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GEORGE RICHARDSON 

THE DEVELOPMENT AND APPLICATION OF AN ELECTROSTATIC AIR 
CLEANING TECHNOLOGY 

ABSTRACT 

There is a growing concern about the effects of indoor air particulate pollution, in relation to 
human health. The removal of indoor air pollution at its source is extremely difficult. Fine 
particles are continuously generated in outdoor air mainly by combustion processes. Coarse 
particles are constantly generated by activities indoors. There is a need for simple technology 
that can reduce these types of pollutants, which can work in conjunction with standard heating, 
ventilation and air conditioning (HY AC) systems. 

· 

A novel air cleaner was designed to harness the principles of electrostatic air cleaning, through 
the production of electrons. The electrostatic air cleaner (EAC system) needed to be tested to 
ascertain whether existing theories on the properties of electrostatics would apply. To 
investigate and develop the EAC system a series of experiments were conducted. The 
determination of the small air ion generating capacities using different voltages, the 
determination of the efficiency of carbon fibre thread as an electron emitter and an assessment 
of the concentration of hydrogen peroxide produced - through the use of new methodology and 
design of an enlarged interactive gas phase reactor (EIGPR) for use in a FT-IR spectrometer. 
To increase the understanding of the behaviour of particulate matter and other pollutants 
indoors, two investigations were conducted. Two nurseries in the city centre of Plymouth (UK) 
were monitored to assess variations in particles and 116 council owned properties in Torbay 
were assessed to ascertain the levels of particulates, humidity, temperature, house dust mites, 
damp and mould in private dwellings. To test the efficacy of the EAC system in a real life 
situation, the system was installed in a city centre office (Plymouth, UK) as part of a controlled 
trial. 

The results from the nurseries and council houses confirm the problems people face with indoor 
air pollution. The studies showed that the EAC system needed to be able to cope with large 
variations in particle numbers and to be able to work in varying environmental conditions. The 
results from the investigation into the efficacy of the EAC system showed that with a 6.5 kV 
negative voltage generator, a reduction in fine and coarse particles would occur. Using carbon 
fibre threads as an emitter confirmed that they are the most suitable type of electron emitter. 
The results showed that the fibres do not deteriorate as quickly as needle type emitters and that 
dirt accumulation on the fibres only has a minor effect on the efficiency of the emitter. An 
analysis of electron chemical reactions using the EIGPR revealed that the EAC system could 
produce 0.44 ppb of hydrogen peroxide. Hydrogen peroxide has anti microbial properties, 
which would add to the improvement of air quality when the system is installed. The study of 
the city centre office showed that the EAC syste'm could reduce fine particles by an extra 21 % 
in a room that already had an efficient air processor installed. The results from the 
development and application of the EAC system have led to a new design for an electrostatic 
air cleaner, termed a 'Full Electrostatic Air Cleaning system'. This system consists of a 
negative voltage generator and carbon fibre thread (the emitter) contained on a standard size 
ceiling tile. To aid the collection of particles, oxygen free radicals etc., the Full EAC system 
will be accompanied by a collector plate. This system will provide a weak electrostatic field 
within which indoor air will be cleaned of particulate matter. 
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SECTION 1. BACKGROUND 

1.1. Indoor Air Quality 

1.1.1. History oflndoor Air Quality Standards 

It has been suggested that the architects and builders of the ancient Egyptian pyramids 

understood that there was a requirement for a constant supply of fresh air within the pyramids 

and therefore developed sophisticated mechanisms to increase air movement. Each pyramid 

has an air ventilation system powered by thermal forces, with no moving parts, which are still 

effective today, 4 - 5000 years after construction was completed. Through the ages, all 

buildings have been built with internal air moving systems to remove smoke from domestic 

fires, cooking and body odours (The National Trust, 2000). Dr. Pettenkofer from the 

University of Munich observed in 1858 that buildings needed to be ventilated and suggested 

using carbon dioxide concentrations to measure the 'cleanliness' of indoor air (Pettenkofer, 

1858). It was generally accepted that ventilation was needed indoors to replace stale air with 

fresh outdoor air. 

The major industrialisation and urbanisation that occurred during the last two centuries has 

created new problems for building designers trying to provide adequate ventilation. As more 

and more people were drawn into large urban areas to work in factories, this created a new 

situation whereby using outdoor air was no longer safe as a way of removing stale air from 

buildings. Concurrently private dwellings were made tighter to stop the ingress of 'industrial' 



smoke mixed with smoke from domestic space heating and cooking facilities. The requirement 

to ventilate for better personal well being took second place to keeping out visible airborne 

pollution. 

Following the substantial rise in the cost of crude oil during the 1970's, major attempts were 

made to reduce the cost of space heating. Managers of commercial properties altered their 

heating, ventilation and air conditioning (HV AC) systems so that up to 80% of indoor air was 

re-circulated. In addition to this, buildings were designed to be 'tighter' to prevent heat loss 

and were fitted with double glazed windows and thermal insulation. Domestic buildings were 

treated in the same way, so that both the home and work environment produced similar 

environmental conditions. This has prevented natural ventilation, preventing the exchange of 

air and trapping airborne pollutants in the indoor environment. 

Hines et al., (1993), indicated that in the USA, concentrations of nearly all volatile organic 

compounds (VOC), inorganic gaseous compounds, heavy metals, particulates and micro

organisms were higher in indoor environments than outdoors. Concentrations of indoor 

pollutants are often 2 - 5 times higher indoors when compared to outdoor levels (Etkin, 1995). 

The quality of indoor air is reduced due to a further addition of pollutants from indoor sources. 

These pollutants include environmental tobacco smoke (ETS), cooking and VOC emitting 

materials (Junker et al., 2000). 

The first standards to be established m the world, ·concerning the regulation of forced air 

ventilation were initiated at the end of the I 930 's by The American Society of Heating, 

2 



Refrigeration and Air-Conditioning Engineers (ASHRAE, 2000). The USA was at the time 

building substantial numbers of high-rise buildings. Due to the nature of the building design, 

there was a need to address the problems of stale air and odours. The initial recommendations 

made for ventilation rates were designed to reduce odour to a level acceptable to the 

occupants (Hines et al., 1 993). Many of the world's Governments have only just begun to 

legislate minimum standards for indoor ventilation (Liddament, 1996; Daniels, 2000) and 

overall legislation for indoor air quality (I AQ) is patchy and weak. In the UK, the governing 

body for air quality standards is the Expert Panel on Air Quality Standards (EP AQS). The 

recommendations they give do not cover private dwellings. Until 2000, this was the case in 

America as well, however, ASHRAE has now recommended standard 62.2P for private 

dwellings, with regards to ventilation (ASHRAE, 2000). Although ASHRAE gives standards 

for ventilation to help improve IAQ, they point out the fact that the preferred method of 

reducing the concentration of indoor contaminants is through controlling the source of the 

pollutant (ASHRAE, 2000) 

1.1.2. Indoor Air Quality and Health 

Major changes in the air quality in work and home environments are now being linked to 

substantial increases in respiratory problems and other diseases. There is a relationship 

between poor IAQ and the increase seen in breathing related illnesses (Schwartz et al., 1996; 

EPAQS, 2000). There have been numerous papers that link airborne particulates with 

increased illnesses. The number of particles< 10 µm can be a strong indicator for a variety of 

health effects (Dockery et al., 1989; Pope and Dockery, 1992; Schwartz, 1994). 
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Epidemiological studies have made connections between airborne particulate matter, morbidity 

and mortality (COMEAP, 1995). Although, this link has not been proven to be causal 

(QUARG, 1 993) it has still been put forward as one of the main causes of an increase in 

respiratory problems. Particulate pollution indoors has also often been linked with an increase 

of various symptoms known collectively as sick building syndrome (SBS) (Etkin, 1 995). Etkin 

(1995) also outlines some of the physiological effects of indoor air contaminants as listed 

below: 

• Chemical or mechanical irritation of tissues, including nerve endings at the site of 

deposition 

• Impairment of respiratory mechanics 

• Aggravation of existing respiratory or cardiovascular disease 

• Reduction in particle clearance and other host defence mechanisms 

• Impact on host immune system 

• Morphologic changes in lung tissue 

• Carcinogenesis 

Particulates like many other indoor contaminants are also found to be at higher concentrations 

indoors than outdoors. The indoor environment also provides the largest amount of personal 

exposure to particulates. In the absence of indoor sources, indoor concentrations of particles 

tend to follow those outdoors with a slight time lag (EPAQS, 2000). These relationships 

obviously vary with location, number of occupants, type of activities conducted and the type of 

4 



building and ventilation. The exposure to particulates in the home envirorunent has been found 

in many cases to be greater than exposure in the work environment (Pellizzari et al., 1 993). 

There is a growing interest about how to measure and record airborne particles, especially as 

there are an increasing number of epidemiological studies that implicate non-biological 

airborne particulate matter as a trigger for breathing related illnesses (COMEAP, 1995; 

Namdeo et al., 1999). The UK Government operates a series of outdoor air pollution 

monitoring stations (Urban Network) across the country, which measure PM10 as a mass 

measurement (µg/m3). Within the Urban Network, there are currently only four monitoring 

stations (EPAQS, 2000) that monitor PM10 and PM25. 

1.1.3. The Migration of Pollutants in Indoor Environments 

Although the creation of some indoor pollutants may be limited to specific areas such as 

cooking emissions originating from the kitchen, these pollutants migrate throughout a building. 

