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ABSTRACT

An electrostatic mechanism for the flocculation of charged
particles by polyelectrolytes of opposite charge is proposed. The
difference between this and previous electrostatic coagulation
mechanisms is the formation of charged polyion patches on the
oppositely charged surfaces. The size of a patch is primarily a
function of polymer molecular weight and the total patch area is a
function of the amount of polymer adsorbed. The theoretical pre-
dictions of the model agree with the experimental dependence of the
polymer dose required for flocculation on polymer molecular weight
and solution ionic strength.

A theoretical analysis based on the Derjaguin-Landau, Verwey-
Overbeek electrical double layer theory and statistical mechanical
treatments of adsorbed polymer configurations indicates that floccula-
tion of charged particles in aqueous solutions by polyelectrolytes of
opposite charge does not occur by the commonly accepted polymer-
bridge mechanism.

A series of 1,2-dimethyl-5-vinylpyridinium bromide polymers
with a molecular weight range of 6x103 to 5x106 was synthesized and
used to flocculate dilute polystyrene latex and silica suspensions in
solutions of various ionic strengths. It was found that with high
molecular weight polymers and/or high ionic strengths the polymer
dose required for flocculation is independent of molecular weight.
With low molecular weights and/or low ionic strengths, the floccula-

tion dose decreases with increasing molecular weight.
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Chapter 1
INTRODUCTION
A. General Background

A substantial portion of municipal water treatment involves
the removal of negatively-charged suspended particles ranging in
size from approximately 0.0l to 10 microns. These colloidal
particles have been removed from water primarily because they
impart a turbidity which is aesthetically unacceptable. The
particles include metal oxides and hydroxides, clays and minerals
resulting from soil weathering, and biological matter such as
bacteria and algae cells.

Recent studies have placed a new emphasis on particulate
removal. It has been found that pesticides, herbicides, radio-
nuclides, dissolved trace metals, and other substances potentially
detrimental to human life are associated with the particulate matter
in waters. Particle removal can no longer be considered simply
"aesthetically desirable''., The increased need of producing
particulate-free waters requires that the present techniques of
particulate removal be improved and that new methods be developed.

The water treatment industry has removed colloidal material
from waters for over eighty years by chemical coagulation with
multivalent inorganic sa.ltss. Extensive use has been made of
soluble aluminum and iron (II) and (III) salts. In recent years it has
been found that synthetic organic polymers can act as coagulating
agents., Polymers, in addition to increased effectiveness and lower

required doses, have the inherent advantage over traditional salts of not
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significantly increasing the volume of settled material to be dis-
posed of. With use of inorganic salts, up to 95 percent of the
volume of settled material is the precipitate formed by the
coagulating agent.

Organic polymers have been used for almost a decade to
dewater sludges, thicken slurries, and coagulate solids in industrial
treatment processes. Polymer treatment of potable waters is just
coming of age as can be seen by the fact that in the last six years
over one hundred synthetic polymers have been approved by the
United States Public Health Service for use in public water
supplies

Both organic and inorganic polymers can be divided into
three classifications, depending on the net charge of the polymer
chain: anionic, cationic, and nonionic. FEach type of polymer is
suited to particular applications. A recent review of the use of
all three types in water treatment has been made by HawkesZ7.
An early review of the physical processes believed to be involved
in polymer flocculation was presented by LaMer and Hea1y37.

Adequate knowledge of the effects of certain key variables on
the flocculation of dilute suspensions by polymers is lacking. One
such variable is water composition. The ionic strength of a water
should affect the polymer flocculation process since the properties
of both particles and polymer depend on ionic strength.

B. Water Composition and Polymer Properties

Natural waters of the United States vary greatly in both type

and concentration of ions present. Based on data published by the



United States Geological Survey72, the ionic strength of public water
supplies for forty of the largest cities in the United States varies
between 4x10-4 and 4x10-z moles per liter. There are smaller
cities using waters having ionic strengths outside these limits. It
can also be expected that in the future as the water demand
increases, water supplies of more widely ranging salt content will
be used. An average ionic strength value of 6x10-3 is obtained
using the U. S. potable water composition data published by Davis
and DeWiestls.

