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PREFACE

Bacterial flocculation can occur by natural auto-
floceculation or induced chemical flocculation and is
an important part of the biological treatment process,
Studies have been conducted on bacterial flocculation by
the addition of an organic polyelectrolyte where the
investigators were interested mainly in the concentra-
tion of the polyelectrolyte necessary to cause optimum
flocculation., ILarge dosages of polyelectrolyte were
generally required for optimum flocculation in the
previous studies; however, the metabolic responses of the
bacterial cells in the presence of the polyelectrolytes
were not determined. The purpose of this study is not
only to determine the effectiveness of a selected cationic
and anionic polyelectrolyte under various aspects of
floceulation, but alseo the metabolic response of the bac-
terial cells to various conéentration of the polyelect-
rolytes. Acclimation of bhacterial cells to the cationice
polyelectroljte was also attempted in these studies,
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CHAPTER I »
INTRODUCTICON
The Water Problem

On the basis of total water demand, there 1ls.no water
shortage in the United States. This country recelives an
average rainfall of roughly thirty inches a year. After
the needs of natural vegetation have been satisfied, there
are approximately 7500 gallons per day for every person in
the United States. With industry, irrigation, and human .
vconsumption taking their needs, roughly one-fifth of this
available supply is being used; however, Watér is unevenly
distributed, and the greatest demand for water is in areas
of heaviest pollution. Since pollution is helping to
destroy the usefulness of the remaining water supplies,
steps must be taken to protect this water or to find new
sources of supply. Since the latter expedient appears to
be too expensive, and it behoves the population to treat
its waste in order to protect the environment, the most
practical solution appears to be treatment and re-use of
water,

For the past fifty years, a number of treatment



processes for the separatlion of impurities from waste
waters have been employed. The impurities may be soluble
or insoluble, organic or inorganic matter. The insoluble
organiec and inorganic matter may be dense enough to
settle under normal gravitational conditions and. be
removed mechanically from the system. The remaining.
insoluble materlial can be removed by blological ox
chemical methods. The soluble organics can best be
removed by biological processes. '

With continulng emphasis on higher degrees of treat-
ment, and with increasing demands for water, efficient
operation of existing treatment processes must be prac-
ticed while wérking toward more advanced treatment methods.
The blological treatment process as. it 1s known today is an
efficient process when followed by gravity settling for the
removal of organic contaminants., Needless-to-say, if the
biological process is not working properly, the settling
process cannot be expected to remove soluble pollutants.

On the other hand, when bacteria.convert soluble organ;cs
to insoluble organic matter, conditions for bacterial
flocculation must be present or chemlecally induced so as
to remove organic solids in the settling unit.

Chemical flocculation with inorganic chemiecals has
been used to some degree of success in removing insoluble
solids from waste; however, the large amount of these

chemicals required for efficient removal has not made this



a practical solution. Since the introducticn of organic
polyelectrolytes, thought has been given to the use of
these organic polymers. as an aid to the biologleal process
by complimenting bacterial flocculation when there is a
reduction in efficiency of the settling process.. Poly-
electrolytes might also be used to remove organic matter
in the primary settling unit, thereby reducing the organic

load on, for example, activated sludge process,
Scope and Purpose of the Present Research

In order to remove organic matter from waste water,
bacteria must metabolize soluble organic matter and subse-
quently be separated along with the insoluble organic .
fraction from the waste water., Efficient settling of @
bacteria can.be obtained only after they have flocculatéd.
There are a number of factors which affect bacterial
floecculation, and although no attempt to resolve these
factors was made in the present study; they are still of
interest because of their affect on the biological treatment
system, .Organie polyelectrolytes have been. proven effec-
tive in recent years for the removal of insoluble organic
matter from waste waters; however, if they are toxlic or
inhibitory to bacterial metabolism, they can never be used
to any great extent.

The major purpose of this study was to determine

inhibitory effects of selected polyelectrolytes to



biological solids grown under both batch and steady state
conditions. Other aspects of this research were involved
with the effects of these polyelectrolytes on various
analytical tests used to measure growth or substrate
removal, floceulation end settling characteristics of
biological solids and acclimation of the blological solids
to the polyelectrolyte.

Both a cationic and an anionic polyelectrolyte
(Purifloec C-31 and A-21 respectively) were used in this
research work. These two polyelectrolytes were chosen
because of their opposite charge and. because. they have
been shown to be effective in widely varying field appli-

cations (1), (2}, (3).



CHAPTER II

REVIEW COF LITERATURE

Nature of Racterla

1. The bacterial cell

The vpacterial cell is made up of distinctive parts,
The main cover of the cell is the cell wall which is
below the extracellular capsule or slime layer and
peripheral to the cytoplasmic membrane. Bacterial cell
walls vary in thickness from 100 to 250 Angstroms and
account for 10 to 40% of the cell dry weight (4). The
ma jor constituents of the bacterial cell wall are amino .
sugars, amino acids, sugars and lipids which are joined
together to form complex polymeric substances., Common
mononeric substances used to form the complex polymers
are D=alanine, D=glutamic acid, muramic aclid, glucosamine,
and diaminopimelic acid (4). The cell wall of gram .
negative bacteria is composed of large amounts of lipid
and protein and small amounts of polysaccharide, while
the gram pesitive bacteria has a cell wall which eontains
large amounts of polysaccharide and small amounts of

lipid and protein.

A9,



- The cytoplasmic membrane is just beneath the cell wall,

and it comprises roughly 10% of the cell weight (4). It
is made up of a lipoprotein complex. The major function.
of the membrane is to control the passage of material into
and out of the cell wall.

The cytoplasm is found inside the eytoplasmic membrane.
The key component within the cytoplasm is the nucleus which
containg the cellular nucleic acid,. |

In addition to units which make up the active portion
of the cell, there is a capsule coating or inactive slime
layer around the cell wall on most bacteria. The slime
layer is largely polysaccharide complex with some lipo~
protein components,

2, Cell composition

The chemical composition of bacteria resembles that
of other organisms in the nature of elements andmcompounds
present. An elemental analysis of bacteria revealsvoxygen;
hydrogen, carbon, nitrogen and phosphorous as major con=
stituents. These elements, together with lesser quantities
of potassium, magnesium, calcium, sodium and chloride ions
constitute the bulk of the elementary composition (4).
Present in still smaller or trace quantities are iron,
aluninum, manganese, copper, boron and a varlety of other
elements. The ash content varies from 1 to 14%. The
major constituent of bacteria is water, ranging from 75

to 90% of the total weight, The organic matter is composed



of 40 to 80% protein, 1 to 36% carbohydrates and 1 to 39%
1ipid (4). A portion of the proteinaceous material is in
the form of peptides. 1In certain speciles, free amino acilds
occur and the amount varies with nutrient econditions .
during growth more extensively than do bound amino acids.
Inria (4) has found that the acid soluble organic
fraction of bacteria consists of all metabolic intermed-
iates such as phosphorylated sugars, ATP and amino acids,
The acid soluble fraction constitutes about 8% of the cell
carbon and 20% of the phosphorus. The acid insoluble
fraction was divided by ILuria (4) into a number of basiec
components. The total lipld content of a cell varies from
10 to 15% of the cell carbon and approximately 10% of the
cell dry weight. The 1lipid content comprises as much as
20% of the cell dry weight when the substrate consists of .
a fatty acid., Beta hydroxbutarste is the form in which 10
to 25% of the 1lipid is stored in the cell. Bibogucleic
acid represents between 10 and 20% of the cell dry weight
with larger valueé being attained during the log growth
phase of the cell. The RNA has been measured between
5 x 10715 grams for en old cell to 3 x 10~1H¥ grems for a
young cell (4). Proteins in the bacterial cell represents
approximately 50% of the dry cell weight, 60% of the cell
carbon and 70% of the cell sulfur. The carbohydrate
content of a bacterial cell is mainly in the form of

nucleie acids and oligosaeccharides., In the gram positive



bacteria, approximately 45% of the carbohydrate is in the
cell wall while in gram negative bacteria, only 15 to 20%
of the cell carbohydrate is in the cell wall. Polyphos~-
phates found in bacterial cells are highly polymerized
phoesphoric acid which is formed by enzyme catalysis from
adenosine triphosphate (&),

3. Aspects of bacterial growth

Since this research pertains to addition of organic
polyelectrolytes to a synthetic waste, it seems important
to review kinetics and mechanisms of bacterial metabolism
so any inhibitory or toxic effect due to the polyelec-
trolyte could be discussed in light of basic metabolic
considerations,

The two basic types or operational units currently
used in activated sludge research are the bateh or plug
flow unit and the continuous flow completely mixed unit.
Operation of the bateh or plug flow type unit involves
inoculating a fresh medium with a mixed micrebial popula-
tion and allowing the cells to grow under aerobic condi-
tions at the expense of available substrate. After the
inoculation of cells into this medium, there is a period
of time in which total number of cells remain constant
while. the total dry weight of the cells continues to .
increase (5). This period is called the lag phase and is
the time reguired for bacteria to induce enzymes required

for metabolism. The next phase is the logarithmetic or



exponential phase in which cells divide at a steady rate
determined by the generation time of each particular species.
During this phase, the total dry welght of cells continues
to increase while substrate 1s being depleted. Once the
available substrate is depleted, cell growth remains
fairly stationary. During this period, cell reproduction
is balénned with an equivalent death rate, but the total
dry cell weight starts to decline (5). Following the
stationary phase, bacterla dle at a rate which exceeds the
rate of reproduction. This is called the declining or
death phase, The total dry cell welght continues to
decline during this period. Bacteria do not abruptly
change from one phase to the next but proceed gradually
from one phase of growth to the next (6).

Growth may be limited by & limiting concentration of
an essential substrate. Monod (7) has shown that the |
specifie growth rate’p, was a function of the concentration
of a limiting growth substance and represented this

relation by the following expression:

S .

where S is the concentration of the limiting growth factor
and kg 1is the saturation constant which is numerically
equal to the substrate concentration at which’p is equal
to half of the maxlimum logarithmic-growthtrate;';%n,>.It:1
1s interesting to note that this equation is simllar to the
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Michaelis-Menten equation for enzyme reactions. Microbial
growth can be considered as the result of a series of
enzymatic reaptions in which the overall reaction rate is
controlled by the slowest reaction.

When bacterial cells are in the log growth phase in
elther a batch system or a steady state system, increase

in cell population can be expressed by the equation:

aX = px
i e

which upon integration gives the following form

Xy = Xgoht (2)
where X; is cell population at time t and X, is the ini-
tial population of cells.

In completely mixed continuous flow unlts, establish-
ment of a steady state may be expected. Steady state referé
to a condition in which the»raté of growth of organisms in
the reactor is equal to the rate at which they leave the
reactor (8). The steady state condition indicates not only
a constant concentration of cells but also a constant
effluent substrate value. In other words, under steady
state conditions, the logarithmic rate of growth‘p, is
equal to dilution rate, D. Substituting the Monod equation
for‘p, the rate of change in population density may be

expressed as:

ax _ — Yy 3
EE—}IX—.}glmks‘*'S (3)
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Cell concentration X, may be expressed as number of cells
or dry welght of cells,

The cell yleld Y, is assumed to remain constant
during the log growth phase and is usually expressed as
the dry weight of cells produced from a glven amount of

substrate (8):

Y"’?{%’ (&)
Substituting 4dX from equation 4 into equation 3 provides
a formula for the rate of substrate utilization:
%‘%"‘PM%E;% (5)
Equation 3 and 5 can be sblved for X and S under steady
state conditions by equating the differential to zero.

A heterogeneous culture may contain a countless
variety of organisms, but by the action of a number of
factors, such as type and concentration of substrate,
intermediate production, pH changes, etec. the predominance
could shift to a more restricted type of population.
Heterogeneous nmicrobial systems are more complex than.
pure culture systems, and periodic changes in predominance
may be expected. Such changes may disrupt the steady
state; regardless of these factors, some activated sludge
processes have been operated at conditions which approach
steady state with respect to cell and substrate concen-

tration.
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4, Change of bacterial surface charge

It is known that the composition of the bacterial cell
may vary widely; however, the cell composition can be
controlled to some degree by controlling the physiological
state of the bacteria (4). Under different physiological
conditions, it may be reasonable to surmise that the
surface charge characteristics of the cell will change (9).
The change of surface charge may not be from negative to
positive but may involve a change in intensity of negative
charges; 1.e. surface characteristics may change from one
containing all negative sites to one containing mainly .
negative sites and a few positive sites, thus reducing the
net negative charge. Herein may be one of the explana=-
tions to the phenomenon of bacterial flocculation.

Riddick (9) in measuring the zeta potential in a
large number of active microbial suspensions, noted that
the individual particle charges varied from =16 to about
=30 millivelts. In this work with unsterilized systems,
prolonged microbial activity of the system lowered zeta
potential of the system to where agglomeration of discrete
particles occurred. This was followed by a build up of
particle size and finally sedimentation. 1In the steril-
ized systems, no change in zeta potential was ever noted.
It was not elearly determined whether the bacteria
loweréd.the surface charge of other colloids or whether

the bacterial surface charge itself was lowered.



13

In any case, the bacterial population appeared to be
responsible for reducing zeta potential in the system.
In the same article, Riddick (9), while discussing the
pathways of microbial decomposition, used an example of
decarboxylation where CO, was driven off the carboxyl.
group leaving hydrogen which rendered the net negative
charge of the particle less electronegative.

Iamarnma and Mollette (10) have reported that surface
charge of Escherichia coli culture varied with the age
of the bacterial culture. After this organism was
inoculated into fresh peptone broth, growth was accom-
panied by an increase (more negative) in zeta potential;
the maximal value coinciding in time with the log growth
phase of the culture. PFPotential values began to decrease
(less negative) after the period of greatest multipli-
cation was past and reached minimal value when the popu-
lation of bacterial cells became stabilized in the so-
called stationary phase. Increase in charge, according
to this investigator, may be proportional to the increase
in surface area during the growth period; however,
decrease in net charge after the log growth periocd to some
nore positive value would indicate the bacterial surface
charge does change with age.