Pollutants can be dispersed throughout a building on air and thermal currents. ETS is a major 

pollutant of private dwellings and can be found throughout a house even if smoking is confined 

to one area. Personal observations have shown that residual ETS can be found in a child's 

bedroom at least 12 hours after the tobacco has been smoked in a separate room. Modelling 

of contaminant exposure can demonstrate how pollutants such as carbon dioxide (C02), 

carbon monoxide (CO) and nitrogen dioxide (N02) can be found throughout a private dwelling 

(Huang et al., 2000). 
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Whilst preventing the release of pollutants at source is by far the most efficient way to reduce 

unwanted pollutants, it is not always possible. The next best method is to capture pollutants 

shortly after their release intq the indoor environment. In a study by Junker et al., (2000), the 

spread of ETS in a large building via the HV AC system, was demonstrated. Clearly, pollutants 

not captured at source will spread over very long distances in a building serviced by HV AC 

systems since such systems have limited particulate reducing capabilities. Huang et al., (2000), 

have modelled the migration of air pollutants in localities that do not use HV AC equipment but 

rely on small local extractor vents in bathrooms and kitchens for ventilation. The migration of 

pollutants in such localities is driven by thermal stratification and the stack effect, i.e. natural 

movement of air upward through a narrowed area. 
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1.2. Present Air Cleaning Technology 

1 .2. 1 Filtration Systems 

Generally, HV AC systems have some form of filter material installed. Filters are normally 

placed within the fresh air intake to prevent any major air borne contaminants and rain entering 

the system from outdoors, which may damage internal fans. Exhaust air outlets, returning air 

to the central processor from a room, often have filters installed to protect the fan from indoor 

airborne contaminants. The filters positioned on both sides of the fan protect a build up of 

contaminants on the fan, preventing the imbalance and disintegration of the blades. The filters 

surrounding the central processor of a HY AC are thus not primarily installed to clean the re

circulated indoor air (Kukadia et al., 1997). It is essential to provide air movement through a 

locality (ASHRAE, 2000). Pressure differences are required within a building to move air, 

created by either using a fan or making use of thermal differentials. 

In general HV AC systems in the UK use F5 class filters that when new will filter out > 60 % of 

all particles larger than 5 µm. These F5 filters are not initially designed to handle any aromatic 

compounds and/ or gaseous products. As these filters become full of accumulated dirt, the 

power consumption required to force air through the filters rises to within 75% of the central 

air processors maximum output capacity. Overload and power cut offs can occur without 

warning. All air ducts have to be kept clean and be able to prevent the ingress of foreign 

material into the air ducts. 
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Filters trap particles through several difterent mechanisms. The main mechanism is direct 

interception, where particles become trapped because the diameter of the particle is greater 

than that of the filter pore size. Inertial interception occurs when particles hit the fibres of the 

filter material, rebound and change direction. Although the particles are not initially trapped, 

they eventually become trapped. The mechanism of diffusion affects very fine particles < 0.3 

µm. These fine particles are buffeted by air molecules through Brownian motion and end up in 

the filter material (Air Safety Ltd., 1999). The different particle size fractions and their 

physical characteristics are described in section 1 .3 .  It i s  important to note that as soon as a 

filter breaks down either because of poor fitment or damage/ production difficulties, fine 

particles will pass through and re-enter the filtered air space. 

Although the option of decreasing the pore size of filter material will improve particulate 

removal, filters can be further enhanced through the introduction of electrostatic forces into the 

filter. Electret type filters work on the principal of containing fibres with either a positive or 

negative potential, with interspersed filter elements acting as electrical insulators. Therefore, 

all positively or negatively charged particles passing the filter will in theory be attracted by 

electrostatic forces created in the filter. Electret type filters are often designed to be reusable 

and washable. 

There are a number of difficulties associated with most filter based air cleaning technologies. 

Filters start to loose their ability to collect particles etc., as soon as they are first used. In 

addition, traditional filters require high-energy inputs to drive large air volumes through the 

ducting and filters and to create enough pressure to move air through the filter. Based on 
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these difficulties and the problems associated with HY AC systems in general, the idea of using 

HY AC systems in combination with an additional separate filter system would not reflect a 

step forward in improving IAQ. Therefore, any new technology must bypass these known 

drawbacks by using filter media in a different way or by designing completely new types of 

filters not requiring the main airflow from the central processor to pass through the filters. It 

should be reiterated that HY AC systems were originally not intended to remove particles but 

to supply air to a building at suitable temperatures. 

Choosing a filter or particle removal system to cope with the wide differences in sizes and 

toxicity from the list of airborne particulate matter gives an indication of how difficult the 

problem is. A Landlord is today forced to choose a class of filters that will give a reasonable 

pressure drop across the filter during its calculated lifetime, knowing full well that many 

particles will slip right through the HY AC system. Certain modifications can be inserted into 

HY AC systems to reduce odorous gases without causing large expensive pressure drops in the 

ventilating system. 

1.2.2. Indoor Air Cleaning Equipment Available for Domestic use 

There are a number of air cleaners available to the Public that work on the principle of using a 

filtration system and or through the ionisation of air. Some of these units do work, as they can 

capture coarse and fine particulate matter and do oxidise some gaseous compounds. 
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Units produced by Philips (Hol land), Amcor (Israel) and Honeywell (US) all work on the 

following principals: 

STEP ONE - indoor air is sucked into the unit with a fan passing a filter. 

STEP TWO - the pre-filtered air passes through the fan to an electrostatically charged filter 

where the fine particle fraction is removed. 

STEP THREE - as the air leaves the unit it passes a charged electron emitter, from which 

electrons are released into the air. 

In order for these units to remain viable, they have to be compact and relatively quiet, 

therefore, the amount of air that can be processed through the units is limited to � 100 m3 h"1 •  

These units often deliver large numbers of negatively charged small air ions at random into a 

locality (Amcor, 1 995). Apart from the internal collection of dirt, there is no way of 

controlling where charged dirt particles accumulate within a room. Further, there is the 

unknown risk that humans might breath in charged particles and/ or oxygen free radicals. 

1.2.3. Electrostatic Air Cleaners for use in Conjunction with Existing Air Moving Equipment 

There are some companies such as Trion Ltd., which produce systems similar to that described 

in 1 .2 .2 for use in work environments .  These rely on electret filters and can remove particles 

with an efficiency of 99% at > 0.0 l µm. These systems are extremely good at removing 

particulates however they still face the same problems with filter degradation and high-energy 

inputs, as outlined in Table 1 .  

1 2  



Due to these limitations new technology needed to be designed that could clean air without 

filters but still encompass the reliable components of existing systems. The mechanism of 

electrostatic air cleaning has been used in a number of studies and has been found to be very 

effective in removing particulate matter (Pethig, 1 984; ASHRAE, 2000). 

Particle Power 
Description range demand Limitations 

reduced (W) 
(µm) 

Standard HV AC > 5  800 - Does not reduce the fine particles that 
operating with 1 000 penetrate into the deep lung. Number 
simple filters, very of filter changes depends on degree of 
common in/ outdoor air pollution 

HV AC operating > 0. 1 > 3000 High running costs, - requires energy 
with High to overcome pressure drops across the 
Efficiency Particle filter; - replacement filters. Would be 
Arresting (HEP A) expected to reduce the number of fine 
filtration particles in the supply air. Does not 

reduce particles generated in the room. 

Enhanced HV AC > 0.0 1  - 1 5 0  'Comfort parameters' dictate air 
with electrostatic speeds to be < 0.2 m sec·1 and that 
filtration, (not dB(A) levels > 55 should be avoided. 
very common) These parameters limit the air and fan 

speeds that can be used. See further 
above. 

TABLE 1 SUMMARY OF THE LIMITATIONS AND POWER DEMANDS OF 

PRESENT AIR MOVING EQUIPMENT 
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1 .3. Understanding Particles 

1 .3 .1. General 

Long-term studies of particle number variations can give an indication of the effectiveness 

of any installed air moving equipment in a building and how the addition of new air 

c leaning systems may improve IAQ. In order for any new air cleaning technology to be 

effective, it would be required to remove/ reduce from indoor air, the most commonly 

occurring particles present either in private homes and/ or in office type work situations. It 

is very difficult to give 'typical' values for the number of fine particles (< 2.5 µm) that an 

air cleaner needs to be able to cope with since the number of fine particles outdoors vary 

considerably. Typical numbers of coarse particles that an air cleaner must cope with are 

dictated by indoor activities. 

Particles are usually measured as particulate matter (PM), usually followed by a subscript, 

which defines the maximum size of the particulate matter in that range. PM10 and PM2.5 are 

the most commonly used definitions. The sizes are usually defined by measuring equipment 

such that particles, for example < 2.5 �Lm pass through a size selective inlet with a 50% 

efficiency cut of at 2 .5  µm aerodynamic diameter. Aerodynamic diameter can be defined as 

the diameter of a unit density sphere (density = 1 µg/ cm\ which has the same settling 

velocity as the particle in question (EPAQS, 2000). 

The list of particles in Table 2 (Owen et al., 1 992; Dolovich, 1 997), with their respective 

size variations, is not comprehensive but covers many particles clearly recognisable in 

everyday situations. The size ranges tend to vary depending on which reference document 
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is used. The variations stem from the differing measuring techniques and sites used for 

monitoring. 

Airborne particle source Approximate aerodynamic 
diameter (um) 

Asbestos 0.7 - 100 
Auto emissions 0.05 - 100 

Bacteria 0.5 - 10 
Clay 0. 1 - 40 

Coal dust 1 - 90 

Combustion particles 0.05 - 1  

Disintegrated house dust mite faeces 0.8 - 1 . 8 

Droplet nuclei that could contain live bacteria 0.2 - 5  

Epithelial Cells (Humans) 0. 1 - 9  

Man made mineral fibres (glass wool, Fiberglas etc.) 0. 1 - 1 000 

Mould spores 3 - 12 

Pollen 8 - 1 00 

Sea salt (marine aerosols) 0.03 - 0.5  

Smouldering or flaming cooking oil 0.05 - 1 

Spores (sometimes called spore dust) 3 - 40 

Talc 0.6 - 50 

Textile fibres > 8  

Tobacco smoke, 0.05 - 1  

Viruses (Brosseau et al. , 1994) 0.02 - 0.30 

TABLE 2 DIFFERENT AIRBORNE PARTICLES DEFINED BY AERODYNAMIC 

DIAMETER 

Particles indoors can be al lergenic and release gaseous by-products. Further fungal 

allergens, mycotoxins, endotoxins (components from Gram negative bacteria) and volatile 

organic compounds from microbes (MVOC) often exist indoors (Flannigan, 1 994) . 
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l . 3 .2 .  Definition of Particle Sizes and Precipitation Speeds 

Particles are usually given physical size boundaries based on their physical characteristics. 

