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(ABSTRACT)

Conditioning studies were conducted on several water and

wastewater sludges using polymers to determine the effect of

high-intensity mixing on floc formation and breakup. Mech-

anisms acting in particle coagulation were also investigated.

A rapid mixing apparatus was used in conditioning the

sludge to simulate the high velocity gradients encountered

in most dewatering equipment. Anionic and cationic polymers

of varying molecular weights and an inorganic coagulant were

chosen as the conditioning agents. Dewatering rates were

measured by the capillary suction time (CST) apparatus. The

effect of rapid mixing on the polymer efficiency was evalu-

ated by premixing the polymer, using the same mixing appara-

tus, prior to applying it to condition the sludge.

Data analyses revealed the great impact the primary floc

breakup has on the sludge dewatering rate, although this was

shown to be dependent on the nature of the sludge particles.

Some minor changes were imparted to the polymer chains by

intense mixing but there was no evidence that particle-

polymer bonds were fractured. The mechanisms of coagulation

were observed to be related to sludge type.



Overall, successful conditioning of sludges by polymers

requires a proper determination of the sludge character-

istics, a correct choice of polymer type and dose, and a

knowledge of the mixing intensities.
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CHAETE3 L

LNTgODUCTION

Sludge conditioning, a process to improve the rate of

liquid- solid separation, is widely used in waste treatment

practices. Optimization of the process requires the selection

of an acceptable polymer and also proper dose selection.

While numerous studies have been conducted, both in the lab-

oratory and field, to determine polymer type and dose, inad-

equate attention has been paid to the impact of dewatering

equipment variables on sludge conditioning.

Sludge conditioning should be dependent on the sludge

chemical and physical characteristics, the nature of the

conditioning agent and the mixing duration and intensity as-

sociated with the specific dewatering process. It follows

that different sludges might require different doses of the

same conditioner or may require different conditioners de-

pending upon the selected process and its operational param-

eters. The sensitivity of sludge flocs to shearing forces

encountered in common dewatering processes or associated with

sludge pumping is of importance in assessing the durability

of the dewatering rates of conditioned sludges when subjected

to turbulence.

Werle gt aL„ (1) showed that an intricate relationship

exists between the polymer type and dose, energy input, mix-
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ing time and sludge properties that is unique for each type

of sludge. The dissatisfaction shown by many plant operators

or design engineers with the use of polymers for sludge de-

watering may well be attributed to the unsuccessful attempt

to use polymers for a sludge that had been effective for an-

other similar sludge.

The objectives of this study were to :

1. Investigate the effects of mixing time, energy input, pH,

and polymer type and dose on the dewatering rate of dif-

ferent types of sludge.

2. Determine the effects of high-stress conditioning en-

countered in dewatering equipment on particle and floc

breakup.

3. Evaluate the susceptibility of polymers to deteriorate

in efficiency under different mixing conditions.

2



CHAPTE3 ;I

LITERATUR; REYLEW

The ideal physical or chemical characteristics of sludge

are those that could be used in design or operation of a

sludge dewatering* process. Such use would necessitate a

rather consistent and precise measurement of sludge proper-

ties. Physical characteristics of sludge include specific

gravity, settling properties, particle size and rheological

character. Biological characteristics may include the

taxonomy and the presence of certain organisms (2). Some of

the main chemical properties include the pH, particle surface

charge and the presence and activity of the dehydrogenase

enzymes (3).

The sludge properties of interest for one dewatering

process or disposal method might prove useless for another.

Dillard (3) suggested that sludges which are fluid in nature

are best characterized by either analyses for total or sus-

pended solids whereas the more viscous sludges are best

characterized by procedures to determine the percentage

makeup (Z solids, moisture and others). Vesilind (2) sug-

gested that the sludge volume index value be used for ob-
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taining relative rather than absolute information concerning

sludge settling potential. Also, the fuel and fertilizer

values might serve as a characterization basis depending upon

sludges' intended use.

It should be borne in mind that sludge characteristics

may change with time (5). This is be to considered especially

in the design of dewatering facilities or sludge handling

equipment. For biological sludges there is a continuous

change, the greatest of which occurs when the sludge changes

from aerobic to anaerobic (or vice versa) condition. As for

chemical sludges, the changes are often related to pH fluc-

tuations.

Sludges in general tend to act as pseudo-plastic fluids

(2), that is, the relationship between the Velocity gradient

and shear stress tends not to be a straight line as is the

case with Newtonian fluids. This tendency is enhanced with

increased solids content. Weber (6) stated that measured

chemical properties are not always useful since most of the

reported analyses were performed on the solid portion of the

sludge only.

SLUDGE D§WATEg;§G PROCESSES

Dewatering' refers to the removal of the liquid from

sludge in order to facilitate its ultimate disposal. Dewa-

4



tering is used in most wastewater plants as the final method

of volume reduction and is rarely used as an intermediate

process unless the sludge is to be incinerated (5). Common

dewatering techniques are : (1) drying beds, (2) vacuum fil-

ters, (3) pressure filters, (4) centrifuges, and (5) lagoons.

Drying beds consist of tile drains in gravel covered by

a sand layer. Water is removed by seepage and evaporation

and the sludge is not subjected to any mechanical stress.

Sludge drying bed design is primarily based on experience.

Despite their advantages, drying beds mass require a long

drying time and often produce obnoxious odors.

Vacuum filters consist of a perforated drum covered with

a fabric. A vacuum is drawn in the drum and water is sucked

out through a filter cloth leaving the solids behind. This

process is a low to medium — stress operation. Though it has

been reported that digestion is a prerequisite for vacuum

filtration in order to increase the sludge filtration rate,

it is not always true (2). Digestion does, however, reduce

odor problems.

The pressure filter uses positive pressure (as opposed

to suction pressure in vacuum filters) to force the water

through a filter cloth. Design procedure is most reliably

based on results obtained from the Buchner funnel test. Two

common types of pressure filters are the filter press and the

belt filter press. Filter presses apply a tremendous amount

of pressure on the sludge by pumping it through an orifice

5



before it is allowed to seep through a filter cloth that

covers the plates. In belt filter presses, sludge is dewa-

tered initially by gravity, being filtered on the transport-

ing filter belt before it is squeezed between two belts, one

a press belt and the other a filter belt.

Unlike Vacuum filters that will not pick up some sludges

(4), centifuges will work on almost any sludge. The most

widely used centrifuge is the solid-bowl type (called the

decanter) . Sludge is delivered to the bowl by pumping through

a central pipe. The solids settle out under 500 to 1000

gravities, thus yielding a high-stress environment. The dis-

advantages of centrifugation include costly chemical re-

quirements and long downtimes due to frequent clogging.

Lagooning, as a dewatering technique, is affected by

many factors among which are the climate, subsoil

permeability, sludge properties and groundwater consider-

ations. Although lagoons are run for the least maintainence

and operational costs, odor problems remain a great disad-

Vantage.

FACTOBS Agggcgggg SLUDGE QEWATE3ING QTES

The main factors influencing sludge dewatering rates are

(7) particle size, particle charge, solids concentration, pH,

and compressibility of particles. In addition to sludge

6



properties; mixing and conditioning procedures play an

equally important role.

Karr and Keinath (7) suggested that particle size is the

factor that mostly affects sludge dewaterability and that all

other factors influence it through particle size changes.

This can be seen by noting that the effectiveness of the

different coagulants (organic and inorganic) is related to

their potential for increasing the particle size. Also,

elutriation serves to wash out the fines that would otherwise

interfere with subsequent dewatering operations. Knocke gg

glé (8) suggested that, in the case of metal hydroxide

sludges, the primary role of pH was to affect the sizes of

flocs obtained during the precipitation of metals from sol-

ution.

According to Karr and Keinath (7), an increase in the

quantity of fines in a sludge leads to deterioration of the

dewatering characteristics. They placed significant impor-

tance on the effect of particle size distribution on sludge

dewatering. They compared two samples of different sludges

each with a different specific resistance and than adjusted

the particle size distribution of one sludge to match the

other. Once the two size distributions had been matched, the

two specific resistances were measured. It was concluded

that similar· dewatering characteristics (specific resist-

ances) result regardless of the type of sludge used as long

as the particle size distributions are the same.

