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Alfalfa sprouts have been implicated in several salmonellosis outbreaks in recent 

years. Electrolysis of a NaCl solution generates, in the anode side of a two-chamber 

electrolyzer, acidic electrolyzed oxidizing (EO) water which contains Cl2, HOC1, 

dissolved oxygen, and it is characterized by a low pH and a high oxidation reduction 

potential (ORP). The disinfectant effects of EO water against Salmonella enterica both 

in an aqueous system and on artificially contaminated alfalfa seeds were determined. 

EO water (pH 2.54 to 2.38, and ORP +1083 to +1092 mV) exhibited strong potential 

for the inactivation of S. enterica in an aqueous system (producing a reduction of at 

least 6.6 log CFU/ml). Treatment of artificially contaminated alfalfa seeds with EO 

water at a seed-to-EO water ratio of 1:100 for 15 and 60 min significantly reduced 

Salmonella populations by 2.04 and 1.96 log CFU/g, respectively (P < 0.05), while a 

Butterfield's buffer wash decreased Salmonella populations by 0.18 and 0.23 log 

CFU/g, respectively. Germination of seeds was not significantly affected (P > 0.05) by 

a treatment for up to 60 min in electrolyzed water. Further studies were undertaken to 

investigate whether •OH radical species are present in EO water or are formed when 

EO water reacts with iron ions. Electron spin resonance spectroscopy (ESR) coupled 



with the spin trapping technique was used for the detection of free radicals. The 

DMPO-OH spin adduct, characteristic to •OH radicals, was not observed. In the 

presence of DMPO (5,5-dimethyl-l-pyrroline-N-oxide), the reactions of EO water 

with Fe3+ and Fe2+ yielded the spin adduct DMPO-OH. However, the addition of "OH 

radical scavengers (ethanol, methanol, and mannitol) to the reaction mixture, did not 

reduce the DMPO-OH signal nor generated the characteristic DMPO-alkyl spin 

adducts. This indicated that the DMPO-OH signal was due to a nucleophilic addition 

of water to DMPO and not to trapping of OH radicals. Addition of DMPO to EO 

water, generated an ESR spectrum identical with that of 5,5-dimethyl-2-pyrTolidone- 

N-oxyl (DMPOX). Hypochlorous acid, generated in the anode chamber, is proposed to 

oxidize the spin trap DMPO with the formation of DMPOX. 
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BACTERIAL INHIBITION BY ELECTROLYZED OXIDIZING 
WATER AND APPLICATION TO DISINFECTION OF SPROUT 

SEEDS 

CHAPTER 1 

Introduction 

Salmonellosis and outbreaks of Escherichia coli 0157:H7 have been 

associated with the consumption of alfalfa, radish, clover and mung bean sprouts (14). 

Since 1995 at least 15 food-borne disease outbreaks have been linked to raw sprouts, 

with the most recent outbreak on Nov. 23, 2003 in Lane County, Oregon (5). 

Vegetable sprouts are perceived by the consumer as a healthy food and are consumed 

raw with minimal processing. The presence of Salmonella and E. coli 0157:H7 in 

seeds and their ability to multiply during growing and harvesting have raised food 

safety concerns for consumers looking to include sprouts as a healthy choice in their 

diet. The continuous occurrence of outbreaks led the Food and Drug Administration 

(FDA) to issue in August 1998 a health advisory for high-risk groups (the children, the 

elderly, and the ones with a compromised immune system), warning them not to 

consume raw alfalfa sprouts. Since then, the health advisory was reissued several 

times and included all raw sprouts and all consumers. 

Several treatments for the elimination of Salmonella from seeds and sprouts 

have been reported in the literature. Chlorine (2, 3, 10, 20), alkali (19), ammonia (6), 

hydrogen peroxide (1), several natural volatile components (24), and gamma radiation 

(18), as well as chemical treatments combined with heat (10, 20) or ultrasound (19), 

have been evaluated for their ability to reduce or eliminate the pathogen. With the 
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exception of gamma radiation, none of the these treatments completely eliminated 

Salmonella populations on alfalfa seeds and sprouts without dramatically affecting the 

viability of seeds or the sensory characteristics of sprouts. 

The real challenge in seed disinfection lies in that any treatment one gives the 

seeds must be one that will inactivate the microorganisms but not interfere with the 

ability of seeds to germinate. This dissertation reports on the use of electrolyzed 

oxidizing (EO) water as a new antimicrobial agent for alfalfa seed disinfection. To 

date, the bactericidal effect of EO water has not been fully understood. The free 

available chlorine, the low pH and the high oxidation reduction potential (ORP) of EO 

water have been reported to participate in its antimicrobial effect. Studies on 

understanding the antimicrobial components of EO water are also the subject of this 

dissertation. 

Electrolyzed water is produced through the electrolysis of a dilute solution of 

NaCl with the use of an instrument in which the anode and cathode are separated by 

an ion-exchange membrane. In the last decade, EO water has generated much interest, 

being tested in a large number of applications. A few examples include sterilization of 

denture base (13), treatment of peritonitis and intraperitoneal abscess (7), cleaning and 

disinfection of dialyzers (22), and cleaning the surface of semiconductors (17). EO 

water has been also reported to accelerate the healing of cutaneous wounds in rats (25) 

and to reduce the microbial contamination of porcine pancreas collected from 

slaughterhouse for islet xenotransplatation (12). Recently, electrolyzed water has also 

generated interest as a disinfectant in the food industry (16, 8, 11). In suspension tests, 

the water collected at the anode side of a two-chamber electrolyzer, has reported to 

have strong bactericidal effects against Escherichia coli 0157:H7, Listeria 

monocytogenes. Salmonella Enteriditis, Campylobacter jejuni, Bacillus cereus (23, 

15), Staphylococus aureus, Staphylococcus epidermitis, Burkholderia cepacia, 

Serratia marcens, and Pseudomonas aeruginosa (21). 

Chapter 2 of this dissertation reports on the efficacy of EO water in eliminating 

Salmonella enterica serovars Stanley, Typhimurium, Hartford, and Mbandaka both in 

an aqueous system and on artificially contaminated alfalfa seeds. Studies on the 
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optimum ratio of seeds to EO water were also carried out in order to maximize the 

antimicrobial effect of EO water. Disinfection of seeds used for sprouting is difficult 

since the seeds may present surface irregularities or physical damage that may protect 

bacteria from the action of water-based disinfectants. A mechanism of enhancing the 

uptake of the antimicrobial agent into the outer layers of the seeds was also 

investigated. 

It is of interest to determine if free radical species are present in EO water or 

are formed when EO water reacts with iron ions. Electron spin resonance 

spectroscopy (ESR) was used to identify free radicals. A free radical is a paramagnetic 

species containing an unpaired electron which exerts a magnetic moment that is 

detected by ESR. 

Chapter 3 presents ESR studies on the investigation of the presence of •OH 

radicals in EO water and on the formation of 'OH radicals in the reaction of EO water 

with iron ions. Since the .OH radicals are short-lived free radicals, the spin trapping 

technique was used for their detection by ESR spectroscopy. The spin trapping agent 

reacts with the specific free radical to produce a more stable radical or spin adduct 

which is detected by ESR. DMPO (5,5-dimethyl-l-pyrroline-N-oxide) is a nitrone spin 

trap frequently used for detecting hydroxyl ('OH) and superoxide (02") radicals in 

biological systems (9). 

The effect of the hypochlorous acid on the spin trapping experiments needs to 

be examined in order to determine the effect of this compound on the chemistry of the 

system. Chapter 4 investigates the formation of DMPOX (5,5-dimethyl-2-pyrrolidone- 

N-oxyl) in the reaction of EO water with DMPO. 

Electrolysis of a NaCl solution generates, in the anode side of a two-chamber 

electrolyzer, an acid oxidizing water which contains Cb, H0C1, dissolved oxygen and 

it is characterized by a low pH and a high ORP. Chapter 5 discusses the electrolytic 

generation of antimicrobial species in EO water. 

It is well established by the government and industry that Hazard Analysis and 

Critical Control Point (HACCP) system is the most effective management tool 

available to provide a food supply that is safe from human health hazards. HACCP 
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involves a logical identification of those steps in the process which are critical to the 

safety of the product (4). A generic HACCP model has been developed for the green- 

leaf vegetable sprouts and it is presented in the Appendix. 

Chapter 6 concludes this dissertation with a brief summary of the previous 

chapters, as well as general thoughts on future research. 
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ABSTRACT 

Alfalfa sprouts have been implicated in several salmonellosis outbreaks in recent 

years. The disinfectant effects of acidic electrolyzed oxidizing (EO) water against 

Salmonella enterica both in an aqueous system and on artificially contaminated alfalfa 

seeds were determined. The optimum ratio of seeds to EO water was determined in 

order to maximize the antimicrobial effect of EO water. Seeds were combined with 

EO water at ratios (wt/vol) of 1:4, 1:10, 1:20, 1:40, and 1:100, and the characteristics 

of EO water (pH,  oxidation reduction potential  [ORP],  and free  chlorine 

concentration) were determined. When the ratio of seeds to EO water was increased 

from 1:4 to 1:100, the pH decreased from 3.82 to 2.63, while the ORP increased from 

+455 to +1,073 mV. EO water (pH 2.54 to 2.38, and ORP +1083 to +1092 mV) 

exhibited a strong potential for inactivation of S. enterica in an aqueous system 

(producing a reduction of at least 6.6 log CFU/ml). Treatment of artificially 

contaminated alfalfa seeds with EO water at a seed-to-EO water of 1:100 for 15 and 

60 min significantly reduced Salmonella populations by 2.04 and 1.96 log CFU/g, 

respectively {P < 0.05), while a Butterfield's buffer wash decreased Salmonella 

populations by 0.18 and 0.23 log CFU/g, respectively. After treatment, EO water was 

Salmonella negative by enrichment with or without neutralization. Germination of 

seeds was not significantly affected {P > 0.05) by a treatment for up to 60 min in 

electrolyzed water. The uptake of liquid into the seeds was influenced by the internal 

gas composition (air, N2 or O2) of seeds before the liquid was added. 

INTRODUCTION 

Sprouted seeds have been associated with several foodbome pathogens, such 

as Salmonella, Escherichia coli 0157:H7 and Bacillus cereus (14, 20, 21). Vegetable 

sprouts are perceived as a healthy food and are consumed raw with minimal 

processing. The presence of Salmonella and E. coli 0157:H7 in seeds and the ability 

of these pathogens to multiply during growing and harvesting have raised food safety 
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concerns for consumers looking to include sprouts as a healthy choice in their diet. 

Several salmonellosis outbreaks involving different Salmonella serovars have been 

linked to the consumption of alfalfa sprouts (14, 20). Seeds were reported to be the 

major source of contamination, although the presence of pathogens may be also due to 

contaminated water or mishandling during production and distribution (14, 18). 

Several treatments for the elimination of Salmonella from seeds and sprouts 

have been investigated. Chlorine (2, 3, 8, 19), alkali (17), ammonia (6), hydrogen 

peroxide (/), several natural volatile components (25), and gamma radiation (16), as 

well as chemical treatments combined with heat (8, 19) or ultrasound (17), have been 

evaluated for their ability to reduce or eliminate the pathogen. With the exception of 

gamma radiation, all of these treatments have failed to completely eliminate the 

pathogen. None of the chemical treatments alone reduced Salmonella populations on 

alfalfa seeds or sprouts by >3.5 log CFU/g of Salmonella without dramatically 

affecting the viability of seeds or the sensory characteristics of sprouts. In this study, 

we report the use of electrolyzed water for alfalfa seed disinfection. 

Electrolysis of a NaCl solution has long been used for chlorine production. 

Electrolyzed water is produced through the electrolysis of a dilute solution of NaCl 

with the use of an instrument in which the anode and cathode are separated by a 

membrane. Electrolyzed water has been used for several years in Japan for 

disinfecting medical instruments. In recent years, electrolyzed water as a disinfectant 

has generated interest in the food industry. In suspension tests, the water collected at 

the anode has been shown to have strong bactericidal effects on Escherichia coli 

0157:H7, Listeria monocytogenes, Salmonella Enteriditis, Campylobacter jejuni and 

Bacillus cereus (15, 23). This new disinfecting agent has also been tested for the 

disinfection of kitchen cutting boards and other surfaces (15, 22) as well as lettuce, 

fresh-cut vegetables (7, 11), and, very recently, alfalfa seeds (10). The electrolysis of 

water containing sodium chloride imparts a strong oxidizing character to the water 

collected at the anode, which has potential as a seed disinfection agent. 

Disinfection of seeds used for sprouting is difficult since the seeds may present 

surface irregularities or physical damage that may protect bacteria from the action of 



10 

water-based disinfectants. A mechanism of enhancing the uptake of the antimicrobial 

agent into the outer layers of the seed might improve the disinfection step. 

