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ABSTRACT

A study was conducted on the adsorption of Escherichia coli

bacteriophage Ty to activated carbon. Preliminary adsorption experi-
ments were also made with poliovirus Type III. The effectiveness of
such adsorbents as diatomaceous earth, Ottawa sand, and coconut charcoal
was also tested for virus adsorption.

The kinetics of adsorption were studied in an agitated solution
containing virus and carbon. The mechanism of attachment and site
characteristics were investigated by varying pH and ionic strength
and using site-blocking reagents,

Plaque assay procedures were developed for bacteriophage T, on

Escherichia coli cells and poliovirus Type III on monkey kidney cells.

Factors influencing the efficiency of plaque formation were investi-
gated.

The kinetics of bacteriophage T, adsorption to activated carbon
can be described by a reversible second-order equation. The reaction
order was first order with respect to both virus and carbon concentra-
tion. This kinetic representation, however, is probably incorrect at
optimum adsorption conditions, which occurred at a pH of 7.0 and ionic
strength of 0.08., At optimum conditions the adsorption rate was satis-
factorily described by a diffusion-limited process. Interpretation of
adsorption data by a development of the diffusion equation for Langmuir
adsorption yielded a diffusion coefficient of 12 X 10~8 cmz/sec for
bacteriophage T). This diffusion coefficient is in excellent agreement

-8

with the accepted value of 8 X 10™° cm%/sec. A diffusion-limited theory
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may also represent adsorption at conditions other than the maximal,
A clear conclusion on the limiting process cannot be made,.

Adsorption of bacteriophage T4 to activated carbon obeys the
Langmuir isotherm and is thermodynamically reversible, Thus virus is
not inactivated by adsorption. Adsorption is unimolecular with very
inefficient use of the available carbon surface area. The virus is
probably completely excluded from pores due to its size,

Adsorption is of a physical nature and independent of tempera-
ture. Attraction is due to electrostatic forces between the virus
and carbon. Effects of pH and ionic strength indicated that carboxyl
groups, amino groups, and the virus's tail fibers are involved in the
attachment of virus to carbon. The active sites on activated carbon
for adsorption of bacteriophage T, are carboxyl groups. Adsorption

can be completely blocked by esterifying these groups.
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CHAPTER 1

INTRODUCTION

Viruses were first proposed as a special class of subcellular
pathogenic agents at the turn of the century by M. W. Beijerinck (1).
Viruses consist of a protein shell and an infectious core composed of
deoxyribonucleic acid (DNA) or ribonucleic acid (RNA). The shell
serves as a protective jacket and in some instances for breaching cell
walls during infection. The nucleic acid enters the cell and redirects
cell metabolism to produce more virus.

Viruses vary in size and shape., Most viruses range from 10 to 200
millimicrons in the longest dimension. ©Smaller viruses are usually
spherical and possess an extremely high degree of structural symmetry.
Larger, more complex viruses can be elongate or even exhibit some
structural flexibility.

Significant developments in animal virology date from 1925,
Research effort on viruses has been directed primarily towards develop-
ment of methodology and emergence of new concepts. Virus research
received great impetus in 1948 when Enders and his colleagues showed
that poliomyelitis virus could be cultivated in vitro by cell culture
techniques (2). Definitive research on structure, reproduction, and
infection mechanisms of viruses has been made by enhanced utilization

of cell and tissue culture technigues.
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1=1 Significance of Viruses in Human Illnesses

A significant character of a virus is its ability to produce
disease. As a result much of the research on viruses is directed at
the disease-producing process and preventing or curing diseases. In
preventing disease, work has concentrated in the direction of
immunization., Scant attention has been given to ridding man's environ-
ment of pathogenic viruses. Today many more viruses are known to be
medically significant because increased knowledge of diseases has
recently implicated many viruses, Of the few known viruses, 120 have
been discovered in the past ten years (3). Additionally, recent in-
vestigations have demonstrated that many known viruses may produce
diseases with which they are not yet associated (4). Previously viruses
were thought to infect only specific host cells, It is now known that
viruses may multiply in cells which apparently are not invaded normally
(5)(6)(7). This phenomenon is not surprising when the virus particles
are examined in detail.

For example, many viruses of human origin appear to be similar or
identical to certain viruses of animal origin., They may be serologi-
cally unrelated but nonetheless share many characteristics. Adeno-
viruses contain a common complement-fixing antigen regardless of species
specificity (with possible exceptions of the fowl strain). They pro-
duce similar cytopathic changes in susceptible cell cultures. Currently
it is assumed that viruses of animal origin can enter human cells,
regardless of serological relationships to human viruses. Newcastle
disease, a highly contagious infection of chickens and turkeys, may be

transmitted to poultry-plant workers by splash infection of the eye (4).
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Viruses similar to Coxsackie viruses are found in swine, cattle,
chickens, monkeys, and dogs (8). Some are pathogenic to man but their
relationship to human disease is poorly understood (9). Other viruses
of man and animals are serologically indistinguishable. The Myxovirus
para-influenza, var. bovine (SF-4), associated with sleeping fever in
cattle appears serologically similar to its human counterpart (10).
Likewise strains of reoviruses, isolated from cattle and other animal
species, are serologically indistinguishable from human strains. They
have been assoclated with respiratory and enteric illnesses in

humans (11).

The ability of non-human viruses to produce disease in man is
poorly understood. Some animal viruses apparently produce only benign
illnesses in their natural hosts but can produce malignant tumors in
other species. Trentin (12), Huebner (13), and Girardi (14) found
that two human viruses, adenovirus types 12 and 18, and simian virus
SVygs can induce cancer in newborn hamsters., Mouse polyoma virus also
induces cancer tumors in other animals. These observations lead
Trentin (12) to speculate that some viruses manifest themselves as
cancer when infecting unnatural hosts. There is no knowledge of plant
viruses infecting animal cells, Poliovirus, turnip yellow mosaic virus,
and southern bean mosaic virus, however, have very similar character-
istics (&), It is apparent that animal viruses as well as human
viruses are of concern to human medicine. More investigations are

desirable to understand clearly the role of viruses in human illnesses,
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1-2 Aspects of Water-borne Viruses

Undisputably viruses occur in water (15)(16)(17). Many aquatic
microorganisms are host cells for particular viruses, but at present
only animal viruses are of major medical concern. Many are introduced
into surface waters and municipal sewer systems through human and
animal feces., All enteric viruses occur in excreted feces in consider-
able numbers, The Sabin poliovirus vaccine, reproduced in the immune
human for six weeks or longer, yields figd = 106 viruses per gram of
feces (18)(19). Over 100 different viruses are excreted in human feces,
including 3 types of poliomyelitis, 30 types of Coxsackie, 28 types of
ECHO virus, infectious hepatitis, and various adenoviruses (20)(21)(22).
The typical expected density of enteric viruses in sewage would average

about 7000 viruses per liter of raw, untreated sewage (19).

1=2-1 Pathogenic Water-borne Viruses

Many types of enteric viruses are found in the gastrointestinal
tract of man and higher animals. At present only a few groups of fecal
viruses are of major interest, Many poorly understood viruses,
however, constitute potential hazards to man. Viruses, for example,
have been recently considered as possible etiological agents in the
nervous and muscular degenerative diseases (4). Degenerative diseases
of man for which no proven etiology exists may originate from viruses.
Certainly, this has been indicated by research on animal cancer where

viruses have been clearly implicated.
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At present the major virus groups of interest in sewage include
poliovirus, Coxsackie viruses, enteric-cytopathogenic-human-orphan
(ECHO) viruses, reoviruses, adenoviruses, influenza viruses, and infec-
tious hepatitis.

The poliovirus group consists of three primary types; Small
spherical particles, 25-30 millimicrons in diameter, these viruses
affect nerve tissue, causing aseptic meningitis and paralysis.

The Coxsackie viruses are divided into two groups: A, containing
28 serotypes, and B with 6 serotypes. They are also small viruses,
2530 millimicrons in diameter. Coxsackie viruses are associated with
aseptic meningitis, mild encephalitis, myocarditis, pharyngitis,
pleurodynia, and obscure fever.

The ECHO viruses are also small spherical particles, 30 milli-
microns in diameter, American virologists presently recognize 28 sero-
logical types (3). They cause diseases similar to the Coxsackie group.

The reoviruses, containing 4 serotypes, possess certain character-
istics common to the ECHO and Coxsackie viruses, but are notably larger,
being about 72 millimicrons in diameter. The virus is connected with
enteric and respiratory infections in children.

The adenoviruses, 28 recognized serological types (3), are excreted
in large numbers in stools of infected individuals. They are 60 to 80
millimicrons in diameter and are associated with some respiratory in-
fections and conjunctivitis (23). Certain adenoviruses are capable of
producing tumors in hamsters (3).

The influenza viruses consist of three groups, designated A, B, and

C. They are spheres ranging from 90 to 120 millimicrons in diameter,
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and are classified under the grouping Myxoviruses. These viruses
typically have been isolated from the feces of infected individuals (24).

Infectious hepatitis has just recently been proven to be caused by
a virus (25)(26). Investigations on this virus have been hindered by
inability to detect and cultivate it. In spite of these difficulties,
however, it has been isclated from human feces (26).

There are many other viruses in feces with some remaining un-
detected and unclassified. A virus-like agent has been isolated from
bacteria-free filtrates of feces from diseased persons. It is con-
sidered responsible for epidemic gastroenteritis (27). Viruses of the
adenoidal-pharyngeal-conjunctival (APC) group, responsible for upper
respiratory disease and conjunctivitis, have also been found in feces
(27). The common cold and certain other respiratory infections are
due to viruses. These are yet to be cultivated and studied, but it is
highly probable that they are also excreted in feces by infected in-
dividuals. It is easily seen that viruses are constantly introduced
into sewage systems and their receiving streams., The fates of these
viruses in water and the possibility of transmitting diseases from such

sources will now be examined.

