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The efficacy of chloramine in the presence of copper 

chloride was evaluated for the inactivation of an indicator 

bacteria Escherichia coli and coliphage MS-2. Both 

microorganisms were exposed to 1 - 10 mg/L chloramine with and 

without 400 or 800 ug/L copper chloride. Experiments were 

conducted in filtered well water at room temperature (2 3°C) 

and pH 7.5. 

Results showed an increase in the inactivation of 

Escherichia coli and MS-2 phage with an increasing 

concentration of chloramine. To achieve a 99 percent reduction 

in the number of Escherichia coli, an exposure of 46, 21, 6, 

and 5 minutes was necessary for 1, 2.5, 5, and 10 mg 

chloramine/L, respectively. A 99 percent of reduction of MS-2 

phage occurred after 60 and 2 5 minutes of exposure to 5 and 10 

mg chloramine/L. 

Chloramine in the presence of copper increased the 

inactivation of Escherichia coli and MS-2 phage. The time 

needed for 99 percent inactivation of E^_ coli was reduced from 

21 minutes with 2.5 mg/L chloramine to 4 minutes with 2.5 mg 

chloramine/L in the presence of 800 /ig/L copper. The time 

needed for 99 percent reduction of MS-2 phage was reduced from 

60 minutes with 5 mg/L chloramine to 4 minutes with 5 mg/L 

chloramine in the presence of 400 fig/L copper. 

This study showed that copper increases the inactivation 



rate of bacteria and viruses by chloramine. 
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INTRODUCTION 

Disinfection by free chlorine is used by most water 

treatment plants in the United State for treatment of drinking 

water. But the recognition of potentially carcinogenic 

trihalomethane compounds (THMs) (Page et al, 1976) in drinking 

water, which are formed by the reaction of free chlorine 

(H0C1, 0C1') with soluble organic compounds, lead utilities to 

seek alternative treatments, which do not form THMs or that 

form them at lower levels. Chloramine compounds are one group 

of disinfectants which fill this need (Brodtmanm and Russo, 

1979). The predominant species of chloramine found at the pH 

and chlorine concentrations used at water treatment plants is 

monochloramine. Because of its relatively lower reactivity as 

a bactericide and virucide compared to free chlorine, higher 

concentrations and longer contact times are needed (Wattie and 

Butterfield, 1944). Field studies have already shown that 

chloramines are an effective biocide agent at a contact time 

of 20 to 3 0 minutes. Some water treatment plants have used 

chloramines as the sole disinfectant for more than 50 years 

(Wolf et al, 1984) 

Some metals have long been known to be toxic to 

microorganisms, especially in an aquatic environment. Copper 

has been used as an algicide for many years, and it is also 

known to have bactericidal and viricidal properties (Thurman 

and Gerba, 1989). However, the inactivation of microorganisms 
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by copper is much slower than that of free chlorine or 

chloramines (Yahya et al, 1989). Copper is normally found in 

tapwater because of the use of copper pipes. A level of 6 to 

250 (iq copper/Liter of water was reported in a survey of the 

100 largest cities in the United States (Durfor et al, 1964) , 

and another report of 380 samples of finished drinking water 

in the United States found copper in 65.2 percent of these 

samples with average of 43 nq/h (Kopp et al, 1969) . Sources of 

copper in drinking water include copper and brass material in 

pumps, pipes, and valves. It may also be introduced as copper 

salts used to treat algal problems in reservoirs, and as trace 

contaminants added with chemicals used to enhance 

flocculation. Recent research (Yahya et al; 1989) has 

demonstrated an enhanced inactivation of microorganisms by the 

addition of copper to low levels of chlorine compared to 

chlorine alone. Thus a synergistic or enhanced effect may also 

exist in water treatment plants using chloramines if copper is 

present in the water. 

The purpose of this study was to investigate the efficacy 

of chloramine with and without copper for inactivation of 

microorganisms. 
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LITERATURE REVIEW 

Chloramines were first employed as biocides in 1905 by 

Rideal in Guilford, England, to reduce microbial levels in 

sewage treatment plant effluent. Race (1918) found that taste 

and odor were reduced when ammonia and chlorine were added 

together. Similar results were reported later by others 

(Harold and Ward, 1924) . These findings led to the first 

chloramination facility establishment in Denver, Colorado 

(1917). By the end of 1941, 16 percent of the drinking water 

treatment plants in the United States added ammonia at some 

point in the treatment process (Joint Committee Report, 1941) 

for the control of bacteria and/or prevention of chlorous 

tastes and odors in finished waters, as well as to maintain 

disinfectant residues in a distribution system. This trend 

fell into a rapid decline shortly after the discovery of the 

breakpoint phenomenon in 1939, combined with the inability to 

purchase ammonia during the war years (1941-1945) (White et 

al, 1986) and the finding of Butterfield and Wattie (1944, 

1946, 1948) that chloramine was a much weaker bactericide than 

free chlorine. By 1960, less than 3 percent of the plants 

continued to use this process (Durfor and Becker, 1962). 

However, after the recognition of potentially carcinogenic 

trihalomathane compounds (THMs) in drinking water, which are 

formed by the reaction of free chlorine with soluble organic 

compounds, and federal regulation of the THMs (EPA, 1979) in 
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drinking water, the use of chloramine is rapidly becoming the 

most commonly employed alternative to free chlorine for 

disinfection, mostly because of the low levels of THMs 

produced, as well as the low cost and the control of taste and 

odor. 

Chloramine Chemistry 

Formation of Chloramine 

When chlorine is dispersed in water, it is hydrolyzed 

rapidly to form hypochlorous acid (H0C1) , which is a weak acid 

and partially dissociates to form hypochlorite ion (OCl") and 

hydrogen ion. The reactions are as follows: 

Cl2 + H20 = H+ + CI" + HOCl (1) 

H0C1 = OCl" + H+ (2) 

The first equation constant is 3.94 x 10*4 (Connick and 

Chia, 1959), and the second is 3.7 x 10"8 (Fair, 1948). The pH 

and temperature have important influences on the relative 

concentrations of hypochlorite ion and undissociated 

hypochlorous acid. At pH 7.5 and 21°C, HOCl and OCl* are 

essentially equamolor in concentration. 

When ammonia (NH3) is added to a solution containing 

chlorine, it reacts readily with HOCl to form inorganic 

chloramines in a series of stepwise reactions (White et al, 

1972) as follows: 

NH3 + HOCl = NH2C1 + H20 (monochloramine) 



13 

NH2C1 + HOCl = NHC12 + H20 (dichloraitiine) 

NHC12 + HOCl = NC13 + HjO (trichloramine) 

The formation of particular inorganic species is mainly 

dependent on the initial chlorine to ammonia ratio, and is 

also influenced by pH, contact time, and temperature (White, 

1986) . In all of these equations, the chlorine atom is 

positively charged. 

The formation of monochloramine follows second order 

kinetics, and depends on the weight ratio of chlorine to 

ammonia and the pH (Weil and Morris, 1949). When the ratio of 

Cl2 : N is equal to or less than 5 (molar ratio 1 or less), 

and the pH is between 7 and 9, the formation of monochloramine 

is extremely rapid, the reaction rate is maximum at pH 8.5 and 

is usually 90 percent complete in 1 minute in the range of 

most waters. When temperature drops, this reaction slows down 

appreciably. Monochloramine is the principal chloramine that 

is encountered under usual water conditions. 

Monochloramine is hydrolyzed by means of two main 

reactions. The first occurs relatively slowly and yields low 

levels of HOCl. 

