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I. INTRODUCTION

In recent years there has been an increased emphasis on the
reduction of water polluting material that enters streams and lakes
from all sources, in particular from sewage treatment plants. This
emphasis has prompted the search for chemical additives to improve the
operation of existing treatment facilities. As a part of this search,
an in-plant demonstration was conducted in Cleveland which showed that
anionic polyacrylamide significantly improved primary clarification in
the waste treatment scheme.

To this point in time, very little information has been published
regarding the effect of the variable properties of anionic polvacryla-
mide on its flocculation activity for domestic sewage. The properties
which can be expected to vary between commercial sources are average
molecular weight, molecular weight distribution, degree of hydrolysis
of the amide groups, degree of branching of the polymer structure and
the presence of impurities.

Upon examination of the Bridging Theory of LaMer and co-workers,
it is obvious that these variables could and do have an effect on the
flocculation activity of anionic polyacrylamides.

The one most notable property of anionic polyacrylamide which has
not been studied with respect to flocculation activity is branching.
The purpose of this investigation was to determine the effect of
branching of the molecular structure on the flocculation activity of
anionic polyacrylamides for domestic sewage in the primary clarifica-

tion process.



IT. LITERATURE REVIEW

The following survey of available literature gives a general
coverage of publications which are concerned with the production of
anionic polyacrylamide, application of this polymer to the flocculation
of sewage, light scattering for polymer characterization, and the
polymer bridging theory as a flocculation mechanism. There is little
previously published information regarding the major relevant area of
interest, namely, the effect of branching on the flocculation activity

of anionic polyacrylamide.

The Polymer Bridging Mechanism

The polymer Bridging Mechanism is an important, relatively new
theory which is useful in understanding from a physical standpoint the
nature of many coagulation and flocculation processes.

Introduction. The use of synthetic organic polymers as floccula-

tion aids in the treatment of water and wastewater has been rapidly
increasing. It has been observed that the most economical treatment

was obtained with anionic polymer, even though the solid particles in
the sewage were often negatively charged (1). It was obvious that

these observations could not be explained by a simple electrostatic
model. LaMer and co-workers have developed a bridging theory which
provided an acceptable qualitative model for the ability of polymers to
destabilize colloidal dispersions (2). The first step in understanding
the Bridging Model is to describe and understand the mechanism of
particle transport and removal.

Mechanism. When considering coagulation it is important to



distinguish between two separate and distinct steps. First, the
particles must have been brought or transported into contact to effect
the possible formation of larger particles. Second, the particles to
be aggregated must have been able to adhere to each other when brought
into contact (2). Both particle transport and destabilization may be
brought about in several ways.

Destabilization of a colloidal suspension may be accomplished by
three different mechanisms. Destabilization can be brought about by
an "indifferent" electrolyte through compression of the electrical
double layer surrounding the collodial particle, it may occur through
neutralization of the charge on the particle by the specific adsorption
of a coagulant of opposite charge, or it can occur through the formation
of a polymeric molecular bridge between two colloidal particles (2).
The contacts between particles may have occurred by Brownian Diffusion,
agitation and fluid motion, and by differential settling. Before
moving into the actual Bridging Theory, the term flocculation must be
defined and understood.

Flocculation. There exists in the literature today, a consider-

able amount of misrepresentation between the two terms, coagulation and
flocculation. For the purpose of this dissertation, these terms must

be defined. To coagulate, comes from a Latin word meaning to 'drive
together'", whereas to flocculate, means to form a floccule, a material
similar to a tuft of wool or a loose fibrous structure. From this point
on, the term flocculation will be restricted to a special case of

coagulation in which the final structure, usually promoted by the bridg-
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ing action of macromolecules, is a loose three dimensional network
having pores which permit easy filtration (3). At this point, the
polymer Bridging Theory will be discussed.

Theory. Various properties of colloidal dispersions have been
used to follow the change from dispersed to flocculated phase. Some
of the more important parameters are turbidity of supernate, sediment
volume, subsidence ratio, and filtration rate (3). The last operation
involves a measurement of the time to refilter a given volume of
supernate solution through a deposited cake of flocculated particles.
In the flocculated state the rate of filtration approaches its
maximum value, whereas in the dispersed state it is a minimum (3).
The following theoretical development by LaMer and Healy (3) correlated
the bridging model with the filtration rate parameter.

The following sections are divided into three main categories,
namely, polymer and surface parameters, flocculation reaction param-
eters, and filtration rate parameters. They are presented in this
order so that each step of the theory can be expounded and eventually
lead to the concluding proof of the filtration rate technique for
quantitative evaluation of the anionic polyacrylamide's use in sewage
flocculation.

Polymer and Surface Parameters: A polymer molecule may be con-
sidered to consist of an average of 1t segments, and Bof these segments
per molecule adsorb and occupy surface sites previously occupied by
solvent molecules. It may be assumed that a polymer segment is equal

in size to a surface site. The term (t-B8) is, therefore, the number of

extended segments per polymer molecule.
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Next, assume in a unit volume that (PO—P) moles of polymer con-
centrate at the interface, where Po is the added polymer and P is the
residual in solution after adsorption. Then (PO—P)N molecules con-
centrate at the interface, where N is Avagadro's number. Therefore,
since each polymer has 1 segments, then (PO~P)NT segments concentrate
at the interface. If the fraction B/t were adsorbed and occupied
surface sites, then:

B(PO—P)NT/T = number of surface sites covered, and
(D) B(PO-P)N/SSe = 0 = fraction of surface sites covered,
where:
s = the number of surface adsorption sites per unit area, and
SG = the surface area of the adsorbent.
Equation (I) can be rearranged to the following form:
(1D) P = PO—KG/B, where K = sS6/N.

It was found that in many polymer-solid adsorption systems, that
the adsorption equation of Langmuir described the experimental data.
According to Langmuir, the fraction of the adsorbate, 6, is related to
the equilibrium concentration of polymer in the solution, P, as fol-
lows:

(I11) 6 = bP/(1 = bP), where b is a constant.

From Equations (II) and (III), it may be shown that the fraction
of the surface covered by the polymer is related to the initial con-
centration of polymer by the following equation:

(V) o = PO/[b—l(l = bK/B) + Po(l + bK/B)_l]

The significance of the preceeding development lies in the fact



that there is now an expression for the fraction of the surface
covered by the polymer which can be related to the filtration rate
parameter, which in turn will allow the optimum polymer dose, PO,
to be quantitatively determined. But before moving to the filtra-
tion rate, the flocculation reaction parameters must be discussed.

Flocculation Reaction Parameters: The model that was assumed
and used to describe the polymer flocculation was developed by
Smellie and LaMer (4) and was extended by Healy and LaMer (5). It
was postulated that one end of a polymer chain, attached at its other
end to a solid particle, then attached itself to an uncovered surface
on a second particle, producing a network that leads to fldcculation.

The rate of floc formation, —dno/dt, expressed as a decrease in
the number of primary particles, was dependent upon the product 6(1-8)
and was given by:

) ~dn /dt = K.n 6 (1-6)

0 lo
The bridging mechanism advocated here involved a bimolecular process
where noe represented the ''concentration' of active species containing
flocculant, and no(l—e) represented the "concentration" of species with
open surfaces able to react with the first species not containing
flocculant.

This equation was not able to explain the overall behavior of the
system. It was observed that the system first flocculated, and then
either increased time of agitation or with increased polymer concentra-
tion, the system redispersed. It was then assumed that the flocs grew

according to Equation (V) until the floc of m primary particles, known



as the critical floc was attained. At this point, an empirical
equation was used, since the specific reactions involved were not
well characterized.

Therefore, for a given degree of agitation, A, a given total
concentration, and a constant floc shape, the drag on the floc varied
approximately with the floc size where this was defined by the floc
radius R. The increase of primary particles with time was expressed,
with reference to the drag on the floc, as
R, where K

(VI) dno/dt = K' was a constant, and K'_ =

2 2

-1
K2[6(l—8)] .

2

This equation had to satisfy certain boundary conditions:

A. When no polymer was adsorbed (6=0) the Am floc disintegrated
spontaneously, and dno/dt approached infinity;

B. When the surface was fully covered (6=1), polymer bridges
were unable to form, and dno/dt approached infinity; and,

C. At half surface coverage (6=.5), the bridging model predicted
that the Am floc, or any floc, would have maximum stabilitv, the
dno/dt attained its maximum value for any given R.

The optimum floc size under any given set of conditions was shown
to occur when the rates of floc formation and destruction were equal.
Also the steady state floc size was shown to be
WID R =K /K, 26 (-0)

In conclusion, the most important point in this section was that
at half surface coverage, the floc would have maximum stability. This

result of the bridging model will be important in the following sec-



tion which relates to the filtration rate parameters.

Filtration Rate Parameters: The filtration rate, Q, was shown
to be inversely proportional to the square of the specific area, S,
of the solids in the filter cake. When a slime was flocculated,
the effective specific area was reduced to smaller values correspond-
ing to increased filtration rates,
(VITI)  Q = K/s?

If QO is the filtration rate of an untreated dispersion, and r
is the radius of the primary particles, then it was shown from
Equations (VII) and (VIII) that
(1X) 0-q, = (o /r%) & F/ry Wt a-o)t.
Equation (IX) shows immediately that at 6 = .5 [64(1--6)4 = 1/256] a
maximum in (Q—QO) is achieved.

At this point, it was possible to express the filtration rate for
a given added concentration of polymer in terms of the fundamental
parameters b for the surface, and B and tv for the polymer. The frac-
tion 6, given by Equation (III), can be substituted into Equation (IX)
to yield a relationship between Q and PO. It was found experimentally
that at Po = Pm, the filtration rate passed through a maximum, denoted
by Qm. The parameter Pm was defined as the optimum concentration of

polymer under a given set of conditions.

| 2,2 4
) 0-q, = [(@ /r") &7k 't ©p/ (L + br)* (1-bP/ (14 bP)]
the optimum point was the point (Pm,Qm), dQ/dPO = 0, at PO = Pm

In summary, the practical significance of this Bridging Theorvy

lies in the fact that one can relate the optimum polymer dose needed in



the physical system to a qualitative parameter, the refiltration rate.
In addition, this optimum polymer dose corresponds to the optimum
solids removal as proven by studies on synthetic samples (3). At this
point in the discussion, several aspects still need further clarifica-
tion, namely, the controlling factors and their rates, electrical
charge interactions and the multipositive cation effect.

Discussion. From the preceeding bridging theory, several aspects
were found to warrant additional description. It must be stated at
this point that the adsorption parameter, b, the number of segments
adsorbed per molecule, B, and the number of extended segments per
molecule (T-B) were the controlling factors in determining the adsorp-
tion-flocculation behavior for the polymer-solid system when PO, A,
time of agitation, and polymer molecular weight were varied from a
physical viewpoint (5).

Next, when considering the relative rates of flocculation, the
rate of adsorption of polymer promoting the flocculation was considered
to consist of two steps (5,6). The reasoning behind this is still
in the realm of intuition and physical experience borrowed from other
processes and systems, because at the present time, no methods have
been developed to measure these component consecutive rate processes.
The first step, attachment of part of the polymer molecule to the
surface, must have been fast, and the second step, unrolling of the
polymer on the surface as a thin film, must have been slow and was the
rate determining step. Thus the bridging process was .considered slow

because a polymer adsorbed on one particle must find another particle
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that had a free surface available to complete the bridge.

One area of interest to colloidal suspensions was not taken
into account in the polymer Bridging Theory. The following section
discusses the electrical charge interactions as viewed by LaMer.

LaMer concluded in 1951 that in flocculation studies electric charge
was a secondary factor compared to the chemical adsorption of polymers
with subsequent bridging as the main factor in polymeric flocculation.
The fact that negatively charged polymers when acting on negatively
charged colloidal particles induced more rapid and complete floccula-
tion than did many positively charged polymers on the same particles
offered seemingly incontrovertable evidence that chemical attractions
between polymer and particle, when acting at short distances, over-
balanced long range electrostatic effects (5).

Finally, in the middle of the 1960's, an additional school of
thought formed with regard to anionic polymers and their flocculation
of anionic colloidal particles. This school believed that a multi-
positive cation was needed between the colloid and the polymer, and
their assumption was proven to be correct (7,8). Black's results
showed that flocculation by an interparticle bridging mechanism was the
principle mode of action of anionic polymers in dilute clayv (negative)
suspensions. A sufficient concentration of counterions must have been
initially present in or added to the suspension; however, in order to
reduce particle-particle, polymer-—particle, and adsorbed polymer-polymer
repulsive forces, so that interparticle bridging could occur (7),

Sommerauer proposed the mechanism of the multipositive cation action (8):
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A, Ca+2 ions accumulate in the double layer. This step is fast,
and is accompanied by a compression of the double layer.

B. The approach of the partially surface active anionic polymer
to surface is thus facilitated.

C. Complex formation between Ca+2 in the double layer and the
functional groups on the surface, lower the electrochemical free
energy of attachment. Correspondingly, the extent of adsorption is in-
creased .

D. Now, as proposed by LaMer, individual particles are bridged
together through polymer chains.

It must be remembered that the multipositive cation effect is not a
contradiction of the Bridging Theory, but a complement to it.

In summary, the bridging model was pictorially simplified by
0'Melia (2) showing the effect of several parameters (Figure 1). To
be effective in destabilization, a polymer molecule must contain
chemical groups which can interact with sites on the surface of the
colloidal particle. When a polymer molecule comes into contact with
a colloidal particle, some of these groups adsorb at the particle
surface, leaving the remainder of the molecule extending out into the
solution (Reaction 1). If a second particle with some vacant adsorp-
tion sites contact these extended segments, attachment can occur
(Reaction 2). A particle-polymer-particle complex is thus formed, in
which the polymer serves as a bridge. If a second particle is not
available, in time the extended segments may eventually adsorb on other

sites on the original particle, so that it is no longer capable of
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Figure 1

The Bridging Model

Reaction 1 - Initial Adsorption (Optimum Polymer Dosage)

~L~ + O — O >
polymer particle destabilized particle
Reaction 2 - Floc Formation
OM'J’O‘{)(\’
destabilized particles floc
Reaction 3 - Secondary Adsorption
(:F\F;/i < —
destabilized particle restabilized particle

Reaction 4 - Initial Adsorption (Excess Polymer Dosage)

/é///+0 - >

excess polymer particle restabilized particle
Reaction 5 - Rupture of Floc
— 5+
high shear
floc floc fragments

Reaction 6 - Secondary Adsorption
/
.. N
destabilized floc restabilized particle

fragment
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serving as a bridge (Reaction 3).

Dosages of polymer which are sufficiently large to saturate the
colloidal surfaces produce a restabilized colloid since no sites are
available for the formation of polymer bridges. In other words, it
is possible to overdose the system with polymer (Reaction 4). Under
certain conditions, a system which has been destabilized and aggregated
can be restabilized with extended agitation, due to the breaking of
polymer surface bonds and the folding back of the extended segments

on the surface of the particle (Reactions 5 and 6).

Light Scattering

The subject of light scattering for molecular weight determina-
tion and analysis of branching is grouped in the following section.

Theory. Of the many methods that have been used in the
characterization of the physical chemistry properties of polymers, the
light scattering technique has been one of the most useful. The
following discussion was designed only to give the reader a basic
introduction to light scattering. For a detailed theoretical analysis,
the reader is referred to the literature available (9, 10, 11).

Experimental data on the light scattering characteristics of
polymer solutions have been evaluated to give the weight average
molecular weight of the dissolved polymer, the size of the polymer
molecule in solution (radius of gyration), and the chemical potential
of the solvent.

The basis of light scattering measurements is very simple. A

beam of monochromatic light is passed through a polymer solution, and
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the intensity of the light scattered in various directions as it
emerges from the solution is measured. The degree of scattering of
the light beam is related to the size and number of particles in
solution (12).

The fundamental expression for the determination of the weight
of a particle in a fluid by light scattering is
(X1) He/t = 1/M
The equation relates weight concentration, ¢, and turbidity, 1, to the
particle weight, M, by means of a proportionality constant H, which
includes the refractive index effect (12).

However, since most systems of interest are not ideal, an extended
form of the above equation has to be used to adjust for deviation from
ideal behavior:

(XII) e = % + 2Bc + 3Dc2 + . ..
L

The constants B and D are the second and third virial coefficients,
similar to those of the osmotic pressure equation (12).

