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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 l, 2-dimethyl-5 -vinylpyridinium bromide polymers 

3 6 with a molecular weight range of 6xl0 to 5xl0 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 I 

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. 01 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 mine .rals 

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 

multi valent inorganic salts 8 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 

1
. 2 

supp 1es 

Both organic and inorganic polymers can be divided into 

three classifications, depending on the net charge of the polymer 

chain: anionic, cationic, and nonionic. Each type of polymer is 

suited to particular applications. A recent review of the use of 

27 all three types in water treatment has been made by Hawkes 

An early review of the physical processes believed to be involved 

37 
in polymer flocculation was presented by LaMer and Healy 

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 g reatly in both type 

and concentration of ions present. Based on data published by the 
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72 
United States Geological Survey , the ionic strengt h of public water 

supplies for forty of the largest cities in the United States varies 

-4 -2 
between 4xl0 and 4xl0 moles per liter. There are smalle r 

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 6xl 0- 3 is obtained 

using the U. S. potable water composition data published by Davis 

d D W
. 15 

an e 1est . 

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 

-5 than 5x10 • For clay and bacterial suspensions this corresponds 

to approximate weight concentrations of 125 mg/1 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 

19 20 75 
investigators (Dixon and Zielyk , Dixon et al , Walles , and 

Sakaguchi and Nagase
57

). 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. 

24 
Gregory 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 
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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 structures 16 . 

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 investigati on 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 analyze the 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. 
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Chapter II 

THEORETICAL ANALYSIS OF POLYMER BRIDGING IN TERMS 

OF THE DIFFUSE ELECTRICAL DOUBLE LAYER THEORY 

AND ADSORBED POLYMER CONFIGURATIONS 

A. Polyelectrolytes 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, 

·· ·-CH 2-<( H-CH2- <(H-C H2- yH- ···· 
coo- coo- coo-

Na+ Nc:1+ Nc:1+ 
and poly(vinylammonium chloride), a cationic polyelectrolyte, 

····- CH -CH-CH -CH -CH- CH-
2 I 2 I 2 I 

N H+ NH+ NH + 
Cl- Cl- Cl-

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 

22 70 
reader is referred to one of several polymer texts ' 

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 nM where M is the molecular weight of 
0 0 

a monomer segment. 



-6-

The degree of ionization is the fraction of ionizable groups 

which are dissociated. The degree of ionization of the polymer 1s 

determined primarily by the ionization constant of the i ndividu al 

functional groups and the dielectric constant of the solvent. Poly 

(acrylic acid), 

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, RG, characterizes the size of a 

macromolecule. RG is defined as the square root of the weight 

2 
average of r. , the distance between the i-th segment and the center 

l 

of mass; i.e. 

= m...;. II-1 
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In order to characterize polymer solutions containing many macro-

molecules, RG' the root-mean-square average of RG over all con­

figurations is used: 

':z.. ),,,_ (' i /' )'''2-f\ 6 = ( f\ G = T rn;. r;. / T m..: . II-2 

Since the structural units of a polymer usually have identical 

masses, the radius of gyration can be expressed as 

([ 'r;. 2./ n)'h ... II-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 

70, 74 
electrical double layer . 

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 plate 74 In 

Fig. II-l(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-

tiona 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 

destabilization or successful sticking together of the particles69 . 
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Particles are transported by velocity gradients arising from energy 

dissipation in the solution (orthokinetic aggregation) and by Brownian 

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 floes because successful collisions are prevented by the 

repulsive forces between particles due to charges on the surfaces 

of the particles. A collision efficiency factor 0( is defined as 

the ratio of the number of successful collisions to the total number 

f 11
. . 7 

o co 1s1ons . 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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fast in comparison to the aggregation rate of particles in the 

majority of systems. 

In Fig. II-Z(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 melee­

ular weight of the polymer. 

In Fig. II-Z(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 suspension69 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. II-2(d) illustrates aggregation by the combination of the 

bridging and shielding mechanisms. 

flat configuration with small loops. 

Polymer adsorbs in a relatively 

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 
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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 

74 36 1 
to Verwey and Overbeek , Kruyt , and Adamson • 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 (V R) between two spheres having 

surface potential 4Jo can be calculated by the relationship 

n-+ 
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where E is the dielectric constant of the bulk solution; a is the 

radius of the spheres; 
_, ~' 

1<.. 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 -1<...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 

-6 I 2xl0 moles liter. 

In the DLVO theory the attraction between particles is 

entirely due to the London-van der Waal forces. 
25 

Hamaker 

derived the following relationship for the London-van der Waal 

attraction (VA) between two spherical particles: 

(II-5) 

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

* 
the elementary charge, 2. is the valence of the ions, n is the 
solution ion concentration in ions I cm3, k is the Boltzmann constant, 
T is the absolute temperature and C is the solution ion concentra­
tion in moles/liter. 
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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 (V T) between two charged spheres 

is the sum of the repulsive energy and the London-van der Waal 

attractive energy. That is V T = V R +VA. Positive values of V T 

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, 

-12 
diameters of 0. 2 microns and Hamaker constants of 10 ergs. 

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 coagulation 
74

. Even though there 

is no detectable coagulation in systems with 10 kT energy barriers, 

-3 4xl0 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. 

67 Stern 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 \\lo at the surface to a value of '-\It ; \\Js 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 

74 
Verwey and Overbeek • 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 
I 

€ , the number of adsorption sites on the surface 

, and the specific interaction energy tP are all needed 

for a mathematical treatment. Values of the capacity of the 

compact layer, e' /4'tr s , have been estimated from electro-

1 
capillarity measurements and related studies for a few systems. 
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S is estimated as 3 to 10 A, depending on the adsorbing ions; 

~~ , the local dielectric constant, is less than the bulk solution 

value. N 
1 

is related to the surface area occupied by the adsorbed 

· 11 h · '11 b t 5 and 50 Ao 2 d d' 1ons; usua y eac 10n w1 occupy e ween epen 1ng 

on the size of the ion. The specific interaction energy t/1 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 

74 
derived for interacting Gouy layers • 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 t/Jo. in Eq. II-4. 

The mathematical dependence of the Stern potential on the 

Stern parameters ( E') S, ~.h ) 9 ) 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-5. 
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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. 

Fig. II-5. 

Zeta potential reversal is illustrated in 

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 poe sible 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 

74 
particle can be approximated by the use of Fuch 1 s theory for 

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

J , reaching a central particle is 

J : 4- ")(' X 1. ( D ~' + h d VT \ 
ax f dX ) II-6 
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where x is the distance between centers of the particles, V T 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 rewritten as: 

II-7 

The solution to Eq. II-7 with the boundary condition n = nB = bulk 

particle concentration at V T = 0 is 

II-8 

since D = kT /£. The distribution of ions with distance is a direct 

function of the interaction energy variation with distance. In Fig. 

II-6 two interaction curves and the corresponding particle concen-

tration distributions are illustrated. The slope of the interaction 

energy curve between 0 and 10 kT controls the width of the distri-

bution zone. 

While Fig. II-6(b) shows that there is a distribution of 

distances between particles in a stable suspension, a single dis-

tance characteristic of the system can nonetheless be defined. This 

characteristic distance is referred to as the "distance of closest 

approach" (DCA) and is based on the notion of two particles being 

able to approach each other until some particular interaction energy 

value is reached. In this and the following analyses 5 kT is the 
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particular energy value defining the DCA unless otherwise noted. 

Approximately 0. 6 percent of the particles are separated by 

distances less than that corresponding to a 5 kT energy. A DCA 

based on an interaction energy of 10 kT, results in separation 

distances which are almost never attained. 

The DCA is defined as the distance between the surfaces of 

particles experiencing a total repulsive interaction energy of 5 kT 

in the region where the repulsive energy decreases with increas-

ing distance between particles; if the maximum of the energy 

barrier is less than 5 kT, the DCA is zero since the particles are 

then able to coagulate. 

DCA's are evaluated by determining the interaction energy as 

a function of distance. The 5 kT energy barrier shown in Fig. 

II-3 defines DCA's of 0. 04, 0. 008, and zero microns for ionic 

-3 
strengths of 10 , -2 -2 I 10 , and 2xl0 moles liter, respectively. 

Fig. II-6 illustrates both the 5 kT DCA (arrows) and the entire 

distribution of distances between particles. The normalized con-

centration value of the 5 kT DCA, 0. 006, is too small to be seen 

in Fig. II-6. 

b. Dependence of DCA on System Parameters. The 

DCA, as defined in the previous section, depends on the following 

parameters: 
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a) DCA energy barrier 
b) surface potential 
c) Hamaker's constant 
d) dimensions and shape of particles 
e) concentration of solution ions 
f) valence of bulk solution ions 
g) dielectric constant of bulk solution 
h) temperature 

In order to investigate polymer bridging as a flocculation mechan-

ism the response of the DCA to the above parameters must be 

known. The large variation in possible sizes of polymer bridges, 

10 A for small loops to over 10, 000 A for completely stretched-out 

molecules, makes it necessary to investigate the parameters on 

two scales. 

Within certain limits the value of the repulsion energy defin-

ing the DCA only slightly affects the value of the DCA. In Table 

II-1 the DCA' s defined by energy values of kT, 5 kT and 10 kT 

are compared for various surface potentials at two ionic strengths. 

There is only a small dependence of DCA on the energy value used 

to define it at 10- 2 molar ionic strengths because the interaction 

curves have relatively steep slopes (see curve A of Fig. II-6). 

-3 For the 10 molar ionic strength system the DCA variation 

increases since the gradients of the interaction energy curves are 

smaller (see curve B of Fig. II-6). The variation is less than 

15 percent for all cases listed in Table Il-l. 

In Fig. I!-7 the variation of the 2 kT DCA and the 10 kT DCA 

with ionic strength is illustrated for one micron spherical 

particles having a surface potential of 50 mv and a Hamaker 

-12 
constant of 10 ergs. With decreasing ionic strength the double 
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Table II-1. DCA values at interaction energies of 10, 5 and 

kT. System: 1 micron diameter spherical particles, 

H k t t 10 -
12 

t t -- 20°C. ama er cons an = ergs, empera ure 

(a) Ionic Strength = 10- 2 moles/liter 

DCA (A) 
Surface 
Potential 

(mv) 10 kT 5 kT 1 kT 

40 0 0 0 

45 49 52 54 

50 66 68 70 

60 86 88 90 

70 101 103 105 

(b) Ionic Strength = 10- 3 moles /liter 
0 

Surface DCA (A) 

Potential 
(mv) 10 kT 5 kT 1 kT 

20 0 0 0 

25 150 178 201 

30 230 251 276 

40 318 340 367 
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layer expands and the DCA increases. At 10-4 molar ionic 

strength the difference between the DCA' s defined at energies of 

2 kT and 10 kT is less than 20 percent. From this and the previous 

observation it can be concluded that the value of the interaction 

energy defining the DCA is not critical. 

For the relationships shown between the DCA and the ionic 

strength certain limitations must be placed on the composition of 

electrolytes in solution or the usual ionic strength definition must 

be modified. In the derivation of t he double layer repulsion energy 

relationship, Eq. II-4, the solution was assumed to consist of 

symmetrical electrolytes. Verwey and Overbeek later showed that 

the capacity of the double layer is actually almost completely 

determined by the valency of the ions having charge opposite to 

74 
that of the surface . This enables the double layer relationships 

to be used for systems containing unsymmetrical electrolytes if the 

valence and concentration used in the equations are those of the 

counter-ions. 

Expression of the double layer relationships in terms of 

ionic strengths is straightforward for solutions of symmetric 

electrolytes; for solutions of unsymmetric electrolytes the usual 

* ionic strength definition must be modified to 

* I 
1 = z 

2 c. z. , 
1 1 

I --
II-9 

where i refers to all ions. 
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where C is the molar concentration, Z is the valency, and i 

refers only to counter-ions. 

The relationship of the surface potential, 'f'o , to the 5 kT 

DCA is illustrated in Figs. II-8 and II-9. At constant ionic 

strength the DCA increases with increasing surface potential. For 

systems having maximum interaction energies less than 15 kT, the 

shape of the curves in Fig. II-8 near zero DCA and the almost 

horizontal portions of the curves in Fig. II-9 are due to the fact 

that the DCA is defined as zero for all systems having total 

repulsion energies less than 5 kT. 

If the maximum polymer loops extend 50 A from the surface 

bridging can occur in a 10-
2 

molar ionic strength system only if 

the surface potential is between 42 and 49 mv. If 'Vo is below 

42 mv the particles coagulate by van der Waal's attraction; if \l'o 
is greater than 49 mv the particles cannot approach close enough 

to each other for the loops to form bridges. 

The total interaction energy is the sum of the double layer 

repulsion (Eq. II-4) and the van der Waal' s attractive energy 

(Eq. II-5). The van de r Waa l' s attraction, equal to the product of 

the Hamaker constant and a separation distance factor, is directly 

proportional to the Hamaker constant. At distances between 

surfaces greater than 0. OS microns the attractive energy contri­

butes little to the total interaction energy since the separation 

distance factor decays rapidly with inc rea sing separation. The DCA 

is therefore essentially independent of the Hamaker constant for 

surface separations greater than 0. OS microns. 
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Fig. II-8. Dependence of the 5 kT DCA on ionic strength for 
particles with various surface potentials. 
Particle diameter = 1 micron, A = 1 o- 1 :a ergs. 
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There is a large influence of the Hamaker constant on small 

DCA's (i.e. 0-200A). In Fig. II-10 DCA's for one micron spherical 

-2 
particles are shown as a function of surface potential at 10 and 

-3 10 molar ionic strengths and various values of the Hamaker 

constant. 

The size and shape of the suspended particles also influence 

the DCA. The energy of interaction has been evaluated for flat 

74 
plates and spherical particles by Verwey and Overbeek . In the 

present research only spherical particles have been examined 

theoretically. 

The diameters of the interacting spherical particles affect 

the total interaction energy through both the repulsive and attrac­

tive terms. (See Eqs. II-4 and II-5.) The effect of particle size 

on the DCA' s at various ionic strengths is illustrated in Fig. II-11. 

In general, the DCA increases with increasing particle diameter. 

Both the valence and the concentration of the ions in the bulk 

solution affect the DCA. The ionic strength, used as a primary 

variable in several of the previous figures, combines the electro-

lyte concentration and valence into a single variable. It is re-

emphasized that the ionic strength i s determined from the valence 

and concentration of the counter-ions. 

In Figs. II-12 and II-13 the DCA's are evaluated for different 

counter-ion valencies. With increasing valence the DCA decreases 

at constant ionic concentration and surface potential. 

The repulsive energy between particles is directly propor-

tional to the dielectric constant of the bulk solution. See Eq. II-4. 
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Fig. II-12. Effect of counterion valence (Z) on the DCA. Particle 
diameter= 1 micron, A = 10-1 2 ergs and 'I{= 50 mv. 
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Fig. II-13. Variation of DCA- 1./Jo relationship with counterion 
valence 1Z) at a constant counterion concentration 
of 3xl0- moles/liter. Particle diameter = l micron. 
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However, DCA's were not evaluated in any other solvent than water 

since aqueous suspensions are the primary interest of this research. 

The temperature affects both the dielectric constant and the 

thickness of the double layer. See footnote page 16 . The DCA's 

at 0°C, 20°C and 40°C are tabulated in Table II-2 for various 

surface potential values at two ionic strengths. It is seen that the 

influence of temperature on the DCA is small over the forty-degree 

range. 

In summary, the parameters most important in determining 

the DCA, the necessary length of polymer loops for flocculation by 

the bridging mechanism, are the surface potential, Hamaker constant, 

particle size and ionic strength. The DCA variation with DCA 

energy barrier height and solution temperature is small. 

D. Adsorbed Polymer Configuration 

The configuration of the adsorbed polymer molecules is a 

controlling factor in determining the destabilization mechanism of 

flocculation. See Fig. II-2. The adsorption of polymer from 

dilute solutions onto solid surfaces and the configuration of the 

adsorbed polymer chains at the solid-solution interface are con­

trolled by the chemical and physical properties of the adsorbent 

surface and the solvent, and the molecular weight, charge and 

flexibility of the adsorbate. 

Three general approaches have been used to determine the 

geometric configuration of adsorbed macromolecules: interpretation 

of empirical adsorption data, direct measurement of the adsorbed 

layer thickness, and statistical mechanical treatments based on 



-40-

Table II-2. 0 0 DCA values at temperatures of 0 , 20 and 

40°C. System parameters: 1 micron diameter spherical 

particles, Hamaker constant -12 = 10 ergs, DCA interaction 

energy = 5 kT. 

-2 I (a) Ionic Strength = 10 moles liter 

Surface DCA (A) 

Potential 
(mv) 0°C 20°C 40°C 

40 0 0 0 

45 54 51 45 

50 68 67 65 

60 87 87 87 

70 101 102 102 

85 117 119 120 

-3 I (b) Ionic Strength = 10 mole s liter 
0 

Surface DCA (A) 

Potential 
(mv) 0°C 20°C 40°C 

25 183 175 161 

30 251 250 247 

40 334 338 339 

50 391 3 97 402 
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random walk and/or Markoff Processes. Detailed reviews of 

polymer adsorption and configuration theories are presented by 

P 14 8 S . b 6 6 d K. 1. 3 5 atat et a , te1n erg , an 1p 1ng 

1. Configurations Based on Empirical Adsorption Data 

The configuration of adsorbed polymers at the solid-solution 

interface is related to the molecular weight dependence of the 

maximum amount of polymer adsorbed. Generally maximum polymer 

adsorption, A , onto nonporous surfaces is related to M, the 
s 

molecular weight of the polymer, by the relationship 

A = k M{3 
s II-10 

where k and {3 are numerical constants. Using the models presented 

50 
by Perkel and Ullman the configuration of adsorbed molecules can 

be related to the values of {3 by the following simple models: 

(i) {3 = 0 All segments are attached to the surface or 

loops exist in which the number of segments is 

independent of molecular weight. That is, the 

number of segments in the loops is a constant 

fraction of the total number of segments adsorbed. 

( ii) {3 = 1 Only one segment of each polymer molecule is 

attached to the surface 

<iii) {3 = 1 I 3 Polymer molecules are adsorbed in spherical 

configurations with radii equal to or proportional 

to the radius of gyration of the molecule in solution. 

It is assumed that the radius is proportional to the 
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radius of gyration of the molecule in solution. It 

is assumed that the radius is proportional to the 

one-third power of the molecular weight. 

(iv) o< {3< 1 Adsorbed configuration consists of loops and 

(v) 

directly attached trains with the number of segments 

in the loops proportional to molecular weight. 

Combination of two or more of the above models 

when the configuration varies with degree of surface 

coverage. At low degrees of surface coverage 

polymer molecules lie flat on the surface ({3 = 0) 

while at high degrees of surface cove rage loops 

are formed because unoccupied sites are not avail-

able (0<{3< 1). The maximum adsorption is then 

related to the molecular weight by 

A s :::. k , -+ ~ 2. M.fJ . II-11 

Two-dimensional illustrations of some of these models are 

presented in Fig. II-14. 

