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Abstract 

Filtration is the most widely utilised air quality control technique used in a Heating, 

Ventilating and Air Conditioning (HVAC) duct systems in an indoor environment.  

Biological particles may be deposited onto, and re-aerosolized from, the filter surface, 

however, a range of variables such as types of microorganisms, filter characteristics, 

humidity, temperature and others factors can contribute to re-aerosolization. In this 

study, new methods are investigated to remove or inactivate the microorganism in the 

simulated HVAC system and controlled environment by adding various technologies to 

the current filtration systems. Two new technologies were tested; the first, emitting ions 

in the testing chamber, and the second, coating tea tree oil (TTO) onto the fibrous filter 

surface, in order to determine the most efficient and cost effective method for airborne 

biological particle control. 

Two commercial low-efficiency HVAC filters were tested in this investigation using a 

number of monodisperse polystyrene latex (PSL) spheres with diameters 0.5, 0.8, 1.0, 

and 1.5 µm. An influence of air ionization on the filtration process was investigated by 

running of an ionizer that was placed at a range of distances apart from the filter (5, 15, 

25, and 45cm). The results of this investigation show that the current theoretical model 

underestimates the efficiencies of the particle deposition onto the filter fibres. However, 

this could be explained by the fact that some incoming particles are repelled from the 

filter, due to repelling electrostatic forces caused by unipolar ions captured by the filter. 

This investigation concluded that emitted air ions enhance the filtration efficiency, but 

found that the efficiency depends upon the filter type and the distance from the ion 

emitter to the filter surfaces.  
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This investigation has provided strong evidence that ionization enhances the filtration 

efficiency, and that there are significant enhancements when the ion emitter is operated 

at 5 cm upstream of the filter. The results of this study illustrate that the continuous 

emission of negative ions in the vicinity of a low-efficiency HVAC filter significantly 

enhances its performance of removal airborne biological particles including bacteria, 

fungal spores and virus in the ambient air environment.  

Finally, bacteria (B. subtilis, E. coli and P. fluorescens) and fungal spores (Rhizopus 

stolonifer and A. niger) were examined by coating the filter fibres with biologically 

active TTO and biologically neutral light mineral oil (MO). It was found experimentally 

that pre-coating of the filter fibres with TTO and then using this filter for bioaerosols 

control, resulted in rapid inactivation of captured microorganisms and minimising a 

number of viable particles possibly blown off from the filter by the air. It was shown 

that 90 percent of the robust B. subtilis bacterial strain was inactivated during 30 

minutes of the technology operation. Furthermore, the inactivation efficiency of some 

more sensitive bacterial aerosols of E. coli and P. fluorescens were found to be above 

99 percent for the same time interval of 30 minutes.  Fungal strains were found to be 

more robust with only 52-54 percent inactivation achieved over 60 minutes 

experimental run. 
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Chapter 1: Introduction 

Due to the recent outbreak of SARS, Avian and Swine influenza viruses, an 

elevated risk to public health caused by airborne microbial contaminates has been given 

substantial attention. Furthermore, these contaminants play a pivotal role not only in 

public health but in national security and economic and agricultural matters. 

Bioaerosols are capable of causing non-infectious diseases, including respiratory 

allergy, asthma and rhinitis (Maroni et al.,1995). Indoor air quality not only depends on 

the efficiency of ventilation system but also on usage of appropriate room air cleaners. 

Air cleaning devices are configured either in the ductwork of Heating, Ventilation and 

Air Conditioning (HVAC) systems or portable air cleaners. Portable air cleaners are 

usually used to clean the air in a single room or limited area, but not intended for 

performing whole house filtration.  Thus, commercial HVAC systems are one of the 

main entry points for controlling indoor air quality (Agranovski et al. 2006). However, 

when filters are used for removal biological aerosols, even efficient collection of viable 

particles is not sufficient for effective control of indoor air. Captured viable particles are 

able to proliferate and grow on the filter surface and, for certain parameters of filtration 

processes could re-enter back into the gas carrier. The aim of this thesis is to investigate 

newly developed and cost effective methods to control biological aerosols in indoor air.  

 

1.1. Problem Statement 

In recent years, comparative risk studies performed by the US EPA and its 

Science Advisory Board have consistently ranked indoor air pollution among the top 

five environmental risks to public health (US Environmental Protection Agency, 2007).  

The World Health Organization (WHO) has also revealed indoor air pollution as the 8th 
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most important risk factor, responsible for 2.7 percent of the global burden of disease 

(World Health Organization, 2005). For the past few years, numerous health issues, 

especially that of respirable fraction due to fine and ultrafine aerosol particles as well as 

biological agents, have resulted in indoor air being particularly recognised as a 

significant issue (American Lung Association, 1997; Gammage and Berven, 1996; 

Institute of Medicine, 2000, 2004; National Institute for Occupational Safety and Health 

(NIOSH), 2003; Spengler et al., 1993). In particular, the issue of the airborne release of 

pathogenic and microbial toxins as weapons of terrorism has increased awareness of  

the importance of indoor bioaerosols (Sheeran, 2002). Since the concentrations of 

outdoor bioaerosols are highly variable and influenced greatly by wind, weather and 

local sources (Hinds, 1999), the airborne pathogens do not remain viable for long in 

such environment. Moreover, Australian spend around 90 percent or more of their time 

indoors (Department of the Environment and Water Resources, 2007). Consequently, 

considerable attention has been drawn to the importance of controlling indoor air 

quality, resulting in an increased demand for efficient indoor air purification 

technologies. It is also important to make certain that the indoor air quality is of 

sufficient standards to ensure an adequate protection of human health and well being.   

Common health problems that result from exposure to poor indoor air quality 

include some short term exposure symptoms including headaches, drowsiness, 

hypersensitivity, irritation of the skin, eyes and throat, as well as long term symptoms 

such as cancer and respiratory illnesses. An influence of indoor air quality on  public 

health and indoor air quality has been studied by many researchers, who have found that 

in high-mortality developing countries, indoor smoke is responsible for an estimated 3.7 

percent of the overall disease burden, making it the most lethal killer after malnutrition, 

unsafe sex and lack of safe water and sanitation (World Health Organization, 2005). 
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There is also consistent evidence showing that exposure to indoor air pollution increases 

the risk of pneumonia among children under five years old. Chronic respiratory diseases 

and lung cancer (in relation to coal use) are widely diagnosed among adults over 30 

years old (World Health Organization, 2005).   

Furthermore, those health problems, which are generally accepted as being 

caused by poor indoor air quality, may carry a substantial cost burden. CSIRO estimates 

that the cost of poor internal air quality in Australia’s homes, offices, factories and 

buildings may be costing the nation as much as AUD$12 billion per year due to ill-

health and production loss(Brown, 1998).  

From all above issues, they have stated the significance of this research which 

is focussing on the development of different control methods to improve the 

performance of currently using filtration systems for bioaerosol removal and 

inactivation.  

 

1.2. Research Objectives and Approach 

Indoor or outdoor air may contain significant amounts of airborne 

microorganisms and biological particles, which are collectively referred to as 

bioaerosols. Examples of bioaerosols include viruses, bacteria, fungi, and pollens, 

fragmented particles from microbial cells or insects and by-products of living organisms 

(e.g. animal and insect excrement).  The sizes of bioaerosol particles vary from 90 

microns to 0.01 micron.  

Generally, biologically derived materials are natural components of indoor and 

outdoor environments, but under some circumstances biological agents may be 

considered contaminants when found indoors (Macher et al., 1999).  Bioaerosols 
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originate from diverse sources such as food processing plants, hospitals, waste 

management facilities, forests, agriculture facilities and many others. For undesirable 

bioaerosols, the source is often associated with ‘sick building syndrome’, which 

contributes to building related illness and is more associated with people’s daily life. 

Different airborne particles will impact human health in very different ways (Macher et 

al., 1999). In recent years, the outbreaks of emerging diseases (e.g. SARS) and 

bioterrorism threat have triggered an urgent demand for adequate respiratory protection 

against bioaerosols agents. For example, in a supermarket, railway station or airport, 

smallpox could be spread by spraying a bioaerosol can. Those who are infected may 

remain look healthy for up to two weeks constantly spreading the disease to others. 

Therefore, it is important to make certain that there are sufficiently efficient devices for 

monitoring and controlling used and capable to minimise a possibility of disease 

outbreaks and ensure adequate protection of human health and well being.    

Another focus is currently related to development of early detection methods to 

protect public from an international bioterrorist and unintentional pathogenic threats. A 

short list of the most common threats includes representatives of bacterial and viral 

species, along with toxin mediated diseases (Ludvigson, 2004), which includes Anthrax, 

Brucella, Glanders, Pneumonic Plague, Tularemia, Q-Fever, smallpox, Botulism and 

Viral Hemorrhagic Fevers (Sewell, 2003). These possible biological warfare agents are 

clear examples that stress a need for early and rapid detection and control. Biological 

warfare agents are easily transmitted via aerosol or another route, they can be very low 

infectious doses, and many have lethal clinical outcomes especially if undiagnosed or 

untreated (Rosenbloom et al., 2002). Many of these organisms also cause respiratory 

disease, or are transmitted via the respiratory route. However, there is a problem with 

current methods to detect these pathogens in clinical laboratories. Some pathogens 
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respond poorly and sometimes incorrect standard growth media are used. Biochemical 

tests for some pathogens are difficult for rapid diagnoses (Sewell, 2003). This is one of 

the reasons to have more efficient control devices.   

In the context of an aerosolized bioterrorist event, it is clear that early 

environmental detection of the pathogenic threat, or an efficient control device could 

translate into significantly fewer casualties. If the emergency services and public health 

department knew about a problem before the threat reached a significant number of 

people, an efficient control plan could be implemented in a much shorter amount of 

time.   

 Another particular concern in relation to a rapid growth of unknown 

microorganisms, is unintentional pathogenic threats. Microorganisms in liquid form 

could be aerosolized. Toxins in powdered or liquid form could also be aerosolized, if 

they are ground to sufficiently small sizes. The early detection scenario is not so 

different when applied to many of the unintentional pathogenic threats we face today. 

By definition, infectious diseases are spread via environmental exposure to pathogens 

(whether it is via person to person or environment to person). It is important to better 

prepare for the release of bioaerosols, by being prepared for the detection and efficient 

control of any environmentally spread pathogen. 

Since ventilation systems may provide a conduit to contaminate the indoor air, 

it can therefore be one of the entry points for hazardous contaminants such as biological 

weapon agents (BWA). Air circulation in ordinary buildings can assist the spread of 

airborne disease and can disperse contaminants (Kowalski, 2002; Krauter et al., 2005). 

Re-aerosolization of these hazardous bio-particles deposited onto surfaces can be a 

continuing source of contamination.   
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Many factors affect potential particle deposition and re-aerosolization in 

HVAC systems. In the literature it was found that particle re-aerosolization and particle 

bounce may significantly reduce the collection efficiency of impinger containing a 

small amount of liquid (Grinshpun et al., 1997a). Moreover, research has also been 

conducted on the importance of secondary aerosolization associated with a bioterrorism 

attack and found the important implications for appropriate respiratory protection and 

remediation of contaminated environments (Inglesby et al., 1999; Keim and Kaufmann, 

1999; Weis et al., 2002). 

Maintaining a healthy and comfortable indoor environment in any building 

requires integrating many components of a complex system. Indoor environment 

problems are preventable and thus the development and design of an efficient and low 

cost purifier system is of significant value.   

 

1.3. Structure of Thesis  

The structure of this thesis follows the typical experimental dissertation; where an 

introduction to the field is provided, followed by an explanation of the methodology and 

experimental set-up. The experiments themselves are then separated into 4 chapters 

each containing their own introduction, modification from the base methodology, 

results and discussions, and summary sections germane to their hypothesis, and each 

designed to be read independently with minimal cross-referencing to other chapters. 

Finally, a summary chapter is provided, presenting the findings and suggestions for 

future research.  

An overview of the chapters is as follows: 

 In Chapter 2, background information on filtration, bioaerosols, current disinfection 

methods and the new methods of biological microorganisms is presented.  
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 In Chapter 3, the methodology for the thesis is described, also listing the 

experimental apparatus used in this study, as well as describing the basic 

experimental set-up. Chapters 4, 5, 6 and 7 all share this methodology. 

 In Chapter 4, a discussion of the enhancement of the low-efficiency HVAC filters 

by applying continuous unipolar ion emission in the vicinity of the filter is provided. 

This hypothesis is tested through experimental and theoretical investigations 

undertaken with two commercially available, widely used HVAC filters, challenged 

with 0.5-1.5 µm polystyrene latex (PSL) particles. The filter efficiencies are also 

measured with an ion emitter, operated at 15, 25 and 45 cm from the HVAC filters’ 

surface.  

 Chapter 5 is similar to Chapter 4, where of PSL particles of different sizes by the 

HVAC filter is tested with and without the ion emitter, operating at 5 cm upstream 

of the filter. The bacterial, fungal spores and viruses will also be examined in this 

new method.  

 In Chapter 6, a new technology to remove bacterial aerosols by coating biologically 

active tea tree oil (TTO) on the fibrous filter is investigated. Three bacterial strains 

with a range of biological stress sensitivity are used in this research. The light 

mineral oil (LMO) will also be utilised as the control for the experiment.  

 Chapter 7 is similar to Chapter 6 in methodology, where biologically active TTO 

and biologically inactive LMO are tested as a coating for the filter to inactivate the 

collected fungi particles.  

 In Chapter 8, the overall salient findings which emerged from these observations are 

synthesised and recommendations are provided for future research as well as new 

methods to industrial and residential practice.  
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Chapter 2: Literature Review 

2.1  Background  

 

2.1.1 History of Filtration  

A history of dust and aerosol filtration is over two thousand years old. The 

earliest records of air filters date back to Roman times. Leonardo da Vinci (1452-1519) 

mentions wet clothes as a protection from fumes used in warfare. Agricola (George 

Bauer) describes primitive respirators for miners in 1556. Pioneers such as Paracelsus, 

Ramazzini and Pasteur used filters in dust protection.   

2.1.2 Filtration Science 

The first sophisticated aerosol filter was invented in England by E. M. Shaw and 

John Tyndall (Spurny, 1997). The scientific development of aerosol filtration and 

filters, however, started in the 1930s in Germany (Albrecht, Kaufmann) and in Denmark 

(Hansen). Fast development in filtration theories as well as in filter production can be 

observed during and after the World War II (Langrnuir, Davies, Friedlander, Whitby, 

Fuchs, etc.). First applications of filters for aerosol sampling date back to the Middle 

Ages. Nevertheless, important developments started only after the 1930s (Reznik, 

Goetz, Spumy, etc.). In 1930, N. L. Hansen, working in Copenhagen, tried the 

powdering of a wool filter pad with colophony resin and found a great increase in the 

filtering efficiency. This was in fact the invention of the first electret filter, as the resin 

was an electrically insulating substance. 
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2.1.3 State of the Art 

At the end of the 20th Century, the development of aerosol filtration science 

(Spurny, 1997) was characterised by very successful improvements of the single 

filtration element theory and the beginning of new theoretical concepts and approaches 

using the concept of the ‘integrated cell models’.  

In the latter approach, the filtration process is described as particle separation in 

the whole inner structure of the filter by counting the particle transport and particle 

capture equations. Nevertheless, the classical ‘single filter element’ filtration theory is 

and will remain a very important and useful tool for the prediction of particle 

separations and pressure drops in real filters (Spurny, 1997). 

 

2.2 Air Filtration 

Air filtration in filters is designed into gas/air flow systems to remove 

particulates from the air flow in terms of ‘air conditioning’. Filtration is probably the 

most widely utilised technique for aerosol measurement, because of its flexibility, 

simplicity and economy. The central concept in aerosol filtration is the collection, 

through removal from the gas phase, of a representative sample of the aerosol on a 

suitable porous medium or filter (Lee and Mukund, 2001).     

The use of filters is a simple technique. Filters remove and prevent airborne 

particles from clogging heating/cooling fins or radiators to as small as 0.1 micron which 

could cause significant performance degradation in the air flow system and may damage 

the heat exchanger system.   

Air filters and filtration techniques are used for a wide variety of purposes, some 

of which include: 

 Improving the occupants’ breathable working environment. 
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 Protecting a facility’s wall, ceiling, equipment etc. from airborne particle damage. 

 Protecting the contents of occupied building spaces, for example, items of artistic, 

historic or cultural value. 

 Removing airborne mould to improve shelf-life of perishable food products. 

 Removing airborne microorganisms from controlled environments such as operating 

rooms. 

The most important type of filters for aerosol samplings are fibrous and porous 

membrane filters. At low dust concentrations, fibrous filters are the most economical 

means of achieving high-efficiency collection of sub-micrometre particles (Hinds, 

1999).  The following paragraphs highlight a number of common filters used both 

commercially and in the home.  

Fibrous Filters  

Fibrous filters consist of fine fibres arranged in such a way that most are 

perpendicular to the direction of air flow. Thus the porosity is high (from 70 percent to 

more than 99 percent). The size of the fibres range from sub-micrometres to 100 mm. 

The most common types of fibres in fibrous filters are cellulose (wood) fibres, glass 

fibres, and plastic fibres. The air velocity inside a fibrous filter is often 10 cm/s. 

Porous membrane Filters  

The porosity of porous membrane filters ranges from 50 - 90 percent. Due to the 

complex pore structure, the gas inside is in an irregular path. These filters have high 

efficiency and greater pressure drop than other types of filters. Porous filters also 

include cellulose esters, sintered metals, polyvinyl chloride, Teflon, and other plastics. 
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Capillary Porous Membrane Filters 

Capillary porous membrane filters have a matrix of cylindrical pores of uniform 

diameter which are perpendicular to the filter surface. These filters are particularly used 

for collecting particles in a scanning electron microscope due to their smooth surface. 

Fabric Filters 

Fabric filters are often confused with fibrous filters. Fabric filters are useful in 

high dust concentrations, especially in industrial cleaning. Fabric filters are usually built 

from large parallel fabric bags, which are either woven or felted. The efficiency of these 

fabric filters depend upon the dust layer that is built up on the fabrics. The porous dust 

layer supported by the fabric is what makes the filter efficient. A simplified example is a 

home vacuum cleaner (Sutherland, 2006).  

