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The antibacterial effect of electrolytically generated copper and silver separately and 

combined with free chlorine on Listeria monocytogenes was evaluated in filtered well water 

(FWW) and autoclaved dairy process water (ADPW). The inactivation rate (k = log,0 

reduction/minute) was determined. Slow bactericidal effects were observed in both FWW and 

ADPW after exposure to 400:40 or 800:80 IJQIL copper and silver compared to 0.15 mg/L 

chlorine. At least five hours of exposure was required for a 6 log10 reduction in the bacterial 

numbers with copper and silver; however, with chlorine, the exposure time was reduced to less 

than one minute for the FWW. Addition of 0.15 mg/L chlorine to water containing copper and 

silver resulted in a significantly enhanced inactivation rate as compared to chlorine alone in 

both FWW and ADPW. In ADPW, chlorine with copper (400, 800 (JQ/L) resulted in an 

increased k value compared to chlorine alone and copper alone. 
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L. monocytogenes, a gram-positive, non-spore-forming, tumbling motile short rod-

shaped bacterium, has emerged as a foodborne pathogen which can cause a serious disease 

in humans: listeriosis. Because of its high fatality rate among three groups, pregnant women, 

fetuses or newborn infants, and adults with an immunocompromised condition (Gellin and 

Broome, 1989), listeriosis outbreaks have attracted much attention in the food industry. In 

recent years, there have been three outbreaks of listeriosis in North America (Fleming et al., 

1985; Linnan et al., 1988; Schlech et al., 1983), each outbreak associated with the 

consumption of a specific food item. 

Two major outbreaks of listeriosis have been related to dairy products, Mexican-style 

soft cheese (Linnan et al., 1988) and pasteurized milk (Fleming et al., 1985). Therefore, 

preventing contamination of pasteurized products with L. monocvtoaenes has become a focus 

of attention within the dairy industry (Frank et al., 1990); it has been considered as an 

important objective of the government and the dairy industry to keep L. monocytogenes from 

post-processing contamination to guard against these outbreaks of listeriosis. 

Chlorine has been used as an effective disinfectant of microorganisms in different 

areas, including water and waste water, since the beginning of this century (Jacangelo et al., 

1987). In dairy and food industry, it is common to sanitize utensils and equipment, usually by 

chlorination. Although the antimicrobial efficiency of chlorine is greater than that of other 

chemical disinfectants against microorganisms, it can produce a group of halogens called 

trihalomethanes (THM), which have been found to pose a potential public health hazard (Cantor 

et al., 1978; Crump and Guess, 1980; Kuzma et al., 1977; Page et al., 1976). This 

documentation has only shown THMs to be a problem in drinking water; further study may 

prove it to be a problem in food production (Masri, 1986). Other studies have indicated that 
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chloroform can cause cancer in laboratory animals (Eschenbrenner, 1945; Cueto et al., 1976). 

Thus, there is a need for alternative disinfectants. 

Thurman and Gerba (1989) confirmed that copper and silver ions have disinfection 

ability in respect to bacteria and viruses. Electrolyticaliy generated copper and silver ions have 

demonstrated antimicrobial activity. There are several reports discussing the use of copper and 

silver ions with or without free chlorine to inhibit several types of waterborne bacteria (Kutz 

et al., 1988; Landeen et al., 1989a, 1989b; Yahya et al., 1989, 1990), a parasite (Cassells 

et al., 1991), and viruses (Yahya and Gerba, 1990). However, until the present no 

information has been available on the action of these disinfectants on pathogenic bacteria 

found in food and dairy industrial water. The main objective of this study was to evaluate the 

antibacterial effect of different concentrations (copper and silver ions, copper ion alone and/or 

reduced levels of free chlorine) on L. monocytogenes, and to determine the most effective way 

to control this bacteria in dairy process water. 
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History of Listeriosis Outbreaks 

The first cases of human listeriosis were documented by Nyfeldt in 1929. Between 

1929 and 1981, listeriosis was largely considered an animal disease. In 1981, a listeriosis 

outbreak occurred in the Maritime Province of Nova Scotia, Canada, which resulted in 34 

abortions and 7 adult casualties with a 44% fatality rate. In this outbreak, L. monocytogenes 

serotype 4b was isolated from coleslaw (Schlech et al., 1983). In 1983, another outbreak 

occurred in Massachusetts caused by pasteurized milk. It caused a 29% fatality rate (14 

deaths), including 7 mother-infant pairs and 42 adults. All of the adults had a previous history 

of illnesses or conditions associated with immunosuppression. Thus, most of the serious 

illness was in immunocompromised individuals (Fleming et al., 1985). In the spring of 1985, 

another outbreak in Los Angeles and Orange Counties, California, drew much attention to this 

foodborne transmission of listeriosis. In this case, Mexican-style soft cheese was the vehicle 

for an outbreak of listeriosis. This outbreak resulted in a 33% fatality rate (48 deaths) and 

included 93 mother-infant pairs and 49 adults (Linnan et al., 1988). 

Characteristics and Symptoms of Listeriosis 

Infection by L. monocytogenes usually follows the ingestion of the organism which 

can cause a severe disease called listeriosis. Listeriosis, which is caused by the gram-positive 

bacillus L. monocytogenes, usually manifests itself in the form of septicemia, meningitis, or 

abortion, and occurs most commonly in neonates and immunosuppressed patients. This 

disease can infect both human beings and domestic animals. The high risk infection group 

includes pregnant women, fetuses and newborn infants, and immunocompromised adults. L. 

monocytogenes can also provoke cattle abortion and mastitis. If such cattle suffer from 



mastitis, this bacteria may pass through the infected udder tissue and transfer to the milk when 

the animal secretes its milk (Songer, 1990, in class materials). 

Disease in a monogastric animal, an animal with a single stomach, is usually manifested 

as septicemia, with or without meningitis. With septicemia, the organism spreads from the gut 

throughout the body. Later on, this septicemia results in meningitis. The organism localizes 

around the brain and causes infection there, possibly resulting in meningitis disease. From the 

time of birth through the first 15 days, the infant is more susceptible to infection than at any 

other time. Septicemia occurs during this period and may be followed by meningitis. Although 

the infection can be maternal, the child can be infected after birth. Neonatal listeriosis occurs 

as neonatal meningeal sepsis both prior to birth and after birth. The mother can also be 

infected and develop septicemia during her pregnancy (Songer, 1990, in class materials). 

Domestic animals are the major source of the organism which causes infection in 

human beings. There are several infection routes, i.e. milk and meat products from domestic 

animals. Domestic animals harbor the organism in their intestinal tracks. The most common 

source in animals is contaminated silage, such as dried corn stem. Animals eat the silage and 

develop the disease. The organism passes through the ruminant and into the milk or the feces 

containing L. monocytogenes. Milk can also be contaminated by subsequent processing. In 

addition, the microorganism can survive the pasteurization by surviving inside macrophage 

(Songer, 1990, in class materials). 

Description of L. monocytogenes 

The Listeria genus is composed of 8 species: L. monocytogenes. L. ivanovii. L. innocua. 

L. welshimeri. L. seeliaeri. L. oravi. L. murravi. L. denitrificans (Rocourt et al., 1987). L. 

monocytogenes is the major microbial responsible for human listeriosis (Lovett, 1989). 

L. monocytogenes is gram-positive, small, motile short rod, 0.4 to 0.5 //m in diameter 
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and 0.5 to 2 j/m in length, with rounded ends (Lovett, 1989). The Listeria genus possess 

tumbling motility characteristics, or a slightly rotating mode, because they are flagellated. 

Other characteristics of Listeria genus are growth along the stab line and spreading 3-5 mm 

below the surface of the medium in an umbrella fashion; this may be witnessed as early as 24 

hours after inoculation. In culture, a small, smooth colony surrounded by a narrow rim of fi-

hemolysis is a phenomenon occurred on the sheep blood-containing medium plate (agar). B-

hemolysis is a special characteristic of L. monocytogenes, which is totally different from other 

species of Listeria. This phenomenon explains why L. monocytogenes has an ability to lysis 

the blood (Lovett, 1989). 

Most infectious microbial pathogens are repressed in foods by refrigeration, 

pasteurization, and/or the addition of selected antimicrobial agents. However, after the 

refrigerator was invented and widely used by industries and consumers. Pseudomonas species, 

and other psychrotrophic microorganisms, have become the predominant food spoilage 

microorganisms. In recent years, several new organisms of importance have emerged, in 

particular, a group consisting of enterotoxigenic Escherichia coli. Aeromonas hvdrophila. L. 

monocytogenes. Clostridium botulinum type E, and Yersinia enterocolitica (Palumbo, 1989). 

This psychrotrophic group was recently reviewed (Palumbo, 1986) and is of particular interest 

to food microbiologists because of its ability to grow at 4°C, which is a temperature once 

thought to be adequate to protect food from the hazards of food poisoning. Since it can grow 

and multiply very rapidly at a lower temperature (4°C), this is a significant health hazard in 

refrigerated food products. 

Listeria species grow well on simple laboratory media in the pH range of 5.0-9.0 

(Lovett, 1989), and L, monocytogenes has a temperature growth range of 2.5 to 44°C; the 

optimal temperature of growth, however, ranges between 20 and 37°C with the fast growth 

rate between 30 and 37°C (Seeliger, 1961). The presence of L. monocytogenes in pasteurized 
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milk raised considerable concern about the adequacy of milk pasteurization; however, L. 

monocytogenes may survive HTST (high temperature: 161°F, short time: 15 seconds) in 

treatment of milk (Bradshaw et al., 1985). In 1986, the Food and Drug Administration (FDA) 

concentrated its research efforts on the survival of these bacteria in the dairy process plant 

environment and in finished products (Frazier and Westhoff, 1988). Beuchat and Brackett 

(1990) reported L. monocytogenes can grow and survive on lettuce as influenced by shredding, 

chlorine treatment, modified atmosphere packing, and temperature. 

Distribution of L. monocytogenes in the Environment 

L. monocytogenes is widely distributed in the environment. Due to the ubiquitous 

nature and ability of L. monocytogenes to withstand environmental factors for growth and 

proliferation, it can be isolated from a large number of environmental sources. Listeria or L. 

monocytogenes has been isolated or detected from food including milk (Hitchins and Tran, 

1990), meat (Johnson et al., 1990), such as chicken (Gray and Killinger, 1966) and sheep 

(Gitter, 1985), water (Watkins and Sleath, 1981), silage (Fenlon, 1986), sewage (Watkins and 

Sleath, 1981; Al-Ghazali and Al-Azawi, 1986), and feces of many animals (Skovgaard and 

Morgen, 1988) including human beings (Brackett, 1988). Domestic animals are the 

predominant source of this microorganism in the environment (Brackett, 1988). Soil and dust 

are also the habitat of L. monocytogenes (Weis and Seeliger, 1975). Watkins and Sleath 

(1981) suggested that the high populations and incidence of L. monocytogenes in surface 

waters may make this bacterium as much of a public health threat as Salmonella. 