In the polymer flocculation of dilute suspensions an important
polymer parameter which has received little attention is molecular
weight, Dilute suspensions have a solids volume fraction of less
than 5x10-5. For clay and bacterial suspensions this corresponds
to approximate weight concentrations of 125 mg/l and 50 mg/1,
respectively. Most natural waters have suspended particle concen-
trations less than these values.

The effect of polymer molecular weight on the flocculation of
concentrated suspensions or slurries has been studied by several
investigators (Dixon and Zielyklg, Dixon et alzo, Walles75, and
Sakaguchi and Nagase57). It is impossible to use the results of
these investigations to determine the fundamental characteristics of
the flocculation mechanism because the experimental systems
studied were poorly defined.

C:regory24 has investigated the effects of molecular weight

variation on the destabilization of well-defined, dilute suspensions

using two commercially available polyamines (Primafloc C-3 and



Primafloc C-7, products of Rohm and Haas Co.). In Gregory's
work, however, it is difficult to attribute differences in floccula-
tion behavior solely to variation in molecular weight since the
polymers used also have different chemical structures16

C. Purpose of the Present Work

It is the purpose of the present research to investigate the
effects of polymer molecular weight and solution composition on
the polymer flocculation of dilute suspensions. The use of well-
defined systems is necessary if a better understanding of the
fundamental mechanisms involved in polymer flocculation is to be
gained. Because of the basic differences in the various polymer-
particle systems it was decided to limit the investigation to systems
of negatively charged particles and a positively charged polyelec-
trolyte. The research was accomplished by synthesizing and
characterizing a homologous series of linear cationic polymers.
These polymers were then used to flocculate particles having
negative surface charge.

An electrostatic flocculation model is developed to describe
the mechanism by which a polyelectrolyte flocculates particles of
opposite charge. The model was then used to analyzethe results
from the well-defined experimental system. It is shown that the
commonly assumed polymer bridging mechanism does not apply to

systems of polyelectrolytes and particles of opposite charge.



Chapter II
THEORETICAL ANALYSIS OF POLYMER BRIDGING IN TERMS
OF THE DIFFUSE ELECTRICAL DOUBLE LAYER THEORY
AND ADSORBED POLYMER CONFIGURATIONS
A. DPolyelectrolytes in Solution
If the subunit (segment) of a linear polymer contains an ionic
group, the macromolecule has the properties of both polymers and
electrolytes and is known as a linear polyelectrolyte. Examples

are sodium polyacrylate, an anionic polyelectrolyte,
#=CHz~ CH-CHz CH-CHz CH— -
CO0 CO0 COoO
Na* Na* Na*
and poly(vinylammonium chloride), a cationic polyelectrolyte,
= CHp~ CH-CHz~ CH — CHy— CH— -
NHY  NHT NH*
Ci— Cl— ClI—

A description of the solution properties of polyelectrolytes

.

requires the use of certain terms which characterize polymers.
For a more detailed treatment than the one presented below, the
reader is referred to one of several polymer textszz’ 70.

1. Definitions. The degree of polymerization, n, of a
given polymer molecule is the number of structural units in the
polymer chain. Usually n is simply the number of monomer units
per polymer molecule. The molecular weight, M, is the sum of
the molecular weights of all atoms in the macromolecule. For-

large n, M is equal to nMo where M0 is the molecular weight of

a monomer segment.
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The degree of ionization is the fraction of ionizable groups
which are dissociated. The degree of ionization of the polymer is
determined primarily by the ionization constant of the individual
functional groups and the dielectric constant of the solvent. Poly

(acrylic acid),
—CHzyCH—
COOH
n

is a weakly ionized polymer because of the relatively weak tendency
of the carboxyl groups to dissociate. In contrast is sodium poly-
acrylate which consists mainly of ionized carboxylate groups and
sodium counter ions.

