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CHAPTER I 

INTRODUCTION 

Water has often been employed as a multipurpose resource to sus

tain a variety of requirements. A single source may be used for 

recreation, irrigation, hydropower, navigation and as a water supply 

for municipalities and industrial activities, including cooling water 

for electrical power generation. However, the increasing demand for 

water in many areas of the United States has created conflicts among 

the various water users, necessitating the development of new programs 

and policies for more efficient and regulated use of water. 

In water deficient areas, the situation is often aggravated by 

a growing demand for the production of electricity which requires 

large amounts of water for cooling. Since municipal water supply is 

regarded as the highest priority use, the power utilities are forced 

to examine other options for the acquisition and maintenance of a 

reliable water supply. Additionally, means of water recirculation in 

the cooling system are mandatory since once-through cooling in water 

deficient regions is uneconomical. Cooling towers or cooling ponds 

are used to reduce the temperature of the water cycled through the 

condenser system. Treatment facilities are often required to control 

water quality which is otherwise altered by recirculation and evapo

ration. The capital investment by the utilities for the construction, 



maintenance and operation of such facilities adds significant increases 

to the cost of providing electrical power to the consumer. 

An untried alternative is the use of a public water supply in a 

once-through cooling regime prior to treatment and municipal distri

bution. Figure 1 shows the relative position of the major elements of 

the proposed system. Raw water is first used at the power station to 

transfer heat from the condensers. The heated powerplant effluent is 

then processed by the treatment plant before release to the distribu

tion system. The two storage ponds serve to supply water at the 

needed use rate to the power and municipal water treatment facilities. 

Under optimum conditions, this configuration may provide a number 

of benefits. The power utility is relieved of the expense of operat

ing and maintaining a cooling water recirculation system. Since it is 

no longer necessary to cool the condenser water, it may be used to 

carry away a larger amount of heat, resulting in a decrease of the 

amount of water required. 

At the water treatment plant, the heated effluent could allow 

for more efficient water treatment through increases in chemical 

reaction rates and reduction of the time required for physical opera

tions. An existing plant may thus achieve a greater treatment capacity 

and new plants could be down-sized due to increased efficiency. 

The cost of heating water is approximately 20 to 25 per cent of 

the total domestic energy bill (20). The amount of energy required to 
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heat water may be lowered by the use of a pre-heated municipal supply. 

The user may therefore realize a lower energy bill based on the reduced 

cost for power generation and the reduced requirements of energy for 

heating. 

The advantages and adverse effects of this system on the power 

facility and the consumer are discussed elsewhere (46). The purpose 

of this research is to investigate the effects of elevated temperatures 

on the following selected unit operations and processes of water treat

ment: (a) alum floe sedimentation, (b) adsorption of organics, 

(c) rapid.sand filtration and (d) disinfection. These water treatment 

activities were chosen for study because little is known about their 

behavior at elevated temperatures and because they represent the major 

portion of the capital investment and operating costs of a conventional 

water treatment plant. 

Temperature may exert a variety of influences on water treatment 

operations in addition to reducing the viscosity of the water. With 

respect to sedimentation, heat could also affect floe size and density, 

rate of floe formation, the chemical nature of the flocculating agent, 

and adsorption rates and capacities. Although the viscosity effects 

might be adequately modeled, combined effects of all the variables 

could complicate the prediction of sedimentation rates. 

The adsorption of organic compounds .by a suitable adsorbent is 

normally an exothermic process. However, adsorption is also dependent 



upon the activation energy, E, as described by the van't Hoff-Arrhenius 

equation. Since each phenomenon could exert an opposing influence on 

adsorption, laboratory studies were necessary to adequately determine 

the predominant mechanism at elevated temperatures. 

Head loss through a porous medium is a function of the viscosity 

of the fluid which is, in turn, influenced by fluid temperature, how

ever the filtration process is also influenced by the concentration 

and nature of the suspended material in the transport fluid. If the 

floe characteristics are altered by heat, the viscosity effects of 

filtration may be modified. 

The disinfection studies were conducted because little infor

mation concerning elevated temperature effects in water" treatment for 

municipal use is available. The chemical nature of a disinfectant may 

be altered at elevated temperatures, thus modifying its germicidal 

properties. Additionally, temperatures in the upper range may have a 

bactericidal effect, but may promote growth at the lower ranges due 

to incubation effects. 

The specific objective of this research was to determine the 

effects of elevated temperatures on four municipal water treatment 

activities by investigating the following: 

a. the settling of floe particles formed with alum 

b. the adsorption of organics by powdered activated carbon 



c. the changes in head loss during the filtration of flocculated 

material through a sand column, and 

d. the survival of E.coli after exposure to various concentra

tions of chlorine 



CHAPTER II 

REVIEW OF THE LITERATURE 

The following discussion of heat effects on conventional water 

treatment is divided into four sections, each of which is concerned 

with a particular unit operation or process. Figure 2 is a schematic 

for the purification of an impounded water supply. The four activities 

of interest are indicated by enclosed labels. The normal sequence of 

events is shown and pertinent design criteria are included. Each 

process or operation is discussed in the order of its occurrence in 

the treatment regime. 

Coagulation and Sedimentation 

Colloid Stabi1ity 

The removal of suspended material from water to obtain a more 

potable product is an ancient practice. Sanscrit and Egyptian records 

dating to 2000 B.C. have described the use of certain mineral and vege

table agents as coagulants. However, coagulation was not used in the 

United States until 1885 by a water company in New Jersey (5). 

In discussing aggregate formation, the term coagulation will re^er 

to the process resulting in the formation of precipitable material. 

The term flocculation will refer to that part of coagulation concerning 

particle movement or transport. 

Particles which occur frequently in a potable water supply may 

vary in diameter from less than a nanometer for dissolved substances 
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to greater than a millimeter for silt (50). Much of the suspended 

matter is collodial in nature and must be removed to provide a drinking 

water which is both potable and aesthetically pleasing. 

Colloids have received extensive study of their basic properties 

by many workers. Other investigators have been primarily interested in 

efficient and economical methods of colloid destabilization. However 

those studies have not been concerned with heat effects because ele

vated temperature does not play an important role in conventional water-

treatment. 

Colloids may be divided into two types, hydrophilic and hydro

phobic, based on their stability in water, "he hydrophobic colloid, 

which is the most common type found in water supplies, is known to be 

enclosed in an electrical double layer of ions as shown in Figure 3. 

+: , .-̂  + -t 
t 

++ 

F/XED DIFFUSE 

COUNTER ION LAYERS 

Figure 3. Double Layer Configuration of a Negatively Charged Colloid 
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The particle surface charge or primary charge, may be eithe>' 

negative or positive and is acquired in a variety of ways including 

ionization, isomorphic replacement and preferential adsor'ption (35). 

The net charge in solution is zero due to the presence of oppositely 

charged counter ions whose concentration diminishes with distance from 

the colloid. Since all colloids of a given system are either posi

tively or negatively charged, mutually repulsive forces prevent the 

colloids from coming into contact. Hydrophobic colloids depend upon 

this phenomenon of mutual repulsion to remain in suspension. Colloids 

of this type, most frequently encountered in water treatment, are 

inorganic in nature and include the silts and clays. 

Although the hydrophilic colloids carry a charge, they owe their 

stability to their affinity for water. Fortunately these types of 

colloids do not occur frequently in municipal supplies because they 

are difficult to remove by conventional means. Examples include many 

organic compounds such as soaps, proteins and starch. 

Interparticle attractive forces are also present in a colloid 

system. These forces, often called van der Waals forces, are rela

tively weak and normally exert little influence on particle stability. 

However, when the interparticle distance becomes sufficiently small, 

the van der Waals forces may become strong enough to cause particles 

to attract and contact each other. 

The difference between the forces of repulsion and the forces of 
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attraction constitutes an energy barrier which must be exceeded before 

contact may occur. Destabilization may be affected chemically by com

pression of the double layer or physically by the addition of heat or 

cold. Colloids in suspension possess kinetic energy due to Brownian 

movement. A sufficient increase in temperature may give some of the 

particles enough energy to exceed the repulsive forces, resulting in 

coagulation (40). 

A few investigators have evaluated the effect of temperature on 

floe formation. Wright has shown that the hydrolysis rate of metal 

coagulants should increase with temperature (63). Mohtadi and Rao have 

shown that by increasing water temperature from IC to 20C the dosage of 

alum required to reduce turbidity to a given level is decreased (38). 

However they have also found that floe formation is independent of 

temperature at the optimum pH of the system. 

Flocculation 

During particle aggregation, reduction of the energy barrier 

alone is not a sufficient condition for the formation of flocculated 

material. In chemical coagulation, destabilization must be followed 

by particle contact through transport and by sedimentation. These two 

phenomena are indirectly affected by temperature through viscosity. 

Particle movement in a fluid was first modeled in 1917 by M. V. 

Smoulchowski who formulated equations for colloid transport (38). 
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It was shown that contact between particles could be achieved by 

Brownian motion resulting in perikinetic flocculation, and by fluid 

motion resulting in orthokinetic flocculation. The relative effect o-

perikinetic and orthokinetic flocculation on particle concentration 

may be expressed as the following (40): 

Jok Gd 

Jp[^ 2kT/AJ 
where 

J . is the rate of change of particle concentration due to 

orthokinetic flocculation, 

J , is the rate of change of particle concentration due to 

perikinetic flocculation, 

iu is fluid viscosity, 

G is mean velocity gradient, G = f(/0» 

d is particle diameter, 

k is Boltzman's constant, and 

T is absolute temperature 

Only orthokinetic flocculation is a function of particle size, 

although both Jok and Jpk depend upon viscosity. At 25C when G = 

10 sec"-^, the substitution of various values of d shows that d must 

equal or exceed 1 ^ for Jok to equal Jpk- Alternately, by increasing 

fluid temperature, JQ|^ may be increased without altering G. 

In treatment plant operation, G is considered an approximate 
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measure of fluid agitation and normally varies from 10 to 100 seconds"^ 

Camp and Stein have defined G as the following (35): 

G -. ' P 

where 

P is the power to the fluid, 

"V" is the volume of the coagulation basin, 

/̂  is the fluid viscosity, A' = f(t), and 

t is fluid temperature 

Assuming that perikinetic flocculation is complete, efficient colloid 

destabilization may also be achieved with less power input by a rise 

in fluid temperature. 

