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ABSTRACT
Evaluation of Physical and Chemical Techniques for Decontaminating Food
and Food Contact Surfaces
Abdulhakeem Abdullah Alzahrani
University of Guelph, 2014

Advisory Committee:
Dr. Keith Warriner
Dr. Tatiana Koutchma
Dr. Lisa Duizer

A range of novel surface decontamination methods for treating food and food contact
surfaces have been evaluated. A unit based “cold steam” that was generated by heating water
under high pressure and temperature was shown to support reduction >4 log cfu of E. coli and
Listeria on a range of surfaces (stainless steel, cutting boards and agar plates). However,
bacterial inactivation was more associated with thermal effects as opposed to generation of free
radicals. Hydroxyl radical generators supported reduction of bacteria on surfaces including
lettuce. However, it was unclear if the antimicrobial effect was due to drying effects or via
radical formation. Coatings based on titanium dioxide and cocamidoropyl betaine could
inactivate vegetative cell inoculated on food contact surfaces although Bacillus endospores were
resistant. The most effective treatment evaluated was acidic electrolyzed water that could
decontaminate a range of food and contact surfaces without detrimental effects.
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Chapter I

1.1. General Introduction:
Food and food contact surfaces can be potentially contaminated, or cross contaminated, by a
broad range of microorganisms which can result in spoilage, foodborne illnesses and negative
economic impacts. A range of methods can be applied to decontaminate surfaces with choice
being based on the sensitivity of the material been sanitized (e.g. moisture, heat sensitive) and
the microbe exhibiting the highest resistance. In recent years there have been a number of
different surface decontamination methods introduced although lack validation data to
demonstrate relative efficacy. Specifically, a novel “cold-steam” Biccan apparatus (IBA) was
evaluated along with a hydroxyl radicle generator. Antimicrobial coatings included those based
on titanium dioxide and cocoamidopropyl betaine. Finally, electrolyzed water fractions were
assessed for decontamination efficacy.

The hypothesis of this research is that IBA, hydroxyl generators, titanium dioxide,
cocoamidopropyl betaine, and electrolyzed water can be successfully used to decontaminate a
wide variety of food and food contact surfaces.
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1.2. Literature Review
Prior to examining the efficacy of specific decontamination methods, it is necessary to first
appreciate the importance of surface contamination and cross-contamination events. The review
will provide an overview of the factors that cause foodborne illness, in addition to illustrating the
devastating consequences both in terms of morbidity and economics. The literature review
explores causes of food contamination, specifically cross contamination, in addition to
articulating the risks associated with contamination. The literature review concludes by
describing some common food decontamination methods used (thermal and non-thermal), in
particular their respective limitations.

1.3. Foodborne Illness:
Foodborne illnesses can result from consuming contaminated food or beverages depending if the
pathogen is present and presented to a susceptible host (Ray & Bhunia, 2008; Powell et al.,
2011). Illness can be derived from chemical and allergenic sources although with foods the main
concern is from microbial pathogens (Ray et al., 2008; CPHA, 2013; WHO, 2013). Of the
estimated 4 million cases of foodborne illness occurring within Canada each year over 50% are
attributed to enteric viruses with bacterial pathogens making up a significant proportion of the
remainder. Yet foodborne allergens still remains the most significant cause of product recalls due
to contamination from contact surfaces, inadequate labelling or mistakes in formulation (Kozak
et al., 2013).
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Prevalence of Foodborne Illness:
The extent of foodborne illness is unknown given that most cases go unreported. It is estimated
that every year nearly 4 million incidences of foodborne illnesses occur in Canada (Kozak et al.,
2013). Similar patterns of significant numbers of deaths and illness attributable to foodborne
disease are also seen in the U.S (Marcason, 2011). According to the Centers for Disease Control
and Prevention (CDC) estimated that in 2011, nearly 48 million people become ill, 128,000
people are hospitalized, and 3,000 people die each year because of foodborne illnesses (CDC,
2013). Furthermore, Australian research indicated that at least 5.4 million episodes of foodborne
illness occur every year among their population (Abellson et al., 2006). It suggested that the total
estimate of foodborne illness might be higher in developing countries than developed countries;
moreover; the accurate estimation of illnesses and deaths from foodborne illnesses in developing
countries is difficult due to their poor foodborne illness surveillance system.
Economic Impact of Foodborne Illness:
While the health consequences of foodborne illness are devastating, the economic costs incurred
result in significant health care costs and losses associated with decreased productivity. For
instance, the economic burden of foodborne illnesses in the United States, in 2011, was
estimated to be around $77.7 billion annually (Schrff, 2012). In Australia 2006, it was estimated
that foodborne illnesses cost over 1,249 million Australian dollars (Abelson, 2006). According to
the study “Foodborne Illness in Toronto”, around $476 million to $587 million are the cost of
foodborne illness that includes productivity loss and the costs of health care (Arthur et al., 2009).

3

1.4. The Risk Associated With Contaminated Surfaces:
To illustrate the impact of contaminated food on human health, the following section will review
several well-known case studies that exemplify the fallout from outbreaks directly linked to
cross-contamination events. For example, one of the most virulent pathogens encountered in
foods is Escherichia coli O157:H7 and has been implicated in several high profile outbreaks
linked to ground beef, deli meats and fresh produce (Pennington, 2010).
In September 2005, there was an E. coli O157:H7 outbreak in South Wales which affected 157
people sending 31 to hospital and resulting in one death (Powell et al, 2011). The outbreak was
linked to cooked meat supplied by John Tudor & Son to schools. The source of contamination
was later found to be a cross-contamination between raw and cooked deli meat via an unsanitary
vacuum packing unit (Powell et al, 2011). In a further example, a major outbreak of Listeria
monocytogenes occurred in Canada in 2008. Maple Leaf Foods Products were contaminated with
L. monocytogenes linked to an unsanitary meat slicer. The outbreak eventually killed 22 people
and estimated to have affected over 4000 consumers (Government of Canada, 2009; Powell et al,
2011).
In January 2009, an outbreak of Salmonella was reported in the U.S and was linked to Peanut
Corporation of America (PCA). A notable feature of the outbreak was the repeated recovery of
Salmonella from food contact surfaces but release of the product regardless. It is estimated that
691 cases of illness and 9 deaths resulted from consumption of contaminated peanut paste
(Powell et al, 2011).
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1.5. Food Surface & Food Contact Surface Contamination Sources:
Contamination of foods can readily occur at any point in food plant during the passage through
production, processing, distribution, preparation, transportation and storage (Zhao et. al, 1998).
Acquisition of contamination associated with foods can be derived from the environment or via
cross-contamination events. For example, fresh produce can be contaminated if cultivated within
manure amended soil or irrigated with polluted irrigation water (Marriott et al, 2006; Ray et al.,
2008). In animal production, virulent pathogens can be become endemic within production
facilities then spread within the herd or flock. Contamination acquired at the production level can
become further disseminated during processing through to handling at the consumer or food
service establishment (Marriott et al, 2006).
1.6. Cross-Contamination:
Cross-contamination is the action of transferring microbial agents, chemical hazard including
allergens, or any potentially hazardous substance from a contaminated source to uncontaminated
source, such as food to food, environment to food, hands to food, food contact surface to food
(Cross-Contamination, 2012). Cross-contamination can occur in variety of instances, such as
during processing, at retail and domestic environment. Chen et al. (2001) found that transfer
rates among hands, kitchen surfaces and between foods could be as high as 100%. Pradhan and
others has indicated that ready to eat meat products were contaminated with L. moncytogenes
derived from surfaces during handling at retail (Pradhan et al., 2011).
Chen et al. (2001) quantified the risk of cross-contamination associated with preparing food by
using the microorganism Enterobacter aerogenes B199A. In the study, skinless chicken breast
samples were contaminated with 8 log10 cfu of E. aerogenes B199A and then participants were
5

asked to cut the chicken into small pieces on the sterile plastic cutting board. Next, the
participants were asked to handle the sterile metal spigots to turn on the water after they had
washed their hands using antimicrobial (0.5% parachlorometaxylenol) liquid soap or without
washing their hands. Participants then followed the same procedure to cut up pieces of lettuce. In
each step, E. aerogenes samples were used within a half hour of the cross-contamination to
calculate transfer rates of cross-contamination among chicken to hand, cutting board to lettuce,
spigot to hand, hand to lettuce, prewashed hand to post washed hand, and hand to spigot using
the following equation:
Transfer rate % (chicken to hand) = (CFU on hand / CFU on chicken) × 100
Chen et al. (2001) found that the transfer rates between the surface combinations were widely
variable, ranging from .0005% to 100% contamination, with the greatest variability found among
hand to surface pairings. While washing hands helped reduce cross-contamination, it was highly
variable among participants and did not completely prevent cross-contamination.
The Canadian Public Health Association (CPHA, 2012) indicates that “most foodborne illnesses
in Canada result from an individual consumer’s improper food handling”. It is clear that cross
contamination is one of the most significant factors that can cause foodborne illness. The best
measure to prevent cross contamination is to decontaminate food and food contact surfaces
during preparation of food.
1.7. Approaches to Prevent Contamination on Food Surfaces and Food Contact Surfaces:
While food contamination can lead to potentially fatal consequences, food surfaces
decontamination methods offer an effective intervention against food contamination and
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premature spoilage (Warriner, 2011). There have been various methods used in food industry to
decontaminate surfaces these include thermal and non-thermal decontamination techniques that
can inactivate microbes on the surface (Warriner, 2011).
1.7.1 Thermal Surface Decontamination Methods:
Thermal surface decontamination methods operate by increasing the temperature of the surface.
Generally, the high heat subsequently kills by global destruction of cell structures (Purnell et al,
2012). High temperatures can be obtained by heat sources such as hot water, steam or hot air and
thermal radiation including infrared and microwave radiation. Thermal decontamination method
is the most widespread and effective method against pathogens in food; moreover; it is the most
traditional method used to produce microbiologically safe food products (Gupta et al, 2012).
1.7.1.1. Hot Water, Steam, and Hot Air:
Hot water, steam, and hot air are the three major forms of heat application to decontaminate
surfaces; each having their own advantages and disadvantages.
Hot Water:
Submerging in or utilizing a spray application of hot water can be used to minimize the microbial
load on meat, food contact surface, and packed ready to eat meat (Warriner, 2011). Temperatures
higher than 73°C with appropriate exposure times are required for hot water surface
decontamination process (Warriner, 2011). Hot water washing based methods are the most
common methods being employed by 90% of beef processing facilities (Cliver, 2007). The major
advantage of hot water is that it requires simple equipment and provides uniform and quick heat
energy transfer (Warriner, 2011). However, heating water is energy demanding and heat transfer
7

rates to the food surface poorly controlled (Warriner, 2011). Moreover, it can heat the food
interior, with is problematic for moisture sensitive food surfaces, such as, almonds and powders
(Purnell et al, 2012; Warriner, 2011).
Steam:
The application of steam provides an alternative to using hot water. Steam can be applied with
“post vacuuming treatment” to provide the possibility of accelerated cooling as well as physical
removal of contaminating agents known as steam vacuuming (Warriner, 2011). While the steam
method is advantageous as does not increase the internal temperature of foods, its use is limited
to food surfaces that are not moisture sensitive (Purnell et al., 2012; Warriner, 2011). Steam
method can be applied with “post vacuuming treatment” to provide the possibility of accelerated
cooling as well as physical removal of contaminating agents known as steam vacuuming
(Warriner, 2011).
Hot air:
The final thermal decontamination process is the hot air. This method is used for
decontaminating shelled eggs and seed surfaces (Warriner, 2011). The quality of eggs did not
change when they were treated by hot air combined with post cold air (Purnell et al, 2012). The
results showed up to 1.9 log reduction of inoculated S. Enteritidis. The efficiency of hot air
treatment depends on the air speed and treatment time (Cevoli et al, 2010). Although, heat
transfer kinetics of air is poorer as compared with steam, the lack of condensation is an
advantage for moisture sensitive food surfaces (Warriner, 2011; Cevoli et al, 2010).
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1.7.1.2. Thermal Radiation:
Thermal radiation processes, which use electromagnetic waves to inactivate microorganisms in
several food surfaces (Warriner, 2011) are an alternative method to decontaminate surfaces.
Thermal processes are classified as microwave radiation or infrared radiation (IR) (Warriner,
2011). Microwave electromagnetic spectrum that uses a frequency of 915 or 2450 MHz to
decontaminate surfaces (Warriner, 2011). Microwaves method has clear limitations in surfaces
of food because it heats the interior of food and produces locally heated spots (Warriner, 2011).
The second thermal radiation is Infrared (IR) which is located in the electromagnetic spectrum
between microwave and visible light (Purnell et al, 2012). IR radiation can be divided into three
categories depending on the wavelength, which are Far-IR (1000µm to 50µm), Mid-IR (50µm to
3µm), and Near-IR (3µm to 0.78µm) (Warrnier, 2011). Infrared heating has been widely used for
thermal treatment of food surfaces (Warriner, 2011), and has been used for cooking and drying
many foods throughout the food industry (Purnell et al, 2012). Food molecules that receive IR
radiation become excited and vibrate quickly which generate heat; this is then transferred to
nearby molecules (Warriner, 2011). In contrast, convention or conduction energy loss in IR
radiation is low as there is no needed for a secondary conduit or contact. IR is especially suitable
for quickly heating the surfaces because of its low penetration. Despite of being less
homogeneous in comparison with water, IR is better than hot air; IR is comparable to hot air for
being suitable for surface decontamination of moisture sensitive food surfaces (Warriner, 2011).
1.7.2. Non-Thermal Surface Decontamination Methods:
In addition to thermal surface decontamination methods, non-thermal method which can
inactivate microbes without heat application (Warriner, 2011) can also be used to decontaminate
9

food and food contact surfaces. Non-thermal decontamination methods can be categorized into
physical, chemical, and biological methods; these methods can also be used in combination with
each other (Warriner, 2011).
1.7.2.1. Physical Methods:
The physical techniques used to decontaminate surfaces are essentially based on ultraviolet light
(UV) (Warriner, 2011). Irradiations, UV, Pulsed light, High Pressure Processing (HPP), etc are
examples of the applications of physical surface decontamination techniques.
Irradiation:
Irradiation (ionizing radiation) has been used to decontaminate surfaces and has been approved
for use in several countries such as United States, France, and Canada (Gupta et al., 2012). The
ionizing radiation is defined as forms of radiant energy that have enough power to produce
negatively and positively charged ions in the surface of interest (Sommers, 2012). Ionizing
radiation targets the DNA or RNA of the bacteria so that the bacteria cannot reproduce (Gupta et
al., 2012; Sommers, 2012). Ionizing radiation can be used to prevent growth of fruits and
vegetables and delays their ripening. It can also be used to destroy microorganisms, parasites,
viruses, or even insects, all of which can inhabit the food surfaces (Sommers, 2012).
Gamma rays, beta radiation (electron beam), and X-rays are the most popular forms of ionizing
radiations which are approved to be used for food treatments (Gupta et al., 2012; Sommers,
2012). Gamma radiation is produced by using radioactive isotopes (either Cobalt-60 or Cesium137) and has the shortest wavelength in the electromagnetic spectrum and the highest energy.
The advantages of gamma radiation are the highly penetrating photons which are generated; this
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allows irradiation of materials with high bulk density and volume. Additionally, as commercial
gamma irradiators are always generating photons, they can be operated by using back-up
generators in the case of regional or national emergencies such as blackouts (Sommers, 2012).
Electron beam radiation is generated using electricity which produces high speed, high energy
electrons (Sommers, 2012). In contrast to gamma radiation, electron beam radiation suffers from
low penetration depth. However, one advantage of electron beam is the ability to turn the
machine on and off when needed and there is no need for radioactive materials supply. Finally,
X-rays which are generated by the interposition of a metal target between the food and the
electron beam can also be used to treat food (Sommers, 2012). X-rays combined the high
penetration of gamma radiation with the cleanliness of electron beam; however, these benefits
are offset by the disadvantage of heat production and high cost of energy (Gupta et al., 2012 &
Sommers, 2012).
Overall, irradiation offers the advantage of fast microbial inactivation, short surface treatment,
no heat generation on the surfaces, and being a green technology as it does not leave chemicals
on the surface. Irradiation methods are also associated with consumers’ acceptance, significant
expenses, and the impact on the product quality of meat through oxidation of lipids (Gupta et al.,
2012 & Sommers, 2012).
Ultraviolet Light:
Ultraviolet (UV) light decontaminates surfaces uses irradiation, non-ionizing rays (Keklik et al.,
2012). The UV light is located in the electromagnetic spectrum between visible light and X-rays
radiation with wavelengths between 100 nm and 400 nm (Haughton et al., 2011; Bolton, 2010).
There are four classifications of UV light , (Figure 1-1), based on the wavelength which are
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UVA with the wavelength range of 315-400 nm, UVB with the wavelength range of 280-315
nm, UVC with the wavelength range of 200-280 nm, and Vacuum UV (UVV) with the
wavelength range of

100-200 nm (Bolton, 2010). The UV light inactivates microbes by

destroying the DNA so that the microbes cannot produce. UV light might be a preferred method
because of its greater inactivation of a broad spectrum of microorganisms, absence of heat
generation, and being chemical-free. However, inaccessibility of the microbes on the surfaces
and the cost of commercial UV light generators are the main disadvantage of using this source of
radiation (Gupta et al., 2012; Sommers, 2012).