Ions dissociated from the polymer are referred to as
gegenions or counterions and the resulting charged macromolecule
is considered the polyion. The charge density of the polyion may
be expressed as the number of ionized groups per unit length or
per monomer unit,

The contour length is the length of the stretched out polymer,
and is the length of each monomer unit in the macromolecule
multiplied by the number of such units.

The radius of gyration, R('}, characterizes the size of a
macromolecule. R(':T is defined as the square root of the weight
average of riz,the distance between the i-th segment and the center

of mass; i.e.

v 2 2
Re = Z m; ";/Z m; -1
A



T

In order to characterize polymer solutions containing many macro-
molecules, RG’ the root-mean-square average of RC'} over all con-

figurations is used:

Jadd ——
Re = ( RGL) 1: (Z m;Y;V; mL )'h-_ 11-2

Since the structural units of a polymer usually have identical

masses, the radius of gyration can be expressed as

Re = (Z ;F‘/r\)'h-. I1-3

The hydrodynamic volume, Vh’ is the volume of the macro-
molecule and the solvated ions. The hydrodynamic volume of a
polymer having a coiled configuration includes the solvent
molecules which fill the voids of the coil. The hydrodynamic
volume of polyelectrolytes is slightly more complicated since it is
the volume of the neutral macromolecule component which includes
the polyelectrolyte itself, small counter ions and solvent. A length
characteristic of the hydrodynamic volume is defined as the radius,
Re, of a sphere having a volume equal to the hydrodynamic volume
of the macromolecule.

2. Solution Configuration. Some of the processes involved

in flocculation are influenced by the solution configuration of the
polymer. The diffusion and transport rates depend on the size and
shape of the polymer molecule. Under certain conditions the

configuration of the polymer adsorbed at the solid-solution interface
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is influenced by the configuration of the polymer in solution.

An uncharged, flexible linear polymer may, by rotation about
its single bonds, take on any configuration compatible with its fixed
bond lengths and angles and any other steric restrictions which may
exist. From a consideration of the random-walk process, it is
usually reasonable to expect the linear chain to assume a random
coil configuration with a spherically symmetrical mass distribution.

When groups of a linear polymer ionize, that is, when the
flexible polymer becomes a polyion, all configurations compatible
with its geometric characteristics are still possible. However,
repulsion between like charges on the polyion cause the free energy
to vary for different configurations. The,free energy of compact
configurations is relatively high in comparison to the free energy of
extended molecules. In a solution having high dielectric constant,
polyelectrolytes favor an extended configuration; nonionic polymers
in the same solution assume a more compact, random-coil con-
figuration.

The effective range of the repulsion forces between the
different ionized groups on a polyion depends on the ionic strength
of the solution. This dependence is caused by the existence of a
diffuse layer of oppositely charged simple ions (counter) around
the polyion. Such systems have been described in terms of the
electrical double 1ayer70’ 74.

The counterions of the diffuse double layer act as a shield
which reduces the effective range of the repulsive forces between

the like-charged segments of a polyion. At low, bulk solution
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concentrations the absolute number of counterions close to the -
polyion small and shielding is inadequate to prevent repulsion
between the ionized groups of the polyion. This lack of shielding
results in an extended configuration. At relatively high ionic
strengths, the number of counterions close to the polyion is large
and the effective range of the repulsive forces is reduced. Ionized
segments are then able to approach each other more closely and a
compact configuration results.