NH2C1 + H20 = HOCl + NH3 

The equilibrium constant (K) is quite small, 6.7 x 1CT12 

at 25°C, and 50 percent of monochloramine is hydrolyzed by 

this reaction in approximately 10 hours (Margerum et al, 

1978) . The HOCl released by this reaction can be used as a 

disinfectant or may be reacted with organic nitrogen compounds 
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to form N-chloro organic materials. 

The second reaction happens under alkaline condition. 

NH2C1 + OH" = NH2OH + CI" 

This reaction is much slower than the first one, with a 

half-life time of 350 years at pH 8 and 25°C (Margerum et al, 

1978) . 

When the chlorine to ammonia weight ratio exceeds 5:1, 

dichloramine begins to form by the reaction of monochloramine 

with HOCl, and it is considered to be a first-order reaction. 

Dichloramine can also be formed by monochloramine 

disproportionation as the pH of the solution decreases, which 

is shown in the following pH dependent reaction (National 

Research Council, 1980): 

2NH2Cl + H+ = NH+„ + NHCl2 

It maximizes at pH 4.5 - 5.0 and a Cl2:N weight ratio 

between 5:1 to 7.6:1 (Chapin, 1929), and is catalyzed by acid. 

At normal water conditions (pH 7-9, C12:N less or equal to 

5:1) dichloramine forms very slowly and in minute quantities. 

But when the pH is less than 5.5, it forms more rapidly 

(National Research Council, 1980). 

Trichloramine begins to form when the chlorine to ammonia 

weight ratio exceeds 7.6:1, or the pH is very low. It is 

usually undetectable at a pH less than 4.4 (Chapin,1929)- It 

is very difficult to prepare and measure. 

The inorganic chloramines as well as free chlorine, can 

combine with various organic nitrogen compounds found in 
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aqueous solution to form organic chloratnines according to the 

reaction below (Taras, 1953): 

R-NH2 + HOCl = R-NHC1 + H20 

Monochloramine reacts with nitrogen-containing organic 

compounds by direct transfer of +C1 to organic nitrogen 

compounds to form organic chloramines (Isaac and Morris, 

1980), and organic chloramines have a much smaller 

bactericidal effect, so the presence of reactive nitrogenous 

organic compounds, such as amino acids, may reduce the 

bactericidal effect of inorganic chloramines. 

Breakpoint Reaction 

It is important to understand breakpoint reactions when 

discussing the chlorination of water. The breakpoint reactions 

were first reported by Calvert (1940), Griffen and Chamberlain 

(1941); it accounts for the changes in chlorine residuals as 

a function of C12:N. The rate of breakpoint reactions are 

greatest at pH between 7 and 8, the usual condition of 

drinking water. 

When C12:N is less or equal to 5:1, monochloramine is the 

predominant species. If additional chlorine is introduced, so 

that the C12:N is between 5:1 and 7.6:1, some of 

monochloramine starts a disproportionate reaction to form 

dichloramine. Dichloramine, however, is unstable and begins to 

decompose, with a portion of ammonia-nitrogen being oxidized 

to nitrogen (N2) , nitrates (N0'3) , nitrous oxides (N20) and the 
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positive +C1 being reduced to negative (Cl") . The simplified 

equation is shown below (Palin, 1975): 

2 NH3 + 3 Cl2 = N2 + 6 H+ + 6 CI

As the Cl2:N reaches 7.6:1, then the breakpoint is 

achieved. All the available ammonia is oxidized and subsequent 

addition of chlorine yields a free available chlorine 

residual. 

Disinfection kinetics 

The rate of inactivation of microorganisms by 

disinfectant was initially believed to follow the first order 

of chemical reaction, and the disinfectant and the 

microorganisms act as the reactants (Chick, 1908). 

Log,0 N,/N0 = -kt 

where: N,/N0 = survived fraction of the original number of 

microorganisms at time t. 

k = disinfection rate constant. 

t = time 

Ideally, a plot of the log10 N,/N0 versus t should result 

in a straight line. In reality, the rates of microbial 

inactivation deviate from the first order expression due to a 

number of factors. A major factor is the failure of 

microorganisms to behave as chemical reactants. Microorganisms 

are much more complex reactants, and many different chemical 

reactions may be involved in their inactivation. Others 
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include the time required for the disinfectant to reach the 

target cell and penetrate the cell envelope, aggregation or 

clumping of portion of the microorganisms, or association with 

extraneous materials, and differences in sensitivity of 

microorganisms to the disinfectant. Experimental conditions 

also influence the inactivation of microorganisms. These 

variables include the order in which the disinfectant and 

microorganism are added to the reaction vessel, mixing 

efficiency, and depletion of disinfectant concentration 

through extraneous reactions (disinfectant demand) or the 

degradation of disinfectants during the test periods (Hoff, 

1986) . 

Bactericidal and Viricidal Activity 

In general, chloramines are less effective biocides than 

hypochlorous acid and hypochlorite ion. 

The relative effectiveness of chloramines as bactericides 

was first reported in a series of papers by Butterfield and 

Wattie (1944, 1946, 1948). They used several types of 

pathogenic and coliform bacteria, including strains of 

Escherichia coli. Enterobacter aeroaenes. Pseudomonas 

aeruginosa. Salmonella typhi. and Shigella dvstenteriae. 

exposed to different test conditions, including different 

concentrations of chloramine, pH, temperature, and chlorine 

and ammonia weight ratio. Their work demonstrated that the 

bactericidal effectiveness of chloramines was dependent on the 
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concentration of chloramine, contact time, temperature, pH, 

and type of bacteria. High pH and low temperature decreased 

the bactericidal effect. At pH 7, and between 20 - 25°C, a 1.2 

mg/L NH2Cl solution inactivated E.coli approximately 60 times 

faster than at pH 9.5, and at 2 - 6°C. They conclusively 

showed that free chlorine inactivated enteric bacteria much 

faster than did inorganic chloramine under the same 

conditions. For example, to obtain 100 percent inactivation of 

the organisms with the same period of exposure required about 

25 times as much chloramine as free chlorine, and to obtain 

the same degree of inactivation with the same amounts of 

chloramine and free chlorine under the identical conditions 

required approximate 100 times the exposure period for the 

chloramine. Other reports later confirmed the findings by 

Butterfield (Adorn, 1974, Ward, 1982). 

Chang (1971) found that dichloramine was a better 

bactericide than monochloramine. Later, Esposito's (1974) 

research confirmed that inactivation of E.coli was 

considerably enhanced under acidic conditions that favored 

dichloramine formation. 

Generally, chloramines are poor viricidal agents. In 

studying the effect of combined chlorine on poliovirus type I 

and Coxsackie virus B5. Kelly and Sanderson (1960) found that 

at pH 7 and 2 5°C, less than 9 mg/L combined chlorine was 

needed for inactivation of 99.7 percent of Poliovirus type I 

with a contact time of 30 minutes. Under the same conditions, 
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1 mg/L of combined chlorine required 3 hours of contact time 

to obtain the same degree of inactivation. They also found 

that a decrease in pH increased the rate of inactivation, 

which indicated that dichloramine may be more virucidal than 

monochloramine since its proportion increases with increased 

hydrogen ion concentration. 

Shah and McCamish (1972) showed that at a concentration 

of 4 mg/L of combined chlorine, f2 virus was more resistant 

than Poliovirus type I and T2 virus. A contact time of 190 

minutes, 4 5 minutes, and 3 0 minutes, respectively, was needed 

for a 99 percent inactivation of each virus. 

