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ABSTRACT 

The search for alternative water disinfectants to 

those commonly used, such as chlorine, probably began when 

the disadvantages of those disinfectants became known. 

Soluble disinfectants have short half-lives and need to be 

replenished periodically which requires monitoring and 

determination of appropriate concentrations for waters 

being treated. 

ability to 

This disadvantage may be balanced by the 

alter dose concentrations of soluble 

disinfectants to meet changes in demands. Maintenance of 

a residual disinfectant concentration which can act 

throughout a water distribution system is another 

advantage of soluble disinfectants. Disadvantages due to 

reaction of organic materials include the loss of 

disinfecting capability, health hazards related to the 

disinfectant and the potential loss of aesthetic water 

qualities such as as taste, smell and color. 

The purpose of this study was to investigate 

different surface contact disinfectants which, while 

having an inflexible dose concentration capability and 

releasing no residual disinfectant concentration, do not 

require monitoring and do not significantly leach into the 

waters they contact. Powdered aluminum when mixed with a 

loamy sand reduces virus concentration 3-4 orders of 

xvi 
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magnitude better than controls while not significantly 

altering the pH or aluminum concentration of waters that 

pass through the soil columns. Labeled poliovirus 1 was 

found to adsorb onto the aluminum surface in batch 

experiments and undergo degradation or dissociation of the 

capsid proteins with release of viral fragments and clumps 

within 76 hours. Freon dispersion of the viral clumps 

showed the clumps to be non-infective. Polyacrylamide gel 

electrophoresis 

for 76 hours 

of poliovirus 1 incubated with aluminum 

suggested degradation or dissociation of 

viral capsid proteins I, 2 and 3. 

Magnesium peroxide and magnesium oxide, while 

effectively inactivating viruses, significantly increa~c 

the pH of water which they contact. Polyhalex resin and 15 

resin reduce virus concentration, but release functional 

groups into the surrounding water. 

Contact disinfectants such as aluminum, may find 

point-of-use application for drinking water, use in septic 

tank leachfields or sewage treatment infiltration basins 

to reduce the threat of spreading potential disease

causing organisms. 



INTRODUCTION 

Etiologic Agents of Waterborne Outbreaks 

The number of reported waterborne disease 

outbreaks in the U.S. has increased several-fold in the 

last 20 years. Viruses have been implicated in 11.8% of 

reported cases and rank second only to bacteria (21.7%) as 

the identified etiologic agent in reported waterborne 

outbreaks. Parasites account for 7.1% of identified, 

reported waterborne outbreaks. Because the causative 

agents are rarely identified and over half (52.1%) ot Lhc 

reported outbreaks in the U.S. between 1946-1980 are 

classified as unknown (Lippy and Waltrip, 1985), it is 

possible that viruses may constitute an even larger 

portion of the etiologic agents. 

Enteric viruses are ultramicroscopic, colloidal 

infectious agents which can infect the gastrointestinal 

tract. They range in size from 20-350 nm, do not 

metabolize and show no sign of life outside a host cell. 

Viruses are obligate, intracellular parasites composed of 

capsid proteins surrounding either RNA or DNA (Bitton, 

1980). Upon contacting and entering an appropriate host 

cell they are able to capitalize on the cellular machinery 

of that cell in order to produce more viruses. The fact 

1 
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that viruses do not interact with the environment external 

to a living host cell, a~ do bacteria, makes them less 

sensitive to commonly used water disinfectants. 

Contamination of Surface and Groundwater 

As enteric viruses are shed in the feces of 

infected individuals it is not surprising to find them in 

sewage. The pollution of surface waters (lakes and 

rivers) may occur from septic tanks and sewage treatment 

plant effluents which contain infectious virus particles. 

Virus particles may survive and persist in these waters 

and their sediments for several weeks either adsorbed onto 

particulate matter, as unassociated particles, or in 

clumps (Bitton et ~., 1976). Rainfall can resuspend 

viruses from sediments (Goyal et ~., 1982), allowing them 

to migrate with the overlying water at some time after 

their deposition (Gerba and Lance, 1978). Due to the 

extremely small size of viruses they may not only evade 

sewage treatment filtration processes (Poduska and 

Hershey, 1972; Shuval, 1970), but filter down through the 

soil from polluted surface waters, possibly reaching and 

contaminating the underlying groundwater reserves causing 

transmission of hepatitis, gastroenteritis and other 

diseases (Chambers, 1971; Harakeh and Butler, 1984). 

Factors which influence virus ~dsorption to soil include: 

salt concentration, pH, organic content, soil composjtion, 
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infiltration rate of the polluted water and climatic 

conditions (Gilbert et al., 1976). 

Water System Deficiencies 

Groundwater constitutes 95% of the u.s. freshwater 

supply and is used by approximately 50% of the population 

(94% of the rural population) as a drinking water source 

(Gerba and McNabb, 1981). More than 800 billion gallons 

of raw sewage from septic tanks and cesspools leach into 

the soil in the u.s. each year. An additional 250 billion 

gallons of raw and treated sewage from leaking sewage 

systems, rapid infiltration, crop irrigation and deep-well 

injection contact the soil each year (Gerba, 1984). As 

viruses have been reported to travel both vertically and 

horizontally in groundwater (Gerba, 1983), it is possible 

that viruses may not only penetrate the soil which 

polluted waters contact, but may travel into and 

contaminate large volumes of groundwater. Viruses in 

groundwater or surfaces 

significant health risks 

different site and time. 

waters may therefore cause 

to future water users at a 

Because the infectious dose of 

many enteric viruses is not known, but is believed to be 

as low as one infectious unit, the presence of any viable 

viruses in any water source offers a potential threat of 

disease. 
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Waterborne disease outbreaks by deficiency in 

community and noncommunity water systems are noted in 

Table 1 (Lippy and Waltrip, 1984). Inadequate or 

interrupted treatment and distribution network problems 

contributed to the majority of outbreaks in community 

water systems while contaminated, untreated 

was the leading source of outbreaks in 

systems. This indicates that current 

practices are subject to equipment failure 

negligence and the inability to maintain 

disinfecting capability in the distribution 

a 

groundwater 

noncommunity 

disinfection 

or operator 

sufficient 

system. It 

also suggests that noncommunity systems need to implement 

disinfection practices in order to reduce health risks due 

to contaminated groundwater. 

spread 

back 

History of Disinfection 

The addition of disinfectants to prevent the 

of waterborne disease (Varma et al., 

to 1827 when Alcock recommended 

1974) dates 

the use of 

chlorinated soda for purifying drinking water. 

Disinfectants are defined as agents, usually chemical, 

applIed to inanimate objects which destroy disease-causing 

or other harmful microorganisms (Block, 1983). 

Disinfectants must remove or destroy viruses to 

such an extent that successful reproduction in a 



Table 1. Deficiencies of Community and Noncommunity 
Water Systems Leading to Waterborne Disease 

Outbreaks (1946-1980) 

5 

Source of Deficiency 
% Outbreaks in Water Systems 

Community Noncommunity 

Inadequate or interrupted 
treatment 

Distribution network 
problems 

Contaminated, untreated 
groundwater 

Contaminated, untreated 
surface water 

Miscellaneous 

31. 4 

36.7 

12.2 

9.2 

10.5 

Adapted from Lippy and Waltrip (1984). 

23.9 

8.3 

53.6 

7.6 

6.6 
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susceptible cell is prevented. This may be accomplished 

by permanently immobilizing viruses on a surface, blocking 

or destroying host cell receptors on the virus or uy 

inactivating the nucleic acid within the viral capsid. 

The complex interaction of viruses and 

disinfectants varies from one type of virus to another 

(Harakeh and Butler, 1984) making the mode of inactivation 

unclear (Butler et al., 1985). Therefore, chemical 

analyses of disinfectants on viruses has been obtained 

under a variety of experimental conditions, consequently 

apparently conflicting data may be reported (Chen and 

Koski, 1983). What is clear is that many factors affect 

disinfection (Boardman and Sproul, 1977; Culp, 1974) and 

that no single disinfectant is equally effective under all 

conditions for all viruses (Kawata et al., 1979). 

Factors Affecting Disinfection Efficiency 

Disinfecting ability is dependent upon the virus 

type (Jensen et al., 1980), and the concentration of 

disinfectant species available (Engelbrecht et al., 1980; 

Kelly and Sanderson, 1960; Taylor and Butler, 1982; Varma 

et al., 1974) as well as pH, reaction temperature, contact 

time, ionic strength of the suspending medium, state of 

virus clumping and aggregation and the presence of 

interfering substances (Payment et al., 1985; Grabow et 

al., 1983; Keswick et al., 1985; Akey and Walton, 1985; 
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Kruse et ~., 1970; Roy et ~., 1982; Engelbrecht et ~., 

1978; Sharp et tl., 1980; Snead et tl., 1980). Hoff and 

Geldreich (1981) claim that ranking biocidal efficiencies 

of disinfectants is 

efficiencies vary with 

experimental conditions. 

not possible 

different 

as inactivatiun 

microorganisms and 

Redox potentials also do not 

correlate well with germicidal activity (Morris, 1970). 

Popular types of disinfectants for water treatment 

include soluble agents, insoluble (contact) disinfectants, 

and light induced disinfection (Chang, 1970). A major 

shortcoming of all soluble disinfectants is their short 

half-life. Soluble disinfectants need to be replenished 

periodically. This, in turn, requires monitoring of the 

disinfectant concentration and determination of optimal 

quantities to add to the water system. Thi~ disadvantage 

may be overshadowed by the ability to significantly alter 

the concentration of the disinfectant to meet the varying 

demands of water treatment. Soluble disinfectants can be 

dosed well above normal operating concentrations for 

special treatment conditions, 

normal levels as diffusion 

contrast, the concentration 

may not be easily adjusted. 

Insoluble (contact) 

and then easily returned to 

and dilution occur. In 

of contact disinfectants 

or surface 

disinfectants are those disinfectants requiring 

active 

physical 

of the contact between the virus aud the surface 
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disinfectant. A distinction should be made between time-

released disinfectants and insoluble contact 

disinfectants. Time-released disinfectants such as 

trichloroisocyanuric acid (Scott and Bloomfield, 1985), 

are really soluble disinfectants as direct contact is not 

required even though a residual sUbstance may be present 

for some time within a treatment system. True contact 

disinfectants are insoluble and have unique properties. 

Constant monitoring of disinfectant concentration is not a 

concern, yet fouling of the active surface and flexibility 

of treatment are concerns. Once added to a water 

treatment system, contact disinfectants may be difficult 

to remove. Immediate alteration of disinfection 

capability may not be as readily achieved as with soluble 

disinfectants. 

Disinfection Kinetics 

Soluble Disinfectants 

Chick (1913) described disinfection kinetics as 

being analogous to a chemical reaction. For disinfectants 

to efficiently inactivate viruses, first order kinetics 

should occur. Ideally, this will occur if: 1) viruses 

act as discrete units equally s~sceptible to a single 

species of disinfectant; 2) both viruses and disinfectant 

are uniformly dispersed within the water being treated; 3) 

the disinfectant remains unchanged in chemical composition 
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and substantially constant in concentration; and 4) the 

water being treated contains no interfering nitrogenous 

substances (Fair et al., 1971; Hoff, 1986). 

Unfortunately, different types of viruses have 

varying susceptibilities to disinfectants and even the 

susceptibility of individual virus particles within a 

population may vary. In addition, the susceptibility of a 

given virus will vary with the type of disinfectant. This 

may be dependent on the ionic species of the disinfectant 

present in the water. The distribution of viruses in 

water may not be uniform due to clumping or aggregation 

with particles present in the water, which can protect 

viruses from disinfection (Galasso and Sharp, 1962; Young 

and Sharp, 1985; Emerson et al., 1982; Keswick and Gerba, 

1980; Hejkal et al., 1979). Distribution of soluble 

disinfectants or uniform flow past a contact disinfectant 

is dependent upon thorough mixing of the water during 

disinfection. The disinfectants themselves may form 

different species having different inactivation properties 

dependent upon the pH, temperature and ionic nature of the 

water (Figure 1) (Cramer et ~., 1976; Sharp et ~., 1980; 

Taylor and Butler, 1982; Wiedenkopf, 1958). This may, in 

part, be due to variations in ion pairing (Jensen et aI, 

1980). The concentration of available disinfectant may 

vary as the presence of competing or interfering 

substances which may combine with it vary. 
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species of hypochlorous acid. (Cramer et al. I 

1976) . 
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Any condition of the virus, disinfectant or water 

being treated which alters the kinetics of disinfection 

will cause a deviation from ideal linear inactivation 

(Chang, 1966; Churn et al., 1984). Curves illustrating 

deviations from ideal conditions are noted in Figure 2. 

The "shoulder" effect may perhaps be due to improper 

mixing or a delay due to diffusion of a disinfectant 

across the viral capsid protein coat to its target. Gard 

(1959) suggests thdt substances acting on nucleic acids 

must modify the protein coat in order to reach the nucleic 

acid. Conversely, a "shoulder" could be caused by a 

multi-hit requirement for inactivation due either to 

clumping or one site on the viral protein coat requiring 

numerous interactions with the disinfectant or many sites 

requiring a single interaction before inactivaion is 

complete. Rapid, initial inactivation may be due to the 

extreme sensitivity of a portion of the microbial 

population. "Tailing off" may be the result of 

disinfectant depletion or the presence of a more resistant 

subpopulation due to viral protection by clumping or 

aggregation, conformational change of the viral capsid or 

innate genetic variation in some members of the population 

(Hoff, 1986). 

Genetic variation, or drift, may be caused by 

point mutations in the virus genome possibly resulting in 

decreased susceptibility of a subpopulation of viruses to 
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disinfection by a particular species of disinfectant. 

This could occur due to altered hydrophobicity caused by 

variations in protein side-chain exposure to the 

disinfectant resulting in decreased interaction between 

viral target sites and the disinfecta.:t. More 

if the site of action of the disinfectant is 

directly, 

the RNA 

itself, then point mutations in the genome may affect RNA 

folding or in some other manner offer less opportunity for 

the disinfectant to act on target sites. Any change in 

the target site of a virus, which does not impair its 

ability to engage in productive infections will be 

expected to alter the efficiency of water disinfection 

processes. 

Poliovirus evolves at a rate approximating two 

bases per week (Kew et al., 1985). Effectively, this 

means that its 7,441 bases could become completely changed 

every 71.5 years. While this is perhaps highly unlikely 

it stresses the probability that a population of viruses 

will in fact be expected to contain subpopulations having 

genetic variations which could potentially effect 

inactivation kinetics (Charney et al., 1960). 

Viral clumps are generated in large, tightly 

packed cytoplasmic crystals in cells and are not 

completely dispersed upon release from an infected cell 

(Berman and Hoff, 1984; Floyd et ~., 1976; Sharp et ~., 

1975). Clumping may also occur from single virions while 
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in water due to shifts in the pH or salt concentration and 

can be reversible (Floyd and Sharp, 1977; Vrijsen et al., 

1983). While inactivation of single particle virus 

suspensions should reflect first order kinetics, large 

clumps of viruses or aggregates will deviate from 

linearity (Emerson et al., 1982; Sharp et ~., 1976) and 

one can not be assured that complete dispersion of viruses 

at the time of disinfection has occurred. 

Small clumps of two to ten viruses have no 

detectable effect on plaque-forming titers, while large 

clumps 

1975; 

or aggregates seem to be involved (Sharp et al., 

Stagg et al., 1977) (Figure 3). The clumping of 

virus particles or this aggregation of organic material 

around a virus may protect a central virion from the 

action of a disinfectant even at high concentrations 

(Hejkal et al., 1979). Clumps of 16 identically sized 

spheres (virions) are required to form a protective coat 

one sphere (virion) thick around a sphere (virion) of 

equal diameter. Hence clumps involving 16 or more viruses 

will probably exhibit resistance to soluble disinfectants. 

Small clumps of viruses may not completely envelop a 

central virus, allowing a soluble disinfectant to reach 

its target site. Contact disinfectants will be expected 

to show a greater loss of activity due to clumping or 

aggregation. Clumps smaller than 16 may prevent contact 

between the central virus and the disinfectant surface. 



A 

VIRUS 

SOLUBLE 
DISINFECTANT 

~O~ 

PARTICULATE 

INSOLUBLE 
DISINFECTANT 

SUR 

8 

15 

VIRUS 
CLUMP 

Figu~e 3. Protective action of particulate matter (A) and 
virus clumps (B): Soluble disinfectants and the 
reactive surface of insoluble disinfectants may 
be prevented from acting on a virus pa~ticle 
surrounded by particulate matter or a clump of 
viruses. 
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Thus, any degree of clumping or aggregation of organic 

materials around a central virus may alter inactivation 

kinetics, dependent upon the nature of the disinfectant 

being used. 

Virus sensitivity to disinfectants may vary due to 

pH changes in the water in which they are suspended. 

Viruses have isolectric points (IEP) which change the 

electric charge on the virus. Shifts of pH from below the 

IEP (virus has an overall net positive charge) to above 

the IEP (virus has an overall net negative charge) can be 

expected to alter the sensitivity of target sites in or on 

the virus. Negatively charged amino acids in the viral 

capsid may become more exposed to the environment, while 

others (positively charged) may become internalized and 

unavailable for interaction with the disinfectant. This 

change in conformation may affect the susceptibility of 

viruses to disinfection by changing the spatial 

arrangement of target sites or inducing clumping or 

aggregation perhaps by increasing virion hydrophobicity 

(Sharp and Leong, 1980; Vrijsen et ~., 1983). Poliovirus 

is most sensitive to disinfection near its rEP (Butler et 

al., 1985). Some viruses have more than one rEP (Vrijsen 

et ~., 1983) and there is evidence for a correlation 

between one of these rEPs and sensitivity to disinfection 

(Butler et ~., 1985). 
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Changes in the hydration state of the virus at low 

concentrations of disinfectant may also cause 

irregularities in the disinfection rate of viruses (Figure 

4) (Floyd et al., 1976). At low bromine concentrations 

and temperature virions become hydrated and become much 

more susceptible to disinfection. 

Insoluble Disinfectants 

Murray (1980) described virus adsorption and 

degradation on insoluble metal surfaces as being caused by 

the development of charges by ionization of prototropic 

groups (Park, 1976) forming a double layer as ions present 

in the liquid phase collect at the surface. At the pH of 

most natural waters, viruses will have an overall net 

negative charge. Other negatively charged particulates in 

the water will likewise be electrostatically attracted to 

the positively charged metal surface and compete with 

virions for adsorption sites or neutralize the charge on 

the disinfectant surface. Likewise, positive ions may 

adsorb onto the viral surface and block the action of the 

disinfectant. The pH of the water influences virus 

conformation (Figure 5), 

groups on the capsid 

which influences exposed charge 

protein and sensitivity to 

disinfection (Grimmel et ~., 1983; Mandel, 1971; Murray, 

1980; Young and Sharp, 1985; Young et ~., 1977). 



0.8.-----------------, 

2 
0_ 
I- -c 0.6 «c 
>0 _ U 

1-(1) ucn 
<:( ~ 0.4 
20-
lL. 5:2 o Cl o I=!= 0.2 
<:( 
0:: 

4 8 12 16 20 24 
BROMINE CONCENTRATION (fLM) 

Figure 4. Effect of hydration on survival of virus. 
(Floyd et al., 1976) 

18 



Or---~~------------=-------------

fI) 

"C 

-I 

-2 

~-3 

8'-4 
-5 

-6 

-7 

8 State --

I 41-
I 
8 
I 
I 

Transition? 
I 
I 
g 
I 
I 
I 

..... A State 

~---------~------~~------~---------~-----~ 

pH 

19 

Figure 5. Effect of pH on the conformation of poliovirus. 
(Murray, 1980) 



20 

Water at a pH less than the rEP of the virus will 

result in a more positively charged virus, perhaps 

affecting repulsion rather than attraction between the 

virus and the charged disinfectant unless salt bridging 

occurs (Woodard et tl., 1968) . However, electrostatic 

attraction is a relative condition. Two objects having 

the same type of charge (both positive or both negative) 

may still be attracted to one another if the difference in 

their charges is of a large enough magnitude. 

The double layer has two regions, 

inner stern layer and the diffuse outer Gouy 

the compact 

layer. The 

free energy of adsorption which results in repulsion or 

attraction between a virus and a surface depends on 

whether the double layers from different particles are of 

like or opposite electrical charge. The Shultz-Hardy rule 

as described by Atkins (1982) explains that the thickness 

of the double layer decreases as the ionic strength of the 

surrounding medium increases (Bi tton et ~., 1976). 

Therefore, as the double layer becomes thinner¥ it allows 

similarly charged particles to ap~roach one another until 

salt bridging occurs. 

After initial electrostatic attraction 

(physisorption) draws two oppositely charged particles 

together, van der Waal interactions which operate over 

distances of five nanometers or less, become important. 

Van der Waal forces are due to electromagnetic fields 
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generated from dipole oscillations (Murray and Laband, 

1979; stumm and Morgan, 1981). The initial energy drop 

associated with physisorption (reversible) is supplanted 

by a rise in energy as bonds stretch prior to 

chemisorption (irreversible) in which chemical bonding 

occurs with the surface. Upon chemisorption the energy 

level drops as surface associated bonds reach their full 

strength (Uhlig, 1952). While no evidence for 

chemisorption of viruses has been reported, chemisorption 

may in fact playa significant role in the degradation of 

viruses adsorbed onto a surface. This may present a 

problem for contact disinfectants unless bonds between 

virions and active sites on the surface of the contact 

disinfectant can be regenerated by release of chemisorbed 

particles. otherwise, periodic "cleaning" or replacement 

of the contact disinfectant will need to be und~rtaken. 

