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Preface

Coagulation and flocculation play a dominant role in
many water and wastewater treatment schemes. Because of
a complex interdependence of numerous factors inherent in
the coagulation and flocculation processes, a thorough un-
derstanding of the phenomena involved is essential.

In general, pertinent current litcrature does not
present an overall account of coagulation and flocculation
in a single publication. Moreover, a given publication
may emphasise theoretical aspects with little indication
of the practical significance of the phenomena, or, largely
ignores the theoretical development and presents essentially
practical material only. In most cases, the uninitiated
reader lacks an overall picture of the processes as a whole
and, without further cxtensive literature searching succeeds
in achieving only a superficial understanding.

This book has the intention of rcmedying the above in-
adequacies. An attempt has been made to present the subject
matter logically and sequentially from theorctical princi-
ples to practical applications. Successive chapters deal
with, in turn, properties of materials present in waters
and wastewaters: characteristics and types of coagulants
commonly in use, mechanisms and practical implications of
destabilization of waterborne matcrial using metal co-
agulants and polyelectrolytes respectively; considerations

t

related to coagulant addition at the "rapid mixing" stage;
theoretical and practical considerations of flocculation and
details of experimental procedures for assessing primary
coagulants, flocculant aids, sludge conditioners and floc-
culation parameters. Numerous eXamples are included as

appropriate.
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Disposal of sludges resulting from coagulation-floc-
culation related operations is dealt with in the Appendix. This
important topic has been separated from the main text so as
to avoid disturbing the continuum of the presentation. The
Appendix also includes a '"ready reference' information source
of coagulation-flocculation applications. The objective in
compiling information in this fashion is to provide an a
priori guide to coagulant types, dosages and conditions of
application; provisions for flocculation; related solid-
liquid separation facilities and so on, for numerous applic-
ations.

The book in its present form evolved from material of-~
fered to undergraduate and postgraduate university students.
Although it has been progressively modified and increased in
scope so as to cater for the requirements of practicing
chemists, chemical and civil engineers involved with water
and wastewater treatment, the book still retains a didactic
nature. Therefore, it is hoped that the book will serve
three functions:

1. A readable and useful presentation for the water
scientist and engineer ;

2. A convenient reference handbook in the form of
numerous examples and appended information;

3. Course material for under- and postgraduate
students.

I wish to express my appreciation of the following:
Professor G.V.R. Marais, University of Cape Town, whose exam-
ple as a research worker has always been an inspiration: The
Water Research Commission of South Africa under the Chairman-
ship of Dr. G. J. Stander who, through their intelligent
sponsorship, contributed to a healthy research atmosphere which
I enjoyed at the University of Cape Town; Mr. Ian Reed,
consultant engineer, Ninham Shand and Partners Inc., for many
fruitful discussions and especially his help with parts of
Chapter 6; Universidade de BrasiIlia, in particular Professor
Marco Antonio A. Souza of the Department of Civil Engineering,
for authorization to use the University library facilities;
Mr. Derek B, Purchas, consultant chemical engineer and
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Mr. John Pickford, senior lecturer at the University of Tech-
nology, both of U.K., for advice concerning publication;

The South African Water Information Centre, The Water Research
Centre, U.K, and Environmental Protection Agency, U.S.A., in
particular Mr. M. R. Steyn, Mr, P. J. Russell and Ms. Carole
Cumiford respectively as invaluable sources of information;
and Sra. Eleusis Gurgel Machado who produced an excellent
typescript from an impossible draft.

JQHN BRATBY
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gates of precipitated and flocculated matter, silt, bacteria,
plankton, viruses, biopolymers and macromolecules., Material
smaller than approximately 10_6mm are referred to as compris-
ing solutions. Such material includes inorganic simple and
complex ions, molecules and polymeric species, polyelectrolytes,
organic molecules, undissociated solutes, small aggregates and
50 On.

Particles of colloidal or lesser dimensions are able to
retain a dispersed or dissolved state because of certain in-
herent characteristics which promote their stabil<ty. The
term stability refers to the capacity of such particles to
remain as independent entities within a dispersion.

All particles in a liquid medium possess certain proper-
ties associated with interfacial phenomena. Such phenomena
(to be discussed in detail in Chapter 2) include the effects
of the surface charge carried by particles and the degree of
hydration (or solvation) of the particles' surface layers.

It is due to the overriding influence of surface phenom-
ena that colloids, which possess a colossal surface area to
mass ratio, have the ability to exist as stable dispersons:
For illustrative purposes, Table 1.1 presents the total sur-
face area for an original particle of diameter 10mm split
into (reformed) spheres of progressively smaller diameters.

It is seen that as the size of particles become progressively
smaller, for a given total particle mass the total surface
area becomes extremely large. Hence, it is apparent that for
a given total mass, the smaller the particles the more predom-
inant become the influence of phenomena associated with inter-
faces, Moreover, the lesser become the influence of gravity
effects associated with mass,

With particulate material in the colloidal size range,
it is apparent from Table 1.1 that, considering hydrodynamic
effects alone, time scales of up to several years may be re-
quired for colloidal material to settle through a significant
distance. Furthermore, because of a number of phenomena to
which such small particles are subjected, a change in position
arising from gravity effects could, in a statistical sense,



involve geological time spans. Such phenomena, which include
thermal convection currents within the dispersion medium,
molecular and ionic bombardment and so on, serve to maintain
particles in effectively permanent suspension.

It is feasible that colloidal particles may be removed
from dispersions by methods other than those relying on gravity
effects. Such methods include adsorption and physical strain-
ing. Figure 1.1(M demonstrates various filter types and the
size spectrum of dispersed material to which they may be ap-
plicable. In the engineering sense, considering the volumes
involved in water and wastewater treatment, direct adsorption

or straining by means of a given filter type is not economi-
cally feasible, although exceptions may exist in certain indus
trial processes.

Clameter m
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FIGURE 1.1: Size Spectrum of Waterborne Particles and Filter
Pores. (After Stumm(7)).

From the preceeding comments, the meritoriousness of proc-
esses which convert fine particulate, colloidal or dissolved
material into a form whereby separation from the dispersion or
solvent is practicable, is self apparent. Such processes
could either (i) alter the surface properties of particulate
material thereby increasing the adsorptivity of the particles
to a given filter medium or generating a tendency for aggre-
gation of small particles into larger units or (ii) precipitate
dissolved material thereby creating particulate material for
which separation by sedimentation and/or filtration is feasi-
ble. Such a conversion of the stable state of a given disper-
sion or solution to an unstable state is termed destabilization.

The processes which are able to accomplish destabilization
of waterborne particulate or dissolved material are coagulation
and flocculation.



1.1 DEFINITIONS

Ideally, this section should commence with widely
accepted definitions of coagulation and flocculation so as
not to perpetrate confusion. However, when the abundant
literature on the subject is consulted it becomes evident
that a number of definitions haye been variously adopted.
Furthermore, it appears that at times the terms coagulation
and flocculation have been used interchangeably, whichever
definition has been accepted. It is apparent that a sig-
nificant contribution to the existing confusion has been from
the quarter of the water treatment industry, which has for
years used all manner of definitions of its own(4).

There have been attemptscz) to remedy the lack of
a universal set of definitions, but in certain respects there
still remained a certain unsatisfactoriness, What is required
is a lack of ambiguity and certainty in usage of terms during
all possible conditions of chemical addition and configurations
of the overall process. In this book the following definitions
are adopted:

Coagulation i¢ the process whereby destabilization
of a given suspension or solution ie effected. That is, the
Ffunction of coagulation ig to overcome those factors which
promote the stability of a given system.

Floceulation is the process whereby destabilized
particles, or particles formed as a result of destabiliszation,
are induced to come together, make contact and theveby form
large(r) agglomerates.

Primary coagulant refers to that chemical or sub-
stance added to a given suspensgion or solution to effect
destabilization,

Floceulant aids ave those chemicals or substances
added to a destabilized suspension or solution to accelarate
the rate of flocculation or to etrengthen floce formed
during floceulation.



Sludge conditioners are those chemicale or substances
added to a usually thickened suspension to promote dewatering
and to atrengthen floes prior to dewatering procesgses,

Hence, for the case of a metal coagulant (for example
aluminium sulphate, ferric chloride etc.) added to, say, a
clay suspension, the metal coagulant is being employed as a
primary coagulant. If a cationic polyelectrolyte were to be
added in place of the metal coagulant then one would refer
to the polyelectrolyte as the primary coagulant. In both
cases, the primary coagulant is added to destabilize the clay
dispersion (see Chapter 3 for a full discussion of the types
and characteristics of metal coagulants and polyelectrolytes).

I1f, in the case of metal coagulant addition to the
clay suspension, an anionic polyelectrolyte, say, was sub-
sequently added, in this instance the polyelectrolyte would
be employed as a flocculant aid. Note that from the instant
that the primary coagulant is added, flocculation begins
immediately as a result of molecular bombardment. This floc-
culation stage, as will be explained further in Chapter 7, is
termed perikinetie floceulation., However, for appreciable
floc formation, some form of induced turbulence in the
suspending medium is required. This stage, termed orthokinetiec
floceulation is effected by mechanical agitation or by inducing
a tortuous flow pattern to the suspending medium by passage
through granular filter media or around baffles installed in
a flocculation tank.

After coagulation (during which destabilization has
occurred) and flocculation (during which flocs of required
size and characteristics have formed) the destabilized -
flocculated stream is passed to a solid-liquid separation
facility where flocs are either separated by gravity or are
filtered from the liquid., The accumulated material may then
be further treated to facilitate ultimate disposal, Poly-
electrolytes are often added at this stage to enhance the de-
watering charactistics of the material. In this case one
refers to the polyelectrolyte as a sludge conditiomner,.



1.2 PERFORMANCE CRITERIA

Although the areas of application of the combined
coagulation and flocculation processes vary widely, including
those in the industrial and municipal wastewater treatment
fields, by far the most extensive application has been in the
area of potable water treatment.

With few exceptions, surface waters require some form of
treatment before distribution as a potable supply complying
with health standards. Table 1.2(5§
water quality standards from a number of sources, For a more

presents a summary of

detailed 1ist reference should be made to the International
(9) sublished by the World Health
Organization. Over and above physical and chemical quality cri

Standards for Drinking Water

teria such as those presented in Table 1.2, of further impor-
tance are the bacteriological and virological qualities.

When evaluating a potential potable water supply, a
thorough analysis is usually carried out thereby identifying
those parameters particularly requiring treatment. In general,
the initial phase of the appropriate treatment study is to
assess the degree of removal of the pertinent parameters by
coagulation and flocculation, Here, a number of separate
primary coagulant types, various combinations of coagulants,
different flocculant aids and so on, will be added to the
water under study through a range of imposed experimental con
ditions, The experimental procedure universally adopted for
this phase of study is the jar test, which is described in
detail in Chapter 8.



TABLE 1.2

. WATER QUALITY STANDARDS FOR DOMESTIC POTABLE WATER (°)

SUBSTANGES  UNITS _INTERNATIONAL WHO®  EUROPEAN UNITEUl SWEDEN®  FRANCE® BULGARIA' TANZANIA®
ACCEPTABLE ALLOWABLE  WHD STATES
TOXIC SUBSTANCES
Lead g - 50 100 50 20150 - 100 100
Arsenic . 50 50 50 10/50"" 50 50
Seleniom . - 10 10 10 10150°° - 50 50
Ghromium « - 50 50 50 20 ~ 50 50
Cyanide . - 200 50 10 10120 - 10 200
Cadmium . - 10 10 10 10 50 50
Barlum 1000 1000 1000 - - 1000 1000
Mereury “ - - - 1§ - -
Silvar . - - - 50 - - - -
HUMAN HEALTH
Fluaride myil 1,5 0.7 0.8 -1.7 1.5 - 0,7-1.0 8.0
Nitrate . - 30 5071007 45 30 4" 30 (160)
RENERAL USE
Colour mgil Pt-Co [] 50 - 15 10 15 50°
Turbidity mg/l 5i 0y 5 25 - 3 wiak - 30em' 30°
oH 7.0-8.8 6,5-9.2 - - 5,0-6,0 - 6.5-8.5 6.5-8.2°
Total dissalved
matter my!l 500 1500 - 200 2000 2000”
Total hardness  mg/1 CaC0y - - 500 - - 300 450 600°
Caleium mygfl 7% 200 150 -
Magnesium “ 50 150 125 - - 125 50 -
Sulghate . 200 400 250 250 251250° 250 250 foe’
Chioride . 200 800 800 250 251250°° 250 250 800"
Iron “ 0,3 1 1 0.3 0.2 0.2 0.2 1,0°
Manganese . 0,1 0,5 0,05 0,05 0,05 0.1 0.1 0.5°
Goppet “ 1.0 1,5 0.05 1.0 0,061,0™ 0.2 0.2 0
Zint . 5,0 15,0 5,0 5,0 0.3/5.0% 3 3 15.0°
Phenulic substances
a3 Pheno! wgr! 1.0 H 1 ) 1 2

"Tentative Fipures

“*Lower value refers to permissible concenteytians in water purified according to'normal’ practice i.e

coagulation, flosculation, and filtration, Highgr value for waters much more extensively treated

+TrIMuarenuy measured as thickness of water jayer throogh which standard type can be read



The criteria for the viability and/or optimum con-
ditions for coagulation and flocculation applied to a potential
or existing water supply, depend on the water constituents.
In the majority of cases several constituents are of concern
and, essentially, analysis of the water after coagulation and
flocculation will be based on the removal of each. However,
there will often be a particular constituent that may be taken
as representative and which will be used as the criterion of
process efficiency, especially for the initial phases of the
viability study of a potential supply, or during routine
control of an existing supply. In many instances, such con-
stituents comprise those giving rise to turbidity and/or colour
in a given water.

Because of the widespread usage of turbidity and colour
as indicators of water quality, these criteria will be
discussed in some detail below. However, it should be noted
that there is no intended implication that turbidity and colour
are generally predominant in defining the acceptability of a
given water for human consumption. Moreover, the convenience
and relative celerity in measuring these criteria does not
preclude the more laborious measurements involved with other
physical, chemical or biological criteria.

1.2.1 Turbidity

Turbidity may be identified as the lack of
clarity of a water. However, turbidity should not be confused
with colour; it is very possible for a water to be dark in
colour yet clear and not turbid. Suspended matter giving rise
to turbidity include silt, bacteria, algae, viruses, macro-
molecules and material derived from organic soil matter, mineral
substances, many industrial pollutants and so on, Hence, it is
self apparent that removal of turbidity from water involves
the removal of a wide variety of substances.

Turbidity is not a direct measurement of the amount
of suspended material in a given water but rather an arbitrary
optical measurement based on interference of light passing through
the water. There are two bases of turbidity measurement:
turbidimetry and nephelometry.



Turbidimetry involves comparing the transmission of
light through a standard suspension to that through the water
sample. Instruments employing this technique are based on the
Jackson candle turbidimeter, which consists essentially of three
parts: a calibrated glass tube, a holder and a candle. With the
tubc in place over the lighted candle, the water sample is
gradually added until the outline of thc candle flame is no
longer discernible. The level of the suspension in the tube
defines the turbidity.

In large part due to the subjectivity of turbidimetry
measurements, there has been a gradual evolution to the widespread
use of nephelometry. With this tcchnique, a light beam is
directed into the water sample at right angles to the direcction
of response of photoelectric cells within the instrument. Light
is scattered by the particles of the suspension and converted to
a galvanometric rcading. The phenomenon of light scattering by
a turbid suspension is known as the Tyndall cffect, after the
Brjtish physicist who studied it extensively. The dcgree of
scattering {or the intensity of the Tyndall light) is related to
standard turbidity units. One standard turbidity unit is normally
taken as the turbidity resulting from a standard suspension of
formazin (1,25 mg hydrazine sulphate (NHZ)Z.H2504 and 12,5 mg
hexamcthylenetetramine in 1 7 turbidity frce distilled water).
Formazin polymer is currently used as the turbidity refcrence
suspension because of its stability and reproducibility in turbidity
measurements., Turbiditics measured with formazin suspensions as
standard are referred to as F.T.U. (formazin turbidity units).

Turbidity measurements are strongly influenced by
the nature, size, concentration and refractive index of
particlesin suspension. Thercfore, as a consequence therc is
no dircct correlation betwecen the amount of suspended material

in a water sample and the turbidity of the sample.

Regarding thc possible sources of turbidity
given previously, the possibility of a human health hazard
arising from toxicity, infection or gastrointestinal irritation
is appreciated. Moreover, apart from the health point of view,
turbidity is objectionable on aesthetic grounds: in other words,
the potability of water less than a certain degree of clarity is
considered to be doubtful by the general public, Furthermore,

turbid supplies are unacceptable to many industrial consumers: for
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example, process water used in food and paper industries is required
to have a high degree of clarity to assure adequate final product

quality.

1.2.2 Colour

As will be discussed in greater detail in Section 4.2.2,
most of the colour in waters arises from organic compounds leached
from soil and decayed vegetation. Surface waters may at times
appear to be highly coloured, because of coloured suspended matter,
when in reality they are not. Colour caused by suspended matter
is referred to as agpparent colour and is differentiated from colour

derived from organic sources, which is referred to as true colour,

Colour, like turbidity, is quantified in terms of
arbitrary units since the concentration of colouring matter is not
a measure of its colour producing properties. To measure the
colour of a sample (see Section 4.2.2.4) the sample is compared
to an arbitrary standard colour scale. The standard colour unit
is defined as that colour produced by dissolving 1,0 mg potassium
chloroplatinate and 0,5 mg cobaltous chloride in 1,0 litre of
distilled water. The colour produced is of a yellowish-brown
character and resembles that found in natural waters.

Coloured waters are objectionable for a number
of reasons (see Section 4.2.2.3), not least of which include
aesthetic considerations. Furthermore, the presence of colouring
matter is an indication of pollution of some form and, there-
fore, steps are invariably taken to remove colour from waters
during treatment. However, as far as humic colouring matter
is concerned, there is no evidence of a health hazard.

1.3 SUMMARY

As a review of the preceeding discussions, one can put
forward the following general comments: Coagulation is the
process whereby a given system may be transformed from a
stable to an unstable state, The manifestation of destabili-
zation is dependent on the particular system: TFor example,
in the case of disperse suspensions or solutions, visible floc
or precipitate formation occurs; In the case of highly con-
centrated suspensions,dewatering of the sludge mass occurs,
and so on.
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Flocculation is the process whereby the manifestation
of destabilization is realised in practicable terms: In
effect, flocculation accelerates floc formation; influences
the physical characteristics of flocs formed (for example,
their strength, size and density) and governs the final number
concentration of destabilized particles. Flocculation, by
whatever means it is effected, is a necessary adjunct to de-
stabilization.

Considering the wide variety of material of which
coagulation and flocculation effect removal in the area of
water treatment alone, one may say that these processes are
veritable work-horgses of whichever overall treatment scheme
is applied. Such a diversity of material, ranging from clay
particles through various biological forms to substances in
solution, occur to differing extents simultaneously in a given
water source and thereby present considerable difficulties dur
ing both optimisation and control of coagulation and floc-
culation. Optimisation is influenced by the properties of
the material present, characteristics of the different
coagulants which may be applied, method of addition of
coagulants to the water and, with a particular combination
of such factors, the characteristics of flocs formed for a
given set of flocculation parameters: That is, the magnitude
of induced velocity gradients, their duration and so om.
Control is influenced largely by changes in water quality and,
in cases where a range of materials are present, the relative

concentration of each at a given time.

The complications inherent in coagulation and floc~
culation, outlined above, are most effectively overcome with
the support of a thorough understanding of both the various
phenomena involved and their interdependence. It is hoped
that the following chapters contribute to the institution of
such a level of apprehension.
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2,0 INTRODUCTION

In the introductory chapter of this book it was shown
that the substances in water and wastewater treatment to which
the coagulation-flocculation process is applied may generally
be described as being within or less than the colloidal size
range. Coagulation is the phase in the overall process whereby
the constituents of a given water are destabilized and floc-
culation is the phase whereby destabilized particles, or
particles formed during destabilization, are induced to col-
lect into aggregates.

With colloids, the term stabllity describes the ability
of individual particles to remain as separate entities or, in
other words, to maintain a dispersed state, The stability of
colloidal material arises from the predominance of forces as-
sociated with the solid-liquid interface. Principally, the
interfacial forces promoting the stability of a colloidal dis-
persion arise from: (i) the presence of a surface charge at
the interface between colloid and liquid and (ii) hydration of
surface layers of the colloid, as shown conceptually in Figure

2.1,
e
Polorized woter
Hartt poinntial
eta potential —
Lyophabic
Charge Dischargs
Dischorgs

tyophikc

!r-dwmd paniide.

FIGURE 2.1: Stability of Colloidal Particles in Aqueous
Suspension Depends on Hydration and Electrostatic
Charge, Both of Which in Turn Depend on Chemical
Composition and Structure of Substrate at the
Solid-Liquid Imterface. (From Priesing (%), with
permission of the American Chemical Society).

There are two general classes of colloids, which are
given the names lyophobic and lyophilic. In water and waste-
water treatment the terms are made more specific with the
names hydrophobic and hydrophilic. Hydre - refers to the
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water phase in which the colloids exist and - phobic and-philic
refer to the degree of affinity of the colloids for the liquid
phase. That is, hydrophobic infers water repellence and hydro-
philic infers a strong affinity for water molecules in the
surface layers of the colloid. The amount of water bound by
hydrophilic particles may in some cases be three to ten times
their own dry mass. Examples of hydrophobic colloids are gold
sols, silver halogenides and nonhydrated metal oxides. Hydro-
philic colloids include gelatin, starch, gums, proteins and

all biocolloids, for example, viruses and bacteria,

In water and wastewater treatment, it is usually difficult
to classify a particular water as being either a hydrophobic
or hydrophilic colloid dispersion: Both types may co-exist
in a particular system and, furthermore, there may be a con~
tinuous transition from one state to the other, as occurs for
example, during treatment. A further difficulty in classi-
fication is that in some instances both hydrophobic and hydro-
philic areas may exist on the colloids together.

Although the term hydrophobic infers a definite solid-
water boundary, there is in reality a layer of water molecules,
perhaps in some cases only a molecule thick, bound strongly
enough to the colloid surface such that as the colloid moves in
the water, the plane of shear is a water-water boundary: As
shown in Figure 2.2 (adapted from Horne (17)), the water molecule
exists as a dipole with a positive end resulting from the two
bonded hydrogen atoms and a negative end from the two free
pairs of electrons of the oxygen atom. The result of this
charge distribution is a strong dipole moment of 1,84.10_18esu;
In the conditions encountered in water and wastewater treatment,
colloidal material almost always possesses a net negative sur-
face charge. The effect of these two factors: the dipolarity
of the water molecule and the surface charge carried by the
colloid, is to (i) bind water molecules to the solid-liquid
interface and (ii) orient water molecules, or alter the way in
which molecules are arranged, in the vicinity of the charged
surface. The influence of the charged surface on the molecular
arrangement of water is reflected in the different dielectric
constants of successive water layers with distance from the
charged surface, as shown in Figure 2.3 (adapted from Bockris
et at %)),
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The mechanism of destabilization of hydrophobic colloids
is often considered as a reduction of the effective surface
charge; reduction of the zone of influence of the surface
charge and a reduction of the number of adsorbed water mole-
cules or extent of zone of ordered water structure. The effect
of these factors is that adjacent colloid particles, heretofore
remaining apart principally due to electrostatic repulsion and
to a certain extent to the ordered water structure around
them, are now able to approach close enough together so that
London-Van der Waal forces of attraction can hold them together,
These latter forces are of an electrostatic character and arise
from at least four components, of which by far the most dominant
results from the interaction of two non-overlapping atoms:
The electron cloud of each atom is attracted to the nucleus
of the other with an intensity greater than the repulsions due
to adjacent electron clouds and nuclei, such that the nett
result is an attractive force of short range.

Although the above mechanism certainly does occur and may
in some instances be dominant during destabilization, there
are other phenomena of as great an importance, such as
adsorption of polymeric ions or molecules. Here, although
electrostatic considerations may play a rdle during destabi-
lization, in certain cases the dominant mechanism may be one of
bridging by the adsorbed polymeric species between adjacent
particles. A further mechanism, of importance with removal
of dissolved substances from water during coagulation, is the
formation of precipitates, This mechanism is also probably
of high significance during destabilization of hydrophilic
colloid dispersions. Again, electrostatic considerations
arising from the surface charge carried by the colleids may
play a part during destabilization, but it is likely that
the extensive hydration of surface layers of hydrophilic
particles has the effect of a physical barrier. Destabiliza-
tion is brought about principally by dehydration and coordin-
ative chemical reactions between the applied coagulant and
functional groups on the colloid surface.

From the above discussion, it is seen that destabilization
reactions of colloids in aqueous dispersion are complex and
arise from several mechanisms. The predominant mechanism
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depends very largely on two factors: (i) the nature of
the colloidal dispersion: whether hydrophobic or hydrophilic
particles are prevalent; the surface nature of the colloid,
for example with hydrophilic particles, the types of functional
groups present; the intensity of surface charge carried by the
colloid and so on and (ii) the type of coagulant added to the
colloid dispersion: whether coagulant species are uncharged
or charged; the intensity of charge in the latter instance;
the adsorptive capacity of the species; the capacity for bridge
formation between adjacent colloids and so on.

For an understanding of destabilization phenomena of
colloid dispersions with coagulant addition, the first steps
are to consider the surface charge carried by hydrophobic
colloids, the effect or zone of influence of the surface
charge, the effect of simple coagulants on both the effective
surface charge and its zone of influence, and destabilization
of hydrophobic colloids with simple coagulants. These aspects
are the subject of the present chapter.

