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Water disinfection systems utilizing electrolytically generated copper.silver ions (200:20 to 

400:40 ug/L) and low levels of free chlorine (0.1 to 0.4 mg/L) were evaluated at room (21-23°C) and 

elevated (39-40°C) temperatures in filtered well water (pH 7.3) for their efficacy in inactivating 

Legionella pneumophila (ATCC 33155). A contact time of 24 hr was necessary for copper:silver 

(400:40 ug/L) to achieve a 3 log;# reduction in bacterial numbers at room temperature. As the 

coppensilver concentration increased to 800:80 ug/L (K=7.50xl0~^ logJQ reduction/min), the 

inactivation rate significantly (p<0.05) increased. In water systems at room temperature with and 

without coppensilver (400:40 ug/L), the inactivation rates significantly increased as the free chlorine 

concentration increased from 0.1 mg/L (K=0.397 logJQ reduction/min) to 0.4 mg/L (K= 1.047 log JQ 

reduction/min). All disinfection systems, regardless of temperature or free chlorine concentration, 

showed increased inactivation rates when 400:40 ug/L coppensilver was added; however, this trend 

was significant only at 0.4 mg/L free chlorine. 
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INTRODUCTION 

Legionella pneumophila is an ubiquitous aquatic organism which can survive under a wide 

range of environmental conditions. This organism is the causative agent of Legionnaire's Disease, 

a severe form of pneumonia, and may also cause Pontiac Fever, a self-limiting non-pneumonial 

illness. Since its isolation, following an outbreak of pneumonia at the 1976 American Legion 

Convention in Philadelphia, the annual number of reported cases of legionellosis has been 

increasing. 

Legionella pneumophila has been isolated from or found to contaminate cooling towers, hot 

water tanks, evaporative condensers, and whirlpools. These water recirculating systems often possess 

favorable growth conditions for L. pneumophila such as elevated temperatures and mineral deposits 

(Stout et al., 1985) which can serve as a source of nutrients for biomasses, and in turn, support the 

growth of Legionella (Muraca et al., 1988). These devices are also known to produce aerosols and 

have been implicated in numerous outbreaks. Aerosolization of contaminated water sources is 

believed to be the route of transmission. 

Hypochlorites have been used for numerous years in the disinfection of potable water 

because of their rapid inactivation of microorganisms. However, there are certain disadvantages 

with chlorination. The concentrations of hypochlorites required to be effective in inactivating 

Legionella in cooling tower water are relatively high and would most likely be corrosive to plumbing 

systems in actual conditions (Skaliy et al., 1980). Furthermore, levels of chlorine may be reduced 

from initially high levels to background levels rapidly (Fliermans et al., 1982), especially in systems 

operating at elevated temperatures, and may not provide a long-lasting residual effect. 

Although hypochlorites can reduce numbers of L. pneumophila in cooling tower water to 

environmental levels through continuous and shock chlorination (Fliermans et al., 1982), isolates 
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of Legionella from regions of high chlorination have been shown to develop increased chlorine 

resistance (Kutcha et al., 1983). 

In seeking to address these concerns, alternative disinfection treatments have been 

investigated. Copper and silver have been used for numerous years in the disinfection of water. 

Copper and silver are known to affect a number of microorganisms including bacteria, viruses, and 

algae (Clarke, 1977; Cliver et al, 1971; Landeen et al., 1988; Singh and McPeters, 1987; Wuhrmann 

and Zobrist, 1958). They are believed to interfere with enzymes involved in cellular respiration 

(Domek et al., 1984) and to bind at specific sites to DNA (Liebe and Stuehr, 1972a, 1972b; Rahn 

at el., 1973). 

Inactivation by combined copper and silver has been shown to be relatively slow when 

compared to that of free chlorine; however, when these metals were added to low levels of free 

chlorine, inactivation rates of bacterial indicator organisms (used to judge the sanitary quality of 

drinking and swimming pool water) were shown to be greater than those at comparable levels of 

free chlorine alone (Kutz et al., 1988; Landeen et al., 1988). 

This research examined the efficacy of electrolytically generated copper:silver ions with and 

without concurrent low levels of free chlorine in inactivating pure cultures of agar-passaged 

Legionella pneumophila. 
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LITERATURE REVIEW 

Histoiy of Legionnaires' Disease Outbreaks 

During the summer of 1976, a localized epidemic resulting in a previously unrecognized 

pneumonial illness occurred among 182 participants attending the 58th Annual Convention of the 

American Legion in Philadelphia, Pennsylvania. Persons affected experienced malaise, muscle ache, 

slight headaches, and interstitial infiltrates as evidenced on chest radiographs in 90% of the cases. 

Of those infected, 147 required hospitalization, with 29 of those cases resulting in death (16% 

mortality rate) (Fraser et al., 1977). 

All of the persons affected could be shown to have had contact with the hotel in which the 

convention was held. Thirty-nine other persons not directly associated with the hotel, but who were 

found to have been walking on the streets bordering the hotel, were also diagnosed with pneumonia. 

Five of those patients subsequently died (Fraser et al., 1977). 

At the time of the outbreak, no etiological agent was identified, and the outbreak was not 

fully recognized until the first week in August. Among conventioneers, food, alcohol, and ice 

consumption showed no significant correlations. Consumption of water by persons in the hotel was 

the only factor which showed a significant (p<0.10) association with the illness. Although airborne 

transmission could not be proved, this was the only route of infection that could explain expression 

of disease in both persons associated with the hotel and those on the neighboring street (Fraser 

et al., 1977). 

As other states began to also document sporadic cases of legionellosis, it became apparent 

that this previously unidentified bacterial pathogen was neither new nor localized to Philadelphia 

(Anonymous 1977a; Broome and Fraser, 1979). The Legionnaires' Disease bacterium has been 

identified as early as 1947. A bacterial isolate from a patient with a febrile respiratory illness in 
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1947 was years later subjected to serological, cultural, and DNA relatedness testing and was shown 

to be the same as L. pneumophila (McDade et al., 1979). 

An outbreak of a severe respiratory illness (17% mortality rate) which occurred at the St. 

Elizabeth's Hospital in Washington, D.C. in 1965 (Anonymous, 1965) was later identified as having 

been Legionnaires' Disease. This diagnosis was made using fluorescent antibodies against tissue 

samples of the 81 affected patients (Thacker et al., 1978). 

Another outbreak prior to the outbreak in Philadelphia occurred in Pontiac, Michigan in 

1968. This outbreak was not manifested as pneumonia, but rather, was an acute febrile illness of 

minor respiratory symptoms which affected 144 persons and resulted in no deaths (Anonymous, 

1968). Serological examination demonstrated the bacterium responsible for the outbreaks at the 

American Legion convention and the outbreak in Pontiac, Michigan to be the same antigenically. 

Differences in pathogenicity between the two may have been dose dependent (McDade et al., 1977). 

In 1978, the bacterium responsible for Legionnaires' Disease was made a notifiable disease 

to the Center for Disease Control in Atlanta, Georgia (Anonymous, 1978d, 1978e). Since its 

isolation, the annual number of reported cases of legionellosis has been increasing. In 1976 a total 

of 235 persons in the United Stated were reported to have been infected with the organism. By the 

year 1979, 593 cases were reported, and the number of cases increased to 1,038 cases by the year 

1987 (Anonymous, 1987). 

A review of the first 1005 confirmed cases of legionellosis showed reported cases in all states 

(except for Alaska and South Dakota) and the District of Colombia. Over 70% of the cases 

involved males, and the highest attack rates occurred between the ages of 50-80 years old. The 

majority of fatalities occurred within 18 days after onset of the disease. The greatest number of 

cases occurred during the summer months, which may correlate with increased usage of cooling 

towers and evaporative condensers in the hot summer months. L. pneumophila serogroup 1 was 
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predominantly responsible for sporadic cases of legionellosis. Serogroups 1 through 4 constituted 

the majority of cases, suggesting that is unlikely that legionellosis is due to other serogroups 

(England et al., 1981). 