The importance of'G in optimum floe formation has been well docu

mented (10, 27). It has been shown that floe formation occurs during 

flash mixing, influencing the amount of solids formed (24, 31). Others 

have found that once the floe is formed, extended agitation at slow 

paddle speeds does not influence floe size (30). 

Sedimentation 

The sedimentation of flocculated particles is also a function of 

fluid viscosity, but the relationship is not well defined. Fitch has 

discussed the parameters involved in the analysis of the various set

tling regimes (15). A number of investigators have proposed models 

for the settling of flocculant material with reasonable success 
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(8, 43, 52). However the solution of many of the equations requires 

numerical analysis and the use of a digital computer. A jar test, 

similar to that described in the experimental procedures section, is 

still the method of choice for many investigators who study the effect 

of treatment variables on coagulation and sedimentation (23). 

Adsorption 

Adsorption is a surface phenomenon in which substances in one 

phase become accumulated at the surface of another and may occur at the 

interface of any two phases. However, the ability of carbon to adsorb 

various components of a liquid phase is of significant importance to 

many civil and environmental engineers because of its application to 

the purification of municipal water supplies. The most common use for 

activated carbon has been the removal of tastes and odors. It is also 

presently used to remove an increasing number of harmful contaminants 

in drinking water (48). 

Activated carbon may be prepared from a variety of substances 

including wood, lignite, coal, bone and nut shells. It is treated 

either chemically or by heat to remove inert materials such as tars 

and various hydrocarbon films. The resulting product is a highly 

2 
porous substance of large surface area, varying from 500 - 2000 m 

per gram of carbon (36). The method of preparation determines the 

presence of attached functional groups and the surface area, both of 

which are important to the rate and extent of adsorptive capacity. 
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Activated carbon is usually prepared as a powder or as granules. 

Powdered activated carbon (PAC) was the form which was first used in 

water treatment.* As a slurry, it may be added in varying concentra

tions and requires little plant modification (13). However granular 

activated carbon (GAC) is receiving increased attention because its 

use in columns permits more efficient adsorption per unit weight, and 

because it is more efficiently regenerated (33). 

Adsorption by activated carbon may occur by several mechanisms 

(59). Adsorption which proceeds as a result of van der Waals forces 

is termed physical adsorption. It is characterized by nonspecific 

attachment to the adsorbent and by the ability of the adsorbate to 

undergo translational inovement at the interface. Physical adsorption 

may be reversed by heat, permitting regeneration of the adsorbent. 

Chemical adsorption involves a reaction between adsorbate and adsorbent 

which is specific and generally non-reversible. 

Both mechanisms probably occur during the adsorption process. 

However, physical adsorption is probably the predominant mechanism in 

water treatment since the activated carbon may be regenerated (59). 

Activated carbon can remove a variety of substances in water sup

plies. In addition to the removal of tastes and odors, it is quite 

valuable in the removal of potentially harmful organics including 

pesticides and polychlorinated biphenyl compounds (6, 21). It may. 

also be used to partially remove a limited number of inorganic 
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substances such as antimony, tin and lead (53). 

The adsorption process is generally believed to occur in three 

steps: (a) the diffusion of a solute particle through the external 

film surrounding the adsorbent, (b) the movement of the adsorbate into 

the interstitial pores of the adsorbent, and (c) the attachment of the 

adsorbate on interior surfaces and subsequent filling of the micropores 

and capillary spaces (36). Some authors suggest that external attach

ment of the adsorbate also occurs (7). 

Environmental factors may influence the adsorption rate. In batch 

reactors, such as the type similar to that described in the experimen

tal section, the presence of agitation facilitates film diffusion so 

that pore diffusion may be fhe rate limiting step. The opposite case 

is true for column reactors (59). 

The nature of the solute particle also affects adsorption. For a 

homologous series of compounds, it has been found that adsorption will 

(a) increase as molecular weight increases, (b) decrease with polarity 

and (c) decrease with position of substituted groups and molecular 

branching (37). 

A number of models have been developed to predict the rate of 

disappearance of adsorbable organics (60, 61). Additionally, a number 

of isotherm equations have been proposed to evaluate the adsorptive 

capacities of various adsorbate-adsorbent combinations (36). However 

these models apply only to adsorption at a given temperature. 



•17 

Heat probably influences adsorption by altering the rate of the 

three step process of solute transfer to the micropore surfaces. 

McGuire states that adsorption is an exothe'rmic process and that the 

extent should decrease as temperature is increased (34). However he 

also points out that adsorption rates should act in accordance with 

the Arrhenius equation and should therefore increase with temperature. 

Given the variable nature of a potable water supply, prediction of 

adsorbate performance without bench and pilot studies could be 

difficult. 

Parkash states that studies of selected pesticides showed that 

their adsorption by carbon was exothermic (42). Suidan found that 

increasing the temperature increased HOCl adsorption and concluded that 

his sytem followed the Arrhenius prediction (57). Snoeyink found that 

carbon adsorption of phenol appeared to be exothermic, but suggested 

that phenol adsorption appeared to decrease with temperature due to 

competitive adsorption of hydronium ions at low pH (55). Peel has 

reported that in some cases, temperature should not substantially 

affect the isotherm plot if the system has been allowed to achieve 

full equilibrium (44). 

In addition to the above considerations, temperature may also 

influence the external film layer. Weber shows that the film layer 

thickness is inversely proportional to the coefficient of mass transfer 

(59). As temperature increases, mass transfer of the solute across the 
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film should also increase. However, since pore diffusion is believed 

to be the rate limiting step in PAC adsorption, reduction of the film 

layer may not be important. 

Filtration 

Rapid sand filters have been used for municipal water purification 

in the United States since 1909. The first filter system was designed 

by George Fuller for the Little Falls, N. J. waterworks (14). 

Filtration is the final unit operation for the removal of solids 

in conventional water treatment. It is preceded by sedimentation to 

reduce the solids loading and to promote filter life. In addition to 

coagulated floe, a properly operating filter may also remove silt, 

clay, bacteria and viruses (5). 

Filter Operation 

Under ideal conditions, complete penetration of the filter by 

suspended particles should occur just as the maximum allowable head-

loss is reached, although this may not occur in practice. A filter run 

must be neither too long nor too short. Long filter runs can lead to 

difficulty in complete removal of solids. Short filter runs result in 

excessive amounts of time out of service and the use of large volumes 

of washwater (49). 

Most conventional sand filters are designed and operated accord

ing to standard criteria as shown in Table 1. The widespread use of 

these criteria has led one investiqator to write that either the action 



TABLE 1 

Criteria Commonly Used in the Design 
of Rapid Sand Filters (from Craft) 
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Description 

1. 

2. 

Sand 

a. 

b. 

c. 

Gra 

a. 

b. 

Effective particle size, E 

Uniformity Coefficient, U 

Depth 

vel 

Minimum size - at top layer 

Maximum size - in bottom layer 

Value 

0.4-0.55 mm 

1.35-1.75 

24-30 in. 

1/8 in. 

1.5 in. 

c. Depth 

3. Rate of Filtration 

4. Length of Run 

18-24 in. 

2-3 gpm/ft^ 

24-60 hours 
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of the filter is independent of the water to be treated or that most 

filters are grossly overdesigned (12). Currently, attempts are being 

made to increase filtration efficiency through modification of the 

filter media, increases in filtration rates, and the elimination of 

the settling regime (3). 

Filtration Theory 

Many investigators view the filtration mechanism as being com

prised of both chemical and physical aspects (41). Some of the 

removal mechanisms are described in Table 2. 

Chemical theories of filtration are concerned with the nature of 

the aqueous phase, surface characteristics of the suspended solids and 

the processes involved with attachment and detachment of transported 

particles (41). Much of chemical filtration theory is similar to 

adsorption theory in that transport, attachment and detachment are 

believed to play an important role (1). 

Filtration transport theory is based on studies concerning the 

removal of particles from gases (65). These studies incorporate the 

concept of particle removal by a single element or collector as shown 

in Figure 4, thus emphasizing the importance of transport. 

It has been found that particles are subject to orthokinetic or 

perikinetic movement depending upon their size. Particles less than 

one micron in diameter are brought into contact with a collector by 

diffusion. Transport of larger particles is achieved by interception 

and sedimentation (39). 



TABLE 2 

Mechanisms operative wi th in a granular-medium 
f i l t e r that contr ibute to the removal of sus
pended materials (From Tchobanoglous) 
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Mechanism Description 

1. Straining 
a. Median leal 

h. Cliance contact 

2. Sedimentation 
3. Impaction 
4. Interception 

5. Adhesion 

6. Chemical adsorption 
II. !loiu!in(; 

h. Chemical interaction 

7. Physiciil ;idsorption 
a. Electrostatic Torces 
h. lilectrokinctic forces 
r. van der Waals forces 

8. Flocculation 

9. Biological growth 

Particles larger than the pore space of the filtering medium are 
strained out mechanically 

Particles smaller than the pore space are trapped within 
the filler by chance contact 

Particles settle on the filtcrmg medium within the filler 
Heavy particles will not follow the How streamlines 
Many particles that move along in the streamline are removed 

when they come in contact with the surface of t'lc filtering 
medium 

Flocculant particles become attached to the surface of the 
filtering medium as they pass by. Because of the force of the 
flowing water, some material is sheared away before it 
becomes lirnily attached and IN pushed deeper into the filler 
bed. As the bed becomes clogged, the surface shear force 
increases lo a point at which no additional material can be 
removed. Some material may break through the bouom of 
the filler, causing the sudden appearance of tui bidiiy m tlie 
elfluent 

Once a particle has been brought in contact with the surface 
of the tillering medium or witii other particles, either one 
of these mechanisms, or both, may be responsible for 
holding it there 

Large particles overtake smaller particles, join them, and form 
still larger particles. These particles are tlien removed by 
one or more of the above removal mechanisms 
(I through f') 

Biological growth within the filter will reduce the pore 
volume and may enhance the removal of particles with any 
of the above removal mechanisms (1 ihrou^-li M 
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PARTICLE 
TRAJECTORY 
STREAMLINE 

COLLECTOR 

A INTERCEPTION 

B SED'^'.ENTAT10N 

C DIFFUSION 

V i 

Figure 4. Basic transport mechanisms. (From Yao) 

Other investigators propose that since transport is a very effi

cient process under the conditions of water treatment, it may not play 

as important a role as particle attachment (65). Attachment is believed 

to occur in much the same way as it does in coagulation, involving both 

the double layer theory and chemical bridging. 