1-2-2 Virus Survival

For a virus species, a prime condition for continued survival is
that the number of sources of virus shall never fall so low that
probability of transfer to other susceptible hosts becomes unlikely.
In the case of influenza A virus, many strains flourished for a year

or two and then became extinct., At least two important infectious
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diseases of the past have vanished completely —--- "English Sweats"

of the Tudor period and encephalitis lethargica that flourished around
1923 (28)., Presumably in both instances the epidemics were manifesta-
tions of some virus which had previously existed in a harmless form and
had undergone mutation to a pathogenic type. Descendants of these
viruses may yet exist in a mutated form as before. Thus the persist-
ence of viruses in their pathogenic form is the first requirement in the
proliferation of virus disease. The second requirement, which has been
discussed regarding water, is that the virus must be transmitted
through the environment to cause infections. We shall now consider the
ability of viruses to survive in a water environment.

Viruses can survive for long periods of time in very adverse
environments. Viruses such as that of human poliomyelitis have been
reported to survive in feces suspended in river water for over 188 days
at 4°C (29). Clarke and Chang (24) found that 99.9 percent destruction
of a poliovirus suspension in water was obtained when heated to 60°C
for 30 minutes. They also report that viruses suspended in protein-
aceous fluids are more difficult to desiroy by heat than as water sus-
pensions, Gilcreas and Kelly (30) found that the survival time of
Coxsackie virus in feces suspended in water was of the order of 200 days
at 8-10°C and over 140 days at 20-30°C. These survivals are very long
when compared to coliform organisms, used as indicators of water pollu-
tion. In sewage the coliform organisms drop to 1 percent of their
original value in 3 weeks at 8°-10°C , but Coxsackie and Theiler virus
concentrations remained unchanged for 4 months. Very slight loss of the

viruses occurred after 10 months. The presence of phosphate and organic
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material has been shown to aid virus survival (27), Clarke and Chang
(24) also found virus survival periods to be longer in grossly polluted
water than in moderately polluted water. They also reported, however,
that clean water prolonged the survival period more than moderately
polluted water. More fundamental knowledge is thus necessary to under-
stand the survival mechanism of viruses in water, Clarke (19) gives
the following survival times of four enteric viruses in sewage as com-
pared to three bacterial indications of pollution. Note that survival

times are shorter than indicated by the above-mentioned studies.

TABLE 1~1

Time in Days for 99.9 Percent Viral and Bacterial Reduction
in Raw Sewage

2B 4°¢
Poliovirus I 17 days 110 days
ECHO 7 28 130
ECHO 12 20 60
Coxsackie A9 6 12
Aerobacter aserogenes 10 56
Escherichia coli 12 48
Streptococcus fecalis 14 48

The discrepancies in reported survival times for viruses in
sewage are probably due to the varying propertiss of sewage. This
effect of environment was originally shown by Clarke and Chang (24).
According to the literature, survival studies have been performed
mainly on Coxsackie virus and poliovirus. The survival of other sewage
and water-borne viruses, such as adenoviruses, ECHO viruses, and in-
fectious hepatitis is poorly documented. Infectious hepatitis survives

at least 10 weeks in relatively clean water (24),
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Season affects the type and amount of viruses present in sewage.
During summer months viruses could be detected 80 percent of the time
in sewage but only 10 percent of the time during winter months (31).
Other investigators also found peak virus concentrations in sewage
during summertime (19)(32). These findings represent only the viruses
that infect mainly during the summer months and for which cultivation
techniques have been well established, i.e, poliovirus, Coxsackie, some
adenoviruses, and ECHO viruses, In contrast, cultivation techniques do
not exist for the major portion of virus infections common during winter
months., Seasonal variation in human virus infections is directly re-
lated to the virus content of sewage (33). Coxsackie Group B and ECHO
virus, type 12, have been found in sewage mainly in June and July
whereas poliovirus, Coxsackie Group A, and other types of ECHO viruses
predominate in sewage during August and September (31). In Albany
sewage, Kelly (32) has continuously found Coxsackie viruses between
June and November but only sporadically during the remainder of the
year,

The ability of viruses to survive in ground water and soil has
been demonstrated directly by experiments and by finding viral-
contaminated wells. Poliovirus and mouse encephalomyelitis viruses
have extraordinary capacity to survive in soil. Murphy and coauthors
(34) report that the mouse encephalomyelitis virus strain FA and the
GD VII strain were actually protected by soil., The viruses were in-
activated in 1 to 2 weeks in suspension, but survived 3 to 6 weeks in

unsterilized soils. These workers also found an initial rapid decrease
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in poliovirus, which then remained present for 6 to 7 weeks in sterile
soil and 2 to 3 weeks in nonsterile soil. The initial decrease was
probably due to adsorption to the soil and the inability of the assay
procedure to desorb these viruses for detection., Both the mouse
encephalomyelitis virus and the poliovirus were consistently resistant
to microbiological degradation (34). This resistance is not surprising
since viruses, although displaying essentially a protein surface, are
not readily degraded by the very proteolytic enzyme, pepsin. Cereal
mosaic virus has the astonishing ability to survive for years in con-
taminated field soils (35). Other investigations indicate that soil-
borne viruses can preserve their infectivity while being harbored in
soil-inhabiting microorganisms (36). For example, Grape fanleaf virus

can be transmitted in soil by a nematode.

1=2-3 Transmission of Virus Disease

When enteric viruses contaminate water or air, the environment
becomes a potent medium for infection. Inhaling droplet nuclei con-
taining viruses, transferring blood, biting by insect, and direct in-
gestion can cause infections. The only important artificial mechanism
of virus transfer is for serum hepatitis, which is transferred only by
the physician's syringe, so far as known. Ingestion or inhalation of
fecally contaminated material are considered the most important ways of
transmitting infections (28).

Spread of virus disease by contaminated water has been conclusively
demonstrated by an epidemic of infectious hepatitis in New Delhi, India,

It resulted from sewage contamination of the city's water supply, which
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was reported to be fully treated (37)(38). In New York, hepatitis out-
breaks occurred from contamination of the municipal water supply (in
this case a free chlorine residual of 0,35-0.60 ppm was insufficient to
inactivate the hepatitis virus). In Kentucky infection was traced to
wells contaminated by seepage from septic tanks (39). Other outbreaks
of hepatitis occurred among students in Bathurst, Australia, drinking
raw river water polluted by the effluent from the municipal sewage
works., Similar infections developed in an Austrian mountain resort
from drinking unchlorinated water contaminated by septic tanks (39).
In recent years, epidemiologic evidence gathered during hepatitis out-
breaks in Pennsylvania, New York, Kentucky and many foreign countries
has strongly suggested that the outbreaks were caused from drinking
contaminated water (40-44). Outbreaks of hepatitis resulted from con-
sumption of raw oysters and clams harvested from sewage~contaminated
beds (&) (45)(46).

Among the viral diseases, only infectious hepatitis has yielded
proven epidemics from drinking water. Outbreaks of poliomyelitis,
however, have been suspected from sewage-contaminated water supplies
(47)(48)(49). Poliomyelitis virus has been isolated from well water
supplies in both the United States and Sweden and from a creek in Chio
(24). Viruses can be present in the water distribution system of many
cities. At least 6 different virus types have been isolated from four

different locations in the water distribution system of Paris, France

(50).

Outbreaks of sore throats and Pink eye with fever have occurred

in Washington D.C. and Toronto from bathing in areas contaminated by
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adenovirus types 3 and 7 (39)(47). Enteroviruses in swimming pools
thus constitute a problem, These two occurrences are not the only
incidents from bathing areas, On several occasions during the summer
of 1959, enteroviruses were isolated from wading pools in Albany, New
York (51). Para-influenza-1-virus was isolated from an indoor pool
during the March, 1962 influenza epidemic (39). The spread of vesicular
exanthema in Toronto, 1957, caused by Coxsackie A 16 virus was aided by
backyard swimming pools (39). Incidences of gastrointestinal and ear
and throat infections were high among swimmers at two beaches along
Lake Michigan.

Although far from complete, occurrences listed here illustrate
the need for improved methods of handling water for domestic use. A
few investigations have attempted to evaluate virus removal by present
methods of treating water. Such investigations have been hindered by
lack of a quantitative method of assaying viruses in sewage. Assays
have indicated removal of viruses in sewage only by decrease in the

frequency of their isolation,

1=3 Procedures for Detecting Viruses in Sewage

As previously pointed out, the usual bacterial indications of
sewage pollution are not suitable criteria for determining that sewage
has been rendered non-infectious from viruses. The present methods of
detecting viruses in sewage have a very low efficiency and are not
gquantitative,

All enteric viruses can be excreted in the feces in considerable

numbers, but at present no detection method will account for all types
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of enteric viruses in sewage. This problem is well illustrated by
infectious hepatitis, which, until recently, could only be detected by
the disease symptoms. Besides inability to cultivate all types of
viruses present in sewage, assay is made more difficult by the diluting
effect of sewage and entrapment and adsorption of viruses on larger
solid matter. All assay methods are basically concentration mechanisms
followed by infection of suitable host cells or animals.

Various concentration methods include precipitation, ion exchange,
centrifugation, and combinations of these. Precipitation has involved
calcium phosphate, protamine sulfate, methanol, and ammonium sulfate
(52). Work has not been extensive however on this procedure, Ion-
exchange resins have been investigated to a greater extent (53)(54)
(55)(56). LoGrippo (53) found that a cation resin adsorbed the
extiraneous nitrogenous material leaving the virus in the effluent.
Anion resins adsorbed both virus and nitrogenous material. The virus
was eluted with 10 percent phosphate solution. Kelly (32) recommended
beef-extract broth for elution of the virus from anion resins. Beef-
extract broth can be injected directly into animals for testing whereas
the phosphate elution is toxic to mice, and must be preceded by
dialysis before injection.