Outbreaks and cases of legionellosis have been documented in the following countries as 

well: Australia, Canada, Denmark, England, Israel, the Netherlands, Scotland, Sweden (Anonymous 

1978e), Africa (Mauff and Koornhof, 1984), Italy (Greco et al., 1984), and Japan (Saito et al., 

1984). 

Description of Legionella pneumophila 

The organism responsible for Legionnaires' Disease is within the Family Legionellaceae, 

genus and species Legionella pneumophila. A new classification of family, genus, and species was 

necessary based on unrelatedness to known existing bacteria (Brenner et al., 1978, 1979, 1984). 

Currently, there are 24 species and 39 serogroups within the genus Legionella (Reingold, 1988). 

Other species (L. bozemanii. L. micdadei. L. dumoffii. L. lonebeachae. L. wadsworthiH are also 

known to cause infection, but L. pneumophila is responsible for greater than 90% of Legionella 

infections and is the most frequently isolated species in water (Brenner et al., 1984; Keleti and 

Shapiro, 1987). 

The first evidence that the etiologic agent for the outbreak of pneumonia at the American 

Legion Conference was a bacterium developed from observations of rod-shaped bacilli in many of 

the affected patients' alveoli during post-mortem examination (Fraser et al., 1977,; Anonymous, 

1976). McDade et al. (1977) were able to infect guinea pigs with lung specimens collected at 

autopsy from infected patients, and subsequently culture the organism in yolk sacs of embryonated 

eggs. Staining of bacilli from the yolk sacs revealed numerous bacilli of 0.3 to 0.9 um in width and 

2 to 3 um in length, although bacilli of 8 to 20 um were often observed. Occasionally, L. 



pneumophila can reach lengths of 50 um or greater, which has been experimentally shown when 

cultured on agar media. A corresponding lost in virulence as determined by LD50 doses was noted 

for the filamentous bacilli (Bornstein, et al., 1984). L. pneumophila is weakly gram-negative and 

non-acid fast. The organism may be motile by means of a single flagellum and pili have also been 

observed. Cells are not encapsulated nor do they form endospores (Gilpin, 1984). 

Cultivation techniques for L. pneumophila were slow developing as it is a fastidious 

organism. Primary isolation from human lung tissue was successful using Mueller-Hinton agar 

supplemented with hemoglobin and other bacterial nutrients (Anonymous 1977a; McDade et al., 

1977). In 1979, Feeley et al. (1979a) reported the formulation of charcoal yeast extract agar as a 

medium for the growth of L. pneumophila. The charcoal is believed to act as a detoxifier. This 

media has been proven useful in isolating legionellae from both clinical and environmental samples. 

The organism does not grow on standard blood agar, nutrient broth, or other commonly 

used laboratory media and has an obligate growth requirement for L-cysteine and increased iron 

requirements (Brenner et al., 1984). L. pneumophila does not grow anaerobically, and does best 

in humid air with 2.5% CO2 at pH 6.9 and 35°C. Carbohydrates are not oxidized or fermented 

and the organism uses amino acids as the source of energy (Brenner et al., 1984; Gilpin, 1984; 

Hoffman, 1984). 

The infectious dose for guinea pigs has been determined to be approximately 100 cells, 

however, it was shown that agar cultivation of the organism resulted in a loss of virulence (Lattimer 

and Ormsbee, 1981). 

Clinical diagnosis of L. pneumophila is made by isolation and cultivation on agar media and 

it is typed using immunofluorescent antibodies (Cherry and McKinney, 1979; Feeley et al., 1979b; 

Wilkinson et al., 1979). L. pneumophila has a unique fatty acid composition in which ca. 90% of 



the fatty acids are branched chains (Davis, 1980). The unique fatty acid profile has been used as 

a diagnostic tool (Moss, 1979). 

Legionnaires' Disease is characterized by abrupt onset of high fever, nonproductive cough, 

chills, headache, severe malaise, and pneumonia with interstitial infiltration (Davis, 1980). Localized 

necrosis and inflammatory exudate is common in infected lung tissues (Blackmon et al., 1979). 

While Legionnaire's Disease is primarily expressed as pneumonia, patients may also exhibit severe 

gastroenteritis (Beaty, 1984). This may be due to ingestion of the organism rather than inhalation. 

Pontiac fever is also characterized by the same symptoms, although a cough is much less common, 

and the illness more closely resembles influenza or other virus-induced respiratory syndromes. 

Pontiac Fever also has a faster incubation rate and higher attack rate (Beaty, 1984). 

The greatest numbers of cases seem to occur in the summer and early fall months with the 

highest attach rates occurring among persons which are immunosuppressed, elderly, or cigarette 

smokers (Reingold, 1988; Anonymous, 1985). The mode of transmission is not believed to be 

aspiration from person to person based on the low attack rate (Muraca et al., 1988). From 

numerous studies of outbreaks, aerosolization of environmentally contaminated waters is believed 

to be the mode of transmission (Hanrahan et al., 1984; Herwaldt et al., 1984; Klaucke et al., 1984; 

Reingold, 1988). 

L. pneumophila has been shown to be most susceptible to the antibiotics cefoxitin, 

erythromycin, and doxycycline and the least susceptible to cephalothin, cefamandole, and cefazolin 

in in-vitro studies (Pohlod et al., 1981). In in-vivo simulating conditions, rifampin, erythromycin, 

minocycline, doxyclcline, and tetracycline were all found to be most effective (Ristuccia et al., 1984). 

L. pneumophila is resistant to vancomycin (Lattimer and Ormsbee, 1981). 

The outer membrane of L. pneumophila is rich in phosphatidylethanolamine and 

phosphatidylcholine (Hindahl and Iglewski, 1984). Phosphatidylcholine is not very common in 



bacteria but is common in eukaryotic membranes (Goldfine, 1972). The cell surface may be quite 

hydrophobic indicating a possible explanation for its susceptibility to the hydrophobic antibiotic 

erythromycin (Hindahl and Iglewski, 1984). 

A survey of L. pneumophila found plasmids (80 Mdal) to be isolated from numerous 

environmental isolates of L. pneumophila, but not from strains causing human infections. This 

may suggest that plasmidless isolates may have greater virulence and may be responsible for 

infections, although some clinical isolates have been found to contain plasmids (Brown et al., 1982). 

One study on the virulence of two environmentally isolated strains of L. pneumophila serogroup 

1 demonstrated that the plasmidless strain had lower LD$Q doses and caused death more quickly 

in guinea pigs than the plasmid-containing strain (Bollin et al., 1985b). Although one group of 

researchers failed to detect plasmids in serogroups 1, 5, or 6 of L. pneumophila, they did not feel 

that presence or absence of plasmids correlated with any phenotypic expression (Aye et al., 1981). 

Distribution of Legionella pneumophila in Potable Water 

Legionellae are widely distributed in aquatic environments and are part of the natural flora 

of water systems. In a study which screened over 200 different lake water samples, greater than 

90% of the samples were found to contain L. pneumophila (serogroup 1) at concentrations of 10*-

10^ cells/L. None of the lakes were known to be associated with outbreaks of Legionnaires' Disease 

(Fliermans et al., 1979). Another survey (Fliermans et al., 1981) using immunofluorescent staining 

showed that L. pneumophila could be detected in habitats with temperatures ranging from 5.7 to 

63°C, and pH values of 5.5 to 8.1. Several attempts to isolate L. pneumophila from potable water 

distribution systems have failed. A survey which attempted to isolate L. pneumophila from the 

municipal water system of Pittsburg (States et al., 1987) did not recover any cultures of the 

organism despite repeated sampling over extended periods (almost 3 years) and from various points 
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along the treatment process. Although no isolates were found, possibly because the distribution 

system maintained a free chlorine residual of 0.2 mg/L or greater, the growth potential of L. 

pneumophila in waters taken at various points in the distribution system was demonstrated. When 

inoculated into pasteurized samples of the water, there was growth in waters from many locations 

of treatment water, especially those which experienced sediment accumulation. No growth potential 

was seen in the source river water. 

A survey of seventeen water systems in Vermont (Witherell et al., 1988) failed to isolate L. 

pneumophila. Recovery of the organism from two domestic water heaters implied that the organism 

may be present in densities too low for routine detection, but may able to multiply once the 

organism encounters more favorable growth conditions. 

