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NOTE ON NOMENCLATURE

Two terms are used in thils dissertation in connection with the
organic matter encountered in water samples.

The term algal EOM (algal extracellular organic matter), gleaned
from the most current literature, is used as a general, qualitative term
to describe that part of the organic matter which remains after
separation from the algal cells by centrifugation and/or filtration. It
is not a rigorous, quantitative .definition, for it may also include
bacteria, detrital matter, organic matter introduced with the tap water
used for dilution, etc.

Whenever the algal EOM concentration is expressed quantitatively, it
is expressed as NPOC (non-purgeable organic carbon). In this case, the

pore size of the filter paper used for the cell separation is clearly

stated.



INTRODUGTION

The presence of algae in natural water sources poses a problem for
drinking water purveyors and consumers all over the world. Algae can
impart unpleasant taste, odor and appearance to drinking water which make
their removal imperative. The treatment of an algal-rich water source,
on the other hand, is riddled with operational problems such as high
demand for treatment chemicals, algal growths and filter clogging. As
the future inevitably points to the more intense use, pollution, and
reuse of surface water supplies, they will without a doubt turn more
eutrophic with a concomitant increase in algal concentration.

Algae, however troublesome they may be in a specific water source,
will usually only pose a serious problem for a small part of the year.
Algal blooms are triggered by seasonal nutrient and temperature cycles
and come and go fairly quickly, often with a high quality raw water
source remaining for most of the year. Such sources may be amenable to
the relatively cheap process of direct filtration, were it not for the
intermittent periods of algal interference. Direct filtration does not
require the costly sedimentation step before filtration to remove the
bulk of the solids volume; the solids volume is retained within the pores
of the filter bed. Other prefiltration processes such as microscreening
and filter flotation (flotation in the headspace within the filter box)
have been substituted for conventional sedimentation in an effort to
reduce the total treatment cost, but have not gained widespread
acceptance,

This dissertation, in the broadest sense, explores ways whereby
direct filtration can deal with short-lived algal blooms, using chemical
treatment only. In recent years, algae and their chlorinated byproducts
have been increasingly associated with the presence of halogenated
organic compounds, some of which are considered carcinogenic to man, but
these potential consequences to human health will not be addressed. The
focus is primarily on the physical behavior and response of the algal

suspension to different chemical dosage and pretreatment schemes.



The objectives of this study specifically are:

To determine the filtration behavior of algal monocultures in the
absence of coagulants, after dosage with metal coagulants, and after

dosage with cationic polymer, respectively,

To determine the effect of prechlorination on the above processes,

if any, and

To develop a practical, consistent way of estimating the cationic

polymer feed rates required for successful filtration of algal

suspensions.

A better fundamental grasp on these issues will benefit water

treatment practice in two ways:

With optimum chemical control, some water treatment plants may be
able to weather the worst periods of algal blooms, thereby rendering

other costly pretreatment steps unnecessary, and

Water treatment plant operators, once they understand the
mechanistic interaction between algae and different treatment
chemicals, will be able to approach chemical dosing during algal

blooms in a more logical, less haphazard way.



LITERATURE REVIEW
Physical Characteristics of Algal Suspensions

A suspension of planktonic algae, in the simplest terms, is a very
dilute suspension of biological particles. A concentrated suspension of
Chlorella, for example, typically represents 500 million cells/L, each
about 4 um in diameter, which 1s equivalent to a solids volume of only
17 mm /L. This solids volume concentration falls comfortably into the
region where direct filtration would be the optimal treatment process,
according to a recent optimization study by Wiesner and Mazounie (1987),
Chlorella, to the contrary, is poorly removed during direct filtrationm,
because water treatment processes have generally been developed for the
removal of inorganic particles such as naturally occurring silt or clay.
The following paragraphs will briefly outline the similarities and
differences between algal biocollolds and inorganic colloids. Model
suspensions of bentonite or kaolinite clays are frequently used in water
treatment research projects and many of the conclusions from such

research cannot be blindly extrapolated to algal-rich suspensions.

Average particle diameter
Although there 1s no rigorous particle size definition of a

colloidal particle, standard texts on colloid chemistry (for example Van
Olphen, 1977) suggest a size range between 1 nm and 1 um. Some algal
species, on the other hand, may get down to a minimum size of 2 um, but
most species have an average diameter of about 10 pm. Regardless of the
exact size limits of algae and true colloids, the main point is that
algal cells are considerably larger than inorganic colloidal particles;

on the average, between one and two orders of magnitude.

Specific gravity

Planktonic algae have to maintain theilr vertical position in a water

body within fairly strict limits to stay in the zone where nutrient and



light levels are sufficient. The specific gravity of an algal cell,
therefore, has to be very close to that of water., Some species of
bluegreen algae have intracellular gas vesicles which are continuously
regulated to keep the algae at the desired water depth, while other
specles carry lightweight oils or mucilaginous sheaths which are lighter
than water to keep them from sinking. Different cell shapes are found
amongst the larger species which greatly increase their hydrodynamic
drag, such as oblong shapes or spinelike appendages. Some species are
equipped with one or more flagella which are moved in a whiplike fashion
to provide motility,

In contrast to these elaborate mechanisms to maintain neutral
buoyancy, silicate clays such as montmorillonite and kaolinite have a
specific gravity in the region of 2.6 kg/m . As a result, the mechanisms
whereby algae and clay particles are transported during mixing and

filtration processes, such as gravitation and momentum effects, should be

substantially different.

Electrical surface charge

Most particles occurring naturally in water are negatively charged,
notably clay and silt particles. 1Ives (1955, 1956 and 1959), in a
pioneering study, determined electrophoretically that algae, in the
normal pH range encountered in water treatment, are also negatively
charged. He used these measurements to calculate the thickness of the
electric double layer, to calculate the surface charge concentration and
the zeta potential, and demonstrated the effects of ionic strength.
Against this background of physicochemical principles, he postulated a
simple conceptual model of electrostatic precipitation between the algal
cells and the positively charged hydroxide flocculi that form upon
chemical treatment with a metal coagulant. His findings also enabled him
to interpret the operational results from a full-scale treatment plant,

Before the work of Ives, engineering reports on algal behavior were
vague and imprecise, abounding with qualitative observations and

surrogate parameters of algal concentration. The main contribution of



Ives was to remove much of the mysticism of algal behavior and to place
it on a sound physical footing by dealing with cell counts, surface area,
cell shapes and electric surface charge. The similarity between algal
cells and other colloidal particles, from an electrical charge
perspective, was clearly demonstrated. The parallels between true
colloidal suspensions and algae have been valid and useful during later
years ‘o explain the fact that algae filter best at their isoelectric
point (Foess and Borchardt, 1969), that flocculation can be improved by
surface charge neutralization (Tenney et al., 1969), and that an increase

in ionic strength leads to more efficient filtration (Folkman and Wachs,
1970).

Extracellular organic matter (EOM)

The presence of algae in a water source is always accompanied by
dissolved organic carbon. When algae photosynthesize, they produce new
cell material and grow, but a substantial fraction of the newly fixed
organic carbon is also released as dissolved compounds into the water. A
later section of this literature review will deal with the nature and
release of the EOM in detail. At this point, where the nature of
inorganic colloids and algae is contrasted, it bears repetition to point
out that model clay suspensions are relatively free from dissolved
organic carbon, whereas algal-rich suspensions could contain high

concentrations of algal EOM.

Bacteria
Unlike inorganic solids, algae in nature are a vital part of a

complex carbon cycle. They deplete certain inorganic nutrients, release

EOM, and decompose upon death, The presence of algae in nature is
always, therefore, accompanied by the presence of bacteria. The ratio of
bacterial cell numbers to algal cell numbers is not constant. Oron et
al. (1979) found, in samples drawn from a high-rate wastewater treatment
pond in Israel, that there were 100 to 200 times more bacterial cells
than algal cells, which means that the bacterial biomass amounted to 25-



35% of the total biomass. Tilton et al, (1972), in a laboratory algal
culture under continuous lighting, found much less bacteria; there were
100-1000 times less bacterial cells than algal cells,

Jalali-Yazdi (1984) studied the interrelationship between algae and
bacteria and came to the conclusion that "bacterial activity comprise an
integral part of the algal growth and affects the surface properties and
flocculation characteristics of algae." He noticed a considerable
increase in bacterial biomass if cultures were left in the dark - under
these conditions, bacterial biomass comnstituted up to 15% of the total
biomass., Under conditions of continuous lighting, this percentage was as
low as 1%.- Because bacteria are so small relative to algae, even these
small percentages could translate into a considerable contribution to the

total surface area presented by the suspended particles.
Algal Separation without Coagulants

Successful sedimentation and filtration in water treatment requires
the use of treatment chemicals, regardless of the nature of the suspended
solids. The studies to be reviewed in this section do not suggest that
algal separation without treatment chemicals could be a feasible full-
scale process. They do, however, elucidate the physical response of
algal cells to the processes that operate during rapid filtration through
a sand bed. Other separation processes that do not employ treatment
chemicals, such as microscreening, have been deliberately omitted; the
emphasis is on deep bed filtration.

Algal suspensions are very dilute in terms of total particle volume.
In the previous section, a typical particle volume concentration of 17
mm /L was calculated for a Chlorella suspension. At a typical gunicipal
filtration rate of 8 m/h, such a suspension will apply 2,000 ecm of algal
volume to every square meter of filter bed in a 24 h day, which will £ill
only 0.5% of the pores in a 1000 mm sand bed. The head loss development
rates measured in the studies about to be reviewed should be, and are

very low, The main emphasis of these studies is the algal removal



efficiency during rapid sand filtration. A summary of the different
studies, with their main operational variables, is shown in Table 1.

Ives (1961) used algal suspensions to verify and calibrate his
proposed mathematical model for deep bed filtration behavior. The algae
were radioactively labelled and their accumulation within the sand pores
was directly measured by passing a scintillation counter along the side
of the filter column., The removal efficiency measured for the six
reported experiments ranged from about 20% to 100%. The data, however
erratic, did illustrate two basic, common sense concepts. First, the
removal got better as the sand size decreased. Second, the removal got
better as the hydraulic loading was decreased.

Three studies on algal filtration were conducted during the 1960s at
the University of Michigan. Borchardt and O'Melia (1961) measured poor
removal that got even poorer as every filtration run continued, until a
constant minimum removal efficiency was reached. The head loss
development, small as it was, was linear with time, which indicated
penetration of the algae into the sand bed. Smaller sand sizes led to
better removal. They could not obtain good reproducibility between
successive filtration experiments.

Davis and Borchardt (1966) continued this work with a system of four
parallel filters to circumvent the lack of reproducibility between
experiments. Although different algal genera were used in this study,
the conclusions of the previous study were supported. A decrease in
removal efficiency was demonstrated with higher hydraulic loading. If
the filtration runs were continued long enough, the removal efficiency
approached zero. ‘

A further filtration study by Foess and Borchardt (1969) emphasized
the effects of the surface characteristics of the algal cells and the
sand grains. Under normal conditions, both silica and algae carry a
negative surface charge - if either of them could become neutral or
positive, the removal efficiency should be enhanced. One part of this
study, therefore, dealt with conditioning the filter sand by soaking the

sand in thorium or ferric iron solutions, which raised the isoelectric



Table 1. Summary of published studies on algal filtration without the
use of coagulants
Study Genus Concentration Media Media Hydraulic
(year) size depth loading
(mm) — (m) (m/h)
Tves Chlorella 135 mn’/L 0.25 0.61 4.9
(1961) Scenedesgmus to to
0.71 14.7
Borchardt and Anabaena 0.08 to 0.26 0.32 1.01 0.5
0'Melia Ankistrodesmus million to to
(1961) Scenedesmus cells/mL 0.52 5.0
Davis and Schizothrix 0.02 to 0.18 0.29 0.41 1.2
Borchardt Selenastrum million to to
(1966) cells/mL 0.75 4.7
Andrews Chlorella 0.2 to 2 0.31 0.15 5.0
(1968) Euglena million to to to
cells/mL 0.95 0.69 15.0
Foess and Chlorella 0.01 to 0.11 0.71 0.62 5.0
Borchardt Scenedesmus million
(1969)
Folkman and Chlorella 2.9 to 7.5 =0,2 3.0 0.04
Wachs million to
(1970) cells/mL 0.25
Naghavi and Scenedesmus up to 0.064 0.003 9.0
Malone 65 mg/L to to max
(1986) as SS 0.355 0,013




point of the sand from about pH 2 to pH 4.5 - pH 5.5. This procedure did
improve algal removal, but the improvement was only marginal. The other
part of the study dealt with the manipulation of the pH down to the
isoelectric point of the algal cells. At pH 9, well above the
isoelectric point of the algae, the removal efficiency was 60% - 70% at
the start of the experiment, but then.decreased, in line with the
findings of earlier studies. Below pH 3, close to the isoelectric point
of the algae, however, the removal efficlency was consistently above 90%
and stayed at that level for the full duration of the filtration run,

Andrews (1968) performed filtration on pilot scale with different
combinations of filter media and algal cultures. A mixed culture of
green algae, in which Chlorella predominated, was poorly removed; an
average of 18% of the cells were removed, but this varied from 0% to 75%
from run to run. The filtration runs were terminated after only 2 to 5
hours. No reliable or consistent correlation between turbidity and cell
counts was obtained.

Folkman and Wachs (1970) did a slow filtration study with dunesand
in an upright concrete pipe. This study was prompted by the potential
for sand aquifer recharge with wastewater pond effluent in the desert
regions of Israel, Although these results are not directly relevant to
this review, a few interesting phenonema were observed. First, the
Chlorella cells divided once they entered the darkness inside the pipe
and the filter media - more cells were counted within the upper sand
layers than in the influent. Second, due to this division, there was a
definite cell size reduction upon passage through the sand - the average
cell size at the top of the bed was 4.3 um, compared to an average cell
size of 3.6 um in the filtrate. Third, the removal efficiency could be
increased at any point during a filtration run by increasing the
electrical conductivity (ionic strength) of the suspension.

Recently, Naghavi and Malone (1986) filtered a Scenedesmus culture
through tiny plugs (3 - 13 mm deep) of very fine sand (0.064 - 0.200 mm).
Filtration runs only lasted 16 minutes and 97% - 100% of the cells were

removed, All the removal took place through surface straining, with no
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penetration of the algal cells into the bed. A Scenedesmus cell has an
average dlameter of about 15 um, which is larger than the pores one would
expect between sand grains which are only 4 to 15 times larger.

The first five studies quoted showed that algae are poorly removed
in the normal operating range of pH, hydraulic loading and sand size.
The expected effects of hydraulic loading, sand size and low particle
volume were validated. A common feature of the experimental results was
the unpredictable nature of the algal removal; it improved or

deteriorated from experiment to experiment without any clear reason,

Algal Separation with Metal Coagulants

Mechanisms of particle aggregation

When a salt of ferric iron OE alumiggm is added to water, it will
dissociate to yield trivalent Fe or AL 1ions, which will hydrate with
six water molecules to form the aquometal complexes AL(H 0) > or
Fe(HZO) +. These complexes then pass through a series of hydrolytic
reactions in which the water molecules in the hydration shell are
replaced by hydroxyl ions. This gives rise to the formation of a variety
of soluble species, including mononuclear species (one metal ion) and
polynuclear species (several metal ions). If ferric iron or aluminum is
added to water in concentrations less than the solubility limit of the
metal hydroxide, hydrolysis products will form and adsorb onto the
colloidal particles. When the amount of ferric iron or aluminum added is
sufficient to exceed the solubility of the metal hydroxide, the
hydrolysis products will form as kinetic intermediates in the formation
of a metal hydroxide precipitate (Benefield et al., 1982).

The metal salts, therefore, can act as a coagulant in two ways. In
most waters, enough salt is added to precipitate the metal hydroxide.
This coats the colloids with a gelatinous and sticky sheath., It also
provides additional targets for the original solids, thereby accelerating
the flocculation of the particles into large aggregates. These targets

may be necessary in coagulating waters having a low turbidity, since
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excessive flocculation times may be needed to aggregate the primary
solids alone. This mode of coagulation, in which a considerable amount
of aluminum or iron hydroxide is formed, is termed sweep coagulation.

The second mechanism of coagulation is adsorbing positively charged
metal monomers and polymers on negative colloids, thereby rendering them
sticky or unstable so that aggregates are formed when contacts occur,
This type of coagulaﬁion can only be used for high turbidity waters,
since few additional solids are added to the water. In many cases less
coagulant may be needed than for low turbidity waters, since a
precipitate is not needed (0'Melia, 1978).

Amirtharajah and Mills (1982) analyzed the results of a great number
of published coagulation studies, and also considered the theoretical
solubility of aluminum hydroxide. They developed a concentration/pH
diagram on which regions were depicted where the different coagulation
mechanisms could be expected. Johnson and Amirtharajah (1983) followed
this with a similar diagram for ferric iron. Although these diagrams are
based on thermodynamic equilibrium (coagulation in water treatment is
complete within a minute), they are nevertheless useful tools for
determining approximate dosage for different mechanisms, once the pH is
known, Also, in the case of aluminum, Driscoll and Letterman (ca. 1987)
pointed out that humic and other organic substances will act as
complexing ligands that may lead to high concentrations of soluble
aluminum complexes, higher than predicted by theoretical solubility.

Table 2 contains a brief summary of published studies on algal

removal with metal coagulants, which are discussed in the following

paragraphs.

Algal flocculation and settling
Algae, through a combination of their small size and low specific

gravity, do not settle easily. The cells will only settle if they are
caught up in a metal hydroxide floc structure and dragged down with the
metal precipitate. 1Ives (1959) advanced the theory of electrostatic
precipitation whereby positively charged hydroxide flocculi are attracted
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Table 2., Summary of published studies on algal flocculation and
filtration with metal coagulants

Study Algae Test type Coagulant Main emphasis

Ives Tribonema Microscopy Ferric Reaction

(1956) chloride mechanism

Ives Tribonema Jar test Ferric Reaction

(1959) Asterionella Microscopy chloride mechanism

Borchardt Scenedesmus Sand . Ferric Algal removal

and O'Melia Ankistrodesmus filtration chloride Bed penetration

(1961) Anabaena Head loss

Van Vuuren Maturation Pilot set- Alum Algal removal

and Van Duu- pond, tling and Chemical dosage

ren (1965) South Africa filtration

Golueke and Sewage Jar test Alum Chemical dosage

Oswald grown

(1965)

Davis and Selenastrum Sand Ferric Filter run length

Borchardt Schizothrix filtration chloride Bed penetration

(1966) Head loss

McGarry Sewage pond, Jar test Alum Chemical dosage

(1970) Australia Mixing speed

Lin et al. Illinois Jar test Alum Chemical dosage

(1971) river water Algal removal

Al-Layla and Selenastrum Jar test Alum Temperature

Middlebrooks Chemical dosage

(1974) Mixing and settling

Friedman Chlorella Jar test Alum pH

et al. Chemical dosage

(1977) Algal concentration

Sastry Stabilization Jar test Alum Chemical dosage

et al. pond, Flocculation time

(1977) India

Klute and Neckar Multimedia Poly- Algal removal

Neis river, pilot aluminum

(1983) Germany filtration chloride
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to the negatively charged cell surfaces to precipitate directly on the
cells. This theory was deduced from several series of time
photomicrographs (Ives, 1956 and 1959), showing the floc growth on the
cell surfaces, Without the algal cells as nucleation sites, the
precipitation would be -delayed or inhibited; this was visibly shown to be
true in two identical jars - one with algae and the other one without,

The most important independent variable for algal settling is the
magnitude of the coagulant dosage. Al-Layla and Middlebrooks (1974)
statistically screened five independent variables and found that
coagulant dosage was by far the most significant., Coagulant dosage alone
accounted for 70% of the variance in the experimental data; all five
independent variables together improved this percentage only up to 85%.
Lin et al. (1971) screened seven independent variables with a multistep
regression analysis, and arrived at the same conclusion, i.e., that
coagulant dosage was the most significant variable.

Coagulant dosage for most of the studies was very high. Golueke and
Oswald (1965) found an optimal dosage of 70 mg/L, Van Vuuren and Van
Duuren (1965) between 125 and 170 mg/L, and Sastry et al., (1977) between
120 and 240 mg/L, all expressed as alum. Golueke and Oswald (1965)
worked with highly concentrated suspensions (2000 mg SS/L) and found a
maximum ratio of 11 mg algae settled/mg alum added at an alum dosage of
70 mg/L. Friedman et al, (1977) worked with much lower suspensions (25-
120 mg SS/L) and found the same ratio to be only 1.2 at an alum dosage of

60 mg/L.

Algal filtration
Only a few studies have addressed direct filtration of controlled

algal suspensions with metal coagulants. Borchardt and 0'Melia (1961)
filtered suspensions of the genus Ankistrodesmus (266,000 to 351,000
cells/mL) through sand at flow rates of approximately 5 m/h. When no
coagulant was added, algal removal was extremely poor and head loss
buildup practically nothing, and the small fraction that was trapped, was
retained in the top 50 mm of the sand bed. When ferric chloride was
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added in small amounts (approximately 1 mg Fe/L), the head loss increase
was slightly higher, but the algal removal was still poor. When a much
larger dosage, 7.2 mg Fe/L, was added, the head loss buildup was rapid
and the terminal head loss was reached within 8 hours, but algal removal
improved from 10% to 50%. The vertical distribution of the algae was
tracked through the 600 mm thick sand bed and three consistent
observations were made. First, all the iron precipitate was retained in
the top 200 mm of the bed. Second, where algae and iron precipitate were
present together, the retention of the algae was enhanced. Third, the
removal of algae in the bottom 400 mm of the bed was poor and the same as
the removal of untreated algae. The simultaneous presence of floc and
algae in the upper layers did not change the filtering characteristics of
the algae once they moved out of the floc zone. The authors came to the
logical conclusion that "the presence of flocculent material assists in
the entrapment of algae cells, but an adequate balance between the
chemical and the nonflocculent suspension appears to be vital for
complete removal',

Davis and Borchardt (1966) worked with a suspension of the genus
Selenastrum and continued to study the effects of ferric coagulant on
sand filtration. Iron was introduced in three different fashions - by
charging the sand with coagulant prior to filtration, by adding preformed
ferric hydroxide floc to the suspension, and by adding soluble iron in
the conventional way to the suspension. For a suspension of 111,000
cells/mL, the removal was practically zero in the first case, about 30%
in the second case, and 45% in the third. The inferior removal with the
preformed floc was ascribed to the possibility of agglomeration of the
flocculi before they could attach to the algae. Subsequent tests were
done with the iron added in soluble form. At small coagulant dosage of
0.8 and 1.4 mg Fe/L, the initial algal concentration had an effect; at
20,000 cells/mL the removal was 60-70%, but at ten times higher algal
concentration, the removal dropped to 10-30%.

A few studies reported algal removal on larger scale filtration

systems., In general, removal was most erratic and not consistent.
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Johnson et al. (1977) measured removal ranging from 10% to 99%, Evins and
Greaves (1979) an average of 94%, Klute and Neis (1983) removal ranging
from 30% to 95%, and Halperin et al. (1986) an overall removal of about
90%. The operating conditions and raw water characteristics of these
studies were each quite different and these studies cannot be analyzed

comparatively.

Algal Separation with Synthetic Organic Polymers

Structure and selection of synthetic organic polymers

Synthetic organic polymers are linear or branched molecules
consisting of repeating chemical units with a structure designed to
provide distinctive physicochemical properties to the polymer. The
polymers are also referred to as polyelectrolytes, because the chemical
monomers usually have an ionic nature that imparts an electrical charge
to the polymer chain. The ionic charge groups on the polymer determine
whether a polymer is anionic, nonionic or cationic.

Two important characteristics of a polymer are its molecular weight
and its charge concentration. High molecular weight is synonymous with
longer or larger molecular filaments which have a better chance of
bridging the gap between particles. The charge concentration is usually
expressed as the number of charge equivalents per unit mass of the
polymer, typically in peq/mg. A high charge concentration is synonymous
with high charge neutralization ability.

The positive charge on the cationic polymers used in water treatment
is due to the presence of amine groups. The nitrogen atom can be bonded
into the polymer structure in different ways, leading to the following

sequence of monomeric structures (Morrison and Boyd, 1973):

. ..
RNH =~ ----- > RNH  ----- > RN  -en-- > RN X

3
(primary) (secondary) (tertiary) (quaternary)
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The first three structures are more basic than water and they will

establish a positive charge at lower pH, e.g., the primary amines:

RNH + HO W --e-- > RNH + HoO
2 3 3 2
At higher pH, the first three amines will lose their positive
charge, e.g., the secondary amines:
+ -
R NH + OH W ----- > R NH + HO
2 2 2 2

Below pH 5.5, all the polyamines will carry an ionic charge. At pH
8, the monomeric tertiary amines will lose their charge, but within a
polymeric structure, the positive charge will persist up to a maximum of
pH 10 (Mangravite, 1983).

The quaternary amines behave differently than the other amines.

They will not give up their positive charge in the presence of hydroxide
ions and, therefore, are very little impaired at high pH.

Chlorine will react with unquaternized amine sites to reduce the
charge of the polymer, thereby reducing the efficiency of the polymer.
The quaternary polyamines, on the other hand, are very seldom affected by
chlorine, and if they are, the effects are minimal. Pressman (1967)
demonstrated this insensitivity to chlorine 20 years ago and Mangravite
(1983) has found this to be generally true.

Cationic polymer has been proved in a number of studies to be a
feasible primary coagulant for direct filtration. Yeh and Ghosh (1981),
for example, showed that good particle removal can be achieved by a
number of commercial cationic polymers. They found that the low to
medium molecular weight cationic polymers (10 to 100 kiloDalton) were
most suitable for direct filtration with low head loss buildup. High
molecular weight (HMW) cationic polymers (above 1,000 kiloDalton) also
removed particles well, but led to high head loss buildup.

Cationic polymer will also remove part of the dissolved contaminants

during direct filtration. Amy and Chadik (1983) evaluated four different
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cationic polymers of different molecular weight for the removal of DOC
(dissolved organic carbon) and THMFP (trihalomethane formation potential)
from humic acid solutions, without finding significant differences
between polymers. The THMFP was reduced by 25% to 60%, with the removal
of DOC slightly less. The polymers themselves added only a very small
DOC fraction to the water; 0,18, 0.19, 0.32 and 0.15 mg TOC per mg of
polymer added to the suspension. Edzwald et al. (1987) measured a 40%
removal of DOC in two natural streams after direct filtration with

cationic polymer only.

Mechanisms of particle aggregation

The mechanisms of polymer-induced aggregation have been studied for
many years by scientists from a great variety of disciplines. There is
consensus that three primary mechanisms are at work during the
interaction of polymers with colloidal systems. Edzwald and Lawler

©(1983) recently provided a lucid summary of the reaction mechanisms.

Charge neutralization This mechanism requires that the charge
groups on the polymer are attracted to the oppositely charged colloidal
surface. The polymer then attaches itself electrostatically on the
colloidal surface, covering part of the surface and reducing the net
electrical charge on the particle. If this process continues, the net
charge on the particle will be reduced to zero. At this point, the
colloidal stability disappears and the particles will collide and stick
to each other. If too much polymer is attached to the particles, the net
charge on the particles will be reversed and the suspension will be
restabilized. The electrostatic patch theory, a further refinement of
the same basic concept, suggests that, if a cationic polymer is added to
a suspension of negatively charged particles, the adsorbed polymer forms
positive patches on the colloidal surface. These positive patches will
attach to negative patches on other particles, even 1f the net charge on
the particles has not yet been reduced to zero. The patch theory is also
used to explain why anionic polymers will attach to negatively charged
particles. In this case, the polymer will stick to positive patches on a
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predominantly negatively charged particle. The bond between the colloid
surface and the charge group on the polymer is not necessarily only due
to electrostatic attraction. Stronger bonds, such as covalent or
hydrogen bonding, may also cause adsorption to the colloid surface even
after net charge neutralization is complete. This continued adsorption
will eventually lead to restabilization,

Interparticle bridging This mechanism operates when the opposite
ends of a polymeric filament attach to two different particles. As the
process continues, more and more particles will be tied together until
clusters of particles are formed. Interparticle bridging will only occur
if the polymer has sufficient size (molecular weight) to overcome the
interparticle distance, and if there are enough other particles to bridge
with. If the polymer is too small, bridging will not occur. If there is
not enough contact opportunity with other particles, the extended end of
the filament will eventually wrap itself around one particle only,

Charge neutralization/precipitation This mechanism is
essentially charge neutralization, except that the cationic polymer
reacts with oppositely charged anionic polymer such as humic or fulvic
acids. Microparticles are precipitated as a result of the mutual charge
neutralization, and they will eventually be agglomerated to form a fine,
but measurable precipitate. The charge neutralization/precipitation

~mechanism explains how cationic polymer can precipitate some soluble
compounds from solution, while the two mechanisms before explain the
interaction between cationic polymer and particulate matter.