Virus removal may occur due to physisorption 

without chemisorption occurring. 

viruses indicates periodic 

Permanent adsorption of 

replacement of the 

disinfectant, while viruses temporarily immobilized on a 

surface may be eluted at a later time while maintaining 

their infectivity (Lance et al., 1976). Surface-bound 

viruses may also be influenced by the pH at the surface of 

a contact disinfectant. El-Amamy and Mill (1984) note 

that the pH at a surface may be two to three units lower 
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than that of the bulk solution, enhancing inactivation of 

acid-sensitive functional groups of viral capsid proteins. 

Murray (1980) states that the double layer theory 

and the Lifshitz theory (general theory of van der Waal 

interactions) when combined may be used to predict 

adsorption characteristics of viruses in aquatic systems. 

If all other conditions are constant it predicts that 

large particles will, in general, 

more strongly than small particles. 

prediction are adenoviruses and 

adsorb onto a surface 

Exceptions to this 

reoviruses which are 

larger than enteroviruses, but which adsorb less strongly 

to aluminum hydroxide and phosphate precipitates, perhaps 

due to differences in interaction configuration and 

electrokinetic properties. 

Further predictions state that if the virus and 

the solid have similar charge, that increasing the ionic 

strength of the suspending solution will increase the 

tendency of the virus to adsorb. conversely, if the virus 

and the solid are of opposite charge, an increase in ionic 

strength will decrease the tendency to adsorb. Materials 

with high dielectric susceptibilities such as metals and 

metal sulfides should develop higher van der Waal 

potentials and adsorb viruses more strongly than minerals 

or humic sUbstances: metals> sulfides> transition metal 

oxides > silicon dioxide > organic substances (Gerba, 

1984; Murray, 1980). 



Mechanisms Q.f Viral Inactivation 

General Concerns 

Viruses 

disinfectants in 

could potentially 

a variety of ways 

interact 

(Figure 6). 
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with 

The 

infectivity of the virus may remain undisturbed as non

target sites are attacked. Inactivation may occur 

temporarily due to a reversible change in the virus 

conformation or permanent damage to either the capsid 

proteins and/or the nucleic a~id may result. Virus 

clumping or aggregation may prevent inactivation of all 

viruses as some may be protected. 

in this regard. Any property of 

Turbidity is important 

the water, such as 

incomplete mixing, which reduces the likelihood of 

allowing sufficient contact time between the virus and the 

disinfectant, 

aggregation or 

virus capsid, 

disinfectant. 

pH or ionic strength, which may 

change 

may 

conformation of proteins 

reduce the efficiency of 

enhance 

in the 

that 

The surface area of the disinfectant available to 

viruses is important. A contact disinfectant may have a 

limited number of reactive sites on its surface (Murray, 

1980). Disinfection efficiency may depend on presenting 

the maximal number of reactive sites to viruses present in 

the water. Ideally, contact time for inactivation will be 

brief, with immediate and complete release of the 

inactivated virus and thus regeneratIon of the virus 
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attachment site on the surface of the disinfectant. 

Should release of the inactivated virus leave a portion of 

the viral capsid proteins attached to the surface, then a 

limited lifespan of the disinfectant is assured. Means to 

ensure that the contact disinfectant presents its maximal 

surface area to the water being treated may be 

accomplished by direct flow through a column of resin 

beads or inorganic substance as opposed to lining a 

container with the same substance. 

Soluble Disinfectants 

Halogens. Chlorine is used in many water 

treatment facilities because it is an effective oxidizing 

antimicrobial agent (Dugan, 1978; Kruse et ~., 1970). 

Figure 7 shows the reactions chlorine can typically 

undergo in an aqueous environment. The presence of 

nitrogenous substances can reduce the efficiency of viral 

inactivation as chlorine forms less effective chloramines. 

Berman and Hoff (1984) point out that monochloramine 

requires six hours to inactivate the same amount of 

rotavirus as chlorine will inactivate in 15 seconds. 

Chlorine dioxide is used extensively in Europe as 

a disinfectant for treating water as it doesn't form 

carcinogenic trihalomethanes (Murray, 1980; Noss and 

Olivieri, 1985), bad tastIng chlorophenols or chloramines, 

as does chlorine (Faust and Hunter, 1967; Kinman et al., 
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HOCl, forms nitrogentrichlorine (pH<4.5) , 
NC13 +H20 

Figure 7. Possible reactions of chlorine in water 
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1970; Llabres and Ahearn, 1985; Longely et al., 1980; 

Taylor and Butler, 1982). Chlorine dioxide has been found 

superior to combined chlorine in a number of 

investigations (Aieta et al., 1980). 

The concentration of the different species of 

chlorine is influenced by pH (Vaughn et al., 1986). 

Hajenian 

reduced 

and Butler (1980A) state that chlorination has a 

effect at a pH near the rEP of the virus. Some 

confusion appears to exist concerning the effectiveness of 

the different species of chlorine. Scarpino et al. (1972) 

states that the hypochlorite ion (OCI ) is more effective 

than hypochlorous acid (HOCl), refuting earlier work by 

Weidenkopf (1958). Koh et ~. (1975), on the other hand, 

report that HOCI is more effective than OCI. The 

mechanism of viral inactivation due to chlorine seems to 

be unresolved. Two schools of thought revolve around the 

action of chlorine: 1) viral capsid proteins are 

attacked; 2) viral nucleic acids are attacked. 

Chang (1970) states that chemical agents denature 

the protein 

unaffected. 

shell of viruses, leaving the nucleic acid 

Oxidation of sulfhydryl groups is not enough 

to inactivate viruses, which explains why higher residuals 

are required for viruses. Young and Sharp (1985) found 

that chlorine may alter poliovirus conformation. Even 

though these viruses are incapable of causing an infection 
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by themselves, they may collectively produce an infection 

(see Multiplicity Reactivation). 

The conformation of a virus may be reversible if 

the virus has not become stabilized in one conformation 

state by UV or heat (Mandel, 1971). One may hypothesize 

that as a change in pH occurs, a resulting change in 

conformation rudY occur altering the hydrophobicity of the 

virus and affecting its ability to recognize and adsorb 

onto cell receptors. Hence, if chlorine does not 

inactivate a virus outright, but instead temporarily 

renders the virus non-infectious, then, under appropriate 

conditions the virus may revert to an infective 

conformation. This may help account for the recovery of 

infective viruses from finished drinking water having a 

free chlorine residual (Payment et ~., 1985; Rose et ~., 

1986; Snead et al., 1980) greater than 1 mg/L (Shaffer et 

al.,1980). 

Venkobachar et ale (1977) states that chlorine 

changes the membrane permeability of Escherichia coli 

allowing macromolecules such as proteins and RNA to leak 

out. They also show that the DNA is released at high 

concentrations of chlorine. One may speculate whether the 

capsid proteins of viruses react similarly, allowing RNA 

to leak out. Dennis et ~. (1979) notes that chlorine has 

an affinity for RNA at a pH Of 5.6-9.9 which is greater 

than its affinity for protein. Cytosine monophosphate and 
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adenosine monophosphate consume HOCl at low pH more 

actively than guanosine monophosphate. Uridine 

monophosphate appears quite unreactive (Dennis, 1979). 

Hauchman et al. (1986) found that chlor ine dioxide can 

react with nucleotides, but inactivation of intact f2 may 

be due to discrete reactions with cysteine, tyrosine and 

tryptophan moieties in the viral protein (Noss et al., 

1986). 

Tenno et al. (1979) reports that HOCI inactivates 

poliovirus by reacting with the protein component of the 

virus and does not result in any detectable change in the 

structure of the virus and does not affect the infectivity 

of the viral RNA. The work of Roller et ~. (1980) 

support this statement by noting that bacterial 

inactivation is primarily through irreversible sulfhydryl 

oxidation. Thus, while chlorine may damage bacteria and 

viruses, their nucleic acids may remain infectious (Chang, 

1970; Yeager and O'Brien, 1979). Taylor and Butler (1982) 

and O'Brien and Newman (1979) note that cleaved viral RNA 

is released from the poliovirus capsid following treatment 

with chlorine. The viral sedimentation coefficient 

changes from 156S for native poliovirus to 80S after 

treatment with chlorine, due to the release of its RNA 

(Alvarez and O'Brien, 1982A). The rEP and cell attachment 

capabilities of the virus, however, remain unchanged 

(Olivieri et ~., 1971). This seems to indicate that no 
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major capsid conformational changes occurred during 

chlorine inactivation. O'Brien and Newman (1979) maintain 

that chlorine inactivation occurs due to RNA degradation 

before release of the degraded RNA and that the RNA 

release is a secondary event (Alvarez and O'Brien, 1982B). 

diffuse 

target 

may be 

If this scenario is correct, then chlorine must 

across the virus capsid in order to reach its 

site -- the viral RNA. This mode of inactivation 

dependent upon the availability of a chlorine 

species which is electrically neutral. Sletten (1974) 

reports that HOCI is more effective than OCI in 

inactivating bacteria as it has a neutral charge and can 

penetrate the bacterial cell wall (Lippy, 1986). 

Inactivation of poliovirus due to HOCI would be expected 

to occur most readily at a pH between 3-6.5 where 90% of 

chlorine is present as HOCI. 

Alvarez and O'Brien (1982B) attempted to settle 

the discrepancy in reports on the action of chlorine on 

viruses by stating that the end result is dose related. 

Chlorine concentrations less than 0.8 mg/L result in 

inactivation without major structural changes, whereas 

chlorine concentrations in excess of 0.8 mg/L result in 

156S to 80S conversion with RNA loss from the viral 

capsid. Hence, damage may occur to either viral proteins 

and/or RNA (Harakeh and Butler, 1984; Leong, 1983; O'Brien 

and Newman, 1979; Tenno et al., 1979). 
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Bromine undergoes similar reactions to chlorine in 

an aqueous medium, however, its disinfecting capacity and 

mode of action differs from that of chlorine. Keswick et 

al. (1981), reports that while viral proteins are affected 

by bromine, the RNA is not. Floyd et al. (1978) states 

that hypobromite ions inactivate poliovirus more rapidly 

than Oel (Sharp, 1982) suggesting they operate at 

different sites on the virus. Bromine concentrations of 

0.3-0.5 mg/L as bromine chloride (BreI) cause virus 

inactivation with no apparent structural damage, while 

stronger concentrations of 10-20 mg/L BreI cause 

structural damage to the virions. Olivieri et al. (1971) 

indicate that bromine (15 mg/L) is capable of inactivating 

nucleic acids, yet does not appear to penetrate the 

protein coat of the virus. This action must probably 

occur at a pH where bromine is present as neutral 

hypobromous acid (HOBr) and may pass through the viral 

capsid to attack the nucleic acid. 

Bromine chloride is two to three times more 

effective than HOel in the disinfection of sewage 

(Hajenian and Butler, 1980B) seeded with poliovirus 1, 

coxsackie B4, echovirus 7 and reovirus 2 (Keswick et al., 

1978; 1979). Damage to the protein capsid of reovirus 

after exposure to HOBr (2-3 micromolar) can be very rapid 

and has been detected by electron microscopy in as little 

as one minute (Sharp et al., 1975). 
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stability and 

(Hsu, 1964). 
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has been reported to have a greater 

general utility when compared to chlorine 

While elemental iodine can inactivate 

viruses, the hydrated form of elemental iodine is more 

effective. Iodine decomposition products, iodate and 

iodide, are formed at a pH above 8 and are non-virucidal 

(Cramer et ~., 1976). 

Iodine displays first order inactivation kinetics 

indicating single site inactivation unless clumping 

occurs. Cramer et al. (1976) reports that iodine oxidizes 

sulfhydryl groups and tryptophan and perhaps more 

importantly substitutes tyrosyl or histidyl moieties at 

neutral pH and room temperature (Hsu, 1964). structural 

changes in viral integrity may be noted by electron 

microscopy after treatment with iodine (Taylor and Butler, 

1982), however, infectious RNA could be released into the 

environment (Berg et al., 1964; Olivieri et al., 1971). 

Hsu et al. (1966) notes that the virucidal properties of 

iodine in waters of low pH and high organic content could 

be inadequate regardless of the free iodine concentration 

when viruses require iodination of tyrosine for 

inactivation. Viruses resistant to iodine may have buried 

sulfhydryl groups or the exposed sulfhydryl groups are not 

essential for productive viral infections, as is the case 

for tobacco mosaic virus (Hsu, 1964). 
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Ozone. There are many difficulties associated 

with the utilization of ozone as a disinfectant. Ozone 

produces mutagens (Burleson and Chambers, 1982; Murray, 

1980), is difficult to handle, does not disinfect well at 

low pH, is adversely affected by organics, and has poor 

penetrating ability into solutions. Walsh et ale (1980) 

states that ozone can diffuse into flocs and inactivate 

viruses. He determined that at turbidities from 1-5 NTU 

viruses are afforded no protection at ozone concentrations 

of <0.25 mg/L. While ozone does not impart taste or color 

to water (Majumdar et al., 1973), its ability to 

inactivate viruses is dependent buth on the initial ozone 

concentration and the quantity of organic matter in the 

water (Katzenelson et ~., 1974). An acidic pH helps 

stabilize ozone, increasing its half-life. Ozone bubbles 

with an ozone residual is more effective a disinfectant 

than an 

theory, 

ozone 

the 

residual alone. According to 

ozone concentration at the 

the f 11m 

gas-liquid 

interface of the bubble exceeds the ozone concentration in 

the bulk liquid. Thus, viruses in direct contact with 

ozone bubbles will be inactivated more readily than those 

viruses in the bulk liquid (Farooq et al., 1977). 

Enterovirus inactivation due to ozone in order of 

decreasing resistance is: poliovirus 1> echovirus 1> 

poliovirus 2> coxsackie B5 > echovirus 5 > coxsackie A9 

(Roy et gl., 1982). Farooq and Akhlaque (1983) state that 
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viruses are more resistant to ozone than bacteria. 

controversy still envelops the mechanism by which ozone 

inactivates viruses. While it is agreed that ozone can 

react with both RNA and viral capsid proteins, 

disagreement ensues over the degree of interaction of 

these viral components. 

Roy et al. -- (1981A) found that while polypeptide 

chains VP1 and VP2 present in the viral protein coat of 

poliovirus 1 become altered in the presence of ozone, 

virus adsorption and the integrity of the virus are not 

significantly impaired. Damage to viral RNA was 

determined by ozonating poliovirus virions and extracting 

the RNA. Sucrose gradient analyses revealed two broad 

peaks instead of a single, well-defined peak representing 

native poliovirus RNA. It was then suggested that mass 

transfer of ozone into the virus particle occurs where it 

breaks down the RNA, inactivating the virus (Roy et ~., 

1981B-C) . This process is adversely affected by low pH 

and resistence to inactivation increases approximately 

four times as the pH drops from 7.2 to 4.3. 

DeMik and DeGroot (1977), in contradiction to Roy 

et al. (1981A), state that ozone attacks sulfhydryl groups 

and can directly inactivate cysteine, methionine and 

tryptophan. They further state the ozone modifies 

pyrimidine and purine bases, as well as altering the 

adsorption spectra of nucleic acids, nucleotides and 
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nucleosides. Shinriki et~. (1981) and Ishizaki et ~. 

(1981) report that the degradation rate due to ozone of 

the base portion of nucleotides and nucleosides is in the 

order of decreasing sensitivity to degradation: guanine> 

thymine> uracil> cytosine> adenine. The ribose moiety 

Is also degraded, but more slowly than the base portion of 

the nucleic acid. 

Kim et al. (1980) detected structural changes in 

the protein coat of bacteriophage £2 using electron 

microscopy after ozonation. It is suggested that ozone 

breaks the capsid proteins into subunits releasing the RNA 

which then may become damaged afterwards. As infectious 

DNA has been recovered from ~X174 after treatment with 

ozone, it is believed that while DNA/RNA destruction can 

occur, it is the proteins which first are affected and 

which inactivate the viruses. The nucleic acid may be 

secondarily affected if access to them occurs during 

contact with ozone (DeMik, DeGroot, 1977). 

Metal Ions. Metal ions may inactivate viruses in 

a number of ways by binding electron donor groups on 

proteins or nucleic acids. Overall charge, size, 

coordination number and lability help determine the nature 

of the interaction (DeLeers, 1985; Dixon, 1984; 

Hutchinson, 1985; Plastourgou and Hoffman, 1984; Puck et 

~., 1951). Adsorption of metal ions to viruses is pH 

dependent and competition for adsorption sites may occur 
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if more than one kind of cation is present (Netzer and 

Hughes, 1984; Wallis and Melnick, 1962). 

Inactivation of biological macromolecules due to 

transition metals is thought to involve a modified site

specific Fenton Mechanism (Amram et ~., 1983; Samuni et 

al., 1984). It is assumed that the metal ion binds to a 

biological target and is reduced by superoxide radicals or 

other reductants and subsequently reoxidized by hydrogen 

peroxide generating hydroxide radicals. Repeated cyclic 

redox reactions may result in multi-hit damage as radical 

formation occurs near the target site. 

The interaction of copper, zinc, lead, cadmium, 

nickel, silver, cobalt and manganese ions with biologic 

molecules has been reported (Chang, 1970; Martin, 1967; 

Plastourgou and Hoffman, 1984; Sundberg and Martin, 1974) 

as mediating hydrolysis (Mingelgrin and Saltzman, 1979). 

This occurs by nucleophilic displacement due either to 

polarization allowing subsequent external attack by a 

nucleophile or by generation of a reactive basic reagent 

in which a hydroxyl ion coordinates itself with the metal 

in forming a reactive nucleophile which attacks amides and 

peptides (Hay and Morris, 1976). 

Decarboxylation reactions (Plastourgou and 

Hoffman, 1984) may alter the function of molecules 

necessary for virus infectivity, 

inactivation. Chelation prior to 

resulting 

hydrolysis 

in 

or 
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decarboxylation, involving short-range interactions, 

polarizes the carbonyl gLOUp and assists the transfer of 

electrons from the carbon-carbon bond undergoing cleavage 

(Hay, 1976). Indirect chelation may occur if a 

coordinated water molecule hydrogen bonds to a ring 

nitrogen or to a phosphate oxygen. 

Should metal ions come in contact with nucleic 

acids due to viral capsid protein degradation or by 

diffusion through the capsid, it is possible for 

degradation of the backbone, disruption of base pairing or 

protection from inactivation to occur (Nishikawa and 

Kuriyama, 1968). Metal ions may attack the nucleic acid 

backbone inducing cleavage as a cyclic intermediate 

connecting the 2' and 3' oxygen atoms of the ribose with 

the phosphorous atom of the phosphodiester bond forms. 

Ring opening may then occur secondary to backbone cleavage 

as the cyclic configuration degenerates. 

Metal ion intercalation may neutralize 

electrostatic repulsion between neighboring strand 

phosphate groups, decreasing the overall free energy and 

stabilizing the double helix. Intercalation of metal ions 

can be detected by determining if the migration rate of 

closed, relaxed nucleic acids has increased, as 

intercalation increases superhelicity resulting in faster 

electrophoretic migration. Preference for specific base 

rich regions has been demonstrated for Cu (II), Hg (II) 
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and Pt which prefer G-C rich regions, while Ag prefers A-T 

rich .regions, and Zn (I I) prefers C-U (Eichhorn et 2.l., 

1973) . 

Metals binding exocyclic oxygen atoms of purine 

hydrogen and pyrimidine bases usually disrupt base pair 

bonding and destablize the helix by lowering the melting 

temperature (Tm), but particular reactions depend on the 

tertiary structure of the nucleic acid (Barton and 

Lippard, 

phosphates 

increased 

1980). At low concentrations metal ions bind to 

resulting in either backbone cleavage or 

Tm. At high metal ion concentrations base 

binding becomes more significant reducing the Tm and 

causing helix destabilization. Increasing or decreasing 

the Tm will alter the normal function of nucleic acids and 

may result in virus inactivation or an increased rate of 

mutagenicity as mis-pairing 

and Lippard 

occurs (Eichhorn 

(1980) prepared a 

et al., 

list of 1973) . Barton 

metals showing their decreasing order of preference for 

binding to phosphate groups over bases: Mg (II) > Co (II) 

> N i (I I) > Mn (I I) > Zn (I I) > Cd (I I) > Cu (I I ) . 

Silver has been used for years as a protein 

coagulant in treatment for burn patients. Silver has also 

found use as a disinfectant in water treatment. Its great 

affinity 

oxygen or 

interfere 

for electron donor groups containing sulfur, 

nitrogen inhibits bacterial enzymes and may 

with respiration at the cell membrane. 
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Colloidal silver is, however, not an effective enteric 

virus disinfectant in water at permissable concentrations 

(PHS Drinking Water Standards, 1962; Chang, 1970; Thurman 

and Gerba, unpublished data). Silver ions may form 

complexes with nucleic acid bases (Richards, 1981) without 

causing clumping or disruption of the double helix (Grier, 

1983; Tilton and Rosenberg, 1978). This mode of 

inactivation, however, seems unlikely for intact viruses 

unless diffusion across the viral capsid is achieved. 

Chambers et ala (1962) note that it is the concentration 

of silver, not the nature of the ion which is vital in 

bacterial inactivation. 

Insoluble Disinfectants 

Metal Oxides. Oxides of silicon, iron, copper, 

manganese, magnesium and aluminum have all been reported 

as adsorbing viruses (Atherton and Bell, 1983; Murray and 

Laband, 1979; Thurman and Gerba, unpublished data). 

Silicon appears to bind viruses loosely and no significant 

loss of virus infectivity is noted upon elution of viruses 

from the oxide surface. Iron oxide and aluminum oxide 

produced slight virus inactivation, while manganese 

dioxide and copper oxide showed significant inactivation. 

Murray (1980) states that as the incubation time of virus 

and metal oxide increases, so does the amount of virus 

inactivated increase. 
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Magnesium oxide and magnesium peroxide cause 

significant virus inactivation which may in part be due to 

their effect on the pH of the bulk solution, which is 

greatly increased (Thurman and Gerba, unpublished data). 

Hydrolysis of viral proteins may result, destroying cell 

receptors. These substances, while efficient in viral 

inactivation, may restrict point-of-use application due to 

the significant increase in pH of the treated waters. 