Physical theories of filtration involve mathematical formulations 

which attempt to relate effluent turbidity or headloss to a variety of 

parameters. These may include filter grain size, sphericity, porosity 

and specific deposit. In some cases the equations are quite sophisti

cated, but they cannot predict filter performance without extensive 

laboratory testing. 

A mass balance equation has been frequently employed to characterize 



the relationship between particulate accumulation and the resulting 

change in particulate concentration. In its simplest forn- the equation 

states that the accumulation of particles on a filter is equal to the 

change in concentration after passing through the filter. The mathe

matical description is as follows (59): 

^P OC 
he 

bt ' St 
d¥ QC - Q C + Ac hi dx 

where 

Sp 
" ^ IS the rate of accumulation of particulates in the filter 

medium, 

- ^ is the average concentration of particulates within the 

fluid portion of the filter bed. 

ex is a porosity factor 

Y is incremental volume of the filter, 

be 

dx 

is flow rate, 

is concentration of particulates in the fluid stream. 

^ is the change in concentration of suspended solids in the 

fluid stream with respect to distance, and 

is incremental filter length 

For solution of the above relationship, an additional equation of 

the following general form is required: 

IP 
Bt or bi V,. V2 ' ^n 
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where V^, V2, V^ are the variables designated by the investigator 

as controlling the value of p or C . 

The earliest equation was proposed by Iwasaki in 1937 (26): 

^^ - A C 
^L 

where 

C and L are as previously defined, and 

X is a coefficient of filter efficiency. 

Lambda is not a true constant, but changes with retention of par

ticulates along the length of the filter. Ives proposed the following 

equation (26): 

where 

Xo is the filter coefficient for the clean filter, 

C is a filter coefficient constant, 

or is a specific deposit, 

0 is a second filter coefficient, and 

« is porosity 

This model was found to be adequate for a homogeneous suspension, 

but other researchers reported significant variability in their results 

when a different coagulant was used (16). Other values of lambda have 

been proposed and verified experimentally to predict filter behavior 
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under specified conditions. However extensive laboratory work is 

usually required for evaluation of the various constants, and 

numerical methods are often employed for solution of the equations (2). 

Heat Effects 

In his investigations concerning the variables of filtration, Ives 

found the following relationship: 

A OC 
1 

, ' 

where 

\ is filter efficiency, 

^ is dynamic viscosity, and 

ii is an experimental constant 

Ives suggested that at higher temperatures, drag forces would be 

decreased, resulting in increased velocity components of a particle in 

suspension. Under such conditions, the probability of contact, and 

thus filter efficiency, would be increased. However it might also be 

argued that under these conditions, particles could be more easily 

detached from the collector, resulting in a smaller value of lambda. 

Chlorination 

Water may be disinfected in a variety of ways, however chemical 

disinfection is the most common. Of the various chemicals available, 

chlorine is the most frequently employed because it possesses so many 

of the requirements of a good disinfectant. 
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Chlorine was first used in 1908 to disinfect stockyard water sup

plies in the United States and soon after was used for the disinfection 

of municipal supplies (47). As a result of many investigations, its 

use has become widespread in water and wastewater treatment. 

Today drinking water which is pathogen-free is taken for granted 

in the United States. However, a Public Health Survey conducted in 

1970 found, in part, that only ten per cent of the systems surveyed 

met the bacteriological requirements of the U. S. Public Health 

Service Drinking Water Standards and that only half the water supplies 

were adequately protected (32). 

The term disinfection will be used to denote a substantial reduc

tion of microorganisms, as contrasted with sterilization which involves 

the complete destruction of all microorganisms contained in the medium. 

To be effective, a disinfectant must be: 

(a) capable of destroying the kinds of pathogens found in water 

supplies within a reasonable time, 

(b) non-toxic to man and unable to impart undesirable tastes to 

water, 

(c) reasonably priced, 

(d) easily monitored after addition to a water supply, and 

(e) stable'in water for a reasonable time (5). 

Chlorine serves as both an oxidant and a disinfectant. It nay be 

added at the beginning of water treatment to remove iron and manganese 
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as well as to oxidize tastes and odors. As a disinfectant it is 

usually added as the final step to reduce bacterial titers and to 

maintain an effective concentration through the distribution system. 

Chlorine may be added to water in solid or liquid ^orm. The 

sodium and calcium hypochlorite salts are often used in sv-inn-iing pools 

However, most large U. S. water treatment plants purchase chlorine in 

liquid form for economic reasons. 

Chlorine Compounds 

As a gas, chlorine hydrolyzes according to the following equi

librium equation (54): 

+ CI2 + H2O =:̂  HOCl + H + CI 

At pH's above 3, hypochlorous acid dissociates according to the 

following: 

+ 
HOCl ^ H + OCl 

Regardless of the form in which it is added to water, chlorine assumes 

the following equilibrium, shown in Figure 5, as a function of pH: 

pH 

Figure 5. Distribution diagram for chlorine species. 25C 

[Cl'l = 10"^ M (from Snoeyink) 
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The term chlorine will be used to denote any of the three species 

of Figure 5. Chlorine may also combine with ammonia to form a number 

of chloramine compounds. ' These are generally less powerful disinfec

tants than chlorine and may vary in their effectiveness (28, 62). 

These forms may further react to cause a reduction in free chlorine: 

NH2CI + NHCI2 + H O C l ^ N2O + 4H+ + 4C1-

The presence of a chlorine demand from ammonia and certain organic 

compounds therefore requires the addition of extra chlorine to pro

duce a free chlorine residual. 

Chlorine is known to be effective in the destruction of a wide 

variety of water borne pathogens. The classic experiments of Butter-

field showed conclusively that-chlorine was an excellent disinfectant 

for a number of enteric bacteria (9). More recently, others have found 

that chlorine may be used against some of the enteroviruses (45, 56). 

However they found that somewhat longer times were required to achieve 

the same level of viral reduction as compared to E_. col i. Chlorine has 

also been found to be effective against certain single celled animals 

(11). 

Disinfectant Mechanisms 

Although chlorine is normally the disinfectant of choice for water 

treatment, there is some disagreement as to the exact mechanism of dis

infection. However most theories are based on the assumption that 

chlorine penetrates the cell wall and reacts with components of the 

cytoplasm or cell wall. 



Once inside the cell, a number of reactions may occur, resulting 

in the disruption of the cellular mechanisms through formation of: 

(a) chlorinated nitrogen compounds leading to the denaturation 

of proteins 

(b) aromatic chlorination, upsetting the redox balance of the 

cytochrome system, and 

(c) oxidation of sulfur compounds, destroying the sulfhydryl 

links between protein chains (19). 

Mathematical Models 

A number of investigators have attempted to mathematically 

describe the rate at which chlorination may occur under ideal con

ditions. Such conditions result when: 

(a) all cells of a single species are discrete and equally 

susceptible to the disinfectant present, 

(b) both cells and disinfectant are uniformly distributed 

throughout the medium, 

(c) the disinfectant remains relatively constant, and 

(d) no interfering substances are present. 

Chick proposed that the rate of bacterial decay due to chlori

nation could be described by (47): 

^ = k(No - y) (1) 
dt ^ 0 -^^ 
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where 

k is a rate constant 

y is the number of bacteria destroyed per unit time, and 

NQ is the number of bacteria originally present 

The integrated fo>"m of the equation yields: 

^̂  JL = -kt (2) 

where N is the number of bacteria remaining after a specified time. 

As might be expected, deviations from this occur frequently under 

even the best of experimental conditions. Attempts have been made to 

reconcile theory with observation. Hom has proposed the following 

equation (47): 

^ - -kNtV (3) 
dt 

where 

N, K, and t are as previously defined, 

c is the concentration of the disinfectant, 

m is a time rate constant, and 

n is a dilution coefficient 

It may be noted that when m and n are zero, the equation reduces to 

Chick's law. 

Under non-finite conditions, i.e. a batch reactor, where the dis

infectant may change concentrations. Fair has proposed that (13): 
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C'̂ t = k' (4) 

By substituting 

C^ - k'/t 

into the original equation, the following are obtained: 

"̂^ = -k Nt^'/t (5a) 

dt 

Integration of the above form gives: 

dt 

^' - -^nNt^-^ (5b) 

^"^ -A = -^in^"" (6) 
'̂0 m 

The above equation may be manipulated to give the form of a 

straight line: 

log [log Ji_ j = mlog trlog [-K^ (7) 

Other investigators have proposed that the chlorination rate may be 

considered to be an enzyme substrate reaction and that the Hom equation 

is a special case of such a reaction (18). 

Effects of Heat on Chlorine 

Some researchers have suggested that chlorine may be decomposed by 

heat to form oxygen (17), although others report that chlorine is stable 
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at high temperatures (25). It is also possible that some chlorine may 

be lost through volatization (22). 

The dissociation of chlorine is an endothermic process. Figure 6 

shows that at 0°C approximately 82% of the chlorine is present as HOCl 

at a pH of 7, while at 20°C only 11% exists in the undissociated form. 

o 

8C 

70 

60 

50 

40 

30 

20 

" • 

1 

10 h 

c 

Figure 6. Dissociation of Chlorine at 0°C and 
20°C. (From Sawyer) 

It is reasonable to expect that at higher temperatures a greater 

proportion of free chlorine would be present in the dissociated form. 

Although some recent findings reported that OCl" was the more effective 

form against certain viruses, most evidence is to the contrary (51, 29) 

Therefore chlorination may be less effective at elevated temperatures 
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Therefore temperature could modify disinfection in a number of 

ways by altering bacterial growth rate, causing chlorine to dissociate 

to a less effective form and affecting the rate at which the disin

fectant penetrates the cellular membrane. Given the number of vari

ables involved in the disinfection process, laboratory studies seemed 

necessary to provide reliable results. 