Straight-through pore filters 

 Straight-through pore filters are specialised and comparatively expensive. These 

types of filters are available with pore diameters as small as a fraction of a micrometre, 

with a collection efficiency of above 99 percent over the entire aerosol size range 

(Schery, 2001). 

Granular-bed filters 

 Granular-bed filters can be used in high temperatures and high pressure. The 

sizes of these filters range from 200 micron to a few millimetres. By washing, 

volatilisation, or the use of solvents, aerosols are usually recovered from the granular 

media for chemical analysis. 
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Porous-foam filters 

 10 to 50 micron in diameter are common pore sizes for porous-foam filters. The 

efficiency of porous-foam filters is lower than the best fibrous filters (Lee and Mukund, 

2001).  

2.2.1  Filtration Mechanisms 

 In classical filtration theory of aerosol particle separation in fibrous filters, only 

“single - fiber element” model is considered (Brown, 1993; Spurny, 1998). The 

collection efficiency of the whole filter is obtained by combining each single – fiber 

efficiency with the macroscopic parameters of the total filter. The single-fiber efficiency 

depends on particle size, particle density, air velocity, temperature, humidity, and fiber 

properties (fiber diameter, porosity, and filter thickness (Hinds, 1999; Kowalski, 2006). 

The efficiency with which a fiber removes particles from an aerosol stream is defined as     

the single fibre efficiency E∑ which is dimensionless.  

E∑ =number collected on unit length / number geometrically incident on unit length. 

As air permeates through the filter, the particles in the air deviate from the streamlines 

and collide with the fibre surface. There are five basic mechanisms by which an aerosol 

particle can be deposited onto a fibre in a filter: 1) interception, 2) inertial impaction, 3) 

diffusion, 4) gravitational setting, and 5) electrostatic attraction.  The first four 

mechanisms are known as ‘mechanical collection mechanisms’ (Hinds, 1999), and each 

mechanism is effective in removing certain contaminants and certain particle sizes, as 

outlined below.  

Interception  

 Interception is a moving particle which is blocked by encountering a 

passageway or hole smaller than itself. The larger the particle, relative to the hole size, 
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the greater the chance of interception. The filter pores can be infinitely smaller, and 

there can be layer after layer of media for the air to pass through.  

   Larger particles are intercepted by coarser filters. Smaller particles are 

intercepted by more densely packed filters, but this will cause a high-pressure drop 

problem. However, increasing the filter area can balance the high-pressure drop. 

 

Figure 2.1 Interception 

Source: Hinds, 1999 

             The single – fiber efficiency due to interception ER, is given by Lee and 

Ramamurthi (1993):   
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and α is the packing density or solidity which is defined as ration of fiber volume to 

total volume or 1- porosity.  

Interception is the only mechanism that is independent on the flow velocity for a given 

fiber.  

Inertial impaction 

Inertial impaction is also referred to as impingement, which occurs as the 

airstream passes through the fibres network randomly. As a result of the inertia, some 

particles will impact onto the filter medium and be caught in the filter media. In a 

compressed airstream, due to the relatively low density and inertia, the airstream 

changes direction and flows around the fibres. Nevertheless, particles in the size range 

of 0.5 micron and larger will collide with the fibres randomly due to their higher density 

and inertia. Therefore, inertial impaction works to trap a high percentage of particles 

which are not trapped by interception.  

 

Figure 2.2 Impaction 

Source: Hinds, 1999 

             The single-fiber efficiency for impaction EI is given by Yeh and Liu (1974) as, 
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where ρp is the density of the particle, CC is Cunningham correction factor, η is air 

viscosity, and U0 is the velocity of the gas at the face of the filter.  

Diffusion 

The mechanism of diffusion is known as Brownian motion, which refers to the 

random motion of small particles. This motion is due to collisions with neighbouring 

molecules. The random path of the particle in the airstream increases the chance to 

strike the filter and be captured. 

Figure 2.3 Diffusion 

Source: Hinds, 1999 

             The single-fiber efficiency due to diffusion, ED, is a function of the 

dimensionless Peclet number, Pe, (Kirsch and Fuchs, 1968) can be defined as 
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where D is the particle diffusion coefficient, and U0 is media face velocity.  

Gravitational settling 

Particles will settle with limited velocity which varies with the particle density 

in a gravitational force field. The size of the particles (larger than at least a few 

micrometres in diameter), and the velocity (the low flow velocities in the airstream), are 

important in the gravitational settling (Lee and Mukund, 2001). When the settling 

velocity is sufficiently large, the particles will part from the streamline. In downward 

filtration conditions, this would cause an increased collection due to gravity.   

The dimensionless parameter governing the gravitational sedimentation 

mechanism, G, (Hinds, 1999) can be expressed as  
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where U is the flow velocity, and VTS is the settling velocity of the particle. The 

single-fiber efficiency dur to gravity, EG , can be approximated ( Davies, 1973) as 

G
GEG 


1

. 

Electrostatic attraction 

Electrostatic deposition is often neglected as a mechanism for air filtration, 

unless the particles or fibres have been charged. Particles may be charged by 

triboelectricity with the fibre or may be charged before they reach the fibre. It is also 

necessary to know the charge on the particles and on the fibers to quantify. The single-
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fiber efficiency for electrostatic image forces, Eq, for a neutral fiber and a particle with 

charge q, is expressed as (Brown, 1993), 
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where εf  is the relative permittivity( dielectric  constant ) of the fiber, and ε0 is 

the permittivity of a vacuum.  

           Each mechanical single-fiber efficiency is less than 1.0 and are correctly 

combined to the total single-fiber efficiency E∑, is defined as: 

E∑≈ ER + EI+ED+EDR+EG, 

The overall efficiency of a filter, E is expressed as follow: (Hinds, 1999) 
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where α is the packing density or solidity, t is thickness of a filter, and df  is a 

fiber diameter. 

2.3 Building Ventilation and Air Conditioning Systems 

Filters are most widely used technology to control indoor air quality in Heating 

Ventilation and Air Conditioning (HVAC) systems. HVAC is used to refer to the 

equipment that can provide heating, cooling, cleanings, and humidity control to 

maintain comfort conditions in a building (US Environmental Protection Agency, 

2007). However, not all HVAC systems are designed to accomplish all these functions.  

HVAC systems range from stand-alone units (individual rooms) to large units (serving 

multiple zones in a building). The primary function of these systems is to provide 

healthy and comfortable interior conditions for occupants of the building and the public. 
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2.3.1 Air Conditioning Systems 

Most air conditioning filters screen out particles with sizes from 3 to 10 microns. 

The most common types of air conditioning filters are outlined.  

Conventional fibreglass disposable filters 

These filters are commonly used in households and small industrial and 

commercial air conditioning systems. They are disposable and have an adhesive coating 

that traps the dust (no need to clean the filters, which may damage the filter's ability to 

remove particles by damaging the adhesive coating and/or the underlying mesh work). 

These filters are not as effective as other types of filters, but are low in cost. 

Pleated fibreglass disposable filters 

This type of filters is generally used in residential and commercial settings.  The 

filters have larger surface area to trap more particles than conventional filters, and the 

higher weaved density results in a better collection efficiency to collect the dirt. 

However, the materials can vary the effectiveness of the filters, and these filters are only 

specified for a particular air conditioning system (a mismatch can affect the condition of 

the air conditioning system and possibly lead to higher air conditioning maintenance 

and service cost).   

Electrostatic filters 

These filters are widely advertised as allergy-free air conditioning filters. Air 

that moves through the filter creates a static charge that collects any dust in the filter. 

They also may be associated with higher cleaning cost and run at higher flow rates.  
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Electronic filters  

These filters require connect onto an electrical power source (usually wall 

mounted), and come with a pre-filter to collect larger particles. They only need to be 

cleaned every six months.  

Carbon filters 

 This type of filter contains carbon for additional of control odour problems 

filters might have within the air conditioning system.  

Table 2.1 below provides a brief summary of the filters discussed above. 
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Table 2.1: Types of Filters for an Air Conditioning System 
 

Conventional 
fibreglass disposable 

filters 

Pleated fibreglass 
disposable filters Electrostatic filters Electronic filters Carbon filters 

 Most common in 
homes, small 
industrial and 
commercial air 
conditioning 
systems 

 Disposable and 
have adhesive 
coating 

 Generally used in 
residential and 
commercial 
settings 

 Having a larger 
surface area to 
trap more particles 
than conventional 
filters  

 Advertised as 
allergy-free air 
conditioning 
filters 

 Need to connect to 
an electrical power 
source 

 Comes with a pre-
filter to collect 
larger particles 

 Containing carbon 
to control any 
odour problems 

 Might have within 
the air 
conditioning 
system 

Low in cost (Not 
as effective as 
other types of 
filters) 

Only specified for 
particular air 
conditioning system 

May require more 
cleaning cost and 
higher flow rate  
 

Only need to be 
cleaned every six 
months  
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2.3.2 Ventilation System  

The filter designs are also effect by space requirements, pressure drop/energy use, cost, 

concentration and particulate/ contaminate size and form (solid or aerosols). There are 

several types of filters for use in ventilation systems, as outlined below (Bell, 2000; The 

Engineering ToolBox, 2005).  

Washers 

 Large  

 Air velocity through washer 2.5 m/s  

 Water pressure required for spray nozzles 140 - 170 kN/m2  

 Water pressure required for flooding nozzles 30 - 70 kN/m2  

Dry Filters 

Felt, cloth, cellulose, glass, silk etc. without adhesive liquid 

Flat Panel type - disposable filters: 

 Air velocity 0.1 - 1.0 m/s  

 Resistance 25 - 250 N/m2  

 Efficiency 20-35 percent  

Continuous roll - self cleaning filters: 

 Air velocity 2.5 m/s  

 Resistance 30 - 175 N/m2  

 Efficiency 25 percent    

Bag filters: 

 Efficiency 40-90 percent  

HEPA (High Efficiency Particulate Air) filters: 

 Efficiency 99.97 percent for 0.3 micron particles and larger  
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ULPA (Ultra Low Penetrating Air) filters: 

 Efficiency 99.99 percent for 0.12 micron particles or larger  

 

Viscous Filters 

Panel type - cloth with viscous fluid coating - washable or disposable: 

 Plates about 500 mm x 500 mm  

 Air velocity 1.5 - 2.5 m/s  

 Resistance 20 - 150 N/m2  

Continuous roll - continuously moving, self cleaning: 

 Air velocity 2.5 m/s  

 Resistance 30 - 175 N/m2  

Electrostatic Precipitators 

 Cleaned automatically  

 Air velocity 1.5 - 2.5 m/s  

 Resistance negligible  

 Efficiency 30-40 percent  

Absolute 

 Dry panel with special coating - disposable or self cleaning  

 Air velocity 2.5 m/s  

 Resistance 250 - 625 N/m2  
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2.3.3 Heating, Ventilation and Air Conditioning (HVAC) System 

HVAC systems are not only responsible for maintaining the ambient air 

temperature within a building, but also the humidity levels and air quality. 

Commercially available HVAC filters represent a wide range of collection efficiencies 

for fine and ultrafine particles. Some sophisticated high packing density fibre filters, 

charged-fibre electret filters, and electrostatic precipitators can provide a collection 

efficiency as high as 99 percent or greater for respirable particles, including viruses, 

bacteria, as well as bacterial and fungal fragments. However, the majority of single-

family homes and large buildings are equipped with much less expensive, low-packing-

density fibre HVAC filters, which are characterised by low collection efficiency that 

allows 70 percent to almost 100 percent of particles in the above size range to penetrate 

through the filter media. More efficient filters with high-packing density often cause a 

higher initial pressure drop, which may further increase with the time of operation due 

to loading. Thus, alternative techniques are needed that will decrease the aerosol particle 

penetration through low-efficiency HVAC filters while not affecting their pressure drop.     

2.3.4 Collection Efficiency of Fibrous Filter  

Fibrous filters consist of pads of fibres in an open three-dimensional network. 

Because of their open structure, fibrous filters are highly permeable to the air and its 

depth filtration, achieving high-efficiency collection of sub-micrometre particles. 

Fibrous filters also have low resistance, but they also usually can not be cleaned and are 

usually disposed of when used up. In a low dust concentration environment, a fibrous 

filter would be the most economical, but no fibrous filter is 100 percent efficient, 

especially with regards to the common filter media, which does not effectively remove 

many bioaerosols, particularly ultrafine microorganisms.  
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2.3.5 Re-entrainment Mechanisms 

In general, filters can remove microorganisms from the airstream, however, in an 

actual filtration process, particle detachment will only occur when an external air drag 

force overcomes the adhesion force between a particle and the filter surface.  As a 

cake of collected particles accumulates on the filter surface, the air velocity in the 

filter pores rises and increases the magnitude of the drag force acting on the particles 

collected on the filter. It was also observed that the airflow velocity in HVAC 

systems may fluctuate during the operation, and the filter medium may become 

compressed by increased resistance to the airflow, which causes particles to re-entrain 

from the filter into the airstream (Jankowska et al.,2000). In the literature it is also 

suggested that the actual re-entrainment rate may become even higher compared to 

values observed in laboratory experiments. This finding is especially pertinent to 

ventilation system start-up situations, when the air velocity may suddenly increase, 

causing significant particle detachment from the filter. Weis and colleagues (2002) 

investigated some possibility of re-entrainment of viable Bacillus anthracis spores 

after a bioterrorist attack on the United States mail handling areas in 2001. They have 

found that Bacillus anthracis spores could be re-aerosolized from surfaces under 

common office activities. Furthermore, the re-entrainment rate may become even 

higher in the actual ventilation system, if viable microorganisms grow on the 

ventilation filters. Weis and colleagues (2002) have observed that the bio-particles 

deposited onto the duck or indoor secondary contamination site will remain a 

persistent source over a period of a few hours up to a few days (Krauter and 

Biermann, 2007; Weis et al., 2002). Re-aerosolization of these hazardous bio-

particles deposited onto surfaces of the filter can be a continuing source of 

contamination.   
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Clearly air filters play a crucial role in being a potential site of microbial 

growth and a source of airborne microbial contamination from re-entrainment. 

Therefore, there is a significant call for rapid and reliable inactivation of collected 

particles on the filter surface. 

 

2.4 Bioaerosols 

Many scientists have defined bioaerosols as colloidal suspensions in air or liquid 

droplets or solid particles, containing, or comprising, particles of biological origin, 

which include viruses, bacteria, fungi, protozoa, or algae (Salem and Gardner, 1994). 

American Conference of Governmental Industrial Hygienists (ACGIH) also defines that 

living, contained living organisms, or released from living organisms, in airborne 

particles, large molecules or volatile compounds are bioaerosols. Therefore, a collection 

of airborne biological particles is called a bioaerosol (Stetzenbach, 2002). Bioaerosols 

are generated as polydispersed droplets or particles, consisting of different sizes ranging 

from 0.02 to 100 µm in diameter (Ruzer and Harley, 2004).  

2.4.1 Sources of Bioaerosols 

Bio-contaminants, such as microbial diseases, fungi and moulds, are some of 

the most potentially dangerous indoor air pollutants. These typically grow best in 

warm, dark, moist environments, which have a ready source of nutrients such as dust 

and dirt. Heat exchangers, in ducks, air handler units, and splitter boxes are potential 

sites for biological pollutants to deposit and where they may still proliferate, 

especially in the right environment (such as right relative humidity (RH)). For 

example, a study on the survival of captured bacterial and fungal spores on an air 

filter found that simultaneous deposits on the filter surface of atmospheric dust may 
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serve as a nutrient for fungal particles if the carrier gas humidity is relatively high 

(Maus et al., 2001). Once a colony has established itself, it can produce and spread 

harmful or odorous by-products throughout a building and may create a potential 

source of diseases.  

Potential Sources of Bioaerosols in Outdoors Areas  

 Wind action on soil, agitation of open water, and raindrop impaction.  

 Farming of land and wastewater/sewage treatment.  

 Farming activities, cattle, swine animal houses.  

 Food processing plants, particularly of dairy products. 

Potential Sources of Bioaerosols in Indoor Areas 

 In all food processing plants. 

 Hospitals and healthcare facilities.  

 Sick building syndrome - one of a number of factors which contribute to building 

related illness. 

 In Heating, Ventilation and Air Conditioning (HVAC) systems. 

Bioaerosols play a significant role in human, animal and environmental health. Various 

microorganisms such as viruses, bacteria, and fungi are often contained in the air, none 

of these actually can live in the air, and the atmosphere tends to disinfect most of them.  

However, they are frequently transported by attaching to other particles, such as skin 

flakes, soil, dust, or dried residues from water droplets.  

Critical Factors Controlling Indoor Microbial Survival and Growth 

Indoor air in buildings is a dynamic environment affected by geographic 

location, season, weather conditions, HVAC system design and operation, moisture 

intrusion, pest colonisation, and human activities. These and other factors are 
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continually changing, which may result in suitable conditions for microbial growth. The 

interactions of micro-organisms with each other and with their environment typically 

lead to fluctuating micro-organism concentrations over time rather than to constant, 

stable populations. For example, normally airborne bacterial cells would rapidly die 

within a few seconds, due to the evaporation of water associated with the particle. Thus 

with higher humidity, higher bioaerosol levels could prevail. Furthermore, airborne 

fungal cells (yeasts, moulds, spores) can also remain viable for much longer periods, 

even at low relative humidity and temperature extremes. Some of the factors known to 

affect the growth of microorganisms are outlined below: 

 Nutrient Sources: The materials in the building such as board, wood panelling, 

carpets, air ducts, and other porous materials may support micro-organism nutrients 

to grow on and metabolise the substrate.   

 Temperature: For most of buildings, to keep the environment comfortable the 

temperature is set at 18°-24°C (65°-75°F) (Shaughnessy and Morey, 1999). These 

temperature ranges are also used in hospitals. However, microorganisms can grow 

in various temperatures; some microorganisms can even survive at temperatures 

below 10°C and others above 50°C (50° and 122°F) (Shaughnessy and Morey, 

1999).  

