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ABSTRACT

The effects on the optimum coagulation dose of the 
age $ concentration, and application procedure of a poly
electrolyte solution used as a primary coagulant were 
investigatedo It was determined that variations of each 
one of the three factors listed above significantly af
fected coagulation, A process which optimizes the conven
tional polymeric coagulation process in terms of the three 
factors investigated will reduce the optimum coagulation 
dose obtained using a particular commercially available, 
cationic polyelectrolyte to coagulate an unvaried colloidal 
dispersion of negatively charged particles, A savings of 
up to 40 percent in polyelectrolyte required to' promote - 
optimum coagulation can be realized using the optimized 
process.

ix



CHAPTER 1

INTRODUCTION

Virtually all surface waters require treatment to 
render them aesthetically and biologically safe prior to 
distribution to the consumer. Natural contaminants result
ing from land erosion, dissolution of minerals9 and the 
decay of organic matter as well as man caused contaminants 
from industrial and domestic wastes are usually present5 
their removal is required to make the water potable. 
Depending on the characteristics of the water to be treated, 
a treatment scheme is developed, usually using a series of 
typical unit operations. Though the series of operations 
will vary from one water to another, the basic unit opera
tions will not| thus, a study of any one unit operation 
will have widespread application. The most common unit' 
operations ares sedimentation, coagulation, filtration, 
chemical precipitation, and disinfection. ‘

Coagulation, generally followed by sedimentation 
and filtration, is the most widely used solids-liquids 
separation process, being practiced in the majority of 
municipal water treatment plants in the United States (1). 
The solids removed from a surface water by such a process 
consist primarily of clay minerals, bacteria, algae, and, 
organic debris, all present in a wide spectrum of sizes.



Coarser components can be removed by simple sedimentation* 
However8 smaller, particles will not settle at a reasonable 
rate ands therefore, must be agglomerated (coagulated) into 
larger, faster settling particles; hence, there exists the 
coagulation process in water treatment*

The coagulation process is by no means a recent 
development; in fact, its history dates from the early days 
of recorded history where various natural materials, such 
as crushed beans in Egypt, nuts in India, and alum in China 
were used to clear turbid waters on a small batch basis 
usually to supply an individual household (2)* From these 
early beginnings evolved the conventional coagulation pro
cess practiced today entailing the addition of a heavy 
metal ion, typically iron or aluminum, capable of forming 
a hydrous oxide floe which sweeps out the bulk of the solid 
material present*

Within the past two decades, a relatively new idea 
in coagulation has developedi the utilization of synthetic 
organic polyelectrolytes as coagulants* Initially, poly
electrolytes were used primarily as coagulant aids, which 
when used in conjunction with a conventional metal Ion 
would provide a very large increase in floe size and, hence 
a much faster settling floe promoting increased removal 
efficiencies at shorter detention times* However, recently 
Increasing attention is being directed toward the problem 
of sludge disposal from water and waste-water treatment



plants. The use of a polyelectrolyte as a prime coagulant 
vastly reduces the volume of solid material requiring dispos
al, In the conventional coagulation process, the bulk of 
the waste solid material is the hydrous oxide floe of the 
metal ion; polymers form no such floe and, therefore, the 
quantity of waste solid material is greatly reduced. Thus, 
polymers are presently placed in a position of increased 
interest and importance as prime coagulants In the water 
treatment field.

Purpose
The purpose of this study was to investigate the 

effects on the optimum coagulation dose of the age of the 
polymer solution, the concentration of the polymer solution, 
and the rate of addition of the polymer to the colloidal 
dispersion under study; the optimum coagulation dose being . 
defined as the minimum polyelectrolyte dose promoting the 
greatest reduction in' turbidity after a standard mixing- 
sedlmentation sequence. All tests were performed using a 
conventional multiple laboratory stirrer manufactured by . 
Phipps and Bird, Richmond, Virginia. All variables, except 
those being examined, were controlled; this Includes both 
the physical and chemical aspects of the system. Polymers 
examined are commercially available, cationic coagulants.



CHAPTER 2

REVIEW OF THE COAGULATION PROCESS

There are two separate and distinct steps character 
istic of all coagulation processes| they are: particle
destabilization to permit attachment upon contact, and 
particle transport to promote interparticle contacts (3)» 
Theories of particle destabilization are derived from 
colloid and interfacial chemistry; these theories are put 
into practice in selecting the type and dosage of coagulant 
Particle transport theory Is based on fluid and particle 
mechanics and is applied in the design of structures and 
selection of equipment to be used in a coagulation process. 
Therefore $ to design effectively an overall coagulation 
process, consideration must obviously be given to both of 
the above steps. In the present research, only the de- 
stabilization step is investigated.

Causes of Colloid
When a colloidal particle (e.g., clay, silica, pulp 

fibers, bacteria, etc,) is placed in a solution, electrical 
charges develop at the particle-water interface; this 
phenomenon may be caused by the dissociation from the 
particle surface of ionizable groups of the particle Itself 
imperfections within the crystal lattice of the particle,



or the adsorption of ions onto the particle surface (3 )= 
Although the resultant net electrostatic charge at the 
interface may be either positive or negative3 most colloids 
in naturally occurring waters have negative surface charges.

Electrical Double Layer
A colloidal dispersion (i.e., liquid and solid 

phases) cannot have a net electrical charge. The surface 
charge of the particles must be counterbalanced, by an equiv- 
alent number or aqueous ions of opposite charge (counter 
ions) which accumulate in the liquid near the particle 
surface. These counter ions form what is termed a diffuse 
layer in the aqueous phase. Basically, counter ions are 
attracted to the oppositely charged particle surface. The 
accumulation of counter ions at the particle surface results 
in a concentration gradient between the relatively high 
concentration of counter ions near the particle surface and 
the relatively low concentration of these ions in the bulk 
solution. The concentration gradient causes the counter 
ions to diffuse away from the particle surface toward the 
bulk solution where their concentration is lower. These 
two competing processes of electrical attraction and dif
fusion will come to equilibrium with the result being the 
diffuse layer mentioned above, in which the concentration of 
counter ions is highest adjacent to the particle surface 
and decreases gradually with increasing distance from the 
par ticle-water interface (Figure 1). A mathematical model
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for this diffuse layer phenomenon has been developed, with 
the result being the accepted Stern-Gouy, diffuse, double
layer model shown schematically in Figure 2 (2), According 
to this model, part of the counter ions remain in the tight 
Stern layer on the charged particle surface as a result of 
strong electrostatic attractive forces and van der Waals 
forces. The remaining counter ions extend into the bulk of 
the solution, comprising the Gouy-Chapman diffuse layer.
The thickness of the diffuse double layer is primarily de
termined, by the overall ionic concentration of the solution 
(expanding at low concentrations and contracting at high 
concentrations},

