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1. Literature Survey: Chlorination of Virus

1.1 Susceptibility of Viruses to Chlorination

Evaluation of chlorine and chlorine-containing compounds as v_iral
disinfectants began in the 1940's. Kessel et al. (1943) showed that for
complete inactivation of poliovirus it was necessary for the virus to be
in contact with total residual chlorine levels of 0.5 to 1.0 mg/1 for at
least 3 hours. Trask, Melnick and Wenner (1945) performed inactiva-
tion tests using poliovirus obtained from stools of paralytic patients,
from passaged monkey cord suspensions, and from Theiler's mouse
poliovirus. It was found that (1) 10-minute contact periods of exposure
to 0.5 mg/1 residual chlorine did not totally inactivate the monkey-adapted
virus, (2) 10% diluted suspensions of stools from poliomyelitic patients
protected viruses from inactivation, (3) inactivation of mouse virus was
dependent upon the molecular form of the chlorine applied, and (4)
extraneous organic matter interfered with the disinfection process.

Kelly and Sanderson (1958) utilized three poliovirus strains and
two coxsackievirus B strains to show that complete inactivation of
these viruses was not achieved by the usual conditions for bacterial dis-
infection of water supplies. Viral inactivation by chlorine was shown
to depend upon the type of virus, pH level, free chlorine concentration,
contact time, and temperature. In water at pH 7 and 25°C, a minimum
free chlorine residual of 0.3 mg/1 for 30 minutes was required; at
higher pH levels or lower temperatures, more chlorine was needed.

Lothrop and Sproul (1969) demonstrated that present chlorination

practices requiring a total residual of 1 mg/1 chlorine are inadequate



for a high level of virus inactivation. A 99.99% destruction of type 1
poliovirus demanded 40 mg/1 combined chlorine residual and a contact
time of 30 minutes in settled wastewater. Significantly, free chlorine
residuals were extremely virucidal at levels of only 0.2 to 0.4 mg/1 for
30 minutes.

Since the work of Clarke et al. (1956) and Weidenkopf (1958), hypo-
chlorous acid has been the form of free chlorine found to be the most
effective against viruses. Hypochlorous acid is not charged, and it was
felt that an uncharged molecule may have the best chance of penetrating
the ionized capsid. Hypochlorite ion has recently been shown by Scar-
pino et al. (1972) to be an effective virucide, although the high pH level,
pH 10, used in these experiments probably precludes its usefulness in
practical applications.

It is evident that viruses can be inactivated by chlorine compounds,
but this involves much more than just exposure of the infectious particle
to disinfectant molecules: controlling factors are the type of virus,
type and concentration of chlorine, hydrogen ion concentration, tempera-
ture, time of contact and presence of interfering substances.

1.2 Mode of Action of Chlorine

The enteric viruses and the RNA-containing bacteriophages consist
of a tightly packaged interior strand of messenger RNA which is sur-
rounded by a proteinaceous capsid of icosahedral geometric design.

Ingols (1963) assumed that the mode of action of chlorine on viruses
consisted of an attack on many sites in the virus proteins. Evidence

for this hypothesis was that chlorine is capable of disrupting peptide



linkages, substituting onto the benzene ring of tyrosine, deaminating
free ammonia radicals, and changing viral antigenic characteristics.

Olivieri et al. (1973) reported on inactivation of phage 2 by chlor-
ine, iodine and bromine. Phage f2 appeared to be inactivated by chlor-
ine attack on the nucleic acid. Chlorine inactivated free RNA at a rate
similar to that of the whole virus, and the protein was still capable of
functioning in adsorption after the virus was inactivated. These work-
ers found that f2 was more susceptible to hypochlorous acid than to hypo-
chlorite ion and theorized that the hypochlorite ion was hindered in its
passage through the net-negatively charged capsid by electrostatic repul-
sive forces.

1.3 Inactivation Kinetics

Beginning with Chick (1908), there has been much interest in des-
cribing the inactivation process kinetically. Although this early work
was with bacteria and bacterial spores, Chick's postulate that with an
excess of disinfectant the inactivation follows a first-order course with
respect to remaining viable organisms is the basis for most interpreta-
tions of viral disinfection data.

Results of disinfection tests have traditionally been presented in
the form of survival curves. Survival curves display either the logar-
ithm of the remaining viable viruses or the percentage of remaining
viable viruses against elapsed contact time. First-order behavior, also
known as exponential law behavior, is evidenced when the logarithm of
surviving virus plots as a straight line of downward slope against in-

creasing elapsed time. Fair et al. (1948) plotted the logarithm of the



concentration of free chlorine required to inactivate a given percent-
age of starting virus, say 99% inactivation, versus the logarithm of con-
tact time. The resulting straight line of negative slope was represen-
ted by an empirical equation. This equation is C™t = K, in which "C"

is the chlorine concentration, ''n'' is an exponent called the coefficient
of dilution, "t'" is the time necessary to achieve some required inacti-
vation, and "K' is a constant.

Salk (1956) reported that inactivation of poliovirus by formalde-
hyde could be described by first-order kinetics. Gard (1957) contended
with Salk's findings by stating that according to his experiments with
formaldehyde the rate of inactivation does not remain constant but de-
creases continually in the course of the process. He postulated that
"tanning' occurs in which early exposure to the disinfectant alters the
capsid proteins, making it increasingly difficult for subsequently appear-
ing disinfectant molecules to approach the viral nucleic acid. Weiden-
kopf (1958) reported behavior similar to that of Gard for type 1 polio-
virus exposed to free available chlorine at pH 6 and pH 7 at 0°C. Inacti-
vation rates were greatest at the beginning of the exposure period; sur-
vival curves displayed two slopes with an initial steep grade followed
by a more shallow slope. Weidenkopf incorrectly concluded that the
inactivation rate was independent of virus concentration because he
found the same percentage survivals occurring at the same times for a
given concentration of chlorine regardless of the starting concentration
of virus. Consideration of the survival curves presented in his paper

indicates that a plot of the time required to attain 99% inactivation as



a function of starting virus concentration plots as a horizontal line
which is indicative of a first-order reaction. Hiatt (1964) considered
some of the factors which cause observed inactivation rates to deviate
from the exponential law behavior and stated that these phenomena are
most likely due to errors in dosimetry (decreasing concentration of
disinfectant throughout the contact time) or heterogeneity of the viral
population.

It is a reasonable assumption that a virus may be rendered non-
infectious either by chlorine attack on the nucleic acid or by chlorine
attack on the proteinaceous capsid. Based on the report of Olivieri, it
may be assumed that the inactivation rate for the nucleic acid is the
faster of the two rates. The model for a reaction system such as this is
analogous to that presented by Hightower (1975) for the chemical reac-
tion of A and B by two pathways, each first order in A and in B, to pro-
duct C with reaction rate constants Kl and K2' Virus inactivation by
two pathways is shown in Figure 1-1. Although it is not the purpose of
this research to pursue the applicability of such a model for chlorina-
tion, it is worthy of comment inasmuch as it has not appeared in the lit-
erature and raising the question of its possible usefulness may prompt
future experimentation to test the model.

Majumdar, Ceckler and Sproul (1972) have set a good example
for future chlorination studies by their publication of inactivation data
for ozonation of poliovirus in the form of definite rate equations. Rate
equations express the dependency of inactivation upon the concentration

of virus, concentration of disinfectant, and contact time in the power



Figure 1-1. Model for virus inactivation by two pathways. Virion
(V), viral nucleic acid (VN), viral protein capsid
(VP), inactivated virus (IV).






law form. This form of presentation allows the disinfection data to
serve as the basis for selection of the type and size of disinfectant reac-
tor and the conditions under which the reactor is to be operated for

best performance.

1.4 Effects of Aggregates

Waterborne viruses may exist as singly suspended particles or
they may exist as a member of an aggregate of viral particles. Evidence
for aggregation has appeared from electron microscopy and from im-
munological studies. For example, Wallis and Melnick (1967) showed
that the cause of the non-neutralizable persistent fraction of echovirus
type 4 (Pesacek) was virus aggregation. Virus in the non-neutralizable
aggregate was found to constitute 30% of the infective units of unfiltered
Pesacek.

Berg, Clark, Berman and Chang (1967) developed a mathematical
model for virus disinfection which took into account aggregation as the
cause of aberrations in survival curves of viruses exposed to disinfec-
tants. These aberrations normally appear as a bimodal rate of inacti-
vation; that is, the slope of the percent survival curve versus time is
much steeper for short exposure times than for longer exposure times.
Some have proposed that monomers are inactivated first; whereas, the
aggregated viruses are more resistant to inactivation. Poduska and
Hershey (1972) presented a model for virus inactivation by chlorine in
which the factor of aggregate size was included. The model was based
on the principles of first-order, irreversible chemical reaction kinetics

and it was assumed that viruses in clumps were inactivated at a slower



rate than single viruses. It was not possible to determine the clump
size distribution; therefore, it was assumed that only two sizes existed.
Experimentation was not performed by the modelers, rather published
and unpublished data were analyzed for fit to the aggregate model. The
model validity is questionable since no information is available on whe-
ther aggregates were actually present in the tests shown or if the bi-
modal survival curves could have resulted from errors of dosimetry.

1.5 Effects of Solids

To the possibility that a virus may exist as a freely suspended
monomer or as a member of an aggregate of viral particles must be
added a third possibility: the virus may be adsorbed to the surface of
or be enmeshed within particulate matter.

In the keynote address at the recent Water Resources Symposium,
Gerald Berg (1974) stated: ''To be sure, hypochlorous acid is an excel-
lent disinfectant for waters that do not contain solids, ammonia, or
organics. But we still need to know the extent to which solids affect

disinfection . . . "

Culp (1974) has reviewed those factors influencing
virus inactivation by chlorination and has stated that viral disinfection
is improved in waters of turbidity not greater than one Jackson Turbidity
Unit. Culp theorized: '"At higher turbidities, viruses, because of their
small size, may become enmeshed in a protective coating of turbidity
contributing matter. "

To this date, few studies have been reported concerning the role

of suspended solids on disinfection. Lee and Waller (1970) looked at

the effect of solids on sewage disinfection, but the indicator organism



here was a coliform. Lund (1973) briefly noted that the viral inactivation
rate constant may be dependent upon the oxidation potential and, that

the presence of reducing compounds in the form of suspended solids may
reduce the oxidation potential. Lund notes that the measurements of
such potentials would be both inconvenient and difficult. Boardman and
Sproul (1975) reported that bacteriophage T7 adsorbed to bentonite and
then exposed to chlorine is not any more resistant to inactivation than if
the virus was freely suspended. In their words: ''It has been found with
the T7 virus in triple distilled water at a pH of 7.0 with free chlorine
residuals as low as 0.07 mg/1 that the inactivation was 100% in 10 min-
utes. When the T7 virus was adsorbed to 50 mg/1 of kaolinite clay under
salt conditions which did not lead to aggregation of the clay particles,
complete inactivation of the virus was also noted at 0.07 mg/1 of free
chlorine residual with 10 minutes of contact time. Adsorption of this
virus to kaolinite does not result in a physical orientation of the virus

' The last sentence

such that it cannot be attacked by the free chlorine. '
of this quotation from Boardman and Sproul (1975) is not justifiable.
Bacteriophages are extremely susceptible to chlorination (Poduska and
Hershey, 1972): 4- or 5-logs of these phages are lost within 4 minutes
with exposure to less than 1 mg/1 HOCl. It is not surprising then that
complete inactivation was found after 10 minutes. The taking of samples
initially and then after 10 minutes does not allow any conclusions re-
garding the inactivation rate to be drawn. It is possible that the inac-

tivation rate for the solids-associated virus was less than that for the

freely suspended virus but that all virus in both cases were inactivated



after 10 minutes.

What types and concentrations of solids are present in sewage?
Camp and Meserve (1974) state that in municipal sewage of medium
strength, the total solids content is about 800 mg/l: 40% of which is
suspended and 60% is colloidal and dissolved. About 70% of the suspen-
ded solids are organic, and the rest are mineral. Faust and Hunter
(1971) have found that activated sludge plant effluents contain 2-4 mg/l
of colloidal organics.

Several important questions must be answered with regard to dis-
infection of solids-associated viruses. Do mineral solids protect
attached viruses? Do organic solids protect attached viruses? Can
the inactivation of solids-associated virus be expressed in the form of

rate equations applicable to process design?
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2. Literature Survey: Interaction of Virus with Particulate Matter

2.1 The Virus in Suspension

Because of their size and their hydrophilic proteinaceous capsids,
the enteric viruses and the bacteriophages behave as biocolloids. Ioniz-
able carboxylic and amino groups on the capsid surface are influenced
by the presence of charged solutes such as hydrogen ions, hydroxyl ions,
and soluble salts. Throughout the normal pH range in natural waters,
viruses, as well as the common suspended clay particulates, exhibit a
net negative surface charge. Both chemical and physical theories have
been advanced to explain the aggregation of such like-charged particles;
Stumm and Morgan (1970) have discussed in detail the electrical double-
layer theories of colloidal stébility which hypothesize that multivalent
cations compress the double layers of neighboring particles sufficiently
to allow van der Waal's forces to hold the interacting particles together.

2.2 Adsorption to and Elution from Particulates

Shepard and Woodend (1951) suspended bacteriophage T2 with
glass powder, Celite AFA and aluminum oxide in various concentrations
of sodium chloride at neutral pH and found that adsorption of the phage
was markedly dependent upon the salt molarity. Adsorption was retar-
ded under basic pH conditions. The addition of meat infusion broth or
bovine serum albumin to the medium limited adsorption; it was assumed
that the organic material blocked adsorption sites since infection of the
host cell was not inhibited by broth or albumin.

Working with a tryptophan-dependent bacteriophage, Fildes and

Kay (1963) showed that adsorption to kaolin depended upon the molarity
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of sodium chloride. In the range from 0.02 M to 0.08 M, adsorption
of the phage displayed an A-shaped curve with the maximum adsorption
occurring at 0.05 M.

Dunn and Hitchborn (1965) found that adsorption of plant viruses
to bentonite at pH 7.4 was influenced by the concentration of magnesium
ions. Seventeen plant viruses were tested for adsorption to bentonite
at four magnesium sulfate concentrations ranging from 10—4 M to
5 x 10_3 M. These plant viruses could be classified into three groups
according to their adsorption characteristics. Tobacco rattle virus, for
example, avidly adsorbed even at the lowest inagnesium concentration.
Tobacco mosaic virus and wild cucumber mosaic virus only adsorbed
at high magnesium concentrations. The third class, which included
turnip yellow mosaic virus, did not adsorb at any magnesium concen-
tration. These investigators suggested that the magnesium-dependent
adsorption results from the linkage of virus protein to bentonite through
the mediation of magnesium ions. Differences then between viruses in
their affinity for bentonite may be due to differences in the amounts of
magnesium bound to the surfaces of the different viruses.

Cookson (1966) utilized agitated suspensions of bacteriophage T4
and activated carbon to study the kinetics and mechanisms of virus ad-
sorption. Optimal conditions for adsorption of this phage were pH 7
and an ionic strength of 0.08. The adsorption data were well fitted by
the Langmuir isotherm. It was concluded that the adsorption mechanism
was of a physical nature, resulting from electrostatic forces between

the virus and the carbon surface. Most likely the charged carboxyl
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groups and charged amino groups are involved. Esterification of car-
boxyl groups on the carbon reduced adsorption, indicating that these
particular surface groups played a role in the attachment phenomenon.