Abramson (11) and Moyer (12) also stated that changes
in the charge density of bacteria do occcur with changes

in the age of the culbture.
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Chemical conmposition of the slime layer was believed
by McKinney (13) to be responsible for the electrical
charge on bacterial surfaces. NHcKinney stated that it
was possible polymeric substances were always excretéé,
but under prolific growth conditions, new surfaces were
created faster than they could become covered with these
substances, and the net negative charge increased. In .
the declining growth and endogeneous respiration. phase,
the net negative charge decreased as the amount of surface
slime increased.

5. Possible deleterious effects of polyelectrolytes on
bacterial cells

The addition of a high molecular weight organic
polyelectrolyte to a biological system may have a. dele-
terious effect on the bacterial cells., These water solu-
ble organic polymers exert an electrical charge. The
charge sites on the polymer may be attracted. to the hac-
terial cell and adsorbed on the cell by bridging or charge
neutralization (14). Yu (15) believed that polymer
nolecule was too large to penetrate into the cell but Waé
attracted to the eell surface because of the opposite.
charges, He believed that a reduced rate of substrate
nbilization in the presence of a high concentration of
polyelectrolyte was caused by either metabolic inhibition
or reduction in available entry space for substrate

because of increased floceculation. The attraction of the
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polymef molecule to the bacterial surface may lead to
possible deleterious effects such as metabolic inhibitiéh
and. démage to the cell wall (lysing). Cell flocculation
itself could decrease the substrate removal capability of
the cells.

a, HMNetaboliec inhibition

The addition of an organic polyelectrolyte could, in
response to the change in its environment, alter the growth
of bacteria. In a sense, the polyelectrolyte could be
likened to a gualitative shock load on the bacterial
system. According to Gaudy (16), selection of species,
change 1in metabolic pathway, and induction of required
enzynes are three major factors which can govern the
response to qualitative shock loading. Time may be requir-
ed for bacteria to respond to the sudden change in environ-
ment, i.e. an acclimation period may be regquired in order
for the bacteria to utilize the polymer as a substrate by
inducing the proper enzymes or to develop a resistance to
any harmful chemical effect.

During the course of glucose metabolism, permeases may
be necessary te transport glucose into the cell (15),

When the polymer becomes adsorbed on the bacterial cell
and bridging and/or neutralization occurs, the polymer.
molecnle may cover a porbtion of the permease sites and
prevent to some degree the formation of glucose-permease

complexes or the entry of glucose into the cell (15).
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This could prevent, to some extent, utilization of the
glucose and formation of new cellular material.

b. Lysing of bacterial cells

Yu (15) in discussing the effects of addition of
Purifloe C=31 to a blological system, observed a reduc-
tion in the total dry cell weight of the sludge along
with an immediate increase in soluble COD in the medium,
He accounted for this by possible lysing of some bacterial
cells and leakage of cellular material into the system.
Kincannon and Gaudy (17) observed this same decrease in
cell weight along with the increase in COD in their
studies on the effects of NaCl in biological systems.
These findings may have been, to a gréater or lesser
degree, similar in both of these experiments; however,
this does not mean that organic polyelectrolytes and NaCl .
inhibit bacterial cells by the same mechanisn,

¢. Flocculated biological solids

Flocculation of biological solids may result in a -
reduction in the total surface area of the bacterial
cells. Yu (15) hypothesized that the reduction in surface
area by flocculation may only allow the outer surface area
to have contact with the substrate, If it was possible
for the flocculated cell to be compacted to a state in
which the substrate was excluded from the interior of the
floc mass, then the rate of substrate utilization should

be substantially reduced. If new cells are -produced and
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released from the floc the rate of removal should increase.
Theories of Racterial Floc Formation

There appears to be considerable uncertainty in
regard to mechanisms whereby finely divided suspended
matter and bacterial cells coalesce. This lack.of clear
understanding of the process has resulted in confusion
pertaining to adequate terminology. The terms flocecula-
tion, bioflocculation and bioprecipitation have all been
used interchangeably to describe this mechanism (18).

In a biological waste treatment process, the term bio-
floeculation might best describe the removal of finely
divided suspended matter by biologically active material.
Heukelekian (18) distinguished bioprecipitation from .
bioflocculation as the removal of soluble material rather
than suspended matter., The term flocculation has. tradi-
tionally been used when physical forces (mechaniecal
agitation) play & primary role in separating liquid and
so0lid phases,

In 1935, Butterfield (19) noticed that whenever an
activated sludge had been developed, floc was formed
which contained considerable amounts of zooglea. When
the process was working most efficiently, zoogleal masses
predominated in the sludge. These findings, along with

observations of previous workers, pointed to the
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inmportance of this type of organism,

Butterfield mentioned in his report that in 1892,
Winogradsky observed that nitrite~forming baciteria
existed in both the motile and zoogleal stages. The
zoogleal form was belleved to be representative of a
resting stage for the bacteria. This may have been
true for .the nitrifying baeteriavobserved by Winogradsky,
but Bubtteriield showed that the zoogleal stage, although
immotile, was an active phase in terms of metabolic
activity. Butterfield (19) observed that flocculation
was the result of sticking together of particles by
gelatinous material secreted by bacteria. He concluded
that flocculation was a direct result of the presence
of a zooglea;producing bacterium, Zooglea ramigera, In
addition to the well supported bacterial concept of
zooglea formation, he also stated that protozoa were
responsible for floc formation through a gelatinous slime
excreted to trap the bacteria before ingestion (19).
Butterfield's observation that floceculation oceurred in
the presence of zooglea was undoubtedly true. The
zoogleal mass may have reduced the negative charge of
the bacteria or could have contained some positive charge
sites itself’. Both factors could aid in floecculation of
bacterial eells. Since no chemical definition for
zooglea or zoogleal mass has been given, it is impossible

to comment on its charge characteristies. From
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Butterfield's discussion, this material appeared to be
similar to the polysaccharide found in bacterial slime
layers. McKinney (20) has reported isolating a number

of different floc-producing bacteria from activated sludge
processes, Microscopic examination of the floe formed by
different bacteria, grown on a soluble substrate, indi-
cated 1little difference in floc characteristics. All
flocs were composed of discrete bacterial cells clumped
together, As the floes aged, there was a disappearance of
the definite bacteria structures, and the floc appeared as
an amorphous mass with a few individual bacteria on the
surface. McKinney (20) claimed that special zooglea=-
producing bacteria were not necessary to form a floc of
the same type as activated sludge.

Crabtree, et al (21) in an investigation of carbo-
hydrate metabclism by cultures of Zooglea ramigera,
observed that they accumulated a large amount of sudano-
vhilic granules, suggestive of polybetahydroxybutyric acid
which is an endogenous metabolite unigue to certain
bacteria. The extracellular accumulation of this polymer
was considered interesting in that the organisms always
flocculated when the polymer became visible in the Sudan
Black stain under microscopic examination. This material
may be the zooglea which Butterfield (19) described.

2. Enzyme coagulation of carbohydrates and related
compounds




20

The coagulation, or rendering insocluble of a variety
of substances in growing cultures, has been ascribed by
Buchanan (22) to the activity of enzymes. In some cases,
the essential change may be dehydration caused by polymer-
ization leading to formation of an insoluble compound.

The enzymes, which were designated as producers of
feoagulations® of carbohydrates, were regarded as
syntheases (z2).

3. Bacteria surfaces

Investigations into the nature of bacterial surfaces
have indicated that a polysaccharide slime layer or capsule
normally surrounds the bacterial cell. Dubos (23) stated
that capsular production was not dependent on the bacterial
strain but was a factor of the conditions under which the
culture was growing. This was in disagreement with
Butterfieldis (19) statement that the slime layer could

only be produced by Zocgles ramigera, After reviewing the

work of other investigators, Dubos (23} concluded that
capsular material was a high molecular weight polysaccha-
ride containing acidic, scetyl and amino groups in varying
amounts.

Tenney, et al (24) have reported that natural bac-
terial flocculation was a direct result of the presence
of certain extracellular material, When they removed this
material from the flocculated cells and the cells were

resuspended, stable dispersions resulted. They also
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found that surface charge reduction and/or reversal were
not necessary to cause flocculation., The author is of

the opinion it was possible that production of the extra-
cellular material could have reduced the surface charge

of the bacteria sufficiently before flocculation occurred.
It has been observed in working with a pure culture of
Aerobacter in the Oklahoma State University Bio-Bngineering
Laboratories, that flocculation of the organism occurred
during an active growth phase while there was no evidence
of slime or extracellular material present as Indicated
by the india ink staining method.

Aspects of colloidal chemistry are important to
better understanding of bacterial flocculation. Actually,
bacteria are larger than "true colloids" but they are
subject to many of the forces which affect colloids,
Colloidal particles can be divided into two main classes;
hydrophobic and hydrophillic, depending on their surface
characteristies (20). Hydrophobic colloids generally
lack stability in the presence of small guantities of
electrolytes and are primarily inorganic. Hydrophilie
colloids have a strong attraction for water and are
primarily organic. Adsorbed water prevents the hydrophilie
colloids from floceunlating readily (20). - In general,
these hydrophilic colloids carry a net negative charge
within the normal pH range in which the activated sludge

process operates, Since surface charge of bacteria is
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believed to be acqguired through acid-base interactions of
functional inorganic groups, surface charge density can

be expected to be strongly pH dependent (20), As two
colloidsvof like charge approach each other, the electro-
kinetic force of repulsion rises rapidly. Operating
contrary to the electrokinetic forces of repulslion are

the gravitational Van der Waals forces which tended to
attract the two e¢olloids. Electrckinetic forces increase
as the reciprocal of the sguare of the distance separating
the colloids, whereas Van der Waals forces increase as

the reciprocal of the seventh power of the dlistance between
the colloids., Thus it can be seen that when two colloids
approach close enough, Van der Waals attractive forces
predoninate and the two colloids can stick together.

When electrokinetic potential is high, it might not be
possible to bring the cells c¢lose enough to floe. For
mbst hydrephobic colloids, the ¥eritieal' potential, above
which floecculation would not occur, was found by McKinney
(20) to be between 20 and 30 millivolts.

Abramson (11) found that bacteria had a definite cell
potential and reduction of this potential resulted in.
agglutination of bacteria. The reduction of cell potential
was brought about by addition of various salts to the
solution. Lowering the surface charge below fifteen
millivelts resulted in autoagglutination of pure bacterial

suspensions (20)., Thus it can be seen that electrical
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charge can play an important role in floceulation of
organisms,
b, cases

Agglomeration of suspended solide and bacterial cells
in sewage has been explained by Williams (25) as the
action of bubbling various gases through the liquid. He
observed that coagulation obtained by air, oxygen, nitro-
gen and hydrogen over a six hour period was neot materially
different, OCver a period of twenty-four hours, the
following order of efficlency was observed: oxygen, air,
nitrogen, and hydrogen. He concluded from these observa-
tions that chemical or biological effects or both were
present, though small in comparison with physical effects.
Bubbling different gases through sewage at different
temperatures gave little if any coagulation at 0° and
10°C., At 25° and 379C, eclarification of suspended matter
by different gases was greatly increaséd° These results
might indicate a biological factor. At 80°C, slightly
better coagulation was obtained than at 25° or 37°cC,
possibly due to heat coagulation. BRemoval of suspended
material by gas bubbles, he concluded, would appear to be
due to the combined action of two different processes:
namely, blological changes operative only at temperatures
of 259 and 37°c¢, and coagulation by physical means aloﬁe
at 80°C. Sinee normal sewage temperatures never reach

80°C, the last factor may be disregarded.
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Rudolfs and Gehm (26) stirred sewage in the presence

- of air, oxygen, ozone, nitrogen, carbon dioxide and hydrogen
peroxide and also subjected it to bubbles of the same gases
without thg aid of stirring. Increased removals of BOD,
turbidity and suspended solids over plain settling were .
cbserved. During short periods of one-half hour, all gases
showed approximately the same removals with no reduction
in soluble BUD, It was suggested that BOD removals were.
caused by removal of finely divided material by physical.
agglomeration. Continuned treatment led to BOD reductions
in the soluble fraction when gases containing oxygen were
used. Removal of suspended solids on continued treatment
was the same with all gases. Oxidation was greater with
diffusion of air when compared with stirring, but turbid-
ity removal was somewhat poorer., It would appear that .

the action observed by these investigators could be the
result of biological and possibly chemical action instead
of mainly physical action as they suggestéd. The obsery-
vations made at various temperatures by Williams (25)

tends to substantiate the idea of bacterial and possibly
chemical action. Chemical action could take place when
using different gases by forming new compounds which result
directly in flocculation or by charge neutralization. For
instance, in a slightly acid medium, a negative carbonyl.
group could combine with hydrogen to fo?ﬁ a more ﬁeutral

carboxyl group:
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=000° + HY cex. = COOR (7)

Also in & slightly acidic scolution, the amino group might
be effected as follows:

= NHy + HY wam - WHy + (8)

5, Energy concept

MeKinney (20) has proposed a theory of bacterial
floceunlation based on the concept of energy. From his work
on biological flocculation, he states that microscopic
examinations of nonfloceulating bacteria have shown that
all were extremely motile, indicating, according to
MeXinney, that active metabolism of the substrate was still
in progress. Floc<=Torming bacteria were characterized by
a complete lack of motility indicating little to no meta-
bolic activity: however, he failed to show substrate
concentration data which would indicate the lack of energy
(in the case of flocculation) or the presence of energy
(in the case of dispersion). Also his arguments lead one
to believe that any motile organism would not flocculate
while there was any available energy source in the sub-
strate and that any non-motile organism would always
floceulate regardiess of the energy in the system. &
HMeKinney stated that if flocculation was a normal phenom-
enon whieh resulted when the bacterial food supply was
exhauvsbed then all bacteria which he isolated would

eventually flocculate, In his situdies, daily microscopic
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examinations were made on all isolated bacteria until they
floceulated, All these sultures flecculated within seven-
teen days and all organisms showed considerable activity
before floc formation and 1little to no activity after
flocculation. From this work, MeKinney concluded that
floceulation did not result until bacteria went into the
endogenous phase of metabolism sinece ample energy was
available during the growth pvhase to maintain motility.
Observations of bacteria during floc formation showed

that bacteria became a part of a floc only when they
lacked sufficient energy (for motility) to break away

from the floc (20).