Fig. II-1 is an attempt to depict qualitatively the above
described ionic strength influence on the configuration of poly-
electrolytes. The polyion models are analogous to the models used
to describe the double layer at the surface of a flat plate74. In
Fig. II-1(a) the counterion distribution around a segment of the
polymer backbone is shown. The segment is short enough to be
approximated as linear. In addition to the counterions shown,
there are, in the same area, co-ions present at a concentration
less than the bulk solution co-ion concentration. In part (b) the
repulsive force between two segments is shown as a function of
the distance separating the segments. At high ionic strengths the
repulsive forces decrease rapidly and segments can approach each
other. Part (c) illustrates schematic polymer solution configura-
tions for the two ionic strength conditions.

B. Mechanisms for Polymer Aggregation of Particles

The aggregation of suspended particles occurs in two steps:

(i) the transport of particles resulting in collisions and, (ii) the

69

destabilization or successful sticking together of the particles ’.
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Particles are transported by velocity gradients arising from energy
dissipation in the solution (orthokinetic aggregation) and by Brownmian
motion (perikinetic aggregation). The parameters influencing the
rate of collisions are the intensity of agitation, particle size,
particle concentration and temperature.

Particle destabilization is controlled by the chemical and
electrical parameters of the system. The turbidity-producing
particles in aqueous solution do not aggregate into larger, settle-
able flocs because successful collisions are prevented by the
repulsive forces between particles due to charges on the surfaces
of the particles. A collision efficiency factor o« , is defined as
the ratio of the number of successful collisions to the total number
of collisions7. The overall rate of aggregation can be expressed
as the product of the collision efficiency factor and the rate of
particle-particle collisions.

Polymer flocculation of charged particles can occur by two
mechanisms: (i) reduction of the electrostatic repulsion between
particles and, (ii) formation of polymer bridges between particles.
The aggregation mechanism for a particular suspension is deter-
mined by the physical and electrochemical surface characteristics
of the particles and the physical and chemical nature of the polymer.
In Fig. II-2 the adsorbed configuration of polymer and the corres-
ponding aggregation configuration is illustrated. It is possible to
separate the polymer adsorption process and the particle aggrega-
tion process because of their different time scales. As will be

developed in a following section, the rate of polymer adsorption is
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IADSORBED POLYMER CONFIGURA- AGGREGATE
TION ON PARTICLE CONFIGURATION
(a) '"dangling ends' bridging
(b) looped bridging
(c) flat shielding
(d) combination combination

Fig. II-2. Polymer adsorption configuration and the
resulting aggregate configuration
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fast in comparison to the aggregation rate of particles in the
majority of systems.

In Fig. II-2(a), long, stretched-out polymer molecules attach
to two or more particles. Characteristics of this model are: (a)
attachment of relatively few segments of the polymer molecule to
the particles and, (b) relatively great length of polymer molecules
in comparison to the size of the particles, The effectiveness of
flocculation by this model is very dependent on the size or molec-
ular weight of the polymer.

In Fig. II-2(b) polymer molecules are shown adsorbed with
looped configurations on the surfaces of individual particles.
Collisions between particles result in aggregation if a looped
polymer segment of one particle can attach to an available site on
another particle. In the aggregated state the particles cannot
approach each other more closely because electrostatic repulsion
between the like-charged surfaces still exists. For successful
aggregation by this bridging mechanism it is necessary for: (1)
the loops of the adsorbed polymer to be larger than the interaction
distances of the repulsive forces and, (2) for adsorption sites to
be available.

The availability of adsorption sites depends upon the degree
of surface coverage or the amount of polymer already adsorbed on
the particles. An almost universal characteristic of polymer
flocculation is that excessive doses of polymer result in reversal
of surface charge and restabilization of the suspensionég. Restabil-

ization is caused by the saturation of the surface by polymer
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which may: (a) reverse the charge of the surface or, (b) leave
no sites available for bridge formation.