 Moisture: Temperature and water availability are related. Since the indoor 

temperatures desired for human comfort is also suitable for many microorganisms, 

control of moisture in buildings is a primary focus and a critical variable that will 

prevent or limit microbial growth. 

 Use of Biocides and Antimicrobial Agents: Biocides and antimicrobial agents are 

often used to control the growth of microorganisms and treat microbial 

contamination in buildings. 
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2.4.2 Bioaerosol Sampling and Detection 

Viable and Nonviable Bioaerosols 

 Viable microorganisms are organisms with the potential to reproduce. 

The definition ‘living’ is avoided, since viruses contain only a single strand of DNA or 

RNA, and are unable to reproduce without a host organism (Burge, 1995). Viable 

microorganisms may be defined in two subgroups: culturable and non-culturable.  

Culturable organisms can be reproduced under controlled conditions. Non-culturable 

organisms, on the other hand, cannot be reproduced in the laboratory because of 

intracellular stress or because the conditions (e.g. culture medium or incubation 

temperature) are not conducive to growth. Sampling for viable bioaerosols usually 

involves collecting a bioaerosol and culturing the collected particulate. Viable 

bioaerosols will also interact with and be impacted by their environment in different 

ways than non-viable biological emanations.  Non-viable microorganisms, however, are 

not living organisms, and as such, they are not capable of reproduction.  

Bioaerosols can be collected on the membrane filter, and then the 

microorganisms are enumerated and identified using microscopy, classical 

microbiology, molecular biological, or immunochemical techniques. Alternatively, 

when sampling for culturable bacteria and fungi, the bioaerosol is generally collected by 

impaction onto the agar, filtration through a membrane filter, or impingement into an 

isotonic liquid medium (water-based). 

Detection of viruses and bacteria is normally a time consuming laboratory 

process, and is not always guaranteed to be successful unless one knows exactly what 

one is looking for. Detection of airborne pathogens in an airstream is almost impossible, 

except that certain new technologies offer some promise. If one is not concerned with 
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discriminating pathogens from each other, or from other bioaerosols, then the current 

technologies for sampling and detection in airstreams may be adapted to this purpose. 

Sampling and detection methods fall into four general categories: 1) Filtration, 2) 

Inertial & Gravitation, 3) Optical & Electrical, and 4) Mobility.  

Most methods require isokinetic sampling. This is usually accomplished using 

sharp edged probes and suction pumps. Sampling points must also be chosen a 

sufficient distance away from disturbances (or system effects). 

A wide range of bioaerosol samplers are available to detect and measure the 

microorganisms in ambient air. Since only culturable microorganisms are enumerated 

and identified, commercially available sampling methods for viable bacteria, fungi and 

viruses include impactors, filters, liquid impingers, electrostatic precipitators and 

centrifugal scrubbers.   

Filter Samplers   

 The type of filters typically used to collect bioaerosols are membrane filters, 

which are thin (usually <0.2mm thick) and contain numerous pores of fairly uniform 

size (typically 0.2 to 1 m). Filtration is a common and easily used method. It can 

achieve high physical collection efficiency if the filter sampler is used with an 

appropriate filter. However, Wang et al. (2001) studied the sampling time on the 

biological collection efficiency of viable airborne microorganisms (bacteria and fungal 

spore) with two personal filter samplers, and concluded that due to the desiccation of 

bioaerosol particles by the air flow through the filter after collection, filtration is not a 

suitable method for evaluating the levels of vegetative cells if used in combination with 

culture analysis. The most commonly used methods for microbial collection  today are 

impaction into agar, impaction onto a glass slide, and impingement into a liquid 

(Juozaitis et al., 1994).  
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Agar-surface Impactors  

 In all impactors, the inertia of the Bioaerosol particles is the primary cause for 

their removal from the airstream. While the airstream is deflected sideways, bioaerosol 

particles with sufficient inertia are impacted onto a soft or solid surface or into a liquid. 

Andersen one-, two-, or six-stage samplers have been used widely. The six-stage 

Andersen has been used as a standard for enumeration of viable particles in bioaerosols 

(Graseby Inc., 1984). It has been adapted for single-stage in two ways: the N6-Andersen 

sampler and the six-stage (S6) sampler. The performance of the N6-Andersen sampler is 

similar to the S6 version, but it does not give the size fractionation data. When 

comparing the N6 and S6 samplers, the S6 sampler shows consistently lower values of 

viable microorganisms, but both of them are economically favourable in terms of a 

number of agar plates required and sampling process time.    

Liquid Impingers 

 Liquid impingers represent the next group of devices used for bioaerosol 

sampling. They are frequently preferred as, after collection, the liquid can be serially 

diluted for subsequent cultural analysis, which prevents dehydration of biological 

agents. In addition, liquid samples can be used for endotoxin determinations, and also 

for immunologic, genetic, and viral analyses (Baron and Willeke, 2001). The all-glass 

impinger (AGI) was designed specifically to collect airborne microorganisms.  

Conventional impingers, such as the AGI-30 and AGI-4, are only used with water-based 

collection fluids. AGI-30 and AGI-4 differ in the distance between the impinger jet and 

the base of the liquid container, by 30 and 40 mm respectively. However, these fluids 

evaporate quickly and are not efficient for the collection of hydrophobic particles, such 

as fungal spores, which results in particle bounce and the re-aerosolization of already 

collected particles (Grinshpun et al., 1997; Lin, 1999; Samson et al., 1994).  Tseng and 
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Li also studied the collection efficiency of AGI-30 impinger sampler for virus-

containing aerosols, showing that the AGI-30 required high flow rates (~ 12.5L/min) 

and, consequently, the impinger should only be used for short durations to avoid loss of 

virus infectivity (Tseng and Li, 2005).  

Electrostatic Precipitators   

 Grinshpun et al. (1996) found that electrostatic mechanisms are suitable for 

bioaerosol collection, but the viability of microorganisms may be affected by sampling 

time. Moreover, the new electrostatic precipitator developed by Mainelis et al.(2002) 

shows that to achieve a higher collection efficiency, and to better preserve the viability 

of sensitive microorganisms, a high voltage on the plates is required.  

Centrifugal Sampler 

 The collection of bioaerosol particles in a centrifugal sampler is due to their 

inertia. Ambient air is drawn into the sampler by means of a rotating impeller blade and 

is set into rotation. The centrifugal force on particles in the rotating air stream causes 

impaction of particles with sufficient inertia onto an agar-coated plastic strip. A good 

example of this type of device is the Reuter centrifugal sampler (RCS, BIO), which is a 

portable and inconspicuous monitor. The earlier version of the device could not be 

calibrated easily and collected particles < 4m with low efficiency (Willeke and Macher, 

1999). The second version, the RCS Plus, performed better  in the laboratory and field, 

however was still less efficient than the Anderson two- stage impactor and AGI-30 

impinger (Crook, 1995; Grinshpun et al., 1997; Willeke and Macher, 1999). 

Bubbler Sampler 

  Based on the engineering control method, which was previously applied to the 

removal of particles from gas carriers (Agranovski et al., 2001; Agranovski et al., 2002; 
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Agranovski et al., 2005), a new personal bioaerosol sampling method has been 

developed. More details can be found in Agranovski et al., 1999).  

Time of flight Mass Spectrometer ( TOF-MS) 

             The mass spectrometer (MS) has been known as the most powerful analytical 

tool for analysis of a broad spectrum of chemical and biological materials. The 

applicability of MS in the field detection has been limited by its large size, heavy 

weight, and prohibitive power requirements of the instrumentation. Notably, ToF- and 

ion trap- based instruments have been designed portably for the field and used by many 

researchers including: Bryden et al. (1995) has developed of a miniaturized time-of –

flight mass spectrometer (Tiny- TOF ) for portable biodetection. Cornish et al. (2005) 

also designed an arrayed TOF -MS for simultaneous data acquisition from multiple 

samples from hazardous agents.  

Flow Cytometry( FC or FCM) 

             FCM is widely used in research to quantitate properties of single cells, one cell 

at a time. It is useful for the quantification and rapid identification of bacteria in both 

aquatic and air environments (Day et al., 2002; Sincock et al., 1999). FCM was also 

demonstrated to be a powerful technique for the study of fungal spores (Allman, 1992). 

Brussaard et al. (2000) reported of detecting and discriminating between wide ranges of 

different virouses directly using FCM, conforming it as a promising tool in the field of 

virology.  

2.4.3 Health Impact of Bioaerosols 

Airborne transmission of viable microorganisms is an important route of 

disease transfer.  For the past 10-15 years, many researchers have found the scientific 
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evidence that especially of respirable fraction, due to fine and ultrafine aerosol particles 

as well as biological agents.  It has resulted in indoor air being particularly recognised 

as a significant issue associated with health effects (American Lung Association, 1997; 

Gammage and Berven, 1996; Institute of Medicine, 2000, 2004; National Institute for 

Occupational Safety and Health (NIOSH), 2003; Spengler et al., 1993).  In particular, 

the airborne release of pathogenic plays a major role in causing or exacerbating many 

pulmonary diseases such as lung cancer, bronchitis, emphysema and asthma  (Douwes 

et al.,2003; O’Riordan and Smaldone, 2004; Stetzenbach et al,2004). For 

hypersensitivity persons may experience from seasonal pollinosis or fungal allergy; 

episodic sneezing, rhinorhea, nasal congestion; or perennial symptoms (Ruzer and 

Harley, 2004).  Infectious diseases arise from such as: viruses, bacteria, fungi and 

protozoa, involve the transmission of an infectious agent from a reservoir to s 

susceptible host through airborne transmission. The most recognized pathogenic 

bioaerosols include Legionellosis(Legionnaire’s Disease), Tuberculosis, Influenza virus, 

anthrax and severe acute respiratory syndrome (SARS) virus which are also associated 

with transmitting bioaerosols though the air (Ludvigson, 2004).  All these pathogenic 

bioaerosols will likely accelerate the spread of emerging and re-emerging airborne 

infectious diseases with the increased movement of people across borders (Al-Jajdali et 

al, 2003; Breugelmans et al., 2004). The outbreak of SARS in 2003 through Asia and 

America highlights the potential impact of globalization transmission of related 

bioaerosols diseases.  Moreover, fine and ultrafine particles are of great concern results 

in they can penetrate deep into the pulmonary acinus.  Moreover, the economic impact 

of bioaerosol related disease transmission is also substantial. CSIRO estimates that the 

cost of poor internal air quality in Australia’s homes, offices, factories and buildings 
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may cost the nation as much as AUD$12 billion per year due to ill-health and lost 

productivity (S. Brown, 1998). 

2.4.4 Bioaerosols as Weapons  

The releasing of pathogenic bioaerosols as an act in warfare or by terrorism has 

brought awareness to the public in recent years. These pathogenic bioaerosols not only 

have a short term primary attack but may also re-enter back into the air and contaminate 

further over the long term. The most efficient method to deliver biological agents is 

thought to be by the airborne route, with media dispersed in aerosols. Those particles 

may remain suspended for hours and may be sufficiently small to make their way into 

the distal bronchioles and terminal alveoli after inhalation into the body. All these 

biological aerosols can be delivered though stationary point sources, including aircraft, 

boats, subways, or weapons. Oct 2001, Bacillus anthracis spores (white powder) in the 

mail were opened and contaminated the mail handling area of a Senate office in 

Washing, DC. Twenty people had positive nasal swab tests and six emergency 

responders (Weis et al., 2002). There are many other potential clinical aspects of 

possible agents as bio-weapons dispersed by air, including Francisella tularensis, 

Brucella spp. and Yersinia petis (Klietmann and Ruoff, 2001).      

 

2.5 Currently Available Bioaerosols Disinfection Technology    

These unhealthy airborne microbes act differently than inanimate particles. 

Some have mobility, some have surfaces which impede adhesion to fibres. Some will 

find biological debris to eat and reproduce in the filter media. Therefore, no air purifiers 

and sterilisers can be 100 percent effective to protect people from blood borne 

pathogens, or from airborne pathogens. While some indoor air purification techniques 
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aim at reducing the concentration of the pollutant, others are designed to inactivate 

viable biological aerosols (e.g., bacteria, fungi, and viruses). This research will also 

focus on the new inactivation methods to disinfect biological aerosols. Current available 

technologies to control transmission of bioaerosols and reduce the risk of bioaerosols 

include filtration, ozone, ultraviolet germicidal irradiation (UVGI), and photocatalytic 

oxidation. 

2.5.1 Air Filtration   

HEPA Filter 

High efficiency particulate air (HEPA) filters can remove over 99.97 percent of 

airborne particles that arrive at the filter media (Cox and Wathes, 1995). HEPA filters 

are often used for infection control and are tested with an aerosol containing a mono-

dispersed particle size of 0.3 µm in diameter, which is the most penetrating 

aerodynamic particle size (Brickner et al., 2003). To maintain its efficiency, these filters 

must be changed periodically and are therefore quite costly. Another limitation of these 

air filtration units is the fact that the unit’s intake and exhaust locations are usually close 

to one another, and this short-circuiting reduces the efficiency of air filtration.   

 

 

Electrostatically Charged Filter  

Electret filters are becoming increasing popular for their high efficiency and low 

pressure drop attributes (Cox and Wathes, 1995). Such filters are made of pre-charged 

fibres, which significantly enhance the efficiency of particle removal due to electrostatic 

mechanism. The electrostatically charged filter enhances the filtration efficiency by 

attracting particles carrying an opposite charge, and establishes imagine forces in 
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neutrally charged particles to accelerate their movement toward the fibre surface. There 

are various methods to produce a charged fibre, including electrostatic charging (Tsai et 

al., 2002;Yang and Lee, 2005). However, the lifetime of the electret filter is still very 

short compared to conventional filters, which utilise diffusion, inertia and interception 

mechanical mechanisms of particle removal (Raynor and Chae, 2004). 

2.5.2 Ozone 

Ozone is known for its bactericidal properties and especially for virus–

containing aerosols, which are particularly effective (Tseng and Li, 2006). Ozone has 

been used extensively for the disinfection of drinking water and municipal wastewater 

(Shin and Sobsey, 2003). In Tseng’s investigation, it was observed that the survival 

fraction of airborne viruses decreased exponentially with the increasing of ozone dose.  

Tseng also tested the ozone dose against relative humidity (RH), finding that to achieve 

the same level of inactivation of microorganisms the ozone dose required was lower at 

55 percent RH than at 85 percent RH. 

Other studies indicated that an ozone dosage of 25 ppm for 20 minutes with a 

short burst of humidity in excess of 90 percent relative humidity, can inactivate more 

than 3 log10 colony - forming unites of most of the bacteria (Sharma and Hudson, 2008). 

From the literature on ozone, it appears that to have effective inactivation of viable 

microorganisms, the relative humidity and ozone levels need to be controlled. It was 

indicated in the literature, that ozone concentrations of 0.14 ppm are sufficient to cause 

mild pulmonary toxicity, and a commercially available generator generating 0.1-0.15 

ppm ozone in a standard hospital side-room could make some people experience 

respiratory symptoms, even if it is below the recommended 15 minute exposure limit 

(Berrington and Pedler, 1998). It was also concluded from the literature, that a gaseous 

ozone generator would be inadequate for the decontamination of hospital side-rooms. 
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Although, an ozone generator can inactivate viable microorganisms, it is toxic and the 

inactivation concentrations significantly exceed health standards (Foarde et al., 1997; Li 

and Wang, 2003).   

2.5.3 Ultraviolet Germicidal Irradiation (UVGI) 

 The use of ultraviolet disinfection is one of the strategies used to control the 

level of airborne microorganisms. In the USA in particular, in order to protect patients 

and healthcare workers, ultraviolet disinfection systems are currently widely used in 

hospitals and other healthcare environments.  

  The use of ultraviolet (UV) light as a disinfection system for room air and 

airstreams dates back to the 1900s. However, to-date, the use of UV light for airborne 

organism control in buildings is not widely used and only used in occupied spaces such 

as medical waiting or treatment rooms to limit the transmission of very infectious 

diseases (particularly TB) (Fletcher et al., 2003). UVC and germicidal UV are 

sometimes abbreviated for UV light, which is also known as ultraviolet germicidal 

irradiation. The abbreviation for both germicidal UV and ultraviolet germicidal 

irradiation is UVGI.  UVGI has proved to inactivate viruses, mycoplasma, bacteria, and 

fungi, and Rice and Ewell have used UVGI to inactivate a wide variety of biological 

organisms (Brickner et al., 2003; Fletcher et al., 2003; Rice and Ewell, 2001).  

UV also powers photocatalytic oxidation (PCO) systems. PCO is an emerging 

technology that offers UV powered, self cleaning, low maintenance, germicidal air 

filtration. Jacoby has studied the control of bioaerosol pollution of indoor air via 

Photocatalytic oxidation, finding that by killing the bioaerosols on the catalyst surface 

the rate of inactivation is significantly enhanced relative to photolytic killing (i.e. 

germicidal lamps) (Jacoby, 2000). In Pal’s research (Pal et al., 2005), photocatalysis 

was applied, as well as UV-A and TiO2 to inactivate airborne bacteria, including Gram-
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negative bacteria, E. coli and two Gram-positive bacteria, Microbacterium sp. and 

Bacillus subtilise. The inactivation rates increased (1.3-5.8 times) in the presence of 

TiO2 for all bacteria (relative to the absence of TiO2).   

2.5.4 Photocatalytic Oxidation (PCO) 

 Heterogeneous photocatalytic oxidation (PCO) has been extensively studied as a 

promising method for removing toxic organic compounds from air over the past decade. 

PCO is cost-effective as it can be carried out at room temperature and atmospheric 

pressure, with good catalyst stability. However, application of PCO in industry has been 

challenging. This is due to the photocatalytic reaction effect of the chemical properties 

of the pollutants. For example, the conversion of aromatic compounds, such as toluene, 

is more difficult than that of chlorinated hydrocarbons or alcohols (Alberici and Jardim, 

1997). Another major disadvantage in the industrial application of PCO is deactivation 

of the TiO2 catalyst. In the PCO of aromatic compounds, the less-reactive intermediates 

are directly responsible for deactivation of the catalyst (Jeong et al., 2004). Those 

intermediates are strongly adsorbed on the surface of the TiO2 catalyst and deteriorate 

photo-activity by blocking reaction sites (Alberici and Jardim, 1997; Cao et al., 2000). 