Aluminum. Metal sufaces, such as aluminum, act as 

reducing agents and while not well characterized, it is 

believed that hydroxylation (Barna et §!l., 1984; 

Schindler, 1984) and superoxide radical formation can 

occur at the surface of the metal. The reactions are the 

results of chemisorption of water molecules or dissolved 

oxygen. An oxide coating several nanometers thick forms 

on aluminum. Thin spots in this coating are believed to 

be the reactive sites of virus adsorption and subsequent 

degradation. Poliovirus capsid proteins are destroyed or 

dissociated (Thurman and Gerba, unpublished data) as well 

as the RNA (Murray, 1980) resulting in a significant 

decrease in virus titer (Thurman and Gerba, 1985). 

Strong van der Waal forces generated by the 

aluminum have been suggested as the cause of the 

degradation (Murray, 1980). The formation of superoxide 

radicals or peroxides at the metal surface may playa role 

in viral inactivation (Michelson, 1980; Yamamoto et §!l., 
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1964). Poliovirus adsorbs to metallic aluminum and 

desorbs within 3 days. Viral fragments and clumped 

viruses, which prove to be non-infectious upon dispersion 

with freon 113 (Sobsey et al., 1980), can be seen by 

electron microscopy after exposure to metallic aluminum 

(Thurman and Gerba, unpublished data). canter and Knox 

(1985) state that phosphates become chemisorbed on the 

surfaces of iron and aluminum minerals in strongly acid to 

neutral systems. As aluminum does not significantly alter 

the pH of neutral water contacting it, this might occur 

once the viral capsid is destroyed. If phosphate groups 

or other pieces of destroyed viruses remain chemisorbed 

onto the metal surface, then a decreased efficiency of 

virus removal over time should occur. 

Light Induced Disinfection 

Ultraviolet Light. Ultraviolet light has been 

used to disinfect public water supplies since 1909 (Ellis 

et al., 1941). The biocidal effectiveness of ultraviolet 

radiation varies with the wavelength of the radiation 

(Clarke and Berman, 1983). The most effective wavelengths 

range from 253.7 to 265 nm (Chang, 1970). Ultraviolet 

light-disinfecting devices used to treat water are usually 

either immersed in the \olater or positioned just above the 

water. The effective depth of penetration of ultraviolet 

light in water is dependent upon the nature of the water. 
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Ultraviolet light of wavelength 253.7 nm retains 90% of 

its intensity at 5 inches in distilled water, while in 

Ringers solution ultraviolet light retains 90% of its 

intensity at only 0.5 inches (Luckiesch et al., 1941). 

This variation is apparently due to dissolved salts. 

Water in contact with iron pipes and iron storage tanks 

may acquire sufficient iron for such variation in 

effective penetration requiring special techniques to 

enhance disinfection. Film-spreading devices may be used 

to increase the surface area and reduce the depth of 

waters having a high ultraviolet adsorption, thus allowing 

disinfection even in the presence of absorbing salts. 

In order for photochemical reactions to mutate or 

inactivate a virus, the light energy must be absorbed by a 

target molecule that possesses a bond of importance to the 

function of the virus. A sufficient amount of excitation 

energy 

bond 

of the absorbed photon must alter this 

such that the normal function of the 

permanently altered (Jagger, 1967). 

vulnerable 

molecule is 

Ultraviolet 

irradiation may act in this way on viral capsid proteins 

or the viral nucleic acids. 

The aromatic amino acids tyrosine, tryptophan, and 

phenylalanine are particularly sensitive to ultraviolet 

light and may undergo decarboxylation, deamination, or 

ring rupture. Cystine may convert to cysteine, altering 

the tertiary structure of the viral capsid proteins and 
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affecting adsorption to host cell receptors. This may not 

be significant if a virus has a sufficient excess of 

cellular receptors to negate the loss of some of them. 

Peptide bonds also may be an important target site due to 

their frequency. 

transferred short 

Energy absorbed by amino acids may be 

distances to other sites (resonance 

transfer). Such chromophores may, themselves, not be 

altered by the radiation (Jagger, 1967). Resonance 

transfer may 

crosslinking 

protein VII 

be involved in ultraviolet induced 

between double strand DNA and major core 

of adenovirus (Sato and Keiichi, 1984). 

Crosslinking also has been reported between single strand 

DNA and the gene 5 protein of bacteriophage fd. 

The effects of ultraviolet light on nucleic acids 

may be more significant than on viral capsid proteins. 

Any alteration in the genetic information may cause an 

inability to replicate or alter the genetic information 

effectively inactivating the organism or causing a 

mutation. Mutations may occur through mis-replication of 

pyrimidine dimers or pyrimidine (6-4) pyrimidine lesions, 

indicating that targeted mutagenesis is the most probable 

event (Bourre and Sarasin, 1983), while pyrimidine dimers 

may directly obstruct transcription (Eglin et al., 1980); 

Ross et al., 1972). 

Luria (1955) states that most absorption takes 

place in the nucleic acid component of the virus. This is 
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in part due to the fact that all nucleic acid bases are 

good absorbers, whereas only about one in ten amino acid 

residues are good ultraviolet absorbers. Pyrimidines are 

ten times more sensitive to ultraviolet irradiation than 

are purines and may form cyclobutane dimers with adjacent 

pyrimidines. Base stacking allows overlapping electron 

orbitals and may enhance resonance transfer. This may be 

dependent on the constraint of volume within the viral 

capsid which may limit the ability for dimers to form. 

The effects of ultraviolet irradiation seem to be 

dose related. Low doses may form reversible hydration 

products whereas large doses may inhibit virus uncoating 

(Miyamoto and Morgan, 1971) or cause disintegration of the 

particle. Luria (1955) reports that inactivated phage can 

still adsorb and kill a host cell by suppressing host cell 

syntheses, yet no new phages are produced. 

Katagiri ~ ~. (1967) studied in detail the 

changes that occur to poliovirus virions after exposure to 

ultraviolet light. Analysis of the exposed virions showed 

that there were four stages in the morphological 

appearance and biological properties of the virus. In the 

first stage, virus particles lost their infectivity. In 

the second stage, the viral RNA is rendered RNase 

sensitive. The alteration of viruses by ultraviolet light 

is prerequisite for development of sensitivity of virus 

RNA to RNase since RNase is ineffective on the intact 
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virion. Compared with the loss of infectivity, the 

development of virus RNA to RNase sensitivity requires a 

relatively high dose of ultraviolet light. In the third 

stage, the viral RNA is no longer enclosed, but is still 

adherent to the capsid. In the fourth stage, the viral 

capsid, and eventually viral particles, become empty 

shells. 

The disadvantages of using ultraviolet light for 

the disinfection of water is that no residual disinfectant 

is maintained, it is generally more expensive than other 

means of disinfection, and variations in the quality of 

the water being treated may be such that film-spreading 

devices must be used which may increase the time and cost 

required to disinfect a given volume of water (Buttolph, 

1955). 

Photoreactivation of RNA and DNA may be a concern 

if irradiated viruses are exposed to cells or cell 

extracts (Jagger, 1967). Eglin et al. (1980) report that 

the survival of herpes simplex virus (type 1) shows a 

multicomponent curve which is greatly influenced by host

cell reactivation and to some extent by post-relication 

repair. 

Photodynamic 

photoreactive dyes 

Inactivation. The 

to inactivate microorganisms 

use 

and 

of 

to 

oxidize toxic compounds and organic matter in wastewater 

has been demonstrated (Gerba et al., 1977; Seely and Hart, 
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1977; Acher and Rosenthal, 1977). Photodynamic action may 

be defined as the sensitization of microorganisms to 

inactivation by visible light through the action of 

certain dyes. It is generally held that viral 

inactivation results from alteration of the nucleic acid 

(Spikes and Livingston, 1969). According to Hiatt (1960), 

the dye combines with one or more critical sites on the 

virus particle under the proper conditions to yield a dye

virus complex. Upon irradiation, this complex absorbs 

light energy and attains an excited energy state. The 

excited complex then combines with oxygen as the energy is 

released in a reaction that results in loss of 

infectivity. 

Poliovirus is inactivated when added to tapwater, 

sewage or seawater by methylene blue in the presence of 

visible light. Typically, almost 2.5 logs of virus can be 

inactivated upon a five minute exposure to 670 nm light in 

solutions containing 1 mg/L of methylene blue at pH 10.0. 

Various factors such as temperature, pH, oxygen 

concentration, and light energy effect the rate and 

sensitivity of the virus inactivation (Wallis and Melnick, 

1965; Spikes and Livingston, 1969). The effectiveness of 

methylene blue as a photosensitizing dye has been shown to 

increase with increasing pH, probably because of an 

increase in the non-ionized form of the dye (Gerba et ~., 

1977). This allows for a greater penetration rate of the 
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dye into a virus particle as compared to the ionized 

forms. 

A variety of inactivation curves has been 

encountered in studying the kinetics of the indctivation 

of viruses by dyes (Hiatt, 1960). Linear, first-order 

inactivation curves have been observed for T-even 

coliphages and adenoviruses (Hiatt, 1960), while 

shouldered curves are produced during the inactivation of 

T-odd coliphages, vaccinia virus and enteroviruses (Wallis 

and Melnick, 1965; 1963; Witmer and Fraser, 1971). Gerba 

et ~. (1977) found that poliovirus sensitized with 

methylene blue undergoes a distinct induction period upon 

exposure to visible light and thereafter, follows an 

exponential decline. This type of curve is produced 

independent of sensitization time, pH, light intensity, 

temperature, or dye concentration, although the length of 

the shoulder may be influenced by these factors. It was 

concluded that a true multi-hit kinetics occurred in the 

inactivation of the virus. 

Multiplicity Reaction 

Multiplicity reactivation is a process in which 

damaged, non-infectious virions pool their resources in 

order to generate an infectious unit. Sharp (1982) noted 

that the plaque titer of well dispersed echoviruses was 

reduced by several factors of ten upon exposure to HOCI. 
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By lowering the pH to 4.5 and inducing clumping, the titer 

was increased by a factor ranging from 10 to 3000. This 

phenomenon (Figure 8) is not the result of virion repair, 

but complementation in which two or more damaged virions, 

each incapable by itself of forming a plaque, can produce 

a plaque (Young and Sharp, 1985; 1979; Sharp et al., 

1975). Luria (1947) first postulated multiplicity 

reactivation as a means of explaining an increase in titer 

of f2 bacteriophage upon clumping after a previous 

reduction in titer due to treatment with a disinfectant. 

The degree and nature of damage to the virion may be such 

that complementation is highly unlikely or that larger 

clumps are required before a productive infection can 

occur. 

Luria assumed that random damage to either viral 

proteins or nucleic acids occurred due to a disinfectant. 

Resulting viral particles were inactivated and unable to 

cause a productive infection, hence the drop in titer 

after disinfection. Inducing these inactivated viral 

particles to clump together by changing the pH or salt 

concentration of the suspending medium mysteriously caused 

an increase in plaque-forming units. The reactivation 

proccs~ is thought to have a topographical role. Clumping 

of inactivated viruses ensures that the partially damaged 

viruses reach the cell surface at the same time and place. 

Each clump of damaged viruses is thought to contain at 
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least one functional copy of each damaged unit (discrete, 

independent hereditary locus). Reconstitution of a 

plaque-forming unit is dependent on intracellular 

reincorporation of the active units derived directly or 

indirectly in a kind of "hybridization" of a gene pool 

from the inactive particles (Luria and Dulbecco, 1949). 

Recombination due to crossing-over between 

poliovirus genomes has been described both in vitro and in 

vivo (Agut ~ al., 1984; Kew and Nottay, 1983). This 

evidence adds support to Luria's hypothesis that 

fragmented viral nucleic acids can combine to form 

functional units sufficient to induce a productive 

infection. For effective disinfection of viruses to occur 

viral capsid proteins need to be destroyed, reducing the 

ability of the virus to adsorb to a susceptible cell and 

releasing RNA to the environment where it may be degraded. 

The RNA itself needs to be non-specifically attacked and 

fragmented followed by dispersion of the fragments such 

that the likelihood of multiplicity reactivation is 

severely diminished. 

Final Remarks 

A suggestion made by Tifft et ale (1977) of using 

two-stage disinfection may be an efficient means of 

inactivation of viruses. Initial treatment using chlorine 

followed by chlorine dioxide is vastly superior to single 
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stage disinfection. Taylor (1982) states that iodine 

increases viral permeability by reacting with the capsid 

proteins, while chlorine dioxide attacks an internal 

target. This approach to disinfection allows initial 

attack of capsid proteins altering the structural 

integrity of the virus. Second stage disinfectants which 

normally would be unable to diffuse across the intact 

viral capsid are then able to easily reach their target 

sites and inactivate the RNA reducing the likelihood of 

multiplicity reactivation. 

of viruses using lower 

Greater rates of inactIvation 

concentrations of chemical 

disinfectants have been achieved. 

The literature 

describing the action 

different virus types. 

to date seems 

of various 

contradictory 

disinfectants 

It is, however, important 

in 

on 

to 

remember that the experimental conditions are not uniform 

from one investigation to the next and that many factors 

influence the outcome and interpretation of data. As 

Kawata et~. (1979) stated, no single disinfectant is 

equally effective under all conditions for all viruses. 

Importance of the Problem 

Because current sewage treatment and water 

treatment systems can and do fail to completely disinfect 

sewage and water passing through them and because viruses 

can survive, persist and migrate in the environment, 
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alternative disinfection techniques need to be 

investigated. These techniques may be supplemental to 

current practices or implemented where no disinfection 

treatment now exists. These techniques need to be non

polluting, persistant and inexpensive. They need to 

inactivate viruses over a wide variety of conditions and 

require little or no monitoring. They may be used in 

community and noncommunity systems for point-of-use or 

point-of-discharge treatment. Possibilities may include 

infiltration basins, injection wells, septic tank 

leachfields, cesspools, filters for water clarification or 

other sui table places, where technology for other types of 

disinfection are either too expensive or cannot be 

implemented due to a lack of expertise. 

This research investigated the development of a 

simple disinfection technique to satisfy these 

requirements. 



MATERIALS AND METHODS 

Sample Analyses 

Physical-Chemical 

Water Samples. Measurements of pH were made using 

a ~70 pH meter (Beckman Instr., Irvine, CA). Total 

dissolved solids were determined using a DS meter (Myron L 

Company, Encinitas, CA). Turbidity was measured using a 

model 2100A turbidimeter (Hach Company, Loveland, CO). 

The chlorine content of tapwater used to stock reservoirs 

in the column experiments was determined using a model CN-

80 Hach Kit (Hach Company, Loveland, CO). 

Surface Area of Powdered Aluminum and Flushing 

Meadows Soil. In order to determine the theoretical 

number of virus adsorption sites (VAS) and the efficiency 

of virus removal for powdered aluminum and Flushing 

Meadows Soil, surface area determinations were performed 

(Quirk, 1955). 

One gram samples of powdered aluminum or Flushing 

Meadows Soil were spread as a thin layer over the entire 

bottom of separate, dry, clean, pre-weighed metal sample 
o 

holders and oven-dried at 105 C for 48 hours. After 

cooling in a dessicator for one half hour, the dry weight 

of the samples was determined. Samples still in their 

53 
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metal sample holders, were then placed in a glass chamber 

over a saturated calcium bromide solution (approximate 

relative humidity 19%). The chamber was evacuated with a 

vacuum pump for 45 minutes, sealed and left at room 
o 

temperature (20-25 C) for five days. The net gain of 

water adsorbed onto the sample from the saturated 

atmosphere of the glass chamber was determined 

calculating the gain in weight for each sample. 

surface area occupied by a single water molecule 
2 

determined as 0.108 nm . By knowing the net gain 

per sample the total surface 

estimated: 
2 

Surface area of sample (M Igm) = 

net gm H 0 adsorbed x 
2 

gm sample 

1 mole H 0 
2 

18 gm 

2 
area (M Igm) 

23 2 
x 6.023 x 10 molecule H 0 x 0.108 nm 

2 
1 mole 

-18 2 
x 10 M 

2 
1 nm 

1 molecule H 0 
2 

has 

of 

can 

by 

The 

been 

water 

be 

Hydroxide Alkalinity and Total Alkalinity of Water 

Samples. The alkalinity of water samples was determined 

using a HACH kit (Model AL-OT, Hach Co., Loveland, CO). 

Hydroxide all<alini ty \vas determined by ti trating wi th 
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phenolphthalein had 
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100 ml water sample to which 

been added. Total alkalinity was 

determined by the addition of bromcresol green methyl red 

and further titration with sulfuric acid. 

Soluble Aluminum Concentration. The Eriochrome 

Cyanine R Method (Standard Methods for the Examination of 

water and wastewater, 1985) was used to determine the 

aluminum concentration in water samples taken from soil 

columns containing Flushing Meadows soil amended with 

aluminum or Flushing Meadows soil without aluminum, which 

were percolated with Tucson tapwater adjusted to pH 2-3 

with 5N HCl. A standard curve was made and aluminum 

concentrations determined after absorbance readings at 535 

nm were measured on a DU-6 spectrophotometer (Beckman 

Ins t r ., Inc., I r v i n e , CA). 

Protein Concentration. The bicinchoninic acid 

(Pierce Chem. Co., Rockford, IL) method of determining 

protein concentration was used to ensure that samples for 

polyacrylamide gel electrophoresis (PAGE) had the same 

protein concentration. 

Microbiological 

MS-2 and i1 Coliph~. To determine plaque titers 

of MS-2 and f2 coliphage, duplicate 100 x 15 mm petri 

plates (Falcon 1029, Becton Dickinson Labware, Oxnard, CAl 

filled with 10 ml trypticase soy agar (TSA) (Gibco, 



56 

Madison, WI) were prepared from samples diluted in Tris 

using the agar overlay technique similar to that described 

by Adams (1959) and Davis and Sinsheimer (1963). A 24 

hour stationary phase culture of Escherichia coli ATCC No. 

15597 HfR strain originally obtained from the American 

Type Culture collection (Rockville, MD) was used as the 

host organism. One ml was inoculated into a flask 

containing 100 ml of 3% trypticase soy broth (TSB) (Gibco 

Laboratories, Madison, WI). The flask was then agitated 
o 

in a 37 C water bath for 2.5 to 3 hours until the 

logarithmic phase of growth was reached before use in 

plaque assay.:;. 

Plaque assays were performed by adding one-tenth 

ml of a sample diluted in Tris and one ml of the ~ Coli 

suspension to a tube containing melted top agar at a 
o 

temperature of 49 C. This overlay was then poured onto a 

TSA plate and swirled to evenly disperse the overlay. 

After the overlay solidified, the plates were inverted and 
o 

incubated at 37 C for 24 hours. The number of plaques as 

plaque-forming units (PFU) per ml were recorded the 

following day. 

MS-2 coliphage was used as a model in the soil 

column studies because it has soil adsorptive behavior 

similar to human pathogenic viruses (Gerba and Goyal, 

1981). The f2 coliphage was used as a model in resin 
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column studies because it has poor adsorptive abilities 

and has been used as a "worst case" example. 

Poliovirus LSc 1. To determine plaque titers of 

poliovirus LSc 1 (referred to as poliovirus 1 in this 

text) duplicate wells in six-well tissue culture plates 

(Nunclon, Gibco Laboratories, santa Clara, CA) were set up 

for each sample diluted in Tris using an agar overlay 

technique. The continuous cell line of Buffalo Green 

Monkey kidney (BGM) cells was grown for five days in 

growth medium until a complete monolayer formed in each 

well before use in plaque assay (Melnick et al., 1979). 

Plaque assays were performed by first decanting 

the growth medium and incubating the cell monolayer with 

0.1 ml of sample diluted in Tris. Plates were then 
0 

incubated at 37 C for one hour. To ensure even 

distribution of the inoculum and prevent the cell 

monolayer from drying out, the plates were gently rocked 

once every fifteen minutes. After one hour the inoculum 

was removed and 3 ml of agar overlay medium was added to 

each well of the 6-well plate. The plates were then 

placed in a 5% CO incubator (Sheldon Manuf., Inc., 
2 

Portland, OR) for 48 hours. Plaque enumeration was 

performed by removing the agar overlay and adding one ml 

crystal violet solution to each well for one minute, 

before rinsing with tapwater. The number of plaques as 

PFU/ml were then recorded. 
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In order to ensure the poliovirus 1 stocl< 

(originally acquired from ATCC) I intended to use in my 

experiments had not become contaminated with a different 

strain of enteric virus which will plaque on BGM cells, I 

used a neutralizing antisera (P-l). One-tenth ml antisera 

(1:50) was mixed with an equal volume of poliovirus 1, 
o 

vortexed and incubated two hours at 37 C. Confluent 

monolayers of BGM cells were then inoculated with virus + 

Tris, antisera + Tris, antisera + virus or Tris. Plaque 

enumeration as described above was then conducted. 

Total Coliforms. Total coliforms were recorded as 

colony-forming units (CFU) per mI. Duplicate 47 rom 0.45 

urn membrane filters (Nucleopore Corp., Pleasanton, CAl 

were prepared on M Endo Agar LES (Difco Laboratories, 

Detroit, MI) in 50 X 9 mm petri dishes (Beckton, Dickinson 

and Co., Oxnard, CAl by the membrane filter technique 

(standard Methods for the Examination of Water and 

Wastewater, 1985). Samples were first diluted with Tris, 

aspirated onto the filters using a Gelman filter holder 

(Gelman Instrum. Corp., Ann Arbor, MI), asceptically 
0 

placed onto the agar surfaces and incubated at 35 C for 24 

hours. Typical colonies were then confirmed with lauryl 

sulfate broth (BBL, Becton, Dickinson and Co. , 

Cockeysville, MD) and br illiant green bile broth (2%) 

(DIFCO Laboratories, Detroit, MI). Positive confirmation 

tubes were streaked onto eosin methylene blue (agar plates 
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(DIFCO Laboratories, Detroit, MI) and typical colonies 

gram stained to complete the test. 