There is evidence that L. pneumophila may escape detection during routine disinfection 

practices. Upon observing legionellae cells in the potable water system using immunofluorescent 

antibodies, some researchers have suggested that viable, non-culturable cells of L. pneumophila may 

be present in distribution systems but missed during detection practices due to their inability to 

grow on standard culture media (Hussong et al., 1987). A separate survey of six water treatment 

facilities found Legionella spp. at all stages of the treatment process by immunofluorescence. 

However, trying to culture the organism in culture media or by animal inoculation proved 

unsuccessful, suggesting that the observed fluorescing cells were either non-viable or avirulent 

(Tison and Seidler, 1983). 

Other investigators (Anand, et al., 1984; Rowbotham, 1984) have suggested that legionellae 

may pass through water treatment systems while being transported in free-living aquatic protozoa 

(Acanthamoeba and Naeglerial which are highly resistant to disinfection. L. pneumophila has also 

been found to proliferate as an intracellular parasite in ciliated protozoa fTetrahvmena pvriformist 

up to 3-4 log;# values within a week (Fields et al., 1984). 



One survey of public water supplies in England has successfully isolated the organism from 

the domestic water supply. Colbourne (1988) showed that L. pneumophila could be detected in 

60% of distribution systems by immunofluorescent antibody (IFA) techniques at concentrations of 

10? to 10^ cells/L. None of the IFA positive samples were able to recover viable cultures on agar 

medium or after injection into guinea pigs. However, subsequent heat shock treatment (45°C for 

10-30 min) of seven IFA positive samples yielded five culturable samples on buffered CYE agar. 

Four of the five heat shocked isolates exhibited different subtyping than the original sample, 

indicating that heat shocking may alter monoclonal expression and virulence. It was suggested that 

hot water temperatures may select for virulent strains. Furthermore, it was demonstrated that cells 

of L. pneumophila present in potable water and detected by immunofluorescence are, in fact, viable. 

L. pneumophila has been shown to survive well in water. An environmental isolate of L. 

pneumophila never having been exposed to culture media has been shown to survive and multiply 

in tap water 2 to 3 logJQ values over a period of approximately 7 days. The isolate was also shown 

to multiply at temperatures from 32 to 42°C, with the greatest exponential growth occurring at 

42°C (Yee and Wadowsky, 1982). Another study using a naturally occurring isolate of L. 

pneumophila (Wadowsky et al., 1985) demonstrated multiplication of the organism between 25 and 

37°C in tap water containing other microorganisms. A decrease in numbers was noted for cultures 

incubated at 42 and 45°C, however, this may have been due to a decrease in the numbers of 

nutritionally symbiotic non-legionellae bacteria. Multiplication also occurred over a pH range of 

5.5 to 9.2. 

It may therefore be possible that Legionella spp. could survive standard disinfection practices 

and enter the potable water distribution system. Once in the distribution system the potential exists 

for the growth of legionellae, which could then lead to the contamination of other water systems 

(States et al., 1987) such as cooling towers, evaporative condensers, and hot water tanks. In the 
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majority of these water devices, the origin of Legionella spp. has repeatedly been shown to be the 

incoming water source. The incoming water source, thus contaminated, enters the device and the 

organism may be allowed to increase in numbers. 

Descriptions of Cooling Towers, Evaporative Condensers, and Whirlpools 

Cooling towers dissipate unwanted heat to the atmosphere through direct contact with and 

evaporation of water. Heated water is atomized near the top of the cooling tower and allowed to 

fall along wet-deck surfaces. These surfaces help to control splashing and to break larger droplets 

which have coalesced during the fall. Air is often fanned near the wet-decks. As heat is transferred 

from the water to the air, the water is cooled, and allowed to recirculate. The evaporation of water 

through the exhaust air flow is the source of aerosols and is referred to as drift. As water is 

evaporated, dissolved minerals are concentrated. The concentrated minerals may eventually 

precipitate, leaving deposits and sediments rich in nutrients for microorganisms (Muraca et al., 1988; 

Miller, 1979). States et al. (1985) have shown that metals (from plumbing components and 

associated corrosion products) commonly found in hot water systems can support the growth of L. 

pneumophila. 

Evaporative condensers are similar to cooling towers in that an exchange of heat occurs 

between air and water. However, in the case of evaporative condensers, refrigerants contained 

within coils are placed in the path of the water and air. As water evaporates from the surface of 

the coils, the refrigerant is cooled and recirculated. Aerosols may also be produced. Water 

temperatures within the systems will usually range from 29-38°C (Muraca et al., 1988; Miller, 1979). 

Both cooling towers and evaporative condensers often draw upon potable water or water 

from nearby lakes and rivers to compensate for losses due to evaporation or drift (Muraca et al., 

1988). 
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Whirlpools are another type of water recirculation system which have common features with 

cooling towers and evaporative condensers. Whirlpools also involve water at elevated temperatures, 

have some type of air injection system, and produce aerosols which can serve to disseminate L. 

pneumophila (Witherell et al., 1983). 

Distribution of L. pneumophila in Cooling Towers, Evaporative Condensers, Hot Water Tanks, and 

Whirlpools 

There have been numerous reports of isolation of L. pneumophila from air-conditioning 

cooling towers (Anonymous, 1978a, 1978b, 1978c, 1985a, 1985b). In a survey of eighteen cooling 

towers in six different states, Fliermans et al. (1982) found every cooling tower examined to contain 

detectable levels of L. pneumophila. Concentrations of L. pneumophila were as high as 10^-10^ 

CFU/ml. Ten of fourteen cooling towers surveyed in London were found to be positive for L. 

pneumophila (Kurtz et al., 1982). An outbreak in Memphis, Tennessee which claimed the lives of 

seven patients was shown using tracer smoke studies to have been due to aerosols coming from a 

contaminated air-conditioning cooling tower (Dondero et al., 1980). Similarly, the organism has 

been isolated from an air-conditioning cooling tower in the vicinity of an epidemic of Legionnaires' 

Disease in Indiana (Morris et al., 1979). 

L. pneumophila has been isolated from hot water distribution systems of hotels and 

hospitals. A survey of England area hot water systems found L. pneumophila to be present in six 

water systems associated with epidemics and in twenty-five in which there was no known association 

(Tobin et al., 1981). A survey in Lower Saxony showed 70% of hospital and 18% of hotel hot 

warm water systems to be positive for legionellae at concentrations of 10^ - 10* CFU/ml. The 

bacterium could be isolated from temperatures up to 66°C, although the majority of samples were 
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positive in the 35-45°C range. The greatest numbers belonged to _!:. pneumophila serogroup 1 

(Habicht and Muller, 1988). 

An Iowa hospital hot water system was found to be associated with an extended outbreak 

of Legionnaires' Disease (Helms et al., 1983). _!:. pneumophila serogroup 1 was found in seven of 

fourteen sink outlets, one of fourteen shower outlets, and from a hot water storage tank. The 

outbreak resulted in the deaths of eleven patients. 

Wadowsky et al. (1982) found _!:. pneumophila to contaminate ten of twenty-fix water faucet 

aerators in non-hospital environments. The study also recovered_!:. pneumophila from thirteen of 

fourteen gymnasium showerheads. In examining hospital faucets, _!:. pneumophila was isolated from 

faucet spouts, valve seats, and a showerhead. _!:. pneumophila was recovered from twelve hospital 

hot water tanks maintained at 31-54°C (maximum concentration 4.14 logJO CFU/ml), but could not 

be isolated from either the water or sediments of two hot water tanks operated at 71-77°C, 

indicating a possible upper temperature threshold for the organism. 

A survey of a Chicago hospital ward isolated _!:. pneumophila from nine of sixteen shower 

heads. Sterilization of the shower heads did not prevent recontamination, suggesting that the 

hospitals water system was the source of the bacteria (Cordes et al., 1981 ). 