Zimm's Method. Zimm has devised a method of determining molecular

sizes and shapes from scattered light measurements made at various
angles and polymer concentrations. These measurements were extrapo-
lated to zero angle and concentration on a chart where v(c,6) was
plotted against x(c,0). The intercepts of these two extrapolated lines
should have been identical and were equal to the reciprocal of the
weight average molecular weight. The slopes of these lines also gave
information that led to the size of the molecule in solution and to its

solvent interaction properties.
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Zimm used the Pavelich Regression Model,

2 2 2 4
(XIII) He = 1 1 4nr N Sin 6 G,Sin ©
— ._.+ — —_ — —
. M 2Bc + 3Dc + M g3 5 + 1 5
.2,
+ G2c Sin"H

2

This regression equation was rewritten into least squares form,

(X1IV) y = Al + A2c + A3c2 + A452 + Ass4 + Aécs6
where:
y = yij = measured light intensities at concentration i and
angle j,

¢ = ¢, = concentration i, and
i

s2 = Sin%g j = Sine squared of 1/2 angles j of the scatter.
2

Once the coefficients of the regression equation were found, the

properties of the polymer were:

M= l/Al = weight average molecular weight
B = A2/2 = second virial coefficient
D = A3/3 = third virial coefficient, and
34 1/2
r =[ A 4 = radius of gyration
& 4N A
1
where:
A = wavelength of light in the median of refractive index N,

N refractive index of the mixture.
In conclusion, it must be stated that the previously described
light scattering theory was dependent on two essential conditions (13).
1. That the polymer molecules were isotropic, and

2. That a finite but not too large difference existed between

refractive indices of the solution and the solvent.
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The first condition was satisfied if the polymer configuration was ap-
proximated by the random coil model. The second condition set
practical limits on the solvents which were used for a particular
polymer. The refractive index differences have been shown to cause
scattering. Obviously, the larger the difference in refractive in-
dices, the larger was the degree of scattering.

Finally, the problem of clarification of the solutions and solvent
from dust must be mentioned. Generally speaking, centrifuging and/or
filtering the liquids through sintered glass discs was proven
successful, but it cannot be stressed too highly that great care has
to be taken if large errors due to the presence of dust were to be

avoided (13).

Anionic Polyacrylamides

The subject of the polymer is grouped under three headings:
polymerization kinetics, production, and properties.

Kinetics of Formation. Before the production kinetics of the

polymer was studied, the chemical structure of the monomer and the

polymer had to be discerned. These results are shown in Figure 2.
The actual production of acrylamide polymer is normally carried

out in solution (water) by a process known as chain polymerization.

A shorthand notation for this process is (14):

Initiation:
R.
(XV) I—5> 2R* (free radical production)
Ry

and R+ + M —= RM-
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Figure 2

Structure Of The Monomer and Polymer Forms
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Propagation:
R
(XVI) RM- + M JLRMZ.

R
.+ M .
or RMn _Ji RMn +1
Termination:
Rt
(XVII) RM - + RM «- — >R
n m

R
or RM - + RM . _5S pM
n m n

(coupling)

Mn + m

2
+ RMn (disproportionation)
where:
I = initiator concentration
R-'s = radical concentrations
M = monomer concentration
RM's = polymer concentrations, and
Rl’ R2’ Rp’ and Rt = reaction rates.
The kinetic model consistent with this mechanism is simple
provided the following assumptions are valid:
1. The reaction proceeds slowly enough that a steady state is
reached, where the radical population does not change rapidly with

time.

d[R-] = d[M-] = O
dt dt

Material balances then give

(XVIII) 2 R,[1] - R.,[R-] [M] = d[R-] =0
i 2 at

2. The propagation reaction occurs so much more often than the
others that it is effectively the only consumer of monomer.

Rate of polymerization = Rp = -d[M] = kp[M-] [M]
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Under these conditions, a first-order dependence on monomer and half-
order dependence on initiator is indicated:
R, -5 *5
(XX) R_=R ( M] [1]
PoP\RC
t

If only a certain fraction, f, of the initiator fragments can success-

fully react with monomer:

fR, 5 -5
R =R (—= [M] [1]
P\ R

Finally, from Rp a siﬁple approximation of the molecular weight that
can be expected may be calculated by using a new term, the kinetic
chain length, Vn' It is defined as a number of monomer units
converted per initiating radical so that:

(XX1) Vn = rate of monomer consumption = R
- rate of radical formation

2Ri[I]

In summary, by relating various reported values of Rp/Rt from the
literature with the half lives of the initiators, the desired
molecular weight can be calculated before experimentation.

Production. Anionic polyacrylamide has been produced by the
co-polymerization of acrylamide and acrylic acid (15) and various
other methods (16-26). However, a commonly used commercial process
involved a simultaneous homo-polymerization and hydrolysis of
acrylamide in an alkaline, aqueous solution. The typical catalyst is
a free radical initiator, and some of the typical hydrolyzing agents
are sodium carbonate and sodium hydroxide. The resulting polymer is
a high molecular weight, high charge density polyelectrolyte with an
upper limit of hydrolysis ranging from about 25 percent (27) when

sodium hydroxide was used to greater than 40 percent when sodium
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carbonate was used.
In addition, polyacrylamide has been hydrolyzed after poly-
merization using caustic, which converted an uncharged polymer to
an anionic polyelectrolyte (28). Michaels has reported that the
hydrolysis of polyacrylamide using sodium hydroxide was increased to
more than 60 percent at the amide groups by using a large excess of
caustic, and by boiling and evaporating the reacting solution (29).
Gleason, Miller, and Sheats (30) in a study which used radiotagged
monomer reported the formation of branched molecular structure during
the polymerization of acrylamide in aqueous solution using a redox
catalyst. A sodium meta bisulfate-sodium persulfate redox pair were
used to produce both the linear and the branched fractions. The
polymerization temperatures were 50°C for the linear formation and
78°C for the branched formation. The monomer concentrations for
both formations were approximately the same, but the catalyst con-—
centrations at 78°C were 10 percent of those used at 50°C.
Properties. Anionic polyacrylamide has been available either
in aqueous solution or in the dry form as a flaky powder. Carr had
listed most of the commercial names, properties, and manufacturers
of polyelectrolytes, including anionic polyacrylamide, which have been
marketed in the United States (g).
In general, polyacrylamide has been characterized as a very high
molecular weight, stable, and water soluble polymer. Norris regarded
200,000 as a low molecular weight and 20 million as an extremely high

molecular weight for polyacrylamide (15). Riddick has stated that most



anionic, natural and synthetic, polymers which were used in water
treatment flocculation range from 500,000 to 1,000,000 or higher

in molecular weight (32). O0'Melia has stated that when anionic
polymers were used, it appeared that a minimum size was necessarv

for these molecules to bridge the potential energy barrier between

two negative colloidal particles (2). This minimum size was

dependent upon such factors as the number of charged groups and the
degree of branching of the polymer, the charge of the colloidal
particles, and the ionic strength of the solution. Limited data

has suggested that this minimum size corresponded to a molecular weight

of approximately one million.

Flocculation of Domestic Sewage

The information regarding flocculation is described as it relates
to theoretical mechanisms and application to primary clarification in
domestic sewage treatment.

Domestic sewage has been shown to be a dilute, heterogeneous
potpourri of dissolved materials and colloidal particles. The col-
loidal particles are usually polydispersed and have non-uniform charge
intensity (33). Such colloidal particles range in size from one
micron to ten angstroms in diameter and are essentially electronegative
(32).

The most common scheme that has been used in the treatment
of domestic sewage today consists of grit settling, primary clarifica-
tion, aerated biological treatment, secondary clarification, and

disinfection. The purpose of the grit chamber is to remove inorganic
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solids. The next unit, the primary clarifier, is used to settle out
the remaining settleable solids, normally organic in nature. The
aerobic treatment unit is designed to remove most of the biodegradable
and dissolved organics which are in the effluent stream of the primary
clarifier. The secondary clarifier is used to remove almost all of
the settleable solids from the aerobic treatment unit. Finally, the
effluent from the secondary clarifier is normally disinfected with
chlorine before being discharged to surface waters. In this research,
the polyacrylamides were used to increase the efficiency of the
primary clarifier.

Theoretical Mechanisms. In studies that use clay suspensions,

many researchers have concluded that the addition of some multivalent
cation was necessary for the initiation of coagulation of the electro-
negative colloidal particles to form settleable aggregates (34).
Subsequently, the anionic polyelectrolyte was adsorbed on the surface
of two or more aggregates to form larger aggregates referred to as
flocs. (This mechanism is called the bridging mechanism, and was
referred to earlier in the Literature Review.) The noted effect of
bridging was an increase in the rate of settling (28).

Whatever the mode of polymer attachment, the configuration of the
polymer molecule at the liquid-solid interface will influence the
bridging action. Warrenton and Miller (35) have demonstrated that
long chain anionic polymer can remove turbidity better than short chain
polymers. Michaels (29) has shown in controlled hydrolysis experiments

that anionic polymers should possess a sufficient number of charged
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sites to extend the polymer chain thus allowing interparticle
bridging to occur. If, however, the charge density of the polymer

is too large, adsorption on the negative surface will have been
reduced or inhibited. This phenomena was illustrated by Michaels (29)

in Figure 3.

Application to Primary Clarification. A significant improvement

in rate and degree of flocculation of domestic sewage' was achieved

by using both anionic polyacrylamide and a multivalent cation (36).
However, polymer flocculants were only effective in improving removal
of gross solids and colloidal solids. Soluble organic matter was not
removed by polyelectrolytes, but passed through the primary clarifier
and into the aerobic biological treatment unit.

In a full-scale demonstration at the Cleveland Easterly Treat-
ment Plant, which was authorized under a Federal Water Pollution Con-
trol Administration Grant, a commercial anionic polyacrylamide,
Purifloc A-23, was used in the primary clarifier operation (37). At
an optimum dosage of 0.25 ppm, addition of the polymer was found to
increase the suspended solids and biochemical oxygen removal in
the primary clarifier by thirty-nine and thirty-five percent. The
sewage to the plant contained enough multivalent metal cations from

the cities' industries that no cation addition was necessary.

Summary

From the information presented in the previous sections concerning
this investigation, it can readily be discerned that the polymer

Bridging Theory is well defined in today's literature. On the other
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Figure 3
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hand, the literature concerning the actual use of polyelectrolytes in
water and waste water treatment is rather limited at best. A
relatively small amount of information has been published regarding
the effect of molecular weight and the degree of hydrolysis on the
flocculation activity of anionic polyacrylamide, but no literature
has been published to this point in time regarding the effect of long
chain branching in polymers on the flocculation activity in domestic
sewage treatment.

As stated in the introduction, the purpose of this thesis is to
investigate the effect of branching on flocculation activity for
anionic polyacrylamides. In addition, the effect of optimum polymer
dosage versus weight average molecular weight will be determined for
the flocculation studies for both linear and branched fractions. 1In
conclusion, the reason for this study is that the effect of branching

versus linearity on anionic polyacrylamide flocculation is not known.



ITI. DESCRIPTION OF EXPERIMENTAL METHODS

The following sections discuss, in detail, the experimental
methods used to produce, to characterize, and to evaluate the linear

and branched polyacrylamides used in the flocculation studies.

Polymer Production

The main parameters in the polymerization process which were
controlled to produce the varied structures of the anionic poly-
acrylamides, were the reactant levels, nitrogen purge, and temperature
control.

Reactant Levels. Two previous studies of the polymerization

of acrylamide were presented in the literature which used the same
redox couple as this investigation (25, 30). Unfortunately, their
reported molecular weights were too low to be considered useful in
the flocculation of domestic sewage. Therefore, the catalyst levels
had to be drastically reduced to attempt to achieve the desired
molecular weight. The redox catalyst levels were varied from .0200
to .0041 grams of ammonium persulfate and .0048 to .0010 grams of
sodium metabisulfite. 1In all the reactions, the volume of distilled
and deionized water used as the polymerization medium was 2.5 liters.
Also for each reaction, 250 grams of acrylamide was used as the monomer
concentration. In order to speed up the polymerization rate, an
accelerator of ferrous sulfate was added in levels between .0007 and
.0100 grams to several of the reactions. All the reagents were used
as received without any purification steps.

The polymerization reactor was all pyrex and was stirred con-

26
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tinuously with a stainless steel shaft and a three bladed mixer.
Before addition of the monomer and catalysts, the solvent was passed
through a 0.45 micron filter to remove the dust.

Nitrogen Purge. The basic purpose of the nitrogen purge was

to remove all traces of dissolved oxygen from the monomer and water
solution prior to the addition of the redox couple. Any traces of
dissolved oxygen would have oxidized the metabisulfite ion at a rate
faster than the redox couple reaction to produce the free radicals
necessary for the opening of the acrylamide double bond in the poly-
merization reaction.

The nitrogen used in this investigation was supplied with
an oxygen content guaranteed not to exceed 10 ppm by volume. Since
the catalyst levels were so small, it was necessary to scrub out the
remaining oxygen in the nitrogen by bubbling it through an ammonium
vanadate and zinc amalgam scrubbing system where the vanadium ions
were oxidized by the dissolved oxygen (32).

In the experimental work, the solution of monomer was purged
for one hour before the catalyst addition and the purging was con-
tinued during the reaction. All the reagents were used as supplied
without further purification.

Temperature Control. The need for an accurate means of con-

trolling the reaction temperature was discussed earlier by Gleason,
Miller and Sheats (30). They observed that the monomer-redox pair
system used in this investigation formed a linear polymer at 25 degrees

and a branched polymer at 78 degrees centigrade. The method of heat-
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ing the reaction vessel was an electrically heated jacket which,
although very slow in response to a change in electrical input, was
adequate for heating the monomer solutions to their respective
temperatures.

Since the heat evolved in the polymerization reaction was
rather high and rapid, a quick and reliable method of cooling the
reaction mixture was needed. Therefore, the reactor was modified so
that a glass cooling coil was added to the inside to insure quick
cooling with ordinary tap water. The cooling coil was constructed in
the V.P.I. & S.U. glass blowing shop. The final system was capable

of maintaining the desired temperature within one centigrade degree.

Precipitation and Stabilization

The precipitation of the polyacrylamides was carried out by
non-solvent addition technique (33). In this investigation, the
entire reaction mass was placed in a five liter vessel and agitated
vigorously while methyl alcohol, a non-solvent, was added until no
more visible milky white polymer precipitated from the resulting
alcohol water solvent. The solvent was then removed from the polymer
by vacuum filtration.

The stabilization of the polymer was accomplished in the same
step as the precipitation. First, the agitation was brought about by
the addition of filtered lab air. The oxygen was able to react with
the remaining metabisulfite ions to oxidize them, therefore, rendering
them unable to form the necessary free radicals with the persulfate

ions which could attack the chain with resulting degradation. Next,
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the persulfate ions, which have been shown to degrade the poly-
acrylamide chains, were removed by a reaction with the non-solvent
methyl alcohol, in the following manner (34):
SO4 + LHBOH - HSO4 + CHZOH
Ve

CHZOH + 8208 > HSO4 + SO4 + RC_

0

H

The final step in the stabilization, was the removal of solvent
traces by vacuum drying at 90 to 95 degrees Fahrenheit for approximately
ten hours (35).

Hydrolysis

The percentage of hydrolysis of polyacrylamide samples was
determined by dissolving a weighed sample in water, acidifying the
resulting solution with a strong mineral acid, hydrochloric acid, to
a pH of 3 or less, and back titrating with a standard solution of a
strong base, sodium hydroxide, using an electronic pH meter. The
number of equivalents of base required to bring the polymer solution
from a pH of 3.3 to 7.0 equaled the number of equivalents of combined
acrylic acid moieties in the sample. As a baseline value, a sample of
unpurified acrylamide was used to determine a value for the number of
equivalents of base used for a sample with no hydrolysis (36).

The reactions which were carried out to achieve the desired
degree of hydrolysis were allowed to react for twenty-four hours after
the base addition before reprecipitation and stabilization.

The pH meter used in this part of the investigation was calibrated
using individual prepared buffers of citric acid and disodium phosphate

(37).
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Storage

The problems in the storage of both the hydrolyzed and raw
polyacrylamides were solved rather easily by storing the dry forms
of all the samples at temperatures below 50 degrees Fahrenheit and

above 32 degrees Fahrenheit in the absence of light (38).