As a post pasteurization contaminant, the pathogen has been seen to multiply during 

curd formation in the cheese-making process, and most of the pathogen is entrapped in the 

curd (Papageorgiou and Marth, 1989). 



Detection and Isolation of L. monocytogenes 

Currently, a large number of methods have been suggested for the isolation and 

enumeration of the Listeriae in foods. L. monocytogenes can be successfully isolated from 

food and environmental sources requiring cold enrichment culturing at a temperature of 4°C 

for several weeks to several months. This is a very effective detection method and is standard 

procedure for this microorganism (Lovett, 1989). 

Gene probe and polymerase chain reaction (PCR) has been developed and applied to 

detect this bacterium because they are rapid, specific, and less expensive (Abbaszadegan et 

al., 1991). These methods are very powerful to detect microorganisms not only in the water, 

but also in the food. 

Action of Chlorine against L. monocytogenes 

Chlorine is widely used in the food and dairy industry as a disinfectant. The 

effectiveness of chlorine against many pathogens is well known because chlorination is a 

cheap and effective means to inactivate microorganisms. From a practical viewpoint, El-Kest 

and Marth (1988) concluded that L. monocytogenes is not particularly resistant to chlorine. 

Hence, its control in the food industry through a good program of cleaning and sanitizing 

should be no more difficult than control of any other non-spore forming bacterium, regardless 

of whether it is a pathogen or a cause of spoilage. 

The effectiveness of a sodium hypochlorite solution against L. monocvtooenes was 

determined by three factors. These were: (a) concentration of available chlorine (the higher 

the concentration, the greater its germicidal activity), (b) presence of proteins (the higher the 

concentration of protein, the greater the amount of chlorine neutralized), and (c) resistance of 

L. monocvtooenes to chlorine. El-Kest and Marth (1988) noted that there are also four factors 

that impact the resistance of L. monocvtooenes to chlorine. These are: (a) age of culture (24-
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hour-old culture was more resistant to chlorine than 48-hour-old culture), (b) medium used to 

grow the bacterium before treatment (cells of L. monocytogenes from a broth culture were 

more resistant than those from a slant culture), (c) time of exposure of L. monocytogenes to 

chlorine (resistant mutants were selected by the first seconds of exposure), and (d) the solute 

concentration around cells of L. monocytogenes (L. monocytogenes was more resistant to 

chlorine when the cells were suspended in a higher rather than a lower concentration of 

phosphate buffer). 

(1) Chlorine Chemistry 

Chlorine exhibits a rapid bactericidal action, even in trace amounts. Chlorine is often 

added as sodium hypochlorite. 

NaOCI + H20 - NaOH + HOCI 

Cl2 + H20 - H+ + CI + HCIO 

HCIO - - H+ + CIO 

With +1 oxidized number, CI moiety of either HCIO or CIO" possesses really strong oxidative 

capacity. In water, free chlorine exists as either hypochlorous acid (HCIO) or hypochlorite ion 

(CIO ). The direction of the chemical reaction depends on the pH value in the aqueous solution. 

The lower the pH value, the higher the rate of HCIO because the hydrogen ion of HCIO is 

stabled by the acidic aqueous solution. The higher the pH value, the higher the rate of CIO". 

For instance, at a pH of 6.0, 98% HOCI exists in the aqueous solution and the chemical 

reaction is to the left; whereas, at a pH value of 10.0, 99% OCI" exists in the solution and the 

chemical reaction is to the right (Dychdala, 1983). However, the rate of HOCI and OCI', 

50:50, does not exist at pH 8. Since this is not a linear equation, we can not determine the 
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equivalent point (pH) by regression analysis. Chlorine can react with nitrogen compounds and 

form chloramine. If chloramine is of the inorganic type; it shows a slight disinfection capacity 

(Best et al., 1990). If the chloramine is organic; however, it has little disinfection ability. 

(2) Biocidal Properties of Chlorine 

In general, the disinfection capacity of HCIO is greater than that of CIO". The higher 

the pH, the lower its disinfection ability (Scarpino et al., 1975). There are three possible 

mechanisms of the bactericidal action for chlorine: (a) damage to the membrane functions of 

the cell envelope (Camper and McFeter, 1979); (b) possible leakage of macromolecules 

(Venkobachar et al., 1977); and (c) oxidation of sulfhydryl groups of enzymes (Venkobachar 

et al., 1975). 

Unlike metal ions, free chlorine may have greater potential ability to pass through the 

cell membrane with uncharged moieties (Haas and Engelbrecht, 1980). Camper and McFeter 

(1979) utilized 14C labeled glucose and found chlorine had already broken the carbohydrate 

transport system and could not transport carbohydrates across the cell membrane; moreover, 

the transport system for amino acid was also impaired. 

Since the permeable function of bacterial cell membrane is altered after treated with 

chlorine, the possible leakage of macromolecules, such as protein, may occur (Venkobachar 

et al., 1977). 

Knox et al. (1948) confirmed that the bactericidal effect of chlorine is produced by the 

inhibition of certain enzyme systems essential to life, and that the mechanism is the result of 

the oxidative action of chlorine on the hydryl-sulfyl (SH) groups of vital enzymes sensitive to 

oxidation by chlorine. Later, Venkobachar et al. (1975) suggested that chlorine is able to 

oxidize the active thiol group of the respiratory system enzymes and inhibit their activity. 

Furthermore, Venkobachar et al. (1977) indicated that chlorine may disrupt the enzyme 



involved in the electron transport chain. 
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Mechanisms of Copper and Silver 

Chlorination of water containing organic materials has been shown to result in the 

production of mutagenic substances such as trihalomethane compounds (THM) (Masri, 1985). 

The formation of potentially carcinogenic THM compounds during water treatment by free 

chlorine has resulted in a search for alternative disinfectants. 

The ability of metals to destroy bacteria or to inhibit their growth has often been noted 

(James, 1971). Copper and silver ions have been used as disinfectants since the beginning 

of this century. Lund (1963) concluded that the inactivating capacity of heavy metal ions is 

due to their oxidation power and suggested that a functional relationship exists between the 

inactivation rate and oxidation potential of the ion. The inactivation targets may be proteins 

or nucleic acids. 

Barton and Lippard (1980) indicated that thiolated nucleotides generally are highly 

specific centers for stable heavy metal attachment. Sterritt and Lester (1980) indicated that 

if metal ions are able to pass through the bacterial membrane and enter the cytoplasm, the 

toxic effects are greater. The metal may complex with bacteria synthesized ligand where it 

is located near the exterior cell membrane and transferred into the cytoplasm by transport 

mechanisms (Wood, 1984a). Copper and silver ions easily react with sulfhydryl groups of 

enzymes in the cytoplasm of bacteria and alter the function of enzymes. Wood (1984a) also 

indicated that there is evidence that the binding of heavy metals to the DNA of bacteria and 

bacterial spores occurs. 

(1) Copper Chemistry 

Ideally, copper exists as non-charged Cu in nature because E° value of Cu*2 is greater 
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than zero ( Cu+2 + 2e'-» Cu, E° value is 0.337 volts. Christian, 1986). In fact, there are 

several cupric compounds, for instance cupric sulfate, which exist in nature because their total 

E° value is greater than zero. 

In this study, copper was generated electrolytically by applying an ampere (1 volts) 

between two copper electrodes, or copper and silver electrodes. Since the copper unit 

contains almost 100% (99.93%) copper (reduced status), the copper is expected to be 

oxidized to oxidized status (Cu+2) by the use of sufficient electrical power in the aquatic 

solution. 

Chelation is a phenomenon which always occurs with heavy metal ions, such as Cu*2, 

Ag+1, Ni+2, and Fe+3; they chelate with NH3, CO, or CN', and form Cu(NH3)4
+2, Ag(NH3)2

+1, 

Ni(CO)4, and Fe(CN)6"3. Daune (1974) expressed chelation as the complexation involving two 

or more bonds between a metal ion and ligands. 

(2) Biocidal Properties of Copper 

Diluted solution cupric sulfate (CuS04.5H20) has been used for a long time as a 

disinfectant against fungi or bacteria. The first report of the use of this mysterious property 

of cupric sulfate was documented in the Tang Dynasty (A.D. 618-907) in China (Anonymous, 

1978). However, there was no reported information about the disinfection mechanism of 

cupric sulfate. 

There are three possible mechanisms of the bactericidal action of copper: (a) oxidization 

of sulfhydryl groups of enzymes (Sterritt and Lester, 1980); (b) binding sulfhydryl groups of 

respiratory enzymes (Domek et al., 1984); and (c) binding of DNA (Ueda et al., 1980). 

Metal ions commonly substitute for other metal ions of a similar size. Martin (1986) 

explains that it is the substitution of copper ions for other metal ions which provides the basis 

for the toxicity of copper. For instance, copper ( + 2) ion may substitute zinc ( + 0) and form 
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copper ( + 0) and zinc ( + 2) in the aquatic solution because the total redoxidation potential (E° 

value) is greater than zero. At this point, the toxic effect of copper (+ 2) ions is constituted. 

Only copper ion (either Cu*2 or Cu + 1 ) possesses disinfection ability. Non-charged 

copper (Cu) is not believed to have disinfection ability. Copper (I) ion is more toxic to E. coli 

than copper (II) (Babich and Stotzky, 1980). Copper (II) ion easily forms the insoluble 

phosphate compound, Cu3(P04)2, and reduces its toxicity to Aerobacter aerooenes. thereby 

stabilizing the DNA double helix (Leonard, 1986). Also, the copper (II) ion can form chelates 

through the carboxylate and amino groups (Martin, 1986), whereas, copper (I) can bind with 

bases, thereby decreasing the stability of the helix. 

Fair et al. (1971) described metals ions as bactericidal, but not readily cysticidal or 

virucidal, in acceptable concentrations. James (1971) reported that water (without free carbon 

dioxide) can be sterilized by clean, metallic copper. Free carbon dioxide can react with metallic 

copper and form cupric carbonate. When the alkalinity of the water is mainly due to calcium 

carbonate, both copper and copper precipitates are highly toxic to E. coli. In a Tucson tap 

water study (Thurman and Gerba, 1989), the synergistic effect of chlorine, copper, and silver 

ions on E. coli was evaluated. After 2 minutes, 100 //g/L chlorine showed no significant 

difference from the controls containing no chlorine. However, with the addition of 380 />g/L 

electrolytically generated copper, 38 fjg/L silver ions, and 100 fjg/L chlorine, a significant 

decrease in mean log colony forming units (CFU) per milliliter was observed. 

Like other heavy metals, copper can disrupt the enzyme structure and function by 

binding the thiol or other amino acids group of protein molecules. If aquatic systems contain 

many amino acids, the copper ion can also bind with the residue of amino acids in the water. 