Figure (1‐1). UV Electromagnetic Spectrum (Bolton, 2010)
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Pulsed Light:
An alternative to UV light is pulsed light which uses wavelengths ranging from 100 to 1100nm
that can decontaminate surfaces with treatment times as short as one second through a similar
mechanism of microbial inactivation to that of UV light (Kellik et al., 2012; Warriner, 2011).
Pulsed light can be called pulsed white light, broad spectrum light, or pulsed UV light (GomezLopez et al., 2007). Regardless, all types of pulsed light are non-thermal, non-ionizing, and
having shorter treatment times than UV light (Gomez-Lopez et al., 2007, Warriner, 2011).
However, microbes’ inaccessibility, surfaces characteristics, and surface heating when the
treatment is long are amongst the main disadvantages of using pulsed light (Gomez-Lopez et al.,
2007, Warriner, 2011).
High Pressure Processing:
High pressure processing (HPP) is another physical non-thermal decontamination method in
which the subjected food will be exposed to high pressure (typically from 300 to 700 MPa)
which can kill the microbes (Daryaei et al., 2012). HPP acts by affecting the molecular structure
of chemical compounds needed for metabolism in the microorganisms (Daryaei et al., 2012). In
fact, pressure at 300-400 MPa can only kill vegetative cells of microorganisms; thus, high
pressure of 600-700 MPa at temperature over 70 °C can potentially kill bacterial spores (Daryaei
et al., 2012). HPP is more effective when it is used in a combination of heat or acids (Daryaei et
al., 2012; Warriner, 2011). This method can be applied for solid and liquid food without
changing the sensory attribute of food if it is used with at low temperature (Daryaei et al., 2012
& Gupta et al., 2012). Additionally, the food will remain intact under high pressure because the
pressure is applied uniformly from all sides (Gupta et al., 2012; Warriner, 2011). Limitation of
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this method that it can primarily only be used for food, and not for food contact surfaces and that
changes in food quality as a result of HPP have been reported (Gupta et al., 2012).
1.7.2.2. Chemical Methods:
Chemical surface decontamination method is classified as a non-thermal method that relies on
using chemicals (sanitizers) to inactivate microbes (Marriott et al., 2006; Warriner, 2011).
Historically, chemicals have been long been used for decontaminate surfaces in the application
of dips and gases (Warriner, 2011). There are several factors that can affect the efficiency of
using chemicals for surface decontamination: exposure time, temperature, concentration,
equipment cleanliness, water hardness, microbial population, and bacterial attachment. A high
concentration of the chemical sanitizer is typically applied at temperature between 21 to 38 °C
and allowed sufficient contact time with physical action can potentially decontaminate the
surface (Marriott et al., 2006). There are numerous types of chemical compounds that may be
used for this process; the compounds discussed further below are chlorine compounds, iodine
compounds, and ozone (Marriott et al., 2006 & Warriner, 2011).
Chlorine compounds:
Chlorine compounds such as, hypochlorite, inorganic and organic chloramines, liquid chlorine,
and chlorine dioxide, can be used as a sanitizer to reduce, eliminate, and kill microorganisms that
are present in food or food contact surfaces (Marriott et al., 2006). Hypochlorite is a global
oxidizing agent affecting cell membranes, proteins and nucleic acids thereby making resistance
rare (Cliver, 2007; Marriott et al., 2006). The most active sanitizer of chlorine compounds and
the most widespread disinfectant is hypochlorite solution which is used to reduce the
microorganisms’ population (Marriott et al., 2006; Warriner, 2011). Hypochlorite is effective
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against vegetative cells rather than bacteria spores, it can used for food surfaces, and it is cheap
to apply compared to other sanitizers (Marriott et al., 2006). The limitations of using
hypochlorite are the generation of disinfection byproducts, corrosion, low stability at 60C or
above, short shelf life, and less applicability for food surfaces (Marriott et al., 2006).
Iodine compounds:
Another chemical compound used to inactivate microbes are iodine compounds. Iodophors,
alcohol-iodine solutions, and aqueous iodine solutions are the most commonly used iodine
compounds to decontaminate surfaces (Marriott et al., 2006). Diatomic iodine is the major
antimicrobial element of the iodine compounds that deactivates microbes (Marriott et al., 2006).
The major advantages of using an iodine compound versus a chlorine compound is longer shelf
life, more stable concentrations, and less corrosiveness. However, it is more expensive than
chlorine, it is less effective compared to chlorine especially at low temperatures, and it can be
used more for food contact surfaces rather than food surfaces because it leaves flavor in food
(Marriott et al., 2006’ Warriner, 2011).
Ozone:
Ozone is composed of three oxygen atoms, which occur naturally in the earth’s upper
atmosphere, is an oxidative agent that can inactivate microbes through its oxidizing properties
(Marriott et al., 2006). It is speculated that ozone can attack and rupture the cell membrane
leading to its death. It can be used as a gas or it can be combined with water to be applied on the
surfaces (Cliver, 2007; Marriott et al., 2006). Ozone is primary used for water treatment, and it
has been approved as a safe and effective method (Cliver, 2007; Marriott et al., 2006). It is more
powerful than chlorine for disinfection (Cliver, 2007; Marriott et al., 2006). Despite its
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effectiveness, ozone is expensive, corrosive, temperature sensitive, at a very reactive, and not
stable especially at high or low pH (Marriott et al., 2006).
1.7.2.3. Biological Methods:
The final major classification of non-thermal surface decontamination methods is biological
methods. Biological methods which are based on biological elements have become an interesting
approach to be used for decontaminating food surfaces (Warriner, 2011). There are many
different applications of biological methods such as bacterophage, natural antimicrobials, etc.
Bacterophage is a virus that infects the bacteria cells; it has been used for treating cattle hides
(Warriner, 2011). The virus should not be used in food as it can generate resistant mutants and it
may not be effective enough when the food is exposed to different food processing systems such
as pasteurization (Warriner, 2011). The natural antimicrobial substances extracted from
vegetables, spices, herbs or plants have been used to prevent spoilage and to extend shelf life of
food. It is a green preservation method to decontaminate food surfaces and it is a non-thermal
method to inactivate microbes. However, it can negatively impact the food sensory attributes, it
is expensive, and is hardly used for food contact surfaces (Gupta et al., 2012).
1.8. Optimal Method of Surfaces Decontamination:
The preceding review of decontamination methods (Warriner, 2011; Purnell et al, 2012; Marriott
et al., 2006; Gupta et al., 2012; Keklik et al., 2012) emphasizes that not all methods are capable
to efficiently decontaminate the surface of foods or food contact surfaces and each method is
paired with considerable drawbacks. The optimal method for surface decontamination should
inactivate microorganisms without affecting the product sensory characteristics and food contact
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surface characteristics. It should also be able to inactivate microbes located in protective sites, be
inexpensive and effective against a broad range of microbes.
1.9. Indoor Biccsan Apparatus:
Steam can be can be divided depending on the pressure into three classifications which are subatmospheric steam treatment which is carried out at pressures less than 1 bar pressure and
temperature below 100°C, atmospheric steam treatment which is done at pressure of 1 bar and
the temperature around 100°C, and pressurised steam treatment which uses under higher pressure
and therefore higher temperature than 100°C (Purnell et al, 2012). However, the IBA produces a
steam called “Cold Steam” that has potential antimicrobial effects although no studies has yet
been performed to verify the claim (Figure 1-2). According to “Fundamental methods of heat
transfer in engineering including conduction”, the cold steam is produced in this way: The
correct combination linked with evaporating water is injected into its diatomic elements at 260°C
by multiple chambers of IBA. This process is known as flash vaporizing in which the chambers
force the liquid medium (which can be only water or a mixture of liquid related to the seven
diatomic elements) at high pressure. This process transforms the heat in the steam into kinetic
energy in water molecules and excites them to a level equivalent to 260°C (Biccum, 2012).
Therefore, the steam shows room temperature at the nozzle, feeling a little warm, but the energy
level in the IONs of the steam is equal to 260°C. The DNA molecules on the lytic level which
are excitable at 36°C get destroyed when they come in contact with these highly energized IONs
at room temperature, so that there is no possibility for re-grouping for mutation. Moreover, in
this device, the liquid medium changes into steam after it contacts the irregular pattern inside the
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chambers walls, which are made of two pieces of cast aluminum attached to each other (Biccum,
2012).
There are many reports in the literature on the application of steam as a decontamination method
of food and food contact surfaces. However, no scientific report on the application of cold steam
using BICCSAN machine is currently available. This research, for the first time, presents the
finding of a study on the efficiency of decontamination using IBA.
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Figure (1‐2). The Indoor BICCSAN Apparatus (Biccum, 2012)
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1.10. Hydroxyl Radicals:
Hydroxyl radicals are the natural form of a hydroxyl-ion when it is missing one electron; its
structural formula is OH•. When a molecule has one or more unpaired electrons in its outermost
electron shell, it is called a free radical; therefore, free radicals are extremely reactive to oxidize
diverse biochemical (Lu et al., 2006). Hydroxyl radicals are considered to be the most reactive
oxygen radical; therefore, it can remove an electron from a diversity of organic or un-organic
molecules (Lu et al., 2006). As a result, most atmospheric trace compounds are reacted with
hydroxyl radicals (Sarwar et al., 2002). Almost of all types of molecules in living cells, including
sugars, amino acids, phospholipids, DNA bases, and organic acids, readily react with the
hydroxyl radicals with extremely high rate constants (Halliwell et al., 1984; Lu et al., 2006). The
primarily responsible for the cytotoxic effects of oxygen in plant, animals, and microorganisms,
living in an oxygen atmosphere is hydroxyl radical (Chen et at., 1999). The hydroxyl radical
occurs naturally in the earth’s upper atmosphere and is produced by sun radiation (Halliwell et
al., 1984).
1.10.1. Production of Hydroxyl Radicals:
Hydroxyl radicals can be produced by one of four methods discussed below. The most common
mechanisms for producing hydroxyl radicals are by using heat, ionizing radiation, or a
combination of H2O2 and iron (II) salt (Halliwell et al., 1984;, Barbehenn et al., 2005). For
example, exposing water to ionizing radiation will produce hydroxyl radicals because the
ionizing radiation will photolysis the water into a single electron on hydrogen, and one electron
on oxygen, as shows in equation below (Lu et al., 2006):
H2O

H• + OH•
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Hydroxyl radicals can be also produced by Fenton’s reaction, the most prevalent in the biological
system. In this reaction, a metal cation catalyzes the decomposition of hydrogen peroxide in the
presence or absence of light, depicted in the following equation (Neilson et al., 2013;
Ramaswamy et al., 2008; Lu et al., 2006):
M2+ + H2O2

M3+ + OH• + OH-

M3+ + H2O2

M+2 + OOH- + OH+

Furthermore, hydroxyl radicals can also be formed by “a reaction of ozone and water vapour
catalysed by an olefin (D-limonene)”, in which the Inov8 air disinfection (AD) unit does or
produces (Wong et al., 2011). A final method of hydroxyl radical production is from the
decomposition of ozone in solution catalysis by hydroxyl-ions (Hoigne et al., 1976):
O3 + OH -

OH•

1.10.2. Hydroxyl Radicals Generators:
Two types of hydroxyl generators were evaluated for the efficiency of surface decontamination:
the Mobile Disinfection Unit (MDU) (Figure 1-3) and the Boss Hydroxyl Odor Producer
(BHOP) (Figure 1.4), both of which are manufactured by HGI Industries Inc. The following
mechanisms by which the machines are purported to work are based on information provided by
HGI Industries Inc.
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Figure (1‐3). The Mobile Disinfection Unit (MDU)

Figure (1‐4). The Boss Hydroxyl Odor Producer (BHOP)
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1.10.2.1. Overview of Hydroxyl Radicals Generators:
The general principal of generators is the intake of air at the inlet with the oxygen component
bring converted to ozone by elimination at 185 nm. The generated ozone is then broken down to
free radicals by UV photons at 254 nm that are dispersed into the environment. The BHOP unit
is significantly more powerful at producing hydroxyl radicals than the MDU machine due to the
higher UV 185 nm intensity that generates more ozone.
1.10.2.2. Using Hydroxyl Generators to Create Hydroxyl Radicals:
The hydroxyl generators create hydroxyl radicals by using an air mixture that contains water
vapor; this vapor then enters the machine through a filter under suction by a fan (How it works,
2013). Following this, the air combination is exposed to a U-shaped multiple wavelength
ultraviolet light in which irradiates the air combination. Next, the water vapor is oxidized which
results in hydroxyl radicals and hydrogen atoms. After this process, the hydroxyl radicals and
other atoms exit the machine through the air outlet (Figure 1-5). The hydroxyl radicals are very
active oxidation, and they can inactivate microbial cells; therefore, reducing the likelihood of
contamination.
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Figure (1‐5). The Hydroxyl Process getting from (How it works, 2013)
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1.10.2.3. Current Research on Hydroxyl Generators:
As stated earlier, the above mechanisms by which hydroxyl generators may operate is based on
information provided by the manufacturer. However, there are some possible discrepancies
between the manufacturer’s information and what is currently accepted in scientific research.
While current available research supports the tenet that MDU and BHOP machine produce
ozone, it is less clear whether they will reliably produce hydroxyl radicals. The type of ionizing
radiation such as gamma rays, beta radiation (electron beam), or X-rays are needed to generate
hydroxyl radicals (Halliwell et al., 1984; Chawla et al., 2012). The MDU and BHOP machines
use ultraviolet light (UV) that is a non-ionizing radiation (Keklik et al., 2012) and does not use
any of the ionizing radiation types required to produce hydroxyl radicals. Hydroxyl generators
utilize the process of generating ozone via UV light method (Chawla et al., 2012) (Figure 1-6).
The MDU and BHOP machine use multi frequency 185nm and 254nm ultraviolet light (UV) that
generates then degrades ozone to form hydroxyl ions (Chawla et al., 2012). Short-wave UV light
of less than 240nm, such as UVC and UVV, generates ozone by photolysis of oxygen to
decompose oxygen into oxygen atoms; the production of oxygen atoms reacts with oxygen
molecules to form ozone, which is similar to the production of ozone in the nature earth's
atmospheres (Chawla et al., 2012). In fact, “the photons with 185nm wavelength are responsible
for ozone production, whereas photons having the 254 nm wavelength are effective in changing
the DNA of microorganisms; therefore, preventing their ability to reproduce” (Tapp et al., 2012).
In contrast, the long-wave light 240nm to 320nm, for examples UVA and UVB, potentially
destroys ozone (Chawla et al., 2011).
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Figure (1‐6). Generating ozone using UV light getting from (Chawla et al., 2011)
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1.10.2.4. Effectiveness of Hydroxyl Generator:
The effectiveness of the MDU to inactivate microbes has been tested in multiple practical
applications. Scott and Steinagel (2009) examined the MDU’s ability to inactivate microbes on
stainless steel and cotton fabric surfaces. The surfaces were inoculated with Aspergillus niger
and then the samples were placed inside an incubator that was turned off. The MDU was then
placed inside the incubator and turned on to treat the surfaces for several exposure times: 48
hours, 72 hours, and 96 hours. The resulting samples were microbiological tested to calculate the
log reductions (Scott et al., 2009).
The analysis data showed that a higher log10 cfu reduction was obtained when the samples were
treated for 96 hours. An average of 3.4 log10 reduction was obtained on stainless steel after 48
hours exposure compared to the reduction of more than 4.4 log10 cfu reduction as compared to
control samples at 96 hours of exposure. The steel surfaces also demonstrated higher log10 cfu
reduction than the cotton fabric; at 72 hours of treatment time, a 4.4 log10 cfu reduction was
obtained on stainless steel compared to only a 1.81 log10 cfu reduction was obtained on cotton
fabric at the same exposure time (Scott et al., 2009).
A similar study that implemented the same testing methodology as the previous study, examined
whether MDU could decrease the presence of the microorganisms Staphylococcus aureus, E.
coli, and Pseudomonas aeruginosa (Scott et al., 2009). The samples were prepared to be treated
at 4 hours, 8 hours, and 12 hours exposure times. Samples that were treated for 12 hours
exhibited the highest log10 cfu reduction greater than a 5.1 log10 cfu reduction of Staphylococcus
aureus was obtained on stainless steel after 12 hours of exposure compared to only a 1.2 log10
cfu reduction after 4 hours of exposure. Furthermore, over 3.5 log10 cfu reductions of
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Escherichia coli, and Pseudomonas aeruginosa were obtained from stainless steel and cotton
fabric after 4 hours, 8 hours, and 12 hours (Scott et al., 2009).
Finally, Reinoso and Bouma (2013), demonstrated the efficiency of MDU on surfaces and air
samples in a room in which the airflow, furniture, and human traffic were not controlled. In this
study, the researchers obtained samples from seven different locations in the room by using
cotton swab methods and also by taking seven air samples by passive air sampling methods
before and after using the MDU. All samples were incubated at 37°C for 48 hours. For surfaces,
the control surface samples were taken before running the MDU, and the exposure times of
MDU were 24 hours in experimental surface samples. For the air samples where the TSA plates
were opened, the exposure times of MDU were 4, 8, and 12h. The results indicated that MDU
potentially reduced at least half the number of bacteria colonies in average after 24 hours
exposure times (Reinoso et al., 2013).
Reinoso and Bouma (2013) have found that the MDU could potentially reduce up to at least half
the number of bacteria colonies on surfaces after 24 hours of exposure. For example, the back of
chair surface samples, there were 20 colony counts in average; however, reductions of 19
colonies count in average after operating MDU for 24 hours. Moreover, a reduction of 6.34
colonies was obtained from the surface of a metal cabinet door after running the MDU for 24
hours; the constitutes more than a 50% reduction in colonies compared to control sites of control
colonies in the same site. Air sampling also indicated positive results; the MDU disinfected the
air which resulted in more than a 50% reduction in colonies compared to the control samples.
For instance, the control average colony number of the air sample of site three was seven
colonies before used of the MDU; however, after running the MDU for 4 hours the average
colony number dropped to 1 cfu/cm2 (Reinoso et al., 2013).
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The used of MDU significantly reduces microbial load on the surfaces and in the air. This might
be due to ozone or free hydroxyl radicals which are very active and are potentially capable to
destroy the microbial cells.

1.11. Titanium Dioxide:
Titanium dioxide is a naturally occurring substance, seen in rutile, brookite, and anatase; rutile
and anatase are the photocatalytic active forms (Bonetta et al., 2013; Foster et al., 2011). The
most effective photocatalytic form of titanium dioxide is anatase (Hashimoto et al., 2005;
Bonetta et al., 2013). The anatase crystal form of titanium dioxide is a semiconductor with a
band gap of 3.2 eV or greater (Maness et al., 1999).
The research supporting the capacity of titanium dioxide to function as a photocatalyst has
existed for at least 90 years and has been introduced in paint formation on the surface as chalking
(“formation of powder on the surface”) (Foster et al., 2011). Moreover, in the last two decades,
researches have been examining the capacity of photocatalytic materials including titanium
dioxide to degrade organic contaminants in the air and water (Bonetta et al., 2013). Titanium
dioxide has been used to inactive bacteria and sequester organic materials from water and air
(Haghi et al., 2012).
Hashimoto et al. (2005) stated that titanium dioxide is one of the only materials suitable for
industrial use at present as a photocatalyst because titanium dioxide exhibits the most efficient
photoactivity and the highest stability, and does so at the lowest cost. Matsunaga et al., in 1985
conducted the first research that investigated the effectiveness of the photocatalytic oxidation of
titanium dioxide in water against Lactobacillus acidophilus, Saccharomyces cerevisiae, E. coli
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and Chlorella vulgaris (Bonetta et al., 2013). Since then, studies have been conducted on using
titanium dioxide to inactivate a wide range of microorganisms (Bonetta et al., 2013).
1.11.1. Photocatalytic mechanism of Titanium Dioxide:
Prior to a titanium dioxide coated surface being irradiated with UV light, two distinct types of
photochemical reactions occur: photo-induced redox reactions of absorbed substances and the
photo-induced hydrophilic conversion of titanium dioxide (Hashimoto et al., 2005). UV light
with a wavelength of equal or less than 385nm excites the titanium dioxide; the photon energy
then generates an electron hole pair on the TiO2 surface (Maness et al., 1999). Then, the hole in
the valence band produces hydroxyl radicals due to the potential reaction of the hole with H2O or
hydroxide ions adsorbed on the surfaces. The electron in the conduction band produces
superoxide ions by reducing O2. The holes and the hydroxyl radicals produce a strong reaction
when in contact with organic compounds (Maness et al., 1999). Figure (1-7) demonstrates the
equation reactions of photocatalysis of titanium dioxide proposed by Foster et al. (2011).
In addition, visible light can cause photocatalysis of titanium dioxide if the titanium dioxide is
combined with C, N, and S metals such as Sn, Pd, Cu, and dyes (Foster et al., 2011). This
modified catalyst for titanium dioxide is able to reduced the band gap; therefore; while the
photocatalysis can be completed by visible light, it has lower levels of activities against
microorganisms compared to UV light (Foster et al., 2011).
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Figure (1‐7). Equation reactions of photocatalysis of titanium dioxide (Foster et al., 2011)

1.11.2. Advantages and Disadvantages of Titanium dioxide:
Titanium dioxide is non-toxic, environmental friendly, and it has been used as an additive in
various products, for example, food, cosmetics, and pharmaceuticals as a white pigment (Bonetta
et al., 2013; Hashimoto et al., 2005). Titanium dioxide based coating has the advantages of being
self-cleaning and self-disinfecting for surfaces in various applications (Haghi et al., 2012; Foster
et al., 2011). The titanium dioxide has been considered as non-toxic, photo induced superhydrophobicity and antifogging effect (Haghi et al., 2012). According to Foster et al., (2011),
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“Titanium dioxide can be used in suspension in liquids or immobilized on surfaces”. However,
titanium dioxide’s chemical stability holds only in the dark (Hashimoto et al., 2005).
1.11.3. Mechanisms of Microbial Inactivation Resulting From Titanium Dioxide:
Titanium dioxide provides strong bactericidal activity when irradiated with UV light from a
close proximity (Maness et al., 1999). Matsunaga et al., (1985) demonstrated that the mechanism
by which titanium dioxide inactivates microbes is photocatalysis. Researchers proposed that the
root cause of reductions in respiratory activities, which result in cell death, is the photochemical
oxidation of intracellular coenzyme A to its dimeric form (Maness et al., 1999; Matsunga et al.,
1985). Others studies, as depicted in Figure (1-8), believed that the titanium dioxide
photochemical reaction resulted in disruption of cell membrane and cell wall leading to lipid
peroxidation which resulted in cell death (Foster et al., 2011; Maness et al., 1999). The
antibacterial effect of titanium dioxide photocatalysis is attributed to its production of hydroxyl
radicals and other reactive oxygen species (Bonetta et al., 2013).
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Figure (1‐8). Depiction of the photocatalytic destruction of bacteria on titanium
dioxide. Briefly, the stages of destruction are: 1. Contact between cells and
titanium dioxide affects membrane permeability (can be reversed). 2. Damage to
cell wall layers allows leaker of small molecules (i.e. ions); damage is now
irreversible and cell death follows. 3. Leakage of higher molecular weight
components (i.e. proteins) occurs from the membrane damage; protrusion of
cytoplasmic membrane into surrounding medium may follow. 4. Internal cell
components degrade and complete mineralization occurs (Foster et al., 2011).
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1.11.4. Effectiveness of Titanium dioxide:
The practical use of titanium dioxide coatings to inactivate surface microbes has been
demonstrated in a variety of applications. Bonetta et al., (2013) recommended that ceramic and
other building surfaces of hospitals and food manufacturers should be coated with titanium
dioxide to protect the surfaces from bacteria due to the photoactivated bactericidal effect of the
coating. For example, reductions of ˃6.3, ˃5.4, ˃3.9, 3.1, and 1.2 log10 cfu in E. coli , P.
aeruginosa, S. aureus, E. faecium, and C. albicans, respectively were reported after they tested
the levels of microorganisms that had been inoculated on surfaces coated with titanium dioxide
and exposed to UVA light for 1h (Kuhn et al., 2003).
However, it is possible that titanium dioxide is not equally effective in activating different types
of microbes. Muryani et al., (2009) reported that after they coated galss slides with sol-gel
titanium dioxide, the coated surfaces were inoculated with K. rhizophila and B. atrophaeus and
then exposed to UV A light for 4h. A significant log reduction of 3.3 log10 cfu/ cm2 was achieved
for K. rhizophila, while no significant reduction of B. atrophaeus was achieved (Muranyi et al.,
2009).
According to Mitoraj et al., (2007), there are a few studies on microbial inactivation by
photocatalysis titanium dioxide under visible light. However, the current study evaluated the
effectiveness of coated surfaces with titanium dioxide under visible light to deactivate bacteria.
Indeed, the titanium dioxide used in this study is confidential Nano-titanium dioxide solution
prepared by proprietary method of mixed of rutile and anatasw ratio (personal communication).