Radioactivity 

Labeling Poliovirus 1. Radioactive poJiovirus 1 

was used in powdered aluminum batch studies to enable the 

virus to be followed by measuring counts per minutes (CPM) 

in a liquid scintillation counter. 

Complete Buffalo 
2 

Green Monkey (BGM) kidney 

monolayers in 150 cm tissue culture flasks were starved 

of the amino acid methionine by replacing growth medium 

with serum-free, methionine-deficient modified Eagle's 

medium (Irvine Scientific, Santa Ana, CA) for two hours 

before infecting the monolayer with stock poliovirus 1 to 

a multiplicity of infection of 30 PFU per cell. The 

infection was allowed to proceed for two hours to ensure 

that host cell protein synthesis had stopped before adding 
35 

10 ul per flask S-methionine (specific activity:ll08 

curies per millimole) (NEG-009T, Dupont, Claremont, CA). 

This enabled incorporation of the radioactive label into 

the newly produced virus particles. 

The infection was allowed to continue until almost 

complete destruction of the monolayers was noted. Labeled 

viruses were purified by freezing and thawing the cells 

three times, followed by two freon extractions (1,1,2-

trichlorotrifluoroethane, Aldrich Chemical Comp. , 
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Milwaukee, WI). Cell debris was then pelleted away from 

the virus-containing aqueous phase of the freon extraction 

by spinning 10 min at 32,560 X g in a model L8-70 

ultracentrifuge (Beckman Ins., Inc., Irvine, CAl using an 

SW25 rotor. 

The labeled virus was then pelleted in the same 

rotor at 90,400 X g for 2.25 hours. The pelleted virus 

was resuspended in Tris and freon extracted again before 

banding in cesium chloride (CABOT, Revere, PAl adjusted to 

1.34 gm/ml density using either an SW41 (288,000 X g for 

40 hrs) or a TST 60.4 (200,700 X g for 20 hours). 

Fractions were made by piercing the bottom of the 

centrifuge tube with an 18 gauge needle (Becton, Dickinson 

and Comp., Rutherford, NJ) and collected in 1.5 ml 

Eppendorf tubes (West Coast Scientifics, Inc., Emeryville, 

CAl. After detecting which fractions contained the 

radioactive poliovirus 1 by performing liquid 

scintillation counts on each fraction, the fractions were 

pooled and dialyzed (12,000-14,000 molecular weight cut-

off) (Spectrum Medical Industries Inc., Los Angeles, CAl 
o 

against Tris at 4 C for 24 hours before being titered and 

frozen until use. 

Liquid Sc int i llat i on Counting. Five ml 

scintIllation cocktail (Formula 963, NEN Research 

Products, Boston, MA) were dispensed into plastic 

scintillation vials (Research Products International 
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35 
Corporation, Mt. Prospect, IL) and radioactive S-

methionine poliovirus 1 added using a Pipetman (Gilson, 

France). Samples were then agitated five seconds on a 

vortex mixer (VWR, Bohemia, NY) and counted in a liquid 

scintillation counter (LS1800, Beckman Instruments, Inc., 

Irvine, CAl equipped with a static eliminator until a two 

sigma value of 5% had been reached. 

Transmission Electron Microscopy 

Monodispersed poliovirus 1 purified by cesium 

chloride gradient was used for determination of the 

particle:PFU ratio. Virus samples were split; half were 

incubated with powdered aluminum and half were incubated 

without aluminum. Samples were shaken 76 hours in 

Eppendorf tubes on a shaker table (Model C3, New Brunswick 

Scientific Company, New Brunswick, NJ). The supernatant 

fluids were then prepared for transmission electron 

microscopy by mixing samples with polystyrene microspheres 

(79 nm) (Polybead-Polystyrene Microspheres, Polysciences, 

Inc., Warrington, PAl according to the procedure described 

by Miller (1974). Next, four percent phosphotungstic acid 

and serum bovine albumin were added and the mixture was 

nebulized onto 300 mesh carbon-only grids (Ted Pella, 

Inc., Tustin, CAl. Grids were examined using an H500 

transmission electron microscope (Hitachi Scientific 

Instr., Mountainview, CAl. All virus particles and beads 
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were counted in each field observed until 100 viruses were 

noted. The number of virus particles per ml was 

calculated using the following equation: 

concentration =observed number of virus particles 
of virus observed number of beads 

x concentration of 
beads 

The number of virus particles was used to determine a 

vir.us particle:PFU ratio for stock poliovirus 1. 

Ultracentrifugation Gradient Analysis 

In order to determine the effect powdered aluminum 
35 

has on poliovirus I, S-methionine labeled poliovirus 1 

which had been purified by banding in cesium chloride and 

dialyzed against Tris was incubated with powdered 

aluminum. Eppendorf tubes containing labeled virus 

(control) or labeled virus and powdered aluminum 

(experimental) were shaken for 76 hours on a shaker table 
o 

at 20 c. Supernatant fluids were then banded in cesium 

chloride (density 1.34 gm/ml) for 20 hours (200,700 X g in 

a Sorvall TST 60.4 sWinging budget rotor, Sorvall Instru., 

Wilmington, DE) and tubes fractionated by bottom puncture. 

Fractions were collected in Eppendorf tubes and analyzed 

by liquid scintillation as described above. 



63 

Experimental Design 

Effect of Soil Additives on Virus and Coliform Removal 

In all soil column experiments the same general 

procedures were followed: 

sand obtained from the 

Flushing Meadows soil, a loamy, 

Salt River bed near Phoenix, 

Arizona, was passed through a 5 mm screen to ensure 

homogeneity and remove large objects, packed into columns 

and wet from the bottom to minimize trapped air (Lance and 

Whistler, 1972). It has been used in previous studies on 

virus behavior in soil and is well characterized (Table 2) 

(Hurst et al., 1980; Lance et al., 1976). 

The columns into which the soil was packed had an 

internal diameter of 3.8 cm and were long enough to 

accommodate a 20 cm column of soil, exclusive of the 

gravel reservoir at the bottom of the column and the head 

space. Mariotte siphons in glass reservoirs packed in ice 

to minimize virus die-off prior to percolation were used 

to maintain saturated flow rates through the columns. 

Flow rates were determined by measuring timed column 

percolates and checked daily against reservoir levels 
3 

(Flow Rate = cm column percolate/day divided by surface 

area of the column). Adjustments in flow rate were made 

by adjusting the heights of the columns relative to the 

reservoirs and were maintained at 1.0-1.5 M/day. 

Reservoirs were seeded with either MS-2 coliphage 

or poliovirus 1. Viruses were diluted into Tucson 



Table 2. 

Percent 
Clay 

3 

* 
By the 

Source: 

64 

Characterization of Flushing Meadows Soil 
(by weight) 

Percent Percent Percent Saturation Surface 
Silt Sand Organic pH Area 

Matter M2/gm 

* 
8 89 0.9 7.8 18.3 

Water Method (Quirk, 1955) 

Hurst et ~., 1980. 
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tapwater which had been dechlorinated by addition of ten 

ml of a 1% sodium thiosulfate solution (Matheson Coleman 

and Bell, Los Angeles, CA) or secondarily treated sewage 

effluent obtained from the Ina Road sewage treatment plant 

near Tucson, Arizona. The final concentration of viruses 

in the reservoirs were: 
6 

MS-2 coliphage from 10 to 
3 4 

8 
10 

PFU/ml, poliovirus 1 from 10 to 10 PFU/ml. Samples were 

collected daily in sterile 50 ml polypropylene centrifuge 

tubes (Corning Glass Works, Cerning, NY) and immediately 

assayed (for MS-2 coliphage) or frozen (for poliovirus 1 

assays) . 

Tapwater studies. In order to test which soil 

additives were effective in removing viruses, different 

additives were mixed with Flushing Meadows soil and packed 

into columns as described above. Percolation of MS-2 

coliphage seeded, dechlorinated Tucson tapwater through 

test and control columns was conducted until it was 

determined that no significant virus removal was occurring 

at which time percolation was stopped. For some additives 

only two days of percolation was performed. Additives 

which proved effective in removing viruses in soil column 

studies were subjected to further analyses. 

Studies Using Secondarily Treated Sewage Effluent. 

In order to determine the virus removal capabilities of 

powdered aluminum in waters having a high organic load, 
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secondarily treated sewage effluent collected from the Ina 

Road Sewage treatment plant near Tucson, Arizona was 

percolated through opaque (ABS drainpipe) columns to 

minimize algal growth. MS-2 coliphage was seeded into the 

secondarily treated sewage effluent and percolated through 

test and control columns continuously for seven days. 

Samples were assayed daily. 

Poliovirus 1 was seeded into secondarily treated 

sewage effluent in a different experiment to study the 

effect powdered aluminum has at removing an animal virus 

from water. Poliovirus 1 was seeded into the secondarily 

treated sewage effluent and percolated through test and 

control columns continuously for seven days. Samples were 

collected and frozen daily for later analysis. 

Naturally occurring coliforms found in secondarily 

treated sewage effluent were monitored in reservoir and 

column percolate in order to determine if powdered 

aluminum removed them from water passed through the soil 

columns. 

Elution of MS-2 Coliphage from Soil Columns 

In order to determine if MS-2 coliphage can be 

eluted from powdered aluminum in soil columns, tapwater 

and beef extract were percolated through the soil columns. 

After the completion of five cycles of flooding-resting in 

which MS-2 coliphage-seeded tapwater was percolated 
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through Flushing Meadows soil columns (control and 

aluminum-amended) in an attempt to simulate rapid 

infiltration, the 

further percolation 

columns were allowed to stand with 

for 30 days. After 30 days 

no 

of 

resting, both control and aluminum-amended soil columns 

were flooded with Tucson tapwater for three hours. 

Samples were assayed from the column percolate as soon as 

water flowed from the bottom of the column (time = 0 

hours), after one hour of tapwater percolation and again 

after three hours of tapwater percolation. The soil 

column influent was changed from Tucson tapwater to beef 

extract after three hours of percolation. Beef extract 

(pH 9.0, 3%) (Gibco Laboratories, Madison, WI) was 

percolated through the soil columns for a further two 

hours. Samples were also assayed at one and two hours 

after beginning the beef extract percolation. 

Evaluation of Resin Disinfectants. Two different 

insoluble polymeric contact disinfectants (IPCD) (commonly 

referred to as resins) were tested for their virus removal 

capabilities. Each resin consisted of a commercial (Dowex 

1 x 2, Bio-Rad Laboratories, Richmond, CAl chloromethy

lated cross-linked polystyrene bead (20-50 mesh) to which 

a functional group had been attached. The functional 

group for both resins (polyhalex and I5) was an iodide 

compound. 
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In order to test virus removal due to the 

different IPeD, different four cm minicolumns (Bio-Rad 

Laboratories, Richmond, CAl were each filled with one gram 

(wet weight) of a resin and subsequently washed by 

percolating 200 ml distilled water through each column to 

ensure good packing and flush the resin beads of any 

residual substances prior to the experiments. 

Preliminary studies indicated that functional 

compounds leached from the resin beads into the 

surrounding water and caused virus inactivation after 

water samples were collected from the bottom of the 

columns. In order to determine the concentration of 

sodium thiosulfate necessary to neutralize the leached 

functional compounds, varying concentrations of sodium 

thiosulfate (Matheson Coleman and Bell Manu. Chern. I 

Norwood, OH) were added to water samples as they were 

collected from the columns. 

column 

PFU/ml) 

To test the effect of IPeD on 

reservoirs were filled with f2 
2 

and poliovirus 1 (10 PFU/ml) 

virus removal, 
6 

coliphage (10 

diluted in 

autoclaved, Tucson tapwater. Flow rates were established 

by adjusting the height of the resin column relative to 

the height of the reservoir and checked by collecting the 

column percolate for one minute and measuring the volume. 

Samples were collected and either assayed immediately for 

f2 coliphage or frozen for later analysis (poliovirus 1). 
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water Quality, Temperature and Qli Conditions. 

Tucson tapwater, pH 7.91, 0 mg/L humic acid, 200 mg/L TDS, 

0.2 NTU, was used in average case conditions at room 
0 

temperature (22 C) . Tucson tapwater which had been 

modified to a final concentration containing ten mg/L 

humic acid (Aldrich Chem. Co., Milwaukee, WI), 1500 mg/L 

TDS (sea salts, Sigma Chem. Co., st. Louis, MO), a 

turbidity of 35 NTU (AC Spark Plug Dust, General Motors, 

Flint, MI) and adjusted to pH 9 (IN NaOH, Matheson Coleman 

and Bell Manuf. Chem., Norwood, OH) was used in worst case 

condition experiments. Experiments were performed in a 
o 

walk-in refrigerator at 4 C. 

Batch Studies 

Effect Qi Powdered Aluminum, Magnesium Oxide ~ 

Magnesium Peroxide on Poliovirus 1 Removal. In order to 

study the removal of poliovirus 1, one-tenth gm of 

powdered aluminum, magnesium oxide or magnesium peroxide 
4 6 

was incubated in 1.5 ml Eppendorf tubes with 10 -10 

PFU/ml virus diluted in Tucson tapwater. Tubes were 

shaken (Gyratory Shaker, Model G2, New Brunswick 

Scientific Co., Edison, NJ) at room temperature for six 

hours. At selected time points aliquots were assayed for 

virus infectivity_ 

Effect of Soil Column Percolate on MS-2 Coliphage 

Survival. MS-2 coliphage was seeded into column percolate 
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in order to determine if water which had passed through an 

aluminum-amended soil column became altered with respect 

to the ability of virus to survive in it. 

Tucson tapwater was percolated through aluminum-

amended soil columns or a control column containing no 

aluminum for two hours before water samples were collected 

from the bottom of the columns. Five ml of column 

percolate was 
4 

(10 PFU/ml) 

incubated with five ml of MS-2 
o 

at 4 C. Samples were assayed 

coliphage 

for virus 

infectivity at preselected times and results from control 

and aluminum-amended column percolates compared. 

Effect Qf Aluminum Concentration on MS-2 Coliphage 

Removal. In order to determine the effect of increasing 

aluminum concentration on the removal of MS-2 coliphage, a 

batch study was conducted. Five gm of Flushing Meadows 
5 6 

soil was added to ten ml of 10 -10 PFU/ml MS-2 coliphage 

diluted with Tucson tapwater in 50 ml plastic centrifuge 

tubes. Powdered aluminum was then added to different 

tubes ranging in concentration from 0 to 160 mg and tubes 

were shaken at 200 rpm on a Gyrotory Shaker, Model G2 (New 

Brunswick Scientific Co., Edison, NJ) at room temperature. 

Supernatant fluids were then assayed for virus infectivity 

initially and after 20 minutes incubation. 
35 

Determination of CPM:PFU Ratio Qi --S-Methionine 

Labeled Poliovirus 1. In order to determine the effect of 

powdered aluminum on the infectivity and recovery of CPM 
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of poliovirus 1, the labeled virus was incubated with 

powdered aluminum. Powdered aluminum was washed with IN 

HCl for five minutes, neutralized with IN NaOH for five 

minutes and thoroughly rinsed with distilled water to 

remove any coating from the aluminum surface. The 

aluminum was then dried in a vacuum oven (Napco Model 

5831, National Appliance Co., Portland, OR) for two hours 
o 

at 80 C before use. One-tenth gm of the prepared, 

powdered aluminum was added to ten ml of the purified, 
7 

labeled poliovirus (10 PFU/ml) in a plastic centrifuge 

tube. A control tube contained virus but no aluminum. 

Tubes were then shaken for 76 hours on a shaker table 

(Model C3, New Brunswick Scientific Co., Edison, NJ) and 

aliquots of the supernatant fluid assayed for PFU and CPM 

at selected time points. At the end of the 76 hours 

incubation period the supernatant fluid from both test and 

control tubes was analyzed by gradient analysis in order 

to determine if the sedimentation characteristics of the 

virus had changed. Five hundred microliters of 

supernatant fluid was mixed with a cesium chloride 

solution (1.34 gm/ml) dissolved in Tris buffer and 

centrifuged in a TST 60.4 Sorvall Rotor at 200,700 x g for 

20 hours. Gradients were fractionated by bottom puncture 

of the centrifuge tubes and analyzed by liquid 

scintillation as described above. 
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Effect of Aluminum on the PAGE Pattern 

Poliovirus 1 Capsid Proteins. To elucidate the effect 

powdered aluminum has on the individual capsid proteins of 

poliovirus 1, the supernatant fractions of both control 

and experimental samples which contained either intact or 

fragmented virus particles (as determined by TEM and 

gradient analysis) were further analyzed. 

Gradient polyacrylamide gels (Anderson and 

Anderson, 1978) (10%-20%, 1.5 mm thick) were cast in a gel 

caster (MEGA Systems, Health Products, Inc., South Haven, 

MI) using the following formula per gel: 1) 10% 

acrylamide: acrylamide (30%) (No. A-8887, Sigma Chern. 

Co., St. Louis, MO): bis (0.8%) (N,N'methylene-bis

acrylamide, BIO-RAO Lab., Richmond, CAl, 9.4 mlj L buffer 

composed of 400 gm Trisma base (No. T-1503, Sigma Chern. 

Corp., st. Louis, MO) and 200 gm Trisma HCl (Sigma Chern. 

Corp., st. Louis, MO) adjusted to pH 8.5-8.6 with 6 N HCl, 

7.2 mlj distilled water (18 Mohm) 11.9 mlj 10% sodium 

dodecylsufo.te (SOS) (No. L-4509, Sigma Chern. Corp., st. 

Louis, MO) 0.29 ml; 10% ammonium persulfate (APS) (MCB 

Manufact. Chern. Inc., Cincinnati, OH) 0.34 ml; TEMEO 

(N,N,N, 'N'-tetramethylethylene diamine, Eastman Kodak Co., 

Rochester, NY) 4.6 uL. 2) 20% acrylamide: acrylamide 

(30%): bis (0.8%) 22.9 mlj L buffer 9.0 mlj Glycerol 

(Sigma Chern. Corp., st. Louis, HO) 3.0 mlj 10% SOS 0.34 

ml; 10% APS 0.23 ml; TEMEO 1.7 uL. 
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Overlay agar composed of: agarose 0.5% (BRL, 

Gaithersburg, MD); glycine 1.44% (BIO-RAD, Richmond, CAl; 

Tris-base 0.3% (Sigma Chem. Corp., st. Louis, MO); and SDS 

0.1% (Sigma Chem. Corp., st. Louis, MO). Tube agarose was 

composed of: agarose 1.5%, glycine 2.88%, Tris-base 0.6%, 

SDS 0.2%. Running and tank buffer was composed of (final 

concentration): glycine 193 mM, Tris-base 27 mM, SDS 3.5 

mM and adjusted to pH 8.5-8.6 with 6N HCl. 

Samples were 

fractions from a 

precipitated with 

prepared as follows: proteins in 

cesium chloride gradient were 

cold trichloroacetic acid (final 

concentration 10%, Fisher Scientific Company, Fair Lawn, 

NJ), pelleted at 4C for 15 minutes in a Beckman Microfuge 

E (Beckman Instr., Inc., Palo Alto, CAl and the 

supernatant fluid discarded. The pellet was washed with 

trichloroacetic acid and pelleted a second time. After 

discarding the supernatant fluid, one ml 70% ethanol was 

added to each tube. Samples were dried in a speed vac 

concentrator attached to a refrigerated condensation trap 

(Savant Instr., Inc., Farmingdale, NY). Dried, 

concentrated protein fractions were then rehydrated to 50 

uL with distilled water. The 50 uL samples were then 

mixed with 5 uL 10% SDS and 1 uL 2-beta mercaptoethanol 

(Calbiochem, Los Angeles, CAl and boiled five minutes in 

microfuge tubes (West Coast Scientific, Emeryville, CAl. 
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Samples were then mixed 1:1 with melted tube agarose and 

poured into sample tubes (1 x 104 mm) to solidify. 

Molecular weight markers were prepared from the 

following proteins: 

Protein 

GALACTOSIDASE 
PHOSPHORYLASE B 
TRANSKETOLASE 
PYRUVATE KINASE 
CREATINE PHOS. KINASE 
ASPARAGINASE 
PHOSPHOGLYCERATE MUTASE 
DIHYDROFOLATE REDUCTASE 
MYOGLOBIN 
CYTOCHROME C 
APOPROTENIN 

3 
M.W. (X 10 ) 

110 
92.5 
81. 0 
57.0 
40.0 
35.0 
29.0 
26.0 
17.0 
12.5 
6.5 

Molecular weight markers or samples for analysis were 

mixed with melted tube agar and poured into sample tubes. 

The polymerized gradient gel (10%-20%) was 

prepared to receive the samples by pouring approximately 

1.5 ml of melted overlay agar on top of the gel. After 

the overlay agar solidified, 5 mm pieces were chopped from 

the "worm" (1 x 104 mm) blown out of the sample tubes 

(samples or molecular weight markers) and laid on top of 

the gel. The 5 mm pieces of agar "worm" containing either 

the samples to be analyzed or the molecular weight markers 

were covered by another 1.5 ml of overlay agar. The 

samples were thus trapped in agar above the gel and ready 

to be electrophoresed. Electrophoresis was conducted in a 

DALT apparatus (MEGA Systems, Health Products, Inc., South 
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Haven, MI) and powered by a power supply (500-1500, MEGA 

Systems, Health Products, Inc., South Haven, MI). The 

current was set at 250 volts/1500 mAo Four gels run 

simultaneously were electrophoresed for 3.5-4 hours. 

Polyacrylamide gels were fixed overnight in 50% 

ethanol + 5% acetic acid, then washed with four changes of 

distilled water (5 minutes each wash). A silver stain 

(GELCODE System, Health Products, Inc. South Haven, MI) 

was used to visualize the protein samples and molecular 

weight markers as described by Sammons et al. (1981). The 

gel was immersed in a silver working solution (300 ml) for 

five minutes and rinsed with distilled water for five 

seconds. The rinse water was then replaced by a reducer 

solution (300 ml) composed of equal volumes of reducer 

aldehyde and reducer base for one minute, followed by 

three successive rinses for five minutes in a 

solution (300 ml each rinse). Stained gels 

stored in plastic bags until analyzed. 