In previous studies {4, 5), exchanging the internal gas of fresh cucumbers with 

oxygen has been found to result in a fully cured appearance for the brined cucumbers 

within 1 or 2 days, as compared with several months for non-exchanged cucumbers. 

The metabolism of oxygen to carbon dioxide in the oxygen-exchanged cucumbers, 

along with the subsequent diffusion of carbon dioxide into the tissue fluid (to a greater 

extend than oxygen), resulted in a vacuum within the tissue that drew brine into the 

cucumbers. 

We decided to investigate whether exchanging the internal gas of seeds with 

O 2 results in a better absorption of the electrolyzed water into the seeds and a 

subsequent improvement in disinfection. 

The objectives of this study were (i) to determine the efficacy of acidic 

electrolyzed oxidizing (EO) water in eliminating Salmonella enterica serovars 

Stanley, Typhimurium, Hartford, and Mbandaka both in an aqueous system and on 

artificially contaminated alfalfa seeds; (ii) to determine the optimum ratio of seeds to 

EO water in order to maximize the antimicrobial effect of EO water; and (iii) to 

determine whether exchanging the internal gas of seeds with oxygen results in an 

improved uptake of liquid into alfalfa seeds and the subsequent effect on seed 

disinfection. 

MATERIALS AND METHODS 

Bacterial strains 

Four Salmonella serovars were used in this study: Salmonella enterica Stanley 

(from an alfalfa sprout-associated outbreak, obtained from Dr. William Fett, Eastern 

Regional Research Center, U.S. Department of Agriculture), Salmonella enterica 

Mbandaka (from an alfalfa sprout-associated outbreak, obtained from Oregon Public 

Health Laboratory, Salem, OR), Salmonella enterica Typhimurium ATCC 14028, and 

Salmonella Hartford (from an orange juice-associated outbreak, obtained from Dr. M. 
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E. Parish, University of Florida, Lake Alfred, FL.). Cells were adapted to grow in 

tryptic soy broth (Difco Laboratories, Detroit, MI) supplemented with 50 |i.g of 

nalidixic acid (Sigma Chemical Co., St. Louis, MO) per ml (TSBN). 

Contamination of alfalfa seeds 

The four Salmonella serovars were grown in 100 ml of TSBN at 37 0C for 24 

h. The cultures were centrifuged at 8,000 rpm for 10 min at 210C, and the pellets were 

resuspended in 250 ml Butterfield's phosphate buffer (Hardy Diagnostics, Santa 

Maria, CA). The suspension was centrifuged again at 8,000 rpm for 5 min at 210C, 

and the pellet was resuspended in 250 ml Butterfield's buffer. Alfalfa seeds (Lucerne, 

Australian) were purchased from International Specialty Supply (Cookeville, TN). 

Seeds (250 g) were rinsed twice with 250 ml sterile distilled water and then gently 

mixed with the four-strain suspension for 1 min. The suspension was decanted and the 

seeds were placed in a layer of ca. 7 mm on an aluminum screen lined with a double 

layer of cheesecloth. Seeds were air dried under a biosafety class II hood for 7 h at 

room temperature (22 ± 1 0C). After 5 h, the seeds were visibly dry. Dry seeds (10 g) 

were placed in Ziploc bags (Hefty, Pactiv, IL), stored at 4 to 5 0C, and used within 15 

days. 

Preparation of electrolyzed water 

Two types of electrolyzed water generators were used in this study. EO (HEW) 

water was prepared with a Hoshizaki ROX 20TA-U continuous generator (Hoshizaki 

Electric Co. Ltd., Japan) at 10 V and 14.0 ± 0.4 A. Deionized water and a 13.6% 

(wt/vol) NaCl solution were simultaneously pumped into the generator. EO (SOW) 

water was prepared with a batch type JED - 007 Super Water Mini generator (Altex 

Janix, Kanagawa, Japan) and a 0.05% (wt/vol) NaCl solution; a 10-min electrolysis 

time was used. Electrolyzed water was used within 1 h after production. The 

characteristics of EO water, including pH, oxidation reduction potential (ORP), and 

free chlorine concentration, were determined. The pH and ORP were determined with 

a digital ion analyzer (Orion Research Inc., Beverly, MA) equipped with pH and ORP 
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electrodes (ACCUMET, Denver Instrument Co, Denver, CO). Free chlorine 

concentrations were measured by DPD (N,N-diethyl-p-phenylenediamine) 

colorimetric method with a Pocket Colorimeter (Hach Company, Loveland, CO). 

Bacterial analysis in aqueous and contaminated seeds treatments 

A four-strain Salmonella mixture was obtained by combining equal volumes of 

the four Salmonella serovars grown in TSBN for 24 h. For the aqueous system, 

treatments were carried out by combining 1 ml of the Salmonella mixture with 100 ml 

of electrolyzed water for 15 min at room temperature (220C). The treatment solution 

was surface plated on bismuth sulfite agar (Difco) supplemented with 50 (ig of 

nalidixic acid per ml (BSAN) and tryptic soy agar (Difco) supplemented with 50 jig of 

nalidixic acid per ml (TSAN) and incubated at 370C for 24 h. Enrichment of the 

treated sample was carried out without neutralization by combining 1 ml of treatment 

solution with 9 ml of TSBN or 9 ml of Rappaport-Vassiliadis broth (RVBN) and with 

neutralization by neutralizing 1 ml of the treatment solution with 2.5 ml of 

neutralizing buffer and then adding 9 ml of TSBN or RVBN. TSBN and RVBN tubes 

were incubated at 370C and 420C, respectively, for 48 h. 

Contaminated alfalfa seeds (10 g) were treated with 1 liter EO water or 

Butterfield's buffer (control) for 15 and 60 min on a rotary shaker (Environ shaker, 

Lab-Line, Melrose Park, IL) at 150 rpm. The treatments were carried out at room 

temperature (23.50C ± 20C). The treatment solution was poured, and the seeds were 

mixed with 90 ml of neutralizing buffer (Difco) and transferred to stomacher bags. 

After the seeds had been pummeled for 1 min at 230 rpm in a stomacher blender 

(Stomacher 400 Circulator, Seward, London, UK), the neutralizing buffer wash was 

surface plated on BSAN with a spiral plater (Autoplate 4000, Spiral Biotech, Inc., 

Norwood, MA). After the plates had been incubated at 370C for 24 h, randomly 

selected colonies having morphological characteristics typical of Salmonella were 

confirmed with the use of triple sugar iron agar (Difco) and API 20E diagnostic kit 

(bioMerieux Vitek, Inc., Hazelhood, MO). 
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Seed germination 

Control and treated seeds were tested for germination potential. Seeds were 

rinsed two times with 100 ml sterile deionized water to remove the residual 

electrolyzed water. Approximately 100 seeds were spread between two moistened 

paper towels, which were rolled and placed in a plastic container. The seeds were 

incubated at 150C for 7 days. Each seed was examined for the development of a 

radicle, and the percentage of seeds that germinated was calculated. 

Determination of the effects of seed-to-EO water ratio on the properties of EO 

water 

Seeds (10 g) were combined with EO water at ratios (wt/vol) of 1:4, 1:10, 1:20, 

1:40, and 1:100 and agitated at 220C on a platform shaker for 15 min at 120 rpm. 

After thel5-min treatment, the characteristics of EO water (pH, ORP, and free 

chlorine concentration) were determined as described above. 

Gas exchange of alfalfa seeds and bacterial analysis 

Alfalfa seeds were obtained from International Specialty Supply (Cookeville, 

TN) and had a Canadian provenience (Canada lot no. NS9 - 188). Alfalfa seeds (400 

g) were placed into a 2-liter Erlenmeyer flask fitted with inlets for gas and water with 

a graduated water reservoir to monitor liquid uptake into seeds. Seeds were exposed to 

either oxygen or nitrogen at a flow rate of 1.5 liters/min for 1 h to exchange the 

internal atmosphere. A control was represented by non-exchanged (air) seeds. After 

the gas exchange, EO water (HEW and SOW) and distilled water (control) were added 

into the flasks while a constant gas pressure was maintained to prevent air from 

entering the flask. The liquid uptake was monitored at 20oC for 150 min. 

Contaminated alfalfa seeds (10 g) were gas exchanged with oxygen and air 

(control) by the procedure described above. Seeds were treated with EO (HEW) water 

for 150 min, and the population of Salmonella was determined by mixing the seeds 

with 90 ml of Butterfield's buffer in a stomacher for 1 min at 230 rpm and then 

surface plating the suspension on BSAN. 
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Statistical Analysis 

Statistical analysis was performed using the software S-PLUS 2000. All 

experiments were replicated at least once. Reported plate counts represent the mean 

values ± standard deviations obtained from two or three replicate experiments. Data 

were analyzed by ANOVA fixed effects analysis of variance with a 95% confidence 

level. Bacterial counts were logarithmically transformed prior to statistical analysis. 

RESULTS AND DISCUSSION 

Efficacy of EO water in killing Salmonella in an aqueous system 

The inactivation of the four-strain Salmonella mixture in an aqueous system 

and the properties (pH and ORP) of electrolyzed water are presented in Table 2.1. The 

population of Salmonella decreased to undetectable levels after a 15-min treatment in 

an aqueous system, indicating that a Salmonella reduction of at least 6.6 log CFU/ml 

was achieved with electrolyzed water. These results are consistent with earlier 

findings indicating that electrolyzed water was very effective in eliminating 

Salmonella Enteritidis in an aqueous system within a 10 min (23). We confirmed that 

electrolyzed water was effective against a mixture of four Salmonella enterica 

serovars in an aqueous system. 

Effect of seed-to-EO water ratio on the characteristics of EO water 

The characteristics of the electrolyzed water after treatment at different ratios 

of seed to EO water are presented in Figure 2.1. Seeds were combined with EO water 

at ratios (wt/vol) of 1:4, 1:10, 1:20, 1:40 and 1:100, and the characteristics of EO 

water (pH, ORP, and free chlorine concentration) were determined. When the ratio of 

seeds to EO water from 1:4 to 1:100, the pH decreased from 3.82 to 2.63 while the 

ORP increased from +455 to +1,073 mV. 
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Table 2.1. Bactericidal effect of a 15-min EO (HEW, SOW) water treatment against a 
four-strain Salmonella mixture in an aqueous system 

EO water       pH ORP 

(mV) 

Population log CFU/ml 

Initial 

TSAN BSAN 

After EO water treatment 

TSAN        BSAN 

HEW 2.54 +1083 6.68 ± 0.04        6.53 ±0.01       0 0 

SOW 2.38 +1092 6.68 ±0.04        6.53 ±0.01        0* 0* 

* Negative by enrichment in TSBN and RVBN with or without neutralization; no 
detectable survivors by direct plating. ORP, oxidation reduction potential; HEW, 
acidic electrolyzed oxidizing water obtained with Hoshizaki electrolysis unit; SOW, 
acidic electrolyzed oxidizing water obtained with Super Water Mini electrolysis unit. 
The values represent the means ± standard deviations from two duplicate experiments. 

Efficacy of EO water in killing Salmonella on contaminated alfalfa seeds 

Populations of Salmonella recovered from alfalfa seeds after treatment with 

electrolyzed water for 15 and 60 min and the characteristics of EO water (pH, ORP 

and free chlorine concentration) prior to the addition of seeds are listed in Table 2.2. 

The treatments were carried out for 15 and 60 min to determine the effect of treatment 

time on seed disinfection. An increase in the treatment time did not result in an 

increase in the reduction of bacteria. EO water significantly reduced Salmonella on 

alfalfa seeds by 2.04 log CFU/g and 1.96 log CFU/g within 15 and 60 min, 

respectively (P < 0.05). No viable cells were recovered from the electrolyzed water 

treatment solution with or without neutralization. 
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Figure 2.1. Influence of EO water volume on pH, ORP and free chlorine 
concentration. Vertical bars indicate standard deviations from the mean. Seeds were 
combined with EO water at ratios (wt/vol) 1:4, 1:10, 1:20, 1:40 and 1:100 and agitated 
for 15 min at 120 rpm. The pH, ORP (oxidation reduction potential) and free chlorine 
concentration of EO water before treatment are shown as dark squares. 



Table 2.2. Bactericidal effects of EO (HEW) water applied at a ratio of 1 part seed to 100 parts 
EO water against a four-strain Salmonella mixture inoculated onto alfalfa seed 

Treatment   pH ORP Free Salmonella population (log CFU/g) 

time (mV) chlorine 
Initial After Control     After EO water treatment 

(min) (mg/L) 

15 2.50       +1079 70.3        5.29 ± 0.04 A      5.11 ±0.19 3.25 ± 0.08 B 

60 2.67       +1076 66.8        5.15 ±0.05 A    4.92 ±0.26 3.19±0.14B 

HEW, acidic electrolyzed oxidizing water obtained with the Hoshizaki electrolysis unit; ORP, oxidation 
reduction potential; The values represent the means ± standard deviations from two or three duplicate 
experiments; Means with different letters in the same row are significantly different (P < 0.05). 