These boundaries do vary slightly depending upon the source of the literature as shown in 

Table 3 .  

Particle size group COMEAP (1995) EPAQS (2000) 

Nucleation mode 
< 0.2  µm < 0. 1  µm 

Accumulation mode 
0.2 - 2  µm 0. 1 - 1 µm 

Coarse 
> 2 µm > 2 µm 

TABLE 3 CLASSIFICATIONS OF PARTICLE SIZES BY PHYSICAL 

CHARACTERISTICS 

Another way that particle sizes can be defined is by their ability to deposit in human lungs. 

Particles < 1 0  µm in diameter are often referred to as respirable suspended particulates 

(RSP) (Etkin, 1 995), however, some literature defines the breakpoint for respirable 

particles at 2.5 µm and anything above this is termed as inhalable (COMEAP, 1 995). 

As particulate concentration is of major importance to health, particles are usually defined 

using the latter definition, so < 2 .5  µm relates to the fine particle fraction and > 2.5  µm 

relates to coarse particles. This is the definition used in this thesis. The fine particle 

fraction can be further split into fine and ultra fine particles. Ultra fine particles are usually 

1 7  



defined as < 0.2 µm, these are particles within the nucleation mode and are known to 

penetrate deep into human lungs. 

Particles precipitate in a room without electrostatic fields and/ or air movement at rates, 

which are dependent on the aerodynamic diameter of the particle. Gravitational forces 

bring about this settling effect. The differences between different particle sizes are shown 

in Table 4. 

Approximate particle Precipitates under How far Time taken 
aerodynamic diameter gravitational forces (metres) (seconds) 
(µm) 
1 00 i.e. pollen grain Yes 1 2 
1 0  i.e. HDM faeces Yes 1 1 80 
1 i.e. bacterium Yes 1 1 4500 
0. 1 i.e. soot particle Yes 1 6 - days 

TABLE 4 DIFFERENT SETTLING RATES OF PARTICLES UNDER 

GRAVITATIONAL FORCES 

1 .3 . 3 .  Ultra Fine Particles (< 0.2 µm) 

Particles in this size range (nucleation mode) are formed through condensation of hot 

vapours or are particles freshly formed within the atmosphere by gas to particle conversion 

(COMEAP, 1 995). They have a transient existence and quickly coagulate into larger 

particles. Their greatest numbers occur around the 30 nm size range (COMEAP, 1 995) 

and because there are very large numbers of ultra fine particles, as a whole they have a 

large combined surface area. If these particles adsorb or absorb gaseous compounds such 

as polyaromatic hydrocarbons (PAH) produced by combustion engines they can act as a 
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highly toxic substance if/ when they reach the deeper human lung. Their numbers vary 

greatly, dependant on where samples are taken. One study has established that particles 

< 0. 1 µm in diameter make up 80 % of the particle number in ambient air but only make up 

1 % of the total mass. On average 1 0  - 20 % of the mass of PM10 is made up of particles 

< 0.5 µm (Clarke et al. ,  1 999) . Numerous studies have identified that vehicle exhausts 

contribute fine and ultra fine particles in the ambient air (Namdeo et al., 1 999) . 

The monitoring of ultra fine particle numbers requires very expensive and sophisticated 

equipment. This has resulted in a lack of knowledge about the number and behaviour of 

these particles. Ultra fine particles can penetrate deep into human lungs (Bates et al., 

1 966) as shown by the cross section of the human respiratory system in Fig. 1 .  Once in the 

lungs, around 1 6  - 22 % of ultra fine particles are retained in the alveolar region 

(COMEAP, 1 995). 

The movement of ultra fine particles is not influenced by Newtonian forces but by 

electrostatic and Brownian forces (COMEAP, 1 995). The mass of an ultra fine particle is 

very small and the resultant mean kinetic energy of the particles is very low, limiting the 

movement of the particles. U ltra fine particles can remain suspended for a very long time 

and the slow air movement supplied by H V AC systems do not influence ultra fine particles 

(Deleanu, 1 983) .  However, when ultra fine particles are exposed to an electrostatic field 

they are influenced by the directional flow of the field due to their physical properties i.e. 

low mass and small size. They are easy to capture on charged surfaces since standard 

physical properties such as gravity, strong air movement and damp does not influence them 

away from the charged surface. 
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The properties of ultra fine particles suggest that any electrostatic type air cleaner would be 

very efficient at removing them from indoor air. Therefore, it could be assumed that an 

electrostatic system would also remove combustion-related emissions and other toxic 

materials associated with the ultra fine particle fraction. 

Phruvngeal cn\'itv 
4. 7 • 5. S microm;: 

Secoudnry bronchi 
2. 1 • 3.3 wicroIL'!I 

Tmu:iunl brouclti 
1 .1 • 2. 1 wicrom;: 

Ah'ellli 0. 43 - I. I microns 

FIG. 1 DIAGRAM OF THE DIFFERENT STAGES OF PARTICLE DEPOSIDON 

IN THE HUMAN RESPIRATORY TRACT 
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1 . 3 .4. Fine Particles (< 2.5 µm) 

Particles in this size range have grown from the nucleation mode by coagulation or 

condensation of vapours and in time will coalesce into larger particles. It might be correct 

to consider these particles as consisting of a number of ultra fine particles. The greatest 

numbers of fine particles occur around the 0.5 µm size range (COMEAP, 1 995). These 

particles have a Jong lifetime and are not greatly influenced by gravitational forces. It has 

been suggested that fine partic les descend under gravitational forces according to Stokes' 

law, which suggests that frictional forces exerted on a sphere are equivalent to gravitational 

forces. When such equilibrium is reached, the particles reach their terminal settling velocity 

(Wehner, 1 962; Dolovich, 1 997). In broad terms, Stokes Law can be expressed as a rate 

of sedimentation proportional to the square of the particle radius and strictly only applies to 

spherical particles. 

Fine particle numbers vary greatly depending on where samples are taken. Numerous 

studies have identified that vehicle exhausts contribute large numbers of fine particles in the 

ambient air (Namdeo et al. ,  1 999). Since fine particles remain airborne for long periods of 

time their absolute numbers lose direct correlation with traffic intensities. 

The movement of fine particles is influenced by Newtonian forces and influenced by 

electrostatic forces. Fine particles are easy to contain on electrostatically charged surfaces. 

The mass of fine particles outdoors compared to the mass of all particles < 1 0  µm has been 

counted for e ither rural or urban areas to be � 60 % (COMEAP, 1 995). 
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1 .3 . 5 .  Coarse Particles (2 .5 - 1 0  µm) 

In the outdoor environment, coarse particles are formed through abrasion, often connected 

with traffic, airborne soil dust, industrial fallout products etc. Indoors they are generated 

by human activities. There is a broad agreement that coarse particles should be defined as 

< l 0 µm and > 2 .5  or 3 . 0  �un depending on which brand of particle counter is used. There 

is a far greater understanding of coarse particles compared to other particle fractions 

because their size makes them easier to measure. The mass of coarse particles compared to 

the mass of all particles < 1 0  µm has been estimated to be - 40 %, for either rural or urban 

areas (COMEAP, 1 995). Coarse particles remain suspended for a short time because of 

their size and weight and settle quickly through gravitational forces. Most HVAC systems 

have filters designed to capture particles > 5 µm and therefore only capture some of the 

coarse particle fraction. The movement of coarse particles is wholly dictated by Newtonian 

and atmospheric forces and is influenced to a lesser degree by electrostatic forces, due to 

their relatively large mass. 

Coarse particles are trapped much higher up in the human respiratory system than smaller 

particles (Fig. 1 ). Therefore, they have different health implications to fine particles. Many 

allergenic particles such as po llen and mould spores are within the coarse particle range. 
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1 .3 .6. Electrically Charged Particles 

Electrically charged particles can enter human lungs. Depending on the size of the charged 

particles they may enter into the deep lung, finally attaching themselves to soft tissue where 

they loose their charge (Scheuch et al. ,  1 990). It is very difficult to track electrostatically 

charged particles in human lungs and the models that have been built of human lungs are 

not able to record charged aerosols. 

When counting and tracking fine and ultra fine particles there is every chance that dust 

clouds of small particles will have charged particles symmetrically distributed throughout 

the cloud. This charging effect is often visible close to input vents from the HV AC 

systems. The fine particles acquire a positive charge when passing through the metal 

ducting and are attracted to the surroundings with lower electrostatic potential. 

1 .3 .  7. Measuring and Counting Particles 

PM10 is measured world wide as a mass in µg m-3 •  Mass measurements are normally 

conducted using a vacuum pump type instrument which draws air over a filter with a 

certain porosity, at a given temperature and relative humidity. The filter has to cope with a 

pressure drop which can carry 50 % of it's maximum load. Such instruments are easy to 

handle and cheap to purchase. There are several different types, gravimetrically oriented, 

cascade type etc. 
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There are a number of drawbacks when using mass measurements to determine air quality: 

� The coarse particles in a sample can completely skew the results hiding the mass 

relationships indicated previously. 

� Mass measurement results are based on dry weight (normalised weight) thereby 

avoiding all moisture adhered to particles that can have influences on breathing 

related problems. 

