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2. The use of cationic polyelectrolyte coagulant aids may 
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AN EVALUATION OF VARIABLES AFFECTING THE 
VIRUS REMOVAL CAPABILITIES OF THE 

COAGULATION - FILTRATION PROCESS 

INTRODUCTION 

A need has developed for continued and increased research into 

the incidence of viruses in public water supplies and the mechanisms 

available for the removal of these viruses. This has occurred be- 

cause the variety of diseases, which have been traced to virus infec- 

tion, is growing. At the same time, the quantity of relatively uncon- 

taminated water available per capita is steadily diminishing which 

creates increased probability of the spread of certain viral diseases 

by water. It is the responsibility of sanitary engineers to recognize 

this trend and attempt to develop methods of combating the potential 

dangers which the trend offers. 

This investigation was instigated with the intent of evaluating 

one facet of the problem, the virus removal efficiency of the 

coagulation -filtration process. Furthermore, it was believed it 

would be more beneficial to ascertain what variables affect the virus 

removal efficiency of the process rather than merely record the ef- 

ficiencies obtained under just one set of circumstances. This was 

particularly true since a bacterial virus was to be used rather than 

an animal virus. 
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The purpose of the investigation was therefore to evaluate the 

modern one step coagulation - filtration process for bacterial virus 

removal as affected by certain variables which are readily controlled 

and measured in existing plants. In addition, a correlation between 

effluent turbidity and virus passage was to be attempted. 



3 

LITERATURE REVIEW 

During the past decade increasing importance has been given 

to research into the ability of water treatment processes to destroy 

or remove viruses. To reiterate, this interest has developed for 

two basic reasons. (1) There is an increasing recognition of the 

variety of viral diseases and the frequency of their occurrence. 

(2) A decreasing source of "clean" water is forcing the utilization 

of more and more contaminated sources. 

The Viral Diseases 

Viruses are extremely small parasitic pathogens which multiply 

by infecting and reproducing within specific susceptible cells. During 

this reproduction process, the host cell loses key elements essential 

to sustain itself and thus is inactivated or destroyed. Viruses range 

in size from 12 to 400 mµ, and they exist in a variety of shapes vary- 

ing from spherical, to ovoid, to cubical, to tadpole- shaped, to rod- 

shaped (19, p. 2). Their chemical constituents are almost entirely 

nucleic acids. 

Of the tremendous number of viruses which may infect both 

plants and animals, the ones of importance in water treatment studies 

are the enteric viruses of humans -- viruses excreted, often in large 

numbers, in the feces of man. Table 1 by Berg (1) concisely lists 



Table 1. Enteric viruses and diseases with which they have been closely associated. 

Virus 

Disease 
Paralytic Aseptic Respiratory Rash Acute Infantile 

Poliomyelitis Meningitis Pleurodynia Herpangina Illnesses Enteritis Diseases Myocarditis Jaundice 

Polioviruses X X .. 

Coxsackieviruses 
group A .. X X 

Coxsackieviruses 
group B X X . . X 

Echoviruses .. X .. . X X X 

Adenoviruses .. . . . X 

Reoviruses . .. . X X 

Infec.tiou hepatitis virus(es) X 

Only certain strains within the designated groups have been proven to be responsible for the 
designated diseases. 

(Source: 1, p. 87) 

. 
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the various enteric viruses and the diseases associated with them. 

As yet, the only viral outbreaks, unquestionably traceable to 

a water supply as the carrier, have been caused by infectious hepa- 

titis virus. By 1959, 19 infectious hepatitis outbreaks had been 

identified with water supplies, six of which were in the United States. 

The most famous of these was of course the 1956 through 1957 New 

Delhi incident in which 30, 000 to 50, 000 people were stricken, with 

a reported absence of any coliform indicator organisms. 

It is also believed, but not proven without doubt, that polio- 

myelitis can be spread by water. Polio virus has definitely been 

isolated from human feces. Incidents in Connecticut, Nebraska, 

and particularly Edmonton offer strong evidence of water -born polio- 

myelitis (13). Successful immunization has significantly decreased 

the incidence and danger of this disease. 

Outbreaks of ECHO (enteric, cytopathogenic, human orphan) 

viruses, the Adenoviruses, and the Coxsackie viruses have never 

been traced to a water -born source. However, their high concen- 

trations in the feces of infected persons certainly classifies them as 

potentially dangerous. Many diseases of man and lower animals 

have unknown causes - -there has been speculation that some of man's 

nervous and muscular diseases may be linked to viruses. 

Perhaps the greatest restraint on research in virus incidence 

has been the lack of an adequate qualitative or quantitative method 
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for recovering the virus from large quantities of water. Recent 

work by Berg, et al. , (2) may provide very interesting and necessary 

data. They reported that in 1962, a 210 sample survey of the water 

system in Paris, France indicated the presence of virus in 19 per- 

cent of the samples. As Berg states "... the major problem with 

well managed water supplies relates to possible low level transmis- 

sion of infection and disease and not to explosive outbreaks" (2, 

p. 88). 

Direct Waste Water Re -use 

In 1965, Dr. Leon W. Weinberger, Chief PHS Basic and 

Applied Science Branch, reported to a special senate subcommittee 

on pollution a list of problem areas which merit intensive effort. 

Two of the items listed were "complete disinfection of waste ef- 

fluents" and "renovation of waste effluents for direct re- use (26). 

The tremendous demand for water expected in the coming years 

validates the importance of developing safe techniques for continued 

and increased re -use of waste waters. 

Selection of Treatment Process 

Many processes could be evaluated for their virus removal 

efficiency. The possibilities include oxidation, irradiation, thermal 

destruction, filtration, flocculation, adsorption, and others. Ideally 
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chlorination would be the most desirable method both for its relative 

economy and ease of control, and it has already been proven that 

coliform -free water can be produced by tertiary treatment followed 

by chlorination (8). Whether this is a good indication of the total 

lack of pathogenic organisms is still open to discussion. 