Berman (1984) reported that a 99 percent inactivation of 

Simian Rotavirus SA11 by 10 mg/L monochloramine at pH 8 and 

5°C, 7 hours was needed to inactivate purified single virons, 

and 10 hours were necessary for cell-associated virons. 

To evaluate the effectiveness of monochloramine to 

inactivate different viruses, Sobsey (1988) demonstrated that 

at pH 8, at 5°C, in 0.01 M phosphate buffer, and with 10 mg/L 

monochloramine, 99.99 percent inactivation of viruses occurred 

at 117, 104, 420, and 31.4 minutes for Hepatitis A virus, 

Coxsackievirus B5, coliphage MS-2, and 0X174, respectively. 

Jacangelo (1987) reported that at pH 7.0 and 2 0°C with 1, 

10, and 100 mg/L monochloramine, a dramatic difference in the 

bactericidal and viricidal activity of monochloramine was 

observed. The number of E coli were reduced by 99 percent in 

20 minutes at 1 mg/L monochloramine, but for f2 virus, 100 
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ing/L concentration was needed to obtain the same amount of 

inactivation. 

Inactivation Mechanisms 

Although numerous experiments have been conducted to 

determined the mode of bacterial and viral inactivation by 

free chlorine, few studies have been conducted specifically to 

elucidate the mechanisms of microbial inactivation by 

inorganic chloramine (Wolfe, 1984). 

Chloramine was reported to react with some amino acids 

(Ingols, 1953). The authors found that at 25°C and pH 8, when 

exposed to monochloramine for several hours, alanine and 

tyrosine were converted to organic monochloramine, sulfhydryl 

groups of cystine were oxidized to disulfide, and the 

structure of hemin was chemically modified. They surmised that 

hemin destruction was largely responsible for bacterial 

inactivation by monochloramine. 

Monochloramine was also thought to inactivate 

microorganisms by damaging the nucleic acids. Shih and 

Lederberg (197 6) found that exposure of Bacillus subtilis DNA 

to monochloramine caused single and double strand breaks, and 

reduced the transforming activity of the DNA. 

Boyle (1963) examined the reaction between monochloramine 

and amino acids and nucleic acids. He confirmed that sulfur-

containing organic compounds were highly reactive with 

monochloramine and the oxidation of the sulfhydryl groups 
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proceeded beyond the disulfide state to elemental sulfur and 

was irreversible. He also pointed out that monochloramine 

reacted slowly with nucleic acids. 

In a more recent study, Jacangelo et al (1987) found that 

monochloramine reacted rapidly with the sulfur-containing 

amino acids, cysteine, cystine, and methionine, and the 

heterocyclic aromatic amino acid, tryptophan. Slow reactions 

were observed with nucleic acids, purine and pyrimidine bases 

and the alpha amino group of amino acids. They reported that 

initial oxidation of sulfhydryl to disulfide was reversible, 

but further oxidation beyond the disulfide was irreversible. 

The degree to which the sulfur in the proteins was oxidized by 

monochloramine was dependent on the ratio of monochloramine to 

sulfur groups. According to these findings, they postulated 

that the slower bactericidal inactivation of monochloramine 

compared to free chlorine was the result of its limited 

reactions with biological materials, and that a number of 

different biological process (sensitive sites) needed to be 

inhibited before cell death occurred ( a multiple-hit model). 

No single mechanism or site is the ultimate cause of cellular 

death by monochloramine. Bacterial inactivation by chloramine 

may be viewed as a series of reversible and irreversible steps 

(Wolfe et al, 1984). 

The Chemistry of Copper in Water 

In an aquatic environment, copper could be distributed 
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among particulate, colloidal, and soluble phases. Particulate 

form of copper includes oxide, sulfide, and malachite 

precipitates as well as insoluble organic complexes and copper 

absorbed on clay and other mineral solids. Soluble forms of 

copper include copper as free cupric ions and as soluble 

complexes. Colloidal forms of copper include copper absorbed 

on polypeptide materials and fine clays, and some metallic 

hydroxide precipitates. Two possible processes, namely 

precipitation and complex formation, mainly control the 

distribution of copper in water (Stiff, 1971) . 

Since natural fresh water contains 1 x 10'3 M to l x 10'5 

M concentration of bicarbonate ion with pH 6.5 - 8.5, the 

chemistry of copper in this water is essentially the 

chemistry of copper in calcium bicarbonate solutions (Stiff, 

1971). Because calcium forms no soluble complexes with 

bicarbonate or carbonate, the presence of calcium is 

irrelevant and the interactions of copper and bicarbonate or 

carbonate are all that need be considered. 

1. Precipitation 

1) Precipitation of cupric hydroxide followed by 

conversion of hydroxide to oxide. 

Cu+2 + 2 H?0 = Cu (OH) + 2 H+ —> CuOi + 2 H+ + H20 

This process is dependent on the pH value of the 

solution. 

2) Precipitation of malachite 
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2 Cu2+ + 2 H20 + HCOj" = Cu2(0H)2C034 + 3 H+ 

This process is dependent both on pH value and 

bicarbonate concentration of the solution, which is controlled 

by the concentration of dissolved carbon dioxide in the 

solution. 

Since the concentration of cupric ion in equilibrium with 

malachite in the pH range of most fresh water, 6.5-8.5, is 

lower than that in equilibrium with cupric hydroxide, 

therefore, the malachite is the only precipitated species at 

equilibrium in this pH range. The precipitation of malachite 

is a slow process, and need several days to reach equilibrium 

(Stiff,1971). 

In polluted fresh water, sulfide and phosphate may be 

present in sufficient amount, and can also precipitate the 

copper. 

2. Complex Formation 

In the presence of copper precipitation, the cupric ion, 

at the same time, will interact with bicarbonate ion, and the 

soluble complex is formed as followed: 

Cu2+ + HCO-3 = CuC03° + H+ 

The equilibrium constant of this reaction is 2.5 x 104 

(Stiff, 1971). 

If water contains a lot of organic materials, such as 

humic acids and amino acids, a significant amount of organic 

complexes will be formed. For the amino acids leucine, valine, 
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alanine, serine, glutamic acid, aspartic acid, and tyrosine, 

the logarithm of the stability constant of one amino acid with 

one cupric ion ranges from 7-9, and of two amino acids with 

one cupric ion range from 14 - 16. Cysteine, which contains 

the -SH group, forms an extremely strong complex with cuprous 

ion (Cu+) with the logarithm of the stability constant of 19.5 

for one cysteine with one cuprous ion (Stiff, 1971) . Humic 

acids usually have higher stability constants than amino 

acids. 

In polluted fresh water, copper will also complex with 

cyanide. The stability constant of Cu(CN)"2 is 1022 {Stiff, 

1971) . The complex of copper with ammonia will also be present 

if the concentration of ammonia is sufficient. The stability 

constant of Cu(NH3)42 is io126 (Sillen, et al., 1964). 

In polluted water, 43-88 percent of the total copper 

present is in the particulate phase. In soluble phase, the 

free cupric ion (Cu2+) present is less than 3 percent, and 

CuCO°3 (a soluble cupric carbonater complex) is about 10 to 40 

percent, and copper-amino acid and copper-humic acid complexes 

are about 10 to 60 percent of total soluble copper depending 

upon the quality of the water (Stiff, 1971). 

Biocidal Properties of Copper 

Copper has long been used as an algicide, and has been 

used successfully to control bacterial diseases (Cooksey, 

1987). 

Almost 90 percent of Escherichia coli were injured in 50 
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ug/L copper in an inorganic carbon buffer at 4°c in 2 days, 

and at 22°C in 1 day (Domek et al, 1984) , and increased 

concentrations of copper (250 /ig/L) hasten the rate of injury. 

