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ABSTRACT

The flocculation of raw municipal wastewater using

ferric chloride and synthetic organic polyelectrolytes is

affected by both chemical and physical process variables.

The variables studied include flocculant types and dosages,

suspended solids concentrations, sequence of chemical addi-

tions, time of mixing, and mixing intensities.

Raw wastewater can be efficiently and economically

flocculated with a combined chemical system of ferric chlo-

ride and a polyelectrolyte. When used following ferric

chloride, anionic polymers were observed to perform better

than cationic or nonionic types at equivalent dosages. The

combined chemical system increases floc settling rates

above those observed when no chemicals are used or when

ferric chloride is used alone. Capital savings resulting

from increased floc settling rates can offset a large por-

tion of the chemical costs.

A bench scale modified jar test was developed to

provide greater sensitivity than conventional jar tests to

initial floc settling rates.

viii



CHAPTER 1

INTRODUCTION

A great deal of study has been devoted to under-

standing the mechanisms of colloidal destabilization and

flocculation using ferric chloride and synthetic organic

polyelectrolytes. However, attempts to integrate the avail-

able knowledge and make it applicable to routine practice

have been few. Since a host of variables, ranging from

chemical and physical to operator skills, affect a floccu-

lation process, synthesis of information for practical ap-

plication is important.

A philosophy for integrating the individual re-

sponses to process variables has been discussed by Shea

(1972) as the concept of a "response surface". Process re-

sponse to changes in a variable may exhibit peaks, valleys

and low or high plateaus. A peak or high plateau is associ-

ated with high process efficiency. Since a number of vari-

ables affect a process response simultaneously, a process

"response surface" of several dimensions exists. Changes

in one or more variables move the process response to an-

other point in the -surface. Operation of a process in a

high plateau region is not difficult because little change

1
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in process efficiency occurs for large changes in process

variables. Conversely, operation of a process at a steep

slope on a response surface is difficult and process effi-

ciency is unstable. The ramifications of moving from any

one point on a response surface to another can be analyzed

in terms of the trade-offs involved in several performance

parameters. Response surfaces relating process efficiency

and process variables at one scale can be related to those

at another scale. Therefore, laboratory scale results can

be correlated to full scale operations and used as a basis

for predicting full scale performance.

This study is concerned with the flocculation of

raw municipal wastewater with ferric chloride and synthetic

organic polyelectrolytes. One purpose of the study is to

investigate the effects of chemical and physical process

variables on flocculation. Chemical variables studied in-

clude flocculant types and dosages, and concentration of

suspended particles. Physical variables studied are se-

quence of chemical additions, mixing intensity, and time of

mixing. Since movement from one point on a response sur-

face to another affects treatment costs, a limited cost

optimization study is also included.

Another purpose of the study is to develop a bench

scale flocculation testing technique which is sensitive to
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process variations and can be correlated to full scale op-

eration. The technique developed is a modification to a

standard jar test which allows the floc settling rates to

be monitored beginning immediately after stirring is

stopped. The technique provides a large resolution between

settling rates observed for changes in process variables

and is simple enough for routine application.

The scope of this study is limited to bench scale

Investigations. Results are qualitative in that no corre-

lations to full scale operation have been made.



CHAPTER 2

LITERATURE REVIEW

Men have used flocculation processes for centuries

to clarify waters (Committee on Coagulation 1971). New

technology and increasing needs for water and wastewater

treatment have expanded the use of flocculation into many

types of treatment processes, including raw municipal

wastewater. Approximately 83% of the chemical oxygen de-

mand in raw domestic wastewater is attributable to material

which is colloidal or larger in size (Weber 1972). Removal

of the large material and a portion of the colloidal phase

in raw municipal wastewater can significantly reduce the

treatment recuire ents of subsecuent steps, whether they

are biological or physicochemical processes.

Flocculation 2.:echanisms 

Flocculation depends upon two distinct steps: (1)

particle destabilization to nermit attachment when particle

contact occurs, and (2) particle transport to effect inter-

particle contact. Particle destabilization is a colloid-

chemical process. Particle transport is physically

accomplished by fluid motion, Brownian motion and sedimen-

tation (Stumm and OeIja 19 68). The destabilization
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process is often called coagulation, while the particle

transport step is called flocculation. However, in this

study, flocculation will be used to refer to the combined

processes of particle destabilization and transport.

Most suspended solids in municipal wastewater have

a negative electric surface charge (Singley 1972). Bulk

electroneutrality of the solution is maintained by attrac-

tion of counter ions from solution to the particle surface.

This results in a diffuse electric double layer at particle

surfaces. An interaction energy exists between particles

of like charge, causing them to be repelled from each other

and to remain dispersed (Committee on Coagulation 1971).

The interaction of the colloidal surface with the solvent

also affects the stability of the dispersion. Such inter-

actions depend on the composition of the solid surface and

the type and concentration of the species in solution.

Solids which attract water are referred to as hydrophillic,

while those repelling water are called hydrophobic. Hydro-

phobic colloids are more dependent on particle charge for

stability, adsorb a variety of counter ions and are gener-

ally more easily flocculated. Hydrophillic colloids adsorb

counter ions to a lesser degree and are not as dependent

upon particle charge for stability (Matijevie and Allen

1969). Microorganisms, which are generally negatively

charged and hydrophillic, behave essentially the same at

other colloids (Tenney and Stumm 1965).
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Colloidal particles are not appreciably affected

by gravity and will not settle from a suspension within a

reasonable time unless agglomerated into larger floc par-

ticles. Particles must therefore be electrostatically or

chemically destabilized so that flocculation can occur.

The electrostatic theory of destabilization is based upon

the reduction of the particle surface charge so that par-

ticles can come close enough together for van der Waal's

forces of attraction to bind them. Particle charge reduc-

tion is accomplished by addition of counter ions to the

solution as described by the Schulze-Hardy rule. The chem-

ical theory is based on specific chemical reactions between

the flocculant and the colloid surface (Singley 1972).

Chemical reactions may involve adsorption to produce surface

charge neutralization or interparticle bridging (Weber

1972). Destabilization of a colloidal dispersion such as

wastewater occurs through a combination of electrostatic

and chemical processes.

The aqueous chemistry of ferric chloride is complex

and has been studied in detail by a number of investigators

including Stumm and Morgan (1962), Stumm and O'Melia (1968)

and the American Water Works Association Committee on Coag-

ulation (1971). The simple metal cation Fe+++ does not

exist in an aqueous solution; rather, it is present as lig-

ands with H20 or OH - when in concentrations less than the
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solubility limit of Fe(OH)3. In addition to the free aquo-

metal ion, several hydrolytic reactions take place at con-

centrations below the solubility limit of Fe(OH)3. The

distribution of the soluble species varies with pH as seen

in Figure 1. The solubility of Fe(OH)3 is so low, approxi-

mately 10 -1 0 moles/liter (5.6 x 10 -6 mg/1) at pH 7, that

dosages of ferric chloride normally used for flocculation

far exceed the solubility limit. As a result, the simple

soluble species do not contribute significantly to particle

destabilization (Weber 1972).