Subsequent chapters will deal with, in turn, more complex
coagulants with enhanced adsorptive capacity and facility for
bridge formation; the destabilization of hydrophobic colloids
by such coagulants and destabilization of hydrophilic colloids
and substances in solution,

2.1 ORIGIN OF SURFACE CHARGE

Before discussing what effect the surface charge of a
colloid has on its environment, it is necessary to state the
origin of this surface charge.

There are three principal ways in which the surface
charge may originate 34%

(i) The charge could arise from chemical reactions at
the surface. Many solid surfaces contain functional
groups which are readily ionizable, such as -OH:
-COOH; -OPO3H2. For example, with a bacterium, the
overall charge may be visualized as resulting from
ionization of functional amino and carboxyl groups:
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(ii)

(iii)

HO 0
\\\Si//,/’ \\\\

Q0H o0~ -
K//,/C _J__* ///, _JL*_A-////COO
™~ ““thH

NH TNH

3 2

The charge of particles with such surfaces becomes
dependent on the degree of ionization (proton
transfer) and consequently on the pH of the sur-
rounding liquid. At low pH values, a positively
charged surface prevails while at higher pH, a
negatively charged surface prevails. At some inter
mediate pH (the isoelectric point or the zero point
of charge pHZPC)’ the charge will be zero.

Surface charges can also originate by processes in
which solutes become co-ordinatively bound to 'solid
surfaces,

Surface charge could be caused by lattice imper-
fections at the solid surface. For example, if in
an array of solid SiO2 tetrahedra a Si atom is re-
placed by an Al atom (47 having one electron less
than 8i), a negatively charged framework is
established, viz:

N
w0 o o N,

0

Si’///o
™~

OH

Clays are examples of such atomic substitutions,
Surface charges of this type are independent of the
pH of the liquid.

Surface charges could also he established by the
adsorption of ions. Adsorption of one type of ion
on a surface can arise from London-van der Waal's

forces and from hydrogen bonding.
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2.2 EFFECT OF SURFACE CHARGE

The surface charge influences the distribution of nearby
ions in the liquid. Ions of opposite charge f(counter-ions)
are attracted towards the surface and ions of like charge (co-
ions) are repelled away from the surface, This, together
with the 'mixing' tendency of thermal motiocn znd mutual ionic
repulsion or attraction, leads to the formation of an elee-
trical double layer made up of the charged surfacc and a
neutralizing excess of counter ions over co-ions distributed
in a diffuse manner in the nearby liquid. The theory of the
electrical double layer (see Sections 2.4, 2.5 and 2.6) deals
with this distribution of ions and hence with the magnitude
of the electric potentials which occur in the locality of
the charged surface.

Electric potential is analogous to gravitational potential,
but now one thinks of points in an electric field. Thus in
the field around a negative charge, for example, another nega-
tive charge moves from points near the charge to points further
away and one may say that points around the charge have an
'electric potential' whose magnitude depends on their relative
proximity to the charge.

The electrical double layer can be regarded generally
as consisting of two regions: an inner region which probably
includes water molecules and adsorbed (hydrated) ions, and a
diffuse region in which ions are distributed according to the
influence of electrical forces and random thermal motion.

Historically, the electrical double layer was first
considered to consist of a charged surface and a diffused
region of ions around that surface, This led to a model
developed by Gouy and Chapman. The second development was
to consider, in addition to the diffuse region of ions, a
region in which ions are adsorbed and held to the surface.
This led to the model developed by Stern. Stern's model
therefore is a modification of the Gouy-Chapman model, with
an adsorbed layer of ions being considered.
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The development of the electrical double layer presented
here will first deal with Stern's consideration of an adsorbed
layer of ions, then the treatment for the diffuse part of the
double layer (due to Gouy and Chapman) and finally Stern's
model for the complete double layer.

2.3 ADSORPTION

Since the acknowledgement of adsorption is inherent in
Stern's model of the electrical double layer, it is considered
worthwhile to briefly consider what is meant by it. Adsorption
of a molecule (or ion) from solution on the surface of a solid
involves a sequence of events 34):

a) Removal of the molecule from solution;
b) Removal of solvent from the solid surface and
¢) Attachment of the molecule to the surface of the solid,

Because of thermal agitation, molecules and ions in
solution are in a continuous state of movement. As a conse-
quence, colloidal particles are haphazardly bombarded by
molecules giving rise to a random motion. This continuous
random movement of colloidal particles is known as Brownian
motion (after the British botanist Robert Brown who showed
in 1827 that such motion was not confined to living matter,
as originally supposed.) Because of Brownian motion there
will frequently be collisions and contact made between molecules
and ions in solution and solid surfaces. When such contact
occurs, three events are possible:

(i) The molecule or ion could be held to the solid
surface by ionic, covalent, hydrogen or dipolar
bonding. These types of bonds may be classified
in terms of bond energies (kcal mole_l): ionic
crystal bonds have a bond energy greater than 150;
covalent between 50 to 100; hydrogen bonds 1 to 10
and polar less than 5. Adsorption arising from
such mechanisms is referred to as chemical adsorption.
Adsorption could also arise from (and is always
enhanced by) London-van der Waal's forces of at-
traction. Adsorption arising from this mechanism
is referred to as physical adsorption.
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(ii} The molecule could be repelled from the surface

by means of electrostatic repulsion before event
(i) can take place.

(iii) BEven if conditions are favourable for attachment,
the molecule could once more be installed in
solution because of natural Brownian movement.

The affinity of the solid surface for some solutes (those
molecules, etc., in solution) may be less than the solid's
affinity for the solvent itself (e.g. water molecules in the

case of an aqueous solvent). Organic dipoles and large

organic ions are preferentially accumulated at the solid
surface primarily because their hydrocarbon parts have little
affinity for water. Simple inorganic ions such as Na+; Ca2+

and €I may remain in solution, even if they are specifically
attracted to the solid surface;

because they are readily
hydrated in aqueous solutions,

Less hydrated ions, such as
Cs+, cuoH* and many anions tend to seek positions at the solid
surface to a larger extent than easily hydrated ions.

If adsorption does take place in solution, it follows
that there is a net release of energy since the energy of
attraction between the solid surface and the adsorbate must

be greater than the energy of repulsion (if it is present)

due to electrostatic effects. Furthermore, since adsorption

involves the removal of a certain amount of solvent from the
solid surface, then it follows that the energy required to
remove the solvent molecules must be less than the energy
released by the attachment of the adsorbate (See Figure 2.4).
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FIGURE Z.4: Scheme of Energy Changes During Adsorption
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This energy released as a consequence of adsorption is
termed the 'overall standard free energy of adsorption' and
is given the symbol 03°. From the discussion above it
follows that AG® is equal to the sum of the energy released
by the 'satisfaction' of whatever forces of attraction prevail
(chemical bonding, London-van der Waal's forces, etc.) and
either the energy released by the ’'satisfaction' of electro-
static forces of attraction or the energy which has to be
overcome because of electrostatic forces of repulsion.

Hence AG° is given by:
MG = pr zev, (2.1)

Where @ is the energy released during 'bonding' and ze
Vs is the energy either released or adsorbed during electro-
static interactions (see later). If zedys is of opposite
sign to f yet is smaller in magnitude, then adsorption takes
place quite readily.

Experimentally it is difficult to separate the energy
of adsorption into its chemical and electrostatic components,
but it is known that many organic ions of similar charge to
the surface are readily adsorbed, indicating that the chemical
adsorption energy released can easily be greater than the
electrostatic energy of repulsion. Stumm and 0'Melia (35)
present a numerical example illustrating the above points:

For the adsorption of a monovalent organic ion to a surface

of similar charge and against a potential drop (WG) of 100mV,
the electrostatic term in Eq. (2.1), zey,=2,3 Kcal mole”

The standard chemical adsorption energy for typical monovalent
organic ions is of the order -2 to -8 kcal mole ~, which
demonstrates that the electrostatic contribution to adsorption
can easily be less than the chemical contribution. From

this, it is at least qualitatively appreciated that the
addition of suitable counter ions not only decreases the
effective surface charge, but may produce a reversal of
surface charge at higher concentrations.

The adsorptivity of a particular system is described
by empirical expressions, known as isotherms, which relate
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the mass of solute adsorbed per unit mass of adsorbent to
the concentration of solute remaining after adsorption., Two
widely used isotherms are the Langmuir and Freundlich isotherms.

For systems exhibiting Langmuirian adsorption behaviour,

the relevant parameters fit the equation:
C/(x/m) = a + C/b (2.2)

Where C = concentration of solute (those molecules and ions

1);

x/m = mass of solute adsorbed per unit mass of adsorbent;
a, b = constants for a particular system.

in solution) which remains after adsorption (mgl~

Systems of interest here which exhibit Langmuirian
adsorption behaviour are the destabilization characteristics
often observed with hydrolyzed iron (Felll) coagulants (35)
and with polyelectrolytes (5’10). For the latter case, a
modified Langmuir type isotherm, known as the Simha-Frisch-
Eirich (S8.F.E.) isotherm, has been used to describe poly-
electrolyte adsorption behaviour (See Section 5.1.2.2).
However, in many cases the Langmuir isotherm has been found

to provide adequate representation of the phenomena,

For systems exhibiting Freundlichian adsorption behaviour,
the appropriate equation is as follows:

Log(x/m) = (1/a) log C + log b (2.3)

Freundlich adsorption behaviour has been reported(7) for
the destabilization characteristics of dilute clay suspensions
by hydrolyzed aluminium sulphate. The difference between the
adsorption behaviour of aluminium coagulants compared to ferric
coagulants and polyelectrolytes serve as a further indication
of the complexity of the aluminium hydrolysis products formed
(see Section 3,1.2.4).

2.4 INNER PART OF ELECTRICAL DOUBLE LAYER

The treatment of the diffuse part of the double layer
proposed by Gouy and Chapman (see later) is based on an assump-
tion of point charges in the electrolyte solution, However,
Stern recognized that the finite size of the ions will 1limit
the inner boundary of the diffuse part of the double layer
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since the centre of an ion can only approach the surface to
within its (hydrated) radius without becoming specifically
adsorbed. Stern proposed a model in which the double layer

is divided into two parts separated by a plane (the Stern
plane) located at about a hydrated ion radius from the surface
(See Figures 2.5 and 2.6). The adsorbed ions may be dehy-
drated in the direction of the solid surface so their centres
will lie somewhere between the solid surface and the Stern
plane., Ions whose centres are located beyond the Stern plane
are considered to be part of the diffuse layer for which the
Gouy-Chapman treatment (see next section) is considered ap-
plicable, The electric potential at the surface of the par-
ticle is given by wo (or the Nernst potential) and that of

the Stern plane (the Stern potential) is given by Y5 The
potential in the diffuse layer decays exponentially from by at
the Stern plane to zero at infinity (see later).
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FIGURE 2.5: Conceptual Presentation of the Electrical Double

(28)

Layer. (From Priesing , with permission of

the American Chemical Society).

When specific adsorption takes place (i.e. adsorption
arising from electrostatic and/or van der Waal forces) counter-
jon adsorption generally predominates over co-ion adsorption
and such a situation is depicted in Figure 2.6

It is possible, especially with polyvalent or surface
active counter ions for reversal of charge to take place within
the Stern layer, i.,e. for wo and wG to have opposite signs (See
Figure 2.7).



27

I N Y Y S I A

FOTENTIAL

[éj ’—1/"( _I

Fl ANE OF
BHEAR

PARTICIE
SURFACF

STERAN
PLANE
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FIGURE 2.7: With Polyvalent or Surface-Active Counter-Ions,
Reversal of Charge May Take Place Within the Stern
Layer.
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Adsorption of surface active co~ions could create a
situation in which Wa has the same sign as wo and is greater
in magnitude (See Figure 2.8).

POTENTIAL

DISTANCE

1
T

FIGURE 2.8: Adsorption of Surface-Active Co-~Ions Could
Increase Effective Surface Charge

2.5 DIFFUSE PART OF ELECTRICAL DOUBLE LAYER
2.5.1 Assumptions

The Gouy-Chapman treatment for the diffuse part

of the double layer is based on the following assumptions(so):
1. The surface is assumed to be flat, of infinite ex-
tent and uniformly charged.

2. The ions in the diffuse part of the double layer are
assumed to be point charges distributed according to
the Maxwell-Boltzmann distribution. This distribution
is based on probability theory and leads to an ex-
pression for the number of molecules (ions) in a gas
(Iiguid) at equilibrium possessing a certain specified
energy. It considers a system made up of n, similar
molecules which do not attract or repel each other.
The original expression for the distribution was:

E.
i

n. =n_exp ( - —) (2.4)
i o KT

where n, is the number of molecules with energy Ei

at absolute temperature, T. kT is Boltzmann's
constant times absolute temperature and is a measure
of the thermal kinetic energy of the particles. It

is derived from entropy and probability considerations
where the entropy of a system § is related to the
probability of that system, W, by the equation:
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2]
i

k logC w

or
W

i

exp () (2.5)

W was defined by Boltzmann to bhe the ratio of the
probability of an actual state to one, having the
same total energy and volume, in which the molecules
are complotely ordered.

The liquid is assumed to influence the double layer
only through its permittivity, which is assumed to
have the same valuec throughout the diffuse part of
the double layer. The permittivity may be concep-
tually visualized by considering it to be the inverse
of the rcsistance to electron flow, that is, the
lower the permittivity, the greatcr is the resistance

to flow experienced by clectrons.

.2 Distribution of Potential with Distance from

Charged Surface.

Let the electric potential at the Stern plane be
at a distance x in the solution from the Stern plane.

Taking the solid surface to be negatively charged

and that even with countcr-ion adsorption, charge reversal

has not taken place {(which is the usual case) and an excess

of counter-ions over co-ions cxists in the diffuse layer,

applying the Maxwell-Boltzmann distribution:

and

n

n

ng cxp(é%y) (2.6)
n_ exp(- ch) (2.7)
o - kT ;

where n, and n_ are the respective numbers of positive

and negative ions per unit volume at points where the

potential is ¢, and n, is the concentration of ions at

infinity, i.c. at w,n, = n_ = n, (See Figure 2.5).
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z valency of ion
e = charge of electron

{(hence ze = charge of ion)

The potential ¢ at a point in an electric field -
or in the diffuse layer - is defined to be the work done in
moving a unit charge (of the same sign as that of the surface)
from infinity to that point. If a charge of ze is moved from
infinjty to that point it follows that the amount of work
done on it is zey. That is, the charge is capable of performing
zep units of work, which is the potential energy possessed by
the charge at that point.

The charge density, p, at points where the potential
is ¢y is given by:

p = ze(n, - n_)

ze {ex (zew) - ex («EEEJ}
"o FHPTRT P

]

. p = +2ze n sinh(zgﬂ) (2.8)
° xT
where sinh x = (eX - e X)/2

p is related to ¥ by Poisson's equation and for a flat

double layer takes the form
2
av o _p
__%__E (2.9)

dx

where e= permittivity.

(Poisson's equation, derived from vector analysis, is based

on Coulomb's law).

From equations (2.8)and (2.9):

2 zen
dv. ., o sinh(zgm) (2.10)
x° KT

d €
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The boundary conditions for the latter equation are:

when x

n
=
=

=¢6

i

0 and W - 0
dx

when x = o :

The solution to the above equation is:

p = 2T el ty exp (-Kx) (2.11)
ze 1 - v exp ( -Kx)

exp(ze¢5/2kT)-1

where v = exp(zewG/ZkT)+1 (2.11a)

2.2

Zz"e™n

and K = (——2y1/2 (2.11b)
ekT

At low potentials where ¥ << 25 mV (and 28¥ <<1) one may

2kT
use the approximation that exp(x) =1 + x
i.e. exp(iﬁﬁ) =1+ zey
2kT 2kT
Equation (2,11} thus simplifies to:
¥ = Y exp(-Kx) (2.12)

Equation (2.12) shows that at low potentials, the
potential decreases exponentially with distance from the Stern
plane. Close to the charged surface where the potential is
likely to be relatively high, the above approximation cannot
be used and the potential increases at a rate greater than
exponential.

2,5.3 Thickness of Double Layer
The Stern potential Vg can be related to the nett

space charge density o in the diffuse part of the double
layer as follows:



32

Substituting equation (2.8):

= ® s oy Zey
o = f 2ze n_sinh=—-dx
o 0 kT

P2zen 1/2 &xp(zﬁi) -exp(-~- EEE)}dX
© o kT kT

il

zenofz{exp(ﬁgﬂ) -exp(zﬂiﬂ-dx
kT

At low potentials, again using the approximatién

zew

exp(22¥) = 1 +
KT KT

. . O = Zen fw{(]_ + —.Z-E.‘P.) - (1 - Eﬂ)}dx
00 kT KT

Zzzezn

o oo
= — 9 rydx
kT °

But from equation (2.12):

p o= wsexp(—Kx)

ZZZeZn wd -
. g5 087 exp (-Kx) dx
kT °
Zzzeznows exp (-Kx) 1=
0706 g __JL____l}o
kT K
2.2
_Tizemng¥s (1/6° - 1/¢%}
K kT
2.2
) 2z"7e now6
K kT

But from equation (2.11b)}:

2.2
2z%e™n
K = ( 0)1/2
ekT
2.2
2z7e"n
T 0 . el

kT

(2.13)

that

(2.14)

(2.15)
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Hence ¢ = I(aq;(S

or, ]'bs =0/Ke (2.16)

From equation (2.16), the surface potential wé (at low
potentials) is dependent on the nett space charge density o;
the permittivity of the diffuse layer e and a quantity 1/K
whose units are those of length e.g. cm. The significance of
the quantity 1/K is demonstrated as follows:

Consider a parallel plate condenser whose plates are
of unit area and separated by a distance d. The potential
difference between the plates is V and the space between the
plates is of permittivity €, as shown in Figure 2.9,

S

FIGURE 2.9: Parallel Plate Condensor Analogy With Electrical
Double Layer.

The capacitance of the condenser is defined to be the

ratio of the charge on either plate to the potential difference
V between them,

i.e. C = Q/V

The permittivity is defined as:

_ Electric flux density _ Q/1

Electric force v/d
=24, cd - ca (for plates of unit area)
Vi 1
Hence C = e¢/d for a parallel plate condenser (2.17)

Consider the diffuse part of the double layer where the
potential differs from wé at the surface to zero at infinity.
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The capacitance per unit area of the diffuse layer can

be written as:

Cz_Q—":,_.___G']':g._
Vg -0 s

From equation (2.16) one can see that

9. (= capacitance) = Ke (2.18)
s

For the parallel plate condenser it was shown that the
capacitance between plates separated by distance d is equal
to /&, hence, the diffuse layer may be considered to be a
parallel plate condenser whose plates are separated by a
distance of 1/K. For this reason 1/K is referred to as the
thickness of the diffuse layer (or, alternatively, as the
Debye-Hackel length). In reality, however, the diffuse layer

extends to infinity.

2.5.4 Effect of Ionic Strength on Double Layer

As shown below, the thickness of the double layer
is dependent on the ionic strength of the electrolyte solution.
From Equation (2.11b}:

2.2
2z%e"n 2 2
0)1/2 - (Zz e NCo)l/Z (2.19)
ekT ekT 10

K =

Where N = Avogadro's number = number of <one per mole of
23 1

electrolyte solution = 6,03.10°” mole -,
CO = concentration of electrolyte solution (moles 2'11
Rewriting Equation (2.11b) and putting Coz2 = 21
where I = ionic strength (moles 1_1).
4e’NI (172
K ( ) (2.20)

ekT.10"

From Equation (2,20) it is seen that increasing the
ionic strength results in a decrease in double layer thickness.



It can be calculated that for water at 20°C and ionic
strength I, the thickness of the diffuse layer is given by:

k1= 2,008 1 V2 (2.21)

where

e = charge of electron = 1,6.10'19 coulombs

g = permittivity = 7,08.10" %% coulombs v lem™?
kT = Boltzmann constant times absolute temp, = 0,41 x 10-20V

coulombs at 20°C,

2.5.5 Effect of Nature of Counter Ions

The Gouy-Chapman model also shows that multivalent
counter ions are concentrated in the double layer to a much
greater extent than monovalent ions, that is, from equation
(2.6):

n, = noexp(zsij
kT

it can be seen that for monovalent ions the expression
can be written as

n+ = noA
For divalent ions: =n, = noA2
. . 3
For trivalent iomns: n,_ = noA , etc.

2.6 STERN'S MODEL OF COMPLETE DOUBLE LAYER

Stern's complete model for the electrical double layer
is based on considerations of electrical neutrality for the
whole system.

If o, is the charge density at the particle surface,

then treating the Stern layer as a condenser of thickness §
and with permittivity e':

o= £(¥, - ¥y (2.22)
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Stern assumed that a Langmuir-type adsorption isotherm
could be used to describe the equilibrium between ions adseorbed
in the Stern layer and those in the diffuse part of the double
layer. Considering dnly the adsorption of counter-ions, the
charge density of the Stern layer is given by the expression:

g
os = n (2.23)
1+N/(nOVm)exp{(zeW6+ﬂ)/kT}
where O is the charge density of the Stern Layer;
O is the charge density of the Stern layer corresponding
to a complete monolayer of counter-ions;
N is Avogadro's number;
Vm is the molar volume of the solvent;
g is the energy (per mole) of adsorption due to
chemical forces; and
ze¥s s the energy {(per mole) of adsorption due to

electrostatic forces.
If o is the charge density of the diffuse part of the
double layer, then:
o = Ke¥, (See equation 2.16)

For overall electrical neutrality throughout the double
layer, then

. o
_€ (wo - wa) + m
8 1+N/(n0Vm)exP{(ZeW6+¢)/kT}

+KeW6=O (2.24)

Equation (2.24) is the Stern model for the double layer.
It contains a number of unknown quantities of which the most
significant is the Stern potential Ws. However, although Vs

cannot be directly measured, a close approximation may be
obtained by determining the potential at the plane of shear,
desjignated the zeta () potential, by electrokinetic meas-
urements. This is the subject of Section Z.8.
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2.7 COLLOID STABILITY IN TERMS OF THE DOUBLE LAYER
2.7.1 Energy of Interaction Between Particles

Verwey & Overbeek and Derjaguin & Landau independ-
ently developed a quantitative theory based on the Gouy-Chapman
model in which the stability of hydrophobic colleoids is treated
in terms of the energy changes which take place when particles
approach one another. The theory (known as the VODL theory)
involves estimations of the energy of attraction (London-van
der Waal's forces) and the energy of repulsion (overlapping
of electrical double layers) in terms of the distance between
particles,

The general expression developed for the repulsive
energy Vp is very complex. However, for the condition of low
wé and low values of exp (-KH), a relatively simple expression

L (A1)

was developed by Verwey & Overbee which gives a good

approximation for VR:

Bek’T ay?
VR = mw—;z——l— exp (-KH) (2.25)
. 20 -2 -2
where B is a constant equal to 4,36 x 10" A ° §

A is Hamaker's constant (depends on the number of atoms per
unit volume and the polarisability of the material of the

particles).
S = R/a = distance between centres of spheres
radius of spheres
= R _ =12 -1 -1

€ = permittivity = 7,08 x 10 coulombs V™ ° cm

kT = Boltzmann constant times absolute temp. =
= 0,41 x 10720 v coulombs at 20°C
exp{zewa/sz}-l

Y T EXplzelg/ZKTI+]

H = shortest distance between spheres

z = valency of counter-ions

1/X = thickness of diffuse part of double layer
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The London-van der Waal's attraction energy between two
molecules is of very short range and is assumed to vary
inversely with the sixth power of the inter-molecular dis-
tance(14’ 15, 16, 25). For an assembly of molecules, these

forces are approximately additive and the attractive energy

between two particles can be computed by summing the attractions

between all pairs of molecules within the particles(zs).

For the case of two identical spheres of radius a with
the shortest distance between them equal to H (and H << a)
then the London-van der Waal energy of attraction is approx-

imated by(ZS):
vy - -Aa (2.26)
12H

There are certain difficulties involved in computing V,,
the main difficulty being the measurement of the Hamaker
constant A.

The total energy of interaction between two charged

particles is obtained by summation of the attraction and
repulsive energies as shown in Figure 2.10.

VA2

REPULSHON

DISTANCE BETWEEN
—————— PARTICLES

POTENTIAL ENERGY OF INTERACTION . v

ATTRACTION

FIGURE 2.10: Potential Energy of Interaction Between Two
Particles.
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The general characteristics of the resulting potential
energy-distance curve can be deduced from the properties of
the two forces. The repulsion energy is an exponential function
of the distance between the particles with a range of the
order of the thickness of the electrical double layer (1/X).
The attraction energy decreases as an inverse power of the
distance between the particles. Consequently London-van der
Waal's attraction will predominate at 'small' distances, (at
very small distances there will be repulsion due to over-
lapping of electron clouds, known as the 'Born' repulsion -
this is not shown on the potential energy curve). At inter-
mediate distances double layer repulsion may predominate,
depending on the relative values of Va and Vr*

If the potential energy maximum (point A on Figure 2,10)
is large compared with the thermal 'kinetic' energy of the
particles (kT), the system will be stable, If the kinetic
energy of the particles is large enough to surmount the
potential energy 'hump', then the particles will coalesce.
The height of this energy barrier depends upon the magnitude
of ¥, and upon the range of the repulsive forces (i.e. upon
1/K).

