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- ABSTRACT

ettt i, 008

Flocculation occurs when high molecular mass organic molecules form
bridges be tween pérticles, causing them to aggregate. This modifies
the sedimentation properties of the mireral slurry. Thus classical

measures of flocculation, amo.ng.v them tte cettled bed height and ther
supernatant turbidity, have tended to focus on the propértieS-

of the suspension rather than the flocculant.

The kaolin - polyacrylamide system is inwstigated in this study.

In the literature .IE\(iE\U the development of surface charge, the
electrical double layer and classical DLVO theory are discussed,

The description of .the prbperties_ of the kaolin is balanced by dis-
cussion of the be_haviour of polyelectrolytes in solutien, the
adsorption of polyelectrolytes and attempts to extend the DLVO
theory to include interactions with polymers. Tte irhportanoe of .
agitation in flocculation, the nature of turbulence in stirred tanks

and the empirical deécription of stirred tanks is discussed.

The firdings of the literature _'re_vie'\u stggested the déveloprrent_of
a stirring system based on empirical stirrer criteria. Two systems
wvere analysed and tested. An impeller stirrer was chosen as the .
.most appropriaté apparatus for the bu‘lk of the experimental work.
This consisted of the inwstigation of the flocculation of three
homoionic forms of kaolin»(Na+, Ca2+, H*) with six flocculants.
Experimental measurements include ssttled bed height, supernatant
turbidity, floc photography and amethod of determining the floc size/
density relationship from the analysis of single floc settling data.
The effect of pH variation and changes in the ionic strength is
also considered using a nonionic flocculant and a highly anionic

flocculant.,



Floc photography used in conjunction with ciasssical measures of
flocculation and flocculant adsorption allews the description of
the observed phenomena from the point of view of the interaction of
the flocculant with the mineral surface. The findings and medels
of flocculation of other researchzrs are dicﬁssed in the light of

this description. The particular contribution of agitation is discussed,

Specific findings of this study include the following:-

1) The lewel of flocculant adsorpticn on Ht kaolin decreases
with increasing anionic character of the flocculant.

2) For singly valent homoienic kaolins a highly anionic
flocculant shous a.minimum in flocculant adsorption at pH
6 - 7 that is associated with the most stable flocs
(under agitation) generated ac.ross the pH range .

3) Anionic flecculants do not flocculate singly valent
homoionic kaolins at high pH even though substantial

amounts of flocculant are adsorbed.

A model of flocculation based on the hydradynamic volume of the
flocculant molecule, its' rigidity and the strength of bonding to the

kaolin surface under conditicns of shear is suggested.

Appendices give details of experimental methods. About fifty photographs
and micrographs of flocs are included in the text. The bibliography has

125 references.
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NOMENCIATURE

In a study of this pature inevitably matlemaltical derivations arise

from a number of different disciplines. In order to dewelop a

comple te ly unambiguous nomenclature the familiar form of many

‘common equations would hawve to be substantially changed.

To avoid this the nomenclature in this study has been divided into

two categories;-

(a) Symbols arising

=

(a) Symbols arising from clay and colloid chemistry

excluding hydrodynamic symbols
Symbols arising from aggregation (rollision)

theory and hydrodynamics.
from clay and colloid che’misltr'yv.

i, Hamaker constant

ii. a constant - refiltration theory

a constant - refiltration theory

capacity of the double layer

critical c!c;agulatiorn concentration

electronic charg |

Boltzmann constant

bulk concentration of the countericn

rate of refiltration through the flocculated bed
rate of refiltration through t%“c,unf.locculatcd bed
flocculant dosag .

optimum flocculant dosace '(.theoretical)

dosagé for the maximum refiltration rate

‘particle separation

thickness of the extended loop layer
absolute temperature

time - |

ret energy of interaction

-net energy of attraction

ad soLp’clon attraction

- energy due to the electrical double layer

net. repulsive enerqy



Greek symbols

o
8

€

ij

O o o Qa oo
~

% i

steric contribution

bridging contribution
the amount of adsorbed polyelectrolyte

distance from the interface

degree of dissociation

the nominal loop length

i, bulk dielectric constant

ii. nonionic energy of adsorption

the diffuse layer thickress

surface cboverage

fraction of surface adsorbed polymer segments
surface charge |

charge at the IHP

charge at the OHP

~ surface potential; wall potentiél
. potential at the IHFE

botential at tHe OHP
zeta potential

from hyd rodynamics.

numerical constant

tank radius

" collision rate of particles i,j

numerical constant .

floc diameter

diffusion coefficient

shear rate ‘

instantaneous welocity gradient

he ight of the liquid/air interface

vave number (turbulenee)

wave number of the dissipation microscale
wave number of the macroscale ‘

breakup mode parameter



xii

L. = impe ller diameter

1o ‘: Kolmogorcff macroscale

N = impeller speed (r.p.m.)

Ng = original particle concentration
Nt = number of free particles at time t
P = pover input |

Po = Power number

P = pover input per unit mass

p(d) = force mequired for floc rupture
rij = particle rad iilof particles i,j

Re = Reynolds number

Re;j = Reynolds number for the macroscale

Rey = Reynolds number for a stirred tank

Rey = Reynolds number for the microscale

U =  instantareous fluid velocity |

u = mean bulk velocity '

u = instantaneous fluid velocity fluctuation .

u’ = rcot mean squared welocity fluctuation; turbulent
intensity

= floc volum
Vf = volume tric flov rate v ,
Vij = number concentration of aggregates i, j

Gree k symbols

€ = averag pover input per unit mass; total energydissipation
= dissipation microscale

=  absolute viscosity

kinematic viscosity

= fluid density

= Kolmogoroff microscale

-~ 3 0T < = >
u

= shearing force

Terit = critical shearing force
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INTRODUCTION - LITERATURE SURVEY



CHAPTER ONE

1. INTRGDUCTION

1.1 ‘Definition of Terms

The term flocculation has many different and sometimes conflicting mean-
ings. In different disciplines it may,'fbr instance, be a synonym ﬂof co-
agulation or a distinctive term having an exclusive or inclusive meaning.
Frequently, then, in defining what is meant by flocculation a researcher is
establishing the academic territory that he will occupy. The complexity of
the processes involved in the stabilization, dispersion and aggregation of
mineral pafticles makes any definition immediately assailable from a number
of different points of view. However some form of definition is necéséary
otherwise it is ﬁot possible without a new terminology to describe some of

‘the observed phenomena{

flocculation can be said to have occufﬁ%iwhen a particulate suspenéidn'is
aggrégated by the formation of moleculéf bridges between the particles. By
contrast tovcoagula, which are formed by modification of the interfacial
electrical properties. of the particles only, flocs are, in general, observ-
ably more stable under agitation as a result of the interparticle bridges.
Thus -in flocculation an important property of the flocculated suspension is
the level of adsorption of the flocculant; while in coagulation it is
rather  the critical concentration of electrolyte that gives rise to the ob-
servable phenaomena. = Ancther property of flocculation is that its effec-
tiveness or efficiency is dependant'on the tenacity of the interparticle
bridges and thus to properly investigate flocculating systems some assess-

ment has to be made of the variables that affect the floc stability.

Thus when used in this study flocculation is a term that implies a con-
trasting behaviour to that of coagulation in a sense that requires a dif-
ferentiation of mechanisms rather than a differentiation of the methods by

which the résultant phenomena are measured. Those measurements of the



properties of flocculated suspensions are referred to as 'flocculation
parameters'. In this study they are the settled bed height and the turbi-
dity of the supernatant liquor at a given time. They do not however allow
a particulép system to.be distinguished as 'flocculating' or 'coagulating'
as these parameters can equally well be measured in coaguiating systems.
- Rather the éense in which 'flocculation parameter' is used is, given that
flocculant is added, it allows an asséssment of the extent to which floccu-
lation has taken place. Of course, under certain cdnditions, flocculation
does not occur. In this situation it is difficult to determine whether the
suspension has maintained a degree of dispersion which was already present,
in which case it could still be considered to be dispersed; or whether the
flocculant has in fact contributed to the stabilization of the suspension
by being adsorbed on the mineral surface. This is a complex problem which
is necessarily involved in the dynamic interaction of the flocculated sus-
pension with the flocculant under different conditions of agitation. It is
not possible to give. an exciusive definition that separates the phenomencon
‘of dispersion from that of stabilization but in general 'dispersion' as a
term will refer to a suspension not treated with flocculant. . A stabilized
suspension will be one that‘has,'after treatment with flocculant, become
less likely to aggregate than a suspension identical except for the addi-
tion of flocculant. If this is not the case and flocculant has been added

the two terms are used interchangably.

It is also necessary to distinguish the term 'stability' from the phrase
'floc stability'. The former refers to the condition of a suspension that
will not aggregate because it is stable in terms of a qualitative or quan-

titative analysis based on the classical DLVO theory.

‘Floc stability' referé to the resistance of a flocculated suspensicn to
degradation by agitation. As such it is a comparative term that has been
developed to meet the demand of assessing the results presented in this
study. The term 'stability' by contrast arises from the empirical testing
of DLVO theory, in particular, in systems which are coagulated by the addi-

tion of a critical concentration of electrolyte.



1.2 Structure of the Literature Survey

- The literature survey has been organised in such a way as to relate the
different disciplines and topics covered to the behaviour of the kanlin
polyacrylamide system in particular. However, it has been necessary in the
case of the discussion of approaches to colloid stability and hydrodynamics
to begin with a fairly full treatment of the concepts involved in order to
locate this present study within the wider scope of the two disciplines.
The treatment of the hydrodynamic aspects was also demanded by the compara-

tively recent renewal of interest in this topic.

It was also important to review the role of inorganic polyions (particular-
ly aluminium) to some extent in order to establish the uncertainties asso- :
ciated with kaolin as a material in particular with respéct to the irre-
versability of some surface reactions and the uncertainty abeout the nature
of the surface itself. This was necessary to balance the modelistic des-
criptions of behaviour that accombany a thesis that is concerned not so
much with the nature of kaolin but the phenomenon of flgcculation. In this
study particular attention is paid to the ionic character of the flocculant
placing, it is hoped, an emphasis on the role of the flocculant. This is
evidenced by the discussion of its conformation in suspensien, its adsorp-
tion and discussion of rvecent developments of stability theory. The em-
phasis of the latter part of the literature survey (1.3.10_and 3.1) is on
the establishment of techniques of measurement of flocculation and their
meaning. It suggests approaches that are then described in the expepimeﬁ—
tal section of the thesis and thereby reinforces the interplay of the re-
sulte.of the present study and the resecarch of earlier and contemporary re-

searchers that has been examined.
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1.3 Concepts in "the study of colloids and flocculation with

particular emphasis on kaolin suspensions.

1.3.1 Surface charge on kaolin

Kaolinite is a hydrous aluminium silicate of composition A1205,25i02.2H20
(Grim).

It is composed of a single sheet of tetrahedral silica and a single sheet
of octahedral alumina,tsharing a common layer of oaxygen atoms which hold
the two sheets together. The crystal morphology, idealiied as an hexagonal
platelet, is built up of successive layers of silica/alumina sheets bonded

together by hydrogen bondingvbetweeh layers.

The considerable body of work on the bulk structure of kaolinite has been

reviewed by Grim.

of particular interest in this study are the minerological parameters that .

give rise to surface charge on oxide surfaces in suspensions. .

1)  Lattice substitution of Al3* for Si%* leaves the sur-
face with a net negative chérge, due to Unsatisfied
oxide linkages. Very small replacement frequences 1
in 400) would give rise to levels of surface charge
that could account for the bulk of the cation exchange

phenomenon.

2) Broken and .unsétisfied bonds at the edges of silica
| alumina sheets give rise to charge. Two different

types of charge can arise.

a) Hydroxyls in broken silica tetrahedra would be
ionized to form Si-0~ causing a net negative

charge on the lattice above about pH 2.5.

i
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b) Exposed aluminium octahedral qroups, accepting
protons, would scquire a net pusitive charge at

t

low pH and s negative charge above pH 9,

3) The third mechénism would be the ionization of surface
gfoups. These reactions can result in positive or
negative charge generation. In the case of silicates
the isoelectric point is at a very low pH and therefore
the Si-0- group tends to predominate. In the case of
surface Al-OH groups the behaviour results in either
positive or negative surface charge depending on the

pH.

A further mechanism of charge modification is the specific adsorption of

ions or polyions onto the surface.

The first mechanism of charge generation is not pH dependant.

At low pH the ionization of edge silica tetrshedra is unlikely, while the
acceptance of a proton by the octahedral alumina is quite likely. Thus the
edges achieve a net positive charge .at low pH. At high pH this situation
is reversed and the edge can have a net negative charge. These mechanisms
of chafge generation imply that H* and OH™ are behaving as potential deter-

»mining ions (PDI) (Hughes; van Olphen).

The simple mechanisms described above are complicated to a large degree by
the solubility of aluminium and silicon species from the crystallite
edges. Aluminium may also play the role of a "potential determining" ion
in kaolin suspenéions (van - Olphen). The role of aluminium and its
hydrolysis products has been the source of considerable discussion in the
literature (Buchanan and Oppenhein, 1968, 1972; van Olphen; Hall 1965,
1966; Jepson, Jeffs and Ferris; Bolland, Posner and Quirk 19803, 1976;
Smith and Emerson; Packham 1965).
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Buchanan and Oppenheim were able to show that preferential solution of alu-
minium species takes place at low pH and since Al3+ is the most stable form
of the ion to about pH 4.5, it can be argued that below this pH, Al3+ will
act as a PDI for clay edges and may also act as a counterion on the clay
faces. Thus clays at low pH that have long times in suspension may acquire
an increasing A13+ cationic character and in addition may have increasing
positive charges associated with their edges due to specific adsorption of
AL+ spécies on negatively charged unsatisfied silica-oxygen bonds on
platelet edges (van Olphen). It has been shown that increase in ionic

strength will reduce the rate of alumina solution from platelet edges (Hall
1966) and that coagulation across the pH range g¢an be‘achieJéd by addition
of aluminium complexions. The importance of these findings, in this study,
relate to the preparation of homoionic forms of the clay (see Appendix 1)
and the experimental system chosen for measuring and interpretingv
flocculant adsorption and flocculation parameters. The role of aluminium
Qill be discussed, where appropriate, in the section dealing with the

~electrical double layer around a kaolinite particle.
To summarize:

1) There are 4 mechanisms giving rise to surface .charge on
kaolinite surfaces. One is not pH dependant (substitu-

tion).
2) Oxide surfaces have H* and OH™ as "potential determin-
ing" ions and kaolin can under some circumstances have |

A1>* as a "potential determining" ion.

1.3.2 Surface Charge in Coagulation

of importanbe in the understanding of coagulation of kaolinite is the rela-
tive contribution of pH dependent and pH independent surface charge.
Bolland, Posner -and Quirk in a ;ecent paper (1980) conclude that most of
the negative surface charge is due to lattice substitution. In their ex-

perimental technique they specifically correct for AL+ dissolution from
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platelet edges. however since they compute surface charge from their cat-
ion exchange data, and do not regard Al%* as a PDI at pH 3, it is possible

that they may have overestimated the rcle of AlS+ in balancing substitu-

L

tional charge. - However their net surface charge (corrected for Al3+) is

still strongly neqative at pH 3 (Fig. _Ad. in Bolland Posner and Quirk,

1980). Mob111ty curves that show an i.e.p. (which s at 1least

qua11tat1ve1y related to net surface charge) place it in the region of pH 3
- 4.5 (Hall 1965; = Buchanan and Oppenheim, 1968; Mori et al).

! o It “1s clear that the contribution of lattice substltutlon is signifi-
/’cant and probably the predominant mechanism of charge genpratlon on kaolin
surface. The fact that edge charge is positive at low pH has a profound

effect on the nature of kaolin coagulatian.

Noting, then, that the mechanism of charge generation is predominantly due .
to pH independent lattice substitution only modified to any degree by the
development of positive charge below pH 7 (although positive charge may
persist to pH 8.5 or 9 (Quirk; Bolland, Posner and Quirk 1977, 1980)) the
surface charge, in the absence of specific adsbrption is probably fairly
constant above pH 7. The net surface charge is probably substantially
balanced by adsorpticn in the Stern layer of A1>*+ and protonation of

exposed gibbsitic oxygens at a pH of 3 - 4.5, resulting in a zero mobility.

Williams and Williams have endeavoured to isclate the edge chafge to com-
pute the face potential. They estimate the p.z.c. of the edge td be at pH
7.2 using a linearized model of an aluminosilicate. These findings however
could not be used to construct an effective model of the charge distribu-
tion on real kaolinite surfaces. They do however qualitatively ccmpare .

with the work of Flegmann et al.

The consequences of the nature of charge development in kaolins will be
discussed following an examination of the theory of the electrical double
layer and a discussion of colloid stability in the presence of simple elec-

trolytes.
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The above analysis of the source of surface charge and its implications for
understanding the cation exchange phenomena will be used in this study. It
must however be held in tension with the study of Ferris and Jepson who
critically examined the concepts involved experimentally under varied
conditions. They concluded that the classical view of the origin of cation
exchange (that is, isomorphous substitution and a contribution from edge
broken bonds) should .be re-examined. They found no permanent value of
cation exchange at low pH. This result suggested that the contribution of
substitutional charge ‘in the system does not occur. This is in sharp
contradistinction to the results of Bolland et al (1977, 1980).

They also note in their paper the strong binding of the hydrogen ionvin the
lattice. in silanol groups, thus supporting the view of its role as a poten-
-tial determining ibn; However, their view of the kaolinite surface repre-
sents such a complex inferactioh of different interface phenomena that it
is difficult to apply in a study of this nature. It is necessary‘however

to be cautious in the application of the classical view at low.pH.

This particular point of dissent also shows the importance, in careful
studies, of being aware as far as is possible of the condition of the.kao~
lin surface or at least reporting the type of treatment that it has under-
gone prior to its use as a tésting ﬁateriai so that some assessment of its

behaviour may be made.

1.3.3 The Electrical Double-lLayer

The charge-potential phenomena which are associated with the interface
between two phases have been explained to some extent by the electriqal
double~layer theory. In its classical form the theory was due to M.Gouy
and Chapman independantly (Habib and J O'M Bbckris). The applications and
extensions of the theory have been ‘extensively reviewed elsewhere (eg.
Bdckris, Conway and Yaeger; Napper and Hunter; Overbeek and Lyklema) and
a short summary will be presented here of the elements specifically impor-

tant to the present study.



The essential elements of the double layer (Lyklema, 1978) arise from:

1) Surface charge ( o)

2)  Solution counter charge

3) The double-layer potentials ()
4)  Capacity of the double-layer (C)

5) Point of zero charge (p.z.c.)

The origin and nature of surface charge, o, was discussed earlier. In
solution the surface charge gives rise to a counter-charge which is provid-
ed by ionized species in the suspension. In clay systems there are two
sources of counter charge, the major contributor being cationic counterions
balancing surface negative charges and a smaller anion counterionic charge

balancing surface positive charge, if present.

The theory of Gouy and Chapman considered the surface charge to be smeared
out, and evaluated the potential at the surface as seen by a point charge
approaching from infinity, as a function of ionic strength, electrolyte

valence, and temperature.

Charge and potential are related by' the capacitance of the system
(Lyklema). In general only the differential capacitance is accessible and

is defined C =do/dy.

The.mathematical formulation is based on the Poisson-Boltzmann -equation.
The model can be summarized in terms of the variation of the potential, ¢ ,
with distance from the interface, x, (Hughes, in Solid-Liquid Separation)

such that:

: Eduation 1.1
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bulk dielectric constant of the liquid

“electronic charge.

The fall off in potential with distance can be shown diagramatically.

(Figure 1.1 below,)

- A simpler form of equation 1.1 can be transformed,Given that.

z2y/kT < 1lor ¢ = 25/ 2 millivolts,

ve can write

d*y o
S S
(Overbeek and.Lyklema) Equation 1.2
B ¥ 2 rzen, (®) = O
and 2 _ 4me? Zni(m)z2

Equation 1.3

~ Equation 1.2 can be solved

¥ = Yo exp(-xx) . . Equation 1.4

showing 1/Kk has dimensions of length and is the value of x for which

Y=Y /e

Equation 1.5
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Figure 1.1: Potential drop and ion distribution as a function of
distance from the interface according to GC theory,
(after Overbeek and Lyklema)
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Potential distribution in a double layer in the presence

of specific adsorption of counterions. The inner- and outer’
Helmholtz plane are distinguished. i
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Potentiel distribution in a double layer with superequi-
valent adsorption of counterions in the Stern-layer..

_Figure 1.2 A and B: Two situations that can arise at the interface
in the presence of""specifically adsorbed ions.
Note the low potential at the OHP in both cases.
(after Lyklema 1978, slightly modified)
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For this reason 1/k . has become known as the "thickness of the

double layer", or more accuraltely the diffuse layer thickness.

High ionic strengths (and high electrolyte valences) result in small values
of the thickness that reflect the inappropriate assumptions of the Gouy- '
Chapman (GC) medel. Similarly by using the Boltzmann equation an estimate
of the ionic concentration close to the intecface can be made. Those re-
sults, hecome meaninglessly high at high surface potentials (Overbeek and

lLyklema). ‘

The reason for this >discrepéncy is the GC assumption of point ionic

charges.,

Stern and later Grahame modified the GC theory close to the interface, by
méking provision for the finite size of ions, specific adsorption (chemical
effects) and coulombic interactions (electrical effects). _
In the CGS theory the diffuse layer . develops because of the potential -at
the ionic centres of the counterions, rather than the potential at the in-

terface.
Two types of interaction are identified:

1)  Specifically adsorbed ions

2)  Non specifically adsorbed ions.

In the case of thé specific adsorption, the potential at the ionic centres,

Uy, is due to specific chemical interaction with the surface and may
raise or lower the wall potential, ¢ ,, depending on the nature of the
chemical interaction. The plane of the ionic centres is known as the Inner
Helmholtz Plane (IHP). In the case of non-specifically adsorbed ions
(those that maintain their hydration sheaths and therefore do not undergo
specific chemical interactions) the absolute potential ¥ 4 is always lower
than ¢  and generally lower than Y o + The plane of the potential is
called the Outer Helmholtz Plane (OHP). The whole region has been called
the Stern layer. |

\
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The diffuse paft of the double léyer is then considered to develop as a re-
sult of the potehtial at the OHP; Y g4, rather then es a result of the wall
“potential; ¥ 5. The potentiasl decay then tends to reflect more realisti-
cally the nature of thg double layer since ion size has been accounted for
to some extent in the adsorbed layer. Increases in ionic strength and
valence tend to increase the populaticn ofvthe counterions in the Stern
layer, resulting in lower values of ¢ 4. This has the effect of compress-
ing the diffuse part of the double layer; with increasing electrolyte

valence compounding the effect.

In addition speéific chemical interactions (as 'opposed to coulombic
interactions) can be responsible for charge reversal on some surfaces.
This has been shown to be the case for the AL+ jon in kaolinitic

suspensions in a number of studies (Hall 1966, Roberts et al)

It must be noted that non-specific adsorption cannot result in charge

reversal.

The capacitance of the IHP andithe CHP can be defined similarly to the
" capacitance, C, of the surface. The usefulness of cepacitance is in
giving an indication of the extent to which surface charge in screened. C
tends to be increased by specific adsorption and reduced by organic
additives (Lyklema). The stability of dispersions has also been assessed

from the point of view of capacitance.

-~ Below is a diagramatic representation of twn situations that can arise at

an interface in the tase of specific adsorption. (Figure 1.2 abowe)

1.3,3.1 Specific Adsorption and Potential Determinina Ions

An unresolved issue is the problem of analysing the potential determining
role in oxide minerals as opposed to classical colloids like Agl (Healy
1971, in discussion; Levine and. Smith 1971, in discussion) and whether
they obey the Nernst equation as asserted by Healy or not as asserted by

Levine and Smith.
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However'aé Lykiema (1978) points out the description of H* and OH"ions as
potential determining in oxide systems is a qualitative statement. It is
not possible to use the Nernst equatiocn (a change in surface potential of
59mV per decade change in ionic activity) to find the surface charge since

the shape of the 0o/ Vo curves for oxides are distinctively different from
those for the model colloid Agl. This arises from the nature of the oxide
surface which can be described by the site binding model and porous double
layer model. However both these treatments in their quantitative aspects
go beyond the scope of the present study. The potential determining role
of ions therefore as referred to in this study is the qualitative action of
surface charge generation and does not refer to the potential determining

role of ions in the Nernst sense.

Studies of kaolin have indicated that hydrogen ions, hydroxylions and alu-
minium ions play a potential determining role. It is also clear that hy-
drogen, aluminium ions and hydrcxylated aluminium complexes can behave as
counterions for surface excess negative charge due to lattice substitution

of aluminium for silicon. This is not a potential determining role,

Hydrogen, hydroxyl and aluminium ions_éan bz considered to be potential de-~
termining when they occupy their normal  lattice sites in an idealized

kaolin crystallite, when in any other role they may be

i)  specifically adsorbed, or
ii)  behaving as counterions, or
iii) in the case of aluminium present as polyionic complexes in

" the non stoigﬁkmetrié gel like layer (see 1.3.4)
In general specific adsorption (Habib and Bockris) depends on

1) ' Charge density

The amount of a specifically adsorbed ion increases

with increase of wall charge of the opposite sign.
Negative charges may adsorb specifically on negative

interfaces.
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2 lon size

The greater the size of the ion the more specific ad- -

sorption it undergoes.

3) Ion type
Anions have a greater tendency to adsogb specifically.

