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OF SLUDGES 

BY 

JOHN F. PRENDIVILLE 

(ABSTRACT) 

Experiments were performed on samples of alum and 

activated sludges to determine if these sludges, 

conditioned with polymers under high-stress, would 

achieve favorable dewatering rates. Tests were 

conducted using a variable high speed mixer with root 

mean square velocity gradient (G) values ranging from 

-1 
560 - 2000 sec with both anionic and cationic high 

molecular weight polymers. Capillary suction time (CST) 

was used to measure relative changes in dewatering 

rates. Results indicated that readily dewatered sludges 

can be obtained when subjected to high-stress mixing 

conditions. The most significant parameters governing 

high-stress conditioning were determined to be polymer 

dose and total mixing energy input (Gt). It was 

discovered that as Gt increases, polymer dose 

requirements increase as well, so as to maintain an 

optimum dewatering rate. Also, the activated sludges 

tested in the study appear to be resistant to the 

effects of polymer overdosing. 
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I. INTRODUCTION 

In the field of environmental engineering, a 

major concern is the treatment, handling, and disposal 

of sludges produced in treatment systems. Sludge 

solids may be composed of screenings, grit, scum, 

microorganisms, and chemical precipitates. The sludges 

individually may have distinct internal water contents, 

degrees of hydration and surface charges. All sludges, 

however, can be categorized as either chemical, 

biological or primary sludges. 

Due to the large variations in the physical and 

chemical nature of these sludges, difficulties have 

arisen in preparation for their ultimate disposal. The 

water content of a sludge typically ranges between 

90% - 99%, making the sludge more of a liquid than a 

solid. Disposal of these slurries with such a large 

water composition is economically undesirable. 

Therefore, it is highly advantageous to dewater the 

sludges prior to disposal to reduce the actual volume 

of sludge and create a more handleable material. 

Theoretically, this idea would appear plausible but in 

actuality, many sludges will not dewater efficiently 

without prior alteration or conditioning. 

There are many different methods for sludge 

dewatering with varying costs and performance 

characteristics. In the past, lagoons and drying beds 
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were used to dewater sludges but the time and land area 

required for these quiescent processes have limited 

their application. New technology has been developed 

such that less time and space consuming mechanical 

methods have become more feasible and cost effective. 

In many instances, these mechanical processes 

do not dewater sludges as well as would be desired. 

In part, it appears that for some of these dewatering 

systems, mixing conditions are such as to subject the 

sludges to large shear forces. The sludge floe 

particles are typically weak and may not maintain 

particle contact under turbulent forces. Subsequently, 

the floe particles shear apart, causing a reduction in 

floe size. This reaction is counter-productive to 

effective dewatering. 

Poor dewatering has spurred research to investigate 

the relationship between sludge floe shearing reactions 

and sludge conditioning. Conditioning involves the 

chemical and/or physical treatment of a sludge to 

enhance the rate of water removal. Research has shown 

that sludge conditioning by polymer application can 

substantially improve the rate of dewatering of some 

sludges. Parameters which significantly affect 

dewatering rates are polymer dosages, mixing time and 

mixing energy (referred to as the mean velocity grad~ent 

G). This study focused on the need to collect 

additional information concerning the high-stress 
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polymer conditioning of sludges that are subjected to 

the high shear forces of mechanical dewatering 

equipment. 

The specific objectives of this study were to: 

(1) Determine the effects of polymer dose, mixing 

time (t), and mixing energy (G) on the dewatering rate 

of both water and wastewater treatment plant sludges. 

(2) Develop representative high-stress 

conditions on a lab-scale basis to adequately simulate 

the high stresses and shear forces that sludges may 

encounter in modern full-scale mechanical dewatering 

processes. 

(3) Determine whether a relationship between 

polymer dose and mixing energy input (Gt) exists. 

(4) Compare the efficiences of various anionic and 

cationic polyelectrolyte polymers for conditioning alu~ 

and activated sludges prior to the dewatering process. 

(5) Determine whether overdosing and extended 

mixing energy (Gt) input affect dewatering performance. 



II. LITERATURE REVIEW 

To fully comprehend the mechanisms that 

are involved in the conditioning of water and wastewater 

sludges, it is necessary to provide summaries of past 

research studies that address the parameters that may 

affect sludge characteristics and conditioning. 

SLUDGE CHARACTERISTICS 

Physical and chemical properties of sludges may 

have more significant effects on dewatering than the 

variables associated with dewatering equipment, though 

both will influence the performance level of dewatering 

operations. Sludges that are produced during treatment 

of drinking waters and wastewaters have a wide variety 

of characteristics. 

Sludges can generally be categorized using 

descriptions such as primary, activated, digested, or 

chemical. Primary sludges are the raw water 

solids that settle by gravity to the bottom of the 

primary clarifiers in wastewater plants. Activated 

sludges are byproducts of the biological degradation and 

conversion of organic matter to biomass. These sludges 

exist as floe that may be weak and contain 95% - 99% 

water moisture. Chemical sludges are produced in 

various industrial processes as well as during potable 
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drinking water treatment and contain 90% - 99% water, 

depending on the type of chemical coagulants~ i.e., 

aluminum sulfate, lime, ferric chloride. Some of the 

characteristics that appear to affect sludge dewatering 

rates are listed below. 

(1) Particle size and size distribution 

(2) Particle surface charge and degree of hydration 

(3) Free and bound water contents 

(4) Degree of Compressibility 

(5) pH 

(6) Solids concentration and particle interaction 

(7) Naturally occurring biopolymers concentration 

(8) Salt concentration 

(9) Biochemical composition 

Particle size and size distribution 

It has been generally accepted that particle size 

is a major characteristic influencing sludge dewatering 

rates. As the mean particle size decreases, the surface 

area/volume ratio will increase exponentially (EPA, 1979). 

Three subsequent effects of this action have been 

suggested (EPA, 1979): (1) greater electrical repulsion 

between particles resulting from a larger area of 

negatively charged surface, (2) increased resistance to 

dewatering and (3) more attraction of water molecules to 

particle surfaces due to an increase in the number of 
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adsorption sites. Knocke et al. (1980) showed for metal 

hydroxide sludges that the rate of dewatering is 

dependent upon the mean particle size of these sludge 

floe. 

A related property that has been shown to adversely 

affect sludge dewatering rates is particle size 

distribution. Karr and Keinath (1978) postulated that 

particle size distribution was a property of primary 

interest relating to the efficiency of dewatering 

operations. Karr developed a classification system 

whereby sludges were fractionated into the four particle 

size ranges listed in Table I. 

Karr conducted dewatering experiments in which the 

individual concentrations of the four fractionated 

components of several different sludges were adjusted. 

It was concluded that the dewatering rate was a function 

of particle size distribution, noting that 

supracolloidal solids fraction particularly influenced 

the dewatering rate. It was further stated that 

sludge samples with high supracolloidal solids 

concentrations had high specific resistances and high 

capillary suction times (CST) and were thus considered 

poorly dewatering sludges. On the other hand, sludge 

samples with low supracolloidal solids concentrations 

had low specific resistances and CST values, indicating 

good dewatering characteristics. 
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Table I. Categorization of Particle Fractions 

Particle Description 

Settleable Fraction: * 
rigid, 

fragile, 

Supracolloidals, 

Particle Size 

> 100 micrometers 

< 100 micrometers 

1.0 - 100 micrometers 

True colloidals, 0.001 - 1.0 micrometers 

Dissolved Fraction, < 0.001 micrometers 

* subdivisions of the settleable fraction are 

based on the mechanical strengths of the 

particles. 

After Karr and Keinath (1978) 
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Sludge fractionation research by Roberts and Olsson 

(1975) also concluded that particle size distribution 

played a key role in dewatering performance. However, 

their fractionation method was more simplistic, dividing 

sludges into macroscopic ( > 10 micrometers) and 

colloidal ( < 10 micrometers) size ranges only. 

They concluded that as macroscopic particle 

concentrations decreased so did the CST values, 

indicating good dewatering performance. It was also 

shown that colloidal particle concentrations affected the 

dewatering performance1 as colloidal concentrations 

decreased, CST values decreased. 

These two separate studies differed in that: 

(1) the fractionation process differed, with Karr's 

classification being more complete in differentiating . . 
the particle size ranges, and (2) the type and number of 

sludges were different. Karr used three sludge types 

while Roberts and Olsson used only activated sludge. 

Both groups neglected to investigate alum, lime and 

ferric chloride water coagulant sludges. 

While both concluded that particle size distribution 

"influences dewatering rates, Karr's results favored 

supracolloidal solid effects, while Roberts and Olsson 

showed that macroscopic particles were the size fraction 

that affected dewatering rates. It should be noted that 

the two fractions slightly overlap in their respective size 
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ranges. 

