991).

2. Flocculation by polymers

1) Polymeric flocculants

Chemical additives are used to improve the separation of particles or organic
materials by processes such as sedimentation, filtration and flotation. The use of
synthetic organic polymers in water treatment began in the late 1950's.

There are a few characteristics of polymers that make them more suitable for
a certain specific water treatment application. The most important characteristics
of polymers are the nature of the monomer unit that make up the polymer, the
type of charged group, the varying charge density, the molecular weight and the
structure(linear or hranched)of the polymer(Lee, 1991).

The organic polymers used in water treatment are chains of individual
monomer units, linked together in a linear or branched configuration. Functional
groups are located periodically along the chain and they may possess a negative
charge(anionic polymers), positive charge(cationic polymers), or an overall
neutral charge(nonionic polymers). These polymers are also referred to as
"polyelectrolytes”, although the term strictly applies only to the cationic and
anionic types. The length of the polymer chain is indicated by the molecular
weight of the polymer, but this is actually an overall average for the many
individual molecules,

Polymer charge density refers to the concentration of positive or negative
charge on a polymer, either per unit weight or as a percent of potentially

ionized monomer content. Charge density depends on the number of ionisable

10



groups and the degree of ionization and it is a function of polymer type,
polymer content in the product, product concentration when added to water, and
solution pH for some polymer types. The number of ionisable groups is
determined during polymer synthesis e.g., the degree of hydrolysis of
polyacrylamide or the proportion of cationic monomer incorporate(Lee, 1991)

The charge density and the molecular mass of the polymer can affect the rate
of flocculation. Charge density has been shown to be the more important
characteristic for coagulant polymers when used in dilute particle systems(Lee
and Gregory, 1990; Ghosh et al,, 1985; Gregory, 1993), but molecular weight has
also been indicated as an important factor in some cases(Treweek and Morgan,
1979).

Stumm and O'Melia(1968) reported on a linear stoichiometric relationship
between the optimum dosage of positively charged flocculants necessary for
adsorption coagulation with charge neutralization and the concentration of

negatively charged particles.

2) Flocculation mechanisms by polymers

The flocculation of suspended particles by polymers is a complex process
involving an initial period of polymer adsorption followed by particle
aggregation, The following sequence of steps was envisaged by Akers(1972).

(a) Transport of polymer molecules to the suspended particles.

(b) Adsorption of polymer chains on the particles.

(c) Re-arrangement of the adsorbed polymer chains to give an equilibrium

configuration,

(d) Collisions of particles to form stable flocs either by bridging or by

electrostatic patch effects.

{e) Break-up of flocs.

Glaser and Edzwald(1979) thought that coagulation of humic substances by

"



polymers was two-step process in which the humic acid and polymer behave as
flexible macromolecules with opposite charge. The first step is a polymer-humic
interaction induced by electrostatic attraction and leading to a neutral net charge
as these two chains intermingle. Floc formation ensues due to collision with
further macromolecules and interweaving to form an extensive cross-linked
network. However, these processes are not easy to separate and may occur
simultaneously, making analysis of the overall process rather difficult.

The charge neutralization effect of the adsorbed polymer is the main
mechanism for flocculation. The amount of positive charge adsorbed at optimum
dosage is about the same for all of the polymers used and then they serve to
produce an overall charge in the adsorption region that approaches electrical

neutrality

Table 2. Summary of characteristic of flocculation parameters for

polymers(Lee, 1991)

Parameter Charge neutralization Bridging
- little effect .
Molecular ) - high molecular mass more
+ very high molecular mass .
mass . L effective
can give bridging effect
- more effective with high - more effective with high
Charge } \
. charge density because of charge density because of
density

greater neutralization effect  expansion of polymer chains
* near zero charge

+ usually not zero charge
- dose proportional to
particle concentration

Optimum - dose proportional to the
dose total surface charge of
particles

. - restabilization due to no
- restabilization due to charge o .
Overdose vacant bridging sites
reversal .
available
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Many studies of coagulation using polymers have showed that optimum
polymer dosages lead to near zero electrophoretic mobility or electrical
charge(Lee and Gregory, 1990). The reversal of particles charge is also found to
occur at a dosage very close to the optimum flocculation dosage(Lee, 1991). The
characteristics of flocculation parameters for polymers are shown in Table 2.

The stability of a colloidal particles can be reduced by the addition of a small
quantity of polymer and two models have been suggested to explain the
flocculation of colloidal particles on addition of polymer. In the polymer bridging
model, as shown in Fig. 3[al, segments of polymer molecules attached to
particles at many points and adsorb on more than one particle, especially when
the molecular dimensions of the polymer are comparable with the size of
colloidal particles. The particles are said to be “bridged” and this flocculation
mechanism is defined bridging flocculation. In order to bring about bridging
flocculation, adsorbed polymers must extend far enough from the particle surface
to attach to other particles and there must be sufficient unoccupied surface
available for adsorption of segments from these extended polymer
chains(Ruehrwein and Ward, 1952). The bridging may be too weak to withstand
the shearing forces induced by the shear condition, if too few bridging contacts
are made(Black et al, 1965). Conversely the bridging will be hindered if too
many adsorption sites are occupied by adsorbed polymer segments. According to
Pelssers et al.(1990), polymers may lose their ability to "bridge” colliding
particles if the thickness of the adsorbed layer becomes shorter than the range
of electrostatic repulsive forces, due to the flattening of adsorbed polymer
molecules with time. In dilute suspension and for low polymer dosages, the
effect of the flattening of polymer molecules on the flocculation of the
suspension can be significant. Generally, the most effective bridging flocculation
is found with linear polymers of very high molecular weight(several million), so
that extended loops and tails can form, increasing the probability of attachment

to other particles(Fig. 2). Also, it is found that there is an optimum dosage
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range for effective flocculation. At lower dosages, there is insufficient polymer
to form adequate bridging links between particles. With excess polymer, there is
no longer enough bare particle surface for attachment of segments and the
particles become restabilized, which may involve some steric repulsion. Bridging
flocculation can give flocs which are much stronger than those produced just by
the addition of salts(ie. by reducing electrical repulsion).

The electrostatic patch effect can be regarded as another form of bridging
interaction, the difference being the thickness of the adsorbed layer. In the
electrostatic patch model, the polymer adsorb on oppositely charged particles so
that there are areas of either excess positive or excess negative charges on the
surface(Gregory, 1973). Attraction of particles occurs when positive areas of one
particle come into contact with the negative areas of another particle, as shown
in Fig. 3[b]. This model of flocculation can be significant in using high charge
density polymers. At low ionic strengths, this extra attraction can give
measurable increase in flocculation rate due to the long range of the attractive
double layver forces(Gregory, 1976).

Flocculation of a suspension does not begin immediately after an addition of
polymer. For both the bridging mechanism and the electrostatic patch effect,
colliding particles need to acquire enough adsorbed polymer to be sufficiently

destabilized for flocculation to occur.

loops

tall

tralngs

Fig. 2. A schematic diagram showing the conformation of an

adsorbed polymer molecule in train, loops and tails.
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[a)

[bl

Fig. 3. Schematic illustration of bridging flocculation[al
and electrostatic patch model(bl.
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In the flocculation of charged particles by oppositely charged polymers, the
adsorbed polymer changes a three dimensional coil into a nearly two
dimensional flattened coil on the particle surface(Lee, 1991). But there is no
information on the time taken for polymers to re-arrange on the particles.

The lag time between the addition of polymer and the onset of flocculation can

be more pronounced in dilute suspensions(Lee, 1991).