� Since mass measurements ' hide · the sizeable existence of fine particles historical 

records for PM1 o  can be very misleading when trying to study the influence of 

particulate matter in indoor air in relation to breathing related illnesses. 

� To be able to collect measurable quantities of particulate matter the monitors need 

to be run for at least 72 hours. Measurements are therefore an accumulative 

reading over time. 

� The measurements represent average residual particulate loading 

� The extended time to collect the particles and the subsequent heating process will 

eliminate any substances either attached to inert particles or vapour-based 

substances. All particles adsorb moisture somewhat depending on the surrounding 

RH and/ or physical/ chemical nature of the particle (Bates et al., 1 966). 

Much of present day scientific literature is still discussing PM10 measurements. Measuring 

particles in numbers per volume of air, where different sizes of particles are referred to as 

PMxx, gives a more detailed understanding of airborne particulate loads. Measuring 

instruments which count particles by number have existed since the mid 1 970's. Such 

equipment has not been widely used to classify IAQ up to now with reference to breathing 

related health conditions. 
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Fine and coarse particles can be counted by optical particle counters, which use a laser 

beam (MetOne, 1 994) . Whilst particle counters are easy to handle and not very expensive 

they are not frequently used, since historically, particles have been measured as a mass by 

simple particle impactors. Based on the limited availability of particle counters which can 

measure at the defined points between coarse, fine and ultra fine particles, many studies 

have used the figures > 0. I ,  0.3  or 0 . 5  µm as a lower limit for fine particles and < 2.5 or 

3 .0  µm as the upper limit for fine particles. The differences are dictated by brand of 

equipment. Depending on which breakpoint is used to register the number of fine particles, 

substantially different values will be recorded for the number of ambient fine particles. 

The principal operating component of particle number counters is a light scattering 

instrument. A light source is optically focused into a measured current of air. Particles will 

scatter the light and the scattered light impulses are counted to give the number of particles 

detected per volume of air. The actual differentiation of particle sizes can be done by 

varying the wavelength for the incident light (Haslop, 1 989). All such instruments consider 

particles having an aerodynamic size. Some light scattering instruments will convert 

numbers of particles detected, into a mass measurement by comparing with a standardised 

substance (such as road dust from Arizona, USA) that has been pre-weighed and where 

individual particles have been counted. 

Limitations exist when measuring larger particles because constant velocity entrance 

funnels to the air suction pump in the instrument have to be built to cope with coarse and 

fine particles. This requirement limits the maximum size of particles that can be counted. 

Accurate readings for all sizes of particles depend on clean optics, clean airflow paths and 

no interference from electrostatic forces in any way charging either the unit and/ or the 
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intake nozzle A pri nci pa l  d rawi ng or a l ight scatteri ng part icle counter is shown in  Fig. 2 

(Hund, 1 990) . 

Schemat ic v iew of t h e  m easur ing cha m b e r  with infrared beams 

Lighl lraps 

Swilch for 
calibrallon check 

FIG. 2 P R I N C I PA L  D RA W I N G O F  A L I G H T  SCATTERING PARTICLE 

C O U N T E R  

Whilst discrete count ing can give snapshots for particle concentrations, continuous 

monitoring can give excellent insight i nto the variat ion of coarse particle generation and 

how ambient fine particulate loads impact the indoor environment . 
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1 . 3 . 8 .  Where Should Particles be Counted? 

All particle counters take in air via a nozzle. This is designed to induce a constant velocity 

air intake with a defined rotational speed for the incoming air to cause as little disturbances 

as possible in the flow path of the air when scanned by the laser berun. Therefore, some 

care should be taken to avoid strong air movements in and around the air intake of the 

counter, when sampling in or outdoor air. 

When counting particles an average value should be obtained covering the whole of a 

room. When counting particles in rooms with a HV AC system in operation, parts of a 

room may be poorly 'covered' by the forced air ventilation but frequently used, therefore 

counting particles elsewhere will not give a true picture of how people perceive IAQ. 

Taking readings at different heights in a locality especially over time gives a good 

understanding on the rate of precipitation for different size particles. 

PM2 5 is omnipresent outdoors and therefore measurements can be taken anywhere around 

a building to establish runbient levels. However, their numbers vary over a 24 h period and 

are very much dependent of traffic patterns (Liddament, 1 998). Particles > 2.5 µm 

measured outdoors require some care to avoid false readings from local wind disturbance. 

Measurement of PM2.5 indoors must take into account forced air ventilation movements, 

electrostatic forces in the room, type of air cleaning equipment in the HVAC system and 

height above the floor. Measured values will be around 25% less than outdoors for a 

standard HVAC system using grade F5 filters. If higher values are recorded, then the 

HV AC equipment is faulty and suspicions should be raised about leakage of additional 

particles from roof spaces and/ or insulation material surrounding air ducting. 
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In private houses or naturally ventilated localities (in both cases with no smokers present), 

the ratio between inf outdoor values for fine particles gives an indication of the rate of 

ventilation. If the ratio is -1 : 1 the ventilation is very good. If the ratio is < 1 :  1 this would 

indicate that the number of outdoor omnipresent particles are not penetrating indoors 

indicating a lack of ventilation i.e. a very tightly sealed house. Tobacco smoking in indoor 

environments is excluded from this statement since tobacco smoke totally outnumbers the 

fine particle numbers found indoors compared to outdoors (Abt et al., 2000). 

1 .3 . 9. Using Numbers of Particles to Determine Ventilation Rates 

There is no direct translation of numbers of particles versus air exchange rates, however 

indirect estimates can be made. Particles < 2.5µm penetrate indoors as soon as ventilation 

is established and therefore the relationship between the numbers of fine particles in and out 

of doors in non-smoking environments is a good simple measure of rate of ventilation. 

ASHRAE (2000) recommended that the total particle load indoors should not exceed 50 

µg/ m3 to prevent the exacerbation of respiratory problems. The UK government makes 

the same recommendation for outdoor air. COMEAP ( 1 995) and EPAQS (2000), have 

established that 63 % of the mass of particles < 1 0  µm outdoors is < 2.5  µm in size. Abt et 

al., (2000), suggests that -70% of ambient PM2.s penetrates indoors suggesting that the 

mass of PM2.5 indoors would be 22 .05 µg/ m3 based on the ASHRAE 50 µg/ m3 

recommendation. In order to satisfy ASHRAE 62.2P recommendations, ventilation would 

have to be able to remove all coarse particulate matter in excess of 27. 95 µg/ m3 generated 
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indoors. Without knowing the source, composition or weight of individual particles, the 

actual number of particles constituting these mass measurements is difficult to establish. 
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1.4. Basic Theory of Using Electrostatic Forces to Clean Indoor Air 

1.4.1 Introduction to Small Air Ions 

Michael Faraday (1795-1867) chose the name 'ions' because according to Greek 

Mythology, ions were a group of people that were able to wander/ move without 

hindrance. Faraday had found that small air ions behaved in a similar way to this. Kotaka 

(1978), referred to research at the end of the eighteenth century by Coulomb and Matteucci 

that established that ordinary air would conduct electricity. A century later Elster and 

Geitel demonstrated that the ability of air to conduct electricity resides in positively and 

negatively charged particles of molecular size or slightly larger, termed 'air ions'. Phillips 

et al. (1964), states that C T R Wilson in 1889 demonstrated that it was charged air 

molecules that permitted air to conduct electricity. Simple small air ion indicators 

demonstrate the conductivity of air through air ions. Such indicators have a metal plate, 

which collects charged air ions. This plate is coupled to a capacitor and a flashing diode 

connected to a further small metal plate. When a person (acting as an earth pole) holds the 

small metal plate, an electrical circuit is formed from the person to the source of the ions, 

using air as a conductor. Flashes of the diode indicate that energy is conducted across the 

air gap between the ion indicator and an ion generator, with the help of ions. 

Air ions are generated through a number of mechanisms such as radioactivity, radon gas, 

UV radiation and cosmic radiation. In this thesis, air ions were produced through corona 

discharge. Kotaka ( 1978) mentions that Tammet was the first person to develop corona 

type ion generators. Corona discharge is an exothermic (heat releasing) process yielding a 
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superoxide radical anion (Massey, 1976). The release of electrons creates an open electric 

circuit into the airspace between the corona point and surrounding surfaces. This sets up 

an electrostatic field (a negative field). When electrons released from the corona discharge 

have energy in excess of 360 kJ mor1, oxygen radicals can be produced by the following 

reaction with oxygen (02) (Pethig, 1984 ): 

02 + electron » 0 + o-

A charge transfer process then forms air ions: 

Air ions are also formed from other atmospheric molecules such as nitrogen and carbon 

dioxide. Small air ions consist of one primary ion and 4 - 12 uncharged molecules of water 

vapour or other trace gas (Martinac, 1993; Phillips, 1964). These molecule clusters have a 

diameter of 0.001 - 0.003 µm. 

The mobility within an electrostatic field of these ion clusters is 1.5 - 3.0 cm s-1, with a field 

strength of E = 1 V cm-1, hence ion mobility is expressed as 1.5 - 3.0 cm2 s-1 v-1 (Backman, 

1979; Fritzell, 1979). At the corona point, an electric field strength of in excess of 

108 V m-1 is quite typical, which is in excess of the normal breakdown voltage of air 

(- 3 X 106 V m"1 ) . 
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The field strength (E) at the tip of a new steel pin type electrode can be shown to be: 

E � 2 V/a lo&(4x/a) 

V = electrode voltage 

a= radius of the top of the corona tip 

x = distance to the nearest earth plane (Pethig, I 984). 