Polymer Characterization

The polymer characterization by use of the light scatter—
ing photometer was a complicated procedure which included selection
of solvent, selection of calibration medium, Rayleigh Ratio determin-
ation, calibration of the differential refractometer, and the character-
ization of the polyacrylamides.

Solvent Selection. The solvents that have been used in light

scattering analysis employing the common calibration mediums have
been discussed extensively in the literature (39-50). The solvent
that was selected in this study was a 0.10 molar sodium chloride
solution in distilled water. The purpose for this selection was two-
fold; namely, it has been used with tungstosilicic acid (the
calibration medium), and with the polyacrylamides the ionic strength
of the 0.10 molar salt solution was used to approximate the ionic
strength of the sewage in which the polymers were to be evaluated.

Calibration Medium. The calibration of the light scattering

instrument was accomplished by using tungstosilicic acid (H4SiW12040,
F.W. 2956). It was chosen because it had a fairly high molecular

weight, along with long term stability in solution. In addition,

Kerker and co-workers had investigated its properties on a similar
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photometer to the one used in this investigation (43, 47-49).

The tungstosilicic acid was purified by the following
method (39). The acid was dissolved in as little deionized water
as possible. To this solution, a 1:1 solution of hydrochloric acid
was added and the tungstocilicic acid extracted with di-ethyl ether.
The ether was removed from the ether acid complex by evaporation in
a vacuum oven at one hundred degrees Fahrenheit and 29 inches of
mercury.

Rayleigh Ratio Determination. No mention of the Rayleigh Ratio

of a 0.10 molar sodium chloride solution was found in the literature
up to the period of this investigation. Since Kerker had sﬁccessfully
used this soiv. . in his investigations of tungstosilicic acid, it

was decided to take the light scattering data with varying concentra-
tions of the acid and extrapolate back to zero concentration and
calculate the value of K in Kc/Re (ordinate of the Zimm Plot) and

then solve for the Rayleigh Ratio (Re) of the solvent since the
molecular weight of the tungstosilicic acid was known.

Differential Refractometer Calibration. As discussed previously

in the Literature Review, the refractive index gradient of the polymer-
solvent system had to be determined in order to evaluate the weight
average molecular weight and the radius of gyration. Therefore, cal-
ibration solutions for the refractometer were made up using distilled
water and potassium chloride which was dried for 48 hours at 103 degrees
centigrade. The standards were produced in accordance with the Brice

Phoenix Differential Refractometer.Manual (51).
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Light Scattering Analysis. The analysis of the polyacrylamides

for weight average molecular weight and radius of gvration was per-
formed in the manner outlined in the "Light Scattering Operation
Manual CM - 1000A" (52). The polymer was dissolved and aged for
eighteen hours in the 0.1 molar sodium chloride solvent for the anal-
ysis before being filtered through an 1.2 micron filter to remove
dust and polymer aggregates. The solvent used in this step, and all
succeeding steps, was previously passed through a 0.45 micron filter.

A cylindrical cell, C-101, of forty milliliters volume was
used in all of the light scattering runs. At the conclusions of each
day's work, the cell was acid cleaned and then rinsed ten times with
0.45 micron filtered deionized water before being stored away.

The wavelength of light, 5461 A°, used in this investigation
was chosen because it was the largest available on the equipment and
thus minimized the error. The polymers were all scanned on the
photometer between twenty-five and ninety degrees and at either four,
five, or six concentrations of polyacrylamides. The varving con-
centrations of polymer were obtained by diluting the original concen-
tration directly in the cell. For each of the light scattering runs,
the temperature at the sample in the cell was maintained at 25i.l°C.

The program used to reduce the raw data from the light scattering

runs is presented in the Appendix.

Optimum Polymer Doses and Jar Tests

This section describes the experimental procedures employed to

determine the optimum polymer doses of the various polyacrylamides, and
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also the jar tests used to evaluate the suspended solids removal and
the chemical oxygen demand reductions using the optimum polymer doses.

Sewage Parameters. As previously discussed in the Literature

Review, dilute solutions of anionic polyacrylamides tend to degrade

in solution due to residual persulfate levels remaining from the
polymerization process. In order to avoid any problems related to
this feature, the polymers were aged for the same time period and
under the same conditions imposed in the light scattering analysis.
The net result of these restrictions was that only a few polymer solu-
tions could be made up daily due to equipment limitations. Therefore,
to insure validity to these tests, certain limits had to be applied

to the sewage that was to be tested. Accordingly, a ten day survey of
raw sewage from the Christiansburg Treatment facility, samples picked
up at 7:00 a.m., was undertaken to determine acceptable limits for
hardness, suspended solids, and chemical oxygen demand. The main
problem to be eliminated, was the effect of rain on the sewage param-
eters.

Polymer Make-up. All polymer solutions were made up so that

one milliliter delivered one milligram of polymer. The solutions were

made up in distilled water and aged.

Flocculation. All the flocculation tests that were used in the

optimum dose determinations and the jar tests were run on one liter of
sewage at room temperature. The flocculation consisted of a thirty
second rapid mix at 70 revolutions per minute and a fifteen minute slow

mix at ten revolutions per minute. During the rapid mix sequence, the
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cations were added and then the polymers. Following the end of the
slow mix period, the sample was allowed to settle for ten minutes.

Cation Level. Before running the refiltration tests for the

optimum polymer doses of the various polyacrylamides, an investigation
of the minimum cation level necessary for adequate bridging was
conducted. The tests were conducted using constant doses of Purifloc
A-23 (commercially available anionic polyacrylamide) while varying

the calcium cation dosage and then running the refiltration studies

on each cation level.

Refiltration. After the samples had settled for ten minutes,

800 milliliters of the clarified sewage was decanted off. The re-
maining 200 milliliters were then filtered under 14.5 inches of
mercury, and the filtered sewage collected. The collected sewage was
then refiltered through the deposited cake at a vacuum of 14.5 inches
of mercury and the time required to collect 100 milliliters was re-
corded. This process was continued by varying the polymer dose at a
constant hardness level until a maximum refiltration rate had been
found which implied the optimum polymer dose.

Jar Tests. These tests were run separately from the optimum
polymer dose tests due to time and storage limitations. Essentially,
the optimum polymer doses were again applied to acceptable sewage and
the suspended solids and chemical oxygen demand reductions were deter-
mined. Each dose was tested five times so that a reasonable number of
experimental values were obtained for statistical analysis.

At the conclusion of the first set of jar tests, it was decided
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to run another series of tests at a higher solids level for comparison
with the previous results of a selected group of polymers. The

optimum polymer doses were scaled up based on the solids ratio of

the different samples. In addition, the samples were settled for twenty

minutes instead of ten minutes.



IV. RESULTS
The results obtained in this investigation are given in the
following section. They are divided into three sections: polymeri-
zation and light scattering results, optimum polymer doses and the
chemical oxygen demand and suspended solids reduction when testing

with the optimum dose.

Polymerization and Light Scattering Results

The polymerization conditions, the degree of hydrolysis, and
the results of the light scattering are presented in Table I. The
raw data and the refractive index-concentration gradients.obtained
from the light scattering work for the various polymer fractions are
presented in the Appendix in Table VIII. Figure 4 is a log-log
plot of the relationship of the radius of gyration and the weight
average molecular weight. The purpose of this figure was to illus-
trate the result that there was no true branched or linear groups
of polymers based on the initial reaction temperatures. If there
had been a distinct group of linear polymers all of the polymers
that were produced at twenty-five degrees centigrade should have
had radii of gyration larger than those produced at seventy-eight
degrees centigrade. In the Appendix, Figure 8 and Table IX present
the calibration data for the light scattering equipment using tung-

stosilicic acid.

36
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TABLE I. POLYMERIZATION AND LIGHT SCATTERING RESULTS

E

REACTION TEMPERATURE METABISULFATE PERSULFATE PER CENT FINAL WEIGHT ERROR AS RADIUS OF
°C LEVEL LEVEL CONVERSION DEGREE OF AVERAGE A PER CENT GYRATION
gms gms HYDROLYSIS MOLECULAR OF MOLECULAR A°
PER CENT WEIGHT WEIGHT
gms/mole
1-25-25 25 .0048 .0200 34 25.1 1,514,000 18.51 1747
1-25-35 25 .0048 .0200 34 35.0 1,192,000 22.97 1693
2-25-25 25 0142 .0595 75 24.8 191,000 11.25 1100
2-25-35 25 L0142 .0595 75 35.0 151,500 13.41 1164
3-25-25 25 .0710 .2960 35 25.2 605,500 14.92 3993
3-25-35 25 .0710 .2960 35 35.2 340,400 27.13 2825
4-25-25 25 .0024 .0100 64 25.0 8,224,000 8.94 6055
4-25-35 25 .0024 .0100 64 34.8 18,205,000 4.16 8977
1-78-25 78 .0048 .0200 39 25.0 325,000 8.89 1709
1-78-35 78 . 0048 .0200 39 35.0 306,400 8.81 1571
2-78-25 78 L0142 .0595 70 24.9 171,600 14.51 1329
2-78-35 78 L0142 .0595 70 34.7 189,500 13.97 1431
4-78-25 78 .0010 .0N41 18 25.1 836,700 19.72 4217
4-78-35 78 .N010 0041 18 33.9 765,000 15.36 3896
4a-78-25 78 .0024 .0100 21 24.9 3,470,000 15.45 2009
4a-78-35 78 .0024 .0100 21 35.0 3,316,000 16.29 2027

LE

)

*ﬂThe following conditions were constant for all the reactions:

a) 2.5 liters of deionized water passed thru a .45 micron filter

b) 250 grams of acrylamide

c) Reaction mixture was purged for one hour before catalvst addition, and then continued for
course of reaction.

Akk
Possible error in the intercept of the Zimm plot by double extrapolation.
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Optimum Polymer Dose and Jar Test

The resuits of the optimum polymer dosage tests and the floc-

culation jar tests are presented in this section.

Sewage Survey. Upon completing the ten day survey the accept-

able limit for solids was set at a minimum of 40 milligrams per
liter and hardness at a minimum of 170 milligrams per liter as cal-
cium carbonate. The above mentioned levels of hardness and sus-
pended solids were selected so that any samples with valves lower
would not be used in this investigation. This restriction reduced
the possibility of the influence of heavy rainfall on this phase of

the experimental work.

Divalent Cations. Figure 5 represents the relationship be-

tween the divalent cation level and the refiltration rate parameter
for the determination of the minimum divalent cation concentration
necessary to achieve satisfactory bridging of the anionic polyacryla-
mides to the suspended solids. The minimum acceptable divalent
cation level was found to be approximately 110 milligrams per liter
as Ca | The supporting data for this figure can be found in the

Appendix in Table X.

Optimum Polymer Dosages. Table II lists the results of the

refiltration tests for the determination of the optimum polymer
dosages. Figure 6 is a plot of the relationship between the weight
average molecular weights and the optimum polymer dose of the poly-

acrylamide fractions. The complete summary of all the related data



can be found in the Appendix in Table X. Figure 7 is included to
illustrate the data taken for each polymer fraction and the method
by which the optimum dose was determined by finding the maximum re-
filtration rate. Table III is the sequential analysis of varients
(anova) table for the effect of weight average molecular weight and
the effect of the radius of gyration given the effect of the weight
average molecular weight on the optimum polymer dosages. The single
and multiple regressions were based on the logs of weight average
molecular weight and the logs of the radius of gyration correlated
against the optimum polymer dosages. This transformation was neces-
sary due to the fact that the linearity of all variables.is the
major assumption necessary for prediction when using the statistical
nodels described in the Appendix.

The anova results were that the optimum polymer dose regression
on the weight average molecular weight was highly significant, a=0.01,
and the additional correlation on the radius of gyration given the
effect of the weight average molecular weight was also significant

but at a lower level, 0=0.15.

Jar Tests. The results of the jar tests in which the solids
and chemical oxygen demand reductions were studied using the optimum
polymer doses are presented in Table IV through VII. The four
tables present an anova of the results to determine if there was
any difference among the treatments employing the optimum polymer
doses. Duncan's Multiple Range test is also presented to compare

the treatment means. The purpose of Duncan's test was to examine
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the removal for each polymer fraction to see if they differed from
each other. Those polymer fractions commonly underlined are not
significantly different, and can be assumed to yield the same re-
moval. The total summary of the data is presented in Tables XI
and XII in the Appendix.

For all the solids and chemical oxygen demand reductions the
F statistics were highly significant indicating that there was a
difference among the treatment means.

As previously mentioned in the end of the Experimental Methods
Section, two solids levels were employed in this investigation.
Tables IV and V which were the solids and chemical oxygen demand
reductions were run on the lower solids level which was the same
as that employed in the refiltration studies. The Duncan's analy-
sis of both the anova's were complicated and the results will be
examined in the Discussion section.

Tables VI and VII are a comparison of a group of polymers on
the different suspended solids levels to determine again if branch-
ing has an effect on solids removal. These polymers were selected
because of the relatively small difference in the weight average
molecular weights and the large differences in the radii of gyration.
The lower solids level, Table VI, showed no distinct trend with re-
spect to the removals and the radius of gyration. The results em-
ploying the higher solids and scaled up polymer doses did show a
distinct trend in that the polymers with the larger radii of gyration

removed more solids.
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TABLE II. OPTIMUM POLYMER DOSES FOR THE POLYACRYLAMIDES

POLYMER WEIGHT RADIUS OPTIMUM
FRACTION AVERAGE OF POLYMER
MOLECULAR GYRATION DOSE
WETIGHT .
gms/mole x 10 A mg/1
1-25-25 1.514 1747 1.2
1-25-35 1.192 1693 1.2
2-25-25 .191 1100 2.3
2-25-35 .151 1164 2.5
3-25-25 .605 3993 1.5
3-25-35 .340 2825 1.6
4-25-25 8.224 6055 0.3‘
4-25-35 18.221 8977 0.2
1-78-25 .325 1709 1.9
1-78-35 .306 1571 1.9
2-78-25 171 1329 2.4
2-78-35 .189 1431 2.4
4-78-25 .836 4217 1.4
4-78-35 .765 3896 1.6
La-78-25 3.470 2009 1.0
4a-78-35 3.320 2027 0.9
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ANOVA ANALYSIS OF OPTIMUM POLYMER DOSES IN

SEQUENTIAL ANALYSIS AT LOWER SOLIDS LEVEL

DEGREES SUM MEAN
SOURCE OF ow SQUARES F VALUE
FREEDOM SQUARES
%%
Regression Due to 2 7.2195 3.6098 165.580
Both Variables
*%k
Regression Due to 1 7.1598 7.1598 328.430
Weight Average
Molecular Weight
Kk
Regression Due to 1 .0597 .0597 2.738
Radius of Gyration
Given the Effect
of Weight Average
Molecular Weight
Residual 14 .3050 .0218
Total 16

F TABULATED VALUES NECESSARY FOR

DEGREES
OF
FREEDOM

(2,14)
(1,14)

SIGNIFICANCE

OPROTECTION

LEVEL

.05
.01
.05

.15

*
%k
*
*%

l***

F VALUE

3.74
6.51
4.60
8.86
2.43



TABLE IV. ANOVA ANALYSIS OF PER CENT CHEMICAL OXYGEN
DEMAND REMOVALS EMPLOYING THE OPTIMUM POLYMER
DOSES AND DUNCAN'S MULTIPLE RANGE TESTS
AT LOWER SOLIDS LEVEL

DEGREES SUM MEAN
SOURCE OF OF SOUARES F VALUE
FREEDOM SQUARES
%%
Treatment 15 5547.6 371.3 39.9
Error 64 596.6 9.3
Total 89 6144.2

(8)

F TABULATED VALUE NECESSARY FOR SIGNIFICANCE

DEGREES o PROTECTION
OF LEVEL F VALUE
FREEDOM
*
(15,64) .05, 1.84
.01 2.35

DUNCAN'S MULTIPLE RANGE TEST AT ONE PER CENT (POLYMER AND REMOVAL)

4A-78-35 4A-78-25 1-25-35 4-25-25 4-25-35 1-25-25 4-78-35 4-78-25 1-78-25
34.86 34.70 24.01 19.00 18.84 17.14 16.39 15.56 14.12

&)