Statistical Andlysis 

Linear Regression 

stabilizer 

were then 

Linear regression was used to fit a line through 

points in analyses of data for cesium chloride density 

studies, the standard curve for aluminum concentration, 

the standard curve for protein concentration, and data 
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from a study on the effect of increasing concentration of 

aluminum on MS-2 coliphage concentration. 

Multiple Regression 

Virus survival ratios were calculated according to 

the formula Log (Nt/No) (where Nt = PFU/ml of the column 
10 

percolate and No ~ PFU/ml of the reservoir). Analysis of 

variance using the FACTAN program described by Sokal and 

Rohlf (1981) was then computed and F ratios determined, 

comparing control soil columns with amended soil columns. 



RESULTS 

Physical-Chemical 

Tucson tapwater used in experiments was found to 

have a pH of 7.91, low turbidity (0.2 NTU) and total 

dissolved solids of 200 mg/L. Secondarily treated sewage 

effluent used in experiments was found to be slightly 

acidic (pH 6.3-6.5), more turbid than Tucson tapwater (4.5 

NTU) with total dissolved solids of 290 mg/L. The surface 

area of Flushing Meadows soil (Table 3) as determined by 

the \.,.ater method (Quirk, 1955) was found to 
2 

M Igm. The powdered aluminum used in these 

was found to have a surface area of 86.562 

theoretical number of virus adsorption 

be 18.310 

experiments 
2 

M Igm. The 

sites was 

calculated assuming poliovirus 1 to be a sphere of 23 nm 
16 

diameter. Flushing Meadows soil has 3.198 x 10 sites 
16 

per gram, while the aluminum has 15.12 x 10 possible 

sites per gram. The average number of viruses inactivated 

or removed from the column percolate by adhering to the 

surface of the soil or aluminum over a three day period is 
4 -1 

8.853 x 10 gm for Flushing Meadows soil and 122.80 x 
4 -1 

10 gm for the aluminum (Table 3). 

77 
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Table 3. Determination of the Surface Area and 
Comparison of the Virus Removal Efficiency of Flushing 

Meadows Soil and Powdered Aluminum 

Number 
Water 

Water Molecules Surface Theoretical *Viruses 
Sample Adsorbed Adsorbed Area Number of Virus Removed 

Adsorption Sites 
20 2 16 4 

Igm) Igm) IX 10 ) 1M Igm) IX 10 Igm) I X 10 Igm) 

Flushing 
Meadows So11 0.70170 0.00372 1.2462 18.310 3.198 8.853 

Powdered 
Aluminum 0.05382 0.00125 0.4183 86.562 15.12 122.8 

Aluminum is 13.87 times reOIe efficient at inactivating viruses per gram, 
than Flushing Meadows soil. 

* Average for three days 
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Effect ~ Soil Additives on MS-2 COliphage Removal 

The effect of various inorganic substances and two 

polymeric resin contact disinfectants on the removal of 

MS-2 coliphage, f2 coliphage and poliovirus 1 were 

studied. MS-2 coliphage and poliovirus 1 were used in 

soil column and batch experiments, while f2 coliphage and 

poliovirus 1 were used in resin column experiments. 

Inorganic substances (Table 4) were added to Flushing 

Meadows soil and analysis of variance determined on the 

data of MS-2 coliphage seeded Tucson tapwater percolated 

through soil columns. Three inorganic substances: 

magnesium peroxide, magnesium oxide and powdered aluminum 

were found to significantly reduce MS-2 PFU/ml (Figure 9) 

at P < 0.001. None of the other inorganic substances 

tested were found to be effective in reducing infectious 

MS-2 coliphage concentration (Table 5). Figure 10 shows 

the removal of poliovirus 1 when incubated with magnesium 

peroxide, magnesium oxide or aluminum. All three 

substances were effective in significantly reducing the 

concentration of infective poliovirus 1 in the supernatant 

fluid. 

Effect of Magnesium Peroxide, Magnesium Oxide 
and Aluminum on the Qtl and Alkalinity of 

Soil Column Percolate 

The pH of column percolates were measured to 

determine whether pH was a factor in the survival of MS-2 



Table 4. Soil Additives 

Additive Source 

1. Powdered aluminum, 10-50 
micrometers 

2. Magnesium peroxide 

3. Magnesium oxide 

4. Ferric - Ferrous oxide 

5. Iron powder, 100 mesh 

6. Aluminum oxide, acid 

7. Aluminum oxide, neutral, 
150 mesh 

8. Copper turnings, 1 x 20 mm 

9. Zeolite, Bauxite, Limonite, 
Glauconite 

10. Manganese-treated greensand 

Stansi Scientific Compo 
Chicago, Ill. 

AMF Cuno, Meridan, Conn. 

Aldrich Chern. Comp., Inc. 
Milwaukee, Wis. 

Fisher Scientific Compo 
Fa ir Lawn, New ,Jersey 

Mallinckrodt Chern. Works 
New York, N.Y. 

AMF Cuno, Meridan, Conn. 

Aldrich Chern. Comp., Inc. 
Milwaukee, Wis. 

J. T. Baker Chemical 
Phillipsburg, New Jersey 

Geology Dept. Univ. of 
Arizona, Tucson, AZ. 

Culligan International 
Comp., Northbrook, Ill. 
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Figure 9. Effect of Inorganic Substances on the Removal 
of MS-2 Coliphage in Soil Columns. 
Nt = PFU!ml of the column percolate 
No = PFU!ml of the reservoir 
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Table 5. Summary Table of Soil Column Studies 

Replicates 
Soil Addi ti ve (n) X test X control Difference P 

Iron oxide ( 1 gm) 10 -1. 500 -0.967 -0.533 N.S. 

Iron oxide ( 3 gm) 10 -1. 264 -0.967 -0.297 N.S. 

Mg peroxide 5 -4.091 -1.750 -2.341 <0.001 

Aluminum (acid) 5 -2.266 -1.750 -0.516 N.S. 

Aluminum (neutral) 5 -1. 516 -1. 750 +0.234 N.S. 

Glauconite 5 -0.996 -0.942 -0.054 N.S. 

Limonite 2 +0.304 +0.007 +0.297 N.S. 

Zeolite 2 -0.484 +0.007 -0.491 N.S. 

Bauxite 2 -0.333 +0.007 -0.340 N.S. 

Copper 2 -0.626 +0.007 -0.633 N.S. 

Mn (Greensand) 2 -0.212 -0.212 0.000 N.S. 

MgO (1 gm) 10 -2.325 -1.003 -1.322 <0.001 

MgO (3 gm) 10 -5.346 -1.003 -4.343 <0.001 

Iron Powder 2 -0.728 -1.188 +0.460 N.S. 

Aluminum Powder 7 -5.693 -2.102 -3.591 <0.001 

N.S. = Not Significant 
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Figure 10. Effect of Inorganic Substances on the Removal 
of Poliovirus. 1 Nt = PFU!ml of the super
natant fluid, No = PFU!ml of the supernatant 
fluid at T = D. 
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and poliovirus 1 when they were percolated through soil 

columns containing magnesium peroxide, magnesium oxide or 

powdered aluminum. Figure 11 indicates that both 

magnesium peroxide and magnesium oxide significantly 

raised the pH of column percolate when compared with 

controls, while powdered aluminum did not. Hydroxide 

alkalinity and total alkalinity of supernatant fluids from 

both distilled and Tucson tapwater incubated with 

magnesium peroxide, magnesium oxide and powdered aluminum 

were measured in order to determine if the rise in pH of 

the column percolate from the magnesium compounds was due 

to hydroxide ions (Table 6). Both magnesium peroxide and 

magnesium oxide increased the total alkalinity of Tucsun 

tapwater. The increase in alkalinity was due to hydroxide 

ions formed by the reaction of magnesium peroxide and 

magnesium oxide with water. Powdered aluminum did not 

increase the total alkalinity and did not generate 

detectable levels of free hydroxide ions. 

To test whether the increase in pH due to the 

generation of free hydroxyl ions by magnesium peroxide and 

magnesium oxide was sufficient to cause the rapid decline 

of infectious MS-2 coliphage detected in soil column 

studies, Tucson tapwater was adjusted to pH 9.5 with IN 

NaOH and seeded with MS-2 coliphage. The addition of 1N 

NaOH to Tucson tapwater raised the total alkalinity from 
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Figure 11. Effect of Magnesium Peroxide, Magnesium Oxide 
and Aluminum on the pH of Column Percolate. 
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Table 6. Effect of Magnesium Oxide, Magnesium Peroxide 
and Aluminum on the pH and Alkalinity of Water 

Substance Hydroxide Alkalinity pH 

Disti lled water (DW) 0 7.68 

Tapwater (TW) 0 7.91 

TW adjusted to pH 9.5 (NaOH) 25 9.50 

DW + aluminum 0 7.71 

DW + magnesium oxide 10 9.38 

DW + magnesium peroxide 10 9.11 

Substance Total Alkalinity pH 

DW 0 7.68 

TW 86 7.91 

TW adjusted to pH 9.5 (NaOH) 108 9.50 

TW + aluminum 86 7.85 

TW + magnesium oxide 110 9.53 

TW + magnesium peroxide 115 9.22 
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86 to 108 as a result of an increase in hydroxide ion 

concentration. The increase in hydroxide alkalinity due 

to the addition of hydroxide ions caused a rapid decline 

in infectivity. No detectable PFU were found after 24 

hours of incubation (Figure 12). Due to the significant 

increase in the pH of the column percolate of magnesium 

peroxide and magnesium oxide due to the increase in 

hydroxide alkalinity, all further studies were directed 

towards the characterization of the virus removal activity 

of powdered aluminum. 

Effect of Water i£tl 2-3) on the Aluminum Concentration 
of Soil Column Percolate 

An experiment was conducted to determine if 

aluminum significantly leaches from an aluminum-amended 

soil column when Tucson tapwater adjusted to pH 2-3 with 

5N HCl is flooded through it. Figure 13 shows the 

standard curve for determination of the aluminum 

concentration in water samples as determined by the 

Eriochrome Cyanine R method. It was found that aluminum 

did not significantly leach from the soil when compared to 

controls until the 41st consecutive day when flooded with 

water of pH 2-3 (Table 7). A sharp increase in aluminum 

concentration in column percolate matched a drop in pH of 

the column percolate. The pH of the control column 

percolate dropped from 6.44 on the 38th day of continuous 

flooding to 3.57 on the 41st day. The aluminum 
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Figure 12. Effect of Tucson tapwater adjusted to pH 9.5 
on MS-2 coliphage survival. Nt = PFU!ml of 
the supernatant fluid, No = PFU!ml of the 
sample at start of the experiment. ? = 
PFU!ml not detected. 
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Day 

1 

3 

10 

18 

24 

32 

37 

38 

41 

nd 

Table 7. Effect of water (pH 2-3) on pH and 
Aluminum Concentration (mg/L) of Soil Colum Percolate 

Control Aluminum 

pH [ All pH [All 

7.08 nd 6.93 nd 

6.35 nd 7.11 nd 

6.84 nd 7.03 nd 

6.89 nd 7.42 nd 

7.24 0.020 7.70 0.001 

6.88 0.005 7.26 0.002 

6.85 0.004 6.87 0.006 

6.44 0.006 6.01 0.004 

3.57 0.364 3.77 l. 261 

Not Done \.D 
0 
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concentration rose from 0.006 mg/L on the 38th day to 

0.364 on the 41st day. The pH of the experimental column 

percolate (containing Flushing Meadows soil and five grams 

of powdered aluminum) dropped from 6.01 on the 38th day to 

3.77 on the 41st day. The aluminum concentration of the 

exper imental column percolate rose from 0.004 nlg/L on the 

38th day to 1.261 mg/L on the 41st day. 

Effect of Extended Flooding on MS-2 Coliphage 
Removal in Aluminum Amended Soil Columns 

Five cycles of flooding aluminum-amended soil 

columns with MS-2 coliphage seeded Tucson tapwater were 

conducted to determine the long-term removal capabilities 

of powdered aluminum (Figure 14). Each of the five cycles 

consisted of seven days of continuous flooding followed by 

three days without flooding. This flooding-resting 

pattern which resulted in 35 days of flooding and 12 days 

with no flooding was devised to simulate groundwater 

recharge projects in which large earthern pits are flooded 

with water which is allowed to seep through the soil. The 

capability of the aluminum-amended soil to remove 

infectious MS-2 coliphage from Tucson tapwater gradually 

decreased until there \oJ'as no signi f icant removal at the 

end of the fifth cycle of flooding. 
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Figure 14. Effect of Aluminum on the Removal of MS-2 
Coliphage in Soil Columns. Columns were 
flooded for 7 days - rested for 3 days. The 
cycle was repeated a total of five times. 
Nt = PFU/ml of the column percolate 
No = PFU/ml of the reservoir 
? = No PFU/ml detected 



Effect £f Secondarily Treated Sewage Effluent 
on MS-2 Coliphage Removal in Aluminum-Amended 

Soil Columns 
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Secondarily treated sewage effluent was passed 

through aluminum-amended soil columns (Figure 15) in order 

to determine the effect of increased organic matter on the 

removal of MS-2 coliphage. A significant difference in 

MS-2 coliphage removal between experimental and control 

columns was noted for the first four days. No significant 

removal of infectious MS-2 coliphage occurred on days 

five, six and seven. Figure 16 shows the removal of 

infectious poliovirus 1 due to aluminum-amended soil when 

flooded with virus-seeded secondarily treated sewage 

effluent. A significant difference in poliovirus 1 

removal between aluminum-amended and control columns was 

noted for the first four days. On day five there was no 

significant difference between aluminum-amended and 

control columns. 

Elution Qi MS-2 Coliphage from Soil Columns 

In order to determine if infectious MS-2 coliphage 

can be eluted from aluminum-amended soil columns, Tucson 

tap\vater and 3% beef extract (pH 9.0) were percolated 

through aluminum-amended and control soil columns (Table 

8). The columns were allowed to stand (without flooding) 

for 30 days after the five cycle flood-rest experiment 

(Figure 14) was completed. Infectious MS-2 coliphage (0.5 
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Figure 15. Effect of secondarily treated sewage effluent 
on MS-2 coliphage removal. Soil columns con
taining aluminum (5 gm) were flooded for seven 
with sewage effluent. Nt = PFU/ml of the 
column percolate, No = PFU/ml of the reservoir. 
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Figure 16. Effect of secondarily treated sewage effluent 
on poliovirus 1 removal. Nt = PFU/ml of 
the column percolate. No = PFU/ml of the 
reservoir. 



Table 8. Elution of MS-2 Coliphage from Soil columns 
After 30 Days of Resting 

Hours of Elution PFU/ml 
Per Eluent Cumulative Control Aluminum 

Tapwater 

0 0 0.0 0.0 

1 1 0.5 0.0 

3 3 0.5 0.5 

3% Beef Extract 

1 4 0.0 1.0 

2 5 2.0 3.0 

I.D 
0"1 
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PFU/ml) was eluted from both control and aluminum-amended 

soil columns using Tucson tapwater as an eluent. An 

increase in recoverable infectious MS-2 coliphage was 

recorded when beef extract (pH 9.0) was used as an eluent. 

The difference in recoverable, infectious MS-2 coliphage 

between control (2.0 PFU/ml) and aluminum -amended soils 

(3.0 PFU/ml) was not large. 

Effect of Aluminum-Amended Soil on Coliform Removal 

In order to determine the effect on the removal of 

coliform bacteria, secondarily treated sewage effluent was 

percolated through aluminum-amended and control soil 

columns. Table 9 indicates no significant difference 

exists between aluminum-amended and control soil columns 

with respect to coliform removal. 

Effect of Polyhalex Resin and ~ Resin on i£ 
Coliphage and Poliovirus 1 Removal 

Column studies were performed using polymeric 

contact disinfectants: polyhalex resin and I5 resin. 

Neutralization studies using a sodium thiosulfate solution 

were conducted to determine if the functional groups of 

either resin were leaching into the column percolate. 

Figure 17 indicates that both resins leach functional 

groups into the column percolate. Concentrations of 100 

mg/L sodium thiosulfate were required before column 

percolates from polyhalex resin and 15 resin showed no 



Table 9. Effect of Aluminum-Amended Soil on Coliform 
Removal in Secondarily Treated Sewage Effluent 

Log (Nt/No) 

Day Control Aluminum 

1 -1.610 -1. 689 

2 -1. 314 -1.909 

3 -0.639 -1.845 

4 -1.287 -1.401 

Nt = CFU/ml of Column Percolate 

No = CFU/ml of Column Reservoir 

All values are +/- 0.405 at the 95% confidence level 

<.D 
~ 
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Figure 17. Effect of sodium thiosulfate concentration 
on f2 coliphag~ survival after percolation 
through resin columns. Nt = PFU/ml of the 
column percolate, No = PFU/ml of the 
reservoir. 
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loss of infectivity after a one hour incubation with f2 

coliphage. 

Figure 18 and Figure 19 show the effect of flow 

rate (ml/min) on the removal of f2 coliphage and 

poliovirus 1 seeded Tucson tapwater percolated through 

polyhalex resin and IS resin columns. Experiments were 

conducted using two different sets of water quality, pH 

and temperature conditions. Average case conditions were: 
o 

pH 7.91, 22 C, 0.2 NTU, 0 mg/L humic acid, TDS 200 mg/L. 
o 

Worst case conditions were: pH 9, -1 C, 32 NTU, 10 mg/L 

humic acid, TDS 1500 mg/L. Experiments using worst case 

conditions did not reduce infectious f2 coliphage and 

poliovirus 1 concentrations as much as experiments using 

average case conditions. The f2 coliphage was more 

sensitive to polyhalex resin and IS resin than was 

poliovirus 1 at all flow rates tested. Because both 

resins leach functional groups into the waters they 

contact, no further experiments using either resin were 

conducted. 

Effect of Soil Column Percolate on MS-2 
Coliphage Survival 

To determine the effect soil column percolate has 

on MS-2 coliphage survival, column percolate from control 

and aluminum-amended soil columns was seeded with MS-2 

coliphage. Figure 20 indicates that water which had 

contacted aluminum-amended soil did not reduce infectious 
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Figure 18. Effect of flow rate and water quality 
conditions on £2 coliphage and poliovirus 1 
removal in polyhalex resin columns. Average 
case conditions: pH 7.91, 0.2 NTU, 0 mg/L 
humic acid, 200 mg/L TDS, 22 c. 
Worst case conditions: pH 9.0, 32 NTU, 10 
mg/L humic acid, 1500 mg/L TDS, 4 c. 
Nt PFU/ml of the column percolate 
No = PFU/ml of the reservoir 
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Figure 19. Effect of flow rate and water quality 
conditions on £2 coliphage and poliovirus 1 
removal in IS resin columns. Average case 
conditions: pH 7.91, 0.2 NTU, ° mg/L humic 
acid, 200 mg/L TDS, 22 C. Worst Case 
Conditions: pH 9.0, 32 NTU, 10 mg/L humic 
acid, 1500 mg/L TDS, 2 C. Nt = PFU/ml of 
the column percolate, No = PFU/ml of the 
reservoir 
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Figure 20. Effect of aluminum-amended soil column 
percolate on MS-2 coliphage survival. Tucson 
tapwater was percolated through control (no 
added aluminum) and aluminum-amended (5 gm) 
soil columns and then seeded with MS-2 
coliphage. Nt = PFU!ml of supernatant fluid 
No = PFU!ml of the supernatant fluid at 
T = 0 
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MS-2 coliphage concentrations below those of the control 

column. A significant difference in the survival of MS-2 

coliphage was, however, detected. MS-2 coliphage seeded 

into control column percolate did not survive as well as 

MS-2 coliphage seeded into percolate from the aluminum-

amended soil column. 

Effect of Aluminum Concentration and Time .Q!l 
MS-2 Coliphage Removal 

Figure 21 shows the effect of increasing 

concentrations of aluminum on MS-2 coliphage removal. It 

was found that as aluminum concentration increased, the 

removal of MS-2 coliphage decreased. Figure 22 shows the 

effect of increasing time on the removal of MS-2 coliphage 

when incubated with 500 mg of powdered aluminum. Data 

indicate that MS-2 coliphage removal increased with an 

increase in contact time. 

Effect of Aluminum on Poliovirus 1 Capsid Proteins 

ln 

incubated 

order to determine the fate of 

with powdered aluminum, experiments 
35 

viruses 

were 

conducted using poliovirus 1 labeled with S-methionine. 

Labeled poliovirus 1 was purified by cesium chloride 

gradient and fractionated (Figure 23). The fraction having 

the most CPM and proper density (1.34 gm/ml) was dialyzed 

to remove the cesium chloride. Transmission electron 
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Figure 21. Effect of aluminum concentration on MS-2 
coliphage removal. Tucson tapwater was incu
bated with different concentrations of 
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supernatant fluid, No = PFU/ml of the 
supernatant fluid at T = O. 
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Figure 22. Effect of time on the removal of MS-2 
coliphage incubated with aluminum (500 mg). 



107 

500....------------------,1.6 

400 ~ 1.5 

300 
1.4 

200 

100 
, , ,I' 

.. ,.--: .... _. /.-: .... . --. . ...... : 

01.------"------6.-----1.-------'---'1. 2 
o 5 

. CPM of poliovirus 

A Density of esCl 

10 
Fractions 

15 20 

35 

n en 
n ...... 

Figure 23. Cesium chloride gradient of S-Methionine 
labeled poliovirus 1. Poliovirus 1 stock was 
purified by ultracentrifugation (200,700 x g, 
20 hours) Fraction 1 = bottom of the gradient 
Fraction 20 = top of the gradient. Fraction 
12 represents intact poliovirus 1, Fraction 15 
represents empty capsids. 
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microscopy was used to determine the size, purity and 

dispersion of poliovirus 1 after purification (Figure 24). 