Surf ace Charge and Degree of Hydration 

For the most part, sludge particles repel rather 

than attract one another. This repulsion or colloidal 

stability may be due to electrical effects or hydration. 

With hydration, a layer or layers of water molecules 

bind to the particle surface, establishing a buffer that 

prevents close particle approach. Sludge solids are 

negatively charged and thus tend to be mutually 

repulsive. Repulsion increases as particles are forced 

closer together, inhibiting large floe formation and 

reducing dewatering rates. 

Free and Bound Water Contents 

A third characteristic which has not been 

emphasized is water content. The water in sludges may be 

classified as free and/or bound water. Free water is 

held physically in the interstices among solid 

particles. Bound water is held on the surface of 

particles by hydrogen or ionic bondings, or captured in 

the internal three dimensional structure of individual 

sludge particles. 

Conducting research in Japan, Sato et al.(1982) 

developed a new drying method to measure bound water 

content. The reliability of the new method was compared 

with the Nuclear Magnetic Resonance (NMR) method and 
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proved to be very consistent. Their research consisted 

of adding anionic polyacrylamide polymer to alum sludges 

and then mechanically dewatering the conditioned sludges 

using a bench scale belt filter press. Results showed 

that the porosity of the sludge cake is dependent mainly 

on the bound water content and is fairly independent of 

the free water content. The porosity and bound water 

content were seen to increase linearly with increasing 

cake formations whereas the free water content remained 

fairly constant. 

Using the new drying method, Sato et al. concluded 

that gravimetric moisture content of mechanically 

dewatered cakes of alum sludges increases linearly with 

an increase in amount of bound water. The only 

question related to this study was the failure to 

condition the sludges after polymer addition at high 

stress mixing speeds before mechanically dewatering. 

From data obtained, the polymer conditioned sludges were 

only flocculated gently prior to dewatering. 

Degree of Compressibility 

Degree of compressibility is another important 

property, referring to the tendency of sludge particles 

to deform. As deformation occurs, the void spaces 

between colloids are greatly reduced, restricting water 

flow from the sludge floe mass. Novak and O'Brien 

(1975) noted that polymer conditioning will often 
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increase the compressibility coefficient, though there 

appears to be little change in the dewatered cake 

solids concentration after conditioning. The polymer 

helps to form a more porous floe matrix that allows for 

efficient water drainage. 

Bowen and Keinath (1982) also noted the 

relationship of cake formation to polymer properties. 

Polymers with high or medium molecular weights and 

charge densities produced a sludge cake more resistant 

to compression. A more loosely formed cake with 

increased strength and thickness was produced, allowing 

for improvement in dewatering rates without collapsing 

as supernatant passed through the treated sludge cake. 

Sludge pH 

Past research has shown that the pH of a sludge can 

be adjusted through chemical addition to affect the 

surface charge on sludge particles. This observation 

may govern the selection of polymer conditioners to be 

used. In a study of pure precipitant sludges Gleisberg 

(1980) observed that when lime was used together with 

polymers it had the effect of raising the sludge pH. This 

led to a weakening or reversing of the electric charge on 

the colloidal surfaces and allowed for close particle 

approach. 

Novak and Haugan (1979) conducted tests to observe 

the effects of sludge pH on the adsorption of solution 
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biopolymers. The iron salts used for sludge 

conditioning proved ineffective above pH values of 7.0. 

However, results suggested that the role of the iron 

salts was to lower pH and provide iron oxide species that 

agglomerated the supernatant anionic colloids in the pH 

range from 3.0 - 6.5. In a previous study, Novak and 

O'Brien (1975) tested three sludges with various 

polymers and varying pH levels. Their conclusions were 

that polymer dosages and polymer selection were 

significantly influenced by sludge pH. 

Tenney and Stumm (1965) noted that hydrogen ion 

concentration {pH) can affect the flocculation of 

activated sludge colloids in certain ways: (1) pH 

influences the charge characteristics of both the 

bacterial cells and the polymer, and (2) it influences 

the diffusion of the polymer from the bulk solution to 

the available adsorptive surfaces on the cells. 

Solids Concentration and Particle Interaction 

Wastewater sludges contain large numbers of 

colloidal and agglomerated particles which have large 

specific surface areas. Initially, these particles may 

behave in a discrete manner with little interaction. As 

the concentration of sludge solids increases due to the 

separational process (primary clarification and 

secondary biological degradation), internal friction 

by particle interaction will begin to directly affect 
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the dewatering rate of the sludge. Electrical 

charges will begin to accumulate on the particle 

surfaces. Sludge particles which have like charges will 

repel one another and prevent close particle approach. 

Conditioning neutralizes the surface charge and allows 

the particles to adhere to one another, thus preserving 

the three dimensional integrity of the sludge matrix 

(EPA,1979). 

Novak and Haugan (1979) conditioned activated 

sludges under intense mixing conditions. When mixing 

was intensive, particles sheared from floe surfaces may 

react with conditioning chemicals. They noted that as 

solids concentrations increased with mixing, the supply 

of sheared surface particles is increased and polymer 

requirements are thus directly proportional to the 

sludge solids concentrations. 

Natural Biopolymer Concentrations 

A sludge property which has not received full 

attention is the naturally occurring anionic 

biopolymer(s) produced by waste activated sludges. These 

materials may play a key role in the determination of 

dewatering process and chemical conditioning 

requirements for waste activated sludges. Bacterial 

coagulation in the aeration basins of wastewater plants 

may occur through an interparticle bridging mechanism 

whereby the negatively charged microbial cells are 
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coagulated by the natural biopolymers. It has been 
shown that activated sludge floe could consist of a 

structure of bridging biopolymers to which the microbes 

are attached (Novak and Haugan, 1979; Tenney and Stumm, 

1965). 

Research by Roberts and Olsson (1975) showed that 

when activated sludges were conditioned with cationic 

polymers, the polymer interacted with the unsorbed 

natural anionic biopolymers rather than with the 

attached microbial floe. 

Novak and Haugan (1979) found that when activated 

sludges were conditioned under intensive mixing 

conditions, biopolymers were released. This caused a 

deterioration in filtration rates as well as an increase 

in the chemical conditioning dose requirements. 

It becomes evident that a better understanding of 

the role of natural biopolymers is needed to determine 

the interaction with synthetic polyelectrolytes so as to 

optimize conditioning requirements for more effective 

dewatering processes. 

Salt Concentration 

Novak and Haugan (1979) observed that salt 

concentration plays a role in sludge dewatering rates, 

either by destabilizing the colloidal dispersions or 

enhancing adsorption of natural anionic biopolymers. As 

salt concentrations are reduced, adsorbed anionic colloidal 
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particles are more weakly bound, resulting in a reduction 

in floe strength. This suggests that salts tend to 

increase the degree and strength of natural polymer 

adsorption to the sludge floe, thereby lowering chemical 

conditioning dose requirements. 

Biochemical Composition 

The final property to be discussed is the sludge 

biochemical composition. Research performed by Bowen 

and Keinath (1982) showed that biochemical compositions 

of sludges influenced conditioning and dewatering rates. 

This group conducted a study to test for relationships 

between protein, carbohydrate, lipid content, and 

dewatering rates. Their findings indicated that protein 

and carbohydrate had no effect on dewatering rates of 

the three wastewater sludges investigated. They did, 

however, find a correlation between the free and cellular 

lipid contents and dewatering rates. The influence of 

lipids on dewatering was believed to be due to the size 

of lipid particles and lipid insolubility. The lower the 

lipid content in the sludge the better the dewatering 

rate. The justification for lipids influencing the 

dewatering rate appears to be attributed to the particle 

size distribution of lipids. Lipids fall into the 

supracolloidal size fraction where previous correlations 

have been shown to affect the dewatering rates of 

sludges (Karr and Keinath, 1978). 
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COAGULATION AND FLOCCULATION THEORY 

To gain an understanding of particle aggregation, 

it is necessary to consider basic coagulation and 

flocculation theory. Generally, sludges are thought to 

consist of large solids. However, sludges may also 

have some percentage of colloids intermixed as well. 

Colloidal particles are those substances too small to 

be removed by sedimentation or gravity settling. The 

mechanisms of coagulation and flocculation are used in 

a number of existing facilities to aggregate waste 

sludges prior to cake filtration and disposal. To 

clarify matters, colloidal particles and larger solids 

will be simply referred to as sludge particles. 

It is helpful to distinguish between two distinct 

steps when considering the aggregation of particles: 

(1) particle transport to effect particle contact and 

(2) particle destabilization to permit attachment when 

contact occurs. Particle transport in aqueous solutions 

is a physical process. It can be initiated by Brownian 

diffusion, fluid motion or sedimentation and is 

controlled by such physical parameters as temperature, 

velocity gradients and particle size. Particle 

destabilization can be described by four different 

mechanisms. However, some consideration of the 

characteristics of sludge particles should be made. 
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Primarily, sludge particles carry an electrical charge. 