In a real suspension, more than one of these mechanisms may be at
work. In a recent study by Edzwald et al. (1987), to name only one
example, partial removal of DOC (charge neutralization/precipitation)
took place at the same time when turbidity was reduced (charge
neutralization only). Nonionic and anionic polymers are generally
available with higher molecular weights than cationic polymers. The
cationic polymers, therefore, operate mostly by charge neutralization and

charge neutralization/precipitation.
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The mechanisms discussed are generally true for all polymer systems,
and not only for synthetic polymers. Harris and Mitchell (1973) reviewed
the role of polymers, synthetic and natural, in processes where microbial
aggregation predominates., They demonstrated how diverse processes such
as the bioflocculation of bacteria in an activated sludge waste treatment
system, the formation of dental plaque, and the fermentation of yeast,
all depend on particle aggregation induced by natural polymers.

Algal flocculation and filtration

Algal cells, as stated before, are relatively large and carry a
negative surface charge. Interparticle bridging by cationic polymers is
unlikely because of the large cell size; charge neutralization is a more
likely mechanism. Quite a few studies have confirmed that anionic and
nonionic polymers are indeed totally ineffective as the primary coagulant
in algal suspension, even at high dosage, e.g., Cohen et al. (1958),
Tenney et al. (1969), McGarry (1970), Tilton et al. (1972) and Sastry et
al. (1977).

Cationic polymers have been demonstrated to have the ability to
flocculate algal cells. Table 3 contains a brief summary of these
studies. The unsuccessful experiment by Friedman (1977) is poorly
documented and cannot be rationally explained with the available
information. Volkova et al. (1982), found that their polymers lost.
almost all their flocculating effect 1If the cultures were allowed to age
to the point where the algal cells were partly decomposed. In general,
the attempts were successful, although the optimum polymer dosages were
quite different in the different studies.

Two studies tested polymers with a range of molecular weights to
find the polymer that would allow paper filtration of a fixed sample
volume in the shortest possible time. Tilton et al. (1972) found this
optimum at 21 kiloDalton (the upper end of their polymer range) and
Volkova et al. (1982) at 60 kiloDalton (the intermediate weight of the
three polymers they evaluated). For charge neutralization, the polymer
charge density should be more important than the molecular weight, but



20

Table 3. Summary of published studies on algal flocculation and
filtration with cationic polymers as primary coagulant

Study Genus Conc. Polymer Dosage Remarks

Cohen Chlorella 8 million synthetic 0-200 above 120 mg/L

et al. cells/mL cationic mg/L >99% removal

(1958) after settling

Golueke ? ? PURIFLOC 3-10 95% removal at

and Oswald synthetic mg/L 3 mg/L after

(1965) cationic 1lh settling

Golueke ? ? SONDELLITE 2.5-4 90% removal at

and Oswald synthetic mg/L 4 mg/L after

(1965) cationic 4h settling

Tenney mixed 100-350 polyamine 0-1000 linear relation be-

et al, green mg/L 5000 mg/L tween optimum dosage

(1969) algae as SS kiloDalton and SS

Tilton Chlorella 50-3000 polyamine 10 to optimum dosage de-

et al, mg/L 0.8-21 1000 pends on polymer MW

(1972) as SS kiloDalton mg/L and SS

Friedman Chlorella ? PURIFLOC ? no effective

et al. synthetic flocculation

(1977) cationic

Volkova Microcystis/ 2000-25000 polyamine 1-10 measured filtration

et al. Aphanizomenon mg/L 30-80 mg/L rate through filter

(1982) mixture as SS§ kiloDalton ‘paper
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the charge densities were not reported.

Flocculation behavior was not sensitive to pH in the range normally
encountered in water treatment. Golueke and Oswald (1965) found no
changes between pH 4 and pH 10, and Tilton et al. (1972) found no
changes between pH 4 and pH 8. At extreme pH values, sudden changes were
observed; Golueke and Oswald (1965) found that the flocculation abruptly
ceased above pH 10.4, and Tenney et al. (1969) found maximum flocculation
in the range pH 2 to pH 4, in the vicinity of the algal isoelectric
point.

The optimum polymer dosage for the different studies varied
considerably. Tenney et al. (1969) did establish a linear relationship
between optimum dosage and algal concentration, at about 1 mg of polymer
for every 80 mg of dry algal mass. Tilton et al. (1972), however, found
the optimum polymer dosage to be much higher; 1 mg of polymer for every 5
- 10 mg of dry algal mass. When they compared their results with other
studies on crystalline silica suspensions, they found that algae required
about 200 times more polymer for effective flocculation than a silica

suspension of equal surface area.

Optimal pretreatment for direct filtration

Direct filtration is characterized by the absence of any preceding
solid/liquid separation processes such as sedimentation or flotation.
The solid/liquid separation occurs upon passage through the granular
filter media, and all the solids captured during a filter cycle have to
be retained within the pores of the media bed. The capacity of a filter
bed is, therefore, set by the volume of solids it can accumulate. If the

solids are trapped in a loose, voluminous and flocculent structure, the
filter capacity will be reached quickly; if the solids are deposited as a
dense, compact aggregate, the bed will retain much more solids before it
reaches its capacity.

The main process variables in the pretreatment system are the rapid
mixing time and intensity at and immediately after the point of coagulant

addition, and the slow mixing time and intensity for flocculation
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following rapid mixing. No published studies on these parameters could
be traced that focused specifically on algal separation with cationic
polymers. A few studies did address the flocculation and filtration of
other suspensions with cationic polymers, from which a number of general
conclusions can be drawn.

Adin and Rebhun (1974) demonstrated the effectiveness of cationic
polymers as primary coagulants in direct filtration, even at very high
filtration rates (20 m/h) where other coagulants such as alum failed to
produce filtrate of acceptable quality. They worked with a clay
suspension and did not allow for any special mixing of the polymer other
than the hydraulic mixing within the feed pipe. It was further
demonstrated that the optimum dosage for regular jar tests was the same
as the optimum dosage for direct filtration, and that slight over- or
underdosage had less effect on direct filtration than on jar test
pexrformance.

There is convincing experimental evidence that vigorous rapid mixing
improves the performance of cationic polymers. Morrow and Rausch (1974)
found that cationic polymers, at a rapid mixing velocity gradient of 250
/s, were not as effective as alum. When higher mixing intensities were
provided, polymer performance was excellent and just as good as alum.
They consistently found, at three different pilot plant locations, that a
minimum rapid mixing velocity gradient G of 400 /s was required for
cationic polymers and that coagulation was complete within 2 minutes. No
slow mixing period between rapid mixing and filtration was provided.

Stump and Novak (1977) tested a wide range of cationic polymers
(molecular weight between 0.6 and 5,000 kiloDalton) with a kaolinite
suspension, doing both settling and filtration tests. For the high
molecular weight (HMW) polymers, settling was improved as the rapid
mixing velocity gradient was increased from 100 /s to 750 /s, but for low
molecular weight (LMW) polymers, practically no difference was detected
over the same range of rapid mixing intensity. During filtration,
increased rapid mixing decreased the HDR four times for HMW polymers, but
very little for LMW polymers. There was almost no difference between a
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rapid mix period of 30 seconds and 240 seconds, for both HMW and LMW
polymers. Slow mixing affected the different polymers differently, but
generally reduced the head loss development rate. The optimum slow mix
time was between 10 and 20 minutes.

Yeh and Ghosh (1981) found cationic polymers with molecular weight
between 10 and 100 kiloDalton most suitable for the direct filtration of
a clay suspension. At higher molecular weight, excellent filtrate
quality could still be achieved, but at the expense of excessively high
head loss. Best filter performance was achieved at rapid mixing velocity
gradients between 300 /s and 650 /s, with a rapid mixing time ranging
from 3 to 8 minutes. They did not find it necessary to provide a period
of slow mixing. Their conclusions were echoed in a later set of
practical design guidelines for polymer feed systems by Amirtharajah and
Kawamura (1983).

Edzwald et al. (1987) conducted a filtration experiment with highly
colored river water, where most of the solids load originated from the
charge neutralization/precipitation of humic organic macromolecules. Two
identical filters were used, with the exception that one filter was
provided with a flocculation tank which provided a mixing intensity of G
= 22 /s for a period of 9.2 min. Filtrate turbidity was about the same,
but the flocculation caused much less head loss, and led to deeper floc
penetration into the filter bed. It was speculated that the primary
particles (that formed upon charge neutralization/precipitation) were
very small and were deposited very quickly in the top of the bed by
Brownian motion. Flocculation before filtration caused the particles to
grow to the point where sedimentation was the most important transport
mechanism; this led to deeper floc penetration,

The quoted studies generally agree that a period of intense rapid
mixing greatly improves filtration performance, but these studies dealt
with clay suspensions or suspensions with high DOC concentration. No
study specifically addressed algal filtration. Clay particles have to
grow from a primary particle size of less than 1 um to an average floc

size of 20 um for effective filltration (Yeh and Ghosh, 1981l), whereas a
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Chlorella suspension, for example, starts of with a primary particle size

of 4 um or more. it may be that less vigorous, or shorter rapid mixing

will be adequate for algal suspensions.

Algal Release of EOM

Organic carbon cveling in natural waters

Algae are distinguished from other forms of plankton by their
ability to photosynthesize, i.e., turning light energy and inorganic
carbon into organic carbon compounds, They are, therefore, the primary
producers upon which the entire aquatic food chain is based,

The continuous production of organic carbon leads to an organic
carbon cycle with many different pathways. Organic carbon exists either
in particulate form (POC), or in dissolved form (DOC). There is a
continuous interchange between POC and DOC; living organisms ingest and
excrete organic carbon, changing the character of the organic carbon with
each metabolic cycle. Our understanding of these cycles in nature is
confounded by the refractive (non-biodegradable) nature of some detrital
particulates, the alternative aerobic or anaerobic metabolic pathways
(which result in different end products), and the fact that all these
processes are superimposed on the diurnal and seasonal cycles of
temperature, light and water movement.

Algae do not convert all the photosynthate into new cell matter,
Even during the active growth phase, a part of the photosynthate is
released into the surrounding water as extracellular organic carbon
(EOM). As algal populations age and senescent cells become more
plentiful, the total EOM release rate increases. The EOM release rate,
according to a summary by Lisse et al. (1985), can be as low as 5% of the
TOC synthesized for healthy cultures, or as high as 95% of the TOC for
stressed cultures.

Algal EOM is a complex mixture of many different compounds and a

complete analysis is out of the question. A fractionation of the EOM by
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molecular weight is a relatively simple measure which is useful to
characterize the EOM mixture. The significance of the molecular weight
of synthetic organic polymers is well established in water treatment, and
similar classification of algal EOM may provide a conceptual bridge to
understand EOM effects on water treatment processes,

When the relative fractions of LMW and HMW compounds are examined in
further paragraphs, the selective nature of bacterial nutrient uptake
must be kept in mind. Simple, small organic molecules are a preferred
bacterial food source, while large macromolecules are least likely to be
metabolized. Furthermore, the bacterial utilization of algal EOM is very
rapid. A water sample will, therefore, show a higher fraction of HMW EOM
than the mixture originally released by the algae. Liisse et al, (1985),
for example, quoted a case where glucose was identified in the EOM of a
bacteria-free culture of Scenedesmus, but where it could not be detected

in the presence of bacteria.

The release of algal EOM

The release rate of algal EOM is to a large extent dependent on the
age of the algal culture. Li#sse et al. (1985) tracked a number.of non-
axenic (i.e., not free from bacteria) large scale algal monocultures with
time and found a consistent increase in the DOC of the centrifugate as
the cultures passed from the logarithmic growth phase to the stationary
growth phase. For Chlorella, the DOC increased from 2 to 15 mg/L, and
for Scenedesmus from 5 to 15 mg/L,

The release of EOM by algae is not easily discernible, due to the
nature of the algal cell wall. The composition of a typical cell wall,
as described by Mackie and Preston (1974), is a composite construction of
two distinctly different components. The structural integrity of the
wall is due to a matted layer of microfibrils of cellulose, which are
embedded in a mucilaginous, non-crystalline matrix of polysaccharides.
The mucilage may be partially sloughed off or dispersed, in which case it
becomes part of the EOM. It is difficult to determine at which point a
compound is a part of the cell wall and at which point it becomes part of
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the EOM. Lilsse et al, (1985) pointed out that planktonic algae may have
polysaccharidic microfilaments on their cell surfaces, which are
vulnerable to the way the sample is handled. If the cells are separated
from solution by membrane filtration, these filaments are sheared off and
appear in the filtrate as EOM., 1If cell separation is done centrifugally,
the filaments will remain part of the cell wall and Will be measured as

part of the biomass.
According to Hellebust (1974), algae release EOM through three major

pathways. First, simple substances, such as sugars and amino acids, are
simply released by diffusion through the cell wall. The process is
driven by the concentration gradient across the cell wall and the release
rate of individual compounds may be different due to the differential
membrane permeability for different cell metabolites. Second, larger
molecules, such as polysaccharides and proteins, are probably excreted by
a more complex process. It is likely that some intracellular vesicles,
which contain the macromolecules to be released, will fuse with the cell
wall and eventually discharge the macromolecules as EOM. It was not
stated how the compounds migrate through the cell wall. Third, the
direct loss of the cell contents to the surrounding water will occur as
the result of cell lysis. Cell lysis is prevalent during the stationary
or declining growth phases, but EOM may also be released during

reproduction when mature cells break open to release juvenile cells.

The nature of algal EOM
Wetzel (1983) categorized algal EOM into two main categories. The

first category includes the intermediate products of algal metabolism,
which are normally LMW compounds. The intermediate products of
photosynthesis are mainly glycolic acid and polysaccharides (these
compounds are ideal bacterial substrate); the intermediate products of
respiration include organic acids, organic phosphates, and amino acids.
The second main category of algal EOM consists of the end products of
algal metabolism, which are mostly HMW compounds. The end products

include carbohydrates, volatile compounds, peptides, and enzymes.
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Hellebust (1974) and Bernhardt et al. (1986) provided limited
information on the relative abundance of these compounds. The
carbohydrate group, according to both studies, dominates the composition
of the EOM - the sugars and alcohols make up more than half of the
carbon. Hellebust added that the very simple LMW sugars and alcohols are
present in small amounts, implying that most of the carbohydrates must
have relatively complex structures. Bernhardt et al. reported that
glycolic acid is the next most abundant group, comprising between 12% and
34% of the EOM. Hellebust also found that glycolic acid is the most
abundant organic acid, but found it to be less than 10% of the total EOM.
The nitrogenous compounds (amino acids and peptides) are very common in
algal suspensions, but in smaller amounts (Bernhardt et al. found a
maximum of 18%). Hellebust added that the percentage can be much higher
in the EOM of blue-green algae, because they have the ability to fix
their own organic nitrogen. Lipids are the last major constituent of
algal EOM; both researchers agree that the percentage is around 10% of
the total EOM. The other compounds, such as phenols, organic phosphates,
volatile compounds, enzymes, vitamins and toxins, appear only in minute
quantities. They are, however, not less significant; much of the
nuisance value associated with algae is due to the tastes and odors
produced by the volatile compounds, and the health hazards posed by the
toxins produced by some of the blue-green algae.

Lusse et al. (1985), Hoyer et al. (1985), and Bernhardt et al.
(1985a) published complementary accounts of a study in Germany which was
aimed at the characterization of EOM in non-axenic large-scale algal
monocultures and its effects on flocculation and filtration.
Centrifugate was collected at different growth phases and prefiltered
through a 0.1 uym membrane. The filtrate was then separated into HMW and
IMW fractions, with the cutoff at about 2 kiloDalton. The MW
distribution of the EOM from Chlorella and Scenedesmus was approximately
the same. The largest size fraction dominated in both these genera. As
the cultures aged, there was a gradual decline in the LMW fraction and a

gradual increase in the HMW fraction. This trend was not always observed
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for the other genera studied. A consistent trend was a gradual increase
in the nitrogen:carbon ratio in the EOM as the cultures progressed from
logarithmic growth to stationary growth; for Chlorella the ratio
increased from 0.05 to 0.08, and for Scenedesmus from 0.07 to 0.1ll. The
EOM was screened for the main monomeric components and the sugars
dominated the EOM composition in all cases; for Chlorella and
Scenedesmus, the average percentage of sugars was 15%. Their main
conclusions on the nature of the EOM were threefold. First, the main
functional groups in the mixture of compounds in EOM are the carboxyl and
hydroxyl groups. Second, there are two major classes of compounds;
neutral and acidic polysaccharides, and non-saccharidic acidic compounds
similar to humic and fulvic acids., Third, the algal EOM is similar to an

anionic polymer, i.e., it carries a net negative charge concentration,

EOM Effects on Algal Separation

Experimental evidence
Tenney et al. (1969) demonstrated how the algal growth phase

influences the required polymer dosage for optimum flocculation. In
their case, a mixture of green algae treated with a HMW polyamine, the
required polymer dosage for a freshly inoculated batch culture was 1.7
mg/L. As the culture developed through the log growth phase, the
required polymer dosage steadily decreased until it reached a minimum of
0.6 mg/L during the declining growth phase. At the end of the declining
growth phase the required dosage shot up sharply to 1.5 mg/L and remained
at that level during endogenous respiration. EOM was not specifically
measured, but the increase of EOM with culture age is well documented and
it is highly likely that the measured flocculation behavior was caused by

the algal EOM.
Volkova et al. (1982), during their filtration and flotation tests

on a mixed culture of Aphanizomenon and Microcystis, found that polymer
treatment, which was normally quite effective, had practically no effect
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if the culture aged to the point where "partly decomposed" algae were
present.

Avnimelech et al. (1982) studied the mutual flocculation of algae
and clay without any coagulants. Clay particles had a high affinity to
cluster on the algal surface and this phenomenon was credited to the EOM
which is present in high concentration at the algal cell surface. They
went on to speculate that algal/clay flocculation in natural systems may
be a population control mechanism whereby older algal cells are
preferentially flocculated and sedimented because of their high EOM
release rate.

Narkis and Rebhun (1983) reported on a study that was conducted in
Israel over a period of years., In the first phase, flocculation tests
were performed with mixtures of clay and humic acid. Humic acid, as
shown earlier iIn this review, is similar to algal EOM in the sense that
it is an anionic polymer of natural origin. The presence of humic acid
added significantly to the dosage of cationic polymer for optimum
flocculation. With clay alone, flocculation was observed at low polymer
dosage. With humic acid alone, a colloidal precipitate was formed upon
addition of the cationic polymer which was observed as turbidity. A
stoichiometric relationship existed between optimum polymer dosage and
humic acid concentration. After this experimental phase, they concluded:

"In the case of mineral clay suspension dispersed in humate or
fulvate solution, the presence of soluble organic matter in the
solution controls the behavior of this system. There is competition
in the reaction with the flocculant between the soluble organic
matter and the mineral clay particles in suspension. The cationic
flocculant reacts preferentially with the organic matter. Only
after complete reaction with the free humate or fulvate in solution
does flocculation of clay mineral suspension begin."

In the second phase of their work, secondary effluent from the Haifa
sewage treatment works was used. The secondary effluent was rich in
organic material (mainly bacteriological EOM) with the chemical oxygen
demand (COD) equal to 240 mg/L. The results corresponded closely with
their earlier findings using clay and humic acid. The secondary effluent
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required a very high dosage of 40 mg/L of cationic polymer. The effluent
was then separated by paper filtration into a clear filtrate and the
suspended solids. The clear filtrate, upon polymer addition, became
turbid due to charge neutralization/precipitation and eventually
flocculated at an optimum dosage of 40 mg/L. If the suspended solids,
which were filtered out, were resuspended in organic-free tap water, it
only required 2 mg/L of polymer for optimum flocculation. This work
clearly showed that the polymer demand of an organic-rich water is
practically independent of solids concentration, and almost entirely
dependent on the organic content. The effects of the cationic polymer
were insensitive to pH in the range pH 5 to pH 9. Non-ionic polymers
alone had no flocculation effect.

Bernhardt et al. (1985a) conducted a very comprehensive sequence of
flocculation/filtration experiments as part of a large German research
project, on which seven papers have been published up to the present,
Algal EOM was extracted and concentrated from different cultures at
different points in their growth cycle, and added in controlled amounts
to a quartz particle suspension. The suspension was then coagulated with
ferric iron, flocculated and then filtered through small sand filters.
Small differences were noted amongst the EOM mixtures from different
species, but a few general trends were observed. First, algal EOM
behaved like an anionic flocculation aid at low concentration (<1 mg
C/L), and improved flocculation and filtration, as measured by a higher
filtration coefficient and longer filter run time. Chlorella was the
exception, where the improvement was not as prominent as the other
species. Second, at higher levels of algal EOM (>1 mg C/1), algal EOM
caused a disturbance of the flocculation and filtration process.
Turbidity is insufficiently retained, floc breaks through the filter
prematurely and coagulant appears in the filtrate. Third, the HMW
fraction (> 2 kiloDalton) of the algal EOM exerted greater influence than
the IMW fraction. Fourth, EOM from the late stationary phase exerted a
greater influence than the EOM from the logarithmic growth phase. Fifth,
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the EOM disturbance could be compensated for by increasing the ferric
coagulant dosage.

In two follow-up papers, Bernhardt et al. (1985b) and Schell and
Bexrnhardt (1986) dealt with the electrical charge concentration of the
algal EOM. The algal EOM, being predominantly anionic polymers, carried
a negative electrical charge which could be measured by titration with a
cationic polymer of known charge density. With this technique they found
that the EOM from blue-green algae had a charge concentration three times
as high as the EOM from green algae, regardless of growth phase. The
charge concentration is expressed as mg/L of cationic polymer per mg C/L
of EOM. It was also demonstrated that the effects of algal EOM on
flocculation and filtration could be mimicked by using commercially
available products with similar structure as the main constituents of
algal EOM. Alginic acid (a HMW carboxylic acid) and WISPROFLOGC (a
naturally-derived starch-based flocculation aid) were found to have
similar effects on flocculation and filtration as the algal EOM.

Nonionic polymers of low to medium molecular weight had practically no

effect; neither did monomeric sugars and sugar alcohols.

EQM _reaction mechanisms

Bernhardt et al. (1985b and 1986) presented a mechanistic
explanation for the effects of algal EOM on ferric coagulant during
flocculation and filtration. The explanation has three main parts.
First, the algal EOM, although it consists mainly of anionic polymer, has
the ability to attach to negatively charged particles., It was
demonstrated that negatively charged quartz particles did increase their
charge by as much as 50% (measured electrophoretically) when algal EOM
was added to the solution. The attachment was presumed to be due to
hydrogen and covalent bonding according to the electrostatic patch
theory. Second, at low EOM concentration, the EOM polymers are attached
to the quartz particles. As the particles are destabilized by the
polynuclear hydroxo complexes, the EOM acts as a flocculation aid by
bridging the distance between adjacent particles. Third, at high EOM
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concentration, some of the EOM will be in solution and will react very
quickly with the positively charged hydroxo complexes and iron hydroxides
that form upon addition of the ferric salt. In this way, the further
agglomeration of the hydroxo complexes is inhibited, as well‘as the
electrostatic attraction to the quartz particles. The EOM/iron complexes
so formed are colloidal in nature, break through the filter and increase

the turbidity and residual iron content of the filtrate.

Chlorine Interaction with Algae

Prechlorination, during the past fifty years, has been touted as an
efficient way to alleviate the operational problems associated with algae
in water treatment. More recently, prechlorination of surface water has
been curbed due to the discovery of halogenated organic compounds of
which some are carcinogenic to man. Much emphasis 1is presently being
placed on alternative disinfectants. This review nevertheless focuses on
prechlorination for three reasons. First, its effects on algal
filtration have not been quantitatively assessed for controlled algal
suspensions. Second, the mechanisms whereby chlorine acts on algal
suspensions are still poorly understood. Third, if chlorine does indeed
offer a powerful chemical method of algal control during direct
filtration, it could still be used without harm, if followed by proper

post-treatment processes such as alr stripping or carbon adsorption.

Chlorine chemistry

Chlorine is commonly added to water in elemental gaseous form or as

a liquid hypochlorite solution:

+
CL + HO = =---- > HOCl + H + Cl (1)
2 2 + +
NaOCL + H = ===-- > HOCl + Na (2)
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These hydrolysis reactions proceed very rapidly and are complete
within seconds, with practically all the chlorine or bleach converted to
hypochlorous acid. Although both the elemental and hypochlorite forms
produce hypochlorous acid, they tend to drive the pH in opposite
directions, because reaction (1) produces protons, and reaction (2)

consumes protons.
The hypochlorous acid rapidly dissociates and establishes an

equilibrium with hypochlorite:
+ -
HOCL ~---- > H + o0Cl (3)

Hypochlorous acid and hypochlorite are measured and reported
together as free chlorine. Morris (1966a) determined the ionization

constant of reaction (3) between 5 and 35 degrees Celsius as:

pKa = -10.0686 + 0.,0253*%T + 3000/T (4)

with T measured in degrees Kelvin. Above pH 9, practically all the
chlorine will be in the hypochlorite form, and below pH 6 practically all
the chlorine will be hypochlorous acid., Hypochlorous acid, on the basis
of mass applied, is a more efficient disinfectant than the hypochlorite
ion. Morris (1966b) presented data which showed that the hypochlorite
concentration (expressed as chlorine) required for a 99% kill of enteric
bacteria, viruses, bacterial cysts and bacterial spores, was about 100
times higher than the required hypochlorous acid concentration (expressed
as chlorine). The kill was measured after 10 minutes at 5 degrees
Celsius,

The presence of ammonia triggers a chain of reactions between the
chlorine, ammonia and intermediate products. A common, simplified
reaction scheme is given by Benefield et al. (1982). Ammonia will first

react with hypochlorous acid to form monochloramine:

NH + HOCL = ~w«e-- > NHClL + HO (5)
3 2 2
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Once the monochloramine is formed, it will react with more

hypochlorous acid to be converted to dichloramine:
NH ¢1 + HOC1I = ----- > NHCL + HO (6)
2 2 2

The availability of more hypochlorous acid will react with the

dichloramine to form either nitrogen trichloride or nitrogen gas:

NH012 + HOCL  ----- > NCl3 + 220 (7)
2NHCl2 + HZO ----- > N + 3H + 3C1 + HOCL (8)

If enough hypochlorous acid is added, the monochloramine will all be
eventually converted to dichloramine, while the dichloramine will be
consumed through reactions (7) and (8). Once all the mono- and
dichloramines have disappeared, additionally added chlorine will remain
as free chlorine. The addition of chlorine in excess of that required
for the removal of the mono- and dichloramines, is known as breakpoint
chlorination, with the breakpoint at the point of minimum chloramine
concentration,

Reactions (1) through (3) are practically instantaneous, but
reactions (5) through (8) are relatively slow and may need tens of
minutes before equilibrium (Cleasby, 1985). The chloramines have less
disinfecting ability than free chlorine, but persist longer in water than
free chlorine,

The presence of organic nitrogen, rather than the chemically simpler
ammonia nitrogen, complicates the outcome of chlorination considerably.
White (1968) stated two main differences between the chlorination of
organic nitrogen and ammonia. First, with organic nitrogen, there is not
as sharp a decrease in chloramines before the breakpoint. Second, the
reaction kinetics associated with organic nitrogen are markedly slower,
Reactions with ammonia are practically complete after an hour, but

reactions with organic nitrogen may need days for completion.