Purified samples proved to consist of particles of the 

correct size and shape of poliovirus 1. Viral particles 

appear.ed to be monodispersed and free of obvious 

contaminating particulate matter. 

Over a period of 76 hours the CPM and PFU of the 

supernatant fluid containing purified, labeled poliovirus 

1 incubated with powdered aluminum were measured. A 
7 

sharp, initial decrease in PFU from 2.2 x 10 PFU/mL to 
3 

3.9 x 10 PFU/mL occurred within the first two hours or 

incubation. A more gradual decrease in PFU occurred 

during the remainder of the experiment. The CPM of 

purified, labeled poliovirus 1 showed a sharp, initial 

decrease which paralleled the decrease noted for the PFU. 

After two hours the CPM in the supernatant fluid began to 

rise until 93% of the initial CPM were back in the 

supernatant fluid (Figure 25). 

An attempt was made to elute infectious poliovirus 

1 from the surface of the aluminum after 76 hours of 

incubation. Beef extract (3%, pH 9.0) was unable to elute 

infectious virus from the surface of the aluminum, 

however, some residual radioactive label was recovered 

(data not shown). 

Transmission electron micrographs of supernatant 

samples after exposure to powdered aluminum revealed 
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Figure 24. Electron Micrograph of Purified Poliovirus 1. 
(Bead is 79 nmi Magnification is 100,000 X) 
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Figure 25. Effect of aluminum (100 mg) on the CPM and 
PFU of 35S-methionine labeled poliovirus 1. 
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clumps of viruses and viral fragments (Figure 26). 
o 

Poliovirus 1 was shaken with freon 113 for 24 hours at 4 C 

to determine whether freon reduces the PFU. Table 10 

indicates that freon 113 does not alter poliovirus 1 

infectivity substantially. After being shaken with an 
o 

equal volume of freon 113 for 24 hours at 4 C, poliovirus 

1 lost 0.120 logs of infectivity, while the control 

(shaken without freon) lost 0.067 logs. Freon 113 was 

then used to disrupt the viral clumps seen in the 

supernatant fluid by electron microscopy after 76 hours of 

incubation with powdered aluminum. Figure 27 shows that 

freon 113 has dispersed the clumps releasing particles of 

various sizes. 

A particle: PFU ratio (Table 11) of the 

supernatant fluid of the purified poliovirus 1 stock was 

conducted using known concentrations of polystyrene beads 

as a reference for particle size and concentration. 

Purified poliovirus 1 stock had a particle: PFU ratio of 

91.58. Ratios were not able to be determined for 

poliovirus 1 after incubation with powdered aluminum and a 

freon extraction of poliovirus 1 after incubation with 

powdered aluminum. It was difficult to do particle counts 

on poliovirus 1 after 76 hours of incubation with aluminum 

as mostly clumps and fragments of viruses were seen by 
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Figure 26. Electron Micrograph of Poliovirus 1 Incubated 
with Aluminum. (Bead is 79 nm; Magnification 
is l26,582X) 



Table 10. Effect of 24 Hour Freon Extraction on 
Poliovirus 1 Survival 

Time (Hours) 

o stock 

24 control 

24 Freon 

Log PFU/ml 
10 

5.658 

5.591 

5.538 

113 
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Figure 27. Electron Micrograph of Freon-extracted 
Poliovirus 1 after Incubation with Aluminum. 
(Bead is 79 nmi Magnification is 113,924X) 
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Table 11. Particle: PFU Ratio of Poliovirus 1 

1. CsCL Purified Virus stock 

2. Virus Incubated with Aluminum 

3. Freon Extraction of 2 

1 
9.158 X 10 

Viral clumps 
and fragments 

Undefined 
(PFU = 0) 
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electron microscopy. Dispersion of the viral clumps by 

freon extraction resulted in a variety of particle sizes 

and shapes as infectivity fell to undetectable levels. 

Figure 28 shows a cesium chloride gradient of 

methionine labeled poliovirus 1 after 76 hours 

35 
S-

of 

incubation with aluminum (experimental), compared with a 

control (incubated 76 hours without aluminum). The 

control had a peak representing intact virus, while the 

viral peak from the experimental tube was greatly reduced. 

A large peak of radioactive counts were found at the top 

of the gradient from the experimental tube. 

Polyacrylamide gel electrophoresis (10% - 20% 

gradient) was performed in order to determine how the 

capsid proteins of polioviru~ 1 are affected by incubation 

with aluminum. Silver stain was used to visualize the 

proteins after 

standard curve 

Pierce Chern. 

concentrations 

aluminum. 

electrophoresis. Figure 

for protein concentration 

Co., Loveland, CO) used to 

29 shows 

(BCA 

ensure 

the 

of 

method, 

equal 

the viral protein were incubated with 

A cesium chloride gradient of the supernatant 

fluid of poliovirus 1 incubated with aluminum for 76 hours 

was fractionated. Fractions were pooled in order to 

recover enough protein to be visualized by silver stain. 
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Figure 28. Effect of aluminum (100 mg) on the integrity 
of 35S-Methionine labeled poliovirus 1 as 
determined by cesium chloride gradient. Vials 
containing control (virus only) and exper
imental (virus + aluminum) were shaken 76 
hours and counts per minute (CPM) determined 
on fractions of the supernatant fluid after 
ultracentrifugation in a cesium chloride 
gradient (200,700 x g, 20 hours). Fraction 1 
= bottom of the gradient, Fraction 16 = top 
of the gradient. 
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A B c D 

Figure 30. Effect of aluminum on the PAGE pattern of 
poliovirus 1 capsid proteins. 
Pooled Fractions from Cesium Chloride 
Gradient 
A = 1-2 
B = 7-8-9 
C = 15-16 
Control, Pooled Fractions from Control 
Cesium Chloride Gradient (Virus only) 
D = 7-8-9 



DISCUSSION 

Coliphage MS-2 and fl as ~ Model for 
Animal Virus Behavior 

Coliphage MS-2 and f2 were used in experiments as 

modele for animals viruses. Coliphage are easy to assay 

with results available in 24 hours compared to 48 hours 

for pol1ovlruB. MB-2 ooliphage exhibit5 50il ad50rptive 

behavior Bimilar to other enteroviruses (Gerba and Goyal, 

1981) and was used in soil column, as well as batch 

studies. The f2 coliphage, while easily inactivated by 

some disinfectants, is poorly adsorbed to many surfaces 

and was used in resin column studies to determine if 

leaching of functional groups from the surface of the 

resin beads was occurring. 

Poli.ovir.l1S 1. as ~ Model for Other Enteric Viruses 

Poliovirus 1, an attenuated strain of the wild 

type Mahoney, was used as a model for the wild type, as 

well as other enteric viruses. Its size, shape and 

behavior in water and soil columns is well documented 

(Gerba and Goyal, 1981). The value of using poliovirus 1 

instead of the wild type is evident in the reduced risk of 

exposure to a known pathogen. Nomoto et ~. (1982) notes 

that the differences between the attenuated strain 

(poliovirus (LSc) 1) and the wild type (Mahoney) reside in 

120 
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21 amino acid substitutions in the coat proteins of the 

viral capsid. A cluster of amino acid changes is located 

in the amino terminus of VP1 and may be responsible for 

attenuation. Kew et al. (1980) note that VP1, 3 and 4 

have altered electrophoretic patterns and suggest that a 

change in hydrophobicity due to amino acid substitution 

may be the result. 

The use of an attenuated strain poliovirus 1 as a 

model for other enteric viruses in characterizing the mode 

of viral inactivation of inorganic substances seems 

justified. The non-specific action of aluminum on the 

viral capsid proteins, as evidenced by cesium chloride 

gradients, electron microscopy and polyacrylamide gel 

electrophoresis, suggests that a similar result would 

occur when other non-enveloped viruses are exposed to 

aluminum. 

Effect of Inorganic Substances on MS-2 

Coliphage, il Coliphage and Poliovirus 1 Removal 

Only three of the thirteen inorganic substances 

mixed with Flushing Meadows soil showed significant 

removal of MS-2 coliphage (Table 5). Aluminum, magnesium 

oxide and magnesium peroxide significantly reduced the MS-

2 coliphage concentration during a seven day study (Figure 

9) and the poliovirus 1 concentration during a six hour 

study (Figure 10). 
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The pH of column percolates from soil columns 

amended with aluminum, magnesium oxide or magnesium 

peroxide was measured for five days (Figure 11). When 

compared with a control column it was found that only 

aluminum did not significantly raise the pH of the column 

percolate. 

Effect of Aluminum, Magnesium Oxide and Magnesium 

Peroxide on the Alkalinity of Column Percolate 

Both magnesium oxide and magnesium peroxide 

significantly raised the pH of the column percolate. The 

increase in pH of column percolate from magnesium oxide 

and magnesium peroxide-amended soil columns was due to an 

increase in the hydroxide alkalinity (Table 6). It was 

the increase in hydroxide alkalinity due to the reactions 

of magnesium oxide and magnesium peroxide with water which 

was responsible for the reduction in MS-2 coliphage 

survival. Aluminum-amended soil columns did not increase 

the hydroxide alkalinity or total alkalinity. This 

suggests that while magnesium oxide and magnesium peroxide 

may reduce infectious MS-2 concentration, that direct 

contact between the coliphage and the inorganic substance 

is not required. The increase in pH of water contacting 

magnesium oxide or magnesium peroxide is sufficient to 

inactivate MS-2 coliphage (Figure 12). 

Both polyhalex resin and IS resin leach functional 

groups into the column percolate as evidenced by sodium 
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thiosulfate studies (Figure 17). The application sought 

for inorganic substances which are virucidal requires that 

they do not detectably alter the physical-chemical 

characteristics of the water they contact. Even though 

both polyhalex resin and 15 resin reduce both infectious 

f2 coliphage and poliovirus 1 concentrations, no further 

testing of these substances was conducted. 

The proposed use in this study of an inorganic 

substance which inactivates viruses requires that no 

leaching or significant alteration of the water which 

contacts them occur. It was, therefore, decided to focus 

further experiments on characterizing the action of 

aluminum on MS-2 coliphage and poliovirus 1. 

Determination of the Efficiency of 

Virus Inactivation Due to Aluminum 

The surface areas of both Flushing Meadows soil 

and the powdered aluminum used in all 

determined (Table 3). The surface 

experiments 
2 

area (M Igm) 

was 

for 

Flushing Meadows soil was found to be 18.310, while the 

powdered aluminum had surface area of 86.562. The 
16 

theoretical number of virus adsorption sites (x 10 ) per 

gram for Flushing Meadows soil is 3.198 and 15.12 for 
4 

aluminum. The total number of PFU/ml (x 10 ) inactivated 

or removed per gram is 8.853 for Flushing Meadows soil and 

122.80 for aluminum (average for three days). This 

indicates that aluminum is 13.87 times more efficient per 
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gram at inactivating or removing infectious MS-2 

coliphage, than is Flushing Meadows soil. 

The increased efficiency of inactivation of 

viruses due to aluminum is thought to be due to its strong 

positive charge and its Lifshitz-van der Waal potential 
-1 

(-118 to -387 UvdW [Lifshitzl/KJ mol ) which predicts 

strong adsorption (Murray and Parks, 1980). 

Characterization Qf the Possible Mechanism Qi Viral 

Inactivation Due to Aluminum 

Aluminum is not significantly leached from 

aluminum-amended soil columns when continuously flooded 

with Tucson tapwater adjusted to pH 2-3 for 38 days (Table 

7). Aluminum is not significantly leached until the pH of 

the column percolate drops below 5, as evidenced on the 

41st day of continuous flooding. This suggests that virus 

inactivation or removal is a surface-related event in 

which viruses must come in contact with the aluminum, and 

not due to some characteristic imparted on the water by 

the aluminum. To further investigate this phenomenon, 

column percolate from both control and aluminum-amended 

soil columns was seeded with MS-2 coliphage and incubated 

for five days (Figure 20). It was found that infectious 

MS-2 coliphage concentrations were reduced less than 

controls when incubated with column percolate from 

aluminum-amended 5011 columns. This further substantiates 

the suggestion that aluminum-virus contact must be made 
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for a reduction in infectious MS-2 coliphage concentration 

to occur. An interesting finding in this study was that 

the concentration of MS-2 coliphage seeded into control 

column percolate was significantly reduced more than that 

from the aluminum-amended column percolate. It is 

suggested that some physical or chemical viral antagonist 

is removed by aluminum from aluminum-amended column 

percolate and not removed from the control column 

percolate. 

Another experiment designed to investigate the 

phenomenon of aluminum-virus contact as a requirement for 
35 

loss of infectivity in viruses used S-methionine labeled 

poliovirus 1 (Figure 25). As PFU of the supernatant fluid 

decreased, it was paralleled by a similar reduction in 

CPM. This indicates that in order for viruses to be 

inactivated they must leave the supernatant fluid and 

contact the aluminum. It was also found that the CPM of 

the supernatant fluid began to increase, following the 

initial decrease, after four hours. This suggests that 

aluminum-virus contact was made, inactivation occurred, as 

indicated by the continual decrease in PFU, and finally 

inactivated viruses were released from the surface of the 

aluminum and reappeared in the supernatant fluid as non-

infectious CPM. 

Electron micrographs (Figure 26) indicate that 

inactivated viruses released from the surface of the 
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aluminum may occur either as viral fragments or in clumps. 

This is further sUbstantiated by cesium chloride gradient 

(Figure 28) in which a peak of radioactive counts appears 
35 

at the top of the gradient. This peak represents S-

methionine labeled proteins or protein fragments which are 

a result of incubation of poliovirus 1 with aluminum. 

To further investigate the nature of the 

interaction between poliovirus 1 and aluminum, an SDS-PAGE 

was conducted on viral particles released from the 

aluminum surface (Figure 27) after cesium chloride 

separation. Proteins found in B (pooled gradient 

fractions 7-8-9) represent intact or nearly intact virus. 

Proteins found in C (pooled fractions 15-16) represent 

either free proteins (density 1.1-1.2 gm/m1 ) or 

dissociated viral capsid proteins relative to fraction A 

which represents a control in which no viruses or viral 

proteins should be present. The data from Figure 30 
35 

support the data from the study using labeled -S 

methionine poliovirus 1 (Figure 28) and suggest that 

aluminum inactivates poliovirus 1 by dissociating the 

viral capsid proteins or degrading the capsid proteins of 

poliovirus 1. 

The three dimensional configuration of the viral 

capsid proteins of poliovirus 1 (Hogle et ~., 1985) 

indicates that VP1 occupies the largest portion of the 

surface, followed by VP2 and finally VP3. This suggests 
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that the order of availability to make contact with the 

surface of aluminum is as follows: VP1 > VP2 > VP3, while 

the internal VP4 would not initially be expected to 

contact the aluminum. 

Murray (1980) found that aluminum degrades the RNA 

of intact poliovirus 1. This indicates that the residence 

time of poliovirus 1 on the surface of aluminum is 

sufficiently long to react with the viral capsid proteins 

and expose the RNA to the aluminum. It is therefore 

suggested that VP4 will in all likelihood, be exposed to 

the surface of the aluminum after initial aluminum-virus 

contact is made and the viral capsid destroyed. 

The protein-aluminum interaction may be due, 

initially, to electrostatic attraction (physisorption) 

between the negatively charged virion and the positively 

charged aluminum surface. The aluminum surface will be 

expected to consist of a layer of aluminum oxide or 

coordinated hydroxyl groups as a result of the interaction 

of the aluminum with the aqueous phase. Nucleophilic 

attack of the peptide backbone due to coordinated 

hydroxide radicals (Figure 31) may result in cleavage and 

protein fragment generation as more of the surface of a 

virus contacts the aluminum surface. The release of viral 

protein fragments from the surface of the aluminum may 

occur as bonds are cleaved and sections of the peptide 

backbone diffuse into the supernatant fluid. The clumping 
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Figure 31. Possible Effect of Aluminum on the Peptide 
Backbone of Proteins 
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of viral fragments released from the aluminum surface may 

be the result of complexing of the available reactive ends 

of the sections of the peptide backbone as diffusion 

occurs or hydrophobic interaction of the free viral capsid 

proteins. 

Effect Qi Competition for Reactive Virus 

Adsorption Sites on the Surface of Aluminum 

Tucson tapwater, seeded with MS-2 coliphage, was 

continuously percolated through aluminum-amended soil 

columns in five cycles of flooding-resting. Each cycle 

consisted of seven days of continuous flooding followed by 

three days of resting with no flooding (Figure 14). No 

infectious MS-2 coliphage were recovered from the 

aluminum-amended soil column percolate in six of the seven 

days of cycle 1. However, infectious MS-2 coliphage were 

increasingly recovered from the aluminum-amended soil 

column percolate with each successive cycle, until the 

inactivation capacity of the aluminum-amended soil no 

longer differed from the inactivation capacity of the 

control column. The loss of virus inactivation capacity 

of the aluminum-amended soil column may be due to 

incomplete release of viruses physisorbed onto the 

aluminum surface. As more and more viruses contact the 

aluminum surface and if incomplete release occurs, one 

would expect a decrease in the inactivation capacity of 
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the aluminum as reactives sites on the aluminum become 

filled. 

The total number of MS-2 coliphage percolated 

through the aluminum-amended or control soil columns in 

the five cycle experiment of continuous flooding was 

approximately: 

7 
35 days of flooding x 1500 ml percolate x 10 PFU = 

day ml 
11 

5.25 x 10 PFU/35 days 

The theoretical number of reactive sites on the aluminum 
16 

(Table 3) is 15.12 x 10 /gm aluminum. It would appear 

that a large surplus of potential virus adsorption sites 

are available on the aluminum surface, yet reduction in 

the inactivation capacity of the aluminum occurred. This 

suggests that selective adsorption of viruses onto the 

aluminum surface may take place. As incomplete release of 

viral fragments may occur, eventual filling of the 

available adsorption sites may lead to a reduced 

inactivation capacity of the aluminum. Murray (1980) 

suggests that thin spots in the oxide layer found on an 

aluminum surface may be the reactive site for virus 

adsorption. This hypothesis fits well with the 

observations made in this study. 

The phenomenon of reduced capacity to inactivate 

viruses due to the competition for reactive sites was 
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further substantiated by flooding aluminum-amended soil 

columns with water having a high organic content and 

turbidity (Figures 15 and 16). Secondarily treated sewage 

effluent from a sewage treatment plant was seeded with MS-

2 coliphage in one experiment and poliovirus 1 in another 

experiment. Seeded effluent was then percolated for 

several days through the aluminum-amended soil columns and 

infectious virus in the column percolate measured. 

Significant inactivation of MS-2 coliphage or poliovirus 1 

was noted for the first four days. By the fifth day of 

continuous flooding with secondarily treated sewage 

effluent of high turbidity, no significant difference 

between control and aluminum-amended soil columns was 

detected. This suggests that competition for reactive 

sites on the aluminum surface occurs and that interferring 

substances may inhibit viral adsorption onto the aluminum 

surface by occupying sites which would otherwise be 

available to viruses if the interfering substances were 

not present. 

Effect of Eluents on Virus Recovery 

The elution of infectious MS-2 coliphage from 

control and aluminum-amended soil columns, which stood for 

30 days with no flooding after receiving MS-2 coliphage 

seeded Tucson tapwater for 35 days of intermittent 

flooding, suggests that eluted infectious viruses were 

residing in the soil and had not made contact with the 
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aluminum (Table 8). Chromatographic-type elution of 

viruses in soil has been previously described (Gerba and 

Lance, 1978). This hypothesis is further substantiated by 

batch studies (Figures 22 and 25) in which infectious MS-2 

coliphage or poliovirus 1 concentrations were 

significantly reduced in the supernatant fluid when virus 

seeded Tucson tapwater was incubated with aluminum. 

Attempts to elute infectious poliovirus from the surface 

of the aluminum after 76 hours of incubation using 3% beef 

extract (pH 9.0) were futile. This suggests that viruses 

which contact the surface of the aluminum become 

inactivated and infectious viruses cannot be recovered 

from the aluminum surface by the elution techniques 

attempted in this study. 
35 

s-

were 

Low levels of radioactive counts representing 

methionine labeled poliovirus 1 capsid proteins 

eluted from the aluminum surface after 76 hours, 

suggest.ing that incomplete release of inactivated viruses 

occurs naturally and can be enhanced by appropriate 

washing techniques using eluents. This may be a useful 

technique if aluminum is implemented as a viral 

disinfectant in a manner which precludes easy replacement. 



Effect of Aluminum on Coliform Removal 

in Secondarily Treated Effluent 
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Secondarily treated sewage effluent from a sewage 

treatment plant was flooded through control and aluminum

amended soil columns for several days and naturally 

occurring coliforms were enumerated daily (Table 9). 

Aluminum-amended soil did not have a significant affect on 

coliform counts when compared with controls. This may be 

in part due to the metabolic activity of the coliforms. 

by coliforms of substances capable Production 

protecting viability may account for the lack 

of 

of 

effectiveness of the aluminum in reducing coliform counts. 

Another possibility is that the low concentrations of 

coliforms in the unseedcd secondarily treated sewage 

effluent when compared to the concentrations of MS-2 

coliphage or poliovirus 1 seeded into simi lar waters 

reduced the likelihood of coliforms in the effluent 

contacting the surface of the aluminum. 



CONCLUSIONS 

1. Metallic aluminum has been shown to inactivate 

poliovirus 1 without significantly altering the pH 

or aluminum concentration of soil column percolate 

when flooded with water of a neutral pH. 

2. Preferential adsorption may occur at 

sites on the surface of aluminum as 

specific 

not all 

theoretical virus adsorption sites become filled, 

yet the efficiency of virus inactivation 

diminishes with continued percolation of virus 

seeded water. 

J. Extraneous organic matter may compete with viruses 

for selective adsorption sites on the surface of 

aluminum. 

4. Coliforms were not significantly removed or 

inactivated by aluminum-amended soil when compared 

to controls. 