7



Knocke g (8) found that the specific surface area

can account for all Variations in specific resistance and

that the relationship between the specific resistance and

specific surface was linear for all sizes of flocs investi-

gated. This contradicts with previous findings that small

size particles cause pore blockage within the sludge cake.

The solids concentrations of a sludge will have a pro-

nounced effect on its dewaterability. Generally, a direct and

linear relationship exists between the optimum polymer dose

required and solids concentration.

Novak and Haugan (9) showed that the sludge pH has been

determined to have a large impact on sludge dewatering. The

pH effect could be due to free hydroxyl ions (OH') that would

tie up the positively charged sites on the polymer chains so

that they can no longer react with sludge particles. Ad-

justment of pH through chemical means leads to changes in the

surface charge of the particles. The zeta potential is a

measure of the electrostatic charges on the surface of sus-

pended particles in a liquid. Although polymers do not work

to affect the pH of treated sludge, their efficiency is de-

pendent on the the sludge pH. Anionic polymers function more

satisfactorily at high pH and cationic polymers favor pH

values near neutral (9,10). O'Brien and Novak (10) demon-

strated that as the pH increased above 7.0 the amount of

cationic polymer needed markedly increased.

8



ASPECTS OF FLOCCULATION AND COAGULATION

It has long been established that agitation would ac-

celerate the rate of aggregation of colloids. The occurrence

of interparticle contacts in a colloidal system can be ac-

companied by three different types of mechanisms (6): (1)

contacts by Brownian diffusion; (2) contacts resulting from

particle settling; and, (3) contacts induced by bulk fluid

motion (e.g. stirring). The last mechanism, referred to as

orthokinetic flocculation, was the one of interest in this

research.

The rate of power dissipation, W, in orthokinetic

flocculation has a mean value equal to the total power dis-

sipation divided by the volume of the fluid in the mixing

chamber (12). The root-mean-square velocity gradient in the

chamber is defined as

G = [11
where u is the absolute fluid viscosity. W, also known as the

dissipation function, requires measuring the torque input to

the liquid under the test conditions of speed and temper-

ature. Hence,

W=N.T/V [2]

where N = rotor speed, T = net imparted torque, and V = fluid

volume. Therefore equation 1 becomes

G= „/WT1:71/717 [61
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where the units of G are expressed as per second. The unit

shearing force, 1, and the Velocity gradient, G, at one point

are related, according to Camp (12) by

1 = u.G [4]

While agitation increases the rate of particle aggre-

gation there is a point when vigorous and/or extended agi-

tation prove detrimental for the already formed flocs. This

is because as the size of flocs grow they become weaker and

more fragile. It is readily seen from equation 4 that an in-

crease in the Velocity gradient will be associated with more

shearing stresses.

The most extensive work done on the effect of turbulence

on orthokinetic flocculation was by Argaman (13). They pre-

sented a model for turbulent flocculation and collision

mechanism that was based on the assumption that particles

suspended in a turbulent fluid will experience a random mo-

tion just like gas molecules. Consequently their motion can

be described by a diffusion coefficient. Argaman and Kaufman

(14) suggested a model for floc breakup in which the rate of

primazjr particles' release is a function of the surface

shear, floc size and the size of the primary particles. In

this model, the breakup mode would be the éäipping of the

individual primary particles from floc surface.

Novak and Piroozfard (15) found that flocs formed from

sludges composed of rigid particles (lime sludge) are not as

easily fractured as those of less rigid particles. Novak and

‘
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Haugan (9), in their surface adsorption model proposed to

explain the conditioning effect of polymers, stated that

turbulence would release the weakly adsorbed colloids from

the floc surface. They also suggested another effect of tur-

bulent mixing which was to increase the desorption of the

actively mobile biocolloids resulting in re-adsorption and

floc formation. The same researchers concluded that, with the

sludges tested, sludge conditioning at high mixing intensity

would serve to produce a conditioned sludge that is well re-

sistant to post-conditioning stirring than if it were condi-

tioned under under gentle mixing. Werle _e; _a_l_,_ (1) reported

the inadequacy of jar testing devices using low mixing ener-

gies to predict the polymer dose and mixing time requirement

when high stress dewatering processes are actually employed.

High shearing forces resulting from high mixing speeds

will tear the already settleable size particles into

unsettleable fragments and therefore deteriorating sludge

filtering rates through decreased porosity. This explains the

deterioration that some unconditioned sludges experience upon

mixing. However, the potential for recovery of filterability

is dependent on the sludge particles characteristics and re-

sults from the re-agglomeration of the fragments. This could

be natural or through the addition of a coagulant.

Hannah _e_t_ ah (16) defined floc strength as the resist-

ance to fragmentation produced by Velocity gradient shear

stresses. They reported that it was impossible to give a

11



unique numerical value for floc strength. However, the prin-

ciple of particle counting was used to qualitatively estimate

floc strength. This was done by applying a known shear to a

flocculated system and then measuring the change in particle

size distribution. It was also found that a high rate of

turbulence does not necessarily mean producing a floc more

resistant to shear.

Little work had been done on how fast flocs develop.

However, it was found (17) that flocs grow to full size more

rapidly and become more uniform in size when polyelectrolytes

are used as conditioners instead of inorganic coagulants.

Also, flocs formed with polyelectrolytic coagulants are less

fragile, larger and faster settling.

There is considerable lack of understanding of the basic

principles of application of polymers to water and wastewater

treatment processes. This difficiency is mainly attributed

to the small amount of information known about the nature of

these coagulants and the insufficient description of some of

the important sludge properties. Hence, the consequences

might be an inappropriate polymer dose or incorrect choice

of polymer or other conditioning variables. Polymers are long

chain molecules comprised of many subunits called monomers.

Polymer chains may be linear or branched to varying degrees.

A polyelectrolyte is a polymer having ionizable groups. The

water-soluble polymers that have no ionizable groups are not

callmd polyelectrolytes. Examples of polyelectrolytes are

12



polyvinylalcohol and polyethylenoxides (18). Some research-

ers use the above two terms, polymer and polyelectrolyte,

interchangeably.

Studies had been conducted on the polymer properties of

influence in the conditioning process. Amongst these proper-

ties are molecular weight, charge type and density and chem-

ical and physical characteristics of the polymer chains (18).

Faced with very limited information that manufacturers

release about their polymer products, various methods were

developed to determine, at least on a comparative basis, im--

portant parameters like molecular weight. Bowen and Keinath

(18) conditioned waste activated sludge, primary and

anaerobically digested sludges using more than 20 different

types of polymers. The polymer was added and the mixture

stirred at 100 rpm for 45 seconds in a jar tester. This was

followed by 1 minute of medium stirring at 45 rpm then by 1.5

minutes of slow mixing at 20 rpm. This mixing procedure was

believed to be the most feasible for floc formation. Results

showed that cationic polymers were the best conditioners for

the three types of sludges. Anionic and nonionic polymers had

little or no effect on the specific resistance of the

sludges. Bugg et al; (19), conditioning alum sludges, found

that the performance of anionic polymers was superior to both

nonionic and cationic polymers. However, all types of

polymers improved sludge dewaterability.

13



The polymer molecular weight has long been identified

by researchers to be the main factor affecting its efficiency

in conditioning of most types of sludges. Bowen and Keinath

(18) stated that high and medium molecular weight polymers

afect both the solids content of the sludge cake and its

compressibility in dewatering tests. As the polymer dose in-

creased the cake solids content increased and the cake solids

did not compress immediately when Vacuum pressure was ap-

plied. However, they observed that when low molecular weight

polymers were used some compression of the cake was seen upon

application of the Vacuum pressure. The solids settleability

was practically the same for low and high molecular weight

polymers. Bowen and keinath (18) reported that Treweek and

Morgan excluded the effect of polymer molecular weight on

flocculation. Novak and O'Brien (20) found that for both

anionic and cationic polymers the optimal dose decreased with

increasing molecular weight.

Dixon and Zielyk (21) found that polymer molecular

weight had no effect on the amount of polymer required to

initiate flocculation. They also reported the occurrence of

bacterial re-dispersion at high doses that was not encount-

ered. when low-molecular—weight polymers were used. Other

studies (22,23) showed that an increase in molecular weight

would result in poorer solubility of the polymer and devel-

opment of polymer chains that are more susceptible to shear

stresses.