Aerosols produced from contaminated shower heads and hot water faucets have been shown 

to contain 7-8 PFU of_!:. pneumophila. The aerosols (90% of which were infected) were 1-5 urn 

in diameter, which would be small enough to penetrate the lower respiratory tract (Bollin et al., 

1985a). Cells of_!:. pneumophila contained in aerosols have been shown to be relatively stable in 

aerosols of 65% relative humidity even after 2 hr (Hambleton et al., 1984); however, the state of 

the organism was as important as the relative humidity, with exponential phase cultures being less 

stable than stationary phase cultures. 
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L. pneumophila has been shown to survive in water collected from hot water tanks. An 

experiment on the survival of L. pneumophila at 45°C in unsterilized water from a domestic hot 

water supply showed numbers of L. pneumophila to be fairly stable over a nine week period 

(Schofield and Wright, 1984). Another study to determine factors which influence the growth and 

survival of L. pneumophila in water from a hot storage tank, found sediment accumulation and 

presence of other microorganisms to be important (Stout et al., 1985). The presence of both 

sediments and microflora were better at maintaining concentrations of L. pneumophila than were 

either alone. Furthermore, it was found that the sediment primarily served to increase the levels 

of other microflora, which then provided nutritional symbiosis to the legionellae. 

Tison et al. (1980) found that the growth rate for L. pneumophila when cultured with 

photosynthesizing algal cells (cyanobacterium Fischerella sp.) more than doubled as compared to 

growth rates on complex or defined media. This was attributed to the release of extracellular 

substrates or cofactors by the algal cells. 

Another type of water re-circulation system shown to be contaminated with L. pneumophila 

are whirlpools. L. pneumophila has been isolated from three recreational whirlpools (Witherell et 

al., 1983). No detectable free chlorine residual could be found in any of the whirlpools, indicating 

a possible reason for the reported contamination. 

Disinfection Kinetics 

Inactivation of microorganisms has been characterized as analogous to first order chemical 

reactions, whereby the disinfectant and the microorganism act as the reactants (Chick, 1908; Hoff, 

1986). The relation has been expressed in the following equation: 

log N/NQ = -K-t 
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where N/NQ is the fraction of the original number of organism remaining at time t, and K is a 

proportionality constant. In first order kinetic reactions, a plot of the log N/NQ versus t should 

result in a straight line. In reality, however, microorganisms do not behave as simple chemical 

reactants due to a number of factors such as relative susceptibilities of subpopulations, and time 

necessary for the disinfectant to reach and react with the target site. Although deviations from the 

expected straight line are not uncommon, Chick's Law is still considered a good model for 

predicting bacterial inactivation (Haas and Karra, 1984). 

Mechanisms of Chlorine 

Chlorine has been used as a chemical disinfectant of water since the early part of the century 

(Jacangelo et al., 1987). Chlorine can exist freely or combined with nitrogen compounds (e.g. 

chloramines). Free chlorine in an aqueous solution exists as either hypochlorous acid (HOC1) or 

as the hypochlorite ion (OC1*). The form of free chlorine depends on pH according to the 

following chemical reactions: 

ci2 + H20 - - hoci + h+ + cr 

HOC1 - - H+ + OC1-

At pH 6.0 over 98% exists as HOCI, whereas at pH 10.0 over 99% exists as OC1". The ratio of the 

forms changes non-linearly between these pH values. At pH 7.3 approximately 60% exists as HOCI 

(Dychdala, 1983). 

It has been found that the HOCI form is more effective than the OC1" form in inactivating 

the indicator bacterium Escherichia coli (Scarpino et al., 1975). This may be due to the greater 

ability of uncharged moieties to cross the membrane barrier of the cell (Haas and Engelbrecht, 

1980). 
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The first site of action of chlorine occurs with the cell membrane. This can cause physical 

and biochemical changes to the cell (Venkobachar et al., 1977). One such change in the cell 

membrane is the interference with the uptake of metabolites. Using c14 labeled glucose, cells 

injured by chlorine have been shown to have an impaired carbohydrate transport system and could 

not move glucose across the cell membrane. Impaired transport systems were also noted for amino 

acids (Camper and McPeters, 1979), indicating that chlorine damage to transport systems may be 

non-specific (McPeters and Camper, 1983). 

Altered cell membrane permeability of chlorine treated cells has also been shown to induce 

leakage of macromolecules such as proteins and RNA which may alter normal cell functions 

(Venkobachar et al., 1977). 

Chlorine has been shown to oxidize active thiol groups of respiratory enzymes and inhibit 

their activity (Venkobachar et al., 1975; Green and Stumpf, 1946). Chlorine may also disrupt 

enzymes of the electron transport system by acting as decouplers of trans-phosphorylases 

(Venkobachar et al., 1977). 

Mechanisms of Copper and Silver 

Toxic effects of metals are most likely greater if they can cross the cell membrane and enter 

the cytoplasm (Sterritt and Lester, 1980). The net negative charge on bacteria may serve to 

electrostatically attract copper and silver. The metals may then be complexed with a bacterial 

synthesized ligand near the exterior of the cell membrane, and transported into the cell through 

this transport mechanism (Wood, 1984a). Once inside the cell, pH changes due to 

microenvironments may allow the dissociation of the ligand and the metal, allowing the metal to 

react with cell constituents (Thurman and Gerba, 1989). 



It is known that copper ions can substitute for other metal ions, and this has been suggested 

as the reason for copper toxicity within bacterial cells (Martin, 1986). Copper may substitute for 

metal co-factors in enzyme systems which would most likely alter the enzymatic activity (Sterritt and 

Lester, 1980). Copper and silver ions are known to react with sulfhydryl groups of enzymes 

(Jernelov and Martin, 1975). Silver ions can also react with electron-donating sulfur, oxygen, and 

nitrogen sites on molecules (Grier, 1983). 

The nutritional state of an organism may be important to the extent to which metals can 

accumulate within the cell. Copper at 10"* M has been shown to be toxic to the respiration and 

assimilation of glucose for Klebsiella spp. cells (Brynhildsen et al., 1988). The toxicity was also 

more pronounced at higher glucose concentrations, indicating that the metal was transported into 

the cell via a specific uptake system. Cells under carbon starvation may not be as affected by the 

toxic effects of the metals. Silver has also been shown to interfere with the metabolic uptake of 

glucose (Albright et al., 1972). 

Copper (mean concentration of 117 ug/L) was found to be significantly (p<0.05) injurious 

to coliform bacteria (Domek et al., 1984). Over 90% injury occurred after one day exposure to 50 

ug/L copper 22°C. Increased concentrations of copper (250 ug/L) resulted in faster rate of injury. 

Copper injury to Escherichia coli (by exposure to 1.8 mg/L copper) has also been found to reduce 

oxygen utilization by 75% as a result of damage to enzymes of glycolysis and the Citric Acid Cycle 

(Domek et al., 1987). 

Copper-injured cells of E. coli have been reported to revive at a much slower rate than 

chlorine-injured cells (Singh et al., 1986). It has also been shown that copper-injured cells of 

Yersinia enterocolitica are injured more extensively than chlorine-injured cells when placed in the 

upper intestinal tract of mice (Singh and McFeters, 1987). Results demonstrated that injury by 

copper was more extensive than that of chlorine, that copper-injured cells recovered slower, and 
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that if placed in stressful environments (e.g. the gastric environment of mice lumens) copper-injured 

cells died more readily than chlorine-injured cells. 

Copper (leached from copper pipes at a concentration of 200 ug/L) was shown to 

significantly influence the survival time of the virus used to vaccinate chickens against infectious 

bronchitis. When the leached copper concentrations were 200 ug/L, the virus survived only for 2 

hr, whereas at a concentration of 20 ug/L the virus could survive for more than 6 hr (Jordan and 

Nassar, 1971). L. pneumophila may also be inactivated by copper pipes. A study which had 

detected cells in a known contaminated water system (ailed to detect the organism from water 

which was contained in copper pipes (Schoenen et al., 1988). 