5. Viruses adsorbed onto the surface of aluminum are 

incompletely released as non-infectious 

fragments or clumps. 
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viral 
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6. Viral fragments or clumps generated by incubation 

of poliovirus 1 with aluminum may contain free 

protein fragments or dissociated viral capsid 

proteins. 



APPENDIX A 

MEDIA, SOLUTIONS AND REAGENTS 
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1. Agar Overlay Medium for MS-2 and f2 Coliphage 

Ingredient 

TSA plate - 1.5% agar (Gibco, Madison, WI) 

Top agar 
TSB (Gibco, Madison, WI) 
Bacto-Agar (Difco, Detroit MI) 

2. Growth Medium for BGM Cell Line 

Ingredient 

Eagle (Modified) MEM (Minimal Essential 
medium) with Earles salts (Flow 
Laboratories, Virginia) 

Sodium Bicarbonate (7.5%) 

Glutamine (200 mM) 
(Irvine Scientific, CAl 

Fetal Bovine Serum 
(Hyclone, Utah) 

Penicillin/Streptomycin 
(100 IU/IOO ug/ml) 

Mycostatin (10,000 units/ml) 

HEPES (1 M) (Research Organics, OH) 

Amount 

10 ml 

3 ml 
1% 

Amount 

400 ml 

4 ml 

4 ml 

20 ml 

1 ml 

1 ml 

12 ml 
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3. Agar Overlay Medium for Poliovirus 1 

Ingredient Amount 

2 X MEM 100 ml 

Fetal Bovine Serum 4 ml 

Sodium Bicarbonate ( 7 • 5% ) 6 ml 

Glutamine (200 mM) 2 ml 

Penicillin/Streptomyocin 0.2 ml 
(100 IU/IOO ug/ml) 

Mycostatin (10,000 units/ml) 0.5 ml 

Agar (1%) 100 ml 
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4. Tris Buffered Saline 

Ingredient Amount 

Distilled Water 1600 ml 

Trizma Base 63.2 9 

Sodium Chloride 163.6 9 

Potassium Chloride 7.46 9 

Sodium Phosphate (Dibasic, Anhydrous) 1.13 9 

Adjust pH to 7.2-7.4 with concentrated hydrochloric acid, 
mix 320 ml of above into 3680 ml distilled water and 
autoclave before use as 1 x Tris. 

5. Crystal Violet Stain (0.5%) 

Ingredient Amount 

Crystal Violet 5 9 

Distilled Water 800 ml 

Ethanol (95%) 200 ml 
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6. Reagents for Aluminum Assay 

Eriochrome Cyanine R Method 

Ingredient 

Aluminum Potassium Sulfate 

Sulfuric Acid 

Ascorbic Acid 

Sodium Acetate 

Acetic Acid 

Eriochrome Cyanine RC 

Methyl Orange 

EDTA (Sodium Salt) 

Sodium Hydroxide 

Company 

MCB Manuf. Chern., 
Cinncinati, OH 

Ashland Chern. Corp., 
Columbus, OH 

J.T. Baker Chern. Corp., 
Phillipsburg, NJ 

MCB Manuf. Chern., 
Cinncinati, OH 

Fisher Scientific Corp., 
Fairlawn, NY 

Sigma Chern. Co., 
st. Louis, MO 

Sigma Chern. Co., 
st. Louis, MO 

Sigma Chern. Co., 
st. Louis, MO 

MCB Manuf. Chern., 
Cinncinati, OH 



7. Reagents for Electron Microscopy 

Ingredient Amount 

4% Phosphotungstic Acid 300 ul 

0.1% Bovine Serum Albumin 100 ul 

Polystyrene Beads (Suspension) 100 ul 

Poliovirus 1 Supernatant Fluid 100 ul 

8. Characterization of Water and Sewage Used 
For Column Studies 
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Variable Tucson Tapwater 
Secondarily Treated 

Sewage Effluent 

pH 7.0 

* 
NTU 0.2 

** 
TDS (mg/L) 200 

* Nephelometric Turbidity Units 
** 

Total Dissolved Solids 

6.3 - 6.5 

4.5 

290 



9. Sample Buffer for Dissociating Viral 
Capsid Proteins 

Ingredient 

10% SDS (Sigma Chern. Corp., 
st. Louis, MO) 

2-Mercaptoethanol (Matheson 
Ball, Cinncinati, OH) 

Amount 

20 rnl 

0.5 rnl 
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1. Aluminum-Amended Soil Column Virus 
Removal Studies Using MS-2 Coliphage 

Summary Table 

Degrees of Sum of Mean 
Source Freedom Squares Square F Ratio 

Total 119 380.17929 ----- -----

Between 
Columns 21 313.20859 14.91470 21.82522 

Error 98 66.97070 0.68337 -----

F Ratio significant at P < 0.001 

2. Aluminum-Amended Soil Column Virus Removal 
Studies Using Poliovirus 1 

Summary Table 

Source 

Total 

Degrees of 
Freedom 

9 

Between Columns 1 

Error 8 

Sum of 
Squares 

3.18341 

1.84041 

1.34300 

F ratio significant at P < 0.025 

Mean 
Square F Ratio 

1.84041 10.96298 

0.167875 -----
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3. Aluminum-Amended Soil Column Removal Studies 
Using MS-2 Coliphage in Secondarily Treated Sewage Effluent 

Summary Table 

Degrees of Sum of Mean 
Source Freedom Squares Square F Ratio 

Total 13 80.62118 ----- -----

Between Columns 1 44.85740 44.85740 16.19 

Between Days 6 19.135061 3.18918 -----

Error 6 16.628719 2.77145 -----

F ratio significant at P < 0.01 

4. Aluminum-Amended Soil Column Removal Studies 
Using Poliovirus 1 in Secondarily Treated Sewage Effluent 

Summary Table 

Degrees of Sum of Mean 
Source Freedom Squares Square F Ratio 

Total 9 3.63067 ------ ------

Between Columns 1 2.17622 2.17622 11.970 

Error 8 1.45445 0.18181 ------

F ratio significant at P < 0.01 
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5. Aluminum-Amended Soil Column Removal Studies 
of Coliforms in Secondarily Treated Sewage Effluent 

Summary Table 

Degrees of Sum of 
Source 

Total 

Between Samples 

Within Samples 
(Error) 

Freedom Squares 

7 1.1535095 

1 0.4970045 

6 0.6565050 

Mean 
Square 

0.4970045 

0.1094175 

F Ratio 

4.54 

No significant difference exists between the control and 
experimental soil columns. 



6. Effect of Seeded Column Percolate on 
MS-2 Coliphage Survival 

Summary Table 
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Source 
Degrees of 

Freedom 
Sum of 
Squares 

Mean 
Square F Ratio 

Total 11 2.50477 

Between Columns 1 0.27603 0.27603 17.53 

Between Days 4 2.13427 0.53357 33.88 

Error 6 0.09447 0.015745 

F ratio significant at P < 0.01 (between columns) 

F ratio significant at P < 0.001 (between days) 
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1. Iron Oxide (1 gm) 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1. 37 E5 5.137 -1. 526 
4.60 E6 6.663 

2 1. 90 E3 3.279 -3.128 
2.55 E6 6.407 

3 1. 86 E3 3.270 -2.985 
1. 80 E6 6.255 

4 1. 30 E5 5.114 -1. 301 
2.60 E6 6.415 

5 2.39 E5 5.378 -1.321 
5.00 E6 6.699 

6 4.40 E5 5.643 -1.097 
5.50 E6 6.740 

7 4.20 E5 5.623 -0.921 
3.50 E6 6.544 

8 5.80 E5 5.763 -0.728 
3.10 E6 6.491 

9 5.20 E5 5.716 -0.886 
4.00 E6 6.602 

10 3.10 E5 5.491 -1.111 
4.00 E6 6.602 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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2. Iron Oxide ( 3 gm) 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 3.00 E5 5.477 -1.103 
3.80 E6 6.580 

2 8.00 E3 3.903 -2.588 
3.10 E6 6.491 

3 4.00 E4 4.602 -1.588 
1. 55 E6 6.190 

4 5.00 E5 5.699 -0.978 
4.75 E6 6.677 

5 5.85 E5 5.767 -0.910 
4,75 E6 6.677 

6 5.60 E4 4.748 -2.051 
6.30 E6 6.799 

7 1. 24 E6 6.093 -0.338 
2.70 E6 6.431 

8 4.75 E5 5.677 -0.879 
3.60 E6 6.556 

9 5.20 E5 5.716 -0.947 
4.60 E6 6.663 

10 2.20 E5 5.342 -1. 260 
4.00 E6 6.602 

One has been added to a1l PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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3. Iron Oxide Control 

Control Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1. 28 E6 6.107 -0.536 
4.40 E6 6.643 

2 1. 66 E5 5.220 -1. 318 
3.45 E6 6.538 

3 4.80 E4 4.681 -1.360 
1.10 E6 6.041 

4 4.80 E5 5.681 -0.962 
4.40 E6 6.643 

5 8.00 E5 5.903 -0.796 
5.00 E6 6.699 

6 3.50 E5 5.544 -1. 307 
7.10 E6 6.851 

7 3.00 E5 5.544 -1.021 
3.15 E6 6.498 

8 6.30 E5 5.799 -0.803 
4.00 E6 6.602 

9 5.60 E5 5.748 -0.933 
4.80 E6 6.681 

10 7.70 E5 5.886 -0.633 
3.30 E6 6.519 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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4. Magnesium Peroxide 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1 0 -3.079 
1. 20 E3 3.079 

2 1 0 -2.708 
5.10 E2 2.708 

3 1 0 -4.477. 
3.00 E4 4.477 

4 1 0 -5.110 
1. 29 E5 5.110 

5 1 0 -5.079 
1. 20 E5 5.079 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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5. Aluminum Oxide (Acid) 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 2.35 E1 1. 371 -2.772 
1. 39 E4 4.143 

2 8.5 0.929 -1. 576 
3.20 E2 2.505 

3 5.76 E2 2.760 -1.984 
5.55 E4 4.744 

4 4.55 E2 2.658 -2.421 
1. 20 E5 5.079 

5 2.20 E2 2.342 -2.577 
8.30 E4 4.919 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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6. Magnesium Peroxide, Aluminum Oxide (Acid) Control 

Control Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 4.20 E2 2.623 -O.BOO 
2.65 E3 3.423 

2 1. 47 E2 2.167 -1.143 
2.04 E3 3.310 

3 4.05 E2 2.607 -2.089 
4.97 E4 4.696 

4 1. 60 E2 2.204 -2.659 
7.30 E4 4.863 

5 7.00 E2 2.845 -2.061 
8.05 E4 4.906 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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7. Aluminum Oxide (Neutral) 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1. 42 E3 3.152 -0.948 
1. 26 E4 4.100 

2 2.60 E2 2.415 -0.646 
1.15 E3 3.061 

3 1. 63 E3 3.212 -1.112 
2.11 E4 4.324 

4 3.00 E2 2.477 -2.650 
1. 34 E5 5.127 

5 4.85 E2 2.686 -2.225 
8.15 E4 4.911 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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8. Glauconite 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1. 28 E5 5.107 -0.266 
2.36 E5 5.373 

2 9.00 E2 2.956 -0.822 
6.00 E3 3.778 

3 1. 26 E5 5.100 -2.444 
3.50 E7 7.544 

4 1. 49 E6 6.173 -0.860 
1. 08 E7 7.033 

5 3.26 E6 6.513 -0.587 
1. 26 E7 7.100 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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9. Aluminum Oxide (Neutral) and Glauconite Control 

Control Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 4.00 E4 4.602 -0.301 
8.00 E4 4.903 

2 6.20 E3 3.792 +0.315 
3.00 E3 3.477 

3 1. 77 E5 5.248 -2.019 
1. 85 E7 7.267 

4 4.85 E5 5.686 -1.425 
1. 29 E7 7.111 

5 1. 36 E5 5.134 -1.281 
2.60 E6 6.415 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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10. Bauxite 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1.12 E5 5.049 -0.130 
1. 51 E5 5.179 

2 1. 60 E3 3.204 -0.536 
5.50 E3 3.740 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 

11. Limonite 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1. 89 E5 5.276 +0.097 
1. 51 E5 5.179 

2 2.80 E3 3.447 -0.366 
6.50 E3 3.813 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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12. Bauxite and Limonite Control 

Control Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 4.00 E4 4.602 -0.301 
8.00 E4 4.903 

2 6.20 E3 3.792 +0.315 
3.00 E3 3.477 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 

13. Zeolite 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1. 21 E7 7.083 -0.066 
1. 41 E7 7.149 

2 9.80 E5 5.991 -0.901 
7.80 E6 6.892 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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14. Copper 

Test Column 
Time 
(Days) PFU/m1 Log PFU/ml Log (Nt/No) 

1 5.20 E6 6.716 -0.549 
1. 84 E7 7.265 

2 1. 30 E6 6.114 -0.692 
6.40 E6 6.806 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 

15. Zeolite and Copper Control 

Control Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 4.85 E5 5.686 -1. 425 
1. 29 E7 7.111 

2 1. 36 E5 5.134 -1. 281 
2.60 E6 6.415 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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16. Manganese Greensand 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 4.30 E4 4.633 -0.020 
4.50 E4 4.653 

2 6.50 E3 3.813 -0.404 
1. 65 E4 4.217 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 

17. Manganese Greensand Control 

Control Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 2.70 E4 4.431 -0.046 
3.00 E4 4.477 

2 7.65 E3 3.884 -0.378 
1. 83 E4 4.262 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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18. Magnesium Oxide ( 1 gm) 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1 0 -6.415 
2.60 E6 6.415 

2 1. 00 E4 4.000 -2.518 
3.30 E6 6.518 

3 2.40 E3 3.380 -2.942 
2.10 E6 6.322 

4 4.70 E3 3.672 -2.571 
1. 75 E6 6.243 

5 4.50 E4 4.653 -1.577 
1. 70 E6 6.230 

6 5.80 E4 4.763 -1. 316 
1. 20 E6 6.079 

7 6.90 E4 4.839 -1.337 
1. 50 E6 6.176 

8 1.10 E4 4.041 -2.189 
1. 70 E6 6.230 

9 3.10 E4 4.491 -1.384 
7.50 E5 5.875 

10 1.10 E5 5.041 -1.000 
1.10 E6 6.041 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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19. Magnesium Oxide ( 3 gm) 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 4.75 E7 3.677 -2.778 
2.85 E6 6.455 

2 6.00 E2 2.778 -3.921 
5.00 E6 6.699 

3 1. 00 E1 1. 000 -5.342 
2.20 E6 6.342 

4 1 0 -6.079 
1. 20 E6 6.079 

5 1 0 -6.000 
1. 00 E6 6.000 

6 1 0 -6.079 
1. 20 E6 6.079 

7 1 0 -6.176 
1. 50 E6 6.176 

8 1 0 -6.243 
1. 75 E6 6.243 

9 4 0.602 -5.301 
8.00 E5 5.903 

10 1.5 0.176 -5.903 
1. 20 E6 6.079 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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20. Magnesium Oxide Control 

Control Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1. 60 E6 6.204 -0.251 
2.85 E6 6.455 

2 7.70 E5 5.886 -0.705 
3.90 E6 6.591 

3 2.50 E5 5.398 -0.903 
2.00 E6 6.301 

4 2.20 E5 5.342 -0.901 
1. 75 E6 6.243 

5 1. 70 E5 5.230 -0.946 
1. 50 E6 6.176 

6 1. 74 E5 5.240 -0.839 
1. 20 E6 6.079 

7 8.00 E4 4.903 -1.273 
1. 50 E6 6.176 

8 6.80 E4 4.832 -1.314 
1. 40 E6 6.176 

9 4.40 E4 4.634 -1.496 
1. 35 E6 6.130 

10 5.00 E4 4.699 -1. 415 
1. 30 E6 6.114 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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21. Powdered Aluminum (Cycle 1) 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1 0 -6.167 
1. 47 E6 6.167 

2 1 0 -5.633 
4.30 E5 5.633 

3 1 0 -5.845 
7.00 E5 5.845 

4 1 0 -5.982 
9.60 E5 5.982 

5 5.00 E1 1. 699 -4.511 
1. 62 E6 6.210 

6 1 0 -5.301 
2.00 E5 5.301 

7 1 0 -5.832 
6.80 E5 5.832 

One has been added to all PFU/ml values 

Top Row == Column percolate 

Bottom Row = Reservoir 
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22. Powdered Aluminum Control (Cycle 1 ) 

Control Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 6.10 E4 4.785 -1. 408 
1. 56 E6 6.193 

2 3.30 E4 4.518 -1.172 
4.90 E5 5.690 

3 3.20 E5 5.505 -0.243 
5.60 E5 5.748 

4 5.00 E5 5.699 -0.283 
9.60 E5 5.982 

5 1. 30 E5 5.114 -0.664 
6.00 E5 5.778 

6 9.00 E4 4.954 -0.590 
3.50 E5 5.544 

7 2.80 E5 5.447 -0.316 
5.80 E5 5. '/63 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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23. Powdered Aluminum (Cycle 2 ) 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 2 0.301 -8.074 
2.37 E8 8.375 

2 2 0.301 -8.167 
2.94 E8 8.468 

3 1 0 -8.352 
2.25 E8 8.352 

4 1 0 -7.924 
8.40 E7 7.924 

5 1 0 -7.318 
2.08 E7 7.318 

6 1 0 -7.170 
1. 48 E7 7.170 

7 1 0 -6.544 
3.50 E6 6.544 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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24. Powdered Aluminum Control (Cycle 2 ) 

Control Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1. 56 E6 6.193 -2.143 
2.17 EB 8.336 

2 1.13 E6 6.053 -2.2B1 
2.16 EB 8.334 

3 4.80 E5 5.681 -2.688 
2.34 EB 8.369 

4 1. 87 E5 5.272 -2.597 
7.40 E7 7.B69 

5 5.00 E3 3.699 -2.748 
2.80 E6 6.447 

6 2.71 E3 3.433 -2.897 
2.14 E6 6.330 

7 5.30 E2 2.724 -2.359 
1. 21 E5 5.083 

One has been added to all PFU/ml values 

Top Row = Column pe:r:colate 

Bottom Row = Reservoir 
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25. Powdered Aluminum (Cycle 3 ) 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1 0 -6.083 
1. 21 E6 6.083 

2 1 0 -5.699 
5.00 E5 5.699 

3 1 0 -3.903 
8.00 E3 3.903 

4 2 0.301 -7.690 
9.80 E7 7.991 

5 1 0 -7.748 
5.60 E7 7.748 

6 3.5 0.544 -7.542 
1. 22 E8 8.086 

7 6 0.778 -7.079 
7.20 E7 7.857 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Ro~ = Reservoir 
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26. Powdered Aluminum control (Cycle 3 ) 

Control Column 
Time 

Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 2.60 E2 2.415 -3.786 
1. 59 E6 6.201 

2 2.63 E2 2.420 -2.621 
1.10 E5 5.041 

3 1.10 E1 1. 041 -2.862 
8.00 E3 3.903 

4 5.42 E6 6.734 -1.169 
8.00 E7 7.903 

5 2.83 E5 5.452 -2.354 
6.40 E7 7.806 

6 2.02 E6 6.305 -1. 744 
1.12 E8 8.049 

7 1. 30 E4 4.114 -3.706 
6.60 E7 7.820 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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27. Powdered Aluminum (Cycle 4 ) 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1. 60 E3 3.204 -4.528 
5.40 E7 7.732 

2 1. 73 E2 2.238 -5.494 
5.40 E7 7.732 

3 2.60 E2 2.415 -5.228 
4.40 E7 7:643 

4 1. 49 E2 2.173 -5.499 
4.70 E7 7.672 

5 2.70 E2 2.431 -5.259 
4.90 E7 7.690 

6 1. 60 E2 2.204 -5.701 
8.20 E7 7.914 

7 1.19 E3 3.076 -4.892 
9.30 E7 7.968 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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28. Powdered Aluminum Control (Cycle 4 ) 

Control Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 7.30 E5 5.863 -1.963 
6.70 E7 7.826 

2 8.00 E3 3.903 -3.796 
5.00 E7 7.699 

3 8.80 E4 4.944 -2.755 
5.00 E7 7.699 

4 1. 97 E5 5.294 -2.454 
5.60 E7 7.748 

5 6.80 E4 4.832 -3.000 
6.80 E7 7.832 

6 1. 86 E4 4.270 -3.664 
8.60 E7 7.934 

7 3.10 E5 5.491 -2.417 
8.20 E7 7.908 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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29. Powdered Aluminum (Cycle 5) 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 2.74 E3 3.438 -3.958 
2.49 E7 7.396 

2 8.50 E2 2.929 -4.244 
1. 49 E7 7.173 

3 1. 22 E3 3.086 -4.226 
2.05 E7 7.312 

4 1. 62 E4 4.210 -3.116 
2.12 E7 7.326 

5 2.80 E3 3.447 -3.614 
1.15 E7 7.061 

6 4.60 E3 3.663 -3.474 
1. 37 E7 7.137 

7 5.24 E4 4.719 -2.159 
7.55 E6 6.878 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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30. Powdered Aluminun Control (Cycle 5) 

Control Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 8.40 E6 6.924 -0.452 
2.38 E7 7.376 

2 3.40 E6 6.531 -0.681 
1. 63 E7 7.212 

3 8.20 E5 5.914 -1.367 
1. 91 E7 7.281 

4 6.50 E5 5.813 -1.452 
1. 84 E7 7.265 

5 1. 20 E5 5.079 -2.136 
1. 64 E7 7.215 

6 1. 30 E7 7.114 +0.053 
1.15 E7 7.061 

7 1. 00 E4 4.000 -2.875 
7.50 E6 6.875 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 



31. Powdered Iron 

Time 
(Days) 