Table 2.3. Effects of EO (HEW) water treatment on seed germination 

Treatment time Tap water EO (HEW) water 

(min) 
ORP(mV)    pH      Germination %       ORP (mV)      pH     Germination % 

15 +692 6.21 95.2 ±1.5 A        +1079 2.50 95.4 ±1.0 A 

60 +744 6.27 94.1 ±0.6 A        +1074 2.58 93.8 ±1.6 A 

HEW, acidic electrolyzed oxidizing water obtained with the Hoshizaki electrolysis unit; ORP, oxidation 
reduction potential; The values represent the means ± standard deviations from two triplicate experiments; 
Means with the same letter in the same row are not significantly different (P > 0.05). 

00 
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Effect of EO water on seed germination 

The effect of electrolyzed water on seed germination was determined in order 

to assess the applicability of EO water for seed disinfection. Germination percentages 

for seeds treated with electrolyzed water for 15 min and 60 min were similar to those 

for seeds washed with tap water (control seeds) (Table 2.3). Hence, it was shown that 

a EO water treatment for up to 60 min did not significantly affect seed germination (P 

>0.05). 

Effect of oxygen-exchanged seeds on the uptake of electrolyzed water and the 

subsequent effects on seed disinfection 

The uptake of EO water and distilled water (control) by gas-exchanged alfalfa 

seeds is presented in Figures 2.2 through 2.4. Liquid uptake was influenced by the 

internal gas composition of the seeds before liquid was added. For oxygen exchanged 

seeds, the higher uptake of liquid was probably induced by the vacuum created within 

the seeds as a consequence of O2 depletion during metabolism. However, the uptake of 

liquid in the nitrogen-exchanged seeds showed that diffusion processes are responsible 

for the largest part of the uptake. The effect of the oxygen exchange procedure on 

bacterial inactivation is presented in Table 2.4. The populations of Salmonella in the 

air- and oxygen-exchanged seeds were significantly reduced by 1.97 and 2.27 log 

CFU/g, respectively (P < 0.05). The small difference between reductions achieved for 

air- and oxygen-exchanged seeds might be due to an overall small uptake of liquid 

into the seed combined with a rapid inactivation of electrolyzed water inside the seed. 

Germination of seeds was not significantly affected by the oxygen exchange procedure 

(P > 0.05) (Table 2.5). 
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Figure 2.2. Distilled water uptake by gas-exchanged alfalfa seeds. Seeds (400 g) were 
exposed to oxygen and nitrogen at a flow rate of 1,5 liters/min for 1 h before distilled 
water was added into the flask while a constant gas pressure was maintained to 
prevent air from entering the flask. 
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Figure 2.3. EO (HEW) water uptake by gas-exchanged alfalfa seeds. Seeds (400 g) 
were exposed to oxygen and nitrogen at a flow rate of 1.5 liters/min for 1 h before EO 
(HEW) water was added into the flask while a constant gas pressure was maintained to 
prevent air from entering the flask. 
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Figure 2.4. EO (SOW) uptake by gas-exchanged alfalfa seeds. Seeds (400 g) were 
exposed to oxygen and nitrogen at a flow rate of 1.5 liters/min for 1 h before EO 
(SOW) water was added into the flask while a constant gas pressure was maintained to 
prevent air from entering the flask. 

Table 2.4. Effects of treatment with EO (HEW) water on a four-strain Salmonella 
mixture in gas-exchanged alfalfa seeds 

Treatment pH ORP 

(mV) 

Population (log CFU/g) 

Initial After EO water treatment 

Air 2.56 +1101 6.60 ± 0.29 A 4.63 + 0.21 B 

Oxygen 2.56 +1101 6.60 ± 0.29 A 4.33 ± 0.13 B 

HEW, acidic electrolyzed oxidizing water obtained with the Hoshizaki electrolysis 
unit; The values represent the means ± standard deviations from two duplicate 
experiments; Means with different letters in the same row are significantly different {P 
< 0.05). 



Table 2.5. Effects of gas exchange procedure on seed germination 

Exchange Distilled water EO (HEW) water EO (SOW) water 

gas 
pH ORP(mV)    Germ.% pH ORP(mV)    Germ.% pH    ORP(mV)   Germ.% 

Air 3.98      +407        70.5 ±4.0 A   2.57     +1109       66.6 ±3.4 A    2.52    +1108      59.6 ± 5.8 A 

Oxygen       3.98      +407       70.1 ±4.4 A    2.57     +1109       66.7 ±2.6 A   2.52   +1108      64.0 ±6.9 A 

Nitrogen     3.98      +407        65.9 ±3.3       2.57      +1109 63.6 ±2.5      2.52   +1108      63.3 ±4.7 

HEW, acidic electrolyzed oxidizing water obtained with the Hoshizaki electrolysis unit; SOW, acidic electrolyzed 
oxidizing water obtained with the Super Water Mini electrolysis unit; The values represent the means ± standard 
deviations from two triplicate experiments; Means with the same letter in the same column are not significantly 
different (P > 0.05). 

to 
to 
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Recently, it was reported that the treatment of seeds with electrolyzed water at 

a seed-to-electrolyzed water ratio of 1:9 resulted in a bacterial reduction of 1.5 log 

CFU/g, with the reduction increasing to 3.7 logCFU/g when the electrolyzed water 

treatment was combined with sonication and seed coat removal (9). 

In the present study, the efficacy of acidic electrolyzed oxidizing water in 

killing Salmonella both in an aqueous system and on contaminated alfalfa seeds was 

determined. An increase in the treatment time did not result in an increase in the 

bacterial reduction on contaminated seeds. This finding might be due to a reduction in 

antimicrobial characteristics of electrolyzed water with an increase in the time of 

contact with organic material from the seeds. Electrolysis of a dilute solution of NaCl 

generated an aggregate of antimicrobial factors including low pH, chlorine, and high 

ORP. It has been suggested that electrolyzed water contains, in addition to available 

chlorine, various reactive oxygen species such as •OH (77) and O3. These reactive 

oxygen species are known as strong oxidants and would therefore have a strong 

antimicrobial effect. EO water had a pH of 2.38 to 2.67. At low pH, HOC1 is 

undissociated and is more effective than the hypochlorite ion (OCl). The radical .OH 

could come both from the dissociation of HOC1 and from the decomposition of ozone 

in an aqueous system. It was expected that the electrolyzed water would be less 

effective in a system rich in organic matter (e. g., seeds) than in an aqueous system, 

since the free chlorine and the radical species are rapidly inactivated by contact with 

organic material. 

Disinfection of seeds prior to sprouting is critical in obtaining a safe product. 

Result of studies involving alfalfa seeds inoculated with low levels of Salmonella have 

suggested that the number of organisms present on seeds may increase up to 10,000- 

fold during the sprouting process, with Salmonella reaching populations up to 107 

CFU/g on alfalfa sprouts (8). Although several seed disinfection treatments have been 

proposed, these methods have failed to be satisfactory. Surface irregularities, physical 

damage (e. g. cracks, wrinkles, missing parts of testa) to seeds, and the presence of 

microbial biofilms on the seed and sprout surfaces (24) may compromise the efficacy 
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the entry of bacteria into the seed and will therefore enhance the survival of pathogens 

inside the seed. Bacteria can also enter through the vascular system and the hilum of 

the ripened seed (13). Once pathogens are localized inside the seed, the disinfection of 

seeds will be difficult. The effectiveness of EO water as a disinfectant agent will 

dependent on its ability to make contact with the target microorganism and its ratio to 

organic material. 

To date, the antimicrobial mechanism of EO water has not been fully 

understood. The concentration of available chlorine (77, 12) and the high ORP values 

(10) have been reported to contribute to the bactericidal properties of EO water. EO 

water might provide an effective means of disinfecting alfalfa seeds, but further 

investigations must be performed to prevent the rapid decrease in the antimicrobial 

effect of electrolyzed water in contact with organic material. 
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ABSTRACT 

Electrolysis of a NaCl solution generates, in the anode side of a two-chamber 

electrolyzer, an acid electrolyzed oxidizing (EO) water that exhibits bactericidal 

effects against a large number of pathogens. This study was undertaken to investigate 

whether 'OH radical species are present in EO water or are formed when EO water 

reacts with iron ions. Electron spin resonance spectroscopy (ESR) coupled with the 

spin trapping technique was used for the detection of free radicals. Samples of EO 

water were collected at 0.5, 1, 2, 3, 5, and 10 min of electrolysis and immediately 

mixed with the spin trapping agent DMPO (5,5-dimethyl-l-pyrroline-N-oxide). The 

DMPO-OH spin adduct, characteristic to OH radicals, was not observed. Starting with 

2-min electrolysis, the spin adduct DMPOX (5,5-dimethyl-2-pyrrolidone-N-oxyl) was 

formed, indicating the formation in electrolyzed water of a component that oxidized 

DMPO. The reactions of EO water with Fe3+ and Fe2+, in the presence of DMPO 

yielded the spin adduct DMPO-OH. However, the addition of "OH radical scavengers 

(ethanol, methanol, and mannitol) did not reduce the DMPO-OH signal nor generated 

the characteristic DMPO-alkyl spin adducts. This indicated that the DMPO-OH signal 

was due to a nucleophilic addition of water to DMPO and not to trapping of OH 

radicals. 

INTRODUCTION 

Electrolysis of a NaCl solution in an instrument in which the anode and 

cathode are separated by a membrane, generates two forms of electrolyzed water. At 

the anode side, an acidic oxidizing water (pH ~2.5, oxidation reduction potential 

[ORP] -1060 mV, dissolved oxygen -20 mg/1, and free chlorine -60 ppm) is 

generated. And at the cathode side, an alkaline reducing water (pH -11, ORP 

-900mV, and high levels of dissolved hydrogen) is produced. 

In the last decade, electrolyzed oxidizing (EO) water has generated much 

interest, being tested in a large number of applications. A few examples include 



30 

treatment of peritonitis and intraperitoneal abscess (3), cleaning and disinfection of 

dialyzers (19), sterilization of denture base (12), and cleaning the surface of 

semiconductors (16). EO water has been also reported to accelerate the healing of 

cutaneous wounds in rats (21) and to reduce the microbial contamination of porcine 

pancreas collected from slaughterhouse for islet xenotransplatation (11). Recently, EO 

water has been introduced into food safety as a means to disinfect fresh produce (4, 8), 

poultry (15), seeds used for sprouting (7, 17), and cutting boards (14, 20). 

To date, the apparent bactericidal effect of EO water has not been fully 

understood. The free available chlorine, the low pH and the high ORP of EO water 

have been reported to participate in its antimicrobial effect. It is of interest to 

investigate if free radical species are present in EO water or are formed when EO 

water reacts with iron ions. 

Electron spin resonance spectroscopy (ESR) is used to identify free radicals. A 

free radical is a paramagnetic species containing an unpaired electron which exerts a 

magnetic moment that is detected by ESR. Hydroxyl ('OH) and superoxide (O2*") 

radicals are highly reactive free radicals with a life time of less than 20 sec (short-lived 

radicals) and hence their direct detection by ESR would be difficult to achieve. In 

order to overcome this difficulty, spin trap agents are used (2). The spin trapping agent 

reacts with a specific free radical to produce a more stable radical or spin adduct 

which is detected by ESR. DMPO (5,5-dimethyl-l-pyrroline-N-oxide) is a nitrone spin 

trap frequently used for detecting hydroxyl ('OH) and superoxide (O2*") radicals in 

biological systems (6). 

The objectives of this study were: (i) to determine whether oxygen-centered 

free radical species are present in EO water, and (ii) to determine whether 'OH 

radicals are formed as a result of the reaction of EO water with iron ions. 
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MATERIALS AND METHODS 

Reagents 

5,5-dimethyl-l-pyrroline-N-oxide (DMPO), sodium phosphate dibasic, sodium 

phosphate monobasic, ethyl alcohol, methyl alcohol, ferric chloride, and ferrous 

ammonium sulfate were purchased from Sigma Chemical Co. (St. Louis, MO). 

Mannitol was purchased from Fisher Scientific (Fair Lawn, NJ), and hydrochloric acid 

was purchased from J.T. Baker Chemical Co. (Phillipsburg, NJ). DMPO was purified 

with activated charcoal (Matheson Coleman & Bell, Norwood, Ohio) by stirring for 1 

h with a magnetic stirrer VWR model 320, set at speed 6, followed by filtration with 

no. 2 Whatman paper (Whatman International Ltd., Maidstone, England). Sodium 

phosphate buffer (Na2HP04 - NaF^PO^ pH 7) was purified with chelex (Sigma) by 

stirring for 8 h, followed by filtration with no. 2 Whatman paper. 