3. Flocculation monitoring methods

Measurement of the light scattered by suspended particles and of often made
to monitor the flocculation of suspension. In general, there are two types of
light-scattering experiments that may be performed: angular light scattering,
where the intensity of the scattered light is measured as a function of
scattering angle, and turbidity(or optical density) determination, where the
intensity of the transmitted beam is measured. A third flocculation monitoring
technique, based on fluctuations in the intensity of transmitted light, was
developed by Gregory and Nelson(1986). This technique is described below.

The PDA 2000 manufactured by Rank Brothers Ltd., was used as an on-line
monitoring system to detect changes in the state of aggregation of a
suspension(Ching et al, 1994, Gregory, 1984; Gregory, 1987, Gregory, 1988;
Gregory, 1990; Gregory and Guibai, 1991, Guibai and Gregory, 1991, Kayode and
Gregory, 1988, Lee, 1991, Lee and Gregory, 1990). When a flowing suspension is
illuminated by a narrow light beam, the transmitted light intensity varies
randomly about a mean value(see Fig. 4). These variations are caused by
random changes in the number and type of particles in the beam, since the
sample is continuously renewed by flow, Number fluct‘uations follow the Poisson

distbution, so that the standard deviation about the mean is just the
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square-root of the mean value. Thus, if there were 100 particles in the beam,
on average, then the standard deviation would be 10 and the actual number
would mostly be in the range 100*20, ie. within 2 standard deviations of the
mean. As the mean value decreases, so the fluctuations, relative to the mean,

become larger.

a) a stable suspension
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Fig. 4. Schematic diagram of the turbidity fluctuation technique

(al a stable suspension and b] a flocculated suspension).

It has been shown that fluctuations in transmitted light intensity (or turbidity
fluctuation) increase greatly as particles aggregate, and this principle has been
exploited in monitoring flocculation processes(Gregory and Nelson, 1986). In

practice, the root mean square(RMS) value of the fluctuating(AC) component of
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the transmitted light signal is derived, This can be divided by the steady(DC)
component(related to the turbidity of the suspension) to give a Ratio value. The
theoretical basis has been given by Gregory(1984), who showed that the Ratio

value R for a suspension of similar particles is given by :

R(= RMS/DC) =|| &= (1)

where L is the optical path length, A is the effective cross-sectional area of
the light beam, N is the number concentration and C is the light scattering
cross-section of the particles, This value, R, remains essentially unaffected by
contamination of optical surfaces or electronic drift(Guibai and Gregory, 1991).

For a suspension of different types of particles, the appropriate expression is:

r=| LINC @)

The fact that the sum in equation(2) contains the square of the light scattering
cross-section, means that larger particles have a very important influence. It is
also important to note that the Ratio value depends on the square-root of the
particle concentration,

More recently, it has been recognised that essentially the same method can
give a very sensitive measure of particulate impurities in liquids(Gregory 1990).
By measuring the AC component of transmitted light, rather than the
steady(DC) value, problems due to fouling of optical surfaces or electronic drift
are greatly reduced. The turbidity fluctuation technique is very much more
sensitive than conventional turbidity measurements for particles greater than
about 1~2/m in size. It is also more convenient to restrict attention to the case
of uniform particles. The conclusions apply equally well to the case of

non-uniform particles.
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Although the value of Ratio are measured in an arbitrary unit and it does not
give a quantitative correlation of the particle concentration, an overall measure
of the state of flocculation can be adequately monitored by measuring
fluctuations in the intensity of a light beam transmitted through a flowing

suspension.
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. Experimental Materials and Methods

1. Materials

1) Humic acids

Humic acid was obtained from Aldrich Chem. Co.,, UK. The stock solution(5
g/ 2) was prepared by dissolving 2.5 g of humic acid in a 500 m¢ of 0.1 N
sodium hydroxide and the solution was filtered through a glass microfibre

filters(Whatmann). Working standard solution(lg/ £) was diluted five times.

2) Kaolin suspensions

Suspensions of kaolin were prepared as follows ; 50 g dry clay were added to
about 400 mf deionized water. After adding NaOH solution to bring pH up to
75 giving complete dispersion, mixed for 1 hour. The suspensions were made
up to 12 with deionized water and allowed to stand for 24 hr in 500 md
cylinders The top 300 m¢ from each cylinder was carefully taken and the rest
part of the solution was rejected. The particle sizes measured with a particle
analyzer, MALVERN Instrument SR 20, were mainly in the range of 533 ~
6.18 m.

3) Cationic polymers

These samples were kindly donated by Allied Colloids Ltd, UK. The
properties of the polymers used, designated P-A ~ P-D, are listed in Table 3

and the molecular structures are shown in Figure 5. All of the polymers were
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essentially linear except the P-C. P-A and P-B were the copolymers of
acrylamide and dimethylaminoethyl acrylate(DMAEA). DMAEA is fully
quaternized with methyl chloride and so these polymers are positively charged
over a wide pH range. The molar portion of DMAEA determines the charge
density and is given as "% Cationic(mol % of cationic monomer)”. The charge
density of the polymers listed were given by the manufacturer,

P-A and P-B were supplied as solids and were prepared as 0.1 %(W/V)
aqueous solution by wetting 0.1 g of the solid with 3 m¢ of methanol, adding 97
m¢ of deionized water and agitating for approximately 60 min. P-C(a 50 %
active solution of a polyamine) and P-D(a 40 % active solution of a
polydiallyldimethyl ammonium chloride(polyDADMAC)) were dilated with
deionized water to make 0.1 % solution. All of the 0.1 % aqueous solution were

used within a week.

Table 3. Properties of polymers used

% Molecular Diameter

Polymer JEIL D
Cationic mass (nm)
P-A 20 2 ~ 3 x 10° 110
P-B 40 2 ~ 3 x 10° 140
P-C 100 3 ~ 4 x 10* 70
P-D 100 3 ~ 4 x 10 70

D" The dimensions of the polymers in 0B5M NaCl were quoted from

Lee(1991).
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2. Methods

PDA

Fig. 6. Schematic diagram of experimental set—up.

5 m¢ of humic acid(l g/ ¢) and 2 mé of 0.IN-NazCOs were added to the 300
m{ beaker containing about 193 mf deionized water or kaolin solution and the pH
of the solution was adjusted to pH 7 with 0.IN or 0.0IN-HNQs. With the
content of kaolin particles, the solution was stirred additional 1 hr to give the
chance to react humic acid with kaolin particles. The 300 m{ beaker was placed
into a water bath to uniform solution temperature(25 C). Then, a predetermined
amounts of cationic polymer was added into the suspension and the solution
was stirred for a period of 1min at a speed of 150 rpm, followed by 60 rpm for
15 min. If the droplets of added polymer solution are not rapidly dispersed, they
may act 'nuclei’ for floc formation(Gregory, 1988). In the following results, we
shall assume that complete mixing has been achieved during 1 min of rapid
mixing. The solution pH was held constant at 7£0.1 throughout the operation
period. Microtube pump(Eyla MP-3N; Japan) was used to re-circulate the
sample continuously. It was placed after the sample had passed through the
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PDA so as not to disrupt the flocs and their detection. The sampling tube to
the PDA monitor was 2.65mm intermal diameter and the flow rate was set at 15
mé/min Although there is a time lag between sampling from the beaker and
response from the PDA, this is negligible,

The experimental set-up is shown schematically in Fig. 6. After a flocculation
test, 50 m¢ of the solution from the beaker was poured into the 50 mé centrifuge
tube with 27 mm internal diameter, settled for 2 hrs. Then the supernatant
liquid(25 mé) was taken and used for the absorbance measurement at 254
nm(Agzs) or turbidity (NTU). In order to compare the removal of humic acid by
settling with that by centrifuge, 50 m¢ of a sample in a solution was drawn off,
placed in a centrifuge tube, and centrifuged at 3,000 rpm for 20 min. After that,
the supernatant liquid(25 mf) from the centrifuge tube was taken and used for
the absorbance measurement at 254 nm.