The electrostatic or shielding model is illustrated in Fig. II-2
(c). Oppositely charged polyelectrolytes adsorb to the charged
surfaces of the particles in a flat configuration and shield the
surface charge from the solution and from other particles. Destabil-
ization then occurs as a result of the universal London-van der
Waal's attractive forces or by simple electrostatic attraction. That
is, aggregation occurs when the repulsive forces have been reduced
to a level that enables particles to approach each other closely
enough for the short-ranged van der Waal's attractive forces to act,
or when a polymer coated surface comes in contact with an uncoated,
oppositely charged surface. A looped configuration of adsorbed
polymer on the surface will not prevent aggregation by the electro-
static mechanism if the loops are able to collapse and lie flat
between two surfaces.

Fig. 1I-2(d) illustrates aggregation by the combination of the
bridging and shielding mechanisms. Polymer adsorbs in a relatively
flat configuration with small loops. The repulsive forces in the
polymer-free system prevent the particles from approaching each
other closely enough for the small loops to form bridges. That is,
the loops are not long enough to bridge the ''gap'' between particles.
However, the polyion segments attached directly to the surface
shield the surface charge and the ''gap' between the particles is
reduced until the loops can form bridges. As in the case of pure

bridging the particles cannot approach each other more closely



o] B

because of repulsion between surfaces and yet the particles cannot
move apart because of the polymer bridges between their surfaces.
The particular destabilization mechanism actually operative
will be determined primarily by: (1) the configuration of the
adsorbed polymer, or the length of a loop; and (2) the magnitude of
the repulsion forces between the particles. In terms of the models
presented these two parameters may be interpreted respectively as
the length of the available bridge and the size of the gap between
particles which must be bridged if flocculation is to occur.
In order to determine the flocculation mechanism the distance
between particles and the size of polymer loops are investigated
in the following sections of this chapter.
C. Particle Stability

1. Potential Energy of Interaction Between Particles.

The interaction energies between charged particles in aqueous
solution are described by the Derjaguin-Landau, Verwey-Overbeek
(DLVO) theory of the diffuse electrical double layer. No attempt is
made here to review double layer theory and the reader is referred
to Verwey and Overbeek74, Kruyt36, and Adamsonl. In order to
account for the effects of specific adsorption of polyions the Stern
correction to the Gouy-Chapmann model of the double layer is

used.

The energy of repulsion (VR) between two spheres having

surface potential We can be calculated by the relationship

Vg = 5—‘2'!"1 |os.{| A4 exp(—‘\(H\} n-4
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where €& is the dielectric constant of the bulk solution; a is the
radius of the spheres; *K:‘is the double layer thickness*; and H
is the distance between the surfaces of the particles.

The approximations used in the derivation of Eq. II-4 are
valid when the double layer thickness is small in comparison to
the size of the particle and when the surface potential is not too
great. When K. a is greater than 2.5 the error in the repulsive
energy is less than one percent. In a system of one micron
particles Eq. II-4 is valid for ionic strengths greater than
2%10~° moles /liter.

In the DLVO theory the attraction between particles is
entirely due to the London-van der Waal forces. Hav.ma,ker25
derived the following relationship for the London-van der Waal

attraction (VA) between two spherical particles:

Va=-1% {s‘%;‘\' 32‘—._ +‘°5e(§ls’—f'\} (II-5)

where A is the Hamaker constant and s = (H + 2a)/a. The

7 o
* 1'(=ez. ’%lk%- = 2TX\0Zy C"‘\&"'(ZSOC) where e is

the elementary charge, Z is the valence of the ions, n is the
solution ion concentration in ions/cm”, k is the Boltzmann constant,
T is the absolute temperature and C is the solution ion concentra-
tion in moles/liter.



. .

major difficulty in using Eq. II-5 is determining the correct value
for the Hamaker constant. Values of A have been estimated from
fundamental atomic properties and have been experimentally deter-
mined from measurements of the stability of various colloids as

a function of ionic strength. Watillon and Petit'76 have described
the method they used to determine A for polystyrene latices.