ESR measurements 

ESR measurements were carried out on a Bruker EMX-X band (9 GHz) 

spectrometer with the following parameters: modulation frequency 10 kHz, 

modulation amplitude 1G, microwave power 6 mW, time constant 40 msec, 

temperature 293.2 K, receiver gain 5.02e+005, scan rate 40 sec, and number of scans, 

5. 

Preparation of electrolyzed water 

Two types of electrolyzed water generators were used in this study. EO (HEW) 

water was prepared using a continuous generator Hoshizaki ROX 20TA-U (Hoshizaki 

Electric Co. Ltd., Japan) at 10 V and 14.4 ± 0.4 A. Deionized water and a 13.6% 

(wt/vol) NaCl solution were simultaneously pumped into the generator. EO (SOW) 

water was prepared using a batch type Super Water Mini generator JED - 007 (Altex 

Janix, Kanagawa, Japan) from 0.05% (wt/vol) NaCl solution; a 10-min electrolysis 

time was used. 
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RESULTS AND DISCUSSION 

As a control, .OH radicals were produced, in the presence of DMPO, through a classic 

Fenton reaction (1) between ferrous ion and H2O2 (Figure 3.1, A). The characteristic 

1-2-2-1    quartet   obtained   is   specific   to   DMPO-OH   (5,5-dimethyl-2- 

hydroxypyrrolidine-N-oxyl) spin adduct (22). 

Fenton reaction: Fe2+ + H2O2 -> Fe3+ + OH" + .OH (1) 

To determine whether .OH radicals were formed during electrolysis, samples 

of EO water were collected during electrolysis and mixed with DMPO (Figure 3.2). 

The DMPO-OH signal characteristic to .OH radicals was not observed. Starting with 2 

min of electrolysis, the spin adduct DMPOX (5,5-dimethyl-2-pyrrolidone-N-oxyl) was 

formed (Figure 3.2, C, and D). No spectra (interfering ESR signals) were observed 

from a solution of lOOmM DMPO, or a solution of 0.05% NaCl in the presence of 

lOOmM DMPO (data not included). 
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+ 5% ethanol 
B 

3280 3300  3320 3340  3360 3380  3400  3420 

[G] 

Figure 3.1. ESR spectra observed from the reaction of (A), 0.25mM Fe2++ 20|iM 
H2O2 (Fenton reaction) and (B), 0.25mM Fe2+ + 20[iM H2O2 + 5% ethanol. Both 
reactions were carried out in lOOmM phosphate buffer in the presence of lOOmM 
DMPO. ESR parameters: modulation frequency, 10 kHz; modulation amplitude, 1G; 
microwave power, 6 mW; time constant, 40 msec; scan rate, 40 sec; and number of 
scans, 5. 
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30 sec 

wwwfrtfw vm 

B 1 min 

C 2 min 

D 3 min 

3280       3300       3320       3340       3360       3380       3400       3420 

[G] 

Figure 3.2. ESR spectra observed from the reaction of EO (SOW) water and DMPO 
(200mM). EO (water) was collected during electrolysis at: (A) 30 sec; (B) 1 min; (C) 
2 min; (D) 3 min of electrolysis. ESR parameters: modulation frequency, 10 kHz; 
modulation amplitude, IG; microwave power, 6 mW; time constant, 40 msec; scan 
rate, 40 sec; and number of scans, 5. 
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In a previous study by Yahagi et al. (21), addition of Fe3+ to electrolyzed 

oxidizing water has been reported to generate a DMPO-OH adduct which was 

assigned to trapping of OH radicals. In the present study, a similar spectrum was 

obtained in the reaction of both EO (SOW) water and EO (HEW) water with Fe3+ 

(Figure 3.3A, and Figure 3.5). 

It is well established that hydroxyl radicals are generated through the redox 

reaction between ferrous ion and hydrogen peroxide. DMPO reacts with .OH with the 

formation of DMPO-OH with a ICDMPO+'OH of 3.4xl09 M'V1 (2). However, in a 

different system, the generation of .OH radicals should be verified by the addition of 

•OH radical scavengers. The addition of .OH scavengers should reduce the DMPO- 

OH signal, if DMPO-OH was generated through the reaction of DMPO with .OH. 

In this study, ethanol, methanol, and mannitol were used as .OH scavengers. 

The addition of the .OH radical scavengers to EO water did not reduced the DMPO- 

OH signal (Figures 3.3 and 3.4). This indicated that the DMPO-OH signal was derived 

from a nucleophilic addition of water to DMPO, and not from the spin trapping of .OH 

radicals. 
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3280  3300  3320  3340  3360  3380  3400  3420 

[G] 

Figure 3.3. ESR spectra observed from the reaction of EO (SOW) water with 0.25mM 
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Fe3+, in the presence of the following scavengers: (A), no scavenger; (B), 5% ethanol; 
(C), 5% methanol; (D), 50mM mannitol. All spectra were recorded in the presence of 
lOOmM DMPO. ESR parameters: modulation frequency, 10 kHz; modulation 
amplitude, IG; microwave power, 6 mW; time constant, 40 msec; scan rate, 40 sec; 
and number of scans, 5. 
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no scavenger 

5% ethanol 

5% methanol 

50mM mannitol 

3280       3300       3320       3340       3360       3380       3400       3420 

[G] 

Figure 3.4. ESR spectra observed from the reaction of EO (SOW) water with 0.25mM 



39 
-2+ Fe   , in the presence of the following scavengers: (A), no scavenger; (B), 5% ethanol; 

(C), 5% methanol; (D), 50mM mannitol. All spectra were recorded in the presence of 
lOOmM DMPO. ESR parameters: modulation frequency, 10 kHz; modulation 
amplitude, IG; microwave power, 6 mW; time constant, 40 msec; scan rate, 40 sec; 
and number of scans, 5. 

3280       3300 3320       3340       3360 

[G] 

3380       3400 3420 

Figure 3.5. ESR spectra observed from the reaction of EO (HEW) water (at 24 h after 
collection) with 0.5mM Fe3+ in the presence of lOOmM DMPO. ESR parameters: 
modulation frequency, 10 kHz; modulation amplitude, IG; microwave power, 6 mW; 
time constant, 40 msec; scan rate, 40 sec; and number of scans, 5. 
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Moreover, when EO water was incubated with Fe3+ for 5 min, (i.e. much longer than 

any "OH would be able to persist), the DMPO-OH signal was still present when 

DMPO was added to the incubation mixture (Figure 3.6). This observation provided 

further evidence that the DMPO-OH signal was not due to trapping of •OH radicals. 

3280       3300       3320       3340       3360       3380       3400 

[G] 

3420 

Figure 3.6. ESR spectrum observed from EO (SOW) water + 0.25mM Fe3+. DMPO 
(lOOmM) was added at 5 min after EO (SOW) was mixed with Fe3+. ESR parameters: 
modulation frequency, 10 kHz; modulation amplitude, IG; microwave power, 6 mW; 
time constant, 40 msec; scan rate, 40 sec; and number of scans, 5. 

3+ When acidic water (HCl solution, pH~2) was added to 0.25mM Fe   in the presence of 

DMPO (lOOmM), a DMPO-OH signal was obtained through the nucleophilic addition 

of water to DMPO (Figure 3.7). 
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3280   3300  3320  3340  3360   3380  3400   3420 

[G] 

Figure 3.7. ESR spectra observed from Acid water (pH 2.2) + 0.25mM Fe3+ in the 
presence of lOOmM DMPO. ESR parameters: modulation frequency, 10 kHz; 
modulation amplitude, IG; microwave power, 6 mW; time constant, 40 msec; scan 
rate, 40 sec; and number of scans, 5. 

The formation of "OH radicals was also tested in a neutral pH environment (Figure 8). 

The 1-2-1-2-1-2-1 spectrum was assigned to DMPOX (5,5-dimethyl-2-pyrrolidone-N- 

oxyl). Previous studies (1, 18) have shown that HOCl oxidizes DMPO with the 

formation of DMPOX. 
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3280       3300 3320       3340       3360 

[G] 

3380       3400       3420 

Figure 3.8. ESR spectra observed from: (A), EO (SOW) water + 50mM phosphate 
buffer + lOOmM DMPO; and (B), EO (SOW) water + 50mM phosphate buffer + 
0.25mM Fe2+ + lOOmM DMPO. ESR parameters: modulation frequency, 10 kHz; 
modulation amplitude, IG; microwave power, 6 mW; time constant, 40 msec; scan 
rate, 40 sec; and number of scans, 5. 
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DMPO is a nitrone spin trap largely used for trapping OH radicals with the 

generation of a more stable free radical, DMPO-OH, which is easily identified by ESR 

spectroscopy (Figure 3.1, A). Hydroxyl radicals react with ethanol with the formation 

of a-hydroxylethyl radicals, DMPO-CHOH-CH3 (2). As expected, the addition of 

ethanol inhibited the DMPO-OH signal and a new signal characteristic to DMPO- 

CHOH-CH3 was formed (Figure 1, B). Hydroxyl radicals are known to react with 

scavengers such as ethanol, DMSO, and methanol, to give the corresponding DMPO- 

alkyl radicals (22, 2). Mannitol is known to scavenge the OH radicals (9). 

DMPO is used as a spin trap for oxygen-centered free radicals, such as 'OH 

and O2*". However, it has been reported that in the presence of iron ions, DMPO-OH 

signal may be produced through a nucleophilic attack of water to DMPO (10). It has 

been proposed that Fe3+ withdraws an electron from the double bond of DMPO, 

allowing nucleophiles to attack the positively polarized double bond of DMPO. 

Proposed reaction (10): 

^"VNUHJC 

DMPO Fe2+ 

The results of this study indicate that the DMPO-OH signal generated as a 

result of the addition of Fe3+ or Fe2+ to electrolyzed NaCl solution samples, was not 

formed through the free radical mechanism but to the nucleophilic addition of water to 

DMPO. 
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CHAPTER 4 

DMPOX formation in ESR studies of electrolyzed NaCl solution 
using DMPO as a spin trapping agent 

Silvia D. Stan and Mark A. Daeschel 
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ABSTRACT 

Electrolyzed oxidizing (EO) water has recently generated much interest as a 

disinfectant in the food industry. 5,5-dimethyl-l-pyrroline-N-oxide (DMPO) is a spin 

trapping agent widely used in the electron spin resonance (ESR) characterization of 

oxygen-centered free radicals. The reaction between electrolyzed water, collected 

from the anode side of a two-chamber electrolyzer, and DMPO, was investigated by 

electron spin resonance spectroscopy (ESR). Addition of DMPO to EO water, 

generated an ESR spectrum identical with that of 5,5-dimethyl-2-pyrrolidone-N-oxyl 

(DMPOX), suggesting that a compound from EO water oxidized DMPO with the 

formation of DMPOX. To further investigate the electrolytic-generated compound that 

oxidized DMPO, aqueous solutions of different sodium salts (sodium chloride, sodium 

citrate, and sodium iodide) with similar electric conductivities were electrolyzed. The 

DMPOX signal was not present in the electrolyzed sodium citrate sample, suggesting 

that the DMPOX formation in the electrolyzed NaCl sample might be due to an 

electrolytic generated chlorine species. A low DMPOX signal was also observed from 

the electrolyzed Nal sample, suggesting that a similar species obtained through the 

electrolysis of the I" ion, can also oxidize DMPO. Hypochlorous acid is proposed to 

oxidize the spin trap DMPO with the formation of DMPOX. In a neutral pH 

environment, electrolyzed water also oxidized DMPO to DMPOX. This is consistent 

with the DMPOX formation in the reaction of chlorine water (containing CI2 and 

HOC1) or sodium hypochlorite with DMPO. 

INTRODUCTION 

In recent years, electrolyzed oxidizing (EO) water has generated much interest 

as a disinfectant in the food industry. EO water is prepared through the electrolysis of 

a NaCl solution in the anode side of an instrument in which the anode and cathode are 

separated by an ion-permeable membrane. EO water is characterized by a low pH 

(ranging from 2.3 to 2.7), and high oxidation reduction potential (ORP) (ranging from 
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1050 to HOOmV) and exhibits a strong bactericidal effect against a large number of 

Gram-positive and Gram-negative pathogens (15, 8, 13). EO water has been also 

tested as a means to disinfect fresh produce (3, 6), poultry (9), seeds used for sprouting 

(5,11), and cutting boards (8, 14). . 

5,5-dimethyl-1-pyrroline-N-oxide (DMPO) is a spin trapping agent frequently 

used in the ESR characterization of hydroxyl (.OH) and superoxide (O2") radicals in 

biological systems (4). We became interested in the reaction of EO water with DMPO, 

in our ESR study on the investigation of .OH radicals in EO water (10). Electrolysis of 

a NaCl solution generates, in the anode side of a two-chamber electrolyzer, an acid 

oxidizing water which contains CI2, HOC1, and dissolved oxygen and it is 

characterized by a low pH and a high ORP (12). The effect of the hypochlorous acid 

on the spin trapping experiments needs to be examined in order to determine the effect 

of this compound on the chemistry of the system. 