35

Taras (1953) did extensive testing on a range of individual
nitrogenous compounds which may be present in natural water. A total of
31 compounds were chlorinated, ranging from simple amino acids to complex
polypeptides and proteins. Chlorine dosage for each compound was such
that a free chlorine residual of at least 0.5 mg/L was measured after 24
hours. Although the compounds behaved quite differently, certain general
trends were evident. The simpler amino acids showed a total nitrogen
reduction of more than 50% after 24 hours, while the polypeptides and
proteins showed a total nitrogen reduction of less than 20%, or even
below 10%, after 24 hours. Under comparable conditions, ammonia lost

more than 90% of its nitrogen.

Chlorine effects on algal cells

The effects of chlorine on bacterial cells were first investigated
in the 1940s. Scientists, prior to that, were perplexed by two aspects
of chlorine behavior; its bactericidal efficiency at low concentration,
and the failure of other strong oxidants to kill bacteria with the same
efficiency.

Green and Stumpf (1946), through painstaking experimentation,
provided the first answer by showing that chlorine did not destroy the
bacteria by complete oxidation, but by the selective destruction of the
intracellular enzyme triophosphate dehydrogenase. (Triophosphate
dehydrogenase is a key enzyme for metabolizing glucose.) Other oxidants,
however, could destroy this enzyme equally well if it was isolated
outside living cells. Chlorine, therefore, had to have a superior
ability to penetrate the bacterial cell wall. Fair et al. (1948), then
demonstrated that hypochlorous acid is the most effective bactericide of
the different chlorine species, and attributed the penetrating ability of
chlorine to the electroneutrality of the hypochlorous molecule and its
small molecular size.

The action of chlorine on algal cells has not been clearly defined.
Griffin (1947) speculated that the algicidal properties of chlorine may
be partly due to the fact that free ammonia, which is an important algal

<
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food source, is oxidized in the presence of chlorine. Algae would,
therefore, eventually be starved to death. This theory must be seriously
questioned, because such a starvation effect would only be operational in
the absence of nitrates (an alternative nitrogen source). Even if such
an unlikely event would occur, starvation would be of no consequence in
the short time frame offered by conventional treatment,

Ives (1956) studied the electrophoretic characteristics of a number
of algal genera, and how they were affected by a number of algicides.
Although chlorine was not used, he did use ozone (a strong dxidant) and
iodine (a halogen). The negative surface charge of the algal cells was
marginally increased in both cases, but not enough to change their
physical behavior.

The concept of cell lysis upon chlorination is mentioned in many
studies dealing with algal chlorination. It does offer a plausible
reason for the release of EOM upon chlorination, which will be discussed
shortly. Only two studies specifically reported on the physical
condition of the cells after chlorination, with conflicting results.

Kott (1971), using light microscopy, unequivocally denied any observable

change in algal cell numbers or condition during the first two hours
following chlorination, whether the chlorine is present in free or
combined form., Sukenik et al. (1987) recently published scanning
electronmicrographs of Scenedesmus cells before and after treatment with
chlorine, ozone and chlorine dioxide. In all three cases, the cells were
visibly damaged. Chlorine caused a shrivelling of the outer sheath (the
reticulate layer) and in some cases leakage of the intracellular contents
through the cell wall could be observed. (Chlorine dioxide,
incidentally, showed a similar, but more severe effect, whereas ozone did
not shrivel the reticulate layer, but gave it a perforated and fibrous

appearance.)

Chlorination of algal suspensions
Echelberger et al. (1971) performed a series of chlorination

experiments on algal cells from a laboratory culture of mixed green
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algae, They worked only with the cells, and not with the EOM. The cells
were centrifuged from the culture and resuspended in organic-free water.
A number of key points were established. First, the suspension showed a
typical breakpoint curve like that obtained in the presence of ammonia,
which emphasized the importance of the reaction between chlorine and the
nitrogenous groups on the algal cell wall. Second, there was a linear
relationship between the chorine dose to obtain a given free chlorine
residual after a given time, and the algal concentration, measured as
suspended solids., Third, the free chlorine residual steadily decreased
‘with time, even after 3 hours had elapsed. This slow rate of decrease
suggests that the nitrogenous groups on the algal cell wall are complex
macromolecules which are not readily susceptible to oxidation. Fourth,
it was demonstrated that the filtrate of a suspension with a free
chlorine residual, had a higher chemical oxygen demand than an
unchlorinated control; the chlorine, therefore, induced a release of
additional EOM. Fifth, they demonstrated that the EOM released upon
chlorination caused significant flocculation and settling when compared
to an unchlorinated control.

Kott (1971) measured the residual chlorine levels in a variety of
sewage effluent samples. All samples were spiked with 3 million cells/mL
of Chlorella. He found that the residual chlorine after five minutes of
contact was only slightly higher than after 6 hours. At a chlorine
dosage of 14 mg/L, for example, the average residual chlorine was 5.0
after 5 minutes, and 4.0 mg/L after 6 hours. Not enough detail is given
to allow a thorough comparison, but this finding seems to contradict the
results of Echelberger et al. (1971) which indicated a slow, gradual
reaction between chlorine and organic nitrogen. Kott's second finding
was that the algal numbers in laboratory cultures, as well as pond
effluents, stayed unchanged for 2 hours after chlorination; regardless of
the chlorine dosage and whether the chlorine is in free or combined form.
After 2 hours, the number of healthy cells started to decline.

Hom (1972) collected sewage pond effluent which contained 2.6
million cells/mL of Chlorella, and chlorinated a number of subsamples.
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After the required contact time, which was the main experimental
variable, the samples were dechlorinated and analyzed for BODS. He found
that the BOD increased as the chlorine contact time increased, up to a
maximum BOD after 20 minutes of chlorine contact time. Thereafter, it
decreased again and stabilized after about 60 minutes at a level which is
higher than the original BOD_ before chlorination. For example; a
chlorine dosage of 32 mg/L increased the initial BOD5 of 20 mg/L to 100
mg/L after 20 minutes, after which the BOD5 decreased again to about 55
mg/L. Hom speculated that the chlorine somehow elicited a rapid release
of easily oxidizable organics, and that the organics were oxidized soon
after release. This is an important finding, for it shows a short-lived
transient effect which will probably be missed in full-scale
experimentation.

Wight et al. (1978) experimented with a series of sewage lagoons in
Illinois in which Chlorella was present at about 2.6 million cells/mL.
Despite their own earlier laboratory experiments, in which they clearly
showed an increase in soluble chemical oxygen demand when the chlorine
dosage and/or contact time was increased, they could not demonstrate
these trends at a statistically significant level in their field
experiments. When they re-analyzed only those data points which showed a
free chlorine residual, they did, however, demonstrate these trends. The
trends were most obvious when the free chlorine residual was above 1.8
mg/L. Their conclusion was that an EOM increase is probably due to the
action of free residual chlorine only.

Sukenik et al. (1987) also demonstrated an increase of DOC after
chlorination. After 10 minutes of chlorine contact time, the DOC
concentration increased by 5%, 20% and 15% for chlorine dosages of 2, 10

and 20 mg/L respectively.

Effects of prechlorination on treatment processes

Sukenik et al. (1987) measured the effects of chlorination on the
alum dosage required for the flocculation of Scenedesmus. At a chlorine

dosage of 2 mg/L, the required alum dosage was the same as for the
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unchlorinated sample, but at a higher chlorine dosage more alum was
required to obtain the same degree of flocculation. To remove 50% of the
cells by settling after 30 minutes, 55 mg/L of alum was required if 20
mg/L of chlorine was added, while 45 mg/L of alum was required in the

absence of chlorine.
There are a few reports in the literature on the effects of

prechlorination on the performance of slow sand filters. There are
fundamental differences in the principal removal mechanisms between slow
and rapld sand filters; at the same time, the two processes induce
similar physical interaction between sand grains and suspended particles,
and do share a lot of common ground. The following two reports on slow
sand filtration should give some qualitative indication of probable
chlorine effects in rapid sand filtration.

Jacobsen and Wellington (1949) reported a series of experiments with
one slow sand filter being treated with chlorine while another was
monitored as an untreated control. Chlorination started at 2.0 mg/L and
was gradually increased until it reached 6.0 mg/L at the end of the run.
The filtrate production of the chlorinated filter before terminal head
loss was 72% higher than for the untreated control. Microscopic analysis
of sand samples showed a great diversity of organisms and slimy deposits
within the grain pores for the control filter, and a much cleaner sample
with only one motile species for the chlorinated filter. There were no
noticeable effects on the taste, odor and appearance of the water, but
the chlorine led to a definite improvement in bacteriological quality.
During the discussion of this paper, two participants shared their own
experience of prechlorinating slow sand filters; both found increased
filtrate production due to chlorination, in the one case it was more than
doubled.

Ludwig (1961) measured the effect of prechlorination on two
experimental slow sand filters. A number of beneficial effects were
attributed to prechlorination; longer filter run length, lower effluent
turbidity (an average of 2,04 NTU vs. an average of 2.41 NTU), less
penetration of organic solids into the bed (10 to 20 mm deep vs. 50 to
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60 mm), and no ammonia in the filtrate. This study concluded that
prechlorination, coupled with slow sand filtration, is an excellent
treatment method for small water supply systems,

A few early incidents of chlorination prior to rapid sand f£iltration
had been reported, and they were also positive. Whitener (1928)
described an experience where chlorination of the raw water supply had no
measurable results on subsequent treatment, but when chlorine was added
Just prior to filtration (the settled water had only 5 units of
turbidity), the results were dramatic. The final water appearance
changed within hours from "cloudy green" to "sparkling clear", the
average filter run length increased from 25 to 80 hours, and even filter
cracks of 50 to 70 mm eventually disappeared.

Raab (1931) reported a severe odor problem in the Minneapolis water
supply due to an Aphanizomenon bloom in the Mississippi River. The
combined application of chlorine and ammonia to the raw water caused no
improvement, with chlorine dosage up to 2.0 mg/L and the chlorine:ammonia
ratio between 2:1 and 5:1, The ammonia dosage was then stopped, and the
situation improved immediately. At an eventual chlorine dosage of
2.2 mg/L, the free chlorine residual going to the filters was about
0.2 mg/L, and the average filter run length improved from 8 to 28 hours.

Streeter and Wright (1931), during their full-scale experimentation,
did not measure any improvement in filter run length upon chlorination,
but still advocated prechlorination of the raw water due to the much
improved performance of the filters in terms of bacterial removal.

Janssens et al. (1985), during pilot-scale filtration of water from
the river Meuse in Belgium, clearly demonstrated the beneficial effect of
chlorine on filtrate quality. A metal salt was used as primary
coagulant, supplemented by a polymeric filtration aid. When
prechlorination was stopped for 3 hours in the middle of a filter run,
the filtrate turbidity shot up from 0.20 NTU to 0.38 NTU, and dropped
back to 0.17 NTU aftexr resumption of prechlorination. (Ozone,
incidentally, improved turbidity removal in the same fashion.)
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Chlorine has some indirect beneficial effects on treatment processes
which also warrant brief attention. Ibrahim et al. (1982) documented the
problems posed by algal growths in the warm climate of Lebanon during
spring and summer. Algal growths were sloughed off the sides of tanks
and canals, and eventually reached the filter beds, where they rapidly
blocked the passage of water. They found that a total chlorine residual
of 0.7 to 0.8 mg/L within the treatment units prevented all algal
growths. The reduction of total residual chlorine with time was
experimentally measured on a mixed suspension of green algae (about 0.1
million cells/mL); a total chlorine residual of 1.2 mg/l immediately
after dosing decreased to about 1.0 mg/L after 30 minutes, and eventually
to about 0.25 mg/L after 24 hours. The minimum lethal residual was
measured for 13 isolated species (also at about 0.1 million cells/mL); in
all cases, the total chlorine residual required for total disappearance
in 10 days, was less than 1.8 mg/L. For Chlorella and Scenedesmus, the
critical residual was 1.4 to 1.5 mg/L.

Mathematical Modeling of Deep Bed Filtration

The final part of this review will briefly address the mathematical
modeling of deep bed filtration. Filtration theory serves two main
purposes. First, it offers a mechanistic understanding of the processes
at work within the pores of a sand bed. Second, it can be used to reduce
head loss and particle removal data to more fundamental parameters which
are better suited for quantitative comparison.

An efficient deep bed filter exhibits two macroscopic properties.
First, it traps a significant fraction of the suspended particles within
the filter pores as the suspension flows through the filter bed. Second,
it causes a slow, gradual increase in head loss as the Interstitial pores
are clogged by the trapped particles.

These two properties are equally important. Excellent particle
removal is impractical if the bed must be backwashed at short intervals;
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conversely, slow clogging means little if particle removal is poor. The
observation of both head loss development and particle removal is,
therefore, an essential part of deep bed filter evaluation. Both head
loss development and particle removal are, however, only consequences of
the same process; the clogging of the interstitial pores,

The aim of mathematical modeling is to relate head loss development
and particle removal to the specific deposit, 1.e., the fraction of the
total bed volume occupied by the trapped particulates. A host of
mathematical models, reflecting fundamentally different approaches, have
been proposed during the past 25 years, and there is no common consensus

yet as to which ones are more realistic.

Mathematical modeling; particle removal

Two fundamental, as yet unchallenged, assumptions are common to all

modeling efforts. The first, conservation of particle volume, leads to

the simplified equation:

§C 1 éo
-— - == (1)
§L v 6t
with v = hydraulic loading, or approach velocity

t = time
o = gpecific deposit
C = particle volume concentration
L = bed depth, in the direction of flow.

The specific deposit o, as defined here, does not take any bulking
of the deposited particles into account. In reality, the particles will

bulk as they are trapped in the bed. The volume occupied in the filter
bed by the deposited particles is obtained by multiplying the specific

deposit ¢ by the bulking factor 8.
The second assumption postulates first-order kinetics of deposition

as the suspension flows through the bed:
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éC
- — = AC (2)
SL

with ) = filtration coefficient,

As filtration proceeds, the filtration coefficient is changed due to
the specific deposit. At this point, there is considerable disagreement
as to the nature of the A = f(o) function, and many relationships have
been proposed. Ives (1985) proposed the following relationship:
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with x,y,z = exponents
o = the ultimate specific deposit, at which point no more
particles are deposited
¢ = initial clean bed porosity
bulking factor of the incoming particles upon
deposition in the bed
A = initial filter coefficient
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ripening coefficient.

The ultimate specific deposit is also defined as the volume that
would have been occupied if the removed particles did not bulk at all.
The product of the bulking factor and the ultimate specific deposit is,
therefore, theoretically limited by the clean bed porosity. 1In practice,
this product will be less than the clean bed porosity.

The Ives model is the most general and flexible available and will
accommodate a number of other models with appropriate choice of the
exponents x, y and z, It is mathematically consistent and satisfies all

the boundary conditions imposed by the physical nature of a deep bed



44

filter. The model is derived from plausible assumptions and the model
parameters, exponents excluded, have physical meaning. The first
bracketed factor in the above equation accounts for an increase in
removal efficiency during the initial stages of a filtration cycle (the
"ripening" phenomenon). The second bracketed factor accounts for a
decrease in removal efficiency as the media surface area is reduced by
the filling of the media pores with specific depdsit. The third
bracketed factor decreases the filtration efficiency as the interstitial

deposit approaches the ultimate deposit,

Mathematical modeling: head loss

The equation for flow through porous media is expressed by the
Carman-Kozeny expression (Sakthivadivel et al., 1972):

H vu82 L' 2 (1-eo)2
I (_) — (4)
L g L €

hydraulic loading, or approach velocity
specific surface area of the media, i.e., the media

surface area divided by the volume of the media grains

with

<
|

7]
|

= kinematic viscosity

= gravitational acceleration

head loss

= media bed depth

L' = length of flow path through the pores

o > B AN
]

K = Karman shape factor

This equation follows from the general Carman equation when
appropriate substitions are made for the hydraulic radius of granular
media, and for the fact that the sinuous flow path through the media
pores is longer than the linear depth of the media bed.
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As the media bed begins to clog, the specific area, flow path
length, bed porosity and head loss all change with time. If the Carman-
Kozeny equation (4) is set up for the initial conditions (time = 0), and
again after a random time step (time = t), the following head loss ratio
is obtained:

2 2 2 3
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Equation (6) is a fundamentally correct, but impractical expression,
because most of the variables are not measurable. A number of greatly
simplified, semi-empirical equations have, therefore, been proposed for
practical use. The most prominent of these expressions have been
reviewed by Sakthivadivel et al. (1972). An emplrical expression by Deb

(1969), for example, has been successfully used for modeling purposes:
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In equation (7), the first four bracketed factors in equation (6)
have been replaced by an empirical function of the specific deposit.

Numerical solution of filtration equations

If the partial derivative of concentration over time is eliminated

from equation (1) and equation (2), and equation (3) substituted for the



46

filtration coefficient, the following is obtained, with x = y = z = 1:

So Bfo Bo g
rr i V.C.Ao.[l + T][l - ;—][1 - ‘g—] (8)
o o u

This is a classical initial value problem of the form o' = £(o).
It can be numerically solved in any of a number of ways. A standard

Runge-Kutta textbook method, for example, described by Scheid (1968),

leads to:

- o+ ( kl + 2k2 + 2k3 + k4 ) /6 (9)

with k = 6t . £(o)

kl § £( © ok /2)
ua t . o -+
2 t 1

k = §t . f(c +k /2)
3 t 2

k - §t . £(o¢ + k)
4 t 3

With the specific deposit and incoming volume concentration known at
the beginning of a time step, the specific deposit at the end of the time
step can be calculated with equation (9) provided that v, C , B, X , 8
and o are constant for a specific filtration cycle. °" °

X boundary condition exists at the top of the bed, where the
incoming particle volume concentration remains constant. Another set of
initial values are obtained at time zero when the filter coefficient has
not yet been altered by the specific deposit. The reduction in particle
volume concentration for the first slug of suspension passing through the
bed, is readily calculated,

For calculation purposes, the media bed is treated as a series of
discrete layers; likewise, the filtration cycle is divided into a number
of discrete time steps. The mathematical solution proceeds from the top
of the media bed to the bottom, and from time zero to the end of the
cycle. The calculation sequence was first explicitly formulated by Ives

(1960), and later more elaborately by Adin (1978).
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MATERIALS, METHODS AND EQUIPMENT

Algal Cultures

Algal monocultures were obtained from the Culture GCollection of
Algae at the University of Texas at Austin. Three genera were eventually
selected because they could be consistently cultured at reasonably high
concentrations. The genera were Chlorella pyrenoidosa (UTEX 1230),
Scenedesmus guadricauda (UTEX 76) and Anabaena flos-aquae (UTEX 1444),

One culture medium was used throughout the project for all the algal
genera, i.e., the "WC" medium described by Guillard (1975). The nutrient
composition is shown in Table 4, and the ionic concentrations in Table 5.
Suspension was drawn from the growth reactors at regular intervals, and
the reactors were immediately filled back up with fresh culture medium,

A maximum quantity of 20 L was drawn from the 50 L growth reactors at the
time. The average dilution rate was maintained at approximately 0.1 /d
throughout the study; the reactor volume was, therefore, effectively
replaced about every ten days.

The large rectangular reactors (which were used for practically the
entire project), were constructed from 5.5 mm Plexiglass sheets with a
total capacity of 50 L each. The reactors were 460 mm long by 300 mm
wide by 450 mm high., Fresh nutrient was fed on the surface and
suspension was drawn from a side outlet just above the reactor floor.
Each reactor was capped with a wooden cover onto which an electrical
mixer was mounted. The mixer powered a three-bladed paddle at about 150
to 200 rpm to keep the cultures well mixed and suspended.

The reactors were housed in a continuously lighted growth chamber.
Light was supplied with twelve fluorescent 30 Watt tubes mounted
vertically on the sides and back of the chamber. Six WARM WHITE tubes
were alternated with six COOL WHITE tubes to supply a broader frequency
spectrum. The measured light intensity on the sides and back of the

reactors was 150 pgE/m .s (microEinstein per square meter per second).



Table 4. Composition of culture medium WC (from Guillard, 1975)

Reagent Concentration
Ca012.6H20 36.8 mg/L
MgSO4.7H20 37.0 mg/L
NaHCO3 12.6 mg/L
K,HPO, 8.71 mg/L
NaNO3 85.0 mg/L
H3803 6.0 mg/L
THAMZ 250 mg/L
HC1 147 mL/L
Biotin 0.5 pg/L
Vitamin B12 0.5 pg/L
Thiamine HC1 100 ug/L
CuS0,, . 5H,0 0.098 ‘ug/L
ZnS0, . 7H,0 0.22 pug/L
CoClz.6H20 0.10 pg/L
MnClz.4H20 1.8 pug/L
Na2M004.2H20 0.063 ug/L
FeCl3.6H20 3.15 mg/L
Na,EDTA® 4.36 mg/L

Srris (hydroxymethyl) aminomethane.

bEthylenediamine tetraacetic acid.
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Table 5. Concentration of principal cations and anions in culture
medium WC (adapted from Guillard, 1975)

Cation/anion Molar concentration
Na 0.00135 mol/L
K 0.00010 mol/L
Ca 0.00025 mol/L
Mg 0.00015 mol/L
NO3 0.00100 mol/L
cl 0.00050 mol/L
CO3 0.00015 mol/L
SO4 0.00015 mol/L

Ionic strength = 0.0029 mol/L

Table 6. Concentration of principal cations and anions in typical algal
suspension applied to sand filtration system

Cation/anion Mass concentration Molar concentration
K 2.34 mg/L 0.00006 mol/L
Na 16.9 mg/L 0.00073 mol/L
Mg 6.69 mg/L 0.00028 mol/L
Ca 45,3 mg/L 0.00113 mol/L
HCO3 33.2 mg/L 0.00054 mol/L
SO4 a 76.7 mg/L 0.00080 mol/L
NO3 + Cl 0.00086 mol/L

Ionic strength = 0,0055 mol/L

8N0, and Cl not analyzed. Molar concentration estimated from
electrical charge balance.
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The front of the reactors received only the reflected light from the
inside of the front cover - the minimum light intensity on‘the front of
the reactors was 50 pE/m .s.

Cooling was supplied by a simple household three-speed box fan
mounted horizontally on top of the growth chamber which forced ambient
air from the top through the chamber. It was set at the slowest speed
and ran continuously. The temperature within the large reactors
stabilized at about 26 degrees Celsius., Figure 1 shows a schematic
layout of the growth reactors, lighting and ventilation.

The algal suspension used for filtration experiments, after being
drawn from a reactor, was diluted with tap water in a large 100 L feed
tank and continuously stirred until, and for the duration of the filter

runs at about 150 to 200 rpm.

Reagents

Deionized water was used for making up the algal culture medium and
for dissolving and diluting all reagents and chemicals. It starts out as
steam condensate from the university heating system and is piped to the
laboratory, where it is run through a cationic exchange bed, an anionic
exchange bed and a bed of activated carbon, consecutively.

Ames tap water was used for the dilution of the algal suspension.
The typical analysis for the principal ions in the tap water/algal
culture mixture is shown in Table 6.

Chlorine was obtained from commercial CHLOROX bleach. The active
ingredient, sodium hypochlorite, was determined and found to be
equivalent to 47,500 mg/L as chlorine, slightly lower than the stated
value on the label. Fresh dilutions with concentrations of 1000 mg/L or
2000 mg/L were prepared every day or two.

Aluminum sulfate stock solution (0.5 M) was prepared from reagent
grade granular aluminum sulfate. At regular intervals, the stock

solution was diluted down to a working -solution of 1000 mg Al/L.
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Ferric chloride stock solution (1.0 M) was prepared from reagent
grade ferric chloride lumps and acidified with 10 mL hydrochloric acid
per liter. At regular intervals, the stock solution was diluted down to
a working solution of 1000 mg Fe/L.

Three commercial cationic polymers were used during different phases
of the research. CATFLOC T was obtained from the Calgon Corporation
Pittsburgh, Pennsylvania), and MAGNIFLOC 572C and 573C from the American
Cyanamid Company (Indianapolis, Indiana). Fresh stock solutions were
made every day or two with concentrations ranging from 1000 mg/L to 4550
mg/L and stored in the dark. During the early phase of the research,
stock solutions of the cationic polymers were kept for up to a few weeks
at a time, but extended storage was abolished after some aging effects

were suspected.
Jar Testing

Jar tests were performed in 1 L glass beakers with a PHIPPS AND BIRD
six-place stirring apparatus, equipped with a light table, from the
Phipps and Bird Company (Richmond, Virginia).

Chemicals were injected with plastic syringes through stainless
steel needles. The needle tips were held close to the top of the mixing
paddles in the middle of the beakers and the syringe contents was rapidly
discharged.

Samples were drawn from the beakers with a large-bore steel needle
and a plastic syringe, The samples were slowly drawn, and the tip of the
needle was held about one-third from the top of the liquid surface.

The mixing and settling routines were different for different jar

tests and are described later with the jar test results,
Sand Filtration System

Figure 2 shows a schematic arrangement of the filtration apparatus.

Only one of two parallel filtration trains is shown.
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Figure 2. Schematic arrangement of sand filtration system (only one of

two parallel systems shown)
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The raw water suspension was prepared in a plastic tank, 440 mm in
diameter and 700 mm high, with a working capacity of about 100 L. This
tank was common to both filtration trains. Two parallel streams of
suspension were withdrawn with a MASTERFLEX peristaltic pump from the
Cole-Parmer Instrument Company (Chicago, Illinois), equipped with two #18
pumping heads. The pumping rate was maintained at approximately 45 to 50
mL/min/filter. Pumping rates were constant for any single filter runm,
but variations in flow rate between runs were due to an insensitive speed
controller which could not be set at exactly the same position from run
to run.

Chemical feed solutions were kept in 1000 ml and 500 mL measuring
cylinders, and pumped directly from there with another MASTERFLEX pump
equipped with four #14 pumping heads. Feed solution concentrations were
calculated for each run to enable a constant dosing rate of about 1.1
mL/min for each of the dosing streams. Feed solutions were prepared from
undiluted GHLOROX and from 1000 mg/L working solutions of Fe, Al and
polymer.

Raw water flow and chemical feed rates were determined
volumetrically. Total flow rates were measured with a spot measurement
during the run at the discharge point, and chemical feed rates were
calculated f£rom the volume of chemical pumped during the entire filter
run,

Filter sand was supplied by the Northern Gravel Company (Muscatine,
Iowa). A subsample of the shipment was separated by mechanical sieving.
The sand fraction remaining between the 0.701 mm and 0.833 mm sieves was
used in this project. The geometric mean sand grain diameter was 0.771
mm. The filter tube diameter was 27 mm, or about 35 times the mean grain
diameter. The sand was supported on a stainless steel screen. Bed
depths of 100 mm to 250 mm were used.

The filter head loss was measured as the difference in water level
between two tubes - one coming from the upstream end of the filter, and
the other from the downstream end of the filter. Samples could be
collected at three points during the filtration process - directly from
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the raw water tank (prior to chemical addition), at the hydraulic break
directly before the filters (but after chemical addition and contact),
and at the discharge point after filtration.

After every filter run, the filter tubes were disconnected and the
filter sand emptied into a beaker, The sand was vigorously stirred with
a glass rod and rinsed until clean, and then oven-dried for at least 12
hours at 103 degrees Celsius. After drying, the right amount of sand was
weighed, put back into the tubes and tapped until the exact required bed
depth was reached. In this way, the clean bed porosity could be
maintained at 0.40.