Carlson et al. (1968) attached bacteriophage T2 to three different
clays: for sodium chloride concentrations ofat least 0.02 M, more than
90% of the phages adsorbed to kaolinite, montmorillonite, and illite.

The presence of egg albumin, bovine albumin and sewage organics inhi-
bited the attachment of phages by competition for adsorption to the clay
surface; and, importantly, such organics displaced viruses that had
previously attached to the clay.

Roper and Marshall (1974) adsorbed and desorbed an E. coli
strain-13 lysogenic phage to montmorillonite by adjustment of salinity.
Examination under the electron microscope showed that the phage ad-
sorbed either in a face-to-face or tail-to-face orientation. Based on
the mechanism set forth by Marshall ﬂ._ (1971) for adsorption of bac-
teria to surfaces, Roper and Marshall (1974) proposed that, in like man-
ner, attraction of a negatively charged phage to a negatively charged
surface occurs when the electrolyte concentration is high enough to
compress the electrical double layers at the interacting surfaces to a
point where the van der Waal's attractive forces become effective. Low-
ering of the electrolyte concentration results in restoration of the diffuse
electrical double layers and the repulsion forces separate the interacting
surfaces.

Bitton and Mitchell (1974) investigated the adsorption of bacter-

iophage T7 to magnetite and found that addition of 250 ppm of CaCl2
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to the virus-magnetite suspension increased adsorption of the phage
from 34 to 95%. These experimenters theorized that the divalent cations
bridge the virus to the iron oxide, thereby forming a magnetite-cation-
virus complex.

Gerba (1973) and Gerba and Schaiberger (1975) have implicated
virus adsorption to particulate matter as a possible explanation for the
loss of viral titer in seawater. These investigators indicated that attach-
ment of the viruses to particulates or to other viruses results in aggre-
gates which assay as only one virus. Although titers are decreased,
longevity is increased, presumably because the virus-virus or virus-
particulate association affords protection from free proteolytic enzymes
or direct microbial degradation.

Schaub (1972) and Moore et al. (1974) have shown that viruses
associated with solids retain their capacity to infect. Most recently,
Moore, Sagik and Malina (1975) studied the association of viruses with
raw wastewater suspended solids, final effluent solids, bentonite clay,
and kaolinite clay. Significantly, poliovirus was found to be infective in

the adsorbed state.
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3. Materials and Methods

3.1 Virus and Virus Assay

Bacteriophage MS-2 was obtained from the American Type Culture
Collection and was catalogued as ATCC 15597-B. Chaudhuri and Engel-
brecht (1969) have compiled the general characteristics of MS-2. Per-
tinent to its function as a physical enterovirus model are these proper-
ties: diameter, 25 mu; molecular weight, 3.7 x 106 gm; isoelectric
point, pH 3.9; and nucleic acid, single-stranded RNA. Chaudhuri and
Engelbrecht (1969) and Chaudhuri (1974) employed MS-2 in filtration,
adsorption, and chemical coagulation tests. Kott et al. (1974) used MS-2
in a study of the validity of coliphages as pollution indicators.

Davis and Sinsheimer (1963) described the conditions and proce-
dures for replication and assay of this phage. Host cell was E. coli ATCC
15597. Growth broth contained per liter: 30 gm trypticase soy broth,

3 gm NaCl, and 2 ml 1 M CaCl Top agar for plating contained the

9°
same ingredients as growth broth plus 15 gm Bacto-agar. Bottom TSA
agar was purchased in plates from Micro-Media, Houston, Texas.
Plating procedure was that of Adams (1959) and Rovozzo and
Burke (1973) with the modification of Gerba (1973) of 3 ml top agar, 0.9

ml sample, and 1.0 ml log-phase host cell suspension.

3.2 Preparation of Virus Stock

Plates confluent with plaques were overlaid with 5 ml of trypticase
soy broth. After 3 hours at room temperature, the plates were gently
swirled several times and the broth decanted. The suspension of free

bacterial cells and bacteriophages was spun down at 3,000 rpm with a
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10. 5-cm rotor radius for 15 minutes to sediment the bacterial cells.
The supernatant fluid was passed through a washed 0.45-u Millipore HA
membrane. 0.4-ml aliquots of the filtrate were stored in ampules at
-70°C.

3.3 Purified Water

Water containing 1.5 mg/1 or less of dissolved solids and no detect-
able organics was obtained by passing tapwater through the Carborundum
Aquella water purification system and was used in place of distilled
water.

3.4 Cellulose Nitrate Membranes

Cellulose nitrate membranes, Millipore HA, 25 mm in diameter
with a porosity of 0.45 u availed as a model adsorption surface. Ex-
posed surface area is 4.0 cmz. Membranes were pretreated to remove
residual detergent and preconditioned for adsorption by passing 10 ml of
adsorption enhancing solution through the membranes.

3.5 Preparation of Bentonite Suspension

Bentonite (catalog number B-235) was obtained from Fisher Scien-
tific Company, Fair Lawn, New Jersey. Five grams of the powdered
clay was added to 2,000 ml of purified water. After 2 hours of stirring
at 200 rpm in a 2-liter graduated cylinder, the suspension was allowed
to settle for 24 hours.

One liter of supernatant suspension was divided into 100-ml ali-
quots. Each aliquot was placed in a number 8422 centrifuge tube and

spun down for 15 minutes at 805 g. The supernatant fluid was discarded,
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the pellet was resuspended in purified water, and the centrifugation and
resuspension were repeated three times.

After final resuspension, 100-ml volumes were diluted with 100 ml
of purified water and passed through a washed 90-mm Millipore HA
membrane of 0.45-u porosity. The filtrate was discarded and the mem-
brane was removed and scraped for recovery of particulates greater
than 0.45 u in diameter. Particulates from each membrane were resus-
pended in 100 ml of purified water.

Each filtered 100-ml aliquot was then placed in a number 8422 cen-
trifuge tube and spun down for 20 minutes at 2100 g, resuspended,
pooled with the other aliquots, and stored at 4°C.

Suspended (non-filterable) solids were determined by using What-
man GF/C membranes. These membranes were first washed, dried,
and weighed; then they were mounted in a suction apparatus for filtration
of 25-ml volumes of the stock suspension. Following filtration the filter
and associated solids were dried to a constant weight at 103°C. Differ-
ence in filter weight before and after filtration and volume filtered were
used to calculate the concentration of suspended solids. An average of
three filtrations was taken as suspended solids concentration in mg/1.

A standard curve relating suspended solids to Jackson Turbidity
Units was prepared by making appropriate dilutions of the stock suspen-
sion in purified water and determining the corresponding JTU value on
a Hach Model 2100A turbidimeter. This standard curve is shown in

Figure 3-1.



Figure 3-1. Relationship of turbidity to suspended solids concen-
tration for bentonite.
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A 12-ml sample of a 30 JTU suspension was presented to Ms.
Mayra Bisnow, Fine Particle Lab fechnician, of the Coulter Electronics,
Inc., Hialeah, Florida. The sample was run in Isoton electrolyte on a
Coulter Counter Model TA 1I using a bi-aperture technique. The sample
was shaken well prior to analysis. Analysis yielded counts per milli-
liter and the cumulative and differential weight-percent versus equivalent
spherical diameter. These data are given in Table 3-1. Diameter ver-
sus weight-percent distribution and particle counts are illustrated in
Figures 3-2 and 3-3. From the particle counts it can be calculated that
94% of the particles are of 2 um or less in equivalent spherical diameter.
Particles of this size are classified as coarse-clay according to the
scheme of Jackson (1956).

A 1-ml sample of a 30 JTU suspension was prepared for electron
microscopy and photographed by Dr. Pierre Payment (visiting fellow at
Baylor College of Medicine from the Universit€ de Montre’al), using an
RCA Model EMIJ-3. Various sizes and irregular morphologies of the
particles can be seen in Figure 3-4, which is at 11, 000X magnification.
Ciaccio (1971) has commented on the difficulties encountered in seeing
surface details because of the opaqueness of the particles.

3.6 Chlorine

Hypochlorous acid, HOC1, was procured by dissolving calcium
hypochlorite (Olin HTH) in purified water with subsequent addition of
1 N HC1 to reduce pH to 5.90 to 6.25. Stock solutions were prepared
at a concentration of about 1000 mg/1 HOC1 and dispensed in 25 or 100-

pl volumes.



Table 3-1. Analysis of Bentonite Particulates at 30 JTU

Diameter, Weight~- Percent Counts/ml

microns Cumulative Differential
0.5 100. 0 0.4 3.3 % 10"
0.63 99.6 2.6 1.0 x 108
0.79 97.0 3.4 7.0 x 107
1.00 93.6 1.7 1.7 x 107
1.26 91.8 2.3 1.2 x 107
1. 59 89. 5 4.4 1.1 x 107
2.00 85. 1 7.9 1.0 x 107
2. 52 77.2 13.7 8.7 x 106
3.17 63.5 16.17 5.3 x 100
4.00 46.9 16. 2 2.6 x 105
5. 04 30.7 13.6 1.1 x 106
6.35 17.0 7.0 2.8 x 109
8. 00 10.0 3.2 6.4 x 104
10.10 6.8 2.0 2.0 x 104
12.70 4.8 2.0 1.0 x 104
16. 00 2.8 2.0 5.0 x 103
20. 20 0.8 0.8 1.0 x 103




Figure 3-2. Weight-percent distribution for 30 JTU bentonite.
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Figure 3-3. Particle density distribution for 30 JTU bentonite.
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Figure 3-4. Electron micrograph of bentonite particulates.
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3.7 Preparation of Combined Chlorine

An ammonium chloride stock solution was prepared in purified
water to a final concentration of approximately 1000 mg/l ammonia;
100-ml aliquots of this stock solution were added to reaction flasks. To
each flask was added granular calcium hypochlorite to a desired final
concentration; addition of 1 N hydrochloric acid was necessary to main-
tain pH 6. The flasks were stirred magnetically at room temperature
for 24 hours. Speciation of combined chlorine forms was determined
by the Lamotte-Palin DPD method.

3.8 Detection of Chlorine

Chlorine was detected by the Lamotte-Palin DPD method and by
the ortho-tolidine molar absorptivity method. Colorimetric determin-
ation consisted of placing 2. 5ml reagent-reacted samples in 1-cm cu-
vettes of the Varian 635 spectrophotometer. Absorption wavelength was
435 nm for OT and 530 nm for Lamotte-Palin DPD.

The absorbance-concentration curve shown in Figure 3-5 was
made with Lamotte standards and with a potassium permanganate stan-
dard prepared according to the 13th edition of Standard Methods (1971).
Because the standards supplied by the Lamotte Chemical Products
Company did not include any of less than 0.2 mg/1 chlorine, the potas-
sium permanganate standard was necessary to extend detection to the
lower concentration values. Then too, the close agreement of the stan-
dards from two sources substantiates the reliability of the chlorine con-

centrations reported.



Figure 3-5. Absorbance versus chlorine concentration standard
curve: Lamotte standards (®); potassium perman-
ganate (0); reaction control (4).
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The DPD reagents are supplied in the form of pills; each pill is to
be reacted with 10 ml of sample. It was found that one-half pill reacted
with 5 ml of sample yielded identical absorbance values as the recom-
mended procedure; therefore, since this alteration reduced experimental
costs, it was followed in all detection steps. The 530 nm absorbance of
a control reaction sample, 5 ml purified water plus one-half DPD pill,
was 0.008 + 0.001. Since colloidal particles produced during dissolution
of the pill contributed to this absorbance, and since these particles set-
tled with time, the control reaction sample was not placed in the refer-
ence cell of the dual beam Varian 635 spectrophotometer. Reproducible
results were obtained by filling the reference cell and test cell with
purified water and zeroing the absorbance display; then, DPD-developed
test samples were placed into the test cell (within one minute after the
start of the chromogenic reaction) and their absorbance was recorded.
This procedure avoided the interference of settling particles in the ref-
erence cell. For those experiments involving solids-associated virus,
the 530 nm absorbance of a 5-ml sample (without the reagent pill added)
was subtracted from the absorbance value of a color-developed test sam-
ple of equivalent solids concentration.

Speciation of combined chlorine was determined by using DPD-1
reagent for free chlorine, DPD-2 reagent for mono-chloramine, DPD-3
reagent for di-chloramine, and DPD-4 reagent for total residual chlor-

ine.
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3.9 Chlorine Demand of Experimental Equipment and Membranes

Tubing, syringes, microsyringe holders, valves, membranes and
other ancillary equipment were soaked overnight in 50 mg/1 hypochlor-
ous acid. The next day all equipment was mounted and rinsed with dis-
tilled water until no chlorine was detectable in the effluent. Represen-
tative treated membranes were then challenged with 5 ml of 1 mg/1
hypochlorous acid and the filtrate was found to contain the same amount
of chlorine, which indicated satisfaction of the membrane chlorine de-
mand. These trial membranes were discarded.

3.10 Physiological State of Host Cell

Adams (1959) has emphasized the requirement of using log-phase-
growth cells as hosts for phage by stating: ''It is usually necessary to
work with cultures of the host organism which are actively growing at
an exponential rate, since in such cultures the percentage of nonviable
organisms is small. Presence in the culture of any considerable per-
centage of dead bacteria will lead to difficulties, since virus particles
which become adsorbed to such bacteria do not reproduce themselves
or form plaques on agar plates."

Davis and Sinsheimer (1963) infected an exponentially growing
37°C culture of MS-2 host cells and found that within 5 minutes 90% or
more of the input phage was adsorbed. Replicated phage first appeared
after 25 minutes. Burst sizes were of the order of 104 phage per bac-
terium.

Host cell, ATCC 15597, for this work was obtained from the

American Type Culture Collection. In order to determine the time
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necessary to achieve exponential growth, a growth curve was developed
for this bacterium suspended in TSB at 37°C and shaking at 180 rpm.
A suspension of cells was prepared by serially diluting a plate colony in
purified water. One-tenth ml of an approximate 108 cells per ml sus-
pension was added to 100 ml of TSB. One-ml samples were taken at
various intervals and plated on Levine EMB. Growth of this plate-
colony seed is shown in Figure 3-6. Exponential growth occurs between
3 and 6 hours after inoculation. Stationary phase begins after 7 hours
with maximum concentration of cells about 109° 3 CFU/ml.

A more convenient means of obtaining exponential-growth cells
was achieved by adding 1 ml of a 12-hour stationary cell culture to 100
ml of TSB. From Figure 3-6 it is evident that this seed attains log
growth in about 2.5 hours and is exponentially reproducing until 5 hours
elapsed time. In all phage assays, this procedure was followed with
host cells taken after 3 hours of growth.

3.11 Preparation of Organic-Solids Suspension

Humic acid (catalog number H1,675-2) was obtained from Al-
drich Chemical Company, Milwaukee, Wisconsin. A 200 mg/1 solution
was prepared by adding 0.200 gr to 100 ml purified water followed by
dropwise addition of 10 N NaOH to alkaline pH. A standard curve was
prepared by diluting this stock in purified water and recording the corres-
ponding absorbance at 254 nm. This curve is shown in Figure 3-T7.

Activated sludge colloidal solids were obtained by collection of
2 gallons of activated sludge from the Southwest Sewage Treatment

Plant, Houston, Texas. Two liters of this material was blended in a



Figure 3-6. Host cell growth curves: plate-colony seed (@®);
stationary-phase-suspension seed (O).
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Figure 3-7. Absorbance versus humic acid concentration stan-
dard curve.
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Waring commercial blender at high speed for 5 minutes. The blended
suspension was allowed to settle overnight at 4°C in a graduated 2-liter
cylinder. The top 1 liter was withdrawn and autoclaved. Suspended
solids concentration of the sterile material was determined to be 72
mg/1l. JTU versus mg/l standard curve is shown in Figure 3-8.