Taking an example of an ion generator at 6.5 kV, with a corona tip of 7.5 µm and an 

earthed plane I metre from the emitter the field strength �ould be: 

E = 2 x 6500 V/ (7.5 x 10-6m) x lo&(4 x 1ml(7.5x10-6 m)) 

E = 2.2 x 1010 V m-1 

Negatively charged small air ions are accelerated away from the emitter of electrons and 

are directed in the direction of the field. As soon as small air ions are generated in indoor 

air, they start to decay either through Brownian motion (buffeted by surrounding air 

molecules) or (if in an electrostatic field) are transported through a 'sea' of positively 

charged particles. Since Brownian motion is less significant in influencing the distance a 

smal� air ion travels when compared to the influence of electrostatic forces, the former is 

thought not to greatly influence the reduction of particles in air. The movement of 

electrons is enhanced :with increased humidity, as moisture increases the conductivity of air 

(Spengler Electronic AG, 1996). 
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Clean outdoor air has - 2000 small ion pairs cm-3 and there is a close balance between 

positively and negatively charged ions. In one cm3 of clean ambient air there are - 2.6 x 

1019 neutral gas molecules where roughly 5.46 x 1018 are neutral oxygen molecules. There 

are approximately 1 000 negatively charged small air ions in a cm3 of air and therefore the 

ratio of neutral to negatively charged gas molecules is 5.46 x 1015:1. 

1.4.2. The Decay of Small Air Ions and the Reduction of Particles 

Charged small air ions decay through the following processes: 

1) Collision with a positively charged ion, forming a neutral molecule. 

2) Collision with a non charged particle. The ion then loses it's electrostatic charge 

converting the neutral particle to a negatively char�ed particle. This charged particle can 

then continue the exchange of charges with other particles until a 'cluster' of particles 

forms a large enough mass to fall out of the air due to gravitational forces. 

3) Negatively charged ions are attracted to positively charged surfaces where they lose 

their charge. 

4) When collisions occur with particles (2), the numbers of particles in the air are reduced. 

The main feature of small air ions used by electrostatic type air cleaners is the process 

described in 3. The processes numbered 1, 2 & 4 contribute insignificantly to the cleaning 

of indoor air. 
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1.4.3. The Measurement of Small Air Ions 

An atmospheric air ion analyser can count the number of small air ions produced by an 

emitter. The air ion analyser used throughout this thesis uses principles established by 

Ebert in 1906. Such equipment has a fan to draw in a given air volume per second between 

two collector plates, (one positively and one negatively charged). There is a given 

electrostatic field between the plates and incoming charged ions will be captured by either 

plate, depending on their charge polarity (provided their mobility is fast enough). Between 

the collector plate and an earthed connection, an ammeter is installed. The current 

measured by the ammeter is proportional to the number of ions per volume of air drawn 

past the plates (n). This can be expressed as: 

I = current measured in Ampere 

q =charge of the ion [which is considered to be e= 1.602 x 10-19 C (Coulomb) for small air 

ions (Martinac, 1993; Kotaka, 1978)]. 

Measuring the current drawn by an electron emitter can give some indication of how many 

electrons are released/ generated at the emitter points. For example, a voltage of -13 kV, 

connected to a carbon fibre emitter and a measured current of 0.08 mA (1 Amp = 1 

coulomb s-1, therefore 0.00008 Amps divided by the charge of 1 electron (1.6 x 10-19)) is 

equivalent to the production of approximately 500 x 1012 electrons s-1• 
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1.4.4. How can small air ions be used to Clean Indoor Air? 

Primarily an electrostatic air cleaner cleans indoor air by reducing the number of particles 

< 10 µm in diameter through the decay processes described in 1.4.2. Some small air ions 

have properties that can reduce the viability of biologically active particles in the wider air 

masses surrounding a corona point. It was established in 1930 by Tchijewsky that ions 

could kill bacteria (Kotaka, 1978). Phillips et al., ( 1964) also established that air ions 

caused accelerated decay of biological aerosols. Phillips et al., were able to differentiate 

between decay rates attributed to physical decay and biological decay. When electrons are 

produced by corona discharge, they commonly form oxygen free radicals. These radicals 

are short lived and are thought to react with water vapour to form other reactive oxygen 

species. Reactive oxygen species are related to the biological effects of negative ions 

(Byczkowski & Gessner, 1988). In particular, one species, hydrogen peroxide, is known to 

have anti-microbial properties (Hyslop et al., 1995). The production of hydrogen peroxide 

from a corona discharge has been investigated previously, but only at an air-water interface 

(Challenger et al. , 1996; Goldstein et al. ,  1992). 
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1.5. Description of the New Electrostatic Air Cleaner 

This section describes how the physical and chemical mechanisms of electrostatic air cleaning 

discussed in 1.4. can be initiated using certain equipment. The concept of using electrostatic 

forces is not new. For example, virtually all large industrial chimneys are fitted with 

electrostatic particle arresters, powered by very high voltage (2-300 000 V) generators. The 

company Trion Ltd (Trion, 1993) have for years specialised in producing air cleaners that 

make use of extra high voltage equipment to precipitate and collect fine particulate matter in 

air cleaners used in the US fleet of atomic powered submarines (personal correspondence, 

2000). Such vessels are designed to stay submerged for very long periods and therefore 

must have excellent air re-circulating/ cleaning facilities. 

Primarily the EAC system was intended to reduce particles < 10 µm, in an air volume, using 

a corona discharge point, which would: 

1) Produce chemical compounds that can reduce the viability of biologically active particles. 

2) Set up an electrostatic field to capture, direct and deposit particulates to a positively 

charged surface. 

The main components of the new electrostatic air cleaner (referred to as the EAC system) are 

described below. In combination these components form an electrostatic air cleaner that was 

assumed able to produce the effects described in 1.4 

An extra high tension negative voltage generator (EH1). The EAC system works on the 

principle of generating negative air ions via an electron emitter. These negative ions are 

capable of reducing the numbers of fine and coarse particles in indoor air by various 
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mechanisms. The EAC system described in this thesis relies on an extra high tension (EHT) 

generator to produce a high voltage electrical charge at the emitter. The generator was 

based on a wiring diagram originally designed by Cockcroft and Walton (Hartley Jones, 

1995). Fig. 3 shows a circuit diagram of the generator, which can reach a negative voltage 

of-13 kV. Whilst the unit functioned normally at most voltages, at -13 kV outputs became 

less easy to control . In addition, a voltage this high was deemed unsafe for use in close 

proximity to people. The diagram gives calculations for the number of electrons the Wlit 

would produce and the equivalent output current levels that were recorded when checked 

using a Pico-ammeter. To ensure that the current readings really represented the maximum 

currents possible preliminary readings were taken between an electron conductor, in this case 

the carbon fibre wire to earth. Fig. 3 also shows that two voltages could be used from the 

wiring diagram, -7700 V and -12 93 8 V. The reason for this set up was to ensure that: 

A) The voltage drop from the main vo Itage (-12 93 8V) was not able to leak across the 

backing board/ plate onto any fixed surface where the ion emitter was positioned 

thereby causing substantial charging on the surrounding surfaces. 

B) Soiling was reduced at the -7700 V voltage drop to earth. The ring of Aluminium 

tape surrounding the main ion generating carbon fibres is a very poor electron 

generator, therefore reducing soiling. 

A carbon fibre thread emitter. This type of emitter has been suggested by Pethig (1984) 

and is the preferred emitter material for a number of manufacturers. Carbon fibres are 

thought to maintain efficiency longer than needle type emitters. The full benefit of using 

carbon fibre emitters is discussed in 2.2. 
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Electron Mirror: The electrostatic field set up by the EAC system would create a 

directional flow of ions, which removes particles in the processes discussed in 1.4. Particles 

with a mass and/ or an electrical charge are influenced within an electrostatic field. In order 

to enhance the efficiency of the new electrostatic air cleaner, an electron mirror (metal plate) 

was developed that would enhance and direct the spread of electrons/ small air ions away 

from the corona points. 

The basic EAC system, consisting of a generator and an emitter, can be arranged in a number 

of ways to maximise electrostatic forces. Fig. 4 shows how the electrostatic air cleaner can 

be set up. The Figure indicates a forced air input with the electron emitters arranged around 

the forced air input. The generated electrons are thought to generate oxygen free radicals, 

convert existing water vapour into hydrogen peroxide and set up an electrostatic field 

between the emitters and the walls in the locality. The outcome measures of setting up a 

system such as this in a room are a slight change in the potential of the walls and floor, 

allowing particles to be collected on the wall and/ or allow positively charged particles to 

settle. Fig. 5 shows another similar arrangement. In this instance, one of the emitters is 

replaced with a positive pole. There are substantial practical and theoretical differences with 

this arrangement. Airborne particles entering the air gap 'covered' by a directional 

electrostatic field will be directed to one or other pole from which they can be removed. The 

air is cleaned from particles in a controlled way. All oxygen free radicals generated at the 

negative pole are under electrostatic 'control' in the field and therefore there is no risk that 

humans might breath in charged particles/ radicals. There are no commercially available 

indoor air cleaners using the concept. 
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1.6. Aims of Study 

The aim of this study was to develop and test an electrostatic air cleaning system (EAC system) 

based on the safe production of negative air ions and apply the EAC system in real life situations. In 

order to develop the EAC system a series of experiments were performed to: 

• Determine the electron generating capacity and efficiency of the EAC system. 

• Test the efficacy of individual components of the EAC system. 

• Assess the actual requirements for IAQ. Tests were conducted in pre-school nurseries and in 

local authority housing to determine average concentrations of fine and coarse particles in the 

localities. 

• Assess the application of the EAC system in a real life situation. Experimental EAC systems were 

installed in a city centre office where IAQ was assessed through monitoring particulate numbers 

and conducting subjective questionnaires to assess the occupants perception of air quality. 