The retention time in the different parts of the filtration train
could be varied by changing the glass tubes which acted as the primary

and secondary contact chambers,

Molecular Weight Fractionation

Samples of algal EOM, cationic polymer and tap water were separated
into different molecular weight fractions by ultrafiltration.
Ultrafiltration, in general terms, is a process whereby a water sample is
pressurized against a membrane with closely controlled pore size. A part
of the sample is pushed through the membrane (filtrate), while a part is
recycled back into the sample container (retentate). The membrane will
only allow macromolecules of a certain size or smaller to pass through.
With a series of membranes, a sample can be fractionated into fractions
of different molecular size, analogous to the sieving of a soil sample
through a stack of mechanical screens. The polyethersulfone
ultrafiltration membranes are characterized by their nominal molecular
weight limit (NMWL), which is the molecular welght of a globular protein
that is 90% retained on a particular membrane. Membranes with NMWL's
ranging from 3 to 100 kiloDalton were used.

The ultrafiltration apparatus, purchased from the Filtron Technology

Corporation (Clinton, Massachusetts), consisted of a stainless steel
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MINISETTE cell into which the different membrane cassettes could be
loaded. An external positive displacement pump forced the sample through
the cell at 100-200 mL/min at a pressure of 65-105 kPa. The retentate
flow rate was maintained at at least 75 mL/min.

All samples were prefiltered through GF/C glassfiber filters
(nominal ratiﬁg 1.2 um) before ultrafiltration. Duben (1987) provided a
detailed description of the actual separation procedure. The total
recovery of non-purgeable organic carbon (NPOC) typically ranged from 85%
to 95% of the NPOC before fractionation.

Colloid Titration

When two oppositely charged polymer solutions are mixed together,
the polymers will react to form a colloidal precipitate. This reaction
is the result of the charge neutralization/precipitation mechaunism
discussed in the literature review. A polymer in solution can,
therefore, be precipitated by titration with an oppositely charged
polymer. With a titrant of known charge concentration and an indicator
to signal the change of polymer charge from positive to negative, or vice
versa, such a titration can be used for the quantitative determination of
the charge concentration of the polymers in an unknown sample.

Kawamura and Tanaka (1966), and Kawamura et al., (1967) described the
successful application of colloid titration to determine the alum dosage
for optimum coagulation and flocculation. It was shown that the
isoelectric point, as determined by colloid titration, corresponded very
closely to the point of zero electrophoretic mobility. More recently,
Schell and Bernhardt (1986) applied a slightly modified procedure to
determine the charge concentration of algal biopolymer and also
demonstrated that the charge concentrations measured by colloid titration
and electrophoretic mobility were practically the same. The procedure of

Schell and Bernhardt (1986) was adopted for this study.
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A solution of potassium polyvinylsulfate (PPVS) in doubly distilled
water was used as the standard anionic polymer. Schell and Bernhardt
(1986) listed the charge concentration of a 324 mg/L PPVS solution as 2
meq/L. The commercial polymers (MAGNIFLOC 572C, 573C and CATFLOC T) were
used as cationic reagents. They were standardized, after appropriate
dilution, by direct titration with PPVS. Toluidine blue (TB) was used as
colorimetric indicator, which changed from blue to purple when the
isoelectric point was reached.

PPVS derives its negative charge from a sulfate ion on the monomer,
whereas the cationic polymers (CP) derive their positive charge from a
quaternary amine group on the monomer. Toluidine blue, a monomeric
compound, also derives its charge from an amine group. The structures of
the reagents are shown in Figure 3. The equilibrium constant for the
PPVS-CP reaction is significantly greater than the equilibrium constant
for the PPVS-TB reaction. The PPVS-CP reaction will, therefore, be
practically complete before the PPVS-TB reaction begins.

Algal biopolymers are anionic. The titration of an algal sample
starts with the addition of enough CP to a known volume of algal EOM to
leave an excess of CP after reaction with the algal biopolymers. After
five minutes, the excess cationic polymer is backtitrated with PPVS to
the TB endpoint. After subtraction of the PPVS required to reach the TB
endpoint in a doubly distilled blank, the charge concentration of the
original sample is readily calculated. Appendix A provides a detailed

description of the procedure used.

Other Analytical Procedures

Table 7 contains a listing of the other most important analytical

procedures used, with a description of the procedure and/or instrument

used.
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Table 7. Analytical methods and instruments

Parameter measured Method/Instrument
Alkalinity sM® 403
Calcium SM 303A
Magnesium SM 303A
Potassium SM 303A
Sodium SM 303A
Sulfate SM 426D
Suspended solids SM 209C
Turbidity SM 214A

HACH ratio turbidimeter
GELEX solid standards

pH FISHER ACCUMET model 610
BECKMAN EXPANDOMATIC IV

Free 012 SM 408G

NPOC BECKMAN 915A SM 505A
DOHRMAN DC 180 SM 505B

Particle counts HIAC-ROYCO model PC-320
with 60 um sensor

Light intensity LI-COR model LI-185B

Microscopy OLYMPUS BH-2 with

phase contrast optics

aStandard Methods for the Examination of Water and Wastewater
(1985).
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The spectrophotometric absorbance of the algal suspensions was
measured at a wavelength of 680 nm. This was the wavelength of maximum
absorbance for suspensions of Chlorella.

The electronic particle counts were used to calculate a theoretical
particle volume. All particles were assumed to be single spheres.

Algal EOM was separated from the cells by glassfiber filters and
vacuum filtration. When small volumes were separated, the suspension was
filtered directly through GF/C WHATMAN filters. When larger volumes of
EOM were required, the suspension was first filtered through a G6 WHATMAN
glassfiber filter on a 110 mm BUCHNER funnel to remove the bulk of the
algal cells, and then through GF/C WHATMAN filters.
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CHARACTERISTICS OF ALGAL SUSPENSIONS
Measurements of Algal Cell Concentration

During the course of the study, four different measures were used to
quantify the algal concentration; turbidity, suspended solids, spectro-
photometric absorbance and electronic particle counting. In many cases,
more than one measure were used on a single sample. A compilation of
these alternative analyses on identical samples allows comparison between
the different techniques., Figures 4 through 8 reflect these comparisons,
Turbidity, the most widely used routine parameter in the water treatment
industry, was used throughout as the independent variable,

Figures 4 through 8 all reflect an obvious correlation between the
different measurements, and in all cases the trend is linear. As would
be expected, all linear regression lines passed very close to the origin.
The correlation coefficients were practically unchanged whether the lines
were forced through the origin or not. For simplicity, the lines through
the origin are reported on the graphs, which turn the relationships into
simple ratios.

There are significant differences between the regression lines for
different algal genera. The ratio between absorbance and turbidity is
0.0066 for Anabaena, but 0,0115 for Chlorella. Likewise, the ratio
between particle volume and turbidity is 5,84 for Scenedesmus, but only
4,01 for Chlorella. While any of the used measurements are adequate for
monitoring monocultures, they will be inadequate for monitoring mixed
cultures, because they are affected by both cell concentration and

species composition.

Measurement of Algal Cell Size

Electronic particle counts were taken throughout the project of
Chlorella and Scenedesmus suspensions. The results from a number of

randomly selected counts are presented as cumulative particle size
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nephelometric turbidity for Chlorella pyrenoidosa
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distributions in Figures 9 and 10. No particle counts were attempted for
the Anabaena suspensions, due to the filamentous nature of the cells.
(The electronilc particle counter measures the amount of light blocked by
a particle. The particle size is then expressed as the diameter of an
area-equivalent disc. Particles have to be approximate spheres for
sensible results.)

The results show that the particle size distribution for the
different genera remains fairly constant, even though the presented
counts reflect a number of suspensions of different age and of different
concentration. The particle size distribution of the algal cells in each
genus is, therefore, considered to be constant throughout the project.

The volume-average particle diameter, dso, can be read directly from
the figures. These average diameters compare very well with average
cells depicted by Palmer (1977). For Chlorella pyrenoidosa, the measured
d_ ranged from 3.7 um to 4,6 um, while Palmer showed typical diameters
between 3.8 um and 4.8 um. Palmer showed a typical Scenedesmus
quadricauda cell to be 14 by 20 um, while the measured d50 for the same
species ranged between 16 um and 19 um,

Effect of Prolonged Suspension on Cell Size Distribution

Working suspensions were normally prepared the day before an
experiment, or the same suspension was used on two consecutive days for
different experiments. The working suspension was continuously stirred
in an environment which was dark or dimly lit most of the time. It was,
therefore, important to track the cell size distribution under these
conditions. Figure 11 shows the results of such a test for Chlorella.

There was practically no difference in the particle size
distribution during the first 7 hours, and very little after 25 hours,
The 4 diameter remained constant at about 4.2 um, After 200 hours,
however, there was a érastic change in the particle size distribution.

There were fewer small cells, while the larger cells increased in number.
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The fact that the cumulative distribution did not level off at the top
end of the particle size range, indicated that there were many particles
larger than the counting channels selected for this experiment. Under
proloﬁged mixing in the dark, some cells apparently start to clump
together to form agglomerated particles.

Working suspensions were always discarded after two days (three days
under exceptional circumstances) and particle counts taken anywhere in

this time period can be considered to be representative of the

suspension.

Molecular Weight Distribution of Algal EOM

A few samples were drawn directly from the growth reactors, filtered
through glassfiber filters to remove the algal cells and then separated
by ultrafiltration into different molecular weight fractions. The
detailed results of a typical analysis are shown in Table 8 to
demonstrate the calculation sequence. The final results of a number of
samples are shown in Table 9.

The first nine samples in Table 9 were collected and analyzed by
Duben (1987) with the same equipment used for this project. Three
different surface water impoundments in Iowa (Spirit Lake, Montezuma and
Creston) were sampled during the early, mid- and late summer of 1987,
which covered the period when algal problems are normally encountered.
The samples were filtered through glassfiber filters prior to analysis.
These samples did not form part of this study, but the results are
presented to indicate which levels of NPOC are found in natural systems,
and how the molecular weight fractions are distributed. The next three
samples were taken from the growth reactors at different times during the
study. The tap water sample was taken from the Ames municipal supply and
was analyzed because the algal cultures were diluted with tap water prior
to filtration. The results in the bottom four lines were taken from

Bernhardt et al, (1985b). The "early" and "late" indicate that the
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Table 8., Typical analysis of molecular weight fractionation results
obtained after ultrafiltration

molecular weight fraction

whole® <3k’  3-10K  10-50K 50-100K >100K

(1) sample left after 3255 1815 510 400 488 433
ultrafiltration
(mL)

(2) NPOC in subsample 6.19 2.74 3,78 4,32 5.02 15.86
(mg/L)

(3) NPOC in subsample 20.1 4,97 1.93 1.73 2.45 6.07

(mg)
(1) x (2) / 1000

(4) NPOC in original 6.19 1.53 0.59 0.53 0.75 1.86
sample (mg/L)
(3) x 1000 / 3255

(5) % of NPOC before 100.0 24,7 9.6 8.6 12.2 34.2
ultrafiltration
(4) x 100 / 6.19

NPOC recovery after ultrafiltration = 89.3%

aSample Chlorella/2.

bKiloDalton.
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Table 9. Summary of molecular weight fractionation results
sample a fraction of NPOC NPOC NPOC
<3K 3-10K 10-50K 50-100K >100K recovery whole
% % % % % % mg/L
SL/lg 34.3 10.4 10.7 13.1 21.6 90.1 7.34
SL/2b 29.0 9.5 8.6 11.1 26.4 84.6 7.70
SL/3b 33.5 9.0 8.6 10.5 22.3 83.9 7.67
MZ/lb 36.6 12.0 11.6 13.7 16.2 90.1 4.30
MZ/2b 34.5 13.3 13.1 12.8 15.5 89.2 4,60
MZ/3b 42.3 14.4 12,2 --- 23,9 --- 92.8 5.29
CR/lb 34.6 10.2 10.8 13.7 20.4 89.7 6.21
CR/2b 35,1 12.8 11.7 15.1 16.5 91.2 5.55
CR/3 43,2 13.3 13.5 --- 20.1 --- 90.1 5.53
Chlorella/l1 30.1 9.0 9.3 ---39.5 --- 87.9 7.49
Chlorella/2 24.7 9.6 8.6 12,2 34,2 89.3 6.19
Chlorxella/3 14.5 6.3 8.0 8.6 35.6 73.0 8.35
tap water 57.0 13.8 12.5 --- 15.3 --- 98.6 1.28
Chlorella®
- early 76 cemmeceaccaana 24 ceccanccnaan- 24
- late 55 = eeecceiec-aaa- 45 ceccacnnaana- 81
Scenedesmus®
- early 86 = cecemccccon-s 14 mcceccccnnana 8.1
- late 55 = semeeaescccnns 45 cccmannanana. 17.5
a
KiloDalton,

bSampled and analyzed by Duben (1987).

®From Bernhardt et al. (1985b),
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samples were collected when thelr laboratory cultures were at the early
and late stationary growth phases. The actual cut-off point during their
molecular weight fractionation was at 2 kiloDalton.

The tap water shows a molecular welght distribution distinctly
different from the other samples. The low molecular weight fraction is
higher, while the high molecular weight fractions are lower. (Ames
municipal tap water is pumped from an alluvial aquifer and treated by
lime softening.) The EOM obtained from the growth reactors is fairly
similar in molecular weight distribution to the samples from the natural
impoundments, even though the experimental cultures were under continuous
lighting and at higher temperature (about 25 to 28 degrees Celsius in the
laboratory versus 19 to 28 degrees Celsius in the natural impoundments).
The results of Bernhardt et al, (1985b) show a much smaller high
molecular weight fraction than the results of this study. Their method
of EOM separation was different (centrifugation followed by 0.1 um
membrane filtration) and the samples were then concentrated by
evaporation up to levels of NPOC > 200 mg C/L before ultrafiltration,
These procedural differences may account for the observed differences.

The overall level of NPOC in the natural impoundments is
surprisingly high. Bernhardt et al. (1985a) found noticeable effects on
flocculation and filtration if the NPOC (from algal EOM) went beyond 1 mg
C/L, and considerable interference if the NPOC reached levels of 4 to 5

mg C/L.

Charge Concentration of Algal EOM

Table 10 shows a typical set of calculations to determine the charge
concentration of the different molecular weight fractions, and to
calculate the charge concentration/NPOC ratio. Table 1l shows the charge
concentration of a number of samples from this and other published

studies.
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Table 10. Typical analysis of titration results to obtain charge

concentration
b Molecular weight fraction®

<3K™~ 30-10K 10-50K 50-100K >100K whole
Aliquot volume (mL) 100 100 100 100 100 100
Replicate titrations 4 3 3 3 3
Cationic polzmer (mg) 0.250 0.250 0.250 0.250 0.250 0.250
added (573C7) (neq) 0,990 0.990 0.990 0.990 0.990 0.990
Anionic polyger (mg) 0.152 0,156  0.154  0.115 - 0.055
added (PPVS") (neq) 0.938 0.963 0.950 0.710 0.346
Charge in aliquot (ueq) 0.052 0.027 0.040 0.280 -© 0.644
(573C - PPVS) (ueq/L) 0.52 0.27 0.40 2.80 6.44
Subsample volume (mL) 1815 510 400 488 -© 3255
Original sample (mL) 3255 3255 3255 3255 3255
Charge in original
sample (ueq/L) 0.29 0.04 0.05 0.42 5.64 6.44
NPOC in original
sample (Table 8) (mg/L) 1.53 0.59 0.53 0.75 1.86 6.19
Charge/NPOC (meq/g) 0.19 0.07 0.09 0.56 3.03 1.04

aSample Chlorella/2,

bKiloDalton.

cMagnifloc 573C (1 mg = 6.17 ueq).

dPotassium polyvinylsulfate (1 mg = 3.96 ueq).
®Titration abandoned because of difficult endpoint.

fCalculated assuming conservation of charge.
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Table 11. Charge concentration per unit mass of NPOC for different
studies
Source Sample Charge/NPOC
peq/mg G
This study Chlorella/2 1.04
Chlorella/3 0.86
Bernhardt et al. (1985b) Chlorella - late stationary 1.09
Scenedesmus - early stationary 0.62
- late stationary 1.55
Pseudanabaena - early stationary 3.10
- late stationary 2.57
Dictyosphaerium - early stationary 3.41
- late stationary 2,88
Edzwald et al. (1987) Fulvic acid } 4
Colored Norwegian lake ) to
New England stream } 5
Table 12. Charge concentration per unit mass of NPOC for different
molecular weight fractions of the EOM from Chlorella
pyrenoidosa
Sample <3k®  3-10K  10-50K 50-100K  >100K  Whole
Chlorella/l 0.33 0.28 0.22 - b -
Chlorella/2 0.19 0.07 0.09 0.56 3.03b 1.04
Chlorella/3 0.60 0.34 0.21 0.69 1.89 0.86

All values in microequivalents per milligram of NPOC

aKiloDalton.

bCalculated assuming conservation of charge during ultrafiltrationm.
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The charge concentration of the cultures used in this study
corresponds well with the values reported by Bernhardt et al. (1985b) for
their cultures of green algae. Their values for blue-green algae,
however, are roughly twice as high as the values for green algae.

Edzwald et al. (1987) reported on waters with high levels of color (humic
and fulvic acids) where algal EOM probably contributed less to the
organic content. These waters have a charge concentration/NPOC ratio
higher than any of the algal EOM wvalues.

The total charge concentration/NPOC ratios of three Chlorella
cultures are broken down by molecular weight in Table 12, The largest
molecular welght fraction (>100K) alsc trapped the very small particles
(approximately < 1.2 pm) that made it through the filter used for the EOM
separation. These fractions were visibly turbid (the ultrafiltration
process concentrated this fraction about ten times) and did not respond
to the colloid titration endpoint like the other fractions. The blue
color slowly faded to grey instead of changing to purple - no endpoint
could be detected reproducibly. In the "whole" sample, the concentration
of microparticles was 10 times lower and did not interfere with the
endpoint. The charge concentration/NPOC ratio was calculated on the
assumption that the total charge remained unchanged during
ultrafiltration.

Table 12 shows that the high molecular weight fraction (including
some very small particles) contributes significantly more to the total

charge concentration than the lower molecular weight fractions.

Summary of Findings

In this chapter, the objective was to characterize the laboratory
monocultures (which were cultured under continuous lighting with
artificial nutrients) and to determine how well they correspond to
suspensions used in other research projects. The findings and

conclusions were:
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Algal cell concentrations were measured gravimetrically,
nephelometrically and spectrophotometrically. Each of these
measurements was compared to the total cell volume, which was
calculated from electronic particle counts. For individual species,
all these comparisons yielded linear relationships through the
origin. The relationships were markedly different for different

specles,

The algal cell sizes stayed constant throughout the research
project, and were the same as average sizes reported elsewhere for

the same species.

The cell size distribution of the algal cultures stayed constant for
about two days after being diluted with tap water and kept in
relative dark. Thereafter, the cells started to clump together.

The molecular weight distribution of the algal EOM corresponded
closely with results obtained (with the same procedure) on samples

from algae-rich Iowa impoundments in summer.

The negative charge concentration of the algal EOM corresponded
closely with reports from another study with green algae. The
charge concentration is not as high as the charge concentration from
the EOM from blue-green algae, or from humic and fulvic acids in

colored waters.

The laboratory cultures, for every measured parameter, showed great
similarity with other values from the literature. Therefore, it is
concluded that the laboratory cultures can be used with confidence

to model the behavior of the same species in natural impoundments.
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EFFECTS OF CATIONIC POLYMERS AND CHLORINE ON ALGAL SUSPENSIONS

Characterization of Cationic Polymers

The most pertinent information on the three commercial cationic
polymers used in this study is listed in Table 13. The values from other
published studies show good agreement with the measured values.

The charge density upon dilution in water is markedly different
between CATFLOC and MAGNIFLOC. The charge densities of 50 mg/L
solutions, stored for 8 days in the dark at 20 degrees Celsius, remained
practically constant. Provided that stock solutions of polymer are made
up weekly (which they practically always were), polymer aging effects
should not effect experimental results,

MAGNIFLOC 573C was separated into three different molecular weight
fractions by ultrafiltration. These results are shown in Table 14. The
charge concentration before ultrafiltration was 4.0 ueq/mg of polymer in
a 16.7 mg/L polymer solution. The charge concentration found in the
>100K fraction after ultrafiltration accounts for 3.8 ueq/mg in the
original solution, which shows that electrical charge on the polymers is
almost completely conserved during ultrafiltration,

A series of jar tests with a predominantly Chlorella suspension
(with slight Anabaena contamination) was performed to compare the
relative efficacy of the three polymers. The polymer dosage was based on
the product as received., The suspended solids (SS) of the suspension was
17.6 mg/L. The suspensions were mixed at 150 rpm for 1 minute after
polymer addition, flocculated at 50 rpm for 10 minutes, and settled for
30 minutes., A supernatant sample was drawn after settling and analyzed
for turbidity (results in Figure 12). Another sample was drawn
immediately after flocculation, filtered through WHATMAN #2 filter paper
(approximate pore size 8 um) and analyzed for turbidity (Figure 13).

Figure 12 clearly shows how inappropriate conventional jar testing
is for dealing with polymers and algal suspensions. The algal cells are
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Table 13, Characteristics of the cationic polymers used

CATFLOC T MAGNIFLOC 572C  MAGNIFLOC 573C

Manufacturer Calgona Cyanamidb Cyanamid
Type DADMAC PQA PQA
Molecular weight high . medium high
Form viscous liquid viscous liquid viscous liquid

Charge concentration
after dilution (ueq/mg)

immediately after
after 1 day

after 3 days
after 8 days
average

S P WW
OO O WV

[l ol S
wmpe ooy
&~ PPy
NERE DN

l_-\
>
N

Edzwald et al. (1987) - pH 7

NPOC (mg NPOC/mg polymer) 0.21

aPoly(diallyldimethyl ammonium chloride).

bPolyquaternary amine.

Table 14. Molecular weight fractions of a diluted suspension of
MAGNIFLOC 573C

Recovery after aMolecular weight fraction
ultrafiltration <10K 10-100K >100K
% of NPOC 102% 15 3 84
% of charge
concentration 95% 0 0 95

8xiloDalton.
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filtration through #2 WHATMAN filter paper, following a jar
test with three different cationic polymers
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too close to neutral buoyancy to settle, even if they are agglomerated
into small floc particles. Unlike the metal coagulants which form a
heavy, voluminous floc, the polymers also do not have any settling
tendency by themselves. Jar tests have a similar drawback when using
polymers on colored water with low turbidity. 1In such a case, Edzwald et

al. (1987) noted that ".,.,dosages are not selected based on good
clarification...", but "...the presence of pin point floc in the beakers
at the end of the jar test is desirable...". Following this reasoning,

the paper filtration results in Figure 13 should give a measurable
indication of the presence of pin point floc. Figure 13 does not show a
sharp optimum for any of the polymers, but a marked improvement in
turbidity is clearly discernible around 5 mg polymer/L. The turbidity
after paper filtration was, therefore, adopted as the most appropriate
response in further jar tests which will be presented in the next

section.

Jar Testing of Algal Suspensions

Five series of jar tests were performed to measure the effects of a
number of operational variables on algal suspensions. Table 15
summarizes the most important experimental conditions for every series,

The results of jar test 1 are analyzed in Table 16. All three
polymers were used at different levels of pH (6.5 and 9.0) and chlorine
dosage (0 and 10 mg/L). MAGNIFLOC 573C and CATFLOC T achieved about the
same removal, with the performance of MAGNIFLOC 572C markedly poorer. In
general, prechlorination improved the turbidity, and the polymers
performed better at higher pH. The individual polymers, however, do not
all follow the same pattern. CATFLOC T shows a highly significant
improvement at high pH and is indifferent to prechlorination. The
MAGNIFLOC coagulants, on the other hand, are much more affected by
prechlorination than by higher pH.
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Table 15. Experimental jar test conditioms
Test 1 Test 2 Test 3 Test 4 Test 5
Genus Chlorella Chlorella Anabaena Chlorella Chlorella
SS (mg/L) 17.6 11.7 6.3 16.4 17.4
Temperature 2300 2400 27OC 2600 -
pH 9.0 8.2 7.8 7.4 -
NPOC 8.1 10.9 9.0 13.3 -
Polymer all 573C CFT 573C 573C
Dosage (mg/L) 5.0 0.5 6.0 15.0 3.0
Effects studied:
polymer prechlor, genus prechlor. prechlor.
PH contact t pH contact t G
prechlor. pH prechlor. mixing t mixing t
Experimental
design:
2x2x2 2x2x2 2x2 2x2x2 2x3x4
factorial factorial factorial factorial factorial
3 repl. 3 repl. 3 repl. 3 repl. no repl.
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Table 16. Statilstical analysis of the results from jar test 1

Average turbidity after paper filtration

no chlorine

10 mg/L chlorine

CFT 0.92 NTU 0.99 NTU

pH = 6.5 572¢ 1.71 NTU 1.34 NTU

573C 1.21 NTU 0.73 NTU

CFT 0.73 NTU 0.80 NTU

pH = 9.0 572¢C 1.56 NTU 1.17 NTU

573C 0.88 NTU 0.68 NTU

Average for all CFT measurements 0.86 NTU

Average for all 572C measurements 1,45 NTU

Average for all 573C measurements 0.88 NTU

Average for all unchlorinated measurements 1.17 NTU

Average for all prechlorinated measurements 0.95 NTU

Average for all measurements at pH 6.5 1.15 NTU

Average for all measurements at pH 9.0 0.97 NTU
F-statistics for main effects and interaction:

chlorine pH interaction

CFT 2.9 24,5 %% 0.0

572C 13.4 %% 2.4 0.0

573C 25.3 *% 8.3 % 4.2

**Significant at a« = 0,01,

*#Significant at « = 0.05.
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In jar test 2, the effects of pH (6.5 and 9.0), prechlorination (0
and 10 mg/L) and chlorine contact time (1 and 10 minutes) were tested,
but this time at a very low polymer dosage. Treatment effects were only
observed at « > 0,20, which is much less significant than the same
effects measured in jar test 1, At low polymer dosage, therefore, the
effects on the algal cells are markedly less than at higher polymer
dosage.

Jar test 3 was done with an Anabaena suspension with low SS, but
high NPOC. The effects of pH (7.4 and 8.5) .and chlorine dosage (0 and 10
mg/L) were tested. The supernatant turbidity after settling did not show
any meaningful response, just as was found previously for Chlorella,.
However, in the case of Anabaena, the paper filtration results also did
not show any significant response to the different treatment levels. The
F-statistics for both pH and chlorine effects were practically zero.
This lack of response can be explained by the filamentous form of the
Anabaena cells. The majority of these filaments will be filtered out on
the filter paper anyway, whether they are first flocculated or not.
After paper filtration, almost all the cells will be retained on the
filter paper. This is evidenced by the average turbidity after paper
filtration of only 0.40 NTU. (The average turbidity for CATFLOC T and
Chlorella at a comparable dosage in jar test 1 was 0.86 NTU.)

In jar test 4, different levels of polymer mixing time (10 seconds
and 3 minutes), chlorine dosage (2 and 10 mg/L), and chlorine contact
time (1 minute and 15 minutes) were compared. Highly significant (o <
0.01) prechlorination and chlorine contact time effects were measured
when the polymer mixing time was kept at 10 seconds only. When the
polymer mixing time was increased to 3 minutes, these same effects could
not be observed (a >> 0.25).

Jar test 5 compared four different polymer mixing intensities
(velocity gradient G = 50, 100, 200 and 400 /s) and three polymer mixing
periods (t = 30 seconds, 2 minutes and 5 minutes), with and without
prechlorination at 10 mg/L with a chlorine contact time of 10 minutes,

The effects of prechlorination and polymer mixing time were not
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significant (a > 0.25). An increase in G did decrease the turbidity at a
significance level of a = 0.12.

Cationic Polymer Effects on Algal EOM

Two tests were conducted to shed ;nore light on the charge
neutralization/precipitation reaction between the anionic polymers in the
algal EOM and the commercial cationic polymers. Algal EOM was separated
from an undiluted culture in the usual manner, and additionally filtered
through a 0.45 um membrane to obtain a very clear sample of EOM. The
NPOC of the filtered sample was 20.7 mg/L and the turbidity 0.71 NTU.