6., (ther theories

Tn some of his early work, Butberfield (19) stressed
the importance of an inert foreign substance such as
cotton fibers acting as a binder or framework for the floc
formation in pure culture work. He indicated that inert
foreign materials such as silt and clay may form the
nuclei around which the organisms build their gelatinous
colonies., This may account for some of the differences
in fleocculation obsexved while working with completely
soluble wastes and wastes which contain both soluble and
insoluble fractions. Using the electron mieroscope,
Duguid and Wilkinson (27) have observed fine appendages
5=10 mu thick known as “fimbriae® which occur in many

strains of Entercbacteriaceae. There were usuvally 100 to
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300 around the cell periphery. Their function was not
determined, but they seemed to confer certain adhesive
properties including agglutinability (27). This strongly
adhesive properity of cells in the fimbriated phase may
prlay a roll in bacterial cell floscculation.

Pelezar and Reid (28) have stated that when a bac-
terial cell divided, the two daughter cells could separ~
ate at once or remain attached to one another by their
cell membranes., When this incomplete separation persis-
ted during many succesgsive cell divisions, cell aggre-
gates (flocs) were produced. Aggregates Tormed in this
way were characteristic of certain bacterial species,
Staphlocoeel grew in irregular groups or clusters like
bunches of grapes, while streptococel took the appearance
of a chain, Sarcina, on the other hand, grew in cubes.
This action has only besen observed for these particular
organisme but may, in some way, be related to cell

flocculation,

Nature of Colleoidal Surfaces

Pauling (29) attributed stability of colloidal
particles in agueous suspensions to hydration and elec-
trostatic charge., According to him, both of these phen-
omena depend primarily on chemical composition of the .
substrate. The particle presents to the suspending medium

an electronic or electrostatie capacity, i.e., it can lese,
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gain or share electrons by forming bonds such as covalent,
ionic, hydrogen, dipeolar, or induced dipolar (29). These
types were classified in terms of bond energies which are
expressed as kilocalories per mole (29). The ionic crystal
bonds are the strongest (150 to 200), covalent are next
(50 to 100), hydrogen follows next (1 to 10) and then
polar bonds (less than 5)., Similar to polar bonds, induced
polarization from Van der Waals forces produced bonds of
| low enexrgy.

In most coagulation processes, covalent bonds are
neither made nor broken, but the system is subject to
ionic eguilibrium in solution. Interaetion among colloidal
particles is influenced by ionic bonding, electronegativity
and dipolar bonding (30). The term electronegativity
expresses an affinity for electron deficient hydrogen atoms
becauze of unshared or resonating electrons., Forces of this
type account for the adsorption of oppositely oriented water
dipoles and preferential adsorption of ions to establish,
by concentration gradients, an electrostatic potential
gradient or zeta potential (30). After the stabilizing
effects of hydration and electrostatic charges have been
removed, floceulation may oceur.
1. Instability factors

The twavm@st inmportant instability factors are Brownian
movement ana Van der Waals forces of attraction. Brownian

movement is the movement imparted to suspend solid particles
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because of their impact with invisible, rapidly moving
particles in the medium. It is essentially a thermal
effect that tends to drive particles closer to each other
and even causes them to penebtrate the force fields
surrounding each particle (29). Although the nature of
the Van der Waals forece is not well understood, it may

be described as molecular cohesive forces that increase
in intensity as the particles approach each other,

2. Stability factors

The most important stabilizing factors are hydration
and zeta potential (29)., Hydration is the property
possessed by some particles which enhances attraction of
relatively large numbers of solvent molecules to. their
surface. When the solvent is water, such particles are
called hydrophilic. Zeta potential is much more compli-
cated and is effected by a number of different factors.
According to Brinton (30), solvation and ion adsorption
are opposing forces bhecause of high ionic strength limits
golvation and viee versa. Also, positive ions in agueous
systems are solvated to a higher degree than negative
ions: therefore, negative ions predeminate at the inter-
face either by being excluded from the bulk of the solution
or by increased compaction by adsorption on the particle
surface., This argument has been put forth to explain the

fact that most colloids found in nature are negatively
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charged (30}, Brinton stated that negative ions predom-
inate at the interface; however, this would not seem to
eliminate the possibility that although a colloid does
have 2 (net) negative charge there may s£till be some
positive sites on its surface. This last statement might
also help explain why some colloids have a more negative
charge than others when measured by electrophoresis.

If the particle surface posses a negative charge, and
the bulk of the solution is electrically neutral, then a
potential gradient must exist between the particle surface
and a point in the bulk of solution some distance away.
Figure 1 was used by Priesging (31) in reviewing the
factors affecting zeta potential. This figure shows the
potential decay ag a funetion of distance from the particle
surface, According to Friesing (31) a fixed layer of
counterions surrounds the particle, which may originate
from within the colloidal mass itself, or by preferential
adsorption from solution, This layer, which is sometimes
called the Stern layer or compact double layer, would in
the absence of Brownlan motion, constitutes the entire
double layer, and therefore, agree nmore closely with the
early theories of Helmholtz. Brownian motion, plus
synthetically induced veloelty gradients, prevented the
Stern layer from egtablishing electroneutrality within
itsell., Ag a result, this fluid motion diffuses coun-

terions out into the bulk of the solution (31},
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Blectroneutrality is, therefcore, established at some finite
distance away. Because counterions are so strongly attract-
ed to the particle surface, their high concentration within
the Stern layer shields the particle from other counterions
which are then less strongly attracted., As a result, the
potential drops sharply in the Stern layer but gradually
thereafter. As the concentration of the counterions
decreases within the double layer, the concentration of
similar ions, which are repulsed at the particle surface,
incresse from the outer edge of the Stern layer to the
bulk of the selution where electroneutrality with counier-
ions exists. This region between the Stern layer and the
solution proper is called the diffuse double layer or the
Gouy=Chapman layer and the pobtential gradient over this
zone is called the zets potential‘(Bl)s When the particle
is placed in motion with & direct current potential grad-
ient (electrophoresis), the Stern layer, is believed to
nigzrate rigidly with the particle. Accordingly the
dividing line between the Stern and Gouy-Chapman layers
is called the plane of shear. There is not complete
agreement about the exact location of this plane of shear
or of the real boundry hetween the double layers.

Becauge potential depends on surface charge density
and thickness of the double layer, it may be increased by
increasing the charge density of the particle. Thickness

has an inverse relationship to electrolyte charge density



and concentration, thersfore Increasing either charge
density or concentration of similar ions or counterions
decreases potential (9). By using electrophoretic
velocities, measurable by a number of techniques, the
zeta potential can be determined directly according to the

relationship established by Helmholtz and Von Smoluchowskié

Zeta potential = &;I%;QWP (9)

when n is the viscosity of the medium, E the dielectric

constant amﬁﬂp.th@ electrophoretic velocity.
Induced Chemical Floceculation

1. Muoltivalent metal ions

Typical metal coagulants such as aluminum and iron
have been used for many years in domestic sewage plants as
floceulating agents to remove solids from waste water,

They have also been used as sludge conditioners in dewater-
ing of sludge solids. In floceculation of microorganisms,
efficiency of the metal coagulants has been found to be
dependent largely on the pH of the medium and on the
stoichiometric relationship between the concentration of
mieroorganisms and dosage of metal ion (32). The optimum
PH range for effective flocculation according to Tenney

and Stumm (32) was approximately pH 5 to 6 for aluminum and
PHE 4.5 to 5.5 for iron. Within this pH range, all the

aluninum and iron ions undergo rapid hydrolytic reactions
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and form hydroxopolymers, At pH values lower than this
optimum range, where free metal ions (Algg Fe%) were
vrevalent, and in the neutral and alkaline pH range where
hydrolysis led immediately to hydrous metal oxides,

ready floceunlation of microorganisms did not oceur (32),
It was especially interesting to note that in the acid
range of pH (less than 4) the charge of the microbial
surface was less negative than in nentral selutions and
thus supposedly more amenable to floceunlation. Ilarge
dosages of either iron or aluminum under these conditions
would not coagulate microblal cells.

The fact that these workers found hydrolysis products
alone and not free metal cations or hydrous metal oxides
produced agglomeration of miercorganisms suggested that
the aggregation produced by aluminum or iron salts was
caused by interaction of linear polymers resulting from
hydrolysis of these salts with dispersed cells, MNetal
ions at the end of these short chain polymers could be
bounded predominantly by chemical foreces onto the ionic
groups on the microbial surface,

2, Polymers of bicological origin

Polymers of bioclogical origin, especially polymers
which carry electrical charges, are of great importance
in organization of biological structure. Proteins,
protamines, nucleic acids, pectic acids, alginic acids

and numerous polyaclids of bacterial origin are natural
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polyelectrolytes (0)., It thuﬂ»appears possible that
bioflocculation mizght be interpreted in terms of poly-
electrolyte interactions. It has been reported by
MeKinney (13) that natural polymers such as complex
polysaccharides and polyamino acids are excreted or
exposed at the surface of the cell predominantly during
the declining growth and the endogenous respiration
phase.,

3. Synthetic polyelectrolytes

An important development in colloidal chemistry
within the last ten to twenty years hag been the pro-
duction of synthebtic polymers with high molecular weight
which are sinilar in general properties to biocolleids or
organic compounds mentioned earlier., Synthetic polymers
contain many recurring units of low molecular weight
which are chenically combined to form a moleecule cof
colleidal size, Fach of the recurring units carries one
or more electrical charges or lonizable groups. Because
these compounds have the characteristics of polymers and
electrolytes when in solution, they are called polymeric
electrolytes, or nmore often polyelectrolytes,

Approximately fifteen years ago, the synthetic
polyelectrolyte came into prominence as coagulants for
colloidal suspensions and were instrumental in reviving
interest in the older metal coagulants. The mechanism

of action of mebtal coagulanis had to b2 more fully



36

understood before work on the polyelectrolyte could
progress. Ruehrwein and Ward (14) compared the effects
of polycations and polyanions or c¢lay suspensions, Their
experiments showed that polycations were effective coagu-
lants alone while polyanions were good coagulant aids
after a metal coagulant had been added. In order to
explain their results, they postulated that cationic
polymer would flocculate by charge neutralization or
polymer bridging bvetween particles. Polyanions worked
alone by a process of anion interchange with clay where
the carbeoxyl ions replsasced ébsorbed anions such as OH
on the clay surface: however, if a metal coagulant was
added first and increased the number of positive sites
on the so0lid, the anionic polymer would be much more
effective in bridging between particles (14),

| In 1954, Michaels (33, 34) showed that in order
for a polymer to contribute directly to flocculation. of
a suspension, it had to become adsorbed on the solid
surface. Floceculation could then occur by two basically
different pvhenomena: (1) the electrokinetic potential of
the particls surface may be reduced suffioiently.té
permit aggregation by residual valence forceé; (2) polymer
molecules may adsorb on more than one particle and thus
aggregate by bridgingo For a polymer to cause flocculation
by reduecing the electrokinetic potential of a selid, it

must first have an ionic charge and it must also have a



37

charge opposite to that of the net charge on the solid,
Polymers carrying a neubral charge counld never work in
this manner. Cationic polymers, in addition to causing
floeceulation by reducing the electrokinetic potential,
could also cause floceculation by interparticle briding.
Anionic polymers cannot be responsible for flocculation
by alteration of the electrokinetic potential, since
they carry charges of the same sign as electronegative
colloids, Also, the anionic groups on these polymers
cannot easily be visualized as undergoing strong
adsorption on negatively charged surfaces. Thus, it was
felt that if bridging does indeed take place, it must
occur by virtue of other active groups either in the
polymer molecule or on the particle surface (33).

In explaining flocculation of clays by polyanions,
Michaels (34) stressed the possibility that polyvalent
cations such as catt usvally present‘in clays, may act
ags electrostatic bridges between the so0lid surface and
the polyanion, Michaels also thought that adsorption of
polyanions on clay occurred by hydrogen bonding between
the so0lid and hydroxyl, amide or un-ionized carboxyl
groﬁps on the polymer. The sole funetion of ionic groups
on the polymer in this case was to extend the pélymer
@haiﬁxand keép it from ceiling on itself (34).

Katehalsky (35) did much work on the molecular shapes

of polyelectrolytes and their reactions. There are many
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others who have contributed to developments in polymer
chemistry, These works are too numerous to mention:
however, the major theories of polyelectrolyte action
have been presented.

a. PFloceculation theory

Flocculation is the agglomeration of particulate
matter inte larger masses, thus promoting a more rapid
rate of separation from the ligquid than could be
accomplished with unflocculated particles.,

In floceulation, primary concern is usually given
to insoluble colloidal particles having a diameter of
from ten angstroms to one micron and supracolloidal
particles having diameters ranging from one to one-hundred
microns (31), Larger pvarticles are readily removed by
conventional sedimentation processes while materials smaller
than ten angstroms are considered to be soluble and gener-
2lly not amenable to floceculation with polymers. Although
there is much work to be accomplished before establishing
unifying theoretical principles to explain floecculation
in the presence of polyelectrolytes, some generalized
hypotheses may be synthesized for the existing literature.