2.7.2 Theoretical Optimal Concentration of Electrolyte
for Destabilization.

An expression for the concentration of an indif-
ferent electrolyte required to destabilize the dispersion can
be derived by assuming that a potential energy curve such as
V(2) in Figure 2.10 can be taken to represent the conditions
for optimum destabilization:

From the curve there is a certain value of H at

which v = 0 ana &¥ = 0.
dH

Now, 2.9 2 A

Vo=VptV, = EEE_g_EI_exp{_KH)__E_ =0

R 4 1ZH
and d av ¥
V.
v _ R, A, —KVR - A 0
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giving
222
K = 4,415 2K T Y
Az

Substituting the expression found before for K, i.e.
from Eq. (2.19):

2e2z2N 1/2
(——————zco)
ekT 10

one can deduce that Co’ the molar concentration of
electrolyte solution required to destabilize a colloidal
dispersion, is given by:

9,758%e5Kk5T7y410° (2.27)

AzezNz6

C =
(o]

2,7.3 Schulze - Hardy Rule

From Equation (2.27), an interesting point comes
to light: Optimum concentrations of <ndi{fferent electrolytes
yielding counter-ions with valency z =1, 2, 3, etc., should
be in the ratio 1/16 : 1/26 : 1/36 or approximately 800 : 12 : 1,
This is in reasonable agreement with experimental evidence on
the coagulation of hydrophobic colloids by non-adsorbable ions.
The phenomenon is known as the rule of H. J. Schulze and W. B.
Hardy from their work in 1883 and 1900 respectively.

It should be noted that the above expression for
the optimal concentration of indifferent electrolyte relies
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on a model for double layer depression according to the Gouy-
Chapman treatment. It does not take into account the extensive
adsorption likely during most instances of colloid destabil-
ization with metal coagulants. For this reason, and because
of the simplifications required in developing equations (2.25)
to (2.27), the 1/z6 rule is inapplicable in most cases(ZI).
However, there are instances where the Schulze-Hardy rule is
observed. Such cases would include thése where highly charged
polynuclear coagulant hydrolysis species are present at low
concentrations in solution (see Chapter 3). At sufficiently
low concentrations adsorption may be negligible and the
destabilization mechanism is one of double layer depression
analogous to that of non-adsorbable ions. At higher coagulant
concentrations adsorption concomitantly increases and the
Schulze-Hardy rule becomes inapplicable(ZI)

2.8 ELECTROKINETIC MEASUREMENTS
2.8.1 Zeta Potential

It was stated in Section 2.6 that a difficulty
in quantifying a model of the electrical double layer is
measurement of the Stern potential Vg However, an approximation
may be obtained by measuring the potential at the plane of shear
between moving particle and surrounding liquid. This potential
is known as the zeta () potential., The exact location of the
shear plane is not known since it depends on the adsorbed
ions in the Stern layer and the degree of hydration. It is
assumed that the shear plane is located at a small distance
further out from the surface than the Stern plane and that
t is, in general, marginally smaller in magnitude than wG.

Zeta potential measurements are useful, not only
in the testing of double layer theories (particularly in
relation to the stability of lyophobic sols) but also in the
following applications: (a) Colloid stability: This involves
calculation of ¢ potential and identification of g with the
Stern potential by (b) Ion adsorption studies and (c)
Characterization of particle surfaces: Studies of the effects
of pH, surface active agents, enzymes etc. on zeta potential,
give valuable information regarding the nature of particle
surfaces. This technique has proved useful in characterizing
the surfaces of bacterial cells etc.
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The usefulness of zeta potential measurements in
control of the coagulation-flocculation process is largely
dependent on whether the destabilization mechanism is predom-
inantly due to charge effects - in which case control to a
given zeta potential may be feasible. However, in many cases
charge effects are not the predominant mechanism, although
they may play a réle during destabilization. Therefore, in
such instances, not only would adjustment to a given value
of zeta potential (for example, zero) not necessarily lead
to destabilizationczs’ 26, 35) but destabilization may not
be predicted by any particular value of zeta potential., For
example, Black et gl(s’ %) found that with three separate
types of clay turbid water using aluminium sulphate as
coagulant, no reliable indication of the optimum conditions
for destabilization could be inferred from zeta potential
measurements (or more exactly, electrophoretic mobilities -
see later). However, some workers(lz)
zeta potential measurements have inferred that optimum

presenting results of

conditions of coagulant type, dosage and pH etc. occur at
the iseelectric point, i.e. at zero zeta potential, although

no correlation with, say, jar tesf results is demonstrated.

This is clearly misleading since it considers the destabilization
mechanism to be solely that of charge neutralization which,

as discussed earlier and as will be expanded in later chapters

of this book, is a gross simplification in many cases.

In some cases, although charge neutralization may
not be a pre requisite for destabilization, one may use the
occurrence of surface charge response as a means of controlling
the performance of certain processes relying on destabilization.
For example, control of cationic polyelectrolyte dosage prior
to a direct filtration facility, by maintaining a zeta potential
of approximately 14 mV(lg), has been one instance where success-
ful control using electrokinetic measurements has been applied.
Bearing in mind that zeta potential measurements are limited
jn ability to predict performance during filtration(24 without
some prior correlation, success of such a means of control has
the pre-requisite that the nature of the water quality (in
the latter case, turbidity) does not change.

Although operational control of a-facility employ-
ing cationic polyelectrolytes may be feasible by carrying out
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electrokinetic measurements, this is not the case with anionic
polyelectrolytes applied to predominantly negatively charged
suspensions > , where such measurements may be completely
worthless as a means of control. For example, Black et al > .
investigating the use of polyelectrolytes in destabilization
of a kaolin clay suspension, found that with a cationic
polyelectrolyte the response to electrokinetic measurements
was such as to give adequate indication of the conditions

for destabilization (see Figure 2.11a). However, with an
anionic polyelectrolyte, although the optimum dosage to give
lowest residual turbidity was well defined, there was no
concomitant response with electrokinetic measurements, as
shown in Figure 2.11lb.
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FIGURE 2,11: (a) Effect of Initial Clay Concentration on De-
stabilization of Kaolinite Clay Suspensions with
Cationic Polymer PDADMA: The Dashed, Solid and
Dotted Curves Represent Clay Concentrations of
14,9 mg 17!, 20,8 mg 17! and 73,2 mg 171 respec-
tively. (b) Effect of CaCl2 on Destabilization
of Kaolinite Clay Suspensions with Anionic
Polymer HPAM-30: The Kaolinite Clay Suspensions
(Concentration 33,3 mg 1—1) Contain 25,0 mg 11
CaCl, (Curve C) and 250 mg 1t CaCl, (Curve D).
{From Black et al 5), With Permission of the
American Water Works Association}
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The above discussion has run a natural course to
the following conclusion: Although the value of electrokinetic

s s . . . 4
measurements in research applications is very ev1dent(1’ i

6. 26), optimum conditions for destabilization in practical
applications may ultimately only be adequately predicted at
present by techniques such as the standard jar test (see
Chapter 8). Subsequent usage of electrokinetic measurements
for control purposes is possible in certain cases after

adequate correlation with jar test or filtration results etc.

The remainder of this chapter will discuss three
different types of electrokinetic measurements and will present,
where possible, typical results for different waters. The
three types of measurements dealt with here are electrophoresis,
streaming current and colloid titration.

2.8.2 Electrophoresis Measurements

Electrophoresis refers to the movement of a
charged particle suspended in a fluid induced by an applied
electrical force. When a direct current electric field is
applied across a suspension containing particles with a nett
double layer charge, the particles will migrate to the positive
or negative pole depending on whether the particles carry a
negative or positive charge respectively. Counter ions
surrounding the colloid will migrate in the reverse direction
of the particles.

In measurements of electrophoresis, the technique
essentially comprises visual observation of the suspension
through 2 microscope and timing a number of particles travel-
ling a given distance under an applied electric field., A
commenly used commercially available equipment for measuring-

(29, 36). (i) a stereo-

electrophoretic mobility comprises
scopic microscope with ocular micrometer, 15 x eyepieces and

2x, 4x, 6x and 8x (adjusted magnification) objectives; (ii)

a special illuminator capable of producing a thin beam of

intense blue-white light, with a heat absorbing filter; (iii)

a d.c. power supply, continuously variable from 0 to 500v;

(iv) a clear plastic electrophoresis cell equipped with platinum-
iridium electrodes:; (v) a cell holder consisting of a thick

and highly reflective mirror directing the light 45° upward
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through the tube of the cell and (vi) an interrupted-type
cumulative reading electrical timer, reading in 0,1 seconds.

The electrophoresis cell consists(zg) essentially of a clear
plastic block with a small polished tube extending through

the centre. The tube is connected by two tapered ports to

two solution chambers, within which are positioned the platinum-
iridium electrodes.

Before carrying out measurements of electrophoresis
it is necessary to calibrate the particular cell in use to
compensate for the effect of electroosmosis(g’ 29): a liquid
in contact with a surface such as glass may possess a potential
with respect to the latter, When an electric field is applied
to such a system, there will be movement of the liquid along
the walls of the cell in one direction and along the centre of
the cell in the other direction. There is a layer at a
fixed distance from the walls of the cell where the flow of
liquid is zero. It is at this stationary layer where particles
should be observed and electrophoretic mobilities taken.

Black et 21(8) describe a procedure for calibrating
a rectangular type electrophoresis cell of the Briggs type,
which consists of measuring the mobilities of a standard
suspension (polyvinyl chloride microspheres) at different
positions in the cell, plotting the mobility profile and thus
determining the mean velocity for the cell. The position in
the cell at which the mean velocity occurs defines the sta-
tionary layer. Riddick(zg) gives a value of 15% tube diameter
as defining the position of the stationary layer from the wall
of a tube type electrophoresis cell.

Electrophoretic mobilities may be converted to
zeta potential using expressions concomitant with particle
size and electrolyte concentration(ll‘ 20). However, because
of difficulties in assigning values to various terms in the
appropriate equations, the calculated zeta potential may

(10 For this reason

differ significantly from the true value
many workers express results solely in terms of electrophoretic

mobility, rather than convert to zeta potentials.

With regard to control of destabilization of clay
turbidity, the zeta potential or mobility value giving lowest
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residual turbidity depends on the type and concentration of
¢lay, primary coagulant and flocculant aid used respectively.
Using aluminium sulphate, the values of electrophoretic mobility
corresponding to minimum residual turbidity in general range
from -0,5 to —2,0115'1 Vv em 103,60
although residual turbidity has a sharply defined minimum at

However, in some cases,

optimal operating conditions, no accompanying response in
electrophoretic mobility value is evident. As previously
stated, this severely limits the utility of electrophoresis
as a means of control without prior verification that changes
in destabilization efficiency are accompanied by appreciable
changes in zeta potential.

Using polyelectrolytes to destabilize clay
dispersions, electrophoretic mobility values appear to be within
a range similar to that using metal coagulants (for example,
see Figure 2.110%)).

For the case of organic colour removal using metal
coagulants, optimum conditions giving lowest residual colour
generally coincide with mobilities near zero(4) - but seldom

(32) Using a cationic polyelectrolyte to remove

exactly zero
organic colour (humic and fulvic acids), again, electrophoretic
mobilities of approximately zero have been reported 22 as

coinciding with lowest residual colour.

During the lime-soda softening process, using
flocculants to aid aggregation of the precipitates formed,
the response of electrophoretic mobility to the condition of
optimum flocculation of precipitates is dependent on the type
of flocculant usedcz): With activated silica data shows that
a sharp peak of the already negative mobility occurs at the
point of lowest residual turbidity; using a high molecular
weight anionic polyacrylamide, mobility data does not define
optimum flocculation conditions; with potato starch, which is
a nonionic polymer, mobilities are completely unaffected by
flocculant dosage and, with a high molecular weight cationic
polyelectrolyte, optimum dosage is identified with zero
mobility or the point of charge reversal of the suspension.

Destabilization of colloidal hydrous manganese

(27)

- + s
dioxide with calcium occurs when the extent of Caz‘ sorption
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is sufficient to reduce the electrophoretic mobility of MnoO,
from approximately -3 to -1 uS_lv_lcm_l; the mobility remaining
at -1 #57 Len™? even at very high Ca®t dosages i.e. neither
charge reversal nor restabilization occurs.

From the above, one point is clearly evident:
That is, in none of the examples cited have the conditions
describing optimum performance coincided with zero particle
surface charge. This lends support té statements made earlier
that the mechanism of destabilization is usually more complex
than that of simple charge neutralization.

2.8.3 Streaming Current Measurements

A disadvantage citea(33, 37) of electrophoretic

measurements is that they are relatively lengthy and subjective,
requiring visual observation and timing of individual particles.
Streaming current measurements, on the other hand, have the
advantage of speed and are not as subjective as tests of
electrophoresis, Furthermore, with the streaming current
technique, results obtained are immediately in terms of the
average for the system,

The streaming current technique(ll‘ 33, 37)
involves placing a sample in a special cylinder containing
electrodes at the top and bottom. A loose fitting piston is
then partially submerged in the sample and reciprocated along
its axis. Movement of liquid and counter-ions through the
annular space between piston and cylinder creates a (streaming)
current since the piston and bore assume the charge charac-
teristics of the chérged particles. The piston is connected

to a synchronous motor and is driven at a set number of cycles
per second thereby generating an alternating current, By
connecting the motor to a synchronous rectifier and the
electrodes to an amplifier, the alternating current is read

on a direct current meter, with the polarity of output adjusted
to indicate surface charge,

As with electrophoresis, although results may be
expressed in terms of zeta potential, because of uncertainty
of certain constant terms, values of streaming current
(positive or negative) are usually presented,
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Although streaming current measurements are

relative and results depend on the particular streaming current

detector used, in general it would appear that optimum

conditions for destabilization (verified with jar tests carried

out with turbid-coloured waters, lime treatment of raw sewage
and wastewater from the paper industry(33)) coincide approx-
imately with the inflection point of the streaming current
titration curve produced with the particular coagulant used.
Generally, for clay (turbid) and coloured waters, streaming
current values corresponding to optimum destabilization
conditions range from near zero to ~12 uA.

2.8.4 Colloid Titration

The colloid titration technique (18, 31, 37. 38,

essentially comprises neutralization of a charged colloidal
dispersion by an equivalent amount of a colleoid of opposite
charge. An advantage of this technique over both electro-
phoresis and streaming current measurements is the ease and
rapidity with which measurements are carried out, but without
the need for specialized equipment.

(18, 31). (i) add
100 m1 sample to a 250 ml Erlenmeyer flask (prepare also a
100 ml distilled water blank); (ii) Add 5 ml of 0,001N

methyl glycol chitosan (standard positive colleoid) to the

The procedure is as follows

sample; (iii) Add two drops of 0,1% toluidine bluec indicator
to the contents of the flasks; (iv) Titrate with 0,001LN
polyvinyl alcohol sulphate (standard negative colloid), using
a microburette. The end point is indicated by a subtle
colour change from light blue to bluish-purple. Since the
colour change is time dependent, titration should be carried
out as quickly as possible. The above procedure should also

be carried out for the blank.

Depending on the suspension concentration, the
above chemical quantities may need to be adjusted so that
sufficient methyl glycol chitosan is added to neutralize the

original suspension and leave a measurable excess.

Colloid charge, conveniently expressed as milli-
equivalents per litre of positive or megative colloid charge,
is given by:

40)
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1y . (A-B)N(1000)
v

Charge (meq 1° (2.28)

Where A = volume of polyvinyl alcohol sulphate (PVSK)
added (ml)
N = normality of PVSK (eg. 0,001N)
B = volume of PVSK added to blank (ml)
V = volume of sample (ml)

From comparative datq (18, 40)

there appears to be
good correlation between the results of colloid titration and
electrophoretic measurements - up to the point describing
average zero surface éharge. Beyond this point, mobility and
colloid charge values diverge markedly. However, whether
this divergence is due to inaccuracy in colloid charge or
electrophoretic mobility determinations, it does not deter
from the value of the colloid titration technique as a method
of control of coagulation(in cases where such a method of
control 18 appropriate - see Section 2.8.1) since, as pointed
out before, prior correlation with, say, jar test results

are in any case necessary.

It appears that with clay turbidity removal the
colloid charges corresponding to optimum conditions of de-

stabilization are within the range —25.10"4 to +300.10-4 meq

1'1(18’ 40). With colour removal from surface waters the

range appears to be from -200.10_4 to +200.10_4 meq 1"1(18).

It should be noted that although colloid titration
measurements are carried out readily, the limitations of
electrokinetic measurements in general as discussed earlier,

(38) found

are still applicable. For example, TeKippe and Ham
that with the coagulation of silica particles with alum, the
results from colleid titration experiments had no correlation
with either jar test or pilot scale filtration experiments.
This further supports previous statements indicating that

the applicability of electrokinetic measurements as a means
of control of the coagulation process depends very largely

on the type of suspension.
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3.0 INTRODUCTION

In the previous Chapter, properties of colloids in sus-
pension were dealt with: The effect of the surface charge
carried by the colloids was presented and the stability of
hydrophobic colloids in terms of the electrical double layer
produced by the charged interfaces was discussed. Destabil-
ization of such particles by simple electrolytes was dealt
with in terms of a model describing repression of the elec-
trical double layer. A very important point emphasized in
Chapter 2 was that there are other mechanisms besides charge
neutralization involved in colloid destabilization which, in
some cases, may be dominant during destabilization. These
mechanisms, to be described in later Chapters, are promoted
by coagulants other than those which may be described as
simple electrolytes. Such coagulants include those given
the general name metal coagulants and polyelectrolytes.

The objective of this Chapter is to present a descrip-
tion of commonly used metal coagulants (Section 3.1) and poly-
electrolytes (Section 3.2) and, for each, to discuss what
happens, as it were, from the instant of coagulant addition
to the suspension, to the onset of destabilization. Mecha-
nisms of destabilization effected by such coagulants, for
different substances in suspension or solution will be
presented in later Chapters.

3.1 METAL COAGULANTS
3.1.1 Commonly Used Metal Coagulants

The commonly used metal coagulants fall into two
general categories: those based on aluminium and those based
on iron. The aluminium coagulants include aluminium sulphate,
aluminium chloride, polyaluminium chloride and sodium
aluminate., The iron coagulants include ferric sulphate,
ferrous sulphate, chlorinated copperas and ferric chloride.
Other chemicals used as coagulants include hydrated lime,
Ca(OH)2 and magnesium carbonate, MgCOs.

The popularity of aluminium and iron coagulants
arises not only from their effectiveness as coagulants but
also from their ready availability and relatively low cost.
The efficacy of these coagulants arises principally from

55
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their ability to form multi-charged polynuclear complexes in
solution with enhanced adsorption characteristics. The nature
of the complexes formed may be controlled by the pH of the
system (see section 3.1.2).

The following presents a summary of some of the
relevant chemical and physical properties of aluminium and
iron coagulants. It should be noted that the chemical equa-
tions presented are only intended to portray a general idea
of the reactions which occur, The hydrolysis reactions of
iron and aluminium salts are far more complicated - as will
be seen in later sections - than the following suggests,
Furthermore, in many cases of destabilization, the reactions
do not necessarily proceed to equilibrium, as shown here,
before destabilization has occurred.

3.1.1.1 Aluminium Sulphate = A12(504)3.14H20

Aluminium sulphate, probably the most
widely used coagulant, is manufactured from the digestion
of bauxite or aluminium ores with sulphuric acid. The

quantities of bauxite used are jus€'over the stoichiometric
amounts needed to combine with the acid, so that in the final
product no free acid is present. Evaporation of water in the
process results in the dry product having the approximate
formula A12(804)3.14H20 and with an aluminium oxide (A1203)
content ranging from 14% to 18% (m/m).

Dry aluminium sulphate may be supplied
as slabs, kibbled and screemned, or kibbled and ground. Slabs
are blocks about 600 mm x 180 mm x 150 mm, weighing approx-
imately 25 kg. The Al,0; content is 14%. Slabs are used in
water and wastewater treatment where & continuous dissolving
system is required: They are sometimes placed in a sedi-
mentation tank feed channel where they are readily dissolved
in the stream of water or effluent - this procedure, although
obviously not the most efficient in terms of coagulant usage,
may be feasible for very small plants or in some cases as an
emergency measure.

The kibbled and screened prqﬂuct, supplied
in 50-100 kg jute bags, is broken down to pieces of approx-
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imately 80 mm and less with the fines removed by screening.
The A1203 content is 16%. This grade is appropriate where
dissolution is carried out without agitation: absence of
fines prevents a troublesome paste forming on the bottom of
the dissolution tank.

The kibbled and ground products, supplied
in 50-100 kg jute bags (kibbled) or 50 kg paper sacks
{ground), are used when dissolution is carried out with
agitation or by heat.

Liquid alum is usually supplied in 20
tonne tanker loads or, where appropriate, by railroad tanker,

It is produced by withdrawal before evaporation proceeds as
far as the dry product, and is standardized at 8% A1203,
which is approximately equivalent to a 50% solution of the
dry product.

The dry product may be stored in concrete,
iron or steel tanks. Liquid aluminium sulphate, or solutions
of the dry product are corrosive and need to be stored in lead,
tubber, plastic or epoxy lined steel, or stainless steel
tanks. An inexpensive installation may use a plastic bag
supported in a wooden or steel tank(14¥ pH values of various
concentrations of aluminium sulphate solutions are shown in

Figure 3.1(2).

3.5

PH 30

'~

0 El 40 50
CONCENTRATION , % ALUM,
FIGURE 3.1: pH of Solutions of Commercial Dry Aluminium
Sulphate (17% A1203 in Dry Alum).

Assuming that reactions of aluminium
sulphate in water proceed to the electroneutral precipitate,
Al(OH)3 thich, as stated earlier, is not necessarily the
case) a general idea of the reactions-of aluminium sulphate
with common alkaline reagents is given below:
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- _ 2-
A1, (S0,) 5 (Hy0) , + 60H = 2A1(OH) ; + 380, + 14H,0

A1,(80,) 5 (H,0),, *+ 6Ca(HCO,), = 2AL(OH); + 3CaS0, + 6CO, + 14H,0

A12(804)3(H20)14 + 6NaHCO4 = ZAl(OH)3 + 3Na2804 + 6C0, + 14H20
A12(804)3(H20)14 + 3NaZCO3 = ZAl(OH)3 + 3NaZSO4 + 3C0, + 14H20
AIZ(SO4)3(H20)14 + 6NaOH = ZAl(OH)3 + 3NaZSO4 + 14H20
A12(804)3(H20)14 + 3Ca(OH)2 = ZAl(OH)3 + 3CaSO4 + 14H,0

3.1.1.2 Aluminium Chloride - A1023.6H20

Aluminium chloride is normally supplied
in solution form containing 20% Al,0. with a pH and density of
approximately 2.5 and 1 300 kg m™> respectively. It has been
widely used for sludge conditioning and has often been described
as a good general purpose conditioner. Because of hydrochloric
acid (HC1) released on hydrolysis, solutions need to be stored
under similar conditions to ferric chloride (see below).

3.1.1.3 Polyaluminium Chloride

(AZ(OH)J’5(504)0’1250Z1125)n

This coagulant, a relatively new product
developed in Japan, is a partially hydrolysed aluminium
chloride incorporating a small amount of sulphate. The results
obtained with this coagulant are equivalent to using aluminium
sulphate in conjunction with a polyelectrolyte, although neither
the precise chemical nature of the product nor t?§7§eason for

imately half the dosage is required for turbidity removal, but

its enhanced performance is perfectly understood Approx-
more or less the same dosage as aluminium sulphate is required
for predominantly coloured waters. In cases where waters are
predominantly turbid, therefore, use of this coagulant may sig-
nificantly reduce sludge disposal problems. Polyaluminium
chloride is supplied as a liquid with the equivalent of 10%
Al,0;. Diluted solutions of concentration 0,4 - 3% show evidence
of slow hydrolysis.
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3.1.1,4 Sodium Aluminate - NaA202

Sodium aluminate differs from alum in
that it is alkaline rather than acidic in its reactions. It
is rarely used alone, but generally with alum to obtain some
special result. For example, in the coagulation of highly
coloured waters, alum (plus acid usually) is added to the water
to coagulate the colour at its requisite low pH - this, however,
results in undesirable concentrations of soluble aluminium
compounds; alkaline sodium aluminate is then added - also lime
if required - to increase the pH to at least 6,0 which causes
the soluble aluminium to precipitate out in a secondary settling
basin.

The reactions of NaAlOZ with A12(504)3(H20)14
and with free CO, produce insoluble aluminium compounds, viz,

6NaA102 * A12(804)3(H20)14 = SAl(OH)3 + 3Na2804 + ZHZO
2NaA]02 + CO, + SHZO = NaZCO3 + ZAl(OH)s

NaAlO2 is also used in the lime-soda softening
process as an aid in flocculating the fine precipitates of calcium
carbonate and magnesium hydroxide resulting from the softening
reactions.

NaAl0, may be purchased either as a solid
or as a solution. The cost of the material is high but the
required doses are small.

3.1.1.8 Ferric Sulphate - Fe,(50,),.80,0

This is available in solid or liquid form.
In the solid form the material is granular and free flowing with
the following typical specifications: 72/75% m/m Fe2(504)3 and
20/21% m/m Fe3+. In the liquid form typical specifications are
40/42% m/m Fe,(50,)5 and 11,5% m/m Fe>", Lower purity liquid
grades are available with 30% m/m FeZ(SO4)3 content.

In general, all ferric coagulants are used

over a wide range of pH from 4,0 to 11,0. Ferric sulphate is
particularly useful when used for colour removal at low pH values

and also at high pH values where it is used for iron and manganese
removal, and in the softening process. For the latter uses the
insolubility of the ferric hydroxides at high pH values make the
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iron c¢oagulants in general preferable to alum.

The comments on the chemical equations
relatiig to alum are also applicable to all the following equations:

FeZ(SO4)3 + 3Ca(HC03)2 = ZFe(OH)3 + 3CaSOQ + 6C02

H

FeZ(SO4)3 + 6NaHCO; 2Fe(OH)3 + 3NaZSO4 + 6C0,

FeZ(SO4)3 + 3Na2C03 + 3H,0 =2Fe(OH)3 + 3N32504 + 3C02

Fe,(50,) 5 + 6NaOH 2Fe (OH) 5 + 3Na,S0

4

Fe,(804)5 *+ 3Ca(OH), 2Fe (OH) ; + 3CaSO,

5.1,I.6 Ferrous Sulphate - FeS0,.7H,0

2
Also known as copperas {although the latter
term is falling into disuse) ferrous sulphate is available either
as crystals or granules containing 20% Fe, both of which are
readily soluble in water. Ferrous sulphate reacts either with
natural alkalinity or added alkalinity to form ferrous hydroxide
- Fe(OH)z, but since ferrous hydroxide is relatively soluble, it
must be oxidized to ferric hydroxide in order to be useful. At
pH values above 8,5 oxidation may be accomplished by (i) aeration;
(ii) by the dissolved oxygen in the water, or, (iii) by adding
chlorine. For (i) and (ii) lime must be added to obtain sufficient
alkalinity.