3.12 Clarified Sewage

On January 7, 1976, 1 gallon of clarified effluent was collected
at the Southwest Treatment Plant. This material was centrifuged at
2000 g for 10 minutes in a Servall RC-3 to remove most of the particul-
ates. The supernatant was then filtered through a 0. 45-u HA membrane
to obtain soluble effluent constituents. Absorbance of this filtrate at
254 nm was 0.133. According to Dobbs e_t_il_._ (1972), this is equivalent
to 7 mg/1 total organic carbon (TOC). By the method of Nessler adapted
by the Hach Chemical Company for a direct-reading colorimeter, DR-A
2725, ammonia was found to be present at a concentration of 10.3 mg/1.

3.13 Removal of Ammonia from Clarified Sewage by Clinoptilolite

Clinoptilolite was obtained from the Baroid Division of the Na-
tional Lead Company, Houston, Texas. An ion exchange column, 1.5
cm in diameter and 10 cm long, was loaded with washed 4-mesh clinop-
tilolite. This zeolite was charged with 10 bed-volumes of 0.3 M CaCl2
and then rinsed with 5 bed-volumes of purified water. A 75-ml sample
of 0.45-y filtered sewage effluent from the Southwest Treatment Plant

was adjusted to pH 6 and then recycled 10 times through the column at

dropwise flow rate. Required column operating parameters were ob-



Figure 3-8. Relationship of turbidity to suspended solids concentra-
tion for activated sludge.
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tained from the work of Koon and Kaufman (1975). Removal of organics
was checked by comparing absorbance at 254 nm before and after pas-
sage through the column. Removal of ammonia was checked by compar-
ing ammonia concentration before and after passage by the Nessler

method.
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4, Experimental Procedures

4.1 Determination of Virus Dispersion

Two 0.22-u, Millipore GS, 25-mm membranes were mounted in
stainless steel holders. Each membrane was then washed with 5 ml of
tris(hydroxymethyl)amino-methane (Tris) buffer, then 5 ml of 10% fetal
calf serum in Tris buffer was passed through each membrane. These
treated membranes were then washed three times with 10 ml of Tris buffer
to remove non-adsorbed organics.

Stock phage at a titer of 2,2 x 10l! PFU/ml was diluted 1 x 10" fold
in a final volume of 200 ml of Tris buffer. This suspended phage was
then sampled and plated prior to challenging the first membrane with 30
ml of suspension. Filtrate from the first membrane was collected, sampled
and plated. The collected filtrate was then pass‘éd through the second

membrane and the filtrate was collected, sampled and plated.

4,2 Virus pH Sensitivity Tests

To a dilution tube containing 1. 9 ml of pH-adjusted 0.05 M glycerine
were added and mixed 100 ul of stock phage to yield a final titer of 5 x 104
PFU/ml. At elapsed times of 5, 30 and 60 minutes, U.3 ml was withdrawn
from the tube and diluted 10, 100, 1000, and 10, 000 times in pH 7.6
Tris buffer and plated. At each time period the data were normalized to

the titer of the pH 7.0 control tube.

4.3 Adsorption of Virus to Cellulose Nitrate Membranes

Ten-ml samples of appropriately diluted virus suspended in various

salt and hydrogen ion concentrations made in purified water were loaded
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into 20-ml syringes. By hand pressure, fluid was passed at acceptable
flow rates through the cellulose membrane mounted in a Millipore stainless
steel 25-mm filter holder. About 3 ml of the same medium without virus
was then passed through the membrane until the 10-ml mark on the collec-
tion beaker was reached. This procedure was necessary because of the
residual volume beneath the membrane mounting in the holder. Samples
were taken for viral assay before and after passage through the membrane.

4.4 Pressure and Flow Rate Relationship for Cellulose Nitrate Membrane

Flow rate data were obtained for various constant pressures. Puri-
fied water was placed in a 1-liter reservoir equipped with pressure gauge
and relief valve. Fluid was led to the membrane holder with quick-
connect and BD valve fittings. A stopwatch and graduated cylinder were
used to obtain flow rate data at any required constant pressure. In a sim-
ilar manner, data were taken to find the maximum flow rate at which no
breakthrough occurs during virus adsorption.

4,5 Effect of Oxidation of Membranes on Virus Adsorption

Membranes were mounted in Millipore stainless steel holders. A
30-ml syringe was placed onto the holder inlet, held upright, and loaded
with chlorine at known concentrations. Free hypochlorous acid accounted
for 70% of the total chlorine present. Five-ml volumes were passed by
syringe plunger through the membrane intermittently during the working
day; 15-20 ml was allowed to remain above the membrane overnight. All
membranes were soaked in pH 5. 5-6. 0 chlorine solutions made in puri-
fied water at room temperature for 15 to 22 hours. These treated mem-

branes were then challenged with diluted stock virus in 0.05 M MgCl2
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at neutral pH.

4,6 TFElution of Virus from Cellulose Nitrate Membranes

Viruses adsorbed to membranes were treated with 5 ml of eluent.
FEluent was passed by syringe through the membrane and collected in a
10-ml beaker. Five ml of pH buffer, if necessary, was immediately fil-
tered through the same membrane and this effluent was collected in the
same beaker with the eluate (if a basic eluent had been used), attaining a
final volume of 10 ml and affecting neutralization.

Time of exposure to organic eluents was increased by collecting the
eluate and passing it through the membrane several times.

4,7 Adsorption of Virus to Clay Particulates

Clay suspensions at a desired Jackson Turbidity Unit (JTU) and
neutral pH were prepared in either purified water or 0.05 M MgCl2 solu-
tions made in purified water. Viruses were diluted from stock ampules
in sterile purified water, and 1 ml of the appropriate dilution was added
to 49 ml of the clay suspension which was in a number 146401 reaction
flask shaking at 150 rpm. Temperatures were within the range of 22-
24°C,

Fifty minutes were allowed for equilibration of adsorbed and non-
adsorbed viruses. At the end of this time, 25 ml of the clay-virus suspen-
sion were poured into a 40-ml centrifuge tube and spun down at 5800 g for
15 minutes in a Servall RC-2B centrifuge equipped with an HB-4 head. As
a control, 1 ml of the diluted stock virus was also added to 49 ml of
MgCl2 without clay, shaken at 150 rpm for 50 minutes, and centrifuged.

Supernatants were sampled and discarded. The pellet was resuspended
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in 25 ml of MgCl2 and centrifuged as before. After this second supernatant
was sampled and plated, it was discarded. The pellet was either stored
or resuspended for immediate testing.

In order to follow the rate of virus adsorption to particulate matter,
two methods have been tried: centrifugation with sampling of the super-
natant, and filtration with sampling of the filtrate. Colloidal solids can
be taken down within 5 minutes at 12, 000 g; yet, viruses continue to adsorb
to the colloidal particulates as they migrate to the tube base. Oza and Chaud-
huri (1975) filtered a virus and granular charcoal suspension through a
number 42 Whatman, 25-mm, paper disc which had been soaked in 3% beef
extract for 4 hours and then mounted in a glass filter-apparatus.

In this study Millex HA, 25-mm membranes were pretreated by
mounting on a 5-ml Stylex syringe and passing through, in succession, 5 ml
Tris buffer, 5 ml 10% fetal calf serum in Tris, and 5 ml Tris buffer. At
any desired time, 5 ml of the shaking suspension could be withdrawn and
filtered through such a membrane. Filter porosity is 0.45 u, and the
smallest particulates are 0. 50 u; therefore, all clay particulates and any
attached virus are intercepted by the membrane. A 5-ml sample of the
control suspension is also filtered to account for any adsorption to the
treated membrane.

Temperature dependence was determined by agitating the virus-clay
suspension on a rotary table placed within a Napco incubator. The control
and clay suspensions were allowed to equilibrate at 37°C before addition of
1 ml of diluted stock virus to 49-ml test volumes, Similarly, suspensions

were equilibrated at 5°C in the 5°C cold-laboratory. Adsorption as a func-
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tion of time was followed by withdrawing 5-ml volumes at 10, 20, 30, 50
and 75 minutes elapsed time and immediately filtering through a serum-
treated membrane.

4,8 Flution of Virus from Clay Particulates

4, 8.1 Evaluation of Candidate Eluents

A virus-bentonite suspension was prepared according to section
4.7. A 2-ml volume of the suspension was added to 2 ml of eluent con-
tained in a large dilution tube. This tube was immediately vortex mixed
for 1 minute and then passed through a Millipore GS 25-mm membrane.
The filtrate was added to either an equal volume of pH neutralizer or to
Tris buffer.

4. 8.2 Time as a Factor

Virus-bentonite suspensions were prepared according to section
4,7. Four-ml volumes of the virus-bentonite suspension were added to
4-ml volumes of the eluent which were contained within Costar 30-ml plas-
tic tissue culture bottles. The elution suspensions were then shaken at
100 rpm on a New Brunswick Model G2 rotary table. At various elapsed
times a bottle was taken off the table, a 4-ml sample was withdrawn, and
the eluate suspension was filtered through a Millipore HA 25-mm mem-
brane which had been treated with 5 ml of 10% fetal calf serum in Tris to
inhibit virus adsorption to reactive sites. The filtrates were diluted in
99 TSB-Tris. An equal volume of agitated control-eluent was processed
in like manner to indicate any loss of titer due to passage through the

membrane.
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4, 8.3 Immobilization Followed by Elution

Virus was first adsorbed to bentonite, then a 5-ml volume of the
resuspended solids with attached viruses was passed through a 25-mm
HA membrane pretreated with fetal calf serum as described in section 4. 7.
The filtrate was sampled to detect any viruses which were released from
the solids during the immobilization step.

A 5-ml volume of eluent was passed through the membrane at a
flux of about 3 ml/minute/cmz. The eluate was collected in a 10-ml plas-
tic beaker, mixed, and sarhpled. The remaining eluent was recycled
through the membrane a certain number of times and the eluate was
assayed to determine if increasing the contact time aided recovery of
attached virus.

4, 8.4 Direct Plating

One ml of the virus-solids suspension was added to 2 ml of 2%
FCS-water or 2% TSB-water. Ten-fold serial dilutions were then made in
this diluent. A 0.5-ml sample of each dilution was plated directly.

4, 8.5 Molar Salt Solutions

A two-molar salt solution was prepared in purified water and ad-
justed to pH 7. Five ml of the virus-solids suspension were added to 5 ml
of the salt solution and vortex mixed for 2 minutes. This mixture was
then immediately diluted in 2% TSB-water.
4. 8.6 Sonication

Ten-ml volumes of the virus-solids suspension were chilled and
placed in thick-walled glass tubes and sonicated at 20 khz for 30 seconds

by a Bronwill Biosonic BP-III sonicator. After sonication, samples were
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immediately diluted in 2% TSB-water diluent.

4.9 Association of Virus with Organic Solids

Suspensions of selected organics at neutral pH were prepared in
either purified water or salt solutions made in purified water. Viruses
were diluted from stock ampules in purified water, and 1 ml of the appro-
priate dilution was added to 99 ml of the humic acid suspension which was
in a number 146401 reaction flask. Contents of the flask were stirred by
magnetic mixing bar at about 200 rpm. Temperatures were within the range
of 22-24°C.

Sixty minutes were allowed for equilibration of adsorbed and non-
adsorbed viruses. At the end of this time, 25 ml of the virus-solids suspen-
sion was withdrawn by pipet and added to a heavy-walled plastic centrifuge
tube. Tube contents were sedimented at 5800 g for 15 minutes in a Servall
RC-2B. As a control, 1 ml of the diluted stock virus was also added to 99
ml of purified water, without salt, stirred for 60 minutes at 200 rpm, and
centrifuged. Supernatants were sampled and discarded. The pellet was
resuspended in 25 ml of salt solution and centrifuged as before. After this
second supernatant was sampled and plated, it was discarded. The pellet
was either stored at 4°C or resuspended for immediate testing.

4,10 Association of Virus with Preformed Aluminum Flocs

Two 200-ml flasks were equipped with magnetic stirring bars. To
the control flask was added 99 ml of dechlorinated tapwater and 1 ml of
diluted stock virus. Flask contents were continuously stirred at 200 rpm.
To the test flask was added sufficient dechlorinated tapwater and either

stock aluminum chloride or aluminum sulfate to attain 98 ml of fluid. The
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pH was immediately recorded, and the pH probe was allowed to remain in
the stirring flask. Dropwise addition of 1 M Na2CO3 was then made

until pH 7 was reached. The volume of Na2C03 added was recorded and

sufficient dechlorinated tapwater was added to 100 ml. After stirring for
60 minutes, the flask contents were poured into a 100-ml centrifuge tube

and spun down at 5800 g for 15 minutes. Typical floc formation data are

given in Table 4-1.

Recovery of virus from pelleted flocs was ‘accomplished by resus-
pending the pellet formed from the 100-ml sample in 5 ml of purified
water. One ml of this suspension was then mixed with 1 ml of Armour
fetal calf serum and appropriately diluted in 2% FCS-water or 2% TSB-

water before plating.

4.11 Chlorine Demand of Virus-Associated Organics

These tests were performed to ascertain if organics accompanying
the bacteriophages would exert an appreciable demand for chlorine and at
what dilution this effect would disappear. Ten-fold dilutions of stock phage-
in-broth were made in sterile purified water. To chlorine-demand free
tubes containing 2 ml of an approximate 1 mg/1 chlorine solution were
then added 1 ml of the diluted phage suspension. Tube contents were vortex
mixed and allowed to react for 1 minute at 24°C. To each of the tubes,

0.1 ml of orthotolidine chromogenic reagent was added at the end of the
reaction period and the color was allowed to develop for 2 minutes. Devel-
oped color was read at 435 nm on the Varian 635 spectrophotometer. Ab-
sorbances for the test reactions were compared to control tubes containing

2 ml of purified water, 1 ml of the appropriate phage-broth dilution, and
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Table 4-1. Formation of Aluminum Flocs in Tapwater
Salt Molarity Al, Initial pH ml/100 ml of Na,CO4
mg/l added to attain pH 7

A1C13 . 0.0005 13 6.52 0.01
6 Ho0 0.0015 39 4.83 0.10
0.0045 117 4.20 0.70
0.0135 351 3.97 2.70
A12(SO4)3 -« 0.00024 13 7.10 0.00
18 Hp0 0.00072 39 4.80 0.11
0.00216 117 4,20 0.74
0.00648 351 4.00 2.70

Tapwater: pH 8.2, 81 mg/l hardness (CaCO3), 201 mg/l alkalinity

(CaCOS).
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0.1 ml of orthotolidine reagent.

4,12 Batch Reaction Tests for Freely Suspended Virus

Both the test and control reactors were Corning, number 5900,
150-ml reaction flasks. To the control flask was added 99 ml, pH 6,
0.05 M MgC‘l2 made in purified water. Stirring was accomplished by mag-
netic stir bars at a rate of 250 rpm. To the reaction flask was added
104 ml of the 1\/IgC12 solution.

To the control flask was added 1 ml of diluted stock virus. After
conclusion of the inactivation test a 1-ml sample was withdrawn from the
control flask and plated as a control for the starting virus titer.

Microliter volumes of stock chlorine were added to the test flask
to yield desired final concentrations. An equilibrium time of 30 seconds
was allowed after addition of chlorine before taking a 5-ml sample for
chlorine measurement. Within 10 seconds after adding the chlorine sam-
ple to the chromogenic reagent, 1 ml of the diluted virus was added. The
timer was started so that zero time commenced with addition of the virus.
One-ml samples were withdrawn and neutralized in 2 ml of a 6 mg/1
sodium thiosulfate solution made in Tris buffer. The elapsed time at
each sample neutralization was recorded by an assistant. In this way,
remaining viable virus could be followed as a function of contact time.