Copper (I) has been found to be more toxic to E^. coli than 

copper (II) (Babich, 1980). 

Copper (200 /xg/L) was reported to inactivate infectious 

bronchitis virus in 2 hours, and when the concentration was 

decreased to 20 ptg/L, the survival time of the virus increased 

to 6 hours (Jordan, 1971). 

Copper can substitute for some other metal ion co-factors 

which are essential for enzyme activity (Sterritt and Lester, 

1980) . Copper has also been known to bind with sulfhydryl 

groups of enzymes and disrupt enzyme structure and function 

(Jervelor, 1975). Domek (1984) reported that a decreased use 

of oxygen by E. coli occurred when the bacteria were exposed 

to a low concentration of copper, and he pointed out that this 

was caused by the damage of respiratory enzymes which contain 

thiol groups. 

Nucleic acids, which have N and 0 groups on the base, OH 

groups on the ribose, and negative charged O atoms in the 

phosphate residues, have been suggested as offering many 

potential sites to which copper may bind (Martine and Mariam, 

1979) . Uedal (1975) reported that copper (II) has specific 

affinity for DNA, and after binding, the disorder of helical 

structure of DNA occurs. Copper may also complex mRNA and thus 

inactivate microorganisms (Hutchisin, 1985). Some researchers 
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found that copper complexes may catalyze the decomposition of 

hydrogen peroxide, which will induce the formation of 

radicals, and the radicals then inactivate microorganisms 

(Yamamoto, 1964). 

Indicator Organisms 

Indicator organisms are microorganisms whose presence is 

evidence that pollution associated with fecal contamination 

from man or other warm-blood animals has occurred (National 

Academy of Science, 1977). 

In the evaluation of the efficiency of a disinfectant, 

indicator organisms are always used. Since the late nineteenth 

century, Escherichia coli has served as an indicator of the 

degree of fecal contamination of water, and has been used 

routinely as a disinfection model for enteric pathogens. 

Numerous researchers have shown that E.coli is a useful 

indicator and disinfection model for enteric bacterial 

pathogens, but that it is a poor indicator and disinfection 

model for nonbacterial pathogens. With the increase attention 

on waterborne viruses, different organisms have been suggested 

as better indicators of enteric viruses. Among these 

bacteriophages are attractive alternatives because of their 

ease of detection, much lower cost for assay, and the results 

can be quantified within 24 hours (Bitton, 1980) . 

Bacteriophages were first discovered in human feces by 

d'Hevelle in 1917 (Bitton, 1980) . It is known that all 
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bacteriophages are made of a head (capsid), which houses the 

nucleic acid core, and they can either have an appendage 

(tailed phage) or not (tailless phage), depending on the 

species (Bitton, 1980). Bacteriophage, particularly coliphage 

(i.e., phage infecting Escherichia coli). resemble human 

viruses in size, morphology, structure and composition, and 

are closely associated with waste water pollution (Grabow, 

198 6) . They are common in water that has been contaminated 

with sewage. Their resistance to chlorination has been 

investigated and the results have shown that coliphage and 

enteroviruses are removed to a comparable degree during 

treatment of drinking water and waste water (Stetler, 1984). 

Some coliphages are even more resistant to chlorination than 

enteroviruses. 

Coliphage MS-2 is a tailless phage which attacks an F+ 

strain of E^. coli and has a polyhedral structure, which houses 

a single strand of RNA and has a diameter of 24 nm (Bitton, 

1980). Research has shown that MS-2 phage is more resistant to 

monochloramine than Poliovirus type l, Coxsackievirus B5, 

Reovirus type 3, Hepatitis A virus, and SAll Rotavirus 

(Grabow, 1984, Sobsey, 1988). 
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1. Water Source: 

Water from the Martin Street Well located at University 

of Arizona, Tucson AZ was used in this study. After passage 

through a 0.2 jLtm pore size filter (Costar, Cambrige, MA) , the 

well water was kept in acid washed polyethylene containers at 

7°C. 

Chemical analysis was performed on unfiltered and 

filtered well water according to procedures adapted from 

Standard Methods for the Examination of Water and Wastewater 

(APHA, 1989). Analysis included total alkalinity, total and 

calcium hardness, total phosphate, turbidity, nitrogen 

(ammonia and nitrate), conductivity, and pH. 

2. Cultivation of Test Organisms: 

1) Preparation of Escherichia coli. 

Escherichia.coli (ATCC 11229) stock solution was prepared 

by inoculating E.coli in Trypticase Soy Broth (TSB, Difco, 

Detroit, MI) which was maintained at 37°C overnight and 

transferred into microtubes with 40% glycerol at ratio 1:1 and 

kept at —70°C in order to reduce variance of strain by serial 

passage on agar medium. Before each test, one tube was thawed 

and inoculated into 9 ml of TSB, and then incubated at 37°C 

overnight. Next day, 1 ml of TSB with E.coli was then 

reinoculated in 50 ml TSB for another 4-6 hours with 

continuous shaking at 37°C to obtain late log stage growth. 
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After centrifugation (10,000 rpm, 10 min) and washing 3 times 

in filtered well water to reduce the interference of medium, 

the final pellet was resuspended in filtered well water and 

standardized by comparison to a McFarland #1 to #2 standard ( 

a suspension of barium sulfate precipitate, Finegold, et al, 

1978) to a cell density of about 10® cell/ml. 

2) Preparation of Bacteriophage MS-2 

An overnight culture of Escherichia Coli (ATCC 15597) in 

TSB (Difco, Detriot, MI) was transferred to fresh TSB and 

grown for 3-6 hr at 37°C with continuous shaking. Stock MS-2 

(ATCC 15597B) was serially diluted in Tris Buffer (Trizma 

Base, pH 7.3), and added with 1 ml JL_ coli to a tube 

containing 3 ml molten overlay agar (TSB with 1% agar), mixed 

and poured onto Tryptic Soy Agar (TSA; Difco, Detriot, MI) 

plates. After 18-24 hr incubation at 37°C, 6-7 ml tris buffer 

was added to plates with confluent plaques and allowed to sit 

for about 1 hr to allow the phage to diffuse through the agar 

surface. The liquid fraction was recovered from the plates, 

centrifuged (8,000 rpm for 10 min), and the resulting 

supernant centrifuged again (23,000 rpm for 2.5 hr) . The 

pellet was then resuspended in sterile filtered well water and 

virus titer determined (about 1010 pfu/ml) , and stored at 4°C. 

3) Disinfectant Preparation and Determination: 

1) Chloramine (combined chlorine): 

Ammonia chloride stock solution (l g/L N) and sodium 

hypochlorite stock solution (1 g/L free CI) were made 
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separately, then adjusted to pH 10, sterilized by filtration 

through a 0.2 /m pore size filter, and kept at 4°C. Before 

each test, fresh monochloramine was made by mixing the 

appropriate volume of two stock solutions at a weight ratio of 

C12:N = 2:1. The excess ammonia and high pH prevented 

formation of other chloramine species through 

disproportionation and presence of free chlorine (Jacangelo, 

1987). 

2) A stock solution of copper (40 mg/L) was made by 

dissolving cupric chloride (CuCl2- 2HzO) in sterilized 

deionized water and kept in acid washed plastic bottles at 

4°C. 

3) Total available combined chlorine (mostly as 

monochloramine at test condition) was measured using a DPD 

spectrometer method (adapted from Standard Methods. APHA, 

198 9), and total copper was determined by Atomic Absorption 

Spectrophotometer (Hitachi 180-70, Hollow cathode lamp, AOAC, 

1986). 