When dosages of ferric chloride are added to water

in excess of the solubility limit of Fe(OH)3, a continuous

transition in species occurs from the formation of free

aquo-metal ions until the ultimate formation of a ferric

hydroxide precipitate. During the transition, polynuclear

hydroxo•metal polymers are formed which are readily ad-

sorbed at particle-water interfaces (Stumm and O'Melia

1968). In the pH range below the isoelectric point of

ferric hydroxide, approximately pH 8, positively charged

polymers will prevail (Weber 1972).

Particle destabilization by hydrolyzed iron ions

cannot be completely described by either the electrostatic

or chemical mechanism. The hydrolysis products are adsorbed

more readily at particle surfaces than nonhydrolyzed metal

ions. Flocculation then occurs through surface charge



pH

Figure 1. Solubility Equilibria of Amorphous

8

Fe(OH) 3



suppression or bridging by the polymer intermediates, and

is dependent upon pH, applied metal ion concentration, and

surface area of the dispersed phase. Depending upon par-

ticle surface area and pH, variations in metal ion dosages

can cause formation of discrete settleable floc particles,

restabilization or sweep flocculation. Sweep flocculation

occurs when amorphous precipitates are formed that are ca-

pable of enmeshing colloidal particles and removing them as

settling occurs. At particle surface concentrations and pH

normally encountered in municipal wastewater, restabiliza-

tion after flocculation is not likely to occur even if

metal ion dosages are increased (Stumm and O'Nelia 1968).

A growing number of synthetic organic polymers

having a wide range of molecular weights and chemical com-

positions are available for use as flocculants in waste-

water treatment. The polymer chains may be linear or

branched to varying degrees. If monomeric units in a poly-

mer contain ionizable groups, the polymers are referred to

as polyelectrolytes. Polyelectrolytes with ionizable

groups yielding positive charges along the polymer backbone

are referred to as cationic, while the term anionic refers

to those yielding negatively charged backbones. Polymers

without ionizable groups are called nonionic (Weber 1972).
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Flocculation by polyelectrolytes has been described

by a chemical bridging theory, which proposes that a poly-

electrolyte can attach itself to the surface of a colloidal

particle at one or more adsorption sites with the remainder

of the molecule extending into the solution. The extended

end can then adsorb to vacant sites on another colloidal

particle (Stumm and O'Melia 1968). In many cases the poly-

electrolyte bonding to the colloid surface is quite specific

which affects its ability to function as a flocculant

(Weber 1972).

Stumm and O'Melia (1968) have presented the follow-

ing significant ramifications of the bridging model: (1)

optimum destabilization occurs when only a portion of the

available adsorption sites on the surface of the colloidal

particles are covered; (2) polymer dosages that saturate

the available surfaces of the dispersed phase produce a

restabilized colloid, because no sites are available for

the formation of polymer bridges; (3) under certain condi-

tions, a destabilized suspension can be restabilized by

extended agitation, due to the breaking of polymer surface

bonds and the folding back of the extended segments on the

surface of the primary particle; and (4) a direct relation-

ship exists between the available surface area in the col-

loidal system and the amount of polymer required to produce

optimum destabilization.
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The chemical composition, degree of ionization,

and concentrations of polyelectrolytes affect their perfor-

mance as flocculants. Cationic polymers can function alone

as flocculants of negatively charged particles (Cohen,

Rourke and Woodward 1958). Anionic polymers must generally

be preceded by a metal cation for flocculation of negative

particles; however, instances of flocculation by an anionic

polymer alone have been observed (Teot and Daniels 1969).

Slightly ionized polyelectrolytes tend to be coiled, while

increasing ionization extends the chain due to like charge

repulsion of ionized groups along the polymer backbone

(Michaels 195 )4 ). Extended chains may be more effective in

bridging between particles. The concentration of polyelec-

trolytes is particularly important since optimum floccula-

tion occurs over a small range of dosages and increasing

the dosage will restabilize the suspension rather than

cause sweep flocculation.

Several properties of the suspended particles and

suspending solution also affect flocculation by polyelectro-

lytes. A linear relationship has been observed between

the amounts of polyelectrolyte needed for flocculation and

the surface area of the dispersion (Tenney and Stumm 1965,

Tenney at al. 1969). Particle surface characteristics are

important and may involve chemical bonding with polyelec-

trolytes rather than electrostatic bonds (Tenney et al.
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1969). If biological particles are involved, the growth

phase affects flocculation with best results occurring in

the endogenous phase (Tenney and Stumm 1965). Dissolved

chemicals in the suspending solution can have an adverse

effect on flocculation, although the effects may differ

widely for various systems and types of polyelectrolytes

used (Pressman 1967, Cohen et al. 1958). The pH of the

solution influences the colloid surface charge density,

the extent of coiling of the polyelectrolyte, the degree of

ionization, and the charge density of polyelectrolytes

(Tenney et al. 1969). Any other parameter, such as temper-

ature, which affects chemical behavior can cause either

adverse or beneficial changes in the performance of a poly-

electrolyte as a flocculant.

Polymer adsorption to colloidal surfaces takes

place very rapidly. Consequently, the overall floccula-

tion rate is controlled by the kinetics of interparticle

collisions. Vigorous mixing or extended periods of mixing

can rupture polymer bridges, thereby breaking the floc and

increasing residual turbidities (Birkner and Morgan 1968,

Tenney and Stumm 1965).

Generalizations about polyelectrolyte behavior are

difficult because of the great variety of chemical and

physical parameters involved. Proper use may vary from

application to application and time to time. In summary,
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the flocculation process using polyelectrolytes is affected

by: (1) type and concentration of dissolved solids; (2)

type, concentration and surface activity of suspended sol-

ids; (3) type and concentration of chemical flocculant;

(4) mixing intensity and duration; (5) type and time of

settling; (6) pH; and (7) temperature (Shea 1972).

Ferric Chloride and Polymer Systems 

A number of laboratory analyses of flocculation with

ferric chloride and polyelectrolytes have been reported.

Such tests have been conducted on monodisperse synthetic

colloidal systems, natural surface waters, algal suspen-

sions, bacterial suspensions, viral suspensions and waste-

water after various stages of treatment. However, the

reported uses of this chemical treatment system for raw

wastewater in full scale plant operations are few. Three

reported applications will be briefly reviewed.

Bagot (1971) has reported experiences in the use of

ferric chloride and polyelectrolytes to improve primary

treatment in the San Francisco area. The plant tested is

designed for 65 MGD and consists of air flocculation and

plain sedimentation, followed by chlorination and discharge

to the bay. The design overflow rate of the sedimentation

tanks is 1280 gpd/sf. The objectives of the use of chem-

ical treatment were to significantly improve the plant

effluents at costs under $15 per million gallons without
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adversely affecting sludge treating facilities at another

location.

The San Francisco tests included a series of in-

vestigations using various cationic and anionic polyelec-

trolytes alone and in combination with each other. Dos-

ages were between 0.1 and 0.2 mg/1 for each polyelectro-

lyte, with a combined dosage ranging from 0.2 to 0.4 mg/l.