The combined results from these experiments were used to suggest a new design and new patent for 

a 'Full EAC system'. The EAC system used in this thesis was based on a design outlined in a British 

patent (GB 2304576). Although the patent mentions some technological applications, there was a 

need for further development and understanding of the air cleaning mechanisms involved. In 

addition, there was a need to test the efficacy of the EAC system as envisaged as a whole and to test 

its component parts. 
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SECTION 2. OEVELOPM ENT OF THE ELECTROSTATIC AIR CLEM11NG 

SYSTEM 

2.1. An Investigation of the Negative Ion Generating Capacity and Particle 

Removal Efficiency of the New Electrostatic Air Cleaning s ystem 

2. 1. 1. Experiment to Determine the Negative Ion Generating Capacity of Different 

Generators 

To investigate the negative ion generating capacity of some of the commercially available 

generators, four generators, with different operating voltages, were tested. From these 

experiments ( 1) an appropriate generator and voltage operating range, were chosen and (2) 

tests could then be conducted to assess the particle reducing capacity of the chosen 

generator and carbon fibre based electron emitter, 1.5 metres in length. 

2 . 1. 1. 1. Method 

Four extra high tension negative voltage generators with different voltages were set up as 

part of the EAC system as described in I .5. To assess the production of negatively and 

positively charged small air ions produced by each generator, an atmospheric air ion 

analyser (Type J 34A. Median, Oxted, 1::-:ngland), was set at a distance of 13 cm from the 

emitter. The atmospheric air ion analyser selectively measures small air ions in the mobility 

range 1-2 cm2 s·1 volf 1. Air was continuously drawn through the ion analyser at the rate of 

5 .0 litre s·1• Each generator (and the emitter) was tested for 3 one-hour periods. The tests 

were conducted at room temperature ( 1 9 °C) and with a relative humidity of between 4 7 -

50 %. Before the experiments commenced background concentrations of negative and 
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positive small air ions were measured. There was no forced air ventilation in the test room 

and there were no people present during the tests. 

For aesthetic reasons it was envisaged that the EAC system would have a varnished wood 

surround. To investigate the effoct of this decorative frame on ion production, the 

experiments described above were conducted on systems with and without varnished 

frames. To test if there was a significant difference between the two frames a two-tailed 

Student's t-Test was conducted. A consistent P value< 0.01 would indicate a significant 

difference. 

2. I .1.2. Results 

The results from systems with non-varnished and varnished frames are given in Table 5 & 6 

respectively. 

Description of Temp Frame Positive Negative Background Background 
negative (oC) earthed ions ions cone. cone. 
voltage (no. cm-3) (no. cm-3) positive ions negative ions 
generators {no. cm-3} {no. cm-3) 
6.5 kV (US 18.5 yes 100 400 200 600 
built) 
6.5 kV (US 18.5 no 1 00 16 - 21 " " 

built) 000 

6.5 kV (Amcor} 19 yes 100 400 1500 1600 
6.5 kV {Amcor} 19 no 0 29 000 " " 

8.5 kV (Amcor) 18 yes 200 800 1900 1200 

8.5 kV {Amcor) 18 no 0 28 000 " " 

12 kV (built in 18.5 yes 0 11 000 100 3 00 
Derriford 
Hospital} 
12 kV (built in 18.5  no 0 17 000 300 200 
Derriford 
Hospital} 

TABLE 5 NEGATIVE ION GENERATING CAPACITY OF DIFFERENT 

GENERA TORS SET IN NON-VARNISHED FRAMES 
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Description of Temp Frame Positive Negative Background Background 
negative ("C) earthed ions ions cone. cone. 
voltage (no. cm-3) (no. cm-3). positive ions neg�tive ions 
generators (no. cm-3) (no. cm-3) 
6.5 kV (US 19 yes 80 600 200 600 
built) 
6.5 kV (US 19.5 no 200 20 000 " " 

built) 
6.5 kV (Amcor) 18.5 yes 0 550 
6.5 kV (Amcor) 20 no 0 26 000 " " 

8.5 kV (Amcor) 16.5 yes 0 600 800 1000 
8.5 kV (Amcor) 18 no 0 23 000 " " 

12 kV (built in 17.5 yes 0 2600 200 0 
Derriford 
Hospital) 
12 kV (built in 17.5 no 0 17 000 " " 

Derriford 
Hospital) 

TABLE 6 NEGATIVE ION GENERATING CAPACITY OF DIFFERENT 

GENERATORS SET IN VARNISHED FRAMES 

The results show that despite the large variation in operating voltage, the negative ion 

production only ranged from 16 000 to 29 000 (6.5 - 8.5 kV), for non-earthed frames. The 

exception to this was the 12 kV generator, which had the lowest negative ion generating 

capacity of all generators tested for non-earthed frames. There was no significant 

difference between the varnished and non-varnished frames (Student's t-Test, P = 0.08). 

The variation between the two types of frames can be explained by environmental 

conditions, which changed very slightly between the experiments. The greatest change 

occurred when the earth connection was removed from each system. This resulted in the 

majority of negative ions being released into the atmosphere. 

The results indicated that a generator of either 6.5 or 8.5 kV capacity would produce 

enough negative ions to produce oxygen free radicals. Challenger et al., (1996) found that 
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at an ion concentration of I 0 000 ions cm-3, 24 ppb of hydrogen peroxide would be 

produced at an air/ water interface. Although the system could produce > 20 000 ions 

cm-3, at 6.5 kV, the system needed to be tested for its ability to reduce particulate levels at 

that voltage. The following section describes the particulate reducing capacity of the 

generator and system. 

2.1.2. Experiment to Determine the Particulate Reducing Capacity of a 6.5 kV Extra High 

Tension Negative Voltage Generator 

2.1.2.1. Description 

A series of experiments were conducted to assess the reduction of fine and coarse particles 

in a closed room where the EAC system was installed. The apparatus used for this 

experiment consisted of a unit with a 6.5 kV negative voltage generator, connected to a 

carbon fibre thread. The frame of the system was not earthed and was unvarnished. The 

system was placed in the closed room (total volume 50 m3) and left to run for over 7 hours. 

Approximately 30 minutes prior to the first measurements, a large number of particles were 

released into the room, to ensure an even distribution of particles throughout the room. 

Coarse particles were generated by blowing fine clay powder (ground to within a size range 

of 1 - Sµm) into the room with a vacuum cleaner, coupled in reverse. In a second set of 

experiments, a fine particulate load was created in the same room using a lighted cigarette 

to release fine particles with a size range of 0.01 - 5 µm. Prior to each experiment and the 

introduction of the high particulate loads, a count was taken of background particle 

concentrations in the room. The average concentrations were 26 500 fine particles litre·1 of 

air and 280 coarse particles litre·1 of air. A control experiment was performed where the 

EAC system was not installed but the conditions used were identical. There was no air 
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movement within the room apart from the thermal movement of air. Each experiment was 

conducted in triplicate. At each time interval, three measurements were taken and a mean 

value was taken from the sum. Thus, the values entered into Tables 7 & 8 are mean values 

of the three experiments (within which each measurement was repeated three times to 

ensure accuracy). 

Particles were measured using a MetOne Hand held Particle Counter (Model 227, MetOne, 

Oregon, USA). The counter was set to c.;ount in the following ranges: 

0.3 - 3.0 µm (fine particles) 

3.0 - 7.0 µm (coarse particles) 

Although these are not the conventional ranges used to define fine and coarse particles, the 

ranges were limited by the settings of the particle counter. The particle counter was 

installed in the room and left to run continuously during the experiments. A test for 

significant differences between the room with and without the EAC system in operation 

was conducted using a Student's t-Test. A P-value < 0.05 would indicate a significant 

difference. 

2.1 .2.2. Results and Discussion 

Experiment 1: The reduction of coarse particles. Table 7 and Figures 6 and 7 give the 

results for coarse particles in a room with and without the EAC system installed. The 

massive input of coarse particles into the room is reflected in the initial particle counts of 

> 70 000 particles litre-1 of air. In both cases, the particles settled quickly. However with 

the addition of small negatively charged air ions (16 -21 000 ions cm-3 measured 13 cm in 

front of the emitter unit (see Table 5) the particles settled out very much faster than in the 
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same room without the air cleaning system in operation. With the air cleaning system in 

operation, all the coarse particles had· settled out after 2.3 hours, whereas without the air 

cleaning system in operation the particles never completely settled out. A comparison of 

the results shows that after - 1 hour the difference in airborne particle numbers between the 

room with the added negative ions and the room without the ions was 1 :4. There was a 

consistent significant difference between the results from the experiments with/ without the 

addition of small air ions after 1.1 hours from the start of the experiments (P < 0.0 1 ). 

Hours System installed No system P value (99 % 
(mean no. litre-1 of air) (mean no. litre·1 of air) confidence) 

0. 1 77200 73800 0.603 

0.3 24500 38900 0.002 

0.5 1 4500 24500 0.020 

1 . 1  51 00 21 000 0.002 

1 .3 41 00 1 31 00 0.001 

1 . 5 21 00 1 0700 0.000 

2. 1 800 7300 0.000 

2.3 200 4800 0.001 

2.5 0 4650 0.000 

3. 1 0 3800 0.000 

3.3 0 2800 0.000 

3.5 0 3000 0.000 
4.1 0 2850 0.000 
4.3 0 2 1 00 0.000 
4.5 0 2000 0.000 
5. 1 0 1 900 0.008 
5.3 0 2000 0.001 
5.5 0 21 00 0.009 
6.1 0 2250 0.000 
6.3 0 2340 0.001 
7. 1 0 3000 0.000 

TABLE 7 COMPARISON OF COARSE PARTICLE REDUCTION IN A ROOM 

WITII THE EAC SYSTEM INSTALLED AND A ROOM WITIIOUT THE 

SYSTEM INSTALLED 
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Experiment 2: The reduction of fine particles. Table 8 and Figures 8 & 9 give the results 

for fine particles in a room with and without the EAC system installed. The graph and the 

table again show that particle numbers do settle out of the air. However because fine 

particles are not greatly influenced by gravitational forces (COMEAP, 1 995), particles< 2 

µm in size remain airborne. In the room with the EAC system, there is a major reduction in 

fine particles after just over an hour. There was a consistent significant difference between 

the results (P< 0. 01) after the equipment had been running for 1 .5 hours. The fine particles 

were influenced by the release of negative ions and were reduced in numbers by the 

mechanisms described in 1.4. 