Total available combined chlorine (mostly monochloramine) 

was measured at the beginning and end of each test, and if the 

test time was longer than 2 hr, the measurement was made at 

intervals of about 1 hr, to make sure that the desired 

concentration of disinfectant was present during the entire 

test period. 

4) Glassware preparation: 

All glassware was soaked overnight in a 12.5% nitric 
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acid bath to reduce metal contamination, and then rinsed with 

distilled water and sterilized. 

Glassware which came in connect with chloramine was 

first soaked in 12.5% nitric acid solution overnight, and then 

soaked in 0.8 - 1.0 mg/L free chlorine solution again 

overnight to satisfy chlorine demand, rinsed, and sterilized. 

All tests were performed in 100 ml polyethylene or 

polypropylene beakers. 

5) Experimental design: 

The test system consisted of 100 ml of filtered well 

water containing one of the following: 

(1) Control (no disinfectant was added). 

(2) Chloramine alone: 

Concentration: 1, 2.5, 5, 10 mg/L total 

available combined chloramine for 

E. coli. 

5, and 10 mg/L total available 

combined chloramine for MS-2 

phage. 

Sampling times: 1, 2, 3, 5, 10, 20, 30, 60 min 

for E.coli 

2, 5, 10, 30, 60, 120, 180, 240 

min for MS-2 phage 

(3) Copper alone: 

Concentration: 400, 800 fxg/h soluble copper for 

E.coli. 



400 (j.g/L for MS-2 phage. 

Sampling times: 2, 5, 10, 20, 30, 60 min for E. 

coli 2, 5, 10, 20, 30, 60, 120, 

180, 240 min for MS-2 phage. 

(4) Chloramine + Copper: 

Concentration: for E. coli. 

1 mg/L chloramine + 400 or 800 

jLtg/L copper, 

2.5 mg/L chloramine + 400 or 800 

fj.g/L copper. 

for MS-2 phage 

5 or 10 mg/L chloramine + 400 

/zg/L copper. 

Sampling times: 2, 5, 10, 20, 30, 60 min for E. 

coli 

1, 3, 5, 10, 20, 60, 120, 180, 

240 min for MS-2 phage. 

All tests were performed at 23°C in the same water 

sample and at pH 7.5 adjusted when necessary by 0.1 N HCl or 

NaOH. 

For each test, fresh chloramine (100 mg/L) was made by 

mixing appropriate volumes of ammonium chloride stock solution 

and sodium hypochlorite stock solution, and stirred for one 

hour to assure chloramine formation. The chloramine was then 

diluted in filtered well water with or without copper to get 

the concentrations needed. After mixing completely by stirring 
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about 1 min, 1 ml of the standardized culture suspension 

(E.coli or MS-2 phage) was added to 99 ml of test system to 

obtain a final concentration of about 106 cell/ml for E.coli 

and 108 pfu/ml for MS-2 phage. The inoculated system was 

stirred continuously throughout the test. At predetermined 

times, about 1.3 ml sample was removed and placed in 

sterilized microtubes with 13 pi neutralizer solution per tube 

(14.6 % sodium thiosulfate and 10 % sodium thioglycollate in 

distilled water passed through a 0.2 fim pore size filter). 

After appropriate dilution in 0.1% peptone (Difco, Ditroit, 

MI) for test systems containing E.coli, the sample was plated 

on duplicate R2A media plates (Difco, Detroit, MI) , incubated 

at 37°C for 24-36 hours, and counted. For assay of MS-2 

phage, serial dilutions were made in Tris Buffer (pH 7.3), 

added to test tubes containing 3 ml molten overlay agar and 1 

ml of a 3-6 hr culture of E.coli ( about 1010 cfu/ml) , poured 

onto TSA plates, incubated at 37°C for 18-24 hr, and the 

plaques were counted. All tests were run in duplicate or 

triplicate. 

4. Data Analysis: 

The data was calculated as the average 

Log10 N,/N0 (cfu/ml or pfu/ml) 

which expresses the reduction of bacteria number or 
r 

plaque forming unit at each time interval. A statistical 

program (Costat Statistical Software, Cohort Software, 

Berkeley, CA, 1986) was used for Analysis of Variance (ANOVA) 
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to determine significant differences between different systems 

at different contact times. 

The error bars showed in figures were calculated as 

standard deviation, and the means was used as the points to 

make figures. Error bars in all figures except figure 1 were 

showed in up and down way. 
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Well water was chosen for the test system over tap water 

because it contained no detectable amounts of free chlorine, 

combined chlorine or copper ( Table 1). No buffer was used in 

the disinfection system because normally used buffers, such as 

phosphate, could potentially interfere with the disinfection 

effectiveness due to copper complexation (Landeen et al, 

1989) . 

Table 1. Chemical analysis of the well water" 

Parameter Value 

Total chlorine concentration (mg/1) NRb 

Total copper concentration (/xg/1) NRC 

pHd 6.6 

pHe 7.9 

Turbidity (nephelometric turbidity units) 0.08 

Total dissolved solid concentration (mg/1) 210 

Total hardness (mg/L CaC03) 120 

Calcium hardness (mg/L CaC03) 96 

Conductivity (ms/cm) 0.43 

a: filtered well water. 
b: below limits of detection (<0.02 mg/L). 
c: delow limits of detection (<10 . 
d: determined immediately after sample was collected, 
e: determined two weeks after the sample was collected. 
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No free chlorine was detected in any experiment by the 

DPD method (APHA, 1985). Attempts were made to ensure that 

monochloramine was the predominant species of chloramine by 

decreasing the C12:N weight ratio to 2:1, and keeping the pH 

at 7.5. It is known that at this condition more than 80 

percent of chloramine is monochloramine (Wolfe, 19=14) . 

Monochloramine was quite stable during the period of the test 

under the conditions employed in the study (room temperature 

about 23°C, pH 7.5). The decrease of monochloramine was about 

10 percent for disinfection of E^_ coli in 2 hours and about 20 

percent for disinfection of MS-2 phage in 4 hours. This 

degradation rate is in agreement with the results reported by 

Jacangelo (1987) . 

Figure 1 shows the inactivation of Escherichia coli by 

various concentrations of chloramine (mostly monochloramine) 

at room temperature (about 23°C) and pH 7.5. The figure is 

presented as the logarithm of the fraction remaining, log 

Ni/N0, where N, is the number of microorganisms remaining at 

time t, and N0 is the initial microbial concentration, 

therefore, a one logarithm decrease corresponds to a 90 

percent reduction. 

The shapes of the inactivation curves in the experiments 

were generally unlinear (not a first order chemical reaction) 

(Chick, 1908, Hoff, 1986). For low concentrations of 

chloramine, the inactivation curves appeared to be the 

combination of a "shoulder" and "tailing off" curve (Hoff, 
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198 6). For high concentrations of chloramine, only the 

"shoulder" effect was observed. The "shoulder" has been 

reported in several studies when chloramine was used as the 

disinfectant (Ward et al., 1982, Jacangelo, 1987), Jacangelo 

(1987) speculated this was caused mainly by the fact that a 

number of different biological processes (sensitive sites) 

needed to be inhibited before cell death occurred. The 

"tailing off" phenomenon may be explained by 1) the presence 

of an initially more resistant fraction of bacteria, 2) the 

protection of a portion of the bacteria by extraneous 

material, 3) chloramine depletion or transformation of 

inorganic chloramine to less effective organic chloramines. 