4) Hydration

Ions with strong primary hydration sheaths underqo
little specific adsorption. Thus large ions will

adsorb specifically.

5) Specific adsorption increases with concentration of in-

different electrolytes.

6) It bas been shown that specific adsorption increases
with valency though this runs contrary to point 4.
There does not seem to be a simple explanation for this

phenomenon.

The CGS - theory treats the interface as a smeared out charge or unifomﬁ
potential. Recent developments have attempted to treat the surface as a
net of discrete charges (Overbeek and Wiersma) but it is not considered

appropriate to discuss these. developments here.

1.3.4 Colloid Stability

Understanding of colloid stability has had two schools of interpretation

approaching the subject from different directions.

The first is called the chemical school and the second is known as the phy-
sical school (Stumm and Morgan). Frequently the two schools have been at
odds with each other, as, for example, in the Discussion of the Faraday

Society on Colloid Stability (1966).
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1.3.4.1  The DLYD Theory - The Physical School

When %aolin is suspended in water its bulk physical behaviour will be

determined by the nature of Lthe forces acting between the particles.

The thecry of DefjgaufnfiLangau §, Verwey and Overbeek (DLVO) considered

this interaction as the sum of the Van der Waals forces, Vp, which are

attractive and forces due to the electrical double layer (e.d.l.) which in

general result in repulsion (VR).
At any separation of the particles rjj the sum

V(r;s ;) = Va (rij) + Vg (rjj) (Equation 1.6) can be determined

for particle pairs that are not perturbed by other particles.

The van der Waals interaction was calculated from the Hamaker constant,
which is now known .noﬁ to be a. cénstant (eq. Ninham), and has vthe
dimensions of‘ énéréy; This constant was 'calcuiated on the basis of
- additive energies befween pairs‘ of atoms or molecules; assdming the
enerqgies to be ‘proportional to the inverse sixth power of distance.
(Lyklema 1978). ' ' |
The forces resulting from the interaction of the repulsive forces between

‘the electrical double layers were calculated from the Gouy-Chapman theory.

The sum of all the particle interactions at over the separation range can

be computed

v = § V(ry;) " (Equation 1.7)

i<y ~ (von Mengen and Snook)

The e.d.l. repulsion decays exponentially and the van der Waals forces

decay according to A-2 leading to a characteristic potential of force

interaction curve.
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Interaction curves, in genaral, have a maximum and a primary snd secondary
minimum (energy vs distance). A number of pussible curves are presented

diagramatically  below: Figure 1.3 .

The maximum constitutes a repulsion at intermediate distances and can be
considered to be the stability controlling element of the system,. It hag
been likened to a potential energy barrier. In general an increase in
electrolyte concentration reduces the height of the maximum, decreasing
stability, since interaction can then take place at the primary minimum.
" The valence of the counterions can also be shown, from the theory, to Ee of
great importance. An empirical measure of the electrolyte concentration,
Cc, Tequired to induce coagulation has been shown to decrease, according to
a z6 power law. This can bhe seen from the DLVO equation for the critical .
concentration of electrolyte required to destabilize the suspension
(Lyklema 1978):

o 2y " _ . Equation 1.8
8 x 10 36{tanh(ze¢;d/4k1)}4 | - -

/\211(2)26

- where Aqq(2) is the Hamaker constant for two like particles 1 in a medium
2. This is the DLVQO formulation of the Schultz-Hardy rule. Gregory,.in.a
review, pointed out _that the theoretical basis of the 276 rule is weak and
shows that, empirically, log c. plotted against the counterion charge gives
a linear dependance. This was recognised by Matijevic (1965) who showed
that for the z7® rule agreement was good for z = 1 or 2 but that the

deviation for higher counterion chargés is substantial.

The DLVO theory has provided a basis for understanding stability criteria
For colloidal suspensions in a qualitative sense. The phenomena associated
with the kaolin/water/electrolyte system can be described. In addition
recently (Overbeek 1977, 1980) attempts have been made to madify thé theory
to incorporate the effects of macromolecules on the stability of colleoidal

suspensions. These phencmena will be discussed in a later section.
p p

1.3.4.2 The Chemical Schocl

- The chief emphasis of the chemical school has been to consider specific
chemical changes in solution (sometimes involving a pH change of 0.1 of a

unit) and their effect on colloid stability. This has required consider-
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Energy

" Distance .
SkT :

Figure 1.,3: A set of potential of interaction curves (emergy) B, C,
D, E, and F that represent different possible soluticns
of the repulsion curwe (A) and the v. d. Waals attraction
(g). B, C, and d represent situations of net repulsion and
E and F net attraction. Note the development of the
secondary minimum. The 5kT energy lewel is indicated to
represent the energy the particles possess by virtue

of Brownian motion. (after Hughes)



19

able investigation of the behaviocur of polyvalcnt species in solution. It
is not appropriate here to detail the "approa ch" of this school, but rather
to examine some of the criticisms of the DLVO theory that arise from their

studies.

The proponents of the chemical theory, Tezak and his students, in particu-
lar Matijevic have made considerable progress in relating colloid stability
to phenomena such as ion exchange, surface coordination of adsorbed species
and chemisorption. In discussing the DLVO theory Matijevic (1977) states
"The DLVO thecry has also had negative effects. The situation (at the in-
terface) is so complex that only the simplest systems can be handled ....
These limitations (the use of the Debye-Huckel theory of strong electro-
lytes) have led scientists to attempt to test the predictions of the theory -
by matchlng the c01101dal sols studied experlmentally to the theoretical

model as closely as they could ....."

More recently Lyklema (1981), discussed the problems that are involved in
setting up reliable tests of the DLVO theory. He suggests that the DLVO

theory is correct under the conditions for which it was derived, which are

- dilute sols, to enforce the true generation of average .. -

potentials (energies)

- only van der Waals attraction and double layer repul-

~sion must operate
- the colloidal particles must be of a simple geometry

- the double layer must felax rapidly upon overlap to en-

sure thermodynamic equilibrium

A particular criticism of theAtheory is that essentially diffuse double
layer conditions do not exist near the electrolyte concentrations that are
required for coagulation. In metal-oxide systems \ ,.can be as high as
tens of C/cm? but ¥ 4 is seldom more than a few C/cm2, Thus the con-
tribution of the diffuse part of the double layer under conditions of. de-
stabilization is small. - The DLVO theory was developed for diffuse layers
(Yg ~ ¢d) with ¢ 4 high. This has been shown not to be the case. Thus

ce is now not considered proportional to z6 but to z-2. The earlier
' !
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interpretation must bg replaced with a dependence on 22 (due to increasing
electrolyte valence) and the increasing effect of specific adsorption (a
chemical effect) leading to a potential variation of the fourth power, 4,
It is clear therefore that the dependence of the stahility criteria on
electrolyte charge is an indirect effect that is due to specific adsorptibn
phenomena‘at the IdP. . This understanding can go some way to explain the
findings of Williams and Williams - that zeta potential computations based
on estimations of surface charge were too high by an order of magnitude, as
would be the case if the results of Bolland et al (1980) were compared with

mobility data.

Another profound source of criticism‘of classical DLVO theory comes from
attacks on the assumptions of continuum models especially at distances less :
than 30 A from the interface. The continuum models below this value are
subject to many criticisms, particularly with respect to the "subtle
forces" known as structural forces and hydration forces (Lyklema 1981).
These criticisms are valid when salts are present. Lyklema (1981), in
particular shows the basis and relationship of these forces to classical.
. DLVO theory and indicates their range of interaction (generally about 1nm).
‘Anqther criticism of the e.d.l. theory in particular is the ad hoc hanner
in which modifications of the theory have been introduced. These are
discussed by Ninham. These cbgent criticisms represent important caveats
to the application of the theory, particularly in the - incorporation of

further sources of attractive and repulsive potentials of interaction.

Despite these problems Overbeek (1980) has recently extended the DLVO for-
mulation by introducing modifications that account for specific adsorption
in the Stern layer. In particular he has assigned an increasing specific
adsorption potential with electrolyte valence to account for the measured
values of c., at high counterion charge that were overestimated in the ori-

ginal theory with the z=6 dependénce.
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1.3.5 Colloid Stability in Bilute Kaolin Suspensions

The general view of the electrical double layer allows qualitstive predic-
tions of suspension behaviocur tec be made in different circumstances. In-
general the potential at the OHP (if we assume that the zeta-potential is
associated with this potential) is quite'low for kaolin (generally never
greater than 60mV). This suggests'that the failure of the GC theory for
1:1 electrolytes at high surface charge densities will not be the case far

kaolin.

Thus  simple GC theory could be used to exhlain most of the phenomena ésso—
ciated with Nat and K* kaolins, since little specific adsorption is expect-
ed if counterion concentrations are not excessive. This simple model
breaks down with increase in electrolyte concentration. In the case of H*
kaolinite the double layer model is more éomplicated as H* is not only a
counterion but also plays & potential determining role (that is, directly
modifying surface charge rather than balancing it). - Thus charges on the
surface that might have been electrically balanced by, say, non-specifi-
cally adSofbed Nat may be balanced by specific adsorption. onkﬁ} which
operates as a PDI. This may result in a net positive bharge'in the adsorp-
tion area. Thus in balancing surfacé charge (certainly on the edges of the
platelets) the hydrogen-ion can be expected to reduce the surface charge

density of negative charges extremely effectively.
In addition counterionic action on the faces by the ion occurs.

The generation of two types of diffuse layer of opposite charge and the re-
sultant coagulation of the clay in the classic card house (face-edge asso-
ciation) structure (van Olphen; Swartzen-Allen and Matijevic; Flegmann et

al) can occur under these circumstances.

A detailed analysis of the types of particle association in kaolinite sus-
pensions has been made by_Flegmann, Goodwin and Ottewill. Using a model
based on the DLVO theory they showed that the barrier to face-face associa-

tion in kaolin is always high. At‘pH 3-4 there is a net attraction result-
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ing in face-edge association. AL neutral pH, close to the p.z.c. of the
edges (Williams and Williams; Nicaol and Hunter; Flegmann et al) edge-edge
association is favoured in the scheme of Flegmann, while Micol and Hunter
infer from their data a stronger type of face-edge asscciation fhrough hy-
droxyl adsorption on the platalet faces. nis mechanism is less likely if
the surface charge énalysis of Bolland et al (1980) is taken into account.
This work infers very low level§ of anionic adsorption at neutral pH and
maintains that substitutional defects in the platelet faces will mean a

substantial negative charge on the face at all pH's.

This is an important feature of the colleidal behaviour of kaolin, since
the instability as assessed by DLVO theory is enhanced by the amphoteric

nature of the edge charges. With doubly charged ions and ions of high :
atomic number the likelihood of specific adsorption in the Stern layer is
increased, this. results in a reduction in ¢ 4 ,which determines 1/k the
thickness of the double layer; and in addition, the diffuse layer potential
decays more rapidly than with singiy charged counterions. As a result Cal+

kaolin suspensions are likely to be less stable than Nat kaolin.

The ambiguous fole of the aluminium ion and pH sensitive aluminium species
has been discussed with reference to the surface charge phenomena of
kaolin. It is imbortant. to note that the time dependant solution of
alumina from crystallite edges and the pH dependant potential determining
role of aluminium ions is likely to complicate experimental investigations
- of kaolin colloidal suspensions. The solution of alumina from the edges at
low pH, will result in the ion playing a potential determining role on the
edges (essentially generatihg positive surface charge by protonation of Al
- 0~ species) (van Olphen) and it will have a counterion function, probably
with a high degree of specific adsorption on the faces. The net effect, a
compressed diffuse layer and a low Y g4, will promote coagulation of the
suspension. Thus where solution of alumina is rot suppressed (as it can be
by increasing electrolyte concentration) (Hall 1966) there will be a time
dependant modification of the suspehsion behaviour of the clay, geherally
termed '"aging". It has been shown that increased aluminium ion
concentration in kaolin suspensions inhibits the solution of silica and

silicateous species (Ferris et al).
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As the pH increases the‘equilibFJQm aluminium species (neglecting coordi-

nated Hp0) changes in the order

AL 7% w= Al (OH) 2= AL(OH)*Z = AL(OM)3 2= AL(OH),~ ==

and so-on (Gregory 1978). In addition multinuclear hydrolysis products can
be formed of which Al4(OH)g**  and Alg(OH) 0%  are known (Hall 1965;
1966) These have higher charge than the original ions and specific
adsorption may result. These  polynuclear species are kinetic
intermediates, but the low rates of dissolution involved can result in
their persistence in solution for long periods. Of the hydrolysis products
generated Al(OH)3 is essentially insoluble and may precipitate on the
kaolin edges or faces forming an amorphous gel-like layer. Jepson et al
have postulated the formation of gel-like layers of uhspecified alumino-~

silicates on clay crystallites.

The relative solubilities, and the time the various species endureiinisus—
pension will contribute to the time dependant nature of kaolin suspension
stability, but in general it can be expected that the species will estab-
lish some form of equilibrium with the gibbsitic exposed edges and with any
soluble gel—like éluminosilicétes.' At higher pH the likelihood of specific
adsorpticn of aluminium hydrolysis products is reduced since the kaolin and
the hydrolysed species héve the sameicharge (which does not prevent, but
inhibits, specific adsorption)'and the fact that the kaolin charge density

is increased as a result of the potential determining role of the OH™ ion . -

In the earlier discussion of the nature and origin of surface charge it was
noted that below pH 7 the charge drops to the p.z.c. at about pH 3.5. This
results in a reduced diffuse layer thickness as a result of a lower ] d

(which is more closely related to Yo at low surface charge densities).

Thus the driving force for destabilization at low pH finds its impetus not
only in the face-edge association but also in the reduction of the Vg

term that controls the repulsive forces in classical DLVO theory by

1) specific adsorption of aluminium hydrolysis species and

A
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2) surface charge densilty reduction by H+ acting as a PDI.

It is asppropriate at this point to discuss the nature of the Stern layer in

oxide systems.

James and Healy (cited in Wiese, James and Hcaly) Ffound that caticns ad-
sorbed at the oxide water interface are separated from the interface by one
layer of water molecules, which suggests that ions maintain their primary
hydration sheath when specifically adsorbed. This suggests that the IHP
must be located at a distance 2 ry + rj from the interface (where r,, and rj
are the radii of the water molecule and the ion respectively). The outer
Helmholtz plane (OHP) is located at the centre of fully hydrated cations.
The population of the Stern:layer tends to increase with increase in con-
centration of electrolyte.  If the electrolyte is "indifferent", (that is
its only contribution to suspension destabilization is reduction in 1/ k ),
the increase in concentration results in an increasing condensation of
counterions in the Stern layer (KiEchener 1978). This is a non-specifie
effect that is pelated only to the surface potential,\l}0 and the ionic
strength, and will therefore take‘placevat the OHP. Not all electrolytes
are indifferent in kaolin suspensions and, in general, increase in atomic
number and valency increases the likelihood of specific interaction at the
IHP. This mcdifies the position cf the p.z.c. (Wiese, James and Healy),
generally shifting it to higher pH values, because of the reduction of

surface negative charge by specific chemical interactions.

. In general therefore it is noted that kaolin colloidal suspensions are de-

stabilized

1) at low pH, by reduction of surface charge density

2)\ in the presence of high concentrations of electrolytes

3) by specific adsorption of high valence ions and complex

hydrolysed ions
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4) by the different nature of the diffuse layer on the
faces and edges of kanin at low pH leading to card

house coagulation.

1.3.6 Some thoughts on the electrokinetics of kaolin suspensions

When éubjected to éhegr forces the colloidal particle does not carry with
it the whole diffuse layer.. Rather a separation occurs at what has been
termed the shear or slipping plane. The mobility of colloidal particles
subjected to a potential difference has been related by the equation of
Smoluchowski to the potential at the slipping plane, called the zeta poten-
tial, £ . The location of the slipping plane, and its relationship to the
modelistic potentials of the GCS theory has been the source of considerable
debate. (Hunter and Alexander, Lyklema 1977, 1978; Hunter and Wright;

Hunter).

Overbeek and Wiersma in their review state "Nevertheless the present state
of the theory leaves a number of things to be desired. As outstanding
examples we mention .... the difficulties concerning the inner region of
the double layer (which make calculation of charge from the zeta potential

rather hazardous) ..."

However specific studies of some kaolinite‘systems,-pérticularly those of
Hunter and Alexander indicate that the zeta potential can be equated with
the potential at the QOHP, ¢ ¢ of very closely correlated with it. Thus
they ‘were able to correlate change in zeta potential with ionic strength to
give results that fitted the available data better than the assumption of
constant charge density in the Stern layer. These results have been con-
firmed for the silica/water interface by Wiese, James and Healy. Hunter
later extended this approach by suggesting that the plane of shear corres-
ponds to the plane of élosest approach of the diffuse double layer ions.
Many other studies, reviewed by MacKenzie, assume some relationship between
the g-potential and 1 4. Approaches that have not located the slipping
plane at the OHP were based on the Eversole and Boardman approach (cited by
Hunter and Alexander) which did not use the GCS model, but a GC model. The
work of Overbeek and Lyklema wﬁich also suqggested the slipping plane was in

the diffuse layer was discussed and refuted by Hunter.
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The basic problems of relétingvthe g~ potential to the surface potential
are even more complex as has been shown by the analysis of Hunter and
Wright (also Lyklema 1978). They have shown that the lecation of the slip-
ping ﬁlane at the OHP (¢ = Y y) and the location of the slipping plane in -
the diffuse layer ( ¢ > Y ) give values of o @s calculated by the
present theory in error by more than 100%. They suggest that the problems
‘may be soived by postulating a concentration dependant § ,, that can also
vary with the change in aétivity of PDI's with pH variation. Lyklema
(1978) suggests the introduction of the concept of the porous double layer

in conjunction with site binding models to solve the problem.

Therefore it is noted that while the g-potential is of great use in the
study of coagulation, and can give an assessment of g4, the exact rela-
tionship between the electrokinetically derived g~ potential and the

electrostatic model of the electrical double .layer is unclear.

The variation of c—potential with pH for kaolinite has been determined
by a number of workers (Hall (1965), Williams and Williams, Mori et al) and

their results are shown below (Figure 1.4).

As can be seen the p.z.c. found by the different workers shows some varia-
tion, which may be related to the condition (aging history) of the kaolin.
However the pze. range can be considered to be between pH 3 and 4.5, This
is confirmed in the assumptions made in the theoretical work of Bolland,
Posner and Quirk (1979) who set the i.e.p. at pH 3.5. The regults shaw

that below the p.z.c. the net surface charge is positive.

For kaolin the charge density at the OHP . measured from ¥ ¢ was about
2% of the surface charge density calculated from the cation exchange capa-
city. (Hunter and Alexander). Their inference was that the majority of

counterions were in the Stern Layer.
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Figure 1.4: Variation of the zeta potential of kéolin wvith pH.
These results are redrawn from Mori et al; Hall 19655

and Williams and Williams,



28

1.3.7 Polyelectrolyte Configuration in Suspensions

It is necessary tn establiéh'the‘configuration of macromolecnles in solu-
tion if a true picture of the physico-chemical interactions at the
interface are to be described. Akers (1971) in a review, discusses same of
the phenomeha as does Black (1963), reléting the configuration to the
understanding of flocculation. In addition a broad discussion of the
development of polyelectrolyte chemistry that helps clarify the whole field

and the present state of the science is available (Overbeek 1976).

For nonionic macromolecules the configuration is determined by the power 6f
the solvent. ‘In good solvents the molecule will have a randomly coiied ex—
tended configuraticn associated with a high solution viscosity. In poorer
solvents the polymer molecule will assume a highly coiled configuration
marked by internal chain interactions, which is accompanied by a drop in

solution viscosity.

In situations where polyelectrolytes are involved the configuration changes
are more marked. For example an anionic polyacrylamide in an acidic
solution will behave essentially as a nonionic moleéule (i.e.its propertiés
will be determined by the efficiency of the solvent). However in an
alkaline soluticn the carboxyl groups Becomge ionized:-resulting in a net
negative charge on the chain. The result is an extended more linear
configuration with a degreé of rigidity imparted by the electrostatic
repulsion between groups. This resplts in an increase in viscosity of the

polyelectrolyte solution.

The extent then to which a given polyacryiamide is hydrolysed will pro-
foundly affect its dimensions in solution with change in pH. A polyacry-
late is 100% dissociated at pH 6 (Michaels and Morelos). Abcut 15% of the

acrylate groups will be ionized at pH 4.

In the case of a ﬁolyacrylamide sbove pH 6 it will be essentially 100%. ion-
ized (Michaels and Morelos) or above pH 7 (Slater, Clark and Kitchener)
with the percentage of ionized carbonyl groups falling to less than 10% at

pH 4,

Al
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Thus a 40% anionic pclyacrylaside can be expected to have at pH 6 aboul 1
in 3 cegments ionized resuliting ih_considerable internal repulsion, which
will cause the chain to become extended and considerably more rigid. At pH
5 the same molecule will have about 1 in 10 segments ionized ard the chain
therefore will be both less extended and less vrigid. Increase in
electrolyte concentration tends to swamp the ionic charges and in the limit
reduce the polyelectrolyte coil to an essentially nonionic conformation.
At pH 6 a 10% anionic polyacrylamide_Will have about 1 in 12 groups ionized
and -about 1 in 40 at pH 5. Thus the confiquration would be similar for the

10% anionic polYelectrolyte at pH 6 to the 40% anionic one at pH 5.

The role of simple electrolytes in macromolecular solutions. In the case
of nonionic macromolecules electrolytes could only act by reducing the
interaction between the solvent and the molecule, leading to a reduction of
the molecular volume with increasing ionic strength, ultimately followed by

precipitation of the macromolecule.

This was studied by Roberts et al. It was shown that significant doses of
aluminium ions resulted in sedimentation of nonicnic polyacrylamide. above a
critical dosage of the flocculant. Precipitation took place at pH 3, but
not at pH 3, which suggests that it may be due to complex aluminium hydroxy
species intefaéting with the poliymer to produce an inscluble product. In
the case of anicnic polyacrylamides sedimentation also took place at pH 5
but at higher concentrations of aluminium ions and higher polyelectrolyte
concentrations. This could be explained by the necessary charge
neutralisation of the -molecules of anionic pquacrylémide before

precipitation requiring higher dosages of aluminium ijons.

A technique used in this study to determine residual flocculant concentra-
tions in solution depends on the turbidimetric determination of precipitat-
ed polyacrylamides (Macefield). Some researchers have indicated that
charged species may crosslink with linear charged polymers and thus enhahce

their ability as flocculants (Black 1960).
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Electron microscope studies have indicated that tangled coils of polyelec-
trolytes may bersist in solution for long times and be responsible for
bridging phensmena. In particular the work of Richardson and Rochow sepa-
rately, e¢n high molecular weigﬁt polymers (polyacrylamide and poly-
acrylonitrile) showed that bridges had a fibrilar morpholegy that had
-.dimensions indicating that the fibrils were composed of tangled chains of

polymer molecules.

Ries and Meyers independantly, later showed micrographs of polystyrene
latex apparently joined by fibrilar bridges of PAM, with latex particles
particularly associated with triple points. Though Ries and Meyers work
was viewed with some scepticism (Napper and Hunter) Shyluk and Stow showed
that aqueous polyacrylamide showed a two stage aging process associated in
particular with a decrease in viscosity which would be consistent with the
postulated mechanism of fibril disaggregation. This aging was accelerated
by agitation, decrease in concentration and elevation of temperature. In
addition the effectiveness of the polyacrylamide as a flocculant was reduc-
ed, as measured by the rate - of subsidence, with flocculant aging. If this
tangling/untangling phenomenon does not occur the reduction in flocculation

- ability and viscosity may be due to chain scission.

The view that flocculants may be highly tangled will complicate the analy-
sis of the interaction of the flocculant with mineral surfaces, particular-

ly with a view to the’analysis of

i) the amount of polymer interacting‘with mineral surfaces

ii) the scale of the interaction in modelistic terms.

These phenomena will be discussed further when the interaction of mineral
particles with flocculants (rather than flocculant configuration) is speci-

fically discussed.
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1.3.8 Adsorption of Polymers

It is not appropriate to discuss fully here the theoretical treatments of
polymer adsorpticn. f7he reascn for this is that the complexity of the ad-
sorption process and the long times to equilibrivum, combined with the spe~
cial nature of the phenocmena of flocculaticn make the distance between any
full description of macromolecular interactions with particles in floccula-
tion and fhe present state of the theory sufficiently large to merit only a

superficial description. (Gregory 1978b) .

In a review Stromberg compares and contrasts the theories of Silberberg and

the work of Simha, Frisch and Eirich (SFE).

The picture developed of macromolecule adsorption is one of adsorbed
"trains" of monomer segments separated by polymer "loops" extending into
the bulk liquid phase. The model of Silberberg describes variations in the
fraction of segments in adsorbed trains and loops under different condi-
tions. An important finding of Silberberg (1962a,b) was that the
adsorption energies to produce lafge numbers of adsorbed segménts could be
quite small. The apparent irreversibility of macromolecule adsorption was .
explained by this finding, as was the high level of adsorptioh from dilute
solutions which results in the high affinity isotherm. - However, these
theoretical models describe equilibfium situations on infinite lattices sand
this makes their application difficult in the study of flocculation since
flocculation is a process which may be complicated by the similarity of
macromolecule sizes and particle dimensions (Vrij, Gregory 1973). In addi-
tion there is some doubt as to whether adsorpficn of flocculant fo produce
optimal flocculation constitutes a thermodynamic equilibrium (e.qg.
Jankovics). This will be pursued in the discussion of hydrodynamic
influences on polymer adsorption. The theory has not, until recently,
eFFeétively considered polyelectrdlyte adsorption as a qeneralizatidn of

.the equilibrium theories of nonionic macromolecular adsorption.
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This gap has been filled to some degree recently by the treatment of Hesse-
link who extends the work of loeve and Silberberg to include the adsorption
of polyelectrolytes. The fellowing discussicn depands heavily on this

work.