Silver at low concentrations (10 ug/L, as Ag^O^) has been shown to kill over 99.9% of 

heterotrophic bacteria of pool water within 30 min (Albright et al., 1972). Another study 

demonstrated that silver electrodes (5800-7000 ug/L) can give areas of local inhibition to lawns of 

bacteria when placed in contact with the agar surface. The bactericidal action of silver was also 

observed if silver was electrochemically introduced into the agar before addition of microorganisms 

(Spadaro et al., 1974). At concentrations of 9000 ug/L silver was observed by electron microscopy 

to alter the cell membrane structure of Pseudomonas aeruginosa. Silver was also found to affect 

cell replication, most likely as a result of interactions with cellular DNA (Richards, 1981). 

Copper(II) ions have been shown to denature DNA. Copper can bind to electron-donating 

nitrogen base residues or phosphate groups. The rate of denaturation was dependent on the 

concentration of copper(II), as greater denaturation occurred when the concentration increased. 

Although other metals (Na+ and Mg++) can help stabilize the DNA by binding to the phosphate 

groups of the backbone, copper (II) ions do not make the DNA more stable even at very low 

concentrations (Liebe 1972a). A model for the denaturation of DNA by copper(II) ions was 
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proposed by Liebe (1972b). Copper(II) is initially attracted toward the negatively charged 

phosphate groups of the backbone, but can interact with the electron-donating nitrogen bases once 

in the vicinity of the DNA. Copper(II) binds (as two ions) specifically with guanidine and cytosine 

base pairs, which causes a loss in base pair interactions. Local untwisting occurs in the unstable 

regions, and the copper(II) bound ions redistribute to regions of higher G-C content. 

Silver has also been found to bind to phage and bacterial DNA, and to enhance cytosine-

thymine dimerization by displacing hydrogen bonds between adjacent nitrogens of the nucleotides 

(Rahn et al., 1973). 

Experiments using T7 bacteriophage have suggested that copper ions can bind to 

macromolecules and become subsequently reduced by reductive species (e.g. superoxide radical) to 

the +1 oxidation state. Upon re-oxidation by H2O2 to the +2 oxidation state, hydroxyl radicals 

are formed in the vicinity. The hydroxy radicals are the reactive species towards the macromolecule. 

Furthermore, since copper can undergo numerous redox reactions, the organism may experience 

multiple-hit damage at the same target (Samuni et al., 1984). 

The toxic effect of copper and silver can be interfered with by other anions. An experiment 

using Klebsiella aerogenes exposed to 0.2 mg/L Cu(II) demonstrated that as concentrations of 

phosphates decreased, greater inactivations were observed. This indicates that the relative amount 

of free versus complexed copper is important in the rate of cellular death (Zevenhuizen et al., 

1979). Other research had also led evidence that the quantity of free copper ions are associated 

with toxicity and not the total or complexed copper (Jonas, 1989). 

Silver can be affected by chloride ions. Sodium chloride (9 g/L) was shown to precipitate 

AgNOj at concentrations of 15000 ug/L, forming insoluble silver chloride and losing the 

microbicidal activity of silver (Richards, 1981). Wuhrmann and Zobrist (1958) found inactivation 



times to be increased in the presence of chloride ions, and Cliver et al. (1971) found 100 mg/L 

NaCl to inhibit the bactericidal action of 250 ug/L silver. 

Although copper and silver have been shown to cause inactivation, bacterial cells may have 

defense mechanisms to rid themselves of excess metals. These defense mechanisms may include 

biomethylation of metals and transportation to the exterior, complexation with metallothionen (or 

other intracellular polymers) in temporary traps within the cell, development of selective energy-

driven efflux pumps, binding to cell surfaces by extracellular ligands synthesized by the cell, or 

precipitation by oxidation and complex formation at the cell surface (Wood, 1984b). 

Disinfection of Legionella pneumophila 

L. pneumophila has been shown to survive in tap water for 364 to 369 days although there 

was a steady decline in total number of viable cells (Skaliy and McEachern, 1979). The organism 

has also been shown to survive less as the temperature is increased (Tuovinen et al., 1986). At 

46°C L. pneumophila was shown to be completely inactivated after 7 days in phosphate buffer (pH 

7.3) and completely inactivated after 2 days at 48°C. 

It has been shown that isolates of L. pneumophila maintained in tap water have greater 

resistance to disinfection by chlorine than agar medium-passaged isolates (Kutcha et al., 1985). 

Reduced resistance was observed just after one agar passage, and was not appreciably different 

after the initial passage. An isolate from a hospital hot water system which maintained a total 

chlorine residual of 2 mg/L was found to have even greater chlorine resistance than a previous 

water-maintained isolate. However, this strain lost its increased chlorine resistance after two 

passages onto artificial media. Chlorine resistance appears to be physiological rather than genetic, 

since isolates of initially vaiying chlorine resistance lose their resistance similarly. 
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Tuovinen et al. (1986) also demonstrated that natural isolates have greater resistance to 

disinfection by chlorination. Approximately 60 min were necessary to achieve a 2 logJQ reduction 

in numbers of a naturally occurring isolate at 0.4 mg/L free chlorine, whereas only 5 min were 

needed to inactivate an agar-grown isolate at 0.35 mg/L free chlorine. 

L. pneumophila is more resistant to disinfection than coliform indicators. Kutcha et al. 

(1983) conducted studies on the susceptibilities of L. pneumophila and coliforms to chlorine in tap 

water. A 2 log JQ reduction in numbers of L. pneumophila were observed within 40 min after 

exposure to 0.1 mg/L free chlorine (pH 7.6, 21°C). Under the same conditions, less than 1 min was 

necessary for a 2 logJQ reduction of Escherichia coli. When the free chlorine concentration was 

increased to 0.5 mg/L, only 5 min were required for a 2 logJQ reduction in numbers of L. 

pneumophila. The times required for inactivating Legionella decreased as did the pH, which is 

consistent with the observation that HOC1 is more bactericidal than OC1". Increasing temperature 

caused the inactivation times to be reduced from 40 min (at 0.1 mg/L free chlorine) at 21°C to less 

than 30 min at 32°C. 

Wang et al. (1979) showed that L. pneumophila could be completely inactivated by 1.25 

mg/L calcium hypochlorite within 15 min or by 0.65 mg/L calcium hypochlorite within 60 min at 

25°C. It was not mentioned whether the concentrations were measured as free or total chlorine 

or at what pH the experiments were conducted. 

Skaliy et al. (1980) studied the efficacy of biocides commonly used for the eradication of 

biological growth in cooling towers and evaporative condensers against L. pneumophila. The most 

effective was calcium hypochlorite at 3.3 mg/L or 6.6 mg/L free chlorine. No viable cells were 

recovered after immediately adding the calcium hypochlorite and sampling. However, is was felt 

that under actual conditions, the concentrations of calcium hypochlorite would have to be excessive 

to compensate for organic demands. This would most likely result in severe corrosion. 
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Other investigators (Soracco et al., 1983) found a cooling tower biocide containing 70% 

calcium hypochlorite to be ineffective at 59 mg/L in reducing numbers of L. pneumophila: however, 

these investigators did not use a washed suspension of cells as the inoculum. Instead, they used 

an inoculum of cells growing in yeast extract broth. With the high organic content of this medium, 

it is of no surprise that the calcium hypochlorite compound was ineffective. 

Fliermans et al. (1982) examined the efficacy of continuous and shock chlorination in 

treating actual cooling towers and air conditioning systems found to be contaminated with L. 

pneumophila. Most of the cooling towers were chlorinated intermittently to achieve a free chlorine 

residual of less than 1.0 mg/L. L. pneumophila was present in the source water for some cooling 

towers, and it was shown that if continuous chlorination was terminated before concentrations of 

L. pneumophila in the cooling tower water reached those of the source, rapid reinfection would 

occur. Maintaining a continuous free chlorination between 0.75 and 0.85 mg/L allowed the 

concentrations of L. pneumophila to remain near those of the source water. 

Experiments with contaminated air conditioning units (Fliermans et al., 1982) showed that 

shock chlorination of 50 mg/L could bring the concentrations of L. pneumophila (initially greater 

than 10^ cells/L) to that of the source water (10^ cells/L) after 3 weeks. However, chlorine 

concentrations were found to be rapidly decreased in the air conditioning units. After 30 min, the 

initial shock concentration of 50 mg/L calcium hypochlorite was reduced to 14 mg/L free chlorine. 