When flocculation occcurs in the presence of polymers,
adsorption, charge neutralization and/or interparticle
bridging are possible causitive mechanisms (35). When
these materials are added to suspended solids systems,

they are adsorbed primarily by the suspended inorganic and
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organic matter present. Thig adsorption occurs due to
Tformation of ionic bonds which are thought to be irrever-
gible due to the large number of sites involved in the
reaction, This adsorption is also accompanied by a
neasvrable gain or loss of charged sites or by charge
nentralization. When the electrostatic repulsive

forces have been sufficiently suppressed by charge
neutralization, the weaker Van der Waals forces, assisted
by mechanical or natural agitation, can produce floccu-
lation., In addition, although a particle has the polymer
adsorbed to the charged sites on its surface, the polymer
may bridge to adjacent p&rticies and therefore greatly
enlarge the suspended solids particles,

In a recent article, Birkner (36) reported on work
pertaining to floceulation kinetics of dispersed latex
particles. These latex particles were flocculated by
cationic polyelscirolytes and a stoichiometric relationship
existed between particle concentration and optimum polymer
concentration. Polymer dosage smaller or larger than
optimum produced incomplete coagulation. As the particle
concentration and velocity gradients were varied, changes
in polymer dosages resulted in floecs of different sizes,
Birkner felt that the particle concentration and velocity
gradient determined the number of collisions which were
necessary for particle bridging while polymer dosage

governed the number of particle-polymer bridges whiech
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could form; however, the wveleocity gradient at the optimum
polymer dosage also determined the maximum aggregate size
before the floc starts to break up (36).

Cohen, et al (37) in their work with polyelectro-
lytes, have shown that a polymer dosage higher than necess-
ary for optimum floceulation resulted in some dispersion
of the solids, This was explained for the cationic
polymers by a reversal of the net negative charge of the
systen to a net positive charge. This effect was similar
to that caused by a less than optimum dosage of cationic
polymer where the net charge of the system remained
negative. Opbtimum flocculation oceurred in a system
having a net charge of 0 + 3 millivolts (9).

b. Applieation of the polyelectrolytes to bilological
floccuiation

In their werk on the flocculation of microeorganisms,
Tenney and Stumm (32) thought of the bacteria as being
negatively @h@fged eolloida, Their work indlcated that
the floecculation of microorganisms was dependent on the
physiclegical condition of the organism, pH of the solution,
degree of agitation and the flocculant dose. It appeared
from thelr work that these were the only variables that
were investigated, Tenney and Stumm conecluded that Puri-
floe 602 {(venamed by the Dow Chemical Conpany to Purifioé
¢=32}, was most efficient at a desage of 100 mg/l in

flocculation of microorganisms., Purifloe 602 (C=32) is a
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polyethyleneimine compound (38},

Purifloc 602, to the author®s knowledge, has generally
shown activity 1.4 to 1.5 times as great as that of Puri-
floc C=31 for this and similar types of applications. The
work of Tenney and Stumm would, at least in part, there-
fore be in agreement with the work of Yu (15) who obser-
ved good flocculation of microorganisms in the range of
140 mg/1 with Purifloc ¢-31. In both investigations,
heterogeneous culiures grown on glucose were used. The
microorganism concentration was in the range of 200 = 300
mg/1 and the cells were in a young physiological condition,

Singer, Pipes and Herman (2), in laboratory work on
bulking activated sludge, showed that polyelectrolytes
generally enhance the settling characteristics of the
bulked activated sludge. Thelir work indicated that
optimum removal of biological solids in a bulking condi-
tion oceurred at a dogage of 2 to 3 mg/l of Purifloc 601
{renamed by the Dow Chemical Company to Purifloec (=31).

h Walker asnd Dougherty (39), without identifying the
gpecific polymers, showed that cationic, anionic and
nonionic polymers at various dosages could improve the
settling rate of activated sludges., Their work on the
BCD test with polymers indiecated a slowdown of oxygen |
utilization when using the cationic and one énionid ﬁélymer
while no slowdown in oxygen consumption was shown for the

remaining anionic and nonionic polymers: however, they
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only gave the volume and not the dosages of the polymer at
which this occurred.

Jordon and Hatch (3) have reported recently on using
these polyelectrolytes in various applications in an
activated sludge plant. The increased efficiencies obtain-

ed in these applications indicated the versatility of the

polymers.



CHAPTER III
MATERIALS AND METHODS
Development of a Heterogeneous Bacterial Population

An activated sludge was developed in a laboratory
batch unit from an initial seed taken from the effluent
of the primary clarifier at the municipal waste water
treatment plant at Stillwater, Oklahowma. The synthetic
waste used in all of the experiments was composed of the
following constitnants:

1000 mg/1 glucose
15 mg/1 1.0 M potassium phosphate buffer
500 mg/1 of (I\Iﬂ'q,qig S0
200 mg/1 of Mg 80y - 7Hp0
20 mg/1 of Mn 805 - 2 HoO
15 mg/1 of Ca Clp - 2 HpO
1 mg/1l of Fe Cigy - 6 Hy0
100 mls/1 of tap water

Distilied water was added to bring the synthetic waste
to the desgired volume. |
1. Batch wnit

A bateh activated sludge culture (9 liters) was grown
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in & glass tank. Twenty=five mls of the sewage seed werse
added per liter of synthetic waste and asration was start-
ed. Air was delivered to the medium through two porous
glass diffusers, at a total rate of approximately 8000
ce/min,

In the standard batch unit, the daily feeding proced-
vre was to waste one-third of the mixed liguor volunme.

The remaining mixed liquor was allowed to settle under
gquiescent conditions. After one hour of settling, one half
of the remaining volume was removed from the supernatant.
The remaining mixed liguor was then brought to its original
volume and synthetic waste concentration and the air
restarted, This procedure was followed daily.

The feeding procedure for the standard batch unit was
changed for the experiment shown in figures 6 through 9 in
order to obtain a high mixed liquor solids concentration
so that after dilutions were made a wide range of solids
concentrations would be avallable for experimentation.
Daily, the alr was turned off and the solids were allowed
to settle for one hour. After this time, two-thirds of
the volume in the unit were removed as supernatant.

The remaining mixed liquor was returned to its original

volume and synthetic waste concentration and the air waé
restarted: thus, very few biological solids were wasted.
This unit was cperated two to three weeks in this manner

before the experiments were performed.
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2. Continuvous flow

The continuous flow process was conducted in a glass
eylinderical reactor, which had an. appreoximate volume of
2,8 liters, into which the standard synthetic waste was
added at a predetermined rate. A constant volume was
maintained in the reactor gince the reactor volume was
fixed and the air aggitation was the same throughout the
experiments. As a given volume of synthetic waste was
added, an equal volunme of liquid containing the products
and wnreacted materials of the biochemical process, left
the reactor. When the products and unreascted material in
the effluent were numerically equal to those in the
reactor, the unit was considered to be at a steady state,

Daily, twenty liters of synthetic waste were made up
for one of the continuous flow units. This was sufficient-
volume for two days feeding with some excesgs. Two units
were operated so this procedure was repeated daily. Each
unit had two pumps and feed lines., While not being used
for adding the synthetic waste, the feed line snd pump
were disinfected one day by recireculating a dilute ehlorine
Sélution, and the next day were washed out with tap water,
Whén not in uge, the container holdingvthe gsynthetiec waste
was disinfected using cleaning scolution,

‘in‘sﬁarting the eontinuvous flow units, 50 mis of
cewage seed was placed in the aeration tank and the air

and synthetic waste feed were turned on. The alir feed was
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set at a rate of 2000 co/min/liter., Synthetic waste was
punped into the aeration tank at a rate which yielded &
theoretical detention time of 6.0 hours. Frior to running
the experiments, complete mixing in the unit was checked
by running a dilute=in and dilute-cut curve with methylene
blue dye. This curve ig shown in Pigure 2.

In the dilute~in curve, the chemostat or continuous
hgiow reactor was filled with distilled water and a
methylene biue dye solution was pumped into the chemostat.
In running the dilute=out curve, the dye solution was put
into the chemostat and distilled water was pumped in.
Samples of the effluent were collected at various times,
and the optical density was measured at 515 R wavelength,
Wavelangths were scanned and 515 mp appeared to gilve
maximum adsorption on a flat portion of the resulting
curve,

The theoretical values were calcoculated for the dilute-

out curve by the formula

- =Dt
X =Xe v

wheve X, = 1000, D = 0.1667 hrs.® and t was the time
of run in hours. The dilute-=in curve theoreticasl values

were calculated by the formula

X=X, (1-e"%)

The actual values wers figured by the formula
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where 0.D., was the optical density at any time t, and

t
QOD“O was the optical density of the dye solution at

the start of the experiment.
Mature of the Organic Polyelectrolytes Used

In these studies, organic polyelectrolytes were
used ag "toolsh to increase the flocculation efficiency
of biological solids. No effort wasg made in this research
to determine the most efficient polyelectrolyte, but a
decigion was made to limit the work to two polymers (one
cationic and ore anionic) that were widely used in the
field (1), (2), (3). The polymers selected were
Purifloes C=31 and A=Z1,

1. Purifloc C=31

Purifloc C=31 has been ldentified as polyalkaline
polyamine (40). It is an organic, high molecular weight,
cationic polyelectrolyte whieh is soluble in water (41}).
This organic polymer is avallable as g viscous solubion
havihg a specific gravity of approximately 1.25 at 25°C.
The sample of Purifleoc C-=31 that was used in these
experiments has a molecular weight in the range of 50 =
100,060 as determined by viscosity measurements. ‘Very
little information is available on its exact chemical

structure: however, it may be visualized as follows:
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2. Purifloec A=21

Purifloc A-21 is a synthetic, organic, very high
molecular weight anionic polyelectrolyte (42)., In its
commercial form, it is a white, granular free-lowing
powder., It is water soluble and can be made up to as
much as a 5% solution by weight with special dispersing
equipment. This polymer is essentially non-corrosive
in the dilute form to most standard materials of con-
struction with The exception of zine and aluninum or
their alloys. It is recommended that 1.0% stock solu-
tiong be nmade up for laboratory investigations and these
diluted to 0.1% for working solutions (42}, The sample
of Purifloc A=21 that was used in these investigations
has a molecnlar weight in the range of 10 x 106 as
determined by viscogity measuremendts. An anionic polymer
has been shown by Pugh and Heller (43) with a carbon .
backbone having sediunm sulfonated aromatic rings attached

a8 pvictured below:

Analytical Technigues



1. Biological solids determination

a. The membrane filter technigue

All mass or biological solids concentration were

determined using the membrane filter technique (0.45 u

pore size) as outlined in Standard Methods (44).
Before filtering, samples were centrifuged at
18,000 rpm for ten minutes in a refrigerated Sorvall
Centrifuge (model RC 2-B). All gross and tare filter
weights were made using a Mettler Gram-atic Balance,
b. 0

tical density measurements

Optical density was used as a means of measuring
the turbidity of colloidal suSpepsionso Optical density
also was used as a quick, approximate neasure of the
concentration of bioclogical solids. The instrument used
was a Coleman Junior Spectrophotometer model 6D (45).
Light transmittance was measured and then converted to
optical density using a conversion table. The relation
between optical density -and. light transmittance can be
expressed by the equation 0.D. = log10 T, where 0.D.
represents optical density and T. represents the percent
light transmittance. All measurements for biological
solids were made at 540 mp wavelength.

¢. Protein determination

The biuret test was carried out during éelected
experiments to determine any.change>in protein content

of the cellgﬁ“_The procedure followed wasroutlinqd by
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Gaudy (46). As part of this test, the samples were
centrifuged at 5,000 rpm for three minutes and the light
transmittance of the supernatent was measured on the .
Coleman Junior Spectrophotometer (model 6D) at 540 m
wavelength and compared to the standards.

2, BSubstrate determinations

8, Chemical oxygen demand (COD) test

The detailed procedure used in running the CCD test
is given in Standard Methods (44), This test is used
for determining the efficiency of operation of treatment
facilities because of the speed with which results can
e obtained., It has been pointed out by a number of
investigators that the BOD and COD tests are two dis-
tinetly diffepent parameters, but most investigators
agree that on a waste of relatively constant composition,
the ratio between these two tests should be the same.

The principle of the COD test involves oxidation of all
the organic components to 002 and HZO by the action of
the strong oxidizing agent, potassium dichromate, under
acid conditions, The major limitation of the COD test
is its inability to differentiate between blologilcally
inert and biologically oxidizable organic matter.

b.  Glucese

The Glucostat test was run on the membrane filtrate.
This test is specific for glucosge according to the

vrocedure outlined by the Worthington Biochemiecal



Corporation (47). Optical density was measured on the
Coleman Junior Spectophotometer (model 6D) at 400 m1 and
compared to standards.

‘¢. Carbohydrate

The anthrone test was run on the membrane filtrate
according to the procedure cutlined by Gaudy (46). This
test is specific for carbohydrates. Optical density of
the test samples were run on the Coleman Junior Spec-
trophotometer (model 6D) at 540 mp wavelength and com-
pared to standards,

d. Biochemical oxysen demand (BOD test)

This test was run according to the procedure out-
lined in Standard Methods (L4}, It was used only to
determine the oxygen demand exerted by the bacteria in

using the organic polyelectrolytes as a substrate,

Experiment Protocol

1. Relation between optical density and solids
concentration

In order to estimate solids concentration quickly
and. détermine the degree of clarifiecation in floccula-=
tion and settling experiments, a plot of cell concen-
tration verses opbtical density was made as shown in .
Figure 3; During the course of the work in both batch
and continaons flow units, wherever scolids concentration

and optical density were determined on the same sample,
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the dats wae uged to define thig curve.