This study was undertaken to investigate the formation of DMPOX in the 

reaction of EO water with DMPO. 

MATERIALS AND METHODS 

Reagents 

Chlorine water and sodium chloride, were purchased from VWR International 

(West Chester, PA). Titanium trichloride solution (TiCb) (20%), and sodium iodide 

were purchased from EM Science (Cherryl Hill, NJ). Potassium chlorate (KCIO3), and 

sodium citrate were purchased from J. T. Baker Chemical Co. (Phillipsburg, NJ). 

Clorox (sodium hypochlorite, 6%) was purchased from Clorox Corporation (Ookland, 

CA). 5,5-dimethyl-l-pyrroline-N-oxide (DMPO), ethanol, sodium phosphate 

monobasic, and sodium phosphate dibasic were purchased from Sigma-Aldrich Co. 

(St. Louis; MO). DMPO was purified with activated charcoal (Matheson Coleman & 

Bell, Norwood, Ohio) by stirring for 1 h with a magnetic stirrer VWR model 320, set 

at speed 6, followed by filtration with no. 2 Whatman paper (Whatman International 



50 

Ltd, Maidstone, England). Sodium phosphate buffer was purified with chelex (Sigma) 

by stirring for 8 h, followed by filtration with no. 2 Whatman paper. 

Preparation of electrolyzed water 

Two types of electrolyzed water generators were used in this study. EO (HEW) 

water was prepared using a continuous generator Hoshizaki ROX 20TA-U (Hoshizaki 

Electric Co. Ltd., Japan) at 10 V and 14.4 ± 0.4 A. Deionized water and a 13.6% 

(wt/vol) NaCl solution were simultaneously pumped into the generator. EO (SOW) 

water was prepared using a batch type JED - 007 Super Water Mini generator (Altex 

Janix, Kanagawa, Japan) from 0.05% (wt/vol) NaCl solution (electric conductivity of 

1.18mS); a 10-min electrolysis time was used. The batch type JED - 007 generator 

was also used to electrolyze solutions of sodium citrate and sodium iodide with 

electric conductivities of 1.16 and 1.17mS, respectively. 

Preparation of CIO: radical 

Chlorine dioxide was prepared as described by Ozawa et al. (7), by combining 

an acid solution of Ti3+ (2mM) with KCIO3 (30mM): 

CIO3- + H+ -> HCIO3 

Ti3+ + HCIO3 -> Ti4+ +OH- +CIO2 

DMPO (91mM) was added to the reaction mixture and the ESR spectrum was 

recorded within 5 min. 

Reaction of EO water with DMPO 

In an acid pH environment, EO water (0.9 ml) and DMPO (0.1 ml, lOOmM) 

were mixed and the ESR spectrum was recorded within 5 min. In a neutral pH 

environment, EO water (0.45 ml) and sodium phosphate buffer (0.45ml, 90mM) were 

mixed with DMPO (0.1ml, lOOmM) and the ESR spectra were recorded within 5 min. 

All concentrations are final. 
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Reaction of chlorine species with DMPO 

CI2 water (100 mg/1) and sodium hypochlorite (100 mg/1, prepared from 

bleach) were mixed with DMPO (lOOmM) and the ESR spectra recorded within 5 

min. 

ESR measurements 

ESR measurements were carried out on a Bruker EMX-X band (9 GHz) 

spectrometer with the following parameters: modulation frequency 10 kHz, 

modulation amplitude 1G, microwave power 6 mW, time constant 40 msec, 

temperature 293.2 K, receiver gain 5.02e+005, scan rate 40 sec, and number of scans, 

5. 

RESULTS AND DISCUSSION 

Reaction between EO water and DMPO in an acid pH environment 

In an acid pH environment, EO (HEW) water reacted with DMPO (lOOmM) 

with the formation of a spin adduct with a line intensity ratio of 1-2-1-2-1-2-1 (Figure 

4.1, A and B). This spectrum consists of a nitrogen triplet with each of the lines split 

into triplets in a 1:2:1 pattern. This ESR spectrum is identical with that of 5,5- 

dimethyl-2-pyrrolidone-N-oxyl (DMPOX) reported previously (7), suggesting that 

DMPOX was formed in the reaction of EO water and DMPO. 

Reaction between EO water and DMPO in a neutral pH environment 

The DMPOX spectrum was also obtained when the pH of the EO water was 

adjusted to 7.2 with sodium phosphate buffer (Figure 4.2). An aqueous DMPO 

solution (lOOmM), and a solution of 0.05% (wt/vol) NaCl in the presence of lOOmM 

DMPO showed no interfering ESR signals (data not included). 
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Electrolysis of different sodium salts 

To further investigate the involvement of the anion species in the electrolytic 

generation of a compound that will oxidize DMPO, aqueous solutions of different 

sodium salts with similar electric conductivities were electrolyzed (Figure 4.3). The 

DMPOX signal was not present in the electrolyzed sodium citrate sample, suggesting 

that the DMPOX formation in the electrolyzed NaCl sample might be due to an 

electrolytic generated chlorine species. A low DMPOX signal was also observed from 

the electrolyzed Nal sample, suggesting that a similar species obtained through the 

electrolysis of I" ion, oxidizes DMPO. 
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Figure 4.1. ESR spectra observed from EO (HEW) water: (A), immediately after 
collection, in the presence of DMPO (lOOmM); (B), at 18 h after collection, in the 
presence of DMPO (lOOmM); and (C), immediately after collection, in the absence of 
DMPO. ESR parameters: modulation frequency, 10 kHz; modulation amplitude, 1G; 
microwave power, 6 mW; time constant, 40 msec; scan rate, 40 sec; and number of 
scans, 5. 
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3360 3370 3380 

Figure 4.2. ESR spectra observed from the reaction between EO (SOW) water and 
DMPO (lOOmM), in sodium phosphate buffer (pH 7.2). ESR parameters: modulation 
frequency, 10 kHz; modulation amplitude, IG; microwave power, 6 mW; time 
constant, 40 msec; scan rate, 40 sec; and number of scans, 5., receiver gain: 
5.00e+006. 
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Figure 4.3. ESR spectra observed from the electrolysis of a solution of (A), sodium 
chloride; (B), sodium citrate; and (C), sodium iodide. All spectra were recorded in the 
presence of lOOmM DMPO. Electrolysis was performed using the batch type JED — 
007 electrolysis unit. The salt solutions had similar initial conductivities with values 
between 1.16 to 1.18 mS. 
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A chlorine species was further investigated in the generation of DMPOX. Chlorine 

dioxide (CIO2) is a rather stable free radical, with a life-time of more than 2h, that has 

been shown to oxidize DMPO with the formation of DMPOX (2) (with the hyperphine 

spliting constants of aN = 0.72mT, and aH 0.41mT). 

As a control, chlorine dioxide was generated by the redox reaction of Ti   with KCIO3 

(Figure 4.4). 

3320 3330        3340 3350 3360        3370 3380 

[G] 

Figure 4.4. ESR spectrum observed from the reaction of 30mM KCIO3 with 2mM 
TiCls, in the presence of 91mM DMPO. ESR parameters: modulation frequency, 10 
kHz; modulation amplitude, 1G; microwave power, 6 mW; time constant, 40 msec; 
scan rate, 40 sec; and number of scans, 5. 

DMPOX spectrum was also observed in the reaction of chlorine water (pH 2.7) and 

sodium hypochlorite (pH 9.5) with DMPO (Figure 4.5). The electrolyzed water 

collected from the cathodic side (containing NaOH and dissolved hydrogen) did not 

give an ESR spectrum in the presence of DMPO (Figure 4.6). 
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B 
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3320 3330 3340 3350 

[G] 

3360 3370 3380 

Figure 4.5. ESR spectra observed from (A), CI2 water (100 mg/1); and (B), sodium 
hypochlorite (100 mg/1); in the presence of lOOmM DMPO. ESR parameters: 
modulation frequency, 10 kHz; modulation amplitude, IG; microwave power, 6 mW; 
time constant, 40 msec; scan rate, 40 sec; and number of scans, 5. 
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[G] 

Figure 4.6. ESR spectra observed from cathodic water in the presence of lOOmM 
DMPO. ESR parameters: modulation frequency, 10 kHz; modulation amplitude, 1G; 
microwave power, 6 mW; time constant, 40 msec; scan rate, 40 sec; and number of 
scans, 5., receiver gain: 2.00e+006. 

Addition of ethanol (5%), prevented or reduced the oxidation of DMPO by EO water 

(Figures 4.7 and 4.8). 
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B + 5% ethanol 

3320 3330 3340 3350 

[G] 

3360 3370 3380 

Figure 4.7. ESR spectra observed from (A), EO (SOW) water; and (B), EO (SOW) 
water + 5% ethanol; in the presence of lOOmM DMPO, immediately after electrolysis. 
ESR parameters: modulation frequency, 10 kHz; modulation amplitude, 1G; 
microwave power, 6 mW; time constant, 40 msec; scan rate, 40 sec; and number of 
scans, 5. 
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B + 5% ethanol 
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3320 3330 3340 3350 

[G] 

3360 3370 3380 

Figure 4.8. ESR spectra observed from (A), EO (HEW) water; and (B), EO (HEW) 
water + 5% ethanol; in the presence of lOOmM DMPO, immediately after electrolysis. 
ESR parameters: modulation frequency, 10 kHz; modulation amplitude, 1G; 
microwave power, 6 mW; time constant, 40 msec; scan rate, 40 sec; and number of 
scans, 5. 

DMPO is a nitrone spin trap. When DMPO was added to EO (HEW or SOW) 

water, an ESR spectrum was observed. This ESR spectrum is identical with that of 

DMPOX, suggesting that a compound from EO water oxidized DMPO with the 
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formation of DMPOX. DMPOX is a relatively stable free radical obtained through the 

oxidation of DMPO by a variety of compounds, including CIO2 (7) and HC10 (1). 

The possibility that the oxidation of DMPO was due to chlorine dioxide was 

further investigated. This free radical, known for its antimicrobial effect has a life-time 

of more than 2h and exhibits an ESR spectrum both by direct spectroscopy and with 

the use of spin trapping agents (DMPO, 3,3,5,5-tetramethyl-l-pyrroline-N-oxide 

(M4PO), and N-t-buthyl-cc-nitrone (PBN)) (7). Direct ESR spectroscopy of aqueous 

solutions of CIO2 radicals gives a quartet signal with a line intensity ratio 1:1:1:1 and a 

hyperphine spliting centered at g = 2.0106 (7). Direct ESR spectroscopy of EO water 

did not indicate the presence of CIO2 (Figure 4.1, C). 

Chlorine dioxide absorbs UV light with an absorption maximum at 360nm, and 

a molar absorptivity of HOOM'cm"1 (2). UV spectra of EO water did not show the 

presence of CIO2 (data not included). Although CIO2 radical was not found in the 

tested EO water samples, the presence of CIO2 in anode electrolyzed water obtained 

through the electrolysis at a higher voltage, is considered possible. CIO2 can be formed 

from the reaction of CI2 and ozone, if ozone is formed. Ozone could be theoretically 

formed if a higher voltage is applied between electrodes, or/and a catalyst for ozone 

formation is used. 

Hypochlorous acid, generated in the anode chamber, is proposed to oxidize the 

spin trap DMPO with the formation of DMPOX. This is in agreement with Bemofsky 

et al. (1) who proposed several pathways for the formation of DMPOX in the reaction 

ofHOCl and DMPO: 

H,C^      / v ...„.„ HA;.        / \        .H u.r I \ [0]    H3C 

DMPO 
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H.C 

DMPO 

H.C 

H,C 

H,C 

OC1   .HC1 

H^C 

O 

DMPOX 
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In a neutral pH environment, anode electrolyzed water oxidized DMPO with 

the formation of DMPOX. This is consistent with the DMPOX formation in the 

reaction of chlorine water (containing CI2 and HOC1) or sodium hypochlorite with 

DMPO (Figure 4.5). 

In conclusion, DMPOX is formed in the reaction of EO water with DMPO under both 

acid and neutral conditions by the oxidation of chlorine species, hypochlorous acid 

and hypochorite ion. 
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CHAPTER 5 

Antimicrobial Species in Electrolyzed Oxidizing Water 
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ABSTRACT 

Electrolysis of a NaCl solution generates, in the anode side of a two-chamber 

electrolyzer, an acid oxidizing water which contains CI2, HOC1, dissolved oxygen and 

it is characterized by a low pH and a high oxidation reduction potential (ORP). The 

high level of dissolved oxygen in an low pH environment is likely to participate in its 

antimicrobial effect. Ozone may be also formed at higher voltages or in the presence 

of a catalyst. Easily prepared on site from a dilute solution of sodium chloride, EO 

water might reduce the risk of handling high concentrations of chlorine or other 

chemicals to both workers and the environment. Containing an aggregate of 

antimicrobial factors, EO water has potential as an alternative disinfecting agent in the 

food industry. 