The polyelectrolytes failed to produce any significant

improvements in the plant effluents. Tests with ferric

chloride were also conducted and were found to be partially

dependent upon the amount of salt water infiltration into

sewers at high tides. Tests revealed that ferric chloride

dosages up to 100 mg/1 along with approximately 10% sea

water by volume produced a large amount of light floc which

did not settle completely. Small amounts of anionic poly-

mer added after flocculation with ferric chloride worked

effectively as a settling aid to remove the light floc pro-

duced by ferric chloride. Full scale plant tests were run

using 15-40 mg/1 ferric chloride, depending upon diurnal

variations, plus 10% sea water plus 0.4 mg/1 anionic poly-

mer. Compared to plant operation prior to chemical treat-

ment, suspended solids removal was improved by 42% and BUD

removal was improved by 27%. Full scale tests were also

conducted using only ferric chloride; however, a light floc

was produced which would not settle under plant flow

conditions.
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Bernardin and Kusnirak (1974) reported the use of

ferric chloride and a polymer, Calgon WT 3000, to treat

wastewater in a small municipal plant at Leetsdale, Pennsyl-

vania. The 0.6 MGD plant provides primary treatment con-

sisting of pre-aeration, settling and chlorine contact,

followed by discharge to a river. Sludges are anaerobically

digested. Ferric chloride was added in the pre-aeration

tank and the polymer was distributed across the overflow

weir discharging from the tank. Table 1 shows the BOD and

suspended solids removals achieved with chemical floccula-

tion. Chemical treatment caused pH depressions of 0.3 to

0.5 units and sludge volumes increased 2.5 times, which

reduced the detention time in the digester.

Larson et al. (1971) and Larson and Maulwurf (1974)

investigated the use of ferric chloride and polyelectro-

lytes in an overloaded primary portion of a trickling filter

plant at South St. Paul, Minnesota. The waste treated was

90% from meat packing houses and 10% municipal, with large

diurnal variations in composition. The plant, with a 10

MGD design flow, provided primary flocculation and clarifi-

cation, trickling filter treatment, final clarification,

and containment in an anaerobic pond with 5 days detention

prior to discharge into the Mississippi River. A number of

single and dual chemical systems were evaluated in both

laboratory and plant scale tests.



Table 1. Chemical Flocculation of Municipal
Wastewater at Leetsdale, Pennsylvania

16
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Conventional laboratory jar tests using a six-gang

variable speed mixer were used to qualitatively screen 24

chemicals, including ferric chloride, anionic, cationic and

nonionic polymers, Two cationic polymers were found to be

effective flocculants at economically prohibitive dosages of

about 20 mg/l. One anionic polyelectrolyte rapidly formed

a large dense floc at an optimum dosage of 4 mg/1, which

was economically feasible. The dosage of ferric chloride

was optimum at 100 mg/1, but flocculation was not rapid and

a voluminous floc was formed which settled poorly under dy-

namic conditions. Anionic polymers tested in a dual chem-

ical system with the ferric chloride revealed that two of

the anionic polymers worked well. Tests with the dual

system indicated that the ferric chloride should be added

ahead of the anionic polyelectrolyte by 5 to 10 minutes.

All workable systems were found to consistently flocculate

during diurnal changes in wastewater composition.

The single and dual chemical systems werc evaluated

in plant scale tests. A massive floc was formed	 :n the

anionic polymer Dow A-21 was used alone in dosage- 	 2 to

5 mg/1; however, the floc floated and had to be bI	 n up

and re-formed before it would settle. Effluent su E	 led

solids of the chemically treated wastewater were l3.

as compared to 208 mg/1 for the control test. Overall

single polyelectrolyte system did not function adequatel-,
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because of initial floc floatation and high effluent tur-

bidities. Differences in BCD's were small between the test

and control systems. Ferric chloride was tested alone at

dosages of 50 and 100 mg/l. A small voluminous floc was

formed which was carried through the tank without settling.

Two dual chemical systems using anionic polymers Dow A-23

or Nalco 675 with ferric chloride were tested and found to

be successful and approximately equal in improved removal

efficiencies. During the tests, effluent suspended solids

from the control tank were 200 to 252 mg/1 and the test

tank effluent had 96 to 132 mg/1 suspended solids. BOD in

the control tank effluent ranged from 680 to 830 mg/1 and

from 593 to 545 in the test tank effluent. Dosages applied

during the tests were 50 mg/1 of FeCl 3 plus 1.0 mg/1 of

anionic polymer from 8 AM to 10 PM and 30 mg/1 of FeC1 3

plus 0.75 mg/1 of anionic polymer from 10 PM to 8 AM.

Chemical treatment effects on the operation of the

remainder of the plant were also investigated. No detri-

mental effects on the biota of the trickling filters of the

anaerobic ponds were observed. Lower suspended solids and

BOD loadings applied to the filters and ponds resulted in

decreased removals in both units, but the percentages of

BOD and suspended solids removals remained essentially un-

changed in each unit. Overall phosphorous reduction for

the plant increased from 26% to 52%, while overall nitrogen
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reduction increased from 20% to 30%. The average chlorine

demand reduced from 14 mg/1 to 5.5 mg/l.

Significant improvements in suspended solids and

BOD removals were observed in effluents from the primary

treatment steps. However, subsequent biological treatment

attenuated the effects. Overall plant suspended solids

reduction was only improved from 92% for the control period

to 94.2% for chemical treatment. Similarly, overall BOD

reduction went from 94.5% to 96.4%. The practicality of

using chemical treatment of raw wastewater must, therefore,

be evaluated with consideration for subsequent treatment

processes.

Polyelectrolytes and ferric chloride have been

shown to be effective flocculants of a variety of types of

suspended solids. The dual chemical system is a viable

alternative for flocculation of raw municipal wastewaters.

However, benefits derived from their use must be evaluated

with respect to overall treatment system improvements.



CHAPTER 3

EXPERIMENTAL MATERIALS AND PROCEDURES

Flocculation studies were conducted on raw munici-

pal wastewater from the Tucson, Arizona, Roger Road Waste-

water Treatment Plant Number One. Grab samples were taken

during morning peak flow periods during the months of April

and May, 1973. The samples were gathered from the north

flume between the grit removal chamber and the primary sedi-

mentation tanks of Plant One. Approximately thirty minutes

of transportation time was required before testing began.

If long testing periods were required the raw wastewater

samples were refrigerated until used.

Reagent grade ferric chloride FeC13'6H20 was used

as the metallic flocculant. The stock solution was prepared

to yield 29 mg of FeCl3 per ml of solution. Six polyelec-

trolytes were used in the studies. Stock solutions were

prepared at concentrations of 0.5 or 1.0 mg/1 and each was

allowed to stand overnight before use. The polyelectrolytes

used and their properties are listed in Table 2.

Suspended solids analyses were done according to

the techniques in Standard Methods for the Examination of 

Water and Wastewater (1971). Turbidity measurements were

20
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taken with a Each Turbidimeter Model 2100A (S/N 918). For-

mazine standards were used for calibration of the turbidi-

meter, and turbidities were reported as formazine turbidity

units (FTU).

A large number of flocculation testing techniques

are currently in use for evaluation of various treatment

operations (TeKippe and Ham 1970). In order to attain the

objectives of this study, three types of evaluation tech-

niques were considered: filterability tests, column set-

tling tests, and standard or modified jar tests.