Copper (+ 2) ions may denature the enzyme because copper may serve as a switch for a metal 

coenzyme in the enzyme systems, which can change the whole enzymatic activity (Sterritt and 

Lester, 1980). Domek et al. (1984) discovered evidence for the role of copper in the injury 
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process of coliform bacteria in drinking water. The inactivation mechanism of copper is such 

that copper may attack respiratory enzymes in the cell membrane of E. coli. These results 

suggest a fermentation pathway, rather than the utilization of oxygen. Over 90% injury 

occurred after one day's exposure to 50 /.;g/L copper at 22°C. Increased concentrations of 

copper (250 //g/L) caused a faster rate of injury. Furthermore, Domek et al. (1987) indicated 

that copper injury to E. coli by exposure to 1.8 mg/L copper reduces the utilization of oxygen 

by 75% as a result of injury to the respiratory enzyme system of the citric acid cycle (TCA 

cycle or Kreb's cycle) and increased the fermentation pathway. 

CeH12Oe (dextrose) — 2C2H6OH (ethanol) + 2C02 (carbon dioxide) + 2ATP 

Copper typically occurs as Cu + 2 outside the cell and Cu*1 inside the cell. Metal ions 

may function as either Lewis acids or bases when present as metal complexes, thereby 

enhancing displacement reactions. On the other hand, metal ions are important for maintaining 

the structure of many vital biological molecules, such as ribosomes, chromosomes, and tRNA. 

Copper ( + 2) ions have been shown to denature DNA molecules because Cu*2 as a divalent 

cation, when chelating with a phosphate group, may impose constraints which will break 

hydrogen bonds within a double-stranded structure, thus opening the double helix. These local 

conformational changes may result in increased chain flexibility and a decreased melting 

temperature of DNA. The stabilization or destabilization of molecules due to interaction with 

metal ions may affect their function and, subsequently, the viability of a microorganism. Ueda 

et al (1980) reported that Cu+2 possesses high affinity toward DNA molecules and can bind 

and disorder helical structures by interruption between the two strands of DNA. Copper ion 

(Cu+2) has a higher potential ability to form hydrogen bonds and bind with the base of DNA by 

competing with the other strand of the DNA molecule; therefore, Cu (II) disorders and breaks 
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down the rigid DNA molecule. Moreover, Martin and Marian (1979) stated that DNA molecules 

offer too many potential binding sites, including N and O of the base (both purine and 

pyrimidine), OH group of the ribose, and the negative charge of oxygen atoms in the phosphate 

residue. 

(3) Silver Chemistry 

In general, the E° value (reduction potential) of half reaction of silver ion is also greater 

than zero. In other words, it exists as silver atom in nature. 

Ag+1 + e'-* Ag, E° = 0.799 volts 

Chelation also occurs in the silver-containing aquatic solution, such that silver ion can 

react with ammonia in the water and form Ag(NH3)2* \ 

Ag+1 + 2NH, — Ag(NH3)2
+1 

If the aquatic solution contains too much chloride, it may produce silver chloride. 

Ag*1 + CI'1 -» AgCI 1 (white precipitation) 

(4) Biocidal Properties of Silver 

All silver salts are bactericidal, and metallic silver dissolves in water to an extent (10'6 

g/1) which is toxic to E. coN and Bacillus typhosus (James, 1971). Tilton and Rosenberg (1978) 

indicated, however, that cells may be rescued by stripping silver from the bacterial cell upon 

neutralization. Factors involved in neutralizing silver are amino acids, water hardness, 
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phosphates, chlorides, temperature, type of buffer, light, density of the bacteria, and salt 

concentration of the medium (Tilton and Rosenberg, 1978). 

Three probable mechanisms for repression by silver have been suggested: (a) 

interference with electron transport, which interferes with energy production; (b) binding to the 

DNA; and (c) interaction with the cell membrane (Tilton and Rosenberg, 1978). 

Silver (+ 1) ions have been shown to denature DNA. Silver-DNA complexes occur at 

bases, which cause denaturation by displacing hydrogen bonds between adjacent nitrogen of 

purines and pyrimidines; therefore silver ion has the ability to prevent replication. Rahn and 

Landry (1973) and Rahn et al. (1973) stated that silver can bind with phage DNA, increasing 

the rate of dimerization inside the phage upon ultraviolet irradiation. Grier (1983) stated that 

silver can react with electron-donating groups containing sulfur, oxygen, or nitrogen, which 

serve as net negative charge sites on molecules. Reversible binding of bases occurs without 

aggregation or disruption of the double helix. Wood (1984b) stated that in living cells, metals 

may bind to molecules in the following order: 

sulfur-rich bases > nitrogen/oxygen bases > oxygen bases. 

Petering (1976) indicated that silver is completely bound to proteins when applied 

topically. Martin (1986) reported that silver interacts with an ether sulfur (CH3-S-CH3), as 

occurred in methionine. It is an advantage for the silver ion to serve as a disinfectant if the 

bacteria or virus contains protein with cysteine or is methionine-rich. The ease of formation 

of insoluble compounds with anions, sulfhydryl groups, and many biological materials, such as 

enzymes, is responsible for the disinfectant activity of silver. 
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History and Procedure of Disinfection of Dairy Process Water 

Water reuse and recycle in food process operations may be reviewed as a reasonable 

option to reduce the need for additional water supplies, the volume of discharged effluent, and 

the energy required to heat or cool water to the temperatures required for various unit 

operations. The primary concern in incorporating higher levels of water reuse and recycle is 

the potential hazard to public health as a result of microbial or chemical contamination of the 

water, and potential transfer of contaminants to the edible products. When water is reused, 

the concentrations of such chemicals may increase. Another area of concern is the need to 

sanitize water, with chemicals such as chlorine, before it is reused (Masri, 1986). 

After flushing the process equipment and pipe, the water is stored in a tank. Each 

process day, this water may have a different chemical content. The major factor deciding the 

chemical composition of the water is the type of end product, such as milk and cheese. Six 

sanitizers are commonly used in the dairy and food industry (Table 1). 

Hypochlorite is often used to sanitize utensils and equipment in dairy and food handling 

and process industries. Prucha (1929) extensively studied chlorine compounds for sanitizing 

dairy farm and milk plant equipment. He recommended that: 

1. Utensils and equipment should be clean before employing a sanitizing solution. 

2. Freshly prepared chlorine solution should always be applied to utensils or equipment just 

before their use. 

3. 50 to 100 mg/L available chlorine should be employed for sanitizing large equipment and 

utensils and 200 mg/L for spraying application of large equipment. 

4. The contact time for an effective sanitation should be long enough to completely kill the 

bacteria, usually 10 seconds or longer. 

5. Chlorine compounds or solutions should not be added directly to products, e.g., milk, in an 

attempt to reduce the number of organisms. 



Table 1: Active Agents in Test Sanitizer 
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Sanitizer 

1. Acid anionic 

2. Acid 

3. Quaternary ammonium compound 
chloride iodine 

4. lodophor 

5. Inorganic chloride 

6. Organic chloride 

Active agent 

Linear alkyl benzene sulfonic acid 

Sulfonated oleic acid 

n-AlkyI dimethyl benzyl ammonium 

iodine 

Hypochlorous acid (sodium hypochlorite) 

Hypochlorous acid (sodium dichloro-s-
triazine trio) 

Adapted from Lopes's (1986) 
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Loveness (1934), in later work with hypochlorite, indicated definite improvement in 

bacteriologic quality of milk, as shown by plate counts and methylene blue reduction tests. 

According to the Grade A Pasteurized Milk Ordinance (U.S. Public Health Service, 

1965), a hypochlorite solution of at least 50 mg/L of available chlorine should be employed for 

sanitizing utensils and equipment with a minimum of 1-minute exposure time at a minimum 

temperature of 75°F (24°C) (Dychdala, 1983). In spraying applications, the chlorine level 

should be doubled. Other chlorine compounds may be used as sanitizer provided they will 

effect a fast bactericidal action equivalent to 50 ppm hypochlorite at a pH of 10 and a 

temperature of 75°F (24°C) with a one minute exposure time. The Food Service Sanitation 

Manual (1962) Recommendation of the U.S. Public Health Service recommends a sanitizing 

rinse of at least 50 mg/L of available chlorine at a minimum of 75°F (24°C) to sufficiently 

destroy microorganisms. 

Acid-anionic surfactant sanitizers have been successfully used for about four decades 

in the dairy, beverage, and food processing industries in diverse applications. They are used 

to sanitize stainless steel equipment, utensils, and other surfaces to combat microbial 

contamination and spoilage, thereby preserving good food quality. By means of circulation, 

spraying, or fogging techniques, sanitizing with acid-anionic surfactant sanitizer of storage 

tanks, tank trucks, silos, and processing equipment has been practiced effectively in the dairy 

industry for many years. Also in the manufacture of cheese, bacteriophage can be effectively 

controlled by acid-anionic surfactant sanitizer. On dairy farms, solutions of acid-anionic 

surfactant sanitizer are employed to disinfect cows' udders prior to milking as a precautionary 

measure for combating contamination and mastitis-causing infections (Dychdala, 1983). 
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Preventing contamination of pasteurized products with L. monocytogenes has become 

a focus of attention within the dairy industry (Frank et al.( 1990). Post contamination of 

pasteurized products with L. monocytogenes is usually associated with contamination of the 

processing plant environment (Terplan et al., 1986; U.S. Food and Drug Administration and 

Milk Industry Foundation/International Ice Cream Association, 1988). Improved guidelines for 

controlling environmental contamination of dairy products (Food and Drug Administration and 

Milk Industry Foundation/International Ice Cream Association, 1988) and measures for 

controlling growth of pathogens in food processing environments have recently been published 

(Gabis and Faust, 1988). 

The production of halogenated mutagens in various water supplies by reaction of 

chlorine with organic precursors has been studied (Masri, 1986). Because of the problem 

encountered with high levels of halogen, which can produce mutagens or may be a 

carcinogenic compound, the efficacy of alternative disinfectants, combined with or without low 

levels of chlorine, on the foodborne pathogen L monocytogenes (possibly in the dairy reused 

wash water) has to be evaluated. 

The purpose of this study was to determine the efficacy of copper and silver ions as 

alternative disinfectants to high levels of chlorination, both separately and combined with 

chlorine, for the inactivation of L. monocytogenes in water and dairy process water for 

application in the dairy and food industry. 
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Water Source and Preparation 

Water was drawn from the Martin Street well, which is located at the University of 

Arizona, Tucson, Arizona. Recycled process water samples were collected twice from a dairy 

processing plant in the Phoenix, Arizona area, and shipped to Tucson. An acid washed, 20 liter 

polyethylene container was used to collect water samples, which were stored at 7°C in a 

refrigerator until used. Water was filtered and sterilized through a 0.2 fjm filter (Costar, 

Cambridge, MA); dairy process water was autoclaved, and pH adjusted to 7.3 ±0.1 with 1 

N HCI. Chemical analysis was performed using a Hach (Loveland, CO) colormetric method 

adapted from Standard Methods for the Examination of Water and Wastewater (APHA, 1989, 

17th ed.) and Official Methods of Analysis (AOAC, 1990, 15th ed.). Analyses included free 

chlorine, total chlorine, pH, total alkalinity, total hardness, calcium hardness, magnesium 

hardness, chloride, total phosphate, sulfate, nitrogen (nitrate), turbidity (nephelometric turbidity 

units), and conductivity. Copper and silver were measured by atom absorption spectrometer 

method (Hitachi 180-70, hollow cathode lamp). After filtration of well water, the chemical 

compound was rechecked and compared with its condition prior to filtration. 