3-25-25 1-78-35 3-25-35 2-78-35 2-78-25 2-25-35 2-25-25
13.88 13.64 10.09 9.09 8.72 6.75 6.51

LY



TABLE V. ANOVA ANALYSIS OF PER CENT SOLIDS REMOVALS EMPLOYING
THE OPTIMUM POLYMER DOSES AND DUNCAN'S MULTIPLE RANGE TESTS
AT LOWER SOLIDS LEVEL

DEGREES SUM MEAN
SOURCE OF OF SNOUARES F VALUE
FREEDOM SQUARES
%%
Treatment 15 4839.0 321.2 21.6
Error 64 959.5 14.8
Total 89 5798.5

F TABULATED VALUE NECESSARY FOR SIGNIFICANCE

DEGREES aPROTECTION
OF LEVEL F VALUE
FREEDOM
*
(15,64) .05, 1.84
.01 2.35

DUNCAN'S MULTIPLE RANGE TEST AT ONE PER CENT (POLYMER AND REMOVAL)

4-25-25 4A-78-25 4-25-35 1-25-35 4A-78-35 1-25-25 4-78-35 4-78-25 3-25-25
29.74 26.34 24.60 24,28 24,17 21.09 20.87 16.12 13.14

(4)
3-25-35 1-78-35 1-78-25 2-25-35 1-78-25 2-25-25 2-78-25

(A) 10.92 8.94 8.89 8.74 8.17 8.11 5.82

8%



TABLE VI. COMPARISON OF SELECTED POLYMER FRACTIONS
AT THE LOWER SOLIDS LEVEL USING OPTIMUM POLYMER
DOSES AND DUNCAN'S MULTIPLE RANGE TESTS

DEGREES SUM MEAN
SOURCE OF OF SOUARES F VALUE
FREEDOM SQUARES
%
Treatment 6 594.2 99.0 6.07
Error 28 456.2 16.3
Total 34 1050.4

F TABULATED VALUE FOR NECESSARY SIGNIFICANCE

DEGREES oPROTECTION
OF LEVEL F VALUE
FREEDOM
*
(6,28) <05, 2.45
.01 3.53

DUNCAN'S MULTIPLE RANGE TEST AT FIVE PER CENT (POLYMER AND REMOVAL)

3-25-25 4-78-25 4-78-35 1-25-25 4A-78-35 1-25-35 4A-78-25
13.1 18.2 20.9 21.1 24,2 24.3 26.3

6%



TABLE VII. COMPARISON OF SELECTED POLYMER FRACTIONS
AT THE HIGHER SOLIDS LEVEL USING SCALED OPTIMUM
POLYMER DOSES AND DUNCAN'S MULTIPLE RANGE TESTS

DEGREE SUM MEAN
SOURCE OF OF SQUARES F VALUE
FREEDOM SQUARES
K%
Treatment 6 1667.4 277.9 33.5
Error 28 232.8 8.3
Total 34 1900.4

F TABULATED VALUE FOR NECESSARY SIGNIFICANCE

DEGREES aPROTECTION
OF LEVEL F VALUE
FREEDOM
*
(6,28) .05, 2.45
.01 3.53

DUNCAN'S MULTIPLE RANGE TEST AT FIVE PER CENT (POLYMER AND REMOVAL)

1-25-35 4A-78-35 4A-78-25 1-25-25 4-78-35 4-78-25 3-25-25
21.9 22.7 24.1 26.7 37.5 37.6 37.6

0¢



V. DISCUSSION

The results obtained in this investigation are discussed in the
following chapter. The discussion is divided into three sections:
polymerization and light scattering results, optimum polymer doses,
and chemical oxygen demand and suspended solids reduction when testing

with the optimum polymer dose.

Polymerization and Light Scattering

The discussion of the polymerization and light scattering re-

sults is given in the following sections.

Lffect of Catalyst Levels on the Molecular Weight. The effect

of the catalyst levels on the polymerization of the acrylamide was
as expected: mnamely, the lower the levels of the metabisulfite and
persulfate, the nigher the weight average molecular weight of the re-

sulting polymer chain.

Effect of Temperature on the Molecular Weigiht. 1In this investi-

gation for each catalyst level, the polymerization was carried out

at two temperatures, 25 and 78 degrees Centigrade. In all cases the
resultant molecular weight was greater for the 25 degree Centigrade
polymerization. This difference in the resultant weight average molec-

ular weights was more pronounced for the lower catalyst levels.

Effect of Catalyst Levels and Temperature on the Radius of

Gyration. These results were not as obvious as the molecular weight
results. There was no distinct trend with respect to the radius of

gyration and the catalyst levels and temperature. Figure 4 represents
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the relationship between the weight average molecular weight and the
radius of gyration. From this figure it is evident that there is

not a distinct branched or linear group of polymers. This result is
possibly due to the gel effect (Trommsdorf Effect) such that in cases
of high conversion an autoacceleration occurs in the polymerization
process. Since the autoacceleration is controlling, the reaction
turns viscous, thus causing less mixing and a resultant loss of tem-
perature control in the reactor. With the loss of temperature con-
trol, the tendency for branching is increased with the metabisulfite
and persulfate redox couple. Therefore there is not a distinct set

of linear and branched polymers.

Effect of Degree of Hydrolysis on the Radius of Gyration and

the Weight Average l!lolecular Weight. Each polymer fraction was

divided and hydrolyzed to 25 and 35 percent based on the monomer.
The light scattering results showed no correlation between the degree
of hydrolysis and the radius of gyration or the weight average molec-

ular weight.

Light Scattering Analysis and Error. Assuming a one percent

error in the most variable inputs (refractive index-concentration
gradients, solvent calibration, concentration of polymer, angle, and
the millivolt readings) to the light scattering analysis for a
single point of the Zimm Plot an approximately eight percent error
may result in the determination of the weight average molecular
weight. With regard to this value the errors expressed as a percent

of the weight average molecular weight are very reasonable.



Summary. Although there was not a distinct group of linear
and branched polymers due to the probable gel effect, the results
of the light scattering for the various polymer fractions revealed
both a wide range in molecular weights (1.5 x lO5 to 1.8 x lO7 gms./
mole) and molecular size (1100 to 8977 A®°). Therefore the effect of
weight average molecular weight and the molecular size can still be

evaluated on the flocculation of domestic sewage with the analyzed

material.

Optimum Polymer Dose and Jar Tests

The results are discussed in detail in the succeeding sections
for all topics related to the use of synthesized polymers as floc-

culation agents.

Divalent Cations. As previously discussed in the Literature

Review, the presence of multivalent cations is mandatory for effective
bridging to occur. In this investigation divalent calcium had to ac-
cumulate in the double layer and subsequently depress it so that a
bridge was able to form from the anionic sewage particles through the
divalent cations to the anionic polyacrylamides. Figure 5 illustrated
the importance of the divalent cations: namely, below one hundred
milligrams per liter as Ca++.there were not enough cations present
for satisfactory bridging to be accomplished.

This part of the investigation utilized Dow Purifloc A-23 as
the polymer to test the divalent cation effect. The only published

report using this polymer on domestic sewage referred to data
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collected at the Cleveland, Ohio, Easterly Treatment Plant. The
investigation reported no values on multivalent cation level because
they had a substantial cation source in their waste flow due to
numerous metal plating facilities on their sewage collection system.
Therefore, no comparison of the amount of multivalent cation neces-
sary to accomplish satisfactory bridging was available in the liter-

ature for comparison.

Optimum Polymer Doses. In this section two questions must be

answered concerning the optimum polymer doses for the various poly-
acrylamide fractions. First, what is the effect of the weight aver-
age molecular weight on the optimum polymer dose? Second; what is
the effect of the radius of gyration on the optimum polymer dose?
Table II and Figure 6 relate the optimum polymer doses for the var-
ious polyacrylamides used in this investigation. The only trend
that can be readily gleaned from this data is that as the weight
average molecular weight decreases the optimum polymer dose in-
creases. In order to answer the previously stated questions, a
statistical test commonly called analysis of variance was employed
to allow determination as to whether the relationship between the
weight average molecular weight and the effect of the radius of gyra-
tion given the effect of the weight average molecular weight on the
optimum polymer dose were statistically significant.

The results of the anova test are given in Table III. 1In
this anova the optimum polymer dose was correlated with the logs of

the weight average molecular weight and radius of gyration. The
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reason for this transformation is that the anova variables must be
linear with respect to each other by definition for the anova to be
statistically valid.

The first item to be discussed is the regression due to the
weight average molecular weight. The F statistic in this case was
328.43, and this is highly significant, at the 99 percent confidence
level. This essentially means that the effect of the weight average
molecular weight is very important in determining the optimum dose
parameter. The second item to be examined is the regression due
to both variables. Again the F statistic, 165.58, is highly signifi-
cant, but note that the F statistic is now less than the case where
only the weight average molecular weight is correlated. The regres-
sion due to the radius of gyration given the effect of the weight
average molecular weight is significant but at a lower level of
acceptance, a=0.15. LILssentially this means that in this anova, the
radius of gyration of the various polyacrylamides does have a statis-
tical bearing on the total regression model. With the weight aver-
age molecular weight, the model in simplified terms implies that a
ninety-nine percent probability exists that the molecular weight is
important in the regression. With the effect of the radius of gyra-
tion the model implies that an eighty-five percent probability exists
that the radius of gyration is important in the regression. This
lower significance level is the reason why the regression due to
both variables was less than that due only to the weight average

molecular weight.
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If Figure 4, which is a plot of the relationship between the
weight average molecular weight and the radius of gyration, is
again examined, a wide variation of the radius of gyration is noted
for the various polyacrylamide fractions. This fact again supports
the acceptance of the lower significance level of 0.15 for the effect
of the radius of gyration given the effect of the weight average
molecular weight. The wide differences in sizes of the polymers of
the polymers will have an effect on the optimum polymer doses because
polymers of similar molecular weights and different sizes will have
different limiting rates of shear in the floc production stage.

In conclusion the two questions previously discussed have been
answered through the statistical analysis. First, the effect of the
weight average molecular weight was found to be very important with
regard to the optimum polymer doses. The optimum polymer doses in-
creases as the weight average molecular decreases. This trend is
easily recognized in Figure 6. Second, the effect of the radius of
gyration was also found to be important with regard to the optimum
polymer dose. For similar molecular weights and different radius
of gyrations, the larger radius of gyration the lower the optimum
polymer dose. For example a polymer with a molecular weight of
325,000 grams per mole and a radius of gyration of 1709 angstroms
had an optimum polymer dose of 1.9 milligrams per liter, while a
polymer with a molecular weight of 340,000 grams per mole and 2825
angstroms had an optimum polymer dose of 1.6 milligrams per liter.

The second conclusion therefore implies that the extent of branching



of the polymer chain has an effect on the optimum polymer dose.

Jar Tests. In this section two questions must be answered.
First, what is the effect of the optimum polymer doses of the various
polyacrylamides on the suspended solids and chemical oxygen demand
removals in the flocculation of domestic sewage? Second, what is the
effect of varying the degree of hydrolysis from twenty-five to thirty-
five percent on the above parameters?

In the anovas for the percent removals of solids and chemical
oxygen demand, Tables IV and V, the F statistic in both cases was
highly significant. This automatically eliminated the possibility
that the optimum polymer doses were all just as efficient in removing
solids and chemical oxygen demand. It must be remembered that the
optimum polymer dose as described in the Literature Review only im-
plies the highest solids removal for that individual polymer. The
differences in the suspended solids removals for the optimum polymer
dosages might be attributable to one of several factors. First, the
different polymer fractions may by nature of their physical properties
have varying residual amounts of polymer left in solution and there-
fore not be used in bridging. Second, the molecular weight distri-
butions of the polymers may have an effect on the bridging. Finally,
the size or radius of gyration of the polymer molecule in solution may
greatly affect the shear strength of the floc particles.

With regard to the chemical oxygen demand and solids anovas it
was worthwhile to note that the eight polymers with the highest per-

cent removals were the eight largest polymers, greater than 675,000
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grams per mole, with respect to weight average molecular weight, but
the eight polymers were ranked differently in the respective Duncan's
test. In addition the remaining eight polymers, which were the small-
est, were also ranked differently in both the solids and chemical
oxygen demand removal analysis.

With regard to the degrees of hydrolysis, no distinction was
discerned with regard to Duncan's test. In both the solids and chem-
ical oxygen demand removals neither one of the degrees of hydrolysis
consistently showed any better effect on the removals. Therefore
the conclusion was drawn that there was no appreciable difference
between twenty-five and thirty-five percent hydrolysis of the poly-
acrylamides in the solids or chemical oxygea demand removals in domes-
tic sewage.

At tlie conclusion of the previous jar tests it was decided to
investigate several selected polymers on a higher solids level to
check the effect of large radius of gyration differences and relatively
small weight average molecular weight differences. Seven polymers
were chosen. Three 'linear' polymers, 4-78-35, 4-78-25, and 3-25-25,
and four "branched'" polymers, 1-25-25, 4A-78-25, 4A-78-35, and 1-25-35
were investigated on the higher solids level.

Tables VI and VII are the comparisons of the selected polymers
on the lower, previously used solids level and the higher solids
level respectively. The results of the lower solids level test re-
vealed no trend with respect to the size differences. But the re-

sults of the higher solids comparison demonstrated the fact that with
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relatively sméll differences in the weight average molecular weights,
the more linear polymers yielded a higher solids removal. For ex-
ample in the flocculation tests a polymer of 836,000 grams per mole
and 4217A° removed an additional thirty-seven percent of the suspended
solids, while a polymer of 3,316,000 grams per mole and 2027A° re-
moved only an additional twenty-three percent of the suspended solids.
Therefore long chain branching in anionic polyacrylamides decreases
the solids removal during flocculation.

The higher solids level part of the investigation was aided due
to the fact of an improved mutual agglomeration due to the physical
presence of a larger amount of solids. The chemical oxygeﬁ demand
removal results are presented in Tables XI and XII in the Appendix.
Those results showed no trends with respects to removals and there-
fore were not included.

In the Cleveland Easterly Treatment Plant study using Dow Puri-
floc A-23, it was reported that the addition of polymer increased the
suspended solids removal in the primary clarifier by thirty-nine per-
cent on raw sewage of about 160 milligrams per liter of suspended
solids. The maximum removal obtained in this investigation was
thirty-seven percent on raw sewage of 152 milligrams per liter. There-
fore, the polymers synthesized for this investigation were as a whole

satisfactory with respect to suspended solids removal.



VI. CONCLUSIONS

The investigation of the effect of branching and other pro-

perties of anionic polyacrylamides on the flocculation of domestic

sewage led to the following conclusions:

1.

As the weight average molecular weight increased the
optimum polymer dose decreased (0=0.01).

For polymers of similar molecular weights and
differing radius of gyrations, as the radius of
gyration increased the optimum polymer dose
decreased (0=0.15).

There was no statistically significant difference
in the degree of treatment between twenty-five
and thirty-five percent hydrolyzed polymers.

For polymers of similar molecular weights and
differing radius of gyration, the "linear"
polymers were more efficient in removing
suspended solids. Therefore, long chain
branching in anionic polyacrylamides decreased

the flocculation efficiency in domestic sewage.
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VII. SUMMARY

The first two phases of this investigation were concerned with
the polymerization, hydrolysis and characterization of the polyacryla-
mides to be used in the flocculation studies. The results of the
characterization by light scattering revealed a group of polymers
varying in weight average molecular weight from 18,205,000 to 151,000
grams per mole, radius of gyration ranging from 8977 to 1100 angstroms,
and degrees of hydrolysis of twenty-five and thirty-five percent.

The main purpose and final phase of this investigation was to
determine the effects of molecular weight and radius of gyration, or
branching, on the flocculation of domestic sewage. Prior to this
determination several other parameters were evaluated. First, the
minimum concentration of divalent cation was established as required
to facilitate bridging. This cation level was found to be at least
110 milligrams per liter as calcium. Following the cation determina-
tion, the optimum polymer dose for each of the sixteen polymers was
determined by using the refiltration parameter.