Zeta potentials were measured immediately after flocculation experiment. Also,
the effects of adsorbed polymers on the zeta potential of humic acid with and
without kaolin particles was determined with a ZM3+ Zeta Meter(USA).

Above experimental conditions were summarized in Table 4.
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Table 4. Summary of experimental conditions

Items Value

Humic acid conc. (mg/ ) 25

Turbidity(NTU) 15, 35, 55
Solution Ionic strength(mM) 0 ~ 311

pH 7

Temperature(T) 25

Rapid mixing(rpm, min) 150, 1
Mixing

Slow mixing (rpm, min) 60, 15

Internal diameter{mm) 2.65
Tube

Length(mm) 950
Flowing Flow rate(m{/min) 15

Settling(hr) 2
Separation

Centrifuge(rpm, min) 3,000, 20
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IV. Results and Discussion

1. Feature of flocculation curve

A recently developed technique, based on measurements of fluctuations in
transmutted light intensity with flowing suspensions, gives a very sensitive
indication of changes in the state of flocculation.

A typical flocculation experiments was carried out by adding a certain amount
of polymer to a stirred suspension of humic acid with and without the presence
of kaolin particles and withdrawing sample through the monitor as shown in
Fig. 6. The state of flocculation was monitored after polymer addition. The
value of Ratio(RMS/DC) can be adjusted by the DC Gain and the RMS Gain to
enhance the sensitivity of the instrument to the state of flocculation of particles.
In this study, DC Gain was set at 50 and RMS Gain was set at 0.9. Since
Ratio value, R, gives a sensitive indication of the state of flocculation of
particles, it is termed ‘Flocculation Index’ in the following results.

A characteristic curve resulting from such an experiment is shown in Fig. 7,
which was obtained using P-A at a dosage of 239 mg/{ in salt-free solution.
The curve can be arbitrarily divided into 4 regions. In regions A, there is little
change in the Flocculation Index with time, which is a consequence of the
relatively slow polymer adsorption. In this phase most particles have not yet
acquired sufficient polymer to become destabilized and particle collisions do not
result in flocculation. As more polymer is adsorbed, the particles become
destabilized and thus collisions of particles will form stable flocs. As a results,
the value of the Flocculation Index begin to show a distinct rise with time
which marks the initiation of flocculation(Region B). In region C, the flocculation

rate has become constant and Flocculation Index shows a nearly linear rate of
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Fig. 7. A typical flocculation curve(P-A; 239 mg/ ¢,
humic acid; 25 mg/ 2 ).

increase. The amount of adsorbed polymer required to bnng about this
maximum rate will depend on the characteristics of the polymer, the particle
concentration and the ilonic strength of the solution. Further adsorption of
polymer may reduce collision efficiency and an excess coverage of polymer may
lead to a reversal of surface charge. Under the given shear conditions where
the dominant transport mechanism is orthokinetic collision, the larger collision
radii of flocculated particles can enhance the collision rate of flocculating
particles. The net effect of the enhanced particle collision rate and reduced
collision efficiency seems to give a steady flocculation rate(Lee, 1991). In region
D, there is a leveling-off of the Flocculation Index. Depending on the amount of

polymer added, restabilization of particles is possible when excess polymer is
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adsorbed. This could lead to a declining flocculation rate. Even when the
amount of polymer added is insufficient to restabilize the particles, the flocs will
eventually reach a limiting size as determined by the polymer type, the stirring
conditions and the floc strength(Lee, 1991; Lee and Gregory, 1990).

2. Effects of polymer dosage on the flocculation

1) Flocculation characteristics

Particles may undergo several collisions with other particles before acquiring
sufficient amount of adsorbed polymer to be able to form stable flocs.

Fig, 8(a)~(d) shows the flocculation curves when different amounts of the
polymers(P-A ~ P-D) are added to salt-free humic acid solutions (25 mg/ £ ).

Fig. 8(a) shows the flocculation curves for P~A of low charge density (20 %).
At the lowest dosage, 220 mg/{, the Flocculation Index is essentially
unchanged which indicates little or no flocculation in the 16 minutes flocculation
time.

Two distinct effects are observed with increasing polymer dosages. First, the
lag time(Region A) reduces as the dosage increases up to 282 mg/{ of
polymer dosage. It mean that the rate of particle-polymer collision is increased
with an increase in polymer dosage. The higher the polymer dosage, the shorter
the time required for the particles to acquire enough polymers to become
destabilized. At 28.2 mg/ ¢ of polymer dosage flocculation begins about 4 min
after addition of polymer. This means that particles are not destabilized until
about 4 min and thus collisions of particles did not result in flocculation of
particles, The low charge density polymer may required a longer polymer

adsorption time to acquire sufficient polymer to destabilize the particles(Lee,



1991). Although P-A did not achieve complete flocculation in 16 min of
flocculation time, the flocculation is in progress and will lead to a higher-degree
of flocculation if a longer flocculation time was allowed, as shown in Fig. 7.

The second effect is the slope of the flocculation curve in region C. Up to
28.2 mg/ ¢ of polymer dosage, the slope becomes steeper with an increase in
dosage. The steeper slope may be interpreted as a more rapid flocculation and
the slope in Region C can be used as an empirical measure of the flocculation
rate. Thereafter, the lag time increases and the slope decreases with an increase
in polymer dosage. This indicates restabilization because of overdosing. .

The transition in flocculation behavior occurs at the point of near zero
charge(PZC) of the humic acid(see Fig. 8(a) and Fig. 10).

An excess coverage of polymer may lead to a reversal of surface charge and
the number of suitable vacant sites to allow for polymer bridging are also
reduced At 34.7 mg/ ¢ of polymer dosage, Flocculation Index is also unchanged.

As shown in Fig. 8(b)~(d), similar trends are found with flocculation tests
performed with other polymers.

Fig. 8(b) shows the flocculation curves for P-B of medium charge density(40
%). At the lowest dosage, 167 mg/{f, the Flocculation Index is essentially
unchanged which also indicates little or no flocculation in the 16 min
flocculation time. The lag time(Region A) reduces as the dosage increases up to
19.6 mg/ ¢ of polymer dosage. The higher the polymer dosage, the shorter the
time required for the particles to acquire enough polymers to become
destabilized. At 196 mg/ ¢ of polymer dosage flocculation begins about 3 min
after addition of polymer and the values of Flocculation Index has remained a
little constant after 11 min flocculation time,

Up to 196 mg/ ¢ of polymer dosage, the slope becomes steeper with an
increase in dosage. Thereafter, the lag time increases and the slope decreases
with an increase in polymer dosage because of restabilization due to overdosing.

At 26.3 mg/ ¢ of polymer dosage, Flocculation Index is also unchanged.
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Fig. 8. The effects of dosage on the flocculation of humic acid
solution(25 mg/ ¢ ) using P-A(a), P-B(b), P-C(c) and
P-D(d).
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Fig. 8(c) shows the flocculation curves for P-C of high charge density(100
%). At the lowest dosage, 89 mg/{, the Flocculation Index is essentially
unchanged which also indicates little or no flocculation in the 16 min
flocculation time. The lag time(Region A) reduces as the dosage increases up to
109 mg/ 2 of polymer dosage. The higher the polymer dosage, the shorter the
time required for the particles to acquire enough polymers to become
destabilized At 109 mg/ 2 of polymer dosage, flocculation begins about 1 min
after addition of polymer and the values of Flocculation Index has remained
constant or a little decrease after 5 min flocculation time.