The first test had two objectives. First, could the formation of
the polymer/polymer precipitate be measured nephelometrically? Second,
is the precipitate filterable? A number of EOM samples were treated at
different levels of 573C and mixed for 20 minutes. The turbidity was
then measured, the sample filtered through a 0.45 um membrane, and the
turbidity measured again. The results of this test are reflected in
Table 17 and Figure 14,

As the polymer dosage is increased up to about 10 mg/L, there is a
sharp increase in turbidity., Thereafter, the turbidity slowly drops off.
The neutralization/precipitation reaction seems to be complete around a
dosage of 10 mg/L, and all additional polymer goes towards flocculating
the colloidal precipitate into larger particles. As the particles grow
and become fewer, the suspension scatters less light, which explains the
drop in turbidity.

From a polymer dosage of 10 mg/L upward, the precipitated particles
are larger than 0.45 um, because the turbidity after membrane filtration
is slightly less than the original turbidity. At a dosage of 5 mg/L,
before the point of net charge neutralization, a sizable fraction of the
colloidal particles must be smaller than 0.45 um, as evidenced by the
jump in turbidity after membrane filtration.
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Table 17. Turbidity development in algal EOM after cationic polymer
addition - effect of cationic polymer concentration

573C dosage 0 5 10 15 20 25 30
(mg/L)

Turbidity after

20 minutes (NTU) 0.71 3.7 5.9 5.5 4.7 4.0 3.5

Turbidity after
filtration (NTU) 0.62 1.38 0.43 0.51 0.51 0.42 0.49

Table 18. Turbidity development in algal EOM after cationic polymer
addition - effect of reaction time

573C dosage

(mg/L) 0 10 10 10 10 10
Mixing time

(minutes) 20 1 3 10 20 40
Turbidity

(NTU) 0.71 5.4 5.6 6.0 6.2 6.2
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The maximum turbidity in Figure 14 should correspond to the point of
net charge neutralization. The dosage at maximum turbidity is about
10 mg 573C/L, which is equivalent to an added charge of 10 x 4.0 = 40
ueq/L. At the NPOC of 20.7 mg/L, the charge/NPOC ratio is then 40/20.7 =
1.9 peq/mg NPOC, which is within the range of experimentally measured
values for algal EOM (refer back to Table 1l).

The second test measured the kinetics of the polymer/polymer
reaction. A polymer dosage of 10 mg 573C/L was added to filtered EOM and
continuously mixed. Samples were drawn after 1, 3, 10, 20 and 40 minutes
and immediately analyzed for turbidity. The results are reflected in
Table 18 and Figure 15. .

It is clear from Figure 15 that the neutralization/precipitation
reaction is substantially complete after 1 minute. A standard reaction
time of 5 minutes was subsequently adopted for all other tests that
involved polymer/polymer reactions. A comparison between Tables 17 and
18 shows good reproducibility between experiments - in Table 17 the
turbidity was 5.9 NTU after 20 minutes at a dosage of 10 mg 573C/L, and
in Table 18 the turbidity was 6.2 NTU under identical conditions.

The development of turbidity upon polymer addition was used as a
crude method for determining the polymer dosage required for the
filtration experiments. Algal EOM was separated from the susﬁension to
be filtered, and treated with different polymer dosages. The polymer
dosage required for charge neutralization was taken at the point where
the turbidity started to level off, The results of six such tests, done
for six different suspensions, are shown in Figure 16.

The results in Figure 16 show wide scatter, because of different EOM
turbidity after separation, and because of different charge
concentration. The numbers were, therefore, standardized by subtracting
the EOM turbidity before polymer addition (to get the turbidity increase
after polymer addition), and then by dividing both the polymer dosage and
the turbidity increase by the NPOC of the EOM. The standardized results

are shown in Figure 17.
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Figure 17 conveys two important points. First, the general trend of
the curves, which are now much more in agreement, seems to level off
somewhere between 0.5 and 0.7 mg 573C/mg NPOC. This range is equivalent
to 2.0 to 2.8 peq/mg NPOC. Second, the closeness of the curves suggests
that the NPOC is a good surrogate parameter for the charge concentration
of the anionic polymers in the EOM.

The development of a colloidal precipitate upon polymer addition has
been documented for other types of suspensions. Narkis and Rebhun (1983)
demonstrated this for solutions of humic acid, fulvic acid and a
suspension of secondary wastewater effluent. Schell and Bernhardt (1986)
reported the same phenomenon for the reaction of oppositely charged
polymeric reagent-grade chemicals, and for a solution of alginic acid.

Chlorine Effects on Algal EOM

It is well established that organic nitrogen, such as is present in
algal suspensions, exerts a chlorine demand. A procedure was used
whereby the chlorine demand could be estimated by only measuring the free
chlorine residual. Chlorine was added to a number of aliquots from the
same sample, at different concentrations, and the free chlorine residual
was measured after the required contact time. The linear regression line
through the non-zero residuals was extrapolated back to the X-axis to
obtain an iIntercept representative of the chlorine demand. The procedure
is demonstrated in Figure 18 with typical data.

Using the procedure just described, a chlorine demand test was done
on a Chorella suspension with SS = 26 mg/L at pH 8.8. The chlorine
demand was determined after 5, 10, 20 and 30 minutes. Another series of
similar tests was run on the EOM portion only of the same culture. The
NPOC of the EOM was 5.6 mg/L. The results of these tests are presented
in Figure 19.

Figure 19 shows a number of important points. First, it is obvious

that the EOM, in this case, exerts a much greater chlorine demand than
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the cells. After 30 minutes, for example, the EOM exerts 77% of the
total chlorine demand. After 30 minutes, the chlorine demand of the EOM
is 4.1 mg/mg NPOC, and the chlorine demand of the cells is 0.26 mg/mg SS.
Second, after 30 minutes the demand is still rising. Third, a
substantial fraction of the 30-minute demand is satisfied after 10
minutes.

Echelberger et al. (1971) determined the chlorine demand of algal
cells by centrifuging the cells from a culture and resuspending them in
tap water. They measured a chlorine demand of 45.5 mg/L at a chlorine
dosage of 50 mg/L for a suspension with 300 mg SS/L. This amounts to a
chlorine demand of 0.15 mg/mg SS, lower than the 0.26 mg/mg SS (after
subtréction of the EOM demand) measured in this study. Their study is
misleading in the sense that it deliberately ignores the EOM contribution
to the chlorine demand, but carries the broad title of "Disinfection of
Algal Laden Waters".

Attempts were made to relate the chlorine demand of the EOM to the
NPOC. These results, shown in Table 19, show wide scatter in the
chlorine demand - between 3.3 and 9.7 mg/mg NPOC after 10 minutes of
contact time. These tests were not repeated with longer chlorine contact

times, which might have brought the measured values closer together.

Combined Effects of Cationic Polymer and Chlorine on Algal LEOM

An experiment was designed to determine the effects of chlorine on
the turbidity development caused by the addition of cationic polymer to
algal EOM. Chlorine was added to samples of EOM and mixed for 10
minutes, Polymer was then added and the sample mixed for another 5
minutes before the turbidity was measured. The EOM had a NPOC
concentration of 3.47 mg/L, pH of 8.4, temperature of 24.5 degrees
Celsius and chlorine demand of 29 mg/L after 10 minutes. The measured
turbidity results are shown in Table 20. The same data are represented

in Figure 20.
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Table 19. Chlorine demand for the EOM from suspensions of Chlorella
pyrenoidosa with different NPOC concentrations

NPOC Chlorine demand after 10 minutes Demand/NPOC
mg/L mg/L mg/mg
9.30 90 9.7
5.60 18.5 3.3
5.40 18.2 3.4
3.37 17.0 5.0
2.64 22.0 8.3
3.47 29.0 8.4
Table 20, Turbidity development in algal EOM after addition of

different combinations of chlorine and cationic polymer

Polymer dosage

Chlorine dosage

(mg 573C/L) (mg/L)
0 6 12 18 24
Turbidity (NTU)

0.00 1.51 1.38 1.39 1.91 2.00
0.33 1.55 1.37 1.35 2.00 2.20
0.67 1.41 1.51 1.31 1.89 2.20
1.00 1.71 1.68 1.54 2.00 2.20
1.33 1.80 1.71 1.66 2.20 2.50
1.67 2.00 1.68 1.94 2.40 2,80
2.00 2.10 1.97 2.00 2.50 3.00
2.50 2.20 2.00 2,20 2.70 3.10
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Figure 20. Turbidity development in algal EOM after addition of
different concentrations of chlorine and cationic polymer.

Chlorine contact time was 5 minutes before polymer addition
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The turbidity, generally, increased with increased polymer dosage,
regardless of the chlorine dosage. Chlorine, on its own and in
combination with polymer, also increased the turbidity, but only after a
chlorine dosage of about 10 mg/L was reached. The three-dimensional
presentation in Figure 20 clearly shows a plateau between a chlorine

dosage of 0 and 10 mg/L, with the turbidity sharply increasing after
10 mg/L.

Summary of Findings

o Three commercilal cationic polymers were characterized in a number of
ways. The MAGNIFLOC polymers imparted a higher charge concentration
upon dilution than the CATFLOC T polymer.

° Supernatant turbidity was shown to be an inadequate jar testing
response for algal suspensions treated with cationic polymer. The
turbidity after paper filtration through WHATMAN #2 filter paper,
immediately after flocculation, was found to be more suitable, and
was subsequently used for all jar tests. This paper filtration

technique, however, was shown to be inadequate for filamentous

algae.

° During the jar test experiments, prechlorination, at a fixed polymer
dosage of 5 mg/L, was shown to improve the performance of MAGNIFLOC
coagulants, but not of CATFLOC T. This improvement was evident at
high polymer dosage (5 mg/L), but not at low polymer dosage (0.5
mg/L). It was also evident at a very short rapid mixing time of 10
seconds, but not at a longer rapid mixing time of 3 minutes.

Longer chlorine contact time was only beneficial for turbidity

removal at a rapid mixing time of 10 seconds, and not at 3 minutes.
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The rapid mixing velocity gradient had a slight effect on the
polymer performance during jar testing. As the velocity gradient
was lncreased from 50 /s to 400 /s, the turbidity removal improved.

The algal EOM reacted with cationic polymer to form measurable
turbidity, in complete accordance with the charge neutralization/
precipitation mechanism. The reaction was essentially complete
after 1 minute. The turbidity development was verified in a number
of suspensions, each with different background turbidity and with
different levels of NFOC.

The algal EOM caused a considerably higher chlorine demand than the
algal cells themselves; about 75% of the total demand was exerted by
the EOM. Most of the measured demand was exerted after 10 minutes,
but the demand was still rising after 30 minutes, at which time the

tests were abandoned.

Chlorine, alone or in combination with cationic polymer, caused an
increase in EOM turbidity. At low chlorine concentration, there was
little effect on turbidity, but after a certain threshold, the
turbidity sharply increased.
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DIRECT FILTRATION OF ALGAL SUSPENSIONS

Qutline of Experimental Work

The design and operation of the experimental sand filtration system
were guided by two objectives. First, the algal cultures had to be well
controlled to ensure suspensions of only one, known algal species. The
size of the filtration apparatus was, therefore, determined by the
maximum quantity of suspension that could be produced for every
filtration experiment. Second, it was desirable to amplify the treatment
effects above those that normally would be measured in practice. In this
way, the system would be more responsive to changes in operational
variables. Algal cultures of high concentration were used, which
required high concentrations of treatment chemicals. Likewise, very
short filters were used to detect the early onset of turbidity
breakthrough. The reader should remember throughout that actual
treatment situations would very probably require lower dosage of
chemicals (because of lower algal concentration) and would achieve
substantially better removal (because of filters that are four to five
times deeper),

A total of 51 filtration experiments was done. In 47 of these, two
filters were operated in parallel, while only one filter was operated in
the remaining 4 experiments. The filter runs are designated as 1A (the
first filter in the first experiment), 17B (the second filter in the
seventeenth experiment), ete. Thus, 98 designated filter runs were
completed.

The 98 filter runs were performed with four types of coagulation -
no coagulation at all, with aluminum sulfate, with ferric chloride and
with cationic polymer. Table 21 shows the main experimental variables
for these 98 runs.

The detailed results of all filter runs are presented in Appendix B.
Nephelometic turbidity was used throughout as the measure of algal
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Table 21. Experimental variables for the 98 filter runs

Experimental Condition

Number of Filter Runs

No coagulant
Aluminum sulfate
Ferric chloride
Cationic polymer

Prechlorination
No prechlorination

Chlorella
Scenedesmus

Bed depth 100 mm
Bed depth 150 mm
Bed depth 200 mm
Bed depth 250 mm

total

total

total

total

17
17
22
42
98

56
42
98

78
20
98

10
34
14
40
98




104

concentration in the raw water and in the filtrate. The parameter C/C ,
therefore, 1s the ratio between the turbidity after and before passageo
through the sand bed.

The actual C/C measured reflects the removal by sand beds ranging
from 100 mm to 250 ;m in depth. Besides the measured C/C values, the
expected removal through a 200 mm sand bed has also been galculated on
the basgsis of first-order removal. The calculated C/C values allow
direct comparison between filter runs, and are listedoin the following
tables.

The hydraulic filter loading (shown in Appendix B) was approximately
constant throughout the entire project at 5 m/h.

Direct Filtration without Coagulants

A summary of the filtration results in the absence of coagulants is
shown in Table 22.

In one experiment (filter runs 10A and 10B), the pH was lowered by
the addition of sulfuric acid down to the vicinity of the reported iso-
electric point of the algal cells. The subsequent removal for the
unchlorinated suspension (run 10B) was 76.6% - by far the highest
achieved during this part of the research. Prechlorination, under
similar conditions (run 10A), lowered the removal to 31.2%. The results
of run 10A and 10B, although useful for illustrating the effect of net
surface charge, are not indicative of anything that would be encountered
during a real treatment situation. They are, therefore, excluded from
the statistical comparisons that follow, and from the computed averages
at the bottom of Table 22,

A number of observations follow from Table 22, First, the algal
removal, in all cases, is poor and not nearly acceptable for drinking
water treatment standards. The use of coagulants is imperative.

Second, the most obvious trend in the data is the difference in the

removal of the different algal genera. The average removal for Chlorella
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Table 22. Summary of filtration results without coagulants
Run Genus pH Part. Vol. Prechl. Depth Ave. C/Co A G/Co for
mm3/L mg/L mm -8 /m 200 mm
8A Sce. 9.1 32 54.8 150 0.805 1.45 0.748
8B Sce. 8.1 32 0 150 0.590 3.52 0.495
94 Chl. 8.1 4.0 0 150 0.742 1.99 0.672
98 ¢Chl. 9.1 3.9 6.1 150 0.936 0.44 0.916
10A Sce. 3.3 42 68.0 150 0.755 1.87 0.688
10B Sce. 3.1 40 0 150 0.336 7.27 0.234
11A ¢hl. 6.5 5.1 0 150 0.841 1.15 0.795
11B  ¢chl. 5.9 5.2 63.8 150 0.930 0.48 0.908
12A  Sce. 8.8 33 66.4 250 0.600 2,04 0.665
12B  Sce. 6.2 36 69.1 250 0.492 2.84 0.567
13A Sce. n/a 28 0 250 0.513 2.67 0.586
29A chl. 7.3 33 0 250 0.878 0.52 0.901
29B chl. 7.4 32 3.0 250 0.917 0.35 0.932
324 ghi. 7.5 13 4.1 250 0.838 0.71 0.868
32B chl. 7.4 15 0 250 0.851 0.65 0.878
35B  Chl. 7.7 13 0 250 0.750 1.15 0.795
38A Chl. n/a 25 0 250 0.892 0.46 0.912

Average removal for a bed depth of 200 mm (excluding runs 10A and 1.0B):

without chlorine :
with chlorine

Chlorella,
Chlorella,

Scenedesmus, without chlorine :
Scenedesmus, with chlorine

17.5%

9.4%
45,9%
34.0%

(6
(4
(2
3

runs)
runs)
runs)
runs)

aComputed from a portion of the run where the

removal was stable,
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was 14.0%, whereas it was 38.8% for Scenedesmus. A statistical
comparison (Student t-test) between these means shows them to be
different at « < 0.01., This difference can be explained by the
previously reported difference in the volume-average diameter between
Chlorella (d50 = 3,9 pum) and Scenedesmug (dso = 17 um).

Third, the algal concentration appears to have a small effect. For
the Chlorella runs without prechlorination, the average remogal was 27%
when the particle volume concentgation (PVC) was under 10 mm /L, 16% when
thg PVC was between 10 and 20 mm /L, and 9% when the PVC was above 20
mm /L.

Fourth, prechlorination caused poorer removal. If a paired
comparison is made for the six experiments where prechlorination was the
only difference between the two filters (8, 9, 10, 11, 29 and 32), the
prechlorination effect is significant at a = 0.033, Prechlorination
lowered the average removal by 18.1%. The cause of this adverse effect
is not clear. The direct action of the chlorine on the cells was not
apparent from the results of either microscopic analysis or of electronic
particle counting. The addition of chlorine to algal EOM was earlier
shown to increase the turbidity of the the EOM (refer back Figure 20).
This colloidal precipitate may have been carried through the filter to
cause a relative increase in the filtrate turbidity.

Fifth, the chlorine concentration had little effect. Dosage was
varied between extreme ranges, without any obvious effect.

Sixth, the form of the chlorine (hypochlorous vs., hypochlorite)
appears to have a small effect. Run 12A and 12B was designed to test
this effect by adjusting the pH to achieve all hypochlorous acid (12B) or
hypochlorite (12A). Chlorine in the hypochlorous form led to better
removal than chlorine in the hypochlorite form (43.3% vs. 33.5%).
Chlorine was added at high dosage to ensure a free chlorine residual
after reaction with the algal EOM.

Seventh, the phenomenon of filter ripening (improved removal shortly
after the start of a filter run) was never observed. In some cases, a

gradual decrease in removal was observed as the filter run progressed.
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Direct Filtration with Metal Coagulants

Metal coagulants act in one of two different ways. At low pH ( <
pH 6), the metal remains in polymeric form and destabilizes the particles
by charge neutralization. At somewhat higher pH ( > pH7), the metal
precipitates and captures the particles in a metal hydroxide floc. Algal
laden water is normally at high pH due to the net uptake of carbon
dioxide during photosynthesis, and precipitation of the metal hydroxide
into flocs is normally anticipated. The metal precipitate would add to
the solids load imposed on the sand bed, leading to more rapid clogging.
In the evaluation of this section of the experimental results, the head
loss development is of importance. Good algal removal is necessary for
successful treatment, but the head loss development rate (HDR) should
also be within reason for the process to be economically feasible.

The results of the filter runs with ferric chloride are summarized
in Table 23, and the results with aluminum sulfate in Table 24,

Before any general conclusions are made about the filter runs with
metal coagulants, two filtration experiments will be discussed. These
experiments demonstrated unusual effects.

Filter experiment 23 (Scenedesmus treated with ferric chloride) was
performed after deliberately lowering the pH to pH 3.7. At this low pH,
the solubility of iron is high enough to leave all the iron in dissolved,
polymeric form. The filtration results clearly demonstrate that this
indeed happened - the removal‘was excellent, but with a very low HDR.

The HDR for filter experiment 21 (same genus, iron dosage and removal
range, but at higher pH) was five times higher. During experiment 21 the
iron precipitated as floc, but remained in solution during experiment 23.
Figure 21 shows a comparison between 21B and 23B.

Filter experiment 26 was the only example during the entire research
project where surface straining was the primary removal mechanism rather
than deep bed filtration. It cannot, therefore, be considered with the
other runs to draw generalizations about deep bed filtration behavior.

It is pointed out as a caution, and does not imply a significant finding.
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Table 23. Summary of filtration results with ferric chloride
Run Genus pH Turb. Depth Cl2 Fe Averagea A C/C_ for
HDR  C/C 280 mm

NTU mm mg/L mg/L mm/h ° /m
1A ¢chl. 7.5 3.7 250 0 2.2 130 0.265 5.3 0.346
1B ¢hl. 7.6 3.7 250 0 1.8 60 0.595 2.1 0.660
28 ¢hl. =n/a 3.0 150 0 2.0 258 0.052 19.7 0.019
2B ¢chl, =n/a 3.3 150 0 2.6 278 0,026 24.3 0.008
34 ¢hl. 6.5 2.5 150 0 2.5 217 0.025 24.6 0.007
3B ¢ch 6.7 2.3 150 0 2.2 196 0.064 18.3 0.026
4A Chl. n/a 2.0 150 5.4 1.8 139 0.073 17.4 0.031
48 Chl. n/a 2.1 150 0 1.8 145 0.095 15.7 0.043
54 Chl., n/a 4,0 150 10.8 2.1 97 0.252 9.2 0.159
58 Chl. n/a 3.9 150 0 2.2 18 0.362 6.8 0.258
6A chl., 7.3 2,9 150 12.5 2.4 27 0.543 4.1 0.443
6B chl. 7.2 2.8 150 0 2.5 44 0,576 3.7 0.479
74 Chl. n/a 2.5 150 0 2.6 not constant rising
78 Chl. n/a 2.4 150 9.7 2.7 not constant rising
20A Chl, n/a 6.7 150 29.9 2.1 53 0.376 6.5 0.271
20B Chl. n/a 6.5 150 0 2.2 not constant rising
21A Sce. 7.4 3.1 150 0 1.7 173 0.054 19.5 0.020
21B Sce. 7.1 3.2 150 34.8 1.8 180 0.040 21.5 0.014
22A Chl. 6.8 3.8 250 30.0 2.1 not constant rising
22B chl. 6.8 3.9 250 30.5 2.2 256 0.173 7.0 0.246
23A  Sce. 3.7 2.0 100 32.2 1.7 33 0,090 24.1 0.008
238 ce. 3.7 2.3 100 32.8 1.8 36 0.064 27.5 0.004

a portion of

the run where the removal was stable.
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Table 24. Summary of filtration results with aluminum sulfate
Run Genus pH Turb. Depth 012 Al Averagea A C/Co for
HDR C/Co 200 mm
NTU mm mg/L mg/L mm/h /m
24A ¢chl. 7.1 6.1 100 32.4 3.4 3 0.785 2.4 0.616
248 ¢chl., 7.5 5.7 100 O 3.5 7 0.683 3.8 0.466
254 ¢hl. 5.3 7.1 100 19.5 1.0 47  0.642 4.4 0.412
258 ¢hl. 5.5 7.4 100 O 1.1 71  0.657 4,2 0.432
26A Sce. 4.7 5.7 100 18.1 1.4 15  0.477 7.4 0.228
26B Sce. 4.8 5.3 100 O 1.5 27  0.241 14.2 0.058
27Ao ¢chl. 7.8 4.0 250 19.2 1.0 42  0.409 3.6 0.489
27B Chl. 7.7 4,0 250 19.7 1.1 27 0,386 3.8 0.467
284 ¢chl, 7.4 6.7 250 9.9 1.1 110 0.255 5.5 0.335
28B ¢chl. 7.3 6.7 250 1.0.0 1.1 60 0,310 4.7 0.392
31A ¢ch 6.6 5.2 250 2.7 1.7 121 0.012 17.7 0.029
31B ¢hl. 6.5 5.2 250 O 1.7 125 0.018 16.1 0.040
34A chl. 6.9 3.6 250 19.3 1.9 147 0.015 16.8 0.035
348 ¢chl. 6.7 3.1 250 O 1.9 251 0.034 13.5 0.067
37A ¢chl. n/a 7.4 250 O 2.4 125 0.015 16.8 0.035
404 ¢chl, 6.0 9.5 250 3.2 3.3 140 0.016 16.5 0.037
40B ¢chl. 6.1 8.5 250 O 3.1 291 0.023 15.1 0.048
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Effect of pH on the filtration of Scenedesmus quadricauda

with 1.8 mg Fe/L as primary coagulant.
21B, 100 mm for 23B

Bed depth 150 mm for
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The following general conclusions follow from the analysis of the

remainder of the filtration results of this section.

Turbidity removal

Tables 23 and 24 show a remarkable pattern for turbidity removal.
During roughly half the runs, the turbidity removal was excellent (>95%
for iron and > 93% for aluminum), During the other runs, the removal was
markedly poorer.

The turbidity removal does not correlate with any of the other
measured operational parameters. The relationship between turbidity
removal and coagulant dosage (found to be significant during jar tests in
other studies) is shown as a scatter plot in Figure 22. The lack of a
significant trend is visibly obvious. The average Fe dosage for the runs
that removed more than 95% of the turbidity was 2.0 mg/L, while the
average for the other runs was 2.2 mg/L. For aluminum, these dosages
were 2.3 and 1.7 mg/L respectively. Correlations between turbidity
removal and pH, raw water turbidity, hydraulic loading and bed depth were

sought, but without success.

Head loss development rate (HDR

The filter runs that showed turbidity removal higher than 93%, also
showed a considerably higher HDR than those with turbidity removal lower
than 93%. In the case of aluminum, the average HDR was 171 mm/h when
C/C > 93%, but only 48 mm/h when C/C < 93%. For iron, the
corgesponding HDRs were 198 mm/h and 86 mm/h.

Full-scale water treatment plants are normally designed for a
maximum head loss across the fillters of 2 to 3 m. Filter runs of at
least 24 hours duration are expected in practice, otherwise the water and
energy losses associated with backwashing become exorbitant. The highest
tolerable HDR in practice, therefore, lies approximately between 80 and
120 mm. The average HDRs measured in this study (171 mm for Al and
198 mm for Fe) are considerably higher. The sole use of metal coagulants

for the direct filtration of algal suspensions, even if it did lead to
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runs conducted with metal coagulants. Turbidity removal
expressed as the equivalent removal through a bed depth of
200 mm



113

consistent turbidity removal, would not be an economically attractive

option.

Turbidity breakthrough

A number of filter runs experienced turbidity breakthrough (a sharp
increase in filtrate turbidity after a period of relatively constant
turbidity removal) before the end of the filter run. During the seven
runs with Chlorella when the turbidity removal with aluminum was higher
than 93%, breakthrough was observed six times (31A/B, 34A, 37A and
40A/B). During the six runs with Chlorella when the same turbidity
removal was achieved with iron, breakthrough was never observed. The
presence, or onset of breakthrough was not related to turbidity loading,

hydraulic loading or pH.

Chlorine effects
In most cases, prechlorination affected neither the turbidity

removal, nor the HDR. In a few cases, definite chlorine effects were
observed, but no general trends were obvious. During 25A/B, 34A/B and
40A/B, prechlorination caused a lower HDR, but it did not affect the
turbidity removal. During 5A/B, the effect of prechlorination was the
opposite - it caused a higher HDR,

When turbidity breakthrough occurred, prechlorination did cause
earlier breakthrough. During 34A (prechlorinated at 19.3 mg/L),
breakthrough occurred after 6 h, while 34B (no chlorine) experienced no
breakthrough during the 10 h filter run. During 40A/B, prechlorination
at 3.2 mg/L shortened the period before breakthrough from 4 h to 2 h,

Direct Filtration with Cationic Polymers

A total of 42 filter runs was performed with cationic polymer as the
primary, and only coagulant. During the first 21 runs, CATFLOC T was
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used, and MAGNIFLOC 573C during the last 21 runs. The most important

variables are summarized in Table 25,

Effect of polymer type
Filter runs 41A and 41B were run in parallel out of the same feed

tank, at approximately the same polymer dosage. Run 4lA was made with
1.7 mg CFT/L and run 41B with 1.6 mg 573C/L., Figure 23 shows the
comparative results, The HDR was practically identical, but there was a
considerable difference In turbidity removal. The calculated average
removal for a 200 mm deep bed was 22.6% in the case of CATFLOC T, but it
was 39.7% (almost double) for MAGNIFLOC 573C.

This difference i1s explained by the higher charge concentration of
573C relative to CFT, which was reported in Table 13.

Effect of polymer dosage during a single filter run

During runs 46A and 46B, the two filters were treated with different
dosages of 573C. Halfway through the runs, the dosages were changed. An
immediate effect on turbidity removal was observed. Figure 24 shows the
'turbidity removal with time. The turbidity removal, measured immediately
before and after the dosage change, is plotted against 573C dosage in
Figure 25, It shows clearly that, for a specific filter run, the polymer

dosage has a direct, almost linear effect on turbidity removal.