34

1.12. Cocoamidopropyl Betaine Protection:
Cocamidopropyl betaine is classified as an amphoteric synthetic detergent (Jacob et al., 2008).
The defining characteristics of amphoteric surfactants is their molecular structure which is both
negatively and positively charged; this allows for cationic (carboxylic group) or anionic
(quaternary ammonium group) activity to occur within a short range of pH levels (Jacob et al.,
2008). Cocamidopropyl betaine is derived from coconut oil and dimethylaminopropylamine and
is composed of a number of homologues (R–CO–NH–(CH2)3–N–(CH3)2–CH2COOH; R = C7,
C9, C11, C13) (Vonlanthen et al., 2011). Surfactants are widely used in various cleaning
products due to their ability to remove soils and fatty materials as well as inactivate
microorganisms (Glover et al., 1999). They are able to achieve microorganism inactivation by
negatively affecting the cell membrane, which resulted in eventual cell death (Glover et al.,
1999).
The application of cocamidopropyl betaine is quite broad. Cocamidopropyl betaine is found
within various cosmetic and personal hygiene products, such as shampoos, contact lens
solutions, toothpaste detergents, makeup removers, bath gels, skin care products, cleansers,
liquid soaps, antiseptics, and gynecologic and anal hygiene products due to the relatively mild
skin irritation it’s associated with for most people (Jacob et al., 2008). It has also the ability to
reduce the surface tension (Vonlanthen et al., 2011; Jacob et al., 2008).
However, cocamidopropyl betaine can be problematic for certain individuals. While
cocamidopropyl betaine has been classified as a safe ingredient within cosmetics, it has been
classified as an allergen due to the mild irritant contact dermatitis; it may cause on the scalp,
face, eyelids, and neck for a small subset of the population (Jacob et al., 2008). Additionally,

35

another downfall to using cocamidopropyl betaine is that it’s relatively expensive (Vonlanthen et
al., 2011).
To date, no research has been conducted to determine the effectiveness of surfaces coated with
cocamidopropyl betaine in reducing microbes. This study demonstrated the novel finding of the
effectiveness of coating surfaces with cocamidopropyl betaine (the major ingredient of
Permanon products) to deactivate bacteria.

1.13. Electrolyzed Water:
Research that began in the early 1980s to investigate the use of electrolyzed water as an
alternative sanitizer to sodium hypochlorite for decontaminating food and food contact surfaces
has continued to grow (Hricova et al, 2008; Cheng et al., 2012) and has now been approved for
use by the food by the majority of food safety authorities (Hati et al., 2012). Electrolysis of tap
water containing sodium chloride generates acidic fraction at the anode and alkaline fraction at
the cathode (Hricova et al, 2008; Cheng et al., 2012).
Acidic electrolyzed water has been shown to be an effective sanitizer against a variety of
microorganisms in food industries, dentistry, and livestock management (Hricova et al, 2008).
Additionally, alkaline electrolyzed water has been shown to be an effective cleaner and degreaser
used before treatment of disinfection agents (Hricova et al, 2008).
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1.13.1. Generation of Electrolyzed Water:
Electrolyzed water is generated by the electrolysis of a diluted NaCl or KCI-MgCl2 solution
within an electrolysis cell (Hricova et al., 2008). The electrolysis cell contains a diaphragm
which separates the anode and cathode (Figure 1-9). This separation allows for the specific
chemical reactions required in order to produce acidic, alkaline, and neutral alkalized water.
Specifically, a voltage of 9 to 10 V between electrodes initiates electrolysis. At this time, the
NaCl separates in the deionized water and becomes negative charged chlorine (Cl-) and
positively charged sodium (Na+). Concurrently, hydroxide (OH-) and hydrogen (H+) ions are
formed. The anode attracts the negatively charged ions which give up electrons and becomes
oxygen gas (O2), chlorine gas (Cl2), hypochlorite ion (OC1-), hypochlorus acid (HOCl) and
hydrochloric acid. The cathode attracts the positively charged ions which take up electrons and
become hydrogen gas (H2) and sodium hydroxide (NaOH). The anode forms the acidic solution,
or acidic electrolyzed water (AEW), while the cathode produces alkaline electrolyzed water.
Neutral electrolyzed water is produced by mixing the anodic solution with the OH- ions or by
using a single cell chamber (Hricova et al., 2008).
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Figure (1‐9). Schematic diagram of electrolyzed water generation system
(Hricova et al., 2008)
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1.13.2. Advantages and Disadvantages of Electrolyzed Water:
The use of electrolyzed water to decontaminate surfaces has several advantages, such as being
safe to use, environmentally friendly, on-site production, easy to handle, and no need for special
storage or transportation (Hati et al., 2012; Hricova et al, 2008; Cheng et al., 2012). The
advantages stem largely from the absence of chemicals required, as the production of
electrolyzed water needs only table salt, water, and electricity (Cheng et al., 2012; Hati et al.,
2012). Electrolyzed water can even safely be used directly on fresh food products to reduce the
microbial load (Hati et al., 2012).
Additionally, acidic electrolyzed water is pH 3, which is strongly acidic but non-corrosive to
living tissues (Cheng et al., 2012; Hricova et al, 2008), unlike sodium hypochlorite which can
cause acute toxicity upon exposure (Hati et al., 2012), and yet it still has the potential to kill a
wide range of bacteria (Koseki et al., 2004; Hati et al., 2012; Hricova et al, 2008). An alternative
to acidic electrolyzed water is neutral electrolyzed water which has the advantage of being even
less corrosive and having longer shelf live compared to acidic electrolyzed water (Hricova et al,
2008; Cheng et al., 2012). Finally, alkali electrolyzed water, with a pH 11, is also advantageous
in that it can remove fats, proteins, and oils from surfaces because it contains sodium hydroxide,
which is a primary component of soap (Hati et al., 2012; Hricova et al, 2008).
However, the chlorine content and low pH of electrolyzed water predisposes it to corroding
equipment (Cheng et al., 2012). Furthermore, electrolyzed water loses its chlorine content and
its oxidation reduction potential quickly when exposed to the atmosphere, which is why it should
be stored in a closed container (Cheng et al., 2012). Cost may also be a barrier to the use of
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electrolyzed water, as the electrolyzed water machine is quite expensive (Hricova et al, 2008;
Cheng et al., 2012).
1.13.3. Mechanisms of Microbial Inactivation Resulting From Electrolyzed Water:
Although acidic electrolyzed water has established effectiveness in microbial inactivation, the
exact mechanism by which inactivation occurs is unclear. For example, the efficacy of acidic
electrolyzed water may be attributed to its low pH, chlorine content, high oxidation reduction
potential or a combination thereof (Park et al., 2002; Hricova et al, 2008). Hricova et al (2008)
proposed that the bacterial cells become more sensitive to active chlorine by sensitizing their
outer membrane to the entry of HOCl which produces hydroxyl radicals when the pH of acidic
electrolyzed water is low. It is has been proposed that HOCl, the major active compound in
chlorine, is responsible for inhibiting glucose oxidation which destroys the microbial cells; this
occurs through chlorine-oxidizing sulfhydryl groups of certain enzymes important in
carbohydrate metabolism of microbial cell (Hati et al., 2012).
Other studies have suggested that the high oxidation reduction potential of electrolyzed water
which is used as an indicator of disinfection capacity of electrolyzed water is responsible for the
microbial inactivation (Hati et al., 2012; Hricova et al, 2008). This is posited to occur by
changing the electron flow within the cells; therefore; damaging the cell membranes, causing
oxidation of sulfhydryl compounds on the cell surfaces, and disrupting in cell metabolic
processes (Hati et al., 2012; Hricova et al, 2008).
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1.13.4. Effectiveness of Electrolyzed Water:
Although there are many studies on the application of electrolyzed water as a decontamination
method for food and food contact surfaces; no scientific studies to date have evaluated the
efficacy of electrolyzed water produced by KWTM. Therefore, no direct comparisons can be
made with other trails that have tested this technology.
Several factors such as electrolyzed water type, active chlorine content, treatment time, treatment
temperature, pH, and amperage influence the effectiveness of electrolyzed water’s ability to
inactivate microorganisms (Hricova et al, 2008). Acidic and neutral electrolyzed water are
typically cabbala of being reduced to ˃6.0 log cfu/ml of variety of bacteria (Hricova et al, 2008).
For example, Ventkitanarayanan et al. (2009) reported ˃7 log10 cfu/ml reductions of E. coli, S.
enteritidis, and L. monocytogenes in suspensions after the treatment of acidic electrolyzed water
within 5 min at 4°C and 23°C. In their study, an electrolyzed water generator (ROX- 20TA,
Hoshizaki Electric Company Ltd., Toyoake, Aichi, Japan) was used with a chlorine
concentration of 86-43 mg/L and the pH of the electrolyzed water at 2.4 (Venkitanarayanan et al,
2009). One ml of initial inoculums of E. coli O157:H7 was added to 9 ml of electrolyzed water
for 5min at 4°C or 23°C (Venkitanarayanan et al, 2009).
The role of chlorine concentration and pH level on the bactericidal effect of electrolyzed water
has been demonstrated in a study conducted by Park et al., (2004). Their study used a
commercial electrolyzed water machine (model ROX 20 TA, Hoshizaki Electric, Toyoake,
Japan) and the pathogens E. coli O157:H7 and L. monocytogenes. The free chlorine
concentrations used were 0.1, 0.2, 0.5, 2, 3, and 5 mg/L; each concentration of free chlorine was
tested at pH 3, 5 and 7 of electrolyzed water. In order to evaluate the effect of electrolyzed water
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at different chlorine concentrations and pH levels, one ml of ~10 log10 cfu/ml of tested microbe
was added to 99 ml of tested electrolyzed water for 30s with agitation at 150 rpm (Park et al.,
2004). They reported that a concentration of chlorine that was equal to or greater than 1.0 mg/L
at a pH level of 3, 5 and 7 was able to reduce E. coli O157:H7 and L. monocytogenes to
undetectable level (Park et al., 2004).
Limited research exists on the inactivation of bacteria attached to solid surfaces, as opposed to
inactivating bacteria suspended in liquid. In case of bacteria attached to solid surfaces, the
bacteria forms biofilm which makes the bacteria more resistant to antimicrobial agents compared
to suspended cells (Simoes et al., 2008); therefore; there is insufficient research to compare
inactivation of bacteria attached to surfaces versus suspended in liquid (Cheng et al., 2012;
Hricova et al, 2008).
Denza et al.’s study (2005) studied the inactivation of bacteria attached to surfaces by immersing
the surfaces in E. coli, which is different from the current study’s method of spraying bacteria to
attach it to surfaces. Deza et al, (2005) reported a reduction ˃6 log10 cfu E. coli on stainless steel
surface was observed after a treatment of neutral electrolyzed water generated by a Eurostel EE90 unit (Aquastel Balti OU, Tallinn, Estonia).
Excluding the current study, no other studies were found in the literature that evaluated the
effectiveness of electrolyzed water sprayed on contaminated stainless steel surfaces, so no
comparisons can be made to existing research.
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1.14. Research Hypothesis and Objectives:
The hypothesis of this research is that several decontamination techniques: Indoor Biccsan
Apparatus, Mobile Disinfection Unit, Boss Hydroxyl Odor Producer, titanium dioxide,
cocamidopropyl betaine, and electrolyzed water can be successfully used to inactivate microbes
inoculated on food surfaces and food contact surfaces.

The overall objectives of this research are:
1-

Determine the inactivation level of various microorganisms inoculated on the surface.

2-

Looking at various exposure times to determine the efficiency of steam only, steam
containing different concentration of hydrogen peroxide, steam followed by vacuum system,
and hydroxyl generators on contaminated surfaces.

3-

Determine the effectiveness of electrolyzed water produced by the Kangen Water Therapies
Machine (KWTM).

4-

Determine the microbial survival inoculated on the coated surface with titanium dioxide and
cocamidopropyl betaine.
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Chapter II
2. Materials and Methods
2.1. Bacteria and cultivation conditions:
The bacteria used in this study were Escherichia coli P36 (kanamycin resistant) originally
isolated from spinach (Warriner et al., 2003). Salmonella Typhimurium WG49 and Listeria
innocua obtained from The American Type Culture Collection (ATCC). Bacillus subtilis PS346
was provided by Dr Setlow, University of Minnesota.
2.1.1. Escherichia coli P36 cultivation and enumeration:
E. coli P36 suspensions were prepared from overnight culture grown aerobically at 37°C in
Tryptone Soy Broth (TSB; OXOID Ltd, Basingstoke, Hampshire, England) containing 30 μg/ml
filtered sterilized kanamycin. The cells were harvested by centrifugation (4500 rpm for 10 min at
room temperature) and washed once in 10 ml of 0.8% w/v sterile saline. Finally, the cell pellet
was resuspended in 0.8% w/v sterile saline to give a final optical density of 0.2 (8 log cfu/ml) at
600nm then stored at 4°C until required. For enumeration, a dilution series of the bacterium was
prepared in sterile saline containing 0.1% v/v Tween80 and plated onto Tryptone Soy Agar
(TSA; OXOID Ltd, Basingstoke, Hampshire, England) supplemented with 30 μg/ml filtered
sterilized kanamycin. The plates were incubated at 37°C for 24 and the colonies were counted.
2.1.2. Salmonella cultivation and enumeration
Suspension of Salmonella was prepared from overnight culture grown aerobically at 37°C in
Tryptone Soy Broth (TSB; OXOID Ltd, Basingstoke, Hampshire, England). The cells were
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harvested by centrifugation (4500 rpm for 10 min at room temperature) and washed once in 10
ml of 0.8% w/v sterile saline. Finally, the cell pellet was resuspended in 0.8% w/v sterile saline
to give a final optical density of 0.2 (8 log cfu/ml) at 600nm then transferred to 4°C until
required. For enumeration, a dilution series of the bacterium was prepared in sterile saline
containing 0.1% v/v Tween80 and plated onto Xylose Lysine Tergitol-4 Agar Base (XLT; BD,
Becton, Dickinson, USA). The plates were incubated at 37°C for 24 and the colonies were
counted.
2.1.3. Listeria innocua cultivation and enumeration
Listeria innocua was cultivated in Listeria Enrichment Broth (LEB; Oxoid Ltd, Basingstoke,
England) incubated at 30°C for 24h. The cells were harvested by centrifugation (4500 rpm for 10
min at room temperature) and resuspended in sterile saline to give a final optical density at
600nm of 0.2 ( 8 log cfu/ml). The cell suspension was transferred to 4°C until required. For
enumeration, a dilution series of the bacterium was prepared in sterile saline containing 0.1% v/v
Tween80 and plated onto Oxford Formulation (Oxoid Ltd,). The plates were incubated at 30°C
for 48 h and typical colonies were counted.
2.1.4. Bacillus subtilis PS346 spores preparation:
The B. subtilis spores were prepared by plating suspensions onto nutrient agar (BD, Becton,
Dickinson, USA) supplemented with 1 mM calcium nitrate (Ca(NO3)2) and incubating at 30°C
for 14 days (Nkansah et al., 2010). The spores were harvested by addition of 20 ml of distilled
water and scraped off the agar surface using a sterile hockey stick. The Bacillus spores were
harvested by centrifugation (5000 rpm for 10min at room temperature) washed once in distilled
water and finally resuspended in 20 ml of sterile saline. The spore suspension was then heated at
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70°C for 10min before preparing a dilution series that was plated onto TSA before incubating at
30°C for 24-48 h. The remaining spore suspension was stored at 4°C until required.
2.2. Sample Preparation and Survival Recovery:
2.2.1. Inactivation of model bacteria on agar plates
Respective culture medium plates (TSA Kanamycin for E. coli p36, XLT for Salmonella, Oxford
agar for L. innocua, and Water agar for B. subtilis) were inoculated with 0.1 ml of the model
microbe at the dilutions of -1,-2, -3, -4, -5, and -6, and incubated at room temperature for 30 min
prior to treatment.
For enumeration of survivors, the E. coli P36 and Salmonella samples were incubated at 37°C
for 24h immediately after treatment, while the L. innocua samples were incubated at 30°C for
24h immediately after treatment. Finally, the B. subtilis samples on the water agar (1.5% agar in
water) surface were overlaid with molten TSA agar then were incubated at 30°C for 48h. After
incubating the samples, the colonies were counted and recorded. The same procedure was
followed for untreated samples.
2.2.2. Inactivation of model bacteria inoculated onto filter paper
Sterile Whatman filter paper (9 cm²) (Fisherbrand, Pittsburgh, US) were placed on the surface of
the appropriate agar plate and inoculated with 0.1ml (7 log cfu) of the test bacterium. The
inoculated filter paper was incubated at room temperature for 30 mins prior to treatment.
For survival recovery, each filter paper was transferred by sterile tweezers into a test tube
containing 10 ml of sterile saline containing 0.1% v/v Tween 80; the test tube was vortexed and a
dilution series prepared in saline (Figure 2-1). Then 0.1ml of the solution at the dilution of 0,-1 to
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-7 were plated out onto respective culture medium plates. B. subtilis recovered from the treated
filter papers were heated at 70°C for 10 min prior to preparing a dilution series and plating onto
TSA agar that was subsequently incubated at 30°C for 24 h. E. coli P36 was enumerated on
TSAKAN, Salmonella on XLD and Listeria on MOx as described above.

Figure (2‐1). Filter paper

2.2.3. Inactivation of model bacteria inoculated onto stainless steel surfaces
Sterile stainless steel coupon surface (9cm2) were inoculated with 0.1ml (7 log cfu) of the test
bacterium and incubated at room temperature for 30 min to dry prior to the treatment.
Once the designated decontamination method had been used to treat the stainless steel coupons
the survivors were recovered by placing the sample in 30 ml of sterile saline containing 0.1% v/v
Tween 80. The bad was then manually massaged to release bacteria from the stainless steel
coupon and a serial dilution prepared in saline. In the case of B. subtilis samples, the sample was
heated at 70°C for 10min before preparing the dilution series. Survivors were enumerated on the
appropriate selective agar as described above.
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2.2.4. Inactivation of model bacteria inoculated onto cutting board surfaces
Six square areas (9cm2) were drawn on the surface of a sterile cutting board (Cuisinart Poly) that
was subsequently inoculated with 7 log cfu of the test bacterium. The samples were incubated at
room temperature for 30 min to facilitate cell attachment.
For each pre-determined square on the cutting board including the untreated sample. A sterile
moistened sponge (rehydrated in saline containing 0.1% v/v Tween 80) was used to recover
bacteria from the cutting board (Figure 2-2). The sponge was then suspended in 30 ml saline
containing 1% v/v Tween 80 and stomached for 30s. A dilution series was produced and plated
onto the appropriate agar. Again, the stomached sample containing Bacillus spores was heat
treated at 70°C for 10 min prior to preparing the dilution series.