Preparation of Glassware and Polyethylene Containers 

All glassware and polyethylene containers were soaked in 12.5% nitric acid for 12 

hours to remove metal or organic compound contaminants. Prior to each experiment, 

containers were rinsed with distilled water and autoclaved. Glassware and polyethylene 

containers used in the chlorine disinfectant experiments were soaked in 1 mg/L chlorine for 12 

hours to reduce the chlorine demand. All experimental test systems were carried out in 100 

ml polyethylene beakers. Disposable plastic pipets (Falcon; Lincoln Park, N.J.) were used to 
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avoid chemical contaminant from reused glass pipets. Dark-colored bottle was used to prepare 

chlorine stock solutions (around 100 mg/L). 

Culture Preparation 

L. monocytogenes (strain ATCC 19115), obtained in a lyophilized form from the 

American Type Culture Collection (Rockville, MD), and grown on Tryptic Soy Broth (TSB; 

DIFCO, Detroit, Ml), was covered with glycerol until use. Three days before the experiment, 

one loop culture was taken from the original test tube, streaked onto R2A agar (DIFCO, Detroit, 

Ml), and incubated at 37°C (Seeliger, 1961) for 24 hours. Two days before the experiment, 

one to two colonies were inoculated and grown onto 10 ml TSB solution for 24 hours at 37°C. 

One day before the experiment, 1 ml of the TSB culture was inoculated into a 100 ml TSB 

bottle, and then incubated with continuous shaking in 37°C for 24 hours. Cells were washed 

in filtered well water (FWW) by centrifugation (Beckman, Model J2-21 centrifuge, Palo Alto, 

CA) at 12,100 x g for 10 minutes; then cells were resuspended in FWW. This step was 

repeated 3 times. The final suspension, containing a cell density of ca. 4 x 108 organisms per 

ml compared to a McFarland solution no. 1 standard (a suspension of barium sulfate 

precipitate), was added to the water to achieve final cell amounts of 3 to 4 x 106 organisms 

per ml. 

Neutralizer 

To stop the action of the disinfectants against L. monocytogenes, a neutralizer solution 

was mixed immediately with each sample taken after each time interval. A neutralizer, 

containing 14.8% (1.47 mM) sodium thiosulfate (Fisher Scientific, Fair Lawn, N.J.) and 10% 

(2.19 mM) sodium thioglycollate (Sigma, St. Louis, MO) in distilled deionized water (2.5 ml), 

was filtered through a 0.2 pm pore size filter (Arcodisc, Gelman Sciences; Ann Arbor, Ml). 



At the beginning of this entire experiment, the toxicity of neutralizer to bacteria had to 

be confirmed. The result showed there was no significant difference between neutralizer 

treatments and no neutralizer treatments at 30 and 60-minute-intervals. Compared to the 

former study (Chambers, 1956), toxicity and effectiveness of this neutralizer were determined. 

It was non-toxic to the bacterium and effectively neutralized the activity of chlorine. 

Media Preparation 

R2A medium (a non-selective nutrient agar) was used for plating and inoculating of the 

bacteria to help recover injured bacteria. A Listeria selective McBride Listeria Agar (BBL, 

Becton Dickinson; Cockeysville, MD) was also used as a reference media. A sterile Bacto-

peptone (0.1% solution; DIFCO; Detroit, Ml) was used for all dilutions. 

Selective McBride Listeria Agar, which contain 0.5 gram lithium chloride per liter, is the 

most recent medium developed for the isolation of L. monocytogenes (McBride and Girard, 

1960). However, since the selective agents present in the media used for the isolation of 

Listeria have been shown to be inhibitory for injured bacteria of other genera, it is possible that 

the poor recovery of L. monocytogenes may be due to the presence of injured cells and their 

inability to grow on the selective media. Therefore, R2A is the major medium for the growth 

of L. monocytogenes rather than McBride Listeria Agar. 

Disinfectant Preparation 

Free chlorine was prepared from ca. 5.25% sodium hypochlorite (Georgia-Pacific; Los 

Angeles, CA) diluted with FWW to 100 mg/L chlorine stock and then diluted with FWW to the 

desired free chlorine concentration (0.10, 0.15, 0.20 mg/L). The concentration of free chlorine 

was measured at the beginning and end of each experiment, using the N, N, Diethyl-p-

phenylene diamine (DPD) method, adapted from Standard Methods for the Examination of 



Water and Wastewater (APHA, 1989, 17th ed.). The accuracy of this procedure was verified 

by titration of arsenious oxide, As203 (AOAC, 1990, 15th ed.) with less than 5% difference 

in the free chlorine concentration between both methods (Yahya, 1991, personal 

communication). 

For each experiment, new chlorine stock was prepared because sodium hypochlorite 

is not only easily affected by light, but also broken down during a long period of storage. 

FWW was used for making chlorine stock because well water is considered as zero chlorine-

demand. It is important to test for chlorine demand in autoclaved dairy process water (ADPW). 

Copper and silver ions were electrolytically generated in 1 liter of either FWW or ADPW 

utilizing copper and silver generating units (Electronic Pool Purity Units: Tarn-Pure USA; 

Chicago, IL) with an expected copper and silver ratio of 90:10. The unit was closed at one 

end, rinsed with hot autoclaved distilled water, filled with ca. 1 liter of ADPW (pH 7.3 ± 0.1), 

and then stirred continuously for a period long enough to generate the desired concentrations 

(ca. 18 to 23 seconds for 400:40 /yg/L copper and silver ions and 35 to 40 seconds for 800:80 

/yg/L copper and silver ions in the 90:10 unit) at room temperature. An estimate of the level 

of copper was determined at the beginning of each experiment using a copper test kit (model 

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

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

experiment using an atomic absorption spectrophotometer (Hitachi 180-70, hollow cathode 

lamp) and standard solutions of AgN03 and CuS04 (Fisher Scientific; Fair Lawn, N.J.) as 

described in Official Methods of Analysis (AOAC, 1990, 15th ed.). Linear regression equations 

were solved from standard solutions of concentration versus absorbance, and a correlation 

coefficient value of 0.997 or greater was obtained for each experiment. 

All copper and silver solutions, especially silver ion, were used within 1 hour after 

generation to minimize the effect of absorption by plastic containers (Landeen, 1989a). Since 
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the copper and silver-generating unit was used several times to generate ions, the ratio of the 

two ions was found to vary with each experiment. This made it necessary to wash the 

electrode with 1 % HCI before each use. 

The time required to generate 400:40 //g/L and 800:80 f j g / L  copper and silver in WW 

and FWW at room temperature is 18-23 and 35-40 seconds, respectively; because the amount 

of chemical compound contained in DPW was higher than that in WW, a longer time was 

necessary to generate the copper and silver unit, due to the difference in conductivity. 

Disinfection Test Systems 

Disinfection tests were performed with filtered well water (FWW) including (1) FWW 

without any disinfectant treatment (control system); (2) FWW contained 0.10, 0.15, or 0.20 

mg/Lfree chlorine; (3) FWW contained 0.10, 0.15, or 0.20 mg/Lfree chlorine with copper and 

silver (ca. 400:40 or 800:80 //g/L, respectively); (4) FWW contained copper and silver (ca. 

400:40 or 800:80//g/L, respectively); (5) FWW contained 0.15 mg/L free chlorine with copper 

(ca. 400 or 800 //g/L, respectively); and (6) FWW contained copper (ca. 400 or 800 //g/L, 

respectively) (Figure 9). Disinfection tests were performed with autoclaved dairy process water 

(ADPW I): (1) ADPW without any disinfectant treatment (control system); (2) ADPW contained 

0.15 mg/L free chlorine; (3) ADPW contained 0.15 mg/L free chlorine with copper and silver 

(ca. 400:40 and 800:80 //g/L, respectively); and (4) ADPW contained copper and silver (ca. 

400:40 and 800:80//g/L, respectively) (Figure 11). Tests were also performed with ADPW 

II: (1) ADPW without any disinfectant treatment (control system); (2) ADPW contained 0.15 

mg/Lfree chlorine; (3) ADPW contained 0.15//g/L free chlorine with copper (ca. 400 and 800 

//g/L, respectively); and (4) ADPW contained copper ion alone (ca. 400 and 800 //g/L, 

respectively) (Figure 13). All experiments were conducted at room temperature (23°C) and at 

pH 7.3 ± 0.1. 
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Experimental Design 

A bacterial suspension containing a cell density of ca. 4 x 10' organisms per ml 

compared to McFarland no. 1 standard (a suspension of barium sulfate precipitate), was added 

to 6 FWW and 4 ADPW systems containing no disinfectant, chlorine alone, copper and silver 

alone, copper alone, copper and silver with chlorine, and copper with chlorine, at the 

concentrations mentioned above. During the entire experiment, a stirring bar was used to 

ensure even distribution of the bacteria. Samples (1.3 ml) were taken at predetermined 

intervals, added immediately to sterilized microcentrifuge tubes (1.5 ml; Fisher Scientific; 

Pittsburgh, PA), and thoroughly mixed with neutralizer. Each tube contained 12 //I of a 

neutralizer solution. One ml of this suspension was diluted in 9 ml of a 0.1 % peptone solution, 

and 0.2 ml of the dilution was spread on duplicate R2A agar plates and incubated at 37°C for 

48 hours before counting. Plating from the appropriate dilutions of the neutralized mixture was 

carried out to determine the colony forming units (CFU) of L. monocytogenes per ml that 

survived after a specific time of exposure to the disinfectant. Plates were enumerated, and 

the numbers of L. monocytogenes calculated, as CFU/ml and inactivation rates (k) were 

determined. A minimum of 2 experiments was performed for each disinfection test system. 

Confirmation and Identification of L. monocytogenes 

There are several characteristics to confirm the identity of L. monocytogenes, including 

gram stain, catalase test, color and morphology on standard plate count (SPC) agar, and 

motility and growth on McBride Listeria agar (BBL, Becton Dickinson; Cockeysville, MD). 

(A) Gram stain is for determination of positive or negative, based on color tests. 

(B) Hydrogen peroxide (H202) is for the detection of catalase reaction. 

(C) SIM agar is for showing the motility of bacteria. 