14



The solids concentration cf a sludge plays an important

role in determining its rheolcgical properties (2). Increas-

ing the solids content will lead tc a greater coagulant de-

mand. The extent of dewatering cf a sludge remains dependent

cn the nature cf the solids slurry. The shear strength cf

· sludge increases with increasing solids concentration,

though, to varying degrees. Bugg gt al, (19), using anionic

polymers and alum sludge, showed that for a particular

polymer· dosage and systeux pH ‘the specific resistance de-

creased with increasing solids content up to a certain con-

centration after which rapid deterioration of specific

resistance followed.

Novak and Haugan (9) investigated solids concentration

effect on optimal polymer dose using activated sludge and a

high-mclecular-weight cationic polymer and found that a lin-

ear relationship exists between the solids content and opti-

mal dose. The above researchers, while conditioning a similar

sludge, suggested that an increase in polymer requirement is

associated with the release cf weakly-adscrbed material

(called biocolloids) into the solution during intense mixing.

This necessitates a greater polymer demand where intense

mixing is employed in conditioning. Data were also presented

showing a growing influence cf solids concentration with in-

creasing mixing intensity and duration.

Mixing of sludge prior tc conditioning results in an

increase in the required dosage of organic as well as incr-

'
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ganic coagulants (6) while aging of sludge, in general, adds

to the inorganic chemical requirement but not to the polymer

dose. Aging of sludge results in an increase of the colloidal

fraction due to the tendency to biologically degrade. Hence,

the nature of the preceding treatment and storage techniques

will have profound effects on the conditioner requirement.

Any handling operation that tends to increase the surface

area, hydrate, or disaggregate particles by subjecting them

to high shear conditions will add to the cost of conditioning

through greater conditioner requirements.

Polymers do not lower the pH of the solutions as do alum

and ferric chloride. Therefore, there is no need for pH ad-

justment after conditioning A decrease in the pH serves to

increase the concentration of hydrogen ions that would neu-

tralize the negative charge on sludge particles and thus fa-

cilitate their agglomeration. For biological sludges, a pH

drop below 4 improves sludge filteration rate due to a re-

duction in the electrophoretic mobility of the biological

floc. O'Brien and Novak (11) reported an increased effec-
”

tiveness of the high-molecular-weight high-charge-density

anionic polymers at high pH values. On the other hand

nonionic polymers (of 5-15 per cent hydrolysis) required in-

creasing dosage at higher pH. However, the relationship be-

tween the polymer requirement and pH is not the same

throughout all the pH range. Novak and O'Brien (20) found

that cationic polymers are very sensitive to pH changes, with
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dose requirement almost doubling from pH 7 to 9. Anionic and

nonionic polymers were useful in the pH range of 6.0 to 10.0.

The purpose of mixing during conditioner application is

to create only sufficient agitation so as to provide uniform

distribution throughout the sludge and to enhance particle-

coagulant and particle-particle contacts, thus effecting floc

formation. Improper mixing will result in over- or underdos-

ing effects. Vigorous or prolonged mixing can cause floc de-

gradation whereas too little mixing does not bring all the

"components" together that are essential for floc formation

and uniformity. Novak and Haugan (9) found mixing to disrupt

activated sludge dwaterability rates and that the extent of

deterioration was related to the mixing intensity.

Whether the particular point of interest in mixing is

the velocity gradient or the product of the velocity gradient

and mixing time remains disputable. While some sludges ex-

hibit a great sensitivity in their filterability rates to

Variations in the Velocity gradient, other sludges' rates

semn to be quite independent of the mixing intensity but

rather sensitive to the mixing duration as the variable.

Werle gt al; (1) reported, for activated sludge, that all

polymer doses that were employed showed optimum performance

at the same Gt and therefore variation in this product will

determine the efficiency of the conditioning process. They

also noted the high degree of sensitivity of primary sludge

to high G values when polymer doses were relatively low.
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Bugg gg glj (19) suggested a linear relationship between

mixing time and specific resistance at a fixed polymer dose

using alum sludge.

The extent to which prolonged mixing will deteriorate

the specific resistance through fragmenting the formed flocs

is influenced by the sludge particles' nature and the solids

content. For chemical sludges, a higher solids content usu-

ally results in a faster and greater deterioration under ex-

tensive mixing as compared with samples of lower solids

content. This fact was confirmed by Novak and 0'Brien (20).

The energy input will depend on, besides sludge properties,

the type and dose of coagulant used and the mixing time and

regime. Stump and Novak (25) recommended that if rapid mixing

were intense, higher molecular weight polymers should be used

while lower molecular weight polymers prove better when mix-

ing intensities are limited. Since prolonged and/or extensive

mixing will have the effect of under-dosing the situation may

be corrected by further addition of coagulant.

Keys and Hogg (26) studied the effect of the degree of

mixing on floc formation using a kaolin and quartz suspen-

sion. It was found that optimum incorporation of primary

particles into flocs is obtained by using vigorous agitation

for a short period of time with no additional mixing required

after polymer addition is complete.

Rapid mixing for the conditioner is usually effected by

(27): (1) mechanical mixers; (2) venturi or jet aspiration;
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or (3) mixers similar to propeller pumps. However, no work

had been done to evaluate the effect of turbulence on the

coagulating efficiency of polymers though, in water and

wastewater treatment plants, polymers are subjected to vari-

ous forms of mixing through pumping and transporting to the

point of addition or application.

In investigating polyelecrolyte selection for direct

filtration, Stump and Novak (25) used jar tests and rapid

mixing units. The optimum coagulation occurred with cationic

polyelecrolytes using high energy mixing. Floc shearing fol-

lowed when high Velocity gradients were continued beyond the

point of optimum destabilization. Parameters used to judge

polymer effectiveness were headloss in the filtration unit

and residual turbidity of the supernatant liquor after a 30

minute settling interval. The jar test data seemed suitable

for initial selection of the optimum polymer dose but not for

determining which polymer will produce optimum filter runs.

Also, some polymers that performed better than others in the

jar test later proved inferior when mixing intensity was in-

creased.

There are Various definitions of an "optimum dose". For

some conditioners (inorganic and low-molecular-weight

polymers) the optimum dose may considered as the one beyond

which further addition of the coagulant will have little ef-

fect on the sludge filtering rate (2). Similarly, for high-

molecular weight polymers it is the dose that gives the

I
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minimum capillary suction time (CST). However, the latter

definition is commonly used regardles of the coagulant type.

In jar testing, the clarity of the supernatant and the

appearance of the floc structure are considered good indi-

cations of the conditioning ability of a particular chemical

(27). When a low mixing intensity is used after polymer ad-

dition, polymer requirements are less and nearly independent

of the sludge solids concentration. However, the resulting

flocs may not be as stable against further mixing compared

to those formed in a high shear environment. Beardsley (28)

suggested jar testing as means of choosing both polymer type

and dose for use in municipal water treatment processes. The

jar test remains the most common coagulation test in use to-

day. The zeta potential method is also commonly used. A zeta

potential measurement allows the correct choice of the

polymer for direct filtration within few minutes after addi-

tion of the particular dose.

The basic mechnisms by which polymers work is not always

clear. When a certain proposed mechanism of action proves

successful in one situation it fails in another. La Mer and

Healy (29) developed a chemical bridging theory that is con-

sistent in explaining the observed behaviour of polymers in

conditioning. In such cases where charge neutralization or

double-layer compression mechanisms fail to explain collected

data, the bridging theory demonstrates its credibility in

this respect. The classical double-layer model is an attempt
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to explain the reduction of elecroststic repulsion between

particles by attachment of oppositely charged polymers, a

process known as charge neutralization. Knocke _a;,_,_ (8)

determined that interparticle bridging was the mechanism of

polymer action in conditioning metal hydroxide sludges.