The important reactions for ferrous sulphate are:

FeSO4(H20)7 + Ca(OH)2 = Fe(OH)2 + CaS0, + 7H20

4Fe(OH), + 0, + 2H,0 = 4Fe(OH)

2

Ferrous sulphate and lime find their
greatest use at high pH values; for example, the lime-soda
softening process and in iron and manganese removal.

3.1.1.7 Chlorinated Fervous Sulphate

When chlorine is used to oxidize the
ferrous hydroxide obtained from ferrous sulphate, the process
is known as the chlorinated copperas treatment. In contrast
to the high pH values required for oxidation by oxygen, chlorine

will react over a wide pH range.
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In practice ferrous sulphate and chlorine
are fed separately and are generally mixed just prior to entry
into the coagulation system. The reaction with chlorine produces
ferric sulphate and ferric chloride and each mg/l of ferrous
sulphate theoretically requires 0,13 mg/1l of chlorine, although
an excess of chlorine is generally added to ensure complete
reaction and to provide chlorine for disinfection purposes.

The reaction is as follows:

6FeSO4(H20)7 + 3Cl2 = ZFeZ(SO4)3 + 2FeC13 + 7H20

Coagulation with chlorinated copperas (or
ferrous sulphate) is especially useful where pre-chlorination is
required. It has the further advantage over ferrous sulphate in
that coagulation may be obtained over a wide range of pH values:
4,0 to 11,0,

3.1,1.8 Ferric Chloride - 1!7’902'3

Ferric chloride is available commercially
in the liquid, crystal or anhydrous forms. The liquid and
crystal forms are very corrosive and must be handled in a
similar fashion to hydrochleric acid: for example, steel
lined with fiberglass re-inforced polyester, PVC, epoxy resin,
polyethylene, polypropylene, rubber or glass etc. Polyamide
type plastics are not suitable, The liquid grade is supplied
as a 43% FeCl;(m/m) solution(gj. The anhydrous form may be
stored in steel tanks but only if moisture is excluded.
Because ferric chloride is very hygroscopic, drums must remain
sealed until needed and their entire contents must be dissolved
at one time.

The reactions of ferric chloride with
natural or added alkalinity may be written as follows:

2FeCly + 3Ca(HCO3)2 = 2Fe(OH) 5 + 3CaC1Z + 6C0,

2FeC13 + SCa(OH)Z = ZFe(OH)S + 3CaC12
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3.2,1.9 Digsolution of Dry Coagulant Products

Lump or ground coagulant products may
be dissolved in batch fashion or continuously. With a batch
method the appropriate quantity of chemical (either preweighed
or a number of bags) is dissolved in a tank, usually with a
mechanical mixer, then fed either directly or after dilution
to the rapid mixing facility (see Chapter 6). Feeding may
be carried out via, for example, an adjustable orifice or
metering pumps.

With a continuous method, dry granular
chemical is fed continuously, by means of a screw or vibrating

feeder etc., from a hopper to a dissolving tank. The dissolving
tank may be fitted with a mechanical mixer, or dissolution

may be carried out in simulated plug flow fashion,as shown
in Figure 3.2.

BOLIDEN AVR

T 4> AVR-
SOLUTICN
A
WATER lN’
FIGURE 3.2: Continuous Counter-Flow Coagulant Dissolution

System. (Courtesy Boliden).
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3.1.2 Chemistry of Metal Coagulants

3.1.2.1 Hydration and Stepwise Substitution
Reactionsg

Having identified the common metal
coagulants, the following discussions are devoted to the
reactions taking place when metal coagulants are introduced
into the stream of water to be treated.

Aluminium and ferric salts, when in
solution, immediately dissociate to form hydrated reaction
products. The metal ions form coordination compounds 3, 4,

15) with water molecules to give {Al(H20)6}3+ and'{Fe(HZO%QS{

These species, referred to as the trivalent ions of aluminium
. 34 3+

and iron, are often presented as Al and Fe for reasons of

convenience in presentation.

In solution there will also be other
ligands and a stepwise substitution of the ligand molecules
or ions, for the water molecule takes place. The extent of
this substitution depends on the concentration of the substi-
tuted ligand. For the destabilization of hydrophobic colloids
with iron and aluminium coagulants, the complexes of principal
interest are those comprising H,0 and OH™ as ligands. The
OH™ ligands may be thought of as arising from the dissociation
of bound H,0 ligands or from the replacement of H,0 by OH™
ligands, It can be seen that in either case, the extent to
which OH  ions are bound to the metal complex is dependent
primarily on the pH or the concentration of QH™ ions in
solution.

The scheme of these stepwise substitution
reactions for A1(III) is shown in Table 3.1 below(21). From

say the first reaction, one can write:

{A1(H,0) ¢} 3 e=———= {A1(H,0) o0 ¥* +n"

from which it is seen that complexes of metal ions in water
act as weak acids. Aluminium salt solutions show pH values
similar .to those of equimolar acetic acid solutions. The
first ionization constant (Kl) of the aquo-ferric ion is
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TABLE 3.1 SCHEME OF STEPWISE HYDROLYSIS REACTIONS FOR
ALUMINIUM

(a1 (H,0),0%

I .

[A1(H,0) 00]% Ca1(n,0) 08,1

. Th
["a(T")lsJ

(]

[A1,(00) ;0

OH ™

(10,3 (8)
o -

(ar(on),1°
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similar to that of phosphoric acid (i.e. a 10™° M solution of
FeCl3 has a pH of about 3.2).

The donor capacity of a ligand is fre-
quently not exhausted by being co-ordinated to a metal ion
and there is a possibility of it forming a co-ordinative bond
with another metal ion., The ligand thus acts as a bridge
between the two central ions. Both unidentate and multidentate
ligands may serve as bridges in polynuclear complexes.

Both iron and aluminium-hydroxo complexes
have pronounced tendencies to form polynuclear complexes. The
simplest reaction leading to a bi-nuclear iron complex species
is:

20Fe (Hy0) g (ON)}2* = {Fe, (H0)(0H) 1 ¥ +20,0

The bi-nuclear ion so formed has sufficient
stability to exist in appreciable concentrations in iron
solutions which are more concentrated than 10'4M. The two
metal ions are thought to be bound by two hydroxo bridges:

(H20)4Fe Fe(H20)4

/g\
~
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3.1.2.2 Stability of Metal-Ion Hydrolysis Species

The stepwise formation of metal-ion
hydrolysis species can be described by a set of stability
constants., The individual stability constants cannot be
directly calculated and to obtain them it is necessary to find
a suitable relationship between the individual constants (or
their products) and the experimentally measurable parameters,

as exemplified for mononuclear species below(4):

The total concentration of the central
metal ion (TMe) and of the ligand (TL) are known,

TMe is the sum of the concentrations of

the different species containing it:
_ N
o = (Me) + {MeLl} f iiaaeeeaay * {MeLN} = ? -0

T {MeLi}

M

where L is the ligand,

The total concentration of the ligand
is the weighted sum of the species concentrations containing
it:

-3
n

fL) + {MeL} + 2{MeL,} *+ «......... +N{MeLy)

N
{L} + = i{MeL}
i=1



67

Further
K. = _iMeL}
1
{Me}{L}
. {MeLz}
2 {MeL}L}
K, - {MeLN}
{MeLy_, HL}

where K is the stability constant
and

{MeL}
B, = K, = -——=~
1 1 {Mel}{L}

{MeLZ}
B = K_K =
2 "1 (yei{L}?
. {MeLN}
By = KKy ceveennrannn. Ky = ——g

{Me HL}
where B is known as the overall stability constant.

Values of stability constants K for some
hydrolysis reactions with iron and aluminium are given in
Table 3.2 below(ZI).
concentration (or fraction present) of each species in solution

From such stability constants, the

under equilibrium conditions may be computed (see later).
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TABLE 3.2: STABILITY CONSTANTS FOR IRON AND ALUMINTUM(ZD)
REACTION log K (25°C)
[Fa(hy0) 1% + Hp0 = [Fa(Ha0)50H]2%" + Wy’ -2,11
(Note: Hy0 molecules are omitted from subsequent
reactions for brevity)

(Fo(0H)1®" + W,y0 = [Fe(OH),1" « W' 47
2[Fa(0W)]2 = [Fe,(0M),0" 1,48
Fo''e 3H,0 = Fo(0H),(8) + 3H %
Fe(ON),(S) + W,0 = [Fe(OH), 1" + W -18.5
AP e R0 = [RICOH)TY « w” -5.03
At s 3,0 < ALCOR),(S) - 3k’ 9.1
YR T I R TV INC T IS AT T -8, 27
AICOH),(S) + W0 = [Ar(on), 1" + W Co-12.74
5417« 15H,0 = [av,(om) (1%« 15m’ 163




3.1.2.3 Average Co-Ordination Number

The extent of complex formation may be
characterized by the average co-ordination number, (or forma-
tion function) n (see also Section 3.1.2.4),

concentration of ligands bound to metal ions

Where n =
total metal ion concentration

T, - (L)

TMe
where {L} is the free ligand concentration,

The average co-ordination number is
determined experimentally by alkalimetric titration. The
procedure is illustrated by an example below(21):
Al(C104)3 (aluminium perchlorate) solution NaOH (sodium

To an

hydroxide) is incrementally added. After each addition of
NaOH the pH of the solution is determined with a glass
electrode and hence the hydrogen ion concentration of the
solution may be determined.

It will be assumed that together with
free Al:’>+ ions, the mononuclear complexes Al(OH)2+ and
Al(OH); are formed together with polynuclear complexes
collectively given by Aln(OH)in_x.

The total aluminium concentration at any given pH is given
by:

ALy = {A1%*}4+{A1(OH) 2*}+{AL(OH) 5}+ En{Al_(OH) 2™}

c10,
= i‘;“il— ' (3.1)

For electroneutrality at any given pH:

3013 12 (A1 COM) £+ Z(Sn—x){Aln(OH)in'x}+{Na+}+{H+}

= {0101}+{0H'} (3.2)

69



70

From the addition of one mole of NaOH, one mole of Na* and one
mole of OH are formed.

Hence
{Na'} = {OH"} added
Combining equations (3.1) and (3.2):

5(a1"1+3(A1 (0H) ** 1+ 3{AL (OH) ;}+23n{A1_(0H) 317¥)
= 5(A1%"1+2AL(0M) ¥ 142 (3n-x) (AL (OH) *"7%}4(OH " Jadded +(H*}: (O}

i.e.

{OH  }added +{H'}-{OH"} = {A1(0H)2+}+3{A1(0H)3}+zx{A1n(0H)§“"X}

Studying the righthand side of the above
equation one sees that each term gives the moles of OH bound
to each species. Hence the concentration of OH  ions bound
to aluminium is given by the r.h.s. of the above equation - and
consequently by the 1.h,s, Since all the terms of the 1l.h.s.

are known the {OH } g may be computed.

boun

Hence for the above case the average co-ordination number n

is given by:

o= (OH }bound
[KIT]

_ {OH-}added +{H+}-{0OH"}

{Alp}

From this number, the mean charge of the total aluminium
species may be found (at any particular pH).

i.e.

Mean charge = (3-n)
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Hence if there is an average of, say, three OH ions bound
per aluminium ion, then the mean charge of all the complex
species will be zero. This is the isoelectric point. It
can be said that the charge found above has a statistical
character., The isoelectric point of the above solution may
then be defined as the pH at which equal quantities of the
aluminium species migrate to the anode and cathode of an
electrophoretic cell.

If curves are drawn of pH versus the average co-ordination
number n or the mean charge (3-n), valuable information may
be gleaned concerning the nature of the complexes present at

any particular pH. As exemplified in Figure 3.3(21)

, one can
see that for aluminium between pH 10 and 10,5 for instance,
the constant value of n = 4 indicates that a definite compound
{aluminate {Al(OH)4}' or {A12(0H37}_) is formed,

= -2

4 -1

Ya

- -0

I
o —1 +

v

i©
‘ JL_‘» )

+2
2 . e 8 o 12

Aly

FIGURE 3.3: Values of Average Co-ordination Number n, for
Different pH Values. (Adapted From Stumm and
M (21)
organ Y.

3.1.2.4 Speeies Distribution During Destabilization

Figures 3.4 (a) and (b) (taken from
Stumm and O‘Meliaczz)) respectively show the concentrations of
species present atdifferent pH values for iron and
aluminium solutions at equilibrium. The values are derived
from stability comstants such as those shown in Table 3.2.
The cross-hatched areas indicate the range of coagulant dosages
which are normally used in water treatment. From these
figures one might be tempted to conclude that the species
involved in coagulation are the insoluble metal hydroxide
precipitates. Although precipitation reactions are of doubtless
importance in certain cases: for example during organic colour
removal, phosphorus removal in tertiary wastewater treatment
processes and removal of iron, destabilization reactions are
often other than that of precipitation: The rate of transition
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FIGURE 3.4: Equilibrium-Solubility Domains of (a) Ferric
Hydroxide and (b) Aluminium Hydroxide in Water.
These Diagrams Have Been Calculated Using Repre-
sentative Values for the Equilibrium Constants
for Solubility and Hydrolysis Equilibria.
Shaded Areas are Approximate Operating Regions
in Water Treatment Practice; Coagulation In
These Systems Occurs Under Conditions of Over-
Saturation With Respect to the Metal Hydroxide.
(From Stumm and O'Melia(zz), with permission of
the American Water Works Association

from aquo metal ions to metal hydroxide precipitates is dependent
on the pH and applied concentration of the solution. For the
concentrations used in water treatment, true equilibrium - as
shown in Figures 3.4 (a) and (b) - may in some cases require

time spans longer than required to attain destabilization. For
this reason the use of stability constants in identifying the
species effective dufing destabilization in water treatment
processes may not be valid,

Singley and Blackcng, Sullivan and Singley
and Singley and Sullivan(zo) attempted to identify the
probable species present during destabilization by using the
concept of average co-ordination number n, described in Section
3.1.2.3,

(23)

They recognized that during the time required
for alkalimetric titrations a quasi-equilibrium condition was
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attained for which the mass-action relationship is best referred
to as an instantaneous concentration quotient . For example,

in the general reaction

Feot + nH,0 T Fe(OH)i_n + nH

+

then Q may be defined as:
{Fe (OH) }>7M{H"}"

% {Fe *}

That is, Q is equivalent to an instantaneous stability constant,
In their analysis they considered mono-

nuclear species only, that is, in the case of iron, the

species present were assumed to be:

{Fe>*1; {Fe(OM)2*}; {Fe(OH)}}; {Fe(OH)5}; {Fe(OH);}: {Fe(0H)Z™}

and  {Fe(OH)>™}

A maximum co-ordination number of 6 was
assumed for both iron and aluminium, This is probably valid
as a first approximation.

By setting up equations for each of the
six concentration quotients, Q, and for the average co-
ordination number, n, it was possible to calculate the species
present and their concentration at each pH value. Results for
iron and aluminium are shown in Figures 3.5 (a)(ZO) and (b)(23)
respectively. It is seen that in each case, as the concen-
tration is reduced, the dominance of the electroneutral species
Fe(OH)3 and Al(OH)3 reduces. If the concentration of coagulants
applied is large enough and the pH of the solution is suitable,
then pelynuclear precipitates are dominant.

It should be noted that the mononuclear
species considered above are a simplification, especially for
the case of gluminium: when a quantity of aluminium salts
are put into solution, then during progressive hydrolysis
and substitution reactions numerous polymeric species are
formed; the extent of polymerization becoming more pronounced
as the charge of the metal species decreases, As shown in
Figure 3.4.(b), eventually colloidal metal hydroxide polymers
and inscoluble metal-hydroxide precipitates may form, the
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extent depending on the concentration of coagulant added
(Figure 3.5 b) and whether destabilization reactions are such
as to permit equilibrium conditions to be attained. At
slightly acid or neutral pH values, positively charged or
electroneutral metal-hydroxide polymeric colloids form,
whereas at higher pH values, the polymerization of negative
complexes takes place and negatively charged polymeric species
are formed.

The polymerization action of metal coagu-
lants, described above, is of high importance during destab-
ilization since, as will be expanded in Chapter 4, it promotes
an enhanced adsorption capacity of metal coagulant species to
colloids.

It is seen that the mononuclear species
model does not indicate the often reported (6, 12) Al: OH
ratio of 1:2,5 for the predominant aluminium-hydroxide complex
species during destabilization. Singley et al suggested that
in systems from which the latter ratio has been reported,
ligands other than OH were present which would give rise
to species more complex than expected yet give an apparent
coordination number, n, of 2,5(23). In the model of Singley
et al the only ligands present were H,0 and OH ,

0f interest from Figure 3.5(a) is that
for Fep = 10°% M and at a pH of approximately 4,0, the
predominant species is Fe(OH)s, which is consistent with the
conditions for organic colour removal. Although the mono-
nuclear model suggested by Singley et al predicted closely
their experimental results for iron solutions, this was not
the case for aluminium solutions of concentration less than
10"% to 10°* M. The reason put forward was the probable
formation of complicated polynuclear aluminium hydrolysis
species at lower concentrations. The more complicated
hydrolysis reactions of aluminium salt solutions is to a large
part responsible for the narrower pH range often evident for
optimum destabilization when compared with iron solutions.
Furthermore, the different adsorption characteristics of
aluminium hydrolysis species when compared with, say, iron
coagulants or polyelectrolytes is a further indication of the
complicated hydrolysis products formed: with iron salts and
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polyelectrolytes, adsorption follows a Langmuir adsorption
isotherm, whereas with aluminium, adsorption often follows a
Freundlich isotherm (See Section 2.3).

3,2 POLYELECTROLYTES
3,2.1 General

The term polyelectrolyte, as used here, refers to
a large variety of natural or synthetic, water soluble, macro-
molecular compounds which have the ability to destabilize or
enhance flocculation of the constituents of a body of water.
Strictly speaking, the term polymerie floceulants is more
appropriate as a general description, polyelectrolyte being
perhaps better reserved for those carrying ionised groups.
However, because of its widespread usage, the term polyelectro-
lyte will be taken as including those polymeric flocculants
which are essentially non-ionic.

A polymer molecule may be described as a series
of repeating chemical units held together by covalent bonds
(polymer, from the literal Latin translation means many parts),
If the repeating units are of the same molecular structure,
the compound is termed a homopolymer. However, if the molecule
is formed from more than one type of repeating chemical unit,
it is termed a copolymer. The individual repeating units are
called monomers and the molecular weight of the polymer
molecule is the sum of the molecular weights of the individual
monomers. The total number of monomer units is referred to

as the degree of polymerization.

Polyelectrolytes are special classes of polymers
containing certain functional groups along the polymer back-
bone which may be ionizable. If present, when the ionizable
groups dissociate, the polymer molecules become charged either
positively or negatively, depending on the specific functional
groups present, and are thus referred to as cationic or anionic
polyelectrolytes respectively. Polyelectrolytes that possess
both positively and negatively charged sites are referred to
as ampholytic, whereas those that possess no jionizable functional
groups are termed nonionic polyelectrolytes. All polyelectro-
lytes are typical hydrophilic colloids. They have molecular
weights generally in the range 104 to 107 and are soluble in
water due to hydration of functional groups.
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The following presents several types of poly-
electrolytes currently in use. It is not intended as a
comprehensive list but merely to provide a general picture of
polyelectrolyte properties. The mechanisms of destabilization
by polyelectrolytes are reserved for Chapter 5.

3.2.2 Activated Silica

Activated silica is probably the first polyelectro-
lyte to be used widely in water clarification. In preparing
activated silica (which is an anionic polyelectrolyte) com-
mercial sodium silicate solutions (pH approximately 12) in
concentrations in excess of 2,10 M. are neutralized with
acid reagent (e.g. sulphuric acid, chlorine, aluminium
sulphate or sodium bicarbonate) to a pH of less than 9. Under
these conditions the silica solution is oversaturated with
respect to amorphous silica and polymeric silicates, which
are negatively charged kinetic intermediates in the transition
to a silica precipitate, are formed. The reaction is stopped
prior to precipitate formation by dilution to a concentration
less than 2.10 "M (compare this to the intermediate species
formed during hydrolysis reactions of metal coagulants -
Section 3.1.2).

Activated silica is commonly used at dosages of
1/15 to 1/10 the primary metal coagulant dosage {i.e. 2 to
5 mgl'l)(lé). A disadvantage with this chemical is that with
carelessness in the method of preparation (concentration of
reagents, mixing, degree of neutralization, ageing etc.) silica
gel may form. For this reason, the usage of activated silica
often leads to blockages in pumps and feedpipes and may give

rise to reduced filter runs 16, 18)

3.2.3 Natural Polyelectrolytes

Polyelectrolytes, although a comparatively recent
term, have long been ﬁsed as flocculants, Sanskrit literature
(ca. 2000 B.C.) mentions the use of the crushed nuts of the
Nirmali tree, Strychnos potatorum as a means of clarifying
water(7); their action is most likely due to the presence
of an organic water soluble polymer(16). Today, there are
several such naturally derived substances used as polyelectro-
lytes, most of them being based on a polysaccharide skeleton



78

with anionic properties due to the presence of carboxyl groups.
Their molecular weight may be up to 10°. An advantage of
natural polyelectrolytes, especially for their use in potable
water treatment, is that in general they are virtually toxic
free. Examples are as follows:

3.2.8.1 Guar Gums

Neutral (non-ionic) polysaccharides
relatively unaffected by pH and ionic strength., They are
subject to enzymatic degradation on storage, but this may be
prevented by the addition of citric or oxalic acid. Guar gum
has been used in uranium ore processing;

8.2,3.2 Starches

Examples are processed polymers based on
potato starch., These polyelectrolytes may be non-iomnic,
cationic or anionic, depending on the processing. The cationic
types have quaternary ammonium group substitutions and the
anionic types carboxylic substitutions;

3.2.3.3 Tannins

Complex polysaccharide tannin derivatives
that have been used extensively in potable, wastewater and
industrial effluent treatment applications. They are generally
most effective under acidic conditions. Care must be taken on
storage as they are subject to degradation reactions if left
for lengthy periods,

3.2.3.4 GSodium Alginate

A completely non-toxic polyelectrolyte
(widely used as a food additive) which is extracted from
brown seaweed. The commercial product contains sodium and
calcium carbonates, Sufficient Na,C0; is present to allow
a 0,5% solution to be prepared in waters containing up to
500 mg 17" calcium (as CaCO;). For higher concentration
solutions or higher calcium concentrations, additional Na2C03
may be added to precipitate CaCO,; and thereby prevent the
relatively ineffective calcium alginate from forming. When
used as a flocculant aid, dosages are normally within the
range 0,1 to 0,6 mg 1_1.
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3.2.4 Synthetic Polyelectrolytes

Although natural polyelectrolyte products have
the advantage of being virtually toxic free, the use of
synthetic polyelectrolytes has gradually become more wide-
spread. They are, in general, more effective as flocculants
principally due to the possibility of controlling properties
such as the number and type of charged units, molecular weight
and so on,

Because of the level of control possible during
manufacture, synthetic polyelectrolytes have the potential of
being applied almost in a taeilor-made fashion. However,
because of the general attitude of manufacturers(s’ 13, 16),
information required to achieve an adequate understanding of
polyelectrolyte properties and performance in a particular
application is seriously limited: such information being
regarded as proprietary and not available either from product
bulletins or directly from the manufacturers. Hence, a
potential user of polyelectrolytes is faced with a multitude
of products which must be evaluated on a trial and error
basis to identify the most appropriate for the particular
application. Furthermore, since most products are defined
virtually solely by brand name or number, having identified
a particular product valuable information concerning the type
of polymer, degree of hydrolysis, molecular weight and so
on, linked to the particular water constituents, is lost.

Packham(16)
tion which should be supplied by the manufacturer are as

recommends that the minimum informa-

follows:

(i) type of polymer or copolymer;

(ii) concentration of active ingredient;

(iii) concentration of free monomer;

(iv) concentration and nature of other impurities;
(v} molecular weight or intrinsic viscosity under

specified conditions;
{vi) proportion of ionizable groups and
(vii) amount of insoluble material present.
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3.2.4.1 Structure of Synthetie Polyelectrolytes

A very high proportion of synthetic
polyelectrolytes are based on polyacrylamide and its copoly-
mers with polyacrylic acid. The acrylamide monomer, making
up the units of the polymer, is prepared by reacting natural
gas and methane at high temperatures in the presence of
controlled amounts of oxygen and ammonia to form hydrocyanic
acid and acetylene followed by catalysis with cuprous
chloride. The acrylonitrile which results is then acid
hydrolyzed to the acrylamide monomer using sulphuric acid.

The acrylamide is then polymerized by catalysis. Polyacrylamide
itself is nonionic but on hydrolysis the macromolecule aquires
carboxyl groups and assumes an anionic character. Increased
negativity is usually accomplished by copolymerizing acryl-
amide with acrylic acid. The structure of nonionic polyacryl-
amide is shown below:

-CH,-CH-
C=0

NH;

The structure of anionic hydrolysed
polyacrylamide is as follows:

[-CHZ—CH—} hydrolysis {—CHZ—?H-CHZ-CH-}
T A
NH2 NH2 0

The structure of anionic polyacrylamide
formed by copolymerization with sodium (or potassium or
hydrogen) acrylate is as shown below:

-CH,~CH -CH,-CH copolymerization -CH.,-CH-CH,,-(-

SIRERE B
C[=O C=0m (II=0 C=0

NH

|
2 ONa NH2 0



81

The structures of anionic polyacrylamide
formed by hydrolysis, and by copolymerization with acrylate
are seen to be identical. However, with copolymerization more
control over molecular weight distribution and charge density

is possible.