(D) McBride Listeria agar is for selecting Listeria species. 
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These tests were conducted on a regular basis to confirm the identity of the test 

organism. 

(1) Gram Stain 

The gram stain method is a very useful way to divide bacteria into two major groups: 

gram-positive and gram-negative. The results depend on the chemical composition of the 

bacterial cell wall. In general, the gram-negative is less resistant to disinfectant, disintegration 

by mechanical treatment, or exposure to some enzymes, and more resistant to penicillin 

(Pelczar and Reid, 1958). The results showed gram-positive (L. monocytogenes) exhibits 

purple, while gram-negative (P. aeruginosa) exhibits red. 

(2) Catalase Reaction 

Hydrogen peroxide (H202) is used in this test. If the microorganism is catalase positive, 

bubbles will form due to the release of oxygen from decomposition of the hydrogen peroxide. 

2 H202 - 2 H20 + 02 t 

(3) Motility Test 

The umbrella shape of L. monocytogenes grown on the top is one of the characteristics 

to test its motility. The Bacto SIM Medium (DIFCO, Detroit, Ml) is recommended for use in the 

determination of motility. 

Data Analyses 

Linear regression analysis is not useful in determining the rate of bacterial reduction 

because the curve is not linear; however, the inactivation rate (k) was calculated as follows: 
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k = -[log10C, - loa10C0]/t 

where Ct and C0 were the final and initial concentrations of L. monocytogenes, respectively, 

and t represents time in minutes. The log10 reduction per minute for each time interval was 

calculated as follows: 

log10 njU0 (cfu/ml) 

where N, and N0 symbolized the final and initial reduction of bacterial numbers, respectively, 

whereas cfu/ml indicates colony forming unit per ml. Linear regression equation analysis was 

used to determine the correlation coefficient 2: critical value required for 95% confidence level 

and also representing 99.9999% reduction. 

Mathematically, the equation of the line can be expressed as: 

y = mx + b 

where b is the y-intercept, and m is the slope. 

Compared with the mathematical linear equation, the results of the experiment can be 

expressed as: 

Ioq,0 C,/C0 = -kt + b 

where k is the inactivation rate. Rearranging the above equation, the inactivation rate can be 

written as: 

k = -{Hog10 C J C 0 ] - b}/t 

A statistical computer program (CoStat Statistical Software; CoHort Software, 

Berkeley, CA., 1986) was utilized for the Analysis of Variance (ANOVA) in order to decide the 

significant levels of difference between each disinfection systems (p £ 0.05). 
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Inactivation of L. monocytogenes by Disinfectants in Well Water 

Because of the demand of chlorine for disinfecting bacteria in the test system, 0.10 

mg/L chlorine showed no statistically significant difference in inactivation rate as compared to 

the control without disinfectant; however, if after 3 minutes exposure to 0.10 mg/L chlorine, 

there might be significantly different from the control without disinfectant (1 log,0 difference). 

Also, D-value in minutes for L. monocytogenes after exposure to 0.10 mg/L free chlorine is ca. 

a 100 times greater than that of control without disinfectant (Table 3). Thus, 0.10 mg/L 

chlorine is significantly different from the control without disinfectant. Treatment with 0.20 

mg/L chlorine without any other disinfectant was the most effective. The addition of 400:40 

/jg/L copper and silver to 0.10 mg/L chlorine; however, made a significant difference from 0.10 

mg/L chlorine in the inactivation rate. There was no significant difference between 0.15 mg/L 

and 0.20 mg/L free chlorine; however, 0.15 mg/L was significantly different from 0.10 mg/L 

of free chlorine. This experiment also showed that an inactivation rate in the presence of 0.15 

mg/L free chlorine combined with copper and silver ions (800:80 fjgIL), resulted in a 

significantly greater rate of inactivation than 0.20 mg/L free chlorine with copper and silver 

ions (400:40 fjg/U (Figure 1-9, Table 2). The D-value method is another technique applied to 

obtain higher efficiency of disinfection, especially in the food industry (Table 3). Results were 

calculated from the regression line equation. 

The efficacy of inactivation of L. monocytogenes by different chlorine concentrations 

(0.00, 0.10, 0.15, and 0.20 mg/L) was shown in Figure 1. The results showed that the rapid 

reduction of bacterial numbers in the presence of 0.15 and 0.20 mg/L free chlorine treatment 

occurred in the first 20 seconds; the reduction then slowed until the bacteria were completely 

destroyed by 1 minute. This phenomena did not occur in the 0.10 mg/L free chlorine 
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treatment. The results also showed that there was no significant (p£0.05) difference between 

0.15 and 0.20 mg/L free chlorine; however, there were significant (p£0.05) differences 

between 0.10 and 0.15 mg/L. In comparing the four different chlorine treatments, the higher 

the chlorine concentration, the greater the rate of bacterial inactivation. The inactivation rates 

for exposure to 0.00, 0.10, 0.15, and 0.20 mg/L of chlorine are listed in Table 2. 

The inactivation of L. monocytogenes by different concentrations of copper and silver 

ions (400:40 and 800:80 //g/L> was indicated in Figure 2. Inactivation rates (k values) of L. 

monocytogenes were determined by exposure to 400:40 and 800:80 /yg/L copper and silver. 

Inactivation of L. monocytogenes by copper and silver is relatively slow compared with that 

of free chlorine.. The inactivation rates for exposure to 400:40 and 800:80 /vg/L of copper and 

silver are listed in Table 2. The comparison of the inactivation rate of the bacteria for these 

two treatments is graphed in Figure 2. The results showed the k value for copper and silver 

(400:40 j/g/L) was similar to that of 800:80 */g/L at 120 minutes after exposure; however, an 

increasing difference was observed between 120 minutes and 240 hours after exposure. The 

results also showed that the k-value for copper and silver (400:40 or 800:80 |/g/L) was similar 

to that of the control without disinfectant after 15 minutes exposure; however, an increasing 

difference was observed between 15 minutes and 4 hours after exposure. 

The purpose of Figure 3 was to examine L. monocytogenes inactivation by different 

concentrations of chlorine (0.00, 0.10, 0.15, 0.20 mg/L) and copper and silver ions (400:40 

l/g/L). In this experiment, we fixed the copper and silver ions concentration at 400:40 fjQlL 

and varied the chlorine concentrations. The statistical analyses of inactivation rates (k-values) 

showed that there were no significant differences among 0.00, 0.10 mg/L chlorine and 400:40 

/vg/L copper and silver ions after 120 seconds of contact. There was no significant (ps0.05) 

difference between 0.15 and 0.20 mg/L free chlorine. The results also showed that there were 

significant (p s0.05) differences only at 0.10 mg/L free chlorine and a combined system of free 
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Table 2: Mean and Standard Deviation of the Inactivation Rate (k) of L. monocytogenes 

by Different Treatments and Concentrations of Disinfectants in Filtered Well 

Water by ANOVA 

Treatment Concentration Mean km S.D.'21 N<3) 

No Disinfectant 0.0073 0.0052 6 

Chlorine 0.10 mg/L 0.7296 0.3717 3 

Chlorine 0.15 mg/L 6.8397 0.6325 4 

Chlorine 0.20 mg/L 8.3790 2.2138 3 

CIMI + Cu:Ag 0.10 mg/L + 400:40//g/L 5.2116 0.7616 3 

CI + CuIB,:Ag 0.15 mg/L + 400:40/yg/L 7.3560 0.4608 2 

CI + Cu:Ag,8> 0.20 mg/L + 400:40 /yg/L 9.9309 0.5350 2 

CI + Cu:Ag 0.15 mg/L + 800:80 //g/L 14.5365 0.3585 2 

Cu:Ag 400:40 /yg/L 0.0189 0.0024 4 

Cu:Ag 800:80 //g/L 0.0206 1.52 x 10-5 2 

Cu 400 /yg/L 0.0082 1.39 x 10"6 2 

Cu 800 //g/L 0.0106 3.09 x 10B 2 

CI + Cu 0.15 mg/L + 400/yg/L 7.0722 0.0023 2 

CI + Cu 0.15 mg/L + 800 /yg/L 8.8590 0.0004 2 

111 Inactivation rate, k = -[log,0(C0/C,)] t (t: min.) 
121 S.D.: Standard deviation 
131 N: Number of experiments 
141 CI: Chlorine 
161 Cu: Copper 
191 Ag: Silver 
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Table 3: D-Value in minutes for L. monocytogenes after Exposure to Different 

Concentration of Chlorine with and without Copper and Silver in Filtered Well 

Water 

Treatment Concentration 2D'1' 4D,2> 6DI3> 

No Disinfectant 428.47 775.11 1121.88 

Chlorine 0.10 mg/L 4.06 7.69 11.72 

Chlorine 0.15 mg/L 0.28 0.57 0.87 

Chlorine 0.20 mg/L 0.19 0.44 0.69 

Cu:Ag 400:40 //g/L 97.24 204.51 311.78 

Cu:Ag 800:80 //g/L 85.86 183.19 280.52 

Cu 400 //g/L 223.20 466.86 710.52 

Cu 800 //g/L 164.37 352.85 541.32 

CI4 + CuIBI:Ag161 0.10 mg/L + 400:40//g/L 0.50 0.89 1.28 

CI + Cu:Ag 0.15 mg/L + 400:40//g/L 0.19 0.46 0.73 

CI + Cu:Ag 0.20 mg/L + 400:40 //g/L 0.12 0.33 0.53 

CI + Cu:Ag 0.15 mg/L + 800:80//g/L 0.11 0.25 0.39 

CI + Cu 0.15 mg/L + 400//g/L 0.23 0.52 0.80 

CI + Cu 0.15 mg/L + 800//g/L 0.20 0.42 0.65 

111 2D: 99% (2 log) reduction of initial number of bacteria 
121 4D: 99.99% (4 log) reduction of initial number of bacteria 
(3> 6D: 99.9999% (6 log) reduction of initial number of bacteria 
,4' CI: Chlorine 
161 Cu: Copper 
181 Ag: Silver 
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Fjgure 2: Inactivation of L-
monocvtogenes by copper and silver ions 
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Figure 3: Effect of chlorine and copper 
and silver ions (400:40 iig/L) 
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chlorine and copper and silver ions (400:40//g/L). There were significant differences among 

the three chlorine and metal combinations (0.10 mg/L chlorine with 400:40 //g/L copper and 

silver, 0.15 mg/L chlorine with 400:40 //g/L copper and silver, and 0.20 mg/L chlorine with 

400:40 //g/L copper and silver) by two-way ANOVA. 

The purpose of the experimental results shown in Figure 4 was to examine the effect 

of 0.15 mg/L chlorine and different concentrations of copper and silver ions. Inactivation rates 

(k-values) of L. monocytogenes were determined by exposure to 0.15 mg/L free chlorine and 

0.15 mg/L free chlorine with either 400:40 or 800:80 //g/L copper and silver. These values 

were not shown to be statistically (p<0.05) different between free chlorine (0.15 mg/L) and 

free chlorine (0.15 mg/L) with 400:40 /jgIL copper and silver ions; however, they were 

significantly different with the addition of 800:80 //g/L copper and silver. 