According to La Mer and Healy (29), when interparticle

bridging is the mechanism of coagulation the specific surface

area of the suspension and the optimum polymer dose are lin-

early related. Beardsley (28) reported that the bridging

mechanism comes into action in forming flocs only after the

particles' charges have been neutralized by coagulants. Novak

and Piroozfard (15), while conditioning water treatment

sludges, suggested the bridging mechanism as the one by which

polymers function. It was also reported (18) that Treweek

and Morgan determined that charge neutralization was the

controlling element of destabilizing E. coli cultures. How-

ever, Karr and Keinath (7) concluded that neutralization

could not be the only operative mechanism. Also, the latter

researchers suggested that low-molecular- weight polymers

(those of short chain lengths) destabilize sludge particles

through charge neutralization especially since these polymers

often possess a high degree of charge. The large flocs

produced by using such polymers are very susceptible to shear

forces. When medium and high molecular weight polymers are

employed, Karr and Keinath (7) propose bridging as the sole

operative mechanism.
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Stumm and 0'Melia (30) reported that chemical bridging

is possible even when the polymer and the particles carry the

same type of charge, and, depending on the forces responsible

for polymer adsorption, the reduction in surface potential

may be either the principal mechanism or a subsidiary to

bridging activity. This is confirmed by the fact that some-

times optimum aggregation does not coincide with minimum or

zero zeta potential. The above researchers attributed the

restabilization of colloidal suspensions upon extended agi-

tation to the breaking of the polymer—particle bonds.
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CHAPTE3 lll

MAT§3;AL§ AN; METHODS

SLUDGE COLLECTLON ANQ STORAGE

Sludges were obtained from a variety of water and

wastewater treatment plants. Two different alum sludges were

used , one from a water treatment plant in Stafford County,

Virginia and another from the Lee Hall water treatment plant

in Newport News, Virginia. Both alum sludge samples were

collected from the sedimentation basins.

Anaerobically digested sludge was provided by the

wastewater treatment plant of the city of Radford, Virginia,

being withdrawn from the primary digester. Lime sludge was

obtained from a water treatment facility in Columbia,

Missouri. Major characteristics of all sludges are shown in

Table 1.

Total solids concentrations were determined by oven-

drying at a temperature of 106 °C for 24 hours. The pH was

measured with a Fisher Acumet Model 6lOA pH meter. Viscosity

measurements were made with a Brookfield Model LVT

viscometer.

Alum sludges were tested within 5 days of their col-

lection and anaerobically digested sludges within 48 hours
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Table 1. Major Characteristics Of A11 Sludges

Percent Initial
Sludge Solids CST

(second)

LIME NO. 1 · 13.0 11.20 37.4
LIME NO. 2 13.0 10.60 32.0
LIME NO. 3 14.0 9.2 42.0
ALUM NO. 1 0.3 7.10 77.0
ALUM NO. 2 0.8 7.21 22.3

ANAER. DIG. NO. 1 0.7 7.05 158.4
ANAER. DIG. NO. 2 0.54 7.00 175.1
ANAER. DIG. NO. 3 0.54 7.50 132.0
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of collection time. On the other hand, lime sludge samples

were tested over a much wider period of time owing to their

relatively stable nature. Biological sludges were stored in

a constant-temperature room.

£OgXgEg PgEgAggT;ON

Solid and liquid-form supplies of polymers were used.

Solution concentrations ranged between 500 and 2000 mg/l.

Mixing to dissolve the polymer in distilled water was for 24

hours except when BETZ 1120 was used at a concentration of

1000 mg/l. In the latter case, the mixing time was extended

to 48 hours to ensure complete dissolution. A general de-

scription of polymers used is presented in Table 2.

Polymer solutions were refrigerated when not in use
and.

allowed to return to room temperature prior to application

to the sludge. The maximum storage period was 7 days before

polymer solutions were discarded.

gESCRIE1IOg ggg CAL;B3g§;Og OE Egg Mlglgg gPgAgg1gS

The variable speed mixer consisted of (1) a baffled

mixing chamber, (2) a stirring motor fitted on top of the

chamber with the paddle reaching down into the chamber and

(3) a variable speed control unit connected to the motor, a

digital counter and a power source.

25



Table 2. Description of Polymers [After Bowen and
Keinath (18)], * Information obtained from
manufacturer.

Charge Charge Molecular
Polymer Type Density Weight Form

BETZ 1120 Anionic Medium Very High Granular
BETZ 1160* Cationic Low High Granular
BETZ 1190* Cationic High Medium Liquid
BETZ 1195 Cationic Medium High Liquid
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An intermediate coupling connected the torquemeter to

the paddle assembly. A small magnet was imbedded in this

coupling that rotated against a magnetic sensor so that each

time the magnet passed the sensor, an electric impulse was

transmitted to a Hewlett Packard Model 3734 A electronic

counter. Gate time on the counter was set at "1 second" al-

lowing paddle rotational speed determination to be on a per

second basis.

The speed of the stirring mechanism was controlled by a

Type 116 B Powerstat Variable Autotransformer. The base and

supports for each component were made of plexiglass. The

plexiglass mixing chamber was cylindrical and measured 9.2

cm in diameter and 21.6 cm in height. Baffles in the chamber

were at 90 degree angles, measured 21 cm in height and

projected 1.25 cm from the inner cylinder wall. The single

paddle was 5 cm by 1.25 cm and situated 2 cm above the chamber

bottom.

It was necessary to calibrate the mixing apparatus be-

fore setting it in use so that rpm readings could be trans-

lated directly into Velocity gradients. The general equation

given by Stump and Novak (25) to describe the Velocity gra-

dient, G, as a function of sludge characteristics and mixing

conditions has the form :

6 = 111

Where g = gravitational acceleration, in/secz; DJ = paddle

rotational speed, rpm; T = net torque on paddle, oz-in; V =
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sample volume, in’; v = sample kinematic Viscosity, inz/sec

and p = density of water, oz/in’.

Torque readings were taken with the aid of a Strobotach

Strobe light unit. Readings were first taken in air and then

in sludge to determine the net torque. All sample Volumes

were constant at 0.5 liter. Solution Viscosity was deter-

minad by a Brookfield Model LVT viscometer. The sludge or

polymer samples were placed in a cylindrical container. A

plate that covers the cylinder and touches the sample was

rotated to create steady shear conditions. Different rota-

tional speeds of the plate were attempted and for each speed

opposite rotational directions. This procedure gave the

Viscosity of the pseudo-plastic material, here the sludge,

at each of the desired Velocity gradients. Viscosity readings

versus Velocity gradients for alum and anaerobically digested

sludges are shown in Figure 1. Similar plots for lime sludge

and polymer solution can be found in appendix A.

Finally, Velocity gradients calculated by equation 1 are

plotted versus rpm. The slope should ideally be 1.5 (10,13).

The slopes actually obtained.‘were satisfactory enough to

consider the mixer well calibrated. Equation 2 was developed

for the calculation of Velocity gradients used in the plots.

[21

Where N in rpm; T in oz-in; and v in cm:/sec.
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G values for all sludges and for BETZ 1120 polymer solution

are given in Table 3. A G versus rpm plot for lime sludge is

shown in Figure 2. Similar plots for alum and anaerobically

digested sludges and polymer solution are given in appendix

A.

After considering the sludge density, equation 2 can be

readjusted for each type of sludge to be:

For lime sludge: G = ji7ÜZ5r$ii5GT [3]

For alum sludge, anaerobically digested sludge and BETZ 1195

polymer (1000 mg/1 concentration):

6: [41
And for BETZ 1120 polymer (500 mg/1 concentration):

6: [61
Where u for all the above equations is the dynamic viscosity

in poise.

DEWATERING RATE MEASUREMENTS

Dewatering rate measurements were made using a

Triton-W.R.C. Type 1165 capillary suction time apparatus.

Description of the apparatus can be found elsewhere (31).

Standard Whatman No. 17 chromatography grade paper was used.

The rougher side of the paper was faced up. The steel cylin-

der that served as the receptacle had an inner diameter of 1

cm. Sufficient sludge was added to fill the cylinder to the

top. The CST apparatus is shown in Figure 3.
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Table 3. Mixer Calibration Data For Sludges And Polymer
Solution

Fluid Torque Torque in Net
or in air sludge Torque U G
Sludge (oz-in) (oz-in) (oz-in) (cp) /sec

300 1.3 1.9 0.6 5.08 250
600 1.8 3.5 1.7 3.17 750

LIME 720 1.8 4.1 2.3 2.90 1000
960 1.8 5.4 3.6 2.68 1500

1200 1.8 8.4 6.6 2.60 2310
1500 1.8 9.8 8.0 2.58 2850

ALUM 300 1.3 1.9 0.6 3.50 275
AND 600 1.8 3.3 1.5 3.05 660
ANAER. 720 1.8 3.9 2.1 2.80 890
DIGESTED 960 1.8 5.8 4.0 2.52 1500
SLUDGES 1200 1.8 7.5 5.7 2.50 2000

1500 1.8 8.2 6.4 2.15 2560

300 1.3 1.9 0.6 7.50 190
500mg/l 600 1.8 3.5 1.7 5.00 550
BETZ 720 1.8 3.8 2.0 4.20 715
1120 960 1.8 5.8 4.0 3.60 1260
POLYMER 1200 1.8 7.7 5.9 3.50 1730

1500 1.8 9.5 7.7 3.40 2240
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TESTING PROCEDURE

Sludge sample size was fixed at 300 ml to which the

polymer dose and distilled water were added to bring up the

total volume in the mixing chamber to 500 ml. The calibration

of the device was made for the half liter volume. The polymer

was added with the least possible agitation of the solution

to eliminate the effects of unaccounted-for contact time be-

tween sludge particles and the coagulant.