The electrical and non-electrical contributions to the adsorption are
treated separately. The essential elements of the theory aré discussed
topically; the nature of the isotherms, the effect of polymer concentra-
tion, the effect of origiﬁal surface charge, the effect of salt cencentra-
tion and the degree of dissociation and molecular weight of the polyelec-
trolyte. The properties of the adsorbed layer are then examined. The
measurable parameters of the theoretical treatment are p, the fraction of
segments adsorbed; the nonionic energy of adsorption per segment € ; the
surface. charge, o0 , the degree of dissociation, o ; and other parameters,
such as the surface coverage by adsorbed polymer, 6 ; and the thickness of

the loop layer, s .

i) At low but increasing polymer concentrations the frac-
tion of the interface. 6 , covered by polymer increases
slowly but, p , the number of adsorbed segments re-

mains constant, i.e. the expected polymer conforma-

_tion is a thin flat layer. At higher values of - 0 [

there is a fairly abrupt vincrease' in the number of

&

i

polymer segments in loops, resulting in a thicker poly-
mer layer. The transition is sharper with increasing

chain length.

ii) Thé adsorption of a negative polymer on a positive par-
ticle 1is, in general, higher than on a neutral par-
ticle, especially if the adsorption energy, € , is
low. Negative surface charge can inhibit and exclude
adsorpticn of anionic polyelectrolytes if € is low;
but a high ¢ tends to mask variations in surface

charge to a large degree.
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iv)

v)
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In general, increase in ionic skrength increases ad-
sorption., This is because of reduction in electrosta-
tic barriers to~gdsorptiona (This is also discussed by
Gregoryv(1978b)*, However,.when'charge interaction is
the main reason for adsorption the adsorption will tend

to decrease.

At high ionic strengths salting out effects. can be
important and . adsorption is therefore increased.

(Roberts et al).

In general the amouht of -palyelectrolyte adsorbed, X,
should decreasenﬁithAincreasing degreé of dissociation,
o . Hesseliﬁk.explains this phenomenon from the view-
point of Jlow computed values of surface coverage for
high degrees of dissociation while experimentalists
cited by him attributed this to the high hydrodynamic

volume of the coil.

The adsorption phenomena are almost independant of
molecular weight with respect to the surface coverage.
However the amount of pelyeiectrolyte adsorbed increas-
es markedly with increaseiin molecular weight in the
low m.w. range (1 000 ~‘}0.0UO amu). The picture at
high molecular weight is less clear since.the possibi-
lity of nonequilibrium effects is increased.  Hesse-
link presents a summary'of the properties of the ad-
sorbed layer in terms of fraction of interface covered,
fraction of ségments adsorbed, surfdce charge density

and the thickness of the adsorbed layer.

This Fofmulation has the virtue of éuggestinq to the
experimentalist simple tesﬁs of the qualitative ele-
ments of the theory. In pérticuiar, in the study of
polyelectrolyte adsorption as related to flocculation,

an - assessment  of the nature of the interaction of the
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flocculant with' the mineral surfece cen be made by
changing the degrée of hydrclysis of the fleocculant and
noting the effect of this change on the levels of
adsorption of flocculant. In addition, polyelectrolyte
configuration can be'.manipulated by varying the pH,
“thus pro#iding an assessment of the effect of configu-
ration (properly interpreted with reference to hydroly-
sis of simple electrolytes and e.d.l. variations) on

the adsorption of the polyelectrolyte.

It is necessary to be cautious, noting that Hesselink develcped his treat-
ment for 1 : 1 electrolytes (to avoid the complications of complexing in
the Stern_layer)>and also that the bridging phenomena associated with floc- :
culation may be non-equilibrium, and may therefore require careful inter-

pretation.

Of importance in the study of adsorption - flocculation phenomena is the
effect of the adsorbed trains of segments and the extended loops on the
predictions of the DLVO theory, in particular the manner in which the Vp

and VR terms are modified.

The problem was .set out in a recent paper by Overbeek (1977). Contribu-
tions to the Vg term arise from the reduction in available conformations
of extended loops when the loop-length (s) is less than the particle sepa-
ration. This is known_as the volume restriction effect. In additien when
extended loops from two different particles interact the local increase in
concentration gives rise to repulsion. This is the osmotic effect. The
osmotic effect 1is quantitatively greater. Repulsion increases with
molecular weight, solvent quality (which affects coil dimensions) and

increase in concentration of polymer and solid.

Lyklema in a recent review (1978) érgues that polymer adsorption reduces
surface charge if desorption of counterions takes place in the‘ Stern
layer. This would not happen in the case of an anionic polyelectrolyte
approaching a negatively charged surface. In the -case of neutral
macromolecules there is some doubt whether ncnionic interactions with the

surface would exclude, in particular, specifically adsorbed species at the
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IHP. Lyklema stggests the inclusion of a term Vgr in the classical DLVG
theory to take account of specific steric interactions of macromolecules

adsorbed on surfaces. The VYp term is ircreased due to the increase in
the effective radius of the particles due to adsorption, since the van der
Waals attraction is considered to -act from the new surface generated by
polymer adsorption (Gregory 1978b). When considering the specific types of
interactions that._give rise to flocculation it is ‘probable that the
specific modifications of DLVO theory do not account for all the observed
phenomena, particularly when the bridging theory of Ruehrwein and Ward is
considered. However, where flocculation does not occur, e.q. stabilization
by macromolecules, it is probable that the modified DLVO theory can be
used. In particular the location of the shear plane (probably Jlocated at
some distance from the Stern layer in these systems) with respect to the
extended polymer loops, will determine whether bridging will occur or not.

This has been depicted diagramatically by Gregory (1978b). (Figure 1.5)

Figure 1.5: Bridging can be inhibited by the position of the shear plane.
(a) No bridging is possible since the polymer is in the
mBMamd]awr. _ :
(b) Reduction in the thickness of the Stern layer or the

prevention of polymer collapse facilitates bridging.
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The nature of the interactions giving tise to flocculation, as
distinguished from coagulation, can now be discussed and thereafter the
kinetics and hydrodynamics Qf these aystems. This knowledoe will permit
the discussion of techniques of measuring flocculation and the examination

of relevant literature ccncerned with experimental flocculation studies.

1.3.9 Flocculation

The mechanism of bridging flocculation was first described hy Ruehrwein and
Ward in 1952 (Gregory 1978a). Since that time considerable progress has
been made in understanding flccculation processes.and‘their relatienship to
the process of coagulation. A number of reviews are available (Gregory
1978a); Somasundarah; La Mer and Healy (1963); Napper and Hunter; Akers
(1971); Vincent, Black (1960); Kitchener (1978)). In addition there are
a number of studies on stabilization with polymers that provide a useful
basis for comparison and evaluation (e.g. ' Stromberg, in water treatment

(Stumm and Morgan) and- more fundamental papers focusing on the nature of
stability with reference to the DLVO and chemical theories of colloid

stability.

Adscrption of pclymers is a complex process that results from four types of

interaction in the systems to be discussed here.

1) Van der Waals attraction
2) electrical double layer forces _
3) steric forces associated with adsorbed polymer layers

4) bridging.
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Flocculation in this study refers to those systems where bridging events
critically determine the nature of the aggregated suspension, though modi-
fications can be expected in all the terms of the "stability" expression.

Somasundaran suggests the expression:
Vo= Va o+ Vo + Yy o+ Vg tquation 1.9

Where Vp  1is the Van der Waals attraction

Ve is.the electrical double layer force (~VR)
Vy  is the contribution of bridging
Vgr 1s the steric contribution.

This expression is not without problems. In particular it is not clear
what the nature of the forces generating the term Vy are. Further a formu-
lation such as this stability criterion assumes that some equilibrium is
established that can be characterized by definitive Vy and Vg, terms.
The introduction of the steric ﬁerm can be defended on thermodynamic
grounds since the volume restriction:effect and the osmotic effect can be
described in terms of their free energy contributions to stability (Gregory
1978, Lyklemé 1978, 1981). However the essential nature of a bfidgihg
event 1is that adsorption occurs on two surfaces that are not on the same

particle.

In Fleers' description,»yreviewed by Vincent,"the' essential elements of
bridging, in thermodynamic terms, consist. of:
1) ~an 'adsorption attraction ' V.5, for all loops of
nominal length & where & is smaller than the partiec-

le separation, b,

2) a steric repulsion as a result of a loss of configura-
tional entropy when a loop becomes two bridges on ad-

sorption, and
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3)  a mixing term, which will result if complementary loops

are generated at the sscond surface.

The combination of these terme results in a maximal attraction value of
Vag at b = & which then rcduces as b gets smaller and the configura-
tional entropy is reduced. Above & ; V.45 decays rapidly as less adsorp-
tion is taking place. The "bridging contribution", V,, is not easily in-

cluded in the steric term.

The attraction that is describsd is only true for materials that are coated
with flocculant. Thus.any steric contributions are consquentisl to bridg-
ing. In any event the formulation .has only a quélitative value as an
essential element of the fiocculation process is the type of agitafion that
the suspension undergoes. It is not poséible to include the ccmplex

kinetic phenomena associated with agitation in an expression of | ‘. this

R

type.

Flocculation is a process depending on a number of external variables,
(which may not affect the stability- expression significantly) but which
determine in a very profound sense the bulk physical nature of flocculé~
tion. Thus it is difficult to deseribe the nature of flocculation simply
from the effect of polymer on the stability expressieon; or from implied
adsorption of flocculant, bridging events and collision efficiency since
these are kinetic phenomena and do rot allow simple -interpretation. It is
appropriate to discuss the phenomenon from the point of view of its
definition '"the aggreqation of particles by the formation of polymer
bridges between the particles" and suggest certain criteria that arise from

experimental observation and others from a consideration of the literature.

La Mer in his review discusses the bridging phenomenon from the point of
view of fractional surface coverage. Smellie and La Mer postulated that
the probability of building flocs is proporticnal to the surface covered by
polymer, 6 , and the fraction that is uncovered (1 - © )f From this a
rate expression is developed. This is known as the "half surface coverage"

condition at which the possibility of bridging events is maximized. (Gre-
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gory 1978b). It is difficult to describe whal is meant by "coverage" in
these systems as the multipliticy of polymer cuhfigurationa resulta in pro-
blems of .interpretaticn. In addition this formulation suggests that the
polymer dimensions are very small when cempared with the surface srca of
the mineral particles in suspension. The nature of the adsorption of the
polymer segments -is also of prime importance (Gregory 1978b). The adsorp-
tion should not be too strong, otherwise the extended loops that partici-
pate in bridging may be too small for effective flocculation. It has been
noted earlier smail adsorption energies result in high seghent surface
coverages, because of the cumulative effect of segmental adsorption giving.
rise to effective irreversibility. The lower adsorption energy would
favour a greater flexibility of the adsorbed polymer molecule in the con-
formational senée. The conformational elements of the system may be criti-
cal, as, in particular, adsorption of a rigid extended polyelectrolyte on
one surface may be favoured, the equivalent'adsorptiqn of a loop or tail
onto another surface, especially in conditions of high shear may be much
less favoured than adéorption of a random coil under the same conditions.
This element of the discussion does not appear to have been specifically
raised in the literature, except obliquely by van Lierde. Walles developed
~an extremely simple model of {locculant adsorption. He suggested -that ?n
adsorbing macromolecule is initially, adsorbed at ohly a few segments while
the unbonded part "freely penetrates".the sglution and can form bonds with
othef»particles. He suggests .that a particle with an extended adsorbed
polymer chain behaves as if it has the combined radius of both the polymer
molecule and the particle, but that the mass and mobility will be similar
to the bare particle. Using the rate approach of Smoluchowski he,déveloped
a flocculation parameter which is the collision frequency with polymer
attached relative to the collision frequency of the bare particles. These
‘are expressed, for different chain lengths, as a ratio of chain length to
particle radius. The.results indicate increases in collision frequency
that rise exponentially with increase in polymer chain length. This
treatment must be ceen as fundamentélly different to that of La Mer, who
did not see the problem in terms of the polymer conformation but rather in
terms of "surface coverage". The model of Walles, although éimple, points

to an entirely different conception -of floc generation that is related to
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polymer conformatien rather than surface coverage and provides a
qualitative test of the  influence of polymer conformation on the

 flecculation process.

The influence of molecular mass on the flocculation process ﬁaé oslso been a
source of discussion. Walles suggests that, in Tlocculation by bridging,
molecular mass is of critical importance since this will be a major factor
in increased molecular dimensions. La Mer in discussing his model suggest-
ed that the greater length of loops and tails in a higher molecular mass

chain would improve flocculation.

The careful work of Ash and Clayfield in flocculation of latex in a Couette
mixer showed a decrease in the polymer concentration required for optimum
flocculation (as measured by a turbidimetric technique) with increase in- -
molecular weight but found that the stability of ailkthe systems was simi-
lar. This'was over the range 59 000 -~ 5000 000 a.m.u.

Somasdndaran does hot specifically discuss molecular mass. Walles suggests
that in situations where charge neutralization is impcrtant molecular mass
will have a dimirished effect since the role of the polymer in bridging is
reduced. MNo definitive treatment of the effect of molecular mass has been
specifically appiied ta fldcculaticn though wuch experimental evidence is
avallable.

Charge neutralization is important in flocculation by polyelectrolytes as
it modifies the VR term significantly in the stability expresion. The ad-
sorption of nonionic materials can result in the physical displacement of
the OHP from the particle surface thus increasing repulsion between partic-
les (Greqory 1978b). However, it 1is also possible to decrease the
stability of systems by surface charge reducticn by chemical bonding of the
polymer in the Stern layer (specific adsorption). These phenomena have
been  described qualitatively by. Lyklema (1976, 1981). With
polyelectrolytes the higher charge -cdensity can Ffacilitate or hinder
specific interactions and electrostatic charge reduction, depending on the

sign of the charge on the surface and the polyelectrolyte.
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In general, the literature indicates that opposite charges on the surface
and polymer tends to facilitate flocculation and that in i1l defined sys-
tems nonicnic polymers are preferred. {Kitchener 1978). However, there
has been no systéematic study'oF the effect of change in.anionic character,
and increasing dissociation of the flocculants over the pH range, that has
been specifically related tc the adserption phenomena. However the early
work of Michaels and Morelos using polyacrylamides of different ionic
character showed that bdlyelectrolytes‘can be more effective than neutral
polymers even when the net surface charge is of the same sign as the floc-
culant. However, this work needs some reinterpretation. (See Section
3.5.10).

The effect of ionic strength has been shown to be more significant on
anionic polymers than on nonionic polymers (Somasundaran) in terms of
adsorption but this was not interpretéd in terms of measureable floccula-
tion parameters. (Adsorption is not per se a measure of flocculation effi-

ciency).

It has been shown that in some systems diValent or trivalent cationic spe- -
cies are required to promote flocculation. This process which is known as
sensitisation was first postulated by Michaels and Morelos as an ionic
bridging mechanism. A study (van Lierde) of the behaviour of quartz sus-
pensions in the presence of CaZ+ ions and acrylatéfpolymers indicates the
quartz, which would naturally coaguléte, may be dispersed by the présence
of polyacrylate when it is not able to form interparticle bridges. This
mechanism can be interpreted as a steric stabilization by non-rigid
slightly dissociated polyacrylate forming effective bonds through the
calcium bridges on the-quartz surfaée, thus forming impenetrable layers.
At higher pH the acrylate chains. become more rigid and extended and some
interparticle " bridging takes piace résulting in flocculation of the
gquartz. This indicates that even where "sensitisation" takes place, by the
formation of ionic bridges or any other mechanism, this does not mean that
flocculation always results. The facilitation Vof surface interaction
(sensitisation) in the case of the work of van Lierde resulted in

stabilization.
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Also of importance in the adscrption-flocculation reaction is the quality
of the solvent. In general with polyacrylamides the solubility increases
with increasing anionic character. Thus a nunionic polyacrylamide would
tend tc be adsecrbed more strongly (in the sense of nonionic bonding) than
an anionic polyacrylamide on surfaces of low charqe. It must be noted that
this could either facilitate or hinder  flocculatien, depending on the
nature of the' adsorbed layer, and the telative concentration of flocculant
and particles. This does not therefore give an indication of the efficien-

cy of the process of flccculation.

An anionic polyacrylamide would in general have a lowef\adsorption on a

surface than a nonionic one unless;

J
1)  specific chemical effects promoted increased adsorption

2) conformational effects {(such as chain extension) pro-

moted a net increase in tptél adsorbed polymer.

Thus it can be seen that flocculafion—adsorption reactions result in a com-
plex set of interactions that can modify all four terms of the extendéd
DLYO theory. A qualitative discussion of varisbles such as surface
coverage, molecular mass, conformation; ionic strength and others has been
undertaken. The effect of agitation as a macroscopic process facilitating

floc build-up and breakdown is now discussed.

1.3.10 Hydrodynamic Considerations in Fflocculation and Flocculant Ad-

ggrgtion

Two distinct areas need to be considered when the effect of agitation cn
flocculation is discussed. The first is the effect of agitation during the
period of floc formation and the second is the effect of subsequent agita-

tion on the floc structure.
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1.2.10.1  The Aggreqgation Process

The earliest discussion of the aggregabion process of fine particles is due
to Smoluchowski. e considered two cases, Lhe first where the dynamic for

aggregation 1is Brownian motion - perikinetic zgagregation: end the second

where the. particles are brcught into caontact by shear of the bulk fluid -

orthokinetic aggregation.
In the first case the collision rate, bijs could be represented:

bij = 16 m D TiViVj ' Equation 1.10
where D is the diffusicn coefficient of the primary particles radius rj and
vi and vj are the number concentration of the aggregates containing i and

j primary particles respectively.

Brownian motions of particles do make a contribution to the flocculation
process, but only in the first seconds- of agitation with very fine par-

ticles (Camp.)

In a laminar shear field where particles are not in Brownian motion the
collision frequency is:

le = 4 G (I‘i + I‘])3 Vi *Vj

3 | - Equation 1.11

where G is the shear rate (sec=1) and rj and rj are the aggregate radii of

aggregates of i and j particles respectively.

(¥4

The Smoluchowski formulation has been shown to be correct in a laminar

shear field by Swift ‘and Friedlander using a Coustte apparatus.
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A modified form of the Smoluchowski formula for laminar shear fFlow has been
developed by Hudson to deséribe‘the rate at which uncoaqulated particles

are entrapped by- coagula or {locs.

Ny = exp (—ﬁ%g t)'
No
‘ Equation 1,12
wvhere “Ni is the number of free particles at time t,
N~0 is the number of free particles at time t = 0,

is the volume of flocs or coaqula,

is ameasure of the efficiency of individual collisions,

Hudson notes that the free particle uptake is dependant on the floc volume,
if 8§ , G and t are constant and this suggests that in dilute flocculating -
systems a minimum supernatant turbidity will in general be associated with

a maximum settled bed volume.

Also, in general, increased shear rates should increase supernatant clarity

if the floc volume is rot significantly decreased.

Camp in an early paper, discussing,coégulatidn, indicated that experimehtal
evidence shows that the rate of floccﬁlation (coagulation) is directly pro-
portional to the shear rate and the number of particles. The root mean
squaréd velocity gradient is directly' proportional to the root of the
average power input and inversely proportional to the root of the absolute

viscosity so:

G:AE.
vV

Equation 1.13

where € is the average power input per unit mass and where u is the abso-
lute viscosity of the fluid. Now the rate of floc formation is directly

proportional to G, (Smoluchowski) and the time required to form the floc
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(coagulum) is therefore less the higher G is. However, Camp recognised

that higher values of G result in smaller flocs (coaqula) since

Equation 1.14

where T is the shearing force and G”the instantaneous velocity gradient.

Thus it can be seen that the aggregation rate is increased with increase in
shear rate. The clarity of the resulting suspension should also be in-
creased. However the floc size will be decreased because the shear forces

operating on the particle are increased resulting in floc rupture.

~These findings resulted from studies of coagulating systems which are
quélitatively different from flocculating systems in a number of respects.-
HoweQer the recent experimental work of Tomi and Bagster (1978) on the
galena/PAM/ water system :has’ shown a decrease in obtimum floc size with
increase in stirrer speed. Rates of flocculation are so high that no
reliable data on the rafe of floc formation is available. However the fact
that the optimum flocculant dosage decreases with étirring speed (Tomi ahd
Bagster) and that the rate of flocculant adsorption is increased
(Jankovics) perhaps serves as an indirect confirmation of the findings of

studies of coaqgulating systems.
The more qualitative work of Linke and:Bdoth also supports these findings.

A detailed discussion of the different elements of the agitation contribu-

tion to the flocculation process is now undertaken.

1.3.10.2 Flocculant Adsorption

Jankovics showed increased rates of polymer adsorption on calcium phosphate

with increase in stirring rate.
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oated magnetic stirrer bar in a volumetric

[

The stirring system was a pyrex
flask. Tha stirring speed range was 2.2 - 8 revolutions per second. The
effect of molecular mass was also ‘investigated. He showed that the rate of
adsorption decreased wilh increase in molecular mass. The level of maximum

adsorption was a constant number of flocculant molecules which indicates )
that the maximum adsorption is a function of thie number onpolymer mole-
cules rather than the molecuiar mass of the polymer in.the bulk liquid. It
ought to be noted that the long agitation times resulted in deflocculation

of the slurry.

Linke and Booth in their classic paper of the flocculation of silica by
PAM's found that increased agitation time resulted in excess flocculant ad-
sorption‘From the bulk liéuid. On the basis of their fesults they state
"In flocculated systems, so called 'adsorption isotherms' are thus ficti-
cious, and are strictly a function of the degree of agitation imposed on

the mixtures."”

This statement suggests that flocculant adsorption is not at an equilibrium
at optimum flodbulation,-and that the degree and duration of agitation pro-
foundly modifies both the adsorption of flocculant and the experimentally.

determined parameters of flocculation.

Tomi and Bagster have shown recently (1978) that in the galena/PAM/water
system high stirring rates resulted in less polymer adsorpticn for optimum
flocculation properties. However, flpc sizes were reduced (as expected

from the work of Camp).

Healy suggests that the adsorption of PAM on quartz was lower when the rate
of agitation was ihcreased (from mild to violent) which was confirmed in

the study of Bagster and Tomi.

Healy could find no increase in adsorptlon with longer agiteation tlmeo as

found by both Tomi and Bagster, and Linke and Booth earlier.
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It must be noted that there is no contradiction in these results. Two dis~

tinct phenomena are being observed:

a) The initial adsorption of floceculant resuliting in the
generation of an "optimum floc." The optimum floc re--
quires lower fleccculant adsorptidn the higher the stir-

ring rate.(The flocs will hcwever be smaller).

b) After thg-initial adsorption of flocculant Linke and
Booth and Bagster and Tomi observed deqradation of
flocs which was associated with adsorption of excess
flocculant from the bulk liquid. This process may take
place at all agitation rates but will occur much more

rapidly at'higherrates~of agitation.

In the case of Jankovics stable flocs were generated initially but the rate

of breakdown decreased with increasing flocculant molecular mass.

To summarize:

1) The rate of flocculant adsorption increases with in-

creased stirring rate.

2) The optimum Fiocculant dosage decreases with increased

stirring rate.
1.3.10.3 Floc Size

Tomi and Bagster, have noted that floc size at "optimum" flocculant concen-
tration decreases with increase in stirring rate. Jankovics noted that the
end result of long agitation times was a deflocculated suspension. These
two findings essentially incorporaté two different elements of flocculation

phenomena as related to agitation.
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The first is the mechanism of floc formation which, it has been suggested,
is analagous to coagulationfin particle mechanical terms. However, should
a floc break down under shear the possibility of reformation (above the cp-
timum flocculant. concentration) is small (Tomi and Bsgster). Thus in con-
ditions of prolonged agitation the flocculation process is distinctly dif-

ferent from coagulation phenomena (in that ruptured coagula cen reform).

- Thus the floc size (or mean. floc size) in any system will be a mixture of
contributions from the initial process of aggregatiocn, the amount of deqra-
dation as a result of the agitation conditions, and the amount of residual

flocculant in the bulk liquid (to be discussed later).

Therefore the effect of shear conditions leading to floé rupture will be

discussed more fully below.

1.3.10.4 Floc Degradation under Agitation

Various studies of flocculating systems have included some examination of
the effect of agitation (Linke and Bocth; Healy; Reich and Vold; Thomas;
Hannah et al. Tomi and Bagster (1978a) McCarty and Olsen). However, cften

the methods used allow no quantification of the agitation parameters.
General findings that may.be noted are:

1) reduction in floc size with increase in stirring time
2) reduction in floc size with stirring intensity

3) © reduction in settling rate with stirring time.

Other studies, in particular those of Tomi and Bagster; Araaman and Kauf-
mann and Parker, and reviews of Somasundaran; and Spielman, have given
some understanding of the influence of mechanical agitation and have dis-

cussed mechanisms of floc breakdown.
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In general, both ceagulating and flocculating systems have an upper limit
of aggregate size associated with each shear rate which will be determined
by the forces holding the aggregate together. In order to better analyse
flocculation and the effect of agitation the nature of the fluid behaviour

in stirred tanks is discussed below.

1.3.10.5 Turbulence in Stirred Tanks

Turbulence phenomena are complex and their mathematical description is

beyond the scope of this study. (Spielman).