There are several examples of negative f3 values reported 

in the literature 48 . It is generally accepted, however, that true f3 

values cannot be negative and that the measured adsorption decrease 

with increasing molecular weight .is due either to lack of equilibrium 

or to the existence of pores in the surface of the adsorbent. These 

explanations seem plausible since (i) high molecular weight molecules 

diffuse slowly and require greater time than low molecular weight 
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(A) fJ=O (B) fJ=I 

JLULJJL 
I I I 

(c) a= o : : p I 1 

f£1~ 
(E) 0 <ft <I 

Fig. II-14. Two-dimensional models of adsorbed 
polymer configurations for various .B 
values. 
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molecules to reach equilibrium, and (ii) small pores can exlude 

the large, high molecular weight molecules. 

2. Measurement of Adsorbed Layer Thickness. The 

thickness of adsorbed polymer layers can be estimated by viscosity 

methods. Experimentally, the flow time of a standard solution 

through a capillary tube is measured before and after polymer is 

adsorbed to the walls of the capillary. Increased flow time is 

related to the effective thickness of the adsorbed polymer layer. 

An alternative method for determining thicknesses of adsorbed 

layers on suspended particles is to measure the viscosity of the 

particle suspension before and after polymer adsorption. 

Viscosity methods have the disadvantage of measuring the 

thickness of the adsorbed layer averaged over the total surface 

area of the adsorbent. At low degrees of surface coverage the 

average thickness cannot be related to the real thickness without 

assuming something about the configuration. 

The thickness of the adsorbed layer can be determined 

directly by measuring the change in the state of polarization of 

light reflected from a surface (ellipsometry). Smith and Strombe rg64 

have evaluated the constants relating the polarization change to the 

thickness of the adsorbed layer. This method is limited to certain 

adsorbates with extremely clean and smooth surfaces. 

Fontana and Thomas
23 

determined the thickness of adsorbed 

polymer layers by measuring the change in particle sedimentation 

velocity due to polymer adsorption. The sedimentation boundary 

was followed by monitoring the optical density gradient in an ultra-
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centrifuge. The d i sadvantages or limitations of this method are: 

(i) shapes of particles must be known or assumed for the sedi-

mentation analysis, (ii) polymer configuration is interpreted as an 

increase in average particle diameter, (iii) particles must be small 

enough so that adsorbed layers result in measurable volume chang e, 

and (iv) method is limited to non-coagulating systems since aggrega-

tion increases the sedimentation velocity. 

3. Statistical Mechanical Treatments 

a. Thermodynamics of Adsorption. The driving force of 

all adsorption processes is a decrease in free energy. In the 

presence of an electrostatic double layer the total free energy of 

adsorption ~G is 

AG 

total free 
energy change = 

AG 

chemical free 
energy change 

II-12 

electrical + free energy change 

where ~G is the specific adsorption energy due to non-electrostatic 

forces, Z is the valence of the sorbate, F is the Faraday constant 

and I::J. ~ is the potential drop between the plane of adsorbed ions 

and the bulk solution. With double layers based on the Stern model 

~o is replaced by \.\) S , the Stern potential. A negative I::J. G is 

required for a spontaneous process. 

One or more of the following types of energies may contri-

bute to the change in chemical free energy causing adsorption at 

the solid-liquid interface: 
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(a) hydrogen bond energy 
(b) complex formation energy 
(c) van der Waal's attractive energy 
(d) ori entation (dipole-dipole) energy 
(e) induction (charge-dipole) energy 
(f) pi-bonding energy, charge transfer and 

possibly other polar bonding energies 
(g) desolvation and solvation energy for solid and 

solute 

Stern provides for a specific chemical adsorption energy and 

the finite size of the ions in his double layer model presented in 

1924
67

. (J , the specific Stern adsorption energy discussed in 

Sect. II-C-2, is equal to (- AG ). 

b. Adsorbed Configuration. Numerous investigators 

(D . M . 1 7 H 2 9 M C k " 3 8 M d M 41, 40 1 arz1o , oeve , c rae 1n , otomura an atuura , 

54 55 . 56 . 62 63 . 66 
Roe ' , Rub1n , S1lberberg ' , and Ste1nberg ) have develop-

ed theoretical models predicting equilibrium configurations of 

adsorbed molecules at the solid-solution interface. The general 

trends predicted by the different models agree quite well, consider-

ing the great variety of assumptions used in developing the models. 

The general approach followed for the adsorption models is 

to as sign statistical weights to the different adsorption states and 

then evaluate partition functions which relate the number of seg-

menta in each state to the total number of segments. Assumptions 

are made which permit the adsorption of a single polymer molecule 

to be considered as a random walk or a Markoff process. Some 

of the studies 38 • 18 have been carried out by Monte-Carlo 

computer simulations. 

Various models have accounted for the number of segments 

per molecule (molecular weight), stiffness of polymer, interaction 
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energy between surface and polymer segments, polymer concentra-

tion, and degree o f surface coverage. No one model has considered 

the effects of all the above parameters on the configuration. Some 

of the results are limited to specific systems consistent with 

assumed model conditions such as infinite molecular weight, com-

pletely flexible polymer backbones, or low degrees of surface 

coverage. 

Configurations are described in terms of number and length 

of loops, number and length of attached trains, length of dangling 

ends, average extension from the adsorption surface and fraction of 

segments bound directly to the surface. The extension from the 

surface and the fraction of segments attached directly to the surface 

are of primary importance in the investigation of the flocculation 

bridging mechanism. 

The effects of various parameters on the adsorbed configura­

tion determined by statistical mechanical studies are reviewed by 

presenting the results of several investigators. Particular attention 

is given to evaluation of the parameters for polyelectrolyte systems 

since none of the statistical models are specifically for polyelectro­

lyte adsorption. In view of disagreements with respect to some 

specific results obtained by the different approaches emphasis is 

placed on general dependencies or trends. 

The most important configuration parameter is ~G. the total 

adsorption energy per segment: large adsorption energies, i.e., 

large negative ~G values, cause polymer molecules to adsorb in 

flat configurations with no loops; small adsorption energies result 
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in configurations having large loops and long tails, and very small 

adsorption energies result in no adsorption. 

The AG range for polyelectrolyte adsorption can be determined 

by examination of Eq. II-12. The electrochemical contribution to 

.6.5 is about 2 kT for the adsorption of a monovalently charged ion 

or polymer segment to an oppositely charged surface at a potential 

of 50 mv. Organic molecules may have chemical free energies of 

adsorption between 1 and 10 kT. Assuming that the chemical 

adsorption energy of organic molecules and polymer segments are 

comparable, the total adsorption energy for a polyion segment 

adsorbing to an oppositely charged surface (25 to 100 mv surface 

potential) is between 2 and 10 kT. 

Ionized polyelectrolytes are less flexible than non-ionic 

polymers or unionized polyelectrolytes because of the Coulombic 

repulsion between adjacent ionized segments. Th~ formation of 

looped configurations is favored by a high degree of flexibility. 

. 63 55 
Other than the work of Silberberg and Roe few investigations 

have been made on the effects of flexibility on adsorbed polymer 

configurations. Application of Silberberg 1 s and Roe 1 s results is 

complicated by the difficulty of defining the degree of flexibility 

on a quantitative scale. 

41 
In Figs. II-15 (Motomura and Matuura ) and II-16 

(Silberberg
63

) the dependence of the average number of segments 

per loop (N L) on the adsorption energy per segment is illustrated 

for a high molecular weight polymer. The length of a loop is 

simply the number of segments per loop times the length of a 
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Fig. II-15. Dependence of the average 
number of segments per loop 
(N L) on the adsorption energy 
per segment. Adapted from 
Motomura and Matuura41

• 

NO SOLVENT 
100 INTERACTION 

...J 
z 

10 

X:0.5 

SOLVENT 
INTERACTION 

X=O 

1o 2 4 6 
AQSORPTJO_N _ENERGY ~!L 

Fig. II-16. Variation of the average number 
of segments per loop (NL) with 
adsorption energy per segment. 
Adapted from Silberberg6 3. 
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segment. NL is important in analysis of the bridging model 

because it is proportional to the average thickness of the adsorbed 

layer. 

Fig. II-16 illustrates values of NL for different degrees of 

interaction between the polymer molecules and the solvent. The 

"')(. = 0. 5 curve is for a system in which the polymer molecules 

do not interact with the solvent (theta solvent). Ionized polyelectro-

lytes, surrounded by an electric double layer, interact with the 

solvent and are perhaps best described by the strong interaction 

curve, i.e. 'X.-= 0. Polyions having rod-like solution configura-

tions, the result of strong polymer-solvent interactions, adsorb 1n 

flatter configurations at solid surfaces than do polymers having 

coiled solution configurations. 

It is interesting to note that Motomura and Matuura (Fig. 

II-15) find that the number of segments per loop is less than five 

for adsorption energies greater than 0. 4 kT. Silberberg's results, 

Fig. II-16, indicate that loops contain only ten segments when 

adsorption energies are greater than 1. 5 kT. While there are 

differences between the results of the two investigations, both 

indicate that loops contain no more than ten to twenty segments for 

adsorption energies greater than 2 kT. 

A clarification of the exact meaning of the term "segment" 

is in order since it may take on a different meaning in the statis­

tical mechanical models than that in the previous descriptions of 

polymers, distances, and adsorption energies. The usual definition 

is that each segment is equal to one polymer repeating unit. In 
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some of the statistical mechanical models a segment is assumed 

to be an element of a polymer chain which is completely indepen-

dent of the adjacent elements. This definition necessitates the 

adoption of the Kuhn statistical segment 
70 

for polyelectrolytes which 

have interactions between adjacent repeating units. A Kuhn statis-

tical segment usually contains many polymer repeating units. In 

the following analyses it will be noted when the term "segment" 

takes on the meaning of a Kuhn statistical segment. 

The distribution of segments with distance from the surface 

1s more important than the average number of segments per loop 

since it is probable that bridges would be formed by the larger­

than-average loops. In Fig. Il-l 7 DiMarzio and McCrackin18 

illustrate the distribution of segments with the distance from the 

surface for various adsorption energies. Polymers with weakly 

adsorbed segments are held loosely with the majority of segments 

being at distances of approximately ten segment lengths from the 

surface. For adsorption energies on the order of kT, less than 

one percent of the segments are distances of four segment lengths 

from the surface. 

Fig. II-18, from McCrackin
38

, shows the average distance 

to the segment farthest away from the surface as a function of 

adsorption energy for several degrees of polymerization. It is 

difficult to extend McCrackin's results to chains containing more 

segments since his data was obtained by Monte-Carlo computer 

simulations. The distance to the segment farthest from the surface 

is especially interesting since the farthest segment is the segment 
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Fig. II-17. Distribution of density of polymer 

segments P (Z) with distance from 
surface {Z) for various adsorption 
energies {E). From DiMarzio and 
McCrackinl 9 • 
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Fig. II-18. The average distance {Max. Z) to the 
segment farthest from the surface. 
The distance is given vs adsorption 
energy (6) for three different degrees of 
polymerization. Adapted from McCrackin3 8, 
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most likely to form bridges with other particles. The rapid 

flattening of the adsorbed layer with increasing adsorption energy 

is again seen in McCrackin's results. 

Fig. II-19 (Roe 
55

) illustrates the dependence of the average 

number of segments per loop on the adsorption energy for polymer 

chains having different degrees of flexibility and containing various 

numbers of segments, i. ' e:., various m-olecular weights. Poly-

electrolytes are best described by the curves for stiff chains. Fig. 

II-19 indicates that with large adsorption energies neither molecular 

weight or flexibility effect the loop size since there is a completely 

flat configuration. Flexibility affects the value of the critical energy 

above which flat configurations exist while the molecular weight 

effects the loop size for adsorption energies less than the critical 

value. 

In some models of flocculation by the polymer bridging 

mechanism it has been proposed that the dangling ends or free 

tails of the adsorbed molecules form the bridges between particles. 

In Fig. II-20 (Roe
55

) the average length of the desorbed sequences 

at polymer chain ends is plotted as a function of the interaction 

energy for both flexible and stiff molecules. The dangling ends of 

the flexible molecules adsorb more easily than do the ends of stiff 

molecules. 
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Fig. II-19. The average number of segments per 
loop {NL) plotted against adsorption 
energy for flexible (solid lines) and 
stiff polymer chains (broken lines). 
The numbers on the lines indicate degrees 
of polyme r ization. From Roe66 • 
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Fig. II-20. The same as Fig. II-19, except that 
here the number of segments (NT) of the 
desorbed sequence at the polymer ends 
is plotted. From Roe 66 • · 
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From Fig. II-20 it can be concluded that polyelectrolytes 

adsorb to oppositely charged surfaces without dangling ends since 

the adsorption energies are large. Bridge formation by free ends 

does not occur in systems of polyelectrolytes and oppositely charged 

particles. 

The average number of segments per loop and the distance 

to the farthest segment of each molecule yield no information about 

the fraction of the total number of segments attached directly to 

the surface. The segments attached directly to the surface are 

important in the electrostatic flocculation model because they effect 

the Stern potential. 

In Figs. II-21, II-22, and II-23, from Motomura and 

41 
Matuura , 

55 
Roe , and H . h . 28 1guc 1 , respectively, the dependence of 

the fraction of segments attached directly to the surface on the 

adsorption energy is illustrated for molecules with different degrees 

of flexibility and different molecular weights. The different models 

indicate that the bound fraction of segments increases with increas-

ing adsorption energy. 

Fig. II-22 indicates that stiff molecules adsorb by a "go-or-

no-go" process. This is reasonable for stiff molecules since it 

is probable that segments adjacent to an adsorbed segment will also 

adsorb. If stiff molecules do adsorb, the majority of segments 

attach directly to the surface. 
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Fig. II-22. The fracti on of attached segments (e) 
against adsorption energy for flexible 
(solid line) and stiff polymer chains 
(broken line). Adapted from Roe 6 6 • 
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In Fig. II-23 the effect of molecular weight on the fraction 

of bound segments is illustrated. Mol ecular weight affect s the 

bound fraction only when adsorption energy values are i ntermedi ate. 

Molecules which have strong adsorption energies ( e. g., polyelectro­

lytes and oppositely charged surfaces) attach almost every se gment 

to the surface regardless of molecular weight. 

In summary, the adsorbed configuration of polymers on 

solid surfaces is primarily determined by the se gment-surface 

adsorption energy. The adsorption energy of polyions adsorbing 

onto oppositely charged surfaces is probably greater than 2 kT per 

segment. Polymers with adsorption energies of 2 kT or greater 

adsorb in relatively flat configurations with: (i) essentially no 

loops extending ten or more segment lengths from the surface , 

(ii) more than 95 percent of the segments attached directly to the 

surface, and (iii) no free tails longer than a few segments in 

length. 

The statistical mechanical models also predict that in 

systems with strong adsorption energies the adsorbed configurations 

are independent of molecular weight. 

E. The Improbability of a Bridging Mechanism in Polyelectrolyte 

Flocculation of Particles cif Opposite Charge. 

Assuming that the segment l ength is equal to the length of 

a polymer repeating unit, a segment of a v i nyl polymer has a 

length of 2. 54 A. The majority of polyelectrolytes used as floccu-

lants probably have segment lengths between 2 and 5 A. From the 

results of the statistical mechanical configuration inves t i g ations 
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reviewed it is concluded that the rn.a.ximum length of polyelectro­

lyte loops attached to oppositely charged surfaces is less than 

120 A. A loop with a length of 120 A can extend away from the 

surface a maximum of 60 A. Therefore, for a polymer loop to 

form a bridge between two particles it is necessary for the surfaces 

of the particles to approach within 60 A of each other. 

The minimum separation distances between particles have 

been evaluated in terms of a distance of closest approach, or DCA. 

Three regions are illustrated in Fig. II-24, which is based on the 

relationships developed in Fig. II-9. The solid line defines the 

regions of particle stability and instability assuming a stability 

repulsion barrier height of 5 kT. Spherical particles with surface 

potentials above the solid line are stable. 

A dashed line is also illustrated in Fig. II-24 which relates 

the surface potential to the ionic strength for systems having the 

5 kT DCA equal to 60 A. The position of this dashed line is 

evaluated from the curves illustrated in Fig. II-9 by reading the 

surface potential and ionic strength values at DCA = 60 A. The 

region between the two lines in Fig. II-24 represents the systems 

which have particles separated by less than 60 A. Since the 

maximum length of a polyelectrolyte bridge is 60 A, bridging can 

only occur for systems in this enclosed region. For this reason 

this area is referred to as the ''bridging region". 

Particles in natural waters usually have surface potentials 

greater than 50 mv. At low ionic strengths, polyelectrolyte bridg-

ing can only occur when the surface potential is reduced to about 
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24 mv. Since the polyelectrolyte segments attached directly to the 

surface lower the surface potential (Stern potential), it is possible 

for the system to enter the bridging region by adsorption of poly-

electrolyte molecules. Remaining in the bridging region, however, 

is difficult since adsorption of only a small amount of additional 

polyelectrolyte causes .the system to become unstable. Flocculation 

is then the result of surface potential reduction and not polymer 

bridge formation. At high ionic strengths the possibility of bridg-

ing increases since the bridging region is wider. 

The experimental systems chosen for this investigation were 

-2 limited to ionic strengths below 10 moles/liter. The Stern 

potential values of the experimental systems which are presented in 

Tables V -3 and V -4 are all located above the bridging region of 

Fig. II-9. In these systems the probability of flocculation occuring 

by polymer bridging is very small. 
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Chapter III 

AN ELECTROSTATIC PATCH MODEL OF 
POLYMER FLOCCULATION 

A. Description 

1. Polymer Configuration. Polyelectrolyte molecules in 

solution have ellipsoidal or loose random coiled configurations even 

though there is repulsion between adjacent ionized segments. The 

probability that a polyelectrolyte molecule is completely extended is 

infinitely small even in solutions of zero ionic strength. 

When the adsorption forces are relatively large as in the 

case of the system investigated here, polyelectrolyte adsorption to 

surfaces of opposite charge, adsorption causes the polymer configur-

ation to change from a three-dimensional coil to a two-dimensional 

or flattened coil on the surface. This flattening causes polyelectro-

lyte molecules to form patches on the adsorption surface and not 

long, stretched-out rods. See Fig. III-1. 

2. Electrical Double Layers. There is not necessarily one-

to-one association between the ionized groups of the polyelectrolyte 

and the charge sites on the adsorption surface since the charge 

densities of most particulate matter found in nature are in the range 

0 2 0 2 
of one negative charge per 100 A to 1000 A Typical polyelectro-

lytes used as coagulants are able to take on adsorbed configurations 

requiring only 20 A2 to 60 A2 
per ionized segment. 

Ionized groups attached to a vinyl polymer backbone are 

limited to separation distances of less than 10 A since the vinyl 

groups are separated by 2. 54 A. The result of the difference in 
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POLYMER PATCHES 

STRETCHED-OUT RODS 

Fig. III-1. Adsorbed polymer configurations. 
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charge densities and the steric hinderance is that a patch of 

cationic polyelectrolyte adsorbed on a negatively charged particle 

has a net positive charge. The magnitude of the net charge d e ns i ty 

depends on the parameters of the system. 