Hours System installed No system P value (99 % 
(mean no./ litre of (mean no./  litre of confidence) 

air) air) 

0.1 385100 387 1 00 0.989 

0.3 32 1400 3521 00 0.665 

0.5 236100 3351 00 0.459 

1 . 1  1 62400 296500 0.060 

1.3 130100 274500 0.041 

1 .5 89 1 00 2461 00 0.000 

2. 1 741 00 221 000 0.001 

2.3 54000 1 92 1 00 0.002 

2.5 45600 1 67400 0.002 

3. 1 37500 151 200 0.003 

3.3 30000 146500 0.009 

3.5 26100 131500 0.007 

4. 1 22100 1 1 1 200 0.002 
4.3 19600 100900 0.002 
4.5 1 7500 96400 0.000 

5.1 16800 78500 0.000 
5.3 15600 69500 0.000 
5.5 1 5300 66000 0.000 
6. 1 14680 59800 0.003 
6.3 14100 56000 0.002 
7.1 13500 54600 0.01 1 

TABLE 8 COMPARISON OF FINE PARTICLE REDUCTION IN A ROOM WITH 

THE EAC SYSTEM INSTALLED AND A ROOM WITHOUT THE SYSTEM 

INSTALLED 
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These experiments have shown that by using an extra high tension negative voltage 

generator with an output of> 6 kV that the following is possible: 

• A system can be developed with a negative ion generating capacity in excess of 

20 000 negative charged small air ions cm-3 of air. 

• That there are enough negative ions generated by the EAC system to reduce 

both fine and coarse particles in a room 
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2.2. Determination of the Efficacy of Woven Carbon Fibre Thread as an Emitter of 

Electrons for the Electrostatic Air Cleaning System 

2.2. 1. Background 

The generation of electrons and hence negative air ions requires a suitable emitter to 

release electrons. Many commercially available ion generators use steel or carbide-tipped 

metal needles to produce a corona discharge of electrons. These emitters are prone to 

producing ozone (03) (Pethig, 1984). It is postulated that Q3 is produced into the 

surrounding air through the occurrence of cold sparking at the interface between the 

original metal of the needle and corroded surfaces. Erosion on the needle tip is due to the 

sputtering of the metal (Liu et al., 1985). The rate of erosion of an emitter point is 

dependent upon the materials used to construct the emitter, the polarity and wave form of 

operating voltages and other factors such as current limitation (Blitshteyn & Shelton, 

1985). The needle becomes increasingly corroded with age, as illustrated in Fig. l 0. It can 

be seen that even after one month the very point of the needle has started to break up. The 

electrical discharges which occur as a result of the ageing of these conventional emitters is 

of sufficiently high energy to produce O, in atmospheres containing significant levels of 

oxygen. 03 can have some beneficial air cleaning effects. It has anti-microbial properties 

and can mask odours by chemically oxidising malodorous compounds. However, it is 

known to cause adverse health effects in humans and should not be released ad hoc into 

human environments (Boeniger, 1995). 
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The deterioration of the needles as described will reduce the efficacy of electron generation 

(Pethig, 1 984), thereby affecting the efficiency of an air cleaner. Dirt accumulation, 

corrosion and blunting of the emitter tip can all prevent corona discharge (Pethig, 1984). 

To avoid using metal needle point type emitters, certain manufacturers of air cleaners use 

woven carbon fibre thread to emit electrons. Pethig, ( 1984) recommends the use of carbon 

fibres as electron emitters because they are less likely to lose efficiency due to dirt 

accumulation or through the tip becoming blunted through corrosion. Carbon fibres do not 

corrode but are found to deteriorate in time through breakage along their crystalline 

structure. However, the carbon crystal structure is tetrahedral and carbon fibres are highly 

symmetrical at the molecular level. Therefore, breakage tends to produce new points of 

electron emission from which electrons are 'cleanly' emitted without any cold sparking. 

Whilst it is not possible to count exactly how many carbon fibre points are available for a 

thread it is accepted that several thousand fibres exist per 1 00 mm of thread, each with two 

possible electron emitter points. Thus, even if thousands of the emitter points are clogged 

by dirt on the thread, there will still be numerous points from which electrons can be 

produced. Since no other efficient electron emitters are available, carbon fibre threads will 

be used for the EAC system. 

The EAC system will be used in dirt laden indoor air, where fine particles such as those 

from combustion emissions and tobacco smoke, could combine to form a coating on the 

carbon fibres. Hence, it was necessary to investigate how such a coating might affect the 

electron generating capacity of the thread. An investigation was designed to study the 

effect of dirt agglomeration on the carbon fibre thread in terms of electron production over 

thne. If the fibres became encrusted to the extent that a large number of tips became 
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covered then the production of ions could be reduced and the air cleaner would not be 

suitable for environments with high fine particulate pollution. However, if the fibres 

became encrusted with dirt but broke off leaving a c lean break-surface, electron production 

would continue or if there were many more possible electron emitter points not clogged by 

dirt the thread would function normally. These attributes would be visible under an 

electron microscope. Previous measurements and visual inspections of used carbon fibres 

threads, revealed that the overall diameter of the threads reduced with increased usage, 

indicating that fibre breakage did occur and thus the fibres 'wore out' with use. 

Understanding the characteristics of carbon fibres was clearly an important requirement in 

order to determine the frequency of carbon fibre replacement required to maintain efficient 

air cleaning. The EAC system needed to be capable of operating for long periods without 

service to be viable. 

Due to the fact that carbon fibres do not corrode in the same way as metal tipped emitters 

do, it is thought that little or no 03 would be generated from the fibres. As a precautionary 

measure, the maximum output voltage of the generator was maintained below 7.5  kV. For 

most emitters this would keep the 03 production below I ppb (Pethig, 1 984). If small 

� 
amounts of 03 such as these were produced by the EAC system, it would be removed by 

heterogeneous reactions with indoor surfaces, where the 03 deposits at significant rates 

(Reiss et al., 1 995).  
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2.2.2. Description of the Carbon Fibre Thread Emitters suggested for use with the EAC 

system 

The carbon fibres used for the EAC system in the experiments described in this thesis were 

manufactured by Eurocarbon, Holland. The thread was made from three yarns twisted 

together under a l ight tension. Each yarn was made from approximately 3000 pure carbon 

fibres, for every I 00 mm length of thread. Each individual fibre is approximately 6 mm 

long with a diameter of 1 0-12 µm. The carbon fibres are interwoven with a carrier yam 

made from 1 2000 man made fibres/ I 00 mm that entrap the slippery carbon fibres and carry 

any longitudinal forces exerted on the thread. The thread is very lightly coated in paraffin 

to assist in the manufacturing process. The thread is delivered without any further coatings 

unless requested. The fibres are brittle and as such, individual fibres break off and become 

airborne. These fibres can be inhaled and can result in respiratory irritation (personal 

communication, Eurocarbon, 1998). Therefore, the manufacturer offers to coat the 

finished thread to trap loose fibres. This coating literally covers all the individual fibres in a 

thread, reducing its electron generating capacity if it is not removed before put into 

operation. 

2.2.3. Procedures 

Specimens of used carbon fibre thread were obtained from a fan assisted EAC type system 

that had been operating in the city centre of London (UK) for three weeks. The system 

produced approximately 15 000 negatively charged small air ions cm-3 of air. To assess the 

production of negatively charged small air ions produced by the EAC system, an 

atmospheric air ion analyser (Type 1 34A. Medion, Oxted, England), was set at a distance 
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of 2 m from the emitter. Further samples of carbon fibre were taken after two months. 

The two month old thread would have had approximately 200 000 m3 of air drawn 

through/ past it. When a specimen of thread was removed after two months of continuous 

use, the small air ion production of the system had fallen to 95% (- 14  000 ions cm-3) of its 

original capacity. 

manufacturer. 

The used thread was compared with virgin thread from the 

The threads were viewed under a scanning electron microscope (SEM). The SEM works 

on the principle of scanning a focused beam of electrons across the surface of a specimen. 

When the beam of electrons is focused on the specimen, a range of emissions from the 

surface region occurs. These emissions include: 

Back scattered electrons 

Secondary electrons 

Auger electrons 

Characteristic x-rays 

All of these emissions can be used to obtain an image of the specimen on a VDU screen. 

Secondary electrons are emitted from just below the surface of the specimen and are 

collected by a detector close to the specimen. Each electron captured by the detector 

causes a flash of light in a scintillation device. This passes down a light guide to a photo 

multiplier, which in turn converts it to an electrical signal. The final electrical signal is 

proportional to the number of secondary electrons emitted from the specimen, and is used 

to modulate the brightness of a display spot on a VDU screen (Bond, University of 

Plymouth, unpublished). 
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The specimens were coated with gold to a thickness of approximately one nanometre. The 

gold coating was used to enhance the reflective capacity of the specimens. The specimens 

were prepared as follows: 

Specimen l vi rgin thread :  A short length of thread was cut length wise and pasted onto a 

specimen ho lder. This enabled the thread to be viewed at 90° to its axial direction. This 

gave a clear picture of the formation of the thread and some indication of the interlocking 

of the three yams. 

Specimen 2 virgin thread: A short length of thread was cut and pasted onto a specimen 

holder with the ends facing upwards, exposing the cut surfaces of the fibres. 