Inactivation data is sometimes reported as an 

inactivation rate constant, k, calculated from the linear 

section of the inactivation curve or through a linear 

regression (based on the first order chemical reaction 

assumption), used to compare biocidal effectiveness of 

disinfectants. In this study, a linear regression was tried, 

Table 2. Time required for 99% reduction of Escherichia coli 

NH2C1 + CU 
mg/L fig/L 

Time 
(min) 

NH2C1 + CU 
mg/L ng/L 

Time 
(min) 

NH2C1 + CU 
mg/L ^g/L 

Time 
(min) 

*
 o
 

+
 
o
 

46 1.0 + 0 46 

o
 

+
 

in CM 

21 

2.5 + 0 21 1.0 + 400 28 2.5 + 400 7 

o
 

+
 
o
 

i n 

6 1.0 + 800 12.5 2.5 + 800 4 

10.0 + 0 5 
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but did not fit well, especially for low concentrations of 

chloramine. Therefore a 99 percent inactivation at an 

empirically determined contact time was used (Table 2). 

The inactivation curves and data show that there was an 

dose-response relationship between the concentration of 

chloramine and inactivation of the bacteria. 

Table 3. Significance of Various Disinfectant 
Concentrations and Contact Times for Inactivation of 
Escherichia coli by One-Way Analysis of Variance 

NH2C1 + Cu 
(mg/L) (Mg/L) 

5 min 10 min 20 min 30 min 60 min 

1.0 + 0 a a a a a 

2.5 + 0 b ab a a a 

5.0 + 0 c ab a b b 

10.0 + 0 c b a b b 

1.0 + 0 a a a a a 

1.0 + 400 a a a a b 

1.0 + 800 a a b b b 

2.5 + 0 a a a a a 

2.5 + 400 b b b b b 

2.5 + 800 c c b b b 

*: significant ( P <= 0.05) if the letters in the same 

column are not the same. 
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When chloramine concentrations were low, 1 mg/L and 2.5 

mgLl, the 99 percent reduction of E. coli was 4 6 and 21 

minutes, respectively. 

The statistical analysis (Table 3) confirmed that the 

difference of biocidal effectiveness between 2.5 mg/L and 5 

mg/L chloramines was significant at most contact times, while 

between 1 and 2.5 mg/L, or 5 and 10 mg/L it was not 

significant. Escherichia coli was only slowly inactivated by 

copper (Figure 2). No significant inactivation occurred in 2 

hours. Previous studies have shown that copper is a very slow 

disinfectant (Yahya et al, 1989). 

Copper in the presence of chloramine greatly increased 

the inactivation of E. coli. The synergistic effect of copper 

with chloramine was not pronounced in the initial section of 

the curve, but later become more pronounced. Figures 3 and 4 

show that the synergistic effect was increased when the 

concentration of copper was increased. 

With 800 /ig/L copper and 1 mg/L chloramine, the time for 

99 percent inactivation was about 7 minutes, which was 

equivalent to 5 mg/L chloramine alone. In the presence of 800 

ug/L copper and 2.5 mg/L chloramine, the time for 99 percent 

inactivation was about 6 minutes, equal to 10 mg/L chloramine 

alone (Table 2). 

The statistical results (Table 3) show that the 

difference of biocidal effectiveness between chloramine alone 



41 

(1 mg/L) and chloramine with copper was significant only when 

contact time was longer than 60 minutes for 400 ng/h copper or 

20 minutes for 800 /ng/L copper. But the difference between 2.5 

mg/L chloramine alone, 2.5 mg/L chloramine with 400 Mg/L 

copper, and 2.5 mg/L chloramine with 800 nqfl* copper were 

significant even at a contact time of 5 minutes. 
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Figure 5, 6 and 7 show the inactivation of MS-2 phage by 

chloramine alone, copper alone, and chloramine in the presence 

of copper. Compared to the previous data, MS-2 phage was more 

resistant to chloramine than was EL. coli. A 99 percent 

inactivation of E.coli in the presence of 5 mg/L chloramine 

required only 6 minutes, while a 99 percent inactivation of 

MS-2 phage under the same conditions required about 60 

minutes, almost 10 times more. 

MS-2 phage was also slowly inactivated by 400 ^g/L 

copper. After 4 hours, only 70 percent of the phage was 

inactivated. Chloramine in the presence of copper greatly 

increased the inactivation of MS-2 phage, especially in the 

first 30 minutes. A 99 percent inactivation of the virus in 

the presence of 400 M9/l copper with 5 or 10 mg/L chloramine 

needed only about 4 and 3 minutes, respectively, 10 to 20 

times faster than when no copper was present (Table 4). 

Table 4. Time required for 99% reduction of MS-2 phage 

NH2C1 + cu time NH3C1 + Cu time 

(mg/L) (Atg/L) (min) (mg/L) (Mg/L) (min) 

5.0 + 0 60 10 + 0 25 . 

5.0 + 400 4 10 + 400 3 

The inactivation curve of MS-2 phage after exposure to 

5 or 10 mg/L chloramine in the presence of copper showed a 



46 

clear "tailing" effect. In the first 30 min the phage was 

quickly inactivated, then the inactivation rate decreased 

and forming a long "tailing", only a small number of the 

phage was continue to be inactivated after 1 hour. This may 

be caused by some more resistant group of the phage or 

aggregation of the phage, this phenomena indicate that the 

synergetic effect of chloramine and copper mostly appeared 

in the first period of disinfection, extremely long contact 

time (longer than 1 hour) will not very effectively increase 

the inactivation of this virus. 
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An additional test was run in order to see the effect 

of varying concentrations of copper on the inactivation of 

MS-2 phage in the presence of 5 mg/L chloramine. Another 

filtered well water sample (sampling in another season, but 

the character of the water is not very different from the 

first one) was used and the results (Figure 8 and 9) showed 

that within 30 minutes of contact time, high concentration 

of copper (400 /itg/L) in the present of chloramine gained a 

high inactivation rate, But after that time the difference 

of inactivation rates became small, and the phage was 

inactivated by 90 percent in 3 0 minutes with adding of 100, 

200, and 400 copper. A long "tailing" effect was 

appeared again. 
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It is known that the inactivation of bacteria by 

monochloramine is mainly because of the oxidation of 

sulfhydryl groups which are associated with many bacterial 

enzymes {Jacangelo et al, 1987) . This may also be true for 

viruses if they contain sulfhydryl groups in their coat and 

maturation proteins. Monochloramine is also known to react 

slowly with the nucleic acids. These reactions appear to be 

too slow to explain the inactivation of bacteria but may be 

important when the sulfhydryl groups are masked or buried, 

or if the virus infectivity does not require available 

sulfhydryl groups. Compared with coli. MS-2 phage only 

contains 2 cysteine, 2 tryptophan, and 2 methionine in each 

subunit of its coat protein (Dverby et al, 1963) , Thus 

inactivation of this virus by monochloramine requires higher 

concentration and relatively longer contact times compared 

with E^_ coli. making it a poor viricide. 

Due to their positive charge metal ions are not able to 

readily cross the cell membrane without an active transport 

system in uninjured cells, and their transfer requires 

combination with a carrier or the presence of special 

channels in the membrane (Thurman, R.B. et al, 1989), thus 

the inactivation of microorganisms by metals is generally 

slower than that of other kind of disinfectants which can 

easily pass through the cell membrane. 