A method used extensively collects the virus on cheese cloth swabs,
suspended in flowing sewage. A cotton-filled maternity pad covered
with a tubular surgical stockinet has also been used. The pad is
removed and the fluid expressed after raising the pH to about 8. This
increase in pH overcomes any adsorption of viruses to the pad at or near

their isolectric point. The expressed fluid has been treated by three
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methods. It can be assayed directly or the viruses can be further con-
centrated by centrifuging or by adsorbing and eluting from ion-exchange
resins. Gravelle (55) has demonstrated that ultracentrifugation will
recover almost twice as many viruses as the ion-exchange method,

Metcalf (57) reports the use of membrane filters for selectively
separating bacterial and influenza virus. The virus was collected on
a virus-retaining membrane and washed off. This technique may prove
useful but no information on quantitative recovery is available.
Another method of concentrating viruses involves centrifugation in an
organic solvent but little information is available (58). The virus in
phosphate buffer at pH 7.5 is mixed with 2 ethoxyethanol and 2 butoxy-
ethanol, agitated, and centrifuged at 3000 rpm. The virus is then
found in the gel-like interface between the organic solvent top layer
and the aqueous bottom solution. Complete recovery of viruses has been
reported. If further developed, the method might be ideal for monitor-
ing sewage treatment plants since an expensive centrifuge is not
necessary.

Regardless of the concentration procedure used, the presence of
infectious particles can only be demonstrated by the infection of suit-
able hosts., A few viruses, such as poliomyelitis, Coxsackie, ECHO
viruses, and bacteriophages can be assayed quantitatively by plagque
formation. A plaque is a contiguous group of host cells infected and
lysed by progeny from a single virus in the infecting solution (59).
Bottle cultures of explants of monkey kidney epithelium, human amnion

tissue, and Hela cells are utilized for plaque assays. Tissue cells
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can also be suspended in tubes and infected with various dilutions of
the viral solution to be assayed, The "Most Probable Number" method
for estimating virus concentration is then applied (60). Tissue cell
cultures have not been developed, as yet, for many viruses. In these
cases it is necessary to use animals and note the number infeéted to
determine virus concentration for the solution.

All of these procedures fall short of a quantitative goal because
viral particles adsorbed or entrapped on solid matter are not recovered
in the assay procedure., Viruses are obviously attached to larger
ﬁarticles since gauze pads increase the number of viruses recovered,
The pad cannot filter out the viruses and must therefore adsorb them or
filter out the larger particles on which viruses are adsorbed. Kelly
(61) has attempted to apply a theoretical pad concentration factor to
the swab expressions., It was hoped that the method could be made
quantitative. Her experiments, however, showed that the concentration
factors for selected sewage parameters (§. coli, enteroviruses, COD and
nitrogen) increased in the swab expressions with increasing exposure
periods to sewage except for E. coli which decreased. The concentration
factor, therefore, changes with exposure time, and is bound to be in-
fluenced by varying conditions in sewage affecting the rate viral
particles attach to these pads, Viruses not attached initially to solid
matter may not be collected on the pad at all. The procedurs, like
others that are presently proposed, is thus far from quantitative and
makes the establishment of standards for virus pollution of water

difficult.
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1-4 LEffects of Sewage Treatment Processes on Viruses

A review of the available investigations on efficiency of virus
removal by sewage treatment processes gives very diverse results, This
incongruity 1s apparently due to the inadequate means of assaying
viruses, to experiments performed without adequate controls, and to
lack of fundamental knowledge of the process.

Experiments on the destruction of viruses by sewage treatment
processes have been limited to a few laboratory observations and to
studies of gross effects in diversely operated field pléhts. Many
authors attribute certain outbreaks of infectious hepatitis and other
viral diseases to raw water sources that are grossly polluted by
domestic sewage. In such case the concentration of viruses is so great
that it cannot be adequately reduced by water purification procedures
(62)(63)(64). If this situation is true, then operation of sewage
treatment facilities should be modified to insure virus removal.

Investigations indicate that viruses are not necessarily removed
even by secondary biological treatment. KXelly and others (19)(31)
feport that no decrease in viruses occurred as a result of primary
treatment. Viruses were isolated in the Hudson River 400 fest from
the Albany plant outfall. Secondary biological treatment processes
reduce the viral content of sewage but they do not insure complets
removal, Even chlorinated secondary effluents may contain viruses

about 1/3 of the time (31).
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1-4-1 Trickling Filters

Investigations on trickling filters indicate that viruses are not
removed even after secandary settling and chlorination (19)(31). Al-
though sewage thus treated contained viruses as frequently as raw
sewage, plaque counts were reduced by approximately 40 percent. No
viruses have been found on filter-stone growths. Kabler (65) reports
60 percent removal of Coxsackie A virus and 15-75 §ercent removal of
E. coli bacteriophage. This is the total reported experimentation on
virus removal by tricklihg filters, Hence this particular phase of

water reclamation is poorly understood.

1-4-2 Activated Sludge Process

The activated sludge process has received more consideration but
the knowledge is again very incomplete. In laboratory studies, Kelly
(31) found that 99 percent virus inactivation occurred in & hours.
Clarke (66) obtained 99 percent reduction in 45 minutes and 99.9 per-
cent reduction in 6 hours. Other authors report reductions of 98 per-
cent for Coxsackie virus and 90 percent for poliovirus (19)(67), hence
a high level of removal can be obtained in the laboratory. These
efficiencies are not achieved in the field as frequent isolations
indicate, For example, the effluent of the Santee, California activated
sludge plant consistently contains animals viruses (68).

Sludge plays an important role in the removal mechanism (19)(69).
Without sludge only 60 percent removal is obtained compared with 98
percent with sludge. The removal is described as occurring in two steps,

1) aeration in the presence of sludge floc and nutrients and 2) the
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floc's settling ability, which depends on its metabolic state. Aera-
tion, redox potential, and mechanical stability of the floc were not
significant parameters of the removal mechanism. It has been suggested
that aerobic, mechanistic, metabolic and antagonisﬁic characteristics
of the sludge were involved in virus removal. This explanation incor-
porates a very complex array of removal mechaniéms.

Suspended solids and other colloidal material in sewage contribute
substantially to virus reduction. A 75 percent reduction in virus
titer occurs within 5 minutes by simple mixing of sewage and viruses.
This reduction is very rapid for a biological mechanism; hence it seems
more likely that the reduction is due to physical or chemical processes
such as adsorption to suspended solids and colloidal matter. The
removal pattern has been shown to conform to the Freundlich adsorption
isotherm, indicating adsorption (19)(66). Such a mechanism is also
supported by studies of Mack and coauthors (70). They noted a higher
recovery of virus from settled activated sludge than from the ligquid
phase of the sewage. Adsorption is the initial removal step of patho-
genic bacteria. The reduction is merely a pseudo-decrease resulting
from adsorption on sludge floc and not actual destruction of the
organism (71)(72). After adsorption, the pathogenic bacteria are
destroyed by much slower biological mechanisms, Attempts have been
made to extract virus from activated sludge. The extraction methods
utilize various solvents and buffer systems (66). Only a small percent-
age of virus has been recovered by extraction, These investigations
and the data of Clarke and Kabler (19) indicate an adsorption process

that forms a stable complex.
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1-4=3 Anaerobic Digestion

Sedimentation in Imhoff tanks was unsuccessful in removing a
significant percentage‘of viruses., Some investigators have not found
any viruses in anaerobic digested sludge (31). Kelly and coauthors (32)
however, found that Coxsackie virus survived anaerobic digestion and
the virus was demonstrated more often in the sludge than in the liquid
portion., As with trickling filters, the knowledge of virus destruction

by anaerobic digestion is very limited.

=44 Summary

In summary, the activated sludge process is the most consistent
treatment method for removing viruses. Laboratory studies reveal a
90 percent removal but field results are much poorer. An adsorption
mechanism has been proposed as the initial removal step, but the fate
of the virus sludge complex and the infectious potential of such sludge
is unknown. Ljittle information is available on the other sewage treat-

ment processes and no set conclusions can be drawn,

1-5 Effects of Water Purification Processes on Viruses

1=5=1 Flocculation

The effect of flocculation has bsen extensively studied by Chang
and coauthors (73). Using aluminum sulfate and ferric chloride they
found removals of 85 to 99.9 percent for Coxsackie and bacterial virus

at pH 6.2 and 25°C (Table 1-2).
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TABLE 1-2

Removal of Viruses by Flocculation

Coxsackie bacterial
Alz (S04)5  4Oppm 86.3% 93. 5%
FeClB 20ppm 96.6% 99-3%

4oppm 98.1% ‘ 99.9%

Ferric chloride was the more efficient coagulant. In other
studies by these workers, using Chio River water, Coxsackie virus was
removed to a slightly greater extent than the bacterial virus. Appar-
ently chemical composition of the water affected removal, as demonstrat-
ed by the effect of different buffer systems. With phosphate buffer,
virus removal decreased as pH increased from 5.2 to 8.2, With bicar-
bonate buffer, however, a maximum occurred with an oplimum range between
pH 6.2-7.2, Although rapid floc formed at pH 5.5 and 8.2, virus removal
dropped to 80 percent., The period of floc formation is very important.
Chang (74) found virus removal dropped to 85 percent if the floc was
allowed to form for one minute before virus addition. After 5 minﬁtes
of floc formation with 25ppm of A12(304)3 no viruses were removed,
Using 360ppm of Alz(SOq)3 a floc 30 minutes old only removed 60 percent
of the added virus. This reduction in efficiency is probably from the
reduced contact time between virus and metal ion, The aluminum ions
must form an aluminum-virus precipitate and under the right conditions
the precipitate aggregates to form a floc.