The percentage of acrylate units copolymerized
is referred to as the percent hydrolyeis; The higher the degree
of hydrolysis, the higher is the overall ionic charge. Typically,
percent hydrolysis ranges from zero to 30%. Cationic derivatives
of polyacrylamide are available: for example, those produced by
copolymerization of acrylamide and quaternary ammonium poly-
acrylamides, as shown below:

{—CHz-fﬂ- J and [—?H—CHZ }
f=0 n (l:'=0
NHZ NR3

m
+

Where R is usually a CH, or CH,CH,

derivative.

A common cationic quaternary ammonium compound
is polydiallyldimethylammonium chloride, which typically has the
following structure:

\/\/\J”v/\ \/

\/ \/ \/
/\ AN /\

CHz CHZ CHq CHq
c1” c1” c1”

Many cationics are based on poly-
ethylenimine, which is usually of lower molecular weight than
polyacrylamide. This is described as a highly branched poly-
amine produced by the acid catalyzed polymerization of ethyl-
enimine. The polymer is composed of segments which have two
carbons per nitrogen randomly distributed in the ratio of one
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primary nitrogen: two secondary nitrogens: one tertiary
nitrogen, as shown below:

-CH,CH,-NH 25%

H, G . 2CHy~NHy
2 o —Add ) omon, oM 508
C Catalyst _CH.CH.-N& 258
261N

This distribution gives rise to what is
believed to be an elipsoid or spheroid shaped molecule composed
of many branched segments with the tertiary amino nitrogens
being the branching sites and the primary amino nitrogens being
the terminal groups of each segment. Thus one segment proposed
is as follows, although many others are possible:

~N-CH,CH, -NH-CH

CHZ-NH-CH CH,~NH

2 2772 2

The primary and secondary amino nitrogens
comprise reaction sites whereby the polymer may be conveniently
modified.

In water, the amino nitrogens react with
HZO to form positively charged nitrogens:

e
ON-H + H,0

From the above reaction it is seen that
alkaline solutions are formed. Since the polymer is composed
of many nitrogens per molecule there will be many such positive
sites - the addition of acid will increase the charge density
whereas base will decrease it.

The polymeric structures and scheme of
reactions shown above are intended to portray a general idea
of the way in which polyelectrolytes are formed. There are many
such reactions modifying the final product and producing poly-
electrolytes with widely differing properties, that is, with
non-ionic, anionic, cationic or ampholytic characteristics,
different charge densities and distribution of charge, dif-
ferent molecular weights and so on.



83

3.2.4.2 Chavge Density and Molecular Weight

The effect of charge density, or percentage
hydrolysis, of polyelectrolytes is to influence the configuration
in solution. For a given molecular weight, increasing charge
density has the effect of increasing the viscosity of the

(10) Since viscosity increases with

polyelectrolyte solution
the length of the molecule, the implication is that with
increasing charge density, polyelectrolyte chains are increasingly
stretched by increasing electrostatic repulsion between charged
units. At low charge densities, the polyelectrolyte assumes a
tightly coiled almost spherical configuration due to the
predominance of Brownian movement; at medium charge density

(10 to 20% hydrolysis) the configuration is that of randomly
kinked or flexing coils. At high charge densities, the

configuration is that of fully extended filamentous rods where
the effects of electrostatic repulsion overcome those of

molecular bombardment. It is appreciated that, for a given
charge density, the longer the polyelectrolyte chain the higher
is the viscosity. Hence, it also follows that the higher the
molecular weight of the polyelectrolyte, the higher is the
viscosity.

Increasing the ionic strength of a poly~
electrolyte solution decreases the range of influence of the
charged sites on the polyelectrolyte chain {see Chapter 2) and
an increasingly coiled configuration is achieved. Concomitantly,
the viscosity of the solution decreases.

Charge density and molecular weight of
a particular polyelectrolyte both influence the destabilization
mechanism and resulting floc formation, the degree depending on
the type of polyelectrolyte and the system to which it is
applied. This will be discussed further in Chapter 5. As far
as molecular weight is concerned, there does not appear to be
an upper limit in terms of effective floc formation(ll).
However, there is a practical limit dictated by the difficulty
of dissolving polyelectrolytes with molecular weights in excess
of 107. The grains of powder swell quickly, but considerable
time is required to untangle the long chains, High shear
stirring cannot be employed because of breakdown of the poly-
electrolyte chains.
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3.2.4,3 Dissolution of Synthetic Polyelectrolytes

Synthetic polyelectrolytes are supplied
as free flowing bead or granular powders, fine and dusty
powders or liquid. The solid types require special dissolution
procedures since there is the risk of forming considerable
quantities of gelled (fish=~eye) solids which do not subsequently
dissolve.

A common technique for uniformly wetting
solid polyelectrolyte particles is to use some form of eductor.
As shown in Figure 3.6, the eductor comprises essentially a
variable aperture venturi formed between the threaded upper
tube and the lower delivery tube. Water entering via the side
inlet flows through the venturi producing a vacuum through the
powder feed tube, drawing polyelectrolyte into the water stream.
The method of operation is to first gently screw the top tube
down as far as it will go. Then, with water flowing through
the device, slowly unscrew the tube again until maximum suction
is obtained as felt by placing a finger over the top of the
powder inlet. Normally one to two turns only are required.

FIGURE 3.6: Eductor for Evenly Wetting Polyelectrolyte
' Particles Prior to Dissolution. (Courtesy Allied
Colloids).

When preparing polyelectrolyte stock
solutions in batch mode, the following procedure is normally
recommended (refer to Figure 3.7): (i) Run water into the
dissolving tank until it is approximately one-third full, and
covers the paddle stirrer (or, in the case of Figure 3.7, an
air sparger). Note that high speed stirrers are not recommended
since, as mentioned earlier, breakup of polyelectrolyte chains
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may occur,; {(ii) Commence stirring, turn on water to the eductor,
insert dry funnel and commence feeding the desired quantity of
polyelectrolyte through the funnel; (iii) Continue adding

water until a 0,5% solution is obtained; (iv) Continue slow
stirring for a sufficient ageing period (to allow polyelectro-
lyte coils to unwind) which depends on the particular product

but is usually of the order 1 hour; (v) The prepared solution

is passed to a stock solution holding tank: (vi) Dilution

water is added downstream of the stock tank and blended with

an in-line mixing device (for example, a series of pipe bends).
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FIGURE 3.,7: Batch Polyelectrolyte Dissolution System. (Cour-
tesy Allied Colloids).

Figures 3.8, 3.10 and 3.12 show continu~
ous polyelectrolyte dissolution and feeding systems. The
system shown in Figure 3.8 relies on a vibrating device (such

as shown in Figure 3.9) to feed a continuous supply of powder
to the eductor.
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FIGURE 3.8: Continuous Type Polyelectrolyte Dissolution

System. (Courtesy Dow Chemicals).
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FIGURE 3.9: Example of Volumetric Dry Polyelectrolyte Vibra-
tory Feeder. (Courtesy Calgon Corp.)

Figure 3,10 shows a continuous dissolution
system specially designed for bead type solid polyelectrolytes.
A dry chemical feeder, b(e.g. screw type, as shown in Figure
3.11) transports solid polyelectrolyte from the bulk container
(j) to a hopper (d) and thenceto a dry type eductor (e) through
which is passed a high velocity air stream from a blower (c).
Bead polyelectrolyte is thus passed to dispersers(a) within
which an intense water spray pattern ensures uniform wetting
of the s0lid particles. The hose connecting the dry eductor
to the disperser is of an antistatic type.
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FIGURE 3.10: Example of Bead Type Polyelectrolyte Continuous
Dissolution System. (Courtesy Allied Colloids).
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FIGURE 3.,11: Example of Screw Type Dry Chemical Matering
Feeder. (Courtesy Simon-Barron Ltd.).

In Figure 3.12, polyelectrolyte powder
is fed into a disperser from a screw fed dry feeder. A small
circular heater is fitted around the feeder outlet to prevent
condensation and thus blockages. The disperser provides a
high velocity water curtain directed towards the centre, The
solid particles, thus wetted are passed into the first of
three in-series mixing/ageing chambers to give a total retention
time of approximately 1 hour. Diluting water is added down-
stream of the ageing chambers.

Because of the risk of breaking poly-
electrolyte chains both during mixing and during transfer from
the stock tank to the point of application, care should be
taken in designing feedlines etc, Pumps should not be of the
centrifugal type. Mono- or diaphragm types have been used
extensively and give good service,

FIGURE 3.12: Example of Continuous Type Dry Polyelectrolyte
Product Dissolution System. (Courtesy Wallace
and Tiernan Ltd.)
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Final dilution of the polyelectrolyte
solution should be to a concentration of 0,05 to 0,1%,
although this may vary slightly depending on the type of
polyelectrolyte. Dosing may be by means of, for example, a
variable speed mono (or other positive displacement) pump
with calibrated discharge. Flowmeters (e.g. rotameters) may
be used with polyelectrolyte solutions at concentrations less
than 0,1%. An in-line 0,15 mm mesh filter should be installed
to protect the flowmeter from undissolved polyelectrolyte gel
particles.

Multipoint addition to the stream to be
treated is often recommended by manufacturers. This could
be merely a measure to overcome inefficient mixing(lé) (see
Chapter 6) and local overdosing(g), but it has been suggested )
that loops formed on adsorption of polyelectrolyte chains
- of importance for a bridging mechanism of destabilization
(see Chapter 5) are retained for longer periods of time.
However, there is no conclusive evidence on this point.

3.2.4.4 Toxieity of Synthetic Polyelectrolytes

Although polyelectrolytes such as
activated silica, sodium alginate and modified starches may
be inferior in effect when compared to some synthetic products,
they have the advantage of being virtually completely non-
toxic when used for potable water treatment.

With synthetic products, although there
is no evidence that polymerised species are of high toxicity(lé)
the un~polymerised monomer species are. For example,
acrylamide is extremely toxic producing severe neurotoxic
effects. Packham(lé)

guinea pigs, rabbits, cats and monkeys where it was demon-

reports experiments carried out en rats,

strated that ingestion of acrylamide produced progressively
stiffness and weakness of hindquarters, loss of ability to
control hindquarters, urinary retention, ataxia of the front
legs and inability to stand. The 50% lethal dose, LD50 for
these animals was of the order 150 to 180 mg.kg dﬁl on a

day to day basis. For humans, it is recommended that total
absorption of acrylamide should not exceed 0,005 mg.kg a L.
From this, for a polyacrylamide containing 1% monomer, the
concentration to public water supplies that would be required
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for an 80 kg man drinking 2 1 water per day, is 2 mg 171,
This assumes that the acrylamide monomer is not adsorbed by
floc particles. However,many commercial polyacrylamides
contain considerably less than 1% monomer and most manufactures
produce a wide range of special potable water grades where
the monomer content is guaranteed at a low figure. Furthermore,
in potable water treatment the polyelectrolyte dosage is usually
much less than 2 mg 1L,

To safeguard the general public against
any likely toxicity by chemical additives to water supplies,
the Department of the Environment, U.K. and Environmental
Protection Agency, U.S5.A.,, regularly publish lists of approved
products, with recommended concentrations. Pertinent infor- '
mation from the current lists (at the time of writing) together
with supplementary information, is presented in Appendix AZ,
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4.0 INTRODUCTION

A mechanism of destabilization of hydrophobic colloids
with indifferent electrolytes has already been discussed in
Section 2.7. It was seen that by increasing the ionic
strength of the solution, compression of the double layer
occurs thercby reducing the range of intetparticle repulsion.
For a given suspension, as the ionic strength is incrementally
increased, the transition from stability to destabilization
occurs over a narrow range of electrolyte concentration.
Furthermore, if the indifferent electrolyte is increased to
excess, there is no effect on destabilization.

Since the effect of an indifferent electrolyte is merely
to increase ionic strength, that is, to increasc the effective
concentration of counter-ions in the vicinity of the charged
surfaces without the occurrence of adscorption, the electrolyte
(or coagulant) concentration required for destabilization is
independent of particle concentration. Furthermore, far the
case of indifferent elcctrolytes, the efficacy of a coagulant
is strongly dependent on the valency of the counter-ions such
that for mono-, di-and trivalent counter-ions, the concentration
of coagulant required would be in the ratio 800:12:1 respec-
tively (see Section 2.7.3).

However, in the majority of cases, the above phenomena
may not occur simultaneously and in some cases, not at all.

For example, restabilization of a suspension often takes place
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if an excess of coagulant is applied; the particle concen-
tration often has an effect on the concentration of coagulant
required for destabilization (in some cases a stoichiometric
relationship is evident) and the efficacy of multivalent
coagulant species may be even more so than predicted by the
1/z6 Schulze-Hardy rule.

From the above, it is evident that further considerations
beyond that of double layer repression by increasing ionic
strength are of importance: As stated previously, the latter
mechanism does not consider the possibility of adsorption at
particle surfaces: As seen in Section 2.4, adsorption of
species in solution does occur at the particle surface and may
augment the original charge carried by the particle or, in the
case of adsorption of counter-ions, may negate or even cause
charge reversal. TFurthermore, as inferred above, adsorbable
coagulant species are ohserved to destabilize hydrophobic
colloids at much lower concentrations than is the case with
species of low adsorptivity.

With the acknowledgement of the rSle of adsorption during
destabilization with metal coagulants, two further mechanisms
may be advanced: the first is described as adsorption de-
stabtlisation which ultimately has a similar effect to that
of the physical double layer mechanism already described.

That is, through adsorption of charged coagulant species of
opposite sign to the particle surface, the effeetive surface
charge is reduced and as a consequence, the extent of double
layer repulsive interaction between adjacent particles is
reduced.

The second mechanism considered, again as a result of
adsorption of coagulant species at the particle-~solution
interface, is that described as.abridging mechanism. As seen
in Section 3.1.2, metal coagulants during hydrolysis reactions
have a pronounced tendency to polymerization; As the extent
of hydrolysis increases, progressively higher polynuclear
species form. On adsorption of such polymeric species to
particles a coagulant bridge spanning between adjacent par-
ticles is formed thereby promoting destabilization,
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It will be seen in Chapter S5 that the above mechanisms
are not confined to metal coagulants, Similar considerations
apply to destabilization by polyelectrolytes where both
bridging and an electrostatic phenomenon are accepted as
mechanisms of destabilization,

A further mechanism of destabilization by metal coagulants
is that of precipitate enmeshment. As seen in Section 3.1.2.4,
under appropriate conditions of coagulant concentration and
pH, metal coagulants in aqueous solution form metal-hydroxide
precipitates. Such species serve to enmesh particulate
material thus effecting destabilization essentially by a sweep
action. Here, apart from perhaps serving as nuclei for pre-
cipitation, the presence of particulate material is incidental,

Precipitation mechanisms are also of importance during

destabilization of hydrophilic colloids. Here, because of
the extent of hydration, electrostatic effects are relatively

unimportant. Coordination reactions occur between metal ions
and certain functional groups on the particle surface which
serve as ligands. Destabilization is visualized as being the
result of metal ion - functional group - hydroxide precipitate
formation. Furthermore, with the removal of certain anions
from solution (for example phosphorus removal in tertiary
wastewater treatment) precipitation reactions occur between

metal-ions, anions and hydroxides.

The four mechanisms of destabilization put forward for
metal coagulants will be discussed more fully in the following
sections (note that a greater in-depth coverage of the bridging
mechanism is reserved for Chapter 5, where destabilization
mechanisms for polyelectrolytes are dealt with); However, to
give a preliminary overall picture of the four mechanisms,
Table 4.1 (adapted from Stumm and O'Melia(48)
pertinent characteristics. From these characteristics it is

) presents various

evident that destabilization with metal coagulants cannot be

exclusively attributed to any one particular mechanism; In a
particular instance destabilization may be contributed to by

one or several mechanisms,
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4.1 DESTABILIZATION OF HYDROPHOBIC COLLOIDS
4.1,1 Extent of Hydrolysis and Adsorption

It was seen in Chapter 3 that metal coagulants
during the transition from the free aquo metal ion to the
insoluble metal hydroxide precipitate, undergo a series of
hydrolytic reactions. It is strongly evident that the
hydrolysis products of metal coagulants in aqueous solution
are adsorbed more readily than free aquo metal ions; The
greater the degree of hydrolysis, the more extensive is ad-
sorption, In fact, replacing at least only one coordinated
water molecule of the hydrated metal ion by a hydroxyl ion
enhances significantly the adsorptivity of the ion( 5).

The reasons for the enhanced adsorptivity of
hydrolyzed metal ions on hydrophobic colloid surfaces are not
understood. Evidently the presence of hydroxyl iomns in the
coordination sheath is to a large extent responsible but
just why hydroxyl ions are able to promote counter-ion
adsorption remains to be resolved. As seen in Chapter 2 the
electrostatic contribution to counter-ion adsorptivity may
be negligible, For this reason adsorption of hydrolyzed
neutral species (for example, Al(OH)S) and co-ions does occur,
the latter often evidenced by an increase in the original
charge carried by the particles. Accepting that the presence
of hydroxyl ions does play a part during adsorption, it is
appreciated that, as stated before, the greater the degree
of hydrolysis (and, concomitantly, the greater the degree of
polymerization) the more extensive is adsorption. One can
visualize that with extensive hydrolysis, successively higher
numbers of hydroxide groups per compound can be adsorbed at
the interface.

One may further postulate that the replacement
of water molecules by hydroxyl ions in the coordination sphere
of a metal ion imparts a certain degree of hydrophobicity to
the complex(48); Hydrophobic colloidal particles do not
adsorb unhydrolyzed aquo metal ions for the same reason that
they do not adsorb water molecules(ss). Furthermore, with a
dispersion destabilized with hydrolyzed metal coagulants, if
the suspension is made sufficiently acidicrestabilization

occurs as evidenced by reversion of particle surface charge



INFLUENGE OF INDICATED PARAMETER ACCORDING TO MECHANISM

PARAMETER PHYSICAL DOUBLE ADSORPTION
BRIDGING PRECIPITATION
LAYER DESTABILIZATION
Electrostatic Interactions Predominant Impartant Subordinate Suberdinate
Chemical Interactions . May occur but not
and Adsorption Absent mportant Predominant essential for remeval
Zeta potential for Mear zers Mot necessarily zero Usually not zern Not necessarily zero

optimum destahilization

Addition of excess
coagulant

Fraction of surface
coverage (8) for optimum
tlee farmatian

Relationship between
eptimum coagulant dosage
and garticle concentration
(for 2 given suspension)

Physical properties
of flocs produced

No detrimental
effect

Negligible

Optimum dosage virtually
independent of colloid
cencentration

Oense, great shear
strength but poor
filtrability in cake
filtration

Restabilization nsually
accompanied by charge
reversal; may he blurred
by precipitation

D<6<1

Restabilization due to
complete surface coverage

b<0=<1

( See Chapter §5)

Stoichiometry possible
but does not always occur

Flocs of widely varying
shear strength and
density

Stoichiometry bhetween
dosage and particle
corcentratian

Flocs of 3 dimensional
strugture; low shear
strength, but excellent
filtrability in cake
filtration

No detrimental
effect

Unimportant

Optimum dosage virtually
independent of colioid
concentration

Flocs of widely varying
shear strength and
density

TABLE 4.1:

CHARACTERISTICS OF DESTABILIZATION MECHANISMS WITH METAL COAGULANTS

L6



98

back to the original value (determined by electrokinetic
measurements). Such desorption of metal ion species is due
to de-hydrolyzation and a return to the aquo metal ion state.
Such a desorption process is slow when compared to the
rapidity of adsorption of hydrolyzed species(Ss). This
indicates a slow replacement of complexed hydroxyl ions by
water molecules on acidification.

4.1,2 Effect of Coagulant Dosage

As seen in Table 4.1, the effect of coagulant
dosage on destabiljzation depends very much on the destabili-
zation mechanism operative. For example, in certain instances
where the mechanism of electrical double layer repression by
increasing ionic strength is the predominant mechanism (as is
probably the case with synthetic rubber latex particles de-
stabilized with sodium or barium ions(zz)) then a destabili-
zation response to coagulant concentration curve of the form
shown in Figure 4.1 will probably be obtained, The suspension
passes from stability to destabilization over a narrow range
of coagulant concentration. The critical coagulant concentration
(CCC) is identifiédas the inflection point on the curve.

RESIDUAL TURBIDITY

=4
COAGULANT CONGENTRATION

FIGURE 4.1: Destabilization Characteristics Where an Elec-
trical Double Layer Repression Mechanism is Pre-
dominant. Increasing the Coagulant (Indiffer-
ent Electrolyte) Concentration Beyond the CCC
(Critical Coagulant Concentration) Has No Effect.

In such instances, the CCC is independent of
particle concentration since destabilization relies solely on
the concentration of counter-ions in solution. Furthermore,
increasing the coagulant concentration beyond the €EC has no
effect; Once the ionic strength is sufficient to compress
the diffuse part of the double layer sufficiently for spontaneous
destabilization to occur, no further advantage in increasing
ionic strength is attained. Moreover, it is in such cases



where the Schulze-Hardy 1/z6 rule is most likely to be applicable.
Consequently, the valency of the counter-ions has a profound
effect on destabilization; the higher the valency, the lower
is the CCC for destabilization,

Often, from results obtained during destabilization
of certain suspensions, more than one destabilization mechanism
is evident, depending on the coagulant concentration applied;
the concentration of particles in the suspension and the pH.

AESIDUAL TURBDITY
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FIGURE 4.2: Destabilization Characteristics Where Adsorption
of Coagulant Species to Colloidal Particles is
Operative. CCC1 and CSC Signify The Concentra-
tions, Ct' of Coagulant Necessary to Destabilize
and Restabilize Respectively the Dispersion. A
Further Critical Coagulant Concentration, CCCZ,
Indicates the Occurrence of a Double Layer
Repression or Enmeshment Mechanism at Higher
Coagulant Dosages. The Data Was Taken from
Stumm and O'Melia(48)
Silica Dispersion (Surface Concentration =
= 10 m® 171) With Fe(III) at a pH of 4,0.

for Destabilization of a

Considering for the time being coagulant concentration only,
Figure 4.2 (adapted from Stumm and O'Melia(48)) shows results
obtained for destabilization of a silica dispersion (surface
concentration = 10m21_1) with Fe(III) at a pH of 4,0. It is
seen that with increasing coagulant concentration, there are

two regions where destabilization is obtained. The first region,
identified as €CCCy, occurs when sufficient metal-hydroxide
coagulant species are present to become adsorbed and thereby
destabilize the suspension. The mechanism here is one of

either adsorption of charged metal hydroxide species, giving
rise to reduction of charge or charge neutralization:; oz
adsorption of polymerized metal hydrolysis species giving rise
to a bridging mechanism of destabilization. The first mechanism
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is probably predominant at low colloid (surface) concentrations,
whereas with relatively higher colloid concentrations, the
second (bridging) mechanism may become predominant. A
mechanism of destabilization predominantly by diffuse layer
compression is discounted because if a higher coagulant dosage
is initially applied, restabilization occurs. The initial
concentration of coagulant required for restabilization is
identified on Figure 4.2 as the CSC (critical stabilization
concentration)., Restabilization could occur either because

of an excess of counterion adsorption giving rise to charge
reversal; or excess adsorption of polymeric species occupying
too many adsorption sites thereby preventing bridge formation
between adjacent particles.

It is seen that by increasing the initial applied
coagulant concentration sufficiently, a further destabilization
region is evident, the critical coagulant concentration for
this region being identified as CCC, on Figure 4.2. Again,
there are two possible mechanisms, the predominance of each
depending on the colloid concentration. At relatively high
colloid concentrations, the predominant mechanism is probably
due to ionic strength effects. That is, the presence of

charged counter ions in solution gives rise to double layer
repression. Alternatively, perhaps predominantly at lower

colloid concentrations, metal hydroxide precipitates are
formed; Pestabilization in this case arises from a sweep
mechanism of colloid enmeshment by precipitates.

It is apparent from the above discussions that
besides coagulant concentration, there are at least two other
factors influencing the destabilization characteristics of a
given suspension of hydrophobic colloids. These are the con-
centration of colloids in the suspension and the pH existing
during destabilization, The following sections deal with each

in turn.

4,1.3 Effect of Colloid Concentration

The preceeding section discussed the effect of
coagulant dosage on the destghilization of hydrophobic colloids.
This section extends the discussion to include the effect of
colloid concentration, Figure 4.3 (adapted from Stumm and
O'Melia(48)) demonstrates schematically the relationship



101

between coagulant dosage and colloid concentration, the latter

in terms of surface area concentration. (Note, the following
discussion may be taken as applicable for i pH of approximately

4 to 5). The shaded area indicates zones where destabilization
has occurred. The relationships shown in Figure 4.3 are for

one particular value of pH; Note that there will be several such
diagrams, each at a particular pH value., Four zones are
identified as follows:

Zone 1 - indicates that insufficient coagulant has
been applied to the colloidal suspension and that destabiliza-
tion does not take place;

Zone 2 - refers to the region in which destabiliza-
tion has taken place;

Zone 3 - is that region where destabilization and
then, subsequently, restabilization has taken place, due to
excessive coagulant addition and

Zone 4 - is the region where the coagulant dosage
is high enough to achieve oversaturation, and precipitation of
metal hydroxide species occurs.

Resta

COAGULAMT DOSAGE , Cy g 11

LY
A
o

COLLOID CONCENTRAYION, & m*1 !