Investigators working with purified Coxsackie virus have 
reported that free chlorine residuals of O. 27 ppm to 
O. 32 ppm are necessary to destroy that virus. They 
concluded that marginal treatment of water is not 
sufficient to destroy viruses even though it may reduce 
coliform density to closely conform to established 
standards. (7, p. 43) 

A 1945 test of water treatment processes with regard to removal of 

infectious hepatitis virus was conducted utilizing human volunteers. 

Hepatitis syndrome developed in some of the volunteers who consumed 

water after it had passed through the coagulation and filtration pro- 

cess. No syndrome developed in volunteers who consumed water 

which had passed through coagulation and filtration plus chlorination 

at O. 4 to 1. 0 ppm with a 30 minute contact time. However, "chlorine 

dosages adequate to inactivate bacterial pathogens occurring in 

drinking water may not be adequate for the hepatitis virus" (7, p. 42). 

The trend in water treatment practice is toward higher and 

higher filtration rates and the use of dual and multimedia filters in 

conjunction with polyelectrolyte coagulant aids. As this is a current 

development, this student selected to study the variables affecting the 

virus removal efficiency of the advanced one step coagulation, high 
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rate filtration process. It was hoped that further information could 

be gained regarding coagulation as a means of virus removal and at 

the same time the effect of higher filtration rates could be evaluated. 

Past Work on Coagulation - Filtration 

Perhaps some of the most significant work accomplished to 

date on the coagulation of viruses was that presented in 1962 by 

Robeck, Clarke and Dostal (20). These authors utilized a combined 

one step coagulation -filtration pilot plant and confined the majority 

of their work to an alum dose of 10 ppm and filtration rates up to 

6 gpm /ft2. A coagulant aid dose of . 05 mg/1 was tried briefly and it 

was indicated its use might be advantageous in strengthening the floc. 

The following conclusions were drawn. 

If a low but well -mixed dose of alum was fed just ahead 
of the filters operated at 6 or 2 gpm /sq ft, more than 98 
percent of the viruses were removed by 16 in. of coarse 
coal on top of 8 in. of sand. 

If the alum dose was increased and conventional floc - 
culators and settling were used, the removal was 
increased to over 99 per cent. 

When a turbid water was treated, a floc breakthrough 
was usually accompanied by an increase in virus pene- 
tration even though the finished water turbidity remained 
below 0. 5 Jackson unit. (20, p. 1288 -1289) 

Chang, Isaac and Baine (5) published data in 1953 concerning 

the removal of bacterial viruses by flocculation. The authors con- 

ducted jar tests with distilled water with 5 ppm SiO2 added for 
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turbidity. The effect of aluminum sulfate coagulant was first studied. 

Plotting the data as Freundlich isotherms showed that the removal 

efficiency was definitely an adsorption phenomena. The equation for 

the isotherm is R = uXn, where R = the ratio of the concentration of 

adsorbate to the concentration of the adsorbent, X = the concentration 

of compound remaining in solution, and u and n are constants. 

Parallel straight lines resulted, indicating that the virus removal 

was definitely a function of flocculant concentration. The results of 

the study are given in Table 2. It sould be noted the removal effi- 

ciencies varied only slightly over the range of aluminum sulfate 

dosages applied. 

Table 2. Effect of concentration of aluminum sulfate on the removal 
of bacterial viruses in water at 25° C and pH 5. 2. 

Conc. of Percentage Removal 
Al2(SO4)3 of Virus Floc 

ppm Series 1 Series 2 Formation 
40 99.9 98.9 fair 
60 99. 99 97.5 fairly good 
80 99.994 99.994 good 

100 99. 9995 99. 99 very good 

(Source: 5, p. 256) 

The above authors also investigated the effect of pH on virus 

removal. Their studies, the results of which are presented in Table 

3, indicated the optimum pH for virus removal under these circum- 

stances was approximately 5. 0, and that increased pH values resulted 
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in decreased virus removal efficiency. It should be noted that in- 

creased pH values also brought about poorer floc formation, which 

would indicate poor turbidity removal. In practice, however, ade- 

quate turbidity removal must also accompany adequate virus removal. 

Table 3. Effect of pH on the removal of bacterial virus in water at 
25°C with 60 ppm aluminum sufate. 

pH value 

Percentage Removal 
of Virus 

Series 1 Series 2 

Floc 
Formation 

5.2 99.8 97.7 Fairly good to good 

6. 2 71.5 93.5 Fair to fairly poor 

7.2 27.5 70.0 Poor 
8. 2 14.0 Very poor 

(Source: 5, p. 258) 

Listed in Table 4 are the results of several other investigations. 

A review of this table makes two facts apparent. ( 1) Removal effi- 

ciencies of the flocculation process seem to vary widely and depend 

on unknown or unreported variables. (2) Certainly, the dosage of 

flocculant alone does not dictate virus removal, except as reported 

in individual tests. Some of this lack of correlation may be due to 

the neglect of the investigators to record the conditions under which 

their results were obtained. 



Table 4. Reduction of human enteric viruses in water by chemical flocculation. 