CHAPTER III 

EXPERIMENTAL PROCEDURES 

The laboratory investigations were designed to study the effects 

of heated water on four unit processes or operations commonly used in 

municipal water treatment. A unit operation is defined as a treatrent 

in which physical forces predominate, and may include sedimentation 

and filtration. A unit process involves the use of biological or 

chemical means to effect contaminant removal, such as disinfection 

and adsorption. 

The temperatures used were from 30C to 60C in ten degree incre

ments although not all the experiments were done at each of these 

four temperatures. This range of temperatures is most likely to 

occur in the cooling water effluent of a power generating facility. 

This chapter is divided into four major sections, each concerned 

with one of the unit operations or processes. Each section contains a 

general discussion of the laboratory method employed, followed by ad

ditional subsections, which specify the apparatus, reagents and experi

mental procedures. 

Sedimentation Studies 

General Discussion 

The jar test was used to conduct laboratory studies on sedimen

tation. This is a standard procedure with many variations. The method 

used in these studies is described in the following sections. 

34 
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After addition of the coagulating agent to a suspension of the col

lodial material, a two stage mixing regime was initiated. The rapid mix 

period *was used to uniformly disperse the alum throughout the solution 

by means of paddle stirrers to destabilize the suspended material. The 

subsequent slow mix period was used to promote the aggregation of a 

settleable floe. After removal of the paddle stirrers, the extent of 

settling was followed by measuring the optical density of samples with

drawn from the suspension at specified times. The optical density 

readings were a measure of the amount of matter remaining in suspension. 

Although the concentrations of suspended matter used in these studies 

are not often encountered in municipal water supplies, they simplify 

spectrophotometric analysis. 

Apparatus 

a. Phipps-Bird Model 300 paddle stirrers 

b. Napco Model 230 water bath equipped with a Haake Model E 

12 constant temperature circulator 

c. Tekmar Model SDT high speed mixing probe 

d. 10 ml syringe fitted with tygon tubing, 1 mm OD 

e. Beckman Model 24 spectrophotometer with quartz cuvettes 

Reagents 

a. Bentonite suspension - 0.1 mg bentonite (Fisher Scientific Co.) 

in 100 ml tap water 

b. Stock alum solution - 1.0 mg Al2(S0^)3 I8H2O (Mallincrodt 

Scientific Co.) in 1 ml distilled water 
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Procedure 

a. The appropriate number of 1000 ml beakers were filled with 

tap water and brought to test temperature in the bath. Final 

volume of each beaker was 500 ml after addition of all reagents 

b. The bentonite suspension was prepared by dispensing the clay 

in tap water with the high speed probe and then diluting it 

into the reaction beakers. Final concentration was 200 mg/1. 

c. The resulting suspension was gently homogenized with the pad

dle stirrers before increasing paddle speed to 150 rpm. 

d. Aliquots of the stock alum solution were added to give final 

concentrations of 1.0, 5.0, 10.0 and 20.0 mg/1 alum. The 

rapid mix step was continued for two minutes after each alum 

addition. 

e. After the rapid mix period, the paddle speed was reduced to 

80 rpm for ten minutes and then the stirrers were removed 

from the beakers. 

f. At times of 0, 10, 20, 30, 40 and 50 minutes after completion 

of the slow mix step, duplicate 3 ml samples were withdrawn 

13 mm below the water surface of each beaker with the syringe. 

g. Each sample was held in a test tube until all samples for that 

time period had been taken. 

h. Each sample was gently resuspended and its optical density (OD) 

at 450 nm recorded. All OD measurements were completed before 

the beginning of the next sampling period. 
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Adsorption Studies 

General Discussion 

The jar test was also used to study the effects of heat on the 

adsorption of organics by powdered activated carbon (PAC) in the 

presence of bentonite. A spectrophotometric method was employed to 

measure the degree of adsorption in the samples. 

Of a number of substances which were examined, methyl orange 

(MeOr) was chosen as the indicator organic compound because (a) it does 

not evaporate and is stable at the pH and temperature ranges which 

occurred in these studies, (b) it is water soluble, (c) it is readily 

adsorbed by PAC, and (d) it is conveniently detected by spectrophoto

metric methods. 

Some procedures call for the addition of PAC as a slurry. How

ever, it was found that this method introduced too much variation in 

the weight of PAC added. Therefore the PAC was directly added to each 

beaker. 

The adsorption of MeOr by PAC was terminated after sampling by 

passing the PAC-bentonite-MeOr suspension through a Whatman glass 

fiber filter. Preliminary studies showed that the filter did not 

adsorb measureable amounts of MeOr and that the OD of a filtered FAC-

bentonite mixture differed from that of tap water by less than 0.005 OD 

units. The latter study was done to insure that the filter could effi

ciently remove any PAC and floe contained in the sample. 



3S 

Apparatus 

a. Gellman Model 125 vacuum pump with 1000 ml flasks equipped 

with adapters for Whatman GF/C filters 

b. Other equipment was as previously described for the jar 

test studies 

Reagents 

a. Powdered activated carbon - the PAC (Fisher Scientific Co.) 

was weighed directly into each beaker. Final concentration 

was 300 mg/1 

b. Methyl orange solution - 0.2 mg MeOr (Mallincrodt Chemical Co.) 

in one liter of distilled water. Final concentration in each 

beaker was 5.0 mg/1 

c. Other reagents were as described for the sedimentation study 

Procedure 

The sequence of rapid-mix and slow-stir was the same as that used 

in the sedimentation studies. Only the alterations to that procedure 

are listed. 

a. For each alum concentration, two beakers were prepared by 

adding PAC to each and diluting with tap water. Final volume 

after addition of all reagents was 500 ml. 

b. Immediately after addition of alum to the PAC-bentonite sus

pension, MeOr was added to one of the two beakers. The other 

beaker served as the control treatment. 
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c. After slow-mix, aliquots were withdrawn from each pair of 

beakers at ten minute intervals for fifty minutes. All 

beakers were continuously stirred during the sampling 

period. 

d. All aliquots were filtered before initiation of the next 

sampling sequence. 

e. After completion of the experiment, the OD of each sample 

was measured at 470 nm. 

f. When the control OD exceeded 0.01 units, the sample pair 

was discarded. 

Filtration Studies 

General Discussion 

These studies involved the use of a sand filled glass column to 

filter a flocculated clay suspension. The bentonite and alum concen

trations were determined by trial and error to permit the use of 

standard municipal flow rates over the column, but which would cause 

floe breakthrough to occur within one to three hours. 

The jar test procedure was employed to generate the alum-bentonite 

floe using the same mixing sequence previously described. For these 

studies, the entire bath was the "jar" so that there would be enough 

floe to permit filter run times of several hours and accommodate a 

variety of flow rates if necessary. 
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To provide a sand column of constant permeability, the process of 

backwashing the filter at the end of each run was discarded in favor of 

packing a new sand column. It was felt that column media expansion dur

ing the backwash procedure would alter the hydraulic characteristics of 

the column and would not result in a filter entirely free from old floe. 

The permeability of a soil column is influenced by the void ratio 

of the soil, the shapes and arrangements of the pores and the degree 

of saturation. The first two parameters remain fairly constant when 

a standardized soil sample is used. However, prior to the beginning 

of each run, it was necessary to expose the sand-filled column to a 

high vacuum in order to eliminate air pockets which could cause bind

ing and excessive head loss during filtration. Once the column was 

saturated with air-free water, air dissolved in water passing through 

the column during filtration runs, did not cause measureable head loss. 

Following vacuum treatment, the column was standardized and its 

hydraulic conductivity was calculated from: 

Ch = Q ( L / H L ) 

where 

C^ is the hydraulic conductivity constant (ml/min) 

Q is the flow rate (ml/min) 

L is the length of the sand bed (cm), and 

HI_ is the head loss (cm) 

The procedure for the column standardization was based on the 

k k 
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constant head test. The derivation of C^ is similar to that for k, the 

coefficient of permeability, associated with the constant head test. 

Apparatus 

a. Glass column (locally fabricated), 2.7 cm, OD and 50.0 cm 

in height with ports at 20 cm intervals from the base 

b. Cenco vacuum pump capable of producing a vacuum of 66 cm 

of mercury 

c. Temperature controlled water bath for alum floe generation, 

20 liter capacity 

d. Constant head reservoir, 9 liter capacity 

Reagents 

a. Alum (Mallincrodt Chemical Co.)- final concentration in 

the bath was 10 mg/1 

b. Bentonite (Fisher Scientific Co,)- final concentration in 

the bath was 100 mg/1 

Procedure 

a. A gross sample of sand was sieved to remove that fraction 

which passed a United States Standard Sieve (USSS) size 

1̂ 50 and which was retained on a USSS size ^40. The =50 

sieve passes grains smaller than 0.59 mm and the =40 sieve 

retains grains larger than 0.42 mm. 

b. The fraction was cleaned to remove fines until an effluent 

wash having an 0D$0.005 OD units at 450 was obtained. 
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c. The sand was dried overnight at 105 C and stored in e 

desiccator for at least 24 hours before use. 

d. The glass column was packed with 139 grams of sand and the 

resulting volume reduced to a height of 16 cm by gently 

tapping the sides of the column with a wooden hammer. 

e. Vacuum hose was attached to a port at the base of the column, 

clamped off, and connected to the bottom port of a similar 

column containing air-free water, see Figure 7. 

f. A vacuum of 66 cm of mercury was then applied to both columns 

for 15 minutes. 

g. The clamp was then opened to allow the water to rise in the 

sand column by capillary action and head difference. 

h. After complete saturation of the sand bed, the vacuum was 

released, 

i. The column was then placed in the constant head configuration 

and C^ calculated. The 30C tap water was allowed to flow 

through the column for at least 10 minutes to determine an 

accurate Q value, see Figure 8. 

j. The standardized columns having a C^ of 70 1 1 ml/min at 30C 

were insulated and equilibrated at the test temperature before 

initiation of each filtration run. 

k. The bentonite-alum floe was then prepared and the constant 

head apparatus was filled with the floe suspension. 
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1. At various intervals after the floe was introduced into the 

column, the head loss was recorded as the difference between 

the two piezometer tubes and the volume of flow from the 

side-arm flask was measured. 