FIGURE 4.3: Zones of Destabilization and Restabilization at
a Given pH Value as Related to Colloid Concentra-
tion, S5, and Coagulant Dosage, C.. (See Figure 4.2).
(Adapted from Stumm and O'Melia(zs)
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Figure 4.3 is explained as follows: At very low
concentrations of colloids (Sl, say) there is very little
contact opportunity for colloid-colloid interactions. When a
quantity of metal coagulant such as X is introduced, even
though the (extrapolated) stoichiometric coagulant dosage may
be applied, uneven adsorption occurs and, therefore, a certain
number of particles will remain stable, some will suffer charge
reversal, some will be destabilized and so on. The problem
here, therefore, is visualized as being one of inadequate
dispersion.

Suppose an increased coagulant dosage, Y, had been
applied. The situation now exists where, although colloids
are still greatly dispersed, there is an ample supply of
coagulant species for each colloid. However, the concentration
of coagulant with respect to the colloid concentration is
relatively high so that excessive adsorption takes place and
restabilization occurs as described in Section 4,1.,2, The only
way in which it is possible to remove the colloidal solids is
to increase the coagulant concentration to a value of at least
that given by C;. Here metal hydroxide precipitates form and
removal is by a sweep mechanism.

It is seen that at colloid concentrations such as
Sl'
a decreased coagulant concentration, until at a concentration

increasing colloid concentration concomitantly results in

corresponding to point A on the diagram, there is a precipitous
decrease in the coagulant dosage required for destabilization.
This may be explained in terms of contact opportunity between
coagulant species and colloids. As the colloid concentration
progressively increases, adsorption of transition hydrolysis
products occurs to a certain extent thereby forming nucleic
sites for precipitation. In this way, less coagulant is
progressively required to form precipitates. At a certain
colloid concentration (such as that corresponding to point

A) contact opportunity is sufficient for hydrolysis species

to become adsorbed and effect destabilization by charge
effects or bridging, before precipitation takes place. With
kaolin clay suspensions, point A probably corresponds to a
suspended solids concentration of the order 50 to 100 mg 171

(based on kaolinite) 28+ 3% 40)
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Referring to Figure 4.3 it is seen that waters
of low solids concentration may be more efficiently destabilized
by augmenting the total surface area to a value such as that
given by S,,for example. This is carried out in some cases of
water treatment practice where bentonite or activated silica
may be added.

At colloid concentrations such as SZ’ it is seen
that the critical coagulant concentration for destabilization
is much less than for Sl. However, destabilization occurs
over a relatively narrow range of coagulant dosage. Beyond
a critical dosage (CSC) restabilization of the suspension
occurs. Significant colloid removal for coagulant dosages
greater than CSC only occurs when a quantity of coagulant
sufficient for precipitation is added. As discussed in the
preceeding section, the mechanism of destabilization for
coagulant dosages between the CCC and CSC is one dependent
on adsorption., Because of the predominance of an adsorption
type mechanism in this region of colloid concentration, one
would expect a dependence of the critical coagulant concentra-
tion on colloid concentration. This is seen to be so by a
consideration of the linearity of curve A in this region.

Such stoichiometry probably occurs when suépended s0lids
concentrations are greater than that represented by point A,

that is, of the order 50-100 mg 171 (based on kaolinite),

At high colloid concentrations (S3 and higher) it
is seen that restabilization does not occur. This may be
explained by considering chronologically the action of metal
hydrolysis species in solution: The first effect must be
compression of the diffuse part of the double layer, rather
than extensive adsorption; As stated earlier, adsorption is
more favourable with the higher metal-hydroxide species.

Hence, before extensive adsorption takes place with its eventual
related charge reversal, colloids, being in closer proximity
than the preceding cases considered, will be destabilized and
will have already formed flocs. Hence the region corresponding
to colloid concentrations in excess of 4 does not imply a

sweep floc region, but rather a region of destabilization
brought about by a double layer repression mechanism. This is
supported by the shape of line A which is horizontally
asymptotic with increasing colloid concentration; ¥For a
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physical double layer mechanism, colloid concentration has
no effect on the coagulant dosage for destabilization., It
should be noted, however, that if the coagulant dosage is
very high, then metal-hydroxide precipitates will form, but
there would appear to be little advantage from the point of
view of destabilization efficiency.

Hence, summarizing the above: for low colloid
concentrations, less than that corresponding to point A, the
destabilization mechanism is one governed by precipitate
formation. For medium concentrations, between A and 53, the
destabilization mechanism is governed by adsorption and charge
reversal may occur. Here, a model of the form proposed by
Stern (see Chapter 2) would adequately describe the phenomena.
For high colloid concentrations (greater than 83) a double
layer mechanism, such as that described by the Gouy-Chapman
model, is probably predominant. For medium and high colloid
concentrations, destabilization may be brought about by high
coagulant dosages where metal-hydroxide precipitates are
induced to form.

4.1.4 Effect of pH
4,.2.4.1 General

The discussion in Section 4.,1.3 was
directed towards the combined influence of colloid concentration
and coagulant dosage on the characteristics of destabilization
of hydrophobic colloids, A further factor, of paramount
importance in destabilization with hydrolyzing metal coagulants,
is the pH, As seen in Chapter 3, the predominance of a par-
ticular hydrolysis species during destabilization is very
largely dependent on the pH value. For a particular colloidal
suspension, it is logical to consider that there exists a
particular hydrolysis species most effective for destabilization;
whether by virtue of the charge carried; or adsorptivity and
so on, To quote Black and Chen(g): The adjustment of pH to
a range where the most effective hydrolysie species of the
eoagulant ie formed is shown to be vepry essentigl in producing

optimum coagulation.
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Iog C , - moles, |

FIGURE 4.4: Zones of Destabilization and Restabilization as
Related to pH, Colloid Concentration, S and
Coagulant Dosage, Ct‘ (See Figures 4,2 and 4.3).
{From Stumm and O'Melia(48). With Permission of
The American Water Works Association}

(48) shows the interrelation-

ship between coagulant dosage, solids concentration and pH

Figure 4.4

for the particular case of a silica dispersion using Fe(III)
as coagulant, It is seen that at each pH value, curves of a
similar form to that of Figure 4.3 are obtained, It is
instructive to study each pH value in turn:

4,1,4,2 pH 1,0

From Figure 4.4 it is seen that at low

colloid surface concentrations appreciable destabilization
does not occur, Furthermore, it is seen that the coagulant

concentration for destabilization is independent of colloid
concentration and restabilization does not occur. This may

be explained by a consideration of the probable hydrolysis
species existing at this pH value. From Figure 3.5(a) it

is seen that hydrated aquo metal ions are predominant,
Therefore, it follows from the above observations that the
mechanism of destabjilization is almost totally due to double
layer repression by ionic strength considerations. The absence
of destabilization at low colloid concentrations can be
explained in terms of kinetic effects where contact opportunities
are too low for appreciable perikinetic flocculation in the time

allowed for destabilization.

4.1.4,3 pH 2,0

Here, it is seen that similar character-
istics to that at pH 1,0 are evident; with ode important
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exception: at low to medium colloid concentrations restabili-
zation occurs. Referring to Figure 3,5(a) (for, say, a total

Fe concentration of 10_3M) it is apparent that hydrolysis
products begin to have significance at pH 2,0. As stated
previously, hydrolysed metal coagulant species have a pronounced
tendency for adsorption. At pH 2,0, therefore, destabilization
is significantly influenced by adsorption such that excessive
dosages lead to surface charge reversal and restabilization.

At high colloid concentrations, destabili
zation is due t® double layer repression by positively charged
transition coagulant species.

4,1.4,4 pH 3,0 to 5,0

From the destabilization curves for pH 3,0
to 5,0, it is seen that at a given pH the coagulant dosage -~
colloid concentration relationship is as discussed in Section
4.1.3. To briefly recapitulate: for colloid (surface)
concentrations greater than approximately 1,0 m?17! (for the
colloid system considered here) the destabilization mechanism
is one of adsorption; as evidenced by the dependence of
coagulant dosage for destabilization on colloid concentration
(lower boundary of the destabilization zone) and the occur-
rence of restabilization. The upper destabilization zone 1s
one of metal-hydroxide precipitate enmeshment, At higher
colloid concentrations the mechanism is increasingly one of
double layer repression.

From Figure 4.4, it is seen that the slope
of the critical coagulant dosage-colloid concentration boundary
increases with increasing pH. This indicates an increasing
dependence of the destabilization mechanism on adsorption;
referring to Figure 3.5(a) it is seen that within the range
of critical coagulant dosage (+ 107> M), at pH 3,0 7% of
coagulant species are hydrolyzed and at pH 5, full hydrolysis
is apparent.

Restabilization at each pH value is also
explained-by increasing hydrolysis. For example, at a pH of
3,0 the percentage hydrolysis of coagulant species at the
critical dosage for destabilization is approximately 7%.
Increasing the dosage to 10'4 M (approximately corresponding
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to the CSC) the percentage hydrolysis is 60%. Hence,
increasing dosage in each case gives rise to increased hydro-
lysis and consequently increased adsorption. At low pH

values (pH 3,0) the predominant species are positively charged:
hence, restabilization is due primarily to charge reversal.

At higher pH (5,0) the predominant species are negative (for
example, Fe(OH);) and one may postulate a mechanism of brid-
ging with excessive surface site coverage resulting in
restabilization.

4,1.4.5 pH 6,0.t6 9,0

For pH values of 6 and higher, it is
seen that restabilization does not occur. This may be
explained by a destabilization mechanism of bridging by
negative hydrolysis species with a continuous transition to
precipitate enmeshment as the dosage is incrementally increased.
The progressively increasing dosage for destabilization with
increasing pH supports the predominance of negative hydrolysis
species since with increasing negativity statistically less
contact opportunity is afforded between coagulant species
and colloidal particles.

Evidence for the increasing predominance
of negative hydrolysis species would be provided if electro-
phoretic mobilities on coagulant addition were to become
increasingly negative with increasing pH. This is seen to be
so from Figure 4.5(8) which shows (a) ferric sulphate added
to destabilize a montmorillonite suspension; (b) a fuller's
earth suspension and (c) a kaolinite suspension. In general,
initially (at low pH values) the mobility values are seen to
increase to positive values (which follows from the discussions
above where positive hydrolysis species were postulated); at
higher pH values the mobilities are seen to increase in
negativity.

4,1,4.6 Further Congiderations

Although the above sections considered
the particular case of destabilization of hydrophobic colloids
with iron coagulants, the same reasoning applies to other
(19 found that with

aluminjum sulphate applied to kaolinite suspensions, destab-

systems. For example, Black and Chen
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ilization at pH 3,0 was due to electrical double layer depres-
sion by unhydrolysed AI(HZO)éf At pH 5,0, destabilization
was due to adsorption of positively charged polynuclear aluminium

hydrolysis products with restabilization occurring after a
narrow range of coagulant dosage due to charge reversal.
The optimum dosage for destabilization was 5 mg 171 which cor-
responds to anAl(III) concentration of 1,5.10"5 M. Refer-
ring to the work of Singley et al (see Section 3.1.2.4) it

is seen that this is the order of concentration where
complicated, polynuclear hydrolysis products form, such as
those shown in Figure 3.4(b). With such highly charged
strongly adsorptive speties the occurrence of restabilization

is self apparent,
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FIGURE 4.5: Evidence for the Increasing Predominance of Nega-
tive Hydrolysis Species With Increasing pH: At
Higher pH values Mobilities Increase in Negativity.
T, Represents Initial Turbidity. The Dotted
Curves are for No Ferri¢ Sulphate Added; The
Dashed Curves for 3ppm Ferric Sulphate; The
Dot-Dash Curves for Sppm and the Solid Curves for
50ppm. (From Black and Waltersca), with permis-
sion of the American Water Works Association].

At pH 8,0 the destabilization mechanism
with increasing coagulant dosage is a gradual transition from
adsorption of positively charged hydrolysis species to precip-
itate enmeshment with Al(OHJS species,
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In this and preceding sections, although

a logical account has been attempted of the phenomena occurring
during destabilization of hydrophobic colloids with metal
coagulants, there are certain instances where explanations

are not so readily forthcoming. For example, Black and Chen(g)
during investigations on destabilization of various clay
suspensions with aluminium sulphate, found that a region of
high turbidity removal was consistently obtained at pH values

of 10,0 and above.

The predominance of negatively charged
hydrolysis species at such pH values (see Figures 3.5a and b)
especially at lower coagulant dosages would suggest an adsorp-
tion bridging type mechanism. However, this was not reflected
in the electrophoretic mobility values obtained by Black and
Chen which remained relatively constant with increasing pH at
pH values greater than about 8,0,

Mackrlecso) has suggested the influence

of hydrous-oxide crystals at higher pH values of the form
nAlZOS'HZO and nFeZOSHZO' A possible explanation of the

results described above may be a combined effect of, for example,
negatively charged A1(OH)4-and positively charged Al,0; species.

4.2 DESTABILIZATION OF HYDROPHILIC COLLOIDS
4,2,1 General

Hydrophilic colloids, because of hydrated layers
surrounding them, are not destabilized by such considerations
as depression of the electrical double layer. However, hydro-
philic colloids do carry a surface charge although the effective
range of influence may be confined in some cases to within the
hydrated layer.

The surface charge carried by hydrophilic colloids
is often due to the ionization of ionogenic groups. Such
groups may be carboxylic; aliphatic or aromatic hydroxyl,
sulphato, phosphato and aminogroups. Stumm and Morgan(47) by
means of alkalimetric titration curves demonstrated that
metal ions form complexes readily with ligands such as phos-
phates, pyrophosphates, salicylates (which contain a carboxyl
and an aromatic hydroxyl group) and oxalates, Such ligands
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are representative of the functional groups of many hydrophilic
colloids.

The above substances, as ligands, do not have as
great an affinity with metal ions as do OH  ions. However,
statistical considerations play a significant role in selective
coordination and the preference of, say, phosphates over OH™
will depend on the ratio {phosphate}/{0OH"}. Phosphates will,
therefore, tend to be preferentially coordinated at lower pH
values. This reasoning also applies to other ligands.
Furthermore, to form an electroneutral precipitate, less OH
ions will be required in the coordination sphere of the metal-
ion complex so that the pH for precipitation will be lower in
the presence of such ligands than if OH were the only ligand

present.

Stumm and Morgan considered the destabilization
of hydrophilic colloids carrying functional groups such as
those described above, to be principally due to precipitation
of the metal-ligand complexes, This is substantiated by two
facts: a) it is known that destabilization of hydrophilic
colloids does take place at acidic pH values, which tends to
indicate preferential co-ordinative reactions with metal ions
and functional groups at the colloid surfaces and b), it is
further known that to destabilize a dispersion of hydrophilic
colloids requires higher coagulant dosages than their hydro-
phobic counterparts. This suggests that the system will be
oversaturated with respect to the metal ion-ligand complexes
which results in precipitation.

In the following sections two specific groups of
hydrophilic colloids will be discussed, although the principles
involved are applicable to a certain degree to hydrophiles
in general. The first concerns removal of humic substances

and the second viruses.

4.2.2 Organic Colour Removal With Metal Coagulants
4,2,2,1 General

Although organic colour is included here
in a section dealing with hydrophilic colloids, it is debat-
able whether colour is colloidal or in true solution. Shapiro
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(42) suggested that colour compounds were straight-chain-

substituted fatty acids in true solution and that colloidal
properties exhibited by these compounds are due to complex
formation with iron if present in solution. It has been
suggested(3g) that of the humic fractions present in organic
coloured waters, the humic acid fraction is colloidal whereas
the fulvic fraction is in true solution. Black and Christman(s)
by filtration and electrophoretic measurements concluded

that organic colour causing compounds were true hydrophilic
colloids possessing a negative surface charge. They further
suggest that colour is due to a light scattering and fluor-
escence effect rather than to molecular absorption. Packham(sg)
has suggested that organic colour is in true solution but that
a proportion of the molecules are large enough to exhibit
colloidal properties. Furthermore, in the presence of iron
coordination reactions may occur giving rise to colloidal
characteristics.

However, although it cannot be categorical-
ly stated whether organic colour is colloidal or in solution,
the material does exhibit hydrophilic colleidal properties such
that the apparent destabilization mechanism can be conveniently
included with that of hydrophilic colloids.

4.2.2.2 Nature of Organie Colour

Organic colour is usually associated with
soft surface waters containing little or no alkalinity. It
arises from the aqueous extraction of living woody substances,
the solution of degradation products in decaying wood, the
solution of soil organic matter or a combination of these.
Christman and Ghassemi(ls) suggested that the manifestation
of colour is an intermediate step in the transformation of
organic matter from living or decaying woody tissue to the soil
organic complex.

Humic substances include a wide variety
of compounds with similar constitution and properties.
Odén(37) classified humic substances in terms of four fractions,
as shown in table 4.2 (0dén's original terminology has since
been modified).
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TABLE 4.2
GROUF NAME ALTERNATIVE NAMES DEFINITION
Humys coal Humin, uimin Insoluble in water and sodium
hydroxide
o Crenic and Soluble in sodium hydroxide
Fulvic acid apacrenic aclds and mineral acin
Hymatomelaale Hamatomelanic. Soluble in sedium bydroxide
atid hematomelanic, and aleahol, Insoluble In
ulmic agids mineral agid
Soluble in sodium hydroxide.
Humic acid - Insoluble in mineral acid

In natural waters, the predominant fractions
present are fulvic, hymatomelanic and humic acids. The
proportions of these fractions are typically in the approximate
ratio 10:2,5:1 respectivelycs’sg). However, variations in
the proportions of the fractions do exist. For example,
Packham(sg) investigating several waters iﬁ the U.K., found
an average fulvic fraction of 76,4% with a standard deviation
of 10,8%; an average hymatomelanic fraction of 16,6% with
a standard deviation of 7,7% and an average humic fraction
of 7,0% with a standard deviation of 4,6%.

Humic substances derived from a number
of sources, although as stated above exhibiting similar prop-
erties, are nevertheless usually different from one water to
another. Although chemical and spectral properties may be
similar, other differences due to physical properties, molecular
weight, particle size and so on may give rise to different
requirements for treatment.

Packham(sg) suggested that differences in properties of humic
substances of different waters was due principally to
differences in the proportions of the various fractions; each
fraction having different properties.
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Humic acids possess the highest molecular
weights of the three groups, with values of up to 50.000.
Hymatomelanic acids are regarded as intermediates between
fulvic and humic acids with molecular weights of the order
800(39). Fulvic acids probably have the lowest molecular
weights in the groups. Besides being the predominant fraction
of coloured waters, fulvic acids, on a.unit weight basis,
exhibit a higher capacity for colour production than either
the hymatomelanic or humic acid fractions(ﬁ). It is evident,
therefore, that the fraction of major concern in coloured
waters is fulvic acid. Some workers(24) suggest that fulvic
acids represent a more complex mixture of substances than humic

acid, whereas others(41)

suggest that fulvic acids are
essentially small sized humic acid molecules. Black and
Christman(ﬁ), found from solubility relationships, chemical
spot tests and infrared absorption spectra, indications that
fulvic acids are aromatic polyhydroxy methoxy carboxylic
acids. These workers suggest that ionization of carboxyl and
aromatic hydroxyl groups are responsible for the negative
charge of colour compounds.

It is likely that, although the general
structure of fulvic acids probably follows that suggested by
Black and Christman above, no two molecules of colour compounds
are exactly identical; perhaps an indication of this is the

variety of structures proposed by several workers(41).

For the purposes of the present discussion,
it will be accepted that organic colour is due to negatively
charged hydrophilic compounds of colloidal size possessing
carboxyl and aromatic hydroxyl functional groups.

¢.2,2.3 Disadvantages of Organie Colour in Water
Supplies

The presence of organic colour in water
supplies is considered undesirable for a number of reasons
(16, 17, (a) on aesthetic grounds, consumers prefer a clear
colourless supply; (b) humic substances may impart taste to
the water, although not necessarily unpleasant:; (c) the pre-
sence of organic colour increases the disinfection (chlorine,

ozohe etc.) demand; (d) humic substances have a nutrient
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effect on microorganisms; (e) many industries require a low
colour level, for example, the pulp and paper industry for the
production of high brightness bleached paper require a maximum
concentration of 5 units or 1ess(4); (f) humic substances may
foul ion exchange resins; (g) the presence of colour inter-
feres with water analyses - particularly those based on
colorimetry; (h) high colour may reduce the productivity of

a water by limiting transmission of light for photosynthesis;
(i) humic substances combine with iron, manganese and lead by
peptization or chelation, forming humus metal complexes(49);
(j) besides increasing chlorine demand as mentioned in (c)
above, fulvic acids react with chlorine to form potentially

carcinogenic haloforms as by products(41).

The above undesirable properties not-
withstanding, there is no evidence that humic substances are
directly harmful to higher organisms. In fact, although no
systematic studies appear to have been carried out, a certain
therapeutic value has been claimed with regard to rheumatic

fever and certain skin defects(16).

The apparent nutrient effect of humic
substances may in some cases be advantageous. The stimulating
effect of humics on algal growth has been demonstrated by
several workers (16) and may be due to trace metal stabilization
by the humics.

4.2.2.4 Measurement of Colour

Because of the complexity of humic
substances, it has been necessary to adopt an arbitrary stand-
ard for the measurement of colour. The standard accepted is
based on platinum-cobalt solutions which produce a yellowish-
brown colour similar to that of humic substances. Often a
number of colour standards are prepared in Nessler tubes and
coloured samples compared visually. However, this method has
the disadvantage of subjectivity. At the low colour values of
many natural waters, visual comparison is almost impossible;
less than 3 Pt-Co units being virtually unnoticeable. An
alternative is to calibrate spectrophotometer readings with
standard platinum-cobalt standards and take sample colour
readings directly with the spectroPhotometer.' Operation in



the UV range (approximately 300 nm) is probably the most
appropriate., Adapted spectrophotometer instruments are

available(zs) that give direct Pt-Co colour readings.

The presence of turbidity in water
samples may give rise to an enhanced (apparent) colour
reading, For a true colour measurement, it is recommende
that samples be passed through a 0,45 p membrane filter prior
to colour measurement. Removal of true colour causing
compounds by filtration is probably negligible.

4(23)

A difficulty in having a consistent
standard of colour measurement is that the colour intensity
of a given water varies with pH. Black and Christman(s) found
a concurrent pH effect on both the particle size and number
of colour producing particles; increasing pH effecting both
a decrease in particle size and an increase in particle num-
bers. Assuming colour to be due primarily to light scattering
and fluorescence, as mentioned previously, raising the pH of
a given water should increase the colour intensity. As shown
in Figure 4.6(%0) this is seen to be so. It is further
evident that this Zndicator effect is more prominent the
higher the initial colour value. For colour values less
than 50 Pt-Co units, the indicator effect is negligible.
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FIGURE 4.6: Effect of pH on Colour of Four Representative
Waters. (From Singley et Elc46), with permission
of the American Water Works Association).
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Singley et gl(46) suggested reducing
all colour measurements to a standard value of pH. A value
of 8,3 was chosen because this represents the final pH of
most treated waters. For convenience, they present the
nomograph reproduced in Figure 4.7. Thereby, a reading of
colour for a given water, at any particular pH (from 2 to 10)
is readily converted to a standard reading at pH 8,3, As
seen on the nomograph, colour values less than 50 units have
not been included since, as stated above, the indicator effect
is negligible at low values. As noted by Singley et al use
of the nomograph is more convenient than adjusting the pH of
colour samples, particularly in view of the fact that most
coloured waters are low buffered, which results in difficulties
of adjusting pH to an exact value.
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FIGURE 4.7: Colour Conversion Nomograph for Natural Colour-

ed Waters: The Scale at the Centre is for pH at
Which Colour Was Read, To Use the Nomograph:
(i) Read Colour of Water at any pH; (ii) Place
Straight Edge Through Colour Read on Right Hand
Scale and pH at Which Colour was Read on Centre
Scale and (iii) Read Corrected Colour on Left
Hand Side. (From Singley et a1(*®) with
permission of the American Water Works Associa-
tion).
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4,2,2,5 Deestabilization of Organic Colour With
Metal Coagulants

The mechanism of destabilization of humic
substances with metal coagulants is assumed to be that
previously described as general for hydrophilic colloids
That is, a precipitation mechanism between metal ion and
functional groups on hydrophilic colour particles forming
multi-ligand complexes together with OH  and HZO species. Such
a mechanism explains the stoichiometric relationship between
metal coagulant dosage and colour intensity, and the lower
pH for destabilization when compared with that for turbidity
removal., Hall and Packham(24) suggest such a chemical inter-
action involving metal hydrolysis species such as Aln(OH)Z,Sn
and probably carboxyl groups on the colour particles, Such
an interaction would further explain the near zero zeta
potentials at optimum destabilization

41

The stoichiometry between raw water colour
and optimum coagulant dosage has been reported by several
workers”'24 for both aluminium sulphate and ferric salts.
In general, the optimum coagulant concentration for fulvic
acid is higher than for humic acid at the same concentration(ZA)
indicating that two waters, even though possessing similar
colour intensities, may require different coagulant dosages.