Virus Type of Water Stages 

Coagulant 
Addeda 

ppm 

Floc Amount 
or 

Description Virus Removal 
Polio Tap 1 100 Littleb 

Raw 1 100 Somec Polio River 1 136 Some to 
Significant 

1 410 Some 
1 136 -273 0. 4 - 1. 03 

ml per 1 

Little to some 

1 273 -546 1. 5 - 2. 2 

ml per 1 

Significant 

Infectious 
hepatitise 

Distilled 1 69 Little to some 

Coxsackie A5 Spring 1 28 -45 Some 
Coxsackie A2 Ohio River 1 15 Good 95. 7% at 25 °C 

(purified) (16 -255 ppm 
turbidity) 

1 25 Very good 95. 95. 9% at 5 °C 

2 15 Very good 98. 6% at 25°C 
15* 

J. 
Very good 99. 8% at 25°C 

2 25 Very good 99. 6% at 5°C 
25* Very good 99. 9% at 25°C 

aAlum except where marked with an asterisk; asterisks indicate ferric chloride. 
bProbably less than 25 %. dMore than 50 %. 

cProbably less than 50 %. eGauze- strained fecal suspension in distilled water. 
(Source; 7, p. 49) 
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STATEMENT OF PURPOSE 

The ability of the coagulation and filtration processes to provide 

100 percent virus removal seems limited. Under certain conditions, 

however, the process may possibly be relied upon for relatively high 

virus removal efficiency. Further investigations seem necessary to 

establish the optimum conditions and the variables involved. 

The variables most readily controlled in the majority of treat- 

ment plants are (1) the pH at which the flocculation process is con- 

ducted, (2) the use of coagulant aids and the quantity used, and (3) 

the filtration rate of the water through the filters. In addition, it 

would appear that the establishment of a relationship between ef- 

fluent turbidity and virus passage would be highly beneficial. Since 

turbidity can be measured instantly by the use of electronic turbidi- 

meters, turbidity readings could provide an excellent index of the 

quality of water being produced. 

The purpose of this study was therefore to determine the effect 

on virus removal of (1) pH, (2) coagulant aid use, and (3) filtration 

rate in the single stage, high rate filtration process. At the same 

time a correlation between virus passage and effluent turbidity was 

to be sought. 
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COAGULATION THEORY 

The predominating role of the coagulation - filtration process 

has been the removal of turbidity from water. Turbidity is caused 

in main by organic and inorganic colloidal -sized (1 to 100 mµ) par- 

ticles suspended in the water. The fact that virus also exist in 

water in the form of a colloidal dispersion offers the first hint that 

the coagulation- filtration process may be effective for virus re- 

moval as well. In the following discussion, turbidity- causing col- 

loids are first considered, and then the correspondence between 

these colloids and viral dispersions is discussed. 

Nature of Colloidal Dispersions 

Colloidal dispersions have such a high surface area to volume 

ratio that gravitational forces are nil in comparison to forces of 

surface phenomena. Colloids in water exist in two fundamental 

forms, hydrophobic (water- hating) and hydrophilic (water -loving). 

Most colloidal dispersions encountered in water treatment are 

fortunately of hydrophobic nature and have as one common property 

an electrical charge, either positive or negative. In fact, the dis- 

persion exists primarily because of this charge, which is created 

by the adsorption of ions onto the particles according to the double 

layer theory. The charge given the particle is created by the first 
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layer of adsorbed ions. A second layer, of opposite charge and much 

weaker magnitude, forms about the first (23). This theory is il- 

lustrated by Figure 1. 

Figure 1. A positively charged colloidal particle with its double 
layer of adsorbed ions. (Source: 23, p. 144) 

The stability of a colloidal dispersion depends largely on its 

electrical properties. Both inter -particle attractive and repulsive 

forces exist. The attractive force is created by Van der Waals 

force, a weak electrical binding which is caused by polarization of 

the molecules and is effective over only a limited distance. The at- 

tractive force is inversely proportional to the seventh power of the 

separation distance between particles. The repulsive force follows 

Coulomb's law that like- charge particles repel one another over a 
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short distance in inverse proportion to the square of their separation 

distance. 

Figure 2 is a plot which shows the net result of the two forces. 

The ordinate of the graph represents the potential energy of a par- 

ticle due to the forces while the abscissa represents inter -particle 

distance. As two particles seek their minimum potential, point c' 

(point of contact), they must somehow acquire the necessary energy 

to overcome the energy "hump" which is a maximum at point b. 

Brownian motion can impart to the particles sufficient kinetic energy 

to surmount the energy hump, but only if Eb, the maximum mutual 

potential energy, is small. In order to prompt coalescence of the 

particles, therefore, some action has to be taken to decrease Eb. 

Kruyt and Overbeek (12) have shown that the electrical energy 

associated with a particle decreases gradually with distance from 

the particle because the density of ions adsorbed in the second layer 

about the particle also gradually decreases with distance. Upon 

examining Figure 2 once more, it is apparent that if the thickness 

of the double layer could be diminished, the range of repulsion would 

also be diminished. Since the attractive force curve is much steeper 

than the repulsive force curve, a decrease in the zone of influence of 

the forces would likewise shift the mutual potential energy curve, 

thereby causing a decrease in, or total elimination of, the maximum 

energy, Eb. 
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b Distance, r 

Attraction 

Figure 2. The relationship of forces between colloidal particles. 
(Source: 12, p. 128) 

J 

Repulsion 

b' 

Y 
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The Effect of Aluminum Sulfate 

It is known that the addition of electrolytes to a colloidal dis- 

persion will compress the double layer or ionic atmosphere about 

the particles (12), Of course, the addition of positive ions to a dis- 

persion of negative colloidal particles would depress the double layer 

because of electrostatic attraction. If the added ions are divalent or 

trivalent rather than univalent, the attractive force is even stronger 

and a corresponding decrease in double layer thickness occurs. 

Hence a decrease develops in the maximum potential energy which 

must be overcome for coagulation to occur. Because of this phe- 

nomenon, the trivalent salts of iron and aluminum, namely 

Fe2(SO4)3 and Alz(SO4)3, have become widely used in water treat- 

ment for the removal of colloidal dispersions from water. The 

reactions involved in the addition of the most popular coagulant, 

aluminum sulfate (alum), to water are not completely known. The 

following set of equations, taken from Sawyer (23), illustrate in a 

brief and oversimplified manner the basic reactions which occur 

when alum is added to turbid water. 