The application of PCO can also produce undesirable intermediates, which are more 

toxic than their parent compounds (Ray, 2000). Therefore, those intermediates must be 

completely removed from the effluent gas stream. From the literature, it is indicated that 

those undesirable intermediates can inhibit the application of PCO. Another limitation 

of PCO is that after the end of the light irradiation, the photocatalytic reaction only 

happens at the heterogeneous surface of the TiO2  particle (Hirakawa and Nosaka, 

2002). Also, Lin and Li (2003) investigated viability in airborne bacteria and fungi 

exposed to photo-oxidation and non-photo-oxidation in the test chamber for a very short 
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time (30 s to 10 min), and found that the germicidal capacity of a TiO2 photocatalyst 

filter media contributed almost negligible for bioaerosols.  

 

2.6 Control of Bioaerosols 

More efficient filters with higher packing density are more capable of reducing 

the concentration of respirable aerosol particles, however, they often cause higher initial 

pressure drop, which further increases with the time of operation, negatively affecting 

the filter performance and leading to excessive power consumption. The intention of 

this thesis is to test some simple new technologies on the current conventional filtration 

system to achieve energy-efficiency and biologically effective control. The principles of 

the new technologies to be tested are described below. 

2.6.1 Ionisation 

Continuous emission of unipolar ions have shown to improve the performance 

of respirators and stationary filters challenged with non-biological particles. In this 

thesis, a new technology will be introduced which aims to enhance the performance of 

existing low-efficiency filters without modifying the filter material or use multiple filter 

settings. Continuous emission of unipolar air ions in the vicinity of the filter have 

resulted in an increase in the collection efficiency while not affecting the pressure drop, 

as described in Lee et al. (2004) for face-piece respirator filters, and by Agranovski et 

al. (2006b) for stationary aerosol filters, who experimented with non-biological 

challenge aerosols. In this thesis, the ion-induced enhancement effect is investigated 

while challenging the tested HVAC filter with biological aerosols, including aerosolized 

bacterial cells, bacterial and fungal spores, and virions (virus-carrying particles).  
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During the last century, many statements have been made concerning the 

biological effects associated with the inhalation of atmospheric ionization. Ionic air 

purifiers have become increasingly popular for removing dust particles, aeroallergens 

and airborne microorganisms from indoor air. Negative air ions have also been shown 

to be a promising new technology that is safe, non-chemical and non-toxic. Several 

experimental studies have demonstrated that negative ionizers have the potential to 

significantly reduce the concentration of particulates in indoor air. Ion action on 

microorganisms was introduced by Tchijeviski and his colleagues at the Central 

Laboratory for the Study of Ae`roionification in Moscow 73 years ago (Krueger and 

Reed, 1976b). They found that colonial growth was markedly retarded in atmospheres 

containing 5*10^4 to 5*10^6 negative or positive ions per cubic centimetre – in effect, 

negative ions were more effective than positive ions. A recent study by Fletcher et al. 

(Fletcher et al., 2007), where seven bacterial species were exposed to both positive and 

negative ions in the presence of air found that the survival rate of all the bacteria except 

M. parafortuitum with negative ions was significantly less than with positive ions. 

 Kingdon’s research (Kingdon, 1960) in 1957 demonstrated that Escherichia coli  

could be killed by the chemical and electrostatic energy of air ions. They demonstrated 

that the death rate of M. pyohenes by small negative or positive ions could be 

accelerated when the organisms were suspended in droplets. Experimental studies by 

Bohgard and Eklund (Bohgard and Eklund, 1998) found that if a commercially 

available air ionizer was used in the chamber (NaCl particles in an air-tight steel room), 

then the experiment would result in a substantial lowering of particles concentration. 

Further experimental studies (Grabarczyk, 2001; Mayya et al., 2004) have demonstrated 

large reductions of airborne particle concentrations in a typical office room environment 

by using the ion shower technique. In Arnold’s research (Arnold and Mitchell, 2002), 
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the use of negative air ionization in microbial contamination on stainless steel surfaces 

was tested. The system effectively decreased the survival levels of bacteria on the 

stainless steel, with a reduction of 99.8 percent. The results demonstrate the potential 

efficacy of negative air ionization against bacterial contamination on surfaces in the 

poultry processing environment. To reduce aerosol exposure in confined indoor spaces, 

Grinshpun and his colleagues have evaluated the application of ionic air purifiers. The 

concentration decay of repairable particles of different properties was monitored in real 

time inside the breathing zone of a human manikin. The data also suggested that the ion 

polarity does not affect the performance but the ion emission rate does (Grinshpun et 

al., 2005). There have been many studies on ionic air (Grabarczyk, 2001; Grinshpun et 

al., 2005; Krueger and Reed, 1976; Mainelis et al., 2001). Lee’s research group (Lee et 

al., 2004), for example, have tested the removal of fine and ultrafine particles in a room-

size (24.3m3) by the unipolar ion emission. The data revealed that at high ion emission 

rate, the particles mobility becomes sufficient so that the particle migration results in 

their deposition on the walls and other indoor surfaces. They found that the particle 

removal depends on the ion emission rate and the time of emission. The indoor air 

volume is also a factor. Ionizers have been used to examine the feasibility of particles 

reduction in several air studies and chamber experiments in an effort to eliminate the 

dust and pathogens from the air. 

Mechanisms of Emission Air Ions  

‘Air ion’ is a generic term used to describe charged molecules or clusters of 

molecules in the air (Fletcher et al., 2008). Most air ions are generated from the corona 

discharge method. The generated unipolar ions are commonly used for reducing aerosol 

particle concentrations in indoor environments, because the aerosol particle will interact 

with unipolar air ions. Airborne particles become charged by The aerosol concentration 
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and particle size random collisions between the ions and the particles. This process is 

called diffusion charging which results from the Brownian motion of the ions and 

particles. As the charge accumulates, it produces a field that tends to repel the additional 

ions. Then, due to electrostatic repelling forces, the particles migrate toward the indoor 

surfaces and rapidly deposit on the walls or other surfaces. As the charge on the particle 

increases, smaller amount of ions have sufficient velocity to overcome the repulsive 

force and the charging rate slowly drops.  

The expression for the number of charges n (t) acquired by a particle of diameter 

dp by diffusion charging during a time t is  
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where ic is the mean thermal speed of the ions ( ic =240 m/s at standard 

conditions) and Ni is the concentration of ions. 

Although experimental studies have demonstrated that negative ionizers have 

the potential to significantly reduce the concentration of the particulates in indoor air, 

there are some who suggest there is a biocidal effect in the presence of ions or in both 

air and nitrogen (Fletcher et al.,2007;Noyce and Hughes, 2003). Noyce and Hughes 

(2002 and 2003) indicate that exposure to either negative or positive ions has a lethal 

effect on E. coli and starved Pseudomonas veronii cells. Cell death could be due to a 

physiological change in the outer membrane as a result of puncture of the cell wall due 

to ionic accumulation at the outer membrane. The physical and biological mechanisms 

involved remain unclear. In this thesis, however, this is not a necessary consideration.   

2.6.2 Melaleuca oil, known as TTO 

 Another potential method of improving the current disinfection rate of aerosols 

involves exploring the physical and biological principals of filters and airborne 
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particles. From a physical standpoint, a well known method is to increase the collection 

efficiency of the filter by coating the fibres with oil (Brown, 1993). From a biological 

standpoint, tea tree oil contains approximately 100 chemical components (European 

Commission, 2004), which can be the disinfectant for bioaerosols. Also Mullin et al. 

(2003) concludes - the bounce effect of the particles is inhibited by the liquid film.   

 Filters with the potential to deactivate bioaerosols – usually via photocatalysys – 

have received significant attention recently. Such filters, however, are often expensive, 

complex, difficult to produce, and may produce toxic by-products, such as phosgene, as 

part of the catalytic decomposition process. Furthermore, the number of re-aerosolized 

particles decreases only slightly with increased filter thickness, which confirms that 

most re-aerosolized particles are re-entrained from the front layer of the filter (Qian et 

al.,1997). Therefore, another control method is to reduce the particle bounce to improve 

recovery rate of the microbial particles on the filter and disinfect bioaerosols at the same 

time by coating the filters with TTO.  

  The essential oil of Melaleuca alternifolia, is known as TTO. Tea tree oil is 

extracted from melaleuca alternifolia strains (native to New South Wales, Australia) by 

steam distillation of the leaves. The main anti-microbial agents present in the oil are 

terpinen-4-ol (35-45 percent), and 1,8-cineole (1-6 percent), however, other components 

such as α-terpineol, terpinolene, and α- and γ-terpinene are also often presented (May et 

al., 2000). Williams and colleagues (1993) reported that TTO with increased 

concentrations of terpinene-4-ol, displays enhanced antimicrobial activity, since this 

compound has healing and antiseptic properties. Other investigations of time-related 

inactivation of microbes by tea tree oil have also fully supported this conclusion (May 

et al., 2000). TTO is commonly used as a topical antiseptic, and also as a 

complementary medicine for bacterial and fungal infections. Several investigations have 
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confirmed the in-vitro activity of TTO against a wide range of common postharvest 

pathogens Gram-positive, Gram-negative bacteria and fungi (Cox et al., 2000; 

Gustafson et al., 1998; Hammer et al., 1999; May et al., 2000; Webb, 2000).  

Tea tree oil has also recently emerged as an effective topical antimicrobial agent 

active against a wide range of organisms. Tea tree oil may have a clinical application in 

both the hospital and community, especially for the clearance of methicillin-resistant 

Staphylococcus aureus (MRSA) carriage or as a hand disinfectant to prevent cross-

infection with Gram-positive and Gram negative epidemic organisms.  

Tea tree oil is reputed to have several medicinal properties, including 

antibacterial, antifungal, antiviral, anti-inflammatory and analgesic properties. However, 

it is the antibacterial activity which has attracted the most attention, and there are now 

considerable data available concerning the in-vitro activity. From 12 tea tree oil 

varieties tested for their antiseptic properties, tea tree oil was found it to be 13 times 

stronger in killing bacteria than carbolic acid (Peciulyte and Peciulyte, 2004).  

Control of microorganisms in indoor environments has traditionally focused on 

source control, ventilation, and air cleaning. Source control emphasizes the reduction or 

elimination of moisture to limit fungal growth. There are different kinds of tea tree 

trees, but the one with the most potent medicinal oil is called Melaleuca alternifolia.   

In 1998, Gustafsonand and his colleagues determined the effects of TTO on 

growing and non-growing Escherichia coli (Gustafson et al., 1998). The data shows that 

both exponential and stationary phase cells appear to die much more rapidly than they 

autolyse following the addition of TTO. From Cox et al. (1995), Gram-negative 

bacterium Escherichia coli AG100, the Gram-positive bacterium Staphylococcus aureus 

NCTC8325, and the yeast Candida albicans have been investigated using a range of 
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methods. Cox et al concluded that the antimicrobial activity of tea tree oil results from 

its ability to disrupt the permeability barrier of microbial membrane structures.    

Mechanism 

To control bioaerosols, there are also other general principles involved which 

need to be acknowledged. Since the particle bounce may be one of the reasons that may 

impact the filtration efficiency, there are two approaches to describe particle bounce. 

The first defines a critical velocity, Vc, above which bounce will occur. The other 

method involves the kinetic energy, KEb, required for bounce to occur when a particle, 

dp, collides with a surface (Dahneke, 1971). Therefore, TTO usage as a filter coating 

material is to minimise/eliminate any possibility of particle rebounce, and thus 

increasing filter efficiency (Boskovic et al.,2007; Mullins et al., 2003). 

 From those theoretical concepts, and Raynor and Leith’s research (Raynor and 

Leith, 2000), it appears that loading a filter with oil decreases efficiency for diffusional 

collection (e.g. particles below 0.6 microns), but increases efficiency for inertial 

collection (e.g. particles above 1 micron), and it was also suggested that using a dry or 

clean filter would be optimal.   

The other mechanism is related to the fact that oil can reduce the particle kinetic 

energy of rebound by increasing the particle adhesive force with the filter surface. From 

the literature, it was concluded that the oil coating minimises the amount of particle 

motion along the fibre after initial collision, and similar results occur for all particle 

shapes (Boskovic et al., 2007). It has also been proven by Larsen’s research that 

commercial oil-coated fibre filters need to be operated at much higher air flow rates 

before removal of particulates would be expected, otherwise long vibrating times 

(approximately one minute) are required to remove particles from the fibres (Larsen, 
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1958). Therefore, it appears that the viscosity of the oil does enhance the adhesion force 

of particles in comparison to the dry filter.    

 

2.7 Summary  

A filtration and ventilation system will remove spores and many bacteria, but 

some airborne viral pathogens are too small for filters. The HEPA air filter, for 

example, does not have tiny holes, but relies on collisions with a network of fibres to 

trap particles. This means that most HEPAs cannot protect people from airborne 

viruses, mycoplasms, and smaller bacteria. From the literature review above, there 

appears to be two main points particularly pertinent to this thesis investigation: 

 The lifetime of the electret filter is still very short compared to conventional filters 

utilising mechanical mechanisms for particle removal, such as diffusion, inertia and 

interception (Raynor and Chae, 2004). Therefore, in this thesis, one of the 

investigations is to use the economical method by continuously emitting of unipolar 

ions into the vicinity of a low-efficiency HVAC system. 

 From the literature, there appears to have been no investigation into aerosolizing 

TTO onto a filter surface where viral microorganisms have been captured in order to 

inactivate the biological particles within a short period of time (60min). This oil 

mist filter technology can be adapted to produce a low-cost filtration system that can 

also provide a superior bioaerosols disinfection technology. Therefore, one of the 

aims of this research is to study the feasibility and effectiveness of aerosolizing TTO 

onto a fibrous filter to disinfect captured bioaerosols.  
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Chapter 3 Materials and Methods   

In this research, a common apparatus was designed and constructed as part of 

the thesis. In each of the following chapters, the experimental setup was modified for 

the different investigations. The basic experimental set-up will be described in this 

chapter as well as experimental equipment, test aerosols, and microbial analysis 

methods.   

 

3.1 Experimental Equipment   

All the experiments were undertaken in an aerosol chamber – a long open-loop 

cylindrical wind tunnel. The experiments were performed at a relative humidity of 50-

55 % and air temperature of 22-24ºC (measured by VelociCalc Plus, Model 8386, TSI, 

Inc., St. Paul, MN, USA). All preparations and experiments were conducted in a Class 

II biological safety cabinet (Model BH 2000, Biolab, Australia).  

3.1.1 Test Aerosols  

Test aerosols were used in this research, including polystyrene latex (PSL), 

bacteria, fungi and virus aerosols. The preparation of each suspension for aerosolization 

is described below.  

PSL particles 

The spherical PSL particles (Bangs Laboratories, Fishers, IN, USA) with a four 

aerodynamic diameter of 0.5, 0.8, 1.0, and 1.5µm were used. PSL particle suspension of 

a particular monodiperse size was prepared in 50 ml of filtered and sterilized water and 

then aerosoliz by the Collison nebulizer. The concentration was kept at the level 

corresponding to approximately 104 particles per litre of air after aerosolization. The 
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experiments were performed for each particle size separately. The aerosol concentration 

and particle size distribution were monitored by an optical aerosol spectrometer (Model 

1.108, Grimm Aerosol Technik, Ainring, Germany) upstream and downstream of the 

test filter. 

Bacteria 

Stock cultures of bacteria were obtained from Southern Biological 

(Nunawading, VIC, Australia), including gram-negative P. fluorescens (dae  1 m), 

gram-negative E.Coli (dae  0.7-0.9m) and gram-positive B. subtilis (dae  1.0 m) 

(Lin and Miller, 2000; Stewart et al., 1995). These bacteria are all common 

environmental bacteria (Nevalainen et al., 1993). The first two represent the 

microorganisms that are, respectively, very sensitive and very resistant to external 

physical and physiological stresses (Garrity, 2005a, 2005b). These bacteria differ with 

respect to their morphology; for example E. coli and P. fluorescens cells have a very 

distinctive rod shape, while B. subtilis spores have a lower aspect ratio, i.e. they are 

closer to spherical. The microscopic photographs of those two microorganisms are 

shown in Figure 3.1. 
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Figure 3.1  E. coli bacterial cells and B. subtilis bacterial spores used in the 

experiments. 

All bacterial cultures were grown in 2.6 g / 200 mL of Nutrient Broth for 24 

hours in an incubator shaker. The temperature was kept constant at the levels of 33C 

for E. coli and 37C for P. fluorescens and B. subtilis. The stationary-phase organisms 

were harvested through centrifugation at 7,000g for 7 minutes. The pellets were then 

washed three times with sterilised de-ionized distilled water, which was also used to 

dilute the cells to obtain the final bacterial suspension. A 50 mL aliquot was placed in 

the nebulizer to be aerosolized. Before starting each experiment, an aliquot of the 

microbial suspension was analysed to assess the initial culturable bacteria by the plating 

technique that is described in the next section. Moreover, after aerosolizing the 

suspension, the water content was quickly evaporated after mixing with dry filtered air.  

The record from the optical aerosol spectrometer was showing near-monodisperse size 

distributions in the text zone, with the peak at the respective nominal bacteria size.  

Fungi  

Rhizopus stolonifer, A. versicolor (dae  2-3.5 m) and A. niger (dae  3.5-5 

m) spores were used in the investigation. Fungal spores were obtained from Southern 

5m 5m 

Bacillus subtilis Escherichia Coli 
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Biological (Nunawading, VIC, Australia). These fungal spores are common and seen 

frequently in indoor environments. Rhizopus stolonifer is a species of bread mould 

which produces sporangia that produces sporangiospores (asexual spores) (Tortora et 

al., 2002). The last two fungi belong to a Aspergillus group that is particularly 

associated with health issues(Nevalainen, 1989; Lacey and Dutkiewicz, 1994; 

Muilenberg et al., 1994).   