Turbulence as defined by Taylor and von Kaumann (cited by Hinze) is "an
irreqular motion which in ‘general makes its sppearance in fluids, gaseous
or liquid, when they flow>past solid surfaces or even when neighbouring
streams of the same liquid flow past one another." Turbulent motion is

irregular in time and space.

The irregular nature of turbulent flow results in velocity fluctuations due

tc the generation of eddies in the fluid.

Thus the instantaneous velociﬁy of the fluid U has a contribution U which
is the mean value of the bulk flow and u the instantaneous fluctuatiocn at a

point due to turbulence thus:

U = U0 + u , where |u| becomes a measure of the intensity of

the turbulence.

In general the intensity is more usually measured

Another important concept in the examination of turbulent systems relies on
the analysis of the turbulence in terms of a spectrum of eddy sizes whose
properties in. different size ranges may be different. Thus, for instence,

experimental studies have shown that small eddies are profoundly affected
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by the viscosity of the Ffiuid and are respunsible for the dissipation of
energy because of their decay. Their size may be associatcd with a "wave

number" (to extend the epectral analegy) which will be iigh because of

their small "wave length."™ An indication of their size is given by the
dissipation microscale Age In additicn there exists an integral (or

macro) scale which it can be shown is the order of the size of the energy
containing eddies (which generally have lower wave numbers than the ‘enerqy

dissipating eddies).

Another parameter E.may be defined which is the total eﬁergy dissipétion
in the turbulence and which is equal to the work input per unit time and

mass, € , in stable homogeneous systems.

The work input generates the energy containing eddies and the dissipation

occurs in the eddiés of the order of A g°

At high Reynolds number* (olmogoroff (cited by Hinze) made simplifying
assumptions about regions of the turbulent spectrum. He indicated in his

first . hypothesis that ‘high wave number eddies are independent of external

[y

variations. They denend onl on the kinematic viscosit vV and the
Y | y ?
h

or
[

energy dissipation rate € . This range was therefore called

universal equilibrium range. Kolmogoroff defined a microscale:

1 -
NENEAR Equation 1.14
n o= | =

on dimensional grounds and a macroscale lg which is of the same order as

the integral scale.
The integral scale has a wave number kg = l/le and similarly the

microscale has a wave number Kkg.

*the Reynolds number 1is a dimensionless -number that defines the
relationship between the inertial and viscous forces in a fluid. A high Re

suggests turbulent conditions and a low one laminar shear flow.
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The high Re ensures that kg <<<< kq.

Turbulent Reynolds numbers may be defined (Hinze) such that:

Rek - T - and Rel = 1fle _Equation'1.15 and
\Y] “1.16
. ,2
Also € = 15v —§§ for dissipation (1.17)
' g
u’ 3 .
€ = A -1; , for work input (1.18)

Where A is a numerical constant of the order of unity.

We may thus define the relationships between the Kolmogoroff parameters and

the Eulerian parameters  such that:

Re, = A/15 Re§~ Equation 1.19
1
Ag/n= 158 Re,? Equation 1.20
. i
1, /Ag: A/15 Rex Equation 1.21
2. v
lo,/n = 15" % A Rey 32 Equation 1.22

Kolmogoroff's second hypothesis was that at very high Re there exists a
subrange of the universal eduilibrium range such that the effect of the
viscous component is reduced so as fo be neqgligible and the phenomena
depend only on e . This is known as the inertial subrange. The wave

number criterion is such that the wave number k of the inertial subrange be

kd << Kk < ke



C
Y.

Experimental evidence has shewn that the conditions for the existence af

the inertial subrange ace that Re\ > 1 580 or ey > 1.5« 105.

1.3.10.6 Stirred Tanks

When an impéller agitates a tank of fluid turbulence arises from sharp
velocily discontinuities édjeéent to liquidv streams discharged from the
impeller blades (Davies). There are also boundary and form separation
effects from the blades themselves. The power input, P, .in stirred tanks

is expressed in terms of a dimensionless power number, Po,

where Po = P e for baffled tanks
NPLop (Equation 1.23)
: < a - log Ret) o

or Po :( P > ( 1 ‘l) b /for unbaffled tanks
NPLPp/ VN2 S - (Equation 1.24)

Where N is the number of impeller revolutions in unit time

is the impeller diameter

Reg is the Reyholds rumber for stirred tanks QJLE_\
AU

a,b are consyants related fo the impzller type -
is the fluid density

is the kinematic viscosity.

The power input per unit mass of Flﬁid, Pms 1s equivalent to the enerqgy

dissipation rate e discussed earlier, and can be calculated using

Pm

Po N3 L5 / natz H ' Eqﬁation 1.25
‘ (where map H is the fluid volume)
where ag is the tank radius

H is the fluid air interface height
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AWy

’3
Now € = A —%*
e
so u’ = (1) /3 (Po N3 L5/ wap? ny 1/3 Equation 1.26
and le v 0.08 to 0.1 L (Davies)
hence .« = 0.43 N2 (Po/ may2n)L/3 Equation 1.27

which reduces to u” o« NL in geometrically similar tanks (since Po is the

order of 1). U for the impeller discharge stream can be calculated using

Ve = CNL3 where ~ Equation 1.28
Vf is the volﬁmetric flow rate

C is the constant (0.4 - 0.6)

This is reduced to a velocity by dividing by the swept area of the impel-

ler.
Thus U = 0.6 N3/ m(L/2)2 ~ 0.8 NL ,_ Equation 1.29

Close to the blades howevef the velocity may spproach the blade peripheral
velocity, mwLN, and u” can reach 0.5 U .so that the maxiwmum order of u” is
about NL. Pipe flow gives an sapproximate relation for the fluctuation

velocity of energy dissipating eddies, ug ¥ 2.2 NL (Re)-0.22,

1.3.10.7 The Implications for Floc Rupture

AN

Stirred tanks can be divided into three zones which are characterized
energy dissipation relative to the mean value. These regions are summariz-

ed in a table and diagram from Tomi and Bagster (1978a).

Table 1.1: Fractional volume of impeller zones and energy.

‘dissipation factors.

Zore Fractional = " Erergy Dissipation
Volune ’ . Factor
bulk 0.9 . 0.25
impeller 0.095 g 5.4

impeller tip 0.005 Sl 20
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Figure 1.6: Diagramatic representation of the 3 zones in an impeller
stirred tank. The fractional volume of the three zones is
in Table 1.1. (after Tomi and Bagster 1978a)
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A similar analysis due to Davies gives a factor of 70 near the impeller.
The higher values of enerqgy dissipation near the impeller result in lower
values of 1N probably as low as 5 um compaced with 30 - 4% yim in the bulk
of the tank. This suggests that turbulent disruption of flocs probably
happens close to the impeller. Thomas discussed the phenomenon of turbu-
lent floc disruption and he suggested that floc disruption is due to a
pressure difference acreoss the aggregate close to the turbulent eddy.
Using as a basis analyseé of turbulent disruption of droplets in imimiscib-

le liguids he suggested that the mechanisms of rupture would be:
1) Floc extension and rupture (low relative viscosity)
2) Failure due to fluid shear stress exceeding the
strength of the floc.

Thomas assumed that the Kolmogoroff criteria applied.

His analysis showed

dpax
and

dpax < (

« v732 - ¢-=5/2 iy the inertial subrange Equation 1.30

in the viscous range Equation 1.31

—
N

mlc

Tomi -and Bagster more reéentiy have considered the rupture of aggregates in
stirred vessels. Also assuming the Kolmogoroff hypothesis, they have
developed failure criteria for large aggregates, small aggregates and
aggregates of intermediate size. Working from the presupposition that
aggregates are-homogéneous in terms of structure and shape (i.e. Tgrit =

p(d)) they found:

1) dpax « e=1 in the inertial range

p(d) ~ ou'?

vhere: p(d) is the force required to rupture the floc and

d is the maximu_m floc diameter.

max



2) rupture criteria independnt of d in the viscous range
£ 4k
p(d) -~ u( )z
3)  dpax < e  in the intermediate range

p(d) v pd? ()

The equat1ons for the v1scous range and 1ntermed1ate range are regarded by ]
this author as erroneous for reasons given below. The assumption that the
Koimogoroff hypotheses hold for impeller speeds below 1 000 rpm in tanks is
uncertain and that, certainly, the second hypothesis is extremely unlikely
to hold in this region.

Tomi and Bagster showed a reasonable correlation of theory with the data of

Reich and Vold which was undertaken at high stirring rates in a blender.

In Tomi and Bagster's analysis of their own experimental results (at much
lower stirring rates) they could not corrélate floc sizes with either'the
viscous or inertial forms of their analysis, The arbitrary introduction of
the parameter Xg which 1is representive of the region of highest energy
dissipation (but does not suggest a- rigid separation of inertial and vis-
cous effects, or indeed the sepafation of energy containing eddies from
energy dissipitating ones), cannot be justified. The magnitude of Ag in
their study is the same order as 1, (about 0.1L) which suggests that
neither of Kolmogoroff's hypotheses spply and therefore the postulation of
different criteria giving rise to three rupture conditions is not valid.

(This will be discussed further in the presentation of results).

Thus while it is certain that the floc sizes gencrated in stirred tanks are
a function of the turbulent conditicns particularly related to the region
close to the impelleryanalyses based on the Kolmogoroff hypotheses are not

appropriate at agitation rates <1 000 rpm.
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Floc degradation has been shown by Tomi and Bagster; snd Healy to be a
slow process and this suggests that at leng agitation times the structure
of aggregates is still being modified.  This results in a weakening of the
floc structure followed by turbulent disruption of the floc, under the con-

stant shear conditions applied.

Spiélman, similarly, comments on the range of validity of the inertial sub-
range though he is not aware of the work of Bagster and Tomi. He indicates
that the assumption is sometimes made to allow analysis of results. Speci-
fic hydrodynamic interactions are ignored in analysis of rate processes in

turbulent coagulation.

Another mechanism has been suggested for floc degradation. Rather than
disruption occuring by a process of shear into two large fragments, a
mechanism of surface erosion on a particle scale is suggested. In particu-
lar Parker developed equations for flocs smaller and larger than the micro-

scale 1n, of the form A

dg = C/G : Equatien 1.32

where C is a floc strength coefficient ahd £ depends both on the breékup
mode (erosion or rupture) and the eddy scale leading to disruption. The
coefficient C depends strongly’éh an ill defined and immeasurable parameter
"floc surface shear 'yield strength" (Spielman). In addition the analysis
is complicated by the same assumption of the Kolmogoroff criteria which
cannot be applied in the low shear regions in flocculating systems. How-
ever, surface erosion may play a part in floc breakdown. The difficulty of
defining the nature of the turbulence (withcut simplifying assumptions) and
the time dependant nature of floc disruption in flocculation (as opposed to
coagulation) causes the difficulties in interpretation. Indeed Tomi and
Bagster in their development of a criterion for rupture of small aggregates
observe "One would therefore predict that at a critical intensity of turbu-
lence Tepity +--» all aggregates within the size range are ruptured

«sse+ In general, this behaviour is not observed in practice."
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The primary advantage of the current interest in thes hydradynamic aspects
of flocculation may be a stricter control of agitation parameters in floc-
culation studiss. In addition il may vesulbl in an upproach to the subject
from the angle of floc size-density relationships and the effect of agita-

tion on these parameters. (Michaels and Belger)
\‘g -

To Summarize:

1) Although various researchers nave studied the effect of
agitation on floc size and flee deqgradaticn quankifica«
tion of the agitaticn parameters has been neglected

except in recent studies.

2) The analysis oF‘floc disruption in turbulent conditions
has suggested that the mechanism of floc rupture is due
to the pressure difference across flocs in turbulent
eddies (of the same order of magnitude as the floc)ex-
ceeding the yield shear of the floc.  An erosion

mechanism is also proposed.

3) Since floc degradation is a slow process it is probably
due to the mechanisms suggested above coupled with in-
ternal rearrengement of the floc tnder the fiuctuating
shear forces of turbulent eddies, resulting in a

weakening of the structure followed by disruption.



1.3.M1 The Organisation and Presentation of Experimental Studies

The investigation of the literature concerned with the measurement of Floc-

culation on the one hand and the hydrodynamic dimension of flocculation on -~

the other indicated that no study in which agitation has been quantified
and controlled also embraces the traditional measures of flocculation.
Thus in the first instance it was necessary to develop a stirring system
that gave results that could be considered representative of stable condi-
tions of flocculation. This in turn necessitated the development of a
method of recording floc structure. A photographic method was developéd in
conjunction with two stirring systems, one based on a magnetic stirrer and
the other on a four blade impeller. The stirring systems were then
evaluated on the flocculation performance of the Na* kaolin treated with a

nonionic polyacrylamide.

These experiments led to the conclusion that the impeller ‘stirrer was the
best basis for further studies of flocculants and the flocculation of kao-

lin.

Three_gifferent homoionic forms of the local kaolin (Heckroodt) were pfen
paredf%nd the performance of 6 fldcculants.evaluated under standard condi-
tions of agitation. A particular advantage in the case of the 5 polyacry-
lamide flocculants was the availability of a simple method of residual
flocculant determination (Macefield) that permitted measurement of fleccu-
lant adsorption. Thus the experimental work focussed on the evaluation not
only of flocculation as assessed by classical measures of flocculation, but
also the interplay between agitation, adsorption of flocculant and the
assesment of floc structure. The effect of pH and ionic strength was also
studied to assess the importance of these parameters and also to give
greater insight into the particulér adsorption - flocculation reactions at

the molecular level.

A note is included on digital image analysis of photographic floc images
which was done to quantify the essentially qualitative findings based on

the photographic records presented in the body of the thesis.

The literature review of studies specifically concerned with flocculation
of kaolin immediately precedes the experimental studies of the 6 floccu-
lants. The' investigation of the agitation systems is more logically placed

after the literature review of the hydrodynamic elements of flocculation,

_* see Appendix 1!



CHAPTER TWO

DEVELOPMENT OF EXPERIMENTAL METHOD
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2.1 Floc'Photography

There are few instances in the literature where changes in the {loccu-
lation-adsorption rarameters have been correlated with the visual
appearance of the flocs on a microscopic and a wacroscopic scale in a
manner that allows comparison and evaluaticn (Tomi and Bagster 1980). The
method of floc photography detailed in Appendix 3 was developed initially
(foruse with a sterec optical microscope)in order to minimize the effects
of convection generated by heating from the light source. It was then
adapted for use with a camera mounted on a copy board for more routine

recording of floc sizes.

The primary motivation for generating the photographic record was the
change in floc size with flocculant dosage as well as the changes in
appearance of the flocs. More troublesome to evaluate is the degree of
association between flocs and only preliminary statements can be made about
this aspect. An additional problem in the presentation of the optical
micrographs, in particular, is the loss of depth of field that results from
the.use of only one optical path in taking photegraphs as compared with
stereo viewing of the flocculated kaolin. Incredibly detaiied,
interlocking, fine flocs are reduced to woolly clouds as the three
dimensions are projected onto the plane. One colution to this problem
would have been the provision of stereo pairs of these structures but
unless this technique becomes more firmly establiéhed such sophisticaticn
is .considered unnecessary. Essentially two types of floc structure or
"morphology" can be distinguished using the stereo-optical microscope.
| These are presented as Figures 2.1 and 2.2. The first is the "woolly"
structure mentioned above which is in fact an interloéking network of
extremely fine flocs. This network is easily disrupted by the mildest
agitation but reforms within about 10 seconds after the liquid stops
moving. Thus a thin layer of slurry distributed over a petri-dish will
appear to coalesce into a structure of flocs with largely solid free liquid
in between. This.First type of structure is generally associated with low
dosages of flocculant (0.1 - 0.5 mg/g kaolin). The second type of flac
structure 1is associated with higher dosages of flocculant. It is
characterized by loose aggregates of individual or discrete flocs that are

considerably larger than the-fine flocs that make up the woollystructure of
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CHAPTER THREE

THE FL CCULATION OF KAOLIN
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pears from the results for the Céz“vL and H* kaclins that there may be a
point of inflection -in the turbidity- flouculant dosage grapha. This has
been recorded in the construction of the graphs since the variations shown
are in excess of the normal variability of the results. It is noted how=-
ever that similar points of inflection would possibly be masked by the
rapid decrease in turbidity with anicnic and neutral flocculants.The low
level of turbidity achieved is comparable to that for CaZ+ and H* kéolin
treated with the neutral polyacrylamide. The Na* kaolin has not achieved a

minimum at a dosage of 4 mg/g.

Figures 3.15, 3.16, 3.17 show the results plotted for the Nat, Ca* and H*
homoionic forms respectively (note the change of scale in Figure 3.17).
Most notable for all the kaolins is the increasing rate of turbidity reduc-
tion in the order cationic.$ neutral > increasing anionic- character. This
~ is particularly evident for the H+ kaolin and the two useful results for
the Na* kaolin. There is a gradual increase in the minimﬁm turbidity with
increasing anionic' character up to 20% with the minimum turbidity for the
QO—APAM being similar to that of the 20-APAM. The minimum turbidity for a
given anionic flocculant seems to be relatively independént of molecular
mass. - The width of the minimum decreases in the order n-PAM > 10-APAM >
20-APAM > 40-APAM for the CaZ+ clay and in the order n-PAM > 10-APAM >
20-APAM N 40-APAM for the H* kaolin.

3.2.3  Settled Bed Heights

The essential characteristics of the settled bed height data when plotted
against flocculant dosage are shown in Figure 3.18. This is for .the 20-
APAM with the H* kaolin and Ca?*+ kaolin.. With this flocculant, as with the
other anionic flocculants, it is not possible to include results for fhe
Nat* kaolin since stable settled beds were not formed after 15 minutes of
settling, or the.beds were so diffuse and the suspended material so concen-
trated that no adequate measurements could be made. The essential charac-
teristic of the curve is the increase in bed height to a maximum with a
' subsequent decrease to a plateau value. This pattern of results was gen-
eraliy observed for all the flocculants except the cationic one. In addi-
tion it is noted that the plateau value of the CaZ+ kaolin is lower than
that of the H* kaolin. This is also generally observed for the different

flocculaqts.
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Figure 3.19 is the settled bed height vs dosage for the Nat kaoliﬁ for the
cationic flocculant and n-PAM. The characteristics of the curve for the
n-PAM are essentially the same as for the example given above. It will be
noted that the peak is broader (the cationic peak appeérs even broader
still) and there also appears to be an increase in.bed height at the high-
est dosage. This may be partly due to packing of the flocs being less ef-
ficient with increase in floc size (Dollimore and Horridge 1971/1972).
Figure 3.20 is of the settled bed height vs flocculant dosage for the Caé+
kaolin., = The initial maximum with the decrease to a plateau is present,-
though for the cationic Floccuiant the decrease is not complete. The dos-
age at which the ‘maximum is achieved decreases in the order cationic >
n-PAM > low m.w. 10-APAM > 10-APAM. > 20-APAM >40~APAM. A minor secondary
maximum is apparent for 20-APAM and may be present for the kaolin treated
with 40-APAM . and 10-APAM. The lowest minima are the 40-APAM and the n-PAM
with 20-APAM, 10-APAM and low m.w. 10-APAM being higher.and very similar.
The maxima for the 10-APAM and low m.w. 10-APAM are the broadest and it ap-

pears that higher anionic strengths result in sharper peaks.

Figure 3.21 shows the settled bed héight vs flocculaht dosage for the H*
kaolin. Again there are pronounced initial maxima followed by decrease in
settled bed height to a minimum value. The dosage at which the settled bed
height is a maximum is essentially the same as for the CaZ* kaolin except
that the differences seem more pronounced so again cationic > n;PAM > low
m.w. 10-APAM >10-APAM > 20-APAM > 40-APAM, The minima in bed height in-
crease in the order 40-APAM < 20-APAM < 10-APAM < n-PAM. Again the narrow-
“ing of the peak for the settled bed maximum is spparent with increase in

anionic character.

There is a very distinct relationship between the reduction in supernatant
turbidity and the increase in settled bed height to a max imum. In parti-
cular this trend can be noted in the reduction in dosages required to
achieve the settled bed maxima and the turbidity minima with increasing
anionic character of the flocculant. The relationship of the flocculation
parameters to flocculant adsorption is less clear. At higher dosages it

seems that the fractional adsorption of flocculant is reduced and that this
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reduction in fraction of adsorbed flccculant is coinecident with the minimun
in supernatant turbidity (i.e. at the knee in the adsorption-dosege

curves).

3.2.4 Single Floc Settling - Floc Size/Densitv Relationships

The rate of settling at a solids concentration of 1% w/w was either extrem-
ely high or, in the case of Na* kaolin treated with anionic flocculants, so
low as not to merit measurement. However it was felt that some method
should be applied to gain an impression of the settling rate and deﬁsity of
the flocs. This was achieved by timing single flocs across a graticule in
a stereo-optical microscope -and simultaneously estimating the floc dia-
meter. The full method is described in Appendix 6. The resulfs.generated
consisted of distributions of particle densities (calculated from Stokes
law) at various estimated particle sizes. These distributions could be
quite broad though onidccasion (particularly for larger flocs) they were
not (Figure 3.22). In order to reduce the volume of data and in order to ‘
get an indication of the trends, the mean value of the floc density was
calculated at each estimated floc diameter. Thus it was possible tc plot
fhe floc size (diameter) against the mean density difference for each floc
size (ie. the difference between the density of the floc and the density of

water at the temperature at which the experiment was conducted).

It was shown that for the vast majority of results the type of curve that
best fitted the results was a power expression. In this example (Figure
3.22) the r? correlation coefficient for the linearized least squares re-~
gression was 0.995. Similarly all curves with regression coefficients
better than 0;94 were regarded as acceptable in view of the type of assump-

tions made about the data.

The set of curves for the Na*, H* and Ca?* kaolin treated with n-PAM are
presénted in Figures 3.23, 3.24 and 3.25. The general trénd that can be
observed is increasing density cf the flocs with increase in flocculant
concentration. This is observed across the range of floc sizes measured.
An assessment of the accuracy of the observations can be deduced from the

lack of overlap between the curves and the data points that give rise to
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them. These results indicated that an increase in the amount of flocculant
adsorbed tends to increase the density of the flocs irrespective of the

nature of the exchangeable cation for the n-PAM.

Figures 3.26, 3.27 and 3.28 show the floc size-density difference curves

for the Na*, Ca?+ and H* kaolin treated with 10% cationic flocculant. The
Nat kaolin showed no flocculation at a dosage of 0.1 mg/g and thus the den-
Slty of the flocs could not be computed. The same trend of increasing floc
density with.flocculant dosage is observed. The same pattern of increasing
floc density with diminishing floc size is observed. These trends become
less distinct in the anionic flocculants, and they are perhaps best treated
as functions of the different homoionic types as distinctive behaviours ap-
pear for each type. Figures 3.29, 3.30, 3.31 and 3.32 are the floc size
density difference data for the low m.w. 10-APAM, 10-APAM, 20-APAM and the
40-APAM respectively for the Na* kaolin. -

Figure 3.29 shows that at the dosage of 0.1 mg/g there exists a low floc

density particularly at the larger floc radii. However the trend of in-

creasing density with increasing flocculation dosage is not followed, the

- density being very similar at the higher floc diameters for the 0.5 mg/qg, 1
" mg/g and 2 mg/g, dosages. At the higher dosages the smaller flocs seem to
be less dense than the flocs at the 0.5mg/g dosage. Figure 3.30 (10-APAM)
shows the development of density with dosage from 0.1 mg/g to 1.0 mg/g with
a decrease in density at higher dosages. Figure 3.31 shows for the 20-APAM
a very similar density for all three dosages. The 40-APAM (Figure 3.32)
shows an increase in density from 0.1 to 0.5 mg/g with a drop in den81ty at

the highest dosage (2 mg/q) in the larger floc sizes.

These four graphs indicate that for Na* kaolin there is with each type of
anionic flocculant a limiting density (for larger floc diameters) which
appears to be most pronounced with the 20-APAM. This limiting density‘may

or may not be maintained at higher dosages of flocculant.

Figures 3.33, 3.34, 3.35 and 3.36 show the floc size-density behaviour for
the low m.w. 10-APAM, 10-APAM, 20-APAM and 40-APAM respectively for the H*
kesolin. For the low m.w. 10-APAM, 10-APAM and the 20-APAM the general

trend of the results is increasing density with increasing flocculant dos-

L gewieT . e




132

FLOCCULANT CONC.
*. . 8.0 1mglyg
48 t+ L (3'. Smg/g
- o. . 1'.,>Bmg/s
181] *. « 2. Bmg/g
tj .38 F
0 2
u &
_OJ .20 }
1.
.14 |
2.op L L 1 S 1 1 L 2
.21 .32 .33 . B4 -85 - . 26 « 87 .28

DENSITY DITF RENCE
(g/cm 2

. ElOURE 227 | |
FLOL SIZE ve DENSITY DIFFERENCE [Ca-/(ao]xn/]ow e We Jﬁffa" F./occu./ané]

.50
FLOCCULANT CONC.
‘2 *, . 8. Img/g
- +, . 2. SEmg/g
o.. 1. Bmg/g
w e« 2. Bmg/g
— . .38 .. 4. Bmg/g
0 4
o <
O 8
7 .20
i
v S~
- lg o = \~~
: \':Qk__:_:"*\__
—_— : MN-—.
a.80 K ! 1 . .y 1 3
21 g2 .23 34 . a5, ge .87 . 2e
| DENSITY DIF‘FERENCE
FICURE 3. 26 (g/om™3)

ICZO/‘ SIZE v DENSTTY 0]/—45/?’71/”(‘_ Kool inlow m w 1020at Floccwlanty

N PG R, W, e T AU £ T PN T A

T ASS AR o r, 4ao m

et o e e



133

. S8
. 48
Ll
N .38
R
[
g <
g 23
ll‘.
.18
a. o
FIEURE 3. 29

FLOCCULANT (CONC.
A Ilmg/g
.. Smg/g
©o. . 1."G.mg/s
2. 3mg/g

m

DENSITY DIFFERENC
(g/om™ 3 ) B

FLOL SI7E ve OENSTTV OIFFERENCE  Na-Hoolin/low m w. JA8AR—Fol )/acr*/] dm.z’a’e.