A filterability test was run on the supernatant of

samples flocculated in 500 ml beakers with a six-paddle

variable speed stirrer. 1 Chemical flocculants used were

ferric chloride at a dosage of 29 mg/1 and Magnifloc 836-A

at dosages from 0 to 1.5 mg/l. The filterability test con-

sisted of measuring the time to pass a measured volume of

the supernatant through a 0.45 micron filter under a con-

stant vacuum pressure of 12 psi. The measured filtration

rates were erratic and could not be correlated with the

visually observed settling rates or suspended solids re-

movals of the samples in the beakers. Consequently, this

technique was not considered to be applicable for evaluating

the flocculation system under study.

1. Manufactured by Phipps and Bird, Richmond,

Virginia.



2 3

A settling column test often used to evaluate sus-

pended solids removal in a primary settling basin was at-

tempted (Metcalf and Eddy 1972). The settling column used

was a plexiglass tube 6 inches in diameter and 8 feet high,

with sampling ports at regular intervals. Several samples

of raw wastewater flocculated with 29 mg/1 of FeC1 3 and 0.75

mg/1 Magnifloc 836-A were poured into the column using a

variety of techniques to reduce the entrance turbulence.

In each case, the floc captured air and rose in the column

instead of settling. Mixing required for chemical floccu-

lation could not be practically accomplished within the

tube, so the technique was abandoned.

Conventional jar tests were performed using a six-

paddle variable speed stirrer and one-liter beakers. Ferric

chloride and polyelectrolytes were injected in measured

amounts with syringes below the surface of the stirred

wastewater samples. Each flocculation system was evaluated

by measuring residual turbidities after rapid mix, slow mix

and quiescent settling periods. After stirring was stopped,

supernatant turbidities were measured at regular time in-

tervals to determine the rate of floc settlement.

Problems developed with the use of conventional jar

apparatus and turbidity measurements for evaluation of ini-

tial sedimentation rates. If samples were collected imme-

diately after stirring stopped, large floc particles were



24

ruptured by the sampling process and false turbidity values

resulted. Also, these initial samples contained floc par-

ticles which settled rapidly to the bottom of the turbidity

cell and blocked the light path of the turbidimeter. In

addition, it was found that the time required to transfer

samples from the beaker to the turbidimeter made it impos-

sible to study the initial floc settling rates. Since ini-

tial floc settling rates were considered to be of major

importance in evaluating the ferric chloride and polyelec-

trolyte flocculation systems, modifications to the conven-

tional jar test were necessary.

A method for measuring floc settling rates was used

which allowed immediate observation of undisturbed settling

floc in the vessel used for mixing. The technique consisted

of mixing a sample in a glass container located within a

spectrophotometer. After mixing was stopped and the paddle

was removed, absorbance readings were recorded at regular

time intervals. This allowed the very rapid initial set-

tling rates to be accurately monitored. This technique

was extremely sensitive and differences in flocculating

systems could be observed which were undetected by the con-

ventional jar test and filterability methods. Figure 2

shows the results of a settling rate test using turbidity

measurements on portions of a one-liter sample mixed with a

six-paddle variable speed stirrer. Figure 3 shows results
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Figure 2. Floc Settlement Measured from Standard Jar
Tests Using Turbidity Values

Raw wastewater S.S. = 240 mg/1, 29 mg/1 FeC13 mixed 2 min-
utes at 100 rpm, Magnifloc 836-A mixed 1 minute at 100 rpm

(1) Raw wastewater
(2) 0.2 mg/1 836-A
(3) 1.0 mg/1	 836-A
(4) 4.0 mg/1 836-A
(5) FeC13
(6) FeC13	 0.2 mg/1 836-A
(7) FeC13	 1.0 mg/1 836-A

25
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Time of Settling (Minutes)

Figure 3. Floc Settlement Measured from Modified
Jar Tests Using Absorbance Values

Raw wastewater S.S. = 240 mg/1, 29 mg/1 FeC13 mixed 2 min-
utes at 150 rpm, Magnifloc 836-A mixed 1 minute at 150 rpm

(1) Raw wastewater
(2) 0.2 mg/1 836-A
(3) 1.0 mg/1 836-A
(4) 4.0 mg/1 836-A
(5) FeC13
(6) FeC13	 0.2 mg/1 836-A

	(7) FeC13	 1.0 mg/1 836-A

0
0
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of the same system utilizing the improved techniques which

resulted in greater resolution of the initial floc settling

rates. Others have used absorbance measurements in labora-

tory scale tests to study flocculation (Teot and Daniels

1969, Tenney et al. 1969). While the modified jar technique

does not model a full scale plant, it can be related to

plant operations through full scale or large pilot studies.

A Beckman Spectrophotometer, Model B (S/N 224298)

with a blue sensitive tube (catalog number 12055) was used.

The absorbances of a turbid raw wastewater sample and a

relatively clear supernatant sample were measured at light

wavelengths varying from 400 to 700 millimicrons. The max-

imum difference in absorbance of the two samples occurred

at a wavelength of 600 millimicrons, which was then used

throughout all of the flocculation tests. A tapwater blank

was used to zero the spectrophotometer.

The container in which the flocculation tests were

conducted was 2.6 inches square with chamfered corners, 3.8

inches deep and had a wall thickness of 0.12 inch. The con-

tainer was placed in the area normally holding samples

within the spectrophotometer.

A variable speed motor, calibrated with a strobe

light, was used to mix samples within the glass container

positioned in the light path of the spectrophotometer. The

flat paddle used for mixing was 0.75 inch by 1.75 inches,
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and was mounted on a 0.25 inch diameter shaft. After stir-

ring stopped, the paddle was left in place for 5 seconds

to reduce the swirls and was then removed.

Absorbance readings were taken at approximately

equal time intervals. Large floc particles caused frequent

erratic pulses of the meter needle as they passed through

the light path; however, average readings could be obtained.

No chart recorder was available to solve this problem.

Because of the difficulty in obtaining average values, re-

producibility of the technique was frequently checked.

Figure 4 illustrates the reproducibility of the technique.

In the following discussions, the procedure utiliz-

ing the modified flocculation test cell positioned in the

Beckman Spectrophotometer is referred to as the "settling

rate test". It should be pointed out that this modified

flocculation test apparatus is not meant to replace the

conventional jar test equipment. The modified apparatus

enables initial floc settling rates to be monitored; the

conventional jar test does not.
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Figure 4 • Reproducibility of Modified Jar Tests

(1), (1-A) Duplicate tests. Raw wastewater S.S. =
185 mg/1, 29 mg/1 FeC13 mixed 2 minutes
at 150 rpm, 0.2 mg/1 Magnifloc 836-A
mixed 1 minute at 200 rpm

(2), (2-A) Duplicate tests. Raw wastewater S.S. =
170 mg/1, 29 mg/1 FeC13 mixed 2 minutes
at 150 rpm, 1.0 mg/1 Magnifloc 836-A
mixed 30 seconds at 150 rpm



CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSION

Flocculation of raw municipal wastewater with fer-

ric chloride and organic polyelectrolytes was studied using

bench scale testing techniques. The variables studied were

chemical types and dosages, suspended solids concentrations,

sequence of chemical addition, mixing times and mixing

speeds. Both single and dual chemical systems were studied.