2, Testing of polyelectrolyvtes

Various eoncentration of the two organic polymers
used in this research, namely Puriflocs A=21 and C=31,
were subjected to all the analyticsl procedures used in
these experiments in order to determine if the poly-
electrolytes would inbterfer with the anslyses,

3. Flocculation of biological solids

In 21l of the bateh snd continuous flow units where
fiocculation by polyelectrolyte addition or natural
agglomeration was measgured, s standard procedure was
adopted from & recommended procedure of the Dow Chemical
Company (48), Two hundred Tifty mls of mixed liguor was
put into each of 8ix 600 ml beakers and placed on a Phipps
and Bird d-paddle stirrer., If a polymer was to be added,
it was added at this point. Next, the stirrer was started
and operated for one minute at 80 rpm and then reduced to
30 rom for four minutes. Sebttling was then sllowed to
take place by reducing the stirrer speed to 5<10 rpm. It

was felt that solids that would settle under these dynamic

o
et

conditions were more indicative of a truly flocculated
ealid, After five minutes of settling, a 10 ml sanple was
drewn from just below the surface of the liquid using s
10 m1 pipette with a large opening. Only one sample was
taken from =sach beaker, The optical density was then

determined for sach sample.
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When comparing the effects of various dosages of
both polymers, the desirsd dosage of the polymer was
placed in a vial and brought to a volume of 5 mls with
distillied water. The contents of each vial was emptied
into the appropriate beaker at the time outlined in the
procedure .,

b, Effect of growth stase on flocculation

In making fleoeculation and settling rate determin-
ations under bateh growth conditionsg, 1t was desirable to
use cells harvested at variocus stages of growth., To
determine if the flocculation efficliency was caused in
vart by a shange in natural flocculation ability due to
the stage of growth or scolely to polyelectrelyte addition,
floceulation tests were run on the mixed liguor without
any polymer addition., These tests were run at four.
different locations along the growbth curve in & batch
operated unit. 7These loecations were selected to encompass
the stage of bacterial growth toc be used in the other
flocculation experiments,

¢, EHEffect of solidg concentration

In this particular group of experiments, the effi-
ciency of the polymers was determined as a function of
the éoiids @@!@entrati@no The solids concentration was
varied by taking 250, 2006, 150, 100 and 50 mls of mixed

liguor for beakers one through five respectively, and
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then adjusting the total volume in each beaker to 250 mls
by the addition of buffered distilled water containing the
game phosphate concentration as in the synthetic waste
mediuvm. The solids concentration in each beaker was estim-
ated by measuring the optical density. The standard flocw
culation tests were performed using the same amount of
polymer in each beaker. Since the solids concentration
varied, an expression for polymer dosage in terms of solid
concentrations namely, mg polymer/gm of solids, was used.
In varying the solids concentration, 1t was impossible to
compare the optlical density in each beaker directly:
therelfore, & conbtrol was run for each beaker and the
percent relative flocoulation efficiency was determined,
It was caleulated by subtracting the optieal density of
the treated beaker from the optical density of the control
and dividing by the optical density of the control (15).

d. Settline characteristics

The optimum time for settling vnder the dynamic
settling conditiens employed was determined by running the
standard flocculation test and taking a sample from each
beaker after various times of settling. This experiment
was performed on cells from both the continuocus flow unit
vnder steady state conditions and the bateh unit,

4, Inhibitory effects of polyelectrolytes due to shock
loading

S

2, Bateh unlt shocked with Purifloc $-31




The bacterial cells used in these experinments were
grown in a batch unit but under different conditions than
the cells harvested from the standard batch unit. For
these experiment, 200 mls. of supernatant were taken
from the standard bateh unit after one hour of settling
and usgd as seed mabterial. Two days before the experi-
ment was to be run, this seed material was fed double
the regular concentration of synthetic waste and brought
to a total volume of 8 liters. On the day before the
experiment was to be run, double the standard glucose,
puffer and mineral salts was again added to this unit
without removing any of the cells or substrate. On the
day of the experiment, the unit was fed the standard
concentration of glucose, buffer and mineral salts, again
without removing any of the cells or substrate. Two
liter portions of this mixed liquor were then added
immediately to each of four cylinders containing the
desired amount of polymer. Aeration was begun at a rate
of 2000 ce/min/l and the sampling program was initiated.,

b. Batch unit shocked with Puriflic A=271

The procedure used in this group of experiments was
ginilar to the procedure outlined above except that on
the day of experiment the mixed liguor was diluted with
distillied water to an approximate solids concentration
of 400 mg/1l. The standard concentration of glucose, buffer

and nmineral salis were added, and the mixed liquor was
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divided into 2 liter portions, The ecylinders contained
the desired amcunt of polymer and after the air was turned
on at the rate of 2000 ce/min/l, the sampling program was
started.

¢. Continuous flow units

The continuocus flow units were operated as previously
deserited until they reached a steady state., After a few
dayg overation at steady state, the unit was shocked with
a known amount of polymer to give a desired concentration
in the reactor., Before the polymer was added, the same
volume of mixed liquor was removed from the reactor. This
was less than 1% of the total volume. The sampling prograﬁ
was started immedlately after the polymer addition,

5. Aceclimastion of bacterisl cells to Purifloc C-=31

a, Rateh unit

Twe batch vnits were started as outlined previously
for the standard batch unit and operated a few days before
starting the experiment on acelimating to Purifloc C=31,
After operating both units on the standard synthetic
waste Tor thrse days, one unit was "weaned off" glucose
and on to Parifloc C=31, starting on the fourth day. This
unit was fed the standard concentration of buffer and
mineral salts, but the glucose feed was decreased in 50
meg/1l increments from 1000 mg/i. At the same time, the
(=31 dosage was inecreased in 50 mg/1 increments daily so

that the combined concentration of glucose and (=31 was
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equal to 1000 mg/l. The control unit was operated under
the standard conditions during the entire time. Samples
were taken from each unit 23 hours after their daily
feeding.

After the treated unit reached a feed concentration
of 0 mg/1l of glucose and 1000 mg/l of C-31, and its
daily =sample was taken, the cells from both the control
and the C=31 treated units were harvested and resuspended
in separate containers in 0.05 M. phosphate buffer,

The following day the c¢ells harvested from the control
unit were divided into three separate units and fed 1000
mg/1l glucose, 500 mg/l glucose + 500 mg/l C=31 and 1000
mg/1 C=31 respectively., The standard concentrations of
buffer and mineral salts were also added to each unit.
The air was turned on at a rate of 2000 ce/min/l and the
sampling program was started. The next day this same
experiment was performed on the cells harvested from the
C=31 treated unit.

b, Continucus flow units

The continuous flow unit was operated under the
conditions described previously. After steady state
was reached, the ﬁnit was ron a few more days before the
acclimation test was started. In starting this experimént9
25 mg/1l of C=31 was added to the incoming synthetic waste.
Bach day thersafter the 0-=-31 csoncentration was increased

by 25 mg/1 until the concentration reached 200 mg/1.



At that point, the test was terminasted. Sanples were

taken from the efflusnt three times during esach day.
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CHAPTER IV

RESULT

193]

Analytical Tests on Puriflocs A=21 and C=31

The results for all analysis run on the polyelectro-
lytes are given in tables 1 through 6, Chemical oxygen
demand wag determined on Purifloes (=31 and A-21 and 1
mz/1 of polymer exerted a COD of approximately 0.796 and
0.853% mg/1 respectively. These figures represent a
statistical average of 16 values. Purifice ¢=31 did not
interfere with the anthrone or the glucostat test;
however, A=Z1 was slightly reactive to these tests, The
biuret btest was not effected by A=21, while C=31 exhibited
a 8light interference, In the BOD tests oxygen usage was
noet retarded by Purifioc A-Zl:; however, Purifloc (=31 did
retard oxygen usage. This result gave indication of

posgible inhibitory effects due to the polymer,

Floceulation of Biological Solids

1. Dossge regulrements

Flocceulation of biological golids grown under batch

and continunous flow steady state conditions are shown in
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TABLE I
COD TEST ON PURIFLOC C-31

Bottle Sample Size Polymer

Number mls, _ ng. Titration (a-b) COD

Standard ' : 11.65 '

Standard 11.65

Bilank ‘11.40

Blank : : 11.40
1 2 1.0 10.95 45 386
2 2 1.0 10.95 45 386
3 5 2.5 10.30 1.10 B 2 ¥
4 5 2.5 10.25 ’ 1.15 395
5 7 3.5 9.80 1.60 392
6 7 3.5 9.85 1.55 380
7 10 5.0 9.00 2.40 412
8 10 5.0 8.95 2.45 421
9 12 6.0 8.65 2.75 393
10 12 6.0 8.60 2.80 Lol
11 15 7.5 - 7.85 3.55 koo
12 | 15 7.5 7.90 3.50 401
13 17 8.5 7.45 3.95 399
14 17 8.5 7.45 3.95 399
15 20 10.0 6.80 4,60 395
16 20 10.0 6.80 4,60 ,

1 mg/1 of Purifloc C-31 = 9%%2 x 5%0 = 0,796 mg/1 COD

Note: Purifloc C-31 at 500 mg/1l Concentration

323
TOTAL 6373

<9



TABLE II
COD TEST ON PURIFLOC A-21

Bottle Sample Size Polymer
Number mls,. (@ 1000 mg/1) ng. Titration (a=b) CcoD
Standard 11.60
Standard 11.65
Blank 11.50
Blank 11.50
1 2 2 10.50 1.00 858
2 2 2 10.50 1.00 858
3 5 5 9,00 2.50 858
4 5 5 9.00 2.50 858
5 7 7 8.00 3.50 858
6 7 7 8.00 3.50 858
7 10 10 - 6.55 4.95 850
8 10 10 6.55 4,95 850
9 12 12 5.55 5.95 851
10 12 12 5.55 5.95 851
11 15 15 4,05 7.45 853
7 35 15 4,05 7.45 853
13 17 17 3.10 8.40 848
14 17 17 3.10 8.40 848
12 gg 23 l.gg 9.95 854
1 2 2 I 9.90 850
TOTAL T3_6§F
1 mg/1 of Purifloc A-21 = 13226 X 1300 = 0.853 mg/1 of COD

Note: Purifloc A-21 at 1000 mg/l Concentration

€9



TABLE III

GLUCOSTAT TEST ON PURIFLOCS A=21 AND C-31

-

Tube Polymer Sample Dist. Glucose
Number . Used ng. Water % T 0.D. ng. ng/1
. mls .,
Standard Glucose 0 1.00 100.0 0 0
Standard Glucose .015 .95 85.0 . 0706 . 015
Standard Glucose .03 .90 68,5 1643 .030
Standard Glucose .09 70 35.5 L4500 . 090
Standard Glucose .15 .50 18.5 .7330 .150
Standard Glucose .30 e 5.0 1.3010 .300
1 C=31 .03 .9 100.0 0 0 0
2 C=31 .09 o7 100.0 0 0 0
3 C=31 .15 .5 100.0 0 0 -0
L C-31 .18 A 100.0 0 0 0
5 C-31 .24 A 100.0 0 0 0
6 C=31 .30 0 100.0 0 0 0
7 A-21 .03 .9 92.5 .0339 . 006 60
8 A=21 .09 .7 87.5 .0580 . 011 37
9 A=21 .15 .5 84.5 .0731 .014 28
10 A=21 .18 L 80,5 . 0942 .018 30
11 A=Z21 24 2 75.0 1249 - . 024 30
12 A=21 .30 0 67.5 .1707 .033 33
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TABLE IV
- ANTHRONE TEST ON PURIFLOCS A-21 AND C-31

Sample - , Carbohydrate
Conc. D.W.
Polymer mg/1 mls. T mg. mls. ZT 0.D. ng. mg/1
Glucose 300 0 0] 2.5 100 0 0
Glucose 300 .1 .03 2.4 81.0 - .0915 .03
Glucose 300 o3 .09 2.2 . 50.25 2990 .09
Glucose 300 «5 .15 2.0 31.0 . 5090 .15
Glucose 300 .7 .21 1.8 18.5  .7330 .21
C-31 300 W1 .03 2.4 100.0 0 0 0
C=31 300 e3 .09 2.2 100.0 0 ¢] )
C=31 300 «5 .15 2.0 100.0 0 0 0
€-31 300 o7 .21 1.8 100.0 0 0 0
C-31 300 1.0 .30 1.5 100.0 0 0 0
C=31 1000 .5 .50 2.0 100.0 0 0 0
C=31 1000 1.0 1.00 1.5 100.0 0 0 o]
C=31 1000. 1.5 1.5 1.0 100.0 0 0 0
A=21 300 .1 .03 2.4 100.0 0 0 0
A<21 300 o3 .09 2.2 g7.5 .0110 .003 10
A=21 300 e5 .15 2.0 94.75 .0235 .008 16
A-21 300 .7 .21 1.8 92.0 .0362 .012 17
A-21 300 1.0 <30 1.5 93.0 .0315 .010 10
A-21 1000 .5 .50 2,0 91.5. . 0386 013 26
A~21 1000 1.0 1.00 1.5 85.0 . 0706 .023 23
Ax21 1000 - 1.5 1.50 1.0 81.5 . 0888 . 028 18
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TABLE V
BIURET TEST ON PURIFLOCS A-21 AND C-31

Sample
Concentration D.W. Protein
Polymer ng/1 mls, . mls. %Z T 0.D. ng. mg/1
Standard 6000 - 0 2.5 100.00 0 0
Standard 6000 .5 3 2.0 80.00 .0969 3
Standard 6000 1.0 6 1.5 60.25 .2200 6
Standard 6000 1.5 9 1.0 5,00 .3470 -9
Standard 6000 2.0 12 .5 34.25 .4650 12
Standard 6000 2.5 15 0 23.50 .629 15
C=-31 300 .5 o15 2.0 g9.75 .0011 0 0
C-31 - 300 1.0 <30 1.5 99.75 .0011 0 0
C-31 300 1.5 45 1.0 99.50 .0022 1 67
Cc-31 300 2.0 .60 .5 99.50 .0022 o1l 50
C-31 300 2.5 .75 0 99.75 .0011 0 0
C-31 ‘ 1000 .5 .50 2.0 92.50 .0022 .2 400
C=31 1000 1.5 1.50 1.0 9G6.00 .0044 .2 133
C-31 1000 2.5 2.50 0 98.25 .0077 3 120
A-21 300 .5 .15 2.0 100.0 0 0 0
A-21 300 1.0 .30 1.5 100,0 0 0 0
A-21 300 1.5 A5 1.0 100.0 0 0 0]
A=21 300 2.0 .60 .5 100.0 0 0 0
£=21 300 2.5 .75 0 100.0 0 0 0
A=21 1000 «5 «5 2.0 100.0 0 0 0
A-21 1000 1.5 1.5 1.0  100.0 0 0 0
A=21 1000 2.5 2.5 0 100.0 0 0 0