4,13 Batch Reaction Tests for Solids-Associated Virus

Stock virus-solids suspensions were stored at 4°C in plastic vials.
Before each test, the solids were diluted in 0.05 M 1\/IgC12 and spun down
at 2500 g for 10 minutes. The supernatant was discarded; the pellet was

resuspended in an appropriate volume of 0.05 M MgClz_ To the control
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flask containing 99 ml, pH 6, 0.05 M MgC12 was added 1 ml of the virus-
solids stock suspension. After 1 minute of mixing by a magnetic bar at
250 rpm, 25 ml was withdrawn and the JTU value was determined. Absor-
bance of the suspension at 530 nm was recorded.

Microliter volumes of stock chlorine were added to 0. 05 M MgC12,
pH 6, in the test flask. The initial volume in the test flask was 105 ml;
this allowed a 5-ml sample to be withdrawn, prior to adding the virus, for
determination of chlorine. An assistant recorded the absorbance of the
DPD color-developed 5-ml sample; the investigator immediately added 1 ml
of the virus-solids suspension to the test reactor; the timer was started;
and 2-ml samples were withdrawn and neutralized in 2 ml of a 50% TSB

solution containing 6 mg/1 Na,S O

903 Flapsed time at neutralization was

recorded by an assistant, At the end of the inactivation test, the control
flask was sampled.

In investigating the loss of free chlorine as a result of adding either
clay or aluminum hydroxide gels to the reactor flask, it was necessary
to account for 530 nm absorbance contributed by the solids. The 530 nm
absorbance of the control suspension, usually less than 0. 025, was sub-
tracted from the 530 nm absorbance of the chlorine detection developed
color. This corrected absorbance was then used to calculate the chlorine
concentration of the solids-containing test flask.

4,14 Immobilized Disinfection Tests

In order to efficiently treat immobilized virus with chlorine and
then neutralize the disinfectant with sodium thiosulfate, the apparatus

shown in Figure 4-1 was designed and used. Two 10-ml disposable syr-



Figure 4-1. Disinfection and neutralization apparatus for inac-
tivation of immobilized viruses.
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inges were connected to a Millipore micro syringe holder, 25-mm, by
tubing containing one-way check valves. These tubing leads met at a
three-way valve which then had a common lead to the syringe holder. Thus,
chlorine could be infiltrated into the syringe holder containing immobilized
virus and, at a time required by the test parameters, the three-way valve
could be closed to the chlorine and thiosulfate contained in the other syringe
could be injected into the system to immediately stop the disinfection ac-
tivity.

4,15 Chlorine Demand of Clarified Sewage Constituents

Stock chlorine was prepared by adding 0.2 gm of Olin "HTH" to
100 ml of purified water followed by adjustment to pH 6. A chlorine-demand-
free 146401 reaction flask containing 100 ml of sample was mixed mag-
netically at 200 rpm. All tests were conducted within the temperature
range of 22-24°C. Reaction times of 1 minute were allowed after addition
of 100-u1 increments of stock chlorine. At the end of each reaction time,
5 ml was withdrawn and the residual free chlorine was determined by the
Lamotte-Palin DPD method. Before addition of another 100 ul of stock
chlorine, 5 ml of the stock sample was added to the flask to maintain a
reactor volume of 100 ml.

4.16 Recovery of Coliphages from Clarified Sewage

Five gallons of clarified sewage were obtained from the Southwest
Treatment Plant, Houston, Texas, by lowering a 5-gallon stainless steel
Millipore pressure vessel by a nylon rope into the exit stream of the circular
clarification tank which is nearest the chlorine contact chamber. Five

gallons of chlorinated effluent -sere collected by lowering an identical ves-
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sel into the chlorine contact chamber at the point where the fluid exits
over the wier. To each of the vessels 50 ml of a 6000 mg/1 Na28203 solu-
tion was added.

A 142-mm, 0.45-u, disc-shaped HA membrane filter was pre-
pared by mounting it in a stainless steel holder and washing with 1 liter of
purified water. The clarified sewage was then thoroughly mixed by bub-
bling with air. Two gallons were withdrawn and placed in a 2-gallon pres-
sure vessel and 2000 ml were driven through the disc under 5 psi. The
filtrate was collected, sampled for freely suspended virus, and stored in
a walk-in freezer. One liter of purified water was driven through the disc
filter to remove any freely suspended virus trapped atop the filter or within
the filter holder. After the membrane was removed, the solids were
scraped with a spatula into a 50-ml tube containing 5 ml of trypticase soy
broth. Dispersion was accomplished with vortex mixing. The suspension
was then sampled and frozen. The chlorinated effluent was processed in
exactly the same manner. Sound-disruption of these samples was carried
out by chilling and then suspending a 2-ml volume in an ice bath while sub-
jecting the sample to sonication by a Bronwill Biosonic III probe vibrating

at 20, 000 Hz for 30 seconds.
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. Experimental Results and Discussion

5.1 The Role of Solids in Virus Inactivation by Chlorine

Berg (1974) and Culp (1974) have called for an investigation into the
role of solids in virus disinfection by chlorine. An appraisal of the effect
of solids was performed by observing the inactivation of a specific group of
naturally occurring coliphages as they passed through the chlorination cham-
ber of a municipal sewage treatment plant. E. coli host cell was Ameri-
can Type Culture Collection number 15597, which is a genetic donor pos-
sessing F-pili capable of accepting both icosahedral and filamentous phages.
Of course, phages specific for this strain of E. coli account for only a frac-
tion of the total virus population present; yet, it is reasonable to assume
that the effect of solids on the fate of this heterogeneous subset is analogous
to the effect of solids on the fate of the entire virus population.

The virus assays listed in Table 5-1 indicate that about 12% of these
coliphages are associated with solids. Although coliphages are extremely
sensitive to chlorination, association with solids afforded protection; the
titer of solids-associated virus was only reduced by 99%. Sonication at
a level capable of disrupting flocs but not sufficient to inactivate viruses
did not increase the virus titer; serum treatment, resuspension, and freez-
ing must have released bound virus as effectively as sonication.

This observation of coliphage survival in solids demonstrates that
solids-associated viruses are protected during chlorination; but, how they
are protected is not known. Research must be conducted which will answer
a number of questions. Do the solids protect by exerting chlorine demand?

Are viruses that are adsorbed to the periphery of solids protected? Are



Table 5-1. Role of Solids in Virus Inactivation

by Chlorine

Virus state, titer Disinfection chamber

Influent

Effluent

Freely suspended,
PFU/ml 6

Solids-associated,
PFU/2000 ml 1380

Solids-associated
(after sonication),
PFU/2000 ml 1350

18

15

Site: Southwest Sewage Treatment Plant,

Houston, Texas.

39
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viruses that are enmeshed within solids protected better than surface-
adsorbed viruses? How do the inactivation rates compare for freely sus-
pended viruses and solids-associated viruses?

5.2 The Reaction Milieu of the Chlorine Contact Chamber

Texas Water Quality Board standards for wastewater disinfection
require a chlorine residual of 2.0 mg/1 after a 30-minute contact time.
Chlorine residual is determined by the ortho-tolidine method, which indi-
cates both free and combined forms of chlorine.

The Southwest Treatment Plant, Houston, Texas, applies Na+(OC1_)
to the clarified effluent: chlorine is piped to a point above the entrance to
the baffled contact tank; the chlorine then drops from the open end of the
pipe to the chamber below. No mechanical mixing of any kind occurs.
Flows are controlled so that the chlorinated effluent remains in the tank
for 30 minutes before exiting over a wier.

Free chlorine will appear chemically either as hypochlorite ion,
OC1-, or as hypochlorous acid, HOCl; relative concentrations of these
species depend upon the hydrogen ion concentration of the wastewater.
Hypochlorous acid, the most virucidal of the chlorine species, will com-
bine with ammonia, hydrogen sulfide, divalent iron and manganese, suspen-
ded solids, phenols, and organic compounds with unsaturated linkages.
These compounds compete for the free chlorine, and significant viral dis-
infection is not achieved until the demand of the extraneous compounds is
met. All these chlorine-demanding constituents, along with the viruses
themselves, comprise what may be called the reaction milieu, shown

diagrammatically in Figure 5-1.



Figure 5-1. The reaction milieu of the chlorine contact chamber.
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Chlorine demand of each constituent of a typical activated-sludge
clarified-effluent was determined by comparison of the free chlorine
applied to a sample, until a free residual of 1 mg/1 was reached, to an
identical reaction carried out in purified water. Each incremental addition
of free chlorine was allowed to react for 1 minute before determination of
the free residual. Total reaction times were about 6 minutes for addition
of chlorine to purified water and from 6 to 10 minutes for treated sewage-
constituent reactions.

Kott et al. (1974) have found that sewage effluents contain an average
total coliphage and enterovirus titer of 1 x 104 PFU/ml. This virus titer
was prepared in purified water and subjected to incremental additions of
free chlorine; no detectable chlorine demand was seen. Results of this
demand test and tests for other constituents are illustrated in Figure 5-2
(A, B).

Suspensions of bentonite were used to model inorganic suspended
solids. Two clay concentrations at 3 and 5 JTU were prepared in purified
water and reacted with free chlorine; even at 5 JTU, a chlorine demand
of only 0.1 mg/l was observed.

Organic particulates consist of dispersed bacteria, clays with surface-
bound organics, and non-settled floc particles. Suspensions of organic
particulates were obtained from the Southwest Treatment Plant, Houston,
Texas, and washed in purified water. Suspensions were prepared at 3. 5,
6.7, and 9.5 JTU in purified water. Chlorine demands for these solids

concentrations were 0.4, 0.6,and 1.4 mg/1 HOCL.



Figure 5-2.

Chlorine demand tests on treated sewage constituents:
purified water (@); 104 PFU/ml virus (Q); 5 JTU clay
(0); 16X non-ammonia soluble compounds (m); 16X
total soluble compounds (A); 16X 10.3 mg/1 NHg (0);
purified water (®); 3.5 JTU organic particulates (A);
9.5 JTU organic particulates ().
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Soluble constituents of the effluent were obtained by filtration
through 0. 45-u membranes. This filtrate was analyzed by the ultraviolet
absorbance method of Dobbs _e_t_a_l_. (1972) and found to contain 7 mg/1 total
organic carbon (TOC); and, by the Nessler method, 10.3 mg/1 NH3 was
present. After a 16-fold dilution of this filtrate, chlorine demand was
determined; on an undiluted basis, 56.3 mg/1l HOCl must be applied before
attaining a free residual of 1 mg/1.

Where does this soluble chlorine demand originate? By preparing
a stock solution of ammonia at 10. 3 mg/1l, equivalent to that concentration
of the sewage effluent, and then diluting this stock 16-fold prior to testing
for chlorine demand, it was found that on an undilute basis some 52.6
mg/1 HOCl must be applied before attaining a free residual of 1 mg/l. Thus,
most of the chlorine demand in the soluble portion of treated sewage is
contributed by ammonia. This finding was substantiated in this manner:
(1) reduction of the ammonia in the soluble portion from 10. 3 to 0. 3 mg/1
by passage through a calcium-charged clinoptilolite column; soluble organics
were not lost as a result of this treatment; (2) dilution of the zeolite-treated
solution by 16-fold; and (3) chlorination to a free residual of 1 mg/l. On
an undilute basis, soluble compounds other than ammonia account for only
8.5 mg/1 of the 56. 3 mg/1 total soluble chlorine-demand. Laubusch (1971)
has stated that the time required to complete most reactions of chlorine
with organics usually is considered to be a matter of hours.

These results indicate that neither organic nor inorganic particulates

contribute significantly to the total chlorine demand. It is likely that com-

ponents of the particulates which react with chlorine are those that are
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along the surface; and, once these reactions are completed, the chlorine
does react with interior constituents.

A listing of the percentage chlorine-demands of each of the milieu
constituents of a typical treated sewage effluent is given in Table 5-2,

5.3 Association and Dissociation of Virus with Solids

5. 3.1 Determination of Virus Dispersion

To determine if MS-2 bacteriophages were present in large aggre-
gates, a membrane passage test was performed similar to that of Ver
et al. (1968) using 0.22~u porosity GS membranes.

Titer of the challenge was 2.4 x 104 PFU/ml, titer of the first
filtrate was 2.4 x 104 PFU/m]l, and titer of the second filtrate was 2.0 x
104 PFU/ml. These counts are indicative of monodispersed phage; should
any aggregates be present, they are surely small ones consisting of only
two or three phages capable of traversing the tortuous channels of the
membrane.

Milman et al. (1966) have observed aggregates in a purified prep-
aration of R17, a phage closely related to MS~2. Large aggregates of
MS-2 in the host bacterium have been seen by Meijvisch (1973). Since
stock phage is prepared by allowing the phage to diffuse into trypticase
soy broth from lysed cells, it is likely that such aggregates are dispersed
by the broth organics; the agitation of the dilution procedure also dissoc-

iates the aggregates.

5.3.2 Virus pH Sensitivity

The methods described by Wallis and Melnick (1967) and Wallis

et al. (1972) have involved adjustments in hydrogen ion concentration for
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Table 5-2. Chlorine Demand of Reaction Constituents

Constituent Concentration Chlorine Percent
demand,
mg/l
Viruses 10, 000 PFU/ml 0.0 0.0

Activated sludge
solids 3.5 JTU 0.4 0.6

Soluble organics
and reducing agents 7 mg/1 TOC 8.5 13.8

Ammonia 10.3 mg/1 52.6 85.6
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poliovirus adsorption to and elution from cellulose membranes; therefore,
the sensitivity of MS-2 phage to pH variations was evaluated inbatch reac-
tion survival tests conducted through a range of pH values.

Results indicate that MS-2 is both acid and base labile. After 5
minutes at pH 1, only 6% viable phage remained; at pH 3, 48% remained;
and at pH 5, 69% remained. At pH 11 approximately 70% of the phage
were viable after 5 minutes. The survival curve (Figure 5-3) indicates
that the inactivation rate is not constant throughout the contact time.

5.3.3 Adsorption of Virus to Cellulose Nitrate Membranes

5.3.3.1 Effects of pH and Salts

Adsorption tests were performed in which hydrogen ion concen-
tration, salt identity, and salt concentration were varied. Table 5-3 is a
composite of experimental results. Virus titer was determined both before
and after passage through the membrane. The percent passing is the ratio
of filtrate virus titer to challenge virus titer expressed as a percentage.

For viruses suspended in 0.05 M glycine at pH values between
6 and 7, no adsorption occurred. Lowering the pH to 3.5 increased ad-
sorption dramatically. This effect may be due to the virus carrying a net
positive charge since the reported isoelectric point (Chaudhuri and Engel-
brecht, 1969) is 3.9. Of course, hydrogen ion concentrations in this range
are deleterious to the virus. Challenge controls taken immediately before
adsorption and imme'diately after neutralization of the filtrate indicated a
substantial loss of titer.

Homma et al. (1973) presented evidence for adsorption of animal

viruses to membranes with 0.0005 M A1C13 at pH 3.5 in sewage organics.