Single Flocculant Systems 

Polyelectrolytes

The ability of six polyelectrolytes to flocculate

raw wastewater was investigated with flocculant dosages

ranging from 0 to 15 mg/l. Conventional jar tests were

used to screen the selected polymers. Supernatant turbid-

ities of flocculated raw wastewater are shown in Figure 5

for the various polyelectrolyte dosages and types. Of the

six polyelectrolytes tested, only the cationic Calgon C-2256

was an effective flocculant within the dosage ranges stud-

ied. When added to raw wastewater, all six polymers did

form large settleable floc particles. However, except in

the case of Calgon C-2256, the extent of flocculation was

limited and the residual turbidities were no different

30
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Figure 5.	 Flocculation with Cationic, Nonionic,
and Anionic Polymers Using Standard Jar Tests

(1) Cationic: Magnifloc 560-C
(2) Cationic: Calgon C-2256
(3) Nonionic: Magnifloc 905-N
(4) Nonionic: Calgon C-2300
(5) Anionic: Magnifloc 836-A
(6) Anionic: Calgon C-2425
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from those of the raw wastewater control sample containing

no polymer.

Several important flocculation characteristics of

the polyelectrolytes are illustrated by the results presen-

ted in Figure 5. The selectivity of polyelectrolytes as

flocculants is shown in that only one cationic polymer was

an effective flocculant. The other cationic, nonionic and

anionic polymers showed no evidence of effective floccula-

tion over the dosage range tested. The sensitivity of the

system to flocculant dosage was also shown with the Calgon

C-2256 test. Flocculation steadily improved with increased

dosages until a level of approximately 12 mg/1 was reached,

after which the suspension began to restabilize. Optimum

flocculation occurs over a very narrow dosage range and

increased dosages do not result in sweep flocculation as

experienced with inorganic metal flocculants.

Plant scale use of Calgon C-2256 at dosages in the

range of 12 mg/I would be economically prohibitive. Cur-

rent costs of this po1yelectrolyte range from $2.00 to $2.60

per pound (Hauck 1975). Full scale tests using polyelec-

trolytes to flocculate wastewater have also shown the costs

to be excessively high (Larson et al. 1971). As a result,

polyelectrolytes are often used in conjunction with an in-

organic metal flocculant to reduce overall chemical costs.
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Ferric chloride was chosen for the metal flocculant in

this study.

Ferric Chloride

The results of conventional jar tests using ferric

chloride alone in a dosage range of 0 to 435 mg/1 are shown

in Figure 6. The ferric chloride formed smaller, slower-

settling flocs than those formed with polyelectrolytes. As

the dosage of ferric chloride increased, the sludge volume

increased greatly and sweep flocculation occurred. Blanket

type settling existed with a definite interface visible

between the sludge blanket and the supernatant. At higher

dosages, compression within the sludge blanket occurred and

reduced the settling rate. Several one-liter samples were

allowed to stand for 1.5 hours, after which sludge volumes

in the bottom of the containers ranged from 19 ml to 64 ml

for ferric chloride dosages ranging from 44 mg/1 to 435 mg/l.

Ferric chloride is an effective flocculant for raw

wastewater and has the desirable property of producing

nearly optimum results over a wide dosage range. Dosages

that produce significant removals of suspended solids are

expensive. Disposal of the much greater volumes of sludge

produced by the metallic coagulants would also add a sig-

nificant cost.
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Figure 6. Flocculation with Ferric Chloride Using
Standard Jar Tests
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Dual Flocculant Systems 

Polyelectrolyte and Ferric Chloride Dosages

Settling rate tests were conducted with ferric

chloride and two cationic polymers. Results in Figure 7

illustrate that polyelectrolytes which do not alone floccu-

late raw wastewater may work well as aids to increase the

effectiveness of flocculation by ferric chloride. Selec-

tivity of polyelectrolyte action remains important in the

dual systems. This is illustrated by the fact that Magni-

floc 560-C performed better in the dual system, even though

Calgon C-2256 performed relatively better when used alone

in previous tests. Low dosages of both cationic polymers

actually decreased the rate of settling to less than that

observed in a system utilizing the same ferric chloride

concentration and no polymer. As the polyelectrolyte dos-

age was increased, the rate of settling increased with no

evidence of restabilization occurring within the range of

polymer dosages investigated.

The settling rate test was also employed for evalu-

ation of two nonionic and two anionic polymers; results are

shown in Figures 8 and 9. The nonionic and anionic polymers

performed in much the same way as the cationic polymers.

Both types improved the flocculation efficiency of the

ferric chloride, exhibited selectivity, and resulted in
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Figure 7.	 Flocculation with Ferric Chloride and
Cationic Polymers

Raw wastewater S.S. = 185 mg/1, 29 mg/1 FeC13 mixed 2 min-
utes at 150 rpm, polyelectrolytes mixed 30 seconds at 150
rpm

(1) Raw wastewater
(2) FeC13
(3) FeC13 + 0.2 mg/1 Calgon C-2256
(4)FeC13 + 1.0 mg/1 Calgon C-2256
(5) FeC13 + 4.0 mg/1 Calgon C-2256
(6) FeC13 + 0.2 mg/1 Magnifloc 560-C
(7) FeC13 + 1.0 mg/1 Magnifloc 560-C
(8)FeC13 + 4.0 mg/1 Magnifloc 560-0
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Figure 8.	 Flocculation with Ferric Chloride and
Nonionic Polymers

Raw wastewater S.S. = 185 mg/1, 29 mg/1 FeC13 mixed 2 min-
utes
rpm

at 150 rpm, polyelectrolytes mixed 30 seconds at 150

(1) Raw wastewater
(2) FeC13
(3) FeC13 + 0.2 mg/1 Calgon C-2300
(4) FeC13 + 1.0 mg/1 Calgon C-2300
(5) FeC13 4- 0.2 mg/1 Magnifloc 905-N
(6) FeC13 + 1.0 mg/1 Magnifloc 905-N
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Figure 9. Flocculation with Ferric Chloride and
Anionic Polymers

Raw wastewater S.S. = 185 mg/1, 29 mg/1 FeC13 mixed 2 min-
utes at 150 rpm, polyelectrolytes mixed 30 seconds at 150
rpm

(1) Raw wastewater
(2) FeC13
(3) FeC13 -4- 0.2 mg/1 Calgon C-2425
(4)FeC13 4. 1.0 mg/1 Calgon C-2425
(5) FeC13 0.2 mg/1 Magnifloc 836-A
(6)FeC13 4. 1.0 mg/1 Magnifloc 836-A

38
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increased settling rates with increased polymer dosages.

However, the settling rates observed for the nonionic and

anionic polymers at a dosage of 1 mg/1 equalled or exceeded

those observed for the cationic polymers at a dosage of

4 mg/l.

Initial floc settling rates were determined by mea-

suring the change in absorbance with time. This is simply

the initial slope of the curves in the absorbance versus

time graphs. Figure 10 shows the initial floc settling

rates when flocculation was accomplished with ferric chlor-

ide and the six polyelectrolytes being investigated. Both

anionic and one nonionic polymer produced high initial set-

tling rates at low dosages. The other nonionic and both

cationic polymers produced relatively low rates of settling,

which did not approach the rates for the anionic polymers

until the dosage was increased to approximately four times

that of the anionic polymer.