29



TABLE VI

BOD TEST ON PURIFLOCS A-21 AND C-31

Incubation Sample
Time, Days Polymer Conc., mg/l nls. mne. Titration
0 7.8
5 5.1
5 C=31 300 o5 .15 5.1
5 C=31 300 1.0 .30 5.7
5 C=31 300 1.5 A5 5.8
5 C=31 300 2,0 .60 £.9
5 C-31 1000 1.0 1.00 6.2
5 c-31 1000 5.0 5.00 6.2
5 C-31 1000 10,0 10.00 6.1
5 C=31 1000 20.0 20.00 6.1
5 A=21 300 .5 .15 5.3
5 A-21 300 1.0 .30 5.3
5 A-21 300 1.5 b5 5.3
5 A-21 300 2.0 .60 5.3
5 A-21 - 1000 1.0 1.00 5.2
5 A-21 . 1000 5.0 5.00 5.2
5 A2] 1000 10.0 10.00 5.2
5 A-21 1000 20,0 20,00 5.2

Notes Seed taken from continuous flow reactor effluent and diluted
to 0.D., of .14, One ml/liter taken for seed,

L9
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Figures 4 and 5 vespectively. In both of these exveriments,
the standard flocculation test procedure was used, In
Figure 4, the plotted points labeled ®settled control? rep-
resent the optiecal density of the supernatant for cell sus-
rensions to which no polymer was added. In the system
desed with Furifloc C-31, the degree of clarification was
increased starting with a dosage of 5 mg/l and it continued
to increase up to a dosage of 50 mg/l. Dosages between 50
and 200 mg/1 of C=31 did not show any increasge over the 50
meg/l dosage., Addition of Purifloc A=21 caused an increase
in eclarification at a dosage of only 0.1 mg/1l and wasg
increasingly beneficial up to a dosage of 1 mg/l. A siight
decrease in efficiency was noted from 3 to 50 mg/l, with a
large decrease coming between 50 and 200 mg/l. This data
was plotted on semi-log paper so that the wide range in
data could be easily plotted,

A considerable degree of autoflocculation was evidenced
Tor cell suspensions baken from the continuous flow steady
state units (Pigure 5) when placed under the slow mix con-
ditions of the sbtandard flocculation procedure. Auto-
floceulation was not evident in the reactor or when the
cells were removed from the reactor and placed under
guiescent settling conditions, Upon flocculation and
settling in the absence of polymer approximately 45 to 50%
removal of the solids from the mixed liguor was observed,

The A-21 in this experiment (as for results shown in
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Figure 5) inﬂi@ateé increased removal over the settled
control for dosages up to 1.2 mg/l. Dosages from 1.2 to
8 mg/1, while still more efficient than the settled
control, were not as efficient as a dosage of 1.2 mg/1.
Purifloc A=21 dosages above 8 mg/l resulted in decreased
clarification in comparison to the settled control. The
cationic polymer showed increased clarification over the
settled control when the dosage was 15 mg/l or greater.
Up to this dosage, the polymer did not increase settling
over the contrel. Increasing the C=31 dosage from 15
mg/1 up to approximately 200 mg/1 increased the removal
efficiency. From 200 to 500 mg/l, there was a slight
decrease in efficiency.

2., Effect of solids concentration on flocculation

An experiment to determine how the addition of
cationic polymer effected the flocculation of biological
20lids in comparison to a settled control, while varying
the solids concentration and growth time in a bateh unit,
was performed. This experiment is shown in Figure 6.

The solids were grown through a number of feeding cycles
without solids wasting and the s¢lids concentration was
allowéd td inerease to 3400 mg/1. This procedure produced
solids thét'would flocculate well in the range of 3 te 5
mg/1l of Cwﬁlo The solids concentration was varied by
making specific dilvtions of the mixed liquor with 0.5

molar buffered distilled water., Dosage was expressed on
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the basis of mg polymer per gm of sollids. The percent
relative flioecenlation efficiency was determined as the
difference between the optical density of the control and
the treated sample divided by the optical density of the
control. This ratio was expressed as a percent., It is
seen in Figure 6 that the percent relative flocoulation
efficiency was increased with a small addition (1.5 mg
polynmer/gm of solids) of C=31, Slightly higher dosages
(1.5 t0o 2.5 mg polymer/gm of solids) showed a tendency to
decrease the removal efficiency. Increasing the dosage
above 2;5 mg polymer/em of solids again established an
increase in efficiency,

The data shown in Figure 6 is replotted in Figure 7
to show how the percent relative flocculation efficiency
varied with the solids concentration. The relative effi-
ciency for both dosages appeared to be the greatest at the
highest and lowest s8olids concentrationg used. As the
#0lids concentration was decreased from the high valve and
increased from the low value, the relative efficiency
decreased to its lowest value at a solids concentration of
2000 mg/1.

The procedure used to collect the data shown in
Fignre 8 was similar to the procedure used for Figure 6
however, instead of uging Purifloc C=31, the aniocnic poly-
ner, Purifloec A-Z1 was used. Biological solids were grown

under bateh conditions without solids wasting to a



concentration of approximately 2500 mg/1l. Flocculation
appeared to be efficient with A-21 at dosages of 0.5 and
1.0 mg/1. It is seen that the percent relative floccula-
tion efficiency was increased with a very small dosage of
0.2 mg polymer/gm of solids. Increasing the dosage (by
decreasing the solids concentration) resulted in a reduc-
tion of efficiency.

The data plotted in Figure 9 was taken from Figure 8
and shows how the percent flocculation efficiency varied
with the solids concentration. The dosages of A=21 used
in this experiment were 0.5 and 1.0 mg/l and the dotted
1lines represent the average efficiencies obtained when
18ing these domages. The average efficiencies for both
A=2]1 dosages were decreasing at approximately the same rate
in the solids concentration range of 2500 to 1000 nmg/1.
Below the level of 1000 mg/l solids, efficiencies at both
deosages were essenbially equal and decreasing,

3., BSettling characteristics of blologlical solids

It would have been desirable te perform each floc-
culation and setiling rate experiment with identical
concentrations of cells which were in the same physioclogi-
zal condition: however, thig was almost impossible to
attain. In an effort to determine if cells at different
physiologiéal states exhibited different settling charac-
teristics, the data shown in PFigure 10 were collected for

various settling times using the standard flocenlation
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procedure. Mo polymer addition was made in this experiment
so that any increase in clarification was the result of
auto=flocculation. All tests performed at various stages
of growth indicate a rapid rate of settling and approxi-
mately the same concentration of solids remaining in the
supernatant: however, in view of the increase in bislog-
icél solids during growth, the greatest amount of removal
occurred during the endogenous phase. It is interesting
to note that the golids concentration at zero time on the
settling curve is higher in suspended solids concentration
than at the corresponding time on the growth curve. It is
enmphasized that optical density measurements were used for
obtaining solids concentration for the settling testss at
high solids conzentration, optical density provides only a
rough nmeasure of suspended solids.,

The effect of settling time on the clarification
efficiency obtained with Puriflocs C=31 and A=21 in compar-
ison to settled control are shown in Figures 11 and 12
respectively. The batch growth curve for the bioclogical
solids used in esch experiment is given. In PFigure 11,
the tests were run at the following stages of growth and
C=31 dosages: settled control, 2.25 hours; 5 mg/1,

3.5 hourss 10 mg/l, 4.5 hours; and 3 mg/1l at 5.25 hours;
The setbléd control reguired 1.0 minute under the dynamic
gettling conditions to begin settling and 15 minutes before

maximum removal was reached., Three, 5 and 10 mg/1 of C=31
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however, reached maximum settling in 10, 4 and 1.5
minutes, respectively. In Figure 12, the stage of
bacterial growth at which cells were taken for settling
tests and the A-=21 dosage used is noted; these tests

were run in the following order: settled control, 2
hours; 1.0 mg/1, 3 hours; and 0.5 mg/1l, 4.25 hours,
Maximum removal was obtained with both 0.5 and 1.0

mg/1 of Purifloc A-=21 at 5 minutes dynamic settling. The
settled control from this bioclogical system took 8 to 9
minutes for the same degree of clarification.

Settling rate tests for biological so0lids grown at
asteady state conditions are shown in Figure 13. Each
test was run on biological solids taken from different
steady state reastors which were started from an identical
seed and operated until a mixed liquor density of 0.29
was obtained., The settled control, one A=21 treated and
two C=31 treated tests all show maximum settling in 5 to
7 minuteg; however, the degrees of removal were the
striking factor in this experiment. The settled control
with no polymer addition produced the least removal; hoWe
ever,'ﬁhere‘was still 50% clarification.from_the mixed
1iquor-concentration after subjecting the cells to the
standard flocculation procedure. The anionic polymer
gaverthe 5est removal in the shoftest gsettling time and
then had a decrease in removal with the longer settling

times., Purifloec C=31 improved clarification by
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increasing the dosage from 10 to 100 mg/1 and both of
these dosages produced better clarification than the

settled control or the A-21 treated unit.

Inhibitory Effects on Biological Solids

From Puriflocs A<2]1 and C=31

1. BRatch units

Deleterous effects due to Purifloc C=31 addition to
bacterial cells are shown in Figures 14, 15 and 16 for
cells grown under batch conditions. The control unit was
run under identical conditions as the treated units except
that the polymer was not added. A toxic effect was shown
at the 200 mg/1l dosage of C=31 while none was shown at 150
mg/1l or less.

Figures 17 and 18 show the effect of Purifloc A-21 on
the metabolic capacity of biological solids. The dosages
in these experiments were varied up to 200 mg/1. In all
the treated units, there were no deleterous effects
exhibited. In Figure 18, the COD concentration in the
samples treated with A-21 were higher than the control
unit, This can possibly be accounted for by the passage
of A-21 through the membrane filter. In this experiment
the solids concentration and glucose removal for the A-21
treated units were very similar to the control.

2., Continvous flow unit

Shock loadings of Purifloc C=31 were applied to a
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continuous flow unit run under steady state conditions
prior to the shock. In all Tigures showing the response
to shock loading of polymer in the continvous flow units,
the time axis is given in days prior to the shock and in
hours after the shock. In all cases a sample was taken
one=half hour before apprlying the shock loading and
immediately thereafiter. The theoretical dilute-out curve
for Purifloc C-31 is shown for each continuous flow
experiment; this curve represents the theoretical C=31
concentration at any given time if it were not retained
on the so0liids., The other theoretical dilute~in or dilute-
out curves shown in Figures 22, 23 and 24 are labled:
concentrations are given on the left hand sgcale. If no
bacterial metabolism had taken place, these curves would
represent the concentration of various constituents in
the system. The grogs COD (Figures 22 and 24) and gross
anthrone concentrations (Figure 23) is the summation of
zlucose dilute=in plus COD or anthrone dilute-outb.

Figures 19, 20 and 21 show shock loadings (as slug
doses) of 10, 25 and 50 mg/1 of C-31 respectively. In
all three cases, no deleterious or inhibitory effects on
bacterial metabolism were evident,

The response to a shoek loading of 100 mg/l1 of
Purifloc C=31 is shown in Figure 22. The dosage was
administered after three days of steady stabte operation.

There was a sudden decrease (125 mg/1l) in solids
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concentration and a corresponding increase (70 mg/l1l) in
C0D, Carbohydrate concentration in the effluent remained
stable for two hours then suddenly increased at a rate
g8lightly less than the rate at which it would have increas-
ed had it not been metabolized by the cells. After the
initial drop in solids concentration, the solids curve
followed the theoretical solids dilute~out for a period
of two hours and then appeared to attain a new steady
state value. It may have been possible that given a longer
growth time, the sclids would have recovered and returned
to the previous steady state concentration. The COD and
bioclogical sclids curve indicate that substrate was being
converted to cellular material,

The effect of shock loading with 150 mg/l of Purifloc
C=31 ig shown in Figure 23. An immediate decrease (270
ng/l) in solids concentration and a corresponding increase
(380 mg/1) in COD and anthrone (175 mg/1l) resulted, After
the initial shock, the solids attained a new steady state
but operated at a reduced overall efficlency. The COD and
anthrone values continued to rise gradually at the same
rate“but at a rate much less then the glucose dilute-in
curve. The theoretical dilute-out curve for solids and
anthfoﬁe'are plotted on the identical curve; they should
follow thé same ecurve since the concentrations.immediately
after the shock were approximately the same,

The response to shock loading with 200 mg/l of
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Purifloc C=31 is shown in Figure 24. The solids were
diluted out of the system nearly in accordance with the
theoretical dilute-ocut curve during the first two hours.
Since the C-31 was also diluted out of the systenm, the
gsolids concentration did increase slightly over the
dilute=out curve values, indicating a slight synthesis

of cellular material. The COD and anthrone valuves in-
creased at essentially a parallel rate which was less
than the theoretical glucoge dilute=in values. There

was a slight initial increase in COD (60 mg/l) immedi-
ately after the shock load which may be due to a portion
of C=31 passing through the membrane filter. Purifloc
C=31 does not react to the anthrone test and the slight
rise in COD cannot be attributed to eell lysis since it
was not accompanied by a corresponding decrease in golids
concentration. It should be noted that the solids dilute-
out and C=31 dilute-out values are plotted on one curve
but the corresponding concentrations are given on

different scales,
Acclimation of Bacterial Cellse to Purifloc C-31

1. PRatch unit

Figure 25 shows the result of adding 50 mg/1l of C=31
in daily increments toc a batch system while decreasing
the glucose concentration by the same amount. The com=

bined loading of glucose and C=31 were maintained congtant
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at 1000 mg/l. On the upper part of the figure are shown
the daily C=31 dosage and the theoretical concentration
assuning one=third of the concentration from the previous
day was carried over. The biological solids concentration
in the treated unit continued to increase until the C-31
reached a theoretical concentration of 860 mg/l and then
they decreased sharply. The COD values in the treated
unit began to rise when the theoretical concentration of
C=31 reached 490 mg/1l. The anthrone values during this
time remained fairly constant in the treated unit; how-
ever, it must be remembered that the glucose concentrg-
tion was being decreased daily. After a decline in solids
concentration on the fifth day in the control unit, it
performed as expected for the remainder of the experiment.