Particle Interactions
Now, when two colloidal particles having the same 

surface charge approach each other, the possibility of their 
coagulation is dependent upon the summation of all forces 
acting on those particles. An electrostatic repulsive 
force caused by the like surface charges of the particles 
and the like charges of the double layers is set up; this 
repulsive potential energy varies with the separation dis
tance between the particles. Also of importance are van 
der Waals attractive forces between the atoms of the colloi
dal particles. The value of these attractive forces depends 
upon the atoms present in the colloidal particles; their 
value is virtually independent of the composition of the 
aqueous phase (3), The van der Waals attractive energy is
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Inversely proportional to the second power of the distance 
separating the particles (3)° Summation of the repulsive 
potential energy and. the van der Waals attractive energy 
yields the net interaction energy (Figure 3)s which indi
cates the stability of the colloidal dispersion. If the 
repulsive barrier of the net interaction energy is great, 
enough9 the dispersion is stable and will remain suspended; 
if not3 the dispersion is unstable and can be coagulated *

It should be pointed out that this description of 
colloidal chemistry is highly simplified. Should more 
detail be desired, one can refer to any of several good 
texts on the subject such as that by van Olphen (4),

Polymers
A polymer molecule Is a chain of repeating subunits 

or monomers held together by covalent bonds» If all sub
units are identical, the molecule is termed a homopolymer; 
if there is more than one type of subunit present within the 
chain, it is called a copolymer. Since the total number of 
monomeric units in a polymer is variable, polymers of simi
lar structure with different molecular weights exist. The 
chain may be linear or branched to varying degrees.

If a monomeric unit in a polymer contains ionizable 
groups, the macromolecule has the properties of both a 
polymer and an electrolyte and is called a polyelectrolyte. 
Depending on the type of ionizable group and the resultant 
charge of the polymeric chain upon dissociation, polymers
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are divided into three groups s cationic (positive chain), 
anionic (negative chain), and nonionic (no charged sites).

Polymers in Solution
When placed in solution, the ionizable groups of a 

polyelectrolyte dissociate; therefore, the chain extends 
due to the repulsive forces between like charges along the 
structure. The degree of extension is determined by all 
steric restrictions of the molecular structure (i,e,, bond 
lengths, angles, etc,) and the ionic strength of the solu
tion £5K The steric restrictions of the molecular struc
ture are, simply, the physical limitations of that structur 
just as an arm cannot be extended further than its length‘ 
or bent backwards at the elbow, a polyelectrolyte cannot 
assume a shape not compatible with its molecular structure, 
The effect of ionic strength can best be explained in terms 
of the diffuse double layer previously described. The 
thickness of the double layer is small in a solution having 
a high ionic strength; therefore, the interaction distance 
between the like charged subunits is small and the polymer 
chain coils, A solution with a low ionic strength would 
have the opposite effect resulting in an extended chain. 

Some of the processes involved in coagulation are 
influenced by the solution configuration of the polyelectro 
lyte, for example, the diffusion and transport rates of the 
molecule, and the configuration of the polymer adsorbed on 
the colloidal particle.
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Coagulation of Colloidal Particles by Polymers

As previously described^ a stable colloidal disper
sion exists when the repulsive barrier of the net interaction 
energy between two colloidal particles is great enoughs. A 
stable dispersion can be destabilized using a polyelectro
lyte by one of the following mechanismss reduction of 
repulsive potential energy yielding a net interaction energy 
curve with a smaller repulsive barrier, formation of polymer 
bridges between particles enabling the particles to be 
aggregated without ever crossing the energy "hump" shown in 
Figure 3» or a combination of the above. The prevalent 
mechanism for any dispersion is dependent upon the physical 
and chemical characteristics of the dispersion and the poly
electrolyte.

It is interesting to note that the polymeric coagu
lation process can be separated into two steps % polyelec
trolyte adsorption and particle aggregation. Adsorption 
occurs very rapidly. The work of Black, Birkner, and Morgan 
indicated that approximately.85 percent of a cationic 
polyelectrolyte added to coagulate a dilute clay suspension 
is adsorbed within 30 seconds after addition (6), Particle 
aggregation occurs more slowly throughout the entire mixing 
period with maximum floe size limited by the shear gradient 
caused by the mixing, A characteristic of most dispersions 
is that excessive doses of polyelectrolyte cause a reversal
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in particle surface charge which results in restabilization 
of the dispersion*

Previous Related Research ' •
There has been much research undertaken during the 

last twenty years in the field of polymeric coagulants and 
coagulant aids„ However, there has been little mention of 
the three parameters (polymer age, polymer solution concen
tration, and polymer addition rate) investigated here; a 
brief summary follows e

In i9 6 0 , Black et al* in reporting on a study of 
polymeric coagulant aids stated that: "„e» most of them
appear to exert maximum activity if the period of hydration 
is long and with good stirring* Deterioration of aged sus
pensions of the natural polyelectrolytes was observed in 
the absence of preservatives, but this would not present a 
problem in usual plant practice'* (7$ p« 26o)» In other words, a 
significant aging effect of the polyelectrolyte solution 
was noticed but not investigated*

The results of Black's study also indicated that 
the order of addition of the coagulant and the coagulant 
aid was significant; it was hypothesized that some aids as
sisted in floe formation while others merely strengthened 
or increased the size of a floe after it had been formed.
The same effect was also reported by Cohen, Rourke, and 
Woodward (8 ), This phenomenon indicates that the character
istics of a suspension at the time of polyelectrolyte



addition markedly affect the performance of that poly- 
electrolyte, Thus9 identical chemicals can be added to a 
suspension and different results obtained simply because 
of the time of polyelectrolyte addition. Therefore9 it 
seems logical to expect that adding a polyelectrolyte in 
several increments instead of one would change the final 
result.

No mention of the effect of the concentration of 
the stock polymer solution on coagulation was found in the 
literature. Traditionally, a polymer manufacturer will rec
ommend a working solution concentration is his literature 
describing the product. In most cases, the selection of 
this recommended concentration seems to be based on the fact 
that the viscosity of the solution markedly increases as 
the polymer concentration increases, the recommended concen
tration being the maximum concentration that can be econom
ically pumped.