Ferric salts, in general, have been found
to yield slightly lower colour residuals after destabilization
(7’24); However, the optimum dosage for lowest residual colour
in each case appears to be the same if concentrations are
expressed in terms of the metal ion. The mechanism of de-
stabilization for the different coagulants, therefore, is

evidently the same,

Although the optimum dosage - colour
relationship with ferric and aluminium salts is essentially
the same, the optimum pH values for these coagulants are
different: with ferric salts the optimum pH is typically
within the range 3,7 to 4,207 24, 31)
sulphate within the range 5,0 to 5,5(7’

and with aluminium
24). Hall and
Packham(24) suggest the differences are due to the greater
affinity of ferric ions for OH . From the discussions in
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Section 4.2.1 it is seen that in this case, for functional
groups to serve as ligands in the metal complex, lower pH
values are required thereby limiting the statistical opportunity
for OH  ions to be complexed. Furthermore, the lower residual
humic concentrations attained with iron indicates that the
humic-iren bond is stronger than the humic- aluminium bond(24).
For a given coloured water, Black et §1(7)
showed that, at the optimum coagulant dosage (specifically
ferric sulphate in their experiments) there is a relationship
between initial raw water colour and optimum pH, such that for
colour values ranging from 50 to 4530, the optimum pH varied
from 3,8 to 3,45, With the coagulant dosage - colour
stoichiometric relationship mentioned previously, it is seen
that controel of treatment of a given coloured water is greatly
facilitated: optimum dosage and pH with changes in colour
intensity of the water may be determined from pre-calibrated
colour-dosage-pH curves; all colour measurements being carried
out or reduced to the standard pH of 8,3 as described in
Section 4.2.2.4, However, such a procedure would still
require confirmatory routine jar test experiments.

The presence of turbidity in a coloured
raw water may complicate treatment, since the mechanisms of
removal are probably completely different, Usually, the presence-
of clay has little effect on colour removal (that is, if
optimum conditions for destabilization of such a mixed water
are assessed in terms of colour only). However, the presence
of colour has an effect very similar to that of the presence
of anions such as phosphates on clay turbidity. That is, the
optimum pH for destabilization of clay dispersions is progres-
sively shifted to the acid side with increasing phosphate(or .colour)
concentration, This phenomenon is described in greater detail
in Section 4.3.

4.2.3 Virus Removal With Metal Coagulants
4,2,3.1 General

It is pointed out in the World Health
Organization International Standards for Drinking Water that
treated water, although free of faecal coliforms, may never-
theless transmit viral diseases(21). The most notable water-
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borne viral diseases are poliomyelitis and type A viral
hepatitis, although there are more than 100 different virus
types that are eXcreted with human faeces(so) The percentage
of cases of virus infection which are directly attributable

to drinking water is not conclusively known since many cases
are not notifiable and, furthermore, in many notified cases
the source of infection is not determined. However, it has
been suggested(36) that of the order 30% of infected cases
could be attributed to the water route,

The survival time of viruses in water
varies widely and is dependent on the specific virus, temperature
and general quality of the water. Under certain conditions and
with certain virus types, survival times may be up to 200 days

in river waterclg).

It has often been reported that chlorine
is not wholly effective in virus inactivation(43’ 50). A
possible reason is that in cases where positive virus counts
were obtained in treated waters, insufficient disinfection
contact time was allowed, For example, some virus types
(Polio 2) require a chlorine contact time of 40 minutes for
99,99 per cent inactivation in the presence of 0,5 mg 171
free chlorine(lg). The average contact time (for twenty human
viruses(la)) is of the order 15 minutes with the least
resistant virus type requiring 2,7 minutes and the most resistant
40 minutes,

Several workers(14’ 52, 43, 50) have
reported the removals obtained using metal coagulants and/or
polyelectrolytes. With metal coagulants, removals of up to
99,9% have been reported for both aluminium and ferric salts.
Various polyelectrolytes (cationic) have effected removals
of greater than 99% but have the disadvantage that if other
material is present in the form of colour, turbidity, COD and
so on, removal of such material is poor. Using metal coagulants
and polyelectrolytes conjointly has the advantage that better
floc characteristics are produced and, furthermore, if a
variety of substances are present in water, it is possible
that the use of both metal coagulants and polyelectrolytes
will effect a higher overall removal. Hoéwever, this very
much depends on the conditions pertaining for each case;
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Some workers(43)

report that using polyelectrolytes as floc-
culant alds, although improving floc formation, does not
improve virus removals beyond those achieved using metal

coagulants alone.

4,2.3.2 Mechaniem of Virus Destabilization With
Metal Coagulants

Viruses are essentially DNA (Deoxyribo-
nucleic acid) or RNA (ribonucleic acid) units contained within
a protein coat. The destabilization mechanism involves co-
ordination reactions between metal coagulant species and
carboxyl groups of the virus coat protein(14) - in much the
same fashion as discussed previously for organic colour com-
pounds. From the similarity of the destabilization mechanisms
for organic colour and viruses, one would expect similar
conditions of pH at optimum removal. From reported results
this is apparently so: for example, Chaudhuri and Engelbrecht(14)
report the optimum pH for virus removal with aluminium sul-
phate to be in the region of 5,0. Percentage virus removals
with aluminium sulphate were in the range 97,7 to 99,8%.

Turbidity removals were in the range 98,3 to 99,3%. Using a
cationic polyelectrolyte as flocculant aid, virus and turbidity
removals were increased to 99,9 and 98,5% respectively.

)
to remove a bacterial virus (bactériophage MS2 against E.
Coli). With an initial virus concentration of 3,9.105pfu
(plaque forming units) ml_l, removals of up to 99,7% at a

Manwaring et gl(sz applied ferric chloride

ferric chloride dosage of 60 mg 17! and pH 5,0 were achieved
(note that pH 5,0 was the lowest pH studied; perhaps the
optimum pH has a lower value than §5,0).

It should be noted that applying metal
coagulants or polyelectrolytes does not inactivate viruses 32).
Therefore, a potential health -hazard exists with disposal
of water treatment plant sludges; whether on land or in such
a fashion that contamination of surface or ground waters
results, Furthermore, complete virus removal by destabili-
zation with metal coagulants has not been reported. For full
removal, other methods are required. These include super-
chlorination, ozonization, sterilization by ultraviolet rays
or by ionizing radiation. It has been suggested(21) that from
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an economic point of view, if an effective vaccine against
viral hepatitis were also to be developed, widespread immuni-
zation against poliomyelitis and viral hepatitis would be a
more economical procedure than improving the treatment of
potable water to control water-borne viral diseases.

4.3 EFFECT OF ANIONS
4.3,1 General

In Section 4.2,1 it was mentioned that certain
anions tend to displace hydroxyl ions from the coordination
sphere of metal ions and that this displacement preferentially
occurs at lower pH values. The effect of a particular anionic
species on the destabilization characteristics of metal ions
applied to a given suspension depends on a number of factors.
Marion and Thomastss) put forward the following general rules:
(a) If the anion is a strong coordinator with aluminium and
not readily replaced by hydroxyl ions, the pH of optimum
destabilization will drop sharply with increasing anion
concentration; (b) If the anion is a strong coordinator with
aluminium but can be displaced by hydroxide ion, the pH of
optimum precipitation increases with a very basic anion, and
decreases with a weakly basic anion; (c) If the anion is
only a very weak coordinator with aluminium, it exerts only
a slight effect on optimum precipitation, generally in the
direction of lower pH values,

From the above, nitrates and perchlorates have
very little tendency to coordinate with metal ions and, there-
fore, do not have a notable influence on destabilization with
metal coagulants. Chlorides, probably having a weak coordi-
nating capacity with metal ions, shift the optimum pH slightly
to the acid side if the concentration is high enough. That
is, if the {C17}/{OH"} ratio is high enough, hydroxyl ions are
displaced from the coordination sphere of metal ion complexes
by chloride ions,

With sulphate anions the effect is to extend the
pH zone of destabilization towards the acid side whereas with
phosphate anions the effect is to shift the optimum pll zone
to the acid side., These two cases will be discussed in greater
detail in the following sections. Furthermore, the special
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case of phosphorus removal during tertiary wastewater treat-
ment will be discussed in a separate section.

4.3,2 Effect of Sulphate

With sulphate anions, being relatively strongly
coordinated with metal ions and weakly basic, the effect is to
broaden the pH zone of optimum destabilization to the acid
sideczs). This is apparent in Figure 4,8(3) where, with
increasing soi' concentration, the pH zone for optimum de-
stabilization is increasingly spread further towards the acid
side (in Figure 4,8 the efficiency of destabilization is
expressed in terms of the time for floc formation). With
increasing sulphate concentration progressively greater oppor-
tunity is afforded for mixed ligand complexes to form. This
is even more pronounced at lower pH values where the opportunity
for SOi- to be complexed is further increased.

Time faor fic: to form, min

FIGURE 4.8: Effect of Sulphate Ion on Time of Formation of
Alum Floc. Broadening of the pH Zone of Coagu-
lation by Sulphate Ion. Curve A, Alum
(35 mg 1"}y and Sodium Hydroxide; Curve B,
Addition of 25 mg 17! 80,5 Curve C, addition of
50 mg 171 §0,; Curve D, Addition of 125 mg 1
504. (From Black et 31(3), with the permission
of the American Chemical Society.
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(35) reported the probable predominance
of tetrapositively charged mixed ligand complexes of the form
'{AIS(OH)IO(SO4)5}4+ at pH values in the region 4,5 to 7,0 for
aluminjum sulphate applied to destabilization of silver halide

Matijevic

sols. At lower pH values relatively ineffectiwe .species of the
form [AlSO4)+ are increasingly predominant. Matijevic points
out that at low pH in the presence of sulphate, the residual
hydrated Al3+ ion uncomplexed with soi' is the predominant
species effective during destabilization. Hence, since the
AI(SO4)+ complex has no significant adsorptive capacity, the
higher the sulphate concentration and the lower the pH, the less
effective is destabilization.

One can summarize the effect of the presence of
sulphate anions on destabilization with metal coagulants as
follows: at pH values greater than approximately 7,0 added
sulphate has very little effect since minimal displacement of
OH occurs. As the pH is lowered Soi_ progressively displaces
OH™ forming complexes with an {Al}:{OH} ratio of 1:1,25(35)
compared to complexes with an {A1}:{OH} ratioc of 1:2,5(34).

However, the presence of soi'

in the coordination sheath of
the metal ion complex renders the resultant complex with
similar charge characteristics to the Al-OH complex at optimum
pH in the absence of soﬁ‘. If the pH is excessively lowered
AI(SO4)+ species predominate and destabilization is minimal,
From this it is appreciated that the effect of adding sulphate
to a hydrolyzed metal ion system does not shift the optimum
pH but merely extends it to the acid side to an extent depend-
ing on the sulphate concentration present. Within the (spread)
optimum pH range there is a gradual transition from Al-OH to
Al—SO4—0H species as the pH is lowered, each species retaining

similar charge characteristics and destabilization efficacy.

One can further add that the pH required for
maximum precipitation of aluminium compounds is lower in the
(19) attribute this
principally to a catalytic reaction of SO, on precipitate

presence of sulphate anions. De Hek et al

formation. That is, although the sulphate ion enters into
complexing reactions with aluminium, on precipitate formation
the hydroxyl ion penetrates the inner coordination sphere. Hence
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on growth of the precipitate, sulphate anions are progressively
pushed outwards serving to initiate further precipitate growth
by complex formation with aluminium and hydroxyl ioms.

4.3,3 Effect of Phosphate

In the preceeding section it was seen that the
effect of sulphate anions is to extend the optimum pH range
to the acid side to an extent dependent on the sulphate con-
centration present, With phosphate anions the effect is some-
what different. As seen in Figure 4.9C38), with increasing
phosphate concentration the effect is to si<f¢t the optimum
pH to the acid side, to a value dependent on the phosphate
concentration present.

200

mg g Al 50,y 18H, 0

FIGURE 4.9: Effect of Orthophosphate on pH Zone of Coagula-
tion. Points on the Curves Represent the Alum
Dosage Required to Reduce 50 mg 171 of Clay
Turbidity to One-Half its Original Value. Curve
A, Alun Alone, No PO,; Curve B, 4.8 mg 17! po,
Added: Curve C, 48 mg 1~ PO, added; Curve D,
475 mg 171 PO, Added. Presence of Crthophosphate
Displaces the pH Zone of Coagulation Towards the

Acid Side. (After Packham %)y,
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At pH values of 7,0 and above, in the presence of
phosphate the principal ligands are OH™, HPOZ‘ and POi'.
Phosphate species, through their displacement of OH  ions,
render the complex more negative than if hydroxyl ions were
the only ligands present; such phosphate species are strong
coordinators with metal ions. At lower pH values phosphate
species are changed to singly charged HZPO; and, furthermore,
the availability of OH™ is reduced. Hence, to retain the same
overall charge characteristics as at the optimum pH value when
no phosphate is present, the optimum pH in the presence of
phosphate is lower,

From the above argument it is appreciated that, as
the phosphate concentration is increased, because of a greater
statistical opportunity for incorporation of phosphate species
in the coordination sheath, the lower will be the optimum pH
for destabilization,

4.3.4 Phosphorus Removal in Wastewater Treatment
4,3.4.1 (General

Prior to the development of synthetic
detergents, phosphorus concentrations in wastewater dischar-
ges typically varied from 2 to 4 mg 1_1. Most of the phos-
phorus was contributed by human wastes as a result of metabolic
breakdown of proteins. With the advent of synthetic detergents,
which use large amounts of polyﬁhOSphate butldere, phosphorus X

concentrations have risen to average values of the order 8 mg 1 .

Phosphorus concentrations in wastewater
discharges have become of serious concern in many areas due to
the major role played by phosphorus in promoting eutrophication,
The evolution of the activated sludge process is such that
several new plants have been designed on the basis of not only
nitrification - denitrification but also biological phosphorus
removal (see, for example, Barnard(z)). With such plants a
high percentage of phosphorus is incorporated in the biological
mass and is removed from the system via sludge wastage. The
effluent contains typically 0,5 mg 1_1 phosphorus which, in
some cases, is suitable for discharge to waterccurses without
fear of eutrophication problems, whereas in other instances,
this reduced level may not be sufficient to control eutrophi-
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cation, This would be especially so where the treated waste-
water discharge is high compared to the capacity of the receiving
body of water.

In existing plants, where biological phos-
phorus removal has not been accomodated, effluent phosphorus
concentrations will be of the order 5 to 8 mg 1"1. Here, such
excessive phosphorus levels may pose a serious eutrophication
problem.

In cases where phosphorus concentrations
in wastewater discharges are excessive with respect to the
capacity of the receiving body of water, a solution is to
add metal coagulants. The phosphorus precipitates formed by
this procedure are separated from the effluent stream either
prior to discharge or within the receiving body of water. In
the latter case phosphorus is fixed by precipitate formation
and is incorporated in the sludge zone of, say, the lake
receiving the discharge. Here, it is important that the
coagulant species incorporated in the precipitate are not
reduced under anaerobic conditions. For this reason, where
coagulant addition to the effluent immediately prior to dis-
charge is practiced, aluminium sulphate is to be preferred to,
say, ferric sulphate. 1In the latter instance, reduction of
Fe(III) species to Fe(II} under anaerobic cohditions existing
in the sludge zone will give rise to redissolution and release
of phosphorus back into the water.

In some cases metal coagulants are added
within the biological process. However, this may give rise
to pH inhibition problems and/or interfere with subsequent
biological sludge conditioning (for example, aerobic(l) or
anaerobic digestion ). TFurthermore, additional problems of
sludge disposal may result: Baillod et Elcl) report that adding
aluminium sulphate at the head of an activated sludge system
for phosphorus removal yielded 50% more sludge on a dry weight
basis and 16% more on a volumetric basis, The Al:P molar ratio
applied was 1,7:1.

Problems of coagulant addition to biological
systems may be avoided by dosing the final effluent prior to
rapid sand filtration. The advantages here are that coagulant
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addition serves to enhance the polishing function of the filter
and phosphorus precipitates are retained within the filter. The
problem of disposal of the coagulant generated sludge is now
confined to a single separate stream: the filter backwash.

Coagulant addition has been applied to
biological processes other than activated sludge to effect
phosphorus removal. For example, coagulants applied to

(1z, 435) (in conjunction with,

stabilization pond effluents
say, a flotation process) effect algal, COD, nitrogen as well
as phosphorus reduced loads to receiving waters. On the
smaller scale, Brandescll) describes an automatic alum dosing
system for households served by septic tanks - of particular
interest in areas where infiltration to a body of water is

likely and eutrophication of concern,

The following sections discuss certain
chemical aspects of phosphorus removal with metal coagulants.

4.3.4.2 Phosphorus Precipitation With Aluminium
Coagulants

There exists a stoichiometric relationship
between the mass of aluminium added and the mass of phosphorus
precipitated. In molar terms, the Al:P ratio has been

11, 1z, 20). Assuming

reported as varying from 1,4 to 3,44(1‘
that each reported value corresponds to the optimum pH value

for phosphorus removal (see later) one can offer that the
differences in reported Al:P ratios are due to different
wastewater constituents (for example, the effluent from activated
sludge plants after secondary sedimentation, algal laden
stabilization pond effluents and so on) and/or different

methods of solid liquid separation (for example, sedimentation,
flotation, filtration, etc.) which may require different
conditions of coagulant addition. In other words, with such
applications it is perhaps not sufficient to form a stoichio-
metric aluminium-phosphorus precipitate., A settleable or
filterable floc incorporating the precipitate is also required.

Precipitation of phosphorus under stoichio-~
metric conditions will effect removals of the order 90% (see
Figure 4.10(12)). For higher removals an excess of coagulant
is required. As seen in Figure 4.10, a further advantage of
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'adding coagulant in excess of stoichiometric requirements is
that phosphorus removal is effected over a wider pH range.
This is explained in terms of competition between coordinating
ligands: At a given pH value, at any ﬁarticular time there
will be a certain amount of phosphorus complexed with metal
coagulant; the optimum pH repreésents that pH where the
largest fraction of complexes are formed with phosphorus. If
the metal coagulant dosage is higher than the stoichiometric
requirements then there will be a correspondingly wider pH
range over which most of the phosphorus will be complexed.
Note that beyond a certain maximum, no further phosphorus
removal is obtained with increased coagulant dosage.
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FIGURE 4.10: Demonstrating the Stoichiometry of Phosphorus
Removal With Metal Coagulant Dosage. Increasing
The Coagulant Dosage Widens the pH Range of
Effective Removal (After Bratbyclz)).

The optimum pH for phosphorus removal

using aluminium coagulants is normally within the range 5,5
to 6,0(12’ 20, 45). Again, slight diffetrences in reported
values are probably due to differences in wastewater consti-
tuents.

Ferguson and Kingczo)
by which the aluminium sulphate dosage to effect a given
phosphorus removal is obtained together with acid or base

presented a model

requirements for pH adjustment. The model requires knowledge
of initial alkalinity and initial phosphorus concentration.
From Figure 4.11(239) ya1id for an initial pH of 7,5, it is
seen that two conditions are accomodated. The first represents
stoichiometric removal where the dosage required for a 1 mg 171

phosphorous residual is determined. The second represents the
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conditions for lowest phosphorous residual (0,03 mg 1_1P)

corresponding to an overdose of 60 mg 171

aluminium sulphate
beyond that required for stoichiometric removal, It is
emphasized 20) that such a model should not be considered a

substitute for jar test or pilot plant evaluation of a particular
wastewater application. However, it can provide a reliable

guide for an experimental program and for preliminary chemical
cost evaluations. For example, referring to Figure 4,11, for
an initial phosphorus concentration of 10 mg 1'1, no acid or
base is required for pH adjustment with initial alkalinities
from 1,3 to 6,4 meg 17! for removal in the stoichiometric
zone {to 1 mgl‘lP residual). The alum dosage required is

130 mg 11, However, a quantity of 2,3 meq 171 acid (5,0 to
2,7 meq 171 at 200 mg 171 alum) would be required to reach
the pH 6 boundary for the lowest residual zone. An initial
alkalinity of 1 meg 17! would require 0,9 meg 17! pase for
maximum removal with 200 mg 1_1 alum, In this case the use
of sodium aluminate may be preferable to aluminium sulphate,
although it has been reported(zg) that alum is more effective
than sodium aluminate in phosphorus precipitation. However,
in this latter case there may have been a pH effect inherent
in the results, With an initial phosphorus concentration of
10 mg 1'1. no acid or base is required for maximum removal
with initial alkalinities from 1,9 to 2,7 meg 171,

The model of Ferguson and King briefly
described above, corresponds closely to a relationship
presented by Shindala and Stewart(45)
aluminium sulphate dosage (C, mg 171y is related to influent

where the required

and desired residual phosphorus concentrations (Pi and P_,
ng 171 as P) at an optimum pH of 5,5 (for municipal waste-
water stabilization ponds) as follows:

C = P;/(0,06 P, + 0,0431) - 8,0 (4.1)

For example, with an initial phosphorus
concentration of 10 mg 171 as P, the alum dosage required for
the lowest residual concentration of 0,03 mg 171 as given
above is calculated from Eq. (4.1) to be 215 mg 1", From
Figure 4.11 the dosage is predicted to be 200 mg 171,
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FIGURE 4.11: Relationship Between Alum Dosage and Initial
Alkalinity Showing Regions Where pH Adjust-
ment is Needed For (i) Stoichiometric Removal,
Zone 1: 1 mg 17! P Residual and (ii) Lowest
Residual, Zone III (0,03 mg 171 P Residual).
From Ferguson and King(zo)
of the Water Pollution Control Federation.

, with Permission

Other sources of aluminium besides alu-
minium sulphate used for phosphorus removal have been powdered
aluminium oxide (y - A1203)(26) and activated red mud. This
latter is the waste product from the Bayer process for extraction
of aluminium sulphate from bauxite. Activation is by removal
of sodalite compounds with hydrochloric acid. The quantity
of HC1 required is approximately 17% on a dry (mud) weight
basis. Shiao and Akashi(44) report the long contact times
required: up to Z hours for 72% phosphorus removal. The
suitability of such products depends very largely on their
availability, comparative chemical costs and respective
efficiencies.,

4.3.4,3 Phosphorus Precipitation With Iron
Coagulants and/or Lime

The dosages of iron coagulant (for example,
ferric sulphate and ferric chloride) applied to precipitate
phosphorus(27), expressed as a Fe:!P molar ratio, are of a
similar order to those for aluminium sulphate given in the

preceeding section., The optimum pH is approximately 4,8(45).
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Cavagnaro et 31(13) and Kavanaugh et gl(27)
have reported the benefits of combined lime and iron coagulant
usage in precipitating phosphorus. With lime, phosphorus
precipitation is complete when the dosage is such as to raise
the pH to 9,5 to 10,0. However, separation of the pinpoint
precipitates formed is difficult unless the pH is further
raised to 11,0 to 11,5. A disadvantage of such a procedure
is that the lime dosage necessary to raise the pH to 11,5
may be twice that necessary for phosphorus precipitation. A
solution(13) is to increase the pH with lime to a value
sufficient for phosphorus precipitation (9,5 to 10,0) together
with iron coagulant to aid flocculation of the precipitates
formed. Using ferric chloride, Cavagnaro et al found that
dosages in excess of 4,2 mg 1! as Fe did not effect a
significant improvement in performance; this dosage was
therefore adopted as optimum for this particular application,
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5.0 INTRODUCTION

Polyelectrolytes, as shown in Section 3.2, contain
functional groups along their backbone which may or may not
carry a charge. If the polyelectrolyte is charged, the groups
may be such as to give an anionic character to the chain, a
cationic character or an ampholytic character, where both
anionic and cationic charged sites are present. The intensity
of charge carried by the polyelectrolyte is dependent on the
degree of ionization of the functional groups, or on the
degree of copolymerization or substitutions: both of these
are usually collectively described as the extent of hydrolysis.
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The extent of polymerization of the polyelectrolyte is char-
acterized by the molecular weight. High molecular weights
signify long chains, whereas low molecular weights indicate
short polyelectrolyte chains.

Functional groups along the polyelectrolyte chain, besides
the possibility of carrying a charge, are also sites which
possess the property of being adsorbed. Therefore, it is
understandable that destabilization by polyelectrolytes could
involve a mechanism combining both charge effects and effects
due to adsorption.

Polyelectrolytes are effective in enhancing the rate of
orthokinetic flocculation (see Chapter 7) when added to a
system already destabilized with, say, metal coagulants, as

shown below (adapted from Kitchene§31)):

Stable , inorganic unstable (conditioning flocsd_pglyelectrolyte large
Colloid coagulant colloid time) (conditioning) flocs

Polyelectrolytes may also be effectively applied as
primary coagulants, as shown below(42

Stable + polyelectrolyte
Colloid (conditioning time)

» flocs

Furthermore, there are instances where polyelectrolytes

are effective in precipitating substances dissolved in solution.
From the above comments, it is appreciated that the de-

stabilization mechanism operative with polyelectrolytes is com-
plex and cannot be collectively ascribed to one particular
phenomenon. For a given system, there may be a dominance of
charge effects, or adsorption or chemical reactions at the
functional groups. The predominance or relative combination
of each phenomenon depends on the characteristics of the
system and of the added polyelectrolyte,

This Chapter will discuss, in turn, mechanisms of de-
stabilization by polyelectrolytes; the use of polyelectrolytes
as primary coagulants; their use as flocculant aids where
they are added to a system already destabilized; and as sludge
conditioners where they are added to a system where dehydration
reactions are required.
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5.1 MECHANISMS OF DESTABILIZATION
5.1.1 General

As stated above, there is no single mechanism of
destabilization by polyelectrolytes which may be considered
applicable in all instances. However, it is possible to set
down two principal mechanisms which in some instances may be
operative conjointly, whereas in others the predominance of
one over the other is fairly simple to identify. In some
cases, the two phenomena may operate in opposition. The two
mechanisms are based on (i) a bridging model, where polyelec-
trolyte segments are adsorbed on the surfaces of adjacent
colloids thereby binding them together and (ii)} a model whereby
jonic polyelectrolytes, bearing a charge of opposite sign to
the suspended material, are adsorbed and thereby reduce the
potential energy of repulsion between adjacent colloids.
Associated with this second model is the phenomenon described
in Chapter Z where oppositely charged polyelectrolytes, by
their presence in the double layers of particulate material,
reduce the interaction energy. With (i) it is seen that (ii)
may support the action of the other, or oppose it, depending
on whether there is strong electrostatic attraction between
the polyelectrolyte and colloid surface. With (ii) it is
appreciated that if (i) contributes to destabilization, it
will always support the action of the other.