Most wastewater sludges carry a negative charge while 

water treatment coagulant sludge particles generally 

carry a positive charge. Knowing that the net charge 

in solution is neutral, it can be inferred that charges 

on the particles must be balanced. The electric double 

layer theory is the simplest and most widely accepted 

model to describe this neutral charge effect. To apply 

this theory, it is assumed that the net interaction 

between two sludge particles can be described by a 

combination of van der Waals attraction and the 

coulombic repulsion of the similar double layers of two 

particles. In the Guoy-Chapman model (Stumm and 

O'Melia, 1968), the electric double layer consists of 

the negatively charged particles and a bound layer of 

water in which counter-ions are drawn from within the 

bulk of the solution. An equilibrium is thought to 

exist between electrostatic forces which attract the 

counter-ions to the particle's charged surfaces and 

diffusion forces that transport these ions back into 

the bulk solution where their concentrations are 

much lower. Particles are thus continually stabilized 

and repulsion by the electrostatic forces occurs when 

similarly charged particles approach one another. It 

is necessary to destabilize these sludge particles 

before agglomeration can take place. 
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The addition of chemical coagulants such as aluminum 

and ferric iron salts, and more recently, synthetic 

organic polymers can chemically destabilize the particles 

to cause particle approach. This alteration is referred 

to as coagulation. 

Coagulation can be described based on four particle 

destabilizing mechanisms (Stumm and O'Melia, 1968). The 

first mechanism is described as compression of the 

electric double layer. This involves the addition of 

counter-ions to the solution of sludge particles to lower 

the zeta potential (the magnitude of charge at the surface 

of shear within the double layer). This reduces the 

forces of electrostatic repulsion on sludge particle 

surfaces. 

A second mechanism involves polymer adsorption 

with resulting charge neutralization, whereby polymeric 

counter-ions are adsorbed onto the particle surface to 

cause neutralization. 

In a third mechanism, particles are enmeshed in a 

precipitate of coagulant. This is commonly termed 

•sweep floe•. The salts of aluminum or iron react with 

the solution water to form hydroxide floe that settle 

downwards and entrap the particles in the enmeshments. 

The final mechanism is adsorption with long-chained 

polyelectrolytes to adsorb particles into three 

dimensional floe matrixes by formation of interparticle 



19 

bridges along the branches o~ the polymer chain. This 

chemical-particle bridging mechanism will be elaborated 

upon later. 

After the particles have been destabilized, it 

becomes necessary to increase particle contacts. As 

was mentioned earlier, particle transport by Brownian 

diffusion, natural fluid motion or sedimentation is not 

sufficient to produce adequate particle agglomeration. 

The best method is to increase the frequency of contacts 

by flocculation, which utilizes the fluid shear concept. 

Stirring and mixing of the solution enhances the rate 

of contacts and f loc formatiom between destabilized 

particles. Using orthokinetic (an increase in particle 

contact due to fluid motion) flocculation theory, Camp 

(1955) described the process by stating that •the rate 

of floe formation is directly proportional to both the 

velocity gradient (G) and the concentration of 

flocculable particles.• The velocity gradient is 

determined from the formula: 

o.s 
G • (W/u) , sec 

-1 
(1) 

where u = the fluid's absolute viscosity, and 

W • the work performed by the mixing device. 

W can be determined by the formula: 

W • (6.286)sT/V (2) 
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where s = the measured rotor speed, rps, 

T = the net torque input, and 

V = the volume of the vessel containing the 
solution. 

Obviously, a higher velocity gradient will create a 

more turbulent mixing action and provide for more 

particle contacts, thereby increasing the rate of floe 

formation. However, there is a maximum limit after 

which application of higher G values results in floe 

fragmentation. When the G value increases, the shearing 

forces in the fluid increase as well. Since larger 

floe will have progressively weaker bonds, eventually 

there comes a point where the shear strength of the floe 

bonds is exceeded by the fluid's shear forces. 

Ther~af~er, floe begin to break up and the process 

becomes counterproductive. To produce a floe of a 

maximum stable size in a readily dewaterable state, an 

optimum G value must be found. Floe mixed at excessive 

G values will become unstable and erode under the 

shearing actions of the fluid. 
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SLUDGE CONDITIONING WITH POLYELECTROLYTES 

Different types of conditioners have been used over 

the past century to enhance sludge characteristics for 

dewatering operations. These include ferric chloride, 

aluminum sulfate, lime, and in more recent times, 

polymers or polyelectrolytes. Some reasons for selecting 

polymers over inorganic coagulants are: (1) very little 

additional sludge mass is produced, (2) if dewatered 

sludge is to be ultimately disposed of by incineration, 

polyelectrolytes do not lower the fuel value of the 

sludge, and (3) reduction in operation and maintenance 

problems as well as cleaner material handling 

operations (EPA, 1979). 

Polyelectrolytes are long chain, water soluble, 

specialty chemicals. They can be either completely 

synthesized from individual monaners, or they can be 

made by the chemical addition of functional monomers 

to naturally occuring biopolymers. A monomer is the 

subunit from which polymers are produced through various 

polymerization reactions. The most common backbone 

monomer (EPA, 1979) used in the synthesis of organic 

polyelectrolytes is acrylamide. Polyacrylamide, formed 

from the polymerization of many acrylamide monomers, is 

a long, thread-like molecule of molecular weight in the 

millions. Polyacrylamide, though normally nonionic, can 

be altered to create surface-active charge sites for use 
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as a flocculant. Anionic and cationic polyacrylamide 

flocculants can be made by hydrolizing the amide groups 

(NB-B) on the nonionic polyacrylamide chain and 

combining anionic and cationic monaners respectively 

(EPA, 1979). 

When cationic monomers are copolymerized with 

acrylamide in varying proportions, a family of cationic 

polyelectrolytes with varying degrees of charge is 

formed. These polymers are most widely used for 

conditioning the negatively charged activated sludges. 

The same general concept applies for anionic 

monomer-acrylamide copolymerizations to create a family 

of anionic polyelectrolytes. 

In polymer preparation, organic polymers dissolve 

in water to form solutions of varying viscosity, 

depending on their respective molecular weights and 

degrees of ionic charge. The molecules assume the form 

of extended thread-like coils containing numerous 

functional groups along the branches of the polymer 

chains. 

In the determination of how polymers function, 

conflicting theories have been presented as to what 

particle destabilization mechanism is the most 

predominant. The electric double layer model is too 

restrictive since it neglects the dominating role that 

chemical forces may play in causing adsorption of the 
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particle to a functional group along the polymer chain. 

This model predicts that the concentration of polymer 

necessary to destabilize sludge particles will be 

almost independent of the particle concentration and also 

that charge reversal and restabilization of the 

sludge particle cannot occur. The double layer model 

considers only electrical (coulombic} force interactions 

between the particle and the polymer and neglects solvent 

interactions with either the particle or the polymer 

(Stumm and O'Melia, 1968). 

La Mer (1963) developed a chemical interparticle 

bridging theory that better describes the ability of 

polymers to destabilize sludge particles. This 

theory states that a polymer molecule can attach itself 

to the surface of a particle at one or more available 

adsorption sites, with the remainder of the molecule 

coil extending into solution (Figure 1 ,reactions 

1 & 2). These extensions can also interact with vacant 

charge sites on other sludge particles, creating a 

three dimensional bridging matrix. If bridging between 

particles is to be accomplished, the polymer 

must extend from one particle surface so that it is 

capable of being adsorbed to the available surface 

sites of other approaching particles, or of interacting 

with extended segments of other similarly adsorbed 

polymers (Tenney and Stumm, 19651 Stumm and O'Melia, 
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REACTION 1 
INITIAL ADSORPTION AT THE OPTIMUM POLYMER DOSAGE 

+ 

POLYMER 
0 .. 

PARTICLE DESTABILIZED PARTICLE 

REACTION 2 
F LOC FORMAT ION 

FLOCCULATION 
~ 

(PERIKINETIC OR 
DESTABILIZED PARTICLES ORTHOKINETIC) ~RTICLE 

REACTION 3 
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NO CONT ACT WITH VACANT SITES ff('} 
ON ANOTHER PARTICLE 1(f' 

DESTABILIZED PARTICLE RESTABILIZED PARTICLE 

FLOC PARTICLE 

REACTION 6 

ST ABLE PARTICLE 
(NO VACANT SITES) 

RUPTURE OF FLOC CJ ("\ .. ~~ INTENSE OR 
PROLONGED FLOC 
AGITATION FRAGMENTS 

REACTION 6 
SECONDARY ADSORPTION OF POLYMER 

~ .. 
FLOC FRAGMENT RESTABILIZED FLOC FRAGMENT 

Fl CURE 

SCHEMATIC REPRESENTATION OF THE BRIDCINC MODEL 
FOR THE DESTABILIZATION OF COLLOIDS BY POLYMERS 

EPA (J979> 
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1968). 