.58

- 48

.38

Cmmd

.28

FLOC SIZE

.18

FICURE 3. 78

FLOCCULANT . CONC.
#*, .0, 1mg/g :
“+. . B. Smg/g
c..1l.8mg/g
*. » 2. Bmg/g
#..4.Bmg’/g

C—.
- T—. .
*#»\?:’im“ } ) — =
H 1 i L 1 1 i
.21 .D2 .23 . B4 .25 . .85 .87 .06

DENSITY DIFFERENCE
: (g/am™ 3D . -

FLOE STZE vs. LOFNSTTY DIFFFRENCE [Hat-HKaolin / I83An—Fol "yacryl amidel

N



FLOC SIZE

.50
. 40
.30

~

£

E

A%
.20
.10
e. o2

FIGURE 3. 31

FLOC SIZE ve. LDENSITY DIFFERENCE [Na—Fao

.53

Cmmd

FLOC SIZE

a.

FIGURE 3. 32

FLOC S77E ve. DENSITY DIfFERENCE [MNet—Fwol .1;'/7 S HEGRAR~Polyvacryd amidels

42

38

.28

1@

2g

T
4=

FLOCCULANT CONC.
*..d. Img/g
+..3d. 5mg/g
o..1.8mg/g

DENSITY DIFFERENCE
) (s/am'B) ’

4 .z'h e 2@2’(4/7 ol ‘yacry lamidel

”~

FLOCCULANT CONC.
«, .02, lms/g
+..02. Smg/g
o..1l. mg/g

x. o 2. Bmg/g

(g/om”

DENSITY DIFFERENCE

32

.25

¢

R BT Ty 3 W S Rty Al

e Rt i — 30 | e e

<
1

H



FLOC SIZE

<mmd

135

.. 50

<48

.38

.28

- 8. 1mg/g
+..ﬂ.5ms/g
o..l.ﬁmg/s

. - 2. Bmg/g

FLOCCULANT CONC.

RMU%ﬂ959

FZCZ‘SYZZ'VS é%?%?ff?’&”?ffﬁfﬂ[f' ﬁ“ﬁbo]:n/ic»'nm.%.h?%%v#Fb{,aaqy]amxaé

FLOC SIZE

Cmmd

. B2

DENSITY DIFF

- Cg/om™3D

ERENCE

.58

.38

.20

FLOCCULANT CONC.

- %, . 0. 1mg/g
+..08. Smg/g
o.. 1l. @mg/g

FICURE 3. 34

FLOL ST75 v,

1
.

1
.02

DENS ITY DIFF ERE—.N"E

(g/om 3)

.28

LENSTTY LIF F[/?E/W‘F /7“/”‘/1/(:0].zr1 ' !.@is/fr-/’o]/vam»y Llemidel



574}
FLOCCULANT CONC.
*. . 3. 1mg/qg
N o +. . 3. Smg/g
. o..l.@mg/S. :
e |
N .3 |
"1
U v
E} o
L.
.18 |-
2. 80 1 ) [l ! L " L Il 1
.21 .32 .23 . B4 .35 .26 .37 .e8

DENSITY DIFFERENCE
) : » (g/om"S)l :
FICURE 3. 35 :

FLOE STZE ves, LENSTTY OIFFERENCE [H-Haolin /7 AR ~Polyacrylamidel

FLOC SIZE

.50 - \\u - -
‘ v . B FLOCCULANT CONC.
' \ \ o o : *,. . 0. 1mglg
<48 + ¢ o\ + ) . . . B, 5"“9/9
\\ S. . l.zmg/g
‘ - .
.30 |
)
£
£
A4
.28
OIB o
1 1 ] .]‘ 1 1 1
@. a2 . 91 .82 . B3 .24 . B85 .26 . 07 .68
DENSITY DIFFERENCE
(g/om"3>» .
- FLOURE 3. 36

FLOD SIZE veo, LENSITY OIFFERENCE [H~Ffoolin / 4884n~Pol /vao/'*/v]&m.z‘a/e] ,

- "

————

o gt ———

T A e

[ SRR



137

age, as was noted for the n-PAM for all three homoionic forms of the
kaolin. This consistent relationship breaks down with the 40-APAM which
appears to reach a limiting density for the 0.5 mg/g and 1.0 mg/g dosages.
The same may be said for smaller floc sizes for the 20-APAM.  The same
basic trend is followed for the CaZ* kaolin (Figures 3.37, 3.38, 3.39 and
3.40) for the low m.w. 10-APAM, 10-APAM, 20-APAM and 40-APAM though the
highest dosage (4 mg/g) for the 10-APAM shows a decrease in density. Thus
the limit in floc density with dosage seems to be restricted, for the flaoc-
culant concentrations measured,to Na* kaolin treated with anionic floccu-
lants and H* and Ca?* kaolin treated with highly anionic flacculants.
There is always, except in the case of the Na* kaolin treated with 20-APAM,

some increase in floc density with increase in flocculant dosage.

A number of other interesting phenomena may be observed from the floc size

density difference relationships. One of the most striking is the coinci-

dence in the floc size density data for the lowest dosage of flocculant

(0.1 mg/g). There is no similar relationship for the maximum densities
achieved. The highest density differences recorded are for the smaller
flocs but none of them approaches the density difference between kaolin and
water (1.65 g/cm’) the highest being about 0.25 g/cm3. This corresponds to
a particle mass concentration of about 16%. The lowest densities (large

flocs/low dosages) correspond to density differences of about 0.004 g/cm3,

or a solids concentration of about 0.24%. This represents a density change'

of nearly two orders of magnitude. However for the same floc size (say
flocs of 0.3 mm diameter) the density slightly more than doubles in the
most extreme cases of density difference increase (that is - to say the

solids concentration doubles).

3.2.5 Floc Photography.

Floc photography was used to examine the visual characteristics of flocs.
That information in conjunction with the flocculation-adsorption measure-
ments-and the floc density determinations can provide an assessment of the
flocculation process. The photographs presented here are intended.to pro-
vide a basis for the interpretation of photographic records of flocculated

"slurries.
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One of the primary assessments that can be made from the photographic re-

cord is that of floc size. The change in floc size with the following

variables can be observed :-

(i) flocculant dosage .
(ii) different flocculants at a single dosage and
(iii) different homoionic forms of the kaolin with a single flocculant

at a single dosage.

An example of the first instance is the series of photographs of the Na*
kaolin treated with n-PAM (0.25 mg/g, 1 mg/g, 2 mg/q and 4 mg/g) that were
used for evaluating floc size by image analysis (see.Section 3.6). The
rapid increase in. floc size with flocculant dosage is obvious (Figure
3.41). By contast the H* kaolin treated with 40-APAM shows the ultimate
floc size is already achieved at a concentration of 1 mg/q with no apparent

increase at higher dosages (Figure 3.42).

The second type of assessment that can be made is of the different floc
sizes at a single dosage for different flocculants. This can already be
noted by cross comparison of Figures 3.41 and 3.42. Fiqure 3.43 is the
photographs of the Cazf kaolin treated by a range of fiocculants at & dos-
age of 1 mg/g. It is. apparent from these photographs that the cationic
flocculant has the smallest floc size (the flocs are of the "woolly"
type). The 20-APAM and 10-APAM have the largest flocs with the low m.w.
10-APAM and 40-APAM perhaps somewhat smaller and the n-PAM smaller':iﬁbugh

considerably more discrete than is the case for the cationic flocculant.

The situation for the H+ kaolin is somewhat different (Figure 3.44). At
the 1 mg/g dosage the largest flocs are generated by the 20-APAM with .the
sizes decreasing in the order of 20-APAM >> 40-APAM > 10-APAM A n-PAM > low
m.w. 10-APAM ~cationic. A similar examination of the Na* kaolin at the
same dosage of flocculant (Figure 3.45) reveals the order n-PAM >>
40-APAM " 20-APAM > low m.w. 10-APAM > cationic, the result for the
10~APAM being similar to the low m.w. 10 APAM, but no photograph is avail-
able. '
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cationic

20-APAM 2.0cm

Figure 3.46: Dosage required to form stable flocs drops with increase in
anionic character of the flocculant. H' kaolin treated with

three flocculants. 20-APAM flocs large at dosag of 0.5mg/g.
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no drop off in adsorption below pH 3.5 as with the Nat kaolin treated with
n-PAM. The minimum of the 40-APAM adsorpticn curve is somewhat lower and
at a pH of 6.1. The Ca’* kaolin shows a distinctively different behavi-
our. The n-PAM does not decrease in adsorption as significantly as with
the Na* and H* kaclins. The 40-APAM adsorption increases initially and
then falls off linearly to a low level and then beqins to flatten out. No
minimum is reached in the fegion studied. Superposition of figures 3.3.3
and 3.3.4 (Figure 3.3.6) shows the interseétion of all four adsorption pH
curves for the singly valent homoionic clays at a pH of 3.1. The Cal+
kaolin does not follow this pattern.

)

3.3.3 Supernatant Turbidity

Figures 3.3.7, 3.3.8 and 3.3.9 show the variation in supernatant turbidity
for the Na*, H* and CaZ* kaolin respectively treated with n-PAM and 40-
APAM. | |

There is a sﬁall increase in supernatant turbidity with increasing pH for
the Na* material treated with n-PAM. The 40-APAM however shows a low turb-
idity at low pHwhich increases rapidly and is in excess of 500 JfU at pH
6.5. The H* kaolin (Figure 3.3.8) follows a practically identical pattern
with the increase in turbidity with the 40-APAM being shifted slightly to
the r1qht t(higher pH). The n-PAM treated CaZ+ kaolin (Fig. 3.3.9) is very

similar to the H* and Na' kaolins when the turbidities are compared.
 However the CaZ* kaolin when treated with 40-APAM exhibits a region of high
turbidity from pH‘4 to 6.5 with regions of low turbidity at higher and

lower pH's and at pH 9 there is 'again an increased turbidity.

3.3.4  Settled Bed Height

The settled béd heights vs pH of the kaolins flocculated by n-PAM are pres-
ented in Figure 3.3.10. As can be seen there is in each case a decrease in
bed height with increase in pH (almost not evident for Ca*). The bed
heights decrease in the order Na*t > H* > Ca?* which is the same as the re-
sults in the natural pH studies. The bed heights for the kaolins treated

with 40-APAM as a function of pH are presented in Figure 3.3.11. In this
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case the Na* and H* clays have bowl shaped settled bed hzight curves with‘
rather higher bed heights at low pH. The £a’* Kksolin treated with 40-APAM
has rather similar behavicur to the Na* and H* kaoulin treated with n-PAM

with decreasing bed height at higher pH.

3.3.5 Floc Photography

Floc photography of Nat* kaolin when treated with n-PAM reveals a progres-
sive increase in floc size with increase in pH. This can be shown from the -
photographs at pH 7.61, 4.18 and 3.41 (Figure 3.3.12). By contrast the be-
haviour of the Na* kaolin treated. with 40-APAM is more complex. At pH 7.1
the flocs are small and woolly and of the associative type. As the pH
drops to pH 5.44 the flocs become larger and more coherent (i.e. discrete)
but further drop in pH results in smaller flocs as is the case with the
n-PAM. Figure 3.3.13 shows this at pH 7.1, 5.45 and 3.6. Note alsoAthe
generally smaller size of flocs produced with the anionic flocculant on the

Na* kaolin.

3.4 The Effect of Ionic Strength Variation on Flocculation’

If flocculant concentration and pH can be conceived as two different axes
along which results of adsorption studies may be projected a very obvious
third is ionic strength. In the literature review it was seen that ionic
strength modified both the behaviour of the kaolin, through compression of
the double layer, and the behaviour of macromolecules where the role of the
increased ionic strength is generally in the compression of the macromole-

cule and in reducing its solubility in some circumstances.

As with the work on the role of pH in adsorption the flocculant dosage
chosen for the experiments was 2 mg/g kaolin. The "indifferent" electro-
lyte chosen was NaCl. It is possible to compute a minimum ionic strength
‘that the clay itself will possess by virtue of its base exchange capacity.
This is 3 m.e./100g kaolin (Heckroedt). Thus 1g of kaolin in 100 ml of
water will contribute to an ionic strength of about 3 x 10-4 M. This value

was chosen as the minimum ionic strength for this study. The pH was con-
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trolled at 6.5 (¢ 0.3) for the Na* kaolin, 6.0 (£ 0.4) for the H* kaolin
and 7.0 (£ 0.2) for the Ca* kaclin. These values were chosen a3 they re-
sulted in the lowest additicns of HC1 and MaOH in order to stabilize the pH

at the given level close to neutral pH.

The NaCl was added at the start of the aging stir (15 minutes) in the appr-
opriate amount. The pH was contrclled by an addition of HC1l or NaOH one
minute before the completion of the aging as was the case for the pH exper-
iments. The experimental process followed the same routine as for the pH
‘experiments from the addition of flocculant. The control samples (no floc-
culant added) showed very consistent bed volumes for the HY and Cal+
kaolins, while the Na¥™ showed an increase from 3 x 10~%M to 1 x 107°M with
a decreasing bed volume at higher ionic strengths.. The Na* and H* kaolins
showed the anticipated drop in supernatant turbidity while the Ca?* kaolin

showed an increase between 107 -3 and 5 X 10- 3M.

3.4.1  Flocculant Adsorption, Supernatant Turbidity and Settled Bed
_Heights

The flocculant adsorption vs ionic strength is shown in Figure 3.4.1 fdr
the n-PAM (H* and Na™ kaolin) and the 40-APAM (H*, CaZ* and Na* kaolin).
The similarity in the shape of the curves of the kaolins treated with the
n-PAM is remarkable, there is an initial increase followed by a decrease
in flocculaht‘adsorption with a maximum at an eléctrclyte concentration of

5 - 7 x 10-7M.

The CaZ* and Na* kaolins treated with the 40-APAM are also similar in that
they both exhibit a minimum in the range 3 - 5 x 10~°M. The H* kaolin

treated with 40-APAM has a continuously increasing flocculant adsorptlon

across the range of electrolyte concentrations tested. The settled bed

heights (Figure 3.4.2) of the various kaolins remain in the familiar order
Nat > HT" > Caz+observed earlier. The Na* shows greater deviation which
mimics the variation in the untreated bed volume for the 40-APAM though it
does not for the n-PAM. The settled bed heights of the H* and Ca2* samples
are particularly stable as was the case for the pH results. The superna-
tant turbidities (Figure 3.4.3) follow similar trends to the untreated mat-
erial for the 40-APAM, except that the minima achieved are lower. The CaZ+
“shows an increasing supernatant turbidity with electrolyte concentration
for the 40-APAM. The turbidities are consistently low for the Na* and H*
kaolins treated with n-PAM.
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3.5 Discussian

3.5.1 Effect of icnic character of flocculant on adsorpticn and floccu-

lation. Stability under agitation

The development of the experimental method was based on the response to ag-
itation of the nonionic polyacrylamide. Thus it was anticipated that the
. flocs formed using different flocculants would be of different sizes under
the same experimental conditions. The stability of some flocs under . the
given conditions of agitation, moreover, provides an assessment of their
properties when compared with flocs that suffer degradation under the iden-
tical conditions of agitation. The method of floc photography used in this .
study can provide an indication of the stability of flocs generated with
different flocculants. At a single dosage, using a range of flocculants,
the photographic evidence of floc size suggests that larder flocs are more
stable (since they have 'survived' the standard conditions of agitation)
than flocs which appear either disrupted or have the form of flocs that are

formed in the presence of insufficient flocculant.

This assessment of floc stability or instability decided by floc size cri-

eria provides a basis for the description of how other flocculation para-
meters are affected by floc breakdown, and the role that flocculant adsorb—
tion plays in thié process. Combined with this approach is the investiga-
tion of the variation of floc density with increase in flocculant concen-
tration. Results from single floc settling experiments facilitateéd in par-

ticular the understanding of settled bed height variations.

3.5.2 Effect of Ionic Character of Flocculant on Adsorption

The characteristics of the adsorption vs flocculant dusage curveé have been
described. The most notable difference in these results is the behaviour
of the Na* kaolin when compared with the H* and Ca?* kaolins. This is the
reduction in the level of flocculant adsorptioh for the Ca?* and more mark-
edly for the H* kaolin with increasing anionic character of the flocculant.
This does not occur for the Na* kaolin. Flec photography of Na* kaolin

treated with different flocculants showed that only the n«PAM generated
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large coherent flocs. This finding is confirmed by the high supernatant
turbidities of the Na%t kaolin treated with the anionic flocculants and thé
difficulties encountered in measuring the settled bed height of the materi-~
al treated with the anionic flocculants. These findings indicate that ani-
onic flocculants are extremely ineffective flocculants of Na*t kaolin at its
natural pi. However there is still a marked level of flocculant adsorption
of the anionic flocculants, considersbly hore in fact than is necessary to
flocculate the CaZ* and H* kaolins. This assessment is further reinforced
by the distinctive floc size/dehsity behaviour of the Na* kaolin. As has
been menticned, the Na* kaolins achieve a maximum density as the dosage of
flocculant is increased and higﬁer dosages may result in a decrease in den-
sity. This can be shown graphically (Figure 3.5.1) for a floc diameter of

0.3mm. This observation when viewed in conjunction with the floc appear-

ance for the material treated with the anionic flocculants suggests that
the limit (and the decrease) in densify may be due to floc disruption and
resuspension of stabilised material (which is confirmed by the high super-

natant turbidities and high levels of flocculant adsorption). -

By contrast the flocs formed by the CaZ* and H" kaolins and anionic floccu-
lants at their natural pH are extremely stable. The large flocs formed by
"~ the H™ kaolin treated with 20-APAM provide a contrast with the behaviour of

the Nat kaolin treated with the same flocculant.

A comparison of the variation in floc density at the 0.3 mm floc size for
the H* kaolin plotted against flocculant dosage (Figure 3.5.2) with the
equivalent plot for the Na* kaolin (Figure 3.5.1) again reveals this dif-
ference. The density of the flocs generated from the HY kaolin increase
with dosage and the densities of the flocs produced at each dosage also in-
crease with increasing anionic character of the flocculant. Note however
that at the lowest dosage in both cases the density of the flocs is nearly

identical.

Earlier workers, in particular Linke and Booth; and Black, Birkner and
Morgan (1965), found that optimum flocs were produced at the point of the
adsorption graph where adsorption was no longer total (i.e. at the knee).
The first study was concerned with settling rate and the second with mini-

mum supernatant turbidity. In this study it also appears that there is a
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relationship between the knee in the adsorption vs dosage plots and the
maximum in the settled bed height and the minimum in supernatant turbidity.
In the case of the H* kaolin the higher dosage reqgion of the adsorption vs
dosage data there is no increase in adsorption with increase in dosage.
Linke and Booth also made the observation that, in the presence of excess
flocculant, floc breakdown is facilitated with agitation. This has been
confirmed by the results of the expériments on the effect of agitation on
floc structure in this study. The level of floceculant adsorption at dif-
ferent dosages therefore provides an indication of the dosage at which co-
herent flocs are formed, if at all. This is confirmation of the instabil-
ity of Na* kaolin flocs generated with anionic flocculants. The lack of a
knee in the adsorption vs dosage data or the characteristic features of the
stable adsorption plots (best exemplified by the H* kaolin) shows the way
adsorption data may reflect the condition of suspensions treated with floc-
culants. An indication of the instability in a suspension of flocs could
be found in the increase in the level of adsorbed flocculant at flocculant
dosages above the characteristic knee in the adsorption vs flocculant dos-
age graphs. In addition the level of adsorption required to form stable
ficcs can be estimated from the knee. A series of three graphs for the H*
kaolin (Figure 3.5.3) the CaZ* Kkaolin (Figure 3.5.4) and the Nat kanlin
(Figure 3.5.5) indicates how this assessment correlates with the present
view that anionic flocculants are extremely inefficient with the Na*
kaolin. The graphs are of flocculant adsorption at the 1 mg/g and the 4
mg/g dosages of flocculant plotted against the degree of anionic character
of the flocculant. The differénce between the two levels of adsorption for
any one flocculant is an indication of the stability of the flocs (if the

difference is small) or the relative instability (if it is large).

Figure 3.5.3 and 3.5.4 show that for the H* and Ca?* kaolin the concentra-
tion of flocculant seems to affect the level of adsorption to a smaller de-
gree as the anionic character of the flocculant is increased. In addition
the level of adsorption itself falls as the anionic character is increased.
This is not frue for the Na* kaolin: the difference between the level of
adsorption at the two different dosages remains large and the reduction in

adsorption does not occur in the same way.
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3.5.3 The Interaction of Anionic Flocculants with Kaclin

The differences .in behaviour discussed sbove may be in part due to the dif-
ferences in the nstural pH of the three homoionic forms of the kaolin.
This will be examined in a subsequent section. llowever the level of floc-
culant adsorption is, in the case of the Ca?+ and the H* kaolins decreasing
substantially with no decrease in the stability of the flocs generated.
Indeed, if the criterion for floc stability evaluation is floc size and the
dosage at which stable flocs are formed, the increase in anionic character
seems to improve the flocculation. - This increase in floc stability must be
assoclated with a more efficient bonding on the kanlin surface. This could
result from a greatef number of adsorbed segments of flocculant or a higher
segmental bond energy. The first possibility is extremely unlikely as it
would tend to reduce the length of loops extended into the diffuse layer
and beyond and would thus inhibit rather than facilitate bridging events.
Thus there must be an electrostatic contribution to the bonding. - In the
case of the H' kaolin this could be the result of adsorption occuring at
positively charged edge sites through innised carboxyl groups on the floc-
culant. This would in addition cause charge neutralisation of the edges of
the kaolin thus effectively reducing edge-~edge repulsicn between fhe par-
ticles. The lower levels of flocculant adsorption with increasing anionic
character can also be attributed to the more extended conformaticn of the
more anionic flocculants at the natural pH of the H¥ kaolin and their
greater charge density facilitating both the process of charge neutraliza-
tion and effective interparticle bridging. In the case of the CaZ* kaolin
the higher pH makes it unlikely that many positive edge charyes are avail-
able (ctherwise the same mechanism could be suggested for the Nat kaolin
and this does not occur) and therefore it is necessary to postulate that
the more effective bridging mechanism is related  to the pfesence of the
divalent Ca ien. The most likely mechanism of action is through the forma-
tion of electrostatic bonds between the surface and the flocculant (both
negatively charged) by the formation of an ioric bridge. This fole has
been suggested for the Ca?* ion by other researchers (van Lierde; Black

1960) .
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3.5.4 Effects of Agitation on Adsorption-

In the case of the Na%* laolin there is no possihiliﬂy of icnic bridging and
there are few or no edge positive charges for electrostatic bond formation.
Thus at this high pH the most efficient bonding would be hydregen bond-
ing, since both the kaolin and the anionic polyelectrolytes are highly neg-
atively charged. However the level of adsorption is high., This is a re-
sult of the agitation of the suspension causing floc disruption. In the
case of the Na* kaolin the weak bonds formed on addition of the extended,
rigid polyelectrolyte are easily'disrupted and thus flocs formed in the
first moments of flocculant addition are broken down by agitation. This
will not occur, of course, with the nonionic flocculant. Since new surfac-

es are exposed by the disruption process and an excess of flocculant is
present more is adsorbed. However as more flocculant is adsorbed on newly
exposed mineral surfaces the possibility of new efficient bridging events

is reduced.

' By contrast both the H* kaolin and the Ca?* kaolin initially form stronger
more enduring bonds since they have a marked electrostatic component. Thus
the process of disruption and excess flocculant adsorption does not occur.
The progressively lower levels of adsorption with increasing anionic cha-
racter result( ;from a combination of increased bridging efficiency, as a
result of greater molecular volume (due to repulsion between the ionised
acrylate groups on the polymer) and a bonding type that results in the
formation of strong bonds on the surface that are not disrupted during agi-
tation (which also suggests charge neutralization in the case of the Ht
kaolin). Flocculation in the presence of excess flocculant requires endur-
ing bridges between particles that, by their manner of formation, specifi-
cally exclude certain regions of the mineral surface from polymer adsorp-
tion. . This results in closed, convoluted particle-polymer arrangements
called flocs. Levels of flocculant dosage that result in the adsorption of
the bulk of the flocculant result in flocs that are smaller and more dif-
fuse. It has been noted that the small flocs, when not agitated, form
loose aggregates. These aggregates are easily disrupted on stirring. The
above description of the flocculation process suggests that the small flocs
are the stable unit under the dynamic conditions of agitation but that

there remain exposed areas of mineral surface available for adsorption.



179

Extended polymer loops can undergo temporary association with other sur-
faces when agitation is stopped. This suggests that for each flocculant
there will be e cencentration of the flccculant which, under given condi-
tions of agitation, will result in the formation of large stable flocs.
In the case of the H* and Ca?* kaolins photographic evidence showed that
the more anionic flocculants formed large discrete flocs at lower dosages
than the neutral or cationic types. This is further confirmed by the evi-

dence of the settled bed heights.