Up to 109 mg/¢ of polymer dosage, the slope becomes steeper with an
increase in dosage. Thereafter, the lag time increases and the slope decreases
with an increase in polymer dosage.

Fig 8(d) shows the flocculation curves for P-D of high charge density(100
%) At the lowest dosage, 7.0 mg/{, the Flocculation Index is essentially
unchanged which also indicates little or no flocculation in the 16 min
flocculation time. The lag time(Region A) reduces as the dosage increases up to
89 mg/ L of polymer dosage. The higher the polymer dosage, the shorter the
time required for the particles to acquire enough polymers to become
destabilized, At 89 mg/ 2 of polymer dosage flocculation begins about 1 min
after addition of polymer and the values of Flocculation Index has remained
constant or a little decrease after 4 min flocculation time.

Up to 89 mg/t of polymer dosage, the slope becomes steeper with an
increase in dosage. Thereafter, the lag time increases and the slope decreases
with an increase in polymer dosage.

The use of P-C and P-D gives a relatively lower value of Flocculation Index
than P-A and P-B. The highest Flocculation Index recorded by P-C and P-D
do not exceed 2.2 and 1.6 respectively. The highest Flocculation Index recorded
by other polymers are mostly greater than 3. In the case of P-B, it can be as

high as 425. A combination of factors, such as the low molecular mass, high
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charge density and different chemical nature of the polymers, can contribute to
the relatively low Flocculation Index of P-C and P-D. It is found that highly
charged polymer adsorbed adopts a very flat conformation under low ionic
strength(Kjellin et al., 1997). Another consideration is the effect of the size of
the adsorbed polymer patches on the attraction between colliding particles. The
size of P-B is considerably larger than those of P-C and P-D(shown in Table
3) and the length of the loops and tails of adsorbed polymer molecules may be
longer for the larger molecules and this will enhance the capture of particles.

There are virtually short lag time with higher charge density polymers(P-C,
P-D). This indicates the destabilization of the particles are rapid for a polymer
of higher charge density.

The rate of polymer molecules re-conformation on particle surface may be
more rapid with a higher charge density polymer. The attraction between
oppositely charged polymer and particles may be stronger for a polymer of high
charge density because the number of charges per polymer molecule will be
higher. As a result, the interaction between oppositely charged particles and
polymer is expected to be higher for the polymer of higher charge density and
thus will result in a more effective particle destabilization.

It is thought by the value of Flocculation Index that P-A and P-B are a
more effective flocculant than P-C and P-D. However, residual fraction of

humic acid did not agree with the order of the value of Flocculation Index.

2) Removal efficiency

Fig. 9 shows the residual fraction of humic acid after flocculation test as
shown in Fig. 7 then settling for 2 hrs(a) or centrifuging(b). The residual

fraction of humic acid was measured as the absorbance ratio at 254 nm

between the residual and initial humic acid solution(25mg/ £ ).
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Fig. 9. The effects of dosage on the residual fraction of humic acid

solution(25 mg/ ¢ ) after flocculation tests and settling for

2 hrs(a) or centrifuging(b).
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As shown in residual fraction of humic acid in Fig. 9, flocculation is found to
occur over a wide range of polymer dosages. Gregory(1973) has shown that the
range of polymer dosages was dependent on the characteristics of the polymer
and the range became broader with increasing molecular mass for a fixed ionic
strength.

The optimum dosage for a given system is very difficult to define. In the
case of P-A as shown in flocculation curve in Fig. 8(a), the optimum dosage
appears to be about 282 mg/ ¢ of polymer dosage where the slope is steepest
and the maximum value of Flocculation Index is highest. However, it can easily
be observed that almost same degree of removal of humic acid over a broad
range of polymer dosage was shown in residual fraction of humic acid in Fig.
9

Because of the very low density of flocs, their settling rate in water is
experimently low and removal by sedimentation would not be significant, even
after 2 hrs of settling time.

The removal efficiencies of humic acid after settling for 2 hrs shown in Fig.
9(a) were in this order ; P-C > P-B= P-D > P-A. However, the removal
efficiencies of humic acid after centrifuging in 3,000 rvm for 20 min were in
this order , P-D = P-C > P-B > P-A., This strangeness seems to be caused
by the relative settling rate of flocs induced by the difference of floc size and
floc density. Parazak et al.(1988) thought that polymers, having the smallest
molecular weight and size, has by far the greatest adsorption density.

In many of the flocculation tests, a settleable floc was not formed. Instead,
flocculation produced a colloidal solution that proved to be stable and remained
in suspension after the designated period of settling. However, this sol will be
effectively removed by the subsequent filtration step, leading to near or same
removal efficiency that of centrifuging. Actually, the removal efficiencies of
humic acid after settling for 24 hrs show no or a little differences with that

after centrifuging in 3,000 rpm for 20 min.

35



The results(presented in Fig. 9) show a strong inverse correlation between
the flocculation range and the charge density, with the most highly charged
polymer giving the shortest flocculation range. In fact, the results indicate that,
in each case, the flocculation range corresponds roughly with the same amount
of cationic charge, pointing the importance of charge neutralization, as shown in
Fig. 10.

Zeta potential can be used to give an indication of the double-layer repulsive
forces of the particle and have been used successfully to obtain useful
information in many investigations on the stability of colloids(Chandrakanth and
Amy, 1996, Fairhurst and Warwick, 1998; Fairhurst et al., 1995; Kretzschmar et
al,, 1998; Okubo and Suda, 1999; Schwarz et al, 1998; Tsuruta et al., 1995). The
adsorption of cationic polymer may neutralize the surface charge of the
negatively charged particles and a reversal of particle charge will occur if an

excess amount of polymer is adsorbed.
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Fig. 10. The effects of dosage on the zeta potential of humic
acid solution(25 mg/ £ ).

36



Fig. 10 shows the zeta potential of humic acid solution(25 mg/£) for four
polymers and with an excess amount of polymer the zeta potential reaches a
plateau value which represents the maximum positive charge attained by the
particles. Maximum positive charge of the particle is primarily determined by
the amount of cationic charge residing on polymer in the adsorbed state when
the coverage of the particle surface is completed. The ultimate amount of
adsorbed polymer is independent of the molecular mass but dependent on the
surface available(Lee, 1991). The amount of positive charge gained at complete
surface coverage depends quite strongly on the charge density of the polymer.
P-B(a 40 % charged polymer) gives a positive charge about two or three times
higher than P-A{a 20 % charged polymer). The respective maximum positive
zeta potential of these two polymers shows a good correlation with the ratio of
their charge densities. The maximum positive zeta potential for the 100 %
charged polymers(P-C, P-D) are lower than expected. This is because the
lateral repulsion among charged segments of polymer molecules for highly
charged polymer is higher than that for polymers of low charge density. Also,
P-C and P-D are expected to adsorb in a rather “flattened” conformation
because of the high charge density and low molecular mass of the
polymers(Lee, 1991). Therefore, the amount of polymer adsorbed at full polymer
coverage is less for P-C and P-D than for those polymers which can adsorb in
a more extended conformation. As a results, the amount of excess positive
charge remaining is also less, giving a lower maximum positive zeta potential
than expected. It should also be mentioned that care should be taken when
comparing the results of P-C and P-D with other polymers because these
polymers are made from different types of monomers.