A small amount of each fungus was transferred into a tube with 9 mL of sterile 

water. The tube was shaken to spread the spores over the entire amount of liquid and 

150 µL was then transferred with a pipette onto an agar in a plastic Petri dish (90mm 

diameter), spreading the solution along the nutrient surface to achieve an even culture 

growth. Both the Aspergillus group and Rhizopus Stolonifer were grown on a malt 

extract agar (MEA) medium (OXOID, CM 59) in an incubator set at 25oC for 7 days 

and 3-4 days respectively. The microscopic photograph of the Aspergillus group is 

shown in Figure 3.2.  
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Figure 3.2 A. versicolor and A. niger fungal spores used in the experiments. The bottom 

photograph shows non-aggregated particles of A. versicolor collected from the air flow 

in the wind tunnel test zone. 

Virus 

Influenza virus A strain NWS/G70C (H11N9) was obtained from the 

Commonwealth Scientific and Industrial Research Organization (CSIRO) (Melbourne, 

VIC, Australia). This virus was propagated in Madin-Darby canine kidney (MDCK) 

cells obtained from the American Type Culture Collection (ATCC) (Bethesda, MD), 

grown in Dulbecco's Modified Eagle's Medium (DMEM). Tenfold dilutions were 

prepared in  containing 15 mM of HEPES buffer (pH 7.4) combined with Hams F12 

  

       Aspergillus niger         Aspergillus versicolor 
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(DMEM/F12) media, 100 U/mL of penicillin, 100 g/mL of streptomycin, and 1 g/mL 

of tolylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Worthington 

Biochemical, Freehold, N.J.).  

 

Figure 3.3 Influenza A virus used in the experiments. 

 

 At a final concentration of 1 µg/mL, the MDCK cells were infected with the 

virus at a multiplicity of infection (MOI) of 0.05 PFU/cell. After 2 hours of absorption 

at room temperature, the cells were washed twice with phosphate-buffered saline, placed 

in a medium, and incubated at 37°C with 5 percent CO2.
  The virus was then harvested 

when the cytopathic effect was visually evident, which usually happened after 3 - 4 days 

of inoculation. A 50 mL aliquot of viral medium was placed in a 3-jet Collison 

nebulizer to be aerosolized at a rate of 0.2 mL/min. Before starting each experiment, an 

aliquot of the medium was collected and the virus yields were determined by infection-
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hemagglutination assay. The SEM photograph of the aerosolized Influenza virus is 

presented in Figure 3.3.  

 

3.2 Microbial Analytical Methods  

Bacteria and fungi 

The standard spread plate technique (Greenberg et al., 1992) was used to 

determine the culturable count of viable bacteria and fungi microorganisms from the 

collection fluid from the sampler and filters. From the suspension, the collection fluid 

was drained from the sampler for the determination of bioaerosol concentration. For the 

used filter media, individual fibber was placed in a tube and filled with 50 mL of 

sterilized water and sonicated in a sonic bath (Biolab, Australia) for the period of 1 

minute to ensure that the majority of particles transmitted in the liquid. The suspension 

was then used for the determination of bioaerosol concentration. For enumerating 

culturable bacteria, an aliquot of 0.1 mL of an appropriate 10-fold dilution of the fluid 

was spread on the surface of the Nutrient Broth (NB) plates. Fungal spores were 

cultured on malt extract agar (MEA) (Difco Co., Detroit, MI). The culture plates with 

bacteria were incubated at 37˚C for 1 day, while the incubation of fungal spores was 

conducted at 25˚C for 4-7 days. All plates were inspected daily. Colony forming units 

(CFU) were manually counted from the culture plates after incubation with a colony 

counter (Biolab, Clayton, VIC, Australia), and the corresponding viable bioaerosol 

concentration in the air was determined. The results were expressed in CFU/mL for the 

microbial concentration in liquid samples and in CFU/m3 for air samples.  

Virus   
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The virus-containing collection fluid was subjected to the same manipulations as 

those containing bacteria and fungi before the suspension was ready for the analysis.  

Tenfold dilutions were prepared in 100 µL of DMEM with 15 mM HEPES, 100 U/mL 

of penicillin, 100 g/mL of streptomycin, and 1 g/mL of TPCK-treated trypsin and 

used to infect confluent MDCK cells in 96 wells (6 wells per dilution). The infected 

cells were incubated at 37°C with 5 percent CO2 for 3 - 4 days, and the presence of 

secreted virus in each well from each dilution was detected by hemagglutination assay.  

The latter was performed in V-bottom, 96-well microtiter plates (Corning Costar Co., 

Cambridge, MA) following the procedures described by Kendal et al. (1982). An 

amount of 50 µL of a 1.0 percent goose erythrocyte suspension in PBS was added to 

50 µL of the culture fluid, and the outcome was incubated at the room temperature for 

30 minutes. The virus titres in TCID50 per mL were determined according to the Reed 

and Muench’s method (Reed and Muench, 1938). 

It should be noted that viruses are usually transmitted in air environments on 

particles-carriers of a much larger size. Moreover, those particles may contain a 

considerable amount of water which can increase the chances for the virus to survive. In 

this investigation, the virus-carrying droplets aerosolized by the nebulizer and measured 

in the test zone ranged primarily from 0.5 to 1.5 µm, while the size of a single virus was 

approximately 0.08 µm (see Figure 3.3). Unlike airborne virions and some bacterial 

vegetative cells, indoor and outdoor spores are generally capable of maintaining their 

viability level while their environment is dry.  

Considering the above, the aerosolization methods used in this experiment 

allowed the production of fungal particles containing no water (dry dispersion), 

bacterial particles containing relatively small amounts of water left from the nebulizer 

suspension, and viral particles characterised by a relatively large water content.   
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3.3 Experimental Setup  

The basic experimental setup is presented in Figure 3.5a. A horizontal wind 

tunnel simulating an HVAC system was designed and built out of a plastic material. The 

wind tunnel was grounded to minimise the effect of charged walls. The HEPA-filtered 

air was mixed with the challenge aerosol (PSL, bacteria and virus aerosol) generated 

from the microbe suspension by a 3-jet Collision nebulizer (Model: MRE 24/25, BGI 

Inc., Waltham, MA). PSL and bacteria aerosol were generated in dry phase, and virus 

aerosol was in liquid phase. This was done by spraying dilute suspensions of particles, 

in order to obtain monodispersed particle aerosols of a small and uniform particle size. 

The liquids of quite high viscosity can be successfully nebulised, and the size 

distribution appears to remain substantially unchanged (May, 1973).   

The fungi aerosol was generated from a newly developed device by 

Scheermeyer and Agranovski (2009) designed to produce non-aggregate and loose fungi 

spores. The standard 9 cm Petri dish containing mature fungal spores was placed 

directly on a 10 cm diameter, 2 Watts, 4 Ohm speaker surface. The Petri dish was sealed 

by a soft rubber gasket to the bottom of the cylindrical casing of the device. The Petri 

dish was vibrated simultaneously with the speaker’s membrane at specific frequencies 

and also mixed with the HEPA filtered air when running the experiment. An aerosol 

concentration of approximately 105 m-3 was thus created, and was kept consistent for up 

to 4 hours (maximum of the testing duration). To ensure that the contribution of 

aggregates was negligible, an air sample was collected and analysed by a Scanning 

Electron Microscopy (SEM) before each experimental run (see the photograph in Figure 

3.2). Both the real-time measurement with the optical aerosol spectrometer and the 

SEM analysis confirmed the particle distribution modes at the expected single spore 
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sizes. A Hewlett-Packard 3312A Function Generator was used to set the amplitude and 

frequency of the vibrating speaker membrane to achieve the required particle 

concentration. 

Each aerosol was mixed with a make-up stream of dry HEPA-filtered air to 

remove any residual moisture remaining on the surface after the generation process. 

Before reaching the entry point of the aerosol chamber, the bioaerosol stream from the 

generator was charge-equilibrated by a Kr85 sealed source (Model: 3012, TSI Inc., St. 

Paul, MN, USA). The mixed aerosols then entered the test aerosol chamber – a 70 cm 

open-loop cylindrical wind tunnel. A HVAC filter with an operational cross-section of 6 

cm in diameter was installed inside the wind-tunnel. The optical aerosol spectrometer 

(model 1.108, Grimm Aerosol Technik, Ainring, Germany) was used to sample the 

aerosol concentration and particle size distribution upstream and downstream of the test 

filter/ionizer. The bubbler sampler developed by Agranoviski et al.(2002) was then used 

to collect the sample. The bioaerosol samples were collected into the sterile water in the 

personal bubbler sampler which provides a sufficient recovery rate for these 

microorganisms (Agranovski et al., 2002). The sampling time was 10 minutes for all the 

tested microorganisms. One of the advantages of this sampler is the fact that it is 

capable of long-term personal sampling of airborne culturable microorganisms. 

To investigate the influence of air ionization on the filtration process, the 

negative air ion emitter (AlphaLab Inc., Salt Lake City, UT, USA) with an output rate 

of ~1012 e - /sec was used. It was continuously operated in the aerosol chamber at a 

distance of 5, 15, 25 and 45 cm from the HVAC filter. Two commercially available 

low-efficiency HVAC filters made of polyester were also tested. These two materials 

were selected to represent the deep filtration (filter 1) and the surface filtration (filter 2) 

which are commonly used in industrial and domestic applications. The Scanning 
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Electron Microscope (SEM) images, presented in Figure 3.4, show the filter structure, 

fibre orientation and packing arrangement. The summarised characteristics of theses 

filters are in Table 3.1.   

 

  

                            (Filter 1)                                              (Filter 2)  

Figure 3.4 Scanning Electron Microscope (SEM) images of filters used in experiments. 

 

  

TABLE 3.1: Characteristics of the tested HVAC filter materials 

Filter Fibre size, µ m Thickness, mm Packing density, % εf Material 

Filter 1 48 ± 13.1 20 ± 1.4 2.3 ± 0.24 ~ 3 Polyester 

Filter 2 22 ± 3.8 0.65 ± 0.04 11.5 ± 2.1 ~ 3 Polyester 

 

The fibre sizes were determined by examining randomly sampled fibres (20 per 

filter) using a polarising microscope (Model: Zeiss Standard 25, Carl Zeiss, Germany) 
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with a 10 objective lens and a graduated eyepiece. All fibres were considered to be 

cylindrical, and the measurements were conducted at their perfectly cylindrical regions. 

The thickness of the filters was measured using two approaches. For Filter 1, that was as 

thick as 20 mm, it was sufficient to use a micrometer (ensuring minimal deforming of 

the media). Filter 2, however, was much thinner, and was characterised through 

microscopic measurements; i.e. a thin strip of the filter was vertically secured on the 

stage and measured at different points. To determine the overall packing density of the 

material for each filter type, ten samples of the same size were weighed on the 

analytical balance (Model: HR-202, A&D, Tokyo, Japan) with a resolution of ±0.01 

mg. 

To investigate the removal (deactivation) of biological aerosols from 

airstreams, the essential oil of Melaleuca alternifolia, commonly referred to as tea tree 

oil (TTO) and biologically inactive mineral oil (MO-Sigma Chemicals M 3516) were 

employed. These oils were delivered to the filters’ surface through a Collision nebulizer 

for a period of 300 seconds, in the presence of the clean airstream passing through the 

filter. The nebulizer generates oil droplets with an aerodynamic mean of approximately 

300 nm, at a concentration of approximately 1*1011 pcm -3. The time interval mentioned 

above was chosen as sufficient time to provide a uniform coating of oil on the fibres of 

the filter (either as a film or initial Rayleigh-Plateu droplets). This was confirmed by 

corresponding observations of the fibres through the microscope. 
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Figure 3.5 (a) Experimental setup.  
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Figure 3.5(b) Experimental setup for fungi.    
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Chapter 4: Enhancement of the Performance of Low-

Efficiency HVAC Filters Due to Continuous Unipolar Ion 

Emission 

4.1 Introduction 

In earlier studies (Mikhailet al., 2004), a number of authors have found that the 

protection of a filtering face-piece respirator can be significantly enhanced due to 

unipolar air ionization in the vicinity of the respirator. In their studies, it was also 

demonstrated that unipolar air ions not only increase the collection efficiency but also 

do not affect the pressure drop. Based on this finding, it was hypothesized that the 

filtration efficiency of low-efficiency HVAC filters could also be enhanced if the 

unipolar ions were continuously emitted in the vicinity of the filter surface. Hinds 

(Hinds, 1999) has also pointed out that increasing the charge on the particles on the 

fibres increases the collection efficiency. In this chapter, this hypothesis is tested 

through experimental and theoretical examinations undertaken with two commercially 

available and widely used HVAC filters.   

The aim of these experiments is to investigate the effect on the filtration 

efficiency when testing the different types of filters with continuous emitting unipolar 

ions in the test chamber. The filtration efficiency was also examined while emitting ions 

at various distance ranges upstream of the filter. These physical results were also 

compared with the classic single-fibre efficiency concept and the electrostatic 

deposition mechanism to evaluate if there is an agreement between physical and 

theoretical results.  
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4.2 Experimental Methods   

4.2.1 Experimental Setup  

The schematic of the experimental setup have been explained and shown in 

Chapter 3. The Monodisperse polystyrene latex (PSL) spheres of a specific diameter - 

0.5, 0.8, 1.0, and 1.5 µm - were tested in this investigation, and two commercially 

available low-efficiency HVAC filters described in Chapter 3 were utilised. An ionizer 

was added to investigate the influence of air ionization in the filtration process at the 

distance apart from the filter of 5, 15, 25 and 45cms for 10 minutes. 

4.2.2 Experimental Procedure 

The tested filter was clamped between two rings and vertically placed in the 

wind tunnel with the airflow passing through the filter. PSL aerosol (6 L/min) was 

firstly mixed with humidity-controlled air (180 L/min) to create a concentration of 

approximately 104 particles per litre. The mixed air was then charge-equilibrated by a 

85Kr sealed source and entered into the test zone. Aerosol passed through the HVAC 

filter at the face velocity of 1.1 m/sec and the penetrated particles were collected in the 

personal sampler. At least five replicate experiments were performed for each 

combination of the test filters and the size of PSL particles. The pressure drop through 

the filter was measured during each test using a VelociCalc Plus multi-parameter meter, 

capable of monitoring a pressure difference of up to 2.5 kPa, with a resolution of 1 Pa. 

Each filter experiment with one size of PSL particles was first performed with 

no ion emission in the test zone. Then the negative air ion emitter was turned on 

upstream of the filter. The tests were conducted with the emitter located at four different 

distances to the filter, ranging from 5 - 45 cm. The Air Ion Counter (AlphaLab Inc., Salt 
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Lake City, UT, USA) was then deployed to assess the ion concentration in the air at 

different distances from the ion emitter. The instrument was placed in the wind tunnel to 

monitor the ion flux during the experiments and ensure that the system had reached 

equilibrium (i.e. no further accumulation of charge on the walls of the tunnel and filter). 

Prior to each experimental run, the zero aerosol concentration was verified by passing a 

HEPA-filtered air through the aerosol chamber (with no air flow from the 

nebulizer).Then each particle size experiment was duplicated as described above.   

 

4.3 Analysis 

4.3.1 Physical Analysis 

Based on the size-selective aerosol concentration, the filter collection 

efficiency for each particle size was determined as:   

100*(%)
Cout

CinCoutE 
  %     (4.1) 

Where Cout and Cin are the concentrations of particles up and downstream of 

the filter, respectively, as measured by an optical aerosol spectrometer.   

4.3.2 Theoretical Analysis  

Theoretical analysis was also calculated to identify if there was any agreement 

between physical and theoretical results. The filter efficiency was also calculated based 

on the single-fibre efficiency concept (Hinds, 1999):   

)4exp(1
fd

HE



     (4.2) 

where  is the packing density, ηΣ is the total single fibre efficiency, H is the filter 

thickness, and df is the fibre size. According to the classic approach (Hinds, 1999), 
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equation 4.2 is the sum of single-fibre efficiency due to diffusion, inertia, gravitational 

settling, and interception mechanisms, and thus the total single-fibre efficiency was 

calculated.    

In addition, when the ionizer was utilised in this investigation, the electrostatic 

deposition was examined. When the ionizer was switched off, particles have essentially 

zero charge, and the electrostatic image force does not contribute to the filter efficiency. 

On the other hand, when air ions are emitted, the electrostatic collection can be 

calculated as (Hinds, 1999):  
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Here εf is the relative permittivity of the fibre, εo is the permittivity of the vacuum, µ is 

the air viscosity, U0 is the air velocity, q is the charge on the particle and dp is the 

particle size. Then, according to the classical theory of filtration, the figure given by 

Equation (4.3), should determine the enhancement of the filter efficiency from 

electrostatic deposition in this experiment, while the ions are emitted in the test zone. 

  

4.3 Results  

It was observed that the ion concentration in a close vicinity of the ion emitter 

exceeded the upper limit of the Air Ion Counter (2 106 ions/cm3). The ion 

concentration decayed relatively quickly in the wind tunnel with the increasing distance 

between the ion source and the filter surface further than 20-30 cm. This suggests that 

the effect of ion emission on the filter performance may also be dependent on whether 

there is sufficient distance between the ion emitter and the filter surface. Furthermore, it 

was observed during the first few seconds after commencement of each run, that the ion 
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concentration showed huge variably. However, it also quickly reached equilibrium 

indication after the process had reached a steady state.  

The background filter efficiency data, when the ionizer was not in operation, is 

illustrated in Figure 4.1. Both experimental and theoretical results are plotted for each of 

the two tested filters. The error bars represent the standard deviation of the three repeats 

of this test. The filter efficiencies for the particle range from 0.5 - 1.5 µm are low. Even 

for the more efficient Filter 1, particles in this size rage showed less than 20 percent 

filtration efficiency. Furthermore, this figure also demonstrates a good agreement 

between the theoretical and experimental data.   

  

Figure 4.1 Filter efficiency (ionizer is switched off). 