INTRODUCTION 

Electrolyzed oxidizing (EO) water has recently generated much interest, being 

tested in a large number of applications. In suspension tests, EO water has showed 

strong bactericidal effects against Escherichia coli 0157:H7, Listeria monocytogenes, 

Salmonella Enteriditis, Campylobacter jejuni, Bacillus cereus (16, 9), Staphylococus 

aureus, Staphylococcus epidermitis, Burkholderia cepacia, Serratia marcens, and 

Pseudomonas aeruginosa (14). The bactericidal effect of EO water was reported to be 

similar (16) or superior (10) with that of chlorine water and similar with that of 80% 

ethanol (14). This new disinfecting agent has also been tested for the disinfection of 

kitchen cutting boards and other surfaces (9, 15) as well as lettuce (5) fresh-cut 

vegetables (1), alfalfa seeds (4, 12), and poultry (10). 

Chlorine species can be measured by a variety of methods including UV and 

visible spectroscopy. HCIO absorbs UV light and exhibits a maximum absorption at a 

wavelength of 234nm with a molar absorptivity of 100 M'cm"1 while CIO" exhibits a 

maximum at a wavelength of 292nm with a molar absorptivity of 350 M"1cm"1(3, 6). 
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Free available chlorine can be also determined by the DPD method. The sample is 

buffered to a pH of 6.3 and the HCIO is determined by reacting with N,N diethyl-p- 

phenylenediamine with the formation of a colored compound whose absorbance can 

be measured spectrophotometrically. 

The objective of this study was to investigate the species present in EO water. 

The electrolytic generation of antimicrobial species is also discussed. 

MATERIALS AND METHODS 

Dissolved oxygen, pH and ORP measurements 

Dissolved oxygen was measured using a YSI Model 95 dissolved oxygen 

meter (YSI Incorporated, Yellow Springs, OH). The pH and ORP were determined 

using a digital ion analyzer (Orion Research Inc., Beverly, MA), equipped with pH 

and ORP electrodes (ACCUMET®, Denver Instrument Co, Denver, CO). 

Chlorine species measurement 

The pH of EO (HEW and SOW) water and chlorine water was adjusted to 7.0 

with 1M NaOH (EM Industries Inc., Cherryl Hill, NJ) and the UV absorption was 

measured at 234 nm and 292 nm. Deionized water was used as a reference. The 

concentrations of HCIO and CIO' were determined by Beers's law, A = ebc, using a 

molar absorptivity of lOOcm^M"1 at 234 nm for HCIO, and a molar absoptivity of 350 

crn'M"1 at 292 nm for CIO". 

UV scans 

UV absorption scans of EO water and pH-adjusted EO water were recorded 

from 200 nm to 400 nm with the use of a UV 2100PC, UV-VIS scanning 

spectrophotometer (Shimadzu Scientific Instruments Inc., Columbia, MD). As a 

control, UV absorption scans of chlorine water (VWR International, West Chester, 

PA) and pH-adjusted chlorine water were similarly recorded from 200 nm to 400 nm. 

The pH of EO and chlorine water was adjusted with a solution of 1M NaOH. 
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Preparation of electrolyzed water 

Two types of electrolyzed water generators were used in this study. EO (HEW) 

water was prepared using a continuous generator Hoshizaki ROX 20TA-U (Hoshizaki 

Electric Co. Ltd., Japan) at 10 V and 14.4 ± 0.4 A. Deionized water and a 13.6% 

(wt/vol) NaCl (VWR International, West Chester, PA) solution were simultaneously 

pumped into the generator. EO (SOW) water was prepared using a batch type JED — 

007 Super Water Mini generator (Altex Janix, Kanagawa, Japan) from 0.05% (wt/vol) 

NaCl solution; a 10-min electrolysis time was used. 

RESULTS AND DISCUSSION 

UV absorption spectra give information about the chlorine species present in the 
sample at different pH values (Figure 5.1). 

0.4O0 

0.300 

0.200 

0.100 

0.000 
200.00  250.00  300.00  390.00  400.00 

nm. 

Figure 5.1. UV absorption spectra of EO (HEW) water in a 1 cm path length at pH 
values of 2.6 (—), 4.0 (—), 6.1 (—), and 9.1 (—). The pH of EO water was adjusted 
with a solution of 1M NaOH. Deionized water was used as a reference. EO (HEW), 
acidic electrolyzed oxidizing water obtained with the Hoshizaki electrolysis unit; 

Two peaks, centered at 234 nm and 292 nm, were observed. When the pH of 

EO water was increased from 2.6 to 9.1, the peak at 234 nm (assigned to HCIO) 

decreased, while the peak at 292 nm (assigned to CIO") increased. This is consistent 

with the reaction of ionization of hypochlorous acid: 

HOC1 <=> H+ + OCl", pKa = 7.5. 



69 

0.500 

0.400 

0.000 
200.00       2S0.00       300.00       350.00       400.00 

nm. 

Figure 5.2. UV absorption spectra of chlorine water in a 1 cm path length at pH 
values of 2.7 (—), 4.1 (—), 6.2 (—), 9.1 (—), and 10.1 ( ). The pH of chlorine water 
was adjusted with a solution of 1M NaOH. Deionized water was used as a reference. 

The pH, ORP, dissolved oxygen, and free chlorine concentration of EO (HEW and 

SOW) water and chlorine water are presented in Table 5.1. 

Table 5.1 . Characteristics of EO (HEW and SOW) water and chlorine water 

EO water pH ORP (mV) Free chlorine (mg/1)' 

by UV spectroscopy 

Dissolved oxygen 

mg/1 

HEW 2.6 +1060 65 20 

SOW 2.4 +1063 43 27 

Chlorine 

water 

2.6 +1068 70 nd 

ORP, oxidation reduction potential; HEW, acidic electrolyzed oxidizing water 
obtained with Hoshizaki electrolysis unit; SOW, acidic electrolyzed oxidizing water 
obtained with Super Water Mini electrolysis unit; nd, not determined. 

Represents the sum of HCIO and CIO' of EO and chlorine water samples whose pH 
was adjusted to 7.0. 
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Electrolysis is the process by which an electric current is applied to a solution 

in which an anode and a cathode electrode are placed. Oxidation occurs at the anode 

pole while reduction takes place at the cathode pole. In an aqueous solution of NaCl, 

water is decomposed to ions of H+ and OH", and NaCl is ionized to Na+ and Cl" ions. 

The anode and cathode reactions are: 

Anode (oxidation): 3H2O ->2H30+ +2e +1/2 Oz, E0
red =1-23 V; Ered = 0.82 V (10"7M) 

Cf -> 1/2C12 + e, E0
red=l.36 V;   Ered=l.48V (8.55mM) 

Side reactions: CU + H2O « HOC1 + H+ +C1" 

Cathode (reduction):  2H30+ +2e->H2 +2H2O E0
red = 0V; Ered = -0.41V (10"7M) 

Na+ +le -> Na , E0
red =-2.71 V; Ered = -2.83V (8.55mM) 

Side reactions: Na + H2O -> NaOH + I/2H2 

What reactions will occur first? At the cathode, H+ will accept an electron 

more easily than Na+, while at the anode, OH" will lose an electron more easily than 

Cl". This is consistent with the reduction potentials of the reactions. Basic 

electrochemistry tells us that the more positive the reduction potential of a half-cell 

reaction is, the greater the tendency of that reaction to take place as a reduction. E0
red 

represents the reduction potential in standard conditions (1 atm, 250C, and 1.0 M) for 

the half-cell reactions in the electrolysis of water and of NaCl (8). 

The NaCl solution had a concentration of 8.55mM. For this concentration, the 

reduction potentials of the sodium and chloride half-cell reactions can be calculated 

using the Nemst equation: 

E( Na+/Na) = E0(Na+/Na) - (RT/nF)ln(l/[Na+]) = E0(Na+/Na) - 0.05921og(l/[Na+]) = 

= -2.71 - 0.12 =-2.83 V 

ECCyCl") = E0(Cl2/Cr) - (RT/nF)ln([Cr]/Pci21/2) = 

= E0(Cl2/Cr) - 0.05921og([Cl"]/Pci21/2) = 1.36 + 0.12 = 1.48 V 
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A E = E cathode - E anode = -4.31 V, indicating that the anode and cathode reactions 

are not spontaneous and require external energy to occur. 

For pure water, [H+] = [OH"] =10'7M. Therefore the reduction potentials of the anode 

and cathode half reactions are 0.815V and -0.414V, respectively (8). 

The high ORP of EO water might be also due to the high levels of dissolved 

oxygen. Oxygen can act as an oxidizing agent in acidic solution at pH 0, having a high 

reduction potential (8): 

02 + 4H30+ +4e -» 6H2O E0
red = 1.229 V 

Previous studies on EO water have suggested the presence of other oxygen 

species, such as O3, H2O2, 'OH, although their presence was not clearly documented. 

Ozone is a strong oxidant, and it is reduced to water and oxygen in an acidic aqueous 

solution (8), being characterized by a high reduction potential: 

03 + 2 H30+ +2e -» 02 +3H2O, E0
red = 2.07 V 

The formation of ozone would therefore require a high voltage or the presence of a 

catalyst. 

Hydrogen peroxide is a possible product of the reduction of oxygen in an acidic 

solution (8): 

O2 + 2H30+ +2e -> H2O2 + 2H2O, E0
red = 0.69 V 

Being a strong oxidant, hydrogen peroxide can be further reduced to water: 

H2O2 + 2H30+ +2e -> 4H2O, E0
red = 1.77 V 

The diagram of disproportionation of H2O2 shows that in an acidic solution, H2O2 is 

thermodynamically unstable and will spontaneously disproportionate. 

0.69 V               1.77 V 
02   H202 H20 

Hydroxyl (•OH) radicals are short-lived free radicals that are believed to occur 

as intermediates in the anodic half-cell reaction of water. However, in our previous 

study (13), .OH radicals were not detected by ESR spectroscopy. This might be due to 

the fact that the anodic reaction, in which .OH are intermediates, occurs with a high 

rate and on the surface of the electrode, and therefore it might not be practically 
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possible to detect the .OH if the spin trapping agent is not present during electrolysis. 

The presence of .OH in a Cl" environment might also lead to the formation of HOC1 in 

a series of fast reactions. Studies by Saran et al. (11) on the mechanism of the 

phagocytic killing as well as from radiation chemistry studies where a source of 'OH 

is established in a chloride containing environment, have proposed that in an acid 

environment, the species HOG" might be formed. The intermediate reactions involve 

the transient radicals Cl' and CI2'" (dichloro radical anion) (11): 

•OH + cr <=> Hocr,        k = sxioW 

HOCI" + H+
 <=> cr + H20 

cr +cr -»ch" k = sxioW 

ch" + cb'" ->» ciz +2cr 

ch + H20 <=> HOCI + H+
 + cr 

Electrolysis of a dilute NaCl solution generates, in the anode side of two- 

chamber electrolyzer, an acid oxidizing water which contains CI2, HOCI, dissolved 

oxygen and it is characterized by a low pH and a high ORP. A high ORP value 

indicates an oxidizing compound that readily takes up electrons. Microorganisms can 

grow in an ORP environment between -200 mV and 800mV with the growth of 

aerobes being favored in positive ORP environments and the growth of anaerobes 

being favored in negative ORP environments (2). 

Most pathogenic bacteria grow in an environment with pH above 3.5. A low 

pH environment has an adverse effect on the functioning of enzymes and the transport 

of nutrients inside the cells (2). Hypochlorous acid is the most bactericidal form of 

chlorine species. Bacterial cells tend to have a residual negative charge (2). At a low 

pH, hypochlorous acid is not ionized and can therefore enter more easily the 

negatively charged cells. The lethal effect of hypochlorous acid on the bacterial cell is 

due to its interference in different pathways, including 1. reactions with nucleic acids, 

purines, and pyrimidines; 2. disruption of protein synthesis; 3. inhibition of glucose 

oxidation by chlorine-oxidizing sulphydril groups of certain enzymes important in 

carbohydrate metabolism; and 4. oxidative decarbolylation of amino acids to nitrates 

and aldehydes (7). 
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Easily prepared on site from a dilute solution of sodium chloride, EO water 

might reduce the risk of handling high concentrations of chlorine or other chemicals to 

both workers and the environment. Containing an aggregate of antimicrobial factors, 

EO water has potential as an alternative disinfecting agent in the food industry. 
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CHAPTER 6 

Conclusions 

Alfalfa sprouts have been implicated in several salmonellosis outbreaks in 

recent years. Vegetable sprouts are perceived by the consumer as a healthy food and 

are consumed raw with minimal processing. The presence of Salmonella in seeds and 

the ability of this pathogen to multiply during growing and harvesting have raised food 

safety concerns for consumers looking to include sprouts as a healthy choice in their 

diet. 