Although not all the polymer segments are able to attach 

directly to a charged surface group the probability of large loop 

formation remains small since polymer segments can adsorb to 

unionized surfaces by hydrogen bonding and van der Waal's att raction. 

In the proposed patch model particle aggregation is attributed 

to electrostatic attractions between positively charged polymer 

patches and free negatively charged surfaces of different particles. 

The magnitude of the interaction force between two charges varies 

inversely with the distance separating the charges. In systems of 

sphere-like particles this dependency on the separation distance 

causes the total interaction force between two particles to be 

primarily determined by the charges in the region where the separa-

tion distances are smallest. In aqueous solutions the polymer 

patches and the free surfaces both have double layers, which com-

plicates the computation of the interaction forces. 

For aggregation to occur the total net charge of the particle 

and its adsorbed polyelectrolyte need not be zero since the net 

interaction force is weighted heavily by certain localized charges. 

24 . 19 5 
E l ectrophoretic mobility data of Gregory , D1xon , and Birkner 

show in fact that particle mobility need not be zero for flocculation 

to occur. 

The primary difference between this model and previous 
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electrostatic flocculation models is the existence of charged patche s 

the size of which depends on polymer molecular weight and soluti on 

composition. 

In Fig. III-2 aqueous solution models of free surfac es and 

surfaces with adsorbed cationic polymer, together with diagrams 

of the resulting electrical double layers, are illustrated. Both t he 

free surface and the adsorbed polyelectrolyte patches have strongly 

attached stern layers. Neglecting the transition zones between 

polymer patches and free surfaces the illustrated double layers are 

the only two which can exist. That is, surfaces are free or 

surfaces are covered by adsorbed polymer molecules. All free 

surfaces have double layers of the type in Fig. III-2 (a), and all 

surfaces with adsorbed polymer have double layers of the type in 

Fig. III-2 (b). Increasing the amount of polyelectrolyte adsorbed 

only causes an increase in the relative amount of surface area 

covered by the polymer-type double layer. 

The Stern layer of the polymer patch reduces the net charge 

associated with adsorbed polyelectrolyte molecules. This reduced 

charge can be thought of as a reduction in the dissociation of the 

polyelectrolyte molecule. Quantitative electrostatic stoichi ometry 

does not exist between the polyelectrolyte charges and the surface 

charges because of the Stern layers of the free surface and that 

covered with adsorbed polyelectrolyte. For example, when a 

number of charged polymer segments equal in number to t he total 

number of charges on the particle are adsorbed to the particle, the 

particle still can have a net negative charge. 
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The density of the polymer Stern layer may vary w ith 

polymer molecular weight , adsorbed polymer configu rati on , a nd 

polymer and soluti on compos i tion. 

3. Effect o f Molecular Weight on Patch Size. The siZ e 

or area of a polymer patch is a function of molecular weight . 

70 
According to Tanford the hydrodynamic volume, V h' of a p o ly-

electrolyte molecule is directly proportional to the molecu lar 

weight under constant solution conditions. If, during adsorption , 

three-dimensional coils simply collapse to two-dimensi onal patches, 

the area occupied by each polymer molecule, A, 
0 

is proportional 

to the two-thirds power of the molecular weight. That is 

A oi. Ll. 
0 

1.(3 
O(.M III-1 

where L is a characteristic dimension of the hydrodynamic volume. 

An alternative approach is to assume that each segment o f a 

polymer molecule occupies a fixed area. This approach results 1n 

A being directly proportional to the number of segments per 
0 

molecule. With either approach, A increases with increasing 
0 

molecular weight. 

In the proposed model it is assumed that the actual dis-

tances between patches are normally distributed about an average 

value. This assumption is based on the fact that between like-

charged patches repulsion exists which causes some degree of 

symmetry in the distribution of patches on the surface. 

Fig. III-3 illustrates the adsorption of hig h and low molecu-

lar weight polyelectrolyte molecules to two approachi n g particles at 



A 

17% 

B 
33% 

c 
50% 
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LOW MOLECULAR 
WEIGHT 

HIGH MOLECULAR 
WEIGHT 

Repulsion 

Fig. lll-3. Effects of molecular weight and degree of surface coverage 
on adsorbed polymer patch distributions. Degrees of 
surface coverage: A - 17o/o, B - 33o/o and C - SOo/o. 
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three different degrees of surface coverage or amounts of polymer 

adsorption. At any particular degree of surface coverage the total 

number of polymer segments or the weight of adsorbed polymer is 

independent of molecular weight. The area occupied by a polymer 

patch and the distance separating patches varies with molecular 

weight. In Fig. III-3 a low molecular weight polyelectrolyte is 

schematically represented by a single plus sign and a polyelectro-

lyte with molecular weight twenty times greater is represented by a 

sequence of seven plus signs (i.e., 20
2

/
3

r:>;j 7). 

When 17 percent of the surface is covered by polyelectrolyte 

molecules there is net repulsion between the particles in the low 

molecular weight system while there is net attraction between the 

particles in the high molecular weight system. This net force 

difference results from the fact that in the high molecular weight 

system all the heavily weighted interaction forces are attractive 

since they are caused by charges of opposite signs; this is not the 

case in the low molecular weight system. With this electrostatic 

patch model the polymer dose required for aggregation decreases 

with increasing molecular weight. 

By inc rea sing the degree of surface cove rage to 33 percent 

(part B of Fig. III-3) more positively charged surface is generated 

and the net forces between particles in both systems are attractive. 

Additional polymer adsorption causes an excess of positively charged 

areas which result in net repulsion between particles and restabili-

zation of the suspension. See Fig. III-3 (C). 

In Fig. III-3 a specific orientation between approaching 
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particles is assumed. Since not all particles approach with this 

particular orientation it is further assumed that the rate of success-

ful collisions can be expressed as the product of the total collision 

rate and the fraction of orientations having net attractive inter-

actions. The number of different orientations resulting in net 

attractions depends on the degree of surface coverage and the 

molecular weight. 

4. Effect of Solution Composition on Patch Model. Increas-

ing ionic strength compresses electrical double layers and reduces 

the distances over which charges can interact. In general, charges 

separated by more than two double layer thicknesses contribute 

little to the total interaction force. Increasing the ionic strength 

reduces the absolute area of interacting surfaces, thereby causing 

the surfaces separated by the shorter distances to contribute more 

to the total force. The degree of surface coverage required for 

flocculation therefore decreases with increasing ionic strength. 

Ionic strength also affects the charge density of the adsorbed 

polyelectrolyte patches by controlling the volume of the polyion in 

solution. Under conditions of high ionic strength, when the poly-

electrolyte solution configuration is compact, adsorption results in 

patches with relatively high charge densities. 

In addition to the effects described above, the solution com-

position can also affect polymer flocculation of suspensions by: 

a) controlling the surface potential; 
b) lowering the Stern potential of the free surfaces; 
c) interfering with polymer adsorption by occupying 

adsorption sites; 
d) lowering the Stern potential of the adsorbed polymer 

surface. 
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The resultant effect of varying solution composition on the degree 

of surface coverage required for flocculation depends on which of 

the above phenomena are dominant under the particular solution 

conditions imposed. 

B. Mathematical Modeling of the Electrostatic Patch Mechanism 

The total interaction force between two particles w i th adsorbed 

polymer patches was calculated using an IBM 360/75 computer and 

a program written in Fortran. The effects of polymer molecular 

weight and solution ionic strength on the degree of surface coverage 

required for flocculation were investigated. The total interaction 

between two particles is determined by summing the interactions 

between each charged site on one particle with every charged site 

on the other particle. 

1. Computer Program. Two approaching particles are 

approximated by two spheres (I&J) of radius R whose centers are 

separated by a distance of 2R+S. The surface of each sphere is 

subdivided into small sections or grids whos'e areas are defined by 

values of A ETand A 1\1 , the longitude and co-latitude in a spherical 

coordinate system. Identification of the grids is accomplished by 

considering the surface a two-dimensional matrix. Those grids 

with adsorbed cationic polyelectrolyte are assigned positive charges 

while the grids representing free surface are assigned negati ve 

charges. The magnitudes of the charges are a function of the 

charge densities of the surfaces. 

In this investigation the grids were defined by angular dis-

placements of one-quarter degree. In a system of one micron 



-72-

diameter particles this displacement results in grids of approxi­

o 2 
mately 475 A 

For the electrostatic patch model it is assumed that the only 

interactions are Coulombic attraction and repulsion. X(a, b: c, d), 

the distance between grid (a, b) on the I sphere and grid (c, d) on 

the J sphere, is calculated and then the Coulombic interaction is 

evaluated. That is 

S(a, b) S( c, d) 
f(a, b: c, d) = X(a, b: c, d) 2 III-2 

where f(a, b:c, d) is a force term proportional to the interaction 

force between grid (a, b) on the I sphere and grid ( c, d) on the 

J sphere; S(a, b) and S(c, d) are the algebraic values of the charges 

in the respective grids. Additional details of the program, including 

the geometric relationship for X(a, b:c, d), are presented in Appendix 

2. 

A total interaction parameter, F, 1s defined as the sum of 

all f(a, b:c, d). F is given by 

F - I ~ .f (a,b: c.,d) 

"' l 
III-3 

where the summations are over all grids of the I and J spheres. 

Negative F values indicate net attraction between particles and 

positive F values indicate net repulsion. Net attraction can occur 

even though the total charge on each particle is negative. 

Additional refinement of the interaction force analysis was 

not attempted because of certain inherent limitations: 



2. 
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(i ) Interactions occur between both the d iffus e 
double layers and the compact Stern layers; 

(ii) The effect of the transition zones between 
adjacent positive and negative double layers 
on particle interaction is unknown; 

(iii) The dielectric constant, which influe nces 
t he magnitude of the interaction force, probably 
varies with the separation dis t ance betwe e n 
the surfaces. 

Effects of Molecular Weight and Ionic Strength. The 

effect of molecular weight was investigated by varying the sequenc e 

of positively and negatively charged grids. In Fig. III-4 the effect 

of molecular weight on patch size is illustrated for four systems 

each with 25 percent of its surface covered by adsorbed polymer. 

The indicated molecular weights are based on a monomer molecular 

0 2 
weight of 214 g/mole and a surface area requirement of 40 A per 

polymer segment. The smallest polymer molecule which can be 

investigated using the one-quarter degree grids has a molecular 

weight of 2, 500. 

The degree of surface coverage is varied by either increas-

ing or decreasing the number of free surface grids between the 

polymer patches. It is assumed that the minimum degree of 

surface coverage resulting in flocculation occurs when F equals 

zero. With any particular molecular weight polymer the degrees 

of surface coverage which could be simulated were limited by the 

particular finite grid size chosen. For example, in a system with 

4 
4xl0 molecular weight polymer (occupies 16 grids) the extents of 

symmetrical surface coverage which could be modeled were 16, 25, 

33, and 44 percent. The usual procedure to determine the surface 
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M= IQ,OOO 

M=90,000 

Fig. III-4. Polymer patch distributions at 25% surface coverage for 
polymers of various molecular weights. 
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coverage at zero F is to evaluate F at increasing de g rees o f 

surface coverage until F changes sign and then linearly interpolat-

ing between F values. 

The calculations are made for spheres having maximum 

attractive orientation. Maximum attraction between two spheres 

occurs when the point of closest approach of one is the cent e r of 

a positively charged polymer patch and the point of closest approach 

on the other is the center of a free surface area. Orientations 

resulting in maximum and minimum attraction are illustrated in 

Fig. III-5. 

Increasing ionic strength results in compression of the 

electrical double layer and reduction of the effective distances over 

which electrostatic forces can act. Ionic strength variations are 

accounted for in the model by neglecting all interactions between 

grids separated by distances greater than some d . 
max 

This 

requires that Eq. III-3 be rewritten as 

F III-4 

for X(a, b:c, d) < d 
max. 

As a matter of convenience d is assumed equal to twice 
max 

1( -1 
the double layer thickness, , which is defined in Sect. II-Cl. 

This approach assumes that all grids separated by distances less 

than d experience full Coulombic interaction and that the grids 
max 

separated by distances greater than d experience no interaction. max 
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MAXIMUM 
ATTRACTION 

MAXIMUM 
REPULSION 

Fig. III-5. Particle-particle orientations resulting in 
maximum attraction and maximum repuls ion 
for a given polymer patch distribution. 
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The ionic strength also affects the surface charge density of 

the polymer patches by controlling patch size. This density varia-

tion is accounted for in the mathematical model by varying the 

values of S(a, b) and S(c, d). 

In Fig. III-6 the relationship between the degree surface 

coverage at zero F and S, the distance between surfaces, 1s 

illustrated • For these systems the maximum interaction distances, 

..u -1 2 ~ , are equal to 60 A and 600 A for ionic strengths of 10- 2 and 

-4 I 10 moles liter, respectively. Fig. III-6 indicates that as the 

distance between the surfaces of two spheres is reduced, the 

surface coverage at zero F passes through a maximum. This 

maximum is a result of the ionic strength limitation on interaction 

distance, the assumed particle orientation, and the inverse depend-

ence of interaction force on separation distance. 

In the following analyses particle interactions are investigated 

0 0 -2 -4 
at separation distances of 30 A and 100 A for 10 and 10 molar 

ionic strength systems, respectively. These separation distances 

result in near maximum degrees of surface coverage at zero F. 

Fig. III-7 illustrates the effect of molecular weight and 

ionic strength on the minimum degree of surface coverage required 

for flocculation. In both the high and low ionic strength systems 

the charge densities of the adsorbed polyelectrolyte patches and the 

free particle surfaces have equal and opposite signs. Since the 

degree of surface coverage is directly proportional to the amount 

of polymer adsorbed, the following conclusions can be drawn: 
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Fig. III-6. Percent surface coverage at zero F versus S, the 
separation between the surfaces of one-micron spheres. 
Polymer molecular weight = 1. 6 x 106 • 
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Fig. III-7. The effect of polymer molecular weight on the 
percent surface coverage required for zero F. •.a.; Systems: 40A polymer segment, Mo = 214and 
S = 30A & 100A for 10-2 molar & 10-4 molar 
solutions, respectively. 
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(i) The polymer dose required for flocculation 
increases with decreasing ionic strength, 
except for high molecular weights. 

(ii) At constant ionic strength, the flocculation 
dose decreases with increasing molecular 
weight until a minimum dose is reached; at 
high molecular weights the flocculation dose 
is independent of molecular weight. 
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Chapter IV 

EXPERIMENTAL MATERIALS AND METHODS 

A. Polymer Synthesis 

The 1, 2-dimethyl-5-vinylpyridinium bromide polymers 

were synthesized by the reactions shown in Fig. IV-1. Tritium 

tagged methyl bromide was used to produce the labeled polymers 

used for the adsorption studies. 

1. Radioactive Methyl Bromide. The tagged methyl bromide 

53 
was prepared by the method of Riegel and Prout • It was 

necessary to use the vacuum manifold shown in Fig. IV -2 for the 

synthesis because of the low boiling point of methyl bromide. Two 

portions of methanol, 0. 201 grams of ordinary and 0. 071 grams of 

>:c 
tritium-labeled , were placed in the manifold and solidified with 

liquid nitrogen. The labeled methanol was contained in a 11break-

ofsky 11 tube which was opened after the system was evacuated. A 

50 cc. reaction flask containing 1. 66 grams of phosphorus tri-

bromide and a teflon-coated magnetic stirring bar was connected to 

the manifold and the system evacuated. The methanol was distilled 

into the reaction flask by cooling the reaction flask with liquid 

nitrogen and permitting the methanol storage flask to reach room 

temperature. When the transfer was complete, the reactor was 

sealed by closing the reactor stopcock and the liquid nitrogen bath 

removed. 
0 The reactor was kept at room temperature ( 24 ± 2 C) 

* The radioactive methanol containing 100 millicuries of tritium at 
specific activity of 44 millicuries per millimole was obtained from 
New England Nuclear Corporation. 
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for 15 hours; a hand held magnet was used to mix the reactants. 

The product was transferred through a drying tube containing sodium 

hydroxide pellets into a storage bulb by cooling the storage bulb 

with liquid nitrogen. The 0. 654 gram yield of methyl bromide was 

78 percent of the maximum theoretical yield. 

2. Monomer Synthesis. The 1, 2-dimethyl-5-vinylpyridinium 

bromide monomer was prepared by the reaction shown in Fig. IV -1. 

The radioactive monomer preparation was identical except that the 

-·-
tagged methyl bromide was used. The 2 -methyl- 5 -vinyl-pyridine -.-

was distilled at 70°C and 13 mm Hg pressure immediately before 

use to remove the polymerization inhibitor tertiary butyl catechol. 

The methyl bromide was distilled by simple condensation using an 

acetone-dry ice cooling bath. All reactants were cooled in an ice 

water bath before mixing to reduce the methyl bromide losses. 

A methyl bromide-acetone solution (2. 3 ml acetone/gram 

methyl bromide) was mixed with a 2-methyl-5-vinyl pyridine-

acetone solution (2. 0 ml acetone/gram 2-methyl-5-vinyl pyridine) 

in a closed flask at 0°C. The reactants were heated to 30°C in 

a water bath and mixed with a teflon coated magnet for twelve 

hours. The reaction flask was then stored at 2°C for an additional 

twelve hours. The monomer (pure white) was then filtered, 

washed first with acetone and then with ether, and 

>.'< A product of Phillips Petroleum. 
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finally dried in a vacuum desicator. Yields were usually between 

70 and 80 percent of the theoretical maximum. 

The dry monomer was stable for several months when stored 

in sealed bottled at 4 ° C. Incompletely dried monomer became 

tacky within a few days indicating that some polymerization was 

occuring. To avoid using partly polymerized or deteriorated 

monomer, all polymerizations were initiated within a few hours 

after monomer synthesis. UV analysis indicated that aqueous 

monomer solutions, 0. 2 to 1 percent, did not polymerize for periods 

of at least one year when stored at 4°C. 

3. Polymerization. 

a. Reactions. The polyelectrolytes were prepared by 

free radical polymerizations of the quaternized monomer in aqueous 

solution. Several polymer texts describe free radical polymeriza:-. 
22, 39 

t i on The advantage of free radical or addition polyme riza-

tion is that the final molecular weight is controlled by the initiator 

and monomer concentrations. This enables the preparation of a 

series of homologous polymers having a broad range of molecular 

weights. 

The bisulfite free radical which initiates polymerization is 

produced by the following reactions between persulfate and bisulfite 

ions in aqueous solution: 

szos = 2 S04 

so,4 + H 20 = HS0,4 + OH 

Hso; + OH = OH + 
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The polymerization involves three processes: 

( 1. ) Initiation 

HS03 + H 2 C = CHR ..... HS0
3
-cH

2
-CHR 

(2.) Propagation 

HS03 -CH2 -CHR + CH2 = CHR ..... HS0
3
-cH

2
-CHR- CH

2
- CHR 

etc. 