Figure 5-3. Sensitivity of bacteriophage MS-2 to pH variation.
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Table 5-3. Enhanced Adsorption of Virus to Membranes

by Cations
Salt pH Percent virus passing
None 6-7 100
None 3.5 <1
.10 M NacCl 6-7 36
.05 M MgCl2 6-17 <1
.00 M CaCl2 6-17 <1
. 0005 M AlC1 3.5 <1

3
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Aluminum cation may aid MS-2 adsorption, but it is not possible to differ-
entiate the influence of the trivalent cation from the effects of reducing
the pH and rapid acid lability. However, experiments did demonstrate
that MS-2 was more stable at low pH in the presence of salts. Thirty to
fifty percent of infective titer was recoverable in eluates of aluminum ad-
sorbed viruses.

Two divalent cations, magnesium and calcium, were evaluated
at pH values between 6 and 7. At a concentration of 0. 05 M, both adsorbed
essentially all of the influent virus. Orientation experiments indicated
that bacteriophage MS-2 adsorbed with calcium was more difficult to elute
than magnesium-bound virus. Magnesium was therefore the divalent
cation selected as adsorbent aid.

Lodish and Zinder (1965) reported that bacteriophage f-2 could
be adsorbed to cellulose nitrate membranes if they were suspended in a
0.15 M sodium chloride solution. The adsorption process was also rever-
sible by organic eluents. At neutral pH, 0.1 M NaCl allowed 36% of in-
fluent virus to pass the membrane.

5.3.3.2 Effect of Magnesium Chloride

The role of magnesium ion concentration was explored further
by performing adsorption tests through a range of concentrations. Results
of this experiment are shown in Table 5-4. Figure 5-4 illustrates that
insignificant numbers of phages were adsorbed to the membrane in 0. 001
M MgCl2 or less; at 0.05 M MgClz, 100% were adsorbed. These data

are closely related to poliovirus adsorption as reported by Wallis et al.

(1972).
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Table 5-4. Effect of MgCl2 on Adsorption of Virus to

Cellulose Nitrate

MgClZ, M Virus, PFU/ml Percent
Control Filtrate Adsorbed adsorbed
0 9, 600
-4
2 x 10 9,600 0 0
8x10 % 9,400 200 )
3% 1075 8, 500 1,100 11
1.2 x 10”2 5,700 3,900 41
2

5% 10 2 9,600 100




Figure 5-4. Effect of MgCl, concentration on virus adsorption
to cellulose nitrate membranes.
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Valentine and Allison (1960) found that for virus adsorption to
non-biological surfaces, straight lines are obtained when the logarithm
of the adsorbed virus is plotted against the logarithm of the concentration
of ions. For this case, their finding nearly holds as is seen in Figure
5-5, However, a smooth curve which begins to level off fits the data
nicely and indicates that viral and membrane adsorption sites are becom-
ing saturated with magnesium ions.

5.3.3.3 Pressure and Flow Rate Relationship

Pressure-flow rate characteristics for flow of purified water
through the membranes are shown in Figure 5-6. At very low flow rates,
less than 0.2 ml/min, the flow rate versus differential pressure curve
was not linear. For higher flow rates, the curve was linear as expected.

5.3.3.4 Effect of Flow Rate

Viruses, with and without adsorption aiding salt, were passed
at various flow rates through cellulose nitrate membranes. Results are
listed in Table 5-5. Flow rates in excess of 6 ml/min yielded viruses in
the filtrates. The critical flux is approximately 1.5 ml/min/cmz. It
seems reasonable to suggest that there is a minimum contact time re-
quirement for an electrostatic bond to form between the virus and adsorp-
tion site; or, stated in another way, forces tangential to internal mem-
brane surfaces arising from fluid velocity and shear stress distributions
must not be greater than adsorptive forces holding the virus particles to

the surface.



Figure 5-5. Adsorbed virus as a function of MgCl2 concentration.
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Figure 5-6. Pressure-flow rate characteristics of 25-mm membranes:
membrane A (@); first trial membrane B (A); second
trial membrane B (0O); and membrance C (@).
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Table 5-5. Effect of Flow Rate on MS-2 Adsorption to Membranes

Adsorbent aid Flow rate, ml/min Percent virus passing
None 0.02 100.0
0.10 100.0
0.17 100.0
0.42 100.0
1.18 100.0
0.05 M MgCl2 1.06 <1.0
1.40 <1.0
2.40 <1.0
3.20 <1.0
5.26 <1.0
6.60 <1.0
12.50 2.7
17.00 13.0
27.50 13.2
29. 50 17.7
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5.3.3.5 Effect of Oxidation of Membrane

The existence of chemically alterable membrane adsorption
sites was evidenced by a reduction in virus adsorption capacity after pre-=
treatment with chlorine. As Figure 5-7 and Table 5-6 indicate, the site
alteration effect increased with increasing chlorine concentration, Demand
for free chlorine was determined by passing a solution of 1 mg/1 free chlor-
ine through the membrane and comparing effluent concentration to influent
concentration.

Integrity of the oxidized membrane was checked by challenging
representative treated membranes with a mixed tapwater bacterial suspen-
sion at a concentration of 10, 000 CFU/ml, and no bacteria were present
in the filtrate.

This adsorption reduction phenomenon should be explored fur-
ther since it affords a method of preparing preliminary clarifier mem-
branes of extremely low porosity which do not remove viruses by adsorption
even with adsorption enhancing salts present.

5.3.4 Elution of Virus from Cellulose Nitrate Membranes

5.3.4.1 Effect of Elevated pH

Wallis et al. (1972) used pH 11. 5 glycine-NaOH buffer for elu-
tion of poliovirus from Millipore HA membranes. This elution effect was
instantaneous. The absence of cations in this eluent immediately dilutes
the adsorption enhancing multivalent cations, and the abundance of hydroxyl
ions increases the net negative surface charges of the virus and the mem-

brane, allowing repulsive charges to separate the adsorbate and adsor-

bent.



Figure 5-7. The effect of chlorine preoxidation on virus adsorp-
tion. Free chlorine was 70% of total chlorine.
A non-exposed membrane served as the control.
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Table 5-6. Pretreatment of Membranes: Elimination of Chlorine

Demand and Reduction of Virus Adsorption Capacity

Free chlorine Virus titer, PFU/ml Percentage
pret;ea;tlm ent; Challenge™™  Filtrate Virus Chlorine
g adsorption demand
0 840 0 100 100
35 33 96 <1
70 179 89 <1
350 290 65 <1
700 550 35 <1

% Pretreatment conditions: pH 5.5, 23°C, 22 hours.

2% Virus suspended in 0. 05 M MgClz, pH 7.
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The effect of elevated pH on elution of MS-2 bacteriophage from
cellulose nitrate membranes was determined by adjusting 0.05 M glycine
with NaOH to pH 7, 8, 10, 11, and 11. 5 and using these eluents to recover
virus adsorbed to cellulose nitrate by 0.05 M MgCl2 at pH 7. Variation
in recovery as a function of pH is shown in Table 5-7. Glycine adjusted
to pH 10 resulted in recovery of about 60% of adsorbed phage.

Less than 10% of adsorbed virus was recovered by pH 11.5 gly-
cine. The possibility that this was due to viral inactivation by hydroxyl
ions was checked by performing stirred batch reactions with virus suspen-
ded in pH 7, pH 11, and pH 11. 5 glycine. Virus suspended in both the
basic buffers was inactivated rapidly: 30% of virus was inactivated after
1 minute at pH 11, and 65% of virus was inactivated after 1 minute at pH
11.5. Viral inactivation at these pH levels during a 15-minute test period
is shown in Figure 5-8.

5.3.4.2 Effect of Chelating Agent

Dunn and Hitchborn {1964) were able to dissociate magnesium
aggregated tobacco mosaic virus suspended in phosphate buffer, pH 7. 4,
by the addition of excess NazEDTA, but this effect was not noticeable at
pH 6.

The possibility that addition of EDTA to the glycine eluent would
allow elution of membrane-bound virus at pH values nearer neutrality,
thereby eliminating the need for neutralization, was inve stigated. Solu-
tions of 0. 01 M EDTA were prepared in 0. 05 M glycine buffer at pH values
of 7, 8, 10, 11, 11,25, and 11.5. These eluents were then used to elute

MgCl2 adsorbed viruses from HA membranes. Figure 5-9 shows that



Table 5-7. Elution by Glycine-NaOH Buffer

Sample Virus, PFU/ml Percent

Challenge Filtrate Eluate recovery
(pool)

Control 15,600 0

pH 7.0 1,080 7

pH 8.0 540 3

pH 10.0 9.000 58

pH 11.0 8,400 54

pH 11.5 780 5




Figure 5-8. High pH lability of MS-2 bacteriophage.
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Figure 5-9. Recovery by EDTA as a function of hydrogen ion
concentration.
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EDTA at pH 11 is the best eluent and that EDTA does not enhance recov-
ery at lower pH values.

Once again, poor recovery occurred at pH 11. 5. Inclusion of
the pH 11. 25 eluent allowed a demonstration of the sharply defined range
of rapid inactivation at high pH. Within the 0. 25 pH range of 11.25 and
11.50, recovery dropped from 70% to 10%.

5.3.4.3 Effect of Organic Eluents

Lodish and Zinder (1965) eluted 83% of f-2 bacteriophage from
cellulose nitrate membranes by washing with nutrient broth.

This method of elution was tried using trypticase soy broth
(TSB), pH 7.2, and fetal calf serum (FCS), pH 7.4, as the organic eluents.
Average percent recoveries were 28 with TSB and 34 with FCS, but, as
seen in Table 5-8, there was no consistency in these results.

The possibility that by increasing the time of exposure to the
organic eluent better recovery may be accomplished was investigated.
Time of contact was increased by collecting the eluate and recycling this
eluate through the membrane a total of five times. Virus titer of the first
eluate and the fifth eluate were determined; the rinse was also assayed to
indicate if any virus might be lost at this step. As Table 5-9 shows, in-
creasing the contact time between the adsorbed virus and the organic
eluent definitely enhances elution of the virus. These results are indica-
tive of an exchange mechanism in which the organics take the place of the

adsorbed virus on the membrane surface,
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5.3.4.4 Synergistic Effect of Basic Crganic Eluent

Elution of virus from cellulose nitrate has been shown to occur
at neutral pH by a time-dependent exchange mechanism in which organics
displace attached virus. Elution also results by an intensification of the
repulsion forces between the virus and adsorption site brought about by
exposure of the virus-site complex to elevated pH buffers.

A combination of these causal factors would be an organic elu-
ent adjusted to basic pH. Such an eluent combination was prepared by
NaOH adjustment of FCS, normally at pH 7.2, to pH 8.5, 10, and 11.
Effectiveness of these eluents is shown in Table 5-10. Maximum recovery
of virus was achieved at pH 10 and was 77%.

5.3.5 Adsorption of Virus to Clay Particulates

5.3.5.1 Effect of Magnesium Chloride Concentration

The influence of the magnesium ion concentration was explored
by varying the concentration of magnesium chloride, with constant virus
and clay concentrations, and observing the variation in virus adsorption.
Holding constant a virus titer of 1.9 x 105 PFU/m! and clay particulates at
35 mg/1l, magnesium chloride was varied from 0 to 0.1 M. Number of un-
adsorbed viruses for each salt concentration is given in Table 5-11. Counts
of unadsorbed viruses decreased sharply from no-salt to 0. 01 M; thereafter,
additions of salt did not significantly affect the number of viruses adsorbing
to the solids. Percentage of viruses adsorbed versus salt concentration is
represented in Figure 5-10; the biphasic nature of the relationship is clear-
ly illustrated.

It is interesting to note that viruses adsorbed to the bentonite

even without salt in the medium. This behavior may be mediated by sur-



Table 5-10. Elution by Basic FCS

Sample Virus, PFU/ml Percent
Challenge Filtrate Eluate recovery

Control 37, 500

pH 7.2 0 16, 500 44

pH 8.5 0 18, 300 49

pH 10.0 0 28, 800 7

pH 11.0 0 20,100 54

59
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Table 5-11. Effect of 1\/IgC12 on Adsorption of

Virus to Bentonite

MgCl,, M Supernatant virus, PFU/ml Percent
Without clay With clay adsorbed
0 191, 000
0 131, 000 39
0.002 99, 600 48
0.010 35,700 81
0.050 34, 200 89
0.100 36. 900 50




Figure 5-10. Percent virus adsorbed to bentonite as a function
of MgCl, concentration. Test conditions: 35 mg/1
bentonite clay, 23°C, 150 rpm, and 50 minutes
stirring time.
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face-bound cations, since, according to Moll (1975), such cations are
present and are exchangeable.

5.3.5.2 Time for Adsorption-Desorption Equilibrium

The time necessary to achieve equilibrium between adsorbed
and nonadsorbed virus was found by following the percent of virus adsorbed
versus the time of contact with the clay particulates.

It was possible to determine the titer of unadsorbed virus by
withdrawing 5 ml from the shaking suspension and immediately passing the
sample through a non-virus-adsorbing membrane which held back all par-
ticulates and any viruses attached to them but allowed free viruses to pass
into the filtrate. Table 5-12 lists the filtrate assay versus contact time.
After 50 minutes, 90% of the viruses were associated with solids, and
only 8% more attached within the next 25 minutes. A contact time of 50
minutes was used in all subsequent tests.

Figure 5-11is a semilogarithmic plot of unadsorbed virus as a
function of contact time. The straight line is indicative of a first-order
reaction with respect to unadsorbed virus. This relationship can be ex-

pressed mathematically as
Vy = Vyge &t (5-1)

where Vu = unadsorbed virus at time t;

Vo = initial unadsorbed virus; and,

k = reaction rate constant.



Table 5-12. Equilibration Time for Virus Adsorption

to Bentonite

Sample Virus, PFU/ml Percent
adsorbed
6
Control .36 x10
Control 6
filtrate .60x10
10 min 5
filtrate .80 x 10 46.5
20 min 6
filtrate .46 x 10 56.6
30 min 5
filtrate .06 x10 68.4
50 min 5
filtrate .85 x 10 91.5
75 min 4
filtrate .40 x 10 98.4

Test conditions: Bentonite, 75 mg/l; pH 6.9; 0.05 M

MgClz; 23°C; 150 rpm.
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Figure 5-11. Unadsorbed virus as a function of contact time.
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The value of k then can be determined from

k = -2.3 10g10 Vy 5 and, (5-2)

t uo

for these conditions, k = 0,04 min-l.

5.3.5.3 Effect of Clay Concentration on Equilibrium

For a clay concentration of 75 mg/1 it was found that 90% of
the initial virus titer had been adsorbed after 50 minutes. Adsorption of
virus to suspended solids is, of course, dependent upon collision of the
virus with the particulates; it was therefore necessary to ascertain through
what range of clay concentrations 50 minutes would be sufficient to achieve
90% adsorption of the initial virus titer.

Results of adsorption tests in which the bentonite concentra-
tion varied from 7 mg/1 to 130 mg/1 are depicted in Figure 5-12. The ratio
of adsorbed virus to unadsorbed virus, Va/Vu, increases with increasing
clay concentration in a sigmoidal manner. Percentage of virus adsorbed
to the solids, Va/(va + Vu), is at least 90% within 50 minutes for benton-
ite concentrations greater than 50 mg/l and agitated at 150 rpm.

5.3.5.4 Effect of Agitation on Adsorption Rate

Attachment of virus to suspended matter is dependent upon (1)
transport of the viruses and particulates toward one another and (2) form-
ation of an attractive force which binds the virus to the solid. Virus and
particulate must collide before attachment can occur. Agitation of a
virus-clay suspension should influence the rate of adsorption because the

number of collisions per unit time is proportional to the agitation speed.