3.5.5. Settled Bed Height

The characteristic form of the settled bed height vs dosage data is an inc--
reasing bed height to a peak with a subsequent decrease to a plateau
level. The low bed heights at low dosages in all cases represent higher
bed heights than those of the untreated control samples. This suggests the
development of a structure in the kaolin suspension. The maximum in bed
height represents the point at which flocs become discrete incompressible
units under conditions of settling. Below this dosage the flocs are known
to be less dense from single floc settling experiments, (suggesting a high-
er settled bed volume) but they have lower bed heights because they are
compressible. Above the dosage at which the flocs have a maximum in sest-
tled bed volume the floc density is still increasing and this results in a
reduction in settled bed height. In the case of the Ca2* and H* kaolins a
distinctive pattern of behaviour is observed as the anionic character of
the flocculant is increased in that the peak in the settled bed height oc-
curs ac lower flocculant ddsages and is also narrower. This mimics the re-
duced levels of adsorption required to produce coherent floecs. This sug-
gests the density increases in the case of the H* and the CaZ* kaolin more
rapidly as the degree of anionic character of the flocculant is increased.
This is evident from the graph of éettled bed height for the H* kaolin vs
flocculant dosage presented here in a slightly different form (Figure
3.5.6). The initial rise in settled bed height is not indicated but only
the drop in settled bed Height with increase in flocculant dosage is shown.
It can be seen that the most anionic flocculant shows both the most rapid
decrease in bed height and the lowest bed height and that the trend for the
other flocculants is in decreasing order of anionic character. CIf this

diagram is compared to figure 3.5.2 which is from data for the single floc
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settling (floc Size;density) experiments, it can be seen that the inverse
relationship is followed for the floc density with dosage of flocculant
over the same range. This prevides an independant measurement of this phe-
nomenon and confirms the explanation given above, based on an understanding
of variations in floc density with increase in flocculant dosage. It is
notable that the trend of these settled bed results follows the pattern of
results observed by Dollimore and Horridge (1972), although a general char-
acteristic of the results in that study was an increase in settled bed
volume after the minimum (at which the sedimentation rate was a méximum).
This may be due to the higher solids concentration used in that study. The
present explanation of the settled bed data, relating it to the increase in
density and coherence of the flocs is entirely consistent with the results
qF Dollimore and Horridge (1972). The increase in floc density may reach a
limit at higher dosages of flocculant or alternatively the excess floccu-
lant levels are so high that they contribute to the disruption of the floc

structure.

3.5.6. Supernatant Turbidity

Examination of the supernatant turbidity results confirms the deécription
_of the processes by which the settled bed heights change with flocculant
dosage; Below the dosages where significant excess flocculant is present
the supernatant turbidity is high. It then drops to a plateau or to a
minimum followed by a subsequent increase in turbidity. Before coherent
flocs are formed (i.e. below the maximum in settled bed height) small flocs
and unflocculated material contribute to the supernatant turbidity. At
dosages just beyond the point where incompressible coherent flocs are form-
ed excess flocculant appears in the supernatant. Thus no kaolin escapes
interaction with flocculant and most material is incorporated into flocs,
the result being a minimum in supernatant turbidity. Where this low level
of turbidity persists it is clear that these processes are still effici-
ent. However where there is an increase in supernatant turbidity. with
increase in dosage some other process must begin to cperate. Results show
that this occurs as the anionic character of the flocculant is increased.
The increased turbidity may result in the case of the H* and Ca?* kaolins,
from stronger bonding taking place. - Very fine particles cculd interact

with a single or a number of flocculant molecules in such a way as to be
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stabilised in suspensidn before a successful bridging event takes place,
The higher the flocculant concentration the more iikely such events become,
resulting in an-increasing number of stabilised particles. Since the more
anionic the flocculant the higher it's viscosity, it is likely that part of
the increased turbidity is due to the lower settling rates that result from

this increase.

It is noted that there is a progressive decrease in the dosage at which the
minimum in supernatant. turbidity is found as the anionic character of the
flocculant is increased for the H* and Ca%* kaolins. The dosage at which
fhe minimum is achieved moves to lower dosages and this indicates that
there is a relationship of the turbidity minimum to the settled bed peak
and also to the knee in the adsorption vs dosage graphs for these two kao-
lins. It serves to confirm the increased flocculating efficiency of the
anionic flocculants in that they achieve the low level of turbidity at much

lower levels of adsorption.

The results of Dollimore and Horridge (1972) show much more dramatic de-
creases in light transmission (increases in turbidity) with dosage,thah are
recorded in this study. This may be due to the higher particle concentra-

“tions used in their study.

3.5.7, The Anomalous Behaviour of Cationic Flocculants

A major point of difference between the findings of the present study and
those of Dollimore and Hofridge is ‘in the behaviour of the kaolin floccu-
lated with cationic flocculants. - Unfortunately the method used to deter-
mine the adsorption of the polyacrylamides could not be used to determine
the level of adsorption of the cationic. flocculants, but it is clear from
the settled bed results and the supernatant turbidities that the cationie
flocculant is less efficient than. the nonionic and anionic polyacrylamid-
es. By contrast the results of Dollimore and Horridge suggest that the
cationic flocculants were the most efficient. In addition the settled bed
‘maximum in this siudy was highest for the cationic flocculant but lowest in
the study of Dollimore and Horridge. A possible reason for this difference
is to be found in the different methods of agitation. The method used by

Dollimore and Horridge is of short duration compared to the 15 minute agi-
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tation using the impeller stirrer. Thus it is possible that the endurance
‘of the bonding of the cationic flocculant to the keolin surface is less
than that of the ronicnic and anicnic flocculants., s a conseguence the
flocs may break down more easily. This is however a praoblematic explana-
tion. In particular it does not explain why the characteristics of floc
breakdown  observed with the Na* kaolin (treated with anionic flocculants)
are not repeated. The bed heights decrease (as does the supernatant tur-
bidity) in a manner that suggests that the cationic flocculant only requir-
es a higher dosage of flocculant to perform the task of flocculation.
Theng (1982) has indicated that catiQnic polyelectrolytes interact strongly
with negatively charged élay surfaces and that polymer collapse occurs. In
a flocculating system the agitation time would critically affect this pro-
cess with longer agitation favouring the rupture of bridges and the col-
lapse of the polymer. Higher dosages would tend to reduce this process be-
cause of steric factors becoming more important. This may also contribute
to the discontinuity in the turbidity data if the change in adsorption be-
haviour (suggested by Hesselink) from predominantly adsorbed polymer seg-
ments to extended loops occurs at this dosage. This could be related to
two different procesées of reducing the degree of dispersion of the kaolin,
-~ the first being the neutralization of surface charge (recorded electro-
pheretically by Black et al 1966) and the second, turbidity reduction ac-
complished by bridge formation. This explanation must however remain some-~
what speculative as it was not possible in this study to record the level
of adsorption of the flocculant. The present results suggest that polyca-
tions are not good flocculants in kaolin slurries under conditions of ex-

tended agitation.

3.5.8 Flocculant Molecular Mass

Differences in molecular mass of - the two 10-APAM flocculants resulted in
differences in behaviour being observed for the H* and Ca* kaolins. The
photographic evidence for the H* kaolin shows that the higher molecular
mass flocculant generated larger flocs while in the case of the Ca* kaolin
the floc sizes are very similar. It is notable from the adsorption vs dos-
age graphs for the two kaolins that the level of adsorption of the two

flocculants is different in the case of the HY kaolin and similar in the
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case of the Ca2+ kaolin. The adsorption results for the different mole-
cular masses show no consistent psttern in the adsorption data iwhether
- efficient flocculation occurs or not. The sebiled bed height maximum of
the H* kaolin treated with the low molecular weight flocculant appears to
be broader than that of the higher one. If the width of the peak is a
reflection of the level of adsorption then this interesting result is borne
out to some extent by the similarity in peak widths in the case of the two
flocculants with the Ca?+ kaolin. The difference in behaviour observed for
the H* and Ca* kaolins is related to the difference in pH. We note' that
at the natural pH of the CaZ* kaolin both the low m.w 10-APAM and the
10-APAM will be fully ionized and therefore equally rigid hydfodynamically |
speaking. Thus the controlling element of floc stability will be the cumu- -
lative strength of the interparticle bonds to the surface. This seems to

demand a greater number of molecular chains of the low molecular mass floc-
culant to ensure floc stability and it is probably coincidental that a
similar mass is required for both flocculants. However in the case of the
H* kaolin it is immediately obvious that a considerably greater concentra-
tion of the low m.w. flocculant is required. This must be in part due to
the higher molecular'volume of the highest molecular mass flocculant pro-
viding more efficient bridging under the conditions of lower pH where the
flocculant molecules are more flexible. The differénce in behaviour
between the Ca* and H* kaolins is a matter of degree rather than a matter
of difference in mechanism, though in the case of the H' kaolin treated
with 10-APAM the larger floc size seems to suggest that the higher mole-
cular mass flocculant is playing an erhanced role that may be related to
the kinetics of floc formation. It is clear that the higher molecular mass

flocculant is to be favoured if floc stability is to be ensured.

3.5.9. Further Comparison with Earlier Studies

Some of the points of contact of the present study and the extensive work
of Dollimore and Horridge have been mentioned. It has been noted in parti-
cular that the pattern of the settled bed data and the evaluation of the
condition of the supernatant is remarkably similar in spite of the solids
concentrations being different by an order of magnitude. These points of
'similarity do not extend however to the internal variations between differ-

ent types of flocculant tested. In particular differences appear in the



ef ficiency of cationic flocculants, which appear in this study to be poor,
in that the small size of flocs and the high dosages required in order to
generate ~them is distinctly worse than the behaviour of the nonionic
flocculant in the case of the Na* kaolin and the nonionic and anionic flbc-

culants in the case of the H* and Cal*t kaolins.

There is however agreement with the findings of Dollimore and Horridge in
that the dosage at which efficient flocculation occurs is. lower for the
anionic flocculant than the nonionic one. Secondly the width of the settl-
ed bed peak is narrower in the case of the anionic flocculant and it also
occurs at a lower dosage. The slope of the light transmission curves fer
-the supernatant is steeper in the case of the anionic flocculant on both
sides of the maximum in the study of Dollimore and Horridge as is the case

for the equivalent supernatant turbidity minimum in the present study.

This last finding is again confirmed in the study of Black, Birkner\and
Morgan (1965) who used two anionic flocculants of 4 and 30% anionic charac-
ter, the one with the higher degree of anionic character having -a narrower
turbidity trough and achieving it atla lower dosage. It is also noted that
the results of Black, Birkner and Morgan indicate that in the absence of
added electrolyte no floccuation at all occurs with anionic flocculants.
The kaolin concentrations in their study were two orders of magnitude lower

than thase in the present one.

Findings in two other studies confirm results in this study - Slater and
Kitchener show remarkable similarities in settled bed- and clarification
trends in their study of fluorite suspensions. Healy in his work on floc-
culation ‘of quartz notes the correspondence of floc size development and

reduction of supernatant turbidity.

This study, therefore, substantially confirms the findings of earlier
workers except in the case of cationic flocculants. The additional infor-
mation provided by single floc settling tests and floc photography and a
standardized method of agitation allows a description of the basic
mechanisms that give rise to variations in bed height and éupernatant tur-
bidity using a range of flocculants. In addition the relationship of these

variations to flocculant adsorption have been elucidated.
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Three different homoionic forms of kaolin tested at their natursl pH have
revealed differences in behaviour. In partiéular the inefficiency of
anionic flocculants in the case of the Na* kaolin is noted. It was neces-
 sary therefore to evaluate to what extent pH contributed to these differen-
‘ces and subsequently to investigate the effect of variations in the elec-

trolyte concentration.

3.5.10 Discussion of pH Results

%.5.10.1 Unflocculated Control Sampleé

The untreated control'samples that were used as part of the investigation
of the effect of pH reveal that the type of cation that is present on the
kaolin surface profoundly affects the suspension behaviour across the pH
range studied. This is exemplified by the extremely high settled bed
heights of the Na* kaolin below pH 5.5. This seems to indicate that the
classical cardhouse structure is most efficiently formed in the presence of
singly valent counter ions that do not play a potential determining role,
since, in the'presence of.the Ht ion'and the CaZ* ion, the scttled beds of

the unflocculated controls are much lower,

The role of the predominant: counterion is also shown in the supernatant
turbidities of the control samples. In particular the supernatant turbi-
dity of the Ca?* kaolin at pH 6 increases as it does for the Na* and the H*
kaolins; however at a pH of 7 and above the supernatant turbidity of the
Ca?* kaolin drops to .about 170 J.T.U. This behaviour can be related to the
doubly valent nature of the CaZ* ion. It is much more efficient in balanc-
ing the surface. negative charges thus reducing the thickness of the diffuse
layer and promoting coégulation. It is not possible to explain the in-
crease in sﬁpernatant turbidity around pH 6 from a simple physical view of
the electfical double layer. vIt may result from copreéipitation of the
CaZ* jon with a silicate or aluminate radical thus preventing it from per-
forming its role as a counterion in the electrical double layer. It has
not beeﬁ the purpose of this study to identify the mechanism that gives
rise to this phenomenon. In this context the importance of having untreated-

control samples in all flocculation studies is noted. Where no controls
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have been used in other studies the underlying'assumption has been either
that the modification of the floceulant conformation has a more profound
effect on flocculation than the nature of the surface with which the floc-
culant interacts or, alternatively, that the behaviour of different homo-
ionic forms of kaolin is already sufficiently well understood from the
qualitative descriptions based on the DLVO theory. The careful study by
van Lierdélof the flocculation-dispersion behaviour of quartz in the pre-
sence of polyacrylate and the calcium ion is an example of the complexities

of behaviour that can be found when pH is introduced as a variable.

3.5.10.2 Flocculant Adsorptiocn across'theng Range

The different adsorption characteristics of the n-PAM and the 40-APAM
across the pH range on the three homoionic forms of kéolin has been noted.
It can be seen, however, that the general characteristics of the adsorption
of flocculant on the H* and Na* kaolin are similar and that in the case of
thé CaZ* kaolin treated with the 40-APAM the adsorption of flocculant is
markedly different. '

The adsorption of flocculants on the Na* kaolin can be more casily inter-
preted when the effect of pH variation on floc size is observed. The floc
size of the kaolin treated with the n-PAM decreases with decrease in pH.
This suggésts that the higher pH is producing conditions that favour more
stable flocs. The settled bed height also decreases at higher pH suggest-
ing that there is an increase in floc density. At the same time there is a
decrease in the level of flocculant adsorption of about 20% as the pH is
increased. The previous discussion of the relationship between the type of
adsorption and floc stability suggests that as the pH is increased some
bonding mechanism between the kaolin and the polyacrylamide is becaoming
more efficient. The major change in the kaolin-under these conditions is
hydroxylation to produce edge.negative charges.Another mechanism that may
contribute to more efficient flocculation is an increase in flocculant coil
volume if a small number of amidic groups have been hydrolysed. This would
contribute to more efficient bridging. In the case of the Na* kaolin
treated with the 40-APAM the photographic evidence shows small disrupted
flocs at high pH, an increase in floc size near neutral pH, and smaller

flocs at low pH.  Flocculant adsorption shows a minimum at a pH of 5 with
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an increase 1in adéorption with increase or decrease in pH. At low pH the

adsorptioh of 40-APAM is of the same order as the n-PAM. This is expected
since at low pH the anionic flocculant behaves essentially as a ncnionic
one (because of the protonation of its carboxylate groups). As the pH is
increased more and more groups become ionised. This causes internal repul-
sion between the polymer coil segments and results in an increase in the
dimensions of the coil. This facilitates bridging. At the same time many
positively charged groups are present on the edges of the kaolin that can
form electrostatic bonds with the flocculant's ionized carboxylate groups.

This process of charge neutralisation combined with the more efficient
bridging means that stable flocs are formed at much lower levels of floccu-
lant adsorption. The flocculant adsorption falls to one sixth of what it
was at pH 3. Above pH 6 increase in adsorpfion and floc degradation go
hand in hand. As the population of edge positive charges drops with in-
crease in pH a larger number of non-electrostatic bonds are required to en-
sure floc stability. However as the flexibility of the polymer chains is
reduced by ionization the possibility of those bonds forming before a large
floc becomes disrupted is smaller. Thus although adsorption is still tak-
ing place inter-particle bridging becomes less efficient, flocs are disrup-
ted and new surfaces are exposed to flocculant. Smaller flocs form with
higher levels of adsorbed flocculant, Physically this causes less dense
flocs (higher settled beds) and an increase in supernatant turbidity as
material is resuspended. The above description completes the understanding

of why the Na* kaolin was not flocculated by the anionic flocculants at-its.
natural pH. ~ Identical arguments can be applied to the floccﬁlation of the
H* kaolin with the two different flocculants. However the results show

that the particular counterion does have some role to play in the exact |
shape and position of the adsorption-pH curves especially above pH 4. Thus
in the case of the H* kaolin the level of flocculant adsorbed reaches a
minimum‘at pH 6.3 and is about one twelfth of the amount of flocculant
adsorbed at pH 3. This suggests that positive edge charges on H* kaolin
persist to higher pH thus facilitating electrostatic bond formation at the
same time as the number of ionised groups is increased thus extending the

coil and improving bridging between particles.

It has-been remarked that the adsorption vs pH curves for the kaolins with
singly valent counterions are coincident at a pH of about 3.3. At this pH

these kaolins are probably at or very near their point of zero charge (pzc)
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and the flocculants are essentizlly nonionic. Thus the variations in the
properties of the kaolin due to surface charge modification and coil dimen-
sion variations of the flocculants are at a minimum, therefore the level of
adsorption of both flocculants on the two kaolins is identical. Even
though this is the case, the settled bed heights are different showing that
the counterion is still.playing a role. The supernatant turbidities are

practically identical.

3.5.10.3 The Behaviour of the Ca?* Kaolin Across the pH Range

The CaZ* kaolin treated with n-PAM shows a constant level of adsorption
across the pH range. This is associated with a constant turbidity and a
very constant settled bed height. All this indicates that the same mechan-

ism of floc formation is occuring in'all cases across the pH range.

However, the adsgrption of the 40—APAM.departs from the pattern established
by the singly valent homoionic kaolins., Up to a pH of 4.5 there is a high
and incfeasing adsorption of ¥locculant that is associated with an increas-
ing supernatant turbidity. There is then a drop in adsorption to pH 8 that
is almost linear. This is associated with a low turbidity, and a drop in
settled bed volume. At pH 4.3 the turbidity of the treated Ca?* kaolin is
higher than the turbidity of the untreated control. This suggests that,

2+ jon is caus-

instead of flocculaticn taking place, the presence of the Ca
ing the stabilisation of the kaolin and that this is, as would be antici-
pated, associated with a higher (almost total) level of flpcculaﬁt adsorp-
tion. This could occur in two ways. Either the rate of adsorption of
flocculant onto the kaolin is so high that it is complete before effective
bridging events take place or the nature of flocculant adsorption on kaolin
in the presence of Ca2* jons is different in a manner that does not promote
flocculation. At pH 3 the kaolin is flocculated; as the pH is increased
the flocculant ccil begins to ionise and expand. This permits the counter-
ions on the kaolin faces (balancing.the pH-independant surface charge) to
form ionic bridges with the ionized flocculant thus forming strong bonds on
the faces and on the kaolin edges. If this process is more rapid and
irreversible than the normal formation of nonspecific bonds by displacement
of singly valent countérions on the faces then it is possible that stabili-

zation competes with the normal process of flocculation. In addition it
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’

should be noted that doubiy valent ions not only have the ability to Fform
ionic bridges between the kaolin und the flocrulant molecule but that ioric
complexes can be formed between the caticn and two acrylate groups on the
flocculant molecule. This will have the effect of reducing the charge den~
sity of the coil, thus reducing its dimensions and because of the ionic
nature of the Ca-acrylate bonds the flexibility of the coil will also be
reduced. At low pH these effects will tend to make the coil behave as a
nonionic one and at a higher pH the dimensions of thé coil will not be as
large as would be expected in the absence of the Ca?+ jon. In the follow-
ing discussion this additional complication will be ignored as the majority
of the Ca* ions are expected to be associated with the kaolin surface. If
the Ca?* ions were added as free electrolyte however it would not be pos-

sible to ignore this effect (Black 1961; Hesselink 1977). |

At higher pH flocculation is again favoured. The increase in flocculant
coil volume with ionisation will favour the formation of interparticle
bfidges with strong ionic links formed by Ca?* ions on each surface. This
will tend to cause flocculation rather than stabilization. The unique
stability of the Ca-ionic link is attested by the fact that the ‘level of
flocculant adsorbed continues to drop beyord.pH 7,8 and that stable floecs are
formed and low supernatant turbidities are present under conditions where
singly valent homoionic kaolins have high levels of flocculant adsorption
and supernafant turbidities that cannot be measured after 15 minutes. The
compression aof the diffuse layer by the specifically adsorbed Ca?+ ions

also contributes to floc stability.

3.5.10.4. Comparison of pH Results with Published Literature

Dollimore and Horridge (1973) undertook an investigation of the effect of
pH on the flocculation of kaolin by polyacrylamides. The data in this
study and in theirs are basically in agreement. Again the pattern of incr-
easing settled bed heights to a pH of about 6 is observed. Across the com-
mon pH range the supernatant clarity data are also comparable. In particu-
lar the fesults for the anionic flocculant in their studiaﬂ}éf&similar to

that for the Na* and H* kaolins rather than the Ca* kaolin.
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However differences are noted in the settled hed heights for the Na* and H*
kaolins treated with the anionic flccculant. The results of Dollimore and
Horridge follow a pattern of slowly increasing bed height to a pH of 5.8
with a subsequent rapid decrease in bed height. The initial siow increase
is attributed to packing of flocs beihg different as the floc size increas-
es and this is consistent with the pfesent analysis, However the results
of this study show a characteristic trough shaped curve for the settled bed
results when the 40-APAM is used. This difference arises from the type of
agitation applied in the two different studies. In the less aggressive and
shorter period of agitation applied in'the study of Dollimore and Horridge
floc breakdown may not have occured. In this study the long period of agi-
tation results in the disruption of unstable flocs which are formed ini-
tially at higher pH. This disruption results in small flocs of lower den-
sity and thus the settled bed heighté are higher. Thé present study there-
fdre tends to associate low éettled bed volumes with floc stability. Cau-
tion must be observed Howéver at low dosages of flocculant eor with beds of

highly disrupted flocs.

The study of van Lierde on Flocculationmdispersibn of quartz suspensions in
the presence of polyacrylate shows ‘that in the presence -of the CaZ* ion
dispersion takes place below a pH of 5.5, and that above pH 5.5 the quartz
tends to flocculate. Althcugh the systems are not entirely comparable (in
particular because of the flocculating role of amidic groups on the polyac-
rylamide) the similarity in behaviour is an indication that the phenomenon
of stabilization of Ca* kaolin by the highly anionic polyacrylamide occurs
in the manner deséribed. The interpretation of van Lierde is very similar

to the one given above.

Slater, Clark and Kitchemer in their investigation of the flocculation of
fluorite with an anionic polyacrylamide measured the level of adsorption of
flocculant. There is a notable reduction in the level of adsorbed floccul-
ant (an anonic polyacrylamide) in the same manner as was observed in this
étudy with increase in pH and improvement in flocculation. At higher pH
where flocculation became less effective adsorption did not increase -~ pos-
sibly inhibited by mineralogical factors or because of the short and gentle

agitation applied.
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The classical study of Micheals and Morelos on polyelectrolyte adsorption
by kaolinite demands some re-evaluation in the light of the present study.
In particular their findings with regard to the level of anionic polyacryl-
amide adsorption at high pH are by their own admissimw.liable to be in
error. Thus the zero adsorption found in their study at pH 7 and above is
not found in the present one. However as they used a hydrolysed polyacry-
lamide . and their method of agitation Was "gentle shaking" it is quite pro-
bable that the level of Flocculant-adsorption was extremely low; as is the
case with the hydrogen kaolin and the anionic flocculant at a similar pH in
this study. The settled bed vs pH data resemble those of Dollimore and
Horridge (1973) but the changes also appear to be more dramatic even though
the solids concentration was similar to that used in this study. This
suggests that the difference is the result of the gentler agitation in the

case of the study of Micheals and Morelos.

'3.5.11  Ionic Strength

The primary reason for the investigation of the role of ionic stréngth was
to determine the effect that this variable would have on the adsorption of
flocculant in particular. It is already known from DLVYO theory that the
addition of increasing concentrations of electrolyte reduces the étability
of a dispersion. This was observed in the control samples. The Na®™ kaolin’
at neutral pH has, at low electrolyte concentrations, a high supernatant
turbidity which-was observed to drop with increase in the electrolyte conc-
entration. The supernatant turbidity of the Ca?* kaolin increased gradual-
ly at higher electrolyte concentrations probably as a result of the Nat
ions displacing CaZ* ions and beihg less effective in compressing the dif-
fuse layer. A maximum in the settled bed height of the control samples was

noted in the case of the Na‘ kaolin with increase in ionic strength.