The effect of different concentrations of copper and silver ions (400:40, 800:80 //g/L) 

and copper ion (400, 800 //g/L) is illustrated in Figure 5. Even though the results indicate that 

there were no significant differences after 30 minutes of exposure among the disinfectant 

treatments, (0, 400 //g/L copper, 800//g/L copper, 400:40 //g/L copper and silver, and 800:80 

//g/L copper and silver), there were significant differences among these treatments after 4 

hours of exposure. In Table 2, the results show that 800:80 //g/L copper and silver possesses 

the greatest k value among the 5 treatments, and no bacteria were detected after 6 hours of 

this treatment. This was followed by 400:40 //g/L copper and silver, then 800 //g/L, and lastly, 

400 //g/L. Even though the antimicrobial activity of the metals was slow, after 24 hours 

exposure to either 400 or 800 //g/L copper, no bacteria could be detected in the copper-

containing solution. 

The results shown in Figure 6 demonstrate the effect of 0.15 mg/L chlorine and various 

copper concentrations (400 and 800 //g/L). The results show no significant differences among 

these three disinfectant treatments (0.15 mg/L chlorine, 0.15 mg/L chlorine with 400 //g/L 
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Figure 5: Effect of copper and silver 
ions and copper ion (iig/L) 
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Figure 6: Effect of 0.15 mg/L chlorine 
and copper (iig/L) 
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copper, and 0.15 mg/L chlorine with 800 //g/L copper). Comparison of 400 //g/L copper, and 

copper and silver (400:40 //g/L) with chlorine (0.15 mg/L) is shown in Figure 7. In comparing 

0.15 mg/L chlorine with 400:40 //g/L copper and silver ions to 400 //g/L copper with 0.15 

mg/L free chlorine, there were no significant differences in the inactivation rates of the test 

organism. 

Comparison of the effect of 800 //g/L copper ion and 800:80 //g/L copper and silver 

ions with 0.15 mg/L free chlorine is shown in Figure 8. There were no significant differences 

between 0.15 mg/L free chlorine and 0.15 mg/L free chlorine with 400 //g/L copper; however, 

when copper and silver ions were added, there was an enhanced bactericidal effect. The k-

values of the 14 disinfectant combinations in a histogram was shown in Figure 9. 

(1) This analysis showed that the greater the concentration of both free chlorine and 

copper and silver ions or copper ion alone, the higher the k-value. 

(2) Even though there were no statistically significant differences (k-values) among the 

control with no disinfectant, 0.1 mg/L chlorine, 400:40 and 800:80 //g/L copper and 

silver ions, and 400, 800 //g/L copper ion alone before 3 minutes exposure, after 3 

minutes exposure, in Figure 1; Table 2, 0.10 mg/L free chlorine had the highest k-value 

and was significantly different from the control with no disinfectant. The greater the 

exposure time, the greater the difference from the control with no disinfectant. 

(3) The greatest k-value was in the presence of 0.15 mg/L free chlorine combined with 

800:80 //g/L copper and silver ions. 

(4) The inactivation rate of 400:40 //g/L copper and silver ions combined with 0.1 mg/L 

free chlorine was less than that of 400 //g/L copper ion with 0.15 mg/L free chlorine. 

The greater the k value, the lower the D-value. Among the 6-D value tests, there were 

7 treatments with D-values less than one minute. Only 2 of these 7 experiments used a single 

disinfectant (0.15 and 0.20 mg/L free chlorine). The results tabulated show that a combined 
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system of disinfectant is more effectively able to inactivate the L- monocytogenes (Table 3). 



Figure 7: Comparison of 400 pg/L copper 
and Cu:Ag with chlorine (0.15 mg/L) 
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Figure 8: Comparison of 800 ug/L copper 
and Cu:Ag with chlorine (0.15 mg/L) 
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Figure 9: Inactivation rates (k) of 
L- monocytogenes by various 

treatments 
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Legend for Figure 9. 

1. No disinfectant 

2. 0.10 mg/L chlorine 

3. 0.15 mg/L chlorine 

4. 0.20 mg/L chlorine 

5. 0.10 mg/L chlorine + copper and silver (400:40 Afl/U 

6. 0.15 mg/L chlorine + copper and silver (400:40 */g/L) 

7. 0.20 mg/L chlorine + copper and silver (400:40 yug/L) 

8. 0.15 mg/L chlorine + copper and silver (800:80 f j g I L )  

9. Copper and Silver (400:40 /JQIL) 

10. Copper and Silver (800:80 f j g / L )  

11. Copper (400 yug/L) 

12. Copper (800 yug/L) 

13. 0.15 mg/L chlorine + copper (400 f j g / L )  

14. 0.15 mg/L chlorine + copper (800 / j g / L )  
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Inactivation of L. monocytogenes by pisinfectants in Dairy Process Water (I) 

Results from experiments with dairy process water (I) indicated that 400:40 or 800:80 

//g/L copper and silver showed a bactericidal effect against L. monocytogenes (k = 0.0257 

and 0.0306, 6 log10 reduction in 238 min. and 196 min., respectively). However, this 

inactivation was significantly slower than with 0.15 mg/L chlorine (k = 0.3802, 6 log10 

reduction in 24 min.). The addition of 0.15 mg/L free chlorine to water systems that contained 

400:40 and 800:80 //g/L copper and silver showed a significantly greater inactivation rate of 

L. monocytogenes (k = 0.6012 and 0.7892, 6 log10 reduction in 10.16 min. and 7.66 min., 

respectively) as compared to chlorine alone (Figure 10; Table 4). 

The effect of 0.15 mg/L free chlorine and various copper and silver ion concentrations 

(400:40 or 800:80 //g/L) in dairy process water was indicated in Figure 10. The results 

indicated that there are no statistical differences in the inactivation rates on L. monocytogenes 

among 0, 400:40, and 800:80 //g/L copper and silver ions in dairy recycled water. The results 

also show that 0.15 mg/L free chlorine had the greatest inactivation rate. Combined with 

either 400:40 or 800:80 //g/L copper and silver ions, free chlorine (0.15 mg/L) showed 

enhanced antibacterial activity. The k values of combined systems showed no statistically 

significant difference between either 400:40 or 800:80 //g/L copper and silver ions with 0.15 

mg/L free chlorine; however, after 5 minutes exposure, there was at least one log10 increase 

for 800:80 //g/L copper and silver ions with 0.15 mg/L free chlorine. 

Since there are a greater variety of organic and other inorganic compounds in dairy 

process water than in well water, these factors probably affected and reduced the inactivation 

of the L. monocytogenes. More chlorine was added to satisfy the chlorine-demand in the dairy 

process water because there is a higher initial chlorine-demand. 

The results expressed as k-values of different treatments of filtered well water and 



Figure 10: Effect of 0.15 mg/L chlorine 
and Cu:Ag (pg/L) in dairy process water 
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Table 4: Mean and Standard Deviation of the Inactivation Rates (k) of L. monocytogenes 

by Different Treatments in Autoclave Dairy Process Water (I) by ANOVA 

Treatment Concentration mean k11' S.D.'2' M<3> 

No Disinfectant 0.0065 0.0066 4 

CI141 0.15 mg/L 0.3802 0.2222 3 

CI + CuIB,:Ag 0.15 mg/L + 400:40 fjQ/L 0.6012 0.0734 3 

CI + Cu:Ag161 0.15 mg/L + 800:80//g/L 0.7896 0.0459 3 

Cu:Ag 400:40 f j g / L  0.0257 0.0059 2 

Cu:Ag 800:80 f j g / L  0.0306 0.0067 2 

m Inactivation rate, k = -[log10(C0/C,)] t (t: min.) 
121 S.D.: Standard deviation 
131 N: Number of experiments 
Ml CI: Chlorine 
161 Cu: Copper 
161 Ag: Silver 
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autoclave dairy process water 0) are demonstrated in Figure 11. 

Lower inactivation rates of L. monocytogenes occurred by the same disinfectant 

combinations in dairy process water as in well water, especially at 0.15 mg/L free chlorine with 

400:40 fjglL copper and silver ions; however, there were no significant differences in 

inactivation rates between 400:40 and 800:80 />g/L copper and silver ions and between well 

and dairy process waters. Inactivation by chlorine exhibited greater variability in the different 

water samples; copper and silver ions by themselves, however, did not (Figure 11). 

Among the six different disinfectant treatments, only 0.15 mg/L free chlorine with 

800:80 IJQIL copper and silver ions possesses a D-value less than 10 minutes in dairy process 

water; however, the D-value was less than 30 seconds with the same treatments in well 

water. The inactivation rate of well water with this combined disinfectant system was almost 

20-fold greater than that in dairy process water (Table 5). 

As mentioned previously, the inactivation rate in filtered well water was totally different 

from that of dairy process water used in the statistical analyses (Table 6). 
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Legend for Figure 11 

1. No disinfectant 

2. 0.15 mg/L chlorine 

3. 0.15 mg/L chlorine + 400:40 //g/L copper and silver 

4. 0.15 mg/L chlorine + 800:80 i/g/L copper and silver 

5. 400:40 jug/L copper and silver 

6. 800:80 //g/L copper and silver 
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Table 5: D-Value in minutes for L. monocytogenes after Exposure to Different 

Concentrations of Chlorine with or without Copper and Silver in Autoclave 

Dairy Process Water (ADPW I) and Filtered Well Water (FWW) 

Treatment Concentration 2D"1 4D"> 60'" 

No Disinfectant (ADPW 1) 1526.27 3053.77 4581.28 

No Disinfectant (FWW) 428.47 775.11 1121.88 

Chlorine (ADPW 1) 0.15 mg/L 8.09 16.10 24.11 

Chlorine (FWW) 0.15 mg/L 0.28 0.57 0.87 

CI121 + Cu:Ag (ADPW 1) 0.15 mg/L+ 400:40 //g/L 3.44 6.80 10.16 

CI + Cu,3l:Ag (FWW) 0.15 mg/L + 400:40 /yg/L 0.19 0.46 0.73 

CI + Cu:Ag,4) (ADPW 1) 0.15 mg/L + 800:80 pg/L 2.59 5.13 7.66 

CI + Cu:Ag (FWW) 0.1 5 mg/L + 800:80 //g/L 0.11 0.25 0.39 

Cu:Ag (ADPW 1) 400:40 //g/L 77.84 158.03 238.21 

Cu:Ag (FWW) 400:40 //g/L 97.24 204.51 311.78 

Cu:Ag (ADPW 1) 800:80 //g/L 61.95 128.96 195.97 

Cu:Ag (FWW) 800:80 //g/L 85.86 183.19 280.52 

2D, 4D, 6D: 99%, 99.99%, 99.9999% (2 log, 4 log, 6 log, respectively) reduction of initial 
number of bacteria 

Ul CI: Chlorine 
131 Cu: Copper 
141 Ag: Silver 
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Table 6: Comparison of the Inactivation of £.. monocytogenes in Different Water 

Samples 

Treatment Mean k'1' S.D.121 N131 Significance141 

ADPW I18' 0.3207 0.3314 20 a 

fww<9i 3.5652 4.9487 17 b 

111 Inactivation rate, k = -[log,0(C0/C,)] + t (t:min.) 
121 S.D.: Standard deviation 
131 N: Number of experiments 
141 Treatment systems with different letters are significantly different (p£0.05) 
161 ADPW: Autoclave dairy process water 
181 FWW: Filtered well water 
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Inactivation of L monocytogenes by Disinfectants in Dairy Process Water (II) 

The purpose of this experiment is to investigate the different inactivation rates of 

different disinfectants (copper and silver; copper only) in dairy process water. Because the 

toxicity of silver is much higher than copper, and because silver is more expensive than copper 

(USEPA, 1989), we evaluated the effect of copper ions on L. monocytogenes in the presence 

and absence of chlorine. 