Since flocculation processes are dynamic, the rate

at which a floc particle settles is very important both in

terms of quality and costs of treatment. A rapidly set-

tling floc permits the use of smaller clarifiers or an in-

crease in the hydraulic loading of existing clarifiers.

This reduces capital costs for new structures and extends

the useful life of existing facilities. Figure 10 illus-

trates that a desired rate of settling may be achieved by
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Figure 10.	 Effects of Polyelectrolyte Dosages on
Initial Floc Settling Rates

Raw wastewater S.S.	 = 185 mg/1,	 29 mg/1 FeC13 mixed 2 min-
utes
rpm

at 150 rpm, polyelectrolytes mixed 30 seconds at 150

(1) Cationic:	 Calgon C-2256
(2) Cationic: Magnifloc 560-C
(3) Nonionic:	 Calgon C-2300
(4) Nonionic: Magnifloc 905-N
(5) Anionic:	 Calgon C-2425
(6) Anionic:	 Magnifloc 836-A

40



use of any one of several different types of polyelectro-

lytes. However, the anionic polymers were superior to the

other types when polymer dosages are the basis for

comparison.

Figure 11 shows results of settling rate tests

using only ferric chloride at dosages of 0 to 87 mg/l.

Large increases in the ferric chloride dosages resulted in

slight improvements in the rate of settling. The test was

repeated at the same ferric chloride dosages with the addi-

tion of 0.2 and 1.0 mg/1 of anionic Magnifloc 836-A. Re-

sults of these experiments are shown in Figures 12 and 13.

Dosages of 0.2 or 1.0 mg/1 of Magnifloc 836-A with-

out ferric chloride had almost negligible effect on the

floc settling rates. However, when ferric chloride was

added before the polymer, the settling rates increased.and

continued to improve with increases in the ferric chloride

and polymer dosages. The results illustrate that a dual

flocculant system consisting of a metallic cation and poly-

electrolyte is capable of effectively flocculating raw

wastewater at low chemical dosages.

The data from Figures 11, 12 and 13 are used in

Figure 14 to illustrate the effect of both polymer and fer-

ric chloride dosages on initial floc settling rates. The

ferric chloride by itself showed steady improvements in

floc settling rates with increased dosages. Addition of
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Figure 11. Flocculation with Variable Ferric

Chloride Dosages

Raw wastewater S.S. = 170 mg/1, FeC13 mixed 2 minutes at

150 rpm

(1) Raw wastewater
(2) 6 mg/1 FeC13
(3) 15 mg/1 FeC13
(4) 29 mg/1 FeC13
(5) 58 mg/1 FeC13
(6) 87 mg/1 FeC13
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Figure 12. Flocculation with Variable Ferric
Chloride Dosages and 0.2 mg/1 Magnifloc 836-A

Raw wastewater S.S. = 170 mg/1, FeC13 mixed 2 minutes at 150
rpm, 0.2 mg/1 Magnifloc 836-A mixed 30 seconds at 150 rpm

(1) Raw wastewater
(2) 836-A
(3) 6 mg/1 FeCli + 836-A
(4) 15 mg/1 FeC13 + 836-A
(5) 29 mg/1 FeC13 + 836-A
(6) 58 mg/1 Fe013 + 836-A
(7) 87 mg/1 FeC13 + 836-A
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Figure 13. Flocculation with Variable Ferric
Chloride Dosages and 1.0 mg/1 Magnifloc 836-A

Raw wastewater S.S. = 170 mg/1, FeC1	 mixed 2 minutes at 150

rpm, 1.0 mg/1 Magnifloc 836-A mixed 30 seconds at 150 rpm

(1) Raw wastewater
(2) 836-A
(3) 6 mg/1 FeC13 + 836-A
(4)15 mg/1 FeC13 + 836-A
(5) 29 mg/1 Fe013 + 836-A
(6) 58 mg/1 Fe013 + 836-A
(7) 87 mg/1 FeC13 + 836-A
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Figure 14. Effects of Ferric Chloride and Magni-
floc 836-A Dosages on Initial Floc Settling Rates

(1) No polymer
(2) 0.2 mg/1 Magnifloc 836-A
(3) 1.0 mg/1 Magnifloc 836-A
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the polymer significantly increased initial rates of floc

settling. In the dual system, an optimum ferric chloride

dosage appears to exist near 30 mg/l. Above this dosage,

settling rates do not improve significantly even with the

addition of large amounts of ferric chloride.

Suspended Solids Concentration

The effects of variations in suspended solids on

polymer aided ferric chloride flocculation were determined

by running tests on a holiday when the suspended solids

were well below normal, i.e., 76 mg/1 versus the normal

170-185 mg/l. Results are shown in Figure 15. The rela-

tive settling rates for the various chemicals used on the

low suspended solids sample were comparable to those ob-

served for normal days. This indicates that the system is

not upset by variations in suspended solids within the range

expected in municipal wastewater. If flocculant dosages

are held constant during a change in wastewater composi-

tion, the suspended solids remaining after flocculation

will be in proportion to the suspended solids concentration

of the influent.

Chemical Addition Sequences

In addition to the chemical parameters discussed in

the preceding paragraphs, several physical parameters affect

the flocculation process. The influence of sequence of
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Figure 15. Effects of Low Suspended Solids on

Flocculation

Raw wastewater S.S. = 76 mg/1, 29 mg/1 ferric chloride
mixed 2 minutes at 150 rpm, polyelectrolYte mixed 1 minute

at 150 rpm

(1) Raw wastewater
(2) FeC13
(3) FeC13 +	 1.0 mg/1 Magnifloc 560-C

(4)FeC13 +	 1.0 mg/1 Magnifloc 836-A
(5) FeC13 + 1.0 mg/1 Magnifloc 905-N
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chemical addition, mixing speeds and time of mixing were

studied. Other physical parameters such as basin size,

paddle size and rapid mixer dimensions have an effect on the

flocculation process but were not investigated in this

study.

The effects of various sequences of chemical addi-

tions upon floc settling rates are shown in Figure 16. The

results show that the ferric chloride must be added before

the polyelectrolyte in order for the best flocculation and

fastest settling rates to occur. A minimum time period be-

tween the addition of the ferric chloride and the polyelec-

trolyte is required so that precipitation of the iron occurs

before aggregation is begun by the polyelectrolyte. This

experimental observation is in agreement with the floccula-

tion model proposed for such dual systems whereby the metal

salt destabilizes the particles and the polymer molecules

promote the aggregation of the small floc particles into

large, rapidly settling floc particles.