Disinfection Studies 

General Discussion 

These studies were conducted by incubating a strain of £. coli 

with four concentrations of hypochlorite ion for specified intervals 

and then withdrawing samples of the suspension for plating. The dis

infection reaction was terminated by first diluting the sample into 

sodium thiosulfate. Further dilutions were made based on the concen

tration of the hypochlorite ion and the length of cell exposure to 

the disinfectant. 

A reagent grade solution of sodium hypochlorite ion was used as 

the source of OCl' ion. Reagent grade chlorine gas was used in the 

preparation of the chlorine free, chlorine demand free water. The 

calcium ion has been reported to inhibit disinfection, therefore all 

reagents for this series of experiments were chosen to avoid the use 

of Ca"^+. 

The leuco crystal violet (LCV) method was used for the detection 

of chlorine because, of the several methods available, it is capable 

of detecting chlorine in concentrations of less than 0.5 mg/1. The 
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LCV method is also a rapid technique capable of the accuracy and pre

cision of the amperometric method when completed within the specified 

time limits. 

The compound N,N, dimethylaniline reacts with free OCl" to pro

duce a blue color which obeys Beer's Law. The combined forms of 

chlorine may be analyzed by the addition of KI which liberates the 

chlorine for reaction with LCV. The procedure used in these studies 

is described in detail in Standard Methods (4). 

Apparatus 

a. PS/GCA Model 25 water bath 

b. lEC Model HN centrifuge 

c. Burrell Model 75 wrist action shaker 

d. Pure Aire Model W2720 laminar flow hood 

e. Orion Model 601 pH meter 

f. Beckman Model 24 spectrophotometer 

Reagents 

a. Chlorine water - this reagent was prepared by exposing dis

tilled water in 20 liter carboys to enough chlorine gas 

(99.95% pure) to produce a chlorine concentration of approxi

mately 10 mg/1, as measured by the Hach DPD method. The 

contents were thoroughly mixed and allowed to stand for at 

least 24 hours before use. Although chlorine concentration 

decreased appreciably with time, the water was considered 
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to be free of oxidizable organics as long as chlorine concen

tration was greater than 1 mg/1 

b. Chlorine free, chlorine demand free (CDF) reagents - these 

solutions were prepared by diluting the necessary salts into 

chlorine water, followed by dechlorination by sodium sulfite. 

The contents were vigorously mixed and allowed to sit over

night to disperse any unoxidized sulfite ion. Each solution 

was tested for chlorine demand and chlorine residual before 

use 

c. Phosphate buffered saline, pH 7 after autoclaving -

0.047 gm K2HPO4 (J.T. Baker Chemical Co.) 

0.003 gm KH2PO4 (J.T. Baker Chemical Co.) 

8.5 gm NaCl (Fisher Scientific Co.) 

final volume = 1000 ml 

d. Thiosulfate solution - Na2S203 (Fisher Scientific Co.) was 

dissolved in enough distilled water to give a final concen

tration of 0.1 mg/1. One tenth milliliter was dispensed into 

30 ml tubes and autoclaved before use 

e. LCV reagents - these solutions were prepared according to 

Standard Methods using J.T. Baker reagents 

Procedure 

a. Glassware was treated to remove organics by an acid dichromate 

wash followed by 10 rinses in tap water and three rinses in 

CDF water. It was then dried at 110 C overnight. 
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b. From the original slant of £. coli, a number of nutrient agar 

streak plates were prepared. The K-12 strain was provided by 

Dr. C. L. Baugh of the Texas Tech University Department of 

Biology. 

c. The overnight culture was begun by taking a single colony 

from a spread plate into 5 ml of nutrient broth and incubating 

the suspension approximately 18 hours at 37 C. 

d. The culture was diluted 1:3 into sterile, buffered saline and 

washed 3X. 

e. The culture was resuspended in saline and diluted to give a 

% T = 70 using a Bausch and Lomb Spectronic 20. 

f. From a standard solution of OCl" an aliquot was diluted into 

230 ml of sterile buffered saline, analyzed for chlorine and 

the remaining volume reduced to 200 ml. The volumes of sample 

required by the LCV method were reduced by 1/10 to speed 

analysis and conserve reagents. The reagent additions were 

made with glass lambda pipettes. The OCl" concentrations 

ranged from zero to 0.3 mg/1. 

g. As soon as the chlorine-saline solution was brought to 

temperature, it was transferred to the water bath and 

attached to the wrist action shaker for temperature con

trol and for continuous mixing. 

h. After immersion in the water bath, 3 ml of the standardized 
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suspension was added to give an initial bacterial concentration 

of approximately 10 organisms/ml. Sampling was begun immedi

ately by transferring aliquots to the tubes containing 0.1 ml 

thiosulfate solution. This volume and concentration were used 

to dechlorinate the samples without introducing measureable 

dilution error. 

i. The sampling times were T = 0, 5, 15 and 30 seconds, 1, 2, 10 

and 60 minutes. Depending on resistance to disinfection, some 

of the later sampling times were not used. 

j. As soon as time would permit, the bacterial samples were 

diluted in triplicate from 10 to 10" with the buffered 

saline, carefully mixed with cool, liquified, 2% nutrient 

agar and dispensed into petri plates. 

k. After solidifying, the plates were placed upside down in an 

incubator at 37C. The surviving cells were counted after 

24 hours. 



CHAPTER IV 

RESULTS AND DISCUSSION 

This section contains the results of the experimental methods as 

described in Chapter II. These investigations measure the effects of 

heat on each of the following water treatment processes or operations: 

(a) sedimentation, (b) adsorption, (c) filtration and (d) disinfection. 

Since the study of each process or operation required a specific experi 

mental approach, the results and evaluation of the data are presented 

in four subsections. 

Sedimentation Studies 

Preliminary Studies 

Prior to the formal sedimentation studies, it was necessary to 

assess the behavior of flocculated bentonite suspensions during ex

posure to heated water. One series of experiments was designed to 

determine the stability of the alum bentonite floe at each of the 

four test temperatures. The floe was formed by adding alum, a com

monly used flocculating agent, to 200 mg/1 of bentonite. The alum 

concentrations ranged from 60 to 400 mg/1. These concentrations were 

initially employed to produce high optical density (OD) readings. 

The samples for OD measurement were withdrawn from the reaction 

beakers at ten minute intervals immediately after completion of the 

slow-stir phase of the jar test. The contents of each beaker were 

continuously stirred for the duration of the experiments. Table 3 
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shows the results of using 320 mg/1 of alum. The data are expressed 

as a percentage of the initial OD readings at 30C. 

TABLE 3 

Temperature Effects on per cent Changes in 
Optical Density of Bentonite-Alum Floes at 
Various Sampling Times After Slow-Mix 

Bentonite 
Alum 

200 mg/1 
320 mg/1 

Temperature 

(C°) 

30 

40 

50 

60 

0 

100 

97.8 

89.9 

88.8 

10 

99.8 

92.7 

86.8 

90.7 

Time 

20 

105.3 

95.5 

87.6 

91.9 

(min) 

30 

104.5 

102.6 

89.6 

-

40 

105.3 

99.4 

-

-

50 

102.8 

-

-

-

The data show that at a given temperature, the OD of the floe 

suspensions remained relatively constant. The largest variation in 

OD was 10% which occurred in the 40C sample. These results suggest 

that the alum bentonite floe is stable for at least an hour. The 

data also show that the rapid mix-slow stir sequence is adequate for 

complete floe formation. 

However, comparison of the values within each of the sampling 

periods indicates that the per cent OD decreases with increasing 

temperature. These results could be due to the effects of heat on 

the chemical reaction between alum and bentonite or related to the 
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increased shear forces on the floe particle due to a reduction of fluid 

viscosity. 

The value for the mean shear or mean velocity gradient, G, of a 

reaction is given by: 

G = ( P//u¥ )^/2 

where 

G is mean velocity gradient 

P is power input to the system 

Af is absolute fluid viscosity 

V- is flocculator volume 

The change in G with temperature may be calculated by using the 

ratio: 

%! rt2h^ ' 

which may be simplified to 

•̂ Tl "2 
G „ AJ, 
T2 1 

since P and ¥ remain constant for the system. Solution of this equa

tion by letting Â -, equal the viscosity of water at 30C and allowing JJ^2 

to equal the fluid viscosity at each of the test temperatures gives 

the values shown in Table 4. 

Lagvankar and Gemmel (29) found that an increase in G produced a 

smaller floe size for their system. In the presence of high concentrations 
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of alum, it is possible that the reduction of per cent OD with tempera

ture as observed in Table 3 is related to an increase in the G values. 

However a chemical mechanism may also be responsible for the apparent 

decrease in floe size. 

TABLE 4 

Comparison of G Ratios at Four Test Temperatures 

Temperature, t G^/G3Q 

30 

40 

50 

60 

1.0 

1.11 

1.21 

1.31 

Another series of experiments was conducted to measure the effect 

of temperature on floes formed with 1 to 20 mg/1 of alum added to a 

solution containing 200 mg/1 of bentonite. This range of alum concen

trations is similar to that encountered in municipal water treatment 

flocculation. Table 5 shows the OD readings of floe suspensions made 

immediately after completion of the slow-stir phase of the jar test. 

The data are expressed as a per cent of the readings obtained in the 

absence of alum at 30C. 

The data of Table 5 indicate that in the presence of these alum 

concentrations, temperature does not appear to affect OD measurements 

to an appreciable degree. The largest variation of the OD measurements 
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with respect to temperature was 6% which occurred at the 10 and 20 mg/1 

alum concentrations. The reduced effect of temperature on OD at the 

lower alum concentrations.may be related to the resistance of the 

smaller floe to shear forces. To insure floe stability, these alum 

concentrations were used in all subsequent experiments. 