(3.) Termination (combination) 

. 
CHR ..... HS0 3 -(CH2 -CHR)rn+n+2 HS0 3 . 

Another possible termination reaction (di sproportionation) produces 

polymers having a bisulfite group at one end only: 

2 { so3 -(cH2 -CHR)m-CH2 -CHR } = 

No attempt was made to determine whether one or both ends of the 

polytners involved in this research contained sulfite groups. 

b. Procedure. Shyluk's method for the preparation of 

a similar polymer, poly(l, 2-dimethyl-5-vinylpyridinium methyl 

sulfate 59), was modified to enable the preparation of small amounts 

of polytners (one gram) having a wide range of molecular weights . 

Weighed amounts of monomer were placed in calibrated serum 

vials which could be diluted to a predetermined volume (2 to 10 ml. ). 

The monomer was then dissolved in a small amount of distilled 

water. Care was taken to keep the volume of the dissolved 

monomer to less than one-third the final volume of the vial. Equal 

amounts of freshly prepared potassium persulfate and sodium 
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bisulfite solutions, each at four times the desired initiator concentra-

tion were mixed. Immediately a volume of the initiator mixture equal 

to half the vial volume was pi petted into the vial. Distilled water was 

then added to dilute the monomer-initiator mixture to the calibrated 

volume. 

The air in the vial was removed by evacuation and repressur-

ization to 10 psig with nitrogen. The cycling was accomplished by 

inserting a hypodermic needle through the serum bottle stopper. A 

three-way stopcock connected to the hypodermic needle, a vacuum pump 

and a nitrogen tank was used for the cycling. The polymerizations were 

0 carried out for forty-eight hours in a constant temperature bath at 25 C. 

Fractionation of the reaction product was required for those 

polymerizations having initiator concentrations less than 0. 01 M 

because not all the monomer reacted. The reaction product was 

diluted to a l percent aqueous solution and acetone was added until 

the polymer precipitated. Precipitation usually occurred when the 

volume of the acetone added was two to three times the volume of 

the 1 percent aqueous polymer solution. The precipitate was then 

centrifuged, rinsed with acetone, dried in a vacuum desicator and 

dissolved in distilled water to a l percent solution. Fractionation 

has the added advantage of removing the initiator salts from the 

polymer. The 1 percent polymer solutions prepared in this manner 

are stable for periods of at least one year when stored at 4°C. 

c. Concentrations of Initiator and Monomer. The 

molecular weight of the polymer is controlled by the relative 

initiator and monomer concentrations. 
70 

According to Tanford the 
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average degree of polymerization for free radical polymerizations 
1 

can be expressed as X = k (m) (A) -z- for large molecular weights 

where k is a constant, m is the monomer concentration, and A 

is the initiator concentration. Figs. IV -3 and IV -4 show the 

experimental dependence of the molecular weight on the initiator 

and monomer concentrations. The empirical relationships derived 

from the data shown in these graphs and the theoretical relation-

ship agree quite well considering that for the theoretical relation-. 

ship it is assumed that the monomer concentration remains constant 

during polymerization and that the rate of free radical production 

is first order. 

The lack of molecular weight reproducibility for polymeriza-

tions carried out under identical conditions is due to trace impurities 

in the monomer which affect the rate of termination reactions. 

B. Polymer Characterization 

1. Molecular Weight. The molecular weights were deter-

mined in 0. 3 molar sodium chloride by light scattering. A Brice-

Phoenix light scattering photometer model 2000 with a cylindrical 

cell (Brice-Phoenix catalog no. ClOl) was used to obtain the 

experimental data. 

All solutions were filtered through Millipore filters directly 

into the light scattering cell to remove dust particles. Millipore 

filters of two different pore sizes were used for the high and low 

molecular weight solutions because of the large differences in the 

size of the molecules. A 1. 0 micron filter was used for polymers 
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having intrinsic viscosities greater than 0. 5 deciliters per gram 

and a 0. 22 micron filter was used for those of lower viscosities. 

A 546 millimicron monochromatic light source was used and 

scattering was measured at nine angles ranging from 45° to 135°. 

Usually data was taken at four different polymer concentrations in 

the range 0. 05 to 0. 5 percent by weight; 50 ml was adopted as the 

standard volume for the cylindrical cell. 

The refracti ve indexes of the polymer solutions were 

measured with a Brice-Phoenix Differential Refractometer model 

B-S. This instrument was calibrated with potassium chloride 

solutions. 

The molecul ar weights and the radii of gyration were calcu­

lated from the scattering data by the method of Zimm 
77

. A Zimm 

network, see Fig. IV -5, enables the intensity of the scattered 

light to be extrapol ated to zero polymer concentration and to zero 

scattering angle. These extrapolations are necessary because: 

(i) polymer-polymer interactions occur, except at low concentra­

tions where too little light is scattered to be detected; (ii) scatter­

ing theory relates the molecular weight to the intensity of scatter-

ing at zero angle (forward direction). It is impossible to measure 

scattering at zero angle because the photodetector cannot differ­

entiate between the scattered light and the incident light which is 

several orders of magnitude more intense. 
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The symbols in Fig. IV -5 have the following meanings: 

Re - Rayleigh ratio at angle o-

c - polymer concentration, grams/cc 

k -optical constant= 2.1T'&n! (~)"L/(N ~4 ) 

where n and n are the refractive indexes of the 
0 

solvent and polymer solution respectively, ~ n/ Je 

is the change of the refractive index with concen­

tration, N is Avogadro's number, and A is the 

wavelength of light in the scattering medium. 

The constant 1. 33xl 0
3 

in the abscissa is an arbitrary plotting 

constant chosen to provide a convenient spread of the data. The 

change of the polymer refractive index with concentration was deter-

mined with the differential refractometer. The Rayleigh ratio was 

calculated from the photometer readings according to the relation-

ships given in the Brice-Phoenix operation manual. 

On a Zimm plot the molecular weight (M) is the reciprocal 

of the intercept of the zero concentration line, the zero angle line 

and the ordinate. The intersection of these three lines at a single 

point indicates good experimental data. The radius of gyration is 

calculated from the slope of the zero concentration line by the 

following formula: 

(slope of c = 0 line). IV-\ 

2. Viscosity. Kinematic viscosities were determined using 

ASTM procedure D 44-65. A straight-necked Oswald viscometer 

was used because it was possible to remove polymer solution from 
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it with a pipette. A standard sample volume of five ml and a 

0 0 standard temperature of 25 ± 0. 01 C were adopted. Polymer was 

diluted by removing two ml of polymer solution from the visco-

meter and replacing it with two ml of solvent at the same ionic 

strength. 

Specific gravities to the fourth decimal were determined 

with a Christian Becker specific gravity balance. Since the balance 

was used at room temperature, temperature correction factors 

were employed. 

are 

In polymer characterization several different viscosities 

defined 
70

: 

absolute 

kinematic where f is solution density 

specific ( 17., Po~., SOLN - n S•&.V6NT) I (7l Soc.VINT) 

reduced 

Except at low polymer concentrations, interactions between polymer 

molecules cause the reduced viscosity to vary with concentration. 

A characteristic viscosity of an isolated molecule is obtained by 

extrapolating the reduced viscosity to zero polymer concentration. 

This characteristic viscosity (n 1 is called the intrinsic viscosity 

in classical terminology and limiting viscosity number in the 

revised system. The extrapolation was made by assuming that the 

commonly used Huggins equation is applicable. 
'2. 

7lspfc::: [?l]-t K(n)c 

That is, 

\V - 2. 

where k, the Huggins constant, is dependent on the shape of the 

molecule and the solvent of the system. 
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Experimentally the intrinsic viscosity is determi ned b y 

measuring the reduced viscosity at several different polymer con-

centrations and graphically extrapolating the reduced viscosities to 

zero polymer concentration. Fig. IV -6 illustrates the viscos ity 

data for a non-radi oactive poly(DMVPB ) sample having a molecu lar 

weight of 1. 6 million. The intercepts at zero polymer concent ra-

tion are the intrinsic viscosities. The variation of viscosity with 

salt concentration can also be seen in Fig. IV -6. 

3. Ultraviolet Absorbance. The monomer and the polymer 

each have characteristic absorbance spectra illustrated in Fig. IV -7 . 

The following relationships were used for calculating the monomer 

(m) and polymer (P) concentrations (mg /1): 

a,4 1"74- / 
m = (53. 8 A 1, 0 o:11 AzAta) . L 

p = (22. 9 A~-= 2 ~-~ A~"'..4r.) I L 

where AJ is the difference in absorbance between i miJ and j 

miJ, and L is the cell path length in centimeters. Using a 10 em 

cell the lower concentration limit is about 0. 1 mg /1. 

C. Particle Characteristics. 

Two types of particles were used in the flocculation experi-

menta: polystyrene latex and crystalline silica. The polystyrene 

latex was used because of its uniformity and well-defined surface 

area. The crystalline silica was used because it is chemically 

similar to some of the particles encountered in natural water 

systems. Electronmicrographs of the particles are shown in 

Figs. IV-8 and IV-9. 

Table IV -1. 

Chracteristics of the particles are given in 
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Table IV-1. 

Particle Characteristics 

Particle PSL Min- U-Sil 
Type 

Shape Spherical Irregular 

Density l. 05 gr/cm 
3 

2. 65 gr/cm 3 

Mean Diameter 1.3051J l. 1j.L 
(geometric) 

Size Std. Deviation 98% < 51-L 
Distribution 0.0161-L 60% < 1. 51J 

Surface 2 2 * 4. 37m /gr 2. 1 m /gr 
Area 6.9m2 /gr** 

Surface charges 5.9x106 --
per Particle 

* Air permeability 

** BET nitrogen adsorption 
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Fig. IV -8. Electron micrograph of l. 3 micron polystyrene 
latex particles. 
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Fig. IV -9. Electron micrograph of Min-U -Sil 5 particles. 
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The polystyrene latex particles*(PSL) are prepared by 

emulsion polymerization and stabilized with an organic sulfonate 

salt which imparts negative surface charge. The density of the 

negative charges on the particle surface is one of the most impor-

tant parameters in flocculation and adsorption studies. 

The surface charge of the PSL was determined by complex-

ing the sulfonate ions with methylene blue. Nine milligrams of 

-6 
PSL was added to 20 ml of a 7. 5xl0 molar methylene blue 

solution. After mixing for one hour with a magnetic stirrer, the 

mixture was centrifuged at 120, 000 G for thirty minutes. The con-

centration of the uncomplexed methylene blue remaining in the super-

natant was determined colormetrically at 625 m#J.. A blank with no 

PSL lost no methylene blue when treated by the above procedure. 

Assuming that each sulfonate group complexes one methylene 

blue molecule and that all complexed methylene blue is removed 

with the PSL particles, the sulfonate density was found to be 

-6 8. 6lxl0 moles per gram PSL. This corresponds to one sulfonate 

group per 90 12 . This surface charge density is within the range 

found by Ottewill and Shaw
45 

for similar particles. 

The crystalline silica particles used in this research were 

*>!' Min-U-Sil 5 particles X-ray diffraction analysis indicated that 

Min- U -Sil has the same structure as alpha quartz. 

The specific surface area, determined by BET nitrogen 

adsorption
12

, is 6. 90 m
2 

/gr. This value is in agreement with 

>'.c Product of Dow Chemical Company 
':c* a product of Pennsylvania Glass Sand Corporation, Pittsburg. 
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that of O'Melia and Stumm who determined Min-U -Sil 5 surface 

b th 1 d d 
. 4 3 

area y me y re a sorptlon • The specific surface area 

reported by the manufacturer is only 2. 06 m 2 /gr4 9. The reason 

for this discrepancy is that the manufacturer determined surface 

area by the air permeability method which yields a geometric 

surface area. Permeability methods do not measure surface area 

due to surface roughness or surface pores. 

There is evidence indicating that when silica particles are 

ground to sizes below 5 to 10 microns, an amorphous layer forms 

at the surface
32

. The existence of an amorphous surface layer is 

in agreement with the surface area data. 

The chemical composition, supplied by the manufacturer, 

indicates that Min- U -Sil is 99. 9 percent silicon dioxide with traces 

of oxides of iron, aluminum, titanium, calcium, and magnesium49 . 

The negative surface charge of the silica particles is clue to 

the ionization of some of the surface hydroxyl groups formed 

through hydration: 

H H 
0 0 0 
I I 

- Si- 0 - Si - 0- Si -
I I 

D. Scintillation System 

Concentrations of dilute solutions of labeled polymers were 

determined by liquid scintillation spectrometry. A BeckJ:nan Liquid 

Scintillation System, LS-1 00 was used. An advantage of the 

Beckman instrument is that samples are not cooled, which eliminates 

the need for an anti-freeze agent in the scintillation counting fluid. 
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Samples were counted in linear-polyethylene vials ':' which have 

lower counting backgrounds than glass vials. Vials were disposed 

of after being used once to avoid contamination. 

As a matter of convenience two types of counting fluids 

were used. A pre-mixed xylene based scintillator (Aquasol) was 

obtained from New England Nuclear Corporation. Usually 2 ml of 

sample were mixed with 10 ml of Aquasol; counting efficiences 

greater than twenty percent were obtained. The other fluor, 

described in the LS-100 operational manual, consisted of 5 grams 

PPO, and 100 grams naphthalene per liter dioxane; 3 ml of sample 

were mixed with 15 ml of this fluor. 

A calibration curve was necessary for each set of adsorption 

experiments because counting efficiency decreased with increasing 

sample ionic strength. Calibration curves were prepared by making 

standard polymer dilutions with water of the same ionic composition 

as that used in a particular experiment. The scintillation spectro-

meter response, given as counts per minute (cpm), was proportional 

to polymer concentration over the investigated range (10~/l to 

10, OOO.f'\g /1). 

Backgrounds of 18 ± 1 cpm and 21 ± l cpm were found for 

the xylene and dioxane fluors, respectively. 

Sample counting times were determined by either of the 

following two modes (whichever occured first): (i) 40, 000 total 

counts, which corresponds to a standard error of 1 percent, or 

~'< Packard Instruments 
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(ii) a period of 100 minutes. With a 100 minute period the minimum 

sensitivity of the polymer determination method was 0. 3 ug/1. 

Specific activities of the polymers were calculated from the 

scintillation system counting efficiency and the polymer counting 

rate (cpm/unit weight polymer). The overall system counting 

efficiency was determined with standardized tritiated water. 

The specific activities of the monomer was 6. 5 mC/gr at 

the time of the polymer syntheses. The specific activities of the 

resulting polymers ranged between 3. 4 and 4. 1 mC/gr. The 

decrease in specific activity occurring during or as a result of 

polymerization was not investigated. 

E. Flocculation-Adsorption Experiments 

1. Mixing Procedure. Suspension turbidity or optical 

density, polymer adsorption, and particle mobility were measured 

on different portions of a single flocculating suspension. The 

following procedure was followed for all experiments. 

(i) 100 ml of 75 mg/1 Min-U-Sil or 30 mg/1 PSL 

suspension at the desired ionic strength was 

placed in a beaker. 

(ii) The desired amount of polymer, 0. 05 to 2. 0 ml 

of a 10 mg /1 solution, was added to 50 ml of 

solution at the desired ionic strength in a 250 

ml beaker. 
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(iii) The 100 ml of suspension was added to the 50 

ml of polymer solution which was being rapidly 

stirred ( 150 RPM) by a multiple laboratory 
,., 

stirrer'. Stirring was reduced to 100 RPM 

after 15 seconds. The final particle concentra-

tions were 50 mg/1 and 20 mg/1 for the Min-U -Sil 

and PSL systems respectively. Additional 

suspension characteristics are pres ented in 

Table IV -2. 

(iv) After 10 minutes of stirring, a 60 ml aliquot 

was removed for mobility measurements. 

(v) After a total mixing period of 60 minutes 

stirring was stopped and approximately 30 ml 

was placed into a centrifuge tube for determina-

tion of supernatant polymer concentration. 

(vi) After a 20 minute settling period supernatant 

turbidity was measured. 

In light of evidence indicating that polymer adsorption is 

. .bl 4 
1rrevers1 e , care was taken to dilute the polymer before adding 

the suspension so as to avoid exposing a small number of particles 

to very high polymer concentrations. By diluting the polymer with 

solution having the desired ionic strength, no change in, ionic 

atmosphere was experienced when the suspension was added to the 

':' A product of Phipps and Bird, Richmond, Va. 
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Table IV-2. 

Suspension Characteristics 

Particles PSL Min-U -Sil 

Concentration 20 mg/1 50 mg/1 

Number 7 1. 65xl0 /cc 7 >!' 
2.7x10 /cc 

Concentration 

2 2 '' Surface 1,060 
I ),C:>,< 

874 em /1 em 1 
Area 3,475 cm2 / 1':,,:,,:, 

Volume 1.9x10 
-5 

1. 9x1 0 -5 

Fraction 

>:' Based on mean particle diameter 
>'"* Air permeability 
>'.<>'"* BET nitrogen adsorption 
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polymer solution. This prevented changes in polymer configuration 

as a result of ionic strength differences. 

A 1. 75 "xO. 75 II stainless steel paddle mounted on a 0. 25 11 

diameter shaft was used to mix 150 ml in a 250 ml pyrex beaker. 

Analytical grade salts and distilled water were used in all experi-

menta. 

2. Electrophoretic Mobility. Electrophoretic mobilit;!.es were 

determined in a Briggs horizontal flat cell according to the procedure 

of Black and Smith 9 . Palladium electrodes as described by 

Neihof
42 

were used rather than liquid junction electrodes to avoid 

variations in sample ionic strength. 

Mobility measurements were taken within thirty minutes 

after the ten-minute mxing period. Stringent time controls were 

not necessary since it was found that the mobility remained constant 

for one hour after the ten-minute mixing period. The Min-U-Sil 

suspensions were stirred immediately before being placed in the 

Briggs cell to resuspend any settled particles. 

3. Polymer Adsorption. The amount of polymer adsorbed 

was measured by adding a known amount of polymer to a particle 

suspension and then determining the residual polymer concentration 

in the supernatant. It was necessary to centrifuge the PSL sus-

pensions at 3, 100 G for thirty minutes to obtain a clear super-

natant; the silica particles, being more dense, were centrifuged for 

only fifteen minutes. Supernatant polymer concentrations were 

determined by liquid scintillation. The supernatant sample was 
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pipetted directly from the centrifuge tube into a scintillation vial 

containi ng an appropriate volume of fluor. 

One of the more difficult experimental problems encounte red 

was the elimination of polymer adsorption to the mixing vess els, 

paddles and centrifuge tubes. When particle-free polymer solutions 

in the flocculati on concentration range were placed in beakers, 20 

to 70 percent of the polymer adsorbed to the walls within thirty 

minutes. The area of the solution-glass interface for 150 ml of 

solution in a 250 ml beaker is approximately 120 cm
2 

S i nc e the 

surface area of 150 ml of a 20 mg /1 suspension of PSL in only 131 

cm
2 

it is impossible to ignore beaker surface area in compa rison 

to the particle surface area. 