Figure (2‐2). Cutting board sampling
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2.2.5. Inactivation of model bacteria inoculated onto beef surface
Beef trim was obtained from a local slaughter house and cut into 9 cm2 sections then inoculated
with 7 log cfu with the test bacterium. The inoculated samples were kept at room temperature for
30 min at room temperature to attach prior to the treatment.
For enumeration of survivors, each piece of beef was placed into a bag of 30 ml of sterile saline
containing 0.1% v/v Tween 80 and stomached to be well diluted. The sample was then diluted
from 0 to -3 (except the samples of B. subtilis which has to be heated at 70°C for 10 min before
it is diluted). The diluted samples were then plated onto the appropriate agar as previously
described.
2.2.6. Inactivation of Model Bacteria Inoculated onto Lettuce Leaves surface
Lettuce was purchased from the local supermarket and then the outer four or five leaves of
lettuce and core were removed. The remaining leaves surfaces were inoculated with 7 log cfu
with the test bacterium. The samples were kept at room temperature for 30 min to dry prior to the
treatment.
Each treated lettuce leave was placed into a bag of 30 ml of sterile saline containing 0.1% v/v
Tween 80, and then manually massaged to release bacteria (Figure 2-3). A dilution series were
prepared and plated onto the appropriate agar as previously described.
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Figure (2‐3). Lettuce is placed in 30ml of
sterile saline

2.3. Surface decontamination treatments:
2.3.1. Control Samples:
The control samples were not treated and they were microbial tested at the same time of the
treated samples.
2.3.2. Indoor Biccsan Apparatus (IBA) Treatments:
The sample was exposed to a steam only, steam containing 8%, 2%, or 1% v/v hydrogen
peroxide or steam-vacuuming. The sample was placed on a sterile surface of metal or board and
the inoculated side of the surface face up. The temperature of the steam was recorded at the end
of each treatment by a digital thermometer (Traceable™ Digital Thermometers, Fisher
Scientific) placed beside the sample at the beginning of each treatment. The distance between the
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nozzle and the sample was depended on different designs of applying the steam which were (1)
without accessories, (2) black tube accessory (Figure 2-4), (3) I.B. apparatuses containment
accessory type A, (4) I.B. apparatuses containment accessory type B, and (5) I.B. apparatuses
containment accessory type C were used. The steam-vacuuming treatment was applied by using
I.B. apparatuses containment accessories.

Figure (2‐4). The treatment of steam using black tube

2.3.3.

Odorox Mobile Disinfection Unit (OMDU) and Boss Hydroxyl Odor Producer

(BHOP) Treatments:
The samples were placed into a 58 liter container where the outlet air of OMDU or BHOP
operated at 500 or 250 CFM with or without running the UV lamp fed into the container (Figure
2-5). At different exposure times several samples were removed to recover the survivals.
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Figure (2‐5). OMDU operation

2.3.4. Titanium Dioxide Coating Treatments:
There were three applications of testing the efficiency of titanium dioxide were used: (1) the
titanium dioxide was applied onto each contaminated surface, (2) the titanium dioxide was
applied onto each sterile surface and left for 30 min prior to inoculation, (3) the titanium dioxide
was applied onto each sterile surface and left for 3 h prior to inoculation. The distance between
the surface of the samples and the spray was around 20-30 cm; each surface had evenly one coat
approximately (1ml/cm2) of the sanitizer using water pressure sprayer (Figure 2-6) by moving
the arm from left to right. Samples were taken (stainless steel transferred into30 ml of sterile
saline containing 0.1% v/v Tween 80 by sterile tweezers and the cutting board samples were
taken by a wet sterile sponge to scrub off the contamination and transferred in a bag of 30 ml
sterile saline containing 0.1% v/v Tween 80 at different time points up to 24 h.
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Figure (2‐6). Water pressure sprayer

2.3.5. Cocamidopropyl Betaine Coating Treatments
The cocamidopropyl betaine (Yellow, Permanon) was sprayed evenly one coat approximately
(1ml/cm2) onto each sterile stainless steel and cutting board surfaces by water pressure sprayer
and then it was left for 30min in order to dry. The coated surface was then inoculated with 7 log
cfu of the test bacteria and sampled by periodically for up to 24 h. The stainless steel samples
transferred into30 ml of sterile saline containing 0.1% v/v Tween 80 by sterile tweezers and the
cutting board samples were taken by a wet sterile sponge to scrub off the contamination and
transferred in a bag of 30 ml sterile saline containing 0.1% v/v Tween80.
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2.3.6. Electrolyzed Water Treatments
Three preparations of electrolyzed water (produced by the Kangen Water Therapies Machine):
acidic, neutral and alkali fractions with tap water constituting the control were tested. The pH
level of each type of water was measured using a pH/Conductivity Meter (XL20, Thermo Fisher
Scientific Ltd) prior to examination. The free chlorine concentration (mg/L) of each electrolyzed
water preparation was measured using Data-logging Colorimeter (Hach DR/870 Colorimeter).
Electrolyzed water was sprayed (approximately 1 ml/cm2) one coat with either acid, alkaline,
neutral, or tap water onto the inoculated surfaces, and then sampled at either 5min or 30min
exposure time. The stainless steel samples was taken by a sterile tweezers and placed into 30 ml
sterile saline containing 0.1% v/v Tween 80.
2.4. Experimental Design and Statistics
After the incubation, the colonies were counted and transferred into log10 prior to calculation of
Log Count Reduction (LCR) in microbial number. The LCR was calculated using the following
equation:
LCR = Log10 cfu/carries cm2 Ni – Log10 cfu/ carries cm2 No
Where the: Ni = the Initial loading (pre-treatment count)
No = the surviving numbers (post-treatment count)
All trials were performed at least three times using two replicates sample in each treatment. The
data obtained were transformed into log10 before using ANOVA and Tukey’s test analysis (IBM
SPSS Statistics 21).
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Chapter III
3.1. THE RESULTS
Chapter III demonstrates the results of treating multiple surfaces inoculated with model microbes
to determine the efficacy of Indoor Biccsan Apparatus (IBA), Mobile Disinfection Unit (MDU),
Boss Hydroxyl Odor Producer (BHOP), Titanium dioxide, Cocamidopropyl betaine, and
Electrolyzed water.
3.1. Indoor Biccsan Apparatus (IBA).
3.1.1. Treatment of contaminated filter paper surfaces with Escherichia coli P36 by cold
steam containing 8% H2O2 (Hydrogen peroxide):
Filter paper (9 cm2) was inoculated with 7.42 ± 0.02 log cfu E. coli P36 and treated with a stream
of hydrogen peroxide vapor generated by the Indoor Biccsan Apparatus (IBA). The inoculated
filter papers were placed within a Petri dish placed 20 cm above the delivery nozzle and treated
for 30 – 240 s (Table 3-1). All the treatments tested resulted in >6.42 log reduction of E. coli P36
with no survivors being detected (Table 3-1).
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Table (3-1). The effect of cold steam containing 8 % H2O2 on contaminated filter papers with
E.Coli p36
Ave Log
Treatment time
Average Log10
(cfu/cm2)
Reductions
(Seconds)
Filter
E. coli
Inoculums
7.42 ± 0.02 A
papers
30
˂ 1.00 ± 0.00 B
> 6.42 a
60
˂ 1.00 ± 0.00 B
> 6.42 a
240
˂ 1.00 ± 0.00 B
> 6.42 a
Average log10 CFU/cm2 for six replicate samples. Average Log reduction for six replicate
samples = log cfu/cm2 time 0 – log cfu/cm2 time treatment. ± Value means Standard Deviation
for six samples. ˂ Means the lower log10 CFU/cm2 detection. > Means the highest log
reduction. 0 Mean controls not treated samples. a Means a significant difference in log
reduction (P˂0.05) compared to time 0. A and B Means within columns (per surface type)
followed by the same letter are not significantly different from each other. %H2O2= The
concentration percentage of adding hydrogen peroxide to the water
Bacteria

Surface

%
H2O2
8%
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3.1.2. Treatments of inoculated filter paper and Agar surfaces with either Escherichia coli
P36, Bacillus subtilis PS346 spores (B. subtilis), Salmonella, or Listeria innocua (L.
innocua ) by cold steam containing or not containing % H2O2 :
It was observed in the previous experiments that cold steam containing 8% H2O2 treatment at 30
- 240 s could effectively reduce levels of E coli P36 (Table 3-1). In the absence of hydrogen
peroxide, the log reductions were achieved were significantly (P<0.05) reduction compared to
non-treated controls although significantly lower compared to when H2O2 was applied (Table 32). The lowest average log reductions 3.41 was obtained at 20 seconds with the treatment of cold
steam only with no survivors being recovered using longer treatment times.
Treating filter paper inoculated with E. coil P36 at 120 seconds with cold steam with or without
the inclusion of 1% or 2% v/v hydrogen peroxide resulted in no detectable survivors (Table 3-2).
There were no significant differences between 20 seconds treatments of cold steam containing or
not containing H2O2 , and 60 seconds treatment of cold steam only and cold steam containing 1%
H2O2. The results also showed that there were no significant differences between the treatments
of cold steam containing or not containing H2O2 at 60 and 120 seconds (Table 3-2).
TSA agar plates inoculated with 7.78±0.34 log10 cfu E. coli P36 exposed to cold steam with or
without the inclusion of 1% or 2% v/v H2O2 resulted in a significant (P˂0.05) log reductions at
20, 60, and 120 seconds compared to non-treated samples. There were no significant differences
between treatments of cold steam for treatment times of 20, 60, and 120 seconds regardless of
the inclusion of hydrogen peroxide. The highest recovery cells of 2.27 log10 cfu E. coli P36 was
obtained at 20 seconds treatment of cold steam; however; there was a high standard deviation of
2.34 between individual samples. The treatment of cold steam at 60, and 120 seconds, and the
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treatments of cold steam containing H2O2 at 20, 60, and 120 seconds resulted in log10 cfu
reductions of greater than 6.78 (Table 3-2).
Filter paper surfaces (9cm2) inoculated with 6.48±0.00 log10 cfu/9cm2 Salmonella that were
exposed to cold steam only at 60 and 120 second or exposed to cold steam containing H2O2 at 20,
60, 120 seconds of treatments resulted in a significant (P˂0.05) log reductions compared to nontreated samples (Table 3-2). Therefore, there were no significant differences between non-treated
samples and treated samples with steam only at 20 second of exposure. Averages of more than
4.48 log10 cfu reductions were observed among all treatments except the treatment of cold steam
at 20 seconds. The treatment of cold steam at 20 seconds exhibited the highest recovery cells of
6.07 log10 cfu with a standard deviation of 0.57 (Table 3-2).
XLT agar plates inoculated with 7.08±0.00 log10 cfu Salmonella were exposed to cold steam
containing or not containing H2O2 resulted in a significant (P˂0.05) log reductions at 20, 60, and
120 seconds compared to non-treated samples. There were no significant differences between
treatments of cold steam containing or not containing H2O2 observed at 20, 60, and 120 seconds.
An average of 6.08 log10 cfu reductions was obtained across all treatments of XLT agar plates
surfaces inoculated with Salmonella (Table 3-2).
An average of 2.15±0.21 log10 cfu/9cm2 of B. subtilis spores were inoculated onto the filter paper
then exposed to cold steam with or without the inclusion of 1% or 2% v/v hydrogen peroxide for
20, 60, and 120 seconds. There were no significant differences between treated samples and nontreated samples (Table 3-2). The highest log10 reduction obtained among all exposure times
(regardless of whether the steam contained H2O2 or not) was 0.15 log10 cfu reduction.
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Water agar plates surfaces inoculated with 7.00±0.67 log10 cfu B. subtilis were exposed to both
cold steam with or without the inclusion of 1% or 2% v/v H2O2 resulted in no significant log
reductions regardless of the treatment times applied (Table 3-2). Yet, with 2% hydrogen
peroxide in the dry steam stream a 3.50 log10 cfu of B. subtilis were obtained with 120 seconds
treatments (Table 3-2).
L. innocua 4.38±0.05 log10 cfu/9cm2 were inoculated on the surfaces of filter paper and treated
with cold steam containing or not containing H2O2 showed a significant (P˂0.05) log reductions
at 20, 60, and 120 seconds compared to untreated samples (Table 3-2). There were no significant
differences observed between the treatments times, except for the treatment of cold steam only at
20 seconds demonstrated that averages of 2.5 log10 cfu with standard deviation of 0.71 were
obtained. Treatments times over 60s or greater resulted in no Listeria survivors being detected
when the cold steam stream contained 1 or 2% hydrogen peroxide (Table 3-2).
Oxford agar plates inoculated with 7.04±0.00 log10 cfu L. innocua were exposed to cold steam
containing or not containing H2O2 resulted in a significant (P˂0.05) log reductions at 20, 60, and
120 seconds compared to non-treated samples. There were no significant differences between
treatments of cold steam containing or not containing H2O2 among all exposure times. An
average of 6.04 log10 cfu reductions was obtained for all treatments of oxford agar plates surfaces
inoculated with L. innocua (Table 3-2).
The results of the trials highlight the sensitivity of vegetative bacterial cells to dry steam
especially with the inclusion of hydrogen peroxide. However, Bacillus spores were resistant with
negligible log reductions being observed even with the inclusion of hydrogen peroxide and
extended treatment times.
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Table (3- 2). Effect of cold steam containing multiple percentages of H2O2 on inactivation of
model microbes on multiple surfaces
Bacteria

Surface

E. coli

Filter
paper

%
H2O2
0%

1%
2%
(TSA)
Agar

0%

1%
2%

Salmonella

Filter
paper

0%

1%
2%
(XLT)
Agar

0%

1%
2%

Treatment time
(seconds)
0
20
60
120
20
60
120
20
60
120
0
20
60
120
20
60
120
20
60
120
0
20
60
120
20
60
120
20
60
120
0
20
60
120
20
60
120
20
60
120
60

Average Log10
(cfu/cm2)
6.67 ± 0.20 A
3.26 ± 1.10 B
2.20 ± 0.45 BC
˂ 2.00 ± 0.00 C
2.61 ± 1.02 BC
2.30 ± 0.66 BC
˂ 2.00 ± 0.00 C
2.26 ± 0.58 BC
˂ 2.00 ± 0.00 C
˂ 2.00 ± 0.00 C
7.78 ± 0.34 A
2.27 ± 2.34 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
6.48 ± 0.00 A
6.07 ± 0.57 A
˂ 2.00 ± 0.00 B
˂ 2.00 ± 0.00 B
˂ 2.00 ± 0.00 B
˂ 2.00 ± 0.00 B
˂ 2.00 ± 0.00 B
˂ 2.00 ± 0.00 B
˂ 2.00 ± 0.00 B
˂ 2.00 ± 0.00 B
7.08 ± 0.00 A
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B

Ave Log
Reductions
3.41 a
4.47 a
> 4.67 a
4.06 a
4.37 a
> 4.67 a
4.41 a
> 4.67 a
> 4.67 a
5.51 a
> 6.78 a
> 6.78 a
> 6.78 a
> 6.78 a
> 6.78 a
> 6.78 a
> 6.78 a
> 6.78 a
0.41
> 4.48 a
> 4.48 a
> 4.48 a
> 4.48 a
> 4.48 a
> 4.48 a
> 4.48 a
> 4.48 a
> 6.08 a
> 6.08 a
> 6.08 a
> 6.08 a
> 6.08 a
> 6.08 a
> 6.08 a
> 6.08 a
> 6.08 a

B.spores

Filter
paper

0%

1%
2%

B. spores

(Water)
Agar

0%

1%
2%

Listeria

Filter
paper

0%

1%
2%

Listeria

(Oxford)
Agar

0%

1%
2%

2.15 ± 0.21 A
2.15 ± 0.21 A
˂ 2.00 ± 0.00 A
˂ 2.00 ± 0.00 A
˂ 2.00 ± 0.00 A
˂ 2.00 ± 0.00 A
2.30 ± 0.43 A
˂ 2.00 ± 0.00 A
˂ 2.00 ± 0.00 A
˂ 2.00 ± 0.00 A
7.00 ± 0.67 A
6.74 ± 0.37 A
6.95 ± 1.91 A
5.59 ± 0.58 A
5.95 ± 0.07 A
6.48 ± 1.41 A
6.24 ± 1.75 A
7.68 ± 0.75 A
5.51 ± 0.13 A
3.50 ± 2.12 A
4.38 ± 0.05 A
2.50 ± 0.71 B
˂ 2.00 ± 0.00 B
˂ 2.00 ± 0.00 B
˂ 2.00 ± 0.00 B
˂ 2.00 ± 0.00 B
˂ 2.00 ± 0.00 B
˂ 2.00 ± 0.00 B
˂ 2.00 ± 0.00 B
˂ 2.00 ± 0.00 B
7.04 ± 0.00 A
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B

0
20
60
120
20
60
120
20
60
120
0
20
60
120
20
60
120
20
60
120
0
20
60
120
20
60
120
20
60
120
0
20
60
120
20
60
120
20
60
120

0.00
> 0.15
> 0.15
> 0.15
> 0.15
- 0.15
> 0.15
> 0.15
> 0.15
0.26
0.05
1.41
1.05
0.52
0.76
- 0.68
1.49
3.50
1.88 a
> 2.38 a
> 2.38 a
> 2.38 a
> 2.38 a
> 2.38 a
> 2.38 a
> 2.38 a
> 2.38 a
> 6.04 a
> 6.04 a
> 6.04 a
> 6.04 a
> 6.04 a
> 6.04 a
> 6.04 a
> 6.04 a
> 6.04 a

Average log10 CFU/cm2 for six replicate samples. Average Log reduction for six replicate samples = log cfu/cm2
time 0 – log cfu/cm2 time treatment. ± Value means Standard Deviation for six samples. ˂ Means the lower log10
CFU/cm2 detection. > Means the highest log reduction. 0 Mean controls not treated samples. a Means a significant
difference in log reduction (P˂0.05) compared to time 0. A, B and C Means within columns (per surface type)
followed by the same letter are not significantly different from each other. %H2O2= The Concentration Percentage
of Adding Hydrogen Peroxide to the Water
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3.1.3. Treatments of contaminated filter paper and Agar surfaces with either E. coli P36
or B. subtilis by cold steam at 20 seconds exposure times:
It was evident that cold steam with or without the inclusion of hydrogen peroxide was an
effective at reducing levels of vegetative cells on the surface of filter paper or agar plates (Table
3-2). Yet, it was unclear if the lethal effects of the cold steam were due to the generated free
radicals or thermal effects. To assess the latter, trials were performed whereby the distance
between the target and nozzle was varied to generate different temperatures (26 – 88°C) on the
treated surface (Table 3-3). The most lethal treatments were when the nozzle was placed close to
the test surface (Table 3-3). Here temperatures in excess of 66°C were generated that supported
significant log reductions of E coli P36 on filter paper. Treatment of TSA agar plate’s surfaces
inoculated with 8.09±0.00 log10 cfu/cm2 E. coil P36 resulted in a significant (P˂0.05) log
reductions at 68°C, 67°C, and 71°C compared to un-treated samples. There were no significant
differences between control samples and treated samples at 28°C, and 26°C. The result would
suggest that the mode of inactivation by cold steam is primarily through thermal inactivation.
The filter paper surfaces (9cm2) inoculated with 2.46±0.11 log10 cfu/9cm2 B. subtilis that were
exposed to steam for 20 seconds resulted in a significant (P˂0.05) log reductions at 65°C
compared to untreated samples (Table 3-3). Treated filter paper surfaces with cold steam only at
20 seconds resulted in 0.05 and 1.46 log cfu average log reductions at 29°C and 65°C
respectively. However, the treatments of water agar plates inoculated with 6.34±0.55 log10
cfu/cm2 of B. subtilis resulted in no significant differences between non-treated samples and
treated samples at 28°C and 60°C (Table 3-3).