A13+ +colloid - (colloid) 

A13+ + 30H from water- 9,-Al(OH)3 (colloidal) 

Al(OH)3 + positive ions - .[Al(OH)3] 

+ 
[Al(OH)3] +colloids) -Al(OH)3 colloid - 

- - 
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excess [Al(OH)3] + SO4 -->-Al(OH)3 + adsorbed sulfates 

(Source: 23, p. 229) 

Thus, the double layer compression is achieved not only because of 

the Al +3 ions but also the positive aluminum hydroxide colloidal 

dispersion which is simultaneously formed. The SO4 -2 ions from 

the alum serve to coagulate the excess aluminum hydroxide by the 

same double layer compression mechanism. 

Zeta Potential 

It is possible to measure the value of the net potential drop 

(the repelling force) across the double layer. This drop is referred 

to as the zeta potential, Mathematically zeta potential is ex- 

pressed as 

4Trbq 
D 

where q is the charge on the particle, b is the thickness of the 

zone of influence of the charge, and D is the dielectric constant of 

the liquid. Since zeta potential increases with increasing zone of 

influence, the greater the zeta potential is, the greater will be the 

stability of the dispersion. Therefore, in water treatment the pur- 

pose is to add sufficient alum and possibly coagulant aid to reduce 

the zeta potential of the colloidal particles to near zero. 

Zeta potential control is actually being utilized at several water 

T,. 

6 - 
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treatment plants already (18), Indeed electrophoresis measurements 

can be a valuable tool, but unfortunately the procedure is at this time 

too involved for many plant operators. Therefore the jar test is the 

most widely used method of selecting coagulant dose, and turbidity 

measurements are the most direct method of evaluating the coagu- 

lation process. 

Viral Colloids 

Although many biocolloids such as protein sols are hydrophilic 

and therefore more resistant to coagulation than the common hydro- 

phobic colloids, viral dispersions are more likely of the hydrophobic 

variety because of their size and behavior. Putnam, Kozloff and 

Neil (17) have done considerable work on electrophoresis measure- 

ments of virus particles. In working with the T6 bacteriophage, 

which was stated to have almost identical physical characteristics, 

chemical composition and morphology of the T2 bacteriophage, the 

authors discovered the following. 

Bacteriophage T6 .... has been characterized by electro- 
phoretic analysis through the pH stability zone. Over the 
region accessible to study the phage migrates toward the 
anode. (17, p. 322) 

Migration toward the anode would indicate the phage were negatively 

charged as are the majority of clay colloids encountered in water 

treatment. The comparison of bacteriophage removal to clay 
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turbidity removal therefore depends upon the magnitude of the charge 

on the particles. 

The Effect of pH 

pH is one readily controlled variable in most water treatment 

plants. The selection of the optimum pH for any particular coagula- 

tion process is highly important as there is a definite pH range within 

which the process is optimum. This is due in part to the insolubility 

range of the metal coagulant hydroxides, which for aluminum hy- 

droxide is between pH 5. 0 and 7. 0 to 8. 0 depending on the hardness 

of the water. Also, the zeta potential on colloidal particles varies 

somewhat with pH. Figure 3 illustrates the mobilities of clay col- 

loids over a wide pH range. Mobility is the direct measurement of 

the movement of a suspended particle through the suspension medium 

in the electrophoresis cell and is directly related to zeta potential. 

When one compares this figure to Figure 4, which shows the mobility 

of phage T6 versus pH, it is apparent that pH might play an even 

more important part in virus removal than in turbidity removal. It 

should be cautioned that these were isolated measurements by sepa- 

rate investigators under varying circumstances. It does seem 

apparent, however, that higher pH values may be more harmful to 

virus removal efficiencies than to turbidity removal in the coagulation 

process. 
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The Effect of Coagulant Aids 

Coagulant aids are employed with waters which are difficult to 

treat and in high rate filtration circumstances. The latest type of 

coagulant aid is the high molecular weight organic polymer variety. 

The polyelectrolytes dissociate to form highly charged ions and are 

capable of reducing colloid stability just as is alum. However, their 

main use is in binding floc together, speeding up floc growth, and 

increasing the floc's shear strength (9). In the one step coagulation - 

filtration process, coagulant aids are used to control floc penetration 

into the filter and prevent premature floc breakthrough. 

The Effect of Filtration Rate 

The filtration rate of water through the one step coagulation - 

filtration process will affect two variables; coagulation time and 

shearing effect. The detention time of the system will be reduced 

with higher filtration rates, resulting in shorter time intervals within 

which the coagulation process can occur. Conceivably, this could 

result in only partial coagulation of the virus. Also, the velocity of 

the water through the pore spaces in the filter will increase with 

filtration rate and will thereby increase the shear forces on the at- 

tached floc. These higher shear forces could strip pre -coagulated 

virus from attached floc or prevent initial attachment. 
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SELECTION AND DEVELOPMENT OF VIRUS STOCK 

Selection of Virus 

One of the first and most important steps in this study was the 

selection of which virus to use. Several reasons influenced the final 

selection of a bacteriophage, T2 bacteriophage utilizing as a host 

organism Escherichia coli B. A limited time interval in which to 

work and a relative lack of experience of this student in working with 

viruses necessitated the selection of one which required reasonably 

simple microbiological techniques for growing and assaying. More- 

over, it was believed that a bacterial virus would work equally as 

well as an animal virus in indicating changes in process removal 

efficiencies with adjustment of the variables. It was not necessarily 

assumed that efficiencies obtained with a bacterial virus would be 

identical with other viruses, only that trends could be indicated with 

confidence. 