The measured filter efficiencies when unipolar (negative) ions were emitted 

upstream of the filter (at a distance of 5 cm) are represented in Figure 4.2, as well as the 

theoretical data for the two tested filters. Both filters with the ions emitted in the air 

demonstrated a substantial increase in filter efficiency, compared with the background 

levels. These particular experiments also showed a significant performance 



 66 

improvement for different particles sizes. In contrast to the experiment, the theory did 

not predict a considerable increase in the collection efficiency, even if the q-value in 

Equation 4.3 is assumed to be the maximum possible charge acquired by an aerosol 

particle due to the diffusion charge. Such a conclusion is based on the values of 20, 33, 

47, and 62 elementary charges for particle sizes 0.5, 0.8, 1.0, and 1.5 µm, respectively 

(Hinds, 1999).  

 

Figure 4.2 Filter efficiency (ionizer operates at 5 cm from the filter face).  

Figures 4.3, 4.4 and 4.5 represent the filter collection efficiencies measured 

with the ion emitter, apart from the HVAC filter surface, at distances of 15, 25, and 45 

cm respectively. The data demonstrates the same observation: that ion emission in the 

vicinity of the filter enhances the filtration efficiency (although this still depends on the 

particle size and type of filter). Moreover, according to the single factor ANOVA test, 

there is no significant difference (p > 0.05) between the filter efficiency values obtained 

from the air ion source, apart from the filter at 5 and 15 cm. Therefore it can be 

concluded that both the tested filters attributed to the very high concentrations of air 
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ions that occurred in the vicinity of the filter when the ions were emitted relatively close 

to the filter surface. Alternatively, while the ion was emitted further away from the filter 

as the charge near the filter surface decreased, the filtration efficiency enhancement was 

less pronounced, but still significant. As the results show for the ion emitter at a 

distance of 25 and 45 cm in Figures 4.4 and 4.5, the similar ANOVA tests presented the 

significant dependence (p <0.05) of the collection efficiency of both filters on the 

distance between the ion emitter and the filter surface. 

 

 

 

Figure 4.3 Filter efficiency (ionizer operates at 15 cm from the filter face). 
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Figure 4.4 Filter efficiency (ionizer operates at 25 cm from the filter face).  

 

 

   

Figure 4.5 Filter efficiency (ionizer operates at 45 cm from the filter face). 
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Another separate experiment was also undertaken to assess the particle losses 

on the walls of the wind tunnel. To perform this investigation, the filter was removed 

from the device and the particle concentration was measured at the inlet and outlet of 

the chamber. The parameter was done by switching the ionizer on and off. It was 

observed that the particles losses in the tunnel wall with the non-operating ionizer did 

not exceed 1 percent while the losses increased to 10-20 percent when the ionizer was 

operating. Furthermore, whether the tunnel was grounded or non-grounded did not 

affect the results. The pressure drop measured across Filter 1 was 82 Pa and across 

Filter 2 it was 68 Pa for the air velocity used in the experiments (1.1 m/s). 

 

4.4 Discussion  

The above data suggests that the continuous emission of unipolar ions in the 

vicinity of a low-efficiency HVAC system considerably improves its performance. 

These experiments also demonstrated that the filter collection efficiency had the most 

significant improvement with the ion emitter at 5 and 15 cm upstream of the filter. For 

example, with the more efficient Filter 1, the collection efficiency of the filter increased 

from 15 to 63 percent and 72 percent with emitted ions in the vicinity of the filter, at 

distances of 5 and 15 cm respectively, for PSL particle size 0.5 µm. Moreover, even for 

the size range up to 1.5 µm at these two distances, there was at least more than a 50 

percent improvement in filter efficiency. Furthermore, the collection efficiency of both 

the commercial filters tested in this study, while the particle sizes ranged from 0.5-1.5 

µm, increased by up to an order of magnitude due to air ionization. For the particle size 

1µm, for instance, the collection efficiency increased from about 5-15 percent without 

ion emissions, to about 25-90 percent with ion emissions. These results also varied for 

the filter surface and the filter type. In this investigation, the particle loss on the wall in 
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the wind tunnel (assessed above) was not significant enough to explain this efficiency 

increase. In addition, it was also observed that conventional filtration theory does not 

predict the sizeable increase in collection efficiency attributed to ionization that was 

found experimentally (see Figure 4.2).   

This dissimilarity between theory and experimental results was attributed to the 

following mechanisms: 

 The air ions had a high mobility which were captured by the fibres and thus created 

a macroscopic electric field.  

 This electric field affected the motion of charged incoming particles as well as the 

particle motion inside the filter structure.  

 The unipolar charged particles which approached the filter surface were then 

affected by two forces acting in opposite directions; one was drag force and the 

other was Coulomb’s repelling force.  

 The difference between these two forces caused some particle deceleration in the 

vicinity to the filter face (although this deceleration depends on several parameters), 

which resulted in a significant increase in the filter’s efficiency.  

As long as the ion kinetic energy is sufficient to overcome repelling, the ion 

deposition onto a single fibre will continue. Then, equating the work of the electric field 

along the free molecular path (a negative energy acquired by the ion) to the ion kinetic 

energy and the maximum electric filed of the fibre is obtained, when the deposition is 

still possible, and thus determined as: 

0

max

2
3

e
TkE B

fiber      (4.4) 

Here kB is the Boltzmann constant, T is the temperature, e0 is the elementary charge, and 

λ is the free molecular path. The electric field of the fibre can be expressed as:  
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where τ is the fibre linear charge density and R is the fibre radius. The electric field 

produced by the entire filter in the space between its surface and chamber wall can be 

expressed as: 

02


filterE       (4.6) 

where ρ is the average volume charge density in the system, and δ is the filter thickness. 

The average charge density is related to the fibre linear charge density and the packing 

density, which can be expressed as:   

2R
      (4.7) 

Calculating equations  (4.5), (4.6) and (4.7):    

fiberfilter E
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E 
     (4.8)  

Therefore, Efilter max can be expressed as:  
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The maximum possible electric field filter thus depends on the filter characteristics. 

Under these experimental conditions, the maximum possible electric field was:  

Efilter
max≈ 1.1 107 V/m for Filter 1, and Efilter

max≈ 0.4 107 V/m for Filter 2.  

When equating the electric force that repels the incoming particles from the filter 

surface (e0 NEfilter
max) to the drag force, the threshold number of elementary charges on 

the particle that is needed to achieve these fields can be calculated as:  

cfilter

P

CEe
UdN max

0

03
     (4.10) 

 where CC is the Cunningham correction factor.   
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Therefore, for the particle size range from 0.5 - 1.5 µm, the electric field equates 

to about 40 - 150 elementary charges per particle on average for Filter 1 and about 100 - 

400 for Filter 2. According to the estimations, the diffusion charge is not fully sufficient 

to generate the above levels, given the particle residence time in the system. However, 

the addition of the field charging mechanism may allow the particles to acquire 

sufficient additional charge to prevent them from reaching the filter surface. According 

to field charging theory (Hinds, 1999), the maximum possible number of elementary 

charges acquired by the particle in the electric field of the filter is expressed by 

Equation 4.10, which calculates about 2,800 charges for Filter 1 and about 1,000 

charges for Filter 2 for the particle size of 1 µm. These figures exceed the levels needed 

to prevent the particle from reaching the filter. The differences between the estimated 

and sufficient levels for Filter 1 are much greater than for Filter 2. Therefore, it would 

be expected that Filter 1 would be more effective at preventing particles from reaching 

the filter, when a field charging mechanism is applied, than Filter 2, and observations 

from the experiment support this conclusion.  

When incoming aerosol particles are charged by air ions they exhibit a certain 

particle charge distribution. Due to the fact that the fibre structure has pronounced 

spatial variability, only a certain fraction of particles will be shielded out. The others 

will enter the filter structure and then either deposit inside or penetrate through it. The 

difference between the experimental and theoretical filter efficiency values obtained 

from this investigation represents the particles which were shielded out upstream of the 

filter by the repelling force. The above analysis also demonstrates the reason why this 

difference depends on the filter parameters and the particle size as represented in 

Figures 4.2, 4.3, 4.4 and 4.5.  
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4.5 Summary  

This physical examination of the filtration efficiency demonstrated that 

continuous unipolar air emission in the vicinity of a low-efficiency HVAC filter can 

significantly improve its performance. The collection efficiency of the two commercial 

HVAC filters tested with 1 µm PSL particles resulted in an increase from 5-15 percent 

(measured with no ion emission) to 40-90 percent (when the ion output rate was ~1012 e-

/sec). At the same time, the pressure drop wasn’t affected.  Moreover, as the incoming 

aerosol charges by air ions exhibits a certain particle charge distribution and also causes 

by the spatial variability of fiber structure. As the result, only a certain fraction of 

particles will be shield out; the others will enter the filter structure and either deposit 

inside or penetrate though it. It was discovered that the theoretical model does not 

consider the possibility that some incoming particles may be shielded out upstream of 

the filtration due to Coulomb’s repelling force by unipolar ions, and therefore 

underestimates the effect of accounting for the particle deposition on fibres. It was also 

demonstrated that the enhancement of the collection efficiency also depends upon the 

filter type and the distance of the ion emitter to the filter surface. Hence, the findings of 

this investigation can be utilised for improving the air cleaning efficiency of industrial 

and residential ventilation and air conditioning systems.  
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Chapter 5: Removal of Viable Bioaerosol Particles with a 

Low-efficiency HVAC Filter Enhanced by Continuous 

Emission of Unipolar Air Ions  

 

5.1 Introduction 

For the past 10-15 years, numerous solid scientific findings are associated with 

indoor aerosol particles related to various human health effects. These findings have 

drawn considerable attention to indoor air, especially the reduction of exposure to 

indoor biological aerosols, including viruses, bacteria and fungi. Homes and large 

buildings in particular, are equipped with inexpensive, low packing density fibre HVAC 

filters, which are characterised by a low collection efficiency, while filters with a higher 

packing density are more efficient at reducing the concentration of respirable aerosol 

particles. However, filters with higher packing density fibres often cause a higher initial 

pressure drop, which further increases with the time of operation, as well as affecting 

the performance of the filter and leading to excessive power consumption.  

The data in Chapter 4 proves that continuously emitting ions in the vicinity of 

the filter surface significantly enhances the performance of existing low-efficiency 

filters without modifying the filter material or using multiple filter settings. The 

following experiments were conducted with non-biological aerosols, applying the same 

methodology as in Chapter 4 and further studying the filtration performance while ions 

were continuously emitted in the vicinity of HVAC system against a wide range of 

microbial aerosols, including bacterial, fungal spores and virion (virus-carrying 

particles) aerosols.  
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5.2 Experimental Methods 

5.2.1 Experimental Procedure 

The tests were conducted using an open-loop wind tunnel simulating a 

conventional HVAC system (the schematic of the experimental set up has been 

explained and shown in Chapter 3). This study was modified from previous work, 

primarily through adding bioaerosol generators and samplers for various viable 

biological particles. The most common low-efficiency filter was employed; which was 

20-mm think and made of cylindrical fibres with a size of 48±13 m and a packing 

density of 2.3±0.24 percent (refer to Table 3.1 in Chapter 3). The filter was tested at a 

face velocity of 1.1 ms-1.    

 In this study, the biological aerosols used to investigate the reduction of viable 

microorganisms in air flow by filtration combined with ion emission were Escherichia 

coli bacterial cells, Bacillus subtilis bacterial spores, Aspergillus niger and Aspergillus 

versicolor fungal spores, and Influenza virus. In addition to viable microorganisms, five 

monodisperse PSL spheres with the particle aerodynamic diameters of 0.5, 0.8, 1.0, 1.5 

and 3.0 m were used. These PSL particles were studied to represent the various bio-

particles and utilised as controls for determining the physical collection characteristics 

of the tested filter. The preparation of the aerosols and analytical methods were 

explained in Chapter 3.   

The physical collection efficiency of the filter (refer to equation 4.1 in Chapter 

4, 100*(%)
Cout

CinCoutE 
  %, also known as the particle removal efficiency), was 

determined by using PSL particles. The collection efficiency was firstly tested when no 

air ion emission occurred in the test zone, and then when the negative air ion emitter, 

with an output rate of ~1012 elementary charges per second, was turned on at 5 cm 
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upstream of the filter (the distance proven to be sufficient in Chapter 4). The wind 

tunnel was grounded to minimise the effect of the charged walls. The removal of 

particles by the filter was the combination of conventional filtration and ionization 

while the ion emitter was continuously operating. In addition to real-time aerosol 

measurements, the bioaerosol samples were collected into the sterile water in the 

personal bubbler sampler, which provided a sufficient recovery rate. The sampling time 

was 10 minutes for all the tested microorganisms. Subsequently, the enumeration of 

viable microorganisms from the samples was recorded as the average from two single 

measurements.   

When collecting the virus particles, an alternative collection solution was 

utilised to ensure a high recovery rate (Agranovski et al., 2004; Agranovski et al., 

2005). Hank’s solution (Brarrett and Inglis, 1985) was used, which contains 2 percent 

volumetric of inactivated bovine serum, 100 U/mL of penicillin and 100 g/mL of 

streptomycin. The antifoaming agent Antifoam A (Sigma Chemical Company, St. 

Louis, MO) was also added to the collection medium to avoid extensive foam formation 

and unfavourably affecting the collection process. Each challenge aerosol was 

performed 3 - 10 replicates.   

 

5.3 Results and Discussion  

5.3.1 Physical Efficiency  

The physical efficiency of the filter with and without ions emitted in the test 

zone were examined and the results are represented in Figure 5.1. Figure 5.1 shows that 

the particle removal efficiency by tested HVAC filter depends upon the particle size and 
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also the influence of ions in the vicinity of the filter. The data was obtained from the 

size range 0.5 – 3 µm of PSL particles which were tested in two scenarios.  

Figure 5.1 Removal of PSL particles of different sizes by the HVAC filter with and 

without the ion emitter operating at 5 cm upstream of the filter. (Note: The data 

represents the average values and the standard deviations of 10 measurements) 

The bottom curve represents the original filter collection efficiency (with no ion 

emission), and the tope curve reflects the presence of unipolar emissions in the filter 

vicinity. Both of the trends show that the filter collection efficiency increased with an 

order of magnitude. With the ion emission in the filter vicinity, a higher collection 

efficiency than the original filter was found. The removal efficiencies were increased at 

least 50 percent for the entire tested PSL particles in different sizes. The data is in good 

agreement with Chapter 4.  

For the particle size 3 µm, the collection efficiency with the ion emission 

approached 100 percent. As explained in the previous chapter, this is due to air ions 

having high mobility being captured by the fibres and therefore creating a macroscopic 
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electric field. This electric field affects the motion of incoming particles also charged by 

air ions. While unipolar charged particles approach the filter surface, they are affected 

by two opposite directional forces. One is drag force and the other one is Coulomb’s 

repelling force. The difference between these two forces causes deceleration of some of 

the particles upstream of the filter and may also shield out a vast majority of incoming 

particles.   

5.3.2 Microbial Efficiency  

The removal efficiency of microbial aerosols was also investigated. Figure 5.2 

presents the data of the removal efficiency of viable airborne bacteria by filter with and 

without the ion emitter operating at 5 cm upstream of the filter. The same scenario for 

viable airborne fungal spores and virus-carrying aerosol particles is also presented in 

Figures 5.3 and 5.4 respectively. The data represented in these Figures indicates that 

continuous emission of negative ions upstream of the filter significantly enhances the 

performance of the low-efficiency HVAC filter collecting bioaerosol particles, 

according to the single factor ANOVA test p<0.05. The filter collection efficiency of 

bacteria aerosols increased as much as 3-4 fold (Figure 5.2) from 16.4±5.3 percent to 

80.4±14.3 percent for B. subtilis, and from 17.6±4.2 percent to 73.3±11.1 percent for E. 

coli. For viable fungal aerosols, the ion-induced enhancement improved the efficiency 

by a factor of ~2. As seen in Figure 5.3, 83.1±12.3 percent for A. versicolor spores and 

96.5±10.1 percent for A. niger spores were removed. While originally on average only 

about 16.9 percent and 3.5 percent of spores, respectively, were allowed to penetrate. 

When experimenting with virus-carrying liquid droplets, the original filtration 

efficiency provided by the test filter was rather low and showed 9.09±4.84 percent 

efficiency. However, the results still showed on average about 4 times higher efficiency 

while the ion emitter was used, as seen in Figure 5.4. Even the removal efficiency did 
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not achieve approximately 75-100 percent, as was observed from bacteria and fungi 

aerosols. 

0

20

40

60

80

100

Filter, no Ions Filter Enhanced by Ion
Emission 

R
em

ov
al

 E
ff

ic
ie

nc
y 

( %
 ) 

B.subtilis
E.coli

 

 

Figure 5.2  Removal of viable airborne bacteria by the HVAC filter with and without 

the ion emitter operating at 5 cm upstream of the filter. (Note: The data represents the 

average values and the standard deviations of 5 measurements) 

In the absence of the ion emission scenario, the original removal efficiency for 

A. versicolor and A. niger fungal spores size range were ~ 2–3.5 and ~ 3.5–5 µm, 

respectively, which was about the same efficiency as 3-µm PSL particles. The 

difference was not significant according to the single factor ANOVA test P<0.05.  

Similarly, the original removal efficiency values obtained from the viable virions was 

about the same efficiency as PSL particles of approximately the same diameter (~ 1 

µm). Furthermore, the filter removal efficiencies for E. coli (~0.7-0.9 µm) and B. 

subtilis (~0.9 µm) bacterial aerosols appeared to be higher than those for the 

corresponding sized PSL particles. However, the ANOVA test did not reveal a 

significant difference between these results (p<0.05). In the absence of the ion emission 
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scenario, the removal efficiency of biological aerosols has an enormous agreement with 

the correspondent size of PSL particles.  
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Figure 5.3  Removal of viable airborne fungal spores by the HVAC filter with and 

without the ion emitter operating at 5 cm upstream of the filter. (Note: The data 

represents the average values and the standard deviations of 6 measurements) 

 

 

 



 81 

0

20

40

60

80

100

Filter, no Ions Filter Enhanced by Ion
Emission 

R
em

ov
al

 E
ff

ic
ie

nc
y 

( %
 ) 

 

Figure 5.4  Removal of virus-carrying aerosol particles by the HVAC filter with and 

without the ion emitter operating at 5 cm upstream of the filter. (Note: The data 

represents the average values and the standard deviations of 3 measurements) 

Thus, with the ion emission scenario, there were some differences that took 

place between the biological aerosols and PSL aerosols. This was due to the different 

abilities of viable virions, bacteria, and fungal spores to acquire electric charges in the 

air flow, and their different responses to the electrostatic field in the vicinity of the 

filter. Notably, in ion – induced condition, the efficiency differences (B.subtilis   

E.coli and A. versicolor > A. niger) obtained between the two bacteria and two fungal 

spores may result from the larger size of particles having more elementary charges. 