CHAPTER 3

LABORATORY METHODOLOGY

As stated previously, the purpose of this study is 
to determine if variations in the age of the polymer solu
tion, the concentration of the polymer solution, and the 
rate of addition of the polymer to the colloidal dispersion 
significantly affect the optimum coagulation dose. There
fore , an easily reproducible procedure is required which 
will hold all parameters constant except the one under study 
thus, any changes in performance can be attributed solely 
to the added variable of interest.

Standard Procedure 
The study involved an extensive series of jar tests| 

each series was carefully controlled with only one parameter 
varied at a time. This required that colloidal dispersion, 
preparation procedure for each jar test, mixing procedure, 
evaluation of results, and preparation of the polymer 
solution be reproducible.

Colloidal Dispersion
To eliminate day to day variables occurring in 

natural waters, a synthetic dispersion prepared in the 
laboratory was used for this study. The characteristics of
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this dispersion are listed in Table I. The suspended solid 
material was 1 5 micron Min-U-Sil manufactured by the 
Pennsylvania Glass Sand Corporationg Pittsburgh, Pennsyl
vania, and has the characteristics described in Table II„

Preparation for Jar Test
Concentrated, salt solutions and Min-U-Sil 15 sus

pensions were prepared and available throughout the study . 
period; these solutions were diluted with distilled water 
as necessary0 To insure uniformity, the diluted dispersion 
was prepared in a large container and mixed for a period of 
at least 3 0 minutes; also, the turbidity of the dispersion 
was measured just prior to the start of each coagulation 
teste

All glassware was washed in chromic acid cleaning 
solution to prevent build up of adsorbed polyelectrolyte 
To facilitate work with a wide range of polymer solution 
concentrations, 8 0 0 milliliter samples in one liter beakers 
were used*

Mixing Procedure
All tests were run on conventional multiple labora

tory stirrers manufactured by Phipps and Bird, Richmond, 
Virginiao The following mixing sequence was adopted as the 
standard mixingssedimentation procedure for all testsi
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Table i» Characteristics of Colloidal Dispersions Used 
During This Investigation

Property Value

Concentrations s

Suspended solids 100 mg/1
Total dissolved solids $ ' 12? mg/1

Sodium bicarbonate 84 mg/1
3.0"‘3 molar

Magnesium sulfate 24 mg/1
2 (1 0 "̂ ) molar

Magnesium,carbonate 19 mg/1
2 (1 0"4-) molar

Turbidity 34 FTU
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Table IIe Physical and Chemical Properties of 15 Micron 
Min-U-Sil

Property

Specific gravity 
Surface area 
Average particle size 
Typical chemical analysis 

Silicon dioxide 
Iron oxide 
Aluminum oxide 
Titanium dioxide 
Calcium oxide 
Magnesium oxide

Value

2.65 
8400.0 cm^/g

2.7

99*90% w/w 
.023^ w/w 
oQ9% w/w 
0OO9/ w/w 
trace 
trace
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1 hour at 1 0 0 rpm (revolutions per minute)
1 5 minutes at 5 0 rpm 
1 5 minutes settling.

Evaluation of Results
Results were evaluated solely in terms of final 

turbidity of the supernatant at the end of the predetermined 
settling period; the minimum polyelectrolyte dose promoting 
the greatest reduction in turbidity was considered the 
optimum. Turbidity was measured on a Each Model 2100A 
Turbidimeter manufactured by the Each Chemical Company,
Ames, Iowa; turbidities are measured in terms of Formazin 
Turbidity Units (FTU’s)„

Preparation of Polymer Solution
All polymers used in this study are commercially 

available, cationic polyelectrolytes; they are listed in 
Table III.

Polyelectrolyte solutions were prepared by measur
ing appropriate quantities of the manufacturers1 stock 
polyelectrolytes on a laboratory analytical balance and 
diluting, or dissolving, this polyelectrolyte in an aqueous 
solution having the same salt composition as the colloidal 
dispersion. Concentrations are expressed in terms of milli
grams of stock polyelectrolyte per liter.
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Table III® Polyelectrolytes Investigated

Manufacturer Polyelectrolyte Phase

Calgon Corporation
Calgon Corporation
American Cyanimid 

Company
American Cyanimid 

Company
Atlas Chemical 

Industries

Cat Floe 
C-2260 

Magnifloc j)21-C

Magnifloc 577-C 

Atlasep 105 C

Liquid
Solid
Liquid

Liquid

Solid



Procedural Variations
The above briefly describes the easily reproducible 

basic procedure used throughout this study? it was designed, 
to insure that the only parameter varied from one test to 
the next was that one intentionally changed. To conclude 
this discussion of laboratory operations, a brief descrip
tion of any procedural variation necessary to study the 
three factors of interest is warranted«,

paring 5 0 0 milliliters of polymer solution and simply using 
aliquots to determine the. optimum coagulation dose after 
the passage of various time intervals„

polymer solutions were prepared and allowed to age at least 
25 hours„ Various more dilute polymer solutions were then 
prepared from the aged, concentrated solution? these dilute 
solutions were also allowed to age to stability<, The 
optimum coagulation dose at each polymer feed concentration 
was determined using the adopted standard procedures*

solution concentrations investigated was limited by both 
practical boundaries and laboratory limitations, i*e, 9 at 
the lower polymer feed concentrations by the volume of 
polymer solution necessary to produce coagulation, and at 
the higher polymer feed concentrations by the increase in 
viscosity of a concentrated polymer solution and the

t. This study was accomplished by pre-

Concentration of rolymer Solution* Concentrated

It should be pointed out that the range of polymer
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impossibility of accurately measuring in the laboratory the 
small amount of concentrated polymer feed solution neces
sary to produce coagulation.

Bate of Polymer Addition, Several different se
quences of adding a particular total polymer.dose in steps 
were investigated to determine if the method or rate of 
polymer addition affects coagulation. This study was under
taken using a sufficiently aged polymer solution having the 
optimum solution concentration as determined above.

Concluding Comments
Not all the polymers listed in Table III were 

investigated in all steps of this research. An initial ■ 
aging study was conducted using all five? then, because of 
time limitations on the study, it was necessary to select 
two of the five polymers (Cat Floe and Magnifloc 577-0) 
for use in all further work.

All tests were repeated and data reproduced, at 
least three times to confirm the results.