The optimum polymer doses were then correlated against the
logs of the weight average molecular weight and the radius of gyra-
tion. The regression demonstrated that the effect of the weight
average molecular weight was highly significant (0=0.01), and the
effect of the radius of gyration was also significant (@=0.15). 1In
a qualitative manner, the optimum polymer dose increased as the
weight average molecular weight decreased, and for polymers of similar

molecular weights and widely varying radius of gyrations, the larger
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the radius of gyration resulted in a lower optimum polymer dose than
the smaller polymer. Accordingly it was concluded that branching of
the polymer chain, which is related to the radius of gyration, had
significant effects on the flocculation of domestic sewage. For ex-
ample in a flocculation test a polymer of 836,000 grams per mole and
4217 angstroms removed an additional thirty-seven percent of the sus-
pended solids, while a polymer of 3,316,000 grams per mole and 2027
angstroms removed only an additional twenty-three percent of the sus-
pended solids. Therefore long chain branching in anionic polyacryla-
mides decreased the suspended solids removal during flocculation.

In addition it was determined that optimum polymer &oses for
the various polymers did not result in the same levels of suspended
solids and chemical oxygen demand reductions. Finally, there were
no appreciable treatment effects for the different degrees of hy-

drolysis.



~ 9.

10.

11.

12.

13.

VIII. BIBLIOGRAPHY

Wirts, J. J.: '"The Use of Organic Polyelectrolytes for Operation-
al Improvement of Waste Treatment Processes,' Prepared by
City of Cleveland, Grant No. WPRD 102-01-68, 1969.

0'Melia, C.R.: '"Coagulation in Water and Wastewater Treatment,"
Water Resour. Symp., Vol. 3, 1970.

LaMer, V. K., and T. H. Healy: '"Adsorption - Flocculation Re-
actions of Macromolecules at the Solid Liquid Interface,"
Reviews of Pure and Applied Chemistry, Vol. 13, 1963.

Smellie, R. H., Jr. and V. K. LaMer: '"Flocculation Subsidence
and Filtration of Phosphate Slimes," Journal of Colloid
Science, Vol. 13, 1958.

Healy, T. H., and V. K. LaMer: '"The Adsorption-Flocculation
Reactions of a Polymer with an Aqueous Colloidal Dispersion,”
J. Phys. Chem., Vol. 66, 1962.

C. Peterson and T. K. Kwei, J. Phys. Chem., Vol. 65, 1961.

Black, A. P., F. B. Birkner, and J. J. Morgan: ''Destabilization
of Dilute Clay Suspension with Labeled Polymers," Jour.
A.W.W.A., Vol. 57, 1965.

Sommerauer, A., P. L. Sussman, and W. Stumm: '"The Role of Complex
Formation in the Flocculation of Negatively Charged Sols
with Anionic Polvelectrolytes,'" Kolloid-Zeitschrift fiir
Polymere, Vol. 225, 1968.

Cleverdon, D., Harvey, L., Laker, D., and Smitz, P.G.: '"Light
Scattering," J. Applied Chem., Vol. 5, 1955.

Debye, P.: '"Light Scattering," J. Phys. and Colloid Chem., Vol.
51, 1947.

Oster, G.: '"Theory of Light Scattering," Chem. Rev., Vol. 43,
1948.

Enyedv, G., Jr., and R. Lasch: "Zimm Plots of Light Scattering

Measurements, Computer Programs For Plastics Engineers.

Margerison, D. and G. C. East: Introduction to Polymer Chemistry,
Pergamon Press, New York, N. Y., 1967.

63



64

14. Rodriguez, F.: Principles of Polymer Systems, McGraw Hill Book
Co., New York, N. Y., 1970.

15. Norris, M. V.: "Acrylamide Polymers,'" Encyclopedia of Polvmer
Science and Technology, (H. F. Mark, N. G. Gavlord, and
N. H., Bikales, Editors) Interscience Publishers, A division
of John Wiley & Sons, Inc., New York, Vol. 4, 1967.

16. Cavell, E. A. S.: "Kinetics of Polymerization of Acrylamide
Initiated by 4, 4'-Azo-bis-4-Cyanopentanoic Acid," Makromal.
Chem., Vol. 54, 1962.

17. Gilson, I. T., and A. C. Meeks: "Effect of Ferrous Salts on the
Kinetics of Polymerization of Acrylamide Initiated by 4-4'-
Azobis (4-Cyanopentanoic Acid)," Makromol. Chem., Vol. 73,
1964.

18. : "Effect of Uranyl Perchlorate on the Kinetics of Polymeriza-

tion of Acrylamide," Polymer, Vol. 8, 1967.

19. : "Polymerization of Acrylamide in Aqueous Solution,'" Trans.

Faraday Soc., Vol. 53, 1957.

20. Odian, G.: Principles of Polymerization, McGraw Hill, New York,
1970.

21. Dainton, F. S. and M. Tordoff: "Polymerization of Acrylamide in
Aqueous Solution," Trans. Faraday Soc., Vol. 53, 1957.

22. Givey, R. D. and F. Rodriguez: '"Polymerization of Acrylamide
with Peroxy-Disulfate — Metabisulfite Initiator,"J. Polymer
Sci., Vol. 55, 1961.

23. Jen, J., J. V. Lockwood, and T. J. Sven: "Polymerization of
Acrylamide with Chlorate — Sulfite Initiator," J. Polymer
Sci., Vol. 31, 1958.

24. Riggs, J. P.: "The Aqueous Phase Polymerization of Acrylamide,"
Ph.D. Thesis, Cornell Univ., 1964.

25. TF. Rodriguez: 'Persulfate - Initiated Polymerization of
Acrylamide," J. Polymer Sci., pt. A-1, Vol. 5, 1967.

26. : "Polymerization of Acrylamide Initiated by the Persulfate-
Thiosulfate Redox Couple," J. Polymer Sci., pt. A-1, Vol. 5,
1967.

27. Thomas, W. M.: '"Acrylamide Polymers' Encyclopedia of Polymer
Science and Technology, ( H. F. Mark, N. G. Gaylord, and
N. M. Bikales, Editors) Interscience Publishers, A division




28.

29.

30.

31.

32.

33.

34.
35.

36.

37.
38.
_ 39.

40.

41.

of John Wiley & Sons, Inc., New York, Vol. 1, 1967.

Cohen, J. M., G. A. Rourke, and R. L. Woodward: '"Natural and
Synthetic Polyelectrolytes as Coagulant Aids," J.A.W.W.A.,
Vol. 50, 1958.

Michaels, A. S.: '"Aggregation of Suspensions by Polyelectrolytes,"
Ind. Eng. Chem., Vol. 46, 1954,

Gleason, E. H., M. L. Miller, and G. P. Sheats: "A Radiotracer
Study of Branch Formation in Polyacrylamide," J. Polymer
Sci., Vol. 38, 1959.

Carr, R. L., Jr.: '"Polyelectrolyte Coagulant Aids, Dry and Liquid
Handling and Application," W. and S. W., Vol. 114, No.
RN, R64-R72, 1967.

Private communication from Mr. J. Books and Prof. T. Ward of the
Virginia Polytechnic Institute and State University Department
of Chemistry.

Kotera, A.: '"Fractional Precipitation," Polymer Precipitation,
(M. J. R. Cantow, Editor) Academic Press, New York, N.Y.,
1967.

"Dichotomies in the Viscosity Stability of Polyacrylamide
Solution," Polymer Letters, Vol. 10, 1972.

"Purifloc Flocculants, Technical Data," Dow Chemical

Company, 1972.

Canadian Patent, 522, 851 (1956) to Dow Chemical Company.

Clarke, C.: Determination of Hydrogen Ions, Williams & Wilkins
Company, New York, N. Y., 1928.

Private communication from Dr. S. L. Daniels and Dr. Nitis Sarkar
of Dow Chemical Company.

Matijevic, E. and M. Kerker: ''Heteropoly Compounds. IV," J.A.C.S.,
Vol. 81, 1959.

Maron, S. H. and R. L. H. Lou: '"Calibration of Light Scattering
Photometers with Ludox-The Absolute Turbidities of Some Pure
Liquids," J. Poly. Sci., Vol. 14, 1954.

Goring, D. A. I., M. Senez, B. Melanson, and M. M. Huque: '"Light
Scattering Calibration with Ludox," J. Colloid Sci., Vol. 12,
1957.



42.

43,

44,

45.

46.

47.

48.

49,

50.

"51.

52.

53.

54.

55.

06

Kratohvil, J. P.: '"Light Scattering," Anal. Chem., Vol. 36, 1964.

Kratohvil, J. P., Gi. Dezelic, M. Kerker, and E. Matijevic:
"Calibration of Light Scattering Instruments: A Critical
Survey'", J. Poly. Sci., Vol. 57, 1962.

Jennings, B. R. and H. G. Jerrard: 'The Use of Syton 2X Colloidal
Silica as a Calibration Medium for Light Scattering Photometers,"
J. Poly. Sci., Vol. A2, 1964.

Frank, H. P. and H. F. Mark: '"Report on Molecular-Weight Measure-
ments of Standard Polystyrene Samples," J. Poly. Sci., Vol. 10,
1953; Vol. 17, 1955.

Mommaerts, W. F.: "The Measurement of Light Scattering Intensities
According to Brice," J. Colloid Sci., Vol. 7, 1952.

Kerker, M., J. P. Kratohvil, R. H. Ottewill, and E. Matijevic:
"Correlation of Turbidity and Activity Data. II. Tungstophos-—
phoric Acids," J. Phys. Chem., Vol. 67, 1963

Kratohvil, J. P., L. E. Oppenheimer, and M. Kerker: 'Correlation
of Turbidity and Activity Data. III. Tunstosilic Acid - Sodium
Chloride-Water," J. Phys. Chem., Vol. 70, 1966.

Kerker, M.: The Scattering of Light and Other Electromagnetic
Radiation, Academic Press, New York, 1969.

Kratohvil, J. P., M. Kerker, and L. E. Oppenheimer: 'Light Scattering
by Pure Water," J. Chem. Phys., Vol. 43, 1965.

"Brice Phoenix Differential Refractometer,'" Manual BP-2000-V.

"Light Scattering Photometer Operation Manual CM-1000A,"
Brice Phoenix.

Duncan, D. B.: '"Multiple Range and Multiple F Tests,'" Biometrics,
March, 1955.

Duncan, D. B.: "A Significance Test for Differences Between Ranked
Treatments In An Analysis of Variance,'" Virginia Journal of
Science, Vol. 2, 1951.

Draper, D. and C. Smith. Applied Regression Analysis, McGraw Hill
Book Company., 1966.




IX. APPENDIX

This section contains the computer program utilized in the
light scattering data reduction, tables containing basic data, a
section describing the statistics used in this investigation, and
a description of the materials and apparatus employed in this inves-

tigation.
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COMPUTER PROGRAM FOR LIGHT SCATTERING ANALYSIS

DIAENSICN POLY(15),SOLELS) oCONCIT),ANGLE(LL) ,Y(7,11),AL2),

AXX(7911)91(7,7) yAf"i(;L(ll) _'TT‘?,ll)

READ IN NAME.OF POLYMER, B Ok Ly FRACTION Ma3sr, 40 UMITS

READ(5,1) (POLY(K)yk=1,17)
FURMAT(1 YA4)

WRITF (09 2392)(PLLY{K)yK=1,10)
FORMAT(1HLs EX,1744)

READ IN NAME OF SOLVEMT, 47 UNITS
READ(5,1) (SOLIK)sK=1,10)
WRITE(/49997) (SGLIK) 3K=1,10)
FIRMAT(/Z/ 95Xy 154 4)

NC==NO. 07 CONCFNTRATIUONS, IMNCLUDING ZERO
NR==-NC. 0OF kEA}INPS AT A GIVEN CONCENTKATION, ANGLES

KEAD(5452) NCyIR

EIRMAT(211C)
WRITE(£,5G9¢) NC MR
FORMATL //95XKs V1.7 e ©F COUCENTRATIONS IS a1ty /a5X,y "0l LF ANGLIS 1

AS 1,14//7)

RINDEX--REFRACTIVE INDEX OF SCLVENT, UNITS

DNDC—=REFRACTIVE INDEX CONCENTRATION GRADICNT, UNITS/{GIH7CC)

FRSO=-=RAYLEIGH RATIU AT 20 DEGRFES
RAVELT-=wAVFLENGTH 0F LIGAT IN VACUD IN ANCSTICMS

SOLINT-=CALIBRATION IN MILLEVCLTS, PURE SCLVENT AT 90 DEGKEES

XSF*-ABSCISSA.SCALE FACTOR, SPREADS ABSCISSA

ACOC5

ACC1S
AGG20
ACC25

ACG30

AGO3S5
ACO040
ACO&S
ACO50
ACCS5
ACO6&0

“AD065
- ACQT0

ACCTS
ACO80
ACO85
ACDSO
AT CSS
AC100
AC1CS
AC1l1C
AC115
AC120
AC125
ACl13¢C
AC135
AC140
AGl45
AC150
AG155
A0C160

.89



REAR(593) RIANDEXyDNLCHF EI D wAVELT SCLINT 4 XSF
2 FORMAT(?FIU.chlJ.Z,EFlu %)
WRAITE (6 3955) RIMOEXyNMNL ¢ 232G g WAVELT ,STLINT o XSF
GLIE FIRMAT(///SXy " REZFRACTIVE THDEY GF SCLVENT IS ', 510244/
ASX "REFRACTIVE IMDEX CUMNCENTXATICON GRASIENT IS 'WFlCa«/
BEXy YRAYLEIGH FATIC AT €7 ORGHEES IS '4,£13,3/

CEXy "&AVELENGTH CF LIGHT 15 VACUL TN ANGSTEUMS IS5 *1,710.4/
SEXSYCALIBFATICON TN MILLIVTLTS, PURE SOLVENT AT 65 JRESRESS IS ',
EFLI.&/8Xy ARSCTISSA SCALE FACTOR IS 'YWwF1C.4/7//7)

C

C CONCUI)==CUONCFNT - AT IOMNS FRM Z0ED, GRAMS PR MILLILITER

REAG{5,6) {CONC(T),1=140N0)
& FORMAT(6F10.5)
: WRITE(£93664) {(CONC{I)yI=1,%0)
9694 EURMATISX, *THF CONCENTRATIUNS
AEX,&F1C.4677771)

It GRAMS POR MILLILITER ARE ',/7/

ANGLE{T)==ANGLES AT HWHICH VARICUS #“EASUREHMENTS WERE MADE, DEGAIFES

[aNaNe!

RE"-\Q(S,!%) (ANGLE(T) 3y T=14"1%)
4 FORMAT(11F%.0)
WRITF(£4G0993) (2MCLE(T)yi=140R)
CCC3 FURMAT(SX, " ANGLES riw A%NAaLYSIS Ih DOGFT2S 1V ,5X%,/ 02X, 1F5.0///77)

Y([4J)==LIGCHT INTaSITI

5 AT VAP LCQUS ARGLES MEASURED AT A
PARTICULAF CONCZNT

RATICN, STARTINMG WwITH SULVENT

lixl)

OO

D3 7 I=1,MC
7 RFAD(S+4) (Y(I,J),J=1,NE)
L3 777 I=14NC
DC 777 J=1,0NR .
777 TTUL,Jd)=Y(1,J)

ACL1é5
AC170

€175
A(180
AC185
AClceC
AC1S5
rAC200
AC20S

AC210

AC215
A22C
AC22%
AT 230
A0235
AC249
AC245
AL250
AC255
AC260
AT2AHS
AC2T7C
AC2TS
AO2R0
AL235

AG290

AO2495
A23C0
AG305
AQ306
AC3G7
AC308

[oN]
o



3GG2

cge]
%990

[aNeNe]

OO0

OOOOHOOOO

W ITE(65,00C2)

FORMAT(S5X,y "LIGHT INTENSITIES, AHGLES ACRTSS, COMC.
N 3961 T=1,NC

NARITE(64GCCGC) (Y(Tyd)yd=1,y8K)
FURMAT(S5X,11F7.C)

GPr= OPTICAL COMSTANT

OPK=24%{2, 141 6D DCHAINIEX) #5242 SCLINT/ Ci AVELT #5454, 00231 E-C

NG & I=2,NC
CON=CONC (I )%XST

GENERATE ABSCISSAS AND QROINATES

D0 8 J=1.NK

ANG=ANGLE(J)*C 017453293
SINE=STN(ANGHC . 5)

XXUI=19J)=SINF=SINE+CON

SINE=SIMNIANG)

COSINE=CAS{ANG)
DIV=SINE/Z{COSINERCrSINE+L.:2)

TTUTI ) =CORCETI)I=UPK/0IY (Lyd ) =Y (1,4d))%"1V)
Y(I,J)=CONCOI)=0FR/IY( Ty J)=Y{1,d)}%D1V)

SET UP MATRIX OF NCPMALIZED FEGPESSIUN EGUATION

REGRESSICN EGUATICN THAT WILL BF NORMALIZED

FEC/TAL = KXC/RTHETA = 1/ 442%RECH2EDXCECHL/ (%M XCONLESINE(A/2) %%2
FCON2#S INE (A/2 ) %54+ CONBRCHS INE(A/2) %%2

SY=0,

2890)

AC310
AC315%
AC320
AC325
A0330
AC335
AC240
AC345
AC35Q
AC355
AC3ED
AC365
A0370
AC375
AC3E&C
A0385
AC350
AC395
AC4CO

C405
AC410
ACLL4
AC415
AC&20
AC425
AC430
ACL35
AC440
A0445
AC450
A0455
AC460

0L



SCy=0,

SC2Y=7,

SS2y=9,

SS4yY="1,

SCS2Y=0

SC=0.