The above statement was based largely upon research by Chang 

and other (6) where comparisons of the removal of bacterial and 

Coxsackie viruses by flocculation were made. The authors pre- 

sented an illustration, Figure 5, which showed the removal of each 

virus plotted as Freundlich isotherms. This figure illustrates the 

fact each virus is removed by the same mechanism, adsorption, and 
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that each responds similarly to increasing amounts of coagulant. 

However, as was stated, "... it appears that removal estimates 

based on bacterial virus will slightly overestimate the efficiency of 

the process for the removal of Coxsackie virus" (6, p. 60). 

The T2 bacteriophage is one of a group of bacterial viruses 

comprising the T system. The common property which each of these 

viruses share is their ability to infect the B strain of Escherichia 

coli. The T2 was chosen because the plaques it creates by the lysing 

of its host bacteria are small and well defined and optimum for 

counting. Rivers (19) lists an adequate description of the viruses' 

chemical and physical properties. Electronic microscope studies 

have established the size and shape of the T2 as "... an oval body 

measuring at least 65 x 80 mµ and a straight tail measuring about 

20 x 120 mµ. The material (of the T2) was composed chiefly of 

protein and desoxyribonucleic acid, with a remarkably high propor- 

tion of the latter - about 40 per cent" (19, p. 192). 

Development of Culture 

A 500 ml culture of the T2 bacteriophage with a titer of at 

least 1. 0 x 1011 per ml was desired. This was to be used during the 

entire experiment so that any chance of a mutant strain developing 

with different characteristics would be eliminated. Bacteriophage 

can be stored almost indefinitely in a broth. containing chloroform to 
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destroy any bacteria present. No nutrients are required. 

The growth of a stock of bacteriophage requires that a small 

amount of phage stock be added to an active culture of bacteria to 

which the phage will adsorb and infect. The bacteriophage then 

propagates within each bacterium until the bacterial cell lysis , a 

bursting of the cell membrane, and bacteriophage are released to 

attack still other bacterium. The initial adsorption of the phage to a 

cell requires co- factors, which are certain univalent and divalent 

cations of salts. The actual lytic process is not well understood. 

One theory states that the cell swells with water to its bursting point, 

the entry of the water being caused by intracellular osmotic pressure 

brought about by increased bacterial metabolic activity upon phage 

infection. According to this hypothesis, the infective phage produce 

bacterium lysing by providing an indirect enzymatic effect on the cell 

metabolism (19, p. 210). 

Viruses are highly selective with regard to their host cells. 

Some difficulty was encountered in the attempt to produce a high titer 

stock. The problem was eventually traced to a lack of compatibility 

of the T2 phage and the particular strain of E. coli B which was 

being used. Also, proper nutrients and salt solutions had to be de- 

veloped and tested. Upon solution of these problems, the required 

stock was obtained by the following process. 
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1. Set culture of E. coli B in nutrient broth. 1 

Incubate 

overnight at 37°C with agitation. 

2. Inoculate 1 ml of the overnight E. coli B culture into 

50 ml of M9 media. Place on an incubated (37°C) shaker. 

3. Let culture in M9 grow until it contains approximately 

1 x 108 cells per ml (about 1 1/2 hours). 

4. At this point, inoculate the culture with approximately 

0. 1 phage per cell and leave in incubator until most of 

the cells have lysed (about ten hours). 2 

5. Add chloroform to aid in lysing the remaining cells, 

thereby maximizing phage yield. 

6. Centrifuge for 15 minutes to remove lysed cell debris, 

decant to a sterile container which contains additional 

chloroform. 

Several batches were prepared simultaneously and the resultant 

combined culture had an initial titer of 1. 25 x 1011 phage per ml. 

The M9 media was used to grow the culture as it is more suitable 

than nutrient broth for storage of the phage for long periods. Over 

a five month period of refrigerated storage, the titer dropped to ap- 

proximately 1. 3 x 1010 per ml. 

1 The composition of all special media listed in this report is 
given in the appendix. 

2A small vial of T2 phage was generously donated by the 
Oregon State University Department of Microbiology. 
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DESCRIPTION OF APPARATUS AND MATERIALS 

To conduct this research, a pilot water treatment plant was 

constructed in space provided at the Willamette Water Treatment 

Plant in Corvallis, Oregon. Figure 6 is a schematic diagram show- 

ing the components and their layout. Following is a description of 

the pilot plant treatment process. 

Treatment Process 

1. Tap water (analysis listed in appendix) was added to a 

constant head tank, at which point sodium thiosulfate was 

added to remove chlorine. 

2. Small metering pumps3 were used to add aluminum sulfate 

and coagulant aid solutions as well as a clay slurry for 

turbidity. 

4 pumps 3. Other metering with very precise flow adjustment 

were used to add the virus - containing peptone solution 

and to add either H2SO4 or NaOH for pH adjustment. 

4. The chemically treated water was then passed through a 

centrifugal pump and a 40 foot coil of hose to provide 

3Product of Brosites Machinery Company, Inc. 

4Product of Wallace and Tiernan 
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mixing. 

5. The flow was then split through two rotameters cali- 

brated with their corresponding filter to measure the 

filtration rate in gpm /ft2. 

6. The partially coagulated water then entered the top of 

the filter beds for final coagulation - filtration. 

7. A mercury manometer was used to measure the headloss 

through the filters. 

8. The effluents from the filters were alternately passed to 

sewer or to monitoring equipment. 

9. An electronic pH meter5, calibrated in JTU (Jackson 

Turbidimeter Units) was used to constantly monitor the 

effluent turbidity. 

10. An electronic pH meter equipped with a flow- through cell 

continuously measured the pH of the effluent. 

11. At the end of each run, the filters were backwashed at 

approximately 40 percent bed expansion until wash water 

clearing was evident. 

Materials 

It was decided to use treated tap water and add all materials 

5Product of Hach Chemical Company. 
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necessary. Two reasons prompted this decision. There is con- 

siderable variation in the characteristics of the Willamette River, 

especially in pH and turbidity. Also, the use of untreated river 

water would have introduced a considerable variety of organisms to 

the pilot plant, some of which would have passed through the process, 

thus contaminating the agar plates upon sampling and assaying. 