62

Table (3-3). Effect of cold steam on inactivation of E. coli P36 and B. subtilis on multiple
surfaces
Bacteria

Surface

E. coli

Filter
paper

E. coli

B. subtilis

B. subtilis

Agar

Treatment
time
(Second)
20

20

Filter
paper

20

Agar

20

Temperatur
e (°C)
Control
30
30
29
66
Control
28
26
68
67
71
Control
29
65
Control
28
60

Average Log10
(cfu/cm2)
3.83 ± 0.12 AB
4.17 ± 0.02 A
3.69 ± 0.15 B
3.84 ± 0.04 AB
˂ 2.00 ± 0.00 C
8.09 ± 0.00 A
7.63 ± 0.56 A
7.60 ± 0.24 A
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
˂ 1.00 ± 0.00 B
2.46 ± 0.11 A
2.41 ± 0.02 A
˂ 1.00 ± 0.00 B
6.34 ± 0.55 A
6.80 ± 0.01 A
6.38 ± 0.67 A

Ave Log
Reductions
- 0.34
0.14
- 0.01
> 1.83 a
0.46
0.49
> 7.09 a
> 7.09 a
> 7.09 a
0.05
> 1.46 a
- 0.46
- 0.04

Average log10 CFU/cm2 for two replicate samples. Average Log reduction for two replicate
samples = log cfu/cm2 time 0 – log cfu/cm2 time treatment. ± Value means Standard Deviation
for six samples. ˂ Means the lower log10 CFU/cm2 detection. > Means the highest log
reduction. 0 Mean controls not treated samples. a Means a significant difference in log
reduction (P˂0.05) compared to time 0. A, B and C Means within columns (per surface type)
followed by the same letter are not significantly different from each other.
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3.1.4. Efficacy of cold steam vacuum treatment to remove or inactivate Escherichia coli
P36 or Bacillus endospores inoculated in stainless steel
It was evident that the lethality of cold steam was primarily due to thermal effects as opposed to
the generation of antimicrobial free radicals. Although such a finding would be in conflict with
the designation of `cold steam` the approach could still find utility in pasteurizing surfaces
without the damaging high thermal loading observed with condensing steam. Therefore, further
trials were undertaken to evaluate the utility of cold steam to inactivate or dislodge cells in a
process mimicking steam vacuuming. Here, the cold steam was applied to an inoculated surface
then a vacuum applied to remove detached cells or spores (Table 3-4). It was found that the
reduction of E coli P36 or Bacillus spores were significantly higher when applied steam and
vacuum treatments were applied together compared to individually (Table 3-4). The treatment of
stainless steel inoculated with E. coli P36 resulted in greater log reductions compared to
treatment of stainless steel inoculated with B. subtilis (Table 3-4).
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Table (3-4). The effect of cold steam, and then vacuum system on contaminated stainless steel
Bacteria
E. coli

B.
subtilis

Treatme
nt
Control
S+V
S+V
S+V
S+V
S+V
S+V
S+V
S+V
S
S
S
S
S
V
V
V
V
Control
S+V
S+V
S+V
S+V
S+V
S+V
S+V
S+V
S+V
S+V
S
S
S
S
S
V
V
V
V

Materials
Stain Steel
Stain Steel
Stain Steel
Stain Steel
Stain Steel
Towel
Towel
Towel
Towel
Stain Steel
Stain Steel
Stain Steel
Stain Steel
Stain Steel
Towel
Towel
Stain Steel
Stain Steel
Stain Steel
Stain Steel
Stain Steel
Stain Steel
Stain Steel
Stain Steel
Towel
Towel
Towel
Towel
Towel
Stain Steel
Stain Steel
Stain Steel
Stain Steel
Stain Steel
Towel
Towel
Stain Steel
Stain Steel

Temperature
(°C)

Log10 (cfu/cm2)
3.88
˂ 2.48
˂ 2.48
2.47
˂ 2.48
3.32
˂ 2.48
˂ 2.48
˂ 2.48
3.07
2.95
3.87
3.07
˂ 2.48
˂ 2.48
˂ 2.48
˂ 2.48
2.77
6.51
6.26
5.15
5.21
6.30
4.20
5.92
4.15
4.44
6.26
3.08
5.25
5.40
6.36
6.60
5.12
5.29
6.42
6.48
6.54

42
28
33
49
42
28
33
49
36
39
25
25
38

26
58
50
29
49
26
58
50
29
49
39
44
29
24
59
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Log
Reductions
>1.88
>1.88
1.40
>1.88
0.56
>1.88
>1.88
>1.88
0.80
0.92
0.01
0.81
>1.88
>1.88
>1.88
>1.88
1.11
0.25
1.36
1.30
0.21
2.31
0.59
2.36
2.07
0.25
3.43
1.26
1.11
0.15
-0.10
1.39
1.22
0.09
0.03
-0.03

3.1.5. Treatments of contaminated stainless steel, beef, and plastic cutting board surfaces
with either E. coli P36 or B. subtilis by cold steam-vacuuming V1 and V2 at 20
seconds exposure times:
Building on the potential for using the treatments of cold steam followed by the vacuum unit to
reduce the microbial load on the samples surfaces (Table 3-4), the following trials combined the
use of cold steam and vacuuming into one step. Therefore, trials were performed using vacuum
power 1 (V1) or power 2 (V2) and cold steam treatments in one step by incorporating the
vacuuming system into the cold steam delivery by attaching I.B.A containment accessory type A
(Table 3-5). In these experiments the samples were treated for 20 seconds by cold steam for 15
seconds and in the last 5 seconds the vacuuming system V1 or V2. The temperature of the steam
was recorded at the end of each treatment. The surfaces used were stainless steel (9cm2) surfaces,
beef surfaces (9cm2), and a plastic cutting board (9 cm2), and the microbes used were E. coli P36
and B. subtilis (Table 3-5). The objective of the trials was to determine whether the combined
cold steam-vacuuming treatment would impact microbial growth.
The treated stainless less steel inoculated with 6.30 log10 cfu/9cm2 E. coli P36 resulted in no
significant differences in log reduction between treatment of steam-vacuuming V1 and steamvacuuming V2 compared to non-treated samples. For the treatment of beef surfaces inoculated
with 6.83 log10 cfu/9cm2 E. coli P36 showed that there were no significant differences in log
reduction between the treated samples compared to untreated samples. Additionally, there was
no significant difference in log reduction between treated cutting boards samples inoculated with
5.88 log10 cfu/9cm2 E. coli P36 compared to non-treated sample (Table 3-5).
The treated stainless less steel inoculated with 5.71 log10 cfu/9cm2 B. subtilis resulted in no
significant differences in log reduction between the treatment of steam-vacuuming V1 and
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steam-vacuuming V2 compared to non-treated samples. The treatment of beef surfaces
inoculated with 4.41 log10 cfu/9cm2 B. subtilis had a significant (P˂0.05) log reductions in cold
steam-vacuuming power 1 (V1) treatment compared to non-treated samples. Furthermore, there
were no significant difference in log reduction between treated cutting board inoculated with
5.54 log10 cfu/9cm2 B. subtilis compared to non-treated sample (Table 3-5).
The results in Table (3-5) demonstrate that the temperature of treated samples with cold steamvacuuming V2 was lower than the temperature of treated samples with cold steam-vacuuming
V1. Overall, there were no significant reductions for any of the treated samples compared to the
control samples.
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Table (3-5). The effect of cold steam and vacuum system (V1, V2) on contaminated surfaces
Temperature
Ave Log10
Vacuum
Log Reductions
(cfu/cm2)
(°C)
Stainless
E. coli
Inoculum
6.30 A
steel
38
V1
6.28 A
0.02
38
V1
6.10 A
0.20
A
24
V2
6.26
0.04
A
24
V2
5.77
0.53
A
Beef
E. coli
6.83
Inoculum
43
V1
6.20 A
0.63
43
V1
6.95 A
-0.12
41
V2
6.95 A
-0.12
A
-0.43
41
V2
7.26
AB
Cutting
E. coli
5.88
Inoculum
board
34
V1
5.28 B
0.60
34
V1
5.58 B
0.30
A
28
V2
5.91
-0.03
A
28
V2
6.03
-0.15
A
Stainless
B.
Inoculum
5.71
steel
subtilis
V1
40
5.71 A
0.00
V1
40
5.53 A
0.18
A
V2
28
5.74
-0.03
A
V2
28
5.26
0.45
A
Beef
B.
4.41
Inoculum
subtilis
V1
26
3.94 B
0.47 a
V1
26
3.81 B
0.60 a
V2
0.06
22
4.35 A
A
V2
22
4.57
-0.16
A
Cutting
B.
5.54
Inoculum
board
subtilis
32
V1
5.54 A
0.00
A
32
V1
5.63
-0.09
A
37
V2
5.43
0.11
A
37
V2
5.48
0.06
2
Average log10 CFU/cm for tow replicate samples. Average Log reduction for two replicate
samples = log cfu/cm2 time 0 – log cfu/cm2 time treatment. ± Value means Standard
Deviation for six samples. ˂ Means the lower log10 CFU/cm2 detection. > Means the highest
log reduction. 0 Mean controls not treated samples. a Means a significant difference in log
reduction (P˂0.05) compared to time 0. A, B and C Means within columns (per surface type)
followed by the same letter are not significantly different from each other. V1 Means vacuum
power 1. V2 Means vacuum power 2.
Bacteria

Surfaces
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3.1.6. Testing the efficiency of cold steam-vacuuming V2 using Indoor Biccsan Apparatus
(IBA) containment accessory type B on decontaminated stainless steel, beef, and
plastic cutting board surfaces:
As previously stated, the application of cold steam-vacuuming power 1 (V1) and vacuuming
power 2 (V2) using IBA containment accessory type A (Figure 3-10) were not able to achieve at
least 2 log reductions in any of the tested microbes, but the temperature was eliminated, specially
with the V2 accesory. The design of accessory type entails that the vacuum extraction was at a
45 degree angle perpendicular to the cold steam input as well as at a 45 degree angle to the
vacuum tube; therefore; the design rendered the influence of the temperature of the cold steam
ineffectively (Tables 3-5).
Trials were performed using the IBA containment accessory type B to determine the impact of
cold steam-vacuuming power 2 (V2) on contaminated stainless steel, beef, and plastic cutting
board surfaces with either E. coli P36, B. subtilis, or L. innocua while (Figures 3-1 to 3-9). The
IBA containment accessory type B design had the input of the steam placed at the top of the
accessory to improve the steam efficiency (Figure 3-11), which was expected to overcome the
design flaws of type A. When the temperature reached 50°C, the vacuum system (power V2) was
applied.
The impact of cold steam-vacuuming V2 on contaminated beef, stainless steel, and cutting board
surfaces with E. coli P36 is presented in Figures 3-1 to 3-3. The temperature treatments of
surfaces inoculated with E. coli P36 was ranged between 23-85°C (Figures 3-1 to 3-3). The
treated beef surfaces had a greater average log reduction of 1.45 with standard divination of 0.5
when the temperature ranged between 40-45°C (Figure 3-1). The treated stainless steel surfaces
did not achieve greater than 1.23 log reductions when the temperature was less than 48°C (Figure
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3-2). The treated plastic cutting board surfaces achieved 1.73 log reductions when the
temperature ranged between 31-32°C (Figure 3-3).
The findings in (Figures 3-4 to 3-6) demonstrated the results of treating beef, stainless steel, and
cutting board surfaces inoculated with B. subtilis and treated by cold steam-vacuuming V2. The
treated beef surfaces showed that the temperature was ranged between 25-44°C; therefore; there
were not any log reductions obtained over 0.19 log10 cfu (Figure 3-4). The cold steamvacuuming V2 treatments temperature of stainless surfaces inoculated with B. subtilis was
ranged between 25-45°C; therefore; a significantly higher log reduction of 1.66 was achieved
when the temperature was ranged between 31-35°C (Figure 3-5). The treated plastic cutting
board achieved the greatest 1.13 log10 cfu reductions when the temperature was 41°C (Figure 36).
The effectiveness of cold steam-vacuuming V2 on contaminated beef, stainless steel, and plastic
cutting board surfaces inoculated with L. innocua is presented in (Figures 3-7 to 3-9). The treated
beef, stainless steel, and plastic cutting board did not achieved over 0.68 log10 cfu reductions
when the temperature was ranged between 22-51°C (Figures 3-7 to 3-9).
For all combinations of surfaces and microbes, the treatments of cold steam-vacuuming V2 using
IBA containment accessory type A were unable to achieve the goal of 4 log10 cfu reductions, and
in many cases were unable to obtain even 2 log10 cfu reductions. Among all of the trials
previously described, the IBA containment accessory type A delivered the steam-vacuuming V2
did not resulted in a significant inactivation of E. coli P36, B. subtilis, and L. innocua (Figures 31 to 4-9).
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Figure (3-1). The effect of cold steam and the vacuum system (V2) on contaminated beef with E.
coli P36
2.5
2

LCR

1.5
1
0.5
0
30‐35C
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‐0.5

40‐45C

53

Temperature

Figure (3-2). The effect of cold steam and the vacuum system (V2) on contaminated stainless
steel with E. coli P36
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Figure (3-3). The effect of cold steam and the vacuum system (V2) on contaminated cutting
board with E. coli P36
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Figure (3-4). The effect of cold steam and the vacuum system (V2) on contaminated beef with B.
subtilis
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Figure (3-5). The effect of cold steam and the vacuum system (V2) on contaminated stainless
steel with B. subtilis
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Figure (3-6). The effect of cold steam and the vacuum system (V2) on contaminated cutting
board with B. subtilis
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Figure (3-7). The effect of cold steam and the vacuum system (V2) on contaminated beef with L.
innocua
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Figure (3-8). The effect of cold steam and the vacuum system (V2) on contaminated stainless
steel with L. innocua
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Figure (3-9). The effect of cold steam and the vacuum system (V2) on contaminated cutting
board with L. innocua
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3.1.7. Testing the efficiency of cold steam-vacuuming V2 using IBA containment accessory
type C on decontaminated stainless steel and plastic cutting board surfaces:
As indicated in the previous experiment, the treatments of cold steam-vacuuming V2 using I.B.
apparatuses containment accessory type B did not go with a negligible reductions of E. coli, B.
subtilis, or L. innocua (Figures 3-1 to 3-9). An alternative IBA containment accessory type C
was developed (Figure 3-12). The following experiment tested whether applying cold steamvacuuming V2 using I.B. apparatuses containment accessory type C with a temperature no
higher than 50°C would be able to significantly inactivate E. coli P36 and B. subtilis (Table 3-6).
The I.B. apparatuses containment accessory type C used for steam-vacuuming V2 application
using the same process as the previous experiment. The temperature was recorded at the end of
each treatment.
Stainless steel surfaces inoculated with 6.94 log10 cfu E. coli p336 treated by cold steamvacuuming V2 resulted in less than 1.68 log reductions when the temperature was at or below
41°C. The recovery cells of E. coli p336 from treated stainless steel surfaces was greater than
5.26 log10 cfu. The treated plastic cutting board surfaces that were inoculated with 6.86 log10 cfu
E. coli p336 resulted in 1.58 log10 cfu reductions at 40°C (Table 3-6).
Inoculated stainless steel and plastic cutting board surfaces with inoculums level of 7 log10
cfu/9cm2 B. subtilis were treated with cold steam-vacuuming V2 resulted in high recovery cells
of B. subtilis more than 5.48 log10 cfu (Table 3-6). The temperatures of the treating surfaces were
ranged between 36-43°C.
The use of cold steam-vacuuming V2 using IBA containment accessory type C eliminated the
temperature of the steam, which subsequently led to no reductions greater than 1.68 log10 cfu of
E. coli P36 and 1.50 log10 cfu of B. subtilis. All treatments were unable to achieve 2 log10
reductions (Table 3-6).
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Table (3-6). The effect of 20 second treatment of cold steam-vacuuming (V2) using IBA
containment accessory type C on contaminated surfaces
Bacteria

E. coli

Surfaces
Stainless
Steel

Cutting
board

B. subtilis

Stainless
Steel

Cutting
board

Temperature (°C)

Log10 (cfu/cm2)

Control
41
42
41
42
41
37
Control
37
37
38
37
40
39
Control
42
40
38
39
42
40
Control
41
43
36
38
36
36

6.94
5.26
6.21
6.34
6.40
6.30
6.02
6.86
6.78
6.73
6.91
6.66
5.78
6.26
7.06
7.36
6.88
6.89
6.95
7.07
5.48
6.98
6.65
5.48
6.84
7.08
6.88
7.02
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Log Reductions

1.68
0.73
0.60
0.54
0.64
0.92
0.08
0.13
-0.05
0.20
1.08
0.60
-0.30
0.18
0.17
0.11
-0.01
1.58
0.33
1.50
0.14
-0.10
0.10
-0.04

Figure (3-10). IBA containment accessory type A

Figure (3-11). IBA containment accessory type B
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Figure (3-12). IBA containment accessory type C
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3.2. The Results of Mobile Disinfection Unit (MDU) and Boss Hydroxyl Odor Producer
(BHOP)

3.2.1. Efficacy of Mobile Disinfection Unit (MDU) in decontaminating Escherichia coli on
different surfaces:
To test the efficacy of MDU to inactivate E. coli P36 on different surfaces an enclosed reactor
was used into which inoculated samples were introduced and treated with a continuous stream of
hydroxyl radicals at a rate of 500 CFM (Table 3-7).
Agar plates inoculated with 7.13±0.01 log10 cfu were placed in the reactor and treated for up to
24 h then incubated to recover survivors (Table 3-7). Negligible reductions of E. coli P36 were
achieved with treatment times up to 2h. However, a significant (P˂0.05) log reduction was
observed after 24 h treatment with no residual survivors being detected (Table 3-7). Inactivation
of E coli P36 by free radicals when the bacterium was inoculated onto stainless steel proceeded
at a greater rate compared to agar with no survivors being detected after a 1 h exposure (>4.52
log cfu reduction; Table 3-7).
Inactivation of E. coli P36 inoculated onto lettuce exhibited intermediate inactivation rates by
exposure to hydroxyl radicals compared to agar and stainless steel. Here, there was a progressive
decrease of E coli P36 on lettuce with 3.47 log cfu reduction being achieved over a 4 h treatment
period (Table 3-7).
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Table (3-7). Inactivation of Escherichia coli inoculated onto different surfaces and exposed to
free radicals generated by Mobile Disinfection Unit within a closed reactor
Surfaces

Fan Speed

Agar

Treatment time

Ave Log10

Ave Log

(hour)

(CFU/cm2)