The removal of viruses by flocculation follows a Freundlich

adsorption isotherm. The virus could be reactivated if the settled
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flocs were redispersed., The alum-virus precipitate, therefore, did
not destroy the virus, but a high association canstant exists. The
dissociation is not complete at pH 7.6 (75). Sixty percent of the
Coxsackie was recovered from alumrfloc,’buf attempts to separate the
virus from the ferric chloride floc were unsuccessful. Using optimum
floc formation, Gilcreas and Kelly (30) obtained only 40 percent
removal of Coxsackie and Theiler virus and 84 percent of bacteriophage.
They were able to recover'25 percent of the Coxsackie virus and 15 per-
cent of phage from the floc. Incomplete removal of poliocmyelitis by

alum flocculation has also been reported (76).

1-5-2 Filtration

A few observations have been made on filtration of viruses through
sand and garden soil, The data are too incomplete to yield explanations
of the removal mechanism., Complete removal of poliovirus has been
reported by using sand columns subjected to an upward flow. The flow
rate, however, was very slow, i.e. only 3 ft/day (0.0156 gpm/ftz) (77 )
At a higher flow rate of 55.8 ft/day (0.29 gpm/ftz). Carlson found
little removal of poliovirus when filtered through a 30-inch column of
Ottawa sand with 0.508 mm effective size (76). Significant increases
in removal could be obtained by impregnating the filter with alum floc,
but this process reduced the flow rate considerably. Gilcreasand Kelly(X)
found 58 percent removal of E. coli. bacteriophage and no removal of
Coxsackie virus when a solution was passed through an 18-inch column
of garden soil. A peculiarity exists in this latter filtration study

since increasing the column length to 3 ft. removed less bacteriophage
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(only 22 percent) while removing 48 percent Coxsackie virus. Penetra-
tion of viruses through 50 to 75 feet of soil has been considered
established by infectious hepatitis outbreaks from well-water contam-
ination (19). |

Rapid sand filters and diatomaceous earth filters have a low
efficiency in removing viruses (30)(78). Virus removals of 10 and 35
percent were obtained by rapid sand filtration of flocculated super-
nates (30). These same tests were capable of removing 75 percent of
E. coli. This information again points out the inadequacy of assuming
that bacterial indices are indicative of virus removal. Better virus
removals were obtained with slow sand filtration where 98 percent
reductions were obtained (30).

Using Staphylococcus albus bacteriophage, Dieterich and Ryckman are

reported to have found that filtration removal of virus was due to
adsorption (24). Poor adsorbents such as sand have'a low efficiency
and limited capacity for virus removal (79). Dieterich (79) gives
additional support for adsorption mechanisms. Higher filtration rates
in his studies did not affect the total number of viruses removed, but
the rate of removal decreased. Twice the volume of sand removed twice
as many viruses, Apparently there is only a limited number of sites

on the sand for virus adsorption.

1-6 Effects of Disinfectants on Viruses

Viruses are much more resistant than bacteria to chlorination,
Different types of enteric viruses vary widely in degree of resistance
to free chlorine (80). This variation in resistance could be partly a

result of poor chemical definition of the water used in the tests,
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As with bacteria, it is advantageous to increase the contact time
instead of raising the chlorine concentration to inactivate viruses
(81). The viricidal efficiency is markedly affected by pH and tempera-
ture. Lowering pH from 7.0 to 6.0 reduces inactivation time by 50
percent and raisiﬁg pH from 7.0 to 9.0 increases it sixfold (81).
Higher dosages of chlorine are necessary for virus inactivation (10-20
mg/l) than for bacterial destruction (0.4-2.0 mg/1l) (82)(83) (84).

Enteric viruses have varying resistance to iodine as well as to
chlorine (85)(86). Iodine concentrations of 10 mg/l are necessary
for 99 percent destruction of Coxsackie A 9 virus (87). The contact
time for destruction of Coxsackie virus by iodine wasl1,700 times

longer than that required for E. coli. (87).

1-7 DNecessity for Research in the Field

The need for removal or inactivation of viruses has been demon-
strated beyond question by their transmission in drinking water.and
polluted streams. Animal viruses have been found in effluents and
distribution systems that carry supposedly purified drinking water.
Additionally viruses are much more resistant to disinfectants than
coliform and most other bacteria. Potential health hazards definitely
exist and are increasing rather than diminishing because of the
decrease in available water resources, Treated sewage must be recircu-
lated to the water supplies in certain areas. Industrial development
has necessitated injection of treated sewage to the ground water for
repeated use. There is a need to learn more about the survival and

removal of viruses in sewage treatment and water purification processes,
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Adsorption appears to play a major role in the removal of viruses.
Where studied, virus adsorption occurs in all of the treatment
processes, except disinfection. The mechanism of virus removal has
been described as an adsorption process in the activated sludge, floccu-

lation, and filtration processes. Except for studies on adsorption to

host cells, little information is available on adsorption of viruses,
Likewise, few kinetic data are available for virus adsorption becausse

of assay difficulties and the lack of familiarity with virological

techniques among researchers.
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CHAPTER 2

ADSORPTION OF VIRUSES

2-1 The Nature of Adsorption

Adsorption is difficult to investigate. The phenomena are diverse
aﬁd cannot be represented by simple relationships. A multitude of
factors influence adsorption, including concentration of the material
to be adsorbed, the type of dispersion medium, and any special charac-
teristics of the adsorbent such as surface area and its chemical and
physical properties. These variables are usually unknown and difficult
to determine.

Adsorption can be physical or chemical. The extremes of these
categories are easily distinguished, but no sharp classification can
be made for intermediate cases, Physical adsorption usually takes
place in seconds or minutes. Chemisorption may be rapid or very slow,
Reversibility is one of the main distinguishing attributes of physical
adsorption, In true chemisorption there is some degree of specific
chemical interaction between the adsorbate and the adsorbent. This
interaction leaves the adsorbate chemically altered and unrecoverable.
The energies of adsorption may be relatively large, comparable to
chemical bond formation., Physical adsorption involves van der Waals
or other nonspecific forces of attraction between the solid and the
adsorbate. No chemical bonding occurs. Secondary bonds, however,
such as hydrogen bonding may be involved. Physical adsorption may
sometimes occur first and a chemical reaction with the surface of the

solid may occur more slowly.
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Adsorption of nonelectrolytes from dilute solutions is similar
to gas adsorption. Multilayer adsorption can occur for both but this
is not the usual case, Although strong enough to compete favorably
with solvent in the first adsorption layer, interactions are usually
weaker in second and further layers.

Adsorption may occur at active centers on the adsorbent's surface,
These centers may be corners, edges, and extra-lattice atoms which
have a relatively high degree of unsaturation. The valency forces of
the active centers are only partly satisfied by the lattice underneath.
Adsorption thus confirms the assumption that the surface of colloidal
particles is non-uniform. Adsorption of separate molecules does not
necessarily occur on active centers. Molecules of high molecular
weight may adsorb to crystal surfaces if some structural unit of the
molecules corresponds to a lattice spacing on the crystal face. There

must be active attractive forces at these points.

2.2 Colloidal Characteristics of Viruses

Viruses are colloidal in size and most range from 20 to 200
millimicrons. There are, however, noted exceptions such as members
of the pox virus family, visible in the light microscope. Viruses
have a shell of protein enclosing a core either of ribonucleic acid
(RNA) or deoxyribonucleic acid (DNA). The protein serves as a pro=-
tective Jacket for the infectious nucleic acid, The surface charac-

teristics of colloidal particles largely determine their behavior in
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solution., Hence viruses act primarily like proteins even though the
internal structure is more complex.

Viruses can be called associated macromolecules, Primary and
secondary bonds, as well as van der Waals forces, help link their
subunits. The protein shell of viruses displays many amino acid
radicals, joined by covalent bonds into long folded chains., Free
carboxyl and amino groups exist at the ends of the chains and in side
chains of some amino acids. Virus surfaces are contaminated with
various adsorbed constituents from the host cell. The surface of a
particular virus, however, is sufficiently reproducible for electiro-
kinetic studies. In their electrokinetic properties viruses hehave
as typical proteins (88).

Proteins are amphoteric electrolytes, forming ionized salts with
acids and alkalies. The net charge on viruses will depend on solvent
pH. Carboxyl groups are almost completely dissociated at high pH
while at low pH amino groups are charged. At the isolectric point
the net charge is zero over a time average., Particles, however, may
not behave as neutral colloids. Under certain conditions the net
charge can behave like two individual charges.

The isolectric point may differ for each virus. It occurs below
pH 4.2 for E. coli T, bacteriophage (89), at pH 3.9 for adenovirus
M-2 (90), and at pHv6 for foot and mouth disease virus (91). Hydra-
tion usually stabilizes proteins at their isolectric point. Some
viruses, however, precipitate at or near their isoclectric point (89).

This instability may be caused by the high molecular weight of viruées.
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Most viruses maintain a negative charge through their pH stability
range. There are usually more carboxyl than amino groups present in
large proteins (92). This characteristic may account for a virus's net
negative charge. Negative charges may also persist from the binding of
chloride.ions by ion pair formation (93). The amount of ion pair form-
ation depends on the square of the activity of the chloride ion. The
large number of charged sites on proteins tends to enhance ion pair
formation. This effect produces an appreciable change in the net
charge of the protein molscule.

Negative ions are usually less hydrated than positive ions and
attach to hydrophobic surfaces easily. This attachment increases the
abundance of negative particles in liquids. Certain areas on proteins
may be sufficiently hydrophobic to become charged by this process. The
major part of a protein's surface is highly hydrated because of the
large number of carboxyl, amino, and other polar groups. In addition,
all available evidence indicates that this mechanism is of minor im-
portance. Charges are primarily determined by their acidic and basic

groups.