The bridging model has shown some significant 

ramifications: (1) optimum destabilization occurs 

when only a portion of the available adsorption sites 

on the surfaces of the sludge particles are occupied: 

(2) restabilization can occur when polymer dosages are 

excessive and saturate all available sites on the 

particle, because no sites are left available 

for polymer bridging. The particles, which are now 

oppositely charged, begin to repel one another 

(Figure 1, reactions 3,4 & 6)1 (3) a destabilized 

suspension can be restabilized by extensive agitation 

since polymer-surface adsorptive bonds are 

overstressed, resulting in the loss of interparticle 

bridges (Figure 1 ,reaction 5): and (4) a linear 

relationship exists between the concentration of 

available surface area and the polymer dosage 

required to optimize destabilization (Tenney and Stumm, 

1965: Stumm and O'Melia, 1968). 

While the electric double layer theory has been 

shown to be somewhat insufficient, one other mechanism 

that may strongly contend the chemical bridging model is 

charge neutralization. It is believed that the 

electrostatic repulsive forces between similar particles 

may be affected by chemically sorbable ions. When an 

oppositely charged polymer ionizes in the solution of 
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sludge particles, ions immediately adsorb onto the 

sludge particle through electrostatic attraction. 

This results in neutralization of the surface charges 

on the particles and a subsequent reduction in particle 

stability or forces of repulsion. The particles now 

become free to agglomerate for coagulation/flocculation 

purposes. 

Depending upon the forces responsible for polymer 

adsorption, the reduction in surface charge potential by 

charge neutralization may be the principal destabilizing 

mechanism or subsidiary to interparticle chemical bridge 

formation. This may in fact be the case since optimum 

aggregation does not always coincide necessarily with a 

zeta potential (electrophoretic mobility) of zero (Stumm 

and O'Melia, 1968). Other observations (Novak and 

Haugan, 1979) showed conflicting results, stating that 

optimal dewatering with polymers occurs near the point 

of zero electrophoretic mobility. In the following 

section, various conclusions will be presented by 

previous research investigators who have studied polymer 

functionability in sludge conditioning tests. 

POLYMER PROPERTIES AFFECTING FUNCTIORABILITY 

Bowen and Keinath (1982) concluded that polymer 

properties influence dosage requirements necessary to 

achieve improved dewatering rates. Molecular weight, 
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charge type and charge density were the polymer 

properties evaluated in this study. From one 

observation, it was noted that as the molecular weight 

of a polymer increases, solubility becomes poorer and 

the polymer chains that do develop are sensitive to the 

shear forces of the fluid. Thus, extensive stirring 

action is required during polymer preparation to produce 

a polymer chain that, though not necessarily extensive 

in length, is stable and can function to condition a 

sludge to a desired state for efficient dewatering. 

Other conclusions from the same investigation 

postulated that the differences in polyelectrolyte 

performance are due to the length, charge densities, and 

molecular weights. For short chain-length polymers of 

low molecular weight, bridging is not the operative 

mechanism for particle destabilization. More likely, 

local charge neutralization at the particle surfaces is 

the key mechanism. Support for this conclusion lies with 

the high charge density that the low molecular weight 

polymers possess (Bowen and Keinath, 1982). In order 

for strong attachment and particle neutralization, a 

higher charge is necessary for the short chain polymers 

to offset the low molecular weights. Still, it was 

observed that low molecular weight polymers required 

higher dosages to achieve the minimum dewatering rate 

than did the longer chained, medium and high molecular 
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weight polymers. 

For the two types of particle aggregation observed 

using low and high molecular weight polymers, support 

for two separate particle destabilizing mechanisms was 

shown. In the polymer group of medium and high 

molecular weights, the chemical bridging mechanism was 

the key operative, though charge patch neutralization 

could also be at work. However, low molecular weight 

polymers were only capable of functioning in the local 

charge neutralizing mode (Bowen and Keinath, 19821 Novak 

and Haugan, 1979). 

One other promising development that Bowen and 

Keinath (1982) brought out of their study was a Polymer 

Index classification system to rate the performance of 

various polymers in a common sludge. As the index 

increased, a larger dosage was required to achieve the 

minimum dewatering rate thus suggesting poorer 

performance for that particular polymer. 

In another study, Novak and Piroozfard (1981) 

stated that the conditioning mechanism by which polymers 

function is through an increase in particle size. At 

the optimum dose of polymer, the mean particle size is at 

maximum level and overdosing above the optimum dose 

causes restabilization and a corresponding reduction in 

particle size. The additional polymer does not adsorb 

to the particles since available surfaces are exhausted. 
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However, the excess polymer takes the form of small 

colloidal particles which, while not interacting with the 

original floe, cause a reduction in the mean particle size 

by readjustment of the particle size distribution in the 

suspended system. overdosing causes a substantial drop 

in dewatering efficiency due to the presence of excess 

polymer in colloidal form. 

In addition, this study noted that the specific 

polymer applied did not play a key role in alum sludge 

conditioning provided the polymer had a sufficiently 

large molecular weight. This observation supports 

previous conclusions (Bowen and Keinath, 1982) studying 

the effects of polymer properties. 

EFFECT OF HIGH-STRESS SLUDGE COllDITIORING 

The initial research investigations concerning the 

effectiveness of polymers in improving the dewatering 

rates of sludges were based on standard jar testing 

analyses. The most important studies are presented 

here to show how polymers can affect sludge 

characteristics: 

(1) Polymer conditioning produces a quickly settling 

floe, resistant to shearing forces generated by fluid 

velocity gradients (Hannah.!1.!!.•r 1969). 

(2) An optimum dose exists for maximum flocculation 

efficiency for a given mixing intensity (G) (Birkner and 
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Morgan, 1968). 

(3) Increased mixing intensities (additional energy 

input) will tend to fragment large aggregated particle 

floe (Birkner and Morgan, 1968). 

(4) Increases in mixing time lead to a deterioration 

in the dewatering rate of the sludge (Bugg et al., 1970). 

While these findings on polymer dosage, mixing time 

and energy input have produced some pertinent results, 

there is one drawback to applicability of these data in 

full scale processes. The standard jar testing 

apparatus used in the past to study the effects of 

polymer/sludge conditioning relationships can only 

supply a limited range of G values between 100 and 150 
-1 

sec • 

In considering commonly used high-stress dewatering 

equipment such as centrifuges and filter presses, high G 
-1 

values (500-2500 sec ) are thought to be generated by 

these mechanical systems. Conditioning data obtained 

with jar testing may severely underpredict polymer 

performance when the conditioned sludges are dewatered 

in these high-stress processes (Novak and Piroozfard, 

1981). It becomes imperative to condition sludges at 

high mixing intensities to adequately simulate the 

high-stress conditions of the mechanical systems. This 

is necessary so that polymer dosages and mixing 

intensities (Gt) are optimized and time and operative 
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costs are minimized. 

In one study, Novak and Haugan (1979) conditioned 

activated sludges with various cationic polymers such 

as Praestol 444K (molecular weight: 2-3 million) and 

Praestol 185K (molecular weight: 30,000-50,000). 

Mixing was made with either the standard jar testing 

apparatus or the standard mixing unit provided with the 

CST apparatus. Conclusions stated were that: 

(1) deterioration of sludge floe was related to mixing 

intensity1 (2) high molecular weight polymers 

conditioned sludges much more effectively under high 

mixing intensities than did low molecular weight 

polymers1 (3) activated sludges conditioned under 

intensive mixing are more resistant to floe breakup and 

deterioration than those conditioned under gentle mixing 

conditions, but larger dosages of polymers are required: 

and (4) since both gentle and intensive mixing can 

produce a readily filterable sludge, it follows that the 

intensity of shear and stress in the dewatering system 

should be matched by equivalent intensity levels in the 

polymer conditioning step. 

Novak and Piroozfard (1981) also investigated the 

effects of mixing and dosing on the relative dewatering 

rates of water plant sludges, ie. lime and alum sludges. 

Anionic and cationic polymers were used since it was 

suspected that addition of inorganic metal coagulants to 
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already heavily concentrated metal hydroxide sludges 

would not increase the filtering rates of these wastes. 

Once again, a similar comparison of jar testing and the 

•standard stirring device• was conducted to evaluate 

mixing effects. Findings postulated that: (1) selection 

of optimal dosages when using low mixing energies (jar 

tests) does not provide suitable predictions of polymer 

requirements when high stress, intensive mixing 

conditions are involved1 (2) stable, flocculated sludges 

produced by optimal conditioning at low mixing energies 

will become unstable at high mixing intensities1 (3) 

increases in mixing energy input (Gt) cause polymer dose 

increases for lime and alum sludge conditioning1 (4) a 

stable, easily dewaterable alum sludge floe can be 

develop~d ~f conditioned at high dosage levels and 

intense mixing conditons7 and (5) if mixing is excessive, 

lime sludge floe will deteriorate regardless of 

additional polymer dosing. 