Ferric Chloride Mixing Time

The effects upon floc settling rates of ferric

chloride mixing times prior to addition of a polyelectro-

lyte are illustrated in Figure 17. Increasing the time

that the ferric chloride was mixed prior to the addition of

the polyelectrolyte caused some increases in the rate of
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Figure 16. Effects of Sequence of Chemical Addi-
tion on Flocculation

Raw wastewater S.S. = 160 mg/1, 29 mg/1 FeC13, 0.2 mg/1
Magnifloc 836—A, mixing speed 150 rpm

(1)

(2)

FeC13,
836-A,
FeC1 ,R,
836—A,

mixed
mixed
mixed
mixed

0.5 minute +
1.5 minutes
2 minutes +
0.5 minute

(3) FeC1 ,R and 836-A simultaneously,
mixed 2 minutes

(4) 836-A, mixed 1 minute +
FeCl3, mixed 1 minute

49



-4r-

5

5 0

Figure 17. Effects of Mixing Time of Ferric
Chloride on Flocculation

Raw wastewater S.S. = 170 mg/1, 29 mg/1 FeC13 mixed at 150
rpm, 0.2 mg/1 Magnifloc 836-A mixed 1 minute at 150 rpm

(1) 1 minute
(2) 2 minutes
(3) 1 minutes
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floc settling. The results illustrate the need to allow

adequate time for iron precipitation before polyelectrolyte

addition. There was no evidence that the increased mixing

times caused the iron-polymer floc particles to rupture.

Polyelectrolyte Mixing Time

The effects of polyelectrolyte mixing times, after

a two-minute ferric chloride mixing period, on the floc

settling rates are shown in Figure 18. The effects of the

polyelectrolyte mixing period depend on the polyelectrolyte

dosage. At 0.2 mg/1 of Magnifloc 836-A, polyelectrolyte

mixing periods between 15 and 60 seconds did not appreciably

affect the settling rate; increases from 6 0 to 240 seconds

sheared floc particles and resulted in decreased settling

rates. At 1.0 mg/1 of Magnifloc 836-A, settling rates in-

creased with increasing polymer mixing periods up to 30

seconds; further increases in the mixing period up to 240

seconds only slightly affected floc settling rates. Floc

particles formed when 1.0 mg/1 of polyelectrolYte is used

are stronger and more resistant to hydrodynamic shear dur-

ing longer periods of mixing than are the flocs formed when

0.2 mg/1 of polyelectrolyte is used. These results indicate

that an optimum polymer mixing time exists after which

extended mixing may rupture the floc and decrease the floc

settling rate.



52

\
\ ` \
\ \ \\\ \ \

c.)	 \\\\ \ \
a)
Z
cd	 \\\ \ \

•

F-f	 N\\ \ \0W	 ( I)	 N \
..5)4

•

NN- ..,,,,,...,NN__.\ -17_7 ift54 ))------

(4)

..--:-"--g-•)----._ _AD— _,---,-- -- --	 —

.1

0
	

2	 3 	14 5
Time of Settling (Minutes)

Figure 18. Effects of Mixing Time of Magnifloc
836-A on Flocculation

Raw wastewater S.S. = 170 mg/1, 29 mg/1 FeC1 mixed 2 min-
utes at 150 rpm, Magnifloc 836-A mixed at 150 rpm (dashed
line 0.2 mg/1 836-A, solid line 1.0 mg/1 836-A)

(1) 0.25 minute
(2) 0.5 minute
(3) 1	 minute
(4) 2	 minutes
(5) 4	 minutes

0
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Ferric Chloride Mixing Speed

The effects of ferric chloride mixing speeds are

shown in Figure 19 for a dual chemical system. Floc set-

tling rates were not affected by mixing speeds ranging from

100 to 350 rpm. Also, there was no evidence of hydro-

dynamic shear occurring in the small floc particles formed

after the addition of ferric chloride.

Polyelectrolyte Mixing Speed

The effects of mixing speeds after polyelectrolyte

addition are shown in Figure 20 for dual chemical systems

at two polymer dosages. It can be seen that settling rates

increase with increases in mixing speeds from 30 to 200 rpm.

Low speeds probably do not produce enough particle con-

tacts or collisions to allow efficient aggregation of the

particles. Additional increases in mixing speeds to 350

rpm caused some floc breakup in the system containing 0.2

mg/1 of anionic polymer. However, the sample with 1.0 mg/1

of anionic polymer showed no evidence of floc rupture and

no significant changes in settling rates over the range of

speeds from 200 to 350 rpm. This lack of floc rupture indi-

cates that the strength of the floc in the 1.0 mg/1 poly-

electrolyte system was greater than that of the 0.2 mg/1

system. The dual chemical system flocculated satisfacto-

rily over a wide range of relatively high speeds.
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Figure 19. Effects of Ferric Chloride Mixing Speeds

on Flocculation

Raw wastewater S.S. = 160 mg/1, 29 mg/1 FeC1 3 mixed 1.5 min-

utes, 0.2 mg/1 Magnifloc 836-A mixed 0.5 minute

(1) 100 rpm
(2) 250 rpm
(3) 350 rpm
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Figure 20. Effects of Polymer Mixing Speeds on

Flocculation

Raw wastewater S.S. = 185 
mg/1, 29 mg/I FeC13 mixed 2 min-

utes at 150 rpm, Magnifloc 836-A mixed 1 minute (dashed line

0.2 mg/1 836-A, solid line 1.0 mg/1 836-A)

(1) 30 rpm
(2) 50 rpm
(3), (6) 75 rpm
(4), (7) 200 rpm
(5), (8) 350 rpm
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CHAPTER 5

COST OPTIMIZATION

Capital and operational costs must be considered

when optimizing the costs of a chemical flocculation system.

Each consideration must be made in view of existing cir-

cumstances such as wastewater characteristics, treatment

required, types and conditions of existing facilities,

available capital, projected population growth, and operator

abilities. Existing conditions and long range objectives

will control the decision to provide a temporary solution,

expand existing facilities, or build new facilities. In

order to make a sound technical decision, cost effective-

ness of various capital and operational solutions must be

evaluated. In addition to alternatives which appear to

provide one-time solutions, other alternatives which in-

clude phased programs of temporary or partial solutions

should also be considered.

Capital costs are a major consideration in a 
cost

effectiveness study. Land must be available or 
purchased

for an expansion or new facility. A building site, 
inclu-

ding grading and access, must be made 
suitable for the in-

tended use. Flocculation and sedimentation 
tanks must be

56
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constructed or remodeled, including piping to and from the

unit. Necessary mechanical equipment must be installed, in-

cluding such items as rapid mixers, flocculators, sludge

rakes and chemical mixers and feeders. Power must be sup-

plied to the equipment and possible requirements for stand-

by power should be investigated. Housing needs for chemical

storage, controls and personnel must be determined. Also,

if financing of any capital item is required, the interest

costs should in included.

Operational and maintenance costs are equally im-

portant considerations. Chemical costs are a major item

and include such other considerations as transportation and

special handling costs due to method of shipment or chemical

corrosiveness. The methods and costs for disposal of

sludges must be considered. Personnel costs, including

control, monitoring, sampling, reports and clean-up must be

accounted for. Power consumption and preventive mainte-

nance on machinery must also be included. Since operational

and maintenance items are continually required and gener-

ally increase in cost with time, every effort 
should be made

to provide a simple system which can be economically

operated.

Capital and operational costs must be evaluated 
for

a specific case. In this study, there is 
no way to fix

costs to most items for a 
complete cost effectiveness study.
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Also, the lack of correlation between the bench scale tests

and full scale operation does not allow the full scale re-

quirements to be accurately evaluated. The bench scale

tests did, however, distinguish between floc settling rates

at various chemical dosages. An assumed correlation between

the observed bench scale settling rates and full scale sedi-

mentation tank overflow rates was made in order to provide

an illustration of a cost analysis.