As shown in Fig. 10, the lower dosage were required to flocculate the humic
acid solution(25 mg/ £) with the polymers of higher charge density, indicating
the amount of adsorbed polymer molecules required to destabilize the particles

are less for a polymer of higher charge density and also reinforce the
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importance of charge neutralization.

3. Effects of the content of kaolin particles

1) Flocculation characteristics

Mineral and organic particles may be stable in water due to electrostatic
charge interactions, hydrophilic effects or to steric interactions from adsorbed
macromolecules,

Humic substances and clay are negatively charged and so, on average,
electrostatic repulsion would be expected, but humic substances are adsorbed to
clay surfaces by a variety of mechanisms including electrostatic attractive
forces, specific adsorption via ligand exchange with protonated surface hydroxyl
groups(surface ~-OH2" or -OH groups exchange with anionic groups on the
humic acid), cation bridging, water bridging in the presence of hydrated cations
on the surfaces, and hydrophobic adsorption of uncharged parts of humic acid
macromolecules(Fairhurst and Warwick, 1998, Jekel, 1991; Kretzschmar et al.,
1998; Zhou et al, 1994). It is almost certain that, due to the heterogeneous
nature of humic acid, the wide range of mineral surface chemistries in the
environment and the complex nature of groundwaters, adsorption of humic acid
will be a combination of some, or all, of the above forces

Edzwald(1993) thought that natural organic matter(NOM) rather than particles
Initially in water supplies can control coagulat dosages and selection.

Fig. 11(a)~(d) show the effects of the content of kaolin particles on the
flocculation of salt-free humic acid solution using P-A(29.1 mg/ 2, a), P-B(20.6
mg/ ¢, b), P-C(119 mg/ ¢, ¢) and P-D(99 mg/ ¢, d), each dosage shows

maximum removal efficiencies of humic acid solutions(25 mg/2) in the UV

38



absorbance.

Flocculation Index

Flocculation Index

a) P-A

—e— No Kaolin
—a— 15 NTU
—ar— 356 NTU
—%— 55 NTU

5 10 15
Time(min)

b) P-B

~o— No Kaoln
—a— 15 NTU
—a— 35 NTU

—m— 55 NTU

I

10 15

w

Time(min)

39



5 -
>
[}
T 4
£
S
= 3
i
=2
3 2
°
W

—e— No Kaalin —a— 15 NTU

—a— 35 NTU —m— 55 NTU
0 l .
0 5 10 15
Time(min)
6
d) P-D
5 L

Flocculation Index
oo

—e— No Kaolin —a- 15 NTU

35 NTU —a— 55 NTU

0 5 10 15
Time(min)

Fig. 11. The effects of the content of kaolin particles on the flocculation
of humic acid solution using P-A(29.1 mg/ ¢, a), P-B(20.6
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In the presence of kaolin particles, flocculation is also found to occur over a
wide range of polymer dosages and it is observed that almost same degree of
removal of humic acid was shown over a broad range of polymer dosages,

With increasing the content of kaolin particles however, the lag time reduces
and the slope of the flocculation curve becomes steeper followed by higher

value of Flocculation Index.

2) Removal efficiency

Fig. 12 shows the maximum removal efficiencies of humic acid solution with
the presence of kaolin particles using P-A—~P-D by UV absorbance(a) and
turbidity(b). Fig. 12(a) shows a distinct rise in the maximum removal
efficiencies with increasing the content of kaolin particles by highly charged
polymers(P-C and P-D). It is probably thought that the kaolin particles provide
nucleation sites for floc formation leading to short settling time resulted in a
much stronger and denser floc. Floc density is known to increase with increase
in mineral particle content. Density and strength of flocs affects both the
flocculation-settling process and the contact coagulation—filtration process. Poorer
settling of flocs formed in highly colored low turbidity waters(Rebhun and
Lurie, 1993). Another reason is that the polymers are firmly bound to the kaolin
surfaces due to the many attachments which is a consequence of their large
size.

However, the maximum removal efficiencies by UV absorbance are the same
or a little decrease in the humic acid solution with 55 NTU kaolin particles than
that in the humic acid solution with 35 NTU kaolin particles using low charge
density polymers(P-A and P-B), although using a P-A and P-B show a
distinct rise in the maximum removal efficiencies with increasing the content of
kaolin particles up to 35 NTU. Since, there is no information available on the

polymer segment density distribution with increasing the content of kaolin
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particles for the system studied, it is not possible to verify this point, leaving a

room for more study.
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Fig. 12, The effects of the content of kaolin particles on the maximum
removal efficiencies by UV absorbance(a) and turbidity(b).
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We have not been able to measure the binding isotherm and thus do not
know the free kaolin concentration. So we measure the turbidity of the solution
before and after flocculation test and shows the maximum removal efficiencies
of the turbidity in Fig. 12(b) between the residual and initial humic acid
solution with the presence of kaolin particles. A distinct rise in the maximum
removal efficiencies was shown with increasing the content of kaolin particles
by four polymers. However, the removal efficiencies of the humic acid with the
presence of 15 NTU kaolin particles show poorer efficiencies by low charge

density polymers than that by high charge density polymers.
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Fig. 13. The effects of the content of kaolin particles on the zeta
potential of humic acid solution(25 mg/f with 35 NTU)
(four solid lines show the zeta potential of humic acid
solution without the presence of kaolin particles by each

polymer).
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Fig. 13 shows the zeta potential of humic acid solution(25 mg/£) with 35
NTU kaolin particles. In the presence of kaolin particles, the strong shift is
observed in zeta potential as a result of adsorption of the particles by humic
acid. Four solid lines represent the zeta potential of humic acid solution without
the presence of kaolin particles At low polymer dosages, the value of zeta
potential are lower than that in the humic acid solution without the presence of
kaolin particles. However, with increasing the polymer dosages, the value of
zeta potential are somewhat in accordance with the solid lines, giving the
maximum positive value likes humic acid solution without the presence of kaolin

particles,

4. Effects of ionic strength

1) Flocculation characteristics

The ionic strength of the solution can affect polymeric flocculation in several
ways. The destabilization and restabilization of negatively charged particles by
cationic polymers occur primarily by charge neutralization.

In order to certify the effect of ionic strength, flocculation curves and residual
fraction of humic acid at different concentration of NaCl are presented for
different polymers.

Fig. 14(a)~(d) show the flocculation curves of humic acid solution(25 mg/ {)
for each polymer dosages at a range of salt concentrations from deionized water
to 311lmM NaCl.

In the presence of a moderate amount of electrolyte, less polymer is needed to
bring about flocculation(Lee, 1991).

The polymer used in Fig. 14(a) was P-A and show that there is no
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flocculation at a polymer dosage of 22 mg/ £ in a salt-free solution. However,
significant flocculation occurs when salt is present.

Two distinct effects are also observed with increasing NaCl concentration.
First, the lag time(Region A) reduces as the NaCl concentration increases up to
51 mM., At 51 mM of NaCl concentration flocculation begins about 4 min
after addition of polymer. This also means that particles are not destabilized
until about 4 min and thus collisions of particles did not result in flocculation of
particles,

The second effect is the slope of the flocculation curve in region C. Up to 5.1
mM of NaCl concentration, the slope becomes steeper with an increase in NaCl
concentration. The steeper slope may be interpreted as a more rapid flocculation.
Thereafter, the lag time increases and the slope decreases with an increase in
NaCl concentration.