By 150 min, the level of free chlorine reached background levels. These investigators recommended 

that cooling towers and air conditioning units be maintained such that levels of L. pneumophila 

do not exceed those of background levels, as this organism is present naturally, and total elimination 

may be an unrealistic goal. 
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MATERIALS AND METHODS 

Water Source 

The test water used in disinfection systems was obtained directly from the Martin Street 

well located at the University of Arizona, Tucson, AZ. After running sufficient water from the 

faucet (to flush out the casing), an acid-washed 20 L high-density polyethylene container was filled. 

The container was kept at 4°C. Within 24 hr of each experiment, water was filtered (0.2 um pore 

size; Costar, Cambridge, MA), and adjusted to pH 7.3 + 0.1 with 1 N HC1. 

Chemical analyses were performed on unfiltered well water according to procedures adapted 

from Standard Methods for the Examination of Water and Wastewater (APHA, 1985). Analyses 

included total alkalinity, total and calcium hardness, total phosphate, turbidity, nitrogen(ammonia), 

nitrogen(nitrate), sulfate, total dissolved solids, conductivity, and pH. 

Culture 

A pure culture of Legionella pneumophila, serogroup 3 (ATCC 33155) previously obtained 

from the American Type Culture Collection (Rockville, MD) was lyophilized at the University of 

Arizona. At various times throughout the course of the research, lyophilized samples were 

recovered in skim milk and grown on buffered Charcoal Yeast Extract agar plates (CYE; MicroBio, 

Tempe, AZ) for 4-5 days at 37°C. Serial transfers were made onto fresh CYE plates from 

refrigerated (4°C) cultures. 

On the day of each experiment, colonies of L. pneumophila (grown for 4-5 days at 37°C on 

CYE plates) were removed and resuspended in ca. 30 ml filtered well water (pH 7.3). The cells 

were washed (centrifugation at 10,000 rpm for 10 min) twice in filtered well water. The final pellet 

was resuspended in filtered well water and standardized by comparison to a McFarland #1 standard 
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(a suspension of barium sulfate precipitate) to a cell density of ca. 3 x 10® organisms/mL (Finegold 

et aL, 1978). 

Disinfectant Preparation and Determination 

Free chlorine solutions were prepared from a stock solution of sodium hypochlorite (5.25%) 

and were diluted with filtered well water to the desired free chlorine concentration (0.1 - 0.4 mg/L). 

Free chlorine concentrations were measured at the beginning and end of each experiment using 

the N,N-Diethyl-p-phenylene diamine (DPD) method (adapted from Standard Methods. APHA, 

1985). The accuracy of this method was confirmed by titration with AS2O3 (AOAC, 1984). 

Coppensilver ions were generated electrolytically in filtered well water using copper:silver 

generating units (Electronic Pool Purity Units; Tarn-Pure USA; Las Vegas, NV) with expected 

coppensilver ratios of either 90:10 or 80:20, respectively. The unit (closed at one end) was rinsed 

with hot sterilized distilled water, filled with ca. 1.5 L of filtered well water, and operated with 

continuous stirring for a period long enough to generate the desired concentrations (ca. 18 - 23 

seconds for 400:40 ug/L coppensilver in the 90:10 unit at room temperature). Estimates of the 

level of copper were determined at the beginning of each experiment using a test kit (Model EC-

20, La Motte Chemical Products Co., Inc.; Chestertown, MD) provided with the unit. Actual 

copper and silver concentrations were determined at the beginning and end of each experiment 

using an Atomic Absorption Spectrophotometer (Hitachi 180-70, hallow cathode lamp) and standard 

solutions of AgNOj and CuSO^ as described in Official Methods of Analysis (AOAC, 1984). 

Linear regression equations were calculated from standard solutions for concentration versus 

absorbance, and a correlation coefficient value of 0.997 or greater was obtained for each experiment. 
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Glassware Preparation 

All glassware was soaked overnight in a 12.5 % nitric acid bath to remove metal 

contaminants, rinsed with distilled water, and sterilized prior to use. Copper:silver in solution was 

transferred after generation to 1 L polyethylene bottles. Glassware used for systems containing free 

chlorine was soaked overnight in 0.8- 1.0 mg/L free chlorine to satisfy demands from the glassware 

which might reduce the amount of available free chlorine during the experiment. Test systems 

were conducted in 100 ml polyethylene beakers. Disposable pipets were used for all chemical 

preparations and assay dilutions. 

Experimental Conditions 

The disinfection systems tested included: (1) well water containing 0.1, 0.2, 0.3, or 0.4 mg/L 

free chlorine; (2) well water containing 0.1, 0.2, 0.3, or 0.4 mg/L free chlorine with copper:silver (ca. 

200:20, 400:40, and 800:80 ug/L, respectively); and (3) well water containing copper:silver (ca. 

200:20, 400:40, and 800:80 ug/L, respectively). A control of well water with no added metals or free 

chlorine was also tested for each experiment. The majority of experiments were performed at room 

temperature (21-23°C), with some systems being tested at elevated temperatures (39-400C). A 

minimum of duplicate separate experiments were performed for all disinfection systems. 

Experimental Design 

One mL of the standardized culture suspension (ca. loB cells) was added to 99 mL of each 

test system to achieve a final concentration of ca. 1o6 cells/mL. The inoculated system was stirred 

continuously throughout the experiment using a magnetic stirring plate for even cell distribution. 

At pre-determined time intervals, a 1 mL sample was removed and neutralized with 10 uL of a 

neutralizer solution (14.6% sodium thiosulfate and 10% sodium thioglycollate in distilled water, 
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filtered through a 0.2 urn pore filter). After appropriate dilutions in 0.1% peptone (9 mL dilution 

blanks), 0.1 mL from the dilution blank was spread plated onto duplicate CYE plates and incubated 

at 37°C in a semi-closed system (to help prevent moisture loss) for 4-5 days. After incubation, 

colonies were enumerated, and the bacterial inactivation rates and logJ 0 reductions were calculated. 

Phosphate Buffer Experiment 

A previous experiment was conducted using Escherichia coli (ATCC 11229) to determine 

the effects of phosphate buffered water (0.13% KH2P04, pH 7.3) (APHA, 1985) on the inactivation 

rate of copper. Washed cells of a pure culture (1o6 CFU/mL final concentration) were exposed to 

unbuffered distilled water containing no copper, unbuffered distilled water containing 302 ug/L 

copper, or buffered distilled water containing 669 ug/L copper. The systems were sampled over 

time, diluted appropriately, and enumerated after growth (24-48 hr at 37°C) on non-selective R2A 

media (Difco; Detroit, Ml). 

Adsorption Experiment 

Solutions of copper:silver (633:39 ug/L and 446:43 ug/L) were generated and held in 

containers made of various materials (pyrex, polystyrene, and polyethylene) at room temperature 

(21-23°C). The concentration of each metal was determined over a 48 hr period to evaluate the 

extent to which copper and silver adsorbed to the surfaces. 

Data Analyses 

Inactivation rates (K values) for each experimental system were calculated using linear 

regression analysis. The inactivation rate can be expressed by the equation 

K = -2.3 [log1 o(Co - CT)/f] 
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(Hoff, 1986) where CQ and CJ are the initial and final bacterial concentrations, respectively, and 

T represents time (in minutes). The data was also calculated as the mean 

log10 NjVNq CFU/mL 

which expresses the reduction in bacterial numbers at each time interval. Inactivation rates differing 

by more than one standard deviation from the mean value of the particular disinfection system were 

not used in the results. A statistical computer program (CoStat Statistical Software; CoHort 

Software, Berkeley, CA, 1986) was used for one-way and two-way Analysis of Variance (ANOVA) 

to determine significant differences between disinfection systems. 

I 



RESULTS AND DISCUSSION 

Well water was chosen for disinfection systems over tap water and distilled water because 

it contained no detectable free chlorine, copper, or silver, and contained adequate levels of alkalinity 

and conductivity necessary to generate copper:silver ions in a relatively short time period (Table 

1). Tap water had the disadvantage in that detectable levels of copper (up to 80 ug/L) occurred 

from leaching of the piping. 