The results of experiments with dairy process water (II) indicated that 400 or 800 //g/L 

copper indicated a bactericidal effect on L. monocytogenes (k = 0.0052 and 0.0091, 6 log10 

reduction in 1323 minutes and 670 minutes, respectively). However, this inactivation was 

significantly (p s 0.05) slower than with 0.15 mg/L chlorine (k = 0.0850, 6 log10 reduction 

in 61.74 minutes). The addition of 0.15 mg/L free chlorine to ADPW systems that contained 

400 or 800 //g/L copper ion showed a significantly (p :£ 0.05) greater inactivation rate of L. 

monocytogenes (k = 0.1378 and 0.1693, 6 log,0 reduction in 37.73 minutes and 30.04 

minutes, respectively) when compared to chlorine alone (Figure 12-13, Table 7). 

The inactivation of L. monocytogenes by 0.15 mg/L chlorine and/or copper ion (400, 

800 //g/L) alone in the second dairy process water sample are shown in Figure 12. Even 

though the results indicate that 400 and 800 //g/L copper ion alone possessed no significant 

differences, they still have a 2 log10 difference at 7 hours exposure. The log,0 reduction of the 

bacteria number ends at 60 minutes. Other treatments are significantly different from each 

other. 

The purpose of Figure 13 was to compare the inactivation rates (k) of L. 

monocytogenes between FWW and ADPW (II) by the statistical histogram. The results show 

that there were significant (p s 0.05) differences among 0.15 mg/L chlorine, 0.15 mg/L chlorine 

with 400, and 0.15 mg/L chlorine with 800 //g/L copper (Table 7). The statistical analyses 
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Table 7: 
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Mean and Standard Deviation of the Inactivation Rates (k) of L- monocytogenes 

by Different disinfectants in Autoclave Dairy Process Water (II) by ANOVA 

Treatment Concentration Mean km S.D.121 N131 

No Disinfectant 0.0004 0.0001 4 

Chlorine 0.15 mg/L 0.0850 0.0037 2 

CIWI + CuIBI 0.15 mg/L + 400 //g/L 0.1378 0.0007 2 

CI + Cu 0.15 mg/L + 800 jug/L 0.1693 0.0064 2 

Cu 400 //g/L 0.0052 0.0018 7 

Cu 800 /;g/L 0.0091 0.0006 6 

111 Inactivation rate, k = -[log10(C0/C,)J t 
121 S.D.: Standard deviation 
131 N: Number of experiments 
141 CI: Chlorine 
161 Cu: Copper 



showed that there were significant differences between well and dairy water. For instance, 

the inactivation rate of 0.15 mg/L chlorine combined with copper ion (800 j/g/L) in well water 

is 52-fold greater than that of the same treatment in dairy process water (Table 8). 

The different disinfectants in the different types of water studied resulted in different 

outcomes by using D-value (Table 9). The result showed that treatment with 0.15 mg/L 

chlorine containing 800 VQ!L copper in dairy process water took around 30 minutes to reach 

a 6-D value; however, the same treatment in well water took less than 1 minute (Table 10). 

The survival of L. monocytogenes in well and dairy process water with no disinfectant 

treatment was illustrated in Figures 14 and 15. The results indicated that there were no 

significant differences between the first and second dairy process water samples; however, 

there were significant differences between well water and either of the dairy process water 

samples. 

Comparison of the inactivation rates (k) of L. monocytogenes in well and dairy process 

water with 0.15 mg/L free chlorine are indicated in Figures 16 and 17. The results show that 

there were no significant differences between the two different dairy process water samples; 

however, there were significant differences between well water and either the first or the 

second dairy process water sample (Table 11). The inactivation rates of the different water 

samples, filtered well water, the first, and the second dairy process water, disinfected by 0.15 

mg/L chlorine, are 6.8397, 0.3802, and 0.0850, respectively. 
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Legend for Figure 14 

1. No disinfectant 

2. 0.15 mg/L chlorine 

3. 0.15 mg/L chlorine 

4. 0.15 mg/L chlorine 

5. 400 //g/L copper 

6. 800 /yg/L copper 

+ 400 /yg/L copper 

+ 800 /yg/L copper 
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Comparison of the Inactivation of L. monocytogenes in Different Water 

Samples 

Treatment Mean km S.D.121 N131 Significance'41 

ADPW ll»» 0.0381 0.0592 23 a 

FWW161 3.2946 3.8346 18 b 

1,1 Inactivation rate, k = -[log10(C0/C,)] t (r.min.) 
121 S.D.: Standard deviation 
131 N: Number of experiment 
<4> Treatment systems with different letters are significantly different (p£0.05) 
161 ADPW II: The second sample of autoclave dairy process water 
161 FWW: Filtered well water 
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Table 9: D-Value in minutes for L. monocytogenes after Exposure to Different 

Disinfectants in the Autoclave Dairy Process Water (ADPWII) and Filtered Well 

Water (FWW) 

Treatment Concentration 2d'1' 4Dm 6Dm 

No Disinfectant (ADPW II) 4815.59 9585.86 1435612 

No Disinfectant (FWW) 428.47 775.11 1121.88 

Cu2 (ADPW II) 400 f j g / L  456.47 889.88 1323.08 

Cu (FWW) 400 JJQ/L  223.20 466.86 710.52 

Cu (ADPW II) 800 ;/g/L 229.76 450.04 670.32 

Cu (FWW) 800 /vg/L 164.37 352.85 541.32 

Chlorine (ADPW II) 0.15 mg/L 14.59 38.16 61.74 

Chlorine (FWW) 0.15 mg/L 0.28 0.57 0.87 

CI3 + Cu (ADPW II) 0.15 mg/L + 400 / j g / L  8.71 23.22 37.73 

CI + Cu (FWW) 0.15 mg/L + 400 f j g / L  0.23 0.52 0.80 

CI + Cu (ADPW II) 0.15 mg/L + 800 /vg/L 6.39 18.22 30.04 

CI + Cu (FWW) 0.15 mg/L + 800 /yg/L 0.20 0.42 0.65 

111 2D, 4D, 6D are represented as 99%, 99.99%, 99.9999% (2 log, 4 log, 6 log, respectively) 
reduction of initial number of bacteria 

121 Cu: Copper 
131 CI: Chlorine 



Figure 14: Survival of L. monocytogenes 
in well and dairy process water (no 

disinfectant) 
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Figure 15: Comparison of L-
monocytogenes inactivation rates (k) in 

well and dairy process water 
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Figure 16: Comparison of inactivation of 
L- monocytogenes in well & dairy process 

water by chlorine (0.15 mg/L) 
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Figure 17: Comparison of inactlvation 
rates (k) of l monocytogenes by 

chlorine (0.15 mg/L) in FWW and ADPW 
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Table 10: D-Value in minutes for L. monocytogenes by Chlorine in Different Water 

Samples 

Treatment Concentration 2Dni 4Dm 6Dm 

No Disinfectant (ADPW I12') 1526.27 3053.77 4581.28 

No Disinfectant (ADPW II131) 4815.59 9585.86 14356.12 

No Disinfectant (FWW'41) 428.47 775.11 1121.88 

Chlorine (ADPW 1) 0.15 mg/L 8.09 16.10 24.11 

Chlorine (ADPW II) 0.15 mg/L 14.59 38.16 61.74 

Chlorine (FWW) 0.15 mg/L 0.28 0.57 0.87 

111 2D, 4D, 6D: 99%, 99.99%, 99.9999% (2 log, 4 log, 6 log, respectively) reduction of initial 
number of bacteria 

B) ADPW I: The first sample of autoclave dairy process water 
131 ADPW II: The second sample of autoclave dairy process water 
MI FWW: Filtered well water 



Table 11: Comparison of the Inactivation of L. monocytogenes by Different Water 

Samples with 0.15 mg/L Chlorine Concentration 

76 

Treatment Mean km 

ADPWII16' 0.0286 

ADPWI'61 0.1666 

FWW1" 2.7402 

S.D.'2' N131 Significance141 

0.0437 6 a 

0.2374 7 a 

3.5471 10 b 

111 Inactivation rate, k = -Nog10{C0/C,)] t 
121 S.D.: Standard deviation 
131 N: Number of experiments 
141 Treatment systems with different letters are significantly different (p£0.05) 
161 ADPW II: The second sample of autoclave dairy process water 
161 ADPW I: The first sample of autoclave dairy process water 
m FWW: Filtered well water 
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DISCUSSION 

Untreated well water was chosen for use in this study instead of tap water to minimize 

metal contamination. Chemical analyses indicated that well water had low levels of 

phosphates and no detectable levels of chlorine, copper, or silver (Table 12). 

The chemical oxygen demand (COD) of dairy process water is much higher than that 

of well water (Table 13). This is due to the presence of organic compounds in the dairy 

process water, such as lipids, proteins, peptides, and even amino acid residues from rinsing 

and washing the dairy production line. Autoclaving dairy process water resulted in reduced 

COD values; however, there was no significant difference for well water before and after 

treatment. During autoclaving, heat may alter the function or break down organic compounds. 

El-Kest and Marth (1988) have previously evaluated the inactivation of L. 

monocytogenes by chlorine. They found that the greater the concentration of free chlorine, 

the faster the organism was inactivated. The inactivation efficacy was determined as D-values. 

They also indicated that the greater the concentration of protein, the greater the reduction in 

chlorine bactericidal activity. They also found that L. monocytogenes from a 24-hour-old 

culture was more resistant to chlorine than the cells from a 48-hour-old culture. Slightly 

different methods were used between the study reported here and that of El-Kest and Marth. 

These differences are listed in Table 14. 