After polymer addition, the mixer was set to the speci-

fied rpm and run for the desired mix time. The mixer was then

stopped and a sample withdrawn using a plastic pipe through

a hole in the stirrer base. Samples were immediately ana-

lyzed using the CST apparatus. All mix times were cumulative.

That is, the mixer was stopped at each successive sampling

point, a sample withdrawn and the mixer restarted. The mixer

was stopped and restarted in this manner until the total

mixing time was acheived.

Mixing times of the mixture ranged from 5 seconds to 12

minutes for lime sludge and from 5 seconds to 10 minutes for

alum and anaerobically digested sludges. Mixing speeds were

300, 600 and 960 rpm for all sludges, yielding G values of

250, 750 and 1500 /second, respectively, for lime sludge and

260, 700 and 1400 /second, respectively, for alum and

anaerobically digested sludges.

0
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The polymer itself was premixed for 4 minutes at 960 rpm

and then for 15 minutes at 1400 rpm hefore applied to sludge.

These very severe mixing conditions for the polymer produced

Velocity gradients as high as 2100 /second. Mixing the

polymer solution to impart high shear intensity on its chains

was carried out using the same mixing apparatus. Following

polymer mixing and application to the sludge, the mixture in

turn was mixed to effect polymer-particle contacts and sam-

ples were withdrawn and tested in exactly the same manner as

followed for the unmixed polymer. Temperature of the tests

environment ranged from 24-28 °C.

W
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CHAPTEg ly

gESUL;S

Data collected from the experiments permitted illus-

tration of the importance of the different conditioning pa-

rameters and indicated the relationships between the sludge

dewatering rate, mixing intensity, mixing time, coagulant

dose and coagulant type. A substantial amount of information

was also collected on the effects of intense mixing on the

conditioning efficiency of polymers. This served as an in-

sight into the controlling mechanism of particle aggregation

as well as an assessment of the degree and nature of damage

to polymer chains imparted by high intensity mixing.

Three batches of lime sludge were tested, all from the

same source, and are numbered in their order of testing. The

same applies to the anaerobically digested sludge. Alum

sludge collected from Newport News is referred to as "Alum

No. l" and that from Stafford County water treatment plant

as "Alum No. 2".

SLUDGE COND;§;ON;NG

The data from conditioning of lime sludge no. 2 using a

high-molecular-weight polymer are given in Figures 4-6. High

polymer doses resulted in poor dewatering rates at short
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mixing times and/or low ndxing intensity. However, most

doses showed little, if any, deterioration in dewatering rate

as the mixing period was extended regardless of the velocity

gradient used. The high CST values observed for high doses

at short mixing times are in part caused by the high

viscosity of the incompletely—mixed polymer that adversely

affects the dewatering rate of the sludge.

Alum sludge no. 1 exhibited a similar behavior to that

of lime when conditioned by the same polymer type. The data

for alum sludge are shown in Figures 7-9. Low polymer doses

rendered the sludge sensitive to prolonged mixing and higher

velocity gradients to a greater extent than occurred with

lime sludge.

For anaerobically digested sludge no. 1, conditioning

data in Figures 10-12 show that the CST deteriorated consid-

erably with mixing time at low doses but only mildly at

higher ones. Sludge flocs formed by a low dose of the high-

molecular-weight polymer showed poorer dewatering rate as G

was increased.

Results obtained by conditioning anaerobically digested

sludge no. 2 using the inorganic coagulant, ferric chloride,

are given in Figures 13-15. Ferric chloride was clearly a

less effective conditioner than Betz 1195 and did not have

the capability of maintaining a coherent floc structure when

mixing intensity or duration were increased. Increased doses

do not serve to agglomerate fractured fragments from ruptured
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flocs as is the case with polymers, but cause deterioration

of the csr in the same manner as low polymer doses.

EFFECT OE GT ON DEWATERINQ RATE

The product of the Velocity gradient, G, and the mixing

time, t, can serve as an important parameter for determining

the effects of mixing on the conditioning process. It seems

logical, therefore, that dewatering equipment may also be

characterized by the Gt value that is unique to each process.

However, no such characterization have been reported in the

literature. Werle gt glE (1) reported that for a given sludge

and polymer dose, it was possible to establish a Gt value

that optimizes the dewatering rate. Also, that any combina-

tion of G and t can be used to yield the desired Gt provided

that both parameters fall within a reasonable range. Werle

(8) found that, generally, the higher the Gt value, the more

polymer is required for optimum conditioning.

Figures 16-19 show plots of Gt versus CST for various

polymer doses for lime sludge no. 1 and Betz 1120 polymer.

The effect of G was singled out by characterizing the veloc-

ity gradient for each Gt value. If the optimum CST were de-

fined as the lowest attainable value, it is readily seen that

Gt corresponding to the minimum CST value steadily increases

with polymer dose starting from approximately 6000 at 40 mg/l

to nearly 20000 at 180 mg/l. Also, the dewatering rate is
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improved by increasing the dose, though, with a diminishing

extent. Figure 20 is a plot of the Gt at which the minimum

CST is attained for each polymer dose. This Figure shows

that the dose effect on Gt approaches an asymptotic value

beyond which little change in Gt is expected with increasing

dose. At lower polymer doses the dewatering performance is

very sensitive to the Gt value while at higher doses a

broader range of acceptable Gt values is found.

The effect of Gt on dewatering rates of anaerobically

digested sludge no. 1 conditioned with Betz 1195 polymer is

shown in Figures 21-24. At a lower dose, as Gt increases, the

CST increased, with this deterioration diminishing as the

dose is increased until it reaches a point where the CST is

almost constant over the Gt range. It could be argued that

an optimum dose is the smallest possible dose that negates

the effect of Gt variation on dewatering rate. At and around

the optimum dose, high and low G produced better CST than did

the intermediate mixing intensity. It is also noted that the

gaps between the three different velocity gradients tend to

close as the dose increases. Thus at higher doses, neither G

nor Gt can be said to affect the dewatering rate of this

sludge. The polymer used here was a high-molecular-weight

cationic polymer.

When ferric chloride was used as the conditioning agent,

the anaerobically digested sludge no. 2 showed, generally,

the same tendencies as with batch no. 1 when polymer-
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conditioned. However, a consistent difference existed be-

tween the two in that at a particular Gt, high to meduim G

is detrimental to CST at low shearing stress when ferric

chloride was used while beneficial when Betz 1195 became the

coagulant. This is demonstrated in Figures 25-27. Also, a

high dose of ferric chloride could not negate the Gt effect

on CST especially when meduim to high stresses are imparted

to the flocs.

Figure 28 shows how two different polymer types affect

the relationship between optimum Gt and polymer dose. Un-

doubtedly, a polymer that yields less Variation in polymer

requirements over a certain Gt range is more desireable than

one that shows a greater dose Variation. In this Figure,

where alum sludge no. 2 was conditioned using Betz 1120 and

Betz 1195 polymers, the former polymer proved superior in

conditioning performance though the relative cost might ne-

cessitate an otherwise different choice.

Figures 29 and. 30 indicate that in an ·underdosed /

overmixed situation, for example at 180 mg/1, the dewatering

rate of anaerobically digested sludge no. 2 is more sensitive

to the Velocity gradient than in an optimum or overdosed /

„undermixed system, shown here at 250 mg/1. There is also a

considerable reduction in CST deterioration limits with in-

creased Gt at the higher dose. This was also shown to occur

in no. 1 batch of this sludge.
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EFFECI OF §0LYMEß QREMIXINQ 0N QEWATEßING RATE

In Figure 31 the effect of premixing on the perfomance

of a high-molecular-weight polymer used to condition lime

sludge no. 3 is shown. The 10 mg/l dose may be considered an

underdose while 40 mg/1 as an overdose. The change in the CST

following premixing is significant in the case of the smaller

dose. The effect of reduction in the viscosity of the polymer

solution after premixing is felt at short conditioning times.