Figure 5-12. Effect of clay concentration on adsorption ratios.
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To explore the role of agitation speed, adsorption tests with
identical solids concentrations were conducted at 23°C with rotation rates
oi" 50, 100 and 200 rpm. Titer of unadsorbed virus was followed as a func-
tion of stirring time by using the FCS-pretreated membrane method.
Results of these tests are tabulated in Table 5-13,

Rate of virus adsorption to clay is definitely dependent upon agi-
tation speed. This indicates that the adsorption phenomenon is diffusion
limited. After 50 minutes, clay suspensions stirred at 50, 100 and 200
rpm had adsorbed 42, 58 and 93% of the initial virus titer, respectively.
Fraction of unadsorbed virus against time is depicted in Figure 5-13 for
the 100 and 200 rpm tests. Adsorption rate constants have been calculated
at 50, 100, 150, and 200 rpm and are listed in Table 5-14.

5.3.5.5 Effect of Temperature on Adsorption Rate

To ascertain the effect of temperature upon the rate of virus
adsorption to bentonite particulates, two suspensions were prepared having
identical solids concentrations; however, one suspension was maintained
at 5°C whereas the other was kept at 37°C. Test results are given in
Table 5-15. Adsorption data at both temperatures plot as straight lines of
negative slope, as illustrated in Figure 5-14.

The rate of virus adsorption to the clay particulates increased
with increasing temperature. At 5°C the reaction rate constant is 0. 028
min-l; at 37°C the value of the reaction rate constant is 0. 034 min_l.

Oza and Chaudhuri (1975) have reported that adsorption of bacteriophage T4

to Giridih coal increases with temperature elevation from 28°C to 39°C.
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Table 5-13. Unadsorbed Virus as a Function of Agitation Rate
Rotational Virus titer, PFU/ml x 10—3 Percentage
speed, rpm Time minutes adsorbed

' after 50

0 10 30 50 minutes
50 282 200 162 162 42
100 291 221 138 122 58
200 182 99 42 13 93

Test conditions: Bentonite, 70 mg/l; pH 7; 23°C; 0.05 M MgClz.



Figure 5-13. Fraction of unadsorbed virus as a function of
stirring speed.
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Table 5-14. Adsorption Rate Constant as a Function
of Stirring Speed
Rotational Unadsorbed virus, PFU/ml Adsorption
speed, rpm rate cons-

Time, minutes

tant, min~ 1

0 30
5 5
o0 2.82x 10 1.62 x 10 0.019
5 6]
100 2.91x10 1.38 x 10 0.025
150 3.36 x 106 1.06 x 106 0.038
5 4
200 1.82 x 10 4.20 x 10 0. 049




Table 5-15. Adsorption as a Function of Temperature

Sample Unadsorbed virus, PFU/ml
5°C suspension 37°C suspension

Control 495,000 267,000
Control

filtrate 378,000 186, 000
10 min

filtrate 279, 000 135, 000
20 min

filtrate 210, 000 82, 800
30 min

filtrate 162,000 43,050
50 min

filtrate 138, 000 33,900
75 min

filtrate 45, 000 16, 200

Test conditions: Bentonite, 75 mg/l; pH 7.0; 0.05 M MgCl,;
90 rpm.



Figure 5-14. Effect of temperature on adsorption rate.
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Cookson (1966) adsorbed T4 to granular 26/35 carbon and found a rate
constant of 0. 004 min"1 at 23°C and also at 33°C.
The kinetic rate constant varies with temperature. The Arr-

henius relationship is as follows:

dlnk E
dT  RT?2 (5-3)

Integration of this equation and solution for the apparent activation energy E
with k1 = 0,028 min-1 at 278° absolute and k2 = 0,034 min"1 at 310° absol-
ute yields an apparent activation energy of 1 kcal/mol. This supports the
conclusion that virus adsorption to clay is a diffusion-limited process since
such values of activation energy have been found in studies of the effect of

bulk temperature changes on the diffusion coefficient.

5.3.5.6 Adsorption Isotherm

Removal of solute molecules from the liquid phase of a solid-
liquid system will continue to occur until an equilibrium between adsorbed
and free solute molecules is attained. This equilibrium state has tradi-
tionally been portrayed by plotting the amount of adsorbed solute per weight
of solid versus the concentration of free solute. A graphical display of
this type is called an adsorption isotherm.

Although viruses suspended in water physically exist as bio-
colloids and not as solubilized molecules, adsorption of waterborne viruses
to solids is amenable to depiction by adsorption isotherms. The data of
Table 5-16 was plotted in Figure 5-15. Adsorbed virus per unit weight
of solids increases linearly with the concentration of free virus. Giles

et al. (1960) have classified dilute solution isotherms according to shape.



Table 5-16.

Low Coverage Adsorption

69

Virus, PFU/ml Bentonite, Adsorbed virus, PFU
Unadsorbed Adsorbed mg/1 Bentonite mg
1.00x103 1.40x104 0.130 1.08}{105
1.20 x 10° 6.70 x 10° 0.075 7.33 x 10°
3.00x105 1.03 x 106 0.075 1.37 }(10'7
6.06 x 105 2.05 x 106 0.075 2.74 x 107

Test conditions: 23°C; 150 rpm; 0.05 M MgClZ.



Figure 5-15. Low coverage adsorption isotherm.
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The linear behavior evident in Figure 5-15 is normally seen at low cover-
ages, that is, when very few of the possible adsorption sites are occupied.
Under these test conditions, there are about 108 clay particles per ml,
but at most only about 106 adsorbed viruses per ml, It is likely, then, that
only one of every 100 clay particles has an attached virus.

5.3.95.7 Effect of Sewage Organics

Carlson et al. (1968) demonstrated that egg albumin, bovine
albumin and raw wastewater compete with bacteriophage T2 for adsorption
sites on kaolinite.

Since this study is concerned with chlorination of solids-
associated virus suspended in clarified effluent, it is useful to evaluate
the effect of soluble sewage-effluent organics on adsorption of virus to the
model solids. These organics were tested as site-competitors with bac-
teriophage MS-2 for bentonite under the conditions of maximal adsorption.
Virus titers and test data are listed in Table 5-17. The presence of 3 mg/1
TOC reduced adsorption of virus from 97% to 35%. It is evident, then,
that freely suspended virus will associate with clay solids even in the
presence of soluble organics; however, the extent of adsorption is much
less than that occurring without organics present.

It has been demonstrated that viruses will bind to bentonite
without the mediation of salts; however, the percentage of viruses binding
under this condition for equivalent times is much less than that for adsorp-
tion occurring in the presence of salt. Reduction in virus adsorption

caused by sewage organics added to a salt-less suspension of clay could

not be as clearly demonstrated as performing the site competition experiment
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Table 5-17. Effect of Sewage Organics on Adsorption

of Virus to Clay

Bentonite, Organics (TOCQC), Supernatant Percent
mg/1 mg/1 virus, adsorbed
PFU/ml
0 0 690, 000
110 0 23,700 97
110 3 450, 000 35

Test conditions: 22°C; 150 rpm; 0.05 M MgClgy; 0.45-u filtered
clarified effluent diluted 2X in reaction mixture;
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at maximal adsorption conditions.

5.3.6 Elution of Virus from Clay Particulates

5. 3.6.1 Evaluation of Candidate Eluents

Malina (1975) found that phage f2 did not elute easily from ben-
tonite. The eluent here was borate saline adjusted to pH 9. After ad-
sorption of the virus to bentonite, the pellet was resuspended in the eluent
for 15 minutes with periodic shaking; however, less than 15% of the ad-
sorbed virus could be recovered.

An evaluation of various candidate eluents was done in which
virus adsorbed to bentonite in the presence of 0.05 M MgCl2 was exposed
to eluent for 1 minute under vortex mixing. Results of this eluent scan
indicate that soy organics, serum organics, and detergent are the best
of the eluents evaluated. Purified water, neutral 0.05 M glycine, and
pH 11 glycine are less capable of eluting adsorbed virus. Although only
a 4 or 5% recovery was achieved by the organics, this was sufficient to
warrant further studies of such organics as eluents. Table 5-18 shows
the percentage recoveries elicited by the various eluents and the adsorp-
tion samples upon which recovery percentages were calculated.

5. 3. 6.2 Effect of Time on Elution by Organics

The scan of candidate eluents indicated that fetal calf serum
elicited recovery of about 5%. Time of exposure to this eluent was ex-
tended to determine if this might augment elution. As Table 5-19 attests,

numbers of eluted viruses did increase with time but only insignificantly.



Table 5-18. Evaluation of Candidate Eluents
Sample Virus, Percentage
PFU/ml Adsorbed Recovered

Control 1,740, 000
First
supernatant 300, 000
Second
supernatant 10, 000
Total
supernatant 310, 000
Total adsorbed 1,430,000 82

Eluents
Purified water 350 0.02
Glycine, pH 7 1, 500 0.10
Glycine, pH 11 300 0.02
TSB 55,000 3.80
50% TSB 57,000 3.90
FCS 77,000 5.40
0.1% Tween 80 52, 000 3.60
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Table 5-19. Effect of Time on Elution by Fetal Calf Serum

Sample Virus, Percentage
PFU/ml Adsorbed Recovered
Control 191, 000
Supernatant 34,200
Adsorbed 156, 800 82
Minutes of
exposure
to eluent
Serum:
5 3,780 2.4
40 4,320 2.8
80 6,480 4.1
Purified water:
80 540 0.3
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5.3.6.3 Effect of Immobilization followed by Elution at Rapid Flow Rate

Adsorption of virus to cellulose nitrate membranes was found
to be dependent upon flow rate. Data of Table 5-3 indicate that attach-
ment of the virion to an adsorption site is impeded by shearing stresses.
Might these stresses enhance desorption of viruses from clay either by
forcing the eluent molecules to protected attachment sites or by physically
shearing the virus-clay bond?

To test this desorption scheme, viruses were first adsorbed
to clay particulates. These particulates, along with their attached viruses,
were then immobilized onto Millipore HA, 25-mm, FCS-treated membranes.
Eluent was then passed over these particulates and through the membrane
at approximately 3 ml/minute/cmz. After collection of the eluate, it was
recycled through the membrane five times to increase contact time. Ex-
perimental data are given in Table 5-20.

.Attached viruses were desorbed by shearing stresses. Even
the procedure of immobilization resulted in release of about 3% of the
attached viruses. One passage of purified water through the membrane
eluted about 3% also; but with five passages through the membrane, recov-
ery percentage increased to 6%. Rotary shaking in purified water at 100
rpm for 80 minutes (see Table 5-19) had only resulted in a recovery of
0. 3%.

At the first passage, fetal calf serum adjusted to pH 10 eluted
about 6%: twice as many viruses than did pH 7.2 FCS in one passage;
however, after five passages, both eluents had released about 11% of their

attached viruses.



Table 5-20. Elution of Immobilized Solids-Associated Virus

Samples Virus, Percentage
PFU/ml Adsorbed Recovered
Control 28, 500
First supernatant 8,970
Second supernatant 762
Total supernatant 9,730
Total adsorbed 18,700 66.0
Pooled filtrate 480 2.6
Eluates
Purified water (a) 501 2.7
Purified water (b) 1,170 6.4
pH 7 FCS (a) 970 3.1
pH 7 FCS (b) 1,989 10.9
pH 10 FCS (a) 1,090 5.9
pH 10 FCS (b) 2,020 11.1
pH 11 EDTA (c) 1,080 5.9

(a) one passage; (b) five passages; and (c) two passages.
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A0,01 M NazEDTA solution at pH 11 was no better than a

single passage of pH 10 FCS.

5.3.6.4 Direct Plating

Gerba (1973) was able to plate a T2-kaolinite suspension dir-
ectly; Boardman and Sproul (1975) plated a T7-kaolinite suspension directly.
This method was evaluated for its capacity to elute bacteriophage MS-2
from bentonite. Results of this evaluation are listed in Table 5-21, Aver-
age recovery percentage was 11% with TSB diluent and 15% with FCS dil-
uent. The (MS-2)-bentonite bond is much stronger than that of the T2-
or T7-kaolinite bond.

5.3.6.5 Molar Salt Solutions

Fildes and Kay (1963) found that bacteriophage adsorption to
kaolinite was maximized at 0.05 M NaCl, and that with increases in NaCl
concentration, fewer and fewer viruses adsorbed to the solids. High
salt concentrations (1 molar) of NaCl and CaCl2 were tested as eluents.
From Table 5-22 it is evident that this technique does not yield increased
recoveries; average recovery for both 1 M NaCl and 1 M CaCl2 was about
9%.
5.3.6.6 Sonication

An attempt was made to disrupt the virus-bentonite bond by
high-frequency sound waves. Sonication was carried out in 0.05 M MgC12,
1 MNaCl, and1 M CaClz; but, only about 10% of the viruses were de-
sorbed. Sonication did not inactivate viruses. Experimental data appear

in Table 5-23.



78

Table 5-21. Elution by Direct Plating
Samples Virus, Percentage
PFU/ml Adsorbed Recovered

Control 99, 500

First supernatant 06, 400

Second supernatant 738

Total adsorbed 42,300 42.

Plating diluents

2% TSB-H20 5,380 12.7
2% TSB-HZO 4,140 9.8
2% FCS—H20 7,800 18.4
2% FCS-H,O 4,900 11.8

2




79

Table 5-22. Elution by Molar Salt Concentrations
1 M salt Virus, PFU/ml Average percent”
Trial 1 Trial 2 recovery
NacCl 4140 3540 9.1
CaCl2 3192 3900 3. 4

% Titer of adsorbed virus was 42, 300 PFU/ml.
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Table 5-23. Elution by Sonication

Sonication Virus, PFU/ml Average per-
medium Trial 1 Trial 2 cent”
recovery
0.05 M MgC12 3450 8.2
1 M NacCl 4440 3900 9.9
1M CaC12 3540 3780 8.7

% Titer of adsorbed virus was 42, 300 PFU/ml.
Control titer: 99, 500 PFU/ml; sonicated control titer:

98,400 PFU/ml.
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5.3.7 Association of Virus with Neutral Aluminum Flocs

Viruses can be removed by entrapment within forming aluminum
hydroxide flocs or by adsorption to the periphery of formed flocs. Lability
of the model virus at pH extremes limited these association tests to pre-
formed neutral flocs made in dechlorinated tapwater. Nevertheless, en-
trapped viruses can be produced by pelleting the flocs with peripherally
attached viruses at high centrifugal force to fuse floc particles by compact-
ing them in the pellet; then, dispersion of the pelleted floc results in new
particles with entrapped viruses.

Removal of suspended virus by adsorption to flocs is strikingly
dependent upon concentration of aluminum and is somewhat influenced by
the identity of anions. In Table 5-24 it can be observed that the best
association occurs at about 100 mg/1 Al, regardless of the aluminum salt
used; however, at lower concentrations, aluminum sulfate performs better
than aluminum chloride. Both association curves are trough-shaped (see
Figure 5-16) with removal percentages rapidly decreasing with increasing
aluminum concentrations past the maximal concentration. York and
Drewry (1974) have reported a small upturn in the association curve of
bacteriophage f2 for coagulation jar tests with aluminum sulfate and ferric
sulfate,

5.3.8 Recovery of Virus from Flocs

Excellent recovery of virus from AlCl3 formed flocs was achieved
by simply mixing the pelleted flocs with fetal calf serum. The floc matrix

is disturbed by the organics and the viruses are released in a viable state.