SC2=0.

SS2=7.

$54=C.

SCcs2=12.

SC3=0,
SCS4=0.

SCZ252=C.

5C4=0.
SCZ2S4=C.

SC3S2=".
556200

$sS2=C.

SCS&=C.

O 101 I=2,MC

D3 121 J=1,MK
ANG=ANGLE(J )X, 017452293
SINT=SIN(ANG*.5)
SINE2=S1INE®S[ME
SINE4=STHEZ*SINE2
CINCN2=COCNC D) =CaNC(T)
SY=Y{I,J)+SY
SCY=Y(I,J)*CONCLI)+SCY
SC2Y=Y(I,J)*CCHCHN2+SC2Y
SS2Y=Y(],4J)*SINEF2Z+S52Y
SS4Y=Y{1,J)*SINEL+SS4Y
SCS2Y=Y(1 4 J)*CONCIT)®=SINZ2+45052Y

AC4 &S
AT4T)
AC475
AC4EG
AGC4R5
AO4GQ
AC4c5h
ADSCO
ALSCH
ACS1N
AT515
AC5Z0
ACS525
AGS530
AC535
ACS4C
A0S545
ACS550

ACSS5
AT6CD
ATGHCS
AG61l0
AG615
AC62D

TL



101

SC=CCNC( 1) +SC

SC2=CCNCN2+SC2

SS2=SINE24SS?2

SS4=SINF4+5S4
SCS2=CONC(I)*SINEF2+SCS2
SC3=CUNC(I)*CUNCMN2+SC3
SUS4=CONC (I )4ASTNT4+SCS4
SC2S2=COMCN2*SINF2+SC2S2
SC4=CLNCN2*CONCN2 +5C4
SC284=CONCN2%SINEL+SC2S4
SC2S2=CONC( I )*CCONCHN2%SINE2+SC3S2
SSon=SIME4*SINE2+SS¢6
SS5=SINF4%*SINE4+SSA
SC36=CCNCLI)#SINE4*SINFZ+SCSA
Z{1ly1)={NC-1)=NR

Z{1,2)=SC

Z(143)=5SC2

7(1,y4)=5S2

2(145)=5S4

Z(1,£)=5CS2
{1, 7)=SY
2{2,1)=5C
72(2,2)=SC2
1(2,2)=5C3
Z(2,4)=SCS2
202,5)=SCS4
1(246)=5C2S2
2(2,7)=SCY
2(3,1)=S€C2
7(3,2)=5C3
2(3,3)=SC4 :
2(344)=SC2S2

AC625
AC632

AD635

AC640
AC645
AC650
AC6E55
AC6ED
ACHES
AG6TH
AC6TS
AG68D
A0685

- ACES9D

ACKGS
AQ0700
AOTCS
ACTL1®
ACT15
ACT720
ACT25
ACT730
ACT35
ACT40
ACT745
ACT750
ACT755
ACT€0

ACTES

AC770
AQT75
ACTec

L.



o0

2(2,5)=8C2S%4
L(5446)=50352
2(3,7)=SC2Y
Z(*,l):sgz
7(%42)=5CS2
Z(493)=5C2S2
Z{4+,4)=5S¢4

L{+95)=55¢
I{(%+96)=5"54%
7(44,7)=5SS52Y
2(5,1)=SS4
2(5,2)=5(0S54%
Z2(5,2)=5C25%
Z{(5,4)=5S6
7(5,5)=55¢%
Z1(5956)=5CS¢
2(5,7 )’§34Y
2(6,41)=5CS
2(0,2)—<‘2cz
Z(OyB)'SCqu
2(4%,4)=SCS&
I(h,5)=5CSé
Z{546)=SC2S4
I{547)=SCS2y

SSLVYE FC= MATHIX

MNROY=E
NCoL=7
IRDvi=1
JCulL=1

CJEFFICIENTS

ACTES
ACTeQ
ACT9S
ACRQOD
AL3CS

UUIO
ACal5
ACR2C
ACBz>
AC82D
A(835
AQ84¢C
AC545
AC350
ACKES
ALKEG
AC 865
LACETD
AGRTS
AQERD
ACE85
ATRAaN
ACBGS
ACGCD
A QC5
ACS1O

ACO15

AN920
ACR2S
AC930
AC935
AG940

€L



[N

OO0

(85
-

o

Z0uq

205

SEAPCH FO® LAPGEST VALUE 2F Z(1,J

II1=1%30n
JJd=JCiL
J=JCOL
2[52=2(11,JJ)

NG 23572 [=TFR0WeNEDY

[FOABSI7(T4J))-~A2SIBIGZ))

INTERCHANGE ROWS TC

1=1«0W

CO 206 J=JCuL,MCTL

A(II=Z(T,J)
Z(1,3)=2011,4J)
Z{11,yJJ)=A0T)
Jd=0Jd+L
[[=1IR04+1
JJ=JCaL+l

J=JJ

v

PLACE LAFGEST

FECHCE MATEIX oY TETANCULAY DRCUH

{1 20% I=T11985%0wm

FACTO==2{1,JJd-1)/L152

O 295 J=JJ,N00L

Z(1,J)=2(15J)-201KUW,J)*FACTLR

IROW=IRTOW+]
JCOL=JCCL+1

) IN O FLeST COLUMN

203,203,252

VALNE OF Z{1,4)

POSTTION

FETHOO

Rt
S

DIachHAL

ACG 45
AC950

ACOS55

- AGGEN

A0G 65
AC9TH
ACAT5
ACGRC
ACSES
A09SN
ACSG5
A13G0
A1QGS5
A1C19O
A1015
A1C29
A1025
A1 30
A1235
AlZ 4D
AlC&as
A1CSD
Al1255
AL3ED
AL1CHS
A1CTD
A1075
Al17285
AlQCD
Al1CS5
AllrO
Al1105

12



OO

eNeNel

IF(HRUN=-TIRNY) 206,206,271

SRESSICN FQUATICN CUFFFICIORTS A(I).

o
H"

A(NKOW) =7 (MO NCCL )/ Z{NMNED N, HREN)

I R0W=0NR0W

N=HRTR-1

FACTOR=T,

DUy 208 J=1~Cuig NSO

FACTOR=72 Ny J)=ALJ)+FACT K

A(N)=LZINGNCOLY=FACTORY /21y )

[F{N=2) 210,203,225
¢ N=iN=-1
CIRGW=IRCY-1

Gd T 2(C7

CALCULATZ DESIARED PLLY®ES DECPERTIES

ApiMadT=1.746(1)

SVC=4a(2)/2 .5

TVZL=A{3)/3.C

FA)GY“CJrT(\ S (e ) /A1) 300 )Y RWAVELT /(4.7 %2, 1415927 IREIX)

”ITL(),&lS) A1)y a01)y A2 ALZ) 204 )08 yAL0S5)

F RMAT(LHLySXy24A2TMM FLOT Y=AXTS TIRTERCEOT Z17X42H= 4 612.6/7/75X
’3\331(‘,{';’553?:[(;155"17" E r'o?ﬂ CS55TC0N sQUATION 1 INXGTHA(L) = HZT1%45/
RE3XaTHALZ) = 401240/ 43X,74A12) = 4E13.¢/
C43X,y THA(4) = ,E13, ‘/4",7J“(r) = 3 R13.6/435Y 3, THA(S) = HE13.5/7)

WRITE(S921C) AWMaTSYC,TVE,,FALCYR

FOURMATIS5Xy31HwETIOHT AVERAGT MOLECULAR WEISHETy 12Ky 2H= 4815447/

ASXy45ASFCOND CSMUTIC PRESSUFE VIFIAL COSFRICIENT = ,3Z12.6//7
E5X 9 4SHTHIPDC OSHCTIC PPESSURE VIRIAL CLEFFICIENT = 4,£13%.6//7
CE5Xy26HAVERAGE RADIUS OF GYRLTICN,17X,2H= ,F12.4)

A1110
Al1115
All12C
All25
Al11320
Al11Z5
Al149
AlleS
All5¢0C
Al1155
A116C
All165
Al117C
Al1175
A1180
4l1R5
All190
All¢5
Al125C
AIZ ~8
Al217

"Al21%

A1220
Al22%
Al230
Al1235
A1240
A1245
412590
A1Z255
Al1260
Al2¢5

St



OO

CALCULATE ThE STANDARD ERRT

Dzv=90.2

SSD=0.
DATA=NC NP =2
JO=1+MR
ANGL(L)=340

DO 537 I=1,1F
J=1+1
AMGLJ)=ANGLE(T)
B 538 I=1,JdC
J=1
AMGLE(J)=ANGL(T)
03 22C I=2,MC

D0 220 Jd=1.Jd€

XZT=ANGLE(J)*eCLT4532¢3%2,5

YC=SIN(XZT}

CYC=YCxY(C

YO=A(L)+CONCLI) A (2)+ 000 (T)

ACONC{ I*YC*A(€E)
DO 539 K=1,KR
KK=K+1
Y(IKK)=Y(1,4K)
IF((I-1)%1J-1))
K=4-1

2204227, 21

DEV=(1e/Y{I,44))-11./YC)

SSN=DEV*BEV+S5SD

SIZ=SQRTISSD/TATA)

WRITE(64221) SEF

2
<

FORMAT(/5Xy26HSTANDARD ERROP
PERC=SEE*1CC.*A(1)

RODF ESTIHATF

HCONCLT)=A(3)+YCHA(4 ) +YORYCHA(S) +

CF ESTIMATE,Z17Xs2H= 4E13.6)

A1270
A127%
Al1Z&C
Al2¢&4
Al1285
AlL26G0
Al1291
Al12G2

" Al2¢3

Alz2ac4
A1265
Al1296
Al2¢7
Al2s8
A12G9
A1200
Al13C4
A1305
41310
Al1315
Al3an
Alzc1
Al322
Al223
21324
A1325
Al326
A1330
A1335
Al34C
A1345
A1350

9L



WRITE(6,223) PEFC ' A1355

223 FORMAT(SX,42FERFER AS PESCENT (F WGHTW AV5e #4dLle wodT e 5 dH= A13¢€0
AFG,4) Al13¢5
222 FEIKMAT(1HL) A1375
505 DO 53C I1=1,%C A1380
IF(I-4) &S03,50Z,5U3 A1385

503 WRITE(54222) Al3Q0
804 wRITELS,SC7) Ceril) . AL13295
BCT7 FORMMTI(//ZEX g LEHCIHCENTR AT =450 ,% 370 588 /4L // Al140C0
LEX g SHANGLE p5Xy BHABSCTI S8 A, 5%y IOHCAL CULATED 9 £.X 4 2ATBSERVED/ A14C5
30Ky cHURPDINATE 37X EHCHDINATRY) ‘ Al41lC
JN= 14N : Al415

8032 N3O 523 J=1,J0C A1420
K=J-1 ' _ Al425
XXP=ANGLT (J) *0 . 5%,017453273 Al431
XXX=STIN{XXP) Al432

XXX =XXX%XXX A1435
XXY=CONC{T)#XSF+XXX Al440
YY=A(D)+A(2)5CONC I Y +A(3YRCONCIT)IHCONC (L) +AL4) 2 XXX+ Al&45
AB(S)RXXXEXXX+A(E)RCONCH T ) =XXX A1480
515 IF(J-1) 514,519,516 A1455
516 IF(I-1) 51%4519,521 A1&ED
519 WRITE(6yS20) ANGLE(JS) 9 XXY, VY Al1455
520 FOIMAT(FI Ll gFlz el gyeXaFllacyiXyb12,5) 41470
G TQ 523 Al475

€21 WRITE(E,52%) AMGLEAI) ¥ XY YY,TTL1,4K) Al1480
525 CONTINUE ‘ Al1485
531 CONTINUF Al4<O
REAS(5,531) HIPPT ) A1495

531 FORMAT(S5X,14) , A1500
IF(NIPPC) EB32,522,00CC ' : A15CS

532 ST%; A1510
Y

LL
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TABLE VIII. PRELIMINARY LIGHT SCATTERING DATA

POLYMER CONC. MILLIVOLTS AT VARIOUS ANGLES REFRACTIVE
gm/ml INDEX -
CONCENTRATION
GRADIENT

25 30 35 40 45 50 55 90 ml/gm

.000000 1461 635 279 101 60 32 22 13 .1365
.000302 4161 2375 1714 1176 814 665 497
.000408 4761 2818 2014 1401 1005 828 641
.000538 5413 3286 2157 1682 1238 992 783
.000696 6329 3822 2297 1951 1423 1072 856
.000951 7501 4487 2864 2217 1659 1271 951

1-25-25

.000000 1461 635 279 101 60 32 22 13 .1358
.000352 4307 2462 1772 1209 843 687 513
.000469 4931 2907 2079 1445 1072 855 668
.000734 6595 3962 2377 2017 1471 1112 886
.000983 7739 4617 2961 2294 1713 1308 983

1-25-35

.000000 1461 635 279 101 60 35 22 13 .1365
.000351 2234 1209 836 575 471 352 283
.000468 2441 1357 998 708 564 429 349
.000625 2690 1546 1114 796 624 508 404
.000834 3129 1768 1208 877 720 568 465

2-25-25

.000000 1461 635 279 101 60 35 22 13 .1383
.000333 2122 1149 794 546 448 1334 269
.000445 2319 1289 948 673 535 408 331

2-25-35 000593 2656 1469 1059 755 593 482 383
.000792 2972 1679 1147 833 684 540 442

.000000 1461 635 279 101 60 35 22 13 .1372
.000657 2874 1361 888 561 481 357 286
.000877 3389 1653 1031 706 553 436 343
3-25-25  0p1170 3799 1897 1186 818 638 511 409
L001560 4483 2177 1249 947 687 581 469
.002775 6268 2793 1719 1151 877 721 587
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TABLE VIII. CONTINUED

POLYMER  CONC. MILLIVOLTS AT VARIOUS ANGLES REFRACTIVE
gm/ml INDEX
CONCENTRATTON
GRADIENT

25 30 35 40 45 50 55 90 ml/gm

.000000 1461 635 279 101 60 35 22 13 .1351
.000636 2817 1333 870 550 471 351 280
3-25-35 .000850 3321 1619 1010 692 542 427 336
.001135 3723 1860 1162 802 626 501 401
.001513 4394 2133 1224 928 673 570 459
.002019 5240 2510 1422 1053 771 625 521

.000000 1239 581 237 119 63 32 20 12 .1375
.000292 5115 2318 1805 998 878 548 360
.000389 6267 3133 2232 1329 1097 750 511
.000319 7877 4309 2721 1835 1486 1031 763
.000692 9555 5724 3027 2365 1596 1341 959
.000923 13338 7230 4189 3228 2087 1818 1344

4-25-25

.000000 1239 581 237 119 63 32 20 12 .1362
.000300 5283 2383 1865 1001 908 563 371
.000401 6421 3216 2291 1370 1117 771 528
.000534 8092 4503 2800 1883 1513 1059 771
.000712 9813 5899 3099 2414 1632 1378 982
.000951 13789 7471 4294 3326 2152 1870 1381

4-25-35

.000000 1296 564 247 88 53 31 20 12 .1369
.001260 2926 1884 1283 961 748 626 525
.001681 3334 2103 1382 1035 835 671 588
.002250 3799 2271 1524 1118 887 725 617
.003007 4436 2565 1641 1193 915 782 654