The total interaction energy (VT) between two charged spheres
is the sum of the repulsive energy and the London-van der Waal
attractive energy. That is VT = VR + VA' Positive values of VT
indicate net repulsive energies. Fig., II-3 illustrates the variation
of the attractive, repulsive and total energies with the distance
between two spherical particles having surface potentials of 50 mv,
diameters of 0.2 microns and Hamaker constants of lo-lzergs.
Several curves are shown for different values of ionic strength.
The van der Waal attractive forces are independent of solution
composition and particle surface potential.

To illustrate the dependence of the interaction energy on
surface separation distance a hypothetical process bringing two
particles together is described. Following the 10-3 molar ionic
strength curve in Fig. II-3, the total interaction energy varies as
follows:

At distances (between surfaces) greater than 0.05
microns there is no interaction between the particles.
However as the particles approach more closely the
repulsive energy increases until a maximum is
reached at 0.005 microns; at distances less than

0.001 microns the particles are attracted to each
other by van der Waals attraction.
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Colloidal suspensions are thermodynamically unstable since

the free energy of the aggregated state is lower than the free
energy of the dispersed state, which because of its disperseness,
has large surface free energies., Non-coagulating suspensions
are the result of electrostatic repulsion barriers which cause
particles to exist in metastable states. Systems remain in meta-
stable, dispersed states if the repulsion barrier is large with
respect to the energy of the particles. If, however, the inter-
action barrier is lowered to the point where it is less than the
energy of the particles, coagulation occurs irreversibly since the
aggregated state has minimum free energy.

Particles have an average energy of kT due to thermal or
Brownian motion (k is the Boltzmann constant and T is the
absolute temperature). The energy distribution of the particles is
described by the Boltzmann equation. Since coagulation is pre-
vented only when the repulsive barrier is effectively unsurpassable
to all particles, suspension stability requires interaction barriers
of several kT. A barrier height of 10 kT, determined empirically,
is usually sufficient to prevent coagulation74. Even though there
is no detectable coagulation in systems with 10 kT energy barriers,
4x10'3 percent of the particles have energies greater than 10 kT
and are capable of coagulating. The time for coagulation of a
system with a 10 kT barrier might be on the order of years.

2. Stern Corrections. Several assumptions are made in

the Gouy-Chapman model of the double layer which are unrealistic.

St:ern67 proposed two corrections to account for the finite size of
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the ions in the layer nearest the solid surface and for the
possibility of specific adsorption of ions. Stern divided the region
near the surface into two parts, the first consisting of ions
adsorbed at the surface and forming an inner, compact double
layer, and the second consisting of a diffuse Gouy-Chapman layer.
The inner layer is referred to as the Stern layer and is enclosed
by the surface plane and the plane of the centers of the closest
counter-ions. In the Stern layer, which acts as a molecular con-
denser, the electric potential drops linearly with the distance from
a value \\J, at the surface to a wvalue of q’s s \")8 is called the
Stern potential. The Stern model is illustrated in Fig. II-4.

The quantitative treatment of the diffuse layer of the Stern
model is the same as the treatment of the Gouy-Chapman layer
except that the addition of electrolyte causes a compression of the
diffuse layer and some shifting of counter-ions from the diffuse
layer to the Stern layer. The increased concentration of ions in
the Stern layer lowers the Stern potential.

A mathematical treatment of the Stern layer is given by
Verwey and Overbeek 74. The major difficulty in quantitatively
using the Stern model is the lack of certain information. The
thickness of the Stern layer & , the dielectric constant in the
Stern layer e' , the number of adsorption sites on the surface
N, , and the specific interaction energy ¢ are all needed
for a mathematical treatment. Values of the capacity of the
compact layer, &’ /4% S , have been estimated from electro-

capillarity measurements and related studies for a few systems. ;
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8 is estimated as 3 to 10 -z\, depending on the adsorbing ions;

G' , the local dielectric constant, is less than the bulk solution

value, N1 is related to the surface area occupied by the adsorbed
ions; usually each ion will occupy between 5 and 50 L2 depending
on the size of the ion. The specific interaction energy ¢ depends
on the chemical nature of the adsorbing ions.