Table 5-24. Variation in Virus Removal with

Aluminum Concentration

Salt Al, mg/l Supernatant Percent
virus, removal
PFU/ml

A1C13 ) HZO 0.0 19, 900 0.0

13.0 19, 300 3.1

39.0 315 98.4

117.0 96 99.5

351.0 18, 900 4.5

i—\;zé]SCc))‘l):s . 0.0 23,700 0.0

2 13.0 1,050 95.5

39.0 261 98.9

117.0 171 99.3

351.0 24, 000 0.0

0.0 54,000 0.0

1.4 52,200 3.3

4.3 18, 300 66.1

13.0 3,900 92.17

39.0 2,700 95.0




Figure 5-16. Variation of virus removal with aluminum con-
centration.
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Recovery of more than 100% may be explained by slight inactivation or
aggregation of the virus in the control flasks, since these samples were
taken at the end of the association tests. The lower concentrations of alum-
inum sulfate do not stabilize the viruses in the flocs as well as aluminum
chloride. As listed in Table 5-25, recovery of more than 80% of floc-
associated virus is attained for aluminum concentrations of 117 mg/l.

5.3.9 Association of Virus with Organic Solids

5.3.9.1 Humic Acid

Humic compounds are chemically complex substances which range
in molecular weight from a few hundred to several thousand daltons. They
are acidic, dark colored, and partially aromatic. The presence of carboxyl
and phenolic hydroxyl groups provides humic acids with a considerable ion
exchange capacity. Humic acid is soluble in alkali but insoluble in acid.
Narkis and Rebhun (1975) have found that humic acid interacts with mont-
morillonite to increase the negative mobility of these clay solids. Farrah
et al. (1976) have complexed the LSc strain of poliovirus with humic acid
flocs formed at pH 2. 5. Viable virus was recovered by solubilization of
the flocs under alkaline conditions.

The influence of MgCl2 concentration upon association of viruses
with humic acid at neutral pH was investigated by conducting association
tests at various MgCl2 molarities. Percentage of viruses associated with
organics versus salt concentration is given in Table 5-26. Although the
percent of humic acid removed with the floc increased with MgClz, only

about 10% of the viruses were removed at any MgCl2 concentration. Com-
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Table 5-25. Recovery of Virus from Flocs with Fetal Calf Serum
Salt Al, mg/1 Virus, PFU/ml Percent
Supernatant Pellet Total T cCOVery
AlCl3 . 0 19,900 0 19, 900
6 HyO 13 19, 300 720 20,000 >100
39 315 22,200 22, 500 >100
117 96 28,300 28, 400 >100
351 18,900 3,220 22,100 >100
Alg(SOy)g - 0 23,700 0 23,1700
18 H9O 13 1,050 10,100 11,200 47
39 261 3,630 3,890 16
117 171 19,700 19,900 84
351 24,000 1,810 25, 800 >100
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parable concentrations of NaCl do not mediate the formation of a floc;
this finding is given in Table 7-2 of the Appendices.

A kinetic association test was also performed using 3 mg/1 humic
acid and 0,05 M MgCl2 at neutral pH. The titer of remaining free virus
was followed by passing 5-ml volumes of the stirred suspension through
non-adsorbing membranes. Filtrate assays are listed in Table 5-27, and
it is evident that little association of virus with humic acid occurred through
time,

5. 3. 9.2 Activated Sludge Particulates

Activated sludge consists of flocculent masses containing micro-
bial cells, organic debris and various inorganic solids such as clays.
These flocs are formed as a result of the mentioned solids becoming en-
trapped in a gelatinous mucilage. Nishikawa and Kuriyama (1968) have

identified DNA and RNA as components of this mucilage. Pavoni et al.

(1972) have found that the mucilage consists primarily of four types of
polymers: polysaccharide, protein, RNA and DNA.

Moore et al. (1975) reported that poliovirus, T7, T2, and f2 do not
associate with raw wastewater suspended solids or final effluent solids from
an activated sludge treatment plant. These tests were conducted in auto-
claved samples which contained soluble organics.

The solids in this investigation were centrifuged and then resus-
pended in purified water so that no interference by organics occurred.
Results of model virus adsorption to prepared activated sludge particulates

are given in Table 5-28. The results are interesting: even without salts
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Table 5-27. Association of Virus with Humic Acid

as a Function of Time

Time, Virus, PFU/ml Percent virus
minutes associated
Control 16, 800

6 17,000 0
10 13,900 17
20 13, 200 21
40 13,000 23
60 14,700 12

Test conditions: 22°C; pH 7; 200 rpm stirring; 0.05 M
MgClz.
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Table 5-28. Association of Virus with Washed Activated Sludge Solids

Salt, M Initial Supernatant Percent virus
JTU virus, removal
PFU/ml
0 0 342,000
0 6 318,000 7
MgC12, 0.05 6 282,000 18
A1C13, 0.0005 6 30 >100

Test conditions: 24°C; pH 7; 200 rpm stirring for 60 minutes;
centrifugation, 5800 g for 15 minutes.
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about 7% of the viruses attached to the solids; and, in the presence of
0.06 M MgClz, the adsorption percentage increased to 18%. Attachment
of virus to suspended sewage solids is impaired by the presence of solu-
ble organics; and, in the light of the results of section 5.3.5.7, attachment
is probably only occurring onto suspended mineral solids. Camp and
Meserve (1974) have found that about 30% of suspended sewage solids are
mineral; the remainder of the solids are organic in nature.
It is reasonable, then, to state that freely suspended viruses
will associate with suspended mineral solids even in the presence of organ-
ics; these viruses will not associate with the suspended organic solids;
divalent cations enhance the association phenomenon; and, therefore, the
model solid selected for inactivation tests should be mineral in nature.
Formation of aluminum hydroxide flocs removed both viruses and
the activated sludge solids. Flocs, whether biological or chemical, which
remain suspended will contain enmeshed viruses along with solids.

5.4 Chlorination of Freely Suspended Virus

5.4.1 Development of Expression for Virus Reaction Order

During isothermal batch reactions there are several variables
influencing the rate of disinfection: the concentration of disinfectant, the
number of remaining viable viruses, and the contact time. A power-law

model for virus inactivation rate, in the case of a homogeneous phase
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reaction, takes this form:

dC n .m
ry = o ° kCy Ce (5-4)

where r = virus inactivation rate, PFU/sec;

C = concentration of viable viruses, PFU/ml, remaining
at any time t;

t = time of contact, sec;

k = inactivation rate constant;

Cc = chlorine concentration, mg/1;
n = virus reaction order; and

m = chlorine reaction order.
Should the concentration of chlorine remain constant throughout
the reaction and be of much greater concentration than that of the viruses,

equation 5-4 can be rewritten as

_dC,, _ s N
ry = TL = =k CV (5-5)

in which the chlorine concentration term has been grouped with the true
reaction rate constant, and this new reaction constant is denoted by k.
For an irreversible, isothermal, constant density batch reaction,
Levenspiel (1972) has developed a method for obtaining reaction order
with respect to the limiting reactant. Application of this method to virus
inactivation entails first plotting the remaining viable virus, C,, as a
function of contact time, t. A typical representation of this functional

relationship is shown in Figure 5-17.



Figure 5-17. Reduction in viable viruses as a function of
contact time.
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El, can be approximated by an expres-

The inactivation rate, I

sion of this form:

/

i S S (5-6)
aty 3 — ti-1
which is the inactivation rate at a viable virus concentration of
¢l = Cvi T Cviar . (5-7)
i
2
In this approximate form, equation 5-6 becomes
AC(,.
1 2 n _
X = =k CVi . (5-8)
The logarithmic form of the previous equation is
[
_ / ’ -
in = = In(k”) + nln (CVi) (5-9)

which is a linear equation with intercept at ln (k) and a slope of n. A
plot of inactivation data in this form would yield virus reaction order by
graphical determination of the slope.

5. 4.2 Development of Expressions for Chlorine Reaction Order

Equation 5-4 was the general power law equation for virus inac-

tivation rate:

dC n _.m
S v - o -
o ka CC . (5-4)

Collection of like terms and then integration for n # 1 results in

1 1-n 1-n m
{Cv - CVO }= -kCc (t—to); (5-10a)
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and, forn =1,
m
In [Cvo = Ce (t—to). (5-10b)

The value of n can be determined experimentally; the ratio of C /CVO

be selected arbitrarily to be that for 99% inactivation, that is Cy/ CVO = 0.01

for whicht =t_,. Cy, and n are thus known; C,, is simply 0.01 C

99" “Vp v’

t99 can be determined graphically from the survival curve. For any experi-

ment then, the left-hand side of equation 5-10 is calculable; however, k

and m are not known. In all cases to = 0.

The logarithmic forms of equations 5-10a,b are linear:

1

Int v

99

CVO
ln’c99 = In|ln Cv — Ink —mln Cc' (5-11b)

Aplotofint

[l
=
=
~
B|
t =
b
—
@]

'n-cvo n]] ~Ink - mlnC_ (5-11a)

and

gg Versus In CC would yield the chlorine reaction order m.

With the value of m determined, k can be calculated from equations 5-11a, b.

5.4.3 Chlorine Demand of Virus-Associated Organics

Stock phage is obt ained by adding 5 ml of trypticase soy broth over
a plaque-confluent assay plate. Because of this organic load accompanying
the virus, it was necessary to determine the dilution needed to overcome
chlorine-demand interference by these organics.

Table 5-29 gives the results of tests performed at two pH levels:
5.5 and 11.1. At pH 5.5 the free chlorine is in the form of hypochlorous

acid, HOCI1; at pH 11.1, the free chlorine is in the anionic form of hypo-



Table 5-29. Chlorine Demand of Extraneous Organics
Reaction Logig OT chlorine, mg/1 Percentage

pH dilution Control Phage-broth lost
5.5 -2.3 1.54 0.09 94
-3.3 1.61 0. 54 67

-4.3 1.60 1.39 13

-5.3 1.58 1.55 2

-6.3 1.57 1.50 5

-7.3 1.62 1.59 2

11.1 -2.3 0.98 0.01 99
-3.3 0.99 0. 39 61

-4.3 0.99 0.80 19

-5.3 1.01 0.95 6

-6.3 0.97 0.98 0

-7.3 0.99 0.97 2

93
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chlorite, OCl .
At both pH levels a dilution of at least 1 x 106 fold will ensure
that chlorine-demand by the extraneous organics is not significant.

5.4.4 Validity of Batch Reactions for Free Chlorine

Batch reactions were performed to determine those conditions
under which there is no appreciable loss of free chlorine throughout the
contact time, and if the viruses exerted a significant demand for free chlor-
ine. These evaluation tests were performed both with and without addition
of viruses. Reactions were carried out in 0.05 M MgCl2 at pH 6 so that
essentially all free chlorine was in the form of hypochlorous acid.

Results are shown in Figure 5-18. Zero time indicates the addi-
tion of microliter volumes of free chlorine. The star symbols indicate
addition of 1 ml of diluted stock virus at a titer of approximately 3 x 104
PFU/ml.

Considering first those tests performed without virus, it may be
observed that there is a rapid loss of free chlorine in the first 20 seconds
followed by a stable period in which there is little chlorine dissipation.
Presumably the initial loss is due to reactions with the reactor wall or
with trace organics.

The addition of viruses at the titers used for inactivation tests
does not appreciably increase the loss of free chlorine for concentrations
greater than about 0. 20 mg/l. Percentage loss is greater for the smaller
starting chlorine concentrations. Table 5-30 displays free chlorine con-
centration at the time of the addition of viruses (start) and chlorine con-

centration after approximately 30 seconds (end). Percentage losses are



Figure 5-18. Free chlorine concentration as a function of time in
stirred batch reactions, for reactions without addi-
tion of virus (®) and with addition of virus (@) at
the time indicated by (¥%).
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also shown for similar reactions without addition of viruses.

As a result of these tests, several conclusions concerning virus
inactivation by free chlorine in batch reactors can be drawn: after addi-
tion of chlorine a stabilization period of 30 seconds should be allowed
before taking chlorine measurements; immediately after adding chlorine
sample to chromogenic reagent, add virus and start time recorder; for
inactivation tests concluding in 30 to 40 seconds, only the initial chlorine
measurement is necessary.

5.4.5 Virus Reaction Order

Virus reaction order was determined by performing two inactiva-
tion tests at a hypochlorous acid concentration of 0. 26 mg/1 and displaying

the data graphically by equation 5-9:

1n(-ACVi) - 1n (&) +nln (CL) (5-9)
At - Vi’

Survival-ratio curve for these two tests is shown in Figure 5-19.
Table 5-31 lists the experiment number, chlorine concentration, contact
times, and surviving viruses. Reaction temperatures were 22-24°C and
the viruses were suspended in 0.05 M MgCl2 at pH 6. Calculated terms
for equation 5-9 are shown in Table 5-32. Virus reaction order n is
found graphically by plotting equation 5-9 as shown in Figure 5-20; the
slope is approximately 1:1, which indicates n = 1. The intercept is not
well defined; that is, it is located somewhere between -1 and -2, depending
upon where the straight line fitting the three pairs of calculated points is

drawn.



Figure 5-19. Survival ratio for virus at a free chlorine concen-
tration of 0.26 mg/1 HOCl: experiments I-15b
(A) and I-15c (m).
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Table 5-32. Calculated Terms for Equation 5-9

98

Expt. PFU/ml PFU/ml/sec
no. _ v _ V] - Vs
o o o ACV1 ACV2 ACV3
Vi V2 V3 aty Aty Atg
I-15¢c 12,481 87 6 1,785 9.2 1.0
I-15b 15,275 132 8 2,178 16.9 1.1




Figure 5-20. Graphical display of equation 5-9 for determin-
ation of virus reaction order n.
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Fortunately, since the reaction is first-order, there is another
method of estimating the reaction rate constant. For any one chlorine
concentration, changes in the initial virus titer do not alter the time neces-
sary to achieve 99% inactivation. An explicit expression for the observed

rate constant can be obtained by integration of equation 5-5:

Cy.
ks = =1 ln[ = ] (5-12)

For experiments I-15b, ¢ the initial virus titer was reduced by 99% after
13 seconds. The observed rate constant k” was calculated by equation
5-12 and found to be 0. 35 sec-l.

5.4.6 Hypochlorous Acid Reaction Order

Logarithm of the time required for inactivation of 99% of the
starting virus titer versus logarithm of the chlorine concentration is
plotted in Figure 5-21. From equation 5-11, the reaction order m for
chlorine is known to be the slope of the log (tgg) versus log (C.) line.
Graphical determination of the slope yields a value for m of 0.50. The
true inactivation rate constant k can be calculated by substitution of m into
equation 5-11b; from this calculation, k has the value 0. 69 (rng/l)-o' S (sec)-l.

5.4.7 Rate Equation for Freely Suspended Virus

The final form of the rate equation for inactivation of freely
suspended virus subjected to hypochlorous acid in 0. 05 M MgCl2 at pH 6
is:

v - -0.69 (mg/D)™""® (sec) ™ 0ct:0ce (5-13)



Figure 5-21. Time to inactivate 99% of freely suspended virus
as a function of HOC! concentration.
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Such non-integer reaction orders indicate that the inactivation process is
complex. The virus reaction order is very close to first order, which is
expected; however, the fractional value of m suggests that several steps
are necessary for inactivation to occur or there are multiple pathways
for inactivation.

There are no published reports of rate equations developed for
chlorination of virus; there is, however, a report by Majumdar, Ceckler
and Sproul (1972) for ozonation of poliovirus in which a rate expression
was developed. For inactivation of poliovirus by ozone in distilled water,
the rate equation developed was:

dCy . g ¢80 ¢ 061,

o 1 (5-14)

5.4.8 Inactivation of Virus by Combined Chlorine

Batch reactions were performed to determine those conditions
under which there is no appreciable loss of combined chlorine forms
throughout the contact time and if the viruses exert significant demand for
combined chlorine. Evaluation tests were performed with and without
addition of viruses.