Finally, investigations by Werle et al. (1983) 

found that polymer dosage and total mixing energy input 

(Gt) are two highly significant parameters involved in 

high~stress sludge conditoning. Working with alum, 

activated, and primary sludges, these investigators 

noted that various combinations of polymer dose and 

total mixing energy input (Gt) could be used to achieve 

the same optimum sludge filterability. In applying the 
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optimum Gt for a given polymer dose, various 

combinations of G and t within an ideal range of G-t 

products would produce the same desired result. And as 

the Gt value increases, more polymer is required to 

maintain the optimum dewatering rate. 

From the text compiled in this review of the past 

literature, it is evident that a large quantity of 

research in the area of sludge conditioning and 

dewatering processes has been accomplished. The results 

of this extensive research will be of considerable value 

in applications on the full-scale sludge treatment 

level. Additional research is required to further 

supplement the degree of comprehension into how the 

characteristics of sludges can be altered to effectively 

condition and produce stable, readily dewaterable sludge 

floe. 



III. MATERIALS AND METHODS 

This investigation was undertaken to determine the 

effects of high stress conditioning and polymer dosing 

{using various high molecular weight polymers) upon the 

dewatering rates of water and wastewater sludges. This 

section outlines the materials and experimental 

procedures used to determine these aforementioned 

effects. Polymer dose, mixing time, and mixing 

intensity were the controls by which the relative 

dewatering rates of the water and wastewater sludges 

were evaluated. Several different anionic and cationic 

polyelectrolyte polymers were utilized and compared for 

the two respective sludge types and judged according to 

their efficiency and dewatering performance. 

COLLECTION AND PREPARATION OF SLUDGE SAMPLES 

Sludges used in this study were obtained from 

water and wastewater treatment plants in southwest 

Virginia. Alum sludges were collected from the Roanoke 

Water Treatment Plant. Activated sludges were taken 

from the Blacksburg Wastewater Treatment Plant as well 

as from the Christiansburg Wastewater Treatment Plant. 

The alum sludge of the previously mentioned water 

treatment plant was obtained from the sludge drainage 

34 
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ponds located adjacent to the main treatment facilities. 

Samples were obtained by simply throwing a bucket and 

rope into the ponds and pulling in the filled contents. 

Sludge was then poured into several five gallon carboys 

and allowed to settle for approximately ten minutes. 

Supernatant was poured off, and the contents of the 

carboys were condensed into one twenty gallon carboy. 

Activated sludges were taken from the Blacksburg 

and Christiansburg wastewater treatment plants. At the 

Blacksburg plant, the samples were obtained by throwing 

a bucket into the aeration basin and pouring off the 

contents into three five gallon carboys to settle for 

ten minutes. Supernatant was decanted and the contents 

were condensed into a twenty gallon carboy. At the 

Christiansburg plant, samples were taken directly from 

an interception spigot valve located on one of the three 

return sludge pumps recirculating activated sludge to the 

aeration basin. The sludge was emptied directly into a 

twenty gallon carboy since excessive time would have been 

spent waiting for this particular sludge to settle and be 

decanted of supernatant. 

Prior to any conditioning experiments, all sludge 

samples were mixed to insure particle resuspension by 

rolling the 20 gallon carboys on their sides for about 

two minutes. Then, total solids concentrations were 

determined using procedures outlined in Standard 
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Methods (1980). In the case of the activated sludges, 

the samples were kept aerated when not being tested to 

prevent septic conditions and to maintain a steady state 

sludge condition. Activated sludge samples were not 

tested if storage time exceeded three days. As the 

tests were being made, samples of sludge were measured 

out into a graduated cylinder and mixed together with 

measured quantities of a desired type polymer. The 

sludge and polymer were poured into the mixing chamber 

and the chamber was attached to the mixing apparatus, 

thus allowing for the tests to proceed. Table II lists 

the various sludges used in this study and their 

respective total solids concentrations and base CST 

(capillary suction time) characteristics. 

POLYMER PREPARATION AND DESCRIPTIVE DATA 

Several cationic and anionic polyelectrolyte 

polymers were utilized in the conditioning experiments. 

Hercofloc 822, Nalco Nalcolyte 675, and Purifloc A-21 

were the three anionic polymers used for alum sludge 

conditioning. These polymers are high molecular weight 

(15-20 million) anionic polyelectrolytes that hydrolyze 

approximately 25 percent in solution. Betz 1195, 

Magnifloc 581C, and Nalco 8114 were used in conditioning 

the activated sludges. These polymers are low molecular 

weight (2-3 million), high charge density, cationic 
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CHARACTERIZATION OF ALUM AND 

ACTIVATED SLUDGES 

Sludge Type Total Solids Base CST Kinematic Viscosity 

Concentration 
<•> 

Alum 2.20 
(Roanoke) 

Activated 1.05 
(Blacksburg) 

Activated 0.95 
(Christiansburg) 

(sec)* 

81.6 

12.S 

53.5 

2 
(in /sec) 

-3 
5.68 x 10 

** 

** 

* Base CST value for unconditioned sludge. 

** Values assumed to be equal to that for alum. 

NOTE: All samples were tested at room temperature (20-23°C). 
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polyelectrolytes. 

Solutions of anionic polymers were prepared as 

follows from either liquid or granulated product samples 

obtained at 0.5 % concentration. One gram of polymer 

was weighed out and mixed with distilled water to the 

one liter mark on a graduated cylinder. The contents 

were poured into a graduated flask and mixed with a 

magnetic stirrer for 24 hours to insure complete 

dissolution. The prepared polymer solution was then 

refrigerated to prevent deterioration when not being used 

in the study. 

Solutions of cationic polymers were prepared in the 

same manner as the anionic polymers. The product 

samples were obtained at 0.5 percent concentration in 

both liquid and granulated form. However, it was only 

necessary to mix the solutions for five to ten minutes 

to insure complete dissolution since these polymers were 

of a lower molecular weight and dissolved more readily. 

Again, the prepared polymer solutions were refrigerated 

when not being used in the study. All polymer solutions 

were allowed to reach room temperature before being mixed 

with the sludge samples. 

DESCRIPTION AND CALIBRATION OF MIXING DEVICE 

The sludge conditioning tests were conducted with a 

high mixing intensity apparatus similar to one used by 
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Letterman et al. (1973). The device was comprised of 

two components: (1) a baffled mixing chamber, and (2) a 

stirring mechanism that was fitted over the top of the 

chamber, thus establishing a self-supporting unit. The 

stirring component consisted of an Eastern Model 3 1800 

rpm variable speed motor connected directly to a Power 

Instruments Model 783 ounce-inch torquemeter. An 

intermediate coupling connected the torquemeter to the 

stirring paddle assembly. A small magnet was imbedded 

into this coupling so that it would spin past an 

external magnetic sensing device. As the 

magnet/coupling rotated past the sensor, an electrical 

impulse was transmitted via the sensor's circuitry and 

relayed to a Hewlett-Packard Model 3734A electronic 

counter. The counter's gate time was set at one second, 

providing a readout in revolutions per second, and thus 

conversion to revolutions per minute could be easily made. 

The speed of the stirring mechanism was controlled by a 

Model 116B Powerstat Variable Autotransformer, providing 

output voltages between 0 and 140 volts. The stirring 

mechanism portion of the mixing apparatus was developed 

uniquely to allow for easy, one-step removal from and 

reinstallation onto the mixing chamber. The base and 

supports for the two components were constructed of 

Plexiglas, and the base contained a small one inch 

diameter hole which allowed for easy sample extraction. 
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The Plexiglas mixing chamber was cylindrical in 

shape with dimensions of 9.4 cm in diameter and a height 

of 21.7 cm. Baffles of 1.2 cm width, running the 

entire height of the chamber, were spaced at 90 degree 

increments around the inside circumference. When the 

two components were connected together, the paddle was 

0.6 cm above the bottom of the chamber. The dimensions 

of the paddle measured 1.2 cm by 5.0 cm. 