The results of the study by El-Kest and Marth (1988) indicated that when L. 

monocytogenes was exposed to 5 mg/L free chlorine for 30 minutes, the number of survivors 

decreased by 5.7 log,0; however, in the present study, the results indicated that when L. 

monocytogenes was exposed to 0.2 mg/L free chlorine for only 50 seconds and the log10 

reduction was 5.8. The results of the two studies differ because the experimental conditions 

vary considerably; for example, L. monocytogenes culture, Scott-A appears much more 
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Table 12: Chemical Analyses of Martin Street Well Water and Dairy Process Water 

Well Water Dairy Process Water 

Sample 1 Sample 2 

Before After Before After Before After 
Filter Filter Autoclaving Autoclaving 

Free Chlorine (mg/L) 0 0 0.11 0 0.10 0 

Total Chlorine (mg/L) 0 0 0.46 0.18 0.41 0.13 

PH 8.47 8.49' 10.77 10.04' 10.28 10.34' 

Total Alkalinity 
(mg/L CaC03) 

117 118 808 762 646 479 

Total Hardness 
(mg/L CaC03) 

102 102 392 348 340 328 

Calcium Hardness 
(mg/L CaC03) 

99 97 237.5 225 249 228 

Magnesium Hardness 
(mg/L MgC03) 

3 5 154.5 123 91 100 

Chloride (mg/L) 32 30 54 50 60 55 

Total Phosphate (mg/L) 2.2 2.0 3.1 3.0 3.9 3.7 

Sulfate (mg/L) 74 70 112 120 170 172 

Nitrogen/Nitrate (mg/L) 3.5 3.0 11.2 8.9 4.4 3.8 

Nitrogen/Ammonia (mg/L) 0.31 0.27 1.42 1.30 1.24 1.17 

Copper ifjQ/L) <10 <10 <10 <10 <10 <10 

Silver (jug/L) <10 <10 <10 <10 <10 <10 

Turbidity (NTU2) 0.22 0.20 130 68 35 30 

Conductivity (mS/cm) 0.36 0.42 3.48 3.57 2.99 3.19 



pH was adjusted to 7.3 using 1 N HCI for experiments 
NTU for nephelometric turbidity units 
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Table 13: Biological Oxygen Demand (BOD) and Chemical Oxygen Demand (CODI 

(mg/L) of Well Water and Dairy Process Water 

Well Water Dairy Process Water 

1b 1a 2b 2a 3b 3a 4b 

bod6 2 0 - 0 0 108 

cod 10 8 1270 1180 630 340 117 

1 = well water 
2, 3, and 4 = dairy process water 
B: before the treatmentt 
A: after the treatment 
BODb: 5 days incubation 



Table 14: Comparison of Methods Used by El-Kest and Marth (1988) and the 

Investigation (1991) 
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Present 

El-Kest and Marth Present Study 

1. Container 

2. Water 

Dark-colored glassware, 250 ml 

Erlenmeyer flasks 

Deionized glass-distilled water 

3. Measure Chlorine AOACm 

Method Chlorine electrode method 

4. Neutralizer 

5. Strain of 
Organism 

6. Sampling 

Sodium thiosulfate (2.22 mM) 
Peptone (0.011 %) 

Strain USDA'3' Scott-A 

30 seconds to 4 hrs. 

100 ml plastic beaker 

Filtered well water 

AOACm 

APHA121 

Sodium thiosulfate (1.47 mM) 
Sodium thioglycollate (2.19 
mM) 

Strain ATCC'41 19115 

Every 10 seconds until 1 min 
then, 2, 3, 4, 5 min. 

m A0AC: Association of Official Analytical Chemists 
121 APHA: American Public Health Association 
131 USDA: The United States, Department of Agriculture 
141 ATCC: American Type Culture Collection 
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resistant to disinfectant than the American Type Culture Collection (strain ATCC 19115) used 

in the present study. 

Statistical analyses (Figure 2 and Table 2) indicated that 4 hours of exposure to copper 

and silver resulted in significant inactivation of L. monocytogenes: furthermore, after 24 hours, 

more than a 6 log10 reduction was observed. It was found that 0.20 mg/L chlorine combined 

with 400:40 /jg/L copper and silver resulted in the greatest rate (k) compared to all other 

disinfectant combinations study (Figure 3). 

The results of the inactivation rates between 400:40 f j g / L  copper and silver and 800 

j t / g / L  c o p p e r  a r e  s h o w n  i n  F i g u r e  5 .  A t  2 4 0  m i n u t e s  a f t e r  e x p o s u r e  t o  e i t h e r  4 0 0 : 4 0  / j g / L  

copper and silver or 800 copper, there were at least 1 log10 difference between these 

treatments. The reason for the different rates may be that the efficacy of the combined 

system (copper and silver ions) enhanced the antibacterial activity. The addition of the copper 

ion alone, at both 400 and 800 fjg/L, did not result in any significant differences in the efficacy 

of the chlorine (Figure 6). 

The presence of 40 i ig!L silver with 400 ^g/L copper did not enhance disinfection 

efficacy with chlorine (Figure 7). However, the presence of 80 jug/L silver ion combined with 

800 fjg/L copper ion showed significant enhancement as compared to the presence of 800 

fjgli. copper alone (Figure 8). The greatest inactivation of L. monocytogenes occurs in the 

presence of 80 /yg/L silver and 800 yug/L copper and 0.15 mg/L free chlorine (Figure 9). 

In the dairy process water increasing the copper and silver concentration resulted in a 

more rapid rate of inactivation in the presence of 0.15 mg/L chlorine (Figure 10). The results 

suggested that 0.15 mg/L chlorine added to the 800:80 pgIL copper and silver-containing 

water was the best combination in dairy process water. Free chlorine (0.15 mg/L) combined 

with 800 pgIL copper ion may be the best combination of metals and chlorine since it resulted 

in the highest k-value (Figure 12). 
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Compared with prior research on other types of microorganisms with chlorine and 

copper and silver ions (Table 15; Figure 18), such as Legionella pneumophila, poliovirus, 

Staphylococcus aureus. Streptococcus fecalis. E. coli. P. aeruginosa. Bacteriophage MS2, and 

Naeoleria fowleri amoebas, it can be concluded that L. monocytogenes is the least resistant 

among these organisms to chlorine and copper and silver ions, using the same test conditions 

(Figure 9). The most resistant microorganism is fowleri. 

In contrast to chlorine, copper and silver ions have the benefit of providing a residual 

concentration to inactivate L. monocytogenes although they take longer to kill the organism. 

Chlorine will dissipate fairly rapidly in water, thereby reducing the disinfection ability of 

chlorine; however, copper and silver ions are very stable in water. 

Dairy process water contains higher concentrations of organic and inorganic matter, 

higher pH and greater turbidity than well water. Similarly, silver ions can be neutralized by 

amino acids, water hardness, phosphates, and chlorides (Tilton and Rosenberg, 1978). L. 

monocytogenes was inactivated in dairy process water at a slower rate than in well water. 

In general, the inactivation of L. monocytogenes by copper and silver or copper alone, is 

relatively slow compared with that of free chlorine in water. 

Since chlorine can form an organic type of chloramine by binding with amino acids, and 

other ammonia type nitrogen compounds which exist in dairy process water, this reduces the 

disinfection efficacy of chlorine. 

In a previous study (El-Kest and Marth, 1988), it was found that the number of L. 

monocytogenes survivors decreased rapidly with 2.0 mg/L chlorine during the first 30 seconds 

followed by a slower decrease in distilled deionized water. The concentration of available 

chlorine also decreased rapidly and then continued to decrease slowly. This pattern of chlorine 

consumption was similar to the pattern of death of L. monocytogenes when it was exposed 

to chlorine. This phenomenon also indicated that there exists naturally selected mutants of L. 



Figure 18 Inactivation rates (k) for 
various organisms exposed to chlorine 

and/or copper and silver ions 
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Table 15: Inactivation Rates (k) for Various Organisms Exposed to Chlorine and/or 

Copper and Silver Ions 
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k value 

Organism CI CI* + Cu:Ag Reference 
(400:40 //g/L) 

1. Naeoleria fowleri 0.330 0.458 (Cassells et al., 1991) 

2. Poliovirus 0.440 0.576 (Yahya and Gerba, 1990) 

3. Leaionella DneumoDhila 0.393 0.953 (Landeen et al., 1989a) 

4. StaDhvlococcus aureus 1.227 1.298 (Kutz et al., 1988; 

Landeen et al., 1989b) 

5. StreDtococcus fecalis 1.630 2.693 (Landeen et al., 1989b) 

6. Escherichia coli 1.399 3.207 (Landeen et al., 1989b) 

7. Pseudomonas aeruainosa 3.882 4.255 (Kutz et al., 1988; 

Landeen et al., 1989b) 

8. Bacteriophage MS-2 4.883 5.811 (Yahya and Gerba, 1990) 

9. Listeria monocvtoaenes 8.379 9.931 (Present study) 

* Chlorine (1.0 mg/L for Naeoleria fowleri: 0.3 mg/L for Poliovirus; 0.20 mg/L for others) 
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monocytogenes with greater resistance to chlorine than that of the major portion of the 

population (El-Kest and Marth, 1988). 

The chlorine demand was studied in the present experiments in the filtered well water. 

The chlorine concentration was not detectable. Sulfur-containing amino acids, such as 

cysteine and methionine, are easy to complex with copper ion and reduce the toxicity of 

copper on bacteria. 

Best et al. (1990) evaluated the efficacy of a variety of disinfectants against Listeria 

spp. Our study also summarizes the antibacterial efficacy of a variety of disinfectants, either 

in combination or alone, on L. monocytogenes. The application of adequate disinfection 

practices in these and other settings is a widely recognized and needed control measure against 

listeriosis. 

Future experiments should include the evaluation of the disinfection efficacy of the 

chloride compounds of nickel, zinc, and cobalt because all the transition metal ions might 

possess the antimicrobial activity. 



CONCLUSIONS 
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The results of this study showed that the inactivation rate of L. monocytogenes was 

significantly increased by the addition of either 400:40 //g/L or 800:80 //g/L copper and silver 

to low levels of free chlorine (0.15 mg/L) in water systems compared to chlorine alone. 

However, the inactivation rate of L. monocvtooenes in dairy process water was significantly 

(p£0.05) slower than that of well water; this may be due to the different chemical 

compositions of the dairy process water, such as hardness, pH, phosphate, fat, and amino acid 

residues. An enhanced effect of free chlorine was also observed in dairy process water when 

copper and silver ions were added at both 400:40 and 800:80 //g/L. 

These results suggest a synergistic effect between chlorine and metals which might 

be applied in the dairy industry as antibacterial treatment with low levels of chlorine for dairy 

recycled wash water. The addition of electrolytically generated copper and silver ions (400:40 

or 800:80 //g/L) as disinfectants may allow the concentration of free chlorine to be reduced, 

therefore minimizing the amount of trihalomethanes (THM) produced by high level chlorination. 
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