Reductions

0

7.13 ± 0.01

A

1

7.11 ± 0.03

A

0.02

2

6.91 ± 0.27

A

0.22

24

0

B

7.13 a

Stainless

0

7.00 ± 0.00

A

steel

1

˂ 2.48 ± 0.00

B

> 4.52

a

2

˂ 2.48 ± 0.00

B

> 4.52

a

3

˂ 2.48 ± 0.00

B

> 4.52

a

4

˂ 2.48 ± 0.00

B

> 4.52

a

0

7.15 ± 0.01

A

1

5.19 ± 1.00

B

500 CFM
Lettuce

4.78 ± 0.66

2

BC

1.96

a

2.37

a

3

3.76 ± 0.36

C

3.39

a

4

3.68 ± 0.94

C

3.47

a

Average log10 CFU/cm2 for six replicate samples. Average Log reduction for six
replicate samples = log cfu/cm2 time 0 – log cfu/cm2 time treatment. CFM= Cubic
Feet per-Minute. ±Value means Standard Deviation for six samples. ˂ Means the
lower log10 CFU/cm2 detection. >Means the highest log reduction. 0 Mean controls
not treated samples. a Means a significant difference in log reduction (P˂0.05)
compared to time 0. A, B and C Means within columns (per surface type) followed by
the same letter are not significantly different (P˃0.05) from each other.
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3.2.2. Efficacy of MDU operating at 250 CFM to decontaminate surfaces within an
enclosed reactor
It was noted that the MDU operating at 500 CFM had a tendency to dehydrate surfaces and due
to the relatively high air flow. Therefore, trials were performed using lower air speeds (250
CFM) to prevent the dehydration effect (Table 3-8). With lettuce inoculated with 6.97±0.03 log
cfu/leaf cm2 E.coli P36, levels of the bacterium progressively decreased with treatment time
achieving a 3.17 log cfu reduction within 4 h (Table 3-8). Comparable reductions were observed
with Listeria innocua inoculated onto lettuce and treated for 4 h with a constant stream of
hydroxyl radicals.
To account for the reduction of E. coli P36 by dehydration control trials were performed
whereby the UV lamps within the MDU were switched off (i.e. no hydroxyl radical production)
(Table 3-9). It was found that E. coli P36 on lettuce decreased in numbers with time with a 2.21
log reduction being observed after 4 h. Compared to when the UV lamps were operating there
was no significant difference in the decrease in E. coli P36 relative to when hydroxyl radicals
were being generated. The results would suggest that the inactivation of E. coli P36 in this case
was likely due to dehydration effect rather than the antimicrobial action of hydroxyl radicals.
E coli P36 inoculated onto beef surfaces and treated with hydroxyl radicals did not decrease in
numbers even over an extended 4 h treatment time. Listeria levels inoculated onto raw beef and
treated with hydroxyl radicals were significantly (P˂0.05) lower compared to non-treated
controls. Yet, the log reduction achieved by a 4 h treatment was only 0.71 log cfu (Table 3-8). E
coli P36 or Listeria inoculated onto raw skinless chicken and treated with hydroxyl radicals did
not decrease significantly (P>0.05) following a 4 h treatment (Table 3-8).
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Testing the inactivation of E. coli inoculated on different surfaces by MDU operating at 250
CFM demonstrated that the lettuce leaves surfaces had a greater log reduction compared to beef
and boneless skinless chicken thigh surfaces at all treatment time; however; the treatment of
lettuce leaves resulted in higher standard deviations compared to the beef and boneless skinless
chicken thigh surfaces. The greatest log reductions of E. coli on all of the surfaces were obtained
at a treatment time of 4 hours treatments (Table 3-8).
The inactivation of L. innocua demonstrate that treated beef and boneless skinless chicken thigh
surfaces had lower log reduction compared to treated lettuce leaves at all exposure times. The
treated lettuce leaves resulted in higher standard deviations compared to other treated surfaces.
The treatments at 4 hours showed the greatest average log reduction of L. innocua on all of the
surfaces (Table 3-8).
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Table (3-8). Inactivation of Escherichia coli and Listeria innocua inoculated onto different food
surfaces and treated with free radicals generated by Mobile Disinfection Unit (operating at 250
cubic feet per min) within the box covered with a lid
Bacteria
E-coli

Listeria

E-coli

Listeria

E-coli

Listeria

Surface
Lettuce

Lettuce

Beef

Beef

Boneless
skinless
chicken thigh

Boneless
skinless
chicken thigh

Treatment time
(hours)
0
1
2
3
4
0
1
2
3
4
0
1
2
3
4
0
1
2
3
4
0
1
2
3
4
0
1
2
3
4

Ave Log10 (cfu/cm2)
6.97 ± 0.03
6.49 ± 0.85
5.92 ± 1.70
5.30 ± 2.20
3.80 ± 2.05
7.21 ± 0.06
5.95 ± 1.06
5.23 ± 0.99
5.05 ± 1.50
4.00 ± 0.97
6.79 ± 0.09
6.73 ± 0.14
6.57 ± 0.14
6.16 ± 0.22
6.27 ± 0.17
6.93 ± 0.05
6.70 ± 0.11
6.51 ± 0.13
6.38 ± 0.12
6.22 ± 0.18
6.97 ± 0.12
6.81 ± 0.05
6.72 ± 0.14
6.61 ± 0.06
6.55 ± 0.34
7.19 ± 0.08
7.15 ± 0.08
7.03 ± 0.05
7.05 ± 0.12
7.02 ± 0.37

Ave Log
Reductions

A
A
A
A
A

0.48
1.05
1.67
3.17

A
AB
ABC
ACD
CD
A
A
A
B
B

1.26
1.98
2.16
3.21 a
0.06
0.22
0.63 a
0.52 a

A
AB
BC
CD
D

0.23
0.42 a
0.55 a
0.71 a

A
A
A
A
A

0.16
0.25
0.36
0.42

A
A
A
A
A

0.04
0.16
0.14
0.17

Average log10 CFU/cm2 for six replicate samples. Average Log reduction for six replicate
samples = log cfu/cm2 time 0 – log cfu/cm2 time treatment. CFM= Cubic Feet per-Minute. ±
Value means Standard Deviation for six samples. 0 Mean controls not treated samples. a
Means a significant difference in log reduction (P˂0.05) compared to time 0. A, B, C and D
Means within columns (per surface type) followed by the same letter are not significantly
different from each other
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3.2.3. Efficacy of MDU operating at 250 CFM without running the UV lamp to
decontaminate surfaces within an enclosed reactor
The results of the inoculated surfaces of lettuce leaves with initial inoculums (6.78±0.04 log10
cfu/ leaf cm2) E. coli P36 presented in Table (3-9). The samples were placed into a 58 liter
container where the outlet air of MDU operated at 250 CFM without running the UV lamp fed
into the container. The objectives of the experiments were undertaken to determine the efficiency
of MDU operating without running the UV sources at 250 CFM at various exposure times on
each contaminated lettuce leaves surface (Table 3-9).
The treated lettuce leaves at 4 hours resulted in significantly difference log reductions (P ˂ 0.05)
when compared to control samples. There was no significant difference between 2, 3, and 4
hours or between the control sample and 1 hour treatment. The highest log reduction was 2.21 at
one hour of treatment. The standard deviations of treated samples did not appear to follow a
particular pattern, as the standard deviation decreased from 1.09 at 2 hours to 0.49 at 3 hours,
only to return to 1.09 atat 4 hours (Table 3-9).
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Table (3-9). Effect of Mobile Disinfection Unit (operating at 250 cubic feet per min) without
running the UV lamp on Inactivation of Escherichia coli on the lettuce surface within the box
covered with a lid
Treatment time
Ave Log10
Ave Log
2
(cfu/cm )
(hours)
Reductions
A
E-coli
Lettuce 250 CFM
0
6.78 ± 0.04
1
6.52 ± 0.17 A
0.26
2
5.47 ± 1.09 AB
1.31
1.04
3
5.74 ± 0.49 AB
B
4
4.57 ± 1.09
2.21 a
Average log10 CFU/cm2 for six replicate samples. Average Log reduction for six replicate
samples = log cfu/cm2 time 0 – log cfu/cm2 time treatment. CFM= Cubic Feet per-Minute. ±
Value means Standard Deviation for six samples. 0 Mean controls not treated samples. a Means
a significant difference in log reduction (P˂0.05) compared to time 0. A and B Means within
columns (per surface type) followed by the same letter are not significantly different from each
other
Bacteria

Surface

Fan Speed
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3.2.4. Efficacy of Boss Hydroxyl Oder Producer (BHOP) operating at 250 CFM to
decontaminate lettuce leaves surfaces located into 58 liter container
The results of the inoculated lettuce leaves surfaces with initial inoculums of (6.73±0.07 log10
cfu/leaf cm2) E. coli P36 are reflected in Table (3-10). The contaminated lettuce surfaces were
placed into a 58 liter container where the outlet air of Boss Hydroxyl Oder Producer (BHOP)
operated at 250 CFM fed into the container. The objective of the experiments were undertaken to
determine the efficiency of BHOP operating at 250 CFM in the container at various exposure
times on contaminated lettuce surfaces.
The results obtained in Table (3-10) demonstrate that treated lettuce surfaces at 1,2,3,and 4 hours
were not significantly different from untreated samples; moreover; there was no significant
difference between any of the control of treatment samples. Treated lettuce surfaces result in
0.70, 0.98, 2.67, and 2.55 average log reduction at 1, 2, 3, and 4 hours treatment times. Large
standard deviations were observed for all treated samples ranging from 0.68 to 1.87. The cell
recoveries were decreased as treatment time increased while the standard deviations were
increased by extending treatment time (Table 3-10).
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Table (3-10). Inactivation of Escherichia coli inoculated onto lettuce and treated with free
radicals generated by Boss Hydroxyl Odor Producer (operating at 250 cubic feet per min) within
the box covered with a lid

Bacteria

Surface

E-coli

Lettuce

Treatment time
(hours)
0
1
2
3
4

Ave Log10 (cfu/cm2)
6.73 ± 0.07
6.03 ± 0.68
5.75 ± 0.60
4.06 ± 1.90
4.18 ± 1.87

Ave Log Reductions

A
A
A
A
A

0.70 a
0.98 a
2.67 a
2.55 a

Average log10 CFU/cm2 for six replicate samples. Average Log reduction for six replicate
samples = log cfu/cm2 time 0 – log cfu/cm2 time treatment. ± Value means Standard
Deviation for six samples. 0 Mean controls not treated samples. a Means NOT significant
difference in log reduction (P˂0.05) compared to time 0. A Means within columns (per
surface type) followed by the same letter are not significantly different from each other.
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3.2.5. Treatment of multiple layered lettuce with hydroxyl radicals within an enclosed
reactor
The efficacy of hydroxyl radical generator to inactivate E. coli P36 inoculated onto multiple
stacks of lettuce leaves was determined. Here, the inoculated lettuce leaves were stacked two
layers thick and treated over a period of 4 h (Table 3-11).
The one layer and two layers of lettuce leaves treated by BHOP were significantly different than
the control samples and the one layer of lettuce surfaces treated by BHOP without running the
UV lamp. An average log reduction of 1.24 and standard deviation of 0.40 was obtained from the
treated one layer of lettuce by BHOP without running the UV lamp, while an average log
reduction of 3.43 and standard deviation of 1.39 was obtained from the treated one layer of
lettuce leaves surfaces by BHOP. Two layers of treated lettuce surfaces by BHOP resulted in an
average log reduction of 3.75 log and a standard deviation of 1.24. The results of BHOP running
without the UV had at least 2 log reductions in average less that the results of BHOP running
with the UV lamp (Table 3-11).
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Table (3-11). Effect of Boss Hydroxyl Odor Producer (operating at 250 cubic feet per min) on
Inactivation of Escherichia coli on the lettuce surfaces placed in the box covered with a lid
(Control, UV, no UV)
Bacteria

Treatment

Surface

Control
Without UV
E-coli

Treatment
time

Ave Log10 (cfu/cm2)

0

6.85 ± 0.15

One layer
of lettuce
4 hours

With UV

Two
layer of
lettuce

Ave Log
Reductions

5.43 ± 0.40

1.24

3.46 ± 1.39 A

3.43 a

3.25 ± 1.24 A

3.75 a

Average log10 CFU/cm2 for twenty replicate samples. Average Log reduction for twenty replicate samples = log
cfu/cm2 time 0 – log cfu/cm2 time treatment. CFM= Cubic Feet per-Minute. ± Value means Standard Deviation
for six samples. 0 Mean controls not treated samples. a Means a significant difference in log reduction (P˂0.05)
compared to time 0. A Means within columns (per surface type) followed by the same letter are not significantly
different from each other
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3.2.6. Efficacy of MDU operating at 500 CFM to decontaminate surfaces located within a
biosafety cabinet
The previous trial exposed E coli P36 inoculated onto different surfaces within an enclosed
environment where accumulation of radicals would likely occur. Additional trials were
performed whereby the inoculated lettuce leaves were treated with hydroxyl radicals but within a
more open environment where radical accumulation would not occur (Table 3-12). A linear
decrease in E coli P36 levels on lettuce at a rate of 0.88 log per h was observed up to 3 h then
plateaued (Table 3-12).
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Table (3-12). Inactivation of Escherichia coli inoculated onto lettuce and treated with free
radicals generated by Mobile Disinfection Unit (operating at 500 cubic feet per min) within a
biosafety cabinet
Bacteria

Surface

Treatment time
(hours)

Ave Log10 (cfu/cm2)

Ave Log
Reductions

0
6.98 ± 0.23 A
1
6.17 ± 0.41 A
0.81 a
1.34 a
2
5.64 ± 1.63 A
3
4.22 ± 1.19 A
2.76 a
2.68 a
4
3.30 ± 1.73 A
Average log10 CFU/cm2 for six replicate samples. Average Log reduction for six replicate
samples = log cfu/cm2 time 0 – log cfu/cm2 time treatment. ± Value means Standard
Deviation for six samples. 0 Mean controls not treated samples. a Means NOT significant
difference in log reduction (P ˂ 0.05) compared to time 0. A Means within columns (per
surface type) followed by the same letter are not significantly different from each other
E-coli

Lettuce
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3.3. The Results of Titanium Dioxide, Cocoamidopropyl Betaine Protection, and
EElectrolyzed Water

3.3.1. Inactivation of Escherichia coli P36 and Bacillus subtilis PS346 spores on surfaces
using titanium dioxide coatings
The experiment were undertaken to determine the efficacy of Titanium Dioxide spraying to
inactivate E. coli P36 or B. subtilis with initial inoculums levels of ∼7 log10 cfu/9cm2 on stainless
steel coupons (9cm2) and plastic cutting board (9cm2) surfaces. E coli or Bacillus endospores
were inoculated onto the test surfaces then sprayed with titanium dioxide coating then sampled at
different time points up to 24 h (Table 3-13).
Stainless steel coupons (9cm2) inoculated with (6.74±0.08 log10 cfu/9 cm2) E. coli P36 treated by
titanium dioxide coating showed a significant (P˂0.05) log reductions in E coli even after
exposure for 5 mins (2.48 log cfu) that further progressed to 4.26 log cfu after 24h. Comparable
log reductions were observed on plastic cutting boards suggesting that the surface material did
not influence the antimicrobial activity of the titanium dioxide based coating (Table 3-13).
Bacillus endospores were resistant to titanium dioxide with no significant reduction being
observed after a 24 h exposure period regardless of stainless steel or plastic acting as the base
substrate (Table 3-13).

93

Table (3-13). Efficacy of titanium dioxide spraying to inactivate model microbes on different
surfaces
Bacteria

Surface

Treatment time

Ave Log10 (cfu/cm2)

Ave Log
Reductions

0
6.74 ± 0.08 A
5 min
˂ 2.48 ± 0.00 B
> 4.26 a
B
30 min
˂ 2.48 ± 0.00
> 4.26 a
3h
˂ 2.48 ± 0.00 B
> 4.26 a
B
> 4.26 a
24 h
˂ 2.48 ± 0.00
Plastic cutting
0
6.88 ± 0.06 A
board
5 min
˂ 2.48 ± 0.00 B
> 4.40 a
30 min
˂ 2.48 ± 0.00 B
> 4.40 a
B
3h
˂ 2.48 ± 0.00
> 4.40 a
24 h
˂ 2.48 ± 0.00 B
> 4.40 a
ABC
Stainless steel
0
6.25 ± 0.03
Bacillus
Spores
coupons
5 min
5.86 ± 0.29 AB
0.39
30 min
6.21 ± 0.15 AC
0.04
ABC
3h
6.05 ± 0.11
0.20
24 h
6.08 ± 0.19 ABC
0.17
A
Plastic cutting
0
6.30 ± 0.03
5 min
6.17 ± 0.12 AB
0.13
board
B
30 min
6.01 ± 0.12
0.29 a
3h
6.15 ± 0.14 AB
0.15
AB
24 h
6.11 ± 0.11
0.19
2
Average log10 CFU/cm for six replicate samples. Average Log reduction for six replicate
samples = log cfu/cm2 time 0 – log cfu/cm2 time treatment. ± Value means Standard
Deviation for six samples. ˂ Means the lower log10 CFU/cm2 detection. > Means the
highest log reduction. 0 Mean controls not treated samples. a Means a significant
difference in log reduction (P˂0.05) compared to time 0. A, B and C Means within
columns (per surface type) followed by the same letter are not significantly different from
each other
E. coli

Stainless steel
coupons
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3.3.2. Inactivation of E. coli P36 and L. innocua on coated surfaces by Titanium Dioxide
where the coated was left on the surfaces for 30 minutes before inoculations
The experiments were undertaken to determine the efficacy of titanium dioxide coated (prior to
inoculation) onto stainless steel coupons (9cm2) and plastic cutting board (9cm2) surfaces to
inactivate E. coli P36 or L. innocua with initial inoculums levels of ∼7 log10 cfu/9cm2on (Table
3-14). On stainless steel surfaces there was a 1.9 log cfu reduction in E coli P36 after 5 mins that
increased to >4 log cfu after 30 min contact time. There was no further significant decrease
(P>0.05) over prolonged exposure times and residual survivors were recovered at each time
point.
E coli P36 inoculated onto titanium dioxide coated cutting boards was found be more sensitive
compared to when stainless steel acted as the base substrate (Table 3-14). There were no
significant difference in log reductions between 30 minutes, 3 hours, and 24 hours of exposures.
An average log reduction of 3.40 obtained at 5 minutes after which an average log reduction of
4.50 remained steady at 30 minutes, 3 hours, and 4 hours. The exposure times at 30 minutes, 3
hours, and 24 hours showed the lowest detectable level of E. coli p36 at less than 2.48 cfu per 9
cm2.
L. innocua was sensitive to titanium dioxide coatings being reduced to below the level of
detection after a 30 min exposure when stainless steel acted as the base substrate (Table 3-14).
Comparable results were obtained with Listeria inoculated onto coated plastic cutting board
surfaces although the decline in cell numbers were delayed compared to when stainless steel was
applied (Table 3-14).
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Table (3-14). Efficacy of Titanium Dioxide coatings on the inactivation of model microbes on
different surfaces
Bacteria

Surface

Treatment time

Ave Log
Reductions
0
1.90 a
4.07 a
> 4.31 a
> 4.31 a

Control
6.79 ± 0.05
5 min
4.98 ± 0.59
30 min
2.72 ± 0.46 A
3h
˂ 2.48 ± 0.00 A
24 h
˂ 2.48 ± 0.00 A
Plastic cutting
Control
6.98 ± 0.04
board
5 min
3.58 ± 0.91
3.40 a
A
30 min
˂ 2.48 ± 0.00
> 4.50 a
> 4.50 a
3h
˂ 2.48 ± 0.00 A
A
24 h
˂ 2.48 ± 0.00
> 4.50 a
Stainless steel
Control
6.70 ± 0.01
Listeria
coupons
5 min
5.10 ± 0.95
1.60 a
A
> 4.22 a
30 min
˂ 2.48 ± 0.00
3h
˂ 2.48 ± 0.00 A
> 4.22 a
A
24 h
˂ 2.48 ± 0.00
> 4.22 a
Plastic cutting
control
6.61 ± 0.16 A
board
5 min
4.28 ± 1.54 AB
2.33
1.49
30 min
5.12 ± 1.33 AB
C
3h
˂ 2.48 ± 0.00
> 4.13 a
24 h
˂ 2.48 ± 0.00 C
> 4.13 a
Average log10 CFU/cm2 for six replicate samples. Average Log reduction for six
replicate samples = log cfu/cm2 time 0 – log cfu/cm2 time treatment. ± Value means
Standard Deviation for six samples. ˂ Means the lower log10 CFU/cm2 detection. >
Means the highest log reduction. 0 Mean controls not treated samples. a Means a
significant difference in log reduction (P˂0.05) compared to time 0. A, B and C Means
within columns (per surface type) followed by the same letter are not significantly
different from each other
E-coli