Although the results of this study showed that 

chloramine in the presence of copper increased the 
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inactivation rate for both E. coli and MS-2 phage, the 

possible inactivation mechanisms of this synergistic effect 

may be different between E. coli and MS-2 phage. C-t value, 

which represents the product of the disinfectant 

concentration (c) and contact time (t) , is current used in 

comparing biocidal effectiveness of disinfectants. Table 5 

shows the c.t values for 99 percent inactivation of E. coli 

and MS-2 phage by chloramines with and without copper. These 

values clearly demonstrated that for E. coli in the presence 

of chloramine concentrations of 1 and 2.5 mg/L, the c-t 

values decreased from 46 to 12.5 and from 52.5 to 10, 

respectively, with the increase of copper concentrations 

from 0 to 800 /itg/L, while for MS-2 phage in the presence of 

5 mg/L chloramine, the c-t values decreased from 275 to 17.5 

with the increase of copper concentrations from 0 to 400 

H g/L, c-t value decreased by 90% even through low 

concentration of copper (100 Mg/L) was added. The 

synergistic effect of chloramine and copper was more 

pronounced for MS-2 phage. A two-stage disinfection theory 

has already been suggested for explanation of synergetic 

effect when two disinfectants are used together (Taylor, 

G.R., 1982). For the case of E. coli, the cell membranes of 

the bacteria do not present a barrier to monochloramine 

(Boyle, 1963. Jacangelo, 1987), so the chloramine will pass 

through and causes the cell injury mostly by oxidizing 

thiols in the bacteria, this may result 
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Table 5. C* t Value for 99 % Inactivation of E. coli and 
MS-2 Phage by Chloramine with or without Copper 

Microorganisms 
NH2C1 + CU 
mg/L /ug/L c - 1  

NH2C1 + Cu 
mg/L M9/L c - 1  

E. coli 1 . 0  +  0  46 2 . 5  +  0  5 2  .  5  

1 . 0  +  4 0 0  2 8  2 . 5  +  4 0 0  1 7 . 5  

1 . 0  +  8 0 0  1 2  .  5  2 . 5  +  8 0 0  1 0  

MS-2 phage 5 . 0  +  0  275 

5 . 0  +  1 0 0  2 5  

5 . 0  +  2 0 0  2 0  

5 . 0  +  4 0 0  1 7  . 5 

in some physical and/or biochemical changes of the bacterial 

membranes, which therefore may allow copper to pass them 

more easily, and react with DNA, RNA or enzymes, 

inactivating the bacteria. Higher concentrations of 

chloramine (2.5 mg/L) results in more injury to the 

bacteria, so the synergistic effect becomes more pronounced. 

Young (1985) demonstrated that the conformation form 

would influence the inactivation of viruses. She showed that 

when Echovirus changed its conformation from A to B to B* 

during the course of inactivation, the resistance of the 

virus to the disinfectant was also changed. One conformation 

form was more resistant, while others were more sensitive. 

So in the case of MS-2 phage, when chloramine and copper are 

used together, copper due to its positive charge, may first 

combine with the exposed sulfhydryl groups of the virus or 
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other negative charged points in the coat proteins of the 

virus, and results in the change of conformation form, which 

may allow the chloramine to attack the virus more easily. 

Since the conformation form of viruses is relatively 

sensitive to the change of . the environment, a low 

concentration of copper (100 jtig/L) is sufficient to cause 

such change. 

Much research has already demonstrated that the 

toxicity of copper to aquatic animals or bacteria in water 

are associated with the copper species (Jonas, 1989, Sato et 

al, 1988). Jonas (1989) reported that the concentration of 

free cupric copper ion had a good relationship with the 

toxicity of copper to the estuarine microbial community, and 

Stiff (1971) thought that the difference of the toxicity of 

copper in soft water and hard water was caused by the 

formation of copper complexes with bicarbonate in hard 

water, and this complex was less toxic to fish. Sato (1988) 

showed evidence that the toxicity of copper to Nitrosomonas 

europaea increased with increasing ammonia concentration in 

water, and he thought this was caused by the formation of 

copper-ammine complex. 

According to the components of water used in this 

experiment, copper added to filtered well water is present 

mainly as complexes with bicarbonate (Stiff, 1971). Some 

copper-ammine complexes may also be present because the 

chloramine solution used in the experiment contains extra 
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ammonia ion (NH+4) in order to ensure the formation of 

monochloramine. It is known that high concentrations of 

ammonia (NH3) is toxic to aquatic animals (Ecological 

Analysts,Inc., 1981) and copper-ammine complexes may be more 

toxic than copper itself {Sato, 1988) . But in this 

experiment, the concentration of copper-amine which may be 

formed is too low to have an effect on the bacteria and 

phage. 

Copper may be complexed with monochloramine, similar to 

its complexing with ammonia, and this complex might reach 

bacteria or phage more quickly than monochloramine alone 

since it is positively charged. After it reaches the target, 

the copper may be absorbed on the surface of the bacteria or 

phage and at the same time release the monochloramine which 

can gain entry through the cell membrane, or this complex 

may be able to enter through the membrane more easily than 

the copper ion itself. Once copper is in the cell, the 

change of conditions (pH, concentration of ammonia, etc.) 

may let copper ionize again, which may act at sites of DNA, 

RNA, and enzymes. 
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CONCLUSION 

There was an increase in the inactivation rate of 

Escherichia coli and MS-2 phage with increasing 

concentrations of chloramine from 1 mg/L to 10 mg/L. The 

contact times for 99 percent reduction of E. coli were 46, 

21, 6, and 5 minutes for 1 mg/1, 2.5 mg/1, 5 mg/1, and 10 

mg/1 chloramine, respectively. For 99 percent reduction of 

MS-2 phage, the contact times were 60, and 25 minutes for 5 

and 10 mg/L chloramines, respectively. 

Chloramine in the presence of copper ions increased the 

inactivation rate resulting in a decreased contact time 

needed for 99 percent reduction of the bacteria and the 

phage when compared to chloramine alone. Contact times for 

E. coli decreased from 46 minutes for 1 mg/L chloramine 

alone to 12.5 minutes for 1 mg/L chloramine with 800 jug/L 

copper, and from 21 minutes for 2.5 mg/L chloramine alone to 

4 minutes for 2.5 mg/L chloramine with 800 M9/L copper. 

There was a greater reduction of contact time (about 10-

fold) for MS-2 phage. Only 6 minutes was needed for 99 

percent reduction when 5 mg/L chloramine with 4 00 nq/L 

copper was used. Even a low concentration of copper (100 

/zg/L) was sufficient for 99 percent inactivation of MS-2 

phage in about 5 min in the presence of 5 mg/L chloramine. 

This study provides evidence that the inactivation of 

bacteria and viruses is a very complex process, and it is 
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influenced by many factors. The synergitic effect of 

chloramine and copper was larger for MS-2 phage than that 

for E coli.. 