Ferric chloride costs of $0.05 per pound were pro-

vided by the Pennwalt Corporation for the liquid form in

concentrations of 39% to 45% FeC1 3 (Fardette 1975). Liquid

ferric chloride costs are based upon weight of the ferric

chloride only, since solution concentrations vary through-

out the year. The Calgon Corporation supplied a cost range

of $2.00 to $1.40 per pound for anionic C-2425 (Hauck 1975).

An average price of $1.50 per pound for polyelectrolyte

was used for this study. Estimates of capital and opera-

tional and maintenance costs were from the Environmental

Protection Agency Process Design Manual for Suspended Solids 

Removal (Hazen and Sawyer Engineers 1975).

In order to illustrate a limited cost analysis,

overflow rates from 600 to 2,400 gpd/sf were assumed to be

equivalent to initial settling rates shown in Figure 14.

That is, an overflow rate of 600 gpd/sf was assumed to be

equivalent to the initial settling rate of 0.03 minute-1
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observed for raw wastewater. The overflow rate of 2,400

gpd/sf was assumed equal to an initial settling rate of

0.63 minute -1 , and overflow rates between these values were

assumed to be in linear correlation to the initial settling

rates. The overflow rates ranging from 600 to 2,400 gpd/sf

were selected to represent a wide range of overflow rates

which could be used in full scale operation. The initial

floc settling rates ranging from 0.03 to 0.63 minute -1 cover

the full range of rates observed in the bench scale tests.

Equating the two rates was done arbitrarily in this study;

correlation of the initial floc settling rates to actual

full scale overflow rates is an area that requires more

study. A uniform flow rate of 5 MGD was assumed, and the

operation and maintenance costs, exclusive of chemical

costs, were considered to be constant. An equipment re-

placement period of 20 years and an interest rate of 7%

were used to amortize capital costs.

Since more than one combination of ferric chloride

and polyelectrolyte dosages can result in the same floc

settling rate, the total costs using alternate chemical

dosages were evaluated as functions of sedimentation tank

overflow rates. The capital costs evaluated are for the

chemical feed equipment, flash mixers, and sedimentation

tanks needed to handle a flow of 5 MGD at the assumed sedi-

mentation tank overflow rate. Operation and maintenance
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costs are those needed to operate and maintain the tanks and

mechanical equipment. Chemical costs are based upon the

dosages of chemicals required to produce the initial floc

settling rates associated with each assumed overflow rate.

The total costs are the sums of capital, operation and main-

tenance, and chemical costs. In cases where ferric chloride

or Magnifloc 836-A were not both used, capital and opera-

tional costs are reduced because less mechanical equipment

is required. Total capital and operational costs, in

4/1000 gallons, are shown in Table 3 for each overflow rate

and alternate chemical system.

Plain sedimentation without chemicals has the

lowest total cost, mainly because there are no chemical,

chemical feed equipment, or mixing equipment costs. In

the example, a small increase in sedimentation tank 
overflow

rate, from 600 gpd/sf to 800 gpd/sf, can be accomplished

most economically with a single chemical system using fer-

fic chloride. However, further increases in overflow rates

require such large dosages of ferric chloride that 
the

single chemical system becomes more 
expensive to operate

than a combined system using both ferric chloride 
and

Magnifloc 836-A.

In this illustration, increased overflow 
rates can

be provided most economically by the combined chemical

system using 0.2 mg/1 of polyelectrolyte until 
an overflow
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rate of 1,200 gpd/sf is reached. For greater overflow rates

the combined system using 1.0 mg/1 polyelectrolyte is more

economical. When 1.0 mg/1 polyelectrolyte is used with

ferric chloride, an increase in overflow rate from 800

gpd/sf to 2,400 gpd/sf only causes a total cost increase of

11%. The total cost changed very little because the in-

creased chemical costs were offset by decreased capital

costs as overflow rates were increased.

A number of practical applications can be made

which take advantage of the variety of overflow rates at-

tainable at small differences in cost. Addition of chemical

flocculation to existing hydraulically overloaded sedimen-

tation tanks would allow continued operation without cap-

ital expansion. The cost of added chemical treatment would

be offset by capital savings. If new construction is

planned which incorporates chemical flocculation, a balance

of tank size and chemical requirements can be made which

will fit current and long range needs. A sedimentation

tank could be designed to have a high overflow rate, 
with

associated larger chemical dosages, when full future design

flows are reached. Until full capacity is reached, 
the

tank could be operated at lower overflow rates 
which require

less chemicals. The total costs, in proportion 
to daily

flow, would only vary slightly as growth occurred.
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One important item not considered in the economic

analysis is the amount of suspended solids removed by the

process. The needs in this respect are controlled by re-

quirements of the remainder of the treatment system. Once

this need is identified, the economic comparisons between

systems giving required suspended solids removal may be

made.



CHAPTER 6

SUMMARY AND CONCLUSIONS

A bench scale modified jar test was developed to

investigate ferric chloride and polyelectrolyte floccula-

tion of raw municipal wastewater by monitoring initial floc

settling rates immediately after mixing stopped. This mod-

ified technique provided greater sensitivity than the con-

ventional jar test in monitoring initial floc settling

rates. Initial settling rates are considered important in

that they more nearly represent the dynamic floc settling

conditions occurring in a full scale clarifier.

It was found that the flocculation of raw municipal

wastewater using ferric chloride and polyelectrolytes is

affected by both chemical and physical process variables.

Specifically:

1. Both ferric chloride and polyelectrolytes when used

alone require large dosages to effectively increase

floc settling rates;

2. Floc settling rates can be greatly increased by the

combined use of small amounts of ferric chloride

and polyelectrolytes;

64
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3	 Variations in suspended solids concentration do not

greatly affect the floc settleability when both ferric

chloride and a polyelectrolyte are used as flocculants;

4 • The sequence of addition of the ferric chloride and

polyelectrolyte greatly affects the floc settleabil-

ity, with optimum results in this study occurring when

ferric chloride was added prior to the polyelectrolyte;

5. Adequate ferric chloride mixing time is needed prior to

addition of a polyelectrolyte in order for iron precip-

itation to occur before particle aggregation is begun

by polyelectrolyte molecules;

6. A minimum polyelectrolyte mixing time is required for

optimum flocculation with longer periods of mixing

causing floc rupture;

7. Floc particles formed when ferric chloride is used are

not susceptible to hydrodynamic shear over wide ranges

of mixing speeds;

8. Large floc particles formed when a polyelectrolyte is

added after ferric chloride are partially sheared by

high mixing speeds; and

9. Floc particles formed when larger polyelectrolyte dos-

ages are used are more resistant to shear resulting from

high mixing speeds or long mixing periods.
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Overall, it was observed that a given floc settling

rate could be achieved by the use of several different com-

binations of ferric chloride and polyelectrolytes. The

choice of combination should be based on economics. An

illustrated cost analysis using the bench scale data was

prepared considering several different floc settling rates.

It was found that the use of ferric chloride alone to in-

crease settling rates of raw wastewater was more expensive

than the use of ferric chloride followed by polyelectro-

lytes. The improved flocculation and economics of the dual

chemical flocculant system are superior to results obtained

by using either ferric chloride or polyelectrolytes alone

in raw municipal wastewater.
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