Stainless steel
coupons

Ave Log10 (cfu/cm2)
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3.3.3. Inactivation of E. coli P36 on coated stainless steel coupons and plastic cutting
board surfaces by Titanium Dioxide where the coated was left on the surfaces for 3
hours before inoculations
The experiments were undertaken to again determine the efficacy of Titanium Dioxide spraying
to inactivate E. coli P36 with initial inoculums levels of ∼7 log10 cfu/9cm2on stainless steel
coupons (9cm2) and plastic cutting board (9cm2) surfaces; this time the spray was left for 3 hours
instead of 30mins, as in the previous experiment. Specifically, the experiment tested whether the
surfaces coated by Titanium Dioxide could reduce the microbial load after 3h of coating the
surface. The titanium dioxide was applied evenly onto each side of each sterile surface. After
coating, the titanium dioxide was left on the surfaces for 3 hours in order to dry before being
contaminated with E. coli P36. The average log was then measured at 0h, 5min, 30min, 3h, and
24h (Table 3-15).
As shown in (Table 3-15), the coated stainless steel surfaces inoculated with (6.69±0.03 log10
cfu/9 cm2) E. coli P36 demonstrated that the average log reductions at 3 h, and 24 h of exposures
were significantly different (P˂0.05) from control samples, 5 min, and 30 min. There were no
significant difference in average log reduction between samples at 5 min, 30 min and control
samples. The average log reductions at 3 h, and 24 h of exposures resulted in higher log
reduction (greater than 4 log10 cfu/9cm2). An average log reduction 0.30 with standard deviation
of 0.43 and 0.34 with standard deviation of 0.32 obtained at 5 min and 30 min of exposure
respectively.
The coated plastic cutting board (9cm2) inoculated with (6.55±0.04 log10 cfu/9 cm2) E. coli P36
demonstrated that there were significant difference (P˂0.05) in log reduction at 5 minutes, 30
minutes, 3 h, and 24 h of exposures compared to control samples. There were no significant
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difference between 3 h, and 24 h of exposures or between 5 min and 30 min of exposures. The
average log reductions did not become significant until 3 and 24 h, at which times the average
log 4.21. The exposure times at 3 hours, and 24 hours showed the lowest detectable level of E.
coli P36 at less than 2.48 cfu per 9 cm2.
The inactivation of E. coli P36 on both coated surfaces showed the lowest detectable level of E.
coli P36 was obtained at 3 h, and 24 h exposure. The recovery cells obtained from plastic cutting
board surfaces were higher than the recovery cells from stainless steel surfaces (Table 3-15).
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Table (3-15). Efficacy of titanium dioxide coatings on the inactivation of E-coli on stainless steel
coupons or plastic cutting board surfaces
Ave Log10
Ave Log
2
(cfu/cm )
Reductions
A
Stainless steel
Control
6.69 ± 0.03
E. coli
coupons
5 min
6.39 ± 0.43 A
0.30
A
0.34
30 min
6.35 ± 0.32
3h
˂ 2.48 ± 0.00 B
> 4.21 a
24 h
˂ 2.48 ± 0.00 B
> 4.21 a
Plastic cutting
Control
6.55 ± 0.04
board
5 min
5.91 ± 0.21 A
0.64 a
30 min
5.90 ± 0.31 A
0.65 a
B
3h
˂ 2.48 ± 0.00
> 4.07 a
B
24 h
˂ 2.48 ± 0.00
> 4.07 a
Average log10 CFU/cm2 for six replicate samples. Average Log reduction for six
replicate samples = log cfu/cm2 time 0 – log cfu/cm2 time treatment. ± Value means
Standard Deviation for six samples. ˂ Means the lower log10 CFU/cm2 detection. >
Means the highest log reduction. 0 Mean controls not treated samples. a Means a
significant difference in log reduction (P˂0.05) compared to time 0. A and B Means
within columns (per surface type) followed by the same letter are not significantly
different from each other
Bacteria

Surface

Treatment time
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3.3.4. Inactivation of E. coli P36 and B. subtilis on surfaces coated with cocamidopropyl
betaine
The efficacy of cocamidopropyl betaine coatings to inactivate E coli and Bacillus endospores on
stainless steel or plastic chopping boards was accessed. There was a progressive decrease in the
viability to the detection limit of E coli levels over the 24 h contact period after an initial lag
period (Table 3-16). Similar results were obtained using coated plastic cutting boards although
the rate of reduction in E coli levels was lower compared to when stainless steel acted as the base
substrate (Table 3-16).
There was no decrease in Bacillus spores on coated stainless steel even after a 24 h exposure
period (Table 3-16). The efficacy of cocoamidopropyl betaine coatings on plastic cutting boards
did significantly reduce the levels of Bacillus spores although this was limited to 0.37 log cfu
(Table 3-16).
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Table (3-16). Efficacy of Cocoamidopropyl betaine coatings on the inactivation of model
microbes on stainless steel coupons and plastic cutting board surfaces
Log
Ave Log10
2
Reductions
(cfu/cm )
A
Stainless steel
0
6.94 ± 0.02
E. coli
coupons
5 min
6.90 ± 0.05 A
0.04
A
0.06
30 min
6.88 ± 0.11
3h
˂ 2.48 ± 0.00 B
> 4.46 a
24 h
˂ 2.48 ± 0.00 B
> 4.46 a
Plastic cutting
0
6.96 ± 0.03 A
0.21
5 min
6.75 ± 0.19 A
board
30 min
4.67 ± 1.19
2.29 a
3h
3.23 ± 0.20 B
3.73 a
24 h
˂ 2.48 ± 0.00 B
> 4.48 a
A
Bacillus.
Stainless steel
0
6.43 ± 0.04
Spores
coupons
5 min
6.29 ± 0.05 A
0.14
30 min
6.45 ± 0.26 A
- 0.02
3h
6.39 ± 0.11 A
0.04
24 h
6.89 ± 0.03
- 0.46 a
Plastic cutting
0
6.41 ± 0.06 ABC
0.24
board
5 min
6.17 ± 0.14 AB
AB
30 min
6.04 ± 0.15
0.37
3h
6.32 ± 0.10 AB
0.09
24 h
6.65 ± 0.28 AC
- 0.24
Average log10 CFU/cm2 for six replicate samples. Average Log reduction for six
replicate samples = log cfu/cm2 time 0 – log cfu/cm2 time treatment. ± Value means
Standard Deviation for six samples. ˂ Means the lower log10 CFU/cm2 detection. >
Means the highest log reduction. 0 Mean controls not treated samples. a Means a
significant difference in log reduction (P˂0.05) compared to time 0. A, B and C Means
within columns (per surface type) followed by the same letter are not significantly
different from each other.
Bacteria

Surface

Treatment time
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3.3.5. Inactivation of E. coli P36 on surfaces using Electrolyzed Water
The experiments were undertaken to determine the effectiveness of different types of
electrolyzed water (based on the pH and chlorine mg/L) on contaminated stainless steel coupons
surfaces (9cm2) with initial inoculums level of (7.02±0.11 log10 cfu/9cm2) E. coli P36. The
surfaces were inoculated with E. coli P36 ∼7 log10 cfu/9cm2 and the contaminated surfaces were
left for 30 minutes to dry before being sprayed with either acid (pH 3.01, 2.2 ppm free chlorine),
alkaline (pH 9.84, 0.02 ppm free chlorine), neutral (pH 7.35, 0.01 ppm free chlorine), or tap
water (pH 7.41, 0.47 ppm free chlorine) (Table 3-17).
The treatment of stainless steel by acid water at 5 and 30 minutes demonstrated a significant log
reduction (P˂0.05) compared to untreated samples and the treatments of alkaline, neutral, and tap
water. There were no significant differences between untreated and samples treated with
alkaline, neutral, and tap water at 5 and 30 min of exposure. The highest log reduction (3.56 log
cfu) was obtained at 30 min treatment from acid water; the lowest log reduction (0.15 log cfu)
was obtained at 5 min of treatment from alkaline water.
The inactivation of E. coli P36 treated by acid water resulted in lower recovery cells from the
surface. The treatments of alkaline, neutral, and tap water resulted in higher cell recovery of E.
coli (average log of6.61 or greater) with subsequent log reductions of 0.40 or less (Table 3-17).
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Table (3-17). Efficacy of electrolyzed water to inactivate E-coli p36 on stainless steel coupons
surfaces

Treatment

Electrolyzed

Actual

time

Water Type

pH

Cl2 mg/L

30 minutes

Ave Log

(cfu/cm2)

Reductions

7.02 ± 0.11 A

Inoculums
5 minutes

Ave Log10

Acid

3.01

2.2

4.56 ± 0.94 B

2.42 a

Alkaline

9.84

0.02

6.83 ± 0.01 A

0.15

A

0.17

Neutral

7.35

0.01

6.81 ± 0.04

Tap Water

7.41

0.47

6.75 ± 0.09 A

0.23

Acid

3.01

2.2

3.42 ± 0.83 B

3.56 a

Alkaline

9.84

0.02

6.61 ± 0.05 A

0.37

Neutral

7.35

0.01

6.58 ± 0.03 A

0.40

Tap Water

7.41

0.47

6.64 ± 0.04 A

0.34

Average log10 CFU/cm2 for six replicate samples. Average Log reduction for six replicate
samples = log cfu/cm2 time 0 – log cfu/cm2 time treatment. ± Value means Standard
Deviation for six samples. ˂ Means the lower log10 CFU/cm2 detection. > Means the
highest log reduction. 0 Mean controls not treated samples. a Means a significant difference
in log reduction (P˂0.05) compared to time 0. A and B Means within columns (per surface
type) followed by the same letter are not significantly different from each other
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Chapter IV

4.1. Discussion of Indoor Biccsan Apparatus (IBA)
Steam has a long history of being used to thermally decontaminate food and food-contact
surfaces (Purnell et al., 2012). However, the use of alternative forms of steam (for example, cold
or non-condensing steam) has received relatively little attention. The steam generated by the
Indoor Biccsan Apparatus (IBA) cannot be classed as superheated steam although does share
common characteristics with respect its non-condensing nature. The actual composition of steam
and mode of generation by the IBA unit remains unclear, remaining a trade secret. Yet, it should
be noted that the general objective of the current study was to establish the efficacy of the IBA to
inactivate model microbes on different surfaces rather than perform detailed analysis of the
steam composition.
From the results it was evident that cold steam containing 1%, 2%, and 8% v/v hydrogen
peroxide delivered by IBA was effective at inactivating all of the tested vegetative cells
compared to cold steam alone. In addition, the temperature of the cold steam generated on the
surfaces was found to be the primary influencer of the microbial inactivation rather than the
reactive radicals reported in the steam stream. In addition, the cold steam-vacuuming treatment
reduced the influences of heat generated on the surfaces rather than killing the bacteria cells.
The findings that the combination of cold steam and hydrogen peroxide provided an effective
method to inactivate ≥ 4 log10 cfu for vegetative bacteria, but not for bacterial endospore. The
results demonstrate that the inactivation can be primarily attributed to the effect of hydrogen
peroxide. Hydrogen peroxide is an oxidizing agent has been used to inactivate board spectrum
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microorganisms and found utility in decontaminating a range of surfaces of relevance to
food/medicals sectors (Linley et al., 2012 ; Marriott et al., 2006). Indeed, hydrogen peroxide
vapor has been demonstrated in several studies and found to be an effective method against
vegetative bacteria, endospores bacteria, and viruses (French et al., 2004; Pottage et al, 2012;
Marriott et al., 2006).
Moreover, negligible reductions of B. subtilis endospores was observed in the current study
while greater reduction up to 4 log10 cfu of E. coli, Salmonella, and Listeria within 20s treatment
of cold steam containing 1 and 2 % v/v hydrogen peroxide. These findings are in alignment with
Malik et al., (2013), who found that bacterial spores are considerably more resistant to oxidative
treatments compared to non-spore forming microbes. In the study by Malik et al (2013), B.
subtilis inoculated onto membranes surfaces were treated with concentrations of 10, 50, 75 and
90 ppm hydrogen peroxide vapour within 1.5 to 4h of exposure. The researchers concluded that
for those non spore-forming bacteria, small amounts of hydrogen can yield significant reductions
in decontamination but spores exhibit enhanced resistance (Malik et al., 2013).
Pottage et al., (2012) conducted a study that evaluated the effectiveness of low temperature vapor
hydrogen peroxide delivered by the VHP-1000ARD generator (VHP, Steris, Inc., United
Kingdom) in inactivating Bacillus spp inoculated onto stainless steel coupons. They placed the
contaminated stainless steel samples at various locations in a 20.7 m3 exposure chamber and then
the VHP-1000ARD generator was operated for different lengths of times and concentrations of
vapor hydrogen peroxide. Their results demonstrated that 6 and 5 log10 cfu reductions of Bacillus
atrophaeus and Geobacillus stearothermophilus were achieved, respectively within 20 min of
exposure time to 750ppm concentration of vapor hydrogen peroxide at 35°C (Pottage et al.,
2012), which is greater reduction of Bacillus than our results with respect to the treatment time.
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Hydrogen peroxide vapor decontamination methods have been compared against standard
cleaning methods implemented in the United Kingdom hospital environments (e.g. rooms,
furniture, equipments) in order to evaluate the effectiveness of hydrogen peroxide vapor against
Methicillin Resistant Staphylococcus Aureus (MRSA) (French et al., 2004). The hydrogen
peroxide vapor was delivered by the Bioquell PLC system, which contains four portable
modules: a hydrogen peroxide gas generator, an aeration unit, an instrumentation module and a
control computer. The hydrogen peroxide gas generator was placed in the room and emitted 30%
(w/w) liquid hydrogen peroxide (French et al., 2004). In this study, rooms which had recently
housed MRSA infected patients were decontaminated with the hydrogen peroxide vapor after the
patients had left but before traditional cleaning was performed. The concentration of hydrogen
peroxide used was 500 ppm (0.5%) for 40 min of exposure and the temperature was ranged
between 26 to 28°C. The researcher found that only 1.2% of environmental swabs presented with
MRSA after the hydrogen peroxide vapor decontamination method was used, compared to an
initial 72% (French et al., 2004). In comparison, the standard cleaning methods presented with
66% of swabs containing MRSA, a very modest reduction from the initial 74% (French et al.,
2004). French et al. (2004) concluded that hydrogen peroxide vapor was an effective method for
decontamination of surfaces. Similarly, our trials also found that cold steam containing 1 and 2%
v/v hydrogen was more effective than cold steam without hydrogen at decontaminating surfaces.
From the results of the study it was evident that the efficacy of the cold steam unit was
predominantly via the hydrogen peroxide vapor. In the absence of hydrogen peroxide the killing
effect of “cold steam” was due to thermal inactivation. This was clearly demonstrated in our
studies were the surface temperature reached >60°C to support the reduction of bacterial cells.
When the nozzle of the unit was placed further away from the test surface the surface
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temperature was <40°C and corresponding log reductions of bacteria was low. Support for the
role of surface temperature in determining effectiveness of decontamination is observed in the
available literature. For example, superheated low-moisture steam developed by Advanced
Vapor Technologies was tested by Song el at., (2012) as a method to inactivate E. coli inoculated
on the surfaces of rubber, ceramic, stainless steel, and polycarbonate coupons. The researchers
found that a 3s of superheated low-moisture treatment caused a rapid reduction in bacteria to 3.3
log10 cfu/coupon of E .coli while 10s of superheated low-moisture treatment was reduced E. coli
to undetectable levels (Song el at., 2012), which is greater reduction than cold steam treatment in
term of treatment time.
Additionally, Kondjoyan et al. (2008) exposed poultry skin surface inocaulated with L.innocua
and exposed them to both superheated and non-superheated steam for 30s. The temperature of
non-superheated steam 160-180°C resulted in 96°C of outlet temperature of surfaces while the
temperature of superheated steam 400-450°C resulted in 170°C outlet temperature of surfaces.
The results showed that 3 log cfu/cm2 reduction was obtained after 30s of non-superheated steam
treatment; an average of 5 log10 cfu/cm2 reduction was obtained after 30s of superheated steam
treatment (Kondjoyan et al., 2008). Both Song et al. (2012) and Kondjoyan et al. (2008) indicates
that when the temperature generated on the surface was high, the microbial reduction was
increased. In contrast to our trial, the cold steam is basically dry steam and therefore has an
effect on temperature rather than cold steam principle.
The IBA Company developed a steam accessory that combines the use of cold steam and
vacuuming (steam-vacuuming) into one step. The treatment of steam and vacuum has been
applied to decontaminate surfaces due to the unique benefits the combination offers (Ukuku et
al., 2006; Warriner, 2011). The advantage of this method is that physical removal of
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contamination while the insulating fluid remains on the surfaces. The second advantage is that it
eliminates the effect of thermal damage on the surfaces by rapid cooling down the surfaces’
temperatures. In addition, steam vacuuming treatment reduces the condensation of the steam on
the surfaces.
The steam-vacuum decontamination method has been evaluated in the literature and shown a
significant inactivation against microorganisms. Dorsa et al., (1995) conducted a study using
steam-vacuum system known as Vac-San® (Kentmaster, Mfg., Monrovia, CA) in conjunction
with hot water spray wash to decontaminate beef surfaces. They reported that the aerobic plate
counts, total coliform counts, and E. coli were reduced to 3.1, 4.2, and 4.3 log cfu/cm2,
respectively (Dorsa et al., 1995).
Morgan et al., (1996) asserted that steam-vacuuming treatment has the potential to reduce the
microbial load along with preventing cooking on the surfaces when rapid heating and subsequent
cooling were adequately applied after the treatment of meat surfaces. Their experiments
demonstrated that a 4 log10 cfu reduction in L. innocua on chicken, beef, and pork surfaces were
achieved after the treatment of 145°C saturated steam in the absence of air, followed by vacuum
cooling within ˂1s total exposure in rotating chamber. The steam-vacuum treatment used
consisted of four steps: using vacuuming to achieve air removal around the meat; flushing the
meat of any absorbed gas by using a low temperature steam; heating the meat surfaces with pure
saturated steam; and finally using the vacuum to evaporative and cool the meat surfaces. They
observed greater reduction than our results because different device was used and different
steam-vacuum treatment steps were applied. The greater reduction in decontamination observed
by Morgan et al. (1996) can be attributed to the differences between devices used and steamvacuuming treatment steps applied.
108

Moreover, Kentmaster Manufacturing’s steam-vacuum system was found to achieve 5.5 log
cfu/cm2 reduction of E. coli O157:H7 after treating beef cattle carcass with hot water (88-94°C)
delivered by steam-vacuum system (Dorsa et al., 1996), which is a similar reduction to our
observed 5.43 log cfu/cm2 reduction of E. coli was obtained after the treatment of cold steamvacuum when the surfaces of stainless steel temperature was reached 85°C.
In our studies, two methods of implementing steam-vacuum treatment developed by IBA were
used. The first method, the samples were treated for 20 seconds by cold steam for 15 seconds
and in the last 5 seconds the vacuuming system were applied. The second method, the samples
were treated by steam when the temperature reached 50°C, the vacuum system was applied
within 20s total exposure. However, neither approach could support a >2 log reduction of E coli,
Listeria or Bacillus endospores.
The results from IBA trials emphasize that while hydrogen peroxide is the most effective method
to decontaminate surfaces, it has little effect on spore-forming bacteria due to their heat
resistance. Additionally, the temperature of the surfaces after the treatment of cold steam plays a
significant role in determining inactivation of micro-organisms, which higher temperatures
leading to greater inactivation.
4.2. Discussions of MDU and BHOP
This study evaluated the effectiveness of MDU and BHOP operated at 250 or 500 CFM to
inactivate E. coli P36 and L. innocua inoculated onto agar, stainless steel, lettuce, beef, or
chicken surfaces.
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The available literature pertaining to the application of using MDU and BHOP as a non-thermal
decontamination method has been completed by ATS LABS. However, no unbiased scientific
paper on the application of MDU and BHOP are currently available. For the first time, this
research reviewed the efficiency of decontamination surfaces using MDU and BHOP. The MDU
and BHOP treatments generate ozone which is subsequently degraded to free radicals.
Consequently, it is appropriate to compare the efficacy of the hydroxyl radical generator to that
of the more widely studied ozone gas phase treatments.
The results of current study indicated that the extent of inactivation of E. coli P36 via the MDU
and BHOP treatment were dependent on the carrier surface. Specifically, inactivation of E. coli
P36 was greater on stainless steel compared to the other surfaces tested. The results are in
agreement with Scott (2009) who also reported large ˃4.2 log cfu reductions of E. coli on
stainless steel after 4 hours of treatments. This discrepancy may have occurred for several
reasons. First, it is plausible that because the stainless steel surface had less moisture than the
lettuce or afar surfaces, that they were less susceptible to the dehydration that was observed to
occur after the treatments, especially on the agar surfaces. Therefore, the air flow itself may have
altered the effectiveness of the hydroxyl radical treatments on each surface.
Scott and Steinagel (2008) examined the MDU ability to inactivate Listeria monocytogenes on
stainless steel and cotton fabric surfaces (Scott et al., 2008). The samples were placed in a room
that was tightly closed before operating the MDU.