2-3 Adsorption to Host Cells

Attachment of viruses to a host cell usually leads to infection.
This adsorption process has been studied intensively to differentiate

between adsorption of the virus and infection of the cell,

2-3-1 Bacteriophage Adsorption

Adsorption processes for bacteriophages involves at least two

steps or states of adsorption. The second step is rate limiting at
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high host cell concentrations and is more sensitive to temperature
changes than predicted by collision frequency. Three possibilities
have been proposed for the two step system. A virus might exist in
two states. In one form it readily adsorbs. The other form must be
converted to the first before adsorption takes place and is the
limiting process. Alternatively the virus may attach to the cell in
two different ways, only one of which initiates infection. The third
sxplanation postulates that the virus adsorbs in two steps., The first
step would be reversible, the second, an irreversible enzymatic
process,

Puck, Garen, and Cline (94) found a reversible step virtually
independent of temperature. This step is followea by a temperature-
dependent reaction that is irreversible, The irreversible step is
believed to be enzymatic and with an activation energy of 18,000
calories per mole (95). Garen (95) has blocked the irreversible step
by 1) lowering the temperature to 0°C., 2) irradiation of the host
cell, and 3) treating the host cell with zinec ions. By blocking the
second step‘the first can be shown to be a thermodynamically reversible
system (95)(96).

Fundamental investigations have been confined to bacteriophage
research. Varying salt concentration invariably produces a maximum
attachment rate by phage to bacteria. E. coli bacteriophages Ty, To,
23, and ’I‘l+ do not adsorb to their host cells in distilled water (94)
(96). Adsorption is only initiated after addition of ions. The ad-

sorption rate is retarded at ion concentrations below and above the
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optimum., Identical results are obtained with the same concentrations

of LiCl, KCl, NaCl, and NHuCl. The salts MgClz, BaClZ,

gave curves similar to those for univalent cations except that

MnClz. and
CaCl2
the maximum adsorption rate occurred at a lower salt molarity. The
difference was attributed to the cations since the anions were the
same (Puck, Garen, and Cline 94),but this explanation is not necessar-
ily true. The shift in maximum adsorption rate may arise from changes
in ionic strength of the solutions and not from the different cations.
Garen (95) proposed that the slower rate of adsorption at ion concen-
trations higher than optimum resulted from competition between the
ions and the virus for the same site. Alternatively cations may
attach to two different kinds of sites (94). One site is thought to
adsorb viruses at all ion concentrations. For cation concentrations
higher than optimum the second site takes up cations and hinders ad-
sorption.

This ionic effect on adsorption rate does not appear to be a
biological phenomenon. Lag periods are usually associated with bio-
logical processes, but adsorption is immediately activated upon the
addition of ions.

The viral loading capacity of bacteria cells corresponds approxi-
mately to a close-packed, single-layered array of phage on the
bacterium surface (95). Under optimum conditions, adsorption rate is

equivalent to collision frequency. as predicted by the von

Smoluchowski equation (94)(97)(98).



-3l

Krueger (99) applied the Freundlich equation to adsorption of
bacteriophage by living and dead bacteria. A saturation condition
occurred, not predicted by the Freundlich equation. The Langmuir
theory predicts saturation, but it could not be applied. Krueger was
unable to determine the constants in the Langmuir equation because of
lack of experimental data., He found no differences in reaction rates
.between shaken and stationary mixtures. A glycine medium produced the
same rate as water. He concluded that diffusion through the medium
was not limiting the adsorption process,

Adsorption of phage to bacterial cells was pH dependent as
reported by Puck and Tolmach (100, 101). Adsorption was maximum at
pH 7, but dropped to zero at 4.8 or at about 10.5. The low and high
pHs are regions where ionization of carboxyl and amino groups re-
spectively is suppressed. They selectively blocked carboxyl and amino
groups on the virus and host cell to test whether these groups were
the combining units in adsorption. Carboxyl groups on the host cell
combined with amino groups on the virus, and adsorption did not result

from cationic bridges between virus and host.

2-3-2 Animal Virus Adsorption

Most research investigating virus attachment to host has used
bacteriophage and bacteria, Studies on animal viruses and their host
cells reveal similar attachment characteristics. Influenza and some
other myxoviruses, for example, attach electrostatically to specific
receptor sites on the surface of host cells (28)(102).

Adsorption of influenza virus to red cells is completely in-

hibited at low salt concentrations and is virtually temperature
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independent between 0° and 37°C. Only 2 percent of the cell area is
used for virus adsorption (103). The adsorption rate is not diffusion
limited, but it approaches the theoretical maximum for interaction
between the virus and the fraction of cell area known to contain sites.
Adsorption of influenza virus to host cells was reversible and an
equilibrium between adsorbed and free virus appeared to exist (104).

Attachment of poliovirus to monkey kidney cells has been reported
to be electrostatic, salt-dependent, and temperature independent (105).
Adsorption of poliovirus to monkey kidney cells does not occur at low
concentrations of CaCl, (10-5M). At higher concentrations (10-1M)
again no adsorption was observed, Maximum rate of adsorption occurred
at an intermediate concentration of CaCl, (10™2M). Experiments with
MgCl, yielded the same results (105). On addition of salt, immediate
activation of the adsorption system occurred. Electrophoresis experi-
ments on monkey kidney cells indicate that they are negatively charged
and the adsorption of poliovirus is physical and electrostatic (105).
Another similarity between bacteriophages and poliovirus and their
adsorption to host cells is the inhibition of adsorption by antiserum.
Possibly the antibody adsorbs on the cell surface and exerts steric
hinderance to virus adsorption (106)(107).

Adsorption of Newcastle disease virus (NDV) to chick red cells
also resembles bacteriophage adsorption to host cells (108)(102),
Salt concentration effects, pH dependence, and temperatura‘independenca
are also characteristic of NDV. The adsorption is by electrostatic
bonding. The similar pH depéndance suggests that binding between

carboxyl and amino groups is also involved in the animal virus case.
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Three strains of Coxsackie A 9 virus required optimum concentra-
tions of salts for attachment to host cells (109). Attachment by
pneumonia virus of mice (PVM) to mouse erythrocytes was likewise
influenced by salt concentration (110). The virus-combining capacity
was independent of ionic composition of the mixture. At least one of
each ion pair tested was apparently able to cause the effect. This
indicates that ionic strength may be more important than the particu-
lar ions present.

In summary, animal viruses and bacteriophage appear to adsorb
to host cells by similar mechanisms. In both the attachment is
exceedingly rapid,probalily diffusion limited. Rates are essentially
constant between 0° and B?OC and are similarly affected by ions and
pH. Both animal viruses and bacteriophage initially form a reversible
attachment to host cells, followed by an irreversible reaction (94)
(109). The irreversible reaction is temperature dependent and is
belisved by some investigators to be enzymatic. Other investigators
do not accept the reversible and irreversible steps. It is hypothe-
sized that the virus exists in two forms, It adsorbs reversibly as
one form and converts to the second form by a temperature dependent

reaction. The second form then adsorbs irreversibly,

2-4 Adsorption in Sewage

Most viruses in sewage are adsorbed or entrapped on larger
particles. This phenomenon was discussed in Chapter 1 when describing
the use of gauze pads for collecting viruses, the rapid-initial reduc-

tion of virus titer in sewage, and removal of viruses by the activated
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sludge process. Low centrifugation (6000 rpm) removes 36 to 65 percent
of virus titer from sewage (111). This loss occurs from the adsorption

of viruses on larger sedimenting particles,

2-5 Substances Used to Adsorb Viruses

2-5-1 Glass
Probably one of the first substances found to adsorb virus was

glass., Analytical procedures for assaying viruses produced incon-
sistent results until virus adsorption to glassware was discovered.
Soaking glassware in acid cleaning mixture leaves the surface
positively charged., Electrostatic forces readily attracted the
negative viruses (112). Sproul (112) found that the removal of E.
coli bacteriophage Ty by glass filters was true adsorption rather
than destruction during filtration. Treating glassware with an alkali
removes the positive charge and prevents adsorption. Purified virus
~solutions are unstable and require small amounts of protein. This
"instability" could be the adsorbing activity of the glass surface of

containers (113).

2-5-2 Sand

Dieterich (79) investigated the adsorption of Staphylococcus

pyogenes var. albué bacteriophage to Ottawa sand. The virus and sand

were brought into contact by hand shaking for about 5 minutes. The
mixture was allowed to reach equilibrium for 20-30 minutes before
samples were withdrawn for assay. Test resultis were poor and little

information could be gained from Freundlich and Langmuir isotherm
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plots. Very few tests were made and no proof was given that an
equilibrium condition was attained in the short testing time. The
experiments indicate adsorption and the existance of electrostatic
forces between sand and virus. Virus adsorption could be prevented by
pretreating the sand with negatively charged egg albumin and Haemosol.
The virus-sand complex was very stable, Washing and vigorous shaking
did not produce elution. The sand, however, could be regenerated by
boiling in concentrated HCl. This unpublished work is probably the

major investigation on the mechanism of virus adsorption to sand.

2-5-3 Carbon

Carbon has a high adsorption capacity and efficiency for many
substances. As with sand, adsorption of viruses by carbon is
essentially an unexplored field. In 1931 Pyl used carbon to adsorb
foot and mouth disease virus (114). Dilutions of virus could be
rendered non-infectious by treatment with carbon. After adsorption
the carbon was infectious upon injection into guinea pigs. Pyl (114)
reported an inconsistency in the adsorption process., He found adsorp-
tion was independent of pH, but the virus could be eluted by a change
in pH. One should keep in mind that assay procedures were not quanti-
tative at this time and only gross changes in virus concentrations
could be detected. While this fact prevented assessing adsorption
capacity accurately, an equilibrium point did appear to exist.