CHAPTER 4

RESULTS AND DISCUSSION

The investigation was conducted in four distinct 
stages„ First9 each factor of interest (age of the polymer, 
solution, concentration of the polymer solution, and the 
rate of addition of the polymer to the dispersion) was ex
amined individually and its effect determined; then, a final 
series of tests was run which illustrated the overall 
reduction in optimum coagulation dose obtainable through 
optimization of all the factors studied. Results shall be 
presented and discussed below in a similar manner.

Aging Effect 
The project began with an investigation of the 

effect of the age of the polymer solution; thus, the stabi
lization time for a polymer solution would be known initially 
and eliminated as a variable from the remaining studies.

Preliminary Studies
The object of this preliminary study was, simply, to 

see if there exists a significant aging effect character
istic of all cationic polyelectrolytes commercially avail
able in both powdered and. liquid forms. Tests were run to 
find the optimum coagulation dose to the nearest 1 0 micro
grams per liter (ytg/l), the age of the polyelectrolyte

2 3
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solution being based, on the time after dilution (liquid 
polyelectrolyte) <, or the start of dissolution (powdered 
polyelectrolyte), of the manufacturers' stock polymer. All 
polymers listed in Table III were examined in compiling 
preliminary data; coagulation results are presented in 
Tables IV through VIII and summarized in Figure The
results clearly indicate that there is a significant aging 
effect resulting in changes not only in the optimum coagu
lation dose, but also in the final turbidity.

It should be pointed, out that the actual slopes of 
the lines drawn in Figure 4 are unknown because, in all 
cases, the changes occurred primarily within the first 2b 
hours, a time interval for which data is available only at 
the start and. end. Also, since this was a preliminary in
vestigation and. tests were run only to the nearest 1 0 yu.g/1 , 
a change of 1 0 - 2 0 percent in the optimum coagulation dose 
was required to indicate any. effect at all; therefore, minor 
changes could easily go unnoticed. However, this was 
intended to be a gross study which would indicate signifi
cant changes in optimum coagulation dose.

Several items warrant further discussion. First, as 
stated above, the performance of all polyelectrolytes 
changed with time; in general, the optimum coagulation dose 
and resultant final turbidity were reduced as the age in
creased, with performance stabilized after passage of the 
first 2b hours of the aging cycle. However, there were
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Table IV. Typical Settled-Supernatant Turbidity Values 

Obtained During Preliminary Aging Study—
Cat Floe

Turbidities are expressed in FTU,
Age 1 I 24.58 hr 44.08 hrDose^^ 1 1 , 2 5 hr 1 9 . 8 3 hr

1

.01.02

.03

.04
,05.06
.0 ?
,08

14 11

* indicates optimum coagulation dose— typical,

18
4.8 5 = 5 6 . 3

4,0 4.6 4.2 4.5
3 = 5 2.9* 2.9* 2.9*3.1* 3 = 2 3 = 0 3 = 1
3.5 3,2 3 = 0 • 3 = 1
3.5 - »
4.0 *=e

Table V. Typical Settled-Supernatant Turbidity Values 
Obtained During Preliminary Aging Study—  
Magnifloc 521-C

Turbidities are expressed in FTU,

,0 ?
.08
.09.10
.11
.12
.13.14

3.
3.
3.
3<
3.
3.

7
S*
6
6
9

Dose

3.5
3.1*
3.13.3
4.0

3-
2 ,
2 ,

3-

1
7*
9
3

3.3 3.0*
3.4

* indicates optimum coagulation dose— typical,
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Table VI. Typical Settled-Supernatant Turbidity Values 

Obtained During Preliminary Aging Study—  
Magnifloc 577-C

Turbidities are expressed in FTU.
Age Dosê v. 1 1 . 2 5 hr I 14.92 hr 1 6 3 . 5 0 hr

I
8 6 . 6 7 hr

. 0 1 9*8 9*9

. 0 2 8 . 6 4.1 3*9 3*9
-03 3 . 6 3*2* 3*2* 3*2*
.04 3.4* 4.4 3*7 3*8
.05 3*7 4.7 4*5 4.3
.0 6 4.7 6*3 5*0 5*0
.07 • 5*5 7*2 - -

* indicates optimum coagulation dose--typical

Table VII, Typical Settled-Supernatant Turbidity Values 
Obtained During Preliminary Aging Study—  
Coagulant 2260

Turbidities are expressed in FTU,

2 3 .O8 hr1 . 1 7 hr

,10
,11,12
.13

3<>0
2 .7 *
3*5
3*7

2 ,
3<
3,
7*
3
5

,1 *
>
.9

* indicates optimum coagulation dose— typical.
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Table VIII* Typical Settled-Supernatant Turbidity Values 
Obtained During Preliminary Aging Study—  
Atlasep 105 C

Turbidities are expressed in FTU*
Dose^
(mg/1)

0 3 w 21
04 «au> ma 20
05 ■a 20
0 6 ma 19
07 -0 17
08 er» 17
09 12 16
10 11 15
11 9*2 1512 8.1* 15
13 8 . 9 15 •=.

14 8 . 9 15
* indicates optimum coagulation dose--typical
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exceptions to this generality, notable Atlasep 10j)C,
Atlasep 105G worked quite well as a coagulant the day it 
was prepared, though not as well as the others (producing 
a final turbidity of 8.1 FTU at optimum coagulation dose, 
as compared with an average of 3.2 FTU for the others)e 
After 24 hours had passed, however, Atlasep 105C did not 
promote a great amount of flocculation at any dose, never 
lowering the final turbidity below 15 FTU. It should be 
pointed, out here that merely mixing and settling the dis
persion under study according to the specified procedure 
without adding any polyelectrolyte produces a reduction in 
turbidity from the initial 34 FTU to 25 FTU.

Two other .polyelectrolytes, Coagulant 2260 and 
Magnifloc 5 2 1 -C, illustrated another interesting phenomenon 
which was an exception to the generality stated above; the 
resultant turbidity at the optimum coagulation dose in
creased after the passage of extended periods of time (more 
than 40 hours).