The adsorption of the nonionic flocculant increased to a maximum and then
decreased for the H* and the Na* kaolin with increase in ionic strength.
The adsorption of anionic flocculant initially dropped with the Na* kaolin
and then increased as the ionic strength was inereased. The adsorption of
the anionic flocculant on the H* kaolin increased. In each of these cases
the initial behaviour mimics what oEcurﬁgﬂwith decrease in pH. This is ex-

pected to happen since both reducing the pH and - increasing the ionic



strength of kaolin reduces the .degree of dispersion of the material,
However since the basic mechanism is not identical with the two cases the
behaviour is also not identical. 'Increased ionic strength will also reduce
the dimensions of nonionic flocculant molecules to a small degree (the
effect is larger for the anionic flocculant) and this should tend to
increase adsorption. The analysis of Hesselink suggests an increasing
adsorption where the adsorptiocn is. not ionic in character as the ibnic
strength is increased. . However the tendency for an increase in adsorption
opefates in competition with the more effective interaction of . the
flecculant molecule with the kaolin surface as the charge at the OHP is
reduced (with increasing ionic strength). This tendency will reduce the
amount of flocculant that is required to produce stable flocs. It is quite
likely that in the pH results the drop in the level of adsorption of
nonionic flocculant close to the pzc for the Nat kaolin occurs for similar
reasons. The steep slope of the adsorption of the 40-APAM is consistent
with the expected reduction in repulsion between the ionised grbups on the
molecule and the favouring of ‘nonionic interactions with the kaolin

surface. (It also confirms the findings reported by Somasundaran).

The Ca2* kaolin in the presence of the anionic flocculant would have an in-

creasing adsorption if it‘&hﬁg%ieathe behaviour of the pH results., Instead
there is an initial drop in adsorption followed by a slight increase. The
stability of the settled bed heights and the gradual increase in the super-
natant turbidity gives no clue as to the reasons for this behaviour. The
increase in the ionic strength will tend to decrease the dimensions of the
flocculant molecule but there is no big change in the Ca2* kaolin stability
to offset this. It is possible that the decrease in the thickness of the
diffuse layer will favour a greater contribution of nonionic bonding thus
resulting in greater floc stability. (lower flocculant adsorption). However
this must remain the least satisfying of the explanations of adsorption of
flocculant until the behaviour of polyelectrolytes in the presence of
doubly valent ions is better understood. The fact that the pattern of
adsorption does not mimic the results for the leowering of pH is an indirect
confirmation that the Ca?* ion is piaying a specific chemical role in the

peculiar adsdrption behaviour observed across the pH range.
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3.6 Floc Size Studies using Image Analysis

Floc photography had shown that under controlled conditions individual
flocs could be photographed and numbers of individuzl flocs against a back-
ground could give an assessment of the floc sizes and a feeling for the
distribution of floc sizes. In order to further quantify some of these
parameters‘ some flocculated samples were prepared for floc photography.
These were Na¥ kaolin treated with n-PAM and 40-APAM at 0.25, 1, 2 and 4
mg/qg dosages. This was done at the natural pH of the kaolin. Maorophoto-
‘graphs and micrographs, where approbriate, were enlarged ahd floc outlines
were digitized using an image analysis technique called areal analysis
(Frith). A digital planimeter is used to digitize the perimeter of the
flocs in a photographic field and the co-ordinates are'used.to compute a
single floc area and its apparent diameter (using a spherical model). The
results of these computations were stored on a flexible disc. A second
program was used to compute histograms of the fractional cummulative floc
area across each diameter interval. Thus if the flocs with diameter 0.4 -
0.5 mn constituted 8% of the total area of flocs digitized in a sample the
fractional cummulative floc area would be 08.08. The modes of the histogram .
(floc diameters in mm) could then be used as a measure of the floc diamster
(weighted in favour of larger floc diameters by the process of accumulating
the areas over each diameter division). In some instances it is difficult
to observe on a photograph whetherva fioc is a single unit or an aggregate
of smaller flocs. In general the soluticn to this problem depended to a
degree on the choice of the planiméter operator and to that extent the eva-
luation of the data is subjective. For this reason the significance of the
absolute values of the modes must be treated with some cére, but the trends
of floc size with flocculant dosage have obvious significance. Most of the
histcgrams with the exception‘ofvthe 0.25 mg/g dosage appeared to be bi-
modal suggesting two distinct regimes of floc sizes. A very obvious
example of this is the 4 mg/g dosage of 40-APAM with the sodium kaolin
(Figure 3.6.1). Some distributions of the cumulative floc area are diffi-
cult to assess since both modes may be within the standard deviation of an
assumed normally distributed unimedal distribution. Bearing this in -mind
it is possible to examine the data for the two flocculants for the three

different homionic.forms of kaolin (Fiqures 3.6.2, 3.6.3 and 3.6.4). The
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Na* kaolin with n-PAM shcws a rapid increase in the magnitude of the upperv
mode with dosage thal follows the pattern of the results for the lower
mode. The same pattern is followed for the Cal* and the H¥ kaolihm The
CaZ* and the Na* kaolin may exhibit a point of inflection between 1 and 2
mg/q for the n-PAM. Ths 40-APAM fesults seem to show a rapid increase to a
stable floc size across the range 1 ~ 4 mg/g. In this sense the behaviour

of the two different flocculants is distinctively different.

Another way to observe this difference is to plot the unweiéhted Jogarithm
of the averge floc area against the flocculant dosagz . This is shown in
Figures 3.6.5 and 3.6.6. The average floc area continues to increase with
dosage in all cases with the n-PAM (Figure 3.6.5) but a limit that is very f
similar for the three kaolins is reached when the material is treated with
the 40-APAM., Average areas are of the same order for the C32+ and Ht
treated with n-PAM and the three homoionic forms treated wth 40-APAM. The
Na* kaolin treated with n-PAM has an average area nearly an order of magni-

tude higher.

3.6.1 A Note oh the Measurement of Floc Size using Image Analysis

‘It seems clear that the floc size distributions, when weighted for the
larger floc sizes by summing the areas, are bimodal. However by far the
largest number of flocs are small as it requires comparatively few large
flocs to provide a fairly high fraction of the total cumulative area. This
may suggest that the larger flocs are in the process cof being diérupted by
the agitation. This would be consistent with the observations made of the
process of floc disruption in 'the studies where the agitation time was

varied.

Most noticeable in this regard is the small floc size of the smaller Nat
kaolin flocs resulting from flocculation by the anionic flocculant. The pH
results and the natural pH flocculation parameters both suggest that a pro-
cess of floc disruption takes place. This is confirmed by the present re-
sults. In addition it is noted that the floc size of the H* and Ca’?* ka-
olins treated with the anionic flocculant achieve their limiting size at a
much lower dosage than the same kaolins treated with the nonionic floccu-
lant. This is confirmation of the earlier finding that did not rely on

measurements of floe size. Thus the method of floc size measuremént based
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on image analysis reinforces the initial impressions. gained from exemina-
tion of the undigitised flcc photographs. I1f this method could be suitably
automated it could provide the basis of a more analytical modelistic
assessment of the effectiveness of different flocculants under different
conditions. At present‘it is a slow and tedious process that serves to
reinforce the .qualitative judgements of the photographié record in the pre-

sent study.



CHAPTER FOUR

GENERAL DISCUSSION



™
[
(-

4. GENERAL DISCUSSIGN

A number of elements of the discussion are more profitably expressed in a
more general secticn. Important among these are (i) the applicability of
Hesselink theory of polyelectrolyte édsorption to adsorption in floccula-
tion studies and (ii) the applicability of the different flocculation
nodels of Walles and, La Mer and Smellie in the investigation of floccula-

tion.

4.1 The Theory of Polyelectrolyte Adsorption

The results of the agitation time studies (and the earlier work of
Jankovics) indicate that stable flocs are formed at levels of adsorption
considerably lower than the total possible adsorption of polyacrylamides.
In addition the higher levels of flocculant adsorption are associated with
disruption of the floc structure and redispersion of the material in the
presence of excess flocculant. The process of disruption alsoioccurs where
the Flocculant is totally adsorbed. These Findihgs indicate that the level
of flocculant adsorption at any moment is a dynamic interaction between the
agitation conditions, the level of flocculant excess and the strength of
the flocs present. This was earlier the finding of Linke and Booth. Thus
it cannot be expected that the theory of polyelectrolyte adsorption can be
directly applied in flocculation studies. This in turn casts doubt on the
modified DLVO approach to colloid stability in flocculation which aims at
determining the modification of the terms of the stability expfession in
the presence of polyelectrolyte. In these systems, at best, only pseudo-
equilibria are established (as exemplified by plateaus in flocculant
adsorption with agitation time at a given flocculant dosage). At present
the Vgp and Vy, terms of the stability expression are inaccesible experimen-
tally and even at the pseudo-equilibrium the VR term (modified by the pre-
sence of polyelectrolyte) is almost impossible to evaluate unless some in-

dication of the surface coverage is available.

" However the theory has proved valuable in one area already discussed (when

evaluated in terms of flocculation).
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This is the vevification of the reascn for the increased effectiveness of
anionic flocculants on HY kaolins when compared with nonionic flocculants.
The theory indicates that a combination of charge neutralization (of edge
positive charges) and chain extension due to ionization (both pH dependant)
gives rise to this pheriomenon, since stronger bonds are required to allow
the leower levels of flocculant adsorption required to produce stable

flccs.

4.2 The Evaluation of the Role of the Flocculant in Flocculatiocn

The theory of Smellie and lLa Mer suégesfed that half surface coverage by
flocculant was the ideal condition for most efficient flocculstion. = The
work of Jankovics indicates however that flocs were formed at levels of
flocculant adsorption about 1/2 to 1/6 of the final level of total adsorp-
tion. The lower the molecular mass the greater the fraction of total floc-

culant adsorbed.

This indicates that the higher molecular mass the further optimum floccu-
lation moves from the half surface coverage cgndifion. This would seem to
be consistent with the present study, where the molecular mass cof the
n-PAM, 10-APAM, 20-APAM and 40-APAM was the same. Considering the case of
the H* kaolin, there is a consistent drop in the level of the flocculant
adsorbed with increase in anionic character. Since the natural pH of the’
H* kaolin suspension is ~5.00 it is possible to compute the number of
ionized groups on each floéculant chain. This gives an assessment of the
coil dimensions. .The number of ionized groups. on the chains at pH 5 is

presented in tabular form below:

Polymer Fraction of ionized
segments / chain

n~-PAM 0
10-APAM 0.025
20-APAM 0.05
40~-APAM G.1
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This will necessarily result in coil volume expansion and increasing rigi-
dity of the coil with increases in anionic character., Both of these trends
would tend to rgduée the level of adsorption on the kaclin (and therefarte
reduce the surface coverage). . This suggests that the length of the ex-
tended\loops of the flocculant are_much more important in flocculation than
the surface coverage. Thus the model of Walles (who considered the joint
radius of the polymer-particle as a basis for the measurement of collision
frequency) is probably a more viable approach to the study of flocculation
kinetics. However his simple model will have to become considerably more

sophisticated before it can be used to predict flocculation efficiency.

It is clear that .under certain circumstances flocculant chain extension
becomes inefficient in promoting flocculation (as was the case with H* and

Na* kaolins above pH 7). This is because the bonding of the flocculant
molecule to the particle becomes important under the:dynamic conditions of-
agitation. As the number of possible electrostaticvbonds drops, with in-
crease in pH, the excessive chain rigidity (now with all ionizable groups
~ionized) inhibits flocculation. Under the dynamic conditionSAof agitation
a simple picture of the initial stages of flocculation would be two par-
ticles (comparatively maséive) Being held together by a tenuous extended
”string“. The turhulence found near the impeller can be imagined to whip
one particle off the end of the "string" and so flocculation is inhibited.
It is possible however for a large number of single particle-single polymer
molecule units (and multiple polymer attachments to a single particle ) to
survive leading to the high levels of flocculant adsorption and the charac-
teristic stabilization of the singly vélent'homoionic forms of the. kaolin.

In the case of the Ca?* kaolin this does not occur because of the uniqueb
nature of the Ca* ionic link which provides a strong bond with the kaolin
surface (and may also reduce the polymer coil dimensions). It is clear that
the flocculation of the Na* kaolin.at its natural pH by the nonionic flcc-
culant is related to the flexibility of the molecule which is maintained
across the pH range as much as to the hydrogen bonding which takes place,
since there is no electrostatic repu%sion of the nonionic molecule'by the

negatively charged kaolin surface (face and edges) .
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It scems therefore that two criteria must be fulfilled for efficient floc-
culation to take place and that ihese criteria are ncoessarily interrelo-
ted. They are the rigidity of the polymer molecule and the strergth of the
particie—polymer bond. The persistance of bridges under the dynamic condi-
tions of agitation defines an efficient Fflecculating system and this re-
quires bonding on the surfaces of both particles which is sufficiently
strong to resist rupture. Thus where the bonding is weak it is necessary
to have a flexible flocculant molecule which will allow the formation of  a
sufficiently large number of bonds on each surface (without the steric pro-
blems that arise with more rigid coils). The corresponding large number of
bridges between each surface implied by this significaﬁtly reduces the pos-
sibility of all bridges being ruptured at the same instant. However under
agitation there must be a continual breaking and reformation of bridges,
which may, with changes in flocculant conformation, eventually result in
floc rupture, or the diffusion of excess flocculant into the floc struc-
ture. This description supports the time dependant model of floc rupture
developed ih this study. Polymer molecules of greater rigidity require
correspondingly strongr bonde in order to form enduring bridges between par~b
ticles. (This also suggests a more extended molecular conformation if
rigidity is generated by icnization or a less extended conformation if it
is generated by crosslinking or the 'presence of divalent and trivalent

ions.)

- Levels of adsorption are reduced in particular by stronger bonds associat-
ed with electrostatic bonding between the flocculant molecule and the

mineral surface.

The model of Walles therefore provides a useful basis for interpretation
of the results of flocculation studies conducted under controlled condi-

tions of agitation.



CHAPTER FIVE

- CONCLUSTIONS
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5.  CONCLUSIONS
5.1 Conclusions based on physical observation
1. ‘ An impeller based system of suspension preparation and floccula-

tion that admits itself to empirical analysis is a useful basis for' the in- -

vestigation of the effect of agitation on mineral slurries.

2. Photographic records of flocs can provide the basis for useful
qualitative and quantitative assessments of the nature of the floc struc-
ture, the efficiency of different flocculants and the effect of other

variables such as agitation, pH and flocculant dosage.
This study has identified three basic floc 'morphologies'.

a) - Associative small flocs, characterised by a woolly structure that

generally arise from small dosages of flocculant.

b) Discrete (cohefent) denser flocs that are larger and appéar'mone
reflective. They are characteristic of higher dosages of floccu-

lant.

c) Disrupted flocs. They have fibrillaf appendages that result from
long periods of agitation. They are less reflective than dis-
crete flocs and are characterised by a larger size than the

associative flocs described above.

3. Single floc settling expériments provide a basis for evaluation

of floc density relationships.

Where efficient flocculafion takes place there is an increase in density of
flocs of a given size with increase in flocculant dosage. Flocculants of
increasing anionic character show higher and more rapid floc density in-
creases with dosage if. efficient flocculation takes place. At low dosages
(where small associative flocs are formed) floc density is almost indepen-

dant of the flocculant type and the homoionic form of the kaolin.



(For a given kaolin) larger flocs have lower densities than smaller flocs
- at a single dosage of flocculant. The floc size-density relationship
appears to follow a power law. These Findings were consistent with the in-

terpretation of variations in settled bed heights.

4. © When efficient flocculation occurs with anionic flocculants the

following was found :-

a) The dosage required to produce discrete flocs is lower as the de-

gree of anionic character of the flocculant is increased.

b) The settled bed height maximum occurs at lower dosages for -

increasing anionic character of the flocculant.

c) The minimum supernatant turbidity is achieved at lower dosagesv

for increasing anionic character of flocculant.

d) The ameount of flocculant adsorbed decreases with increase in ani-

onic character for H* kaolin and Ca?* kaolin at their natural pi.

5. ' Anionic flocculants did not flocculate Na* kaolin at its natural

pH although substantial amounts of flocculant were adsorbed.

6. Increasing the efficiency of the flocculation process by the mecd--
ificaticn of some variable in the system (except dosage) tends to reduce

the level of flocculant adsorption.

a) Increasing the anionic character of the flocculant reduces the

level of flocculant adsorption for the H* and Ca?* kaolins.

b) - Increasing the pH increases the floc size of kaolin flocculated
with nonionic flocculant. The level of flocculant adsorption

drops by about 20%.

c) With a 40% anionic flocculant adscrption is at a minimum at a

slightly acidic pH when floc size is at a maximum for the Na* and

H* kaolins.



5.2 Interpretive Conclusions

1. The Ca%* counter ion interacts with ionised anionic flecculants
by a process of ionic bridging., This mechanism of interaction may result
in either flocculation or stabilisation of the kaolin suspension depending

on the pH under the cenditions applied in this study.

2, The relationship between polyelectrolyte chain extension as a re-
sult of ionisation and the pH controlled positive‘edge charges on kaolin is
critical (i.e. the controlling elemént) in the flocculation of singly
valent homoionic kaolins by anionic flocculants under the agitation

conditions used in this study.

3. At the point of zero charge of singly valent homoionic kaolins
the adsorption of flocculant is apparently independant of the ionic

character of the flocculant.

4, In flocculation studies the criterion for floc stability is a dy-
namic interaction between the prevailing conditions of agitation and the
stability of the f{loc suspension under those conditions. Floc rupture
under conditions of exrcess -flocculant results in a reduced floc size and
adsarpticn of Flocculanﬁ by newly exposed surfaces. Under controlled cond-
itians of agitation for a constant time the largest floc size in any series
of tests represents the most stable floc structure. This gives indications
in scme circumstances of the mechanisms of particle-flocculant interactions

that give rise to floc stability.

5. Floc degradation under specified conditions of agitation is a
time dependant process. - Two different égitation systems when analysed led
to the postulation that the rupture process is therefore slow and dependant
on the energy input into the system rather than the instantaneous turbulent

intensity of the agitation.

6. Floc rupture appears to be by macroscopic rupture rather than an

erosion process in the presence of excess flocculant.

Where no excess is present rupture and erosion may both occur,

\
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Appendix 1 : Preparation of Homoicnic Xaolins

The kaolins used in this study were prcduced from a material mined at Seri-
na, near fFishoek, in the Western Cape. At that time, february 1979, the
kaolin was bencficiated at the mine by blunging, mica trap and settling,
followed by screening and filter pressing. The cakes were air dried. The
predominant exchangeable cations on the kaolin wers Nat, Ca* and Mgz+ in
fairly equal proportions. This kaolin suspended in water is alkaline at a
concentration of 1g/100ml. In addition the kaolin readily coagulates under
these conditions. The as-received kaolin was dry mixed in a clean % ton
cement mixer. Three homoionic forms of the kaolin were prepared for use in
the present study. These were a hydrogen kaolin (which is in all probabil-
ity a mixed hydrogen-aluminium kaolin (Banin and Ravikovitch)) a sodium
kaolin and a calcium kaolin. They were generated using a strong acid
cationic resin (I.R. A200). The method of preparation was based on that of
Worrall and Ryan. It involved stirring the clay at low intensity with the
resin for a period of 24 hours. There was no evidence of attrition of the

resin during the stirring process. At the mixing concentrations used the
relative exchange capacities of the resin and the clay respectively was
abbut 100:1, Following the ion ekchanqe process the kaolin was washed
twice with deicnised distilled water. The hydrogen kaolin (H* kaolin) was
generated from a resin prepared with an excess of HCl. The Na* kaolin and
the CaZ* kaolin were generated with a resin prepared in the presence of the
appropriate chlorides. The use of ion exchange resins in the preparation
of homoionic clays has been criticised by Bolt and frissel. The study of
Worrall and Ryan and the early results of the present study seemed to indic-
ate that the desired ion exchange phenomena did indeed take place. The
drying was accomplished in the same manner suggested by Worrall and Ryan.
The kaolins were stored in seéled plastic containers in a constant

temperature laboratory.
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Appendix 2 : The Determinalion of Polyacrylamide by Quantitive Precipita-

tion of Residual Polymer and Subsequent Turbidimetriec Measurement

A method due to Macefield forms the basis of the determination of polyacry-
lamides in this study. " It involves the quantitative precipitation of poly-
acrylamide from solution by reaction with chlorine radicals evolved frem

the reaction of sodium hypochlorite with glacial acetic acid.

Two stock solutions are used. 1ml of the acid solution (26.3ml qlacial
acetic acid, 4.2ml conc. HC1l and 73.7ml deionised water) is added to a 20ml
aliquot of the supernatant after the turbidity has been determined. After
brief agitation (15 sec) ~a bleach solution (sodium hypochlorite; 1.3%
available chlorine) is added (1ml). The solution is allowed to stand and
is briefly agitated for 5 seconds every two minutes following an initial
agitation of 10 seconds duration. The turbidity is determined aftér 8 min-

utes.

Calibration graphs can be constructed for each type of polyacrylamide. The

method used in this study depended on the linearity of the calibration

graphs initially determined. Since this was established it was possible to
use the turbidity of the diluted stock sclution as a basis for evaluating
the residual polyacrylamide following flécculation. It became necessary to
correct for the dilution of the remaining suspended solids with addition of
the reagents when the turbidity of the solids was more than 1% of the turb-
idity of the residual flocculant. This provides an assessment of the accu-'
racy of the technique. In general for total turbidities less than 200 JTU
the accuracy of the individual readings was better than 1%. However the
uncertainty cf the results is greater where there remained substantial flo-
cculant in the supernatant in conjunction with suspended solids and when
there was significant solid in suspension and very littie flocculant (which

occured infrequently).
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The following equation used to calculate the leve) of Flocculant adsorption

was o~

where A
F

=z X —

is.

is

is

is

the
the
the
the
the

A=F [1 -(T-(20/22 R)/N) ]

adsorbed flocculant in mg/g

flocculant concentration in mg/g

final turbidity after addition of reagents (JTU)
residual turbidity after centrifuging (J3TU).

turbidity of the solution concentration F.
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Appendix 3 : Floc Photography

Floc photography was undertaken with the use of plastic petri dishes. Two

camera systems were used:-

1) A camera mounted on a copy board with macro lens,

2) A camera mounted on a stereo-optical microscope.

With the camera mounted above the copy board an aliquot of the slurry was
placed into the petri dish. The scale was either a washer of known intern-
al diameter (4.4mm) or was derived from a photograph of a millimetre rule

taken under the same conditions as the flocs were photographed.

In. the étereo—optical microscope it was found to be necéssary to place a
slightly smaller plastic petri dish over the floc suspension in order to
eliminate reflection at the air/water interface and to minimise floc movem-

ent due to thermal variations under microscope illumination.

The separation between the two petri dishes was greater than 0.5mm and var-
ied with the amount of liquid present. C(loser separations were avoided by
shims on the edges of the upper petri dish. In this way floc collapse

under the weight'of the petri dish was avoided.
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Appendix 4 : Variable Stirring Conditions

.The basis of the method was to use two different stirring epparatuses to
generate flocs and evaluate the performance of the stirrers in relationship

to the effect on floc structures and common flocculation criteria.
1. Impeller:

The impeller had 4 vertical blades (paddles) of length 25mm and height
Smm. This impgller was driven using a variable speed Heidolph stirrer.

The flocculation vessel used was a 250ml pyrex beaker.

The performance of the stirring system was evaluated by empirical stirrer

criteria (Chapter 2).

1g samples of kaolin in the sodium homoionic form were placed in the beaker
and 90ml distilled, deionized water was added. The impeller was lowered
until 4mm above the base of the beaker and the stirrer secured. The kaolin

was stirred at 240 rpm for 15 minutes.

10ml of appropriately diluted stock fiocculant was added from a pipette to
the stirred slurry. The flocculated suspension was stirred for 15
minutes (240 rpm). At this time it was separated into two aliquots of

equal volume, in separate 50ml measuring cylinders.

After 2 minutes a 20ml aliquot was pippetted from the 25ml level using a
pipette with its tip bent through 90° (to make it horizontal).

- The turbidity of the sample of supernatant liquor was determined using a
Hach turbidimeter (Model 1850A). The aliquot was then transferred to a
centrifuge tube and the liquor was centrifuged at 1380 rpm for five

minutes.

15 minutes after decantation a 20ml aliquot was taken (by pipette) from the

second measuring cylinder and the turbidity determined.
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The settled bed heights were measured with vernier calipers after 5 minutes

and 15 minutes.

Following centrifuging the turbidity of the first aliquot was aqain determ-

ined and the residual flocculant in the aliquot was determined.

Thus this basic experimental procedure yielded the following data relevant

to the flocculation process -

1) Supernatant turbidity (2 minute and 15 minute)
2) Settled bed height (5 minute and 15 minute)
3) Centrifuge turbidity

4) Flocculant adsorption.

In addition photographs were taken of the bulk floc structure using methods

described above.

2. Magnetic Stirrer

In the case of the magnetic stirrer the experimental procedure was substan-
tially the same, except that the suspension was stirred by a magnetic stir-
rer from the time immediately prior to flocculanﬁ addition (i.e. after the
initial 15 minute aging of unflocculated material). The magnetic stirrer
(also analysed according to empirical stirrer formulations) had a teflon
coated stirrer bar with a width of 25.5mm and a height of &4mm. The

stirring speed was 960 rpm.
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Appendix 5 : Adsorption and Flocculation Studies

The study of the adsorption characteristics with different flocculants and
the gathering of flocculation data was conducted using the 4 bl@ded'

impeller and stirring conformation described abave.
The methods applied differed somewhat in detail but not in basic concept.

The kaolin was prepared in 1.5g samples in either the Na*, CaZ* or H* homi-

onic form.

The kaolin was stirred in 135ml water (distilled, deionized) for 15 minutes
at which time a 45ml aliquot was decanted into a 50ml cylinder to

- constitute a control.