Effect of polymer dosage during multiple filter runs

In Figure 26, the average turbidity removal is compared to the
polymer dosage for the filtration experiments with Chlorella. The
polymer dosage 1ls expressed as peq/L (to account for the difference in
charge concentration between the two cationic polymers used) and then
divided by the turbidity of the algal suspension (to account for the
difference in particle volume amongst different suspensions).

A similar plot for inorganic suspensions, such as clay, should show
maximum turbidity removal at the optimum dosage, with poorer removal to

the left (not enough polymer for destabilization) and to the right
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Table 25, Summary of filtration results with cationic polymer

Run Genus pH Turb. Depth 012 Polymer A C/Co NPOC
NTU mm mg/L mg/L /m 200mm mg/L

13B Sce. n/a 4.9 250 32,2 CFT 8.8 0.171

1l4A  Chl. 7.0 2.3 100 10.5 CFT 2.8 0.567

14B  Chl. 7.0 2.3 100 40.4 10.8 CFT 8.0 0.202

154 Sce. 6.2 3.9 250 75.1 9.9 CFT 11l.1 0.110

15B Sce. 6.2 3.9 250 10.1 CFT 9.1 0.164

16A  Chl. 6.6 2.6 250 var, 5.3 CFT 6.6 0.268

16B  Chl. 6.6 2.6 250 var. 5.4 CFT 3.9 0.454

17A Sce. n/a 3.1 250 5.4 CFT 9.8 0.142

17B Sce. n/a 3.1 250 20.5 5.5 CFT 10.5 0.122

18A  Chl. 6.3 8.4 150 29.5 5.2 CFT 2.4 0.622

188 Chl, 6.3 8.4 150 30.0 5.4 CFT 2.6 0.593

19A  Sce. 8.1 3.4 150 20.3 5.3 CFT 18.2 0.026

19B  Sce. 8.1 3.4 150 21.1 5.6 CFT 18.4 0.025

30A Chl. 7.2 6.7 250 5.8 5.0 CFT 11.8 0.094

30B chl. 7.2 6.7 250 5.2 CFT 11.0 0.111

33A GChl. 7.8 4.6 250 3.3 3.4 CFT 12.8 0.078

33B  Chl. 7.8 4.6 250 3.4 CFT 13.0 0.075

36A Chl. n/a 5.1 250 0.6 CFT 3.0 0.548

39A Chl. n/a 8.8 250 4.3 2.3 CFT 0.4 0.929

39B ¢chl. n/a 8.8 250 2,2 CFT 0.5 0.900

41A Chil, 7.8 3.3 150 10.9 1.7 CFT 1.6 0.718

41B  ¢Chl. 7.8 3.3 150 9.8 1.6 573¢ 3.5 0.495

424 Chl. 8.0 7.9 150 var. 4,0 573C¢ 13.9 0.063

42B  Chl. 8.0 7.9 150 var. 3.7 573¢ 12.7 0.078

43A  Chl. 7.3 6.7 150 3.3 573¢ 6.5 0.273

43B  chl. 7.3 6.7 150 3.0 573¢ 6.2 0.291

444  Chl. 7.9 6.8 150 12.6 4.1 573¢ 8.8 0.171 8.7

44B  Chl. 7.9 6.8 150 13.1 3.8 573¢ 6.8 0.256 8.7

45A  Chl. 7.7 12.9 200 var. 3.4 573¢ 1.9 0.689 5.4

458  ¢hl. 7.7 12,9 200 var. 4.3 573¢ 3.6 0.485 5.4

46A  Chl. 8.1 15.2 200 var., 573C 2.9 0.558 3.5

46B  Chl. 8.1 15.2 200 var. 573C 4.2 0.432 3.5

47a  Chl. 7.8 14,1 200 21.2 2,3 573¢ 2.0 0.677 3.4

47B  ¢Chl. 7.8 1l4.1 200 22.4 4,6 573¢ 5.2 0.355 3.4

48A  Chl. 7.5 10.2 200 19.0 1.6 573C var, 3.0

488  Chl. 7.5 10.2 200 9.2 1.5 573¢C var. 3.0

49A  Chl. 7.0 8.9 200 24,2 2.2 573¢ 1. 0.697 2.6

49B  Chl. 7.0 8.9 200 11.0 2.0 573¢ 2.8 0.566 2.6

50A  Chl. 6.7 9.6 200 21.5 4,3 573¢C var, 3.5

50B Chl. 6.7 9.6 200 11.0 4.6 573C var, 3.5

51A  Chl. 7.8 9.5 200 22.5 5.0 573C var. 5.8

51B  ¢Chl. 7.8 9.5 200 22.6 4.8 573C var, 5.8
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Figure 25. Turbidity removal values taken from Figure 24, immediately
before and after the step change. Bed depth 200 mm
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(restabilization due to excess polymer). Such a trend is not evident
from Figure 26, At the dosage where the highest removal (> 90%) was
obtained, turbidity removal as low as 50% was also measured. This result
demonstrates the fact that the polymer demand is not only caused by the
turbidity from the algal cells, but also by another, unmeasured
constituent - most probably the algal EOM.

Effect of polymer dosage on different size fractions

During run 47A, the polymer dosage was adjusted to 2.3 mg 573C/L,
which was just enough to satisfy the EOM demand for polymer as measured
turbidimetrically. For run 47B, which was done in parallel with 47A, the
polymer dosage was doubled to 4.6 mg 573C/L. The filtration results are
shown in Figure 27. The results speak for themselves. During 47A, the
removal was poor, with a very low HDR. During 46B, the removal was
roughly doubled, with a concomitant increase in HDR.

After a filter run time of 2 hours, samples were drawn from the feed
tank and the two filtrate lines, and analyzed with the electronic
particle counter. In this way, the particle removal could be calculated
for every size fraction. Figure 28 shows the calculated removal for
every size fraction.

In the case where polymer was added in excess of that demanded by
the EOM (47B), the smaller size fractions were removed more efficiently
than the larger size fractions. During 47A, the removal trend was
reversed. A likely explanation, which was not experimentally verified,
is that the polymer apparently did nothing to flocculate the algal cells
during 47A, but only reacted with the algal EOM. The larger cells were,
therefore, preferentially removed simply because they were bigger.

During 47B, some polymer was left after satisf&ing the EOM demand, and
the smaller cells were then flocculated to larger sizes, where a fraction
of them was removed. In other words, during 47A only filtration was
operative, whereas filtration and flocculation were operative during 47B.

The actual cell counts are given in Appendix C.
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Effect of polymer overdosage
Table 26 summarizes the turbidity removal during the filtration of

Scenedesmus suspensions.

Two observations follow from Table 26. First, the addition of
cationic polymer doubled the percentage of turbidity removal, as
evidenced by the parallel filter runs 13A and 13B. Second, the well
documented phenomenon of charge reversal/restabilization upon overdosage
of cationic polymer was not observed. The turbidity removal reported 1in
Table 26 stayed in the same range, regardless of the fact that the
cationic polymer dosage was varied from a low of 5.3 mg/L to a very high

32.2 mg/L.

Effect_of mixing
For all the filter runs except 42A, 43A and 44A, the cationic

polymer was injected into the algal suspension in a glass tube with a
constriction immediately below the injection point to ensure complete and
immediate blending. Thereafter, no agitation or stirring was provided.
During 42A, 43A and 44A, the polymer was dosed as the suspension flowed
into an Erlenmeyer flask which was agitated by a magnetic stirrer. The
Erlenmeyer flask provided a mean hydraulic residence time of 17 to 20
minutes. This mixing period caused four effects.

First, the HDR was higher in the absence of mixing. During 43B
(unmixed), the HDR was 23 mm/h, but during 43A (mixed) it dropped to
13 mm/h, During the first half of 42B (unmixed), before chlorine was
added, the HDR was 31 mm/h, but during the same period, 42A (mixed)
showed a HDR of only 21 mm/h. Second, filter ripening was evident during
the first 3 to 4 hours of the run when mixing was absent. With mixing,
the initial quality was better, but no initial ripening was observed, as
is evident in Figure 29, Third, mixing delayed turbidity breakthrough
during 42A/B, also shown in Figure 29, Fourth, there was a distinct
difference in the removal of the different size fractions. The fraction
of particles remaining in different size fractions were calculated from

the electronic particle counts, which are included in Appendix C. Figure
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Table 26. Average turbidity removal during filtration of

Scenedesmus_quadricauda suspensions treated with
cationic polymer

Run Turbidity CFT dosage Removal?

NTU mg/L %
13A 4.9 nil 41
13B 4.9 32.2 83
15A 3.9 9.9 89
15B 3.9 10.1 84
17A 3.1 5.4 86
178 3.1 5.5 88
19A 3.4 5.3 97
198 3.4 5.6 98

8Removal calculated for a 200 mm sand bed.
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30 shows the percentages for gamples drawn from 42A and 42B after 3
hours, when turbidity removal was almost the same.

Figure 30 contains information which appears erroneous at first, It
shows, for 42B, a larger number of large particles leaving in the
filtrate than were present in the feed suspension. These extra particles
could only have come from the flocculation of smaller particles. It is
hypothesized that free cationic polymer was left after reaction with the
EOM, but that it did not flocculate the algalhcells before filtration,
due to a lack of contact opportunities. When the suspension started to
flow through the filter bed, the greatly increased contact opportunities
allowed the cationic polymer to flocculate the smaller particles into
fewer larger particles. The flocculation took place as the suspension
flowed through the sand, and the larger particles were only formed deep
in the bed. Before they could be effectively filtered, they reached the
bottom end of the sand bed. If the sand bed were deeper, they probably
would have been captured. During 424, when mixing was introduced, the
free cationic polymer had plenty of contact opportunities to flocculate
the smaller cells into larger particles before the suspension reached the

sand. In this case, the full sand depth was available for the removal of
the larger particles. This hypothesis also holds for the previously
reported results of jar test 5. (In that case, an increase in mixing
intensity led to decreased turbidity in a paper-filtered sample.)

The difference in HDR can be explained by a difference in the
density of the floc agglomerates that are formed in the two cases.
During rapid mixing, a denser floc might be formed which will take up
less space within the filter pores - hence a lower HDR. During contact
flocculation, a looser, more voluminous floc may be deposited which will
cause a higher HDR. This hypothesis is only speculative and no attempt

was made to verify it experimentally.

Effect of prechlorination

During a few filtration experiments, prechlorination was introduced

partway thrbugh the experiment. Filter run 16A started out with
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prechlorination, with no prechlorination to 16B. After almost 6 hours of
filtration, the prechlorination was switched from 16A to 16B, leaving 16A
without prechlorination. The corresponding changes in turbidity removal
are shown in Figure 31.

During filter run 45A, just enough polymer was added to satisfy the
EOM demand (measured nephelometrically), while 45B received 1.5 mg 573C/L
more than 45A., Both filters started off without prechlorination. After
4 hours, just enough chlorine was added to both filters to satisfy the 10
minute chlorine demand of the EOM (which was separately determined as
18.2 mg/L). After another 3 hours, the chlorine dosage wasg cut in half
for both filters. The filtration results are shown in Figure 32.

Figures 31 and 32 provide intriguing clues regarding the effects of
prechlorination. First, prechlorination led to a sharp improvement in
removal efficiency during filter runs 16B and 45B. The improvement upon
chlorination was evident with both CATFLOC T and MAGNIFLOC 573C. (During
jar test 1 described in the previous chapter, only 573C appeared to
benefit from the addition of chlorine.) Second, the prechlorination only
had an effect if polymer was added in excess of that demanded by the
algal EOM. Filter run 45A, which had just enough polymer added to meet
the EOM demand, was practically unchanged by prechlorination. Third, it
is recalled from the first part of this chapter that chlorine alone, in
the absence of any coagulants, led to a reduction in removal efficiency.
Fourth, there appears to be a difference between the effects of high and
low chlorine dosages. Figure 32, however, provides only one or two data
points to support such a conclusion. The next paragraph deals with other
experiments to pursue this question.

High versus low chlorine dosage Experiments 48 to 50 were
designed to measure the difference in effects between high and low
chlorine dosage. For every experiment, the polymer dosage between the
two filters was approximately equal. During 48 and 49, the polymer
dosage was at or below the EOM polymer demand, and during 50 it was in
excess of the EOM polymer demand. The high chlorine dosage was
approximately equal to the 10 minute EOM chlorine demand, which meant
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that the suspension was exposed to the action of free chlorine for most
or all of the chlorine contact time. The low chlorine dosage was half
the high dosage, which meant that the suspension was exposed to combined
chlorine for most of the chlorine contact time. The turbidity removal
results are shown in Figure 33. These figures show consistent patterns.
First, the high chlorine demand caused an extended filter ripening
period. During 48A and 4§A; the turbidity removal only levelled off
after 4 hours., During 50A, it took even longer, but the exponential head
loss increase indicates the presence of surface straining. Second, the
lower chlorine dosage did not cause any ripening, but caused much better
initial removal efficiency. After a few hours, however, the relative
removal efficiency for high and low chlorine dosages reversed. Third,
the high chlorine dosage caused a slightly higher HDR. Except in the
case of run 50A (where straining probably had taken place), all the HDRs
are sufficiently low not to be of any concern in full-scale operation.
Chlorine contact time The final experiment of the project (runs
51A and 51B), made a comparison between relatively short (0.8 minutes)
and long (7.7 minutes) chlorine contact time before polymer addition.
The results are shown in Figure 34, The longer contact time (51A) showed
an exaggerated ripening period, which again could be due to a surface
straining phenomenon if the relatively high HDR is considered. The
shorter contact time showed the same ripening trend, but to a lesser
degree. The reaction of chlorine with the algal suspension appears to be
a slow reaction which is not as far advanced after 0.8 minutes as it is
after 7.7 minutes, This is in agreement with the kinetic data for the
reaction of chlorine with EOM, presented in the previous chapter.

Summary of Findings
° Without coagulants, algal removal by filtration was very poor.

Lowering the pH down to the vicinity of the isoelectric point of the

algal cells improved the removal dramatically. Scenedesmus, a
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species with substantially larger cells, was better removed than

Chlorella.

Prechlorination, in the absence of coagulants, caused the algal

removal to be even poorer.

Metal coagulants generally caused good removal, but failed in a
number of cases to do so., The decreased removal had no correlation

with the coagulant or the algal concentration.

In the cases where removal with the metal coagulants was good, the
HDR was very high - too high to be acceptable for continuous full-
scale direct filtrationm,

Prechlorination had only small effects on the removal efficiency and
HDR of metal coagulants. Most notably, prechlorination caused
earlier turbidity breakthrough.

Turbidity removal with cationic polymer, for individual filter runs,
was dependent on the cationic polymer charge concentration, and on
the polymer concentration itself, Turbidity removal was not always

reproducible from filter run to filter rum.

If just enough cationic polymer was added the satisfy the EOM demand
for cationic polymer, removal was poor with a low HDR. At double
that concentration, the removal was vastly improved and the HDR
increased, but not excessively so. At lower cationic polymer
concentration, the smaller particles were removed less efficiently
than the larger particles, while the pattern was reversed at the

high cationic polymer concentration.

A rapid mixing period immediately after polymer addition had
beneficial effects. The HDR was lowered and initial turbidity
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removal was better, but without a period of filter ripening. Mixing
also delayed turbidity breakthrough and caused about constant
removal of all particle sizes. In the absence of mixing, smaller
particles were removed well, but more large particles were found in

the filtrate than were present in the feed suspension.

Prechlorination, under certain conditions, markedly improved the
turbidity removal by cationic polymers., If the cationic polymer was
added in excess of the EOM demand for cationic polymer, the
improvement was substantial. If less cationic polymer was added
than the EOM demand for cationic polymer, no change in removal

efficiency was observed,

The concentration of chlorine affected the turbidity removal
pattern. If enough chlorine was added to satisfy the chlorine
demand of the EOM after 10 minutes, an extended filter ripening
period was observed. If only half the chlorine concentration was
added, no ripening was observed, but the initial removal efficiency

was better.

The chlorine contact time, prior to polymer addition, has to be
fairly long to allow the reaction between the chlorine and the algal
suspension. The chlorine effects were not nearly as evident after a

contact time of 0.8 minutes as after a contact time of 7.7 minutes.
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CONCLUSIONS AND RECOMMENDATIONS

Reliability of Laboratory Cultures

For this research project, laboratory cultures were used which were
maintained with artificial nutrients and kept under continuous lighting.
Such cultures normally have much lower bacterial biomass than natural
suspensions and may influence the flocculation behavior of the algae
(Jalali-Yazdi, 1984). Results have been presented to demonstrate that
the laboratory-grown cultures used in this study were very similar to
their counterparts in nature. The Chlorella and Scenedesmus laboratory
cultures were characterized in four important ways; cell size, non-
purgeable organic carbon (NPOC) in the algal extracellular organic matter
(EOM), molecular weight distribution of the NPOC in the algal EOM, and
the charge concentration of the algal EOM. The results compared
A favorably to the results from other studies which dealt with very large
cultures or with natural systems. If there were any significant
differences between the laboratory monocultures and natural suspensions,

they were not evident from the measured parameters.

Significance of Algal EOM

Algal growth results in a two-component system. The one part is the
particulate cell fraction, while the other part consists of the
suspending medium which contains the algal byproducts, collective called
the algal EOM. Both of these fractions affect the behavior of the
suspension during potable water treatment processes. It was
experimentally shown that the soluble fraction exerted a significant
demand for cationic polymer and chlorine, and Bernhardt et al. (1985b)
have demonstrated the direct influence of the algal EOM on the demand for

metal coagulants. The soluble fraction is, therefore, an important
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component to consider during the treatment of algal suspensions, in
addition to the particulate fraction.

Cationic polymer reacted with the algal EOM in complete accordance
with the charge neutralization/precipitation mechanism. The reaction
between the EOM and cationic polymer is rapid and is almost complete
after 1 minute. According to the literature, the complete reaction
between cationic polymer and particles is considerably slower. Yeh and
Ghosh (1981), for example, have shown that a rapid mixing time of 6 to 11
minutes is required for the complete reaction between a clay suspension
and cationic polymer. During the competition between the algal cells and
the algal EOM for the cationic polymer, the EOM will probably react
first, until completion, before the reaction with the algal cells begin.
The principle is the same as in a humic acid/clay suspension, which was
so elegantly demonstrated by Narkis and Rebhun (1983). Their conclusion

bears repetition:

"The cationic flocculant reacts preferentially with the organic
matter. Only after complete reaction with the free humate or
fulvate in solution does flocculation of clay mineral suspension

begin."

The parallels between humic/fulvic acid and algal EOM invite an
observation which is not directly within the focus of this research.
During this project, no NPOC reduction was measured in the algal EOM
after treatment with catilonic polymer. Edzwald et al. (1987) measured a
40% DOC reduction in stream water (high in humic and fulvic acids) after
treatment with cationic polymer. The explanation for this observed
difference lies in the charge concentration difference between the
suspensions. Algal EOM does not have such a high charge concentration as
humic/fulvic acid. Furthermore, a large percentage of the NPOC in algal
EOM has low molecular weight and is not polymeric in nature, while most
of humic and fulvic acid is in the medium to high molecular weight
bracket. 1If cationic polymer reacts only with the polymeric part of

anionic suspensions, which the charge neutralization/precipitation
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mechanism suggests, it will precipitate a much larger part of the NPOC
from a humic/fulvic acid suspension than it would from algal EOM.

The electrical charge on the polymers within the algal EOM
determines the demand for cationic polymer. The electrical charge on the
algal polymers and the cationic polymer can be measured individually by
colloid titration, and the EOM demand for cationic polymer calculated
based on stoichiometric charge neutralization. The EOM demand for
cationic polymer can also be measured by a much simpler turbidimetric
method. The algal cells are separated from the suspension, and the
remaining filtrate is then treated with different concentrations of
cationic polymer. The resulting turbidity will increase with increasing
cationic polymer dosage, up to a point where the turbidity will level
off., This point corresponds to complete charge neutralization between
the cationic polymer and the algal polymers. The turbidimetric method is
simple, direct, requires no charge concentration standards, and can be
carried out at a treatment plant with equipment that is available and

with which operators are familiar.

Options for Direct Filtration of Algae

It is a clearly established fact that algal suspensions definitely
require the addition of coagulants for reasonable removal., Without
coagulants, the removal is very poor and not at all acceptable for water
treatment practice.

The practical choice of a primary coagulant for direct filtration is
currently restricted to either a metal coagulant, or a cationic polymer.
Two very common metal coagulants, aluminum sulfate and ferric chloride,
were investigated and achieved about the same results. The removal was
mostly very good, with some exceptions where the removal was sharply
lower. Although not demonstrated directly, it is highly probable that
the poor removal was caused by interference from the algal EOM,
Bernhardt et al. (1985b) showed how algal polymers complexed with the
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metal ions to keep the metal ions from precipitation, and how increased
metal coagulant dosage will eventually overcome the interference. The
most important disadvantage of metal coagulants, however, at the
relatively high pH of algal suspensions, is that they precipitate to form
additional particles. These metal hydroxide flocs add to the particle -
volume loaded onto the filter, causing head loss development rates which
are unacceptable for prolonged and continuous operation. For
cbnvent;onal treatment, in contrast to direct filtration which this
dissertation focuses on, this disadvantage would largely disappear.
Conventional treatment is preceded by another solid/liquid separation
step such as sedimentation, which removes the bulk of the solids before
filtration.

Cationic polymer, at the concentrations used in this study, did not
remove the algal cells very consistently. The removal was not very good
for the shallow laboratory filters used, but would be acceptable if
first-order removal continued throughout the much deeper filters used in
practice. (A 60% removal through a 200 mm laboratory sand bed would then
be equivalent to a removal of 94% through a similar sand bed of 1000 mm.)
The head loss development, however, in contrast to the metal coagulants,
was quite low. The cationic polymer dosage can be substantially
increased for better removal without causing an unacceptable head loss
development rate. It may be that higher polymer dosage will be
prohibitively expensive - the cost aspect was not analyzed.

The next options to be considered would be combinations of metal
coagulants and polymers. Such combinations were mot pursued
experimentally, but they would be the next logical step. Metal
coagulants (which are cheaper than polymers on a mass basis), might prove
useful to complex all the algal polymers first, followed by cationic
polymer to flocculate the algal cells without creating a voluminous floc.
(Such a strategy might not be feasible at very high pH, which is
sometimes associated with algal growth.) Another alternative might be to
add metal coagulants up to the point of the incipient formation of
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hydroxide flocculi, and then add non-ionic or anionic polymer as a
flocculation aid.

The introduction of a period of fairly vigorous mixing immediately
after cationic polymer addition had beneficial effects., It lowered the
head loss development rate, eliminated the initial period of filter
ripening, and delayed the omset of turbidity breakthrough. The
experimental mixing apparatus was crude and no quantitative measure of
velocity gradient could be calculated. The experimental data do,
however, indicate that mixing intensity and mixing time are important
variables that should receive careful consideration in further research
or pilot plant studies.

The role of chlorine remains enigmatic. Its effect on algal EOM
alone is to increase the turbidity, whether used in conjunction with
cationic polymer or not. Its effect on algal cells is to shrivel the
cell membranes (Sukenik et al., 1987). When applied to a suspension with
both cells and EOM, it causes poorer removal when no coagulants are used.
If just enough cationic polymer is added to satisfy the EOM demand,
chlorine has very little effect. If excess cationic polymer is added,
the removal is significantly improved by prechlorination.
Prechlorination, under the right conditions, will improve algal removal
in accordance with the literature reviewed earlier, but a mechanistic
explanation of its action on the different parts of the suspension

remains to be proposed and verified.

Further Avenues for Research

While this study has identified and clarified a number of the
operational variables involved in the treatment and filtration of algae,

it has also brought several new issues into focus:

° It is necessary to verify the findings of this study on a larger

scale. In this study, concentrated laboratory monocultures and high
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concentrations of treatment chemicals were deliberately used on very
small and shallow sand filters. In this way, well controlled
suspensions were guaranteed and treatment effects were considerably
amplified. The next logical step would be the operation of a larger
depth experimental filter fed from a larger laboratory culture or

from a natural impoundment.

The selection of coagulants should be broadened to include

combinations of metal coagulants and cationic polymers.

The effects of polymer mixing intensity and time should be
investigated in a quantitative manner to allow meaningful scaie-up

to full-scale treatment situations.

The action of chlorine on algal suspensions should be approached in
a systematic way to explain the observed effects during direct
filtration. Chlorine effects on the algal cells should be
investigated separately from the chlorine effects on the algal EOM,
for the hypochlorous, hypochlorite, and combined forms respectively.
Once these separate reactions are individually understood, it may
provide the basis for a mechanistic explanation of the simultaneous

reaction between the chlorine and the algal cells, and the chlorine

and the algal EOM.
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APPENDIX A: COLLOID TITRATION PROCEDURE

(Procedure adapted from Schell and Bernhardt (1986))

“Reagents

Potassium polyvinyl sulfate (PPVS), marketed as "polyvinylsulfuric acid
potassium salt" by the Eastman Kodak Company (Rochester, New York), and
as "poly(vinyl sulfate, potassium salt)" by the Aldrich Chemical Company

(Milwaukee, Wisconsin):
Dissolve 32.4 mg in 1 L double distilled water. One mL of this

solution is equivalent to 0.0002 meq.

Toluidine blue indicator (TBI):
Dissolve 40 mg in 1 L double distilled water.

Cationic polymer (CP):
Add 100 mg of the product as received to 1 L double distilled water.
Standardize Cationic Polymer
Dilute the CP 10 times to obtain a 10 mg/L solution. Take 100 mL of
the 10 mg/L CP solution, add 3 mL TBI to obtain a blue color. Titrate

with PPVS standard until blue changes to pink., The cationic charge

concentration is calculated from:

CP charge concentration in peq/mg = (mL PPVS) x 0.2

Determine Charge Concentration of Unknown

Take 100 mL of unknown sample, add 5 mL of 100 mg/L CP solution and
stir for 5 minutes. Add 3 mL of TBI. Titrate with PPVS standard until
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blue changes to pink. The charge concentration of the unknown is

calculated from:
charge concentration of unknown in peq/L

= CP charge concentration x 5
minus (mL PPVS) x 2

Example

A 10 mg/L solution of cationic polymer requires 18.3 mL of PPVS to
change the color from blue to pink. The charge concentration of the
cationic polymer is 18.3 x 0.2 = 3,66 ueq/mg.

5 mL of a 100 mg/L solution of the same polymer is then added to an
unknown sample. After 5 minutes of reaction time, it requires 6.7 mL of
PPVS to obtain the color change. The charge concentration of the unknown
is 3.66 x5 - 6,7x 2 = 18.3 - 13.4 = 4.9 ueq/L.