The liquid and powdered polyelectrolytes under study 
aged differently. After 24 hours, all liquid polyelectro
lytes had noticeable improvements in resultant settled tur
bidity at the optimum coagulation dose. Also, the liquid 
polyelectrolytes had approximately the same percent reduc
tion in optimum coagulation dose between initial and 
stabilized values; a list followss Cat Floe had a 20 per
cent reduction in optimum coagulation dose, Magnifloc 521-C
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a 2 7 percent reduction, and Magnifloc 577-C a 2 5 percent 
reduction. On the other hand, the powdered polyelectro
lytes performed differently from the liquid polyelectrolytes 
and from each other, Atlasep 105C, discussed above, seemed 
to degrade very rapidly, not coagulating well after 24- 
hours had passed. Coagulant 2260, however, had no notice
able improvement in resultant settled turbidity and only a 
9 percent reduction in the optimum coagulation dose after 
aging 24- hours,

In conclusion, the preliminary results obtained and 
presented here indicated that the age of a polymer solution 
was indeed significant with substantial savings in poly- 
electrolyte possible through allowing a solution to age 
sufficiently. Further investigation seemed justified, 
especially in determining the rate of change of the optimum 
coagulation dose.

Final Results
To complete the aging investigation, two of the 

liquid polyelectrolytes investigated, Cat Floe and Magnifloc 
577-C, were used for a more in-depth study. Tests were run 
to determine the optimum coagulation dose to the nearest 
5'̂ xS/l* with more data points during the first 24- hours 
being collected. Results are presented in Tables IX and X 
and summarized in Figure 5°

The results indicate that, in both cases, approxi
mately 2 5 hours are required for the stabilization of these
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Table IX«, Typical Jar Test Results of Final Aging Study— 

Cat Floe
Turbidities are expressed in FTU.

.03
= 035 .04 
.045 
.05 
= 055 .06 
= 0 6 5

r \ > g eDose\. 1.17 hr 4,00 hr ] 9=08 hr. I2 6 0 O8 hr 33=17 hr
(mg/lfs\j 1 I

4,
3-
3-
3.
3<
3.

0 
4
1 
0 *
4
5

3 = 7
3 = 5 
3 .0 *
3 = 5 
3 = 7 4.0

,4
= 2
,0 *
,0
,1
,1

3 = 5 
3 = 1
2.9*3 = 2 
3 = 2 
3 = 4

* indicates optimum coagulation dose— typical,

4.0 
3 = 6 
3 = 1
2 .9 *
3 = 1 3 = 2

Table X. Typical Jar Test Results of Final Aging Study—  
Magnifloc 577-C

Turbidities are expressed in FTU.
AgeDosê s.(mg/l)\j

1 = 2 5 hr 4.1? hr 1 0 . 1 7 hr 27=08 hr 34.17 hr

.015 5 = 0 4.8

.02 — 3 = 5 3 = 7 4.1 4 = 5= 0 2 5 5 = 5 . 3 = 4 3 = 2 3 = 0* 3 = 1*

.03 5 = 0 3 = 2 3 = 0* 3 = 0 3 = 1
= 035 4.7 3 = 0* 3 = 1 3 = 2 3.1.04 4.3* 3 = 1 3 = 1 3 = 2 3 = 2
= 045 5 = 2 . 3 = 5 3 = 6 - “*»
= 05 5 = 4 - -

* indicates optimum coagulation dose— typical.
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polyelectrolyte solutions„ An. overall reduction of 18 
percent for Cat Floe and 35 percent for Hagnifloc 577-C was 
realized, with a corresponding improvement in resultant 
settled turbidity. Thus, depending on the present operation 
of a water treatment facility, aging of the polyelectrolyte 
coagulant may be a very feasible, inexpensive means of re
ducing the required dose of coagulant.

Causes of Aging Effect
Liquid cationic polyelectrolytes are supplied by 

their manufacturers in highly concentrated solutions. It 
is possible that the polyelectrolyte molecules in these 
concentrated solutions could, become entwined;. thus, upon 
dilution, initial diffusion would be of groups of inter
coiled molecules. Tests run before these groups of mol
ecules separate would not indicate the actual removal capa
bilities of that solution, rather, the removal capabilities 
of these groups of molecules. As the solution is aged, the 
groups will gradually separate and the polymer molecules 
start to act individually, Therefore, after aging, one 
polymer molecule can help destabilize a particle where ear
lier a group of molecules might have been required; as a 
result, the optimum coagulation dose decreases.

Powdered cationic polyelectrolytes are dried from 
an organic solution. There is essentially no dissociation 
of charged groups from a polymer molecule in an organic 
solution. Therefore, there is no repulsion between adjacent
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sites, and the molecule can assume a random, coiled config
uration. The possibility for entwinement of the random 
coils is great during the drying process„ Now, when added 
to water, these powdered.polyelectrolytes will form a vis
ible mass that is quite slow to dissolve and slimy to the 
touch. The slow kinetics of dissolution are caused by the 
fact that a polyelectrolyte molecule at the surface of this 
mass of polyelectrolyte molecules could be intercoiled with 
a molecule tightly bound within the mass, thus slowing the 
dissociation of the surface polyelectrolyte molecule from 
the surface. It is possible that when polyelectrolyte mol
ecules do dissociate and diffuse away from the mass of re
maining polyelectrolyte molecules, they would dissociate in 
intercoiled groups much like the liquid polyelectrolytes„ 
However,.as evidenced by the results, the degree of entan
glement of these, groups of molecules must be much less with 
the powdered polyelectrolytes than with the liquid poly- 
electrolytes, the result being a much less significant re
duction in optimum coagulation dose after the 24- hour aging 
of powdered polyelectrolytes.

Effect of Polymer Feed Concentration
The object of this step of, the investigation was to

determine if the concentration of the polyelectrolyte•feed 
solution added to the particle suspension affected coagula
tion. Tests were run to find the optimum coagulation dose
to the nearest 6.2 5 ^8/1 for several polyelectrolyte feed
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solutions ranging in concentration from 10 milligrams per 
liter (mg/1) to 5 grams per liter (g/1)„ The same two poly
mers used in the final aging studys Cat Floe and Magnifloc 
577-09 were studied here„ Results are presented in Tables 
XI and XII and summarized in Figure 6„

The results indicate that the concentration of the 
polyelectrolyte solution affects the optimum coagulation 
dose in the following ways„ First, both polymers investi
gated. were subject to an increased optimum coagulation dose 
at the lowest feed concentration, i.e.., 10 mg/1, Also, Cat 
Floe showed a slight decrease in the optimum coagulation 
dose in the intermediate concentration range, i.e., 5 0 mg/1 
to 100 mg/1; this decrease amounted to Id percent of the 
optimum coagulation dose at higher concentrations. Magni
floc 577*-C did not illustrate a similar effect. However, 
it is possible that a percent reduction in the intermediate 
concentration ranges comparable to that found with Cat Floe 
would go undetected with the control used in this test due 
to the fact that the optimum coagulation dose was so low. 
Therefore, it was decided to run an abbreviated series of 
concentration tests on Magnifloc 577-C, in these tests, the 
optimum coagulation dose was determined to the nearest 2 . 2 5  

jug/lo These results are presented in Table XIII. A 10 per
cent reduction in the optimum coagulation dose in the inter
mediate concentration ranges was realized in this series,
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Table XI. Typical Jar Test Results of Study of

Concentration of Polyelectrolyte Feed Solution-- 
Cat Floe

Turbidities are expressed in FTU.
.Polymer 
X. Cone,

DoseX
(mg/l)\

5 s/i

_ ............-  ....