Poppe and Bush (115) mixed solutions of foot and mouth disease
virus with animal charcoél. After adsorption they tested the carbon

and solution separately by inoculation into guinea pigs. Results were
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similar to the findings of Pyl. Except for the lowest carbon concen-
tration the supernatant from all tests was virus-free. Inoculations
of the carbon caused infection. Carbon apparently released the virus
after dinoculation in the animal,
More recently activated carbon has successfully adsorbed polio-
virus and infectious hepatitis virus (24), although these experiments

were limited in scope and have not been pursued.

2-5-4 Kaolin

Kaolin also adsorbs foot and mouth disease virus (115). Its
capacity is not as great as carbon and the attachment is weaker since
most of the virus can be eluted. Two cycles of adsorption and elution

did not affect the infectivity of the virus.

2-5-5 Aluminum hydroxide

Adsorption to aluminum hydroxide has been studied as a concentra-
tion procedure for viruses (116)(117). Foot and mouth disease virus
can be adsorbed on Al(OH)3 and eluted with phosphate buffer (1/3 M at
pH 7.5). By electron microscopy Matheka (118) found aluminum hydroxide
aggregated foot and mouth disease virus. The centers of the aggre-
gates were presumably small particles of aluminum hydroxide, Dis-
sociation of the aggregates occurred upon elution with thSphaﬁe
buffer at pH 7.5. A zone free of virus was formed around each particle
of aluminum'hydroxide. This substantiated the existence of electiro-
static forces in adsorption and elution. Aluminum hydroxide normally

exists in a positive state at pH below 9.2, Foot and mouth disease
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virus possesses a negative charge throughout the pH range 7.0-9.2.
Its isolectric point is about pH 6 (91). The elution process at pH
7.5 apparently would not reverse the negative charge of the virus.
‘Elution may result from lowering the attracting forces to a critical
point where repulsive forces are greater.

Poliovirus can also be adsorbed and eluted from Al (OH)B (116).
Best adsorption occurred at pH 6.0. The most complete elution was
obtained with 1/3 M phosphate buffer at pH 7.5 or with isotonic NaCl
solution at pH 3.0 to 2.5. A/2/sing/1/57 influenza virus has been
adsorbed on gamma-aluminumoxide., Adsorption obeys the Freundlich

isotherm and is independent of pH in the range 6.3-7.8 (119).

2-5-6 Zinc hydroxide

Zinc hydroxide was used to concentirate viruses of vesicular
stomatitis and infectious bovine rhinotracheitis. Complete recovery

of the virus was obtained by elution with ethylenediamine-tetraacetic

acid at pH 8.5 {120),

2-6 Adsorption to Ion Exchange Resins

Adsorption of virus on ion exchange resins has been mentioned
above as a concentration method, Lo Grippo (53) used ion exchange
resins for partial purification of viruses, |

Attachment of bacteriophages Ty and T, to ion exchange resins
was similar to attachment to their host cells (Puck 121). He attri-
buted the attachment to electrostatic bond forﬁation beﬁwaen positive
groups on the virus and negative sulfonate radicals., Salts are

required to adsorb bacteriophage T; and T, to cationic exchanges, but



i 30
they are not necessary for anionic exchangers. Influenza virus action
is similar, suggesting again that the same principles govern attach-
ment of bacteriophages and mamalian viruses to host cells. Influenza
virus and Ty bacteriophage are readily eluted from cationic exchangers
(121). T, bacteriophage, however, splits into its protein and DNA
components almost immediately after attachment to the exchange resin.

The splitting is probably a direct consequence of the ionic interaction,

2.7 Adsorption to Lipids

A few studies on virus adsorption have been performed using
water-insoluable lipids with polar groups as adsorbents. Lipids with
the polar groups--COOH,--OH,--NHy~~CONH, were tested for their adsorb-
ing activities with influenza virus (122). The lipids included sterols
as well as derivatives of long-chain alphatic hydrocarbons and all
adsorbed the virus with 80-100 percent efficiency. The adsorption
process is, therefore, not dependent upon specific sterochemical con-
figurations of the adsorbent. Noll and Youngner (122) found that
influenza, NDV, herper-B, herpes simplex, and vaccinia adsorbed strongly
to one or more lipids, whereas poliovirus, Coxsackie, and ECHO failed
to interact with any of the tested lipids., They proposed that the
adsorption process in the first group of viruses is a lipid-to-lipid
interaction. The second group of viruses contain no or very little
lipid, so such‘an interaction cannot take place. They designate the
first group as "lipophilic viruses" and the second as "hydrophilic

viruses." Attachment of "hydrophiiic viruses" to host cells could be
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explained by ionic interactions. Other authors indicate that
influenza and NDV, which are in the "lipophilic wvirus" category, also
adsorb to host cells by ionic interactions. The actual mechanisms,
thus, are not clearly understood.

Virus was eluted from saturated lipids (Noll and Youngner 122).
As much as 30 percent of the virus was recovered in some cases while
in others only 0.003 percent could be eluted. T, and T, bacteriophage
have a high affinity for cholesterol (123). Neither washing in vary-
ing ionic strengths or in rabbit serum would elute the viruses. The

viruses could be eluted, however, by ether-water partitioning.
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CHAPTER 3

MATERIALS AND METHODS

3-1 Adsorbents and Preparation

Four commercially available materials were tested for use as
adsorbents; diatomaceous earth, Ottawa sand, coconut charcoal, and
activated carbon. The grenular adsorbents were subjected to additional
size fractionation and cleaning prior to use. Freom these adsorbents

one (activated carbon) was selected for extensive use.

3-1-1 Diatomaceous Earth

Diatomaceous earth consists of diatom skeletons about 0.5 to 12
microns in size, It is a siliceous material and is often used for
filtering.

The diatomaceous earth was cleaned by repeated washing in deionized
water and dried in thin layers at 1059C for 24 hours. After drying, a
stock solution of 2000 mg/l in deionized water was prepared, autoclaved,

and stored at 4°C.

3-1-2 COttawa Sand

Ottawa sand, a natural silica sand designated as Flint Shot, was
obtained from Brumley-Donaldson Company. Specificatioﬁs gave a fifty
percent size of about 6.5 milliméters. The sand was washed three times
in deionized water and dried at iOSOC. It was weighed out as required

and autoclaved.
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3-1-=3 Coconut Charcoal

Coconut charcoal of 4-16 mesh was tested for adsorption, It is a
hard carbon and maintains its original particle size better than most
activated carbons, The coconut carbon was not activated and is conse-
quently not as porous as activated carbon. After washing three times in
deionized water it was dried in a thin layer at 105°C. A stock solution
of 20,000 mg/l in deionized water was prepared, autoclaved and stored

at 4°cC.

3-1-4 Activated Carbon

West Virginia Pulp and Paper Company's Nuchar C-190 activated
carbon was used in a granular (30 mesh) and a powdered form. Nuchar
C-190 is derived from a "black-ash" byproduct of a chemical pulping
process (124)., Activation selectively removes the hydrogen or hydrogen-
rich fractions from the carbon to produce an open, porous residue. This
effect is accomplished by exposing charcoal to oxidizing gases at high
temperatures (400°-1000°C). The oxidizing gases react with a large part
of the carbon, thus influencing its properties (125). Activated carbon
can assume either a positive or a negative charge in water, depending on
whether it was activated at 950°C with carbon dioxide or at 450°C with
oxygen (126). Carbons activated in oxygen or steam are covered with
carbcn-oxygén complexes, The particular composition varies with the
treatment of the carbon. Oxygen also adsorbs on charcoal at room temper-
ature and is held very strongly. On heating, it comes off as carbon
monoxide (127).

The matrix structure of carbon is changed very little by activation

(126). Although carbon capill aries enlarge in size their shape remains
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the same. X-ray studies provide strong evidence that the carbon in
charcoal is arranged in platelets (126). Most charcoal is made up of
platelets 10 % thick and 20-60 2 wido.. The platelet concept is support-
ed by the expansion of charcoal by water vapor and density of carbon in
the charcoal. Cylindrical capillaries have been used for convenience in
calculéting pore diameters for activated carbon, The conceptual struc-
ture of a cylindrical capillary honeycomb should be used with caution.

The specific surface area of Nuchar C-190 is 700-900 mz/gm. based
on nitrogen adsorption and application of the Brunauer-Emmett-.Teller
(Bet) isotherm (128). Total pore volume is 0.9 cc/gm. Pore diameters
based on cylindrical capillaries have been determined for similar carbons
(129-132). Different activated carbons of similar specific area and
total pore volume also possess similar average pore diameters (Table
3-1). Very little pore volume results from pore diameters greater than
1,200 R (132). Most pores, therefore, are less than 1,200 % in diameter.
Average pore diameters of 20 R fér activated carbon are expected from
the concept of platelet structure.

The pore-size distribution for Nuchar C-190 is not available. It
is expected, however, to have a distribution similar to the typical
activated carbons listed (Table 3-1).