It would appear that copper provides an enhancing 

effect on the inactivation of microorganisms when chloramine 

is used as a disinfectant. More research needs to be 

conducted with different microorganisms, as well as with 

water of varying chemical quality to confirm the results of 

this study. Because a bacteriostatic rather than a 

bactericidal condition may occur when chloramine is used as 

a disinfectant (Jacangelo et al, 1987), other media which 

may recover injured bacteria should also be tested. In 

addition, additional research should also be conducted to 

understand the mechanisms of this synergistic effect. 
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APPENDIX A 

LOG REDUCTION OF E_j_ COLI AND MS-2 PHAGE 

NH2C1-Cu-Time (1) (2) (3) average 
mg/L ug/ min 

Inactivation of Escherichia coli 

1 0 1 0.000 0.000 0. 000 
1 0 3 -0.220 -0.257 -0.238 
1 0 5 -0.220 -0.607 -0.413 
1 0 10 -1.020 -1.413 -1.216 
1 0 20 -1.300 -2.018 -1.659 
1 o 30 -1.360 -2 .229 -1.795 
1 0 60 -1.530 -2.868 -2.199 

.5 0 1 0.000 -3.070 -1.535 

.5 0 3 -0.220 -2.14 0 -1.180 

. 5 0 5 -0.900 -1.146 -1.023 

.5 0 10 -1.370 -1.860 -1.615 

.5 0 20 -1.575 -2.340 -1.958 

. 5 0 30 -1.690 -2.900 -2.295 

. 5 0 60 -3.050 -4.270 -3.660 

5 o 1 -0.160 -0.310 -0.235 
5 o 3 -1.140 -1.040 -1.090 
5 o 5 -1.780 -1.950 -1.865 
5 0 10 -2.300 -2.710 -2.505 
5 0 20 -2.760 -4.300 -3.530 
5 o 30 -4.730 -6.000 -5.365 
5 o 60 -6.000 -6.000 -6.000 

10 0 1 -0.050 -0.200 -0.125 
i0 0 3 -0.760 -1.200 -0.980 
10 0 5 -1.730 -1.970 -1.850 
10——0 10 -2.380 -3.110 -2 .745 
10 0 20 -3.980 -6.000 -4.990 
10 0 30 -5.600 -6.000 -5.800 
10 0 60 -6.000 -6.000 -6.000 

1—400 1 -0.160 -0.080 -0.120 
1—400 3 -0.100 -0.130 -0.115 
1—400 5 -1.100 -1.040 -1.070 
1—400 10 -1.560 -1.600 -1.580 
1—400 20 -1.670 -1.700 -1.685 
1—400 30 -1.810 -1.880 -1.845 
1—400 60 -5.000 -4.900 -4.950 



2 . 5—400 1 -0.185 -0.074 -0.130 
2 . 5—400 3 -1.135 -1.212 -1.173 
2.5—400 5 -1.440 -1.588 -1.514 
2.5—400 10 -2.718 -2.892 -2.805 
2.5—400 20 -6.000 -6.000 -6.000 
2.5—400 30 -6.000 -6.000 -6.000 
2.5—400 60 -6.000 -6.000 -6.000 

1—800 2 -0.085 -0.055 -0.070 
1—800 5 -0.490 -1.000 -0.745 
1—800 10 -1.390 -1.690 -1.540 
1—800 20 -3.220 -3.720 -3.470 
1—800 30 -6.000 -6.000 -6.000 
1—800 60 -6.000 -6.000 -6.000 

2.5—800 2 -1.250 -1.010 -1.130 
2 . 5—800 5 -2.143 -2.040 -2.091 
2 . 5—800 10 -6.000 -6.000 -6.000 
2.5—800 20 -6.000 -6.000 -6.000 
2.5—800 30 -6.000 -6.000 -6.000 
2.5—800 60 -6.000 -6.000 -6.000 

Inactivation of MS-2 phage 

5 o 2 0. 050 -0.220 -0.085 
5 0 5 -0.250 -0.620 -0.435 
5 o 10 -0.990 -0.630 -0.810 
5 o 30 -1.330 -1.180 -1.255 
5 0 60 -1.850 -1.920 -1.885 
5 0 —120 -3.000 -3.220 -3.110 
5 o—180 -4.200 -4.290 -4 .245 
5 0—240 -4.320 -4.710 -4.515 

10 0 2 -0.200 -0.360 -0.280 
10 0 5 -0.410 -0.720 -0.565 
10 0 10 -1.040 -1.080 -1.060 
10 0 30 -2.050 -2.340 -2.195 
10 o 60 -3.110 -3 . 620 -3.365 
10 0—120 -4.600 -5.040 -4.820 
10 o—180 -5.200 -5.360 -5.280 
10 0—240 -5.470 -5.430 -5.450 

5—400 1 -0.520 -0.780 -0. 950 -0.750 
5—400 3 -1.100 -1.790 -2 . 280 -1.723 
5—400 5 -3.120 -2.800 -3 . 180 -3.033 
5—400 10 -4.080 -4.400 -4 . 920 -4.467 
5—400 20 -3.880 -4.880 -5. 050 -4.603 
5—400 30 -5.650 -5.750 -5. 960 -5.787 
5—400 60 -6.250 -6.100 -5. 950 -6.100 
5—400 —120 -6.700 -6.100 -6. 100 -6.300 
5—400—240 -6.630 -6.630 -6. 380 -6.547 



10—400 1 
10—400 3 
10—400 5 
10—400 10 
10—400 20 
10—400 30 
10—400 60 
10—400—120 
10—400—240 

0—400 1 
0—400 3 
0—400 5 
0—400 10 
0—400 20 
0—400 30 
0—400 60 
0—400—120 
0—400—240 

5 o 2 
5 o 5 
5 o 10 
5 o 30 
5  o 60 
5  o—120 
5 o—180 
5 o—240 

5 —100 2 
5 —100 5 
5 —100 10 
5—100 30 
5—100 60 
5 —100—120 
5 —100—180 
5 —100—240 

5 — 200 2 
5—200 5 
5—200 10 
5—200 30 
5—200 60 
5—200—120 
5—200—180 
5—200—240 

5—400 2 
5—400 5 
5—400 10 
5—400 30 
5—400 60 

•1.000 -1.140 
•2.200 -2.010 

-2.600 
•4.380 -3.850 
•5.040 -5.060 
•5.600 -5.490 
•5.720 -6.190 
•6.690 -6.680 
•6.790 -6.680 

0.030 0.000 
0.000 0.090 
•0.060 -0.110 
•0.080 -0.100 
•0.110 -0.040 
•0.220 -0.060 
•0.480 -0.200 
•0.450 -0.300 
0.800 -0.690 

0.010 -0.200 
0.040 -0.250 
0.460 -0.420 
1.210 -1.200 
2.350 -2.060 
3.810 -3.740 
•4.000 -4.440 
4.600 -4.620 

0.600 -0.640 
1.910 -2.110 
3.180 -3.090 
3.720 -4.530 
4.430 -4.700 
5.000 -5.200 
5.020 -5.190 
5.320 -5.370 

0.860 -0.850 
2.510 -2.490 
3.850 -3.960 
4.500 -4.590 
4.470 -4.850 
4.570 -5.490 
4.950 -5.330 
5.650 -5.870 

1.120 -1.270 
2.870 -2.990 
3.840 -4.180 
4.090 -4.280 
4.430 -4.810 

-1.300 -1.147 
-2.330 -2.180 
-3.320 -1.973 
-3.790 -4.007 
-5.660 -5.253 
-5.600 -5.563 
-5.640 -5.850 
-6.700 -6.690 
-6.740 -6.737 

0.015 
0.045 
-0.085 
-0.090 
-0.075 
-0.140 
-0.340 
-0.375 
-0.745 

-0.095 
-0.145 
-0.440 
-1.205 
-2.205 
-3.775 
-4 . 220 
-4.610 

- 0 . 6 2 0  
-2.010 
-3.135 
-4.125 
-4.565 
-5.100 
-5.105 
-5.345 

-0.855 
-2.500 
-3.905 
-4.545 
-4.660 
-5.030 
-5.140 
-5.760 

-1.195 
-2.930 
-4.010 
-4.185 
-4.620 
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5 — 400 —120 
5—400—180 
5—400—240 

-5.270 
-5.410 
-5.780 

-5.110 
-5.090 
-5.550 

-5.190 
-5.250 
-5.665 
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