The CST of the 500 mg/l polymer solution was measured before

and after mixing. The CST declined from 720 seconds (an av-

erage of three readings) to 362 seconds (an average of three

readings) upon mixing and prior to application to sludge.

Therefore, short mixing time during the conditioning of

sludge caused the unutilized portion of the polymer in sol-

ution to reduce the dewatering rate through its high

viscosity.

Figures 32 and 33 show the polymer dose-CST relationship

forjthe premixed and unmixed cases. Premixing the polymer

increased the dose required to effect optimum coagulation but

decreased, though slightly, the minimum obtainable CST. That

.is, premixing gave the same effect as having an underdosed

or overmixed system. However, at and around the optimum dose

(for the unmixed), the effect of premixing was cancelled as

obvious from the proximity of the values of the mixed and

unmixed cases in that region. The CST of the mixed polymer
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over a 6 hour period following premixing came very close to

the average (within 5 seconds) thus indicating a non-

recoverability in the damage caused by mixing.

The results of premixing a high-molecular-weight polymer

prior to applying it to alum sludge no. 1 are given in Figures

34-39 for two polymer doses. At a 40 mg/1 dose, premixing the

polymer for a relatively short period decreased the CST

throughout the conditioning time range. However, extending

the premixing duration appears to have recovered, if not im-

proved, the CST attained even by the unmixed polymer. What-

ever premixing does, improvement at 40 mg/1 occurred. As G

was increased, little difference was observed between the two

different polymer premixing patterns and also, between both

of them and the unmixed polymer conditioning efficiency. At

a dose of 100 mg/1, no damaging effect resulting from pre-

mixing was observed until G was increased well beyond 260

/second. When this occurred, a distinct difference between

the two premixing times appeared and is observed to be a re-

versed image of the trend detected at 40 mg/1 and low G. In

other words, at the 100 mg/1 dose, premixing of the polymer

for extended time caused further deterioration in its condi-

tioning efficiency.

Premixing effects on high-molecular—weight polymer in

conditioning anaerobically digested sludge no. 3 are illus-

trated in Figures 40-42. The polymer was premixed with and

without addition of 0.001 M concentrations of MgC12 and
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CaCl2. At a low polymer dose where premixing reduced the ef-

ficiency, salting helped recover part of the damage. However,

premixing without addition of salts ceased to deteriorate the

CST as the dose is increased. Also, as the dose is increased,

prolonged mixing times became less harmful for the CST. This

was shown to be typical in polymer conditioning of sludges.

EFFECT OF £R;MAgX FLOC BREAKUB

Unconditioned sludges are affected to varying degrees

by agitation or mixing. Figure 43 shows the effect of mixing

on three different sludges, lime, alum, and anaerobically

digested sludges. Lime sludge particles seem capable of re-

taining their basic structure during severe mixing, and

therefore, are able to maintain a relatively stable and low

CST. The dewatering rate of anaerobically digested sludge

deteriorates drastically when mixed. Alum falls somewhere

between lime and anaerobically digested sludges in its re-

sponse to mixing. It is worth noting that a rotational speed

of 960 rpm, as applied, yields Velocity gradients of 1400

/second for alum and anaerobically digested sludges and 1500

/second for lime sludge.
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EFFECT OE PH

Some inorganic coagulants may alter the pH when added

to sludge. Therefore it becomes unclear whether the pH

change or addition of chemical causes the improvement in the

dewatering rate of the sludge. These experiments were di-

rected towards trying to isolate the effect of pH on the CST.

Ferric chloride acts to drop the pH depending on the dose

used. When an optimum dose (2500 mg/l) of this coagulant was

applied to anaerobically digested sludge no. 2 as shown in

Figure 44, it was observed that the sludge pH dropped from

7.0 to 3.0. Hence the new pH was chosen for this test. From

the Figure, it is evident that reducing the pH caused re-

markable improvement in the sludge dewatering rate. However,

the gap between the two pH values tend to tighten at low

mixing intensity. Also, for the same pH, a much higher CST

results at higher G. This is because of the additional effect

of high intensity mixing on the unconditioned sludge parti-

cles.
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CHAPTE§ Y

Q1SCQSSIO§

The primary purpose of this research was to analyze some

of the factors which influence sludge conditioning and to

resolve part of the uncertainties surrounding the interaction

of these factors. Successful polymer conditioning of sludges

is a complex process that requires an understanding of the

relationship between mixing time, coagulant type and dose,

pH, and mixing intensity. For a system of sludge particles,

the concept of overdosing or underdosing can only be ade-

quately evaluated with regard to the mixing intensity. How-

ever, it is always desireable to choose the least adequate

dose and provide the appropriate mixing intensity to optimize

the dewatering process. During this research attention was

focused on the effect of mixing intensity on the nature and

extent of floc breakup.

Dewatering equipment vary in the degree of turbulence

they· impart ‘to conditioned sludges. The reaction of the

formed flocs to mixing intensity remains a function of sludge

characteristics and coagulant type and dose (25,32).

Coagulants are applied to sludge particles for aggregation

into larger flocs, a process that enhances the sludge dewa-

tering rate (33). Polymers are the most practically success-

ful primary coagulants used for this purpose.
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To effect floc formation, mixing is used to achieve

particle-polymer contacts. This requires that we know how

best to accomplish mixing and when the correct amount of

mixing has been performed to achieve the desired result. It

has been demonstrated by many researchers (9,11) that, once

the flocs are formed and are at optimum size, further mixing

often serves to deteriorate the dewatering rate. However,

little has been mentioned about the primary cause behind this

phenomenon and how it relates to the coagulant type and dose

and sludge characteristics.

When polymer chains in an aqueous solution are mixed,

changes in their structure or function or both may occur. The

change is detected by a differing dewatering rate and/or re-

sponse to other variables in the conditioning process. Chains

could fold or be cut upon intense mixing or undergo a change

which combines these two end results. Folding would reduce

the number of active sites available for attracting and ad-

hering to sludge particles and might also reduce the effec-

tive length. Cutting the chains shortens the length and

might, as in folding, interferes with the interparticle

bridging mechanism.

Data analyses in this study revealed that mixing the

polymer prior to its use on sludge as a conditioner has the

apparent effect of a reduced dose. It was also evident in

this study that proper polymer type and dose selection can

.
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help minimize the reduced effectiveness of polymers due to

mixing.

Having investigated the different elements incorporated

in the sludge conditioning process, it was possible to de-

termine the pattern of deterioration of sludge dewatering

rate resulting from excess mixing. Conditioned sludges con-

sist of the primary sludge particles, which are composed of

small chemical or biological flocs, attached by polymer mol-

ecules to form larger flocs. It follows that, when the

larger flocs break apart upon mixing, either the primary

flocs are fragmented or the polymer—particle bond fails or

the binding element itself, here the polymer, ruptures. How-

ever, experimental evidence indicated that the last mechanism

was improbable at all mixing intensities attempted. The ex-

tent to which each of the above three suggested mechanisms

contributes is a function of several parameters, the most

critical of which is the structure and nature of the sludge

particles.

SLQQGE g0ND;1;Q§;NG

The high doses of Betz 1120 polymer applied to lime

sludge initially caused a marked deterioration of the CST.

However, as mixing time was extended or the mixing intensity

increased the sludge filtration rate improved. This can be

seen in Figures 4-6. High polymer doses rendered the flocs
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more resistant to deterioration when mixed beyond the point

of optimum conditioning probably because more polymer was

available to re-agglomerate the fragments that resulted from

large floc or primary floc disruption. Also, it appears that

the success of anionic polymer in conditioning the negatively

charged lime sludge particles is an indication of the

predominance of the interparticle bridging as the destabi-

lizing mechanism for this sludge-coagulant combination (15).