However, it was observed that there was no huge change of the efficiency of virus 

aerosol. It may due to liquid particles are harder to be charged. Further theoretical 

mechanisms for inert particles were discussed in Chapter 4. Generally, charging the 

biological particles by air ions is a complex process. The interaction of the charged 

airborne microorganisms or microorganisms-carrying particles with the charged filter 

fibres adds to this complexity. Furthermore, for particles containing a large amount of 
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water, such as virions in this study, evaporation and consequent charge re-distribution 

increases the data variability. In addition, wetting of the filter fibres by the deposited 

droplets makes the quantification of the filter performance more complicated. 

Investigating these variables was not within the scope of this thesis, but it is a potential 

area for further investigation. 

 

5.4 Summary 

Chapter 4 examined the performance of two low-efficiency HVAC filters and 

found that their efficiency increased with continuous ion emission against PSL particles. 

This chapter then went on to investigate microbial aerosols using the same 

methodology. The findings of this chapter proved that continuous emission of unipolar 

(negative) ions in the vicinity of a low-efficiency HVAC filter against viable biological 

particles, including virions, bacteria and fungal spores, also significantly enhances the 

performance of the low-efficiency HVAC filter. The hypothesis and the findings of this 

study, together with the previous results for non-biological particles, demonstrated the 

feasibility of this new cost effective technique by combining two rather inexpensive 

components - a low-efficiency conventional HVAC filter and a commercially available 

portable unipolar ion emitter - to eliminate aerosol particles in HVAC systems.   
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Chapter 6: Removal of Biological Aerosols by Oil Coated 

Filters  

 

6.1 Introduction 

Control of microorganisms in indoor environments has conventionally focused 

on source control, ventilation, and air cleaning. Most of the current filtration technology 

does not provide any disinfectant action which is due to the nature of disinfecting 

compounds which often are toxic. More recent development includes filters with the 

potential to deactivate bioaerosols, usually via photocatalysis - a technology which has 

met with significant attention (Vohra et al., 2006). This filter, however, is very 

expensive, complex, difficult to produce, and may produce toxic by-products such as 

phosgene, which is as part of the catalytic decomposition process. Furthermore, while 

short-term studies have shown that such filters can attain efficiencies of 20-90 percent 

or higher (Kujundzic et al., 2005), longer-term efficiencies are likely to deteriorate in 

much the same way as charged filters. Moreover, UV lamp systems are often difficult to 

maintain, and are likely to decrease in performance during dust loading in much the 

same way as charged filters (Peccia et al.,2001). This decrease has not been evidenced 

in laboratory testing, due to the short time scale and unrealistic conditions used in most 

tests. 

This chapter will examine the possibility of producing a simple, low-cost 

disinfection filter by coating TTO on a conventional fibre filter. By using tea tree oil’s 

disinfection properties, the collected bioaerosols can potentially be inactivated and the 

negative effects of biological particle re-entrainment minimised.   
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6.2 Theory 

Applying oil on a filter fibre forms a series of uniformly spaced droplets. The 

range of droplets on fibres and their corresponding contact angles was studied by Roe 

(Roe, 1975), who found that the collected aerosol particles (wet) have capillary action 

and form a film on the filter. Once a film reaches the order of a few nm in thickness, it 

is broken up into a periodic array of droplets by Plateau-Rayleigh instability. In the 

literature it is stated (Quere, 1999) that the stable films (without droplets) can exist on 

fibbers only when the axisymmetric wavelength () – usually equivalent to the droplet 

spacing – is less than, 

 

2 ( ),r h      (6.1) 

 

where r is the radius of the fibre and h is the film thickness. For a thin film on fibbers 

(h< r), the selected axisymmetric wavelength is found to be, 

 

r22  ,    (6.2) 

 

Therefore the upper limit at which a film can exist on the fibre can be written as, 

 

2 2 2 ( ),r r h       (6.3) 

 

thus imposing a limit on h of, 

 

rh 414.0 ,     (6.4) 
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The fibres of fibrous filters in this investigation were typically between 50 nm and 50 

microns. Figure 6.1 shows the relationship between media properties and oil saturation.  

This relation is induced via capillary forces acting to draw oil into the media. In this 

investigation, the typical oil was replaced with an alternate oil (TTO) with disinfection 

properties, and thus it was more likely that a filter with disinfection properties could be 

developed. 

 

Figure 6.1 Approximate relationship between filter packing density (α) and fibre radius 

(rf) to the oil saturation ratio of fibrous filters at equilibrium (no airflow) conditions  

(Source: Mullins et al., 2007) 
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6.3 Materials and Methods  

6.3.1 Experimental Setup and Procedure 

The principal components of the experimental apparatus have been described in 

Chapter 3. For this investigation into the removal of bioaerosols by coating TTO, additional 

TTO and MO were utilised in the filtration process.   

There were three bacteria involved in this investigation: 1) Gram-negative P. 

fluorescens (dae  1 m); 2) gram-negative E.Coli (dae  0.7-0.9m); and 3) gram-positive 

B. subtilis (dae  1.0 m). The preparation and analytical method for each microorganism 

have been explained in sections 3.2 and 3.3 previously. 

The relatively high efficient polypropylene fibrous filter with a fibre diameter of 

12m, thickness of 2 mm and packing density of 29 percent was used in this investigation. 

High filtration efficiency was required to maximise the quantity of bioaerosols 

accumulation on the filter surface during the shortest possible time of bioaerosol.  

Bioaerosol was generated by a 3-jet collision nebulizer and mixed with the dry 

HEPA–filtered to remove any residual moisture remaining on the surface after the 

generation process. The mixed air was then neutralized by a 85Kr sealed source and 

supplied to an aerosol chamber containing four identical filters fixed in a parallel 

configuration in filter holders, as shown in Figure 6.2. For a direct comparison of time 

related microbial decay within each particular run, all initial experimental conditions were 

identical.   
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Figure 6.2.  Four identical filters fixed in a parallel configuration in filter holders. 

Bioaerosols were generated for 5 minutes before the generator was turned off, 

after which only clean air was passed through the filters. After switching off the generator, 

the first filter was removed immediately from the holder. Followed by the second, third and 

fourth filter after 15, 30 and 60 minutes respectively.  

During the filtration, particle concentration and size distribution in the aerosol 

chamber were continuously monitored by a real-time optical aerosol spectrometer. The air 

velocity at the filter face was 0.25 m/sec, which is representative of this type of filter in 

operation. As the influence of air velocity on microbial decay was outside the scope of this 

investigation, only one velocity was used in this research.   
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This investigation consisted of three series of experiments and 5 replicates for each 

bacteria. For the first series of experiments, the filter was dry and bioaerosols were 

collected directly on the filter surface. In the second series, biologically inactive mineral oil 

(MO) (Sigma Chemicals M3516)) was employed to coat the filter in order to investigate the 

removal of bioaerosol particles. For the final series, MO was replaced by the biologically 

active TTO. For two later runs, before commencement of the bioaerosol supply, the 

respective oil was delivered to the filter’s surface through a dedicated Collison nebulizer 

for the period of 300 seconds in the presence of a clean air stream passing through the filter.  

These three series were also operated for all the bacteria.  

After 0, 15, 30 and 60 minutes in the filter holder, each filter was placed into a glass 

bottle containing 50 ml of sterile water and sonicated in a sonic bath (Biolab, Australia) for 

1 minute to ensure that the majority of particles were transmitted from the filter to the 

liquid. For the second and third series of experiments, the oils were applied to the filter and 

then bioaerosols were aerosolized into the system. The rest of the sampling procedure was 

as previously described.  

For bacteria samples, the liquid centrifuged at 7,000×g for 2 minutes in order to 

fully separate the particles from the remaining oil and to eliminate the influence of oil 

during the remainder of the procedure. After removing the liquid from the tube, the pellet 

was then mixed with 10 mL of sterile water and placed in the sonic bath for 5 minutes to 

ensure a uniform distribution of microorganisms throughout the liquid. An aliquot of 0.1 

mL of an appropriate 10-fold dilution of the liquid was spread on the surface of the Nutrient 

Broth (NB) plates according to the standard spread plate technique (Greenberg et al., 1992). 

The plates were then stored in the incubator and kept at a temperature of 37ºC for 24 hours. 

Colony forming units (CFU) were counted after incubation with a colony counter (Biolab, 
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Clayton, VIC, Australia). The concentration of viable airborne microorgansims on the filter 

was then calculated and used to quantify the percentage of those survived over time t  by 

the following equation:  

 

%,100
0 filter

dryt
t E

E
CFUF
CFUFMS      (6.5) 

 

where MSt is microbial survival at time t, CFUFt is the number of live microorganisms 

recovered from the filter at time t, and CFUF0 is the number of live microorganisms 

recovered from the filter at time 0 minutes. Edry is the physical collection efficiency of the 

dry filter, and Efilter is the physical collection efficiency of the filter coated with a particular 

oil (for the dry filter Edry / Efilter =1).  

The examination of the bacteria results for all parts of each experiment were 

normalised against the result obtained from the dry filter at 0 minutes. To make certain the 

initial experimental conditions were identical for all three parts of each experimental run 

(i.e. the amount of bioaerosol collected by the filters), the concentration of bacteria in the 

nebulizer was checked before commencing each part of the investigation. It was found that 

the microbial decay in the nebulizer did not exceed 2 percent for the entire duration of the 

experiment. Moreover, considering the dependence of bioaerosol particles on the filter 

efficiency, different numbers of particles could be collected by the filter even from an 

identically concentrated air carrier, and thus the physical aerosol collection efficiency 

correction term has been added to equation 6.5. Finally, the order of experimental parts in 

different runs was altered to eliminate any influence of even minor time-related microbial 

decay in the nebulizer. Furthermore, the duration of the bioaerosol generation was exactly 5 
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minutes for all parts of the experiment. Five experimental runs were performed for each 

microorganism in this investigation and three parts of the series were involved in each 

experimental run.  

 

6.4 Results  

In order to minimise the dehydration effects associated with long lasting 

experimental runs, the shortest possible experimental run-time was required. It was 

especially important to examine the 0 minute point for the initial inactivation activity. 

Using the particle counter, the particle collection efficiency of the dry filters was measured 

within the range of 78-92 percent for all those bacteria microorganisms involved in this 

investigation. Then, after coating with the oil, the removal efficiency became slightly 

higher and reached 82 – 94 percent (78 percent  11 for E.Coli, 86  8 for P. fluorescens 

and 92  4 for B.subtilis). Moreover, it was observed that there was no statistical difference 

between both types of oil involved in this investigation. By a single factor ANOVA test (95 

percent confidence criteria), it also indicated that no statistically significant difference in 

efficiency was obtained for all three bacteria aerosol from the physical examination.  

Figure 6.3 presents the results for the microbial decay of E.Coli bacteria. For the 

dry filter, 90 percent of the microorganisms were removed within the first 20 minutes of the 

experimental run. Only 1 percent of the microorganisms remained viable after 60 minutes 

of the investigation. There is also a similar trend when MO was applied to the fibre surface. 

The data presents no significant statistical difference demonstrated for the run-time 0, 15 

and 60 minutes between the MO-coated and the dry filter. The only statistically significant 

difference was for the 30 minute data. The MO coated filter had around a 3 percent higher 
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removal efficiency than the dry filter at the 30 minute interval. Alternatively, the presence 

of TTO dramatically changed the behaviour of the microbial decay curve. This type of oil 

caused a substantial decay rate, which eliminated 99 percent of microorganisms within the 

first 6 minutes of each repeat. Even the results for the 0 minute point, the application of 

TTO resulted in only 8 percent of bacterial particles staying alive. This efficiency only 

happened to the MO coated filter and dry filter at 20 minutes and 25 minutes respectively 

after commencing. For 30 minutes of investigation time for the TTO coated filter, the 

microbial decay rate was close to 100 percent. The results for TTO experiments were thus 

significantly different from the results obtained for the other two previous experiments 

which were confirmed by a single factor ANOVA test with 95 percent confidence criteria.  
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Figure 6.3 Microbial decay of E. Coli bacteria collected on the filter. (Note: Error bars 

represent standard deviation of 5 experimental runs) 
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A similar but more pronounced trend was also observed for the second stress-

sensitive microorganism involved in this investigation; that is, the P. fluorescens, as shown 

in Figure 6.4. The microbial decay trend for both the dry filter and the MO applied to the 

filter were very close to each other, with no statistical difference between those two results 

throughout the 60 minutes of the investigation. Over 90 percent of the microorganisms 

were inactivated within the first 12-15 minutes of the investigation, and only 1 percent 

remained viable after 35-37 minutes of examination for those two trends. After 60 minutes 

of operating, both scenarios reached 100 percent of efficiency. Such substantial microbial 

decay was further enhanced in the presence of TTO.  There was almost no viable particles 

remaining on the filter at the 0 minute time interval (>1 percent). The significant amount of 

microbial decay during the bioaerosol supply procedure and the time at which there were 

almost no viable microorganisms left on the filter surface both occurred as soon as the 

generator was switched off. During the experiment, at the 0 minute period, bioaerosol 

particles were present on the filter for less than 5 minutes, with a mean of 2.5 minutes. At 

15 minutes, nearly 0 percent of viable particles remained. The results obtained from 

utilising TTO enhanced the collection efficiency, which was statistically different to the 

results obtained from the previous scenarios of investigation, but also similar to the E.Coli 

bacteria.  
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Figure 6.4 Microbial decay of P. fluorescens bacteria collected on the filter. (Note: Error 

bars represent standard deviation of 5 experimental runs) 

However, in Figure 6.5, very different trends were presented from robust B. 

subtilis bacteria. The appearance of the microbial decay-curves for the dry and MO-loaded 

filters were nearly identical, with no statistically significant difference observed during the 

entire time interval. These trends were similar to the previous two microorganisms, 

however, the magnitude of the decay rate was significantly less in this experiment. The 

microbial decay trend for both the dry filter and the MO applied to the filter were very 

close to each other, with no statistical difference between the two results throughout the 60 

minutes of investigation. A very low decay rate, ~ 15 percent, was observed during the first 

15 minutes for the two scenarios. After 30 minutes, around 75 percent of bioaerosol 

particles still remained on the filters. At 60 minutes the number of viable particles was quite 
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substantial – exceeding 10 percent of the initial supplied bacteria. When the filter was 

coated with TTO, however, there were some slight changes in the performance of the decay 

curve. Approximately 50 percent of the particles were eliminated over the first 15 minutes 

of the investigation. After commencement of the process over the 60 minutes, it was 

observed that only 1 percent of particles were recovered from the filter. The single factor 

ANOVA test demonstrated that the results for the TTO coated filter were statistically 

different from the other two scenarios at 15, 30 and 60 minutes, however, no difference was 

observed at 0 minutes.  
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Figure 6.5 Microbial decay of B. subtilis bacteria collected on the filter. (Note: Error bars 

represent standard deviation of 5 experimental runs) 
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6.5 Discussion and Conclusion 

Any indoor HVAC system could be colonised by a number of various species of 

collected bacterial and fungal particles. When the collected particles build up on the filter, 

the drag force may overcome the adhesion force, which leads to the re-entrainment of the 

collected particles on the filter. This experimental phase of the investigation involved a new 

concept being tested; that of coating the fibrous filter with TTO to minimise/eliminate the 

possibility of the re-entrainment of viable microorganisms from the filter surface back 

upstream of the air carrier. The thin TTO film enhances adhesion between collected 

particles and the filter media and thus minimises the possibility of particles bouncing after 

collision with the collecting surface, as well as providing a slight increase in filter packing 

density, because of the oil. Compared to a dry filter, the oil coated filter results in an 

adhesion force much larger than the force required for particles to re-entrain. 

According to equation 6.4, the maximum possible thickness of a stable film on a 

fibre, as used in this experiment, is calculated as 2.4 µm (as outlined before, the filter was 

made out of 12 µm diameter polypropylene fibres). Mulline et al.’s studies (2004) have 

revealed that airflow forces are able to assist Plateau-Rayleigh instability to break up the 

film into a series of uniformly-spaced, barrel-shaped droplets. However, in this 

investigation, the break up of the film appeared to be on the boundary of the film/droplet oil 

coating (a minimal oil-saturation level-equating to only 1-2 percent increased packing 

density). Higher filter saturation rates may be desirable if they can assist in the disinfection 

of more resilient organisms such as B. subtilis. The level of oil saturation used in this 

investigation was clearly sufficient to rapidly disinfect stress sensitive microorganisms. 

Moreover, as Figure 6.1 illustrated, the filter can sustain an equilibrium saturation of 
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approximately 75 percent at 0 m/s airflow velocity, which would equate to approximately 

35 percent saturation at the velocity used in this study (0.25 m/s). This means that 

significantly more TTO would be available to disinfect each bioaerosol particle. The trade-

off for this increased saturation would be an increased pressure drop across the filter 

(linearly dependant on saturation), however, this may be acceptable in many applications. 

TTO is semi-volatile, therefore, the filter can possibly be applied with excess TTO which 

can entrain through capillarity action to restore evaporated TTO.  

 The present findings show that all bacteria investigated possess a similar 

inactivation trend. After coating TTO on the filter, two stress sensitive gram-negative P. 

fluorescens and E. coli bacteria microorganisms were inactivated since commencing the 

investigation, and resulted in almost no viable particles on the filter fibres within 10 

minutes. The more stress resistant B. subtilis bacteria managed to survive during longer 

time periods - losing around one logarithm in viability over 30 minutes of exposure time. 