1 g/1 5 0 0
mg/ 1

1 0 0
mg/ 1

50
mg/l

1 0
mg/l

. 0 1 8 7 5

. 0 2 5

.03125

.0375

.04375.05

. 0 5 6 2 5

4li
3.5
3.5 
3 .2*
n

4.8 
4.0
3.3
3.32.7*
2 . 8

3.9
3.5
3.53.0 2.9*
3.1

3.4
3-0
2.4*
2 . 6
2 . 6
2.7

5.0
>:|■ 2 .6* 
2.9
3 . 0

3 = 7 
3 = 7.
■ 3.1* 
3 = 4

* indicates optimum coagulation dose.

Table XU. Typical Jar Test Results of Study of
Concentration of Polyelectrolyte Feed Solution-- 

: - Magnifloc 5 7 7 -C
Turbidities are.. expressed in FTU.

Polymer 
Cone.

Dose
(mg/1 )

- 5 s/i 1 g/ 1 5 0 0
mg/ 1

1 0 0
mg/ 1 5 0mg/l ! 1 0mg/l

. 0 1 2 5

.01875

. 0 2 5

.03125

.0375.04375

.05

4 . 0
3 .3 *
3 . 7  
4 . 4
4 . 8
4.8

7.54.4 
3.1*
3.13.2
3.5

.1:1
3 .1 *
3.53.8 

* 4.0 ;

4*33.6
3.1*
3.5 4.1
4.6

5.0 
3.6 
3*1* 
3c3 .

•3*5
3 . 0

2 6

1:1
2 .8 *
2 . 9
3 . 2

* indicates optimum coagulation dose.
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Table XIII, Jar Test Results of Abbreviated Study of
Concentration of Magnifloc 377-0 Feed Solution

Turbidities are expressed in FTU,
mg/1 1 10 mg/1

,015 4.4 4.3
,0175 4.2 3.9
.02 4,1 3.6
.0225 3.6 .3.1* 3,5
.025 3.1* 3.3 3.5.0275 3.2 3.5 3.4
.03 — — 3,1=0325 - - 2.7*
. 03p — — 3.0

Polymer 
Dose ^^Conc.

* indicates optimum coagulation dose.
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It is common practice today to use a polyelectrolyte 

solution having a concentration of 1 g/1 or greater; thus, 
a substantial savings in polyelectrolyte requirements is 
possible by merely using a more dilute polyelectrolyte feed 
solution. It should be pointed out that the use of a more 
dilute feed solution will cause an increase in flow and a 
resultant decrease in clarifier detention time; however, in 
view of the low polyelectrolyte doses commonly used, this 
increase should not be significant.

Causes of Concentration Effect
The concentration effect described here is most 

likely the result of a combination of factors, The gram 
molecular weight of the repeating, subunit, monomer, of Cat 
Floe is 126 grams (9)° The gram molecular weight of the 
monomeric unit of̂ JMagnifloc 577-C would be of the same order 
of magnitudeo Therefore a concentration of 5 g/1 of Cat 
Floe can be thought of as a 3«97(10” )̂ molar solution of the 
monomer, and a 10 mg/1 solution of Cat Floe is a 7<>92(10"̂ ) 
molar solution of the monomerNow, assuming complete ion
ization, it can be said that for every mole of monomer 
present, there is a mole of counter ions which dissociate 
from that monomer, As stated previously, the salt concen
tration of the aqueous solution used to dilute the commer
cial polyelectrolyte was approximately 1,4(10"^) molar.
Thus, it can be seen that, for this investigation, the con
centration of polyelectrolyte in the feed solution will



significantly affect the ionic strength of that solution 
ands therefore5 the configuration of the individual poly
electrolyte molecules in that solution. In a concentrated 
polyelectrolyte.solution, the individual polyelectrolyte 
molecules are more coiled due to the higher ionic strength 
than they are in a more dilute solution (c.f. Chapter 2).
Now, as was stated, previously, the adsorption of polyelec
trolyte molecules onto the colloidal particles occurs very 
rapidly after addition, with approximately 85 percent of 
the polyelectrolyte molecules being adsorbed within 3 0  

seconds. Therefore, the configuration of the polyelectro
lyte molecules upon addition will significantly affect their 
configuration upon adsorption, with the concentrated poly- 
electrolyte patches upon adsorption due to the coiled 
configuration of the polyelectrolyte molecules, and the more 
dilute polyelectrolyte solutions producing larger patches„ 
Possibly, there exists an optimum patch size which produces 
maximum destabilization.

The volume of polyelectrolyte feed solution necessary 
to promote optimum coagulation of a particular colloidal 
dispersion will vary, obviously, with the concentration of 
that polyelectrolyte feed solution. It is possible that 
addition of a large volume of polyelectrolyte solution hav
ing a relatively low concentration will result in a more 
uniform distribution of polyelectrolyte molecules adsorbed 
on the colloidal particles than will addition of a small
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volume of polyelectrolyte solution having a relatively high 
concentration. There may exist an optimum distribution of 
polyelectrolyte molecules which promotes maximum destabili
zation.

Another factor is adsorption of polyelectrolyte 
molecules onto the glassware in which the solution is 
stored; such adsorption would be significant only in very 
dilute solutions and explains» in part, the increase in 
optimum coagulation dose at the lowest solution concentra
tion.

Addition Bate Effect
The purpose of this investigation was to determine 

the effect of adding a polyelectrolyte dose over a period 
of time in various increments and. to compare the results 
with a control run in which the entire polyelectrolyte dose 
was added at one time. All tests were conducted to deter
mine the optimum coagulation dose to the nearest 5 ŷ g/l 
using an aged polyelectrolyte solution with a feed concen
tration of 100 mg/1, Again, only Cat Floe and Magnifloc 
577-C were examined, Results are presented in Tables XIV 
and XV and. summarized In Figures 7 and 8; the data clearly 
indicates that adding a particular polyelectrolyte dose in 
several increments will significantly affect the perfor
mance of that dose.