At 17 mM of NaCl concentration, Flocculation Index is also unchanged which
indicates restabilization because of overdosing.

As shown in Fig. 14(b)~(d), similar trends are found with flocculation tests
performed with other polymers.

The polymer used in Fig, 14(b) was P-B and show that there is no
flocculation at a polymer dosage of 16.7 mg/{ in a salt-free solution. However,
significant flocculation occurs when salt is present. The lag time(Region A)
reduces as the NaCl concentration increases up to 85 mM, At 85 mM of NaCl
concentration flocculation begins about 3 min after addition of polymer and the
values of Flocculation Index has remammed a little constant after 13 min
flocculation time.

Up to 85 mM of NaCl concentration, the slope becomes steeper with an
increase in NaCl concentration. Thereafter, the lag time increases and the slope
decreases with an increase in NaCl concentration.

At 51 mM of NaCl concentration, Flocculation Index is also unchanged which

indicates restabilization because of overdosing.
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Fig. 14. The effects of ionic strength on the flocculation of humic acid
solution(25 mg/ ¢ ) using P-A(22 mg/ ¢, a), P-B(16.7 mg/ ¢,
b), P-C(89 mg/ ¢, ¢) and P-D(7 mg/ ¢, d).
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The polymer used in Fig. 14(c) was P-C and show that there is no
flocculation at a polymer dosage of 89 mg/¢ in a 0.8 mM NaCl concentration.
However, significant flocculation occurs when NaCl concentration increases. The
lag time(Region A) reduces as the NaCl concentration increases up to 163 mM.
At the range of 34 mM~163 mM of NaCl concentration, flocculation begins
about 1 min after addition of polymer and the values of Flocculation Index has
remained constant or a little decrease after 6 min flocculation time.

Up to 163 mM of NaCl concentration, the slope becomes steeper with an
increase in NaCl concentration. Thereafter, the lag time increases and the slope
decreases with an increase in NaCl concentration.

At higher NaCl concentration(up to 311 mM), flocculation is still effective for
the experiment conditions.

The polymer used in Fig. 14(d) was P-D and show that there is no
flocculation at a polymer dosage of 7 mg/2 in a salt~free solution. However,
significant flocculation occurs when NaCl concentration increases. The lag
time(Region A) reduces as the NaCl concentration increases up to 51 mM, At
51 mM of NaCl concentration, flocculation begins about 1 min after addition of
polymer and the values of Flocculation Index has remained constant or a little
decrease after 7 min flocculation time.

Up to 51 mM of NaCl concentration, the slope becomes steeper with an
increase in NaCl concentration. Thereafter, the lag time increases and the slope
decreases with an increase in NaCl concentration,

At higher NaCl concentration(up to 311 mM), flocculation is still effective for
the experiment conditions.

The response of polymer towards the effect of ionic strength of the solution
depends on the characteristics of the polymer and the charge density of the
polymer is an important parameter as the destabilization is essentially due to
charge neutralization.

For P-A and P-B, the Flocculation Index achieved in salt solution are lower
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than the corresponding Flocculation Index achieved in salt-free solutions for the
range of polymer dosages. However, the flocculation curve in Fig. 14(c)~(d)
show that P-C and P-D do not fit in with the above resuits.

The adsorption of polymer involves the desorption of adsorbed counter ions ;
sodium ions for the negatively charged particles and chloride ions for the
cationic polymer. The need to displace these weakly adsorbed ions for
flocculation to take place may be responsible for the lowering of Flocculation
Index in salt solutions. The extent of the displacement of adsorbed counter-ions
depends on the characteristics of the polymer and of the particles, such as how
strongly are the respective counter-ions adsorbed and the degree of the
polymer-particle interaction(Lee, 1991).

The destabilization is caused by charge neutralization due to adsorbed polymer
and partly by reduction of electrical repulsion due to the salt effect. Based on
the Gouy-Chapman theory of the diffuse double layer, the thickness can be
significantly compressed by the presence of NaCl(Miiller et al., 1980 ; Rashid et
al, 1972). A reduction in the effective range of the electric double layer also
encourages the flocculation of particles by adsorbed polymer molecules.

An increase in ionic strength reduces the repulsion between charged segments
of the polymer chain(the polymer chain adopts a more compact conformation) as
well as reducing the range of inter-particle repulsion. These effects may affect
the polymer adsorption and flocculation efficiency, leading to an optimumn ionic

strength(Lee,1991).
2) Removal efficiency
The results(presented in Fig. 15(a)) show that flocculation of humic acid by

highly charged polymers(P-C, P-D) occurs over a broad range of ionic strength
than that of lower charge density polymers(P-A, P-B).
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Fig. 15. The effects of ionic strength on the residual fraction of humic
acid solution(25 mg/2) after flocculation tests and settling
for 2 hrs(a) and on the maximum removal efficiencies by UV

absorbance(b).
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Although flocculation of humic acid by P-A and P-B occurs within 17 mM
and 51 mM of NaCl concentration respectively, P-C and P-D does not show the
maximum NaCl concentration for the experiment conditions.

Although P-C and P-D show no distinct differences in the value of
Flocculation Index in salt solution, poor removal efficiencies of humic acid in
salt solution were acquired than in salt-free solutions, as presented in Fig.
15(b). It is possible that particles are destabilized by low polymer dosage in the
presence of added salt but the ultimate removal efficiencies may be lower than
in salt-free solutions.

The optimum ionic strength for a polymer of a given cationic charge density
is difficult to establish. This is because the molecular mass and the chemical
nature of the polymer, as well as the charge density should be taken into
account.

The influence of the salt effects on the value of Flocculation Index,
flocculation efficiency and the range of ionic strength still remains to be

elucidated.
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V. Conclusions

In order to remove humic acid solutions containing different content of kaolin
particles and ionic strength by flocculation method, four cationic polymers of
different charge density and molecular mass were used, and the flocculation
characteristics and the subsequent removal of humic acid were investigated with
the dosage of each polymer, the content of kaolin particles and ionic strength.

The lag time between the addition of polymer and the onset of flocculation of
humic acid was shorter and the flocculation rate was faster for polymers of
high charge density(P-C and P-D) than that for polymers of low and middle
charge density(P-A and P-B), indicating the destabilization of humic acid occurs
rapidly when the polymers of higher charge density were used,

There is a strong inverse correlation between the charge density of the
polymers and the range of polymer dosages required to flocculate humic acid,
with highly charged polymers giving the shorter dosage ranges. Also it was
found that the lower dosages were required and the higher removal efficiencies
was obtained with the polymers of higher charge density, indicating the
importance of charge neutralization,

The flocculation extent and removal efficiencies of humic acid by each of the
polymers were increased by the presence of kaolin particles, which is considered
to be due to a larger and denser floc formation by the act of kaolin particles as
nuclei.

The zeta potential data show the charge effect of adsorbed polymer on the
destabilization of humic acid solution with and without the presence of kaolin
particles. The dosages required to give zero zeta potential somewhat correlate
with the maximum removal efficiency.

The ionic strength of the solution can affect the polymer dosage and
flocculation efficiency. Particles are destabilized by low polymer dosage in the
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flocculation efficiency. Particles are destabilized by low polymer dosage in the
presence of added salt but ultimate removal efficiencies may be lower than that
in salt-free solutions by each of the polymers.

There is a correlation between the ionic strength range of the solution and
charge density of the polymers, with highly charged polymer giving the broader
flocculation range than that with low charged polymer.

However, the influence of the content of kaolin particles and ionic strength

effects on flocculation of humic acid still remains to be elucidated.