At 60 minutes the filter reached 1 percent of B. subtilis bacteria remaining. Furthermore, 

the inactivation efficiency of the more sensitive bacterial aerosols, E. coli and P. 

fluorescens, were reported at levels above 99 percent at the time interval of 30 and 15 

minutes respectively. 

Significant potential exists for the use of TTO coating on the fibrous filters to 

disinfect bioaerosols collected by filters. The results have clearly demonstrated that TTO 

coated on the fibres of a filter significantly increases the decay of microbial particles from 

the air carrier. Additionally, three common bacteria in the environment with different 

stress-survival capabilities were also tested and found to confirm these findings.   

The filtration efficiency of the TTO coated filter was also compared against an 

identical filter coated with biologically inactivate mineral oil (MO) to rule out other 
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variables and ensure that the only influence of TTO on the bioaerosols filtration process 

was investigated. From the investigation, it was observed that the physical parameters of 

the filters coated with different types of oil were almost identical, resulting in a similar 

hydrodynamic resistance of the coated filters and equal particle filtration efficiency.  

During the investigation, a very low loading rate of oil was nebulised into the test 

chamber, in order to remain at or near the point where a film on the fibres can still exist – 

thereby providing a TTO coating which was as uniform as possible. This was to provide 

enhancement of two significant parameters of the bioaerosol filtration process, as described 

below: 

1. Oil can absorb a particle’s kinetic energy and thus can reduce the possibility of further 

motion of the particle after the initial collision. Most importantly the particle’s re-

entrainment due to particle rebound is reduced.  

2. Secondly, the disinfection property of TTO may inactivate biological particles collected 

by the filter which also can decrease the chances of these particles re-entering the air 

carrier as viable microorganisms and thus causing health problems.  

 

6.6 Summary  

The results of these investigations have confirmed the hypothesis that coating the 

filter in a HVAC system with TTO increases the inactivation ability of the filter. These 

investigations have also demonstrated the effectiveness of a TTO coated filter to inactivate 

biological particles over a 60 minute interval. These results are consistent with a proposed 

mechanism of antimicrobial action whereby TTO causes changes or damage to the 

functioning of membranes.  This technology offers the potential to be the most economical 
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and simple (in terms of fitting it into existing filtration units) mechanism to provide 

additional control of harmful bioaerosols in commercial and residential areas. This 

technology is therefore very promising for future implementation in the areas of air 

cleaning and air conditioning than the existing technology which utilises photocatalysis.  
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Chapter 7: Inactivation of Fungal Spores Collected on Fibrous 

Filters by Melaleuca Oil (Tea Tree Oil) 

7.1 Introduction 

Fungal spores are usually considered lower pathogenic microorganisms compared 

to virus and bacteria. However, they are also capable of causing serious human and animal 

illnesses, including respiratory allergy, asthma and rhinitis (Maroni et al., 1995) in indoor 

and outdoor environment. Fungal contamination of air-handling units is a widespread 

phenomenon, especially in buildings with HVAC systems, and is a potential source of 

contamination in indoor environments. In spite of the antimicrobial property of TTO and 

consistent results of its properties from the previous chapter, the aim of this investigation is 

to control the exposure of a fungal spore contaminant’s re-entry back to the air carrier in 

HVAC system. These investigations apply the same concept as examined in Chapter 6 

(coating the HVAC filter with TTO and MO) to inactivate fungal particles collected on the 

filter. One of the main benefits of using liquid coated fibrous filters is the substantial 

increase in the collection efficiency of the coated filter, especially for supermicron-size 

particles, as well as irregularly-shaped sub-micron-particles (Boskovic et al., 2007), 

compared with the dry filter, as seen in Chapter 6.  
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7.2 Materials and Methods 

7.2.1 Experimental Setup and Procedure 

The experimental setup used in this work is shown in Chapter 3. In order to generate 

dry and uniform fungi spore, the new invented fungal spore aerosolization method by 

Scheermeyer’s group (Scheermeyer and Agranovski, 2009) was utilised. The same TTO 

and MO solutions as examined in Chapter 6 were used for the investigation to inactivate 

fungal spores collected on the filter. 

Two fungi spores were involved in this examination, including Rhizopus stolonifer 

and A. niger (dae  3.5-5 m) spores. The preparation and analytical method for fungi 

spores have been described in 3.2 and 3.3 previously. A bioaerosol supply was also used 

for 5 minutes for both microorganisms.  

The bioaerosols stream from the generator (10 L/min) was neutralized by an 85Kr 

sealed source and then mixed with the dry HEPA- filtered air (11L/min) in order to create a 

sufficient air flow rate required to simultaneously sample 5 personal bioaerosol samplers 

situated outside of the chamber. These samplers were operated at 4 L/m to create the air 

flow though the filter holder at a face velocity of 0.6 m/s and the survival of fungal 

breakthrough on the filter was monitored. Another 1 L/min of air through the aerosol 

spectrometer was also applied, to monitor the concentration of bioaerosol in the chamber to 

ensure uniform distribution throughout all the processes. 

Ten experimental runs were undertaken for both fungi spores in this investigation. 

The same procedure as examined in Chapter 6 was applied; there were three series of 

experiments for each of the fungi spores, with 10 replicates for each series. For the first 

series, bioaerosols carrying particles were directly collected on the dry filter. The second 
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series involved applying the biologically inactivate MO to the filter. In the last series, TTO 

was applied to the filter instead of MO, in order to investigate the inactivation ability of 

TTO on collected particles. 

The fresh patric dish containing fungal culture was used for each of the 

experimental runs. Four filter holders with four fresh sterilised filters were fixed in the 

chamber and connected to the bioaerosol samplers. For the first series (the dry filter), the 

bioaerosols were generated for 5 minutes. For the other two series of experiments, the oil 

was applied to the filter before bioaerosol was generated. After the oil supply stopped, the 

filter holders were removed and placed in the cabinet. The first filter was removed from the 

holder immediately after the supply of bioaerosol ceased in the chamber. The second filter 

was removed 15 minutes after the supply of bioaerosol ceased, followed by the third and 

fourth filter after 30 and 60 minutes respectively. Each filter was placed in a glass bottle 

containing 50 mL of sterile water and placed in the sonic bath for 1 minute. This was to 

ensure that the majority of the collected particles were transmitted from the filter to the 

liquid. This procedure was repeated in each of the experimental runs.                                                                                                                                                                                                          

To enumerate from the fungi sample, after the majority of particles were transmitted 

from the filter to the liquid, an aliquot of 0.1 mL of an appropriate 10-fold dilution of the 

liquid was spread on the surface of the Malt Extract Agar (MEA) medium. The plates were 

stored in an incubator set at 25ºC for 3-7 days, after which the fungal CFU was counted. 

The time related fungal inactivation (FIt) was calculated using the following equation: 
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Where CFUt is the number of live microorganisms recovered from the filter at time t, CFU0 

is the number of live microorganisms recovered from the filter at time 0 minutes, NFt is the 

number of fungal particles collected by a filter used for analysis of fungal recovery at time 

t, NF0 is the number of fungal particles collected by the filter used for analysis of fungal 

recovery at time 0, Cin is the concentration of live fungal particles in the aerosol chamber at 

the filters’ inlets, and Ct
out and C0

out are concentrations of live fungal particles at the outlets 

of the filters, used for analysing the fungal recovery at times t and 0 respectively (collected 

by corresponding bioaerosol samplers). 

 

7.3 Results 

The results for microbial inactivation of Aspergillus niger on the filter surface are 

shown in Figure 7.1. All results were normalised according to Equation 6.6 and the error 

bars represented a standard deviation of 10 experimental runs. Both the dry and MO-coated 

fibre filter investigations did not achieve any measurable microbial inactivation. There was 

a small decrease in viable particles recovered from the filters after 30 and 60 minutes which 

was not statistically significant compared to the number obtained at the 0 minute interval, 

as was confirmed by a single factor ANOVA test (p<0.05). However, when TTO was 

involved in the filter coating, there was no inactivation of fungal particles on the filter for 

the first 30 minutes of the investigation. Only 31 percent of inactivation was achieved at 30 

minutes, which was not statistically significant according to the ANOVA test results. On 

the other hand, the results obtained for TTO coated filters demonstrated statistically 

significant fungal inactivation after 60 minutes, resulting in 58 percent of inactivation of the 
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fungal aerosol on the filter surface, which was confirmed by a single factor ANOVA test 

with 95 percent confidence criteria. It should be noted that these results demonstrated 

relatively large variation, which clearly indicates substantial magnitudes in the error bars. 

This could be due to the hydrophobic nature of this microorganism and possible non-

uniformity of suspensions at the stage of analytical study. 
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Figure 7.1  Microbial decay of Aspergillus niger collected on the filter. (Note: Error bars 

represent standard deviation of ten experimental runs) 

The results obtained from the Rhizopus investigations are presented in Figure 7.2. 

Similarly to A. Niger, no inactivation was demonstrated for the dry and MO coated fibre 

filters. As seen in Figure 7.2, the trends for both investigations coincided at the level of 

zero inactivation throughout the entire experimental time of 60 minutes. It was also 

confirmed by ANOVA test that there was a statistical insignificance in the difference 

between these two trends. Moreover, applying TTO on the fibre filter to inactivate 
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Rhizopus was not successful for the first 15 minutes of the investigation. It was confirmed 

by ANOVA test that there was no difference between the results during the first 15 

minutes. However, when these tests were compared to A. Niger, the first statistically 

significant inactivation of Rhizopus was achieved after 30 minutes of treatment. At the 30 

minute interval, 32 percent of fungal particles were inactivated. Furthermore, there was 

approximately 12 percent statistically significant inactivation observed after 30 minutes of 

action of TTO, which brought the total percentage of eliminated microorganisms to the 

level of 56 percent. The above results indicate that even robust fungal aerosols could be 

inactivated by TTO. It should also be noted that in the dry filter investigation, data showed 

a relatively large error bar compared with the moist filter (MO and TTO coated filters).  
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Figure 7.2 Microbial decay of Rhizopus stolonifer collected on the filter. (Note: Error bars 

represent standard deviation of ten experimental runs) 
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7.4 Discussion and Conclusion 

The collection of fungal spores in HVAC filters and their potential for subsequent 

re-entrainment has been examined by many researchers. By coating TTO on the filter to 

inactivate the bacteria collected on the filter, these investigations showed significant 

enhancement. As well as the fungi investigation, even robust fungal spores could be 

inactivated by TTO. Both results possess a similar trend. However, the time related 

efficiency of inactivation was observed to be much lower when compared with the findings 

of the investigations discussed in Chapter 6 (of bacteria aerosol inactivation by TTO). Both 

fungi aerosols, for example, still showed 52-54 percent of fungi survival remaining 

throughout the 60 minutes of the investigation, while there appeared to be less than 10 

percent of survival after 30 minutes of investigation for the robust B. Subtilis bacterial 

strain. Furthermore, the inactivation efficiency of the more sensitive bacterial aerosols of E. 

Coli and P. fluorescens resulted in inactivation above 99 percent at 30 and 15 minutes 

respectively. Obviously extended periods of time are necessary to inactivate fungal 

particles on the filter surface, which suggests that advanced technology would be required 

to remove fungal aerosols from the air during filtration processes. This also suggests that 

more types of fugal aerosol samples need to be tested. However, the thin coating of TTO on 

the filter fibres appears to have a significant inactivation ability on collected fungal spores. 

Furthermore, as discussed in Chapter 6, the thin film of TTO enhances the adhesion force 

between the collected particles and the filter media to overcome the force required for 

particle re-entrainment, compared with dry filtration.  
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7.5 Summary 

The results from the investigations discussed in this chapter have confirmed the 

hypothesis explored in Chapter 6; that coating TTO on a filter enhances the efficiency. This 

is because TTO displays an inactivation ability involving the loss of membrane integrity 

and function when used to coat a filter. The oil can also absorb kinetic energy to reduce the 

particles bounce. From the findings of Chapters 6 and 7, it appears that TTO coated filters 

take a shorter time to eliminate bacteria particles collected on the filter. Alternatively, the 

data showed that for the fungi particles captured on the filter, the time required for the 

particles to be inactivated was longer than for bacteria. The investigations of this thesis 

have shown the potential for using simple and economical methods (applied to the existing 

filtration units) to increase filter efficiency. Thus research into the more robust and 

sensitive fungi spores tested over an extended period of time could further this hypothesis. 

Despite the fact that the fibre coating increases the hydrodynamic resistance (pressure drop) 

of the filter (Agranovski and Braddock, 1998), the benefits of coating TTO onto the filter 

substantially surpasses the negative aspects of this technology.   
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Chapter 8: Conclusion and Future Outlook  

8.1 Conclusion 

The persistence of unintentional airborne pathogenic diseases along with increased 

possibilities of the usage of biological weapon agents have increased the public concern 

and necessitated further development of efficient indoor aerosol filtration technologies that 

can remove/inactivate biological aerosols. There are two new concepts suggested in this 

thesis: 1) utilising unipolar ions for bioaerosol control, and 2) applying TTO fibre coating 

onto the HVAC filtration systems. The performance of both technologies were investigated 

to determine their effectiveness at removal/inactivation of bioaerosols. 

 

The results of experimental and theoretical studies on the usage of unipolar ions emitted at 

various distances upstream of the low-efficiency HVAC filter for enhancement of its 

performance characteristics was undertaken for  different sizes of PSL particles with two 

types of commercially, available filters.  

It was shown that: 

  Both filters demonstrated that a continuous supply of ions upstream of the filter 

significantly enhanced the filtration efficiency.  

 Placement of the ion emitter at s distance of 5 and 15 cm which was related to higher 

filter collection efficiency compared to the cases when the ion emitter was located 

further away from the filter. 
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 Conventional filtration theory does not account for the fact that some incoming 

particles may be shielded out upstream of the filter due to Coulomb’s repelling force 

applied by ions already collected by the filter. 

 

It was also found that continuous emission of unipolar (negative) ions in the vicinity of a 

low-efficiency HVAC filter enhances its performance against various bioaerosols including 

bacteria, fungal spores and viruses.  

The main findings could be summarised as:  

 The microbiological data demonstrated that the continuous emission of negative ions 

upstream of the filter significantly enhanced the performance of the HVAC filtration 

systems.   

 The results of experiments showed that the filter collection efficiency of bacteria 

aerosols increases as much as three- to four- fold, as well as virus-carrying liquid 

droplets about fourfold, when unipolar ions are emitted upstream of the filter. 

 For particles containing water (virus carrier in this study), evaporation and consequent 

charge redistribution affects the data variability. Furthermore, wetting of the filter 

fibres by the deposited droplets makes the quantification of the filter performance 

more difficult.  

 

Chapter 6 examined the possibility of producing a simple, low-cost disinfecting filter by 

saturating a conventional fibrous filter with TTO or MO. The filter was then employed by 

testing against bacterial particles. 
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It was found that: 

 During the investigation (60 minutes), the filter coated with TTO showed a significant 

inactivation of biological particles when compared with MO. This proves the 

inactivation ability of the TTO coating. 

 The Use of TTO coating against E.coli and P. fluorescens aerosols allows over 90 

percent of microorganisms be inactivated within the first 15 minutes of the run. More 

robust  B. subtilis aerosol inactivation was not that efficient having around 50% of 

particles alive after 15 minutes of the technology operation.  

 

 The same hypothesis of applying TTO onto the filter in order to inhibit the recovery of the 

fungi particles was examined at the next stage of this investigation.  The findings are as 

follows: 

 For both fungal cases, no inactivation occurred throughout the entire experimental 

time of 60 minutes for dry and MO coated filters. However, a significant difference 

after 60 minutes for the TTO coated filter was found when testing the inactivation of 

A. niger. Alternatively, the first statistically significant inactivation of Rhizopus was 

achieved after 30 minutes of investigation. Fungal spores thus have a longer 

inactivation time than bacteria.  

 56-58 percent of inactivation by coating with TTO occurred after 60 minutes for both 

the fungi spores. However, there were very different results for the E. coli and P. 

fluorescens aerosols where over 90 percent of the microorganisms were inactivated 

within the first 15 minutes.  
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 As was observed, the overall time related efficiency of inactivation for fungi aerosols 

was much lower compared to the results of bacteria aerosol inactivation by TTO. 

 Moreover, there were relatively large error bars indicating large variations and 

fluctuations in the inactivation over time among the experiments.  

8.2 Future Outlook 

There are a number of areas for further research stemming from this investigation, 

including: 

 Regarding the ionization investigation against aerosols, the filter efficiency can be 

studied as the function of time of the meshless filter exposure by charged particles.  

 A range of various pathogenic microorganisms should be further tested in both 

methods, due to the fact that different types of microorganisms have various cell wall 

structures of and irregular particle shapes, and possibly are the cause of diverse 

findings.  

 There is a need for more rigid technology to be applied to the filtration process in 

order to remove fungal aerosols from the air. From a physical point of view, the 

adhesion forces on micrometer-sized particles exceed other common forces by several 

orders of magnitude (Hinds, 1999), and the adhesion force increases with decreasing 

particle size. Some of the fungi particles may re-aerosolize upstream of the testing 

chamber, and there is potential non-uniformity of suspensions at the stage of 

analytical study. Therefore, researching the air velocity and the time intervals for 

inactivating fungal particles on the filter surface is crucial.  

 Despite the antimicrobial property of TTO, further investigation of biological airborne 

inactivation by applying TTO to the filter which can apply in realistic settings, and 



 111 

high-exposure environments such as wastewater treatment plants, hospitals and 

agriculture environments where the higher risk of respiratory infectious diseases 

would be favourable for its application.  

 Further investigation into the hybrid-type technique of combining the particle 

concentration reduction using unipolar emission and microbial inactivation by 

applying TTO to the filter would be another important area of research, as well as 

examining the recovery of aerosolized bioaerosols and the volume of the testing zone.  

 The ranges of RH, temperature and air velocity could also be further investigated for 

both of the new methods. 
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