Figures 26 and 27 show the metabolic capacity of
sludge taken from the control and the Purifloc C=31 treat-
ed unit respectively at the end (24 days) of the acclima-
tion experiment, The control and C=31 treated sludges were
each divided into three equal portions and placed in
separate units. The three portions of each sludge were
then fed as follows:
vv 1000 mg/1 glucose

| 500 mg/1 glucose + 500 mg/1 C=31 or
1000 mg/1 of C=31
The remaining composition of the synthetic waste was

kept the same in all the units. In Figure 26, it is seen
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that the sludge harvested from the control unit metabolized
1000 mg/1 of glucose in a five-hour period. When fed 500
mg/1l of glucose + 500 mg/l of C=31, the control sludge was
gseverly hampered in its ability to use glucose, This unit
removed 250 mg/lﬂof glucose in a seven-hour period. The
unit which received 1000 mg/l of C~31 was unable to use

the polynmer as a substrate.

The response of the Purifloc C=31 treated sludge
harvested from the acclimation experiment is shown in
FPigure 27. The sludge fed glucose at 1000 mg/1 removed
approximately 300 mg/1l of COD and glucose over a seven-
hour period; the solids conéentration increased 225 mg/1
over the same period. In the unit treated with 500 mg/1
glucose + 500 mg/1 C=31, the CQD and anthrone values were
reduced approximately 300 and 350 mg/l respectively, while
the solids concentratlion increased approximately 200 ng/l
in the seven hours. The unit treated with 1000 ng/l of
C=31 showed almost identical concentrations in all three
parameters over the seven=hour period.

2, Continuoug flow unit

The results of an attempt to acclimate bacteria to
Purifloc C=31 in a completely mixed continuous flow unit
is shéwn in Figure 28. After four days of steady state
operaﬁioh, 25 mg/1l of C-31 was added to the incoming
synthetic waste. Each day thereafter, the C-31 concen-

tration in the synthetic waste was increased by 25 mg/l
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until a coneentration of 200 mg/1 was reached. The solids
concentration appeared to be very unstable after the start
of the C=31 addition: however, there were only twoc major
upsets in the gystem while gradually increasing the dosage
of C=31 to 200 mg/l. The first upset occcurred between

5.5 and 7 days. During this upset, the seolids concentra-
tion decreased 225 mg/l while the COD increased 250 mg/1.
The C-31 dosage at this time was between 50 and 75 mg/l.
The second upset occcurred between 9 and 10 days. This
resulted in a solids reduction of 250 mg/l and a COD
increase of 140 mg/l. The anthrone value during this

time increasged approximately 95 mg/l indicating that the
organisms present during this upset did not use glucose
1like they did during the first upsetoA The solids concen-
tration during the second upset dropped approximately 100
mg/1l below the level during the first upset while the COD

values stayed 150 mg/l lower during the second upset,
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Fig, 27 = Metabolic Capacity of Purifloc (=31
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CHAPTER V

Analytical Tests on Purifleocs A«=2]1 and C=31

Both the cationic and anionic polymers exhibited a
chemical oxyzen demand (COD}. Purifloc A-21 gave a
positive reacilion in‘the anthrone and the Glucostat tests
while Purifloc =31 reacted to the biuvret test. In each
test, the rsaction wasg very sglight and the presence of
polymer 18 of no real analytical significance when using
the Tiltrate: however, the polymers do have & gignificant
chemical oxygen demand. Puourifloe A-21 did not exhitit
any inhibitory effect on the BOD test and this was aliso
confirmed in the bateh activated sludge studies, rifloc
C=31 on the other hand exhibited a deleterious effect on
the ROD (table 6): this effect wasg also observed in both
batch and continuous flow experiments., The batch and

continucus low experiments gave more of & quantitative

£

measure of inhibitory dosages, whereas inhibition cocecuring

*'{

in the BOD test wasg g qualitative measure of inhibition.
The BCD test was used by Wallker and Dougherty (39) to

indicate vpossivtle Inhibitory effects from the polymers,
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Floceculation of Biological Solids

It would be expected that bioclogical solids grown
under standard batch conditions would be different in
their physiological and surface characteristics than cells
grown under steady state conditions in continuous culture.
Surface characteristics were more important in flocculation
studies than the internal composition of the bacterial
cells because the charge characteristics may be expected
to play a major roll in flocculation. Cells grown under
the standard batch conditions tended to flocculate better
than cells grown in continuous culture which were in a
younger condition. This could be dve to predominating
gpecies of organism in the solids which tend toward auto-
floceculation, according to Butterfield's (19) observations.
In previous studies (15) as well as in the present investi-
gation, it has been observed that over a number of wasting
cycles in a batch unit, dispersed cells are disgcarded with
the turbid overhead while the flocculated cells settle and
remain in the system. Thig occurance could promote a
build up of flocculated cells which were amenable to
increased flocculation by polymer addition.

huring the endogenous respiration phase, bacterial
cells excrete complex polysaccharides and v»olyamino
acids, accordingz to Tenney and Stumm (32), which form a

slime layer on the cell. This slime layer was thought
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to be composed of natural polymerié materials. Such
polymeric materials could cause flocculation in this

phase by a sticking together of thé slime material from
different cell surfaces; however, this slime layer nmay
also serve to reduce the surface charge of the cell. With
a pure culture of Aerobacter, flocculation has been ob=
served during active bacterial metabolism while india ink
staining methods with the same cells has not shown any
evidence of a slime layer in the studies accomplished in
the Oklahoma State University Bio-Engineering Iaboratories.
This last observation would lead one to believe that the
slime layer is not necessary for floceculation to occur and
that cells do not have to be in the endogenous phase or
deprived of an energy-producing substrate in order for
flocculation to proceed. The settling rate data in :
Figure 10 shows approximately the same rate of settling and
total removal at various stages of bacterial growth. This
finding ig not in accérd with MeKinney’s {13) conclusion
that flocculation does not cceur until after the energy-
producing substrate 1s exhausted.

Bioclogical solids grown at steady state conditions
appeared to be more difficult to flocculate than cells
grown in batch eonditions. During this continuous condie
tion of logarithmic growth, new surface area was contin-
nally being formed which may not allow the bacteria time
to produce an appreciable slime layer. Riddick (9) found
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that cell suspensions in the active growth phase (high
degree of viability) possessed a more negative charge
than resting cells, It is generally observed that rest-
ing cells possess a greater amount of capsular material
than actively growing cells (13). It seems possible
that lack of a slime layer may enhance a higher negative
charge on the cells and therefore establishment of an
increased repelling force,

Floceulation of negatively charged bacterial cells
with a cationic polymer should occur by either charge
neutralization, bridging or a combination of the two
mechanisms. Floceculation by the addition of an anionic
polymer should work by polymer bridging. In attemping
to explain flocculation with polyelectrolytes, experi-
ments were performed using both the cationic and anionic
polymers on cells grown under batch and continuous flow
conditions. These results were shown in Figures 4 and
5 respectively. Flocculation of cells from both units
with the anionic polymer indicated an increase in clarif-
ication in comparison to a settled control, for dosages
up to approximately 1.2 mg/l. Increasing the anionid
ﬁélymer concentration over the optimum dosage only cauéed
diSpefsion:of the cells. This occurrence can be inter-
preted és béing in agreement with the zeﬁa potential
theory of flocculation wherein an.anionic polymer added

to a negative system would increase its net negative charge
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and could result in dispersion; however, flocculation
probably occurred with low dosages of A-21 by polymer
bridging before dispersion was é factor. The eationic
polymer in these experiments required a higher dosage
than the anionic polymer in order to start flocculation.
One possible explanation for this may be the shorter
chain length (molecular weight) of the cationic polymer.
flocculation was increased starting at a low dosage

(3 to 15 mg/1) of C-31 and improved with an increase in
dosage. This finding 1s in accordance with the theory

of zeta potential in that a small amount of cationic
polyner, while not reducing significantly the negative
charge, could cause flocculation of the negative cells

by bridging (14). As the dosage was increased, the
negative charge was being reduced and a greater amount of
flocculation and settling resulted. Charge neutralization
appeared to be a factor at the higher cationic dosages
since more of the dispersed colloidal material was removed,
Bridging on the other hand may have been the mechanism at
the lower cationic dosages and very small anionic dosages
but wasgs not ag efficient in removing solids. The increase
in removal of biological solids by the larger C-31 dosage
was in agreement with Yu (15), Singer (2) and Tenney (32).
The observation made in this work’that extremely low
dosages of anionic polymer were effective in flocculating

solids was in agreement with Ruenwein (14) and Michaels (33)
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but was in disasgreement with Yu (15). This diéagreement
is explained by the fact that relatively higher dosages
of 4=21 were used in his work (15). At these dosages,
dispersion,was.shown to occur,

The effect of solids concentration on floceulation
efficiency may also be explained in terms of charge
neutralization and polymer bridging. In both these
experiments, (Figures 7 and 9), solids concentration was
plotted against the percent relative flocculation
efficiency. At high solids concentrations and with low
dosages of cationic polymer, the bridging mechanism may
be more operative than charge neutralization. In the
Purifloc C=31 treated systems (Figure 7) for dosages of
3 and 5 mg/l, the efficiency tended to decrease as the
mixed liquor solids were decreased, The decrease in
particle density usually provides less opportunity for
bridging to occur. As the number of particle collisions
are increased, the cationic polymer may bridge between the
particles which will allow entrapment and removal of a
greater amount of golid particles (36). As the solids
were decreased, the number of particle collisions also
decreased and therefore removal efficiency decreased.

As the solids were decreased (below 2000 mg/1l in this
experiment), the flocéulation efficiency started to
ingrease which may have been due to charge neutralization

ginece the polymer to scolids ratio was higher.
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At the higher sollids level, small dosages of anionic
polymer were able to cause flocculation probably by polymer
bridging. In this case, sites on the anionic polymer must
be attracted to and stick on certain sites on the negative
charge bacterial cell (34). As the solids were decreased
in the system, the number of particle collisions were
égain decreased which could account for the decrease in
efficiency. Also, as the solids were decreased, the ratio
of Purifloc A=Z21 to solids was increased which counld have
caused a repulsive force between the polymer and the
gsolids., Thie was in agreement with the results shown in
Figure 9 where a dosage of 0.5 mg/l of Purifloc A-21
produced higher efficiencies than 1 mg/1 Purifloc A-Z21 for
the same solids concentration. . As the solids concentration
continued to decrease, average efficiencies at both dosages
of A=21 decreased which may indicate that bridging was not

efficient at the lower sclids concentrabtions.

Inhibitory Effects on Biological Solids

From Purifloc A<21 and C=31

The addition of an organic polyelectrolyte to a
biological system could result in bridging, charge
neutfalization or a combination of the two. The polymers
were.highnmolecular weight organic compounds which carried
an electrical charge. TFor a glven polymer concentration

and physiological condition of the bacteria, the addition
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of this polymer to the bieclogical system could result in
an inhibitory effect to the biological system. This
inhibiteory effect could be any one of a number of physi-
cal, chemical or biochemical mechanisms,

Reduction in the rate of bacterial metabolism nay
have been the result of flocculation of blological solids
in the presence of the polyelectrolyte. As suggested by
Yu (15), aggregation of cells in a floc particle might
possibly reduce the total avalilable surface area for entry
of substrate and thereby reduce the rate of metabolism,
The polymer could have covered the cell sufficiently to
prevent, for example, a permease from transporting glucose
into the cell. If this phencmenon occurred, attractive
forces binding the polymer and solid together, alonz with
the amount of surface area covered, might determine the
rate at which the substrate could be used., It may also be
possible that the polyelectrolyte could cause enzyme inhi-
bition which would reduce the growth of bacterial celis
or substrate untilization. In this case, the polymer may
adsorb onto one or more sites on an enzyme in competition
with the substrate. In addition, a sudden shock load of
pélymer on the system could result in lysing or leakage
of protoplaém from the cell., Immediate reduction of cell
concentration and increase in COD, indicitive of 1lysing,
was observed in this study and in the experiments of Yu

(15).
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In the batch and continuocus flow experiments shown
in Pigures 14 and 22 to 24 respectively, where high
dosages of Purifloc C-31 were added to the bioclogical
system and disruption of substrate removal efficiency
was noted, one or more of the pessible mechanisms described
avove may have been responsible., In the batch unit study
(Figure 14), 200 mg/l1 (approximately 285 mg polymer/gm of
solids) of C=31 resulted in an inhibitory effect. 'The
metabolic rate of the bacteria was slowed to such an extent
that 700 mg/1l of solids were able to remove only 190 mg/1
of COD and 140 mg/l1 of glucose in six hours. During this
time the solids concentration increased by approximately
125 mg/1, Lower dosages of C=31 in batch studies did not
result in bacterial inhibition,

The inhibitory effect due to shock loading of 200
mg/1 (approximately 400 mg polymer/gm of solids) of C=31
in the coﬁtinuous flow steady state system (Figure 24)
reduced the rate of metabolism to such a degree that the
biological solids iﬂcreased by approximately 70 mg/l over
the theoretical solids dilute-out value while the COD was
reduced by approximately 200 mg/l in the €ix hours
fblloﬁing polymer addition. The reduction in COD was
calcenlated by the difference between the gross COD con-
centfatioﬁ énd the observed COD. Since the cells did not
show a high degree of floceulation in either the batch or

continuous flow experiment, it is difficult to en—ision
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the disruption of substrate removal capacity as a mechani-
cal blockage of substrate access to the cell: it would
appear that the results were due to a metabolic inhibi-
tion. The lower initial solids in the continuous flow
unit in addition to centinual cell dilute-ont, may account
for the slower rate of metabolism in the continuous flow
unit in comparison to the bateh unit.