The real challenge in seed disinfection lies in that any treatment one gives the 

seeds must be one that will inactivate the microorganisms but not interfere with the 

ability of seeds to germinate. This dissertation reports on the use of electrolyzed 

oxidizing (EO) water as a new antimicrobial agent for alfalfa seed disinfection. 

Electrolysis of a NaCl solution generates, in the anode side of a two-chamber 

electrolyzer, an acidic electrolyzed oxidizing water which contains CI2, HOC1, 

dissolved oxygen, and it is characterized by a low pH and a high oxidation reduction 

potential (ORP). The disinfectant effects of EO water against Salmonella enterica both 

in an aqueous system and on artificially contaminated alfalfa seeds were determined. 

The optimum ratio of seeds to EO water was also determined in order to maximize the 

antimicrobial effect of EO water. EO water (pH 2.54 to 2.38, and ORP +1083 to 

+1092 mV) exhibited a strong potential for inactivation of 5". enterica in an aqueous 

system (producing a reduction of at least 6.6 log CFU/ml). Treatment of artificially 

contaminated alfalfa seeds with EO water at a seed-to-EO water of 1:100 for 15 and 

60 min significantly reduced Salmonella populations by 2.04 and 1.96 log CFU/g, 

respectively (P < 0.05), while a Butterfield's buffer wash decreased Salmonella 
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populations by 0.18 and 0.23 log CFU/g, respectively. After treatment, EO water was 

Salmonella negative by enrichment with or without neutralization. Germination of 

seeds was not significantly affected (P > 0.05) by a treatment for up to 60 min in 

electrolyzed water. 

Further studies were undertaken to investigate whether .OH radical species are 

present in EO water or are formed when EO water reacts with iron ions. Electron spin 

resonance spectroscopy coupled with the spin trapping technique was used for the 

detection of free radicals. The DMPO-OH spin adduct, characteristic to OH radicals, 

was not observed. The reactions of EO water with Fe3+ and Fe2+, in the presence of 

DMPO yielded the spin adduct DMPO-OH. However, the addition of OH radical 

scavengers (ethanol, methanol, and mannitol) did not reduce the DMPO-OH signal nor 

generated the characteristic DMPO-alkyl spin adducts. This indicated that the DMPO- 

OH signal was due to a nucleophilic addition of water to DMPO and not to trapping of 

OH radicals. 

Addition of DMPO to EO water, generated an ESR spectrum identical with 

that of 5,5-dimethyl-2-pyrrolidone-N-oxyl (DMPOX). Hypochlorous acid, generated 

in the anode chamber, is proposed to oxidize the spin trap DMPO with the formation 

of DMPOX. 

The results presented herein further substantiate the potential of EO water as 

an alternative disinfecting agent in the food industry. 

Relevant topics for future research include 1. application of EO water as 

irrigation water during sprouting of seeds; 2. determination of ozone concentration at 

higher voltages; and 3. studies on the effect of electrolysis on the structure of clusters 

of water and its relationship with the bactericidal effect of EO water. 
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ABSTRACT 

A Hazard Analysis and Critical Control Point (HACCP) model has been 

developed for green-leaf vegetable sprouts. The steps of seed receipt, seed 

disinfection, testing of spent irrigation water, metal detection, chill storage, packaging, 

storage and distribution have been identified as critical control points. Critical limits, 

monitoring procedures and corrective actions are presented. Since seed disinfection 

with 20,000 ppm calcium hypochlorite does not guarantee the complete elimination of 

food-borne pathogens, microbiological testing of spent irrigation water is included as a 

critical control point. 

INTRODUCTION 

Salmonellosis and outbreaks of Escherichia coli 0157:H7 have been 

associated with the consumption of alfalfa, radish, clover and mung bean sprouts (12). 

Since 1995 at least 13 food-borne disease outbreaks have been linked to raw sprouts 

(10). These outbreaks led the Food and Drug Administration (FDA) to issue in August 

1998 a health advisory for high-risk groups (the children, the elderly, and the ones 

with a compromised immune system), warning them not to eat raw alfalfa sprouts. The 

health advisory was reissued several times and included all raw sprouts for all 

consumers. 

Contaminated seeds used for sprouting are considered to be the major factor 

responsible for contaminated sprouts. Seeds are raw agricultural commodities that can 

become contaminated with pathogens such as Salmonella or Escherichia coli 

0157:H7 during growing and harvesting. Possible sources of seed contamination are 

contaminated agricultural water used for irrigation, animal manure used as a fertilizer, 

wild animals, insects, contaminated equipment used for harvesting and conditioning 

and poor personal hygiene. Seed processing is aimed at reducing contamination of 

seed through the elimination of weed seeds and foreign mater, but provides no means 
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of food safety intervention for seeds destined for human consumption. Furthermore, 

sprouts can also be contaminated at the sprouting facility. Possible sources of 

contamination at the sprouting facility consist of contaminated irrigation water, poor 

personal hygiene and a lack of proper sanitation procedures. If pathogens are present 

on or in the seeds, the sprouting conditions (water activity, nutrients, temperature, pH, 

growing time) are ideal for rapid microbial proliferation. With the exception of mung 

beans, sprouts are rarely washed or cooked prior to consumption, since those steps 

damage quality consistency or shorten their shelf life. Thus, seeds and the resulting 

sprouts are "incubated and eaten". 

Seeds harbor a significant number of microorganisms prior to sprouting. 

Populations of l-20xl04 CFU/g have been reported on mung beans (2); 3-6xl04 

CFU/g (1), 9xl05 CFU/g (2) or 5-400 x 103 CFU/g (15) on alfalfa seeds; and 

lxl05CFU/g on onion seeds (15); (cited in 12). Sprouts may have a high microbial 

load without being a health concern as long as they are free of bacterial pathogens. 

Studies have shown a variety of pathogenic bacteria in sprouts. Pathogens such as 

Salmonella, Escherichia coli 0157:H7, Bacillus cereus, Staphylococcus aureus, 

Aeromonas hydrophila and Listeria monocytogenes, have been isolated from a variety 

of sprouts (12, 3). The causative agents of documented outbreaks associated with 

sprouts have been various Salmonella serovars, E. coli 0157:H7, and in one case, 

Bacillus cereus (12,). With the exception of bean sprouts that are normally cooked, 

sprouts are generally consumed raw with no kill step or additional treatment, that 

could eliminate pathogens. These factors point to a need for quality assurance 

procedures that can be used in seed handling, sprout germination, and subsequent 

storage and distribution to minimize the presence of microbial hazards of public health 

significance. 

The Hazard Analysis and Critical Control Point (HACCP) system is a 

preventative program that focuses on food safety and it is built upon the prerequisite 

Good Manufacturing Practice  (GMP)  program.  HACCP  involves  a logical 
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identification of those steps in the process which are critical to the safety of the 

product (6). It provides a systematic program for anticipation of microbiological, 

chemical, and physical hazards and effective controls for their prevention. Hence, 

HACCP focuses on the identification and prevention of food-borne hazards rather than 

spot-checks of production processes or random sampling of the finished product. The 

United States Food and Drug Administration (FDA) has incorporated HACCP into its 

Food Code and has mandated HACCP for high-risk food industries such as seafood, 

and juice products. The US Department of Agriculture (USDA) has established 

HACCP for meat and poultry processing plants as well. In the US, National Advisory 

Committee on Microbiological Criteria for Foods (NACMCF) pointed out the need to 

develop education programs for seed and sprout producers on Good Agricultural 

Practices (GAPs), Good Manufacturing Practices (GMPs) and HACCP systems (12). 

The objective of this study was to develop a HACCP model for seed sprout 

production. This plan was developed for training purposes only. The development of a 

HACCP plan for an actual commercial food processing facility must be based on 

hazard analysis of the specific product and the specific food manufacturing conditions 

and distribution. 

METHODOLOGY 

The HACCP model was developed using the Hazard Analysis and Critical 

Control Point Principles and Application Guidelines developed by the National 

Advisory Committee on Microbiological Criteria for Food, and adopted by FDA on 

August 14, 1997(11). 

Definition of terms: 

Hazard: any biological, chemical or physical agent that can be a health risk for the 

consumer in the absence of its control (11). 

Critical Control Points (CCP): any point in the process that is essential to prevent or 

eliminate the hazard or to reduce it to an acceptable level. 
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Critical limits: tolerances (maximum and minimum values) that must be met to ensure 

that a CCP effectively controls a hazard. 

Prerequisite programs. HACCP is built upon the GMP program. FDA has mandated 

the GMP regulations for all commercial food companies and importers under its 

jurisdiction (6). The SSOP's (Sanitation Standard Operating Procedures) are based on 

the Current Good Manufacturing Practice regulations and are written procedures 

determining how a food processor will meet sanitation conditions and practices in a 

food plant. The SSOPs and are also required in current FDA and USDA HACCP 

regulations (6). 

RESULTS AND DISCUSSION 

The HACCP plan summary model is presented in Tables A:l to A.3. 

Assemble a HACCP team 

This plan was developed for training purposes only. When developed for a 

certain facility, a HACCP team should be assembled. The team should include 

members responsible for quality control, production and laboratory as well as 

personnel from every step of the process (receiving, processing, packaging, 

distribution, sanitation, maintenance, and product development), that is directly 

involved in the process (6). The team has the responsibility to develop the HACCP 

plan, verify the completeness of the HACCP plan and validate it. A team leader that is 

elected or appointed should coordinate the team. The HACCP team reports directly to 

the management. 

Describe the food and its distribution and identify intended use and consumers of 

the food 

Sprouts are the germinating form of seeds. Sprouts are viewed as a nutritious 

food and are generally consumed raw in salads and sandwiches. A large variety of 

sprouts can be found on the market: alfalfa, radish, clover, broccoli, sunflower, 
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mustard, dill, garlic, onion, wheat grass, wheat berry, buckwheat, peas as well as 

various beans such as mung, navy, soy, and adzuki. They are sold individually or in 

mixtures. The finished product is refrigerated during distribution and retail display and 

is labeled with a sell-by date. With the exception of bean sprouts that may be cooked 

before consumption, sprouts are generally consumed raw. The product is intended for 

consumption by the general public and is commonly available in grocery stores and 

restaurants. 

Voluntary guidelines 

In October 1999, FDA issued two guidelines entitled: Guidance for Industry: 

Reducing Microbial Food Safety Hazards for Sprouted Seeds and Guidance for 

Industry: Sampling and Microbial Testing of Spent Irrigation Water During Sprout 

Production. The first guidance recommends a disinfection step using 2% (20,000 ppm) 

calcium hypochlorite. The approved disinfection treatment does not guarantee the 

complete elimination of harmful bacteria (9, 14). The second guidance, that is also 

known as the microbial testing guidance, introduces testing of spent irrigation water as 

a prevention strategy for distribution of a contaminated product. In the case of soil 

grown sprouts when testing of spent irrigation water is not possible, the guidance 

recommends testing of sprouts. Information about sampling and microbiological 

testing is also provided (8). 

Development of a flow diagram for sprout production 

The purpose of the flow diagram is to provide a clear outline of all the steps 

involved in the process. Sprouts can be grown either hydroponically or in soil. The 

most frequent practice is the hydroponic process in rotating drums or stationary 

containers. Rotating drums in a lighted room are usually used for green-leaf sprouts 

such as alfalfa, radish, broccoli and clover. Stationary containers in growing rooms are 

used for mung bean, adzuki bean, garbanzo, lentils, onion, peas and wheat berry (12). 

Beans are sprouted in dark since presence of light causes some green color to develop 

in the primary leaf. This is considered a defect in bean sprouts. Soil-grown sprouts are 
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also a practice found in the industry mainly for wheat grass, sunflower, buckwheat, 

daikon, peas and broccoli (12). Sprouts germinate and grow in two to fourteen days, 

depending on the type of seed and germinating process. The distribution of the product 

involves refrigeration of the product during transport. A general flow diagram is 

presented in Figure A.l. This paper presents a HACCP model for green-leaf sprouts 

grown hydroponically. Depending on the particular configuration of a processing 

setup, some firms can omit certain steps from the diagram. 

Seed Receipt: Critical Control Point 1 

Seeds are raw products that can be contaminated in the agricultural 

environment by a variety of sources. These include soil, contaminated agricultural 

water used for irrigation, inadequately treated animal manure, insects, birds, wild 

animals or grazing domestic animals on the fields destined for production of seed for 

human consumption. The post-harvest operations such as transport, conditioning, and 

storage can introduce new sources of contamination with food-borne pathogenic 

microorganisms. Seeds are usually packaged in bags or sacks. Seed bags should have 

attached a tag listing the following information: seed type name, supplier name and 

address, lot number and country of origin. The seeds should be free from any foreign 

matter (insect fragments, bird and rodent droppings, metal, glass fragments, etc). 