The well water was adjusted to pH 7.3 (from pH 7.9 with 1 N HC1) as this was the pH 

recommended by the manufacturer of the coppensilver generating units. The pH concentration 

may be important as to the efficacy of free chlorine and the solubility of metals. At pH 7.3 ca. 60% 

of the chlorine should exist as HOC1. 

Copper concentrations achieved during various contact times in the 90:10 (coppensilver) 

unit were determined (Figure 1). The time required to generate ca. 400 ug/L copper in well water 

at room temperature was 18-25 sec. The generation rate was found to be increased by elevated 

temperatures and decreased pH of the water (data not shown). Although the times required to 

generate silver concentrations were not determined separately, they usually remained within the 

expected coppensilver ratio. With continued use of the coppensilver generating units, variability 

in the expected rations was observed which may have been due to scaling of the electrodes. 

Washing the electrodes in acid (IN HC1) tended to minimize this effect. 

Copper and silver were generated as ions, however, at the pH values tested and in the water 

type used, complexation of the metals would not be unexpected. A computer program (Minequl) 

model based on the chemical parameters of the water predicted over 90% of the copper to exist in 

a complexed form. Among the copper that would be predicted to exist in a ionic form, ca. 90% 

would exist as Cu++ (data not shown). 



36 

Table 1. Chemical Analyses of Martin Street Well Water* 

Free Chlorine (mg/L) NR2 

Total Chlorine (mg/L) NR2 

PH 7.9* 

Total Alkalinity (mg/L CaCtDj) 110 

Total Hardness (mg/L CaCOj) 92 

Calcium Hardness (mg/L CaCOj) 88 

Chloride (mg/L) 30 

Total Phosphate (mg/L) 2.2 

Sulfate (mg/L) 74 

Nitrogen/Nitrate (mg/L) 3.5 

Nitrogen/Ammonia (mg/L) 0.31 

Copper (ug/L) NR4 

Silver (ug/L) NR4 

Turbidity (NTU) 0.21 

Total Dissolved Solids (mg/L) 166 

Conductivity (mS/cm) 0.414 

Unfiltered well water prior to pH adjustment 
2 Below limits of detection (<0.02 mg/L) 
3 pH was adjusted to 7.3 using 1 N HC1 for experiments 
* Below limits of detection (<10 ug/L) 

The experimental systems utilized no buffer. This was in part to simulate natural water 

as much as possible, and because phosphate buffers were found to interfere with the disinfection 
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Figure 1. Concentration of Electrolytically Generated Copper in Well Water at Room 

Temperature Using 90:10 CoppenSilver Unit 

efficacy of copper (Table 2). In tests with E. col| (ATCC 11229), a 3.3 log;# reduction in bacterial 

numbers was observed after exposure for 1 hr to 302 ug/L copper in filtered distilled water. No 

detectable decrease in bacterial numbers occurred over the same time period when exposed to 

buffered distilled water containing over twice the amount of copper (669 ug/L). Only a slight 

decrease was observed in the unbuffered distilled water system without copper (0.19 log10 reduction 

within 4 hr). Copper is known to bind to phosphate; therefore, the failure of copper in the buffered 
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system to inactivate bacteria was most likely a result of complex formation between the copper in 

solution and phosphates from the buffer. Complexation of copper by phosphates was shown by 

Zevenhuizen et al. (1979) to reduce the microbicidal effects of copper. Silver has also been shown 

to complex with PO^"-? resulting in increased bacterial inactivation times (Wuhrmann and Zobrist, 

1958). 

Table 2. Interference of Phosphate Buffer*1 on the Reduction of Legionella pneumophila by 

Electrolytically Generated Copper  ̂

Time 
(hr) 

Control 
(no copper) 

Unbuffered 
(302 ug/L copper) 

Buffered 
(660 ug/L copper) 

O.O 6.2418 5.5315 6.0952 

0.5 ND° ND 6.0755 

1.0 ND 2.2175 6.1673 

2.0 ND ND 6.1987 

4.0 6.0512 ND 6.0414 

a 0.13% KH2PO4 in distilled water, pH 7.3 (Standard Methods. APHA, 1985) 
^ Expressed as logJQ NJ/NQ CFU/mL values 
c Not determined 

Experiments were conducted in acid washed polyethylene containers since experimental 

results indicated less adsorption of the metals to polyethylene than to polystyrene or pyrex (Table 

3). Over a period of 48 hr, the level of copper in solution decreased 2.5% when stored in 

polyethylene compared to a 10.0% decrease for pyrex. Silver in solution was adsorbed even greater 
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than copper with an 11.6% decrease when stored in polyethylene versus a 15.4% decrease when 

stored in pyrex. In general, the greatest amount of adsorption appeared to occur within the first 

24 hr. Therefore, to minimize this effect, all coppensilver solutions were used within 1 hr after 

generation. Similar adsorbance behaviors were also observed by Cliver, et al. (1971), Chambers 

and Proctor (1960), and Wuhrmann and Zobrist (1958). 

Table 3. Adsorbance of Copper and Silver to Pyrex and Polyethylene Container Surfaces at 

Room Temperature 

Copper (ug/L) Silver (ug/L) 

Time Pyrex Polyethylene Pyrex Polyethylene 
(hr) 

0 633 446 39 43 

24 588 437 34 36 

48 570 435 33 38 

Glassware used for chlorine solutions was made demand free, as decreases in free chlorine 

concentration from demanding substances are more substantial than losses due to volatilization 

(Hoff, 1986). Acid-washing proved useful in removing adsorbed copper from the surfaces of 

glassware since copper can be dissolved by HNOj (Petrucci, 1982). 

A neutralizer solution of sodium thiosulfate and sodium thioglycollate was found to be 

effective in neutralizing residual free chlorine and metals in tests using E. coli (ATCC 11229) (data 

not shown). Skaliy et al. (1980) found sodium thiosulfate to be effective in dechlorinating free 
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chlorine at concentrations up to 6.6 mg/L for systems containing L. pneumophila. Tilton and 

Rosenberg (1978) used a neutralizer stock solution of thiosulfate and thiogtycollate to neutralize 

the effects of silver, and found samples receiving neutralizer had 30% higher bacterial counts titan 

those samples not receiving neutralizer. Chambers and Proctor (1962) demonstrated sodium 

thiosulfate and sodium thioglycollate to be effective in neutralizing high concentrations of silver and 

observed no significant decreases in bacterial numbers even after 6 hr. 

Studies were conducted on buffered CYE agar as other investigators found differential 

glycine-vancomycin-polymyxin B (DGVP) agar to have 10 to 30% less recovery of chlorine-damaged 

organisms (Kutcha et al., 1985). This was most likely a result of tiie selective antibiotics present 

in the medium. 

Inactivation rates (K) based on Chick's Law were found to be a satisfactory method for 

representing bacterial reductions. Since inactivation rates (as opposed to individual time points) 

were compared among the different disinfection systems by using linear regression analyses, 

deviations at specific time points were not as critical. Statistical analyses conducted on each 

experiment determined that approximately 70% of the experiments calculated by linear regression 

analysis were found to be either significant (p<0.05) or have correlation coefficients greater than 

0.90. 

Inactivation of L. pneumophila by copper:silver is relatively slow compared to that of free 

chlorine. The inactivation rates for exposure to 200:20, 400:40, and 800:80 ug/L copper:silver are 

shown in Figure 2. The inactivation rate for copper:silver at 800:80 ug/L (K=7.50x10"-*) was shown 

to be significantly (p<0.05) faster than the rates for 400:40 (K=2.87xlO'^) or 200:20 ug/L (K=9.83" 

"*). This may be a result of exceeding the cells' capacity at which they can effectively handle toxic 

metals (Wood, 1984a). Reeves et al. (1981) found that up to 1.5 mg/L copper was non-
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inhibitory to L. pneumophila. However, copper was added to a metal-deficient agar medium which 

may have reduced the toxic effects of the copper. 