Primary floc breakup patterns for all sludges are shown

in Figure 43. Lime sludge was only minimally affected by

simple mixing and the rigid crystal- like particles were able

to retain their basic structure under severe mixing intensi-

ties. It is therefore logical to assume that under similar

or milder mixing intensities, any deterioration in the CST

of conditioned flocs could be attributed to floc breakup. The

magnitude of this deterioration was small and the CST of

conditioned lime sludge approached a low and relatively con-

stant value at prolonged mixing times. This behavior suggests

that the particle—polymer bonds can withstand great shear

without failure. It also indicates that CST deterioration for

other types of sludges that possess weaker particle structure

is essentially due to primary floc breakup.

In contrast to lime sludge particles, alum and

anaerobically digested sludge particles fracture more easily.

However, the extent of CST deterioration of conditioned flocs

of these sludges diminishes at higher polymer doses (Figures
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7-9 and 10-12). That is, the effect of primary floc breakup

is more pronounced in underdosed systems (Figures 9 and 12).

In conditioning anaerobically digested sludge, low doses

yielded flocs that are more sensitive to velocity gradients

than those formed by higher doses (Figures 10-12). The de-

watering rate and the response to the different mixing in-

tensities were observed by increasing the Betz 1195 polymer

dose from 180 mg/1 to 250 mg/1 as shown in Figures 29 and 30.

The CST improved and it became less affected by G variation

after the dose was increased.

When Betz 1120, a high-molecular-weight, anionic polymer

was used to condition anaerobically digested sludge it proved

useless. That was also the case with Betz 1160 cationic

polymer. Betz 1160 has a high molecular weight but a lower

charge density than that of Betz 1195. It was expected that,

if interparticle bridging were the controlling mechanism,

then Betz 1120 would perform in a similar manner, if not

better than, Betz 1195, a high—molecular- weight cationic

polymer. Therefore, either the sole mechanism of particle

destabilization for anaerobically digested sludge is charge

neutralization or a charge attraction is necessary to initi-

ate bridging. Cole and Singer (34), in conditioning

anaerobically digested sludges, reported the significant im-

pact that the polymer charge had on its effectiveness as a

conditioner. Kasper and Reichenberger (35) suggested that

the electrical surface charge of the particles has to be
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neuralized before interparticle bridging occurs in order to

bring the particles together whereas Edzwald and Lawler (36)

proposed a charge neutralization model to explain the action

of cationic polymers in conditioning.

For biological sludges, the presence of the negatively

charged biopolymers affects the conditioning process (24).

These particles not only often "consume" a considerable por-

tion of the coagulant dose but they also may dictate the type

of polymer that should be used. In the case of anaerobically

digested sludge, the anionic polymer Betz 1120 did not

achieve any success in conditioning and in fact, increased

the CST beyond that of the unconditioned sludge. This was due

to the high viscosity of the polymer in solution, the mixing

effect on the primary flocs and the failure of the polymer

to effect any positive change in sludge particles srtucture.

The reason behind polymer inefficiency for this case was

probably due to the repulsion between the charged sites on

the polymer chains and those on the biopolymers thus the

polymer adds to the colloidal suspension initially present.

When the Betz 1195 cationic polymer was added, a certain

portion of the available charged sites on the polymer chains

became occupied by biopolymers. The rest of sites remained

ready to engage in particle charge neutralization or to be

used in attachment to effect interparticle bridging.

The use of ferric chloride for conditioning

anaerobically digested sludge produced less satisfactory re-
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sults than with Betz 1195 polymer and required a higher dose

to achieve optimum coagulation. The most probable mechanism

of action for ferric chloride is the formation of ferric

hydroxide flocs to which colloids are adsorbed and held (24).

Therefore the rapid deterioration of the sludge dewatering

rate upon prolonged or intense mixing, especially when high

doses of the conditioner are used, is the result of the metal

hydroxide floc breakup. These flocs are known to have a del-

icate structure that ruptures easily in turbulent environ-

ments.

HIGH MIXING INTENSITX QOEQIIIONING

Effect gg Slgdge Qoggftiogigg, Letterman gf gl; (37)

were among the first researchers to suggest that the velocity

gradient, G, times mixing time, t, could be used to predict

the efficiency of chemical coagulation. Werle (10) investi-

gated this parameter thoroughly and found that an optimum Gt

can be established for a given sludge and polymer dose. He

considered an optimum Gt as the one that produced the least

CST. In this research, data indicated the presence of dif-

ferent regions in the CST-Gt relationship that are charac-

terized based on the response to varying the velocity

gradient, G. Also, it became important to try to evaluate

the effects of intense mixing on the individual components

that make up for the floc strength and cohesion. Identifica-
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tion of the mechanisms responsible for floc formation helps

in clarifying the causes and patterns of floc breakup.

From Figures 16-19 for lime sludge conditioning, the Gt

at which the optimum dewatering rate was reached increased

progressively with the dose. This is more clearly detected

from a plot of polymer dose versus optimum Gt as shown in

Figure 20. In a similar manner the lowest CST attained im-

proved as the dose increased then approached a constant value

at higher doses (Figures 16-19). Comparing the slopes below

and above the "optimum" Gt, it can be observed that a

higher-than-optimum Gt is not as detrimental to the condi-

tioning process as is a lower-than-optimum one. As the dose
V

is- increased two trends are observed. The first is the de-

creasing range of optimum Gt and the second is the growing

distinction between the different velocity gradients used to

produce the same Gt. The second trend is clearly shown Figure

18 where a polymer dose of 120 mg/l was used. The highest

velocity gradient deteriorates the CST to a greater extent

than do lower intensities. These results differ from those

of Werle gg; gé (1) in that, for some sludges, Gt is not

constant but rather varies with G.

The relationship between polymer dose and Gt required

to produce optimum conditioning as shown in Figure 20, con-

firms earlier findings by Werle (10), namely, that an over-

dosed situation can be corrected by increasing Gt. However,
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this is true only up to a certain limit after which a small

change in Gt would require a much higher polymer dose.

In conditioning anaerobically digested sludge (Figures

21-24), a clearer differentiation between the effects of the

three Velocity gradients is seen than was the case with lime

sludge, especially at low polymer doses. However, the dif-

ferences in response between the three G's tend to diminish

with increasing dose and decreasing Gt. The difference in the

response of Gt to a G Variation in lime and anaerobically

digested sludges could be attributed to the difference in the

rate of primary floc breakup between the two sludges as shown

in Figure 43. From this Figure, it can be seen that the rates

of particle breakup for alum and anaerobically digested

sludges diminish with increasing mixing time. The greater

portion of damage in particle structure and increase in CST

incurred during the initial period of mixing (low Gt). It

follows then that when an increasing Gt assumes a less im-

portant role in primary floc fragmentation, that the effect

of G alone becomes more prominent especially at a low polymer

dose. This was shown in Figure 21.

Werle (10) concluded that any combination of G and t

that yields the optimum Gt would give optimal dewatering re-

sults provided that both G and t fall within a certain range.

This is, however, dependent on sludge type and polymer dose.

Figures 21 and 22 show that above a certain Gt value, for

anaerobically digested sludge conditioned by a low dose, G
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plays a role in defining the dewatering rate as a function

of Gt.

The maximum Gt attained in this study and shown in Fig-

ures 21-24 was close to one million. Betz 1195 polymer was

premixed (imparting a Gt Value of 356000) and then used to

condition anaerobically digested sludge. Figures 40 and 41

show that there are no detrimental effects on the sludge CST

resulting from the polymer premixing. In fact performance

improvement due to premixing is noted at the lower polymer

dose. These data indicate that, at least up to the Gt value

reached in premixing, no performance deterioration is ef-

fected by intense mixing while conditioning this type of

sludge.

A greater sensitivity to the Velocity gradient Variation

is exhibited by anaerobically digested sludge when condi-

tioned by ferric chloride than by polymer. This is shown in

Figures 25-27. However, this response to different Velocity

gradients becomes less noticeable with increasing coagulant

dose. When ferric chloride is used, it appears that flocs are

more affected by the mixing duration than by the mixing in-

tensity. The least intensity used was very damaging to the

flocs (Figure 13). It is also seen from Figures 13-16 that

prolonged mixing at a low Velocity gradient is less detri-

mental than mixing for a short duration at high mixing in-

tensity.
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A comparison of the performance of two different

polymers for conditioning alum sludge, given in Figure 28, .

shows that the best choice would be Betz 1120. This polymer

demonstrates greater stability iax dose requirement over a

wide Gt range as marked by its relatively smaller slope. This

might prove helpful when dewatering equipment is being oper-

ated on a range of Gt values or when stand—by dewatering de-

vices, that often come into use, yield a different Gt than

the main process. I
A deterioration in efficiency of Betz 1120 polymer after

being subjected to premixing at a Gt of 2 X
10‘

is shown in

Figure 31 for lime sludge. At low doses, polymer is in short

supply and needed to bind the particles together. In this

situation any damage to the polymer chains should be readily

observed. At higher doses the presence of excess amounts of

polymer can make up for the proposed damage.