Remark

In this case, where the cationic polymer is only calibrated en route
to the determination of the charge concentration of an unknown, no blank
correction is required, for it is assumed to be equal in both titrations.
If the absolute value of the charge concentration of the cationic polymer

is required, it will be necessary to make a blank correction with a 100

mL aliquot of double distilled water.
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APPENDIX B: FILTRATION DATA

Abbreviations

Hydraulic data

Chemical dosage data

Average feed water characteristics

Measured head loss values

Measured turbidity wvalues
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ABBREVIATIONS USED IN APPENDIX B:

Chemical dosage data:

CHEM Treatment chemical used

CONC  Concentration of chemical feed solution

TIME  Chemical contact time before next chemical or filtration
DOSE Chemical dosage concentration

cl2 Chlorine

CFT Catfloc T

573C Magnifloc 573C

Average raw water characteristics:

PART. VOL. Particle volume calculated from particle counts

NPOC Non-purgeable organic carbon
Ss Suspended solids
C Chlorella

Scenedesmus
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OPERATING CONDITIONS FOR RUN 1 TO RUN §51

HYDRAULIC LOADING DATA

RUN FLOW - FILTER A FLONW - FILTER B L1QUID LOADING DEPTH
(nL/min) (ml/min) {m/h) (m)

Rl
e
~

RAW DOSE | DOSE 2 TOTAL RAW DOSE t DOSE 2 TOTAL

| 46,68 1.08 1.14 48,90 45,38 1.07 1,15 47.60 5.20 5.06 0.25
2 59.786 1.08 1.14 62.00 56.08 1.07 I.15 60,30 6.60 6.41 0.25
3 44,38 1.08 1.14 46.60 43,18 1.07 1.15 45.40 4,96 4.83  0.I5
4 45,88 1.08 1.14 48.10 44,58 1.07 115 46.80 5.12 498 0.5
5 47,08 1.08 1.14 49.30 45,78 1.07 1,15 48.00 5.24 5.1 0.5
6 40,48 1,08 1.14 42.70 39.38  1.07 1.15 41.60 4.54 4,43 0.15

1 47,76 1.08 1.14 50,00 46.48 1,07 1,15 48,70 532 5.18 0.1
8 49,88 1.08 .14 52.10 48,38 1.07 .15 50.60 5.54 538 0.15
9 44,79 1,08 1,14 47.00 4,18 1,07 115 46.40 5,00 494 0.15
10 46,68 1.08 1.14 48.90 45,08 1.07 1.15 47.30 5.20 5.03 0.15
1} 45,08 1.08 .14 47.30 43,78 1,07 1.15 46,00 5.03 4.8 0.15
12 44,78 1.08 1.14 47.00 43,38 1.07 1.15 45.60 5.00 4.85 0.25
13 44,76 1.08 1.14 47.00 4,48 1,07 1,15 46.70 5.00 4.97  0.25
4 47,08 1.08 1.14 49.30 46.18 1.07 115 48.40 5.24 5,15 0.10
15 48,08 1.08 1.14 50.30 47,38 1.07 1.15 49,60 5.35 5.28 0.25
16 46,38 1.08 1.14 48.60 45,78 1,07 1,15 48.00 5.17 5.1 0.5
17 45,18 1.08 1.14 47.40 44,58 1,07 1,15 46.80 5.04 4,98 0.25
18 46,80 1,08 1.14 49.10 45,56 1.07 1.15 47.80 5.22 5.09 0.15
19 45.48 1.08 1.14 47.70 43.28 1,07 .15 45.50 5.07 4.84 0.15
20 48,08 1.08 1.14 50.30 45.88  1.07 115 48.10 535 5.12 0.5
21 42,38 1.08 1.14 44,60 40,08 1,07 1,15 42.30 474 450  0.15
22 4718 1.08 1.14 49.40 45.88 1.07 .15 48.10 5.26 5.12  0.25
23 42,88 1.08 1.14 45,10 41,68 1,07 1,15 43,90 4.80 4.67 0.10
24 42,58 1,08 1.14 44.80 4148 107 115 43,70 477 465 0.10
25 47,28 1.08 1.14 49.50 45.88 1.07 115 48.10 5.21 5.12  0.10
26 50,88 1.08 1.14 53.10 49,30 1.07 L5 S51.60 5.65 5.49  0.10
27 47,96 1.08 .14 50.20 46,38 1.07 1,15 48.60 5.34 5.7 0.25
28 46,56 1.08 1,14 48.60 45.38 1,07 115 47.60 5.19 5,06 0.25
29 39,26 1.12 117 4155 39.63 111 1,20 41.94 4.4 446 0.25
30 40.41 110 119 42.70 39.25 1,10 1,22 41,57 454 442 0.25
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OPERATING CONDITIONS FOR RUN #! TO RUN #51

HYDRAULIC LOADING DATA

RUN FLOW - FILTER A FLOW - FILTER B LIQUID LOADING DEPTH
{mL/min) {mL/min) {m/h) {m)

RAW DOSE | DOSE 2 TOTAL RAW DOSE ! DOSE 2 TOTAL H 14

3 44,93 112 .18 41.23 44,32 1.08 1,21 46.61 5.02 4.96 0.25
3 46,98 1.12 1.18 49.28 46,57 1.07 1.18 48.82 5.24 5.19 0.25
33 4,58 1.08 .14 43.80 42,29 1,05 .16 44.50 4.66 473 0.25
34 38.45 1.09 1.16 40.70 39.38 1.06 1.18 41.62 4.33 4.43 025
35 41.61 0.00 0.00 4l.6l .43 0.25
36 45.14  0.00 .16 46.30 4.93 0.25
37 41,82 LI5S 1,23 44.20 4.70 0.2%
38 44,50 .12 1.18 46.80 4,98 0.25
39 45,01 L14 1.20 41.35 41,71 110 1.23 50.04 5.04 5,32 0.25
40 46.51 1,16 1.23 46.90 50.18 1.12 1.25 52.55 5.20 5,59 0.25
4l 45,67 117 1.26 48.10 49,76 1,15 1.29 52.20 5.12 5.55 0.1%
42 37.49 .09 1.20 39.78 40.60 1,08 1.21 42.89 423 456 0.15
43 43.56 1.01 1.16 45.73 48.17 1,02 1.15 50,34 4,86 5.36  0.15
44 38.26 114 1,27 40.67 40.34 1,25 1.24 42,83 433 456 0,15
45 51,16 1.04 1,14 53.34 55.56 0.95 .15 57.66 5.67 6.13 0,20
46 53.52 1.20 1.08 55.80 47,14 118 1.1l 49.43 594 5.26 0.20
47 46.51 1.09 1.22 48.82 41,04 1,13 1,20 43.37  5.19 461 0.20
48 46.11  1.05 1.18 48.34 42,21 1,07 117 44.51 5.14 4,74 0.20
49 43.45 1,09 .21 45.75 44,10 1.12 1.20 46.42 4.87 4,94 0,20
50 43.32  1.06 1.16 45.54 43,51 1.11 1,20 45.82  4.84 487 0.20
51 43.89 .05 1.18 46.12 43.48 1,09 1,15 45.72 491 4.86  0.20
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OPERATING CONDITIONS FOR RUN #1 TO RUN 451
CHEMICAL DOSAGE DATA

RUN FILTER A - DOSE | FILTER A - DOSE 2 FILTER B - DOSE | FILTER B DOSE 2

CHEM CONC DOSE TIME CHEN CONC DOSE TINE CHEN CONC DOSE TIME CHEM CONC DOSE TINE
(mg/L){mg/L} (min) {mg/L) (mg/L) (min) {mg/L) (ma/L) (min) {mg/L) (mg/L) (min)

| Fe 96 2.2 14 fe 73 1.8 1.7
2 Fe 107 2.0 5.9 Fe 134 2.6 6.0
3 Fe 101 2.5 9.0 fFe 88 2.2 9.3
4 Cl2 233 54 1.3 fe 74 1.8 8.8 fe 74 1.8 9.0
5 €12 481 10,8 7.1 Fe 90 2.1 8.5 fFe 90 2.2 8.8
6 C12 481 12,5 83 Fe 89 2.4 9.9 Fe 89 2.5 101
1 Fe 115 2.6 8.4 Cl12 430 9.7 7.2 Fe 115 2.7 8.6
8 (12 2585 54.8 6.8 8.1

9 €1z 257 6.1 1.6 9.1
10 €1z 3009 ¢68.0 7.2 8.6

1 Clz 2673 63.8 1.1 9.2
12 €12 2138 66.4 1.7 €12 2738 69.1 8.0
13 CFT 1310 32.3 7.8
14 CFT 455 10,5 9.1 Cl2 1782 40.4 7.3 CFT 455 10.8 9.3
15 C12 3420 75.1 7.0 CFT 43 9.9 1.2 CFT 436 101 7.3
16 Cl2 89 203 7.3 CFT 227 53 7.5 Cl2 891 20.3 7.3 CFT 2271 5.4 7.6
17 CFT 223 5.4 7.7 Cl2 8713 205 7.5 CFfT 223 5.5 7.8
18 C12 1310 29.5 7.2 CFT 223 5.2 8.6 C12 1310 30.0 0.8 CPT 223 5.4 4.8
19 Cl2 873 20,3 7.4 CFT 223 53 6.8 Cl2 873 21.1 0.8 CFT 223 5.6 9.3
20 C12 1360 299 7.0 Fe 93 2.1 8.4 Fe 93 2.2 8.8
21 Fe 68 1.7 9.4 C12 1340 348 0.9 Fe 68 1.8 10.0
22 C12 1340 30.0 7.0 Fe 91 2.0 T.4 C12 1340 30.5 0.8 Fe 91 2.2 T.6
23 CI2 1310 32.2 7.8 Fe 67 1.7 10,0 C12 1310 32.8 0.9 Fe 67 1.8 10.3
24 €12 1310 32.4 7.4 AL 134 3.4 95 Al 134 3.5 9.0
25 Cl2 8713 195 1.1 Al 45 L0 9.1 AL 45 L1 94
26 Cl2 8713 18,4 6.6 Al 67 1.4 8.5 Al 67 LS 8.
27 C12 873 19.2 7.0 Al 45 1.0 7.3 C12 873 19.7 0.8 Al 45 L1 9.5
28 Cl12 43 99 7.2 Al 45 L1 7.5 Cl2 436 100 0.8 Al 45 L1 7.6
29 crz 109 3.0 0.9 8.7
30 Cl2 218 5.8 8.3 CFT 178 5.0 8.5 CFT 178 5.2 8.8
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OPERATING CONDITIONS FOR RUN #1 TO RUN #51

CHEMICAL DOSAGE DATA

RUN FILTER A - DOSE ! FILTER A - DOSE 2 FILTER B - DOSE | FILTER B DOSE 2

CHEM CONC DOSE TIME CHEN CONC DOSE TIME CHEW CONC DOSE TIME CHEM CONC DOSE TINE
(mg/L)(mg/L) (min) (mg/L)(ma/L) (min) (ma/L)(mg/L) (min) (mg/L){mg/L) (min)

I C2 109 2.7 1.5 M 6T LT NI Al 67 LT 1.8
2 02 115 41 1.2 1.4

33 Cl2 131 3.3 8.1 CT 131 3.4 8.3 CFT 131 3.4 8.2
34 C12 700 19.3 8.7 Al 68 1.9 8.9 Al 68 L9 8.7
35

36 CFT 22 0.6 7.9

37 Al 87 2.4 8.2

38

9 Cl2 175 43 1.5 CFT 89 23 1.7 CFT 89 2.2 1.3
0 Cl2 130 32 1.2 A 130 33 7.4 Al 130 3.1 6.9
A1 C12 436 109 7.3 CFT 65 1.7 7.6 Cl2 436 9.8 6.8573C 65 1.6 T.0
42 Cl2 436 12,3 8.9573C 131 40 20.1 €12 436 1.3 8357 i3 3T 8.5
43 573C 131 3.3 17,5 53¢ 131 3.0 7.2
44 Cl2 436 12.6 8,7573C 131 40 19.7 Cl2 43 13.1 8.3573C 131 3.8 8.5
45 C12 1090 21.7 6.6573C 175 3.7 6.8 C12 1090 18,3 6.1 573C 262 5.2 6.3
46 573C 145 2.8 6.5 573C 160 3.6 7.4
47 C12 927 2.2 1.2573C 93 2.3 1.5 Cl2 836 22.4 8.2573C 167 4.6 8.4
48 (12 85 0 7.3573C 64 1.6 1.5 Cl2 313 9.2 1.957C 58 1.5 8.2
49 Cl2 97 242 17513 82 2.2 8.0 C12 445 1.0 7.6513C 76 2.0 1.8
50 €12 900 21.5 7.8573C 170 4.3 8.0 Ci2 444 110 757 174 46 1.9
51 Cl12 91 22.5 7.7513C 19 5.0 7.9 €12 924 22.6 0.8573C 191 4.8 8.0
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OPERATING CONDITIONS FOR RUN #1 TO RUN #51

AVERAGE RAW WATER CHARACTERISTICS

NPOC 85  GENUS
(mg/L)

{mg/L)

pH

PART. VOL.
{mm3/L)

TURBIDITY
(KTU)

RUN

RAW

RAW #1IN B2 IN RAW

$2 IR

RAW A IN

#2 N

RAW #1 IN

LOLO O OCOUVOWLWLWWWL UWOWWDU O WL WU OOW OO0

15.0
26
20

O Lol o~d — e e— Y O\ (=] _—3 ) U D T o T oy
- - e e e e e e e e e ® e e e e = s @
=~ O r~ CO Oy M O O L=} [ AN BN e B B T o B - B o Bl o B o
wy wy o — e ) U D < | O e T D W Ty 7Y
- e s e e e e = e e e ® s e e e e ® e
Lt o ™ T CO ™ O (-2 [ BR - Mo TR A S T o B < SN S Bl o B ol
-r OOy O W~ O N O ) o= = OO MO N~ 7N
e e e e o o e o & 8 e e e & ® e ® e ®» o w e
L pand O M~ M W D P~ O W WA oM T M~~~

O NO T O NODODLUH O NNNOD OO T NODODODOODODOD

ooooooooooooooooooooooooo
4823056874666595688208322
— — — — L) ) —— =T ) )

E—_E O OO OO0 O OO OOONONMNMNODOODO OO

ooooooooooooooooooooooooo
5524253864641’595682526830
o~ — e — -— ) V) = Y ) T

I OO T O NO OO DO DO VOO DOODODOD D
ooooooooooooooooooooooooo
5644147854784678-’90!09962

o3 - — e — O UD | e W Y VY

=M N e N O T e DO T WANLIND WA MM =T Or~ ooy
oooooooooooooooooooooooooooooo

OO N M I I W N WO T Moo MO O M MO LD M WU T WO WO

T O UWMO O U W — T = IDWWI D — O e et O = v O~ I~
oooooooooooooooooooooooooooooo

M MO T A NNUCN — N O T O TS MO M Ao MO WMWY WOo O WO

O W O N e OO RO MO = T OO = U = (IO LD e M~ P

oooooooooooooooooooooooooooooo
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OPERATING CONDITIONS FOR RUN #1 TO RUN 51

AVERAGE RAW WATER CHARACTERISTICS

GENUS

59
(mg/L)

NPOC
(mg/L)

pH

PART. VOL.
{mm3/L)

TURBIDITY

RUN

(NTU)

RAW

fLIN §2 1IN RAW #LIN 2 IN RAN

RAN

2 N

TRL

RAH

(RN RENRS NSNS =N ENANE RSN N YN NN R AR R

oooooooooooooooooo

00000

<2 QNR =

™ M O O © O OMOr — W O~ @O
.................
e O M~ P~ M~ M~ O P~

nnnnnnnnnn

OO WTOOODOOOD T D AL M= P OO O O

oooooooooooooooooooo
O =T v O ) = P ) O M WO o e P O O D
-_—

O —— — _—— —

ooooooooooooooooooooo
3 = W N WU OO MM WO NU T O o



RUN

RUN #1 TO RUN #51

TINE
(h)

-

OO OO O OOO OO

0.00
0.52
1.00
2.00
3.00
4.00
5.00
6.00

8.00

[—JRNV- e BN~ NS, - FL R R — 3
e @ o © o ® o o o e
=~ — N — I N — B — I — I — 3 — )

O OO OO OO OO oo

—

- « o o
OO DO DO OO O

OO - O I WP =D
. -

/A
{m)

0.151
0.254
0.362
0.476
0.614
0.753
0.903
1.079
1.225
1.368

0.176
0.285
0.412
0.701
0.995
1.269
1,481
1.701
1.878
2.122

0.091
0.281
0.449
0.630
0.809
1,045
1.315
1,551
1,934
2,229

0.099
0.231
0.367
0.517
0.663
0.784
0.923
1,060
1.183
1314

- HEASURED HEAD LOSS VALUES

/8
(m)

0.133
0.167
0.211
0.269
0.335
0.401
0.469
0.540
0.610
0.686

0.161
0.312
0.449
0.717
0.984
1.259
1.539
1.838
2.103

0.084
0.229
0.392
0.585
0.772
0.974
11714
1.444
1,697
1.957
2.115

0.097
0.234
0.379
0.542
0.686
0.815
0.959
1,094
.21
1.462

RUN

TINE
(h)

- -
[— N — N — W — W — )
-~ D -wN OO oo

D =3 O N I 3 DD e OO
Py

-
A
~

0.00
1.05
3.07
5.12
1.07
10.10

0.00
0.92
3.33
5.12
1.88
9.60
10.83

161

/A
(m)

0.089
0.161
0.251
0.332
0.424
0.545
0.647
0.793
0.915
1,140
1.269

0.055
0.146
0.267
0.342
0.407
0.464
0.479

0.097
0.282
0.632
0.6881
1.007
1.210

0.094
0.092
0.097
0.098
0.099
0.100
0.100

/8
(m)

0.081
0.100
0.119
0.135
0.153
0.175
0.191
0.222
0.261
0.314
0.361

0.048
0.151
0.304
0.392
0.471
0.540
0.556

0.099
0.328
0.739
1,029
1.220
1,434

0.075
0.080
0.087
0.095
0.102
0.112
0.119

RUN

TINE
(b

0.00
1.97
4.18
6.12
8.05
10.05
11.72

0.00
1.70
2.60
5.78
1.70
11.00

—_—AD i U PO e O
- e e

D ema P\ e e e O
[T S e - N Y — )

/A
(n)

0.089
0.085
0.075
0.073
0.072
0.07
0.071

0.086
0.098
0.099
0.098
0.096
0.099

0.063
0.063
0.068
0.068
0.063

0.129
0.145
0.160
0.1
0.182
0.194
0.197
0.20!

/8
{m)

0.088
0.081
0.075
0.070
0.067
0.064
0.062

0.083
0.1
0.133
0.152
0.167
0.199

0.062
0.062
0.065
0.065
0.062

0.129
0.141
0.152
0.156
0.164
0.166
0.162
0.163



RUN

13

RUN #! TO RUN #5!

TIHE
(h)

0.00
2.42
4.08
5.98
8.12
11.02

0.00
1.65
wn
5.78
8.10
10.03

0.00
1,55
4,12
5.65
1.28
9.69
11,38

JA
{(m)

0.131
0.142
0.147
0.150
0.160
0.169

0.045
0.047
0.049
0.050
0.052
0.052

0.150
0.175
0.244
0.384
0.716
0.840

0.130
0.134
0.134
0.138
0.140
0.143
0.148

- NEASURED HEAD LOSS VALUES

/B
{(m)

0.130
0.137
0.153
0.173
0.213
0.243

0.044
0.048
0.050
0.054
0.058
0.061

0.150
0.158
0.180
0.224
0.356
0.452

0.129
0.131
0.130
0.130
0.133
0.141
0.148

RUN

11

18

20

TINE
(W

0.00
1.93
3.75
5.60
1.33
9.48
10.65

D I O N W —
.

— N D == = N

Su&dRsSITIsS

0.00
1.20
2.68
5.03
1.37
9.00
.21

0.00
2,33
4,55
6.10
1.68
9.68
10.98

162

/A
{m)

0.110
0.135
0.146
0.163
0.176
0.199
0.210

0.068
0.106
0.124
0.137
0.147
0.146
0.16!
0.171

0.077
0.150
0.268
0.331
0.426
0.498
0.575

0.119
0.386
0.505
0.585
0.628
0.753
0.798

/8
(m)

0.110
0.132
0.166
0.193
0.223
0.254

S 0.212

0.066
0.097
0.118
0.136
0.149
0.150
0.168
0.183

0.073
0.097
0.182
0.240
0.456
0.528
0.638

0.114
0.343
0.499
0.610
0.74
0.857
0.939

RUN

21

22

23

24

TIHE
(h)

\90\. a o e e
[ - s B — )
G~ OO WMt U O

O WA NWoOoO oo
-

o

O O WO O

e o o ® e o
O N O MO MNNOD
OO = U~ -~ DD

(=4
[ =]
[ —2

2,20
4,91
1.16
9.16
11.88

/A
{m)

0.057
0.089
0.161
0.699
0.992
1.277
1.623
1.807

0.162
0.587
1.803
2.09
2.235

0.051
0.087
0.130
0.154
0.203
0.274
0.399
0.627

0.037
0.043
0.050
0.052
0.058
0.068

/B
{m)

0.060
0.089
0.164
0.703
1.032
1.415
1.851
2.124

0.158
0.560
1.761
2,001
2,073

0.050
0.077
0.144
0.175
0.221
0.300
0.449
0.645

0.037
0.045
0.053
0.064
0.077
0.103



RUN

25

26

27

28

RUN #1 TO RUN 451

TIKE
(h)

0.00
.15
5.25

6-79 ‘

9.38
11,55

0.00
2.56
4.43
6.31
8.41
10.16

0.00
1,35
3.30
5.58
8.68
10.46

0.00
1.35
W
5.98
8.05
10.81

A
{m)

0.030
0.198
0.217
0.339
0.448
0.572

0.058
0.152
0.175
0.208
0.258
0.320

0.109
0.213
0.352
0.422
0.579
0.756

0.106
0.127
0.195
0.393
0.673
1.065

-~ NEASURED HEAD LOSS VALUES

/B
{m

0.030
0.317
0.524
0.616
0.788
0.973

0.056
0.204
g.231
0.304
0.893
1.747

0.109
0.124
0.147
0.192
0.294
0.436

0.106
0.155
0.341
0.431
0.598
0.698

29

30

3

R

TINE
(h

e &

DO N LD —m D
-

LN O PO el e D

CDONUIU‘@Qg

—

-
—CD L PN B e N O <
wl\:ﬂcnwulcpaaao

——
WO I N U D DI D
- .

163

/A
(m)

0.091
0.09
0.102
0.113
0.121
0,145
0.159
0.183

6.110
0.120
0.135
0.162
0.186
0.208
0.225
0.249
0.2713

0.090
0.219
0.346
0.492
0.594
0.735
0.824
0.936
1.085
1,187
1.261

0.118
0.121
0.123
0.125
0.129
0.133
0.140
0.144
0.148
0.151

/B
{n)

0.120
0.124
0.128
0.133
0.137
0.143
0.149
0.156

0.080
0.090
0.104
0.121
0.150
0.165
0.163
0.204
0.221

0.090
0.221
0.360
0.503
0.609
0.748
0.852
0.969
1,121
1.243
1,345

0.113
0.115
8.117
0.118
0.123
0.127
0.134
0.139
0.145
0.149

RUN

a3
[ )

34

35

36

TINE

——
==
—~—

-
O O WU MO OO

—

W U &t e OO D
-

L o

OO WmMN WO

11.40

D =~ O e wNDO D
-

D =~ N D PO = O

- .
— e CD d CD O
O NN O NN

/A
{m)

0.104
0.109
0.122
0.131
0.143
0.152
0.168
0.171
0.183
0.167

0.100
0.199
0.446
0.667
0.831
1.108
1.231
l.421

0.092
0.096
0.102
0.109
0.115
0.126
0.137

/8
{m)

0.090
0.096
0.111
0.123
0.137
0.149
0.176
0.198
0.220
0.239

0.103
0.232
0.609
0.998
1,287
1.720
1,935
2.235

0.080
0.096
0.107
0.107
0.110
0.119
0.126



RUN

37

38

40

RUN #1 TO RUN #51 - NEASURED HEAD LOSS VALUES

TINE
(h)

/A
(m)

0.086
0.201
0.342
0.575
0.761
1,125
1.334

0.096
0.097
0.098
0.101
0.104
0.106
0.108

0.090
0.091
0.092
0.093
0.097

0.095
0.184
0.317
0.517
0.743
1.073
1,735

/B
(m)

0.110
0.110
0.108
0.110
0.110

0.100
0.162
0.355
0.689
1.077
1.526
2,235

RUN

4t

42

43

TINE
L))

e o o o

[— N — N — NN X —NX—]

-

10.00
10.67

-

o e
=R — I N ]
[ — - N I — ]

CO =~ O N ot WP = O
-

9.00
16.00
11.00
11.47

O NN I PO
Py - -
= — I — I — W — I~  —

-
[— N — B — BB — B — B I B — Y —

[ =
-

10.00
11.00

164

/A
(m)

0.069
0.076
0.082
0.090
0.095
0.100
0.105
0.111
0.115
0.119
0.128
0.131

0.070
0.082
0.104
0.126
0.154
0.174
0.197
0.247
0.269
0.318
0.355
0.360
0.374

0.069
0.080
0.096
0.111
0.126
0.146
0.149
0.160
0.170
6.183
0.19
0.207

/8
{m)

0.017
0.082
0.086
0.090
0.094
0.098
0.101
0.107
0.112
0.116
0.124
0.121

0.070
0.095
0.132
0.170
0.208
0.221
0.271
0.302
0.317
0.325
6.314
0.294
0.285

0.081
0.093
0.123
0.152
0.176
0.210
0.236
0.250
0.275
0.268
0.309
0.338

RUN

-
F-

L
o

46

TINE

——
b
—

-

DO MO O OO OO OO D

—
-

*« & o & e

O WED ~I DU WP e DD
. o

OO O OOOONNWIO L O

OO O OO OONOODOD

_O‘Dm\nouu!&wm-—-oc
. e .
ch oD oo WS

OO O O OO0 OOOOOD

/A
(m)

0.062
0.063
0.069
0.076
0.084
0.090
0.096
0.102
0.109
0.114
0.123

0.108
0.115
0.117
0.118
0.120
0.123
0.127
0.143
0.150
0.160
0.182
0.192
0.201

0.089
0.098
0.101
0.106
0.1
0.116
0.122
0.129
0.135
0.141
0.149
0.156

/8
{m)

0.062
0.066
0.072
0.080
0.088
0.097
0.106
0.116
0.123
0.128
0.136

0.100
0.113
0.122
0.130
0.141
0.1581
0.165
0.216
0.273
0.326
0.340
0.347
0.356

0.098
0.109
0.112
0.119
0.128
0.135
0.144
0.185
0.168
0.179
0.191
0.201



RUN

4

L
(=-4

4

RUN #1 TO RUN #5¢

TIKE
(h)

WO O D~ et e O
.

WO OO ODODOODOO O D

AN — N — I — A — B — By — B — B N —)

O WD - O U1 I DM e O
-

O OO WO O OO OO

OO OO MO OO OoOOoOO

—

€O WO =1 N I WP = O
e o e -

DO O OO OO OO

[— BN —BE— N — % — B — B — BN — B — N —

—

/A
(m)

0.094
0.107
0.114
0.119
0.129
0.136
0.140
0.147
0.153
0.157
0.161

0.108
0.125
0.131
0.143
0.169
0.195
0.23!
0.247
0.258
0.270
0.267

0.078
0.083
0,093
0.101
0.1
0.123
0.135
0.149
0.166
0.182

-0.201

- HEASURED HEAD LOSS VALUES

/B
{m)

0.075
0.100
0.126
0.165
0.227
0,262
0.293
0.326
0.352
0.374
0.396

0.102
0.116
0.123
0.129
0.135
0.142
0.15t
0.156
0.163
0.165
0.170

0.079
0.082
0.092
0.0%8
0.105
0.111
0.118
0.125
0.134
0.140
0.144

RUN

50

won
—

TINE
(h)

o .

.

WD ~d TN D O = O
-

OO D OO OO OOD O

OO OO OO OO OO

165

A
(m)

0.088
0.146
0.236
0.398
0.557
0.747
0.909
1.078
1.262
1.455

0.058
0.073
0.088
0.109
0.136
0.184
0.263
0.354
0.463
0.573
0.678

/8
(m)

0.115
0.156
0.193
0.245
0.287
0.333
0.365
0.401
0.441
0.464

0.057
0.066
0.074
0.084
0.096
0.113
0.133
0.152
0.176
0.203
0.232



166

FILTER RUN #1 TO #51 - HEASURED TURBIDITY VALUES

/A C/Co /B C/Co
(NTU)  (NTU) (=) (=)

JAOUT /B OUT

/8 IN
(NTU)

RAW /A IN
(NTU)  (NTU)

TINE
(W

RUN

ccccccccc

3.1

3.1

3.7

!