TABLE 5 

Effect of Various Alum Concentrations and Temperatures 
on the Change of per cent Optical Density of Bentonite 
Floe Suspensions, Measured Immediately After Completion 
of Slow-Stir. (Bentonite = 200 mg/1) 

Temperature 
(C°) 

30 

40 

50 

60 

0 

100 

99 

99 

99 

Alum 

1 

100 

99 

100 

95 

Concentration 
(mg/1) 

5 

100 

102 

104 

99 

10 

100 

99 

103 

106 

20 

100 

102 

103 

106 

Experimental Studies 

The effect of various concentrations of alum on the settling 

characteristics of a 200 mg/1 suspension of bentonite at a temperature 

of 30C is shown in Figure 9. This temperature approj(imates the upper 

limit normally experienced during the summer months in water treatment 



55 

'>-ioo 

U j 

ALUM CONC (mglO 
• 0 
• I 

5 
• 10,20 

TEMP^5Cf C 

TIME (mm) 

Figure 9. Effect of Five Alum Concentrations on Settling 
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plants in the United States. As might be expected, increased concen

trations of alum and extended settling times promoted the sedimentation 

of suspended material. 

After 10 minutes, approximately 16% of the floe was removed in the 

samples containing 1 mg/1 of alum as compared to 80% floe removal 

achieved by the samples containing 10 mg/1 of alum. Time of settling 

is also an important factor in sedimentation as may be seen by compar

ing the removal levels effected by a given alum concentration at two 

sampling times. 

In the sample containing 5 mg/1 of alum, approximately 60% of the 

original floe content remained after 10 minutes of settling. In the 

next 30 minutes, an additional 40% was removed so that only 20% of the 

original floe concentration remained in suspension after 40 minutes. 

The effect of heat on settling caused by alum concentrations from 

0 to 20 mg/1 is shown in Figures 10 through 14. Each figure shows the 

influence of temperature on sedimentation in the presence of a speci

fied alum concentration. At each alum concentration, as temperature 

is increased, the extent and rate of settling increases. The rate of 

sedimentation is measured by the slope of the settling curve at a 

particular time point. The figures indicate that for a given alum 

concentration, the settling characteristics of the alum-bentonite floe 

are enhanced by increased temperature. 
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Table 6 is a comparison of the residual turbidity after 30 minutes 

of settling for the five alum concentrations and the four test tempera

tures. It may be seen that greater levels of floe removal are achieved 

at comparatively lower alum concentrations if enough heat is present. 

The addition of 5 mg/1 of alum was required to reduce residual tur

bidity to 20% after 30 minutes at 30C. However no alum was required 

to reduce residual turbidity to 18% at 60C. 

TABLE 6 

Per cent Residual Turbidity After 30 Minutes of 
Settling in Samples Containing Various Concen
trations of Alum. (Bentonite = 200 mg/1) 

Alum Concentrations 
(mg/1) 

0 

1 

5 

10 

20 

30 

52 

48 

20 

6 

6 

Temperature 
(C°) 

40 

41 

30 

15 

4 

2 

50 

24 

20. 

13 

4 

2 

60 

18 

12 

9 

4 

1 

Table 7 shows the smallest alum concentration required to reduce 

the bentonite floe suspension by 90% or more at the various test tem-

pe ratures. The data of this table are not very precise because at 
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some temperatures considerably more than 90% of the original turbidity 

was removed. However, the table illustrates that the amount of alum 

which was required to effect removal may be reduced in the presence 

of elevated temperatures. 

TABLE 7 

Minimum Alum Concentration in mg/1 Required to 
Reduce Turbidity by at Least 90% 

Temperature 
(C°) 

30 

40 

50 

60 

10 

--

--

20 

20 

T 
20 

10 

10 

10 

10 

ime (min 
30 

10 

10 

5 

5 

) 

40 

10 

5 

5 

1 

50 

10 

5 

5 

0 

It is possible that floe size and density may effect the extent 

and rate of sedimentation. However, the influence of these two factors 

appears to be minimized under these test conditions as indicated by the 

results of the preliminary experiments. 

The predominant influence on sedimentation characteristics appears 

to be the fluid viscosity which is, in turn, affected by temperature. 

The change in viscosity of water as a function of temperature is plot

ted in Figure 15. The figure also includes the change in per cent 

turbidity of a bentonite test suspension containing 5 mg/1 of alum 
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sampled at 20 minutes of settling. Comparison of the two profiles is 

not completely valid since the units of the ordinate axes are different. 

However; in a general sense, the shapes of the two curves are similar, 

suggesting that viscosity does exert an important influence on the 

sedimentation of flocculated particles. 

The use of a heated influent in a water treatment system could 

result in the use of less alum or a reduced settling time. However, 

the detention time of settling basins operated by municipal treatment 

plants in Texas is set by current regulations to be not less than two 

hours. If a variance were granted to plants using a heated water 

supply, existing facilities could process a larger volume of water 

and new settling basins could be downsized, as long as effluent water 

quality standards were maintained. 

Adsorption Studies 

The study of heat effects on adsorption involved the use of an 

alum-bentonite floe, powdered activated carbon (PAC) and methyl orange 

(MeOr). As in the sedimentation studies, the concentration of the 

various reactants were chosen to aid in analysis and do not necessarily 

represent concentrations normally used in water treatment. It is 

doubtful that 300 mg/1 of PAC would be required to remove the organic 

content of a municipal supply, however this concentration permitted the 

measurement of adsorption effects within a reasonable time period. 

The adsorption experiments involved reacting 5 mg/1 of MeOr with 
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300 mg/1 of PAC. Alum and 200 mg/1 of bentonite were included in the 

reaction mix to assess their effects on the adsorption process. The 

results of these experiments are shown in Figures 16 through 19. These 

graphs were constructed using an exponential regression analysis. With 

2 

one exception, the r values always equaled or exceeded a value of 0.95. 

Figure 16 shows the effects of heat on the adsorption of MeOr onto 

PAC in the presence of bentonite and 1 mg/1 of alum. As expected, the 

extent of MeOr adsorption increased with time. After ten minutes of 

exposure to PAC at 30C, approximately 24% of the color was removed. 

After 50 minutes of incubation 73% of the color was adsorbed. 

The extent and rate of adsorption was found to increase with 

temperature. When the temperature was increased from 30 to 60C, 

approximately 1.7 times as much color was adsorbed at the end of 10 

minutes and approximately 1.3 times as much color was adsorbed at the 

end of 50 minutes. 

Figure 17 shows the results of similar experiments employing the 

same concentrations of MeOr, bentonite and PAC as previously stated 

and 5 mg/1 of alum. Figure 17 exhibits the same pattern observed in 

Figure 16, an increased extent of adsorption with time and temperature. 

At 30C, approximately 24% of the MeOr was adsorbed at the end of ten 

minutes and almost 100% of the color was removed at the end of fifty 
minutes. 

Figures 18 and 19 illustrate the results from reaction mixtures 
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containing 10 and 20 mg/1 of alum respectively, in the presence of the 

stated PAC, bentonite and MeOr concentrations. These figures appear to 

be very similar to Figures 16 and 17 with respect to the amount of MeOr 

removed at specified sampling times. 

The per cent adsorption of MeOr at a given temperature and sam

pling time do not appear to be greatly affected by alum and bentonite. 

Table 8 shows the per cent removal of MeOr for each of the alum con

centrations at temperatures of 30C and 60C respectively. Ordinarily 

colloids are good adsorbents. Apparently coagulation alters the 

surface characteristics of bentonite at these concentrations. How

ever, preliminary experiments involving either no alum or substantially 

higher alum concentrations resulted in data somewhat different from 

that of Table 8. Table 9 shows the results of studies conducted at 

30C using 0, 130 and 250 mg/1 of alum. Similar experiments were done 

at each of the other three test temperatures, although only the results 

of the 30C temperature studies are presented. In the absence of alum, 

the extent of adsorption was less than that for the smallest concen

trations of Table 8, while at the higher concentrations, adsorption 

occurred at a more rapid rate and generally removed a higher per

centage of MeOr. 

Apparently the experimental concentrations of alum-bentonite floe 

are capable of adsorbing a small amount of color. This effect may be 

i i i k. 
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Effect of Temperature and Alum Concentration on Per Cent 
Adsorption of Methyl Orange by PAC 

Temperature 
C° 

30 

60 

Alum 
Concentration 

mg/1 

1 

5 

10 

20 

Avg. 

1 

5 

10 

20 

Avg. 

10 

28 

28 

28 

29 

28 

45 

--

30 

34 

36 

20 

35 

48 

46 

41 

43 

54 

--

52 

55 

54 

Time 
min 
30 

--

64 

44 

59 

56 

80 

82 

79 

82 

81 

40 

67 

53 

75 

73 

67 

87 

83 

80 

88 

85 

50 

72 

73 

76 

77 

75 

93 

100 

96 

96 

96 

MeOr = 5 mg/1 
PAC = 300 mg/1 

Bentonite = 200 mg/1 
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modified in practice due to the nature of the adsorbate and the amount 

of floe actually present 

TABLE 9 

Effect of Three Alum Concentrations on the per cent 
Adsorption of Methyl Orange by Powdered Activated Carbon 
(Temp - 30°C) 

Alum 
Concentration 

mg/1 

0 

125 

250 

10 

18 

39 

48-

20 

38 

54 

61 

Time 
(min) 
30 

50 

62 

79 

40 

61 

71 

--

50 

68 

84 

79 

The order of a reaction, such as that which occurred between the 

PAC and the MeOr concentrations used in these experiments may be 

evaluated using the following expression and substituting for various 

values of n: 

1=-" 
where 

n is the order of the reaction 

C is the concentration of the reactant(s), and 

k is the reaction rate constant at a given temperature 

If n equals 1, the reaction is first order and may be simplified 

to the following form: 



^ " ^ = kt 

where 

CQ is the original concentration, and 

C^ is the reactant concentration at time t 

The reaction rate constant k for a given temperature may then be 

determined. The value of C^/CQ may be obtained from Figures 16 through 

19. Using a rearrangement of the previous expression as follows, 

values of k were calculated for each of the five sampling times at each 

temperature and were found to be "similar. Table 10 shows the results 

of the calculations for the 30C reactions. The similarity of the k 

values indicates that the adsorption of MeOr by PAC was a first order 

reaction in these studies. 