1-78-25

.000000 1296 564 247 88 53 31 2012  .1372
.001235 2838 1829 1245 932 725 608 501

1-78-35 -001646 3235 2042 1341 1000 808 655 571
.002205 3685 2200 1481 1085 863 707 596
.002947 4300 2491 1590 1161 883 758 636
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TABLE VIII. CONTINUED

POLYMER CONC. MILLIVOLTS AT VARIOUS ANGLES REFRACTIVE
gm/ml INDEX -
CONCENTRATION
GRADIENT

25 30 35 40 45 50 55 90 ml/gm

.000000 1296 564 247 88 53 31 20 12 .1352
.001100 2498 1563 998 714 585 517 423
.001475 2894 1777 1155 864 643 575 486
.001962 3316 2033 1282 965 712 622 525
.002621 3913 2296 1423 1031 763 663 575

2-78-25

.000000 1296 564 247 88 53 31 20 12 .1384
.001056 2433 1520 971 644 567 510 410
.001416 2763 1724 1121 838 623 557 471
.001880 3411 1673 1244 936 691 604 509
.002520 3815 2229 1380 1002 741 645 557

2-78-35

.000000 1160 527 212 126 73 48 31 12 .1386
.000418 7099 4169 3362 2192 1834 1359 965
.000557 8881 5612 4217 2961 2372 1801 1346
.000744 10650 6685 4818 3349 2918 2006 1494
.000992 13831 8979 6402 4471 3795 2760 2079
.001322 17250 11571 8329 6037 4815 3642 2740

4-78-25

.000000 1160 527 212 126 73 48 31 12 .1392
.000447 7542 4435 3595 2337 1951 1443 1023
.000594 9392 6002 4507 3160 2532 1920 1439
.000793 11396 7110 5132 3561 3110 2130 1594
.001050 14790 9576 6810 4732 4048 2943 2221
.001411 18395 12362 8887 6430 5135 3872 2932

4-78-35

.000000 1160 527 212 126 73 48 31 12 .1368
.00098¢ 3702 2055 1333 990 736 635 518
.001300 4692 2472 1525 1097 819 719 578
.001735 5664 2882 1781 1224 901 803 @47
.002314 6657 3216 1881 1328 10N2 863 493

ba-78-25



TABLE VIII.
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CONTINUED

POLYMER CONC. MILLIVOLTS AT VARIOUS ANGLES REFRACTIVE
gm/ml INDEX -~
CONCENTRATION
GRADIENT
25 30 35 40 45 50 55 90 ml/gm
.000000 1296 564 247 88 53 31 20 12  .1372
.000970 3629 2015 1307 971 722 623 508
4a-78-35 .001275 4600 2424 1496 1076 803 705 567
.001700 5553 2826 1747 1200 884 787 635
.002268 6527 3153 1845 1302 983 847 679
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TABLE IX
TUNGSTOSILICIC ACID CALIBRATION CHECK DATA
FOR THE LIGHT SCATTERING PHOTOMETER IN .10

MOLAR SODIUM CHLORIDE

CONCENTRATION Ke x 103 SLOPE
gms/ml Re
Run #1 . 04859 .33909 0.030
.0364¢4 . 35066
.02733 .35123
.02049 .33918
.01536 .37818
. 00864 .35369
.00648 .31696
. 00486 .34854
.00364 .35069
.00273 .29257
.00204 .36713
.00153 .32429
Run #2 .04532 .37981 1.100
.03967 .37052
.03465 . 36817
.03033 .37017
.02655 .35962

.02323 . 35499




.50

.45

.40

w
W

w
o

Kc/Rg x 103, moles/gm

.25

.00

83

= -6
R9O,u .675 x 107° 1/cm
—UF Run #1 Mw = 2940
—O~ Run #2 Mw = 2900
O - .
a o O-C
i 0 s O a -
o - 4
— — 0 O
a0
O
- O
] 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05
Concentration, gms/ml.
Figure 8 Light Scattering Calibration Check with

Tungstosilic Acid and 0.10 Molar Sodium
Chloride System
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TABLE X. RESULTS OF MINIMUM DIVALENT CATION
AND OPTIMUM POLYMER DOSAGE DETERMINATION

DIVALENT SUSPENDED CHEMICAL POLYMER REFILTRATION
POLYMER CATIONS SOLIDS OXYGEN DOSAGE RATE
- DEMAND
mg/1 @ Ca mg/1l mg/1 mg/1l ml/sec
Purifloc 82 54.2 63.0 0.1 .082
A-23 118 0.1 .090
154 0.1 .089
190 0.1 .091
226 0.1 .089
100 0.1 . 089
82 1.0 .067
118 1.0 .069
154 1.0 .073
190 1.0 .071
226 1.0 .072
100 1.0 .073
4-25-25 72 53.5 70.8
108 0.1 .081
108 N.5 .080
108 n.2 .087
108 0.3 .091
108 0.3 . 094
108 1.0 .079
77 53.5 70.8
4-25-35 108 0.1 .N91
108 0.5 .085
108 0.2 .104
108 0.3 .095
108 0.2 .108
108 1.0 .078
1-25-25 74 61.3 66.9
114 1.0 .070
114 1.2 .082
114 1.2 .079
114 1.3 074
114 2.0 .068
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TABLE X. CONTINUED

DIVALENT SUSPENDED CHFMICAL POLYMER REFILTRATION
POLYMER CATIONS SOLIDS OXYGEN DOSAGE RATE
—+ DEMAND
mg/1l @ Ca mg/1l mg/1 mg/1 ml/sec
1-25-35 74 61.3 66.9
114 0.5 .N68
114 1.0 .0R0
114 2.0 .N6A
114 1.5 . 069
114 1.2 .077
114 1.2 076
114 1.3 .071
2-25-25 83 48.3 86.6
119 1.0 .001
119 2.0 .097
119 3.0 .N88
119 2.5 .103
119 2.2 .1n2
119 2.4 .101
119 2.3 .110
119 2.3 .107
2-25-35 83 48.3 86.6
119 2.0 .095
119 2.3 .005
119 2.5 .104
119 2.7 .N92
119 2.5 .105
3-25-25 74 61.3 69.2
113 1.0 .N89
113 1.5 .Na3
113 2.0 .N76
113 1.6 .089
113 1.8 .079
113 1.5 .002
113 1.7 .086
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TABLE X. CONTINUED

DIVALENT SUSPENDED CHFMICAL POLYMER REFILTRATION
POLYMER CATIONS SOLIDS OXYGEN DOSAGE RATE
- DEMAND
mg/l @ Ca mg/1 mg/1 mg/1 ml/sec
3-25-35 74 . 61.3 69.2
113 1.n .086
113 2.0 N72
113 1.5 .Na4
113 1.6 ,008
113 1.7 0ol
113 1.6 .096
1-78-25 74 60.4 71.3
112 1.5 .N87
112 2.0 .00l
112 2.5 .N83
112 1.9 .N95
112 1.8 .No1
112 1.9 .097
1-78-35 74 60.4 71.3
1i2 1.8 .Nal
112 1.9 .N99
112 1.9 .098
112 1.7 .Noq
112 2.0 .N87
112 2.5 .073
2-78-25 85 52.8 72.5
121 2.N .00
121 3.0 .N84
121 1.n .N92
121 2.5 .092
121 2.4 .103
121 2.3 .NO4
121 2.4 .101
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TABLE X. CONTINUED

DIVALENT SUSPENDED CHEMICAL POLYMER REFILTRATION
POLYMER CATIONS SOLIDS OXYGEN DOSAGE RATE
+ DEMAND
mg/1l @ Ca mg/1 mg/1 mg/1l ml/sec
2-78-35 85 52.8 72.5
121 2.0 .001
121 3.0 .N87
121 2.5 .093
121 2.4 .no7
121 2.4 .101
121 2.3 .003
4-78-25 75 69.2 ' 81.3 .
119 1.0 .0R1.
119 2.0 .N8N
119 1.5 .NR5
119 1.6 .085
119 1.4 .092
119 1.3 .087
119 1.4 .NRQ
119 1.2 .085
4-78-35 75 69.2 81.3
119 1.4 .085
139 1.5 .0R7
119 1.6 .N94
119 1.6 .094
119 1.7 .089
119 2.0 .086A
4a-78-25 77 62.3 69.1
117 1.0 .083
117 1.0 .N83
117 1.2 .075
117 1.4 .073
117 .9 .077



38

TABLE X. CONTINUED

DIVALENT SUSPENDED CHFMICAL POLYMER REFILTRATION
POLYMER CATIONS SOLIDS OXYGEN DOSAGE RATE
— DEMAND
mg/l @ Ca mg/1 mg/1 mg/1 ml/sec
4La-78-35 77 62.3 69.1
117 1.0 .079
117 2.0 .072
117 1.5 .079
117 1.n . 080
117 .9 N84
117 .9 .N83
117 .7 .075



TABLE XI. RESULTS OF JAR TESTS EMPLOYING THE OPTIMUM POLYMER DOSES

POLYMER DIVALENT SETTLED SOLIDS CHEMTCAL SETTLED CHEMICAL
FRACTION CATIONS SOLIDS SOLIDS AFTER OXYGEN CHEMICAL OXYGEN
WITHOUT TEST DEMAND OXYGEN DEMAND
POLYMER DEMAND AFTER
WITHOUT TEST
— POLYMER
mg/l @ Ca mg/1 mg/1 mg/1 mg/1 mg/1 me /1
4-25-25 77 65.0N 78.1
110 50.0 (0.0
110 37.2 58.1
110 35.6 56.5
110 35.6 55.0
110 32.9 57.0
119 34.3 55.8
4-25-35 77 65.1 78.1 o o
110 50.0 56.7
110 38.5 57.0
110 34.2 53'3
110 41.5 5é'3
119 3R8.6 )
55.N
110 35.7
4a-78-25 75 73.0 92.5
110 57.8 78.N
110 41.5 50.0
110 44.3 51.1
110 41.5 49,2
110 41.5 52.3
110 44.3 52.0

68



TABLE XI. CONTINUED

POLYMER DIVALENT SETTLED SOLIDS CHEMICAL SETTLED CHEMICAL
FRACTION CATIONS SOLIDS SOLIDS AFTER OXYGEN CHEMTCAL OXYGEN
WITHOUT TEST DEMAND OXYGEN DFEMAND
POLYMER DEMAND AFTER
WITHOUT TEST
+ POLYMER
mg/1l @ Ca mg/1 mg/1 mg/1 mg/1 mg/1 mg/1
4a-78-35 75 73.0 02.5
11n 57.8 78.0
11e 45.8 46,2
1108 . 44,3 51.1
110 43.8 52.3
110 41.5 52.3
110 45.8 4o 2
1-25-35% 79 54, ¢ AR N
110 45.7 AN, 0
110 38.4 40,5
11n 35.4 45,6
110 37.8 48.7
110 39,0 47.6
116 35.6 47 .6
1-25-25 79 54,9 : AR . N
110 45,7 60,0
110 37.2 47.6
11n 34.3 45.A
110 38.A 46,6
112 : 34.3 45.6
110 35.7 47 .4

0¢



TABLE XI. CONTINUED

POLYMER DIVALENT SETTLED SOLIDS CHEMICAL SETTLED CHFMICAL
FRACTION CATIONS SOLIDS SOLIDS AFTER OXYGEN CHEMICAL OXVYGEN
WITHOUT TEST DEMAND OXYGEN DIMAND
POLYMER DEMAND AFTER
' WITHOUT TEST
¢+ POLYMER
mg/l @ Ca’ mg/1 mg/1 mg/1 mg/1 mg/1 mg/1
4-78-35 80 62.1 86.5
110 56.7 74.5
110 ' 47.1 6£2.5
110 45.5 ~3.N
110 44,2 63.0
110 47.1 63.0
110 48.5 63.0
1-78-25 7€.5 52.1° 77 .8
110 47.6 68.0
1106 43,8 58.5
110 43,8 5A.8
110 £3.8 58.5
110 44 .3 50,0
110 43,8 58.5
1-78-35 78.5 52.8 ) 77.8
110 47.6 AR.N
110 44,3 58.5
110 43.8 56.N
110 44,3 59.4
110 , 43.8 50,0
5a0.N

[o]

110 41.1

16



TABLE XI. CONTINUED

POLYMER DIVALENT SETTLED SOLIDS CHEMICAL SETTLED CHEMICAL
FRACTION CATIONS SOLIDS SOLIDS AFTER OXYGEN CHEMICAL OXYGEN
WITHOUT TEST DEMAND OXYGEN DEMAND
POLYMER DEMAND AFTER
WITHOUT TEST
POLYMER
mg/l @ cat’ mg/1 mg/1l mg/1 mg/1 mg/1 mg/1
3-25-25 75 60.7 85.3
110 52.8 74.5
110 47.1 62.5
110 44,2 64 .0
110 - 47.1 66.4
110 45.4 64 .0
110 45.4 64.0
3-25-35 75 60.7 85.3
110 52.8 74.5
110 3.5 hh.4
110 47.1 64.0
110 47.1 65.1
110 45.4 64.8
110 47.1 64.0
2-78-25 75 69.2 74.0
110 61.5 ' 85.5
110 58.5 78.0
110 57.1 76.2
110 58.5 8n.n
110 57.1 78.0
110 ' 58.5 78.0

ch



TABLE XI. CONTINUED

POLYMER DIVALENT SETTLED SOLIDS CHIMICAL SETTLED CHEMTICAL
FRACTION CATIONS SOLIDS SOLIDS AFTER OXYGEN CHEMICAL OXYGEN
WITHOUT TEST DEMAND OXYGEN DEMAND
POLYMER DEMAND AFTER
WITHOUT TEST
i POLYMER
mg/1l @ Ca mg/1 mg/1 mg/1 mg/1 mg/1 mg/1
2-78-35 75 69.2 94,0
110 61.5 85.5
110 55.8 76.2
110 54.3 8n.N
110 55.8 78 .0
110 57.1 77.5
110 57.1 76.8
2-25-25 73 80.0 76.8
110 67.2 73.2
110 63.0 609.6
110 61.5 67.2
110 61.5 68.4
110 61.5 68.4
110 60.0 6R.4
2-25-35 73 80.0 . 76.8
110 67.2 73.2
110 60.0 68.7
110 61.5 68.4
110 60.0 f7.1
110 61.5 68.7
11n 60.0 68.7

€6



TABLE XII. RESULTS OF JAR TESTS EMPLOYING SCALED UP POLYMER
DOSES ON THE HIGHER SOLIDS LEVEL
POLYMER DIVALENT SCALED SETTLED SOLTIDS CHEMICAL SETTLED CHEMICAL
FRACTION CATIONS OPTIMUM SOLIDS SOLIDS AFTER OXYGEN CHEMICAL OXYGEN
POLYMER WITHOUT TEST DEMAND OXYGEN DEMAND
DOSE POLYMER DEMAND AFTER
WITHOUT TEST
++ POLYMER
mg/1l @ Ca mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1
3-25-25 52.0 3.3 152.8 91.9 94.1 74.5
110.0 55.6 58.8
110.0 55.6 58.8
110.0 57.1 54.8
110.0 58.5 54.8
110.0 60.0 54.8
4-78-25 52.0 3.1 152.8 91.9 94.1 74.5
110.0 61.5 50.9
110.0 57.1 54.8
110.0 57.1 58.8
110.0 54.3 54.8
110.0 57.1 50.9
4-78-35 52.0 3.5 152.8 91.9 94.1 74.5
110.0 62.9 54.8
110.0 58.5 58.8
110.0 57.1 54.8
110.0 54.3 62.7
110.0 54.3 50.9

%6



TABLE XII. CONTINUED

POLYMER DIVALENT SCALED SETTLED SOLTDS CHEMICAL SETTLED CHEMICAL
CATIONS OPTIMUM SOLIDS SOLIDS AFTER OXYGEN CHEMICAL OXYGEN
POLYMER WITHOUT TEST DEMAND OXYGEN DEMAND
DOSE POLYMER DEMAND AFTER
WITHOUT TEST
— POLYMER
mg/1l @ Ca mg/1 mg/1 mg/1l mg/1 mg/1 mg/1 mg/1
1-25-25 52.0 2.6 152.8 91.9 94.1 74.5
110.0 65.8 62.7
110.0 68.5 6€.6
110.0 68.5 62.7
110.0 70.0 62.7
110.0 64.3 58.8
1-25-35 52.0 2.6 152.8 91.9 94.1 74.5
110.0 71.5 58.8
110.0 73.0 58.8
110.0 74.3 58.8
110.0 70.0 58.8
110.0 70.0 58.8
4a-78-25 52.0 2.2 152.8 91.9 94.1 74.5
110.0 67.3 54.8
110.0 68.5 58.8
110.0 68.5 58.8
110.0 70.0 62.7
110.0 74.3 58.8

G6



TABLE XII. CONTINUED
POLYMER DIVALENT SCALED SETTLED SOLIDS CHEMICAL SETTLED CHEMICAL
FRACTION CATTIONS OPTIMUM SOLIDS SOLIDS AFTER OXYGEN CHEMICAL OXYGEN
POLYMER WITHOUT TEST DEMAND OXYGEN DEMAND
DOSE POLYMER DEMAND AFTER
WITHOUT TEST
i POLYMER
mg/1l @ Ca mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1
4a-78-35 52.0 2.0 152.8 91.9 94.1 74.5
110.0 ' 75.8 50.9
110.0 71.5 54.8
110.0 67.3 50.9
110.0 70.0 50.9
110.0 71.5 58.8
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STATISTICS(53’54’55)

The avowed purpose of this section is only to acquaint the
reader with the basic statistical parameters and tests used to ana-
lyze the results of this investigation. There were three types of

tests used and they are outlined below.