The response to shock loading a steady state system
with 100 mg/1l of Purifloc C=31 (Figure 22) produced a
reduced rate of metabolism; however, the rate was not
reduced as severly as that shown with a shock load of
200 mg/1 of C=31. The system shocked with 100 mg/l of
C=31 showed a reduction of 230 mg/l in COD while the
solids concentration increased by 170 mg/l in the six-
hour periocd in comparison to the respective dilute=ocut
and dilute-=in curves. :

The metabolic response to a shock load of 150 mg/1
of Purifleoc C=31 in a steady state system would be
expected to be similar to that observed for shoek loadings
with slug doses of 100 and 200 mg/l of C=31, i.e. fall
somewhere between these responses; however, the observed
results for a slug dose of 150 mg/l of C-31 produced an
immediéte and quite severe decrease in solids with a
corrésponding increase in COD and anthrone. This is indic-
ative of lysing or leakage of protoplasm from the cell,

After the shock loading, the system appeared to attain a
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new steady state but at a much lower cell concentration
and higher effluent COD concentration. The cell yield
was approximately the same before and after the shock
loading with C=31. From the results, it is impossible
to determine why the solidsg could not remove more of the
substrate; however, during the experimental period, it
is obvious from the results that the cells did not
metabolize the lysed material exclusively since the
observed anthrone concentration were much lower than
those predicted by the dilute-in curves.

The response of activated sludge to Purifloc A-21
in batch units was shown in Figures 17 and 18. TFor
dosages up to 200 mg/l1 there were no inhibitory effects
observed even though the so0lids concentration in this
experiment was approximately half the concentration used
in the equivalent Purifloc C=31 experiment. It appeared
that A=21 did not exhibit any toxic or inhibitory effectsg
on biological solids up to a dosage of 700 mg polymer/gm
of 8o0lids, This finding was in agreement with the result
of the BOD tests run on Purifloc A-21. Since the dosage
of Purifloc A-=21 needed to provide effective flocculation
was approximately 1 mg/l and no inhibitory effect was
evideﬁtvat 200 mg/1, it wasg concluded that this polymer
was not detremental to activated sludge and experimenta-

tion was not performed in the continuous flow unit.



Acelination of Bacterial Cells to Purifleoe (=31

If bacteria could be scclimated to the polymer, or
at Jeast develeop a telersnce to high concentrations, then
the vge of polymer in the activated sliudge systenm might be
& possibility since it would obviate concern over polymer
build up in the sludge. BResult of experimentation to
determine if the cells could use the polymer (Purifloc
C=31) as a source of energy to build new cellular material
was shown in Figure 25. During this experiment in which
the C-31 concentration was gradually increased by 50 mg/l/
day, the bacteria were able to metabolize the substrate
until the "theoretical" C-31L concentration reached 860
mg/1l or approximately 1000 mg polymer/gm of solids, This
level of polymer tolerance was much higher than that found
in the continuous flow unit studies at a shock load of
100 mg/1l (Figure 22) or 220 mg polymer/sm of solids or the
inhibition observed in the batch unit studies at 200
mg/1 or 285 mg polymer/gm of solids. It appesars that the
bacteria can develop a tolerance for C=31 in a systen
where high concentrationg of the polymer are gradually
buillt up: however, it must be remembered that the glucose
QOnceniraﬁien wag decreased daily and the values shown in
Figure.ZS were obtained from samples taken twenty-three
hours after feeding the glucosge., In other words, a

slowdown in the rate of metabolism would not necessarily
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e shown in these studies. In order to determine the
netabolic capacity of both the control and the C=31
treated sludge after twenty-four days exposure to polynmer,
the sludges were harvested and each one was treated at a
different level of glucesge and/or C=31 as shown in
Pigures 26 and 27. BResults obtained for the control
system indicated that the siudge could metabolize glucose
alone, but when 500 mg/1 of C=31 was present the rate of
metabolism was severly hampered. The rate of metabolism
at 500 mg/1 of both glucose and C-31 (Figure 26) was
s8ti1l slightly faster than the rate of metabolism for

200 mg/1 of C=31 plus 1000 mg/l of glucose shown in
Figure 14, The solids concentration in the unit dosed
with 500 mg/1 of C=31 was only 375 mg/1l in comparison

to golids concentration of 700 mg/1l for the experiment
shown in Figure 14. Both of these sludges had never been
exposed to C=31 before and they were both grown under
bateh conditions. The only difference observed was thatb
the age of - the bacterial cells used in the 200 mg/1 C=31
system (Figure 14) were only a few days old while the
cells used in Figure 26 were grown up in twenty-four days.
If age of the sludge determined the C-31 concentration at
which inhibitory effects could be observed in a systen,
then this might explain why cells grown at steady state
were effected at lower dosages of C=31 as evidenced in

Figure 22. The control sludge, treated with 1000 mg/1
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of C=31 instead of glucose, was unable to use the polymer
as a substrate.

The results indicated that the biological solids which
were "weaned off" of glucose and on to C=-31 had not lost
the ability to metabolize glucoge. The rate of metabolism
of this sludge was much slower than that of the control
sludge; The slower rate may ﬁave pogsibly been due to
polymer coating of the cells. This same sludge treasted
with 500 mg/1 of both glucose and C=31 metabolized glucose
at the same rate as the sludge fed with 1000 mg/1 of
glucose., These results indicate that once the biclogical
solids were conditioned to C-31 they would withstand a
large slug dosage of C=31 without further slowdown in the
metabolic rate of the solids, The acclimated solids shown
in Pigure 27 when treated with 1000 mg/l of C=31 and no
glucose were unable to meiabolize the polymer indicating
this polymer probably could not be used by the bacterial
cells as a source of energy.

In the continuous flow unit experiment, the Purifloc
C=31 concentration in the gynthetic waste wag increased
by 25 ng/1l each day starting on the fourth day. Disrup-
tion in the steady state conditions occurred almost
immediately after the start of polymer addition. Contin-
val increase in the polymer concentration caused the bio=-
logical so0lids and substrate levels to fluctuate; however,

it is interesting to note that at the time when the
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experiment was terminated (200 mg/l C=31) the biological
solids level was approximately the same as that in the
steady state before any polymer was added. It is possible
that the unstable conditions cbserved in this continuous
flow system were caused by changes in bacterial predom-
inance induced by polymer additions. o readily apparent
changes (i.e., color of cell suspension) were noted.

In general, the results of the continuous flow experiments
substantiate the batch experiments. Activated sludge can,
with proper acclimation, withstand fairly high concentra-

tions of the polymer.



CHAPTER VI
CONCLUSTONS

Rased upon the results of these experiments, the

following conclugiong have been drawn:

1, Parifloss A=Z21 and C-31 exert & chemical oxygen
demand in the COD test., When these polymers were added
to the different biological systems, and the mixed
liguor solids concentration was determined, a portion
of the polymer passed through the membrane filter and

contributed to the COD of the sample: this amount varied,

2., Purifloc A-2]1 does not seriocusly interfere with the
anthrone and Glucostat tests while Purifloc C=31 wae

only 8lightly reactive to the biuret test. The reactioconsz
observed were at the higher polynmer eoncentrationé, but
since these tests were normally made on the filtrate
samples, there should not be encugh polymer present to

affect the test results.

3. The RBOD test was found to be a good qualitative
measure of the effects of metabolic inhibition due to

polymey addition to bicvlogical systems,
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L, Purifloc A-21, an anionic polymér, wags shown to
flocculate bacterial cells at dosages of 1 mg/l1 or

less. This polymer demonstrates increased removals

at the effective dosage (approximately 1 mg/1l) when
compared to a settled control., Increasing the dosage

of this anionic polymer over the effective dosage

(above 3 mg/1) resuits in dispersion of the solids.

This polymer does not flocculate the amount of bacterial

solids as well as does cationlic polymer,

5, Purifloc C=31 is an effective bacterial flocéulant
and the dosage range has been observed in these studies
to be between 3 and 200 mg/l. This polymer will remove
almost all of the colloidal materlal present in a given

flocculation experiment at the optimum dosage.

6. Bacterial cells grown in a continuous flow steady
staie system were observed to flocculate when aggitated
at the low mixing speeds in the flocculation test
without polymer addition. In these experiments,
approximately 50% reduction in solids concentration was

observed,

7. Biological solids grown under batch conditions
tend to flocculate better than solids grown in the
continuous flow unit. The optimum Purifloc C=31

dosage was lower in the batch systems than in the
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continuous flow units. The effective Purifloc A-21
dosage was similar for solids from both systems;
however, dispersion occurred at lower anionic dosages

in the continuous flow unit.

8. Solids concentration has an effect on the floc-
culation efficiency of the polymer. Purifloc A-21 was
more effective at the high solids concentration while
Purifloe C=31 was effective at both the high and low

solids levels.

9. Biological so0lids taken at various stages along the
growth curve and subjected to the standard flocculation
procedure yielded the same amount of so0lids remaining
in suspension after settling; however, when considering
the increase in solids due to growth, the greatest
amount of removal occurred at the beginning of the

endogenous phase,

10. Increasing the Purifloc C=31 dosage increased the
rate of settling under the dynamic conditions used in
the flocculation test, For the batch grown solids,

the control unit showed a slower rate of settling in
comparison to the polymer treated samples; however, the

total amount of removal was the same.,

11. Purifloe A-21 at the optimum flocculation dosage,

increased the rate of removal; however, the total amount
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of removal in these sys
settling time under the dynamic conditions used. This
effect may have been due to the presence of more loosely
bound floc paxticles than those produced by Purifloc
C=31. It was noticed that C-31 produced floes which
appeared to be more dense than those found in the

presence of A-21,

12, Purifloc A-21 did not inhibit metabolism of bio-~
Jogical solids under batch conditions for dosages up to
700 mg polymer/gm of solids, Purifloc C=31 on the other
hand, did show deleterious effects on metabolism at a

dosage of 285 mg polymer/gm of solids,

13. Purifloc C=31 inhibited biological solids from the
continuous flow steady state system at a dosage of 180
mg polymer/egm of solids (100 mg/1) while inhibition
under the babtch condition for this polymer did not occur

until a dosage of 285 mg polymer/gm of solids (200 mg/l).

14, BPacteria did not acclimate to Purifloe C=31 to the
point where they could use 1t as an energy source;
however, the population was capable of developing a

resistance to fairly high concentrations of this polymer.



SUGGESTIONS FOR PUTURE WORK

The oscurrence of bhacterial flocculation either by
the natural vhenonmenon of aubo=Tlocculation or induced
chemical floceulation by the addition of organic poly=-
electrolybte 1s important to the overall efficiency of the
biclogical treatment process., As pointed out in this
investigation, there is still disagreement as to the
exact mechanism of auto-Tlocculation. A better under-
standing of the effects of organic polyelectrolyte on
biological systems may help to explain the nmechanism of
auto-floceculation.

Before proceeding further into this area of inveg-
tigation, thers ave some discrepancies in thisg study that
must be regolved. The lysing effect observed in the steady
state system at 150 mg/1 of Purifloc =31 does not
correspond with the reduction in rates of metabolism
obgeyved under similar conditions with 100 and 200 mg/l1
Purifloe C=31. The rate of metabolism at 200 nmg/1
Purifloc Cc31 under bateh conditiong was reduced consid-
erably; however, s reduction in the rate of metabolism |
2/1 €=31 or less as might be

gy

was not evident at 150 nm

expected, Hfcclimabtion of bacteria to increasing concen-
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trations of Purifloc C-31 under steady state systems
produced an unstable system:; however, the system
attempted to return to its original steady state values.
It would be interesting to determine the response by
continuing this experiment to higher concentrations of
C=31 and also the response to a constant dosage (say
200 mg/1l) of C=31 after the concentrations had been
increased in gradual steps to that value.

In this thesis research, and in previous investi-
gations on flocculation in the pollution control field,
investigators have employed many different flocculation
and gettling procedures so that correlation btetween all
of these studies may be diffiecuit. It would be bene~
ficial to this field of research if a standard investi-
gational procedure would he adopted which incorporated
the usge of instrumentation to measure precisely the degree
of floceculation. For instance, floccnlation is the result
of increasing the floc size so that a direct measure of
floc gize would seem to be the best indication of the
degree of flocculation (e.g. the use of a Coulter Counter).
Also, an instrument that would indicate the net charge in
a system may also provide valuble insight into floccula-
tion process (e.g. electrophoretic mobility apparatus).

The addition of a polyelectrolyte to a systém wiil
effect the net charge of the system and also flocculation,

The amount of polyelectrolyte necessary to change the net
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charge of the sysbtem to the point of optimunm floceulation
(0 + 3 millivolts according to Riddick =-9-) would be an
indication of the effectiveness of each volymer. Different
polymers conld be compared as to their effectiveness in
this manner.

One of the objectives of this investigation was to
determine if the reduced rate of substrate removal in the
presence of Purifloc C=31 was due to bacterial floc size
or mechanisms of metabolic inhibition. Since no accurate
measure of floc size was available, change in floc size
was approximated by the settling rate of the biological
solids. This did not prove to be an effective correlation
since appreciable flocculation was not observed in studies
for which substrate removal was examined. Also, there was
some indication that floc size varied with the degree of
aggitation present in the flocculation studies. In order
to study the effect of floc size on the substrate removal
rate, an instrument will have {o be adapted to determine
floc size directly in a reactor without changing the
degree of aggitation in the system. The rate of substrate
removal will also have to be determined during this
experiment,

There is a definite need to study some of the para-
meters of auto-flocculation., It would be interesting to
determine how floe size varies with the age of the bac-

terial cells both with and without daily additions of
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fresh substrate. Floc gize should be measured in the
reactor under various conditions of aggitation:; however,
no way of doing this is presently available., It may be
possible to create the same degree of aggitation in the
counting apparatus as is in the reactor. It would also
be interesting to determine how floc size varies with
the presence of a slime layer and also how the net
charge in the system will vary with the accumulation

of the slime layer.

It has been observed in some experiments in this
study that cells grown under steady state conditions
have flocculated when placed under the lower aggitation
conditions of the standard fleocculation test. It would

be interesting to conduct further studies in this area.
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