The remaining 90ml was flocculated (by addition of 10ml of flocculant) and
stirred for 15 minutes. In the case of these experiments the flocculant
was added to the slurry at. an elevated stirring speed to. reduce the
possibility of local overdoping. The elevated speed was maintained for 30
seconds following thé flocculant addition. The floc suspension was divided
following stirring and the supernatant turbidities Hetermined as
described. A centrifuge time of 10 minutes was chosen. Settled bed height
was measured enly after 15 minutes (and sometimes after 1 hour early in the

experimental program).

Adsorption was determined by difference from the residual flocculant in the
supernatant (using the method described in Appendix 2.) Floc photography

was carried out routinely.
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Appendix 6 : Single Floc Settling Determinations

"~ A simple apparatus consisting of a short settling tube with a verticel,
flat polystyrene window was used in the investigation of the relationship
between floc size and floc density as determined by the modified Stokes

law.
The flocs were generally counted in the size range 0.5mm - O0.1mm.

This was done using a horizontally mounted stereo-optical microscope with a

calibrated graticdle.

A small amount of flocculated material was introduced into the top of the

distilled water filled settling tube and the flocs were timed over sppropr-

iate graticule divisions and the size of the flocs estimated from the .

graticule. In general at least 60 and often more flocs were counted to
reduce the statistical errors due to the variability of the estimates, both

of settling time and floc size.

The counting of 60 flocs generally took 20 - 40 minutes and the data
reduction on a mini—computef another 30 minutes. Thus the method could be

considered to be slow, but. the results generally justified the effort.

1. The settling tube had to be illuminated with a cold light source

to avoid generation of convection currents.

2. The introduction of large flocs or a large amount of flocculated
material at once sometimes generated turbulence giving rise to non-systema-
tic errors. Experience however allowed this condition to be recognized ra-
pidly and a short wait of 1 - 2 minutes was generallyISUFficient to'ailow

the system to stabilize.

~
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3. The introduction of large amounts of flocculated material some-
times gave.rise toc bulk fluid movement resulting in anomalously high settl-
ing rates. This condition could generally be identified from the ins-
tability of weak flocs or alternatively the unstable settling characterist-

ics of coherent discrete flocs.
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Appendix 7 : Floc Size Determination by Image Analysis

- The methed of image analysis has not been usecd previéualy in studies thak
have been made of floc size. The use of image analysis in mineralogy and
physical metallurgy has grown in the past years. This growth has heen acc-
elerated by the introduction of automatic and semi-automatic computer based
systems. A semi-automatic system developed for areal and lineal analysis
has been used in this study (Frith). The basic requirement for image anal-
ysis in this instance is photographic records that allow the analyst unamb-
iguous evaluation of the observed field (i.e. no agglomerates of flocs and
well defined floc edges) and photographic floc sizes that are significantly
larger than 2mm in diameter. In most cases the second condition was easily
met. However it is difficult to be certain what constitutes a single floc,
especially as.some flocs are not nearly spherical. This in turn compli-
" cates the analysis of what constitutes a floc diameter as some model has to
be assumed to calculate this parameter from areal analysis data. Given
this reservation the method was applied. Between 40 and 150 flocs were
digitized using a digital planimeter for each homoionic form of the kaolin
and dosage of flocculant. This data was reduced to accessible paramelers
such as area and apparent (spherical) diameter by the computer. The subse-

quent treatment of the data is described in the body of the thesis.



REFERENCES



References

Akers R.J. (1978) Experimental Methods .(1); in The Scientific Basis of
Flocculation. NATO Advanced Studies Institute Series E - No. 27 (ed. Ives
K.J3.) Sijhoff and Noordhoff - Netherlands, 131 - 163. '

Akers R.J. (1972) Factors affecting the rate of polyelectrolyte-

flocculation reaction. Filtration and Separation vol. 9, 423 - 425 and 466.
Alston E. (1979) Allied Colloids - Personal Communication.

Argaman Y. and Kaufman W.J. (1970) Turbulence and flocculation. Proc Am.

Soc. Civ. Eng; Jou Sanitary Eng. Div. vol 96, 223 - 241.

Ash S.G. and Clayfield E.J. (1976) Effect of polymers on the stability of
colloids. Flocculation of polystyrene latex by polyethers. Jou. Coll.
Int. Sci. vel 55(3), 645 - 657.

Banin A.B. and Ravikovitch S. (1966) Kinetics of reactions in the
conversion of Na or Ca saturated clay to H-Al clay. Proc. 14 Nat. Conf. on

Clay Clay Min., 193 - 209.

Bhatty J.1., Dollimore D. and Zahedi A.H. (1978) The aggregation of
kaolinite suspensions in gum tragacanth solutions. Trans.Brit. Ceram.

Black A.P. (1960) Basic mechanisms of coaqulation. Jou. Am.. Wat. Works
Assn., vol 52, 492 - 503, ‘

Black A.P. and Hannah S.A. (1961) Electrophoretic studies of turbidity
removal by coégulation with aluminium sulphate. = Jou. Am. Wat. Works Assn.

vol 53, 438 - 452,

Black A.P., Birkner F.B. and Morgan J.J. (1965) Destabilization of dilute
clay suspensions with labelled polymers.. Jou Am. Wat. Works Assn. vol 57,

1547 - 1560.



219

Black A.P., Birkner F.B. and Morgan J.J. (1966) The effect of polymer
adsorption on the electrokinetic stability of dilute clay suspensions.

Jou.Coll. Int, Sci. vol 21, 626 - 648,

Bockris J. 0'M, Conway B.E. and Yaeger E. (1980) Comprehensive Treetize of

Electrochemistry. Vel 1: The Double Layer. Plenum Press, New York. }

Bolland M.D.A., Posner A.M. and Quirk J.P, (1976) Surface charge on

kaolinites in aqueous suspension. Aust. J. Soil Res. vol 14, 197 - 216.

¢ .

Bolland M.D.A., Posper A.M. and Quirk J.P., (1980) pH independant and pH
dependant surface charges on kaolinite. Clay Clay Min. vol 28(6), 412 -~
418,

Bolt G.H. and Frissel M.J. (1960) The preparation of clay suspensions with
specified ionic composition by means of exchange resins. Soil Sci. Soc.
Am. Proc. vol 24, 172 - 177.. ‘

Buchanan A.S. and Oppenheim R.C. (1968) The - surface chemistry of
kaolinite. I. Surface leaching. Aust. J. Chem. vol 21, 2367 - 2371.

Buchanan A.S. énd Oppenheim R.C. (1972) The sucface chemistry of kaoclinite
III. Microelectrophoresis. Aust. J. Chem. vol 25, 1857 - 1861.

Camp T.R. (1955) Flocculation and flocculation basins Proc. Am. Soc. Civ.

Eng. vol 120, 1 - 16.

Davies J.T. (1972) Turbulence Phenomena. Academic Press, N.Y. and London.
Dixon J.K. and LaMer V.K. (1967) Effect of the structure of cationic
polymers on the flocculation and the electrophoretic mobility .of

crystalline silica. Jou. Coll. Int.Sci. vol 23, 465 - 473.



220

Dollimore D., Criffiths D.L. and Miller D. (1969) The effect of
polyacrylamide on the sedimentation of dense silica suspensions. Prac.

~ Brit. Ceram. Soc. No. 13, 67 ~ 78.

Dollimore D. and Horridge T.A. (1971) The floc sizes of kaolinite

flocculated by polyacrylamide. Trans. 8rit. Ceram. Soc. vel 70, 191 - 194,

Dollimore D. and Horridge T.A. (1971/72) The filtration of beds of china
clay flocculated by polyacrylamides. Powder Tech. vol 5, 111 - 114,

Dollimore D. and Horridge T.A. (1972) Thevoptimum flocculant concentraticn
for effective flocculation of china clay in aqueous suspension. Wat. Res.

vol 6, 703 - 710.

Dollimore D. and Horridge T.A. (1973). The dependance of the flocculation
behaviour of china clay - polyacrylamide suspensions on the suspension pH.
Jou. Coll. Int. Sei. vol 42, 581 - 588. '

Dollimore D. and Horridge T.A. (1977) The effect of hydration of the

<«

exchangeable‘ cation on the flocculation behaviour of china clay -

pclyacrylamide suspensions., Powder Tech. vol 17, 207 - 212

Estcourt A. (1981) The filtration of flocculated kaolin suspensions. Chem

Eng. Undergraduate Project, University of Cape Town, unpublished.

Ferris A.P. and Jepson W.B. (1975) The exchange capacities of kaolinite and
the preparation of homoionic clays. Jou. Coll. Int. Sei. vol 51, 245 -

259,

Flegmann A.W., Goodwin J.W. and Ottewill R.H. (1969) Rheological studies on

kaolinite suspensions. Proc. Brit. Ceram. Soc. No. 13, 31 - 45.

Frith V. (1981) Image analysis using a digitizing planimeter. Honours

Project - University of Cape Town, unpublished.

Gregory J. (1969) Flocculation of polystyrene particles with cationic
polyelectrolytes. Trans. Farad. Soc. vol 65, 2260 - 2268.



221

Gregory J. (1973) Rates of flocculation of latex particles by cationic

polymers. Jou. Coll. Int. Sci. vol 42, 448 - 455.

Gregory 2. (1978) Flocculaticn by incrganic salts. in The Scientific Basis
of Flocculation. NATO Advanced Studies Series £ - No 27 (ed Ives K.J.)
Sijthoff and Noorcdhoff - Netherlands, 89 - 98.

Gregory J.. (1978) Effects of polymers on colloid stability in The
Scientific Basis of Flocculation. NATO Advanced Studies Series E No27 (ed
Ives K.J.). Sijtoff and Noordhoff - Netherlands, 101 - 130,

Grim R.E. (1968) Clay Mineralogy. McGraw Hill Book Company New York (1st
edition revised) particularly 193 - 225,

Griot 0. and Kitchner J.A. (1965) Role of surface silanol groups in the
flocculation of silica suspensions by polyacrylamide. Trans. Farad. Soc.
vol 61, 1026 - 1038.

Habib M.A. and Bockris J. 0O'M (1980) Specific adsorption of ions. in
Comprehensive Treatize of Electrochemistry vol 1 (ed Bockris J. 0'M, Conway

B.E. and Yaeger E.) Plenum Press, New York, 135 - 220,

Hall E.S. (1965) The zeta-potential .of aluminium hydroxide in relation to

water treatment coagulation. J. Appl. Chem. vol 15, 197 - 205.

Hall  E.S. (1966) Electrokinetic studies of dispersions of “clay in

hydrolysed aluminium solutions. Disc. Farad. Soc. No. 42, 197 - 203.

Healy T.W. (1961) Flocculation - dispersion behaviour of quartz in the
- presence of a polyacrylamide flocculant. Jou. Coll. Sci. vol 16, 609 -
617. |

Healy T.W. and LaMer V.K. (1962} The adsorption - flocculation reactions of
a polymer with an aqueous colloidal dispersion. Jou. Phys. Chem. vol 66,

1835 -~ 1838.

‘



222

Healy T.W. (1971) General Discussion. Disc. Farad. Soc. No 52, 313. | !
Heckroodt R.0. {1979} Ann. Geol. Survey of South Africa, 9 - 13.

Hesselink F.Th. (1977) Dn the theory of polyelectrolyte adsorption. Jou.
Coll. Int. Sci. vol 60, 448 - 466. ’ '

Hinze J.0. (1959) Turbulence - An introduction 'to its mechanism and

theory. McGraw Hill Book Company, New York.

Hudson H.E. (1965) Physical aspects of flocculation. Jou. Am. Wat. Works
Assn. vol 57, 885 - 892. | -

Hudson H.E. and Wagner E.G. (1981) Conduct and uses of jar tests. Jou. Am.
Wat. Works. Assn. vol 73, 218 - 223. '

1
Hughes M.A. (1977) Ccagulation and Flocculation, in Solid-liquid Separation

(ed Svarvosky L.) Butterworths London.

Hunter R.J. and Alexander A.E. (1963) Surface properties and flow behaviour
of kaolinite Parts I, II and III. Jou. Coll. Sci. vol f8, 820 - B32; 833 -~
845; 846 - 862,

Hunter R.J. (1966) The intérpretation of electrokinetic potentials. Jou.
Coll, Int. Sci. vol 22, 231 ~ 239.

Hunter R.J. and Wright H.S.L. (1971) The dependance of electrokinetic
potential on concentration of electrolyte. Jou. Coll. Int. Sei. vol 37,

564 - 580,

Iler R.K. (1973) Effect of adsorbed alumina on the solubility of amorphous
silica in water. Jou. Coll. Int. Sci. vol 43, 399 - 420. '

1

Ives K.J. (1978) Experimental methods (2). in The Scientific Basis of
Flocculation. NATD Advanced Studies Institute Series E, No. 27 (ed Ives
K.J.) Sijthoff and Noordhoff, Netherlands, 165 - 191.



223

Jankovics L.(1965) Effect of agitaticen and molecular weight on polymer

adsorption and deflocculation. Jou. Appl. Polymer Sci. vol 9, 545 - 552,

| Jepson W.B., Jeffs D.G. and Ferris A.P. (1976) The adsorption of silica on
gibbsite and its relevance to the kaolinite surface. Jou. Coll. Int. Sci.
vol 55, 454 - 461.

Kane J.C., LaMer V.K. and Linford H.B. (1963) The filtration of silica
dispersions flocculated by high polymers. J. Phys. Chem. vol 67, 1977 -
1981.

Kane J.C., LaMer V.K. and Linford H.B. (1964) Filtration and
electrophoretic mobili}y studies of flocculated silica suspensions.
J.Am.Chem Soc. vol 86, 3450 - 3453.

Kitchener -J.A. (1978) Flocculation in mineral processing. in The Scientific
Basis of Flocculation. NATQ Advanced Studies Institute Series E, No. 27
(ed. Ives K.J.) Sijthoff and Noordjoff. Netherlands, 283 - 328,

LaMer V.K. and Healy T.W. (1963) Adsorption - flocculation reactions of
macromolecules at the solid liquid interface. Review Pure Appl. Chem. vol

12, 112 - 133,

LaMer V.K. (1966) Filtrations of colloidal dispersions flocculated - by

anionic and cationic polyelectrolytes. Disc. Farad. Soc. No 42, 248 - 254,

Levine S. and Smith A.L. (1971) General discussion. Disc. Farad. Soc. No

52, pg 312.

Linke W.F. and Booth R.B. (1960) Physical chemical aspects of flocculation
by polymers. Trans. Am. Inst. Min. Mech. Pet. Eng. vol 217, 364 - 371.

Lyklema J. (1976) Inference of polymer adsorption from electrical double

layer measurements. Pure and Applied Chem. vol 46, 149 - 156.



224

Lyklema J. (1978) Surface chemistry of colloids in connection with

stability. in The Scientific basis of Flocculation. NATO Advanced Studies

 Series E No. 27 (ed Ives K.J.) Sijthoff and Noordhoff - Netherlands, 3 -
36. | |

Lyklema J. (1981) Progress in interfacial chemistry in relation to colloid
stability. Pure and Applied Chem. vol 53, 2199 - 2209. |

Macefield I.R. (1978) Determination of pelyacrylamide using a turbidimetric

technique. Allied Colloids Communication (unpublished).

MacKenzie J.M.W. (1971) Zeta-potential studies in mineral processing

measurement techniques and spplications. Min. Sci. Eng. Vol 3, 25 - 43.
Matijevic E.(1966) General Discussion. Disc. Farad. Soc. No.42, 106 - 107.

Matijevic E. (1977) The role of chemical complexing in the formation and
stability of colloidal dispersions. Jou. Coll. Int. Sci. vol 58, 374 -
389. ’

McCarthy M.F. and Olson R.S. (1959) Polyacrylamides for the mining

industry, Mining Engineering. vol. 10, 61 - 65.

Michqels A.S. and Morelos 0. (1955) Polyelectrolyte adsorption by
kaolinite. Ind. Eng. Chem. vol. 47, 1801 - 1809. '

Michegls A.S. and Bolger J.C. (1962) Settling rates and sediment volumes of

flocculated kaolin suspensions. I and EC Fund. vol 1, 24 - 33,

Mori S., Okamoto H., Hara Y. and Aso K. (1980) An improved method of
determining the zeta-potential of mineral particles by microelectro-
phoresis. Int. Sym. of Fine.Particle Processing. Las Vegas. Nevada (ed.

Samasundaran P.), 632 - 651.



225

Mortensen J.L. (1957) Adsocption of hydrolysed polyacrcylonitrile on
kaolinite:I Effect of exchangeable cation and anion. Proc. Soil. Sci.
SDC. Am-, VOJ. 21, 385 - 388. '

Mortensen J.L. (1959) Adsorption of hydrolysed polyacrylonitrile on
kaolinite : II Effect of solution electrolytes. Proc. Soil Sci. Soc. Am.,

vol 23, 199 = 202.

Napper D.H. and Hunter R.J. (1972) Hydrosols. in Surface Chemistry and
Colloids; vol 7, Physical Chemistry Series One. (Kerker M. volume editor.

Buckingham A.D. series editor) Butterworths, London, 241 - 300.

Ninham B.W. (1981) Surface forces - the last 30A. Pure and Appl. Chem. vol
53, 2135 - 2147, '

Overbeek J.Th.G. and Lyklema J. (1959) Electric Potentials in Colloidal
Systems. in Electrophoresis. vol I, (ed Bier M.) Academic Press New York.

- Chapter 1.

Overbeek J.Th.G. (1976) Polyelectrolytes, Past, Present and Future. Pure
and Appl. Chem., vol 46, 91 - 101. |

Overbeek J.Th.G. (1977) Recent developments in the understanding of colloid

Overbeek J.Th.G. and Wiersma P.H." (1979) The interpretation of
electrophoretic mobilities. in Electrophoresis vol 2, (ed Bier M.) Academic

Press, New York, Chapter 1.

Overbeek J.Th.G. (1980) The Rule of Shulze and Hardy. Pure Appl. Chem. vol
52, 1151 - 1161. '

Packham R.F. (1965)_Some-studies of the coagulation of dispersed clays with
nydrolysing salts. Jou. Coll. Sci. vol 20, 81 - 92.



226

Packham R.F. ~ (1972) The laboratory evaluation of polyelectrolyte
‘flocculants. Br. Polymer J. vol 4, 305 - 315,

\

Parker D.S., Kaufman W.J. and Jenkins D. (1972} Floc breskup in turbulent
flocculation processes. Jou. San. Eng. Div: Proc. Am. Soc. Civ, Eng. vol

98, 79 - 99.

Parks G.A. (1965) The isoelectric points of solid oxides, solid hydroxides

and aqueous hydroxo complex systems. Chem.Rev. vol 65, 177 - 198.

Quirk 3.P. (1960) Negative and positive adsorption of chloride = by
kaolinite. vol 188, 253 - 254.

Reich I. and Vold R.D. (1959) Flocculation - deflocculation in agitated
suspensions I. carbon and ferric oxide in water. Jou. Phys. Chem. vol 63,

1497 - 1501.

Richardson M.J. (1964) The direct observation of polymer molecules and

determination of their.molecular weight. Proc.Royal Soc. A279, 50 - 61.

Ries . H.E. and Meyers B.L. (1968) Flocculation mechanism: charge

neutralization and bridging. Science, vol 160, 1449 - 1450,

Ries H.E. (1970) Microelectrophoresis measurements on polymer flocculants

alone and in excess with model colloids. Nature, vol 226, 72 - 73.

Roberts K., Kowalewska J. and Ffriberg S. (1974) The influence of
interactions between hydrolysed aluminium ions and polyacrylamides on the
sedimentation of kaolin suspensions. Jou. Coll. Int. Sci. vol 48, 361 -

367.

Rochon T.G. (1961) Resinography of high polymers. Anal. Chem. vol 33, 1810
- 1816. '



N
[]
~

Rushton J.H., Costich E.W. and Everett H.J. (1950) Power characteristics of
mixing impellers, Part I and II. Chem. Eng. Progress, vol 46, 395 ~ 404
and 467 - 476. ’

Sakaguchi K. and Nagase K. (1266) The flocculation of kaolin and
precipitated CaCO3 by polymers. Bull. Chem. Soc. Japan vol 39, 88 - 91.

Sarkar N. and Teot A.S. (1973) Coagulation of negatively charged colloids

by anionic polyelectrolytes and metal ions. Jou.Coll. Int. Sei. vol 43,

370 - 381.

N

Schamp N. and Huylebroeck J. (1973) Adsorption of polymers on clays. Jou.
Polym. Sci. Symposium No. 42, 553 - 562. '

Scholfield R.K. and Samson H.R. (1954) Flocculation of kaolinite due to the -
attraction of oppositely charged crystal faces. Disc. Farad. Soc. No.'18,

135 - 145.

Shyluk W.P. and Stow F.S. (1969) Aging and loss of flocculation activity of
aqueous polyacrylamide solutions. J. Appl. Polym. Sci. vol 13, 1023 - 1036,

Silberberg A. (1962) The'adsorption of flexible macromolecules. Part I and

I1I. J.Phys. Chem. vol 66,\1872 - 1883 and 1884 ~ 1907,

Silberberg A.(1967) Adsorption of flexibile macromolecules. III.
Generalized treatment of the isolated macromolecule; the effect of self

exclusion. J. Chem. Phys.vol 46, 1105 - 1114.

Slater R.W. and Kigbhener J.A./(1966) Characteristics of flocculation of

mineral suspensions by polymers. Disc. Farad. Soc. No. 42, 267 - 283.

Slater_R.W., Clark J.P. and Kitchener J.A. (1969) Chemical factors in the
flocculation of mineral slurries by polymeric flocculants. Proc. Brit.

Ceram. Soc. No 13, 1 -~ 12.



228

Smith B.H. and Emerson W.W. (1976) Exchangeable aluminium on kaolinite.
Aust. J. Soil. Res. vol 14, 43 - 53.

Somasundaran P. (1980) Principles of Flodculation, Dispersion and Selective
Flocculation. Int. Symp. of Fine Particles Procéssinj'(Z vdlS)'Socipty of
Mining Engineers (ed. Scmasundaran P.) 947 - 976.

P
Spielman L.A. (1978) Hydrodynamic aspects of flocculation. in The
Scientific Basis of Flocculation. NATO Advanced Studies.lnst&tutes Series
E, No.27, (ed Ives K.J.) Sijthoff and Noordhoff Netherlands, 63 - 88,

Stromberg R.R.. (1968) Polymer adsorption on substrates. in Interface

Conversion for Polymer Coatings (ed Weiss P. and Cheever G.D.) Elsevier,

N.Y.

Stumm W. and Morgan J.J. (1962) Chemical aspects of coaqulation. ~Jou. Am.
Wat .Works Assn. vol 54, 971 - 994. '

Stutzmann Th. and Siffert B. (1977) Contribution to the adsorption
mechanism of acetamide and polyacrylamide on clays. Clay Min, vol 25, 392

- 406.

Sutherland D.N. and Tan C.T. (1970) Sedimentation of a porous sphere.
Chem. Eng. Sci., vol 25, 1948 - 1950.

Swartzen-Allen S.L. and Matijévic E. (1974) Surface and colloid chemistry
of clays.. Chem. Rev. vol 74, 385 - 400.

Swift D;F. and Friedlander S.K. (1964) The coagulation of hydrosols by

Browhian motion and laminar shear flow. Jou. Coll.Sci; vol 19, 621 -~ 624.'

- Szczypa J., Monies A. and Sprycha R. (1976) Some remarks on flocculation of
calcium carbonate in aqueous suspension with a nonionic flocculant and
‘electrical surface charge of flocculated particles. Coll. and Polym. Sci.

vol 254, 606 ~ 607.



229

Theng B.K.G. (1982} Clay-Polymer Interactions: Summary and Perspectives.

Clay Clay Min. vol 30, 1 - 10

Thomas D.G. (1964) Turbulent disruption of flocs in small particle size
suspensions, J. A.I.Ch E. vol 10, 517 - 523,

Tomi D.T. and Bagster D.F. (1978) The behaviour of aggregates in stirred

vessels. Parts I and II, Trans. Inst. Chem. Eng. vol 56,.1 -~ 8 and 9 - 18.

Tomi D.T. and Bagster D.F. (1980) The behavicur of aggregates in stirred
vessels. Mat. Sci. Eng. vol 12, 3 - 19, ’ _ : ’

van Lierde A, (1980} Behaviour of quartz éuspensions in the presence of

calcium ions and acrylate polymers. Int. Jou. Min. Processing vol 7, 235 -

243 LJ

van Mengen W. and Snook I. (1978) Statistical mechanical approach to phase

transitions in alloys. Disc. fFarad. Soc., No.65, 92 - 100.

van Olphen H. (1963) An Introduction to Clay Colloid Chemistry, Wiley

. Interscience, New York.

Vincent B. (1974) The effect of adsorbed polymers on dispersion stability.
Advances in Colloid and Interface Science, vol 4, Elsevier, Amsterdam, 193

- 277.

Vrij A. (1976) Polymers at interfaces and the interactions in colloidal

~ dispersions Pure and Appl. Chem. vol 48, 471 - 483.

Walles W.E. (1968) Role of flocculant molecular weight in the coagulation -
of suspensions Jou. Coll. Int. Sci. vol 27, 797 - 803.

Wiese G.R., James R.0. and Healy T.W. (1971) Discreteness of charge and
solvation effects in cation adsorption at the oxide water interface.

Disc. Farad. Soc. No. 52, 302 - 323.



239

Williams D.J.A. and Williams K.P. (1978) Electrophoresis and zeta potential

of kaolinite. Jou. Coll. Int. Sci, vol 65, 79 - 87,

Worrall W.E. and Ryan W. (1960) Flow properties of monoionic clay

suspensions. Trans. VII International Ceramic Congress, 421 - 433,

-9 AUG 1983