1 

2 

PFU/ml 

4.35 
3.20 

8.00 
3.10 

E3 
E4 

E3 
E4 

Test Column 

Log PFU/ml 

3.638 
4.505 

3.903 
4.491 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 

32. Powdered Iron Control 

Control Column 
Time 
(Days) PFU/ml Log PFU/ml 

1 4.70 E3 3.672 
1. 65 E5 5.217 

2 5.45 E3 3.736 
3.70 E4 4.568 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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Log (Nt/No) 

-0.867 

-0.588 

Log (Nt/No) 

-1.545 

-0.832 
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1. MS2 Coliphage Removal 

Test Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1.10 E1 1. 041 -6.873 
8.20 E7 7.914 

2 4.80 E3 3.681 -4.356 
1. 09 E8 8.037 

3 3.50 E1 1. 544 -5.975 
3.50 E7 7.519 

4 2.79 E2 2.446 -5.156 
4.00 E7 7.602 

5 1. 94 E5 5.288 -2.325 
4.10 E7 7.613 

6 4.27 E6 6.630 -0.415 
1.11 E7 7.045 

7 1. 64 E6 6.215 -1.493 
5.10 E7 7.708 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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2. MS-2 Coliphage Removal 

Control Column 
Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1. 60 E7 7.204 -0.745 
8.89 E7 7.949 

2 8.79 E7 7.944 -0.109 
1.13 E8 8.053 

3 5.00 E7 7.699 +0.119 
3.80 E7 7.580 

4 2.65 E7 7.423 -0.230 
4.50 E7 7.653 

5 3.48 E7 7.542 -0.182 
5.30 E7 7.724 

6 1. 77 E7 7.248 +0.007 
1. 74 E7 7.241 

7 1. 82 E7 7.260 -0.393 
4.50 E7 7.653 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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1. Poliovirus 1 Removal - Test column 

Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 1. 00 0 -2.932 
8.55 E2 2.932 

2 3.30 0.518 -2.824 
2.20 E3 3.342 

3 1. 00 0 -3.041 
1.10 E3 3.041 

4 3.30 0.518 -2.327 
7.00 E2 2.845 

5 1. 00 0 -3.176 
1. 50 E3 3.176 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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2. Poliovirus 1 Removal - Control Column 

Time 
(Days) PFU/ml Log PFU/ml Log (Nt/No) 

1 5.70 0.756 -2.150 
8.05 E2 2.906 

2 7.10 0.851 -2.131 
9.60 E2 2.982 

3 26.20 1. 418 -1.786 
1. 60 E3 3.204 

4 44.30 1. 646 -1.121 
5.85 E2 2.767 

5 5.00 0.699 -2.447 
1. 40 E3 3.146 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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3. Coliform Removal - Test Column 

Time 
(Days) CFU/ml Log CFU/ml Log (Nt/No) 

1 129 2.110 -1.689 
6.30 E3 3.799 

2 69 1. 839 -1. 909 
5.60 E3 3.748 

3 125 2.097 -1.845 
8.75 E3 3.942 

4 125 2.097 -1.401 
3.15 E3 3.498 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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4. Coliform Removal - Control Column 

Time 
(Days) CFU/ml Log CFU/ml Log (Nt/No) 

1 81 1. 908 -1.611 
3.30 E3 3.519 

2 97 1. 987 -1. 314 
2.00 E3 3.301 

3 770 2.886 -0.639 
3.35 E3 3.525 

4 230 2.362 -1. 286 
4.45 E3 3.648 

One has been added to all PFU/ml values 

Top Row = Column percolate 

Bottom Row = Reservoir 
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pH Values from Amended Soil-Column Studies 
Time (Days) 

Soil Additive 1 2 3 5 6 7 8 9 10 

Iron Oxide (1 gm) 8.12 8.04 7.78 B.02 8.14 7.86 7.88 7.84 7.98 0.09 
8.04 7.71 7.44 7.69 7.77 7.45 7.69 7.40 7.85 7.82 

Iron Oxide (3 gm) 8.19 8.00 7.71 7.90 8.05 7.90 8.05 7.76 7.96 8.14 
8.12 7.69 7.45 7.72 7.70 7.41 7.64 7.44 7.85 7.82 

Magnesium Peroxide 9.72 9.66 9.66 9.53 9.22 
7.29 6.07 7.79 7.75 7.19 

Aluminum Oxide 
(Acid) 8.22 8.25 8.12 7.96 8.05 

7.44 8.07 7.71 7.83 7.28 

Aluminum Oxide 
(Neutral) 6.11 8.11 7.97 7.80 7.94 

7.15 8.07 7.73 7.92 7.36 

Glauconite 7.83 7.86 
7.73 7.43 

Limonite 7.70 7.98 
7.77 7.81 

Bauxite 7.73 7.87 
7.83 7.87 

Magnesium Oxide 
(1 gm) 9.23 9.38 9.46 9.32 9.18 9.17 8.97 8.98 8.94 8.88 

7.32 7.43 7.59 7.49 7.39 7.47 7.66 7.78 7.70 7.60 

Magnesium Oxide 
(3 gm) 8.84 9.80 10.04 9.93 9.81 9.87 9.72 9.76 9.89 9.82 

7.32 7.44 7.60 7.48 7.42 7.48 7.64 7.69 7.83 7.66 

Aluminum Powder 
(Trial 1) 8.30 8.23 8.06 8.08 8.14 8.08 8.16 

7.12 6.93 7.43 7.11 7.38 7.10 7.33 

Aluminum Powder 
(Trial 2) 7.92 8.09 8.14 8.07 8.02 7.97 8.13 

7.23 7.82 7.54 7.81 7.43 7.67 7.58 

Top Row = Column percolate 

Bottom Row = Reservoir 
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l. Resin Polyhalex 

a. Average Case Water Quality 

Flow Rate 
(ml/min) PFU/ml Log PFU/ml Log (Nt/No) 

5 
0 1. 80 x 10 5.255 -----

1 1 0 -5.255 

2 1 0 -5.255 

4 1 0 -5.255 

8 1 0 -5.255 

16 1 0 -5.255 

65 1 0 -5.255 
1 

120 9.44 x 10 1.975 -3.280 

One has been added to all PFU/ml values 
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b. Worst Case Water Quality 

Flow Rate 
(ml/min) PFU/ml Log PFU/ml Log (Nt/No) 

5 
0 6.50 x 10 5.813 ------

1 
2 4.50 x 10 1. 653 -4.160 

1 
4 2.50 x 10 1. 398 -4.415 

2 
8 2.45 x 10 2.389 -3.424 

3 
16 1. 82 x 10 3.261 -2.552 

One has been added to all PFU/ml values 

2. Resin 15 

a. Average Case Water Quality 

Flow Rate 
(ml/min) PFU/ml Log PFU/ml Log (Nt/No) 

5 
0 1. 90 x 10 5.279 -----

2 1 0 -5.279 

4 1 0 -5.279 

8 1 0 -5.279 

16 1 0 -5.279 

30 1 0 -5.279 

60 1 0 -5.279 

100 1 0 -5.279 

One has been added to all PFU/ml values 
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b. Worst Case water Quality 

Flow Rate 
(ml/min) PFU/ml Log PFU/ml Log (Nt/No) 

5 
0 6.50 x 10 5.813 ------

2 1 0 -5.813 

4 1 0 -5.813 

8 1 0 -5.813 

16 1 0 -5.813 

One has been added to all PFU/ml values 
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1. Resin Polyhalex 

a. Average Case Water Quali ty 

Flow Rate 
(ml/min) PFU/ml Log PFU/ml Log (Nt/No) 

2 
0 4.80 x 10 2.681 ------

2 1 0 -2.681 

4 1 0 -2.681 

8 1 0 -2.681 
1 

16 1 x 10 1. 000 -1.681 
1 

32 4.50 x 10 1. 653 -1.028 

One has been added to all PFU/ml values 
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b. Worst Case Water Quality 

Flow Rate 
(ml/min) PFU/ml Log PFU/ml Log (Nt/No) 

2 
0 3.10 x 10 2.491 ------

1 
2 8.99 x 10 1. 954 -0.537 

1 
4 8.00 x 10 1. 903 -0.588 

2 
8 1.15 x 10 2.061 -0.430 

2 
16 2.10 x 10 2.322 -0.169 

One has been added to all PFU/ml values 
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2. Resin 15 

a. Average Case Water Quality 

Flow Rate 
(ml/min) PFU/ml Log PFU/ml Log (Nt/No) 

2 
0 4.35 x 10 2.639 ------

2 1 0 -2.639 

4 1 0 -2.639 

8 1 0 -2.639 
1 

16 1.0 x 10 1. 000 -1.639 
1 

32 3.0 x 10 1. 477 -1.162 
1 

64 7.5 x 10 1. 875 -0.764 

One has been added to all PFU/ml values 



193 

b. Worst Case Water Quality 

Flow Rate 
(ml/min) PFU/ml Log PFU/ml Log (Nt/No) 

2 
0 3.10 x 10 2.491 ------

2 1 0 -2.491 

4 1 0 -2.491 
1 

8 4.00 x 10 1. 602 -0.889 
1 

16 8.00 x 10 1. 903 -0.588 

One has been added to all PFU/ml values 
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1. Poliovirus 1 Removal by Aluminum 

Time 
(Hours) PFU/ml Log PFU/ml Log (Nt/No) 

5 
0 5.65 x 10 5.752 ------

3 
0.5 5.50 x 10 3.740 -2.012 

2 
2 8.60 x 10 2.934 -2.818 

2 
4 1. 30 x 10 2.114 -3.638 

1 
6 8.00 x 10 1. 903 -3.849 

One has been added to all PFU/ml values 
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2. Poliovirus 1 Removal by Magnesium Oxide 

Time 
(Hours) PFU/ml Log PFU/ml Log (Nt/No) 

4 
0 1. 00 x 10 4.000 ------

2 
0.5 9.21 x 10 2.964 -1. 036 

2 1 0 -4.000 

4 1 0 -4.000 

6 1 0 -4.000 

One has been added to all PFU/ml values 
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" ,j • Poliovirus 1 Removal by Magnesium Peroxide 

Time 
(Hours) PFU/ml Log PFU/ml Log (Nt/No) 

4 
0 2.50 x 10 4.398 ------

4 
0.5 2.05 x 10 4.312 -0.086 

3 
2 1.12 x 10 3.049 -1.349 

2 
4 1. 80 x 10 2.255 -2.143 

1 
6 2.00 x 10 1. 301 -3.097 

One has been added to all PFU/ml values 
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4. Poliovirus 1 Control 

Time 
(Hours) PFU/ml Log PFU/ml Log (Nt/No) 

6 
0 2.55 x 10 6.407 -------

6 
0.5 2.55 x 10 6.407 0 

6 
4 3.55 x 10 6.550 +0.143 

6 
6 2.80 x 10 6.447 +0.040 

One has been added to all PFU/ml values 
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5. Effect of Column Percolate on MS-2 
Coliphage Survival 

Test 
Time 

(Hours) PFU/ml Log PFU/ml Log (Nt/No) 

4 
0 2.20 x 10 4.342 ------

4 
1 1.14 x 10 4.057 -0.285 

3 
2 5.60 x 10 3.748 -0.594 

3 
3 4.43 x 10 3.646 -0.696 

3 
4 2.83 x 10 3.452 -0.890 

3 
5 2.34 x 10 3.369 -0.973 

One has been added to all PFU/ml values 
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6. control for the Effect of Column Percolation 
on MS-2 Coliphage Survival 

Test 
Time 

(Hours) PFU/ml Log PFU/ml Log (Nt/No) 

4 
0 2.50 x 10 4.398 ------

3 
1 5.85 x 10 3.767 -0.631 

3 
2 2.70 x 10 3.431 -0.967 

3 
3 2.10 x 10 3.322 -1.076 

2 
4 9.35 x 10 2.971 -1.427 

2 
5 8.15 x 10 2.911 -1. 487 

One has been added to all PFU/ml values 
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7. Effect of Aluminum Concentration on MS-2 
Coliphage Removal 
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PFU/ml Log PFU/ml Log (Nt/No) 

4 
2.23 x 10 4.348 ------

4 
1. 50 x 10 4.176 -0.172 

4 
1. 57 x 10 4.196 -0.152 

3 
4.03 x 10 3.607 -0.741 

3 
5.60 x 10 3.748 -0.600 

3 
2.25 x 10 3.352 -0.996 

3 
2.01 x 10 3.303 -1.045 

1. 03 x 103 3.013 -1.335 
3 

1. 81 x 10 3.258 -1.092 

One has been added to all PFU/ml values 



8. Effect of Time on MS-2 Coliphage Removal 
Due to Aluminum (500 mg) 

Time (Minutes) PFU/ml 

Control Aluminum 

3 3 
0 2.45 x 10 1.1 x 10 

3 1 
10 2.00 x 10 8.9 x 10 

3 
20 2.12 x 10 0 

3 
40 2.41 x 10 0 

3 
80 2.41 x 10 0 

3 
160 2.42 x 10 0 
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9. Effect of pH 9.5 on MS-2 Coliphage Survival 

Log (Nt/No) PFU/ml 
Time Control Aluminum 

0 0 0 

2 -0.092 -0.726 

4 -0.182 -2.330 

6 -0.303 -4.570 

24 -1. 350 -6.570 

One has been added to all PFU/ml values 
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a. CsCl Gradient of Purified, Labeled Poliovirus 1 

CPM Density CsCl 
Fraction Number Count Recount (gm/ml) 

1 83 101 1. 556 
2 104 90 
3 116 108 
4 108 101 
5 110 89 1.453 
6 105 93 
7 88 82 
8 106 119 
9 100 111 

10 118 107 
11 184 164 
12 366 357 1.348 
13 103 139 
14 114 104 
15 205 220 1.322 
16 179 160 
17 122 138 
18 115 110 1. 288 
19 93 110 
20 101 92 
21 99 95 1.261 
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b. CsCl Gradient of Labeled Poliovirus 1 After 
Incubation with Aluminum 

CsCl 
Fraction CPM Density 
Number Test Control (gm/ml) 

1 42.4 31. 0 1. 504 

2 30.6 24.2 

3 30.2 25.1 

4 40.6 29.8 1.384 

5 50 42.8 

6 71. 8 71. 5 

7 112.4 223.3 

8 119.1 350.7 1. 343 

9 115.4 248.0 

10 86.2 105.5 

11 53.0 51. 5 

12 34.4 37.0 1. 212 

13 38.8 29.4 

14 33.6 24.3 

15 178.4 36.3 

16 213.1 14.3 1.148 
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c. Determination of CPM:PFU Ratio 

Tube 1 
Time 

(Hours) CPM/ml PFU/ml Ratio CPM/PFU 

7 -3 
0 184586 3.85 x 10 4.794 x 10 

0.5 17795 6.00 x 106 2.966 x 10-3 
4 -1 

1 4030 1. 30 x 10 3.100 x 10 
3 -1 

2 2445 7.10 x 10 3.444 x 10 
3 

4 3385 3.0 x 10 1.128 
3 

10 11555 2.05 x 10 5.636 
2 

25 46745 3.2 x 10 146.078 
1 3 

50 108544.5 4.0 x 10 2.714 x 10 
1 3 

76 172033 2.5 x 10 6.881 x 10 

One has been added to all PFU/ml values 
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Tube 2 
Time 

(Hours) CPM/ml PFU/ml Ratio CPM/PFU 

7 -3 
0 168800 2.20 x 10 7.673 x 10 

4 -2 
0.5 4570 6.55 x 10 6.977 x 10 

4 -1 
1 4630 3.20 x 10 1. 447 x 10 

3 -1 
2 2620 3.90 x 10 6.718 x 10 

3 -1 
4 4760 7.25 x 10 6.566 x 10 

3 
10 13870 1.53 x 10 9.065 

2 1 
25 52765 7.05 x 10 7.484 x 10 

2 2 
50 118862 1.75 x 10 6.794 x 10 

5 
76 157122.5 1 1. 871 x 10 

One has been added to all PFU/ml values 
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Tube 3 

Time 
(Hours) CPM/m1 PFU/m1 Ratio CPM/PFU 

7 -1 
0 173433 3.65 x 10 4.751 x 10 

4 -1 
0.5 2575 2.50 x 10 1. 030 x 10 

3 -1 
1 3375 5.70 x 10 5.921 x 10 

3 -1 
2 2145 6.05 x 10 3.545 x 10 

3 
4 3515 2.60 x 10 1. 352 

2 1 
10 9295 1.00 x 10 9.295 x 10 

2 2 
25 51000 2.55 x 10 2.000 x 10 

1 3 
50 135356.5 5.50 x 10 2.461 x 10 

1 4 
76 156090 0.50 x 10 4.399 x 10 

One has been added to all PFU/ml values 
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Control Tube 

Time 
(Hours) CPM/ml PFU/ml Ratio CPM/PFU 

8 -1 
0 59500 1.74 x 10 5.800 x 10 

8 -1 
2 35400 1.645 x 10 5.537 x 10 

8 -1 
7 8800 1.33 x 10 4.855 x 10 

8 -1 
24 2350 1. 565 x 10 4.104 x 10 

8 -1 
48 3675 1.485 x 10 4.362 x 10 

7 -1 
76 3240 4.00 x 10 4.617 x 10 
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d. Determination of Particle: PFU Ratio of Poliovirus 
1 stock 

Electron Microscopy Data 

1. CsCl Virus stock 

Virus Beads 

100 42 

100 34 

100 50 

100 42 

13 9 
Bead stock = 1 x 10 beads/ml (dilute to 10 beads/ml) 

7 
Virus stock = 2.60 x 10 PFU/ml 

Concentration of Virus Particles = 

Ratio: 

U Virus Particles I x Concentration Beads 
U Beads x 

9 
100 x (1 x 10 ) 
42 

9 
2.381 x 10 

9 1 
1) 2.381 x 10 = 9.158 x 10 

7 
2.60 x 10 
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1. Surface Area 

a. Diameter of poliovirus 1 = 27 nanometers 

b. Projected Shadow of virus on 2-D surface 
(assume virus Is spherical) 

2 
Area of Circle = Tl R 

= 

2 
= 572.555 nm 

-16 2 
= 5.726 x 10 H 

2. Virus Removal by Flushing Meadows Soil 

a. Theoretical Number of Virus Adsorption Sites 
per gram (VAS) 

2 16 
1 virus ,x f8.310 M = 3.198 x 10 

-16 2 
5.726 x 10 M 1 gm sol1 
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b. Theoretical PFU/ml Retained in the Control 
Column During the First Three Days of 
Flooding 

PFU/ml 

-
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Trial X Reservoir X Column Percolate 

1 

2 

3 

4 

5 

8.70 

2.22 

5.69 

5.57 

1. 97 

7 
5.98 x 10 

6 
1.14 x 10 

5 
x 10 

8 
x 10 

5 
x 10 

7 
x 10 

7 
x 10 

:::: 
X Reservoir 
c: 
X Percolate 

5 
1. 38 x 10 

6 
1. 06 x 10 

2 
1. 78 x 10 

5 
2.75 x 10 

6 
4.21 x 10 

7 
5.866 x 10 PFU/ml Removed in Soil Column 

c. Percent Efficiency PFU/ml Removal per VAS per Gram 
Soil 

7 
5.866 x 10 

16 
3.198 x 10 

-10 
PFU/ml x 100 = 2.768 x 10 

Sites/gm x 662.6 gm 

% 
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3. Virus Removal by Aluminum 

a. Theoretical Number of VAS per Gram 

1 virus x 
17 

86.562 M2 = 1.512 x 10 VAS 

5 • 7 2 6 x 1 0'6 M 2. 1 gm aluminum 

b. Theoretical PFU/ml Retained in the Test Column 
During the First Three Days of Flooding 

PFU/ml 

= Trial X Reservoir 

5 
1 8.67 x 10 

8 
2 2.52 x 10 

5 
3 5.73 x 10 

7 
4 5.07 x 10 

7 
5 2.01 x 10 

X Column Percolate 
(Aluminum) 

1 

1. 67 

1 
2 

6.78 x 10 
3 

1. 60 x 10 
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7 
6.48 x 10 X Reservoir 

2 
- 4. 56 x 10 X Column Percolate (Aluminum) 

7 
6.480 x 10 PFU/ml Removed due to Aluminum + Sol1 

PFULml Retained in Column Due to Aluminum 

7 
6.480 x 10 PFU/ml Test Column (Aluminum + sol1) 

7 
5.866 x 10 PFU/ml Control Column (5011 ) 

6 
6.140 x 10 (X for three days) 

c. Percent Efficiency PFU/ml Removal per VAS per gram 
Aluminum 

6 -10 
6.140 x 10 PFU/ml x 100 = 8.122 x 10 % 

17 
1.512 x 10 Sites/gm x 5.00 gm 
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4. Comparison of Efficiencies 

a. Flushing Meadows Soil 

7 = 
5.866 x 10 PFU/ml Removed (X for three days) 

662.6 gm soil/column 

4 7 
5.866 x 10 8.853 x 10 Viruses Removed/gm soil 

662.60 

b. Aluminum 

--6 
6.140 x 10 PFU/ml Removed (X for three days) 

5.00 gm aluminum/column 

6 6 
6.140 x 10 = 1.228 x 10 Viruses Removed/gm 

Aluminum 
5.00 

c. Efficiency Comparison 
4 6 

(8.853 x 10 ) X = 1.228 x 10 

X 13.87 

Aluminum is 13.87 times more efficient per gram, 
than is Flushing Meadows soil 
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Aluminum Concentration in Column Percolate (pH 2-3) 

'rime 
(Days) 

Test Column 
Optical Density [Al] 

1 nd nd 

3 nd nd 

10 nd nd 

18 nd nd 

24 0.002 0.001 

32 0.004 0.002 

37 0.011 0.006 

38 0.007 0.004 

41 0.023* 1. 261 

** = 1/10 dilution 

* = 1/100 dilution 

Correlation R = 0.99932 

nd = not determined 

Control Column 
Optical Density [Al] 

nd nd 

nd nd 

nd nd 

nd nd 

0.036 0.020 

0.009 0.005 

0.007 0.004 

0.011 0.006 

0.066** 0.363 
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