As discussed in section II-D-3A, ¢ is related to the adsorp-
tion energy. When calculating the energy of interaction between
two surfaces it is possible to replace the Gouy-Chapman potential by
the Stern potential and perform the calculations in the manner
deriw;'ed for interacting Gouy layers 74. This substitution is justifi-
able since the Stern layers influence each other only when the
distances between the surfaces are on the order of atomic dimensions.
It is the diffuse double layers which interact with each other. All
Stern corrections are effectively accounted for by using the Stern
Potential instead of ‘P, in Eq. II-4.

The mathematical dependence of the Stern potential on the
Stern parameters ( G') S, Ny ¢ ) is given in Appendix 1.

3. Specific Ion Adsorption and Reversal of Zeta Potential.

The zeta potential has received considerable attention in
colloid chemistry. It is defined as the electric potential in the
double layer at the interface between a particle moving in an
electric field and the surrounding solution. The zeta potential is
computed from the experimentally-measured electrophoretic
mobility. The concept of the zeta potential is illustrated in

Fig. II-S.
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The interface at which the zeta potential occurs is the slipping
or shear plane between the bulk liquid and the liquid which moves
with the particle. The major difficulty in quantitatively computing
double layer parameters from zeta potential values is that the
position of the shear plane is unknown. That is, the zeta potential
represents the potential at an unknown distance from the surface.
The zeta potential is less than the surface potential since some
counter-ions are carried along with the particle. The zeta poten-
tial has been equated to the Stern potential by some investigators
but it is more accurate to consider the zeta potential less than the
Stern potential since the shear plane is further from the surface
than the Stern layer.

The zeta potential can be reversed if enough ions adsorb in
the Stern layer. Charge reversal requires the existence of specific
adsorption forces between the adsorbing ions and the surface to
overcome the Coulombic repulsion involved in adsorbing ions to a
like-charged surface. Zeta potential reversal is illustrated in
Fig. II-5.

In a system in which the zeta potential can be reversed, the
Stern potential is zero when the zeta potential is zero. No assump-
tions concerning the position of the shear plane are needed at zero
zeta potential if the zeta potential truly reverses its polarity. This
Stern potential characteristic of systems having a reversible zeta
potential allows quantitative analysis of the adsorption of polyions

into the Stern layer.
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Polyelectrolyte molecules adsorbed to surfaces can lie in
either the Stern layer or the diffuse layer. It is possible for
different segments of a single macromolecule to be adsorbed in
different layers. It is assumed that the segments contained in
loops lie in the diffuse layer and the segments attached directly to
the surface lie in the Stern layer. The potential used to compute
interaction energies (Stern potential) is reduced only by the segments
of the polyions in the Stern layer; the looped portions result only in
the compression of the double layer.

4. Distance of Closest Approach.

a. Definition. The polymer-flocculation-bridging-
model is based on the formation of polymer bridges between
particles which are stable in terms of the DLVO theory. That is,
particles which cannot approach each other because of repulsion
barriers are aggregated by polymer bridges which extend beyond
the repulsion barrier. A length characteristic of the shortest
distance between stable particles can be defined. This character-
istic distance represents the length of polymer loops required if
bridging is to occur.

The distribution of particles with distance from a central
particle can be approximated by the use of Fuch's 'cheory.74 for

the rate of coagulation in a field of force. The flux of particles,

J, reaching a central particle is

55

T=awx(p3h+nd

) 11-6
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where x is the distance between centers of the particles, VT is
the total interaction energy between particles, n is the concentra-
tion of particles, D is the Einstein diffusion coefficient, and f

is Stokes friction coefficient. In a stable system the flux is very

small and can be approximated as zero. This assumes steady state

and enables Eq. II-6 to be rewritte