Prior to operating the mixing device, it was 

necessary to calibrate the unit so that revolutions per 

minute readings could be related directly to 

corresponding velocity gradients, or G values. An 

equation used by Stump and Novak (1979) and Werle (1983) 

was applied along with alum sludge characteristics in 

order to develop a calibration curve. 

o.s 
G = [2(3.143)g NT/60 V1f;fl 

where g = acceleration due to gravity, in/sec, 
N = paddle rotational speed, rpm, 
T = net torque on paddle, oz-in, 

3 
V • sample volume, in, 

2 
11 • sample kinematic viscosity, in/sec, and 

3 f' = density of water, oz/in 

Torque readings were taken with the aid of a 

[3] 

. Strobotach strobe light device. The strobe light was 

used to read the torquemeter at high rpms, much like a 

timing light gun is used to correct the timing on an 
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automobile. Readings were first taken in air and then 

in the alum sludge. The difference was determined to be 

the net torque. Sample volumes were kept constant at 

0.5 liters. Due to the unavailability of a viscometer, 

-3 2 
a value of 5.68 x 10 in/sec was taken for the kinematic 

viscosity of the alum sludge, (Werle, 1983). Werle 

{1983) felt that since kinematic viscosity values for 

typical sludges are generally on the order of ten to the 

minus third or minus fourth power, the value given above 

could be used for all sludges used in this study without 

significantly affecting the results of the experiments. 

Thus, the calibration curve developed with alum sludge 

and the assumed kinematic viscosity value was taken as 

valid for all the sludge conditioning experiments of the 

study. 

At this point in the calibration process, the 

mixing device was set at readings of 300, 600~ 720, 960, 

1200, and 1500 rpm. The velocity gradient for 300 rpm 

could not be determined since it was not possible to 

control the torquemeter long enough to accurately 

determine a net torque. However, at the other rpm 

values, readings were more sucessful and corresponding 

velocity gradients were computed using net torque values 

and equation [3]. G values of 560, 800, 1160, 1640, and 

-1 
2000 second were calculated. The numbers used in these 
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computations are shown in Table III. These results were 

then plotted on log-log paper to give rpm versus G 

value. This gave a straight line with a slope of 1.60 

(Figure 2). Theoretically, the slope of the G versus 

rpm plot should be about 1.50 for a correctly calibrated 

system. Once the G-values were standardized with this 

curve, the values used for the rest of this study were 

determined by relating the paddle rotational speed to 

the proper G-value for each sludge conditioning test. 

RATE OF DEWATERING MEASUREMENTS 

All dewatering rate measurements were conducted 

using a Triton Type 165 capillary suction time apparatus 

and Whatman #17 fast flow rate chromatography papers. 

The device operates on the principle that capillary 

suction pressure causes the filtrate to flow through the 

chromatographic paper at a rate highly dependent upon 

the relative dewatering rate of the sludge. The CST 

measures the time in seconds necessary for the 

filtrate to seep a fixed distance through the filter 

paper. This parameter measures ease of water removal 

from sludge and does not indicate operational dewatering 

characteristics. However, ease of water removal plays 

an important role in determining dewatering rates and 

can thus be used for purposes of comparison. 

For all tests, the steel cylinder having a one inch 
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TABLE III. CALIBRATION OF MIXING DEVICE 

RPM Torque Torque Torque G 
-1 

(air) (sludqe)* (net) (sec ) 

300 1.2 

600 1.8 3.1 1.3 560 

720 1.8 4.0 2.2 800 

960 1.9 5.4 3.5 1160 

1200 1.4 7.0 5.6 1640 

1500 1.4 8.1 6.7 2000 

* Torque readings were taken using alum sludge from 
Blacksburq WTP. 

NOTE: All torque readings are in ounce-inches 
(oz .-ins.) 
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SLOPE = 1. 60 
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FIGURE 2. CALIBRATION CURVE FOR 
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diameter (provided with the CST apparatus) was used as 

the sludge receptacle. Samples of the conditioned 

sludge were extracted from the mixing chamber to fill 

the receptacle completely to the top. One problem 

with the CST device was the initial amount of 

time needed to clean the contacts and replace the filter 

paper after each sample test run. As experience was 

gained with the apparatus, the cleanup time was 

reduced from 1.5 minutes to 30 seconds. 

SLUDGE SAMPLE TESTING PROCEDURE 

As described earlier, one-half liter sludge samples 

were prepared by adding measured quantities of a 

particular type sludge and corresponding polymer 

together in the mixing chamber. Since 0.5 liter samples 

were conditioned, each milliliter of polymer solution 

added represented a dose of 2.0 milligrams/liter. After 

the addition of the sludge and polymer, the stirring 

component and the chamber were connected and the mixer 

was set to the specified G value and run for the desired 

mixing time. The mixer was then stopped and a sample 

was withdrawn with a one foot length of clear tubing. 

Samples were analyzed using the CST and the observed 

times recorded. All mix times were cumulative, meaning 

that the mixer was stopped at each sucessive sample 

time, a sample extracted, tested on the CST and returned 
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to the chamber before restarting the mixer once again. 

The procedure was performed in this manner until the 

desired total mixing time was completed. In Table IV, an 

example of the format by which this procedure was made 

is shown for illustrative purposes. This process was 

performed for each of the polymer doses and mixing 

energies, (G), specified. Fresh sludge samples were 

prepared for each polymer dose and a new G value 

applied. Some variation in the results (the following 

section) may have been due to sampling problems. When 

conditioned sludge was withdrawn from the mixing chamber 

by suction with a length of plastic tubing, it could not 

always be assumed that samples with a consistent solids 

concentration would be extracted for CST analysis. 

Thus, the CST results were often scattered over the 

range of Gt values applied. In Figures 3 and 4, plots 

were generated to determine if the sampling technique 

was attributing to the scatter of data points. The 

points are shaded in for the Gt ranges where G equaled 

-1 -1 
300 sec and 950 sec and time (t) was varied. From the 

plots, it can be observed that the scatter was most 

likely due to the fact that sample extraction with a 

consistent solids concentration could not always be 

controlled. 



TABLE IV. 

Polymer Dosage 
(mg/L) 

90 mg/L 
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EXPERIMENTAL FORMAT (example) 

G value/Mix time I 

G = 300 

G = 600 

G :s 950 

-1 I 
secs 

15 
30 
45 
60 

120 
180 
360 
600 

-1 
secs 

15 
30 
45 
60 

120 
180 
360 
600 

-1 
secs 

15 
30 
45 
60 

120 
180 
360 
600 

I 
secs I 
secs I 
secs I 
secs I 
secs I 
secs I 
secs I 
secs I 

I 
I 

secs I 
secs I 
secs I 
secs I 
secs I 
secs I 
secs I 
secs I 

I 
I 

secs I 
secs I 
secs I 
secs I 
secs I 
secs I 
secs I 
secs I 

CST Reading 
(seconds) 
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IV. RESULTS AND DISCUSSION 

Conditioning data collected in this research 

indicated that polymer selection, polymer dose, mixing 

time (t) and mixing intensity (G) all affect the 

dewatering rates of water and wastewater sludges. The 

data show the existence of a relationship between 

optimum total mixing energy input (Gt) and the polymer 

dose required. For particular sludges investigated in 

this study, polymer selection may be critical parameter 

for optimal conditioning, though this would depend on 

the type of dewatering system utilized and hence, a 

corresponding optimum Gt value. In this section, data 

will be presented and discussed to provide detailed 

explanation of the effects noted during 

experimentation. 

ALUM SLUDGE CONDITIONING 

The results of alum sludge testing are shown in 

Figures 5 - 12. Conditioning data relative to these 

tests are provided in Table IV. Three anionic 

polyelectrolytes were utilized in these tests. In 

Figures 5 - 7, relationships between minimum CST and 

polymer dosage are shown for each polymer used. From 

Figures 5 - 7, it can be observed that the minimal CST 

50 
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value was approximately 10 seconds for each polymer. 

Performance was judged on the basis of both the 

minimum CST value that could be obtained as well as the 

polymer dose required at a given Gt value. Nearly 

constant CST values of 10 seconds occured over a wide 

dose range for both Hercofloc 822 and Nalcolyte 675 

polymers. Hercofloc 822, (Figure 5), shows the most 

favorable dewatering results though Nalcolyte 675 

(Figure 6) also achieves low CST values for doses above 

60 mg/L. Purifloc A-21 (Figure 7) achieved a minimum 

CST value of approximately 11.0 seconds, although large 

doses of 150 mg/L or greater were required. Underdosing 

was evident at the 60 mg/L dosage where a CST of 27.8 

seconds resulted for this particular polymer. 

Underdosing for Nalcolyte 675 was evident at doses below 

90 mg/L while Hercofloc 822 dewatered well down to a 

dose of 60 mg/L. 

Figures 8 and 9 show the effect of Gt on CST values 

when different polymers are used for a single dose 

level. At doses of 60 mg/L and 120 mg/L, it is clear 

that some polymers function more efficiently than 

others. Hercofloc 822 was the best conditioner while 

Purifloc A-21 showed the least favorable performance. 

An increase in CST values was noted as mixing energy 

inputs were increased, particularly for low dose 

applications. However, when the dosage was increased 
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from 60 mg/L to 120 mg/L, improved dewatering was 

noted. 