To create additional turbidity in the water, it was necessary 

to add some type of clay or mud slurry. A mixture of various types 

of discarded potter's clays was obtained from the university. The 

clays were reportedly from various parts of the country, and it was 

hoped that a variety of particle sizes with differing properties would 

be obtained. The clays were mixed into one uniform slurry and then 

dispensed to a number of gallon jugs so that as nearly as possible a 

constant turbidity slurry could be fed during the entire experiment. 

Before diluting and metering, the clay slurries were mixed briefly 

in a blender to insure small particle sizes. 

Because of time limitations and the great variety and number 

of coagulant aids available today, this study was limited to the use 

of only a single cationic coagulant aid, Magnifloc 990, a product of 

the American Cyanamid Company. Although a number of other aids 

were briefly tried, this was the final choice because of encouraging 

jar test results and availability of the chemical. 
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Filtration Units 

At the heart of the pilot plant were of course the high rate fil- 

tration units. One complete unit as well as the media for the con- 

struction of a second unit were obtained from the Neptune Microfloc 

Corporation. One of their standard filter bed designs composed of 

anthracite coal, fine sand, very fine garnet, and a coarse support 

garnet was utilized in the study. The resultant bed had media graded 

from coarse (1. 0 mm) at the top to fine (O. 15 mm) at the bottom, a 

distribution which was maintained during the back wash procedure 

by the variation of the specific gravity of the material. Having the 

coarse material on the top allows penetration of the turbidity and 

floc into the filter bed. In fact, the majority of the flocculation occurs 

in the upper portions of the bed itself. Nearly the entire depth of 

the bed is thus functional instead of only the top few inches as in a 

conventional filter. Consequently, relatively high turbidity water 

can be applied directly to the filters at filtration rates considerably 

in excess of conventional rates without rapid increases in headloss 

developing. 
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SAMPLING AND ASSAYING PROCEDURE 

The plaque -count method used in this study has been validated 

by Chang and others (4) as being sufficiently reliable for conducting 

quantitative studies on the removal or destruction of virus. The 

method involves the mixing of both host bacteria and virus - containing 

water sample in a small amount of liquified agar and pouring this 

mixture over the surface of an agar plate. This insures a complete, 

uniform bacterial overgrowth on the surface of the plate while at the 

same time evenly distributes the virus. The number of virus in the 

sample can then be assayed by counting the number of clearings 

which develop on the plate during incubation. Each clearing results 

from the local infection and lytic action of a single virus. 

The following procedure was practiced. 

1. Previous to actual pilot plant operation 

a. Start overnight culture of E. coli B in nutrient broth 

on the night previous to the run. Incubate at 37°C 

with agitation. 

b. Prepare and pour sterile phage assay agar plates. 

c. Sterilize sample tubes and pipettes. 

d. Prepare and sterilize peptone water (5 %) 

2. During the run 

a. Add proper amount of stock phage culture to peptone 



34 

water and begin metering this solution upon starting 

the plant. 

b. Draw occasional samples from the peptone broth 

solution to assay and calculate influent phage con- 

centration. 

c. Draw samples from the filter effluents and record 

corresponding pH and turbidity and determine headloss. 

3. Plating operation 

a. Heat to liquid the soft phage assay overlay agar and 

maintain liquid in 45°C water bath. 

b. Make proper dilutions of sample using peptone water. 

c. Add three or four drops of E. coli B culture to a 2 ml 

vial of liquid overlay agar. 

d. Add O. 1 to 0. 4 mls of sample to the same. 

e. Mix and pour the soft agar over the phage assay agar 

plates taking care to obtain uniform distribution. 

f. Incubate the plates inverted at 37°C for 12 to 24 hours 

and count the number of plaques. 

g. Record the number of plaque- forming units (PFU's) 

per ml of sample. 
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Prior to collecting data from actual filter runs, it was neces- 

sary to select a turbidity loading and a corresponding alum dose and 

coagulant aid dose. Also, the pilot plant had to be operated prior to 

actual data collection to determine the operating characteristics of 

the system. 

The one step coagulation - filtration process is economically 

applicable to only moderately turbid waters. When waters of very 

high turbidity are to be routinely filtered, headloss develops so 

rapidly that wash water costs become prohibitive. With this in mind, 

a turbidity loading of 20 JTU (Jackson Turbidity Units) was selected. 

This was felt to be the upper limit economically feasible under most 

circumstances. It was also hoped that this loading would create 

significant headloss development such that an eight hour run would 

exhaust the filter's capacity. 

Water prepared with a turbidity of 20 JTU was then subjected 

to jar tests to select a proper alum dosage. From these tests, an 

alum dosage of 20 mg/1 was selected as being near the minimum 

dosage which would create good coagulation. Additional studies with 

the coagulant aid indicated that a . 05 mg/1 dosage would be very 
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beneficial. The filters were then operated under the selected condi- 

tions (turbidity - 20 JTU, alum - 20 mg /l, coagulant aid - . 05 mg /l) 

and results presented in Figure 7 were achieved. Additional runs 

indicated that the addition of more coagulant aid would lengthen the 

filter runs before floc breakthrough occurred. However, it was de- 

sired to operate the filters to near exhaustion in the time available 

during any one day. Therefore, a coagulant aid dose of . 05 mg /l 

was selected for most conditions. 