Free chlorine (0.2 mg/L) was tested separately and in combination with 400:40 and 800:80 

ug/L coppensilver (Figure 3). Although there were increased inactivation rates (K) between free 

chlorine alone and free chlorine with either 400:40 or 800:80 ug/L coppensilver, these were not 

.0075-
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U .0045-

.0030-

~ .0015 

200:20 400:40 800:80 
Copper: Silver Concentration (ug/L) 

Figure 2. Inactivation of Legionella pnp.nmnptifla by Exposure to Electrolytically Generated 

CopperSOver at Various Concentrations. Treatment systems with different letters 

are significantly different (p<0.05). 
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Figure 3. Inactivation of Legionella pneumophila by Exposure to Electrolytically Generated 

CoppenSilver at Various Concentrations and/or Free Chlorine (0.2 mg/L). 

Treatment systems with different letters are significantly different (p<0.05). 

shown to be statistically significant. The same effect was observed for 0.3 mg/L free chlorine when 

tested with and without coppensilver (Figure 4), but these differences were not significant either. 

The inactivation of L. pneumophila after exposure to 400:40 ug/L coppensilver and low 

levels of free chlorine (0.1 - 0.4 mg/L) showed increasing inactivation rates (Figure 5) and greater 

log;# reductions (Figure 6) as the concentration of free chlorine increased. Free chlorine (0.4 

mg/L) with or without the addition of 400:40 ug/L coppensilver was significantly (p<0.05) greater 
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Figure 4. Inactivation of Legionella pneumophila by Exposure to Elcctrolytically Generated 

CoppenSilver at Various Concentrations and/or Free Chlorine (03 mg/L). 

Treatment systems with different letters are significantly different (p.<0.05). 

than all other free chlorine concentrations separately or combined with copper:silver. Although 

inactivation rates at all of the tested levels of free chlorine appeared to be enhanced when 400:40 

ug/L copper:silver were added, this observation was only significant for chlorine at a concentration 

of 0.4 mg/L. 
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Figure 5. Inactivation of Legionella pneumophila by Exposure to Electrolytically Generated 

CoppenSiiver (400:40 ug/L) and/or Various Concentrations of Free Chlorine. 

Treatment systems with different letters are significantly different (p<0.05). 

The reduction of L. pneumophila numbers over time after exposure to free chlorine (0.4 

mg/L) with and without copper:silver (400:40 ug/L) is shown in Figure 7. After 1.5 min, a 3.7 

logjo reduction was observed for the combined free chlorine and coppensilver system. In contrast, 

only a 2.6 log;# reduction was seen for free chlorine alone. 

Analysis of the data by two-way ANOVA (Table 4) showed that significantly greater 

(p<0.05) inactivations occurred in systems where coppensilver (400:40 ug/L) was added to free 
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Figure 6. Reduction of Legionella pneumophila by Exposure to Electrolyticaliy Generated 

CoppenSilver (400:40 ug/L) and Various Concentrations of Free Chlorine. 

chlorine (0.1 - 0.4 mg/L) than for systems with free chlorine alone. The level of free chlorine was 

also significantly different for systems at 0.1, 0.3, and 0.4 mg/L when both free chlorine and free 

chlorine with copper:silver (400:40 ug/L) were averaged together. 

Inactivation rates of L. pneumophila at room (21-23°C) and elevated (39-40°C) 

temperatures are compared in Figure 8. Although it appears that the rate for free chlorine (0.2 

mg/L) with coppensilver (400:40 ug/L) at the higher temperature (K=2.559) was greatly increased, 
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Figure 7. Reduction of Legionella pneumophila by Exposure to Elcctrolytically Generated 

CoppenSilver (400:40 ug/L) and/or Free Chlorine (0.4 mg/L). 

this was not shown to be significantly different from the room temperature rates (K= 1.077 and 

1.322) or the rate for free chlorine alone at the higher temperature (K= 1.186). Other investigators 

have demonstrated greater \ogjo reductions of L. pneumophila at elevated temperatures (Kutcha 

et al., 1983; Tuovinen et al., 1984). 

Differences in the inactivation rates of L. pneumophila by coppensilver and free chlorine 

are probably a consequence of the different mechanisms each disinfectant employs. Since organisms 
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Table 4. Detennination of the Effects of Free Chlorine Concentration and Addition of 

Elcctrolytically Generated CoppenSilver by Two-Way Analysis of Variance 

Free Chlorine 

Concentration Mean Kfl S.D.B nc Significance** 

0.1 mg/L 0.397 0.208 4 a 

0.2 mg/L 1.151 0.907 10 ab 

0.3 mg/L 1.868 0.786 10 b 

0.4 mg/L 4.602 1.047 4 c 

CoppenSilver 

Concentration Mean KA S.D.B nc Significance^ 

0:0 ug/L 1.478 1.228 17 a 

400:40 ug/L 2.277 1.775 11 b 

a Inactivation rate, K = -2.3 [log7^(C^-Cj)/T] 
b Standard deviation 
c Number of experiments 
d Treatment systems with different letters are significantly different (p<0.05) 

are known to have mechanisms to counter the microbicidal effects of these metals, it may be that 

concentrations must exceed levels at which the organism can successfully combat the metals. 

Significantly greater inactivation rates which occurred as the copper:silver concentration increased 
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Figure 8. Inactivation of Legionella pneumophila by Exposure to Electrolytically Generated 

CoppenSilver (400.40 ug/L) and Free Chlorine (0.2 mg/L) at Room and Elevated 

Temperatures. Treatment systems with different letters are significantly different 

(p<0.05). 

from 200:20 to 800:80 ug/L could indicate that L. pneumophila may have a tolerance to low levels 

of metals, but when concentrations exceed levels able to be controlled through defense mechanisms, 

inactivation of the organism occurs more rapidly. 
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The enhanced effects observed by the combined systems of free chlorine and coppensilver 

may be due to multiple sites of attack on the organism by both disinfectants. Free chlorine may 

alter the membrane permeability to create holes which could then allow for the entry of copper and 

silver into the cell interior. That the inactivation rates were not always significantly different 

between free chlorine systems with and without coppensilver may be a result of the slower 

bactericidal actions of copper and silver towards their targets, or due to variability between separate 

experiments. 
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CONCLUSION 

The efficacy of electrolytically generated coppensilver ions were evaluated for their ability 

to inactivate Legionella pneumophila (ATCC 33155) in filtered well water (pH 7.3). Various levels 

of coppensilver and free chlorine were tested separately and in combination to determine the 

inactivation rates (K values) for this organism. Collectively, it was found that the addition of 

coppensilver at 400:40 ug/L to free chlorine significantly (p<0.05) increased inactivation rates; 

however, this effect was not seen at each level of free chlorine. The only concentration where there 

was significant increase between the inactivation rates for free chlorine alone versus free chlorine 

with coppensilver (400:40 ug/L) was at 0.4 mg/L free chlorine. When coppensilver concentrations 

were increased to 800:80 ug/L, no significant differences were found between free chlorine (0.2 or 

0.3 mg/L) with and without 400:40 or 800:80 ug/L coppensilver. However, there was a significant 

increase when coppensilver was tested alone at 800:80 ug/L as compared to coppensilver alone at 

400:40 or 200:20 ug/L. No significant differences were found to occur between room (21-23°C) and 

elevated (39-40°C) temperatures for either free chlorine (0.2 mg/L) or free chlorine (0.2 mg/L) with 

coppensilver (400:40 ug/L). 

That more disinfection systems using free chlorine with coppensilver were not significantly 

different from systems containing comparable levels of free chlorine alone was surprising considering 

that all of the former systems showed greater inactivation rates. A possible explanation for the lack 

of greater significance may be due to the state of the culture. Cultures were serially passaged on 

agar medium, so susceptibilities of individual passages may have been different and been reflected 

with greater variances. 

This research showed increased bacterial inactivations of agar-grown cultures of L. 

pneumophila in well water systems when coppensilver was added to chlorinated water. Whether 

increased bacterial inactivations may occur using water-maintained isolates or in water systems of 
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other chemical consistencies and environmental conditions (such as hardness, pH, turbidity, and 

presence of other microflora) remains to be seen. Furthermore, since testing in other water types 

was not conducted, it is difficult to speculate as to what extent complexation may have on the 

bactericidal efficacy of copper and silver. 
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