Representative data are shown in Figures 10 and 11 

for several polymer dose levels. Bercofloc 822 and 

Nalcolyte 675 were selected for illustration due to 

their conditioning efficiency. It is apparent that at 

sucessively larger Gt values, higher polymer doses are 

needed to achieve minimum CST levels. For instance, a 

minimum CST value of 12 seconds was achieved at a Gt of 

14,000 for a 120 mg/L dosage of Nalcolyte 675 (Figure 

10). However, the same CST value is accomplished at a 

Gt of 57,000 using a dose of 180 mg/L. A similar 

response can be observed with Hercofloc 822 conditioning 

(Figure 11). Overdosing is generally associated with 

low Gt values. At high polymer doses, CST values 

decline as the mixing input increases. For example, in 

Figure 11 it can be seen that for a dose of 180 mg/L, 

overdosing is apparent at all Gt values less than 

150,000, though CST values improve as the mixing energy 

inputs approach this value. 

From Figures 10 and 11, it can be shown that an 

optimum Gt value exists for each polymer dose level 

applied. For instance, Nalcolyte 675 (Figure 10) has 

optimum Gt values of 4,500, 14,000, and 57,000 for doses 

of 60, 120, and IBO mg/L, respectively. As the doses 

increased, the optimum Gt for each dosage level 
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increased as well, achieving the same CST value of 

approximately 10 seconds. The same optimum Gt trends 

occur for Hercofloc 822 (Figure 11), where optimum Gt 

values of 6,000, 29,000,and 150,000 exist for respective 

doses of 60, 120, and 180 mg/L. 

It appears that polymer concentrations of 120 and 

180 mg/L constituted overdoses at low Gt values but 

increases in mixing time (t), mixing intensity (G) or 

both had the effect of improving dewatering performance. 

The exact mechanisms involved in poor dewatering during 

overdosed conditions are not fully understood but it is 

possible that attachment sites on the sludge particles 

became saturated with excess polymer in colloidal form 

and prevented bridge formation from occurring. Another 

possibility is that there may be a tendency for 

colloidal polymer to occupy the attachment sites on the 

branches of larger functioning polymer molecules. An 

overdosed condition could be corrected through 

application of additional mixing energy input. For each 

individual polymer and dosage level, significant 

deterioration occurred as the Gt value rose above the 

optimum level. Apparently, the higher shear forces 

acted to break up either the agglomerated sludge floe or 

the sludge particles or both. 

Figure 12 illustrates the relationship between 

optimum Gt and the polymer dosage required to achieve 
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the minimum CST value for each polymer used in the 

study. This figure is extremely useful for rating the 

performance and efficiencies of various polymers. 

Depending on the dose applied, each polymer can be 

judged based upon the optimum Gt value that it achieves. 

Because certain dewatering systems such as centrifuges 

and filter presses are thought to exert extremely high 

shear forces, the polymer(s) which accomplish maximum 

dewatering at high optimum Gt values will prove to be 

most effective for conditioning sludges that are to be 

dewatered in high-stress systems. It can be seen 

(Figure 12) that optimum dose - Gt data can be 

represented by a straight line similar to conditioned 

alum sludge findings by Werle (1983). 

From Figure 12, it can be observed that Purifloc 

A-21 would not be acceptable for high-stress 

conditioning. This is because extremely high polymer 

doses would be needed at higher Gt values. However, 

Nalcolyte 675 and Hercofloc 822 polymers were much more 

effective. For these two polymers a CST value of 10 

seconds could be obtained at all combinations of G and t 

by varying the polymer dose. The range of optimum Gt 

values extended from 4,500 to 150,000. Although both 

polymers were effective, Hercofloc 822 showed better 

results than Nalcolyte 675. For example, an optimum Gt 

of 57,000 was obtained at a dose of 150 mg/L for 
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Hercofloc 822 while a dose of 180 mg/L was required to 

achieve the same Gt value with Nalcolyte 675. 

For dose levels and Gt values that do not fall 

along the curves, overdosing or extended mixing energy 

input Gt resulted in deterioration of dewatering rates. 

It is generally accepted that the polymer acted to 

increase the particle size (Novak and Piroozfard, 1981). 

However, the effect of extended mixing energy input Gt 

was the gradual breakup and restabilization of the 

sludge particles. 

From alum sludge testing, it can be observed that 

small polymer doses give optimal performance at low Gt 

values while larger doses give optimal performance at 

high Gt values. It appears that alum sludge can be 

conditioned to resist deterioration, but to do so 

requires large polymer dosages and substantial mixing 

energy input. Similar conclusions made by Werle (1983) 

and Novak and Piroozfard (1981) support these findings. 

If the dewatering process to be utilized was a 

low-stress process, such as a drying bed, use of a low 

dose and low Gt input would prove favorable. Purifloc 

A-21 would be effective in low Gt conditions. If the 

process were of medium or high-stress such as 

centrifuges and filter presses, Bercofloc 822 would 

appear to be the best polymer of those studied in the 

research. Polymer selection should be considered when 
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conditioning alum sludges, since some will produce much 

more favorable results, particularly under high-stress 

conditions. 

AC'l'IVATED SLUDGE CONDITIONING 

The results of activated sludge testing are shown 

in Figures 13 - 23. Conditioning data relative to these 

tests are given in Table IV. Three cationic 

polyelectrolytes were utilized in these tests. From 

Figures 13 - 15, it can be observed that the minimum CST 

value was approximately 9 - 10 seconds. The one 

exception (Figure 16) was during sludge conditioning 

tests with activated sludge samples from the Blacksburg 

wastewater treatment plant. The unconditioned CST value 

was 12.5 seconds, indicating an easily dewatered sludge. 

Upon conditioning, CST values of 5 - 8 seconds were 

achieved. The only explanation for this lies with the 

exceptional characteristics of this particular sludge. 

The sludge responded so favorably to all variable 

changes that consequently, very little worthwhile 

information was provided other than for purposes of 

comparison with activated sludge samples from the 

Christiansburg wastewater treatment plant. Data 

resulting from conditioning tests on the latter 

activated sludge will mainly be presented and discussed 

since much more significant data were produced from 
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these tests. 

Polymer performance was judged according to the 

minimum CST value that could be obtained as well as the 

optimum polymer dose for each given Gt value. In 

Figures 13 - 15, minimum CST values versus polymer 

dosages are plotted for each polymer used. It appears 

that doses of approximately 120 mg/L are required to . 
achieve the minimum CST value, however, Betz 1195 

performed well at doses less than 120 mg/L. For 

example, while Magnifloc 581C and Nalco 8114 (Figures 14 

and 15) gave CST values of approximately 20 seconds at 

the 60 mg/L dose, Betz 1195 gave a CST of 13.5 seconds 

at the same dose. For all three polymers, little 

variation in the minimum CST values was apparent over 

the range of doses from 120 to 180 mg/L. This 

observation suggests that activated sludges may be 

difficult to overdose. 

Figures 17 and 18 show the variation in CST with 

mixing energy input Gt for a single dose level. At 

doses of 60 and 120 mg/L, it can be seen that some 

polymers function more effectively than others. At the 

60 mg/L dose (Figure 17), Nalco 8114 showed the least 

favorable performance, while Betz 1195 gave the best 

results. Deterioration of the sludge was observed as 

mixing energy inputs.were increased, especially for the 

60 mg/L dosage. At the 120 mg/L dose, however, all 
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three polymers responded more favorably. In fact, 

deterioration on the whole, was not severe for all Gt 

values between 4,500 and 100,000. Betz 1195 and 

Magnifloc 581C appeared to respond equally well at all 

mixing energy inputs for the 120 mg/L level. (Figure 

18). 

Conditioning responses are shown in Figures 19 and 

20 for three typical dose levels. Magnifloc 581C and 

Betz 1195 were chosen for illustration due to their 

conditioning efficiency. It is apparent that the 60 

mg/L dose is an underdose for both polymers, since CST 

never reaches the minimum value of 10 seconds. At 

the 120 mg/L and 180 mg/L dosages, however, CST values 

remained low until Gt values of approximately 40,000 

were attained, at which point the CST values for the 120 

mg/L dose, in particular, began to increase. It can be 

seen that for activated sludge conditioning, no single 

optimum Gt value is observed. Rather, it appears that 

an optimum Gt range exists. In all cases, when the Gt 

was 4,500, dewatering was excellent. Also, the range of 

optimum Gt values becomes larger as the polymer dosage 

increases. It can be seen that similar responses in CST 

values develop for the higher doses of 120 mg/L and 180 

mg/L. What the results emphasize is that this activated 

sludge cannot be overdosed with polymer, and a single 

minimum optimum Gt of 4,500 exists regardless of the 
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dosage applied. 