Results of these tests are shown in Figure 5-22. Zero time indi-
cates the addition of small volumes of stock combined chlorine. Star sym-
bols indicate addition of 1-ml volumes of diluted stock virus at a titer of
approximately 2 x 108 PFU/ml to 99 ml combined chlorine.

With combined chlorine forms, in this case 93% monochloramine

and 7% dichloramine, at pH 6, there is little loss whether viruses are

present or absent.



Figure 5-22. Concentration of combined chlorine during
stirred batch reactions.
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Several conclusions concerning virus inactivation by combined
chlorine in batch reactors can be drawn: after addition of chlorine there is
little loss of the initial concentration even after 10 minutes; addition of the
viruses does not lower the concentration of combined chlorine; maximum
loss of combined chlorine during an 8-minute reaction period was only
4.8%. Percentage losses for four tests are shown in tabular form in
Table 5-33.

Two stirred batch reaction tests (Table 5-34) were performed
with combined chlorine in the form of mono- and dichloramine. At com-
bined chlorine concentrations of 0. 220 and 0. 504 mg/1 there is essentially
no loss of viable virus even after 5 minutes of contact time. This finding
is in accord with that of Lothrop and Sproul (1967), who reported that T2
phage was more susceptible to free chlorine than combined chlorine.

Higher concentrations of combined chlorine were not evaluated
because of the presence of small concentrations of residual free chlorine
at higher combined chlorine concentrations. Unless there is a sensitive
means for detecting free chlorine, whatever viral inactivation observed
at combined chlorine concentrations of 1 mg/1 or more may very well be
due to the small free chlorine residuals.

The lack of noticeable inactivation of this bacteriophage by com-
bined chlorine precludes the usefulness of combined chlorine in compara-

tive inactivation tests of freely suspended and adsorbed viruses.
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Table 5-34. Inactivation by Combined Chlorine

Chloramine, Time, Virus titer
mg/1 min (PFU/ml x 107 3)
0.220 0.00 76

0.43 62
0.99 64
2.25 59
5. 56 61
0.504 0.00 85
0.25 92
0.60 91
1.35 90

3.15 66
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9.9 Chlorination of Inorganic Solids-Associated Virus

5.5.1 Form of the Rate Expression

Heterogeneous reactions involving adsorbed molecules are des-
cribed by Langmuir-Hinshelwood kinetics. The basic assumption is that
the reaction rate is proportional to the coverage. Since viruses cannot
be prepared in concentrations sufficient to achieve coverage ratios applic-
able to the Langmuir-Hinshelwood model, it is appropriate then to describe
the inactivation of solids-associated virus by a pseudo-homogeneous expres-

sion of this type:

r, = S = -k Gy Co (5-15)
where, except for kp, all terms have been defined in section 5.4.1. The
kinetic rate constant kp is termed the pseudo-homogeneous rate constant.
For these reactions involving inactivation of a surface-attached
virus, it is important to recall from section 5. 3. 5. 6 that only one of every
100 clay particles has an attached virus. The term pseudo-homogeneous
aptly describes these reactions: the state of any one virus is not influenced
by any other virus; all reaction parameters are identical to the homogeneous
case; the viruses are identical to the homogeneous case; every virus is
bound to the surface of a solid; and, any rate differences observed are due
solely to the physical immobility of the virus on the clay surface and to

whatever effect the clay particles may have on the passage of disinfectant

molecules from solution to the virus.
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5.5.2 Validity of Batch Reactions

Batch reactions were performed to determine if any significant
loss of free chlorine occurred as a result of the addition of bentonite clay
to the stirring reactor. Following the addition of stock chlorine, a 30-
second equilibrium period was allowed before addition of bentonite. Imme-
diately before adding the clay, a sample was withdrawn for free chlorine
measurement; the bentonite was added; and, after about 1 minute, another
sample was withdrawn for chlorine measurement. Table 5-35 lists the
pertinent data: throughout a range of clay and initial chlorine concentra-
tions, average loss was less than 10%.

5.5.3 Virus Reaction Order

Survival curve data for Expt. I-61b were reduced to fit the form
of equation 5-9; these reduced data are listed in Table 5-36. The slope
of this linear form, which appears in Figure 5-23, is approximately
(1.1):(1.0), which indicates that n = 1.1.

5.5.4 Hypochlorous Acid Reaction Order

The slope of log (tgg) versus log (CC) was found by selecting the
straight line which best fitted the data. This negative slope was -0. 36;
that is, the value of the chlorine reaction order m is approximately 0. 4.
Since n = 1.1, equation 5-11a, Expt. I-61b, and Figure 5-24 must be used
to calculate the true rate constant. With these substitutions, the value of

-0.36 -0.10 ~1.0

kp is 0.18 (mg/1) (PFU/ml) (sec)
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Figure 5-23. Survival ratio curve for experiment I-61b..
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Table 5-37. Calculated Terms for Equation 5-9

Expt. PFU/ml PFU/ml/sec
no. ) ) ) -AC(,I -AC",2 -AC;,3
1 2 3 aty At2 At3

I-61b 9260 124 21 1060 10.5 1.3




Figure 5-24. Graphical display of equation 5-9 for determination
of virus reaction order n.
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Figure 5-25. Time to inactivate 99% of clay-attached virus
as a function of HOC! concentration.
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5.5.5 Rate Equation for Inorganic Solids-Associated Virus

The final form of the rate equation for inactivation of clay-
attached virus by hypochlorous acid in 0.05 M MgCl2 at pH 6 is:

1 1.0 1.1 0.4

%t.C_:L = -0.18 (mg/l)_o' 4 (PFU/ml)-o' (sec)” Cy C. - (5-16)
5.6 Chlorination of Floc-Associated Virus

5.6.1 Form of the Rate Expression

The selected form of the rate equation is of the pseudo-homo-

geneous type:

n_m
= -kg Cy C¢ (5-117)

where kg is the inactivation rate constant for virus enmeshed in aluminum
hydroxide gels.

5. 6.2 Validity of Batch Reactions

Batch reactions were performed to ascertain if significant losses
of chlorine occurred during the reaction. Data for 30-second tests are
given in Table 5-38, Average loss was less than 10%.

5.6.3 Virus Reaction Order

Survival curve data for Expt. I-65a were reduced to fit the form
of equation 5-9; these reduced data are listed in Table 5-40. The slope of
the linear form, which appears in Figure 5-24, is approximately (1. 2):(1.0),
which indicates that n = 1. 2,

5.6.4 Hypochlorous Acid Reaction Order

Slope of log (tgg) versus log (C,) was found by selecting the straight
line which best fitted the data. This negative slope was -0. 83; that is, the

value of the chlorine reaction order m is about 0. 8. Since n = 1.2, equation
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Table 5-40. Calculated Terms for Equation 5-9

Expt. PFU/ml PFU/ml/sec
no. / / /
- - -A
c? c’ c’ ACvl ACVZ CV3
v v v
1 2 3 Atl At2 At3

I-65a 61,300 7,640 3,300 8,450 538 407




Figure 5-26. Survival ratio curve for experiment I-65a.
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5-11a, Expt. I-65c, and Figure 5-27 must be used to calculate the true

rate constant. With these substitutions the value of kg is

-0. 83 -0. 20 -1.0

0.02 (mg/1) (PFU/ml) (sec)

5.6.5 Rate Equation for Gel-Enmeshed Virus

The final form of the rate equation for inactivation of gel-enmeshed

virus by hypochlorous acid in 0. 05 M 1V[gC12 at pH 6 is:

-STCSL = -0,02 (mg/l)'o' 8 (PFU/ml)_o' 2 (sec)'l' 0 cvl' 2 cco' 8. (5-18)

5.7 Chlorination of Immobilized Virus

In the last ten years considerable attention has been given to
reactions involving the passage of substrate molecules through a tubular
reactor containing enzymes attached to the surfaces of granular or fibrous
solids. An important advantage to this scheme is that diffusional limita-
tions are not important since the substrate molecules approach the immob-
ilized enzymes with the bulk velocity of the fluid.

An analogous reaction system was devised in which viruses
were immobilized onto and within cellulose nitrate membranes. Chlorine
was then passed through the membrane for any desired length of time.
Elution of viruses from membranes exposed for different contact times
allowed construction of a survival curve. A diagram of system components
is illustrated in Figure 5-29,

Reaction rates at chlorine concentrations used in the batch reac-
tions of this study were far too fast to follow in immobilized tests. It was

necessary to reduce free chlorine concentrations to < 0.01 mg/1 HOC1



Figure 5-27. Graphical display of equation 5-9 for determin-
ation of virus reaction order n.
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Figure 5-28. Time to inactivate 99% of gel-associated virus as
a function of HOC! concentration.
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Figure 5-29. Inactivation of immobilized virus: influent disin-
fectant concentration (Dj); effluent disinfectant
concentration (Dg); neutralizer concentration (N).
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before inactivation could be followed. Parallel batch and immobilized
tests were conducted at these low levels of free chlorine. Survival curves
for these reactions are shown in Figure 5-30. The biphasic nature of the
batch-reaction curve is probably the result of depletion of free chlorine.
Yet, for immobilized virus, inactivation occurred rapidly and was first-
order throughout the contact time.

A virus suspended in a batch reactor is exposed to fewer and fewer
chlorine molecules as elapsed time increases. Whether neighboring
viruses have been inactivated or not, they exert chlorine demand which
lowers the number of chlorine molecules available for reaction with the
virus in question. Any decrease in the bulk concentration of chlorine dimin-
ishes the rate at which chlorine molecules approach the virus surface since
diffusion velocity is directly proportional to the bulk concentration of
chlorine,

In contrast, an immobilized virus is exposed to a constant bulk-
concentration of chlorine throughout the reaction time. For long tubular
reactors there will be a '""moving front'" of constant chlorine concentration;
but, for these thin disc filters, the reactor length is not significant. Also,
the velocity at which disinfectant molecules approach the immobilized viruses
is equivalent to the bulk fluid velocity which is many times greater than
diffusion velocities.

Other than demonstrating the importance of diffusion in virus inac-
tivation, this immobilization scheme may be helpful in the development of

completely "killed vaccines.' The Salk (1960) polio vaccine was prepared



Figure 5-30. Comparison of batch and immobilized reactions.
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by formaldehyde treatment in batch reactors; because this preparation
resulted in a residual fraction of viable viruses, a risk was inherent in its
use. Preparation of totally killed vaccines in immobilized-virus reactors
may insure safe vaccines composed of non-viable viruses without risk of

infection.
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6. Conclusions

6.1 Association and Dissociation of Virus with Solids

Adsorption of bacteriophage MS-2 to cellulose nitrate membranes
is influenced by hydrogen ion concentration, cation identity and concen-
tration, and the velocity of the virus past the attachment site. Maximal
adsorption conditions at pH 7 are 0.05 M MgCl2 and a flux no greater
than 1.5 ml/min/cmz. Oxidation of the membrane by hypochlorous
acid reduces the capacity of the cellulose nitrate to adsorb virus.

Virus will attach to bentonite without the presence of salt cations
at pH 7. Numbers of viruses adsorbing increases with increasing MgCl2
concentration from no salt to 0.01 M. No increase in virus attachment
is noticeable for higher concentrations of salt. The rate of virus attach-
ment to clay is dependent upon both virus and clay concentration. For
clay concentrations of at least 50 mg/1, the virus adsorption rate is
first-order with respect to remaining free virus and zero-order with
respect to clay concentration. The kinetic rate constant is 0.025 min-1
at a stirring speed of 100 rpm; the constant varies from 0.019 min—1 at
50 rpm to 0. 049 min—1 at 200 rpm. Variation of the rate constant with
stirring speed indicates that the adsorption process is diffusion limited,
and, calculation of an apparent energy of activation of 1 kcal/mol sub-
stantiates this conclusion. Adsorbed virus per unit weight of solids in-
creases linearly with the concentration of free virus; this indicates that
few of the possible adsorption sites are occupied. The ratio of clay

particulates to adsorbed virus is about 100:1 for all experiments in this
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study. Treated sewage effluent organics inhibit attachment of virus to
clay.

Virus can be removed from suspension by forming aluminum hy-
droxide flocs or by adsorption to the periphery of formed flocs. Virus
removal percentage is dependent upon the concentration of aluminum and
the identity of the aluminum-salt anion. Aluminum concentrations greater
than the concentration which maximizes virus association produce flocs
which repel viruses and inhibit association of viruses with the flocs.

Virus recoveries from cellulose nitrate of 60% or greater can be
accomplished by several eluents: alkaline buffer at pH 10, EDTA at pH
11, fetal calf serum at pH 7, and fetal calf serum at pH 10. Maximum
recovery is 80% and is achieved with pH 10 fetal calf serum. Recovery
by organics is an exchange process because recovery percentage in-
creases with increasing exposure time. The virus:clay bond is stronger
than the virus:cellulose nitrate bond. The best eluent for recovery from
clay is fetal calf serum which yields 15% of attached viruses in the eluate.
Complete recovery from A1C13 formed flocs is achieved by mixing
pelleted flocs with fetal calf serum.

6.2 Chlorination of Solids-Associated Virus

Bacteriophage MS-2 1is readily inactivated by hypochlorous acid;
however, this phage is not susceptible to chloramines. The rate of inac-
tivation is dependent upon the physical state of the virus and the concen-

tration of hypochlorous acid.
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Freely suspended viruses are most susceptible to HOCI; as listed
in Table 6-1, 999% of the initial virus titer is lost within 20 seconds for
all measurable concentrations of HOCl. Attachment of virus to clay or
enmeshment within aluminum hydroxide flocs protects the associated
virus by reducing the rate of inactivation. This protective effect most
likely results from physical interference with the transport of HOCl mole-
cules toward the virus. For chlorine concentrations from 0.4 to 1.0 mg/1,
the protective effect of the aluminum hydroxide gel is not as apparent as
that of clay; HOCI1 concentrations in this range must overcome the resis-
tance of the gelatinous films.

Rate equations were developed for inactivation of viruses in each
physical state. These rate expressions are given in tabular form in
Table 6-2. The fractional chlorine reaction order indicates that the inac-
tivation phenomenon is complex and may involve a number of steps for

completion.



Table 6-1. Effect of Physical State of the Virus on the

Time to Inactivate 99% of the Initial Virus Titer

HOCI range, Average time, seconds
mg/1 Freely Clay Within
suspended attached gel
0.03 - 0.10 20 35 > 50
0.10 - 0.40 12 20 25

0.40 - 1.00 7 15 8
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Table 6-2. Rate Expressions
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Physical state
of the virus

Inactivation Reaction orders

rate constant

n m

Freely 0. 69 _n_l_g—' 5 C-l

suspended ' 1 Se 1.0 0.5
“ . 4 e

Clay 0.18 & PEFU 1 sec—l

attached ‘ 1 ml 1.1 0.4

Gel 0. 02 mg"‘8 PFU " 2 S

enmeshed ‘ 1 ml 1.2 0.8
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7. Appendices
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Table 7-2. Failure of NaCl to Mediate Humic Acid Floc Formation

NaCl, M Humic acid, mg/1 Percentage humic
Control Supernatant acid removed

0 10.0

0 9.0 10.0

0.002 8.4 16.0

0.020 8.7 13.0

0.100 8.5 15.0

Test conditions: pH 7; 200 rpm, 1 hr; centrifugation, 2100 g, 5
minutes.
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