Simple Anova

The analysis of variance technique in applied statistics basi-
cally tells the investigator if there is a significant difference
among groups or treatments within the total test. Simply stated this
can tell you that with treatments A, B, C, D and E there are different
effects, but it does not illustrate whether only one is different
from the other four treatments, or whether all five are different.

In order to illustrate this technique the following example

should be examined:

1. Assume that you are testing specified corn seeds on a certain
classification of soil, therefore you have the following experi-
mental results

Seed Al Seed Bl Seed Cl Seed Dl

.

Seed A Seed B Seed C Seed D
n n n n

where the number of groups or treatments, a, is equal to the
number of different types of seeds, and the number of repli-

cations within a group is equal to n.

97
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The steps in the calculations are outlined below.

n
a. First, obtain the group sum, I yij
j=1

b. Second, obtain the uncorrected group sum of squares,

n

z yij2
=1 a n
c. Third, obtain the grand sum, z L oy..
. . ij
i=]1 j=1
a n P
d. Fourth, obtain the uncorrected sum of squares, I L oy..
i=1 j=1 *J
a n
e. Next obtain the correction factor, C = ( I z y-.)z/n.
, . 1] i
1=1 j=1
f. 7Using the correction factor the corrected total sum
a n 9 :
of squares can be calculated TSS =X I vy.. -C
i=1 j=1 ™

g. Now the treatment sum of squares can be calculated,

a n 2
TRSS = I (( Iy, )%/m) -c
i=1 j=1

h. Finally the error sum of squares can be obtained,

ERSS = TSS - TRSS

The calculation steps outlined above were all utilized to arrive

at the following anova table:

Source Degrees Sum Mean F
of of Squares Value
Freedom Squares
Treatment a-1 TRSS TRSS/(a-1) TRMS/ERMS
Error a(n-1) ERSS ERSS/a(n-1)
Total an--1 TSS

degrees of freedom for F is (a-1, a(n-1))
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Once you have calculated the F value for your experimental
work you test for significance between the treatments by
comparing your F value with the tabulated values of F at
the same degrees of freedom. If the calculated F value

is greater than the tabulated value, then there is at

least one significant difference among the treatments.

Duncan's Multiple Range Test

If the anova test reveals a significant F value, as stated
before, you can only assume that one or more of the treatments is
significantly different. In order to examine each treatment with
respect to the others another statistical examination must be em-
ployed.

When testing between two or more means several errors can
occur. First, a Type I Error, which is a rejection of a true
hypothesis, is possible. Second, a Type II Error, which is the ac-
ceptance of a false hypothesis, is also possible. Obviously, the
ideal case for investigation is to minimize the probability of ac-
cepting both these errors. Duncan's multiple range test satisfies
the previous requirements. This test is simply a comparison of the
treatment means, ranked in order of magnitude, against Duncan's
tabulated ranges for multiple comparisons based on the group sample
size.

The basic method of calculation is as follows:
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Calculate, S; = ((ERSS/(a(n—l))/a))l/2
where ERSS/a(n-1) is the error mean square from the simple
anova
From Duncan's Multiple Comparison Tables select your values
(SSR) based on the number of treatment means and the group
sanple size.
i.e. for n=5 and a=5 at a protection level of 0.05
SSR's 3.636  3.921  4.153  4.348
Next, calculate the least significant range

LSR = SSR(S§)

After arranging the treatment means in order of magnitude,
compare the means, highest to lowest, and continue until
significance is found. Then repeat with the next highest

and continue. Never test previous non-significance.

Regression Analysis

The basic regression analysis is used to determine what frac-

tion of the variation of a dependent variable is due to the indepen-

dent variable in the system. In a multiple regression you are deter-

mining the effect of two or more independent variables on a single

response of dependent variable. The basic steps is performing the

multiple regression analysis is discussed below:

1.

Calculate the sums, sums of squares, and the interaction terms,

n n n n n n 2 n n n

LY, DX, IX,, 2¥°, IX)%, IX,%, IX|Y, EX,Y, IX X

2 2
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where n = number of relationships

[
il

dependent variables

P
>
1l

independent variables

2. Calculate the corrected sum of squares

n n n

) 2
le = ZXl - (ZXl) /n
n n n

2 D2 2
sz = ZXZ - (ZXZ) /n
n n n
iyt =yt - Gv/m
n no . n n
Lxly = leY - ZXlZY/n
n n n n
szy = ZXZY - ZXZZY/n
n n n n
lex2= ZXlX2 - ZXlZXZ/n

3. For a simple regression regression of X, on Y,

1

n no,
a. bl = ley/le

and Y

]
<
!
<

A

where Y and il are the means, and Y is the predicted
Y value

b. Anova Table

Regression Sum of Squares = blely

Residual Sum of Squares = Zyz - Regression Sum of Squares

Total Sum of Square = Regression Sum of Squares + Residual

Sum of Squares
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Source Degrees Sum Mean F
of of Squares Value
Freedom Squares
, Reg. S5.S. Reg. M.S.
R 1 Reg. S.S.
egression eg. S.S 1 Res. M.S.
Residual n-2 Res. S.S. Res. S.S.
n-2
Total n-1 Tot. S.S.
degrees of freedom of F is (1, n-2)

If F calculated is greater than the F tabulated, then

a sign

The fraction of the variation in Y explained by X

r

ificant correlation of Xl on Y is assumed.

llS

2 _ Regression Sum of Squares
Total Sum of Squares

The value of r2 for an acceptable regression probably

should

be greater or equal to 0.50.

For a multiple regression of X. and X2 on Y the following

1

format is to be followed:

a.

Find t

2

. -1 .. .
he inverse, A =, of the coefficient matrix A.

for the regression coefficients and fit the equation.
n n

cllely + clzzxzy

n n
chley + c222x2y
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>

=
Il

b + b,X, + b, X
o) 1

1 272

c. Anova Table

n n
Regression Sum of Squares = blely + bzzxzy

A . 2 .
Residual Sum of Squares = y - Regression Sum of Squares
Total Sum of Squares = Regression Sum of Squares + Residual

Sum of Squares

Source Degrees Sum Mean F
of of Squares Value
Freedom Squares
. Reg. S.S. Reg. M.S.
2 . S.S.
Regression Reg. S.S > Res. M.S.
Residual n-3 Res. §.5. ~es. 5.5
n-3
Total n-2 Total S.S.

degrees of freedom of F value is (2, n-3)

Again if the calculated F value is greater than F

tabulated, then a significant correlation of Xl and X2

is assumed.

d. The fraction of the variation in Y explained by Xl and X2

r2 _ Regression Sum of Squares
Total Sum of Squares

The only problem with the analysis up to this point is that the

effect of Xl and X2 on Y is the only correlation parameter

known. The sequential anova approach will resolve this problem
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by partitioning the regression sum of squares into the effect

of X, and the effect of X, given the effect of X

1 2 1
Sequential Anova Table
Source Degrees Sum Mean F
of of Squares Value
Freedom Squares
Regression 2 Reg. XlXZ Reg. XlX2 M.S. XlXZ
2 M.S. Res.
. L ce . Reg. Xl g;é. Xl
1 &+ & 1 M.S. Res.
b2/bl 1 (Reg. Xlxz ((Reg. XlXZ) M.S. b2/bl
- Reg. Xl) -(Reg. Xl)) M.S. Res.
1
Residual n-3 Res. S.S. Res. 5.5.
n-3
Total n-1 Total S.S.

Degrees of freedom from top to bottom (2,n-3)
(1 ,Il—3)
(l;n—3)

In summary if all three calculated F's are significant
then both Xl and X2 are significant in the regression equation and
should be kept.
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Materials
A listing of the materials used in this investigation is given
in the following section.

Acrylamide. Fisher Scientific, catalog number 5521, used as

the monomer on the production of the polyacrylamides.

Ammonium Persulfate. Fisher Scientific catalog number A-682,

used as a catalyst in the production of the polyacrylamides.

Ammonium Vanadate. Fisher Scientific catalog number A-714,

.used in the oxygen scrubbing system.

Citric Acid. Fisher Scientific catalog number A-940, used

as a component of the buffer in the calibration of the pH meter.

Diethyl Ether. Fisher Scientific catalog number L-138, used

in the purification of Tungstosilic Acid.

Ferrous Sulfate. Fisher Scientific catalog number I-146,

used as an accelerator in the production of the polyacrylamides.

Hydrochloric Acid. Fisher Scientific catalog number A-144,

used in the oxygen scrubbing system.

Mercuric Chloride. Fisher Scientific catalog number M-156,

used in the oxygen scrubbing system.

Methyl Alcohol. Fisher Scientific catalog number A-412, used

as a non-solvent in the polymer precipitation.
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Nitrogen Gas. 10 ppm by volume of oxygen, prepurified grade,

supplied by Bluefield Industrial Gas, used to strip out oxygen from

the polymerization reactor.

Potassium Chloride. Fisher Scientific catalog number P-217,

used as a component of the refractive index standard.

Sodium Hydroxide Solution. Fisher Scientific catalog number

S0-S-255, used in the hydrolysis of the polyacrylamides.

Sodium Chloride. Fisher Scientific catalog number S-271, used

in the light scattering solvent.

Sodium Metabisulfite. Fisher Scientific catalog number S-244,

used as a catalyst in the production of the polyacrylamides.

Sodium Phosphate. Fisher Scientific catalog number S-372,

used in the preparation of the buffers used to calibrate the pH

meter.

Tungstosilic Acid. Matheson, Coleman and Bell catalog number

TX1618, used to calibrate the light scattering equipment.

Zinc. Fisher Scientific catalog number Z-15, used in the

oxygen scrubbing system.

Standard Methods. Chemicals used in the hardness and chemical

oxygen demand determinations were as listed in Standard Methods.

Apparatus

A listing of the apparatus used in this investigation is given

in the following section.
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Brice Pheonix Universal Light Scattering Photometer. Manu-

factured by Brice Pheonix Company, model BP-1000, series 1999-88,

used in the light scattering work.

Constant Temperature Bath. Manufactured by MGW Lauda,

+ 0.02°C., used to maintain a constant temperature on the light

scattering equipment.

Cooling Coil. Manufactured at VPI&SU glass blowing shop,

used to cool the polymerization reactor.

Demineralizer. Barnstead, Fisher Scientific catalog number

§-033-10, used to demineralize the water prior to addition to the

polymerization reactor.

Differential Refractometer. Manufactured by Brice Pheonix

Co., used to determine the refractive index-concentration gradients

for the light scattering work.

Filter. Gelman filter apparatus, Fisher Scientific catalog
number 9-754, used to filter the water prior to addition to the

polymerization reactor.

Filter Paper, Solids. Manufactured by Whatman, GF/A, 2.1 cm.,

used in suspended solids determination.

Filter Paper, Refiltration. Manufactured by Whatman, #44,

2.5 cm., used in the refiltration tests for optimum polymer dosage.

Gas Dispersion Tubes. Fisher Scientific catalog number 11-138,

used in the oxygen scrubbing system.
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Gooch Crucible. Manufacture by Coors Co., #4, used in the

suspended solids determination.

Heating Mantle. Fisher Scientific catalog number 11-847-15D,

used to heat the polymerization reaction.

Mixer. Stirrer, electric, Fisher Scientific catalog number

14-502, used to stir the polymerization reactor.

pH Meter. Fisher Scientific catalog number Accumet 120, used
in determining the degree of hydrolysis of the acrylamide and poly-

acrylamides.

Reactor. Reaction Kettle, Resin pyrex brand, Fisher Scientific

catalog number 11-847D, used as the polymerization reactor.

Refractometer. Abbe 3L, Bausche and Lomb, Fisher Scientific

catalog number 13-963, used to check and determine the Rw/Rc con-

stants for the light scattering work.

Separatory Funnel. Fisher Scientific catalog number 10-423,20A,

used in the purification of the Tungstosilic Acid.

Still. Distilling apparatus, DBarnstead, electrically heated,
Fisher Scientific catalog number 9-026B, used to distill the water

prior to use in the polymerization reactor.

Strip Chart Recorder. Manufactured by Leeds and Northrup Co.,

"H'" Azar nmultiple range, 0-2 mv. to 0-100 mv, used in the light

scattering work.



109

Vacuum Oven. Fisher Scientific catalog number 13-262-5, used
to dry the polymer samples to prevent the use of excessive tempera-

tures.

Variac. Fisher Scientific catalog number 9-521, used in

conjunction with the heating mantle.

Standard Methods. Equipment used for hardness and Chemical

Oxygen Demand determinations were as listed in Standard lMethods.
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THE EFFECTS OF BRANCHING AND OTHER PHYSICAL PROPERTIES

OF ANIONIC POLYACRYLAMIDES ON THE FLOCCULATION OF DOMESTIC SEWAGE

by

Alan J. Anthony
(ABSTRACT)

The first two phases of this investigation were concerned with
the polymerization, hydrolysis and characterization of the polyacryla-
mides to be used in the flocculation studies. The results of the
characterization by light scattering revealed a group of polymers
varying in weight average molecular weight from 18,205,000 to 151,000
grams per mole, radius of gyration ranging from 8977 to 1100 angstroms,
and degrees of hydrolysis of twenty-five and thirty-five percent.

The main purpose and final phase of this investigation was to
determine the effects of molecular weight and radius of gyration, or
branching, on the flocculation of domestic sewage. Prior to this
determination several other parameters were evaluated. First, the
minimum concentration of divalent cation was established as required
to facilitate bridging. This cation level was found to be at least
110 milligrams per liter as calcium. Following the cation determin-
ation, the optimum polymer dose for each of the sixteen polymers was
determined by using the refiltration parameter.

The optimum polymer doses were then correlated against the
logs of the weight average molecular weight and the radius of gyra-

tion. The regression demonstrated that the effect of the weight



average molecular weight was highly significant (a = 0.01), and the
effect of the radius of gyration was also significant (a = 0.15).

In a qualitative manner, the optimum polymer dose increased as the
weight average molecular weight decreased, and for polymers of sim-
ilar molecular weights and widely varying radius of gyrations, the
larger the radius of gyration resulted in a lower optimum polymer
dose than the smaller polymer. Accordingly it was concluded that
branching of the polymer chain, which is related to the radius of
gyration, and significant effects on the flocculation of domestic
sewage. For example in a flocculation test a polymer of 836,000
grams per mole and 4217 angstroms removed an additional thirty-seven
percent of the suspended solids, while a polymer of 3,316,000 grams
per mole and 2027 angstroms removed only an additional twenty-three
percent of the suspended solids. Therefore long chain branching in
anionic polyacrylamides decreased the suspended solids removal during
flocculation.

In addition it was determined that optimum polymer doses for
the various polymers did not result in the same levels of suspended
solids and chemical oxygen demand reductions. Finally, there were
no appreciable treatment effects for the different degrees of

hydrolysis.
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