Figures 21 - 23 illustrate the relationship between 

optimum Gt and the polymer dosage required to achieve 

the minimum CST value for each of the three polymers 

tested. Depending on the dose applied, each polymer can 

be rated based upon the range of optimum Gt values that 

it can achieve. For low Gt conditions (4,500) and low 

optimum doses (60 mg/L), it was observed that all three 

polymers functioned equally well. However, at higher 

optimum doses, a range of Gt values developed which 

achieved the same minimum CST value. From Figure 21, it 

can be observed that Nalco 8114 would not function well 

under high-stress mixing conditions. It seems that this 

polymer could only achieve a small range of optimum Gt 

values between 4,500 and 20,000. In Figures 22 and 23, 

however, Betz 1195 and Magnifloc 581C are shown to be 

efficient polymers. In fact, the overall range of 

optimum Gt values for both polymers was similar. Each 

polymer matched optimum Gt values for all polymer dose 

levels applied. For Betz 1195 and Magnifloc 581C, a 

straight line can best describe the right-hand side of 

the shaded region of optimum Gt values. These two 

polymers accomplished maximum dewatering rates of 

approximately 10 seconds at a polymer dose of 180 mg/L 

and large Gt conditions of approximately 300,000. It 

would appear that if centrifugation or filter press 
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dewatering were utilized, where Gt values are thought 

to be quite large, these two polymers would prove 

acceptable for conditioning activated sludges to resist 

deterioration and dewater efficiently. From Figures 

21 - 23, it can be observed that these three polymers 

operate very efficiently anywhere inside and along the 

boundaries of their respective shaded regions. While 

both Magnif loc 581C and Betz 1195 were equally 

effective, it might be suggested that new synthetic 

polymers could be developed to achieve the same minimum 

CST value. These new polymers could accomplish the 

desired maximum dewatering rate within a shaded region 

where the righ-hand side would be described by a 

straight line of less slope than those shown in Figures 

22 and 23. Hence, at high operating Gt conditions of 

approximately 100,000 to 300,000, minimum CST values 

could be achieved though optimum dose requirements would 

be significantly reduced. 

Based upon the data generated by testing of these 

two sludge types, several postulations can be presented 

regarding overdose/floe deterioration responses. In the 

case of activated sludge conditioning, there appeared to 

be a discrepancy with the predictions of classic theory. 

Classic theory states that overdosin.g or floe 

deterioration responses will occur. In the present 

study, no overdosing or floe deterioration effects were 
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observed. The fact that minimum CST values were 

achieved at high doses and low Gt conditions suggests 

that this activated sludge cannot be overdosed (Figures 

22 and 23). The cationic polymers used in this study 

are thought to destabilize the sludge particles by 

adsorbing to available surface sites on the negatively 

charged particles. The particles are destabilized due 

to a neutralization of surf ace charges by the highly 

positive charged polymer molecules allowing for the 

desired particle agglomeration. Research has shown 

(Novak and Haugan, 1979) that optimal dewatering 

performance occurs at or close to the point of zero 

electrophoretic mobility. This fact helps to support 

the postulation that cationic polymers may function 

through surf ace charge neutralization of the activated 

sludge particles. From the research by Novak and 

Haugan, a question may be made concerning the optimum 

dose and zeta potential charge. Knowing that the 

activated sludge cannot be overdosed and an optimum dose 

can be observed for the point of zero charge, it is 

possible to ask: •noes the zeta potential increase or 

remain approximately at zero when additional cationic 

polymer is supplied above the dose level known to 

achieve the minimum CST and the zero (neutral) charge?• 

Novak and Haugan observed that additional dosing simply 

reversed the charge from negative to positive but 
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dewatering rates did not deteriorate to any significant 

degree. Thus, there exists a question as to why the 

charge on the particles reverses sign and increases, yet 

optimal dewatering performance persists and additional 

polymer does not cause an overdosing effect. 

A possible explanation for the absence of f loc 

deterioration at high polymer doses and low Gt values 

can be stated as follows. Excess polymer does not 

occupy attachment sites on particle surfaces at low Gt 

values but rather, remains in solution. When Gt is 

increased, mixing energy agitation causes sludge 

particles to fracture and the excess polymer may be 

utilized through adsorption onto the additional surface 

sites created by particle fractures. 

Alum sludge conditioning effects are however quite 

different. The alum sludge tested in the present study 

responded to the predictions of the classic theory. 

Overdosing and floe deterioration effects were observed. 

From Figures 10 and 11, it can be observed that the 

maximum dewatering rate (minimum CST) is achieved at the 

bottom of the curve where the slope equals zero. At 

this point, an optimum Gt can be seen for a given 

polymer dose. If the Gt input exceeds this optimal 

performance situation, marked deterioration of the 

dewatering rate develops. When the mixing energy input 

Gt is increased above the optimum Gt, alum sludge floe 
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are disrupted by the higher fluid shear forces. A 

chemical bridging model proposed by La Mer (1963) 

suggests that alum floe are formed from long-chained 

polymer bridge formations between individual sludge 

particles. Though the bonding sites between bridging 

polymer molecules and the sludge particles are very 

strong, it is thought that the floe shear apart, 

possibly at the unsorbed surf aces of the weakly 

structured particles. Consequently, the dewatering rate 

will decrease as the sludge particles fracture and 

surface sites on individual sludge particles become 

saturated by the numerous branches of single polymer 

molecules. Also, restabilization of the alum sludge 

particles may result from excess colloidal polymer 

saturating all available bonding sites on the fractured 

particles, thereby preventing any significant 

interparticle bridging by larger polymer molecules. 

Thus, extended mixing action tends to restabilized a 

sludge floe that previously was optimally dosed and 

conditioned. 

Overdosing of the alum sludge was also observed 

from Figures 10 and 11 for those Gt values less than 

optimum. A question was raised concerning the 

utilization of this excess polymer for additional 

particle agglomeration. Apparently, as the data have 

shown, increasing the mixing energy input Gt towards the 
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optimum Gt value .reduces the overdosing effect. It is 

possible that this excess polymer is consumed and 

bridged together with additional sludge particle surface 

sites provided by fracturing these particles from the 

original floe. The overdosing effect could be reduced 

though to do so also meant increasing the polymer 

requirement for optimal conditioning performance. The 

anionic polymers are thus thought to destabilize alum 

sludges by polymer bridges between individual sludge 

particles (Stumm and O'Melia, 1968; La Mer and Healy, 

1963). Particle stability is lost once the sludge 

particles have been bonded by the polymer molecule(s). 

Due to the high molecular weight of these bridging 

polymers, the destabilized sludge particles, being 

entrapped in the floe agglomerations, will sim~l~ be 

removed from the bulk solution by sedimentation. 



V. SUMMARY AND CONCLUSIONS 

From the results of this research it is clear that 

polymer selection, polymer dose, and total mixing 

energy input (Gt) are three important parameters to be 

considered in sludge conditioning. For any given sludge, 

it is possible to establish an optimum polymer dose and 

mixing energy input (Gt) value that will produce the 

most favorable sludge cake filtering rate. 

In the case of alum sludge, an optimum dewatering 

rate can be accomplished by selecting an optimum polymer 

dose for the Gt value to be encountered. These range 

from low dose-low Gt input to high dose-high Gt input 

selections. The actual choice should be based on the 

degrees of stress and shear forces anticipated during 

the dewatering session. The higher the mixing energy 

input (Gt) the higher the polymer dosage required to 

achieve optimal performance. This relationship for 

several polymers is shown in Figure 12. 

As a general rule, the level of stress encountered 

in the dewatering process should be simulated in the 

conditioning step to maximize the stability of the 

particle-polymer bonds in floe matrixes and produce a 

readily dewaterable sludge cake. Since there exists a 

range of Gt values that meet the required optimum mixing 

energy input, any combination of G and t which is 

equivalent to the requirement can be applied within 
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practical limits. 

A range of optimum Gt values seems to apply to 

activated sludges. Sludge dewatering rates show 

improvement with increased dosages of polymer. 

Activated sludges are capable of being dewatered at 

at extremely high Gt conditions although high doses 

of polymer would be required. No significant overdosing 

effects appeared to exist for the conditioning tests on 

activated sludge samples. 

Given the above findings, the results of this 

research support the following conclusions: 

1. Alum and activated sludges can be conditioned 

to resist deterioration and dewater efficiently during 

high-stress processes. 

2. For alum and activated sludge conditioning, as 

mixing energy inputs (Gt) increase, polymer dose 

requirements increase as well, so as to maintain au 

optimum rate of dewatering. 

3. The activated sludges tested in this study 

appear to be resistant to the effects of polymer 

overdosing. 

4. Though these activated sludges cannot be 

overdosed, larger doses of polymer allow the sludge to 

be conditioned at extremely high Gt conditions. This is 

important when considering the use of high-stress 

dewatering systems. 
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