At first it was intended to draw samples from the top of each 

filter in order to determine the influent concentration of virus. This 

proved to be an erroneous decision as the virus, although present, 

evidently became enmeshed in very small floc particles and could 

not infect bacteria when the samples were assayed. When initial 

trial filter runs indicated influent concentrations much lower than 

calculated values, a jar test was conducted to find out how rapidly 

the virus was adsorbed. Figure 8 illustrates the fact considerable 

adsorption and inactivation occurs almost instantaneously. Based 

on this information, the influent virus loadings were from then on 

calculated by assaying the density of the virus in the metered virus 

solution and then multiplying it times the ratio of the virus solution 

flow rate to the total flow rate. Since good control over flow rate 

could be maintained, it was felt negligible errors would be produced 

by this method. 
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Another source of possible error was also investigated during 

the preliminary phase of the study. Would the tap water alone in- 

activate the virus either during the coagulation process or during the 

storage period between the sampling and assaying? Three chlorine - 

free samples of water were mixed for several hours at room tem- 

perature with the jar test mixer to answer this question. Additional 

salts were added to two of them to see if additional elements would 

be necessary. Samples were then drawn and assayed after different 

time intervals. The results shown in Table 5 indicated that the tap 

water by itself had no viruscidal characteristics and that additional 

salts were unnecessary. The small variations were due to sampling 

and plating techniques. 

Table 5. The investigation of possible viruscidal effects of the tap 
water. Jar A - chlorine -free water only, Jar B - water 
+ 1 gm /l NaCl, Jar C - water + 1 gm /l NaHPO4. 12H2O. 

Phage Concentration per ml x 10 
3 

Time Jar A Jar B Jar C 

1 :30 (started test) 
1:40 2. 10 2. 27 2. 42 

2 :00 2. 44 2. 25 2. 84 

3 :15 2. 88 2. 42 2. 15 

4:45 2. 1 1 1.97 2. 1 1 

11 :45 2. 87 2. 71 2. 33 
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A further discovery was that the virus could not be metered at 

the same point as the alum solution under the particular character- 

istics of the apparatus. Assays of effluent samples at first indicated 

that the coagulation - filtration process was achieving 100 percent 

virus removal. It was later discovered, however, that the virus was 

being inactivated before it ever reached the influent line to the filters. 

Before entering the influent line, the virus was first introduced to a 

manifold into which the alum solution with a pH of 4. 0 was also being 

metered. Apparently the low pH inactivated the virus; if this was 

true, pH control alone could be utilized to destroy virus. Injecting 

the virus directly into the influent line corrected the problem such 

that the study could be continued. 

The Effect of pH 

At the beginning of the experiment, the effect of pH was to be 

evaluated. If an optimum pH was ascertained, that pH could then be 

used during the remainder of the investigations. Three pH values 

were selected, 6. 0, 7. 0, and 8. 0, a range within which good coagula- 

tion for turbidity removal can usually be achieved. At a filtration 

rate of 6 gpm /ft2 the data presented in Figure 9 were obtained. Cor- 

responding effluent turbidities are also presented. Comparison of 

the two plots dramatically illustrates an important property of the 

coagulation process. Although the effluent turbidity at pH 8. 0 was 
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only slightly greater than at pH 6. 0 or 7. 0, the percent virus passage 

was significantly greater at pH 8. 0. Two test runs at pH 8. 0 in 

addition to the one for which the data are given produced results of 

similar magnitude. The cause of this may very well have been an 

increasing zeta potential on virus particles with increasing pH as 

was described in the theory section. 

The Effect of Coagulant Aids 

It was next decided to operate the filters at a pH of approxi- 

mately 7. 0 or slightly lower, with the optimum range indicated by 

the previous studies, while varying the coagulant aid dosage. The 

selected dosages were 0. 0, 0. 25 and 0. 50 mg /l. A dosage of greater 

than 0. 50 mg/1 was not considered to be economically practical, 

especially in view of the moderate turbidity loading utilized. Also, 

too great a dosage could actually have been detrimental to floc 

formation. 

Initial indications were that the use of higher coagulant aid 

dosages would considerably enhance the virus removal efficiency of 

the process. Coagulant aid dosages of 0. 25 and 0. 50 mg/1 both 

yielded removal efficiencies approaching and exceeding 99. 99 percent 

with the filters operating at 6. 0 gpm /ft2. Effluent turbidities were 

also correspondingly low, averaging . 01 to . 015 JTU compared to a 

. 02 to . 04 JTU average on previous runs. However, when the 
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filters were subsequently operated with no coagulant aid added, al- 

most equally good results were obtained. Table 6 lists the described 

data. 

Table 6. Data from filter operation at varying coagulant aid dosages. 
pH 6. 5, Flow rate 6. 0 gpm /ft2. 

Time 
hrs. 

Coagulant aid dose mg /1 
0.0 0.25 0.50 

% Virus 
Passage 

Eff. 
Turb:` 

% Virus 
Passage 

Eff. 
Turb. 

% Virus Eff. 
Passage Turb. 

0. 3 0. 06 . 035 < . 01 . 025 . 01 . 035 

0.8 0.02 .030 <.01 .015 <.01 .015 

1 . 5 0. 02 . 020 < . 01 . 02 < . 01 . 015 

2.5 0.03 .020 <.01 .015 <.01 .010 

3. 5 0. 01 . 020 . 02 . 01 < . 01 . 010 

4. 5 0. 11 . 030 . 01 . 01 <. 01 . 010 

5. 5 3. 40 . 70 . 04 . 01 <. 01 . 010 

6.5 .01 .01 .02 .015 

Jackson Turbidimeter Units 

It is suggested that the runs without coagulant aid immediately 

subsequent to the test runs at high coagulant aid dosages were af- 

fected by a residual coating of the coagulant aid on the filter media. 