Monitoring procedures to be taken during the seed receipt step include the 

visual inspection of incoming seeds to ensure they are clean and suitable for 

processing into food. Pest infestation should be monitored. Contamination with rodent 

urine is checked using a blacklight which will cause urine to fluoresce. If seeds do not 

come with a certificate of analysis which includes microbiological analysis, the seeds 

should be sampled and tested for pathogens such as Salmonella and E. coli 0157:H7. 

Although a negative result does not guarantee the absence of pathogens since 

contamination may be sporadic or at low levels, a positive result would allow the 

producer to avoid using seeds which were confirmed to be contaminated. Chemical 

hazards associated with seeds consist in pesticides or other agricultural chemicals used 
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in seed production. Chemical contamination can be monitored by checking the 

certificate stating of seeds. Seeds used for sprouting should be within the tolerances 

for pesticides which are authorized for seeds destined for human consumption. In the 

US, the Environmental Protection Agency (EPA) establishes the tolerances for 

pesticides on food. Physical hazards associated with sprout production are 

contaminants from seed production (stones, metal, insects, dirt) and contaminants 

from sprout production (metal fragments, jewelry or other personal objects of 

employees). 

Seed Storage 

Seed should be stored in a clean dry area separate from the processing areas. 

General recommendation for seed storage involves a combination heat (0F) and 

humidity (%) value of 100 (10). For instance, a room temperature of 70oF should be 

combined with a humidity of 30%. Seed containers should be stored away from walls 

and off the floor (on pallets) to facilitate cleaning and inspection for signs of rodent 

contamination. Open bags should be stored in closed containers to protect from 

contamination. Although this step is not a CCP (Critical Control Point), temperature 

and humidity are controlled and appropriate monitoring procedure should be in place. 

Moreover, a pest control system should be in place according to the current Good 

Manufacturing Practices (7). 

Pre-soak cleaning 

The purpose of a pre-soak cleaning is to remove the organic load that can bind 

the free chlorine during disinfection. Organic matter is also a substrate for microbial 

growth. Chlorinated or non-chlorinated water can be used in this step. Water can be a 

carrier of many pathogenic microorganisms such as Salmonella, pathogenic strains of 

E. Co//, Vibrio cholerae, Shigella, Cryptosporidium parvum, Giardia lambia, 

Cyclospora cayetanensis, Toxiplasma gondii, and the Norwalk and hepatitis A viruses 

(13). For the purpose of the this paper, water is considered to come from a certified 



92 

source (municipal network) and therefore no water-related biological hazards are 

further discussed in the HACCP plan. 

Seed Disinfection: Critical Control Point 2 

Seeds can harbor significant levels of microorganisms. Bacterial pathogens are 

of particular concern with sprouts. The documented outbreaks associated with sprouts 

have involved various Salmonella serovars, E. coli 0157 and in one case Bacillus 

cereus. Other bacterial pathogens identified as a potential source of increased risk due 

to their association with fresh produce and their ability to proliferate during sprouting 

are Listeria monocytogenes, Shigella and Yersinia enterocolitica (12). Due to its 

ubiquitous presence, L. monocytogenes can contaminate either seeds or sprouts and 

can grow at refrigeration temperature. This stresses the importance of rigorous 

sanitation during production and maintenance of the product at temperatures bellow 

40C. 

The sprouting conditions (water activity, temperature, pH, nutrients) are near 

optimum for pathogen proliferation if they are present on or in the seed. Therefore, 

before sprouting, seeds should be treated with one or more treatments that have been 

shown to reduce any pathogenic bacteria that may be present. The currently approved 

and recommended seed disinfection method is with 2% (20,000 ppm) calcium 

hypochlorite solution (9). Temperature, pH, and organic load affect the amount of 

chlorine that is available in the hypochlorite solution. The hardness of water can 

influence the available chlorine. The recommended pH for the hypochlorite solution is 

6.2-6.8 (10). Workers should take appropriate safety precautions when making and 

using calcium hypochlorite solutions. Potential chemical hazards at this step are 

chlorine and chemicals used for pH adjustment. Seed disinfection is difficult to 

achieve when the seed surface presents irregularities or physical damage that may 

protect bacteria from the action of water-based disinfectants. 
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Pre-germination soak 

The pre-germination soak in water activates the seed germination mechanism 

leading to emergence of the rootlets and leaves. The industry practices involve soaking 

either shorter time (5 to 120 minutes) in chlorinated water or longer time (up to 12 

hours) in non-chlorinated water (12). Long soaking times allow nutrients to leach into 

the soak water and support bacterial growth. Regular stirring of seed and sanitizer may 

improve the effectiveness of the disinfectant agent. 

Germination and Growth 

Germination and growing times vary with type of sprouts and germinating 

process. Sprouts are grown both hydroponically (in rotating drums or stationary 

containers ) and in soil trays. Rotating drums in a lighted room are usually used for 

green-leaf sprouts such as alfalfa, radish, broccoli and clover. Stationary containers in 

growing rooms are used for beans, onion, peas and wheat berry (12). During 

germination and growth, it is critical to keep the equipment and environment clean to 

avoid any potential contamination. Monitoring procedures are control of temperature, 

air quality and humidity. 

Microbial testing: Critical Control Point 3 

Because the currently approved disinfection method does not guarantee the 

complete elimination of pathogens from seed, the treatment should be coupled with a 

microbiological testing program for Salmonella and the enterohemorrhagic 

Escherichia coli 0157:H7. Food and Drug Administration's guideline for industry 

recommends microbiological testing of spent irrigation water from each production lot 

(8). In the case of soil-grown sprouts where testing spent irrigation water is not 

practical, the guide recommends testing sprouts from each production lot. The spent 

irrigation water should be tested for Salmonella and E. coli 0157:H7 in accordance 

with the FDA guideline (8). The sample should be taken no later than 48 h before 

harvesting in order to obtain the lab results before distribution. 
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Washing and Hull Removal 

The hulls are removed with water during the washing process. The hulls may 

harbor bacteria that shorten the product shelf life. In addition with hull removal, 

washing will reduce the microbial load on sprouts. Not all sprouts require washing. 

Sprouts grown and packed in retail plastic containers are generally not washed. At this 

step, a biological hazard is cross-contamination with raw materials or other sources of 

contamination (contaminated equipment, employees, etc). This can be avoided if 

SSOPs and GMPs are in place. 

Chill Storage: Critical Control Point 4 

Sprouts are stored in a cold room if not packed immediately. At this step, 

monitoring includes the verification of temperature in all coolers and maintaining the 

product below 40C and above freezing (0oC). 

Packaging: Critical Control Point 5 

Packaging is usually done manually in a packaging room. Several types of 

packaging are utilized, from plastic bags (with or without holes for respiration) with 

different types of sealing, to rigid plastic containers with completely sealed film 

covers or clam-shell type packages (12). A biological hazard can occur due to cross- 

contamination with raw materials or other sources of contamination. This can be 

avoided if GMPs and SSOPs are in place. The packaging materials must be made only 

from food grade approved materials and stored in a clean dry place away from the 

sprout production area to avoid any cross-contamination with raw materials or other 

sources of contamination. 

Metal detector: Critical Control Point 6 

In order to prevent the finished product from containing any metal fragments, 

the packaged product should pass through a metal detector. The sensitivity of the 

metal detector should be regularly checked with a metal standard. If metal is detected, 
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the processing line should be stopped and the product diverted and evaluated for metal 

fragments. 

Cooling & Storage: Critical Control Point 7 

After packaging, sprouts should be stored in a cold room. Monitoring includes 

the verification of temperature in all coolers and maintaining the product below 4°C 

and above freezing (0oC). 

Distribution: Critical Control Point 8 

The distribution trucks should be refrigerated. Monitoring includes verification 

of temperature in the truck compartment and maintaining the product below 40C and 

above freezing (0oC). 

This study focused on aspects of HACCP in the sprouted seed production, with 

a special focus on the green-leaf vegetable sprouts. Chemical and microbiological 

results can be used as monitoring tools to establish if corrective actions are required. 

This is the first proposed HACCP model for sprouted seed production. However, to 

date there is no intervention process that will completely eliminate potential pathogens 

without destroying the product. Several chemical treatments (4, 5, 19), irradiation (16) 

as well as combinations of chemical treatments with heat or ultrasound (18, 17) have 

been evaluated for their ability to reduce or eliminate the pathogens. With the 

exception of higher levels of irradiation, all the treatments failed to completely 

eliminate the pathogens. This reinforces the need for testing of spent irrigation water. 

In order to be effective, HACCP requires the training of all professional and 

nonprofessional food handlers. 
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Figure A. 1. Flow diagram for sprouted seed production 



Table A. 1. HACCP plan summary (CCP 1 and CCP 2) 

CCP Hazards Critical 

limits 

Monitoring Corrective 

action 

Record 

keeping 

Verification 

Seed Biological •Free from •Visually inspect each •If pathogen •Certificate of •Audit for 

Receipt •Contamination by pathogenic lot of incoming seeds present, discard chemical and sampling and 

CCP1 pathogenic microorganis •Monitor pest or return seeds microbiologic laboratory testing 

microorganisms ms or foreign infestation (check for •If chemical al analysis every two weeks 

matter rodent urine using levels on seeds •Lab results of •Document 

Physical •The pesticide backlight) exceed seed testing findings 

•Foreign objects: residues •Monitor chemical tolerances. •Conduct 

debris, stones, insects should be contamination by discard seeds external HACCP 

fragments, metal within the certificate stating verification audit 

fragments, etc. approved 

tolerances 

•Check certificate of 

microbiological 

on quarterly basis 

Chemical analysis and if absent. 

•Pesticide residues sample seeds and test 

from seed production for pathogens (every 

that exceed the lot) 

approved tolerances 



Table A. 1. HACCP plan summary (CCP 1 and CCP 2) (continued) 

CCP Hazards Critical limits Monitoring Corrective 

action 

Record 

keeping 

Verification 

Seed Biological •>2% calcium •Monitor levels of •If levels of free •Detailed logs •Verify accuracy 

Disinfection •Pathogenic bacteria hypochlorite free chlorine with chlorine are of seed and calibration of 

CCP 2 •>15 min chlorine test kit, each outside the limit, disinfection: free chlorine meter 

•pH: 6.2 - 6.8 time the treatment is adjust date, time, type and pH meter, 

performed concentration of seeds. every day 

•Monitor pH of water •IfpH is outside quantity of •Document 

each time the the limit, adjust seeds, volume findings 

treatment is pH and •Conduct external 

performed •Test for correct 

concentration and 

pH before 

resuming seed 

disinfection 

concentration 

of calcium 

hypochlorite 

solution, pH of 

disinfectant 

solution 

HACCP 

verification audit 

on quarterly basis 

o o 



Table A. 2. HACCP plan summary table (CCP 3 and CCP 6) 

CCP Hazards Critical 

limits 

Monitoring Corrective action Record keeping Verification 

Microbial Biological •Free of •Sample spent •If pathogens are found •Lab results of •Audit for 

Testing •Pathogenic pathogenic irrigation water discard the whole batch since testing spent sampling and 

CCP3 bacteria bacteria or sprouts and last acceptable microbial irrigation water laboratory testing 

Salmonella test every batch testing and sanitize the plant •Logs of 

and E. coli for pathogens germination 

0157:H7 according to the 

FDA guideline 

(FDA, 1999a) 

Metal Physical •No metal •Ensure that •If metal is detected, the •Logs of metal •Check sensitivity 

detector •Metal detected metal detector is process line is stopped and detector sensitivity of metal detector 

CCP6 on and can detect the product is diverted and tests each hour 

metal standard held for evaluation for metal •Deviation reports •Conduct external 

•All product •If detector fails to detect the indicating lot and HACCP 

passes through standard, all product since time when metal verification audit 

the metal detector last acceptable test is held and was detected and the on quarterly basis 

•Monitoring is rechecked for metal corrective action 

continuous that was taken 
c 



Table A. 3. HACCP plan summary table* (CCPs 4, 5, 7 and 8) 

CCP Hazards Critical limits Monitoring Corrective 

action 

Record 

keeping 

Verification 

Chill storage Biological •Keep sprouts below •Monitor temperature • If temperature •Daily records •Audit every 

CCP4 •Rapid 40C and above of storage room or outside the of warehouse two weeks 

Cooling bacterial or freezing (0oC) truck compailment limit, adjust and truck • Conduct 

&Storage fiingal growth •Distribute well continuously thermostat compartment external 

CCP7 if temperature before shelf-life temperatures HACCP 

Distribution or time expiration verification 

CCPS excessive audit on 

quarterly basis 

Packaging Biological •Free of pathogenic •Monitor sanitation •If pathogens •Sanitation •Audit for 

CCPS •Cross- bacteria conditions at are found reports sampling and 

contamination •Apply sell-by date 

on the package 

packaging 

•Visually inspect the 

sell-by date on the 

product 

(continuously) 

discard the 

packaged 

product since 

last acceptable 

check and 

sanitize the 

area 

testing 

o 