Each of these rate constants was plotted against its associated 

temperature to determine the relationship between the two. The results 

2 

are presented in Figure 20. Since the correlation coefficient, r for 

the plot was 0.94, it was assumed that a direct relationship existed 

between temperature and the rate constants calculated from these 
studies. 

The Figures 16 through 19 show that in addition to promoting 

increased extent of adsorption at a given temperature, the rate of 
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TABLE 10 

Calculation of the Rate Constants 
Associated with the 30°C Experiments 

Time 
(min) 

0 

10 

20 

30 

40 

50 

C/C, 

1.0 

.711 

.591 

.409 

.248 

.228 

Ln C/CQ 

0 

-0.34 

-0.52 

-0.89 

-1.39 

-1.42 

(mm ) 

-0.034 

-0.026 

-0.029 

-0.034 

-0.029 

avg. k = -0.032 
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adsorption is also increased. Using the values of k obtained from 

Figure 20, the adsorption rate at 30C may be compared to each of the 

k values of the other test temperatures by the following ratio: 

Rk = kt/k3o 

where 

\ is the reaction rate ratio 

k^ is the reaction rate constant at temperature t, and 

k3o is the reaction constant at 30C 

Table 11 shows that for the experimental conditions of these studies, 

there is almost a two-fold difference in reaction rates at the 

temperature extreme. 

TABLE 11 

K-Value Ratios for the Four 
Test Temperatures 

Temperature, 

30 

40 

50 

60 

C° Rk 

1.00 

1.24 

1.48 

1.72 
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One of the physical phenomena which plays a role in the attachment 

of a substance to an adsorbent is the activation energy of the reaction. 

It may be calculated from the van't Hoff-Arrhenius equation: 

d(ln k) _ E 
dt " RT^ 

where 

T is the temperature at which the reaction takes place 

R is the ideal gas constant, and 

E is the activation energy, a constant, characteristic of 

the reaction 

Integration between the limits T^ and T2 gives the following 

solution to the differential equation: 

E(T2-Ti) 
^•^(•^2/kl) = R(TiT2) 

The use of Figure 20 for values of k and the following algebraic 

solution of the preceding equation: 

1n/k2\R(T2Ti) 

gives the results shown in Table 12. 

These results show that for the adsorption reaction studies, an 

increase in temperature does not affect the value of E for the adsorp

tion of MeOr by PAC. By comparison, values of E in water treatment 

processes range from 2000 to 20,000 cal/mole (34). 
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TABLE 12 

Rate Constants and Activation Energies 
Associated with Each Test Temperature 

Temperature 
(C°) 

30 

40 

50 

60 . 

Calculated 
Value for k 

(min-l) 

-0.030 

-0.037 

-0.045 

-0.052 

- -. — . . _ , 

Activation 
Energy, E 

(cal/mole x 10^^) 

-

3.95 

3.95 

3.68 

The preceding considerations concerning rate constants and acti

vation energies times were based on the assumption that the adsorption 

phenomena of these studies obeyed first order rate kinetics. This 

assumption appears valid considering the close agreement found between 

the theoretical and experimental results and the straight line relation

ships presented. Although adsorption is usually considered to be an 

exothermic process, in these studies apparently equilibrium was not 

achieved within the 50 minute sampling time, even though the reaction 

rates were accelerated. It may be necessary to repeat the experiments 

using water samples containing a combination of organics which could 
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occur in a municipal water supply. Such studies could result in more 

representative k, E and t values which would aid in the evaluation of 

heat effects on 'PAC adsorption of organics. 

Filtration Studies 

The filtration studies were conducted by passing a bentonite-alum 

floe suspension through a standardized sand column of known character

istics and observing the resulting changes in head loss. The initial 

2 2 

flow rate was adjusted to approximately 80 1/m -min (2 gal/ft -min), 

a filtration rate commonly used in municipal treatment plants. During 

the filtration run, the flow rate was found to decrease appreciably 

with time, due primarily to floe accumulation within the filter. For 

that reason, graphs were constructed using accumulated volume rather 
than time as the abscissa. 

The columns employed by many investigators are considerably larger 

than the one used in these studies. The recommended diameter is 15 cm 

and the recommended sand bed height is approximately 2 meters. To 

insure reproducible results at the test temperatures, the column was 

packed with a fresh sand sample rather than backwashing the spent 

column at the end of each run. The smaller columns used in these 

studies reduced the requirement for sieved and wash sand. The estab

lishment of a hydraulic conductivity constant for each column insured 

that all the columns used in the filtration studies had similar 

characteristics. 
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Column performance may be evaluated by a number of methods. The 

most commonly used involves taking optical density measurements from 

several ports installed at given intervals along the length of the 

column. In these studies it was found that such measurements intro

duced bubbles into the sand bed, altering"the hydraulic characteristics 

of the columns and resulting in abrupt headlosses. This phenomenon may 

be related to the use of smaller columns. Therefore only one exit port 

was employed and was submerged in a water filled, side vented flask to 

prevent air from being pulled into the column at the base of the sand 

bed. Observations of filtration behavior at different temperatures 

was based solely on piezometric measurements. 

The concentrations of bentonite and alum, and the height of the 

sand column were determined by trial and error. These parameters pro

duced headlosses which changed slowly enough to be easily measured, 

but which resulted in appreciable headloss for a filter run of reason

able length. The run length varied from 1.5 to 2 hours. The elevation 

difference in the piezometer columns at the end of a typical run was 

from 30 to 40 cm after approximately 2000 ml of the flocculated sus

pension had passed through the sand bed. 

The results of the filtration studies are presented in the follow

ing four profiles. It was originally intended to include column runs 

at all four test temperatures. However, headloss changes between the 

30C and 60C runs were relatively small. Therefore it was felt sufficient 
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to make filtration runs at 45C rather than at 40C and 50C to determine 

that no aberrant headloss behavior occurred at the intermediate tem

peratures. 

Figures 21, 22 and 23 show the variation of headloss with effluent 

volume at 30C, 45C and 60C respectively. The composite headloss is the 

average of the actual headlosses at each temperature. 

Table 13 shows the total effluent volume, V-j at which measureable 

headloss greater than 1 mm first occurred and the headloss, H^ after 

2000 ml of the flocculated suspension had passed through each column. 

TABLE 13 

Results of the Three Composite Column Runs 

Temperature 

C 

30 

45 

60 

Volume, V-

ml 

200 

300 

400 

"L 
mm 

41.0 

33.5 

28.5 

With increasing temperature, successively larger fluid volumes 

flowed through the sand columns before an initial headloss was observed 

The final headloss near the end of each composite run was found to 

decrease with increasing temperature. 

Figure 24 is a comparison of the composite headlosses which 

occurred at each temperature. As suggested by Table 13, increasing 
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temperature of the filtration medium resulted in successively later 

appearance of measureable headloss. Additionally, with increasing 

temperature, the headlosses were consistently less throughout each 

filter run. 

A number of equations have been developed to predict the head-

losses associated with the flow of clear water through a porous medium. 

The Rose equation for calculation of headloss is: 

1.067 Cd 1 L V^ 
•̂ L " 0 oc'^ D 2g 

where 

H| is calculated headloss 

<j) is shape factor of filter particles, usu. 1 

OC is porosity, usu. 0.4 for sand bed filters 

L is depth of the sand bed 

D is grain diameter 

V is filtration velocity 

g is gravity constant, and 

C^ is the coefficient of drag, where 
d 

and 

C 
24 ^ _3_ ^ 0.34 

d - NR NR 

Nn is Reynolds number 
K 
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Each of the columns used in these studies was standardized by 

passing clear water at 30C through a measured depth of sand and 

recording the volume and final headloss. Table 14 shows the calcu

lated headloss, H L C , and the observed headloss, H|_o for four of the 

columns used in the filtration studies. 

TABLE 14 

Calculated and Observed Headlosses for Selected 
Sand Filtration Columns 

Column Number 

1 

2 

3 

4 

he 
mm 

60 

62 

60 

65 

mm 

81 

79 

87 

86 

The value of a: was taken from the literature and may not be a 

representative value for the columns used in these studies. Since 

settling in the packed bed of each column was induced by tapping the 

sides of the column, it might be expected that the porosity of the 

experimental columns would be less than that of sand filtration beds 

which are formed by gravity settling. When oc = 0.37 was substituted 

in the Rose equation, good agreement between observed and calculated 

values was obtained. The reasonably good agreement between the recal 

culated and observed values suggest that the characteristics of the 
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columns of these studies are similar to the columns used by other 

investigators. 

The initial appearance of measureable headloss with respect to 

temperature may be related to shear forces. As indicated earlier in 

this chapter, when viscosity of a fluid decreases, shear effects on 

floe size are increased. At 30C when shear effects are minimized, 

relatively more of the material would be subject to mechanical strain

ing, resulting in accumulation of floe at the sand column surface. As 

shear effects become more pronounced with increasing temperature, the 

floe could be broken resulting in an even distribution of the fragments 

throughout the depth of the column. This phenomenon could account for 

the successively larger effluent volumes through the column before the 

appearance of headloss and the lower headlosses associated with each 

temperature. As with earlier studies viscosity of the transport medium 

appears to be the major factor responsible for the headloss effects 

found in these investigations. 

These filtration studies indicate that the use of heated water in 

a municipal filtration unit could have beneficial consequences. Since 

less headloss occurs with the higher fluid temperatures, filter run 

times could be lengthened, thus reducing the time when a particular 

filtration unit is out of service for backwashing. It may also be pos-

2 
sible to load the filters at design rates greater than 80 1/m -min and 

still operate at headlosses equal to or lower than those experienced at 

30C. 
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Disinfection Studies 

To determine if heat could modify the disinfection step of water 

treatment, bacterial suspensions were exposed to chlorine concentra

tions at two test temperatures. These experiments were not specifically 

designed to determine bacterial death rates. However it was found that 

exposure of the bacteria to several of the chlorine concentrations 

often resulted in rapid sterilization of the suspension. Thus samples 

were withdrawn for analysis at predetermined times during each experi

ment. 

The quantity "X mg/1 CI2" will denote the applied dosage of the 

reagent as free chlorine. Any of the three forms shown in Figure 5 

of Chapter II are forms of free chlorine. 