This is quite possible because of the difficulty encountered in back 

washing the filters after the high coagulant aid dosages. After the 

filters had been further operated and washed several times, effluent 

efficiencies dropped back to about 99. 5 percent removal at a co- 

agulant aid dose of . 05 mg /1, which was still somewhat better than 
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previously obtained. Also, occasional but infrequent test runs 

achieved virus removal efficiencies as low as 95 percent at a pH of 

7. 0 or lower even when high coagulant aid dosages were used. This 

reduced efficiency was in most instances not suggested by signifi- 

cantly higher effluent turbidities. These results indicated a rather 

disheartening development. The process was perhaps not being con- 

trolled with sufficient precision to yield quantitative results within 

the accuracy desired. If this were true, the deviations were not in- 

dicated by the variables measured and other unknown variables were 

having a significant effect on the process. 

It can only be concluded that the use of coagulant aids may 

likely be of benefit in virus removal by the coagulation - filtration 

process. In this series of test runs, maximum virus removal was 

achieved with the use of O. 25 to 0. 50 mg /l of coagulant aid. How- 

ever, the use of such high dosages did not guarantee extremely high 

removal efficiencies. 

The Effect of Filtration Rate 

It was originally hoped that through the use of two filters 

operating at different flow rates, the effect of filtration could be 

evaluated in parallel with other studies. After a number of test 

runs were analyzed, however, it became evident the virus concen- 

trations in the effluent from the larger diameter filter were 
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consistently higher than those from the smaller filter. The differ- 

ence was not too great (0. 0 to 1. 0 percent removal) but were of suf- 

ficient magnitude to invalidate, in the author's opinion, combined 

analysis of the effect of filtration rate. In view of previously de- 

scribed efficiency variation due to unknown variables, the author 

decided to make additional studies using one filter as a control while 

collecting data from the other filter. Three tests runs were 

eventually completed in which the percent virus passage through the 

smaller filter was essentially constant (. 02 to . 07 percent) at a fil- 

tration rate of 6. 0 gpm /ft2. The corresponding virus passage at fil- 

tration rates of 3. 0, 6. 0 and 9. 0 gpm /ft2 through the larger filter are 

illustrated in Figure 10. These data indicate that an increasing fil- 

tration rate may possibly have a somewhat negative effect on virus 

removal but the difference in removal efficiency is very slight. 

Comparison of Virus and Turbidity Passage 

As previously indicated, on all test runs the virus concentra- 

tion and the turbidity of each effluent sample were recorded. There 

was a general agreement between turbidity passage and virus passage. 

For instance, each time a flow breakthrough occurred, a correspond- 

ing increase in virus passage developed. However, in one or two 

instances, a virus breakthrough developed without being indicated by 

a corresponding increase in effluent turbidity. Even during periods 
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of normal operation, a definite relationship between effluent tur- 

bidity and percent virus passage could not be determined, as shown 

in Figure 11. The comparison is made therein for several different 

test runs. Either the methods used to measure the two variables 

were not sensitive enough to make a correlation possible, or a cor- 

relation within the low magnitudes analyzed did not exist, possibly 

because of the variety of particles which can cause turbidity. It can 

be positively stated, however, that increasing turbidity passage can 

be used to indicate increasing virus passage. Accurate turbidity 

measurements can be a very important but not conclusive indicator 

of the effectiveness of the coagulation -filtration process with respect 

to virus removal. 
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Figure 11. An illustration of the lack of correlation between effluent 
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CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions were drawn from the data obtained. 

1. The virus removal ability of the coagulation - filtration 

process is considerably better at a pH between 6. 0 and 

7. 0 than at a pH of 8. 0 even though effluent turbidities 

may remain essentially constant. 

2. The use of cationic polyelectrolyte coagulant aids may 

enhance the virus removal ability of the process, but 

data collected during this investigation on the extent of 

improvement were unconclusive. 

3. An increase in filtration rate between 3. 0 and 9. 0 gpm /ft 

may have a somewhat negative effect on virus removal, 

but the difference in removal efficiency is very slight. 

4. Although no exact correlation appears to exist between 

effluent turbidity and virus passage, and an increased 

virus passage can occur without being indicated by a cor- 

responding increase in turbidity, turbidity measurements 

still offer a valuable index to virus passage: An increase 

in turbidity passage almost always demonstrates an in- 

crease in virus passage, assuming the virus are present. 

The results and conclusions obtained from this study indicate 

the following items need investigation. 

2 
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1. The effect of pH values below 6. 0 on virus removal by the 

coagulation - filtration process 

2. The effect of various types and dosages of polyelectrolyte 

coagulant aids 

3. The comparison of zeta potentials of virus particles and 

clay particles and the effect of coagulants on each. 
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APPENDIX 

Willamette Water Treatment Plant effluent water analysis 

during study period 

Temperature 
Turbidity 
pH 
Color 
Alkalinity 
Hardness 
Residual chlorine 

Composition of nutrient broth 

64 to 71°F 
0 03 to 0. 13 JTU 
7 1 to 7 3 

(none) 
30 to 35 mg/1 
20 to 25 mg/1 

. 0. 7 to 0. 9 mg/1 

Bacto -peptone 
Beef extract 
Glucose . . 

NaC1 
Distilled H2O 

10 g 

3g 
1g 
5g 
1 liter 

For phage assay agar plates add 12 g agar to 1 liter 
nutrient broth 

For phage assay overlay agar add 7 g agar to 1 liter 
nutrient broth 

Composition of slant agar 

Bacto -agar 
Bacto -tryptone 
NaC1 
Dextrose. . 

NaOH, 1. O N 
Distilled H2O 

20 g 
10 g 
8g 

. 1 g 

. 1. 5 ml 
1 liter 
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Composition of M9 media 
For 100 ml completed media: 

10 x M9 salts 10 ml 
Glucose, 4% 10 ml 
MgO, 4 0.1M 1 ml 
Distilred H20 79 ml 

10 x M9 salts: 

Na?HPO anhydrous . 60 g 
KH2PO44 30 g 
Natal 5 g 
NH4C1 . 10 g 
Distilled H2O 1 liter 

. 

. 