Paraffin, teflon and silicone coatings were able to reduce 

but not eliminate polymer adsorption to the walls of the pyrex 

beakers. Polyvinylchloride, polyethylene and teflon vessels also 

adsorb polymer. Successful elimination of polymer adsorption was 

>'< 
accomplished by using pyrex beakers coated with Siliclad', a 

water soluble silicone. It was necessary to re-apply the Siliclad 

each time the beakers were washed. Paddles were soaked in a 

Siliclad solution at ten times the recommended concentration for 

at least thirty minutes. 

Siliclad coated glass centrifuge tubes could not be used 

because the glass sometimes failed at the speeds necessary to 

settle out the PSL particles. It was found that no additional 

* A product of Clay-Adams, Inc., New York, N.Y. 
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polymer would adsorb to polycarbonate centrifuge t ubes soaked 

with non-radioactive polymer at concentrations one hundred times 

greater than the flocculation concentrations. If anything , d es orption 

would occur, and, since the desorbing polymer was not radi oac t iv e , 

the supernatant polymer concentration as determi ned by liquid 

scintillation would not be altered. As discussed in the result s, t h e 

amount of polymer adsorbed during a short time {30 minutes ) 

increases with decreasing molecular weight. Therefore, a low 

molecular weight, non-radioactive polymer was used to saturate the 

walls of the centrifuge tubes. 

4. Optical Density. After a twenty-minute settling period 
,., 

the optical density {or absorbance)' of the flocculated suspens i on 

was measured in a cell with a 2 em path length at 436 miJ with a 

Beckman DU spectrophotometer. A 30 ml hypodermic syringe 

without a needle was used to remove the sample from approxi mately 

one em below the surface of the liquid. Care was taken not to 

include settled particles or particles captured at the surface by 

surface tension. The syringe was filled and emptied slowly to 

avoid breaking up flocculated particles. 

A comparison of optical density with turbidity, the ratio of 

light scattered at 90 degrees to the transmitted light, was made. 

Turbidities were measured with a Brice-Phoenix Scattering Photo-

meter in a 30x30 mm cell. Both measurements were made at 

436 m/J.. A direct relationship was found between the normalized 

I 
* Optical density = absorbance = log 10 T, where I

0 
1s the incident 

light intensity and I is the transmitted light intensity. 
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turbidity and optical density values. Therefore as a matte r of 

convenience, optical density was measured. 

In the systems investigated the particles are larger than 

the wavelength used to measure absorbance. For such systems a 

decrease in absorbance indicates particle aggregation. 

F. Adsorption Experiments 

The study of adsorption in non-flocculating systems was 

carried out with glass bottles. Using the walls of the glass bottle s 

as the adsorbing surface eliminated possible errors due to losses 

on the walls of the container. 

Glass stoppered Pyrex bottles were used since Pyrex has a 

composition similar to that of the Min- U -Si l. The bottles were 

soaked with concentrated sodium hydroxide and then chromic acid 

to ensure removal of grease or other surface impurities. The 

bottles had a volume of 500 ml and a geometric surface area of 

2 
341 em . 400 ml of a salt solution containing 100 to 200 J.Lg /l 

tagged polymer was placed into a dry bottle. Polymer adsorption 

was determined by measuring the decrease in the solution polymer 

concentration. Samples were pipetted directly into scintillation 

vials at the appropriate times. 
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Chapter V 

RESULTS OF POLYMER AND PARTICLE 
CHARACTERIZATIONS 

A. Polymers 

1. Molecular Weight. The small amounts of tritium-tagged 

polyelectrolytes synthesized made it impossible to use the light-

scattering method to determine their molecular weights directly. 

Fig. V -1 illustrates the relationship between the intrinsic viscosity 

and the molecular weight determined by light-scattering with non-

radioactive polyelectrolytes dissolved in 0. 3 molar sodium chloride. 

The Mark-Houwink relationship, calculated from the data in Fig. 

V -1 is 

[ 11 J = 1. 2 8x 1 0 - 3 M 0. 81 3 v -1 

Eq. V -1 was used to calculate the molecular weights of the labeled 

polymers from measurements of their intrinsic viscosities. The 

value of the exponent, 0. 813, indicates that even in 0. 3 molar 

sodium chloride, where the electrostatic interaction between 

adjacent segments is a minimum, the polymer molecules have a 

rod-like or ellisoidal configuration. The exponent has a value of 

0. 5 for random-coiled solution configurations 70 

The characteristics of the labeled polyelectrolytes used in 

this research are tabulated in Table V -1. The range of molecular 

weights, 6x10 3 to 5. 5xl06 , varies over three orders of magnitude; 

the corresponding number of monomer units per polymer molecule 

is 28 and 25,600, respectively. The contour lengths are based on a 
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vinyl segment length of 2. 54 A. The maximum radius o f gyratio n, 

RG max., is calculated for a completely stretched -out solution con ­

figuration and the minimum radius of gyration is calculated for a 

completely coiled configuration. The true solution radius of 

gyration is between these two limits. 

2. Branched Polymers. The formation of branches along 

the pol ymer backbone is second only to molecular weight in influenc-

ing the properties of polymers and polymer soluti ons. With free 

radical polymerization, the method used to prepare the pol ymers for 

this research, it is possible for side reacti ons to occur which 

produce branched structures. Since branching probably would affect 

flocculation a homologous series of linear polyelectrolytes is 

desired. 

The relationship between the intrinsic viscosity and the 

molecular weight is affected by the presence of branching. The 

exponent in the Mark-Houwink equation decreases for branched, 

high molecular weight polymers. For a system of unbranched 

polymers a log-log plot of the intrinsic viscosity against the 

weight average molecular weights should be linear. The linear 

relationship illustrated in Fig. V -1 indicates that significant branch-

ing does not occur. 

3. Polymer Configuration in Solution. The solution con-

figuration of polyelectrolyte molecules depends on the nature of 

the polymer backbone, the degree of ionization, and the ionic 

composition of the solution. 
22 

According to Flory both DMVPB 

monomer and polymer are completely dissociated in aqueous 
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solution. Experimentally, complete dissoci a t ion is i n dicated by 

the relatively large specific conductivity. At equal mola r c oncen -
,., 

trations, potassium bromide, monomer, a n d poly me r ' h ave spe c ific 

conductances of 6. 3, 4. 2, and 1. 9 milli-mohs I e m, r e sp e c tively. 

The difference between the conductances of the potass ium b romide 

and the monomer is attributed to the larger size of the monome r 

cation, i.e., {1, 2-dimethyl-5-vinylpyri dinium)+ vs. K +. 

As the concentration of simple ions 1n an aqueous solut i o n 

containing polyelectrolytes decreases, the polyion uncoils be c aus e of 

the increased rang e of Coulombic repuls i v e forces b e twe e n adjac en1 

ionized segments. In Fig. V -2 the variation of i n t r i ns i c v i scos i ty 

with sodium chloride concentration is illustrated for two unlab e l e d 

DMVPB polymers and Cat-Floc, a commercially available cati onic 

~~ ~( 

polymeric coagulant Intrinsic viscosity increases more than ten-

fold when the sodium chloride concentrati on is reduced from 10 -l 

-4 I to 10 moles liter. 

The solution configuration of polyelectrolyte molecules is 

also affected by the valence of the solution ions having charge 

opposite that of the polyion. 
61 

Using data published by Shyluk , the 

effect of counterion valency on the reduced specific viscosity of a 

cationic polyelectrolyte is illustrated in Fig. V- 3. Within certain 

limits the viscosity decreases with increas ing valen ce at constant 

salt concentration. This behavior is consistent with the elect rical 

double layer theory. 

"'" molar concentration based on M 
0 

**a product of Calgon Corporation 
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Some authors have correlated hydrodynamic volumes deter-

mined from viscosity measurements with adsorption data for poly-

mers . . 1 t 26' 57 1n organ1c so ven s . 

According to Tanford 70 the intrinsic viscosity is re l ated to 

the hydrodynamic volume (V h) by the following equation: 

[ Tl J = KN 
M 

V-2 

where N is Avogadro's numher, M is the molecular weight, and 

K is a constant dependent on the shape of the macromolecule. The 

hydrodynamic volume is defined as the volume of the macromolecule 

and its solvated ions. Since the shape of a polyelectrolyte molecule 

is a function of ionic comp-osition, the variation of the hydrodynamic 

volume with ionic composition cannot be followed by intrinsic 

viscosity data, i.e. , K is not constant. 

B. Particles 

In order to apply the double layer theory and the DCA con-

cept to the experimental system it is necessary to know the 

electrical surface properties of the particles. In aqueous solutions 

surface charges on particles arise primarily by three mechanisms: 

(i) ionization of surface groups, e. g. , ionization of surface carboxyl 

and amino groups on biological particles; (ii) isomorphous substitution 

in lattices of solids, e. g., replacement of SiiV by Alii! in clays; 

and (iii) specific ion adsorption, e. g. , ionic surfactants at oil-water 

interface or preferential adsorption of Ag + over I onto Agl solids. 

Each mechanism has characteristic properties which cause the 
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surface to have either constant charge or constant potenti a l. 

The two particles used in this resea r ch obt ain their surface 

charges by two different mechanisms. Polys tyre n e l a ti c es (PSL) 

are stabilized by the attachment of sulfonate groups to the s urfac e . 

Above pH 2, protons are completely dissociated f rom the s ulfona te 

groups and the surface charge remains constant. T he con s tant 

surface charge is characteristic of biological parti c le s a t c ons t a nt 

pH and of mineral particles with surface charge due to isomorphous 

substitution. Silica, the second kind of particle mat erial us e d in 

this research, adsorbs hydroxide ions to the surfac e a t oms. pH 

is one of the most important variables with respect to t he c harge 

density of the silica system because hydrogen and h ydroxid e i on s 

+ 
are potential-determining ions for the surface. H and OH are 

potential-determining ions for many other particles includin g oxide s , 

hydroxides, and complex oxide compounds such as silicates a n d 

phosphates. 

As discussed in Chapter II, the Stern correction to the 

Gouy-Chapman double layer model is used to calculate the Stern 

potential, which then is used instead of to deter-

mine interaction energies between particles. 

The Stern relationships for the ionic atmosphere near a flat 

plate are presented in Appendix 1. The relatively larg e particles 

used in this research can be approximated as flat plates for the 

Stern layer calculations since the Stern layer 1s very small in 

comparison to the particles. Spherical models, however, are used 

to calculate the interaction energies of the diffuse layers. 
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To apply the mathematical Stern relationships presented in 

Appendix 1 three parameters in addition to the usual double layer 

parameters are needed: (i) 0, the thickness of the Stern layer, 

(ii) f 1
, the dielectric constant in the Stern layer, and (iii) N 1 , the 

number of Stern adsorption sites per unit surface area. The effects 

of varying these three parameters on the pertinent double layer 

properties of the particles used in this research are examined in 

the following sections because the exact numerical values of these 

parameters are unknown. 

1. PSL. The sulfonate group density on the surface of the 

14 
PSL particles is 1. lxlO per square centimeter. Above pH 2, all 

the sulfonate groups are dissociated and the surface charge density 

4 -2 is 5. 32xl0 esu em . In a system of constant surface charge the 

Stern potential is found to be independent of € 1 and 0 by solving 

the equations in Appendix 1. In Table V -2, where values of Stern 

potentials are listed for various adsorption site densities at three 

ionic strengths, it is seen that the Stern potential is also rather 

insensitive to the adsorption site density. A 100 percent change 

in N 1 results in only a 10 percent change in the Stern potential. 

Although the Stern potential in a constant surface charge 

system is independent of f 1 and o, the surface potential, 'Vo , is 

greatly affected by changes in the values of these parameters. The 

difference between the surface potential and the Stern potential 

<A ~ = \.\1 o - ~s is plotted in Fig. V -4 as a function of € 1 

and 0 
73 0 

van Olphen gives 3-10 A as the range of the Stern layer 

thicknesses and 3-6 as the range of dielectric constants in the Stern 



Table V-2. 

N1 
-2 

(em ) 

2xl0
15 

lxl0
15 

5x10
14 

2x10
14 
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Values of PSL Stern potential for various 
Stern layer adsorption site dens iti es (N 

1 
). 

Surface charge density = 5. 32x104 esu /cm2. 

area/ Ionic Strength (moles /liter) 
sjte 
(A 2) 10-l 10- 3 10- 5 

5 74 mv 187 mv 305 mv 

10 85 200 315 

20 95 210 325 

50 102 217 333 
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12 

10 
A "'= l}'o - 4's (1'1\v) 

8 -o<( 
6 -

c.o 
4 

2 

DIELECTRIC CONSTANT IN STERN LAYER 

Fig. V -4. The effects of E' and $ on 1/1. , the 
surface potential, for a constant charge 
surface. cr 5. 32x10\su/cm2 

1s a ' N 1 = 10 /em . 
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layer. The large variation possible in the surface potential does 

not, however, affect the particle interaction energies which are 

dependent on the Stern potential. 

The PSL double layer parameters needed for the application 

of the DCA results are presented in Table V -3. The values are 

based on a Stern adsorption site density of 10 15 /cm2 . 

2. Min-U -Sil. For surfaces whose potential i s determined 

by the activity of potential determining ions, the surface potential 

is given by 

= D loa (a\ e .Je. ao I V-3 

where a is the activity of the potential determining ion and a 1s 
0 

the activity of the potential determining ion at the point of zero 

charge for the surface. 
47 

For quartz, Parks found the point of 

zero charge to occur at pH 2. 6. Substituting this value into Eq. 

V-3 the surface potential of the Min-U-Sil particles at any pH is 

V-4 

Many of the Min- U -Sil experiments were carried out at pH 

8. 3, which corresponds to a constant surface potential of 338 mv. 

Although all three Stern parameters effect the Stern potential 

in a constant potential system, tP & is primarily a function of 

E 1 and c. l\Js is only slightly dependent on the adsorption site 

density. In Figs. V -5 and V -6 the Stern potential and the surface 

charge density is illustrated for various values of E 1 and 6. As 



Tabel V -3. 

Table V -4. 

flonic Strength 
(moles /liter) 

10-l 

lo- 2 

10-3 

10-4 

10- 5 
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Double Layer Characteristics of PSL Pazticles. 
(J = 5.32xlo; esu/cm2, N1 = 10 1 5 em- , one 

charge per 90A2. 

Ionic Strength Stern Potential 
(moles /liter) (mv) 

10-l 85 

10-2 
140 

10- 3 
20 0 

10-4 
256 

10- 5 
315 

Double Layer Characteristics of Min-U - Sil 

Particles. Assumed conditions: 
\II 15 -2 ro= 338 mv, N 1 = 10 em , 

pH = 8. 33, 

~ = 5 A, 

€/= 6, and T = 20°C. 

4Jcf (J Elementary 
2 

0 2 
2 

A p er 
(mv) (esu/cm ) charge s /em charge 

29.8 9.76x10 
3 

2.03xlo
1 3 

492 

75 8.30xl0 3 
1.73x1o

13 
587 

120 6.90xl0 
3 1. 43xl0

13 
688 

165 5.48xl0 
3 1. 14xlo 13 

877 

200 4.38xl0 
3 

0.9lxlo
13 

1100 



-124-

STERN POTENTIAL 

6 

4 

2 

o, 2 3 5 8 10 20 "&) 50 80 
DIELECTRIC CONSTANT IN STERN LAYER 

Fig. V-5. Dependence of Stern potential on E and li 
for constant potential surface. 4'o = 338 mv, ioni c 
strength= 10-3 moles/liter and N 1 = 101 5 /cm2 • 

10 - ------

CHARGE DENSITY 
,....... 

8 
ON SURFACE 

0~ 

6 
co 

4 

2 

o, 2 3 5 7 10 20 ~ 50 0 
DIELECTRIC CONSTANT IN STERN LAYER 

, 
Fig. V-6. Dependence of surface charge density, o- , on E 

and g for constant potential surface. 4-'o = 338 mv, 
ionic strength = 1 o-3 moles/liter and N 1 = 101 5 cm2

• 
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in the case of the PSL particles the interaction energies hetween 

particles are controlled by the value of t he Stern potential. In 

Fig. V -5 it is seen that l\Jg is very dependent on f ' and 6. 

Values of the double layer properties at various i onic 

strengths are presented in Table V -4 for the Min- U -Si l system. 

The assumed conditions are € 1 = 6, 0 = 5 A, ~o = 338 mv, and 

15 -2 
N1 = 10 em . 

In summation, the Stern potential of surfaces c h ara c terized 

by constant surface charge is determined primari ly by the i oni c 

strength of the solution and the surface charge. In cont ras t, the 

Stern potential of constant potential surfaces is de t ermine d by the 

concentration of potential determining ions, the ion ic st r ength, the 

Stern layer thickness, and dielectric constant in t he Stern lay e r. 



-126-

Chapter VI 

KINETICS OF POLYMER ADSORPTION AND 
PARTICLE AGGREGATI ON 

Polymer aggregation of suspended part icles r equi res that 

colliding particles have polymer molecules adsorbed to their 

surfaces. If the rate of polymer adsorption is slow in comparison 

to the particle-particle collision rate , the aggregation rate wi1l be 

limited by the polymer adsorption process. It is also poss ible that 

the destabilization mechanism (whether a bridging or electrostatic 

one) is influenced by the relative rates of polymer adsorption and 

particle-particle collisions. In the following sections the rates of 

polymer adsorption and particle coagulation are investigated theo-

retically and experi mentally. 

A. Theory 

It is assumed that both the polymer adsorption rate and the 

particle aggregation rate are equal to the product of an appropriate 

efficiency factor (a. ) and the rate of polymer-particle collisions 
1 

or particle-particle collisions, respectively. In the first part of 

this analysis collision rates are examined. 

1. Collision Rates. In an aqueous suspension containing 

polymer molecules the particle-particle and polymer-particle 

collisions are brought - about by Brownian movement and by velocity 

gradient transport. By assuming that all particles and all polymer 

molecules can be modeled by equivalent spheres and that only 

laminar velocity gradients exist, _von Smoluchowski' s kinetic theories 

can be used to compute the collision rates. 
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a. Diffusion Transport. von Smoluchowski 's theory of 

rapid coagulation describes the rate of the collisions resulting from 

the Brownian transport of particles 
6 5

. Mathematically the rapid 

coagulation theory for the rate of polymer-particle collisions is 

expressed as 

where (b )B sp 

Ds, Dp 

ds,dp 

= 2n (Ds + Dp) (ds + dp) N N-· 
s p VI-1 

= rate of polymer-suspended particle collisions 

-1 
due to Brownian diffusion, (sec ) 

= diffusion coefficients of suspended particle 

2 -1 
and polymer, respectively, (em sec ) 

= diameter of suspended particle and polymer, 

respectively, (em). 

= number of particles and polymer molecules 

3 per em , respectively. 