They reported that 1.27 and 1.87 log

reductions of L. monocytogenes achieved from stainless steel and cotton fabric surfaces,
respectively after 4 hours treatments (Scott et al., 2008). They demonstrated a greater log
reduction of Listeria on stainless steel and cotton fabric surfaces than our results on beef and
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chicken surfaces, but our results demonstrated a significantly higher log reduction on lettuce
surfaces than Scott et al, (2008) reported.
Additionally, a study conducted by Moore et al., (2000) found that ≈ 3.9 and ≈7 log10 reductions
of E. coli were observed after non-treated and treated stainless steel coupons surfaces with
gaseous ozone (2 ppm) within 4 h, respectively. Moreover, they demonstrated that ≈ 0.50 and ≈7
log10 reductions of E. coli were observed after non-treated and treated stainless steel coupons
surfaces with gaseous ozone (2ppm) within 1h, respectively. In their method, the stainless steel
25cm2 were inoculated with E. coli and then they were placed in the incubator to be exposed or
not to gaseous ozone for either 1h or 4h. The gaseous ozone produced by ozone generator
(Airmaid 3290, Ozone Industries, Hampshire, UK) was piped into the incubator (Moore et al.,
2000). They demonstrated a greater reduction of E. coli than our result within 1h or 4h of
exposures, but they highlighted the effect of dryness when the inoculated stainless steel surfaces
were allowed to dry for 1h and 4h.
The hydroxyl radicals units were more effective at treating lettuce surfaces than meat surfaces,
although the standard deviation across lettuces sample was greater. The greater variability of
inactivation seen in the lettuce surfaces may have been due to dehydration and the positioning of
the samples. During the treatments, most lettuce leaves appeared dehydrated and shrank in size;
therefore, they were looked like shrivel and wither. The dehydration and shrinkage of the lettuce
leaves resulted in the closing of the leaves. In some instances, the microbes may have been
located within shriveled sites that subsequently protected them from antimicrobial effect of
hydroxyl radicals. Additionally, the variability of inactivation might be due to the location of the
samples; the samples which were placed under the input of the hydroxyl radicals’ stream resulted
in greater log reduction compared to the samples that were located further from the stream.
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Another example of the inactivation observed on lettuce leaves being due to dehydration rather
than hydroxyl radicals was discovered during the treatment of MDU at a rate of 250CFM, with
UV lamps switched off. An average log reduction of 2.21 were achieved from lettuce surfaces
after 4 hours treatment by MDU without running the UV lamps compared to 3.17 log reduction
obtained after 4 hours treatment by MDU with UV lamp. The trials proved that the inactivation
of E. coli was potentially due to dehydration effect rather than hydroxyl radicals.
The operation of MDU at 250 CFM may yet again be attributed to dehydration. The slower
speed of air flow generated from the 250 CFM resulted in the dehydration of the surfaces. Using
food surfaces (lettuce, beef, and chicken) eliminated the influences of dehydration and giving an
idea of the potential cause of microbial inactivation by the treatment of MDU. Overall, the log
reduction obtained relied on the exposure time and the surfaces. The treatments of four hours
were more effective in reducing microbial load compared to 1, 2, and 3 hours of exposures. The
reduction of microbes from lettuce surfaces after the treatment was greater than reductions from
treated beef or chicken surfaces. Greater log reductions 3.17 of E. coli P36 and 3.21 of L.
innocua on lettuce leaves were achieved after 4 hours of treatment compared to ≤ 0.71 log
reductions of E. coli P36 and L. innocua on beef and chicken surfaces after 4 hours treatments.
This is because that the lettuce leaves had less moisture on the surfaces than beef or chicken
surfaces do.
In comparison with the treatments of MDU operated at 500 CFM, the log reductions of E. coli
P36 from lettuce after 4 hours treatment was 3.47 compared to 3.17 log reductions when the
MDU operated at 250 CFM. This demonstrated that there were no significant differences
between the treatments of MDU operated at 500 CFM or at 250 CFM in terms of microbial
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reduction. These findings contradict the company’s assertion that the speed air at 250 CFM is
more powerful in generating hydroxyl radicals than the speed air at 500 CFM.
Lettuce leaves were inoculated with E. coli P36 and exposed to stream containing free radicals
by BHOP operated at 250 CFM. After 4 hours, 2.55 log reductions was observed compared to
3.1log reductions after 4 hours treatment by MDU. Therefore, MDU was more effective at
inactivating E. coli than BHOP. These findings contradict the company’s assertion that BHOP is
more powerful in generating hydroxyl radicals than the MDU.
Overall, the MDU was very effective in reducing contamination on the stainless steel surfaces,
with reductions of ˃4.52 E. coli P36 on stainless steel within 1 hour of exposure. Additionally,
both MDU and BHOP were able to reduce the total counts of E. coli P36 inoculated on lettuce
leaves surfaces within 4 hours of exposure to between 2.55-3.75 log reductions. Trinetta et al.
(2011) found similar results; they reported 3.53 log cfu/g reductions of E. coli O157:H7 on
lettuce seeds after the treatment of ozone gas (4.3 ppm) for 5 mins. Furthermore, Singh et al.
(2002) found that E. coli was reduced by 1.42-1.79 log cfu/g when inoculated in shredded lettuce
and treated with 2.1, 5.2, and 7.6 ppm gaseous ozone for 15 min at 22°C under 80% relative
humidity (Singh et al., 2002).
The MDU and BHOP treatments required a longer exposure time than gaseous ozone treatments
in order to achieve significant log reductions of E. coli. Therefore, in terms of exposure time,
gaseous ozone treatments are superior to inactivate microbial cells than hydroxyl generator units
as they can inactivate microbes much quicker. The MDU was able to decrease the L. innocua on
lettuce surfaces to 3.21 log within 4 hours of treatment while the MDU did not achieve over 0.71
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log reductions on beef and chicken surfaces. Operating MDU and BHOP without UV lamps
resulted in reducing over 1.24 log of E. coli P36 within 4 hours.
4.3. Efficacy of titanium dioxide coatings
A coating based on titanium dioxide was evaluated with regards to inactivating model microbes
introduced onto surfaces.
Titanium dioxide liquid spraying was able to significantly inactivate ≥ 4.26 log10 cfu/ cm2 of E.
coli P36 on stainless steel and plastic cutting board after 5min of exposure. In contrast, titanium
dioxide sprayed on contaminated stainless steel and plastic cutting board surfaces inoculated
with Bacillus endospores was not able to inactivate the spores over 0.39 log10 cfu/ cm2 at any
duration of treatment time. The Bacillus endospores are more resistant to titanium dioxide than
E. Coli P36 due to their transformation into endospores and becoming insensitive to the
environmental changes (Atrih et al., 2002). The outer proteinaceous coats surrounding the spores
eliminate the penetration depth of radicals generated from titanium dioxide photo-catalysis
(Muranyi et al., 2010). The ability of titanium dioxide to deactivate a wide range of pathogenic
microorganism confirmed in the literature (Szczupak et al., 2011).
Building on the potential, the microbial inactivation was due to the high percent of ethanol that
was contained in the titanium dioxide solution. According to Muranyi et al., (2010), 88 vol.-%
ethanol, 8 vol.-% tetraisopropylorthtitanat, 4% v/v water, and additionally nitric acid components
were used to generate titanium dioxide through controlling hydrolysis and condensation reaction.
Therefore, a concentration of 40 to 100% v/v ethanol was able to kill E. coli within 1 to 10s of
exposure, but bacterial spores remained resistant to be destroyed (Rutala et al., 2008).
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The surfaces coated by titanium dioxide under visible light and allowed to dry for 30mins before
the surfaces were inoculated demonstrated that the coated surfaces were significantly reduced ˃
4 log10 cfu/ cm2 E. coli P36 and L. innocua

within 30mins of contact time. Parallels between

this study’s findings and Kuhn et al., (2003)’s study can be drawn with regard to the role of light
in increasing microbe inactivation on titanium dioxide coated surfaces. Kuhn et al. (2003)
subjected titanium dioxide coated surfaces inoculated with gram negative bacteria (E. coli and
Pseudomonas aeruginosa) and positive bacteria (Staphylococcus aureus, Enterococcus faecium
and Candida albicans) for 1 hour. Their study resulted in ˃6.3, ˃5.4, ˃3.9, 3.1, and 1.2 log10 cfu
reductions of E. coli , P. aeruginosa, S. aureus, E. faecium, and C. albicans, respectively (Kuhn
et al., 2003).
The greater log reductions for gram negatives bacteria (E. coli) that Kuhn et al. (2003) achieved
is likely due to free radicals generated by UV A light, suggesting that the use of light is an
important component in microorganism inactivation. To this end, Szczupak et al., (2011) has
concluded that while titanium dioxide photocatalysis has the potential to kill bacteria, the use of
this process is limited to environments with sufficient UV light. The development of methods
that allow visible light to stimulate photocatalytic activity represents an area for future research
(Szczupak et al., 2011).
Another study was sought that coated glass slides by sol-gel titanium dioxide under UV A light
was determine to inactivate gram positive bacteria (Bacillus atrophaeus and Kocuria rhizophila)
by Muranyi et al., in 2009. In their method, they applied titanium dioxide on the surfaces of glass
slides and then the coated surfaces were exposed to 500°C for 10 min to transform the gel into a
ceramic layer. After that, the surfaces were inoculated and allowed to dry for 1h prior to expose
to UV A light for 4h. They found that up to 3.3 log10 cfu/ cm2 reduction of K. rhizophila was
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obtained while B. atrophaeus had not resulted in significant reduction (Muranyi et al., 2009).
Their results demonstrated a lower reduction of vegetative cells compared to ≥ 4.13 log10
reductions cfu/ cm2 of E. coli P36 and L. innocua on coated stainless steel and plastic cutting
board surfaces within 3h of contact time under visible light.
Building on the potential, experiments were undertaken to evaluate the stability of titanium
dioxide after 3h on coated stainless steel and plastic cutting board. The reduction of ≤ 0.65 log10
cfu/ cm2 E. coli P36 observed after 5 and 30mins increased to ≥ 4.70 log10 cfu/ cm2 after 3 and
24h of contact times. In contrast, allowed the titanium dioxide to sit for only 30mins prior to
inoculation have a rapid reductions ≥4.07 log10 cfu/ cm2 at 30min; this finding demonstrates that
the effectiveness of titanium dioxide coated dependent on the amount of time it is allowed to dry
before inoculation.
The overall results demonstrated that the surfaces coated by titanium dioxide and placed under
visible light were an effective method to eliminate bacterial contamination, particularly for
vegetative cells. The inactivation of microorganisms is affected by the length of time the coating
is allowed to sit prior to being contaminated.
4.4. Efficacy of Cocamidopropyl Betaine coatings
This study was undertaken to determine the effectiveness of using cocamidopropyl betaine to
inactivate E. coli P36 and Bacillus endospores on coated stainless steel and plastic cutting board
surfaces.
Cocamidopropyl betaine is an amphoteric surfactant widely used in personal care products such
as liquid soap, hair colorants, and shampoos (Li L, 2008 & Bailey et al., 2012). To date there are
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no a published papers available that have evaluated the effectiveness of cocamidopropyl betaine
as an antibacterial agent. Therefore, the results of the cocamidopropyl betaine based coating are
compared to titanium dioxide in order to illustrate the effectiveness of cocamidopropyl betaine
against E. coli P36 and Bacillus endospores.
In the current study, the surfaces were coated by cocamidopropyl betaine and allowed to dry for
30 min before the surfaces were inoculated demonstrated. The coated surfaces demonstrated a
significant reduction of ≥ 3.73 log10 cfu/cm2 E. coli P36 within 3h of contact time while the
endospores bacteria did not show any significant reduction (reductions were less than or equal to
0.37 log10 cfu/ cm2). In comparison with the titanium dioxide based coating trials that utilized the
same methods, cocamidopropyl betaine was not as effective; the titanium dioxide based coating
resulted in a greater significant reduction of 4.07 log10 cfu/ cm2 of E. coli P36 within 30 min of
contact time. Therefore, not only was titanium dioxide more effective at reducing E. coli, but it
did at a much faster rate than seen in the cocamidopropyl betaine trials.
Moore et al. (2000) inoculated stainless steel coupons (25cm2) with E. coli and then they were
placed in enclosed reactor for 4h without any introduced treatment. They found ≈ 3.9 log10
reductions of E. coli were observed after non-treated stainless steel coupons surfaces within 4h
(Moore et al. 2000); a similar reduction of E. coli compared to the current study’s results within
4h of exposures.
The E. coli inoculated on stainless steel could have similar reduction when the E. coli inoculated
on coated stainless steel with cocamidopropyl betaine. However, a coating based on
cocamidopropyl betaine did not show present a sufficient antibacterial effect.
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4.5. Efficacy of Electrolyzed Water
The aim study was to evaluate the effectiveness of electrolyzed water produced by the Kangen
Water Therapies Machine (KWTM) to inactivate E. coli P36 inoculated on stainless steel
surfaces.
The three preparations of electrolyzed water tested were acidic, neutral and alkali fractions with
tap water constituting the control. In this study, the acidic water had the lowest pH 3.01 and the
highest concentration of free chlorine 2.20 mg/L that supported a ≥ 2.42 log cfu reduction of E.
coli P36. In comparison, neutral and alkali water resulted in <0.40 log cfu reduction of E. coli
P36. The high efficacy of acidified electrolyzed water is in agreement with other workers who
also reported high log reduction on surfaces treated with the sanitizer (Hricova et al, 2008).
Hricova et al (2008) proposed that the bacterial cells become more sensitive to active chlorine by
sensitizing their outer membrane to the entry of HOCl when the pH of acidic electrolyzed water
is low.
Ventkitanarayanan et al. (2009) reported reductions of E.coli ˃7 log10 cfu/ml after the treatment
of electrolyzed water generated by (ROX- 20TA, Hoshizaki Electric Company Ltd., Toyoake,
Aichi, Japan). In their study, electrolyzed water generator was used with a chlorine concentration
of 82 mg/L and the pH of the electrolyzed water at 2.4 (Venkitanarayanan et al, 2009). Park et al
(2004) also demonstrated that electrolyzed water and different pH values could effectively
inactivate both E coli and L. monocytogenes in suspension. However, it should be noted that
bacterial cells in suspension exhibit greater sensitivity to chlorine when in suspension compared
to when deposited on surfaces.
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However, it should be noted that that in their studies the researchers challenged E coli in
suspension as opposed to deposited onto surfaces, which are more sensitive to antimicrobial
agents than bioflim cells (Beer et al., 1994). E coli deposited on surfaces would be expected to
have enhanced resistance due to the protective features of being within a biofilm structure and
enhanced resistance due to expression of stress proteins (Donlan et al, 2002). In fact, the bioflim
matrix (glycocalyx) has been shown to be responsible for slowing down the penetration of the
antimicrobial agent (Donlan et al, 2002). In addition, Stewart et al., (2001) have been
demonstrated that the neutralized reaction of the active chlorine in the surface layers of the
bioflm resulted in poor penetration of the hypochlorite into the biofim interior.
The use of alkali electrolyzed water may have resulted in different findings in our study. For
example, Rahman et al. (2010) reported 2.69 log10 cfu/g reductions of E. coli on cabbage after
the treatment of alkalized electrolyzed water generated by (A2-1000, Korean E & S Fist Inc.,
Seoul, Korea) for 5min. In their study, the sample was submerged for 5min in alkalized
electrolyzed water at 50°C and a pH of ~11, chlorine concentration not stated (Rahman et al.,
2010). Koseki and others (2004) also demonstrated that alkalized electrolyzed water generated
by (ROX-20TA, HOSHIZAKI Electric Co.Ltd., Toyoake, Aichi, Japan) was able to achieve 2.79
log10 cfu/g reduction of E. coli on cabbage within 5min. In their method, the sample was
immersed in alkali electrolyzed water at 50°C and a pH of ~11; the concentration of chlorine also
not stated (Koseki et al., 2004). However, these studies showed a greater reduction of E. coli
than our current study (≤0.37 log10 cfu/cm2), likely due to their method of submersing the
inoculated sample in alkali electrolyzed water, as samples in alkali electrolyzed water exhibit
greater reductions due to a greater penetration of alkali electrolyzed water contacted with the
surfaces.
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Deza et al, (2005) have tested the ability of neutral electrolyzed water generated by a Eurostel
EE-90 unit (Aquastel Balti OU, Tallinn, Estonia) to inactivate E. coli inoculated on the surface of
stainless steel. The surfaces were immersed for 20min in the E. coli suspension and then dried
for 15min at room temperature to obtain a finial suspension of ~ 8 log cfu/50cm2 E. coli. The
surfaces were then immersed in 250ml of neutral electrolyzed water with a pH of 8 and chlorine
concentration of 60mg/L for 1min, after which the surface was taken out and the water was
allowed to drain completely (Deza et al, 2005). The E. coli survival was determined by swabbing
on one face of the surfaces. Deza et al, (2005) found that a reduction ˃6 log10 cfu E. coli was
observed, which is markedly greater than the reduction of ≤ 0.40 log10 cfu observed in the
current study. It should be noted that the neutral electrolyzed water used by Deza et al., (2005),
contained 60mg/L chlorine while the neutral electrolyzed water used in current study contained
0.01mg/L chlorine. Therefore; the greater reduction was proportionate to the higher
concentration of chlorine used, indicating the discrepancy in results can be explained by the
differences in methods.
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Chapter V
5.1 Conclusions:
This study concluded that the combination of steam and 1%, 2%, and 8% v/v hydrogen peroxide
delivered by IBA is an effective method to inactivate ≥ 4 log10 cfu for vegetative bacteria.
However, endospores bacteria remained resistant. During the treatment of steam generated by
IBA, the surface temperatures of the samples increased as the treatment time progressed and
longer treatment time resulted in greater inactivation particularly for vegetative bacteria. This
phenomenon indicates that the microbial inactivation was primarily attributed to the effect of the
temperature generated on the tested surface. The treatment of steam-vacuuming delivered by
IBA resulted in colder temperatures generated on the surfaces, consequently limiting the
inactivation of the bacteria.
The MDU and the BHOP generators were very effective non-thermal methods to inactivate 2.553.75 log10 for vegetative bacteria on lettuce surfaces within 4 hours of exposure. Furthermore,
the usage of MDU demonstrated a greater log reduction of E. coli P36 than BHOP generator.
The underlying mechanism of microbes’ inactivation that occurred from MDU and BHOP was
potentially the impact of dehydration.
Testing the efficacy of both titanium dioxide and cocamidoropyl betaine to protect surfaces from
microbial activation resulted in the findings that titanium dioxide was an effective surface
protection agent against vegetative cells, but not for endospores. The surfaces coated with
titanium dioxide were able to achieve significant reductions of ˃4 log10 cfu for vegetative
bacteria within 30mins of treatment. In contrast, the surfaces coated with cocamidoropyl betaine
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had a reduction of ≥ 3.73log10 E. coli P36 population within 3h of exposure; however; the
bacteria endospores remained resistant.
Acidic electrolyzed water delivered by the KWTM showed a significant reduction of ≥ 2.42 log10
cfu of E. coli P36 and had a pH of 3.01 and free chlorine of 2.2 mg/L. Conversely, the other
types of water (alkaline, neutral, and tap water) did not inactivate ≥ 0.40 log10 cfu. Therefore; the
greater reduction from acidic electrolyzed water was proportionate to the higher concentration of
chlorine contained and the lower pH.
Based on the aforementioned findings of this study, four specific points are made:
1- Decontamination of food contact surfaces by combination of steam and hydrogen
peroxide is highly effective against vegetative bacteria within 20s treatment using IBA.
2- Decontamination of food surface and food contact surface by MDU and BHOP provide
an effective method against vegetative bacteria.
3- The food contact surface coated with titanium dioxide is able to protect the surface from
contamination and eliminate the vegetative bacteria to grow on the surfaces.
4- Acidic electrolyzed water provides an effective method to inactivate E. coli p36 on
stainless steel surface.
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5.2. Future Work:
The research evaluated several novel approaches to decontaminate food and food contact
surfaces. Although all the technologies tested had anecdotal evidence of antimicrobial efficacy
this study was the first to provide experimental data using comparative techniques. The most
promising approaches identified was the hydroxyl generator, titanium dioxide coating and
acidified electroloyzed water, therefore worthy of further study. Future work should examine a
broader range of microbial types especially in relation to pathogens and spoilage microbes. The
ability of microbes to develop resistance should be established along with the effect of pre-stress
on susceptibility to the antimicrobial agents. With specific reference to the hydroxyl ion
generator, there is a need to further understand the composition of radicles produced and how
these can be measured to enable optimization of the process. The titanium dioxide coating needs
to be evaluated for long term stability and also the ability to prevent biofilm formation.
Electrolyzed water is relatively well established although future research needs to be directed
towards developing more cost effective units that can be applied at all levels of the food sector.
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