The Effeg; OQ Eglyhgg Regfgfhghge, A greater amount of

the premixed polymer was needed to achieve the same dewater-

ing rate as with the unmixed polymer. This is observed in

Figures 32 and 33 for lime sludge and holds true for low and

high mixing intensities.

It became evident that the dominant mechanism of parti-

cle destabilization in anaerobically digested sludge was

charge neutralization. When Betz 1160 cationic polymer was

used to condition this sludge it proved useless. This polymer
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has a high molecular weight, similar to Betz 1195, but a low

charge density.

The apparent ability for reversing the damage imparted

through intense mixing may help explain the nature of the

change that the chains undergo when mixed. The initial pe-

riod of premixing of a high-molecular-weight polymer caused

deterioration but when mixing was extended, it served to im-

prove the alum sludge dewatering rate as illustrated in Fig-

ure 34. Here, considerable damage was caused after the

polymer was premixed for 1 minute at a velocity gradient of

1500 /second. This was reversed by providing Z3 additional

minutes of mixing. Clearly, if polymer chains were cut into

a smaller size there would be a slim chance of recovery un-

less a more optimum chain length was effected through mixing.

The recovery was more prominent when the sludge was condi-

tioned at low mixing intensity (260 /second) and using a

small polymer dose (40 mg/1) as shown in Figures 34-36. When

the dose was increased (to 100 mg/1), more damage was caused

by prolonged conditioning time and higher mixing intensity.

That is, premixing the polymer yielded more G-sensitive alum

flocs. This might be an indication that the binding capa-

bility of the polymer, whether detabilization occurred by

charge neutralization or interparticle bridging, was impaired

by premixing.

Premixing the high-molecular-weight Betz 1195 polymer

resulted in an improvement in anaerobically digested sludge
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dewatering rate at low polymer doses and almost no change at

higher doses (Figures 40-42). Adding salts while premixing

the polymer had no beneficial effect on conditioning in

showing a clear trend. However, as with the Betz 1120 and

alum sludge, the CST of flocs conditioned with the premixed

polymer showed a tendency to deteriorate when low doses and

long mixing times were used and to level out as the dose in-

creased in the same manner as found by using the unmixed

polymers.

The improvement upon premixing the Betz 1195 might have

come through effecting a more optimum size of the chains that

were better capable of good conditioning. However, since the

most probable mechanism of coagulation for anaerobically di-

gested sludge is charge neutralization, it follows that mix-

ing did affect the polymer efficiency through altering the

charge distribution and/or character of the chains.

Based on gathered data for the sludges involved in this

study, it appears that the Gt-CST relationship, at a certain

polymer dose, follows a consistent pattern that can be de-

scribed by the presence of two distinct regions. The first,

at the lower Gt side, is where there is Very little impact

of varying the Velocity gradient on the sludge CST'and where

the CST produced is at a udnimal. The second region is

characterized by the great effect that the Velocity gradients

have on the sludge dewatering rate which has in turn deteri-

orated as compared to the first region. An intermediate phase
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exists that can be thought of as a transitional stage between

the two distinct regions. The Gt range over which each region

occurs is a function of the primary sludge floc character-

istics and the conditioned floc strength. Thus, 180 mg/l dose

of Betz 1195 polymer applied to anaerobically digested

sludge, shown in Figure 29, placed the conditioned flocs in

the second region and 250 mg/1 (Figure 30) would be equiv-

alent to having the flocs in the transitional stage. This is

possible despite the fact that plots in both Figures, 29 and

30, occur over the same Gt range. The optimum Gt described

by Werle (1), while conditioning activated and alum sludges,

was mainly that range covered by the first saveon described

above.

The Effgcf on ph, In mixing unconditioned anaerobically

digested sludge the pH increased with mixing time and/or

mixing intensity. This is due to the adsorption of the hy-

drogen ions (H*) present in solution on the negatively

charged surfaces of sludge particles. Lower sludge pH yields

higher dewatering rate because of the higher concentration

of H*. When the charge on sludge particles is neutralized,

particles may be attracted by Van Der Waals forces (27), ag-

gregate, and increase the particle size and thus the dewa-

tering rate. The effect of two different pH values on

dewatering rate and the response to a low and high G value

for anaerobically digested sludge was shown in Figure 44.
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SUMMAgY_ @1; CQNCLUS;ONS

The objectives of this study were to identify the vari-

ous parameters involved in polymer conditioning of chemical

and biological sludges, their interactions, and to evaluate

the impact of high—intensity mixing on the conditioning

process. Mechanisms of particle coagulation and the different

factors that make up for the floc strength were also inves-

tigated.

Variations in the chemical and physical properties be-

tween the sludges and even between the different batches of

the same type of sludge illuminated the role of certain

sludge characteristics in the coagulation process.

A rapid mixing apparatus was used for sludge condition-

ing after its calibration was found to conform to that de-

termined by acceptable theory. The capillary suction time

measurement was used as an indication of the sludge dewater-

ing rate . Synthetic polymers were chosen as the conditioners

and an inorganic coagulant, ferric chloride, was also used

to illustrate the additional benefits derived from using

polymers in sludge conditioning. The pH was found to affect

the sludge dewatering rate and the improvement in the CST

when ferric chloride was used may have been, in part, due to

effecting a more favorable pH.

l
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The proper polymer dose was found to be a function of

the mixing conditions employed, in addition to specific

sludge and polymer properties. An optimum dose under certain

mixing intensities might prove to be an underdose in an

overmixed situation and an overdose in undermixed regimes.

Fragmentation of the primary flocs of unconditioned sludges

occurred due to mixing as noted by an increased CST. This

effect of intense mixing was minimal in lime sludge but sig-

nificant in both alum and anaerobically digested sludges.

Betz 1120 anionic polymer was the best conditioner for

lime sludge. However, other high—mo1ecular—weight cationic

polymers were also successful in conditioning this sludge.

Anaerobically digested sludge dewatering rate improved dras-

tically upon application of cationic polymers of high charge

density. Alum sludges showed improved dewatering rates when

both anionic and cationic polymers were used.

The effect of intense mixing on the polymer conditioning

capability was evaluated by mixing the polymer solution alone

before employing it for conditioning sludges. In the case of

lime sludge, premixing the polymer resulted in a slight in-

crease in the optimum polymer dose.

The parameter Gt was a good measure of the mixing con-

ditions and relationships were established between it and

polymer doses and dewatering rates. It was shown that the

effects of overmixing can be offset by additional polymer

dose.

A
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Charge neutralization on the surfaces of particle of

anaerobically digested sludge seemed to be the dominant

mechanism for effecting coagulation whereas interparticle

bridging explains the role of polymers in conditioning lime

sludge. In the case of alum sludge, a high-charge-density

cationic polymer was superior compared to another with a

lower charge density. Also, a high-molecular-weight anionic

polymer resulted in excellent dewatering rates for this

y sludge.

In view of the results obtained in this research, the

following conclusions were made:

1. Lime sludge data suggest that deterioration of condi-

tioned sludge dewatering rates upon mixing beyond the

point of optimum coagulation is mainly due to primary

floc breakup.

2. Testing devices that condition sludges at low mixing en-

ergies tend to underpredict the polymer dose requirement

when sludges undergo higher mixing intensities during

dewatering processes.

3. High-molecular-weight polymers are good conditioners of

lime sludge regardless of their charge type. Only high-

molecular-weight cationic polymers are able to condition

anaerobically digested sludge satisfactorily while both
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anionic and cationic polymers of high molecular weight

are successful in conditioning alum sludge.

4. In some situations, the effect of velocity gradient, G,

in the parameter Gt, becomes prominent especially at low

polymer doses and high Gt values.

5. As Gt is increased, the optimum polymer requirements in-

crease up to a certain limit where a large increase in

polymer dose would be required for small Gt increases.

6. Little effect on the polymer conditioning perfomance is

caused by intense polymer premixing.
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