This same theory is used to evaluate (b )B, the rate of collisions ss 

between equal-sized suspended particles moved by Brownian 

diffusion: 

2 
(b )B = 4 n DsdsN . ss s 

VI-2 

For spherical particles ·the diffusion coefficients can be evaluated 

by the Einstein diffusion equation 

k T 
D = 3 n ~Jd VI-3 
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where k = Boltzmann 1 s constant 

T = absolute temperature 

1-L = dynamic viscosity 

d = particle diameter 

0 For an aqueous solution at 20 C, Eq. VI-3 can be rewritten as 

-13 2 
4. 2xl0 em 

= 
d sec 

Substituting Eq. VI-4 into Eqs. VI-1 and VI-2 yields 

2 
= 2rr K ( dp+ds) 

dsdp 

= 4rr K N 
2 

s • 

VI-4 

VI-5 

VI-6 

If ds = dp in Eq. VI-5, b equals 8rr KN 
2

, which is twice the ss s 

result obtained by using Eq. VI-6. This is because every collision 

between equally sized particles is counted twice by Eq. VI -5. 

b. Laminar Velocity Gradient Transport. A second 

kinetic expression due to Smoluchowski describes the rates of 

collisions between particles transported by laminar velocity 

d
. 65 

gra 1ents . 

where ( b )L sp 

G 

Likewise 

Mathematically, 

VI-7 

= rate of suspended particle-polymer collisions 

due to laminar shear, -1 (sec ) 

= laminar velocity gradient, 
-1 

(sec ). 

(b ) = 2 
Gds

3 
N 

2 
s s L 3 s • 

VI-8 
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In the systems investigated the effects of turbulent shear gradi ent s 

on the total rates of collision are neglected. 

The total collision rate can be approximated as the sum of 

the rates of collisions caused by Brownian diffusion and laminar 

velocity gradients: 

N N [ 2TT K(ds + dp)
2 + G 3 . 

= s p ds dp b (ds + dp) J VI-9 

= N 
8 

2 
[ 4 TT K + .j Gd s 

3 
] • VI-10 

Using Eqs. VI-9 and VI-10, R, the ratio of the particle-particle 

collision rate to the particle-polymer collision rate can be 

evaluated: 

R = 
N 

s 
=w­

p 
VI-11 

[-
2TTK (ds + dp)

2 
+ G (ds + dp)3] 

dsdp b 

For a given system having constant G, dp, and ds, R can be 

expressed as the product of a constant (called the collision rate 

factor, B) and the ratio of the particle and polymer number con-

centrations. 

R 

where 

B 

That is 

= (N /N ) (B) s p 

2 3 
[ 4TT K + "3 G ds ] 

= 

[
2TTK (ds + dp)

2 
G 3] - - + .,. ( ds + dp) . 

ds dp o 

VI-12 

VI-13 
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In Fig. VI-1, B, the collision ratio facto r is evalua ted as 

a function of particle diameter for polymer molecule s of se v eral 

-1 
different sizes at G = 0 and at G = 100 sec . F ig . VI - 1 illustrates 

that the collision rates o£ large particles are not influ e nced by 

Brownian motion (i.e., G : 0 curve) and that the collision rates of 

particles smaller than 0. 2 microns are not i nfluenced b y l a minar 

velocity gradients, i.e. , by mixing. 

In systems experiencing only Brownian moti on ( G = 0) the 

maximum collision ratio factor occurs when the parti c l e s a nd the 

polymer molecules have the same diameter. The r e ason the maxi -

mum B value is equal to 0. 5 and not unity is most e asil y e xpl a i n e d 

For a system with N /N = 1 , R equals B . 
S p 

in terms o£ R. The 

maximum value of R is equal to 0. 5 which means that the r ate o f 

polymer-particle collisions is twice the rate of particle-pa rticle 

collisions. This is reasonable since the number of entiti e s invol v e d 

in polymer-particle collisions is twice the number involved i n 

particle-particle collisions . 

In Fig. VI-2 the dependence of B on particle size 1s i llus-

trated for a 0. 01 micron diameter polymer mol ecule at various G 

values. Fig. VI-2 shows that in a system of 0. 1 micron or 

smaller particles mixing does not affect the coagulation rate until 

the particles aggregate to approximatel y 0. 5 microns , i. e. , for 

G = 10 
-1 

sec 

According to Eq. VI-12 the ratio of the particle -particle 

collision rate to the polymer-particle collision rate is directly 

proportional to N /N . 
s p 

In Table VI-1 values of N /N are tab­
s p 
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Table VI-1. 

System 

Cat~ !Kaolinite 

Cat~ Lsilica 

Cat~ LPSL 

Cat~LPsL 

Cat~ Lsilica 

Cat~ Lsilica 

Cat~LPsL 

N 31K 1· . on. - ao 1n1te 

Cat~LE. coli 

Cat~ {Algae 4 I 

Cat~LPsL 

-133-

Particle-Polymer Number Ratios for Various 
Flocculating Systems 

N N Molecular N IN s p Weight s p 

9.2xl0 9 3.6xlo
13 5xl04 2.5xl0 -4 

1. 2x1 0 8 1. 2xlo
13 

5xl04 1. Ox1 0 -5 

l. 2xl 0 8 6.0x1o 12 5x104 2.lxl0 -5 

l. 2x10 11 13 6. Ox10 . 5x104 2.0x10 -3 

l.7xl0 8 1. 9x1o
14 lxl03 

9.2xl0 -7 

1. 7xl 0 8 3.0xl0
12 

3.2xl0 4 5.5x10 -5 

2.lxl0 8 7.3xlo
12 

3.4x10 4 3.5xl0 -5 

l. 6x109 6.0xlo
10 

5xl06 2. 7xl 0 
-2 

3.7xl0 8 6.0x10 12 2. lx1 0 4 6 -5 . 2x1 0 

10 7 9xlo
14 2.lxl0 4 1. lxl 0 -6 

l. 6xl 0 7 2.4x10 9 5.5x10 6 6.9x10 
-3 

Ref. 

10 

10 

10 

10 

20 

20 

7 

6 

71 

71 

* 

Abbreviations: Cat. -Cationic; Non. -Nonionic; PSL-Polystyrene 
latex. 

1 I poly(diallyldimethyl ammonium chloride) 
2 I polyethyleneimine 
3 I polyethylene oxide 
41 Chlorella ellipsoidea 
5/ poly(l, 2 dimethyl-5-vinylpyridinium bromide) 
>:< This research 
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ulated for various flocculating polymer-particle systems. N is 
p 

based on the polymer dose at optimum flocculation. 

of systems N /N is between 10- 2 and 10 -b. 

In the majority 

s p 

2. Collision Efficiency Factors. The collision rate analysis 

does not yield any information about the rates of polymer adsorption 

or particle aggregation unless the collision efficiency factors, a. , 
l 

are known. For polyelectrolyte molecules colliding with oppositely 

charged surfaces a is close to unity; collisions between particles 
sp 

having the same surface charge are usually not successful and a 
ss 

is less than unity. In the case of a collision between a polymer 

coated particle and an uncoated particle a is probably close to ss 

unity. Although the numerical values of the collision efficiency 

factors are not known it can be remarked that a /a :5: 1. ss sp 

The ratio of the particle aggregation rate to the polymer 

adsorption rate, R', is approximated by 

R' = E:ss) 
sp 

R =(:ss) 
sp 

c:s ) B 
p 

VI-14 

Since (a /a ) :5: 1, N /N < 10-
2

, and B < 5, it can be concluded 
ss sp s p 

that polyelectrolyte adsorption to oppositely charged surfaces occurs 

rapidly in comparison to particle aggregation. 

This difference in the time scales for the two processes is 

significant because it allows suspension coagulation by polyelectro-

lytes to be analyzed as two separate processes: (i) relatively rapid 

polyelectrolyte adsorption, which is a function of the physical and 

chemical properties of the macromolecules and the particles; (ii) 
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particle aggregation which is dependent on the interparticle forces 

and the rate of particle-particle collisions. 

B. Experimental Results 

1. Non-aggregating Systems. The polymer adsorption 

process was investigated in a non-aggregating system by adsorbing 

polymer to the inside walls of pyrex bottles. The experimental 

advantages of non-aggregating systems are that the adsorbed polymer 

configurations are not disturbed by the aggregation or de-aggrega­

tion of particles, that available surface areas are not reduced by 

aggregation, and that polymer losses to surfaces other than that of 

the adsorbent do not occur. 

The effect of salt concentration on the adsorption of high 

molecular weight polymer onto pyrex glass surfaces is illustrated 

in Fig. VI-3. The initial adsorption rate and the amount adsorbed 

at saturation increase with increasing salt concentration. The 

increase in the initial adsorption rate with increasing ionic strength 

reflects increased diffusion coefficients resulting from compaction 

of the polymer molecules in solution. The increase in saturation 

adsorption with increasing ionic strength is due to decreased inter­

actions between the ionized segments of the adsorbed polymer; 

decreased interations permit a closer, more dense packing of the 

polyion segments. 

In Fig. VI-4 the amount of polymer adsorbed as a function 

of time is illustrated for several molecular weights at two different 

salt concentrations. The initial polymer concentrations were 200 

iJ. g /1 in all systems illustrated. The following conclusions can be 
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drawn from the data presented in Figs. VI-3 and VI-4: (i) polymer 

adsorption continues for long time periods, (ii) the ultimate amount 

of adsorbed polymer is independent of molecular weight, (iii ) the 

amount of polymer adsorbed at saturation increases with increas-

ing salt concentrations, and (iv) the initial rate of polymer adsorp-

tion is dependent on the molecular weight. 

On the basis of an adsorption model proposed by Peterson 

and Kwei
51 

the overall adsorption process can be described in 

terms of the following steps: 

polymer coil 
in solution 

adsorbed 

A 

polymer 

polymer coil on solid 
surface with few segment­
surface contacts 

with equilibrium 
") majority of segments in ') adsorbed 

B c contact with surface configuration. 

B..., 

The rate of process A is limited by the rate of polymer diffusion 

and the hydrodynamic transport conditions of the system. In 

process B the adsorbed molecule undergoes re-orientation from 

a three-dimensional, coil-like solution configuration having only a 

few segments attached to a two-dimensional, flat configuration with 

a majority of segments attached directly to the surface. The rate 

of process B should be relatively fast in comparison to the rate 

of process A
51

. 

In process C the flat, two-dimensional configuration is 

rearranged to the equilibrium adsorbed configuration. Process C 

should be relatively slow in comparison to processes A and B. 

If additional adsorption sites are made available by process C, 
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then the overall removal rate of polymer from solutio n i s limited 

by the rate of process C. 

The rate of process C may or may n ot b e d ependent on 

molecular weight. An exampl e o f a molecular w eight d e pendent 

rate is the diffusion of adsorbed polymer molecule s into the pores 

of porous adsorbents. Since the diffus i on rate d e creas e s with 

increasing molecular weight, the rate of process C de creases 

w i th increasing molecular weight. 

For the systems illustrated 1n Fig. VI-4 the initial adsorp-

tion rate is limited by the rate of process A. Two of t he e xp e r i -

ments were repeated with different initial polyme r concentrations 

and it was found that the adsorption rate increas e s with i nc reasing 

solution concentration of polymer. The adsorption rates a t time s 

greater than 300 minutes are molecular-weight- independent and a re 

probably limited by the rate of process C. 

The fact that the amount of polymer ultimately adsorbed is 

independent of molecular weight is in agreement with the stati stical 

mechanical models for the case of large adsorption energies between 

the polymer segments and the surface. The statistical mechanical 

models also predict that the adsorbed configurations are flat. It 

is difficult, however, to interpret flocculation models in terms of 

these conclusions since flocculating systems are not saturated and 

are not at equilibrium. 

2. Aggregating Systems. Variations in polymer adsorption 

and suspension turbidity with time for a Min- U -Sil system is 

illustrated in Fig. VI-5. The effect of initial polymer concentra-
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A 76 1-'-~L 
[!,] 150 /'< L 
0 224 ~<fl. 
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(A) TIME (MINUTES) 

INITIAL CONC.-: 76pG/L 

z 0.2 _________ __,_ __ _..._ __ _..... __ -'--.J 

20 30 40 50 60 0 10 
(8) TIME (MIN UTES) 

Fig. VI-5. Time variations of: (A) polymer adsorption from 
solutions of various initial polymer concentrati ons 
and (B) supernatant turbidity. 50 mg/1 Min- U -Sil 
suspension in 1 o-3 molar NaHCO • p H = 8, 3, M = 
5, 5 x 106 and stirring at 100 rp~. 



-141-

tion on the adsorption is seen in part (A) of Fig. VI-5. Adsorp-

tion is more than 50 percent complete within two minutes and more 

than 90 percent complete within ten minutes. The amount of polymer 

adsorbed remained constant between 20 and 180 minutes. After 180 

minutes the concentration of the polymer in solution decreased 

because of losses to the surfaces of the mixing vessel and possibly 

because of additional adsorption to the silica particles. Lower 

molecular weight polymers with larger transport rates approach 

the adsorption plateau more rapidly than the systems illustrated in 

Fig. VI-5 (A). 

Long term adsorption in aggregating systems was not investi-

gated further because of experimental uncertainities associated with 

such processes as particle attachment to the surfaces of the ~g 

vessel, polymer degradation by hydrodynamic forces on particles, 

de-aggregation of particles, and polymer losses to the .. surfaces of 

the mixing vessels. 

In part (B) of Fig. VI-5, the suspension turbidity normalized 

with respect to the value at zero time is plotted as a function of 

time. Turbidity is .a, complex function of the degree of aggregation 

of the system. At ten minutes, when polymer adsorption is almost 

complete, turbidity is almost unchanged. 

The size distribution or the total number of particles in a 

heterogenous system having initial particles larger than one micron 

cannot be related to the turbidity in any simple way. Aggregation 

rates cannot be determined from optical data. 
7 

Birkner and Morgan , 

using an electronic particle counter to measure particle size distri-
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butions as a function of time, determined flocculation r ate consta nt s 

for 1. 3 micron PSL destabilized by a cationic polyelectrolyt e . In 

a comparable system (approximately same particle c oncentration 

and degree of agitation) these investigators measured a firs t o r de r 

-4 -1 
aggregation rate constant of 1. 6xl 0 sec . In a system h a ving 

this rate constant, less than 10 percent of the initi al part i cles have 

aggregated after ten minutes. That is, the t otal numbe r of particles 

at ten minutes is more than 90 percent of the initial number of 

particles. The particle aggregation rate is therefore s l ow in c om-

parison to the polymer adsorption rate. 

Summary 

A theoretical analysis based on Smoluchowski' s k i n eti c 

theories indicates that polymer adsorption is fast in comparison 

to the rate of particle aggregation in systems consisting of poly-

electrolyte molecules and suspended particles of opposite charg e ~ 

This theoretical analysis is experimentally verified. 

In the non-aggregating poly(DMVPB)-pyrex gl ass system 

ultimate polyelectrolyte adsorption is dependent on the salt concen-

tration of the solvent and independent of the molecular weight. The 

initial rate of polymer adsorption is, however, highly dependent on 

molecular weight. 
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Chapter VII 

FLOCCULATING SYSTEMS: 
EXPERIMENTAL RESULTS AND DISCUSSION 

Fig. VII-1 illustrates the dependence of residual turbidity, 

electrophoretic mobility and polymer adsorption on the polymer 

dose. These three parameters were measured for the majority of 

the systems investigated. 

The residual turbidity variation with polymer dose is 

characterized by the optimum flocculation dose (OFD) which 1s 

defined as the smallest flocculation dose which produces the mini-

mum residual turbidity. The OFD is indicated by an arrow on the 

relative residual turbidity-polymer dose graph of Fig. VII-1. 

Operation of an industrial water processing system at the 

lowest polymer dose resulting in good flocculation is difficult since 

the raw water characteristics of many industrial systems vary with 

time. Industrial processes would _ require a polymer dose greater 

than the minimum to produce good flocculation at all times. An 

"operational dose range" is schematically illustrated next to the 

OFD arrow in Fig. VII-1. Within this dose range, essentially the 

same final water clarity would be realized. 

A number of other flocculation system parameters are of 

interest. These are: the electrophoretic mobility and the amount 

of polymer adsorption at the OFD; the polymer dose and the amount 

of polymer adsorption at zero mobility; and the saturation value or 

the maximum amount of polymer adsorption. The adsorption data 

can be described by Langmuir isotherms. Detailed discussion of 
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the adsorption data is presented in section VIII-C. 

At large polymer doses it is possible to reverse the particle 

charge if the number of adsorbed polyion segments is greater than 

the original number of surface charges. Large charge reversals 

result in restabilization of the suspension which is indicated by an 

increase in turbidity at doses greater than the OFD. 

A. Residual Turbidity 

l. Min-U-Sil Particles. The flocculation experiments were 

carried out according to the procedures described in Chapter IV. 

a. pH Effects. The surface potential of the silica 

particles is controlled by the pH of the solution since hydrogen ions 

are potential determining ions (see Eq. V -4). Fig. VII-2 shows an 

increase in the OFD with increasing pH in agreement with the fact 

that the surface potential becomes more negative with increasing pH. 

In the majority of Min-U -Sil systems investigated the pH was held 

constax:1t at 8. 3 (NaHC0 3 ) or at 6. 0 (NaCl, CaC12 , Na2so
4

, etc., 

and C0
2 

of the atmosphere). 

b. Effects of Polymer Molecular Weight and NaHC03 

Concentration. At low salt concentrations pGlymer molecular weight 

greatly affects flocculation. For a 50 mg /1 Min- U -Sil suspension 

-5 in 5xl0 molar NaHC03 , the dependence of the residual turbidity 

on polymer dose is illustrated in Fig. VII-3. The number of 

polymer segments at any polymer dose is independent of molecular 

weight if dose is expressed in weight concentrations. Polymer doses 

required for flocculation decrease with increasing molecular weight. 
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4 5 6 7 8 

pH 
Effect of pH on the OFD's of 50 mg/1 Min-U-Sil 
suspensions in 5 x 10-4 molar ionic strength 
solutions. M = 6 x 103. 
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The residual turbidity at the OFD decreases with increasing 

molecular weight. 

Fig. VII-4 illustrates the effect of polymer molecular weight 

on the residual turbidity-polymer dose relationship for a 50 mg/1 

Min-U-Sil suspension in 10- 2 molar NaHC0
3

. Data for only three 

different molecular weights are shown since all data for molecular 

weights greater than 1. 8xl 04 
coincide, This coincidence indicates 

that for Min-U-Sil suspensions in 10- 2 molar NaHC0
3 

the OFD is 

independent of molecular weight for polymers with molecular weights 

4 greater than 1. 8xl 0 • 

Fig. VII-5 illustrates the dependence of the OFD on polymer 

molecular weight and NaHC03 concentration. At low salt concen-

trations the OFD decreases with increasing molecular weight; at 

high salt concentrations the OFD decreases with increasing molecular 

weight until a "limiting molecular weight'' is reached above which 

the OFD is independent of molecular weight. 