Optimum benefit seems to occur when 3/4 of the total 
dose has been added prior to the addition of the final
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Table XIV, Typical Jar Test Results of Study of Addition Rate— Cat Ploc
Key to Sequence Numbers;
Sequence
Number
1 Control
2 Four 1/4 increments of final dose addedat 5 siin intervals
3 3/^ smd 1/4 increments added 10 minapart4 1/2 and 1/2 increments added 10 minapart
5 1/4 and. 3/^ increments added 10 minapart6 1/2 and. 1/2 increments added 15 minapart
Notes No. 1-5 mixing-sedimentation sequencebegan after addition of last increment.No. 6-7 mixing-sedimentation sequencebegan after addition of first incre-■ ment.

Addition
Sequence

1
2
2
5

.. ...
Optimum % Reduction

Coag, Dose in
(O.C.D.) O.C.D,

.04

. 0 3

.03
o035
o035

252512,
12,

Final 
Turbidity 
at. O.C.D. (FTU)

2 ,
2 ,

2,
2 ,

3-
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Table XV. Typical Jar Test Results of Study of Addition 
Rate— -Magnifloc 577-C
For key to sequences, refer to Table XIV„

Addition
Sequence

Optimum 
Coag. Dose 
(=O.C.D.) 
(mg/1 )

% Reduction 
■ in 
•O.C.D.

Final 
Turbidity 
at O.C.D, 

(FTU)
1 . 0 2 5 2 = 7
2 = 0 2 2 0 2 = 6
3 = 0 2 2 0 2 = 4
4 , 0 2 2 0 2 = 9
5 . 0 2 5 0 2 = 7
o = 0 2 2 0 3 . 1
7 = 0 2 2 0 4.0
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2o
^ MCl ̂ “ rH t—I

<8 a o ̂
° a) a oi 2 °
S Q .01-pA
°  ».oo

Optiaioin Coagulation Dose (Typical) 
Addition Increment (Typical)

2 3 4 dT
Addition Sequence

For key to sequences, refer to Table XIV.
Figure 7• Effect of Addition Rate on Optimum 

Coagulation Dose--Cat Floe

ao•H-P<ti ̂r™{ i—1 ,03bo bOo5 ao —o .oa<Da w
IS .01•H43AO 0.00

Optimum Coagulation Dose (Typical) 
Addition Increment (Typical)

3 4 S'
Addition Sequence

to 1

For key to sequences, refer to Table XIV.
Figure 8. Effect of Addition Rate on Optimum 

Coagulation Dose--Magnlfloc 577-C
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incremental dose, as in sequence numbers 2 and 3» This 
was particularly evident with Cat Floe, where these runs 
resulted in the greatest reduction in optimum coagulation 
dose» Magnifloc 5??-C did not illustrate so obvious an 
effect; however, this was probably caused again by the fact 
that the optimum coagulation dose was so low that a small 
percent change in the polyelectrolyte performance would go 
undetected with the 5 yug/ 1 control<=

A much larger, faster settling floe was formed when 
the dose was added in increments; this change in floe size 
and characteristics was obvious to the eye and evident in 
the resultant settled turbidities«,

All tests under sequence numbers 2 through 5 were 
run such that the conventional mixing procedure began after 
the polyelectrolyte doses entered the expected optimum 
range, i.e., after the final increment was added„ The 
justification of this procedure is that in a water treatment 
plant, a portion of the polyelectrolyte dose could be added 
at some point of high turbulence (intake structure, aerator, 
venturi meter, etc,) prior to the conventional rapid mix 
tank where the remainder of the polymer would be added; this 
procedure would result in no change"in mixing time. How
ever, if a treatment plant is.designed such that prior 
addition of the polyelectrolyte is not possible, incremental 
dosage could be accomplished only through adding a portion 
of the polyelectrolyte in the conventional rapid mix tank,



and the remainder in the flocculation tank, with the result 
being a decreased mixing time, This was examined in the 
investigation of Magnifloc 577-C where two runs, sequence 
numbers 6 and 7 , were attempted in which the start of the 
conventional mixing procedure was simultaneous with the ad
dition of the first increment. These runs produced, a reduc
tion in the optimum coagulation dose which corresponded 
with similar runs using the other mixing scheme; however, 
as would be expected, the final turbidity was not as low 
due to the decreased mixing time. It should be pointed out 
that the turbidity removals were still quite good in these 
runs and the effect of decreased mixing time should not 
make this process impractical.

Causes of Addition Rate Effect
The kinetics of polyelectrolyte adsorption are very 

rapid; thus, soon after the addition of polyelectrolyte to 
a colloidal dispersion, there will be destabilized particles 
present in the system. These destabilized particles will 
begin to coagulate quite rapidly as the dispersion is mixed, 
even if the dispersion is underdosed, as evidenced by the 
work of Birkner and Morgan (10), This indicates that after 
the addition of the first increment of the final polyelec
trolyte dose, some coagulation will occur, resulting in a 
change in .the dispersion characteristics e When the next 
increment of the polyelectrolyte is added, there exists 
essentially a new dispersion of larger particles with a new
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optimum coagulation dose5 the net effect is that the pre
liminary coagulation results in a savings in total poly
electrolyte required to produce optimum coagulation. The 
results indicate that within the range studieds the greater 
the degree of preliminary coagulation$ the greater the 
reduction in total polyelectrolyte requirements5 hence, it 
is more advantageous to add 3/4 of the final dose initially 
than 1 /2 ,

Process Optimization 
As a concluding step to this investigation, it was 

decided to undertake one final series of runs which would 
compare results obtained using a conventional process with 
those obtained by optimizing the three factors examined here, 
To accomplish this, the following assumptions were made.

There exists, a, water treatment plant that has a 
crew working on three eight-hour shifts, This treatment 
plant uses a polymeric coagulation process, with each crew 
preparing a new polyelectrolyte solution at the start of 
each shift; therefore, there are two polyelectrolyte tanks, 
one for dilution, or dissolution, the other for feeding.
Since a new polyelectrolyte solution is prepared at the 
start of each shift, the average age of the polyelectrolyte 
solution when used for coagulation is 12 hours, It is 
further assumed that the working polyelectrolyte solution 
concentration at this treatment plant is 1 g/ 1  and the 
entire polyelectrolyte dose is fed to the rapid mix unit.