In the experiments béiow, additional size fractionation was per-
formed on both types of Nuchar C-190. The carbon was separated into
uniform particle sizes by sieviﬁg. Froﬁ granular carbon, size 26/35 was
obtained (particles passed a U, S. standard sieve number 26 but were
retained on number 35). Size 120/140 was obtained from Nuchar powdered

carbon. The sieved méterials were washed in deionized water to remove
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any remaining dust and were dried in thin layers at 150°C for 24 hours.
Stock solutions of 200, 2500, and 20,000 mg/l in deionized water were

autoclaved and stored at 4°C,

TABLE 3.1
Pore Characteristics of Activated Carbons
Bet Surface Total Pore vol, fo Ave,
area pore vol. Radius <300 ﬁ Pore

Carbon m%]g cc/g ce/e dia. X
Darco 612 0.96 0.73 —
Columbia xA 1178 1.03 0.54 —
Columbia 4ACW 774 — i 22
Columbia 8-14G 1027 s i 18
Nuchar C-190 700-300 0.9 — p—

-== Data not available
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3-2 Particle Size Determination

Additional particle-size distributions were desired on the Ottawa
sand and activated carbon size 120/140. The particle-size distribution
for Ottawa sand was determined by sieve analysis, The sand was dried
for 30 minutes at 105°C and sieved for 10 minutes on a Rototap shaker.

The particle-sizeVdistribution for the 120 /140 carbon was obtained
by a hicroscopic technique using a Porton's Graticule., Carbon particles
were suspended in water to give uniform dispersions for éounting. The
graticule consisted of a series of circles with diameters increasing in
a /2 progression. The graticule was calibrated for the objective with a

stage micrometer. All carbon particles corresponding to a particular
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circle on the graticule were counted within a fixed field. This pro-
cedure was repeated for all circles on the graticule, The technique
gives particle-size distributions that correspond closely with sedi-

mentation measurement methods (133).

3-2-1 Ottawa Sand
The plot of cumulative percent finer versus sieve mesh opening
gives a fifty percent diameter of 0.55 mm and a geometric standard

deviation of 1.21 (Table 3-2 and Figure 3-1).

TABLE 3-2

Particle Size Distribution
for Ottawa Sand

Mesh Opening Weight Retained Cumulative
mm gm Percent
pan 0.4
0.295 0.9 0.55
0.351 2.9 1.78
0.417 14.2 5.73
0.495 3.8 25.1
0.589 17.7 68.4
0.701 .7 92,5
0.833 0.7 98.9
0.991 0.1 99.9

- s e en e em @ e e e W S S S SR S B Er D S SN W W G G SR WS W w e e e e em e

3-2-2 Activated Carbon

A Porton's Graticule was used to size a total of 923 carbon
particles (Table 3-3). Cumulative percent frequency versus diameter was
plotted on'iog probaﬁiliﬁy paper (Figure 3-2), The 120/140 activated
carbon had a geometric mean diameter of 2.50-micfons and a standard
deviation of 2.00. The average surface area was obtained by assuming

spherical particlas.v Areas for sach size were determined and the total
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sum was 88,300 square microns for 923 particles, The average area per
particle was 96 square microns. The number of parﬁicles per ml of stock
solution was determined microscopically with a counting cell, yielding
4

1.03 x 10" carbon particles per milligram. These values gave a surface

area of 98.5 x 107;¢2/mg of carbon, or approximately 1 mZ/gm.

3-3 Viruses and Preparation

One of the main criteria in selecting a virus is feasibility of
assay, Only a few pathogenic viruses can be assayed with the precision
required in this study. The virus also had to be stable under adverse
conditions and survive agitation. The availability of both virus and
host cell are other important considerations. Some host cells require

extensive methods and specialized equipment for growth and preparation.

3=3-=1 Escherichia coli bacteriophage T

Assay techniques for bacteriophages are better developed than for
animal viruses. Bacteriophage assays require about 24 hours compared
with five to ten days for animal viruses, and culture procedures are
simpler for bacterial hosts.

Properties of Escherichia coli bacteriophages are well established

and the host, E, coli, is easily maintained. E. coli bacteriophages
designated by even numbers are indistinguishable in the electron
microscope and have many similar properties (97). Of this group, E.
coli bacteriophage T, has the greatest stabiiit& to agitation and tem-

perature changes. it was selected for the present study because of its
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TABLE 3-3

Particle Size Distribution and
Surface Area for 120/140 Activated Carbon

Diameter Number of Cumulative Surface
microns Particles Percent Area 2
gmicrons!
0.9 81 8.8 225
13 106 20.3 590
1.9 124 33.8 1,377
2.7 183 53.6 4,040
3.8 181 73.2 8,000
5.3 111 85.3 9,800
75 77 93.6 13, 600
10.6 38 97.7 13, 400
15,0 13 99.1 9,180
24,8 6 99.7 1,170
© 35.0 1 99.8 3,850
49,5 1 99.9 7,700
70.0 1 100.0 15,400

Total 923 88, 332
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stability and availability. The T4 phage, (Figure 3-3) was obtained
from Dr. Robert S, Edgar of the California Institute of Technology and

has the following properties (Table 3-4) (89) (134=137).

TABLE 3-4
Properties of Escherichia coli bacteriophage T,

Size

head 65 X 80 millimicrons

tail 100 X 20 millimicrons
Diffusion constant

at 20°C 0.8 X 1077 en?/sec
Specific weight 3.3X 10“16 gm per particle

A very similar phage, Té- has a pH stability range between 4.6
and 9.5 (138). Putnam, Kosloft, and Neil (139) found T6 phage to be
negative over the entire pH stability range. Mobility towards the anode

decreases from -7.3 X 10™2 em? volt™ sec~! at pH 8.6 to -3.6 X 10=2

cm2 volt e sec-1 at pH 5.1. The net negative charge, therefore, is
decreased. The diffusion rate of T3 does not change significantly with
electrolyte concentration, but does vary with phage concentration (134).
At 22°C the diffusion constant changed from 22 X 10=7 cm2/sec to

7 9

3 X110 cmz/sec over the concentration range 105 to 107 virus particles
per nl.

Stock solutions of T) bacteriophage were prepared by mixing virus
with E, coli cells in a tryptone agar solution. This mixture was poured

on a previously prepared agar plate and allowed to solidify. The plate
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Figure 3-3. [Electron micrograph of Escherichia coli

bacteriophage T
(Approximate magnification of this dlectron micrograph:

3.4 X 10°; negative stain; provided by Robert S. Edgar,
California Institute of Technology)
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was incubated at 3?°C for 24 hours. The bacteriophage was harvested by
pouring 5 ml of tryptone broth on the plate. After the virus diffused
into the broth it was poured off and centrifuged to remove bacterial
cells. This virus stock was stored at 4°C for short periods (3 months)
and at -40°C over long storage intervals (6 months). Virus stock pre-
pared in this manner usually titered 108 - 109 virus particles per ml.
Preparation details for the tryptone agar and broth are given in Appen-

dix 1.

3-3-2 Poliovirus Type III

Sabin Type III poliovirus was selected as the animal virus for the
studies. Poliovirus can be assayed by the plaque method. This method
has a great advantage over the use of live animals in determining the
most probable dose to give 50 percent infection (MPIDSO) assay. The
MPIDsz; does not give the necessary precision for kinetic studies L1i2].
Plaque assays for animal viruses have a plaque-forming efficiency of
about 50 percent compared with electron microscope counts.

Poliovirus will form plaques on commercially prepared host cells,
eliminating the need for complex tissue-culture facilities. Sabin
Type IITI poliovirus was used since it is attenuated, reducing the danger
of paﬁhégenie infections. The virus is spherical, 25 millimicrons in
diameter, and composed mainiy of nucleoproteins.

Sabin typs III poliovirus was obtained from Pfizer Laboratories.
The purchaséd virus solution was used as the stock and was stored at

-40°C, The assay technique used Rhesus monkey kidney'calls for hosts.
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3-4 Assay Procedure for E, coli bacteriophage T,

The assay procedure for T, bacteriophage was obtained from Dr,
Robert S. Edgar. Before assaying, the virus solution was diluted in
tryptone broth to yield about 300 plaques per plate. A liquid tryptone
top-agar mixture was prepared from 2 ml of tryptone top-agar, 0.15 ml

of a log-growth-phase solution of E. coli B cells, and 0.05ml of the

virus solution to be assayed. Solidified agar plates were made using

a tryptone bottom agar. Tryptone top agar at 45°C containing the virus
and host cells was poured over the bottom agar, After solidification

of the top agar the plates were incubated at 37°C for 10 hours. Infec-
tion of bacterial cells by the progeny of a single virus caused a readily
distinguishable clear spot, or "plaque'".

After incubation the plaques could be counted with the aid of a
colony counter. Duplicate plates were prepared from each sample to
increase the accuracy. Samples and dilutions were stored at 4°C for re-
assaying if necessary. No change in sample titer could be detected over
4 weeks of storage. Preparation of all media is given in Appendix 1.

The accuracy and reproducibility of the assay procedure for E. coli
bacteriophage T, was found to vary significantly with the growth phase of
the host cells. Two separate assays of the same solution were made with
log phase and end&genous phase E. coli cells.

Host cells in the log growﬁh phase yielded three times as many

plaques as cells in the endogenous growth phase (Table 3-5).
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TABLE 3-5

Effects of Cell Growth Phase on Assay of Identical Solutions

of E. coli bacteriophage T,

Growth Phase Assay virus particles/ml
log 2,0 x1o0M
log 1.7 X1011
10
endogenous 5.8 X 10
endogenous 5.4 X 1010

The reproducibility of the assay also varied with incubation time
of the plates., The maximum number of plaques was found after 10-14
hours of incubation. At earlier periods plaque formation was not com-
plete, and at later periods some plaques were destroyed by antagonistic

properties of the host cell,

3-5 Assay Procedure for Poliovirus Type III

The assay procedure was developed with the help of Dr. Robert M.
McAllister of the Children's Hospital of Los Angeles, Plaques were
developed ona monolayer of Rhésus monkey kidney cells which acted as
host cells for the virus. The monolayer of monkey kidney cells was
grown on the flat side of 2 oz plastic bottles with screw caps, Pre-
scription bottles were also tried but they gave unsatisfactory results.
The flat side of prescription bottles is slightly curved, resulting in
poor cell distribution, and the optical quality of the bottles was poor

for plaque counting. The plastic botitles gave better cell growth and
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more distinguishable plaques. Sealed bottles were used to eliminate
the need for a humidified incubator and a carbon dioxide-air mixture
for cell growth.