Some investigators using cationic polyelectrolytes to floccu-

late negatively charged suspensions have found the OFD dependent 

on polymer molecular weight
37

• 
24

• 20 while others have found the 

OFD independent of molecular weight19 • 
34

. These apparently 

conflicting results can be explained by Fig. VII-6 in which the 

"limiting molecular weight" is plotted as a function of salt concen-

tration. Two regions are defined in Fig. VII-6: Region I, OFD 

independent of molecular weight and Region IIJ OFD dependent on 

molecular weight. 
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Fig. VII-S. 

Na.HC00 CONCENTRATION (M) 

Dependence of OFD on polymer molecular weight 
and concentration of NaHCO • System: pH = 8. 3 
and Min-U-Sil at 50 mg/1. 

3 

~ 4 . 
IOI~o~5~----------~~o~4------------~~o~3------------~o~-~2~ 

Fig. VII-6. 

NaH co3 CONCENTRATION (M) 

Flocculation regions defined by position of 
"limiting molecular weights". In Region I the OFD 
is independent of molecular weight. In Hcgion II 
the OFD decreases with increasing molecular 
weight. 



-151-

The exact position of the line dividing the two regions 1s a 

function of the type of suspension , composition of polymer and 

composition of solution. Those investigators finding the OFD 

independent of molecular weight generally used solutions w ith high 

ionic strengths and/or polymers with high molecular weights (Region 

I). 

c. Solution Composition Effects. The effect of solution 

ionic composition on the OFD can be seen in the data presented in 

Table VII-1. The ionic species investigated are mainly those 

prevalent in natural waters. Trivalent ions were not investigated 

since they are not common in natural waters having pH's between 

5. 0 and 9. 0. 

In the investigated systems, cations affect the colloidal 

stability of the negatively charged particles (see Fig. II-3) and 

anions control the solution configuration of the cationic polyelectro­

lyte molecules (see Fig. V-3). 

The small differences between the OFD's of concentration­

comparable NaCl and Na
2
so

4 
suspensions indicate that polymer 

solution configuration does not greatly influence the flocculation 

process. This lack of solution configuration effect on flocculation 

indicates that the polymer molecules are strongly adsorbed in con-

figurations independent of solution configurations. 

energies result in flat adsorption configurations. 

Strong adsorption 

The effect of cation valency on the OFD is also seen in the 

data of Table VII-1. In systems of comparable electrolyte concen-

trations there are two different trends, depending on molecular 
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Table VII-1. Effects of solution composition on OFD of 
Min-U-Sil (50 mg/1). pH = 6. 0. 

Salt Ionic Cation Anion OFD (IJ. g /1) 
Strength cone. Cone. Molecular _w.aigb.t._ 
(molar) (molar) (molar) 5. Sxl 06 6xl 0 5 

NaCl SxlO-S SxlO-S 5x10-S 10 33 
Sxlo-4 Sxlo-4 Sxlo-4 8.2 28 
Sxlo- 3 Sxlo- 3 1o-2 6.5 18 

Na2so4 7.5xlo- 5 Sxlo- 5 2.5xlo- 5 10 32 

7.5xlo-4 Sxlo-4 2.5xlo-4 12 23 

7.5xlo- 3 Sxlo-3 2.5xlo-3 6.0 ll 

MgS04 
10-4 -5 -5 27 2.5xl0 2.5xl0 --
lo- 3 2.5xlo-4 2.5xlo-4 19 29 
10- 2 2.5xl0 -3 2.5xl0 -3 12 17 

MgC12 
7.5xlo- 5 -5 Sxl0- 5 27 2.5xl0 --
2.2xlo-4 7.5xlo- 5 1. 5xl o-4 -- 26 

7.5xlo-4 2.5xlo-4 5xlo-4 15 19 

7.5xlo- 3 2.5xlo- 3 5xlo-3 12 11 

cac12 7.5xlo-5 2.5xlo- 5 5xlo- 5 16 32 
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weight range. For flocculation by low molecular w eight polyme rs , 

the OFD's are lower with divalent cations than with monovalen t 

cations. With the 5. 5 million molecular wei ght polymer, O FD' s 

are greater with divalent cations than with monovalent cations. 

Three d i stinct phenomena occur which have different effect s 

on flocculation: (1) divalent cations adsorb in the Stern l aye r of 

the free surfaces to reduce the Stern potential, thus reduc in g the 

OFD; (2) the electrical double layer is compressed more by 

divalent cations than by monovalent cations at equal concentrations, 

thus reducing the OFD to a greater degree; (3) d i valent cations 

adsorbed in the free surface Stern layer interfere with polymer 

adsorption, thus increasing the OFD. 

Polymer adsorption interference by divalent cations decreases 

with decreasing molecular weight since small polymer molecules 

can fit in between t he adsorbed divalent cations. For example, 

silica particles in a 10-
3 

molar ionic strength solution have one 

~2 
hydroxide group per 700 A (see Table V -4). Assuming that t he 

charge density of the divalent cations in the Stern layer is one-

forth the charge density of the hydroxide groups, there is one 

•2 
divalent ion per 5, 600 A • 

·2 Assuming an adsorption area of 40 A 

per monomer segment, molecules with degrees of polymerization of 
0 2 " 2 

25, 600 and 28 require 1, 020, 000 A and 1, 120 A , respectively. 

While the small, low molecular weight molecules can adsorb in 

between the divalent ions, each of the large, high molecular weight 

molecules covers an area occupied by more than 100 divalent 

cations. 
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In low molecular weight polymer systems replacement of 

monovalent cations by divalent cations reduces the OFD' s because 

the electrical double layer is compressed and the Stern potential 

is reduced; polymer adsorption is unaffected. In high molecular 

weight systems, where the decrease in polymer adsorption out ­

weighs the effects of double layer compression and Stern layer 

reduction, the OFD's are increased. 

2. Polystyrene Latex (PSL): 

a. pH Effects. At pH's greater than three the surface 

charge of the PSL particles is independent of pH. The sulfonate 

groups are completely ionized. The electrophoretic mobility is 

constant for pH's greater than three. In Fig. VII-7 the OFD 

variation with pH is shown for PSL suspensions flocculated by high 

molecular weight polyelectrolyte in intermediate ionic strength 

solutions. 

The OFD increase with increasing pH indicates that the 

stability of the PSL is greater at higher pH's or that the poly 

(DMVPB) is a more efficient flocculating agent at lower pH's. 

Watillon and Petit 
76 

found that the salt concentration required to 

coagulate sulfonated PSL particles increases with inc rea sing pH. 

Their data seems to indicate that PSL stability increases with 

inc rea sing pH. 

In the majority of the PSL systems studied here NaCl was 

used to adjust the ionic strength and the pH was constant at 6. 0. 
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Fig. VII-7. Effect of pH on the OFD's of 20 mg/1 PSL 

suspensions in 10-3 molar ionic strength solutions. 
M = 5. 5 X 106 

0 
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b. Effects of NaCl Concentration and Polymer 

Molecular Weight. The OFD exhibits the same general dependencies 

on NaCl concentration and the polymer molecular weight for the 

PSL particles as it does for the Min- U -Sil systems. In Figs. 

VII-8 and VII-9 the effects of NaCl concentration on the residual 

turbidity-polymer dose relationships are shown for flocculation by 

polymers having molecular weights of 6x10 3 and 5. 5xl06 , respec-

tively. With increasing salt concentration the OFD and the absolute 

minimum turbidity both decrease while the width of the destabiliza-

tion zone increases. 

The variations of the OFD's with salt concentration and 

polymer molecular weight are summarized in Fig. VII-10. At low 

salt concentration the effect of molecular weight is large, while at 

high salt concentrations the effect of molecular weight is less. 

It is interesting to note that the OFD has the same general 

dependency on polymer molecular weight and solution ionic strength 

for the two vastly different PSL and Min-U-Sil particle systems. 

B. Electrophoretic Mobility Data 

1. Zero Mobility. The majority of the electrophoretic 

mobility data obtained in this investigation is limited to qualitative 

interpretation because the position of the shear plane is unknown. 

It was originally planned to quantitatively analyze the adsorption 

data at zero mobility by the techniques of Ottewill et al. 45 For 

systems in which the particle charge can be reversed it can usually 

be assumed that at zero mobility the Stern potential is also zero. 

While this equality assumes nothing about the position of the Stern 
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Fig. VII-8. Effect of NaCl concentration on flocculation of 
20 mg/1 PSL suspensions. pH = 6. 0 and 
M = 6 X 103. 
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30 
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NaCI CONCEN TRA Tl ON 

Fig. VII-10. Variation of OFD with polymer molecular 
weight and NaCl concentration. System: 
pH = 6. 0 and PSL at 20 mg/1. 
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plane, it is valid only for systems in which the charge reversal i s 

brought about by adsorption of potential determining ions or o t her 

ions which can be distributed over the surface uniformly. In the 

case of polyelectrolyte adsorption charged-patches occur and at zero 

mobility the surfaces are covered by two types of oppositely charg ed 

electrical double layers. Although the sum of the charges within 

the shear plane is zero at zero mobility, quantitative analysis is 

impossible without making some assumptions about the position of 

the shear plane. 

Fig. VII-11 illustrates the observed relationship between 

particle mobility and polymer adsorption for Min-U -Sil and PSL 

particles at low ionic strengths. In both systems, at any given 

value of polymer adsorption, particle mobility is affected more by 

high molecular weight polymers than by low molecular weight 

polymers. 

Values of adsorption at zero mobility are presented in 

Table VII-2 for polymers of various molecular weights at several 

different salt concentrations. There are definite differences in 

the behavior of the Min-U -Sil and PSL systems. Fig. VII-12 

summarizes the general dependencies of polymer adsorption at zero 

mobility on solution ionic strength and polymer molecular weight. 

The observed decrease in zero-mobility-adsorption with increasing 

ionic strength in the constant surface potential Min- U -Sil system is 

unexpected since the Min-U-Sil surface charge increases at higher 

ionic strengths. This unexpected result might be due to the porous 

nature of the Min- U -Sil surfaces. 
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Fig. VII-I I. Electrophoretic mobility versus polymer 
adsorption. {A) 50 mg/1 Min- U -Sil in 
5 x 10- 6 molar NaHCO • (B) 20 mg/1 
PSL in 5 X 1 o-4. molar ~aCl. 
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Table VII-2. Values of polymer adsorption (mg I gr) at zero 
particle mobility. 

(a) Min-U -Sil Particles, pH = 8. 3 

Molecular NaHCC3 Concentration (moles /liter) 
weight 

5xl0- 5 l0- 3 10-Z 

5.5xl0 
6 

0.80 0.80 0.72 

6 
l. 04 l. lxl 0 -- --

5 l. 14 4.0xl0 -- --
7.6xl0 

4 l. 30 l. 36 0.86 

6xl0
3 

2.12 2.20 1.64 

(b) PSL Particles, pH = 6. 0 

Molecular NaCl Concentration (moles /liter) 
weight ·5xl0 -4 l0- 3 l0- 2 10-l 

5.5xl0 
6 l. 10 l. 10 l. 44 l. 76 

6 l. 36 l. lxl 0 -- -- --
4 

l. 42 7.6xl0 -- -- --
6.10 3 l. 76 l. 80 l. 70 l. 76 
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Min-U -Sil 

SALT CONCENTRATION ~ 

/ 

1 1 
-p::: 

POLYMER ADSORPTION 

1 <: 
....::1 
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U:r:: MOBILITY ~a 
....:lH 
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~~ -
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~a I 
....:lH \ '/ I 
0~ 
~~ I -------- ._. I (constant) 

Fig. VII-12. Illustration of general trends in data of Table VII- 3 
showing the effects of salt concentration and 
polymer molecular weight on the polymer adsorption 
required for zero mobility. 
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The data in Fig. VII-11 and Table VII-2 can be interpreted 

in terms of the following processes which are consistent with the 

electrostatic patch model. The charges within the shear plane are 

due to the surface charge of the particles (Q ), the Stern layer of 
s 

the free surfaces (Q ) , the adsorbed polyelectrolyte (Q ) , the Stern 
ss p 

layer of the adsorbed polyelectrolyte (Q ), and the diffuse double 
ps 

layer around both free surface and adsorbed polyelectrolyte (Qd). 

That is 

0 total = Qs + 0 ss + Qp + Qps + Qd . VII-1 

(+or-) (-) ( +) ( +) (-) ( +&-) 

The symbols indicate the signs of the charges in the systems 

investigated. At zero particle mobility Qtotal is zero. 

For any given amount of adsorbed polyelectrolyte, Qs and 

Qp are independent of molecular weight with constant ionic 

conditions. Q and Q , on the other hand, are affected by ss ps 

polymer molecular weight. 

Q is directly proportional to the area of the free surfaces. 
ss 

Since the polymer density of an adsorbed patch increases with 

increasing molecular weight':', at constant adsorption Q increases 
ss 

with increasing molecular weight. 

>!< The area per patch is proportional to the 2/3 power of the 
molecular weight (see Eq. III-1). The polymer density is the 
ratio of the weight of polymer per patch to the a rea of the patch. 
Since the weight of polymer per patch is directly proportional to 
the molecular weight, the polymer density is proportional to the 
1/3 power of the molecular weight. 
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Qps is equal to the product of the total area of polymer 

patches and the charge density of the polymer Stern layer. The 

increase in the polymer density of the adsorbed patches with 

increasing molecular weight is accompanied by an increase in the 

patch charge density which causes a relatively larger increase 

in the charge density of the polymer Stern layer. With increasing 

molecular weight the net effect of the decreasing area and inc reas-

ing charge density of the polymer Stern layer is an increase in 

Q . 
ps 

For a given increase in molecular weight the increase in 

Q is less than the increase in Q • 
ps ss 

In a system of negatively 

charged particles and cationic polyelectrolyte the overall effect of 

increasing molecular weight is an increase in the number of 

cations within the shear plane. Higher molecular weight poly-

electrolytes are, therefore, more efficient in reversing particle 

mobility. 

2. OFD Mobility. The electrostatic patch model predicts 

that the amount of adsorbed polymer required for flocculation 

decreases with both increasing ionic strength and increasing 

molecular weight. The OFD mobility of originally negatively 

charged particles should therefore decrease with increasing ionic 

strength and molecular weight since less polymer is required for 

flocculation. 

Values of particle mobilities at optimum flocculation condi-

tions for polymers of various molecular weights at several ionic 

strengths are presented in Table VII-3. Two general trends are 
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Table VII-3. Electrophoretic mobility values (Pyl7~~ ) at 

optimum flocculation dose (OFD). 

(a) Min-U -Sil Particles, pH = 8. 3 

Molecular NaHC0 3 Concentration moles /literl 
weight 5xl0- 5 10- 3 ., 

10-.:.. 

5.5xl0 
6 

-3.6 -4.8 -3. 5 

4xl0 5 
-3.0 -3.7 --

6x10
3 

-2.8 -3.8 -3.8 

(b) PSL Particles, pH = 6. 0 

Molecular NaCl Concentration Jmole s /literl 
weight Zero 5xl0-4 2xl0- 3 10-2 

5.5xl0 
6 -1. 2 -2.3 -3.0 -4.8 

6 
-0.8 -2.5 1. lxlO -- --

5 
-0.4 7.8xl0 -- -- --

5 
0 4.0xl0 -- -- --

4 
+0.4 -2.2 7.6xl0 -- --

6x10
3 

+0.6 -2.0 -2.8 -3.0 
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observed: (i) decreasing OFD mobility with increasing molecular 

weight; (ii) decreasing OFD mobility with increasing ionic strength. 

Both of these trends are in agreement with the predicti ons of the 

electrostatic patch model. 

C. Adsorption Data 

1. Saturation Adsorption. The values of polymer adsorp-

tion at saturation were all determined after one hour of mixing. 

See procedure in Sect. IV -E. The saturation values are not 

necessarily equilibrium values since, as shown in Sect. VI-BZ, 

attainment of equilibrium may require several days. With the 

Min-U -Sil system there is additional uncertainty because of the 

porous nature of the surfaces. It is conceivable that the low 

molecular weight polymer molecules might be able to enter small 

pores which are inaccessible to high molecular weight molecules. 

In spite of the above complications the adsorption data are useful 

in qualitatively describing the effects of salt concentration and 

polymer molecular weight on the density of polymer molecules 

adsorbed to particles. 

a. Ionic Strength Effects. In Table VII-4 values of 

adsorption at saturation and the areas per polymer segment are 

tabulated for high and low molecular weight polymers at various 

ionic strengths. The two sets of areas per adsorbed polymer 

segment for the Min-U-Sil particles are based on the two values 

of specific area presented in Sect. IV-C. The 6. 9m
2 

/gr specific 

surface area value, measured by BET nitrogen adsorption, 

includes small pores which are unavailable to relatively large 
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Saturation values of polymer adsorpti on a nd 
resulting areas per adsorbed se gment. 

(a) Min-U -Sil Particles pH = 8. 3 

NaHC0 3 
MOT .~l.TTT ,A R W~Tl;H'T 

hvln 3 r:; _5_xlfi6 moles 
per 

Sat. 
a rea Is e_g_ment _(AZJ 

Sat. 
area I se_g_ment(A Z)_ 

liter 
Ads. 

SA - SA -
Ads. SA - SA -

2 2 2 2 (mg/gr) 6. 9m /gr 2. lm /gr mg/gr) 6. 9m /gr 2. 1m /gr 

5xl0- 5 
3.0 81 25 1.4 173 52 

10- 3 
4.6 53 16 2. 1 118 36 

10- 2 6.4 38 11 2 . 8 86 26 

(b) PSL Particles pH = 6. 0 

NaCl MO JECULAR WEIGHT 
6xl03 5 5x106 

moles Sat. Area/ Sat. Area/ 
per Ads. Seg. Ads. s.~· 
liter (mg/gr) (Az) (mg/gr) (A: ) 

5x10-4 
2.9 52 2. 1 73 

2x10- 3 
2.8 55 2. 1 73 

10- 2 3.0 52 3.2 48 
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polymer molecules. 2 
The 2. l m /gr value, measured by an air 

permeability method, is the geometric surface area. 

The true area per adsorbed polymer segment is between the 

two tabulated values which are the upper and lower limits for 

areas per segment. Some of the pore surfaces are definitely 

available to the low molecular weight polymer molecules since the 

ll 1 2 
per pyridinium segment is too small. Shyluk

60 
gives 

32 A2 
as the area per pyridinium segment based on a vertically 

oriented Fischer-Hirschfelder model. The tabulated values indicate 

that the entire particle surface is not covered by polymer at 

saturation. 

The large increase in saturation adsorption with increasing 

ionic strength in the Min- U -Sil system is attributed to the following 

phenomena: 

(ii) greater flexibility of polymers at higher 

ionic strengths which enables polymers to 

enter small pores. 

(ii) more compact adsorbed configurations at high 

ionic strengths which permit greater amounts of 

polymer to adsorb per unit surface area. 

(iii) lower degree of polyelectrolyte dissociation 

at high ionic strengths which enables more 

polyelectrolyte to adsorb before the surface 

becomes positively charged to the point where 

additional adsorption is prevented. The degree of 



dissociation is reduced at high ionic strengths 

by adsorption of counterions into the Stern 

layer of the polyelectrolyte. 