The two mechanisms introduced above are referred
to as the bridging mechanism and the electrostatiec patech
mechanism respectively, Although, for convenience, they will
be described separately below, it should be reiterated that
the overall mechanism of destabilization in some instances may
be contributed to by both phenomena.

5.1.2 The Bridging Mechanism

The bridging mechanism of destabilization by poly-

electrolytes has been an accepted phenomenon for some time (27,
41, 58) The principal basis for acceptance lies in the
ability of charged polyelectrolytes to destabilize particles

bearing the same charge(zz’ 56, 58). Furthermore, direct

(4)

identified polyelectrolyte bridges between particles.

evidence is available whereby electron micrographs have



139

Akers(z) presents several stages in the bridging
mechanism as follows:

(i) Dispersion of polyelectrolyte in the suspension;
(ii) Adsorption at the solid-liquid interface;
(iii) Compression or settling down of the adsorbed
polyelectrolyte and
(iv) Collision of adjacent polyelectrolyte coated
particles to form bridges and thereby
increasingly larger flocs.

Each of these stages, schematically represented
in Figure 5.1 (adapted from Akerscz%, are discussed in detail
below:

[eJate)
G0

W Fe wa g
‘3;%—39% é:?: z
]

%4

FIGURE 5.1: Stages in the Bridging Mechanism of Destabiliz-
ation with Polyelectrolytes: (i) Dispersion;
(ii) Adsorption; (iii) Compression or Settling
Down (See Inset) and (iv) Collision. (Adapted
From Akers(z)).

5.1.2,1 Dispereton in the Suspension

Because of their high molecular weights,
polyelectrolytes in solution exhibit high viscosities (see
Section 3.2.4.2) and low diffusion rates. Since adsorption
of polyelectrolytes to particle surfaces is essentially
irreversible, for adsorption to occur evenly on all particles
it is essential that the polyelectrolyte be dispersed evenly
throughout the suspension 1 . Furthermore, as the subsequent
adsorption reaction is usually much faster than the rate of
diffusion, it is necessary to disperse the polyelectrolyte
throughout the suspension as quickly and efficiently as possible.
This is accomplished during the rapid mixing stage (Chapter 6)
where a short vigorous mixing environment is required to effect
dispersion in the shortest practicable time.
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§,2.2.2 Adeorption at the Solid-Liquid Interface

After step (i), where polyelectrolytes
have diffused to the solid-liquid interface, adsorption of
initially one functional group will occur while the rest of
the chain is for a while momentarily free and extends into the

(54) (see inset to Figure 5.1), As time proceeds, due

solution
to continuous Brownian movement, the chain becomes successively
attached at more points along its length until eventually there
are no dangling ends extending into the solution phase. The

configuration is now one of a number of pendant loops extending

some distance out from the particle surface.

The mechanism of adsorption of polyelec-
trolyte segments to a solid surface depends on both the
chemical characteristics of the polyelectrolyte and the
adsorbent surface. For example, adsorption could be due to
cation exchange, as reported for adsorption of cationic
polyelectrolytes on clay particles(sg' 40, 58);e1ectrostatic
linkages, hydrogen bonding or ionic bonding as variousil
suggested by several workers(ZS’ 38, 42, 44, 45, 46, 55 for

cases of anionic polyelectrolyte adsorption to clays.

As mentioned in Section 2.3, polyelectro-
lyte adsorption is described by the Simha-Frisch-Eirich
(S$.F.E.) adsorption isotherm(lg). The Langmuir isotherm
theoretically represents the S.F.E. isotherm for the special
case of 8 = 1 (where B = the number of segments per polymer
molecule attached to the adsorbent surface). However, poly-
electrolyte adsorption often follows the Langmuir isotherm,
even when estimated values of B are, for example, of the
order 470 to 1660(18). Instances where the Langmuir isotherm

may be inadequate are at low polyelectrolyte concentrations,.

In the case of polyelectrolytes and
particles carrying charges of like sign, adsorption may be
strongly dependent on ionic strength. For example, for the
case of hydrolyzed polyacrylamide and negatively charged
kaolinite clay surfaces, adsorption has been found %?lge
general, with calcium'ions a critical concentration of approx-
imately 107% M is often found, which corresponds to a hardness
in excess of 100 mg 171 as CaCOg. In some cases, the presence

strongly dependent on the calcjum-ion concentration In
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of cations such as Ca’ = may have the effect of complexing with
pelyelectrolyte functional groups(64) thereby aiding adsorption
of, say, negative particles by anionic polymers, by a cation
bridging effect(37).

Ionic strength may influence adsorption
by two effects: (i) reduce repulsion between similarly
charged particle surfaces and polyelectrolyte segments, thus
permitting adsorption to occur and (ii) reduce the size of
the polyelectrolyte coil (see Section 3.2,4.2) thus permitting
more polyelectrolyte chains to be accomodated on the particle
surface.

(61)

Although the energy of adsorption at any particular site may

Adsorption is effectively irreversible

be low and under normal circumstances may indicate a probability
of desorption, the chance of desorption occurring simultan-
eously at a number of sites is low. Although under normal
conditions of destabilization with polyelectrolytes, desorption
of the whole chain from the particle surface does not occur,
displacement may be induced by, for example, suitably adjusting
pH conditions or adding a sufficiently high concentration of
surface competitor (e.g, sodium tripolyphosphate)(sl).

5.1.2,3 Compression of Adeorbed Chaine

The probability of a successful bridge
forming between two adjacent particles depends on the configur-
ation of the adsorbed polyelectrolyte at the surface. As
stated previously (and schematically shown in Figure 5.1)
from the onset of adsorption, progressively greater numbers
of polyelectrolyte segments will become adsorbed on the particle
surface and, consequently, the polyelectrolyte chain will
become compressed to the surface. The polyelectrolyte layer
requires a finite time to become compressed and initially,
will consist of long loops. It is during this initial period,
where loops are longest and extend the furthest into solution,
that bridging is most effective. With extensive adsorption of
segments to the surface, the polyelectrolyte chain progressively
assumes a flatter configuration until the extent of double
layer repulsion exceeds the size of the loops. This effect
is particularly pronounced for dilute colloidal suspensions
where a statistically longer time is available for compression
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of polyelectrolyte loops. A possible solution is to add
polyelectrolyte in stages thus ensuring that large loops
are retained for periods sufficient for bridging to occur.

The configuration of the adsorbed poly-
electrolyte chain depends upon the size of the polyelectrolyte
(molecular weight); its structure; flexibility; charge den-
sity (% hydrolysis); interaction energy between polyelectrolyte
and particle surface; chemical nature and physical spacing of
adsorption sites on the particle surface and the competition
between polyelectrolyte and other adsorbing molecules in

Solution(ls),

As regards molecular weight, in general
where the bridging mechanism is predominant, an increase in
chain length gives rise to an increase in the op#imum poly-
electrolyte/solid ratio, This is because longer chains do not
lie as flat on the surface as shorter chains and, therefore,
individual chains do not occupy as mahy adsorption sites,
Therefore, bridging is more efficient with polyelectrolytes
of highef molecular weight since loops will tend to extend
further into solution. This is evident from the fact that,
with appropriate systems, for a given applied polyelectrolyte
concentration, the higher the molecular weight the higher is
the efficiency of destabilization (assessed in terms of say,
size of flocs, settling rates, filterability and so on).

As stated in Section 3.2.4.2 the upper limit of molecular weight
is governed by practical considerations of dissolution,

Flexibility of polyelectrolyte segments
influences the size of the pendant loops: a relatively
inflexible polyelectrolyte chain will tend to be attached by
only a few segments and the loops will tend to be longer than
for a relatively flexible chain,

Considering percentage hydrolysis (or
charge density); as was pointed out in Section 3,2.4.2, the
higher the charge density the greater is the repulsion between
adjacent segments and the more extended is the polyelectro-
lyte chain for a given molecular weight. The more extended
the polyelectrolyte the further should the pendant loops
extend into solution and the more effective should be the
bridging mechanism. However, unlike molecular weight there
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is an upper limit to the charge density, beyond which electro-

static repulsion (in the case of polyelectrolyte and solid
surface of similar charge characteristics) will effectively

retard adsorption. Michaels(41) found that with poly-
acrylamides a 30% degree of hydrolysis was optimal; this
value providing a compromise between extended loops and poly-
electrolyte surface repulsion.

Ionic strength considerations to a certain
extent follow a similar reasoning: as stated in Section 5.1.2.2,
increasing ionic strength tends to increase the efficiency of
polyelectrolyte adsorption. Furthermore, increasing ienic
strength reduces the range of inter-particle repulsion (after
polyelectrolyte adsorption) so that particles have a statistical-
ly high opportunity of approaching close enough together for
bridging to take place before extensive compression of poly-
electrolyte segments occurs. However, on the other hand, the
greater the ionic strength, the less extended is the poly-
electrolyte chain and the shorter is the range of extension of’
polyelectrolyte loops. Again, optimum conditions will be
governed by a balancing of the above factors.

5.1.2,4 Bridge Formation

After adsorption has taken place as
described in the preceeding sections, polyelectrolyte loops
extending into solution from the particle surfaces will further
become adsorbed onto adjacent particles thus forming a number
of bridges. The strength of the flocs thus formed depends on
the number of bridges formed, which in turn is dependent on
the number of loops available. From preceeding discussions,
the number of loops available for mutual adsorption between
adjacent particles, before extensive compression takes place
and the loops are within the bounds of the respective double
layers, is dependent on a number of factors related to both
the suspension and the added polyelectrolyte.

A factor of crucial importance during
bridging is the availability of adsorption sites on particles
to accomodate polyelectrolyte loops from neighbouring particles.
Such availability depends on the concentration of polyelectro-
lyte added: If an excess of polyelectrolyte is added, too
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many adsorption sites per particle will be occupied and bridge
formation is prevented: the particles effectively become
restabilized.

La Mer and Smellie(33» 34, 35. 36, 62, 63)
postulated that optimum flocculation occurs when the fraction
of surface covered by polyelectrolyte, 0, is one half, i.e.
6 = 0,5. However, many workers have found that maximum floc-
culation occurs at & values much less than 0,5, typically
ranging from 0,09 to 0,33(11' 32). In any case, it has been
suggested(13 that the parameter ® is relatively unimportant
in determining the degree to which a suspension will be destab-
ilized when related to other factors such as particle concen-
tration, inter-particle interactive forces, ionic strength,
polymer configuration in the adsorbed state and intensity and
duration of mixing. However, for many systems a stoichiometric
polyelectrolyte dosage-particle concentration relationship often

(12, 52, 60)

exists indicating the predominance of adsorption

during destabilization reactioms.

Intense mixing may disrupt polyelectrolyte
bridges and give rise to desorption and/or rearrangement of
looped chains on the particle surface. It is evident therefore
that although efficient mixing is required on polyelectrolyte
addition to a suspension, as stated in Section 5.,1.2.1, the
mixing should not be too violent nor for too long a period.

The addition of dilute polyelectrolyte solutions is clearly of
advantage. The requirements for rapid mixing are dealt with
in Chapter 6.

5.1.3 The Electrostatic Patch Mechanism

For the case of non-ionic and anionic polyelectro-
lytes applied to a negatively charged colloidal dispersion, a
destabilization mechanism described by the bridging model
adequately accounts for the phenomena taking place. Indeed,
in many cases it would be difficult to account for the (25)

5
However, for the case of charged polyelectrolytes applied to
dispersions with particles carrying surface charges of oppo-
site‘sign, the bridging model is often inadequate. Such systems
include cationic polyelectrolytes applied to a negative

phenomena by a mechanism other than some form of bridging
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colloidal dispersion and could include anionic polyelectrolytes
applied to dispersions destabilized with metal coagulants(sg)
i,e. as flocculant aids to particle-metal hydrolysis product
aggregates, which may be positively charged.

(30) independently questioned

Kasper and Gregory(24)
the exclusivity of the bridging model. For systems where
strong electrostatic attraction between polyelectrolyte and
particle surface exists, they propose an electrostatic patch
mechanism. Rather than adsorption of polyelectrolyte at only
a few sites, with the remainder of the chain extending into
solution in the form of closed loops, virtually complete
adsorption of added polyelectrolyte onto the particle surface
takes place with such systems. The adsorbed polyelectrolyte
chains thus form a charge mosaic with alternating regions of
positive and negative charge as shown schematically in Figure
5.2(24). Destabilization occurs when the charge mosaics of
adjacent particles align to provide strong electrostatic
attraction. It is seen that the electrostatic patch model as
described above bears a resemblance to the electrical double
layer model of colloid destabilization, where the adsorption
of counter-ions in the Stern layer brings about a reduction
in the potential energy of repulsion between particles.

FIGURE 5.2: Possible Arrangement of Adsorbed Polycations on
a Particle With Low Negative Surface Charge
Density. (From Gregory(24), with Permission of
the Academic Press).
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For high energies of adsorption, 1,0kT < Egg< 10,0kT
(where ESS = energy of interaction between polyelectrolyte
segments and particle surface, k = Boltzmann's constant and
T = absolute temperature) as exists with polyelectrolyte segments
attracted to oppositely charged surfaces, the possibility of
bridging via long loops or tails has been suggested as unlikely
(30), even for polyelectrolytes of high molecular weight.
However, there are instances where high molecular weights do
give rise to increased destabilization efficiency in such
systems. Gregory(25) explains this by a consideration of

kinetic effects:

As explained in Section 5.1,2.3, adsorption of a
polyelectrolyte chain takes place by a series of individual
attachments over a finite period of time. As more segments
are adsorbed, the configuration of the adsorbed chain becomes
progressively flatter and loops become less extensive until
some equilibrium state is reached. 1In the interim between
the initial stages of adsorption to the attainment of the
equilibrium configuration, there is an interval of time within
which polyelectrolyte loops may extend sufficiently far into
solution for bridging to take place between adjacent particles.

For a bridging mechanism to be effective, destabi-
lization would need to be virtually complete within the time
required for loops to be compressed and be ineffective for
bridging. This would be greatly influenced by the collision
frequency of particles and, therefore, is directly related to
particle concentration: At high particle concentrations a
given particle will collide with many others while polyelectro-
lyte loops are still in a relatively extended state,

(24, 25) provided evidence of the

Gregory
above mechanism for the destabilization of latex particles using
cationic polyelectrolytes. At low particle concentrations,
the destabilization mechanism is as described by the electro-
static patch model. Here, since bridging is of negligible
consequence, the molecular weight of the polyelectrolyte would
have little importance: in view of the difficulty of dissolving
high molecular weight products, a polyelectrolyte of low
molecular weight is probably preferable., Furthermore, since
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charge effects are predominant, the use of polyelectrolytes
of high charge density should prove most effective.

At high particle concentrations, considerable
bridging effects are evident and high molecular weights should
prove beneficial, as discussed in previous sections. The
results of Gregory's work 25) showed that bridging is negligi-
ble for particle concentrations less than of the order 10!
particles Z"l. He points out that typical river waters contain
less than of the order 1012 particles Z_l. In such applications
therefore, if polyelectrolytes as primary coagulants are
considered, the use of high molecular weight cationic poly-
electrolytes is not justified. For more concentrated suspensions
such as is the case with sludge conditioning, if cationic
polyelectrolytes are used those of higher molecular weight would
probably give best results.

5.1.4 Summary of Characteristics of Mechanisms

To conveniently summarize the characteristics of
the two mechanisms described respectively by the bridging model
and electrostatic patch model, Table 5.1 comprises a compilation
of the principal points presented in preceeding sections,
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TABLE 5.1

SUMMARY OF CHARACTERISTICS OF MECHANISMS

PARAMETER

INFLUENCGE OF INDICATED PARAMETER ACCORDING YO MBDEL

BRIDGING

ELECTROSTATIC PATCH MODEL

MOLECULAR WEIGHT
OF POLYELELYROLYTE

GHARGE GENRITY,
OR PERCENTABE
HYDROLYSIS

POLYELECTROLYTE OF
SIMILAR CHARGE T0
PARTICLE SURFACE

POLYELECTROLYTE OF
FPPOSITE CHAREE T
PARTIGLE SURFACE

NON-LONIE
POLYELEGTROLYTE

AMPHOLYTIC
PDLYELECTROLYTE

EFFECTIVE SURFACE
CHARGE AT DPTIMUM
CONDITIONS FOR
DESTABILIZATION

EFFEGTIVE SURFACE
GHARGE WITH
EXCESS POLYELEC
TROLYTE ADSORPTION

POLYELEGTROLYTE
CONCENTRATION

EXCESSIVE
POLYELECTROLY TE
ADDITION

NIXING

PARTIGLE
CONCENTRATION

(ONIE STRENGTH

The higher the M.W., the more effective the
Rridging. Upper Jimit dctated by dissalution

The higher the charye density, the mora effective
i 9 due to [arger laops. Upper limlt
dictated by elsctrostatic repulsion between
pulyeiectrelyte and surface of particle, whare
resgective charges similar, daring adsorgtien

Destabilization by hrigging machanigm

Destakilization by bridging mechanism gossible

Destanilization by bridoing machan)sm

Dagtabilization by bridging mechanism pessivla

Usually not zere

Possible revarsal of charge by pxtessive
adgerption. Destabilization still passikle

Ontimum gestabilization when surface site
caverage =05

At axrpsgjve dosapes particles restabilized by
gomplate site covatage or charge revarsal

Important for pelyelectrolyte ta we adzorbed
syanly oh particlas. Mixing should be

shart and vigoraus gt the time

af polynigctrolyts addition. 11 mixing too
vinlent of far tou long a period desorption
and /or cmarrangement of adzerbad chaing
could give rize to rentabillzetian

Bridging most sffective the higher the
particle concentration . At low concentrations
4 langer fime 13 avallable far comnression

High lonje strength aldy adserption by reducing
slsetragtatic repwision in the tavs of poly—

electralyfes and partieles of oppasita charge,

and raducing siza of polyelectrolyte coil thus
permitting adssrption of more segments ;
aidy destabilization by reducing electrustatie
tegulsion betwsdn particias of like charge:
can impede bridging by canstricting
polyelectrolyts loops

In atrigt accordance with model M. W. should have no sfteet.
impravad performance dvident id tome cases wilh highar
M.W, due te onset of brldgiag

The higher the charge density, the more pransunced
will be the tharge mosalc and the mare affective
will be destabilization

Electrostatic patch meehapism inoperative

Destabi{lication by electrostatic patgk machanism

Elactrostatic patch maghanism Inaperstive

Destabilization hy alectrastatic patch machanism
possible

Not mecassarily zera

Ax for bridging

Dptimum destahilization not limited by residual
adsorption sites:Howaver © probably = 0,5

At srcessive dosages possitle restanifization
from charge raversal

Essentiatly a3 fer bridging

At bigh concentrations, hacause of Winetic effacts,
bridging mechawizm Hialy. At low concentrations
=104/ 1} elegtrontatic sateh machanism passibie

High ionle strength probably wids destapilizatian
by reducing rapalsive interactien energy hetwaen
polyelacirolyte adsarbed particles
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5.2 POLYELECTROLYTES AS PRIMARY COAGULANTS
5.2.1 General

There are many instances where polyelectrolytes
have been employed as primary coagulants, effectively
replacing the use of metal coagulants for this purpose. Such
applications include treatment of waters predominantly turbid
or coloured with humic substances, removal of microorganisms
and various industrial applications. In cases where replace-
ment of metal coagulants by polyelectrolytes is possible, the
potential advantages are as follows 5): (i) soluble metal-
ion species carry-over from sedimentation basins etc, is
prevented; (ii) the need for extensive pH adjustment (and
subsequent readjustment)is obviated; (iii) carry over of
light flocs such as those formed with metal coagulants is
minimised; (iv) sludge volume to be ultimately disposed
of is reduced and (v) the amount of soluble anions are
reduced,

The following sections present various examples
where polyelectrolytes have been successfully applied as
primary coagulants.

5.2,2 Turbidity Removal With Polyelectrolytes

Polyelectrolytes have been applied successfully
as primary coagulants in a number of cases to reduce turbidity

of surface waters: Robinson(57)

investigated the use of
polyelectrolytes in clarifying highly turbid waters (maximum
turbidity approximately 5 000 JTU). Using solid and liquid
cationic, nonionic and anionic types, he found that the
cationic and nonionic types gave very good results; comparable
to aluminium sulphate whereas the anionic types did not produce
the required degree of clarification., With the cationic types,
dosages ranged from 1 to 4 mg Z'l depending on the raw water
turbidity (range 190 to 2 000 JTU).

Shea et gl(60), applying direct filtration to
turbid waters found that a cationic polyelectrolyte (quater-
nary ammonium compound) was superior in performance to aluminium
sulphate in terms of both technical (filter runs, effluent
quality, etc.) and economic {cost per unit volume treated)

aspects,
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FIGURE 5.3: Stoichiometry of Destabilization of Kaolinite
Clay Suspensions With Cationic Polymer PDADMA.
(From Black et gl(ll)
American Water Works Association).

, with permission of the

Black et glcll’ 12) reported a stoichiometric
reaction between polyelectrolyte dosage (diallydimethyl-
ammonium chloride) and particle concentration; From Figure
5,3(11), the optimum dosage: kaolinite clay concentration was
of the order 0,002 g g”l. Such stoichiometry is to be
expected and follows from the overriding influence of adsorption
during destabilization with polyelectrolytes; whether the
mechanism is governed by the bridging or electrostatic patch
model, A possible exception, where stoichiometry may not be
evident, would be if the mechanism was principally that of
double layer repression as could exist with polyelectrolytes
and particles of opposite sign. However, even though this
effect is almost certainly present in such cases, there is no
evidence to suggest that adsorption would not still be the
predominant phenomenon promoting destabilization,

Although stoichiometric relationships as above
may be gleaned from the results of several workers, it should
be noted that initial turbidity is not sufficient information
for an a_priori estimation of the polyelectrolyte dosage
required. The presence of other substances in a particular
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water may exert an appreciable polyelectrolyte demand over and
above that required for turbidity removal, Such substances,

{7 organic colour, anionic detergents, lignins,

which include
orthophosphates and so on, react with polyelectrolytes to form

soluble complexes or colloidal precipitates (See Section 5.2.1.2).

For turbidity removal, therefore, the polyelectrolyte dosage

is over and above that required for these substances, Further-
more, the adsorption ef chemical species to particles producing
turbidity, such as clays, will reduce the number of adsorption
sites for polyelectrolyte and/or alter the adsorption charac-
teristics of polyelectrolyte to the particles.

For a given particle mass concentration the
optimum dosage depends on the type of material present i.e,
smaller particle suspensions require higher dosages of poly-
electrolyte at optimum destabilization (because of the higher
total surface area). Furthermore, the larger the range of
particle sizes of a given suspension , the wider is the range
of polyelectrolyte dosage giving good performance. For example,
with latex particles the surface area characteristics are
generally more uniform and, therefore, optimum destabilization
occurs at a relatively precise polyelectrolyte dosage, when
compared with, say, a kaolinite clay suspension. From the
results of Birkner and Morgancs) stoichiometry is also evident
with latex suspensions: using a cationic polyelectrolyte
(polyethylenimine), at optimum conditions for destabilization
the dosage: particle number ratio is of the order 2.10'12 mng.

Morrow and Rausch(43) found that cationic poly-
electrolytes (polydiallyldimethylammonium chloride) were able
to replace metal coagulants successfully for both low and
high turbid waters. They pointed out that the often reported
unsatisfdctory performance of polyelectrolytes when used alone,
may be due to too low velocity gradients during the rapid
mixing stage (see Chapter 6). Optimum results were obtained
using velocity gradients in excess of 400 s~ . The lower the
polyelectrolyte dosage, the higher should be the velocity
gradient. For example, at a dosage of 2 mg 1'1, the optimum
rapid mix velocity gradient was 500571, Using 1 mg 171 the
optimum velocity gradient was 750 s -, However, as stated in
Section 5.1.2.4, there is an upper limit to velocity gradient.

For example, in the above study, velocity gradients of 1000 s‘._1
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resulted in poor overall solids capture probably due to
shearing of polyelectrolyte segments from particles.

Deeble(zo) describes the use of cationic poly-
electrolytes (polyamines) in clarifying a number of turbid
(and coloured) waters. With turbidities ranging from 5 to
30 mg 17! $i0, (and colour 30 to 140 mg ™! Pt. Co.) dosages
of polyelectrolyte from 1,5 to 9,0 mg 2 reduced the turbidity
and colour to approximately 1 mg 171 $i0, and 5 mg 1™} pt.co.
respectively.

5.2.3 Organic Colour Removal with Polyelectrolytes

For polyelectrolytes to be generally acceptable
for water treatment applications, Packham(ss) suggests that
they should be capable of removing organic colour (humic
substances). By conducting tests with a wide variety of com-
mercial cationic polyelectrolytes and assessing their
effectiveness in precipitating fulvic acid (the predominant
humic fraction in coloured waters) he found that the poly-
electrolytes varied widely in their ability to remove organic
colour; as seen in Figure 5.4(53 , removals ranged from 3%
to 87% with optimum dosages (at maximum colour removal for
each product) from 2 to 16 mg 271, Although some polyelectro-
lytes were effective in precipitating fulvic acids (notably
polyethylenimine and an unspecified product Primafleoe C7),
in almost all cases the floc formed was very poor, settled
slowly and gave rise to a high final supernatant turbidity,
It was suggested that the poor flocculation characteristics
were due to the fact that most polyelectrolytes do not form
insoluble hydrolysis products. Therefore, they lack the
advantage of metal coagulants applied to coloured or low
turbid waters where hydrolysis products increase particle

number concentrations thereby improving flocculation kinetics.
An exception was the product Floeeotan, a tannin based natural
polyelectrolyte, which did exhibit acceptable floc formation
characteristics, This product reacts with water to form an
insoluble hydrolysis product. However, floccotan effected
only an average colour removal.