2

3.3

3.0

ave

0000000000

oooooooo

0000000000

0000000000

2.3

ave

oooooooooo

OOOOOOOOOO

— ey et et S et — et —
tttttttttt

NSNS = O =

W T H N DO

000000000

oooooooooo

2.1

ave
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FILTER RUN #1 TO #51 -~ NEASURED TURBIDITY VALUES

RUN TINE RAW JAIN  /BIN JAOUT /B OUT JA C/Co /B C/Co
(h) (NTU) (NTU) (NTU) (NTU) {NTU) {-) (-)
5 1.00 3.7 1.10 1.6! 0.275 0.413
2.00 1.09 1.52 0.2713  0.3990
3.00 1.00 1.54 g.250  0.395
4,05 0.94 1.41 0.235  0.362
5.1 . 0.97 1.33 0.243  0.341
6.08 3.4 4.0 4,1 1.04 1.25 0.260  0.321
1.07 1.33 1.22 0.333  0.313
8.22 2.00 1.32 0.500 0.338
10.08 1.69 1.32 0.423  0.338
1n.n 1.70 1.64 0.425  0.421
ave 3.4 4.0 3.9
6 1.70 1.6 2.9 3.7 . 1.55 0.514 0,554
4,58 1.7 2.4 2.3 . 45 0.531 0.518
6.80 1.1 2.5 2.6 1.68 1.84 0.583  0.657
8.93 1.7 2.7 2.7 . {.68 0.649  0.600
11.28 1.1 3.9 2.7 . 0.729  0.679
ave 1.7 2.9 2.8
1 1.05 1.9 2.4 2.3 0.24 0.28 0.096 0.117
3.07 2.2 2.4 2.8 0.55 0.37 0.220 0.154
5.12 2.1 2.4 2.3 0.85 0.63 0.340 0.263
1.01 2.0 2.9 2.3 . . 0.660 0,346
10.10 .9 2.4 2.3 1.16 1.10 0.464  0.458
ave 2.0 2.5 2.4
8 0.92 6.4 4.9 5.5 3.20 2.80 0.594  0.496
3.33 6.3 5.5 5.6 4,20 3.40 0.780  0.602
5.72 6.4 5.5 5.7 4,70 3.60 0.873  0.637
7.88 6.3 6.1 6.2 4.80 4,00 0.892 0.708
9,60 5.9 5.2 5.5 4,40 3.30 0.817 0,584
10.03 5.9 5.1 5.4 4,70 2.90 0.873  0.513
ave 6.2 5.4 5.1
9 1.97 2.2 2.4 2.0 1.70 2.00 0.797 0,952
4.18 2.2 2.0 2.3 1.70 1.90 0.797  0.905
6.12 2.2 2.3 2.1 . . 0.750  0.952
8.05 2.1 2.0 .50 . 0.703 0,952
10.05 2.0 2.1 2.0 1.80 0.656  0.857
11.72 2.0 2.0 2.1 . . 0,750  1.000
ave 2.1 2.1 2.1
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FILTER RUN #1 TO #51 -~ HEASURED TURBIDITY VALUES

RUN TINE RAW JAIN /BIN /AOQUT /B OUT {A C/Co /B C/Co
(h)  (NTU) (NTU) (NTU)  (NTV) (NTU) {(-) (=)
10 1.70 7.0 . 7.0 4.00 1.10 0.350  0.165
2.60 1.1 1.2 6.5 8.20 1.30 0.717  0.195
5.78 1.0 11, 6.6 11.30 2.50 0,988 0.375
1.70 1.0 12, 6.5 10,20 2.00 0.892  0.420
11.00 6.9 I, 6.7 9.50 3.50 0.830 0,526
ave 1.0 11, 6.7
11 1.22 1.8 2.4 2.7 1.60 2.40 0.780  0.960
4,38 1.8 2.1 3.0 1.50 2,40 0.732  0.960
6.62 1.9 2.0 2.2 1.70 2.30 0.829 0,920
9.62 1.8 1.1 2.1 2.10 2.20 1,024  0.860
ave 1.8 2.1 2.5
12 1,10 6.7 1.1 9.1 2.40 2.40 0.369 0.279
2.1 6.1 6.6 8.7 3.20 3.70 0.492  0.430
3.18 6.6 6.3 9.2 3.50 4,60 0.538  0.53%5
5.17 6.1 6.2 8.6 3.90 4.80 0.600 0,558
9.12 6.4 6.6 1.1 5.40 4.9 0.831  0.570
11.03 6.3 6.2 8.3 5.00 5.00 0.769  0.581
ave 6.4 6.5 8.6
13 2.42 5.0 4.5 4.7 1.75 0.52 0.385 0.110
4,08 4,9 4,5 4,8 2.30 0.57 0.507  0.120
5.98 4.9 4,6 4,9 2.50 0.45 0.551 0,095
8.12 4.9 4.5 4.6 2.50 0.54 0.551 0.114
11.02 4.8 4.6 4,7 2.60 0.53 0.573  0.112
ave 4.9 4,5 4,7 ~
14 1.53 2.3 2.5 3.2 1.90 1.26 0,766  0.368
2.97 2.3 2.4 3.4 . . 0.766 0,450
4.3 2.3 2.4 3.4 . . 0,762  0.427
6.33 2.4 2.4 3.4 . 0.750  0.462
8.93 2.4 2.7 3.7 . 0.734  0.456
ave 2.3 2.5 3.4
15 1.65 4.3 5.0 3.6 0.44 0.43 0.093  0.124
.n 3.8 5.1 3.6 0.42 0.36 0.089 0.103
5.18 3.8 4.6 3 0.24 0.57 0.050 0.l64
6.95 0.2] 0.28 0.044 0,080
8.10 3.9 4,6 3.4 0.20 0.24 0.042  0.069
10.03 3.9 4.4 3.4 0.29 0.30 0.061 0,086
ave 3.9 4.7 3.5
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FILTER RUN §1 TO 451 -~ WEASURED TURBIDITY VALUES

RUN TINE RAN JAIN  /BIN /A OUT /B OUT JA C/Co /B C/Co
(h)  (NTU)  (NTU)  (NTU)  (NTU)  (NTU) (-) (~)
16 1.55 2.4 2.4 2.5 0.44 0.89 0.168 0,349
4,12 2.6 2.1 2.5 0.54 0.93 0.206 0,365
5.65 2.6 2.1 2.5 0.54 1,03 0,206  0.404
7.28 2.7 2.1 2.6 0.65 0.56 0.248 0,220
9,67 2.8 2.6 2.6 0.85 0.34 0.328 0.133
11.38 2.6 2.6 2.6 0.86 0.29 0.329 0.114
ave 2.6 2.6 2.6
17 1.93 2.9 3.2 3.2 0.36 0.44 0.115 0.138
3.75 3.0 3.1 3.2 0.29 0.24 0.093 0.075
5.60 3.4 3.1 3.1 0.24 0.23 0.077 0,072
7,33 3.1 3.1 3.1 0.26 . 0.090  0.097
9,48 3.0 3.1 3.3 0.30 0.21 0,096  0.066
10,65 0.24 . 0,077  0.050

ave 3.1 3.1 3.2

18 1.57 8.4 10.6 11.2 5.70 6.90 0.573  0.659
3.13 8.3 10,0 . 5.80 5.90 0.583  0.564
5.1 8.4 10,2 . 1.00 6.60 0.704 0,631
6.92 8.5 9.3 . 4.680 7.10 0.483  0.678
7.65 8.4 10.5 4 10.40 9,20 1.046  0.879
9,23 8.4 9.6 o2 1.10 6.40 0.714 0.6l
11.15 8.6 9.4 7.90 1.40 g.795 0,707
ave 8.4 9.9 10.5
19 1.20 3.3 3.0 2.9 0.49 0.65 0.158  0.228
2.68 3.5 3.0 2.9 0.33 0.33 0.106  0.116
5.03 3.4 0.25 0.24 0.08! 0.084
1.5 3.2 3.2 2.8 0.19 .16 0.061  0.056
9.00 3.4 3.2 2.8 0.1 0.056 0,060
11.21 3.4 0.15 0.058  0.053
ave 3.4 3.1 2.9
20 2.33 4,7 6.7 6.5 2.40 1.67 0.361  0.259
4.55 4.8 6.4 6.4 2.50 2.20 0.376 0,341
6.10 4.8 6.3 6.3 2,60 2.40 0.391 0.3712
7.68 4.9 7.0 6.3 3.90 3.00 0.586  0.465
9.68 4.7 6.6 6.3 3.50 3.30 0.526  0.512
10,98 4.8 6.9 6.9 4,30 4,30 0.647  0.667
ave 4.8 6.1 6.5
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FILTER RUN #1 TO #51 -~ MEASURED TURBIDITY VALUES

RUN TINE RAW /JAIN /B IN /A OUT /B OUT /A C/Co /B C/Co
(h)  (NTD) (NTU) (NTU)  (NTU) (NTU) (-) (-
21 0.73 3.4 3.3 3.5 0.15 0.14 0.048 0.044
3.65 3.1 2.9 3.3 . 0. 0.0%8 0,037
5.48 3.3 3.0 3.2 0.17 0.13 0.055  0.040
71.55 3.3 3.6 3.2 . . 0.106  0.031
9.67 3.2 3.0 3.0 . ; 0.219  0.093
10,95 3.1 2.8 3.1 1.00 0.66 0.323  0.205
ave 3.2 3.1 3.2
22 1.43 0.21 0.47 0.056  0.120
3.28 3.1 3.6 3.8 0.36 0.81 0.095 0,206
6.15 3.1 3.8 3.6 1.08 0.76 0.266  0.194
1.33 3.0 3.8 4,2 0.87 0.95 0.230 0.242
8.13 3.1 3.9 4,1 1.00 0.60 0.265 0,224
ave 3.1 3.8 3.9
23 0.58 1.6 2.0 3.5 0.23 0.53 0.116  0.228
2.21 0.07 0.13 0.035  0.056
3.21 1.5 1.7 1.7 0.19 0.13 0.096  0.056
4,65 1.5 1.9 1.9 0.23 0.19 p.116  0.082
6.57 1.5 0.22 0.14 g.111  0.060
8.28 1.5 2.1 2.4 0.20 0.10 0.101  0.043
11.08 1.5 2.2 2.1 0.23 0.14 0.116  0.060
ave 1.5 2.0 2.3
24 2,20 6.1 5.9 5.6 4.40 4,10 0.717  0.722
4,91 6.1 5.7 5.1 4.20 3.90 0.684 0,687
1.16 6.1 6.4 5.7 4.90 3.80 0.798  0.669
9.16 6.1 6.2 5.7 5.10 3.90 0.831  0.687
11.88 6.2 6.5 5.7 5.50 3.70 0.896  0.65!
ave 6.1 6.1 5.1
25 3.15 1.5 1.1 1.8 3.20 1.23 0.454 0,167
5.25 1.5 1.1 1.2 4.50 3.90 0.638  0.53!
6.79 1.1 6.9 6.9 4.60 4,90 0.652  0.667
9.38 1.4 1.1 1.5 4.40 5.20 0.624 . 0,707
11.55 6.9 4,60 5.30 0.652 0,721
ave 1.3 1.1 1.4
26 2.56 5.6 5.5 5.3 2.20 0.54 0.384  0.102
4,43 6.0 6.0 5.6 2.80 1.64 0.489  0.309
6.31 6.0 3.20 . 0.558  0.313
8.41 6.2 5.8 5.3 2.80 . 0.489  0.113
10.16 6.1 5.6 5.0 2.30 0.58 0.401  0.109
ave 6.0 5.1 5.3
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FILTER RUN #1 TO §51 - HEASURED TURBIDITY VALUES

RUN TIKE RAW /AIN  /BIN /A OUT /B OUT JA C/Co /B C/Co
(h)y  (NTU)  (NTU)  (NTU)  (NTU)  (NTU) {-) {=)
21 1.35% 1.49 2.20 0.369 0,545
3.30 4.4 4,1 4.0 1.60 1.90 0.397  0.471
5,58 4.5 3.7 4.1 } . 0.471 0,397
8.68 4.5 4.3 4.0 1.45 1.17 0.360  0.290
10.46 . .11 0.273  0.275
ave 4.5 4,0 4.0
28 1.35 1.3 6.3 6.1 . 2.00 0.375 0,300
3.7 1.3 6.8 6.6 . 2.20 0.285  0.330
5.98 1.4 6.7 6.7 1.40 2,20 g.210 0.330
8.05 6.8 6.9 6.7 1.80 3.10 0.270  0.464
10.8! 6.6 3.20 5.40 0.479  0.809
ave 1.1 6.7 6.7
29 1.00 10.0 9.] 10.4 7.80 9.60 0.804 0,906
2.18 10.2 9.5 10.6 8.40 10,10 0.866  0.953
3.75 11.3 10.3 10.4 8.90 9.60 0.918  0.906
5.25 1.1 10.2 10.7 9.00 9.80 0,926 0,925
6.92 10.7 9.8 10.5 8.50 9.10 0.876  0.6858
8.36 10.6 9.6 10.5 8.60 9,80 0.867  0.925
10,58 10,7 9.5 10.8 8.40 10,00 0.866 0,943
ave 10.7 9.7 10.6
30 0.77 6.9 7.0 6.4 0.24 0.34 0.035 0,055
1.83 6.9 7.1 6.3 0.17 0.27 0,025 0.044
4,00 6.8 1.1 6.1 0.16 0.32 0.023 0,052
5.80 6.5 1.0 6.3 0.39 0.46 0.057 0.074
71.32 6.7 6.8 6.2 0.52 0.47 0.075  0.076
8.70 6.7 6.7 6.1 0.67 0.51 0.097  0.082
10,23 6.6 6.7 5.9 0.70 0.50 0.101  0.08¢
11,70 6.8 6.8 6.3 6.95 0.47 0.138  0.076
ave 6.7 6.9 6.2
3l 1.05 5.3 5.3 5.3 0.06 0.09 0.012 0.017
2.00 5.3 5.3 5.3 0.07 0.08 0.013  0.015
3.28 5.4 5.1 5.3 0.05 0.09 0.010  0.017
4,15 5.3 5.2 5.3 0.07 0.12 0.013  0.023
5.43 5.1 5.1 5.1 0.80 0.20 0.154 0,038
6.28 5.3 5.1 5.2 1.30 0.80 0.250 0,154
1.37 5.3 5.0 5.0 1.80 1.40 0.346  0.269
9,02 5.3 5.1 5.2 2,20 1.80 0.423 0,346
10.13 2.30 1.80 0.442 0,346
11.22 2.70 2.20 0.519  0.423
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FILTER RUN #1 TO 51 - MEASURED TURBIDITY VALUES

RUN TIKRE RAW JAIN /BIN /JAOUT /BOUT JA C/Co /B C/Co
(h) (NTU) {NTU) (NTU) (NTU) (NTV) (- (-)
32 1.03 4,7 4.1 4.1 3.10 .10 0.986  0.886
2.01 4.1 4,0 4.1 3.00 3.10 0.857  0.886
2.713 3.10 3.20 0.886 0.914
4,55 4.5 4.1 4.1 2.90 3.00 0.829  0.857
6.03 4.5 4,0 4.0 2.9 3.00 0.829  0.857
1.62 4,3 4.0 3.9 2,90 2.90 0.829  0.829
8.85 2.90 2,90 0.829  0.829
10.13 4,2 3.9 3.9 2.80 2.80 0.800 0.800
10,72 2.80 2.80 0.800 0.600
ave 4.5 3.5 3.5
KX} 0.63 5.6 4.5 4.5 0.28 0.3 0.062  0.069
1.97 5.7 4.5 4.7 0.17 0.17 0.038 0.038
3.22 5.5 4.6 4.5 0.14 6.15 0.031  0.033
4,58 5.3 0.17 0.14 0.038 0.03!
5.83 5.0 4.5 4.6 0.2! 0.18 0.047 0,040
8.08 0.19 0.20 0.042 0.044
9.40 4.6 0.19 0.21 0.042 0.047
10.58 4,6 4.3 4.2 0.22 0.18 0.049 0.040
ave 4.6 4.5 4.5
34 0.58 3.1 3.7 3.4 0.06 0.32 0.017 0.103
2.17 3.0 3.7 3.2 0.05 0.13 0.014  0.042
3.70 0.06 0.10 0.017 0.032
4,87 3.0 3.5 3.0 0.04 0.09 g.011  0.029
6.93 3.0 3.4 2.9 1.00 0.11 0.2718  0.035
7.93 1.00 0.13 0.218  0.042
9,38 1.50 0.15 0.417  0.048
ave 3.0 3.6 3.1
35 0.53 4.6 3.9 3.00 0.750
1.62 4.3 3.9 3.00 0.750
3.68 4.3 4.1 3.10 0.775
4,90 4.4 3.00 0.750
6.70 4,1 3.9 3.00 0.750
8.13 4.2 2.90 0.725
9.82 4,1 3.00 0.750
ave 4.3 4.0
36 1,12 5.0 4.6 2.60 0.578
2.80 6.2 4,9 2.50 0.556
4,72 4.6 2.20 0.489
5.83 4.6 4.3 2.20 0.489
1.72 4.6 4.0 2.10 0.467
9.10 2.00 0.444
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FILTER RUN §1 TO #51 - MEASURED TURBIDITY VALUES

RUN TINE RAW JAIN /BIN JAOQUT /B OUT JA C/Co /B C/Co
{h) (NTU)  (NTU) (NTU) (NTU) (NTU) (- {-)
kLY 0.83 9.4 8.2 0.09 0.012
2.00 10.9 1.9 0.09 0.012
3.82 11.9 1.4 . 0.020
5.23 8.6 1.2 1,20 0.162
71.80 1.8 7.0 2.50 0.338
9.83 8.0 6.8 3.20 0.432
ave 9.4 1.4
38 0.50 9.6 9.1 8.00 0.899
2.65 9.4 8.9 7.90 0.886
4,80 9.3 8.9 8.10 0.910
7.02 9.8 9,2 71.90 0.808
8.80 9.3 8.3 1.70 0.865
10,62 9.5 9.1 8.00 0.899
ave 9.5 8.9
39 1.30 9.1 9.3 8.3 8.30 1.40 0.943  0.914
2,67 8.8 8.9 8.3 . 1.10 0.932 0.877
4,98 8.5 8.6 1.8 8.10 7.10 0.920 0.877
10.77 8.6 8.3 8.1 1.50 6.80 0.852  0.840
ave 8.8 8.8 8.1
40 0.67 8.3 10,2 9.2 0.18 0.10 0.019 0.012
1.67 8.3 10.2 9.0 . 0.013 0.0l4
2.92 8.1 10.0 8.7 . 0.19 0.126  0.022
4,10 8.1 9.3 8.4 1.70 0.36 0.179  0.042
5.35 8.1 8.9 8.1 . 1.30 0.189  0.153
1.37 8.2 8.4 1.7 . 2.40 0.263 0.282
ave 8.2 9.5 8.5
4] 1.00 3.4 2.90 2.30 0.891 0.707
2.00 3.9 3.20 2.50 0.983  0.768
3.00 3.0 2.40 1.90 0.737  0.564
4.00 3.0 2.60 1.90 0.799  0.584
5.00 3.0 2.70 2.00 0.830  0.615
6.00 3.5 2.50 2.00 0.768  0.615
7.00 3.0 2.20 1.80 0.676  0.553
8.00 3.4 2.30 1.89 0.707  0.581
9.00 2.9 2.20 1.60 0.676  0.492
10.00 3.3 2.20 1,70 0.676  0.522
10.67 3.4 2.50 2,00 0.768  0.615
ave 3.3
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FILTER RUN #1 TO #51 - WEASURED TURBIDITY VALUES

RUN TINE RAW JAIN /BN /A OUT /B OUT /A C/Co /B C/C
(h) (NTU) (NTU) (NTV) {NTU) (NTU) (- (=)
42 1.00 8.0 0.95 1.29 0.121 0.164
2.00 8.0 0.94 1.25 0.119  0.159
3.00 1.9 0.89 1.1 0.113  0.141
4.00 1.7 1.08 1.09 0.137 0.138
5.00 1.9 1,08 1.09 0.137 0.138
6.00 1.9 0.89 0.91 0.113 0.116
7.00 1.7 0.70 0.58 0.089 0.112
8.00 8.0 0.60 0.99 0.076  0.126
9.00 1.6 0.58 1.25 0.074  0.1%9
10.00 1.9 0.66 7.50 0.084 0,952
11.00 8.0 1.00 10,00 0.127 1.210
11.47 1.9 2.10 10,60 0.267  1.346
ave 1.9
43 1.00 6.0 2.20 3.0 0.327  0.461
2.00 1.1 2.30 2,80 0.342  0.416
3.00 1.0 2.30 2,60 0.342  0.387
4,00 6.9 2.60 2,50 0.387 0.372
5.00 6.5 2.710 2.60 0.402 0.387
6.00 6.8 2.00 2.80 0.416  0.416
7,00 6.5 2.90 2.70 0.431  0.402
8.00 6.5 3.20 2.70 0.476  0.402
9,00 6.7 3.10 2.60 0.461  0.387
10.00 6.8 3.20 2.60 0.476  0.387
11.00 6.4 3.20 2.60 0.476  0.387
ave 6.7
44 1.00 6.7 [.71 2.60 0.25¢  0.382
2.00 1.0 1.75 2.50 0.257 0.367
3.00 1.0 1.78 2.40 0.261 0.352
4,00 6.8 2.00 2,30 0.294  0.338
5.00 6.6 2.20 2.40 0.323 0.352
6.00 6.9 2.60 2.40 . 0,382 0.352
7.00 6.7 2.20 2.40 0.323 0.352
8.00 6.8 2.40 3.00 0.352  0.441
8.70 6.9 2.90 3.70 0.426  0.543
10,00 6.7 3.20 - 3.80 0.470  0.558
ave 6.8
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FILTER RUN #1 TO #51 - HEASURED TURBIDITY VALUES

RUN TIME RAW JAIN /BIN JAOUT /B OUT /A C/Co /B C/Co
(h) (NTU) (NTU)  (NTD) (NTU) (NTU) (- (-
45 0.50 12.7 7.30 4.10 g.568 0,319
1.00 12.9 8.00 4,80 0.622  0.373
1.50 13.0 8.30 5.20 0.645 0,404
2.25 13.1 8.80 5.10 0.684  0.443
3.00 13.0 8.90 6.10 0.692 0.474
4,00 13.0 8.90 6.90 0.692 0,537
5.00 12.8 9.30 3.20 0.723  0.249
6.00 12.8 10.20 4,30 0,793  0.334
7.00 12,9 9.00 4.50 0.700  0.350
8,00 12,1 1.10 1.90 0.552  0.614
9.00 12.6 9,20 9.40 0.715  0.731
10,00 12.8 10.20 9.80 0.793  0.762
ave 12.9
46 0.50 16.0 8.10 4.80 0.534  0.316
1.00 15.5 8.30 5.30 0.547  0.349
2.00 16.0 8.30 5.80 0.547 0.382
3.00 16.0 8.50 6.10 0.560  0.402
4,00 16.0 8.50 6.70 0.560  0.441
5.00 16.0 8.40 6.90 0.553  0.454
6.00 15.5 9.80 6.00 0.646  0.395
7.00 15.0 9.60 6.20 0.632  0.408
8.00 14,5 9.40 6.40 0.619  0.422
9,00 13.5 9.50 6.80 0.626  0.448
10.00 13.0 9.20 1.30 0.606  0.48¢
ave 15.2
1 1.00 15.0 10.70 6.40 0,759  0.454
2.00 15.0 10.20 5.20 0.723  0.369
3.00 14.5 9.10 3.70 0.645 0.262
4,00 14.5 8.80 3.50 0.624 0.248
5.00 14,5 8.80 3.80 0.624  0.270
6.00 15.0 9.80 5.20 0.695 0.369
7.00 14.0 9.50 5.50 0.674  0.390
8.00 13.0 9.40 5.90 0.667  0.418
9.00 13.0 9.60 5.40 p.681  0.383
9,90 12.5 9,50 5.40 0.674  0.383

ave 14.1
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FILTER RUN #! TO 451 - HEASURED TURBIDITY VALUES

RUN TINE RAW /AIN  /BIN /AOUT /B OUT JA C/Co /B C/Co
{h) {NTU) (NTU) (NTU) (NTU) {NTU) {-) (-)
48 1.00 1.0 1.30 3.40 0.7119  0.335
2.00 1.0 6.90 4,00 0.680 0.394
3.00 10.5 5.40 4.40 0.532  0.433
4,00 10.5 3.50 4.70 0.345  0.463
5.00 10.0 3.70 5.00 0.365 0.493
6.38 10.90 4,20 5.10 6.414 0,502
7.00 10.0 4,20 5.70 0.414  0.562
8.00 9.5 6.30 5.40 0.621 0,532
9.00 9.5 6.10 5.50 0.601  0.542
10.00 9.5 5.90 5.50 0.581  0.542
ave 10.2
49 1.00 9.0 7.60 4,60 0.854  0.517
2.00 8.9 6.70 4,70 0.753  0.528
3.00 9.1 6.20 4,90 0.697  0.551
4,00 8.9 6.00 5.00 0.674 0,562
5.00 9.1 6.10 5.10 0.685 0,573
6.00 8.9 6.30 5.00 g.708 0,562
7.00 8.9 6.40 5.10 0.719 0,573
8.00 8.7 6.20 5.10 0.697 0.573
9.00 8.8 6.00 5.40 0.674  0.607
10.00 8.7 5.70 5.70 0.640  0.640
ave 8.9
50 to17 10.0 4,40 0.88 0.459  0.092
2.00 10.3 3.40 0.99 0.355 0.103
3.00 9.6 2.70 .14 0.282 0,119
4,00 9.6 2.50 1.56 0.261 0.163
5.10 9.8 1.98 2.20 0.206 0.229
6.05 9.4 1.76 2.30 0.184 0,240
7.00 9.3 1.36 2,30 0.142  0.240
8.00 9.4 1.24 3.00 0.129 0,313
9.00 8.9 1.24 3.00 0.129 0,313
ave 9.6
51 1.00 9.6 8.80 1.80 n.922 0.818
2.00 9.6 8.30 1.60 0.870 0,797
3.00 9.4 71.60 1.10 0.797 0,744
4,00 9.8 6.50 6.50 0.681  0.681
5.00 9.5 3.90 5.80 0.409  0.608
6.00 9.6 2,20 6.70 0.231 0.702
7.00 9.6 1,32 5.20 0.138  0.545
8.00 9.2 1.13 4,90 0.118  0.514
9.00 9.5 0.97 4.40 0.102  0.46]
10.00 9.6 4.30 0.451
ave 9.5
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APPENDIX CG: PARTICLE COUNTS DURING RUN 42A/B AND RUN 47A/B

mean feed 42A 428 42A 42B
size water out out left left
(um)  (#/mL)  (#/mL)  (#/mL) (%) (%)
1.71 11300 663 1296 5.9 11.5
2.02 79055 4769 8456 6.0 10.7
2.37 45735 3216 5510 7.0 12.0
2.79 90235 5822 10478 6.5 11.6
3.27 52425 4189 7820 8.0 14.9
3.85 44665 4197 8632 9.4 19.3
4,52 36430 3971 9224 10.9 25.3
5.31 26015 3223 8512 12.4 32.7
6.23 11935 1583 5922 13.3 49.6
7.33 2815 349 3390 12.4 120.4
8.61 1060 133 1908 12.5 180.0

total 401670 32114 71144

mean feed 47A 47B 47A 478
size water out out left left
(pm)  (#/mL)  (#/mL)  (#/mL) (%) (%)
1.71 36500 28460 9120 78.0 25.0
2.02 233560 176910 60470 75.7 25.9
2.37 133890 92130 29430 68.8 22.0
2.79 287350 198610 60760 69.1 21.1
3.27 146940 93000 27270 63.3 18.6
3.85 101830 58610 17830 57.6 17.5
4,52 55060 25860 9990 47.0 18.1
5.31 21580 8000 4900 37.1 22.7
6.23 8680 2220 2930 25.6 33.8
7.33 4110 710 1630 17.3 39.7
8.61 2630 470 1400 17.9 53.2

total 1032130 684980 225730

(Feed water samples taken before treatment chemicals were added)
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