53



VI. References

Aiken, G.R, DM. M‘%night, RL. Wershaw and P. MacCarthy. 1985. An
introduction to humic substances in soil, sediment and water, in Aiken,
G.R., DM. M°Knight, R1. Wershaw and P. MacCarthy. Humic substances
in soil, sediment and water. John Wiley and Sons Inc., 1-9.

Akers, R.J. 1972. Factors affecting the rate of the polyelectrolytes flocculation
reaction. Filtration and Separation. 9. 423~425,

Babcock, D.S. and P.C. Singer. 1979, Chlorination and coagulation of humic and
fulvic acids. J. AWWA. 71(3). 149.

Bernadin Jr., F.E., 1985. Experimental disign and testing of adsorption and
adsorbates. in Slejko, F.L. Adsorption Technology. Marcel Dekker Inc.
Black, AP, F.B. Birkner and J.J. Morgan. 1965. Destabilization of dilute clay

suspension with labelled polymers. J. AWWA. 57. 1547.

Bragg, 5., C.J. Sollars, N.J.D. Graham and R. Perry. 1989. The benefits of
aluminium salts as coagulants in achieving water quality objectives. Final
Report. Imperial College.

Buffle, J. 1990. The analytical challenge posed by fulvic and humic compounds.
Analytica Chimica Acta. 232, 1~2.

Buffle, J. and G.G. Leppard. 1995. Characterization of aquatic colloids and
macromolecules. 1. Structure and behavior of colloidal material. Environ.
Sci. Technol., 29(9). 2169~2175.

Chandrakanth, M.S. and G.L. Amy. 1996, Effects of ozone on the colloidal
stability and aggregation of particles coated with natural organic matter.
Environ, Sci. Technol., 30. 431443,

Ching, HW., T.S, Tanaka and M. Elimelech. 1994. Dynamics of coagulation of
kaolin particles with ferric chloride, Wat. Res., 28(3). 559 ~569.

54



Chiou, C.T. 1990. The surface area of soil organic matter. Environ. Sci.
Technol,, 24(8). 1164~ 1166.

Collins, MR, GL. Amy and C. Steelink. 1986. Molecular weight distribution,
carboxylic acidity, and humic substances content of aquatic organic matter:
Implications for removal during water treatment. Environ. Sci. Technol., 20.
1028~1032.

Dahlgren, M.A.G.,, HCM. Hollenberg and P.M. Claesson. 1995, The order of
adding polyelectrolyte and salt affects surface forces and layer structures.
Langmuir. 11. 4480-—4485.

Dentel, S K. 1991. Coagulation control in water treatment. Environ. Control.
21(1). 41~135.

Edzwald, J.K. 1977. Polymer coagulation of humic acid waters. J. Envir. Engrg.
Div.-ASCE. 103(6). 989.

Edzwald, J.K. 1993, Coagulation in drinking water treatment; particles, organics
and coagulants. Wat. Sci. Technol.,, 27(11), 21~35.

Fairhurst, A.J. and P. Warwick. 1998. The influence of humic acid on
europium-mineral interactions. Colloid and Surf,, 145, 229-~234.

Fairhurst, A.J, P. Warwick and S. Richardson. 1995. The influence of humic
acid on the adsorption of europium onto inorganic colloids as a function of
pH. Colloid and Surf., 99. 187~199,

Faust. SD. and OM. Aly. 1987. Adsorption processes for water treatment.
Butterworth Publishers.

Gibbs, R.J. 1983. Effect of natural organic coatings on the coagulation of
particles. Environ, Sci. Technol., 17, 237~240.

Ghosh, MM.,, CD. Cox and T.M. Prakash. 1985. Polyelectrolytes selection for
water treatment. J. AWWA. 77(3). 67.

Glaser, HT. and J.K. Edzwald. 1979. Coagulation and direct filtration of humic
substances with polyethylenimine. Environ. Sci. Technol., 13(3). 299.

55



Gregory, J. 1973. Rate of flocculation of latex particles by cationic polymers. J.
Colloid and Interface Sci., 42(2). 448.

Gregory, J. 1976. The effect of cationic polymers on the colloidal stability of
latex particles. J. Colloid and Interface Sci., 55. 35~44.

Gregory, J. 1984. Turbidity fluctuations in flowing suspensions. J. Colloid and
Interface Sci., 105(2). 357~371.

Gregory, J. 1987. Laminar dispersion and the monitoring of flocculation
processes. J. Colloid and Interface Sci., 118(2). 397409,

Gregory, J. 1988. Polymer adsorption and flocculation in sheared suspensions.
Colloid and surf., 31. 231-~253.

Gregory, J. 1990. A sensitive monitor of filtrate quality. Proceeding-5th World
Filtration Congress. 2. 368~374.

Gregory, J. 1993. The role of colloid interactions in solid-liquid separation. Wat,
Sci. Technol,, 27(10). 1~17.

Gregory, J. and L. Guibai. 1991, Effect of dosing and mixing conditions on
polymer flocculation of concentrated suspensions. Chem. Eng. Comm., 108.
3~21.

Gregory, J. and D.W. Nelson. 1986. Monitoring of aggregates in flowing
suspensions. Colloid and surf. 18. 175~188.

Guibai, L. and J. Gregory. 1991. Flocculation and sedimentation of high-turbidity
waters. Wat. Res., 25(9). 11371143

Hall, ES. and R.T. Packham. 1965. Coagulation of organic color with
hydrolyzing coagulants. J. AWWA, 57(9). 1149.

Hyde, R.A. and T.F. Zabel. 1984, Uses of ozone in water treatment. Proc. Sem.
Ozone. UK Wat. Treat. Prac., 1. Institute of water Engineers and
scientists. 1~10.

Jekel, M.R. 1986. The stabilization of dispersed mineral particles by adsorption
of humic substances. Wat. Res., 20. 1543 ~1564.

56



Jekel, M.R. 1991, Particle stability in the presence of pre-ozonated humic acids.
J. Water SRT. 40(1). 18~24,

Jimenez, M.C.S,, AP. Dominguez and JM.C. Silverio. 1993. Reaction kinetics of
humic acid with sodium hypochlorite. Wat. Res,, 27(5). 815~820.

Kam, SK, LS An and MG Lee 1997. Comparison of flocculation-
spectrophotometry and streaming current detector method to the control of
flocculants for the removal of humic acid. Korean Environ. Sci. Society.
1(2). 137~144.

Kavanaugh, M.C. 1978, Modified coagulation for improved removal of
trihalomethane precursors. J. AWWA. 70(11). 613.

Kayode, T.O. and J. Gregory. 1988. A new technique for monitoring alum sludge
conditioning. Wat. Res., 22(1). 85~90.

Kjellin, URM., PM. Claesson and R. Audebert. 1997. Interactions between
adsorbed layers of a low charge density cationic polyelectrolyte on mica in
the absence and presence of anionic surfactant. J. Colloid and Interface
Sci,, 190. 476~484.

Kretzschmar. R., H. Holthoff and H. Sticher. 1998, Influence of pH and humic
acid on coagulation kinetics of kaolinite: A dynamic light scattering study.
J. Colloid and Interface Sci., 202. 95~103.

Lambert, S.D. and N.JD. Graham. 1992. Evaluation of effectiveness of
filtration-A literature review. Contract Report PECD. Department of the
Environment. P.98.

Langlais, B.,, D.A. Reckhow and D.R. Brink. 1991. Ozone in water treatment; A
cooperative research report. Lewis Publishers Inc.