Serial dilutions of virus samples were made in Hank's Balanced Salt
solution (Hank's BSS) to obtain proper dilutions for plating. Before
assaying,the growth medium and calf serum were removed from the monkey
kidney cells by suction. The cells were washed three times with Hank's
BSS. This was accomplished by adding 2 ml of Hank's BSS to the cells,
rotating them, and drawing the solution off by suction. All such opera-
tions were performed under ultraviolet light in a hood to eliminate
bacterial contaminatian.

Next, cells were exposed to the viruses. The diluted virus sample
(0.1-=0.3 ml) was transferred to each 2 oz bottle of cells and incubated
for 1/2 hour at 37°C. The bottles were tilted in a slow rotating motion
every 10 minutes to aid adsorption.

During the adsorption process white agar was melted and cooled to
43-44°C in a hot water bath, 2x LaYe medium was also brought to 44°C
and equal parts of agar and 2x LaYe medium were mixed. After 1/2 hour of
adsorption the cells were washed with 2 ml of Hank's BSS to remove unad-
sorbed virus. Five milliliters of the agar—LaYe medium were added to each
2 oz cell bottlé and allowed to solidify. The cells were then incubated
at 37°C and stained with neutral red on the third day. The staining
solution consisted of equal parts of neutral red agar and 2x LaYe medium

at 43.44°C, Three milliliters of this mixture were added to each cell
bottle for stéining and allowed to solidify. The cells were again incu-

bated at 37°C and observed for plaques on the fourth through the seventh
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day. Living cells take up the neutral red stain. This action aids in
distinguishing plaques. Some of the plaques were distinguishable to the
naked eye, but in most cases a low-power microscope was necessary, Poor
plaques resulted when the neutral red stain was added before the third
day. This condition probably resulted from a toxic affect of the stain.

As a precaution, all virus samples were first tested for bacterial
contamination in thioglycollate medium. Inoculated thioglycollate
medium was incubated at 37°C for 48 hours. When contamination was
present the samples were treated with 100 units/ml of penicillin and
100 ug/ml of streptomycin at room temperature for 1 hour. Preparation

techniques for the media and salt solution are given in Appendix 2.

3-6 Host Cells

Escherichia coli, strain B, was used as host for Ty bacteriophage.

Stock cultures of E. coli were maintained on tryptone agar plates at
4°C. New cultures were grown usually every 4 months. E, coli broth
cultures were prepared by inoculating tryptone broth from the stock
culture plates. The broth was incubated overnight in a Gyrotary incuba-
tor shaker at 37°C. This broth culture was used for preparing the log-
growth-phase cells, It could be stored for one week at i,

The 1og-growth-phase cells were prepared by inoculating 50 ml of
tryptbne broth with E. coli from 1 ml of the broth culture. This
inoculation was incubated for 2 .5 hours at 37°C in the Gyrofary shaker,
At 2.5 hours of incubation most cells are in tﬁe log growth phase.
After incubation the E. coli cells were collected by centrifuging at

3000 rpm for 20 minutes. They were then resuspended in 10 ml of fresh
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tryptone broth and stored at 4°C. Log-growth-phase cells could only be
stored for two days and retain their plaque-forming efficiency. After
two days of storage, fresh cells were prepared.

Primary Rhesus monkey kidney cells were purchased from Microbiologiw
cal Associates, Bethesda, Maryland, and from Tissue Culture Laboratory,
Oakland, California. The monkey kidney cells were purchased as a mono-
layer growth in 2 oz béttles containing SV5 antiserum, penicillin,
streptomycin, and growth medium. The cells could be stored for 4 days at
37°C. The monolayer cultures were shipped by air in insulated containers.
In many cases cells were not adequate for use because of changes during
shipping and poor growth. Cell lines vary in longevity and some cannot
survive the agar overlay that is necessary for plaque formation. In such

cases assays were repeated with new cells.

3-7 Handling of Glassware

All glassware was washed in a detergent<alkali mixture to remove
positive charges. This technique prevented adsorption of virus to the
glass, After washing, all glassware was successively rinsed in tapwater,
distilled water, and deionized water., Sterilization was accomplished

in a hot air oven at 200°C for 1 hour or longer.
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CHAPTER 4

EXPERIMENTAL PROCEDURES

4.1 Adsorption Systems

Two adsorption systems were studied. In the batch system, adsorb-
ent and virus were continuously mixed, while the percolation system

involved passing virus solution through a column of adsorbent.

4-1-1 Batch Operation

In the batch operation adsorbent and virus were continuously
mixed by a Gyrotory incubator shaker at constant temperature. The
reaction vessels were 125 ml Pyrex-glass flasks. Reaction solutions
of known chemical composition were made by adding stock solutions to
deionized water. All stock chemical solutions and deionized water
were autoclaved and stored at 4°C,

The reaction solution was sampled for virus titer by one-tenth
milliliter pipettes graduated in hundredths. Initial samples of 0.1
ml were directly withdrawn before the addition of adsorbent. In the
presence of adsorbent two methods of sampling were used. The adsor-
bent was either allowed to settle or it was centrifuged for 3 minutes
and 0.1 ml of the supernatant drawn off,

Samples were immediately diluted in 9.9 ml of tryptone broth. The
broth was stored at 4°C and assayed as soon as possible. Duplicates
without adsorbent were run at the same temperature, virus concentration,
and chemical composition and served as controls, They were assayed in

conjunction with the other tests.
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The possibility that centrifugation influenced virus titer was
detected in experiments intended for desorption studies. These de-
sorption experiments demonstrate the necessity for investigating the
centrifugation technique and will be described below. The experiments
are of no value as desorption studies.

A total of five tests was made. At first it was suspected that
an error occurred in the experimental procedure., In the first three
tests, T, bacteriophage was adsorbed to 250 mg/1l of 120/140 activated
carbon. The pH was buffered at 7.0 with mono-and dipotassium phos-
phate. The buffer concentration gave an ionic strength of 0.08,
Viruses were adsorbed on the carbon for 6 to 7 hours by mixing on the
Gyrotory shaker at 23°C. The first three tests (4-1.1, 4-1.2, and
4.1.3) contained 1.1 X 108, 3.6 X 108, and 1.1 X 10% virus particles/
ml respectively.*

Adsorption was stopped in test 4-1.1 after 7.25 hours. The carbon
was removed by centrifugation at 3000 rpm and resuspended in a solution
identical to that used for adsorption except that no virus was added.
The mixture was placed on the shaker and assayed periodically for de-
sorption., The supernatant from the centrifuged carbon was also assayed.
The same procedure was used for tests 4-1.2 and 4-1.3 except adsorption
was stopped after 6 hours and the supernatants were assayed by two
procedures. In one case the carbon was allowed to settle and in the

other it was centrifuged for 10 minutes at 3000 rpm.

*Tests have been numbered according to the chapter in which they were
first described. The first number designates the chapter, the second
the chapter subdivision, and the third the test sequence,
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Two other tests (4-1.4 and 4-1.5) were made in a similar manner.
Virus was first adsorbed to 120/140 carbon and then the carbon was
centrifuged and resuspended for desorption. The adsorption solution
consisted of 250 mg/l of carbon and 1.4 X 108 virus particles/ml,
Mono~ and dipotassium phosphate buffer was used at pH 7.0 and adjusted
to an ionic strength of 0.08. The total volume of the adsorption
solution was 40 ml. This solution was periodically assayed through
7 hours of adsorption.

Ten milliliters of the carbon-virus solution were withdrawn after
adsorption for one and seven hours. Each 10-ml sample was immediately
centrifuged. The carbon was resuspended in 10 ml of identical solution
as before except that no virus was added. These solutions were placed
on the shaker and assayed over 7.5 hours.

As a result of the above tests, the need to evaluate the centri-
fugation technique was apparent. Centrifugation was studied with
regards to its effect on virus titer of the centrifuged solution. The
time of centrifugation was varied and compared by the corresponding
assays. Sampling procedures of settling and centrifuging were also
evaluated by comparing their results with that of no adsorbent removal
before assaying. The adsorbent was removed by settling or centrifug-
ing since desorption of virus was expected in the serial dilutions for
assaying.

Effects of centrifugation were first tested by adsorbing Ty phage
to 120/140 activated carbon for 12 hours, After adsorption the re-
action solution was divided. One portion was centrifuged 10 minutes

and the other 20 minutes. Samples were withdrawn from the supernatant
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and assayed. After the one portion was centrifuged for 20 minutes, it
was shaken for 10 minutes to see if virus could be resuspended in the
supernatant. After shaking, the solution was again centrifuged for
10 minutes and assayed.

Results of the above study required additional support before the
effect of centrifugation on virus titer was certain, Samples were
taken from an adsorption test by five different techniques. Ty
bacteriophage was adsorbed to 120/140 carbon., Initial virus and carbon
concentrations were 4.5 X 107 virus particles/ml and 250 mg/l respec-
tively. An ionic strength of 0.08 and pH of 7.0 wereestablished in the
test solution with mono~ and dipotassium phosphate,

The five samples were collected after 5.5 hours of adsorption.

One tenth of a milliliter of each sample was diluted in 9.9 ml of
deionized water and assayed. The first 0.1 ml sample consisted of the
reaction solution with virus and 250 mg/l of carbon. In the other
four samples the carbon was first removed; 1) by settling, 2) by
centrifuging for 3 minutes, 3) by centrifuging for 10 minutes, and &)
By centrifuging for 10 minutes, reshaking for 2 minutes, and centrifug-
ing again for 3 minutes, If virus was centrifuged down with t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>