48
Now, to optimize this treatment operation, the fol

lowing steps are indicated by previous works 1) age the 
polyelectrolyte solution at least 24 hours, 2) reduce the
concentration of the polyelectrolyte feed solution to 100 
mg/l, and 3) add the polyelectrolyte dose in'increments0 
Thus, tests were conducted, to find the optimum coagulation 
close to the nearest in each case. Cat Floe and
Magnifloc 377-0 were examined; results are presented, in 
Tables XVI and. XVII and. Figures 9 and. 10. As can be clearly 
seen, significant reductions in the polyelectrolyte require
ments are evident with the optimized process, the overall 
percent reduction being 40 percent for Cat Floe and 33 
percent for Magnifloc 577-0.
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Table XVI. Jar Test Results Illustrating Optimization of 

Polymeric Coagulation Process— Cat Floe

Dose I Turbidity (FTU)(mg/D r— |....... .I Control I Optimized
0 2 3-6
0 2 5 - 3-1
0 3 2 .8*
035 4.0 2 . 8
04 ' 3«6 2 . 8
045 3-5 2.9
05 3-0* -

055 3-1 «”

0 6 3-2 -

* indicates optimum coagulation dose,

Table XVII. Jar Test Results Illustrating Optimization of 
Polymeric Coagulation Process— Magnifloc 577-G

Dose I Turbidity (FTU)
(mg/1) Control 1 Ontimized

0 1 —  ' 6 . 0
015 ■= 3-4
0 2 3-2 2 .6*
0 2 5 3-0 2 . 6
03 2.9* 2 . 8
035 3-0 2 . 804 3-3045 3-5 —

* indicates optimum coagulation dose.
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-Optimized Polymeric Coagulation 
Process

Conventional
Polymeric
Coagulation Process

Optimum Coagulation Dose

.03  .0+ .OS

Polyelectrolyte Dose (mg/1)

Figure 9. Effect on Final Turbidity and Optimum Coagulation 
Dose of Optimizing Polymeric Coagulation Process — Cat Floe

•4.0

-p■HTJ
rOA
5
ci
Cm2-0

.01

Figure 10.

Optimized Polymeric 
Coagulation Process
Optimum 
Coagulation Dose

Conventional
Polymeric
Coagulation Process

Optimum Coagulation Dose

.ca .03 .04
Polyelectrolyte Dose (mg/l)

.of

Effect on Final Turbidity and Optimum Coagulation 
Dose of Optimizing Polymeric Coagulation Process — Magnifloc 577-C



CHAPTER 5

.. ' ' SUMMARY AND CONCLUSIONS

The following principal conclusions can be drawn as 
a result of this investigation.

1„ The age of a cationic polyelectrolyte solution 
(time after preparing feed solution) used as a primary 
coagulant significantly affects the optimum coagulation dose 
obtained using that polyelectrolyte solution to coagulate a 
colloidal dispersion. Aging the polyelectrolyte solution 
for a period of at least 24 hours can be a very feasible 
means of reducing the required polyelectrolyte dose.

2. The concentration of the polyelectrolyte feed 
solution added to a particle suspension affects coagulation. 
A polyelectrolyte feed solution having a concentration of 
100 mg/1 has a lower optimum coagulation dose than the more 
concentrated feed solutions conventionally used.

3» Addition of a polyelectrolyte dose in several 
increments over a period of time instead of addition of the 
entire dose at one time will significantly affect resultant 
coagulation; a large reduction in the optimum coagulation 
dose is possible. .

4. Through the optimization of age, concentration, 
and application procedure of a polyelectrolyte solution .
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used as a primary coagulant, a savings of up to 40 percent 
in total polyelectrolyte required to produce optimum coag
ulation can be realized,

5* If laboratory jar tests are used to determine 
the optimum coagulation dose for a full scale water treat
ment facility using the polymeric coagulation process, the 
age, concentration, and application procedure of the poly
electrolyte solution used in the laboratory must be identi
cal with that used in the actual process to insure reliable 
plant performance.

Practical Applications 
Implementation of the concentration and aging 

optimization processes into an actual operation may present 
certain problems, depending on the size and setup of that 
operation and the resultant volumes involved« . For example, 
in a treatment plant with an average flow of 5 0 million 
gallons per day using a polymeric coagulation process with 
a dosing.level of 3 mg/1, a holding tank with a volume of 
1.5 million gallons would be necessary to age for 24 hours 
the required polyelectrolyte solution having a concentration 
of 100 mg/1. However, the polyelectrolyte solution could 
be aged in a more concentrated state, say 10 g/1 or 1 per
cent, and diluted to 100 mg/1 just prior to application; 
this procedure would reduce the required holding volume in 
the example above to 15,000 gallons. Therefore, implemen
tation of age and concentration optimization is indeed
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possible and. worthwhilee It should be pointed out that 
reducing the polyelectrolyte solution concentration from 10 
g/1 to 100 mg/1 will cause a significant reduction in the 
solution’s viscosity.

Modification of an existing plant’s dosing procedure 
would also have to be geared to that plant’s setup. For 
example, if sufficient.contact time were available between 
a point of high turbulance and the conventional rapid mix 
tank, it would be advantageous to add 3/4 of the required 
polyelectrolyte dose at the point of high turbulence, use 
the intervening pipe as a flocculator, and,add the remain
ing polyelectrolyte in the conventional rapid, mix tank; 
thus, there would be no decrease in total flocculation time 
of the destabilized dispersion. However, if this is not 
possible due to an insufficient amount of contact time in 
the intervening pipe, the polyelectrolyte application could 
be broken up by adding 3/4 of the required dose in the con
ventional rapid mix tank and the remaining polyelectrolyte 
at the first flocculator. Such a procedure would, of 
course, result in a reduced mixing time; but, as evidenced 
herein, turbidity removals should not be significantly 
affected, and. polyelectrolyte savings would be substantial.

Suggested Further Research 
• As was stated previously, this investigation was 

intended as a preliminary study designed to determine if 
variation of the three factors of interest would promote
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any effect on the optimum coagulation dose. Not? that it has 
been proven that an optimization process is indeed possible3 
additional research would be advantageous to facilitate 
further full scale implementation. A list follows,

1. The effect on the eoagulation-flocculation- 
sedimentation kinetics of this optimization process should 
be determined.

2. Addition of varying portions of the required 
polyelectrolyte dose at several points throughout an exist
ing flocculation tank should be investigated.

3. The temperature effect on the polymeric coagu
lation process in general and on these three factors in 
particular should be determined.

4. A large scale investigation of this optimization 
process should, be undertaken in an actual treatment plant.
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