Lee, S.Y. 1991. The flocculation of charged particles in aqueous solutions by
cationic polyelectrolytes. Ph.D. thesis. University of London, UK.

Lee, S.Y. and J. Gregory. 1990. The effect of charge density and molecular
mass of cationic polymers on flocculation kinetics in aqueous solution. Wat.

Suppl,, 8. 11~17.

57



Letterman, R.D.,, 5.G. Vanderbrook and P. Sricharoenchaikit. 1982. Electrophoretic
mobility measurements in coagulation with aluminum salts. J. AWWA. 74.
44--51.

Logsdon, G.S. and K. Fox. 1982. Getting your moneys worth from filtration. J.
AWWA.,, 74(5). 249~ 256.

Malcolm, RL. 1985. Geochemistry of stream fulvic and humic substances, in
Aiken, GR., DM. M‘Knight, RL. Wershaw and P. MacCarthy. Humic
substances in soil, sediment and water. John Wiley and Sons Inc., 181—
209.

Miiller G., C.J. Radke and ]J.M. Prausnitz. 1980. Adsorption of weak organic
electrolytes from aqueous solution on activated carbon. J. Phys. Chem., &4.
369~ 376.

Narkis, N. and M. Rebhun. 1977. Stoichiometric relationship between humic and
fulvic acids and flocculants. J. AWWA., 69(6). 325.

Oden, S. 1919. Humic acids. Kolloid Chem. Beihefte. 11. 75.

Okubo, T. and M. Suda. 1999. Absorption of polyelectrolytes on colloidal
surfaces as studied by electrophoretic and dynamic light-scattering
techniques. J. Colloid and Interface Sci.,, 213. 565~571,

Parazak, D.P., CW. Burkhardt, K.J. McCarthy and M.P. Stehlin. 1988,
Hydrophobic flocculation. J. Colloid and Interface Sci,, 123(1), 59~72,

Pelssers, E.GM. M.A, Cohen Stuart and G.J. Fleer. 1990. Kinetics of bridging
flocculation. Role of relaxations in the polymer layer. J. Chem. Soc.
Faraday Trans., 86(9), 1355.

Rashid M.A., D.E, Buckley and K.R. Robertson. 1972, Interactions of a marine
humic acid with clay minerals and a natural sediment. Geoderma. 8. 11~
21.

Rebhun, M. and M. Lurie. 1993. Control of organic matter by coagulation and
floc separation. Wat. Sci. Technol,, 27(11), 1~20,

58



Reynolds, G., C. Mekras, R. Perry and N. Graham. 1989. Alternative disinfectant
chemicals for trihalomethane control. Env. Tech. Lett., 10(6). 591 ~600.
Rook, J.J. 1974, Formation of haloforms during chlorination of natural waters.

Wat. Treat. Exam., 23. 234 ~243,

Ruehrwein, R.A. and A. Ward. 1952, Mechanism of clay aggregation by
polyelectrolytes. Soil Sci., 73. 485.

Schnizer, M. 1971, Agron. Abstracts. Am. Soc. Agron. p.71.

Schwarz, S., HM. Buchhammer, K. Lunkwitz and H.]. Jacobasch. 1998.
Polyelectrolyte adsorption on charged surfaces: study by electrokinetic
measurements. Colloid and Surf.,, 140. 377~384,

Smith, P.G. and LP. Banks. 1986. Some aspects of rural water supplies. with
particular reference to the Ord Burn Water Supply, Helmsdale, The Public
Health Engineer. 23~31,

Steelink, C. 1985, Implications of elemental characteristics of humic substances,
in Aiken, G.R, D.M. M‘Knight, RL. Wershaw and P. MacCarthy. Humic
substances in soil, sediment and water. John Wiley and Sons Inc., 457~
476.

Stumm, W. and C.R. O'Melia. 1968. Stoichiometry of coagulation. J. AWWA. 60.
514~539.

Thurman, EM, 1985, Organic geochemistry of natural waters. Martinus Niihoff
Publishers.

Tipping, E. 1993. Modelling ion binding by humic acids. Colloid and Surf., 73.
117~131.

Tipping, E. and D.C. Higgins. 1982. The effect of adsorbed humic substances on
the colloidal stability of haematite particles, Colloid and Surf. 5. 85~92.
Treweek, G.P. and J.J. Morgan. 1979. Determination of flocculant effectiveness in
aggregating suspended particulate matter. J. Water Pollut. Control Fed.

51(7). 1859.

59



Trussell, RR. and M.D. Umphres. 1978. The formation of trihalomethanes. J.

AWWA, Nov.,, 604 ~ 610.
Tsuruta, LR, MM. Lessa and A.M. Carmona-Ribeiro. 1995. Effects of particle

size on colloidal stability of bilayer-covered polystyrene microspheres. J.

Colloid and Interface Sci.,, 175. 470~475.

Vik, E.A. and B. Eikebrokk. 1989. Coagulation process for removal of humic
substances from drinking water. Ame. Chem. Soci., 24. 385~407.

Weber Jr., W.J., 1985. Adsorption theory, concepts and models. in Slejko, F.L.

Adsorption Technology, Marcel Dekker Inc., 1~36.
Zhou, J.L., RR. Steve and CM Fauzi. 1994. The formation of humic coatings on

mineral particles under simulated estuarine conditions-A mechanistic study.

Wat. Res., 28(3). 571~579.

60



ZAe =2

U8 S HME XxHE FALD 82X IIZELZ Tl =4 24
7 usEN ez ZAE SELIG, dd HEY S HY =22
HI&oHH ZEWN F4 HEF usHl 0IEF wsH, 84 A2 &
ZOE OMNX Y4E 282 U=H, o8 L4, 0JI& wed, =
2 NaEHNE 20l ZALSELICH

B2 AdSo0ILIOH B B = UZE E9
B3 Jis 74 W 2 2SH HEH2E =
SEHE HUiEN ZAIECIL, 3R M= o =]
£, R4E, 232, 0/gg, &X=2, 103, AszH, Id¥E, 2=0/, 0
0, 2N Y, A8, H8d, &5, 23, 5|3 U F¥F 0
s, BH80 D4, 282 d44H, 2HY d4ENE 0 XclE 20
)

=
4 M2 GIHAM W2 80 —oFE 224, RN, ML, 25
0, 2T HduiEM 2AEe|a, o RF0A S2AE H", 24,
qE, &, 38, 8, &, B4, £ =82 =SHIoI=d HiE BT
CESE E 44 BN ZMEBILICH

BN Q0N EoH F= FU HEMA A0IEE M6HH, HHE X3t
XZ0let 3F EHOiL XIEOl, EOHMA 48t AN AHL & LD
MetE 4 AH0I0AT 2A2 OtEE dotl, SALUT XSMA A
28 AR 822 XA F4A oK, oL &2 H2d, Jell
LSl At AR AR 0SS M0 0l == dtELICH.



	표제면
	국문요약
	I. Introduction
	II. Literature Review
	1. Characteristics and removal methods of humic substances
	2. Flocculation by polymers
	3. Flocculation monitoring methods

	III. Experimental Materials and Methods
	1. Materials
	1) Humic acids
	2) Kaolin suspensions
	3) Cationic polymers

	2. Methods

	IV. Results and Discussion
	1. Feature of flocculation curve
	2. Effects of polymer dosage on the flocculation
	1) Flocculation characteristics
	2) Removal efficiency

	3. Effects of the content of kaolin particles
	1) Flocculation characteristics
	2) Removal efficiency

	4. Effects of ionic strength
	1) Flocculation characteristics
	2) Removal efficiency


	V. Conclusions
	VI. References