As in the preceding investigations, the experimental conditions do 

not necessarily reflect those which would be encountered in a typical 

treatment plant. Preliminary studies showed that exposure of bacterial 

suspensions containing 10 organisms per 100 ml to 1-2 mg/1 CI2 

resulted in sterilization of the suspending medium in less than five 

seconds. The absence of clumps which can normally occur in natural 

waters and which can isolate the organisms from the effects of chlorine 

may have been partially responsible for the rapid bacterial death. The 

use of 0.1 to 0.3 mg/1 CI2 and bacterial titers of 10^ organisms/ml 

permitted measureable survival at the specified sampling times. 

Only two temperatures were used during the course of these 
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experiments. Results from the 30C and 50C studies appeared sufficient 

to reach adequate conclusions concerning the effects of heat on the 

disinfection of bacterial test suspensions by chlorine. 

The Hom equation, as developed in Chapter II was originally in

tended to serve as a basis for the study of heat effects on disinfection 

When the equation is solved to give the general form of a straight line 

(equation 7 ) , determination of the slope and the y intercept present a 

number of problems for graphical solution. The intercept should occur 

when t = 0 and M / N Q = 1. However neither log t nor log(log N / N Q ) exist 

at those values. The slopes and intercepts must be determined by trial 

and error. 

• Figures 25 and 26 show the appearance of experimental data when 

plotted on log-log paper. Figure 25 shows that at 30C, the Hom model 

appears adequate for prediction of bacterial death rates resulting 

from exposure to chlorine. The data of Figure 26 indicate that a less 

well defined relationship exists between time and bacterial survival 

at 50C. Additionally, comparison of Figures 25 and 26 is complicated 

by the absence of a common origin. The initial values of log(log N / N Q ) 

in the two graphs were empirically determined and appear incompatible. 

Therefore, the remaining figures plot log t vs log (N/N^) to give 

a common intercept for all data. Time was considered to be essentially 

zero when log t = 0.01 minutes, allowing the first sampling time, 

t = 5 sec. = 0.083 min. to fall within the first log cycle. 
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Figure 27 is a replot of Figure 25. Both figures show that 

chlorine exerts a detrimental effect on the survival of the £. coli 

suspension. The greatest difference in slopes occurs between zero 

CI2 concentration as indicated by the dashed curve, and 0.1 mg/1 C U . 

Figures 26 and 28 show the effect of elevated temperature on the 

viability of £. coli. In the absence of chlorine a few surviving 

colonies were observed after two hours of exposure at 50C. The 

addition of 0.1 mg/1 CI2 reduced the maximum survival time to approxi

mately 15 minutes. The addition of higher chlorine concentrations 

resulted in maximum survival times of less than two minutes. 

Figures 29, 30 and 31 are comparisons of the viability of £. coli 

suspensions at a given chlorine concentration. Figure 29 shows that 

after approximately 10 minutes of incubation with 0.1 mg/1 of chlorine, 

survivors persist at 30C but not at 50C. The high bacterial concentra

tions used in these experiments may exert a chlorine demand. The sub

sequent reduction in chlorine concentration could result in conditions 

more favorable for the long term survival of a fraction of the original 

inoculum at 30C. Figure 29 also shows that immediately after exposure 

to chlorine, the bacteria appear to be more resistant at 50C than at 

30C. However, at 30C no samples were plated until the cells were 

incubated for ten minutes. Therefore the projected slope between 

t = 0.01 minutes and t = 10 minutes may not accurately reflect the 

response of the bacterial suspensions to chlorine. 
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The results of Figure 30 show the effects of temperature on bac

terial suspensions containing 0.2 mg/1 CI2. The rate of bacterial 

decay is similar at either temperature, suggesting that heat does not 

significantly affect survival at 0.2 mg/1 CI2. 

The Arrhenius equation predicts that for 10 degree rise in tem

perature, cellular activity should increase by a factor of approxi

mately two. Therefore cellular metabolism could be expected to increase 

in at least some of the cells before death occurs. Such an increase in 

metabolic rate could lead to a rapid uptake of chlorine and subsequently 

an increased death rate. However only minor differences in survival 

at 30C and 50C may be observed in Figure 30. Although sufficient 

chlorine is present to result in sterilization of either suspension 

within two minutes, the cellular chlorine demand could limit rapid 

disinfection at the higher temperature. The cells appear slightly 

more viable at 50C than at 30C, but this difference could be due to 

experimental error. 

Figure 31 shows the response of bacterial suspensions to 0.3 

mg/1 Cl;> at the two test temperatures. The initial death rate at 50C 

results in fewer viable cells, but the rate decreases with time. This 

would be expected if sufficient chlorine were present to be in excess 

of the chlorine demand. Although such competition between chlorine 

demand and uptake may be present, cell death occurs relatively rapidly 

at both temperatures and sterilization results within approximately one 

minute. 
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Due to procedural constraints, chlorine was not monitored after 

addition and initial assay. To determine if heat could affect chlorine 

concentration, the disinfection procedure was repeated without adding 

bacteria. It was found that after bringing the suspension medium to 

50C, approximately 10°i of the chlorine was lost. Addition of chlorine 

after heating the salt suspension to 50C produced no measureable change 

in concentration. These results indicate that the heating procedure 

was responsible for a 10% reduction in chlorine. 

Ideally, the buffered saline should have been heated to 50C, the 

appropriate amount of chlorine added and then bacterial samples removed 

for assay. However at least one adjustment was usually required to 

assure that each salt solution contained the appropriate amount of 

chlorine, complicating the accurate addition of chlorine after bring

ing the medium to temperature. However this procedural limitation 

does not substantially alter the results of the experiments. 

The purpose of this series of experiments was to determine whether 

heat might alter the bactericidal effect of chlorine. The results sug

gest that even at relatively small chlorine concentrations, heat had 

little effect on chlorine disinfection of the test suspensions. There

fore at the bacterial titers and chlorine concentrations normally found 

in water treatment, it is doubtful that little, if any heat effects 

would be observed. 



CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 

The purpose of this study was to assess the influence of tempera

ture on four important aspects of water treatment. This study was part 

of a proposal to use municipal raw water supplies for condenser water 

in electric power generation, followed by conventional water treat

ment and distribution. 

The effects of heat on fluid viscosity, chemical reaction rate, 

biological growth and colloid stability have been investigated. How

ever, heat effects on these phenomena may be substantially modified 

during water treatment. The bench scale studies presented here are 

an attempt to determine whether extensive pilot plant testing is 

technically justified. 

The results of these studies were relatively straightforward with 

respect to the experimental conditions and indicated the following: 

(a) the rate and extent of Type 2 sedimentation was accelerated 

by heat, most probably in response to a reduction in fluid 

viscosity. This could result in a number of benefits. Less 

coagulant would be needed to achieve the same amount of 

solids removal, thus reducing chemical costs. Alternately, 

for a given amount of chemical addition, sedimentation 

time could be reduced. This could permit larger volumes 

of water to be clarified in existing basins and allow new 

102 
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sedimentation basins to be downsized to take advantage of the 

increased clarification efficiency. 

(b) heat appeared to have a beneficial effect on the adsorption 

of methyl orange by powdered activated carbon, indicating 

that organic removal was due primarily to physical adsorption. 

Many of the above considerations could also be applied to the 

adsorption process. Less PAC would be required to reduce the 

concentrations of adsorbable pollutants to acceptable levels. 

Thus costs for chemical storage, handling and additions would 

decrease. By adding MeOr at current levels, adsorption times 

would be shortened, allowing for treatment of larger volumes 

of water per unit time. 

(c) the head loss in small sand columns was reduced with increas

ing temperature which was probably related to reductions in 

fluid viscosity. An important aspect of the filtration pro

cess is backwashing, which required both time out of service 

and processed water for filter cleansing. In existing plants, 

by reducing headloss per volume of filtered effluent, filter 

runs could be lengthened, thus decreasing the percentage of 

time required for backwashing. Also, the amount of filtered 

water produced per volume of backwash water could be increased. 

In new plants, the number of filter units could be reduced, 

resulting in decreased construction, operation and maintenance 

costs. 
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(d) the effectiveness of chlorine was not substantially altered 

by heat, most likely due to increased assimilation of the 

less active chlorine form and heat related alteration of 

cellular components at higher temperatures. Although no 

beneficial effects of heat on chlorination are claimed, the 

results show that chlorine in the acid or dissociated form 

is highly effective as a disinfectant. At elevated tempera

tures, the use of chlorine at current levels of addition, 

should not permit excessive bacterial growth. 

The above results appear encouraging, however some problems will 

likely be associated with the implementation of this proposal. If the 

raw water supply contains a high concentration of hardness ions, 

scaling can result at higher temperatures. During the experiments, the 

glassware and water baths accumulated noticeable lime deposits at 60C, 

although the effect was not observed at 50C or lower. In actual prac

tice, pre-softening may be necessary for management of scaling problems. 

The formation of chlorinated hydrocarbons may be accelerated at 

elevated temperatures. The incorporation of activated carbon treatment 

may become mandatory to remove the hydrocarbon precursors or their 

chlorinated derivatives. 

Most plastics used in residential plumbing can withstand Water 

temperatures in excess of 60C. However some sagging may occur in long 

stretches of unsupported pipe. 
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The plastic used in water meter discs is of two types. The "cold" 

disc is designed to operate at temperatures below 30C; the "hot" disc 

may operate at temperatures up to 120C. If water temperatures are 

expected to exceed 85F, cities using the cold disc will be faced with 

removal or modification procedures for meter operation at the higher 

temperatures. The cost of either alternative could be prohibitive for 

small towns. 

Public acceptance will probably be the deciding factor in the 

incorporation of a heated water into the treatment regime. The results 

of a questionnaire presented elsewhere (45), showed a generally "favor

able public reaction. However, a concerted effort by the municipality 

to present all sides of the technical, economic and social impacts of 

such a system will be required before implementation. 

The determination of economic and technical data from pilot plant 

studies will be required prior to full scale operation. Such data will 

be more predictive of plant performance than the data of the limited 

studies presented here. However, based on the favorable results of 

these preliminary investigations, pilot plant studies appear to be 

warranted. 
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