(iv) increased particle surface charge at high ionic 

strengths for constant potential systems which 

enables adsorption of more oppositely charged 

polyelectrolyte. 

The data in Table Vll-4 agree with that of Peyser and Ullman52 

who observed an increase in Poly-4-vinylpyridinium chloride 

adsorption onto glass with increasing ionic strength. These 

authors attributed the increase to coiling of the polyelectrolytes at 

higher ionic strengths. 

The increase in saturation adsorption with increasi ng ionic 

strength for the PSL system is not as great as that for the 

Min-U -Sil system. The increase is smaller because the PSL 

system is influenced by only two of the four phenomena listed 

above: (ii) and (iii ). The PSL particles are not porous, so that 

(i) does not come i nto play. The PSL particles have constant­

charge surfaces rather than constant-potential surfaces and thus 

(iv) is not a consideration. 

b. Molecular Weight Effects. With the Min-U -Sil 

system the increase in saturation adsorption with decreasing 

molecular weight is due to increased availability of surface area 

for the lower molecular weight polymer molecules. The large 
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size of the high molecular weight polymers e xcludes t hem from the 

surface pores. 

The observed variation in saturati on adsorpti on w i t h molecular 

weight can also be a consequence of the relatively s low ad s orpti on 

rate of the high molecular weight polymers. The p roce s s of 

adsorbed polymer reorientation is probably the rate limi ting step. 

Reorientation of large molecules requires more time t h an r eo r i enta -

tion of small molecules. 

The absence of pores on the PSL particle surface causes 

the variation of saturation adsorption with molecular weigh t to be 

relatively less than in the Min-U-Sil system. 

With the Min-U -Sil system it is not possible to determine 

the configuration of adsorbed polymer molecules by application of 

* the relationship presented as Eq. II-7 since this relationship is 

limited to non-porous systems. Analyzing the PSL data in t e rms 

of Eq. ll-7 yields the following {3 values: {3 = 

{3 = -0. 05 in 2x1 0-
3 

M NaCl, and {3 = -0. 07 in 

-2 
0 in 10 M NaCl, 

-4 
5x10 M NaCl. 

Since it is impossible for {3 to have negative values it is concluded 

that adsorption equilibrium does not exist after one hour of mixing 

in the PSL system. The true value of {3 is probably zero. 

{3 is also zero for the adsorption of poly (DMVPB) to the 

non-porous silica glass surfaces. See Sect. VI-B l. 

* A = K Mf3 where A is polymer adsorption at saturation, K and 
s s 

{3 are constants, and M is the molecular weight. 



-171-

Two types of adsorbed polymer configurati ons are possi b l e 

in systems having zero {3 values: completely flat configurati ons 

and configurations with a constant fraction of se gments i n loops . 

Both of these configurations are compatible with the electrostat i c 

patch model if the size of the loops is small. 

2. Adsorption at Optimum Flocculation Conditions. 

Analysis of polymer adsorption data for the OFD conditions has 

two main objectives, determination of the flocculati on mechani s m 

and determination of the residual polymer concentrations in solution. 

The residual polymer concentration is of interest because poly-

electrolytes are used as flocculating agents in potable water 

supplies. 

a. Flocculation Mechanism. In Table VII- 5 the follow-

ing parameters are tabulated for the Min- U -Sil and PSL systems: 

polymer adsorption at the OFD, the ratio (OFD adsorption/satura-

tion adsorption), and the percent or degree of surface cove rage 

at the OFD. The degrees of surface coverage are based on an 

area of 40 A 2 
per polymer segment. This larger area per 

polymer segment was used rather than the value given by Shyluk60 

in order to account for steric hinderance. Again, as in Table 

VII-4, two sets of surface coverage values are listed for the Min-

U -Sil system in light of the two different specific surface a r ea 

values. 

Several investigators have equated the (OFD/Sat.) ratio to 

the degree of surface coverage when describing polymer floccula-
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tion. This equality is true only when the surfaces are completely 

covered by polymer at saturation conditions. It should also be 

noted that neither of these parameters is directly related to the 

charge density of the particle surface. 

Fig. VII-13, which includes the data of Table VII-5, 

illustrates the effect of molecular weight on the OFD degree of 

surface coverage for Min-U-Sil particles 1n 5xl0- 5 M and 10-ZM 

The coordinate scales allow comparison of the experi-

mental data with the theoretical results of the electrostatic patch 

model presented in Fig. III-8. This comparison assumes that 

the degree of surface coverage at the OFD is equal to the degree 

of surface coverage when the sum of the electrostatic interactions 

between two spherical particles is zero. That is, when the F 
,., 

parameter of the electrostatic patch model' is zero. 

The two surface coverage scales in Fig. VII-13 are based 

on the Min-U -Sil surface areas determined by two different methods. 

In light of the assumed model surface conditions and the low 

(OFD/SAT.) ratios, it is more accurate to compare the surface 

coverage based on the geometric surface area with the theoretical 

results. 

The agreement between the experimental data and the 

theoretical results is quite good, considering the shape differences 

between the Min-U-Sil particles and the spherical model. The 

irregular shapes and the polydispersity of the size distribution 

>:' See Chapter III for complete description of the electrostatic 
patch model. 
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Fig. VII-13. Effect of molecular weight on polymer adsorption 

at the OFD for Min- U -Sil suspensions. Particle 
surface coverage values based on two specific 
surface area values of Min- U -Sil are illustrated. 
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cause the Min-U-Sil system to have greater degrees of curvature 

than the corresponding monodispersed, spherical system of equiva-

lent particle volume. With increasing degrees of curvature the 

interactions between two particles are more localized since smaller 

areas 
.....,-1 

of surface are separated by 2 tV • No attempt was made 

in the theoretical analysis to account for the variation of the Min-

U -Sil surface charge with ionic strength. 

A comparison of the PSL experimental OFD surface cover-

age data (points) and the theoretical patch model results (solid lines) 

is made in Fig. VII-14. The agreement with the theoretical results 

is better with the PSL system than with the Min-U -Sil system. 

This is not surprising since the PSL system consists of non-porous, 

monodispersed spherical particles with constant surface charge; 

these are the assumed conditions of the electrostatic patch model. 

b. Residual Polyelectrolyte Concentrations. Typical 

residual polymer concentration data from the systems investigated 

are compiled in Table VII-6. The residual or free polymer con-

centrations are tabulated for polymer doses equal to the OFD and 

equal to twice the OFD (i.e., 2 x OFD). Investigation of residual 

concentrations at the OFD is not of primary interest since the 

operational polymer dose is usually larger. See Fig. VII-1. 

Although no general trends other than the increase in 

residual polymer with increasing polymer dose are seen in the 

data of Table VII-6, it can be concluded that between 5 and 50 

percent of the polymer remains unadsorbed in systems with condi-

tions similar to those of industrial flocculation processes. 
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Chapter VIII 

SUMMARY AND CONCLUSIONS 

A. Rationale of this Research 

Since the turn of the century the water treatment industry 

has concerned itself with the removal of particulate matter from 

public water supplies. Historically, removal of particulate matter 

has been carried out for aesthetic reasons. Recent studies, how-

ever, have shown that pesticides, herbicides, radionuclides, dis­

solved trace metals, and other substances potentially detrimental 

to human health are associated with particulate matter in natural 

waters. Particle removal can no longer be considered simply 

11aesthetically desirable 11
• 

The increased need of producing particle - free waters 

requires that the present techniques of particle removal be im­

proved and that new methods be developed. 

B. Research Objectives 

The primary purposes of this research were twofol d: 

(i) to establish the mechanism or mechanisms by which cationic 

polyelectrolytes flocculate dilute suspensions of negatively charged 

particles, and (ii) to determine the effects of polyelectrolyte 

molecular weight and solution composition on the flocculation of 

negatively charged particles by cationic polyelectrolytes. The 

investigation was limited to negatively charged particles and a 

cationic polyelectrolyte since the majority of particles in natural 

waters have negative surface charges and cationic polymers can 

be very effective flocculants. 
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C. Qualitative Description of the Flocculation Process 

Polyelectrolyte molecules in aqueous solution have three­

dimensional ellipsoidal or rod-like configurations, the compactness 

of which is controlled by the solution ionic strength. When the 

adsorption energy is large (2 kT), such as for the adsorption of 

cationic polyions onto negatively charged surfaces, the three­

dimensional configuration of the polyelectrolyte molecule simply 

compresses into a two-dimensional patch upon adsorption. The 

adsorbed polyion patch has net positive charge, a consequence of 

the fact that its charge density is greater than the charge density 

of the negative surface. The rate of this polyelectrolyte adsorp­

tion process is relatively fast in comparison to the rate of particle 

collisions; adsorption is essentially complete before particle 

aggregation commences. 

The existence of like-charged diffuse electrical layers, 

a result of the surface charges, causes repulsive interactions 

(interaction energy barriers) between particles. If the magnitude 

of the energy barrier is great enough, collisions between particles 

are prevented and the colloidal system is classified as stable. 

Particle collisions result from particle transport due to Brownian 

motion and/or velocity gradients, depending on particle size. 

Interaction between a positively charged polyelectrolyte 

patch adsorbed to one particle with the negatively charged surface 

of another particle causes an attractive force between the particles. 

The magnitude of the attractive force is a function of the number, 

size, and charge density of the patches, the solution composition, 
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the shape and size of the particles, and the separation distances 

between the interacting surfaces. When enough polymer molecules 

adsorb, the attractive forces counteract the repulsive forces and 

coagulation occurs. 

D. Principal Results 

l. Improbability of Flocculation by Polymer Bridges . 

A review of the statistical mechanical models of adsorbed polymer 

configurations in Sect. II-D leads to the conclusion that polelectro­

lyte molecules adsorb to oppositely charged surfaces without form-

ing large loops. By making reasonable assumptions about inter-

action energies between surfaces and polyion segments and about 

polyion segment lengths, a distance of 60 A is determined as the 

maximum loop extension away from a surface. 

A theoretical analysis of the distances between stable or non­

coagulating particles in terms of the Derjaguin-Landau, Verwey­

Overbeek theory of particle stability is contained in Sect. II-C. A 

"distance of closest approach" (DCA) is defined which is character­

istic of the smallest distance between stable particles _ 

The results of the DCA and adsorbed polymer configuration 

analyses are combined in Sect. II-E. The DCA 1 s of stable particles 

are generally much greater than 60 A except (i) at ionic strengths 

greater than 10- 2 moles/liter,and (ii) for surface potentials values 

lower than the values of most particles in natural waters. 

It is thus very improbable that flocculation of charged 
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particles by polyelectrolytes of opposite charge occurs by the 

commonly accepted polymer-bridging mechanism. 

2. Electrostatic Patch Model for Flocculation. An electro­

static flocculation mechanism based on the formation of positively 

charged polymer patches on the negative particle surfaces is 

presented in Chapter III. The effects of polyelectrolyte molecular 

weight and solution ionic strength on the amount of polymer required 

for flocculation are determined for the model by a computer program 

which calculates particle interaction energies. The agreement 

between experimental data (Chapter VII) and the theoretical predic­

tions of the electrostatic patch model (Chapter III) is good. 

3. Kinetics. The kinetics of polymer adsorption and particle 

aggregation are investigated theoretically and experimentally in 

Chapter VI. A theoretical analysis based on Smoluchowski ' s kinetic 

theories indicates that polymer adsorption is fast in comparison to 

the rate of particle aggregation in systems investigated, i.e., poly­

electrolyte molecules and suspended particles of opposite charge. 

This theoretical analysis is experimentally verified. 

In the non-aggregating poly(DMVPB)-pyrex glass system 

ultimate polyelectrolyte adsorption is dependent on the salt concen­

tration of the solvent and independent of polymer molecular weight. 

The initial rate of polymer adsorption is, however, very dependent 

on molecular weight. 
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4. Experimental Effects of Polymer Molecular Weight and 

Solution Ionic Strength on Flocculation. The same 

dependency of the polymer dose at optimum flocculation (OFD) on 

polyelectrolyte molecular weight and solution ionic strength i s 

found in both systems investigated (PSL and Min-U-Sil particles). 

Experimental data is presented in Chapter VII. 

It was found that the OFD decreases with increasing 

molecular weight until a certain molecular weight value is reached; 

for molecular weights greater than this value (~'limiting molecular 

weight") the OFD is independent of molecular weight. The value of 

the "limiting molecular weight" decreases with increasing ionic 

strength. In general, at high ionic strengths the OFD is indepen-

dent of molecular w .eight while at low ionic strengths the OFD 

decreases with increasing molecular weight. 

E. Applications 

1. Treatment Plant Operation. In general, polymer costs 

and handling difficulties at the treatment plant (preparation of 

polymer feed solutions, pumping head losses and mixing of polymer 

feed solution with raw water) increase with increasing molecular 

weight. The results of the present research indicate that all 

polymers with molecular weights greater than the "limiting molecular 

weight" flocculate particle suspensions at the same minimum dose. 

Greater quantities of polymers having molecular weights lower than 

the "limiting molecular weight" are required to achieve this same 

degree of flocculation. In view of these dependencies of polymer 

cost and required flocculation dose on polymer molecular weight 
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the most economical polymer probably has a molecular weight on 

the order of the "limiting molecular weight". 

It is possible for a polymer with a molecular weight lower 

than the "limiting molecular weight" to be economical if the greater 

dose requirement is outweighted by lower polymer costs per unit 

weight. 

2. Polymer Manufactures. The present research indicates 

that there is a maximum desirable molecular weight (limiting 

molecular weight) for polyelectrolyte flocculants. The value of the 

"limiting molecular weight" depends on polyelectrolyte composition, 

the nature of the particulate matter, and the water composition. 

The "limiting molecular weight" for waters with high salt 

concentrations is relatively low in comparison to the "limiting 

molecular weight" for waters with low salt concentrations. It 

therefore follows that low molecular weight polyelectrolyte floccu­

lants are as effective as high molecular weight polyelectrolytes in 

many industrial and domestic wastewaters and some raw waters 

characterized by high salt concentrations. High molecular weight 

polyelectrolytes are more effective than low molecular weight 

polyelectrolytes in waters with low salt concentrations since the 

"limiting molecular weight" is greater. 

The above facts should be considered is the development of 

polymeric flocculants. 
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F. Suggestions for Further Research 

The present research is limited to certain types of particles 

and polyelectrolytes. There is a need to investigate the influence 

of the following parameters on the flocculation dose-molecular 

weight-solution composition relationships: 

(i) polymer composition, charge density and structure 

(ii) particle surface charge density and particle size 

(iii) solution temperature and composition, with special 
emphasis on the organic compounds present in 
wastewaters and the ions which interact specifically 
with particles and/or polymers 

(iv) mixing or agitation period and intensity 

Additional verification of the electrostatic patch model should 

be possible by determining particle -particle collision efficiency 

factors from measurements of flocculation kinetics. According to 

the electrostatic patch model, the collision efficiency factor is 

that fraction of the total number of colliding particles which have 

net attractive orientations. 

Further development and refinement of the electrostatic 

patch model is needed. An analysis of the interactions between 

the charged patches, of two approaching particles based on diffuse 

double layer interactions instead of simple Coulombic interactions 

should be made. 

The use of polymers to remove particulate matter in sand 

filters without a separate coagulation operation has great potential 

for waters with low concentrations of particles. The methods and 

techniques of polymer characterization and polymer adsorption used 
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in this research would be useful to determine the mechanism or 

mechanisms by which polymers act as filter aids. 
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APPENDICES 
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APPENDIX 1 

Relationships Used to Calculate Electrical Double 

Layers Properties According to Stern 
67 

n = · · · b £ · I 3 
10n concentration 1n num er o 10ns em 

Ms = molecular weight of solvent 

Other symbols defined on pages 187 and 188. 
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APPENDIX 2 

Additional Details of the Electrostatic Patch Model 

The general approach used to evaluate the total interaction 

force between two spheres 

5(a..b) S (c.d) 
(XC a.,b: c ,d)):~. 

(:m:-4-) 

is described most easily by first examining a two-dimensional 

model. 

Two-Di:mensional Model 

The force between a charged patch ( P:t) on I and the closest 

patch ( P, ) on :r is first evaluated by the relationship 

where S(t»s) and S( P1) are the charges of the ?1 and lT 

patches, respectively, and t) is the distance between "P:t and 
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'P:r. The forces between Px and the patches (P • .;.)adjacent to 

l>:r are then consi dered by varying e~ . 
, 

e '$ is increased in 
I 

one-quarter degree increments until the distance ~e,- P'1. is greater 

than dM~ ( •""-.- is defined and described in Section III-B2). All 

patches on J: having D < d.f\'\AW are considered.. 

Three-Dimensional Model 

The centers of two spheres with radii t"' are separated by a 

distance of 2.r + S From any point P;x on the :I sphere defined 

by the spherical coordinates (9,._,t-) the shortest distance to the sur-

face of the second sphere 0 is along the line which passes through 

the center of the l' sphere. The equation for OJ (De ~1. ?1) is 

o-

0 .. \ -\"' 



-190-

where T is the square root of the bracketed quantity and is equal 

to P-r~. The angles e3" a"c::l ¢ ~ a.\" e. 

[r cos d>r .Sin ex J l r(2.-cos fliz cose.z\+ x 
_, 

93" = Ta.n 

_, 
= Tan l &1 ~ t'z ( c.os7.¢r- l)TL .... [ r s'm cPx 1}. 

I · I 
The patches around l>:r are considered by varying S3 and ¢~ 

in one-quarter degree increments. The dist~nce between these(~;) 

adjacent patches and ~'l isS( P2:.1 &~ ,-;), 

I J.' 
where Q~ and p~ are angles relative to 

equals ' X(a, b:c, d) (see Eq. III-2). 
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NOTATION 

Symbols used only in one section are not included in this list. 

A 

c 

D 

DCA 

F 

f 

f(a, b:c,d) 

I 

k 

M 

M 
0 

N 

n 

OFD 

Q 

R 

T 

Hamaker constant 

ion concentration - molar 

Einstein diffusion coefficient 

distance of closest approach 

total interaction parameter 

Stokes' friction coefficient for a sphere 

force between grids on separate spheres 

ionic strength - molar 

Boltzmann constant 

polymer molecular weight 

monomer molecular weight 

Avogadro's number 

adsorption site density in Stern layer 

particle number concentration per cc or degree of 
pol yme riza tion 

optimum flocculation dose 

particle charge 

particle radius 

radius of gyration 

separation distance between particle surfaces 

temperature 

van der Waal's attractive energy 

hydrodynamic volume of polymer molecule 
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E 

E.' 

l1 

tnl 
1<. ... ' 

-192-

energy of repulsion between two spheres 

total interaction energy between two spheres 

ion valence 

collision efficiency factor 

Stern layer thickness 

dielectric constant 

dielectric constant in Stern layer 

viscosity 

intrinsic viscosity 

surface charge density 

[ e kT 1'/2. 
L e 1r n e 10 z z:J double layer thickness = 

Stern layer charge density 

diffuse layer charge density 

turbidity 

Stern specific interaction energy 

surface potential 

Stern potential 
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