Specimen 3 & 4 thread used for 3 weeks and two months respectively: A short length 

of thread from each sample was cut length wise and pasted onto a specimen holder. 

2.2.4. Results 

Specimen l :  In the image produced from specimen I (Fig. 1 1  ), it is apparent that the 

carbon fibres had extremely smooth surfaces. The presence of a small number of particles 

on the fibres is thought to be a result of residual dirt from the manufacturing process. 
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Specimen 2: This specimen showed the 'snapped' points of the fibres (Fig. 12), which did 

not appear to have clean break points i.e. there were no fibres with ends at 90° to the length 

of the fibre. This confirms the idea that carbon fibres fracture along their crystalline 

structure s ince the break point appears at different angles to the length of the fibre and each 

breakpoint surface is similar in structure. 

Specimen 3: This specimen shows how the fibres have accumulated particulate matter after 

3 weeks (Fig. 1 3). Random patches of foreign material can be seen seemingly adhered to 

the cylindrical surface of the fibres. The fibres were not completely covered in dirt and the 

EAC system had been functioning at full capacity when the samples were taken. 

Specimen 4: This specimen, taken after 2 months of use in an EAC system, showed the 

build up of particles on the fibres (Fig. 14). The foreign material covered the outlines of 

the individual fibres in the threads. By increasing the magnification of the microscope, it 

was possible to establish that under the outer 'layer' of dirty fibres, clean fibres were still 

available. These remaining fibres would account for the fact that the carbon fibre thread 

was still effectively producing small air ions even when the thread seemed to be dirty. 

Fig. 15 gives a clear picture of the extent of 'clogging' on one of the fibres. The particles 

adhered to the fibre in Fig. 1 5  range from 8 µm in diameter to less than 0. 1 µm. The 

smooth surface of the fibre has virtually disappeared under what is thought to be an 

accumulation of ultra fine particles, which have formed a lumpy 'coating' on the lateral 

walls of the fibre. The coating could also be an actual reaction to the electrical current in 

the fibre where the current could be affecting the paraffin coating of the fibre causing it to 

partially volatilise, leaving behind a higher molecular weight 'waxy' deposit. 
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It may be possible to determine the source of the foreign material adhering to the fibre by 

using the microscope to determine the elements present. Alternatively, FT-IR 

spectroscopy might be used to determine the origin o I' organic components. The fact that 

each fibre would have been carrying a large negative electrical charge would cause the fibre 

to act as a negative pole, attracting positively charged material passing through the thread. 

There is substantial proof that dirt accumulation occurs. Early generations of EAC type 

equipment needed to be vacuum cleaned every two months to avoid reduced electron 

generating capacity, due to accumulation of light surface dust. This problem will need to 

be addressed in the commercial development of the EAC system. 

Carbon fibre thread will be used as the emitter material for the EAC system based on the 

following conclusions: 

• It has a reasonably long lifetime. Due to the structure of the carbon fibres, breaks 

always occur such that there are always fresh points to emit electrons, minimising 

electron production impairment. 

• The fibres are slow to clog up. Despite the fact that the fibres showed an 

accumulation of dirt after 2 months the efficacy of the air cleaning system was only 

reduced by 5 %. 

• Carbon fibres are inexpensive. 

Further investigation into the efficiency of the carbon fibre threads will continue. 

Eurocarbon, Holland and A C & T Ltd . .  UK, have offered to part fund further research 

into the crystalline structure of the fibres to ascertain if the electron output of each 

individual fibre can be increased based on a smaller breakage surface. There is also 

concern that assembly line workers are being exposed to 'loose' carbon fibres during 
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production. One possible solution to this is to coat the individual fibres with wax that can 

be volatised by low heat after assembly. This would represent an additional stage in the 

manufacturing process and requires further investigation. 
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2.3. Assessment of Airborne Particulate Pollution in Children's Nurseries 

2.3 .1. Background 

The environment in which children work and play can have a major impact on their current 

health and future well being. One of the longest periods of exposure to infectious illnesses 

and high particulate loads occurs when children are at school or in a nursery. This is 

especially so for children aged 1 - 6 in nursery care, where the presence of more than six 

other children in a nursery can double a child's level of absenteeism through exposure to 

airborne pathogens (Dahl et al., 1991) or through bodily contact with pathogens. 'Children 

of this age are known to be particularly vulnerable to heavy metals as they absorb 

contaminants quicker than adults because of their different physiology and activities (Tong 

& Lam, 1998). The American Environmental Protection Agency states that pre-adolescent 

children are at risk from health impacts resulting from particulate matter exposure (Etkin, 

1995). Particulate pollution has been linked to respiratory illnesses and other complaints in 

a number of studies conducted in nurseries (Dockery et al., 1989; Christensson & Krantz, 

1992). 

A three-year study of four Swedish nurseries was initiated to assess the effect of particle 

pollution on absenteeism in nurseries (Paper no. 1). Currently in Swedish schools and 

nurseries, the concentration of C02 indoors is used as a marker for IAQ (Swedish 

Government recommended maximum of 1000 ppm). In the four nurseries studied, these 

standards had been successfully met using a forced air ventilation system. The climate in 

Sweden requires children to spend the majority of their time indoors and their well being is 
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therefore largely dependent on the quality of indoor air and could therefore, have a major 

influence on their well being. 

To investigate whether the EAC system could be developed to improve IAQ in UK 

nurseries, a study was initiated in two Plymouth City centre nurseries (as described briefly 

in Paper no. 2 & 3). Both nurseries were located close to large roundabouts/ traffic 

junctions where 1 5  - 20 lanes of traffic meet and approximately 40 000 vehicles day"1 pass 

through (City of Plymouth Transport services, personal communication, 2000). Nursery 

no. l was located between high buildings, which created a 'canyon' effect, whereas nursery 

no. 2 was in an open position away from other buildings. , Neither of these localities had 

forced air ventilation or filtration of incoming air and the ventilation regime was completely 

reliant on opening windows. The carbon dioxide concentrations at both sites were 

measured and found to be below I 000 ppm for the majority of the opening hours. 

For reference, the results from a typical Swedish centre are used herein to be able to draw 

comparisons with the Plymouth nurseries. The results taken from the Swedish day care 

centre were measured during a period when no interventions were made to the air cleaning 

system. All three nurseries were situated near the coast and were expected to have the 

same ambient levels of marine aerosols, which can constitute a major portion of coarse 

particulate load outdoors in coastal areas (Chan et al., 2000). 

Table 9 details the demographics for each nursery. The internal standards for cleanliness, 

staffing levels, available toys and types of activities were comparable for the Plymouth 

nurseries and the Swedish centre. 
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Nursery Plymouth no. 1 Plymouth no. 2 Swedish centre 
No. of children present at 23 18 -20 30 
monitoring times 
Age of children 3-4 3-4 1 - 6 
Type of ventilation Open window Open window Controlled forced air 
Total area m2 64 93.5 42 
Total volume m3 192 355 147 
Area per child 2.8 4.9 1.4 
(m2/ child) 
Volume per child (mJ/ child) 8.35 18.7 4.9 

TABLE 9 COMPARISONS OF THE DEMOGRAPHICS OF EACH NURSERY 

The level of particulate pollution was monitored by measuring the concentration of 

particles (number/ litre of air) in all three nurseries and by analysing the composition of the 

particles in one Plymouth nursery. The main reason for analysing particle composition was 

to confirm that the source of fine particles in the nursery was from outdoor combustion 

processes. A large variety of organic compounds may be found absorbed onto the surface 

of particles, including many hazardous contaminants from traffic pollution such as 

polycyclic aromatic hydrocarbons (PAH). Diesel and petrol vehicles are a significant source 

of ambient P AH in urban areas. Fluorenes, naphthalenes and phenanthrenes are commonly 

produced by the incomplete combustion and carbonisation of fuel (Williams, 1986). There 

is a strong link between P AH exposure and the concentration of fine particles, as P AH are 

normally distributed in the fine particle fraction (Monarca et al., 1997). Particles from 

other sources are chemically quite different. For example, human derived particulates are 

rich in discarded skin cells. As they are protein based, these are readily distinguishable. 
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2.3.2. Methods 

Approximately I 00 discrete readings of PM:i and PM7 (no./ litre of air) were taken at both 

Plymouth nurseries and 15 continuous 5-day measurements were taken with a MetOne 

particle counter at nursery no. I. The MetOne counter sampled the air every 15 minutes 

(for 30 seconds) in a continuous sampling mode. Discrete samples were taken manually, 

also for 30-second periods. The MetOne also recorded relative humidity (RH %) and 

temperature (°C). The method of measurement in the Swedish nursery was identical. 

Particle samples were taken from the playroom carpet in nursery no. 1, using a diaphragm 

vacuum pump attached to a length of Teflon tubing. Measurements were taken over one 

minute periods. The samples were placed in a dessicator for 24 hours to reduce 

interference from moisture. The samples were then analysed on a Bruker IFS 66 FT-IR 

spectrometer in a Graseby Specac Diffuse Reflectance Infrared Fourier Transform (DRIFT) 

accessory. The spectrometer was set for the following conditions. Resolution 4.0 -

absorbance; zero filling 2; sample scans 32; wave numbers 400 - 4000 cm-1• The 

spectrometer was fitted with a C02 scrubbed dry air purge. The sample cup of the DRIFT 

accessory was filled with freshly ground spectroscopic grade potassium bromide (K.Br) in 

order to aid in sample alignment and to provide a useful background spectrum (KBr does 

not absorb in the IR). Each filter paper containing the particulate sample was placed on 

top of the cup and the FT-IR spectrum measured individually in order to determine 

absorbed organic compounds. A background reading was taken using a blank filter paper 

and this was subtracted from each sample spectrum. All DRIFT IR spectra are 

automatically corrected for absorbance using the standard methodology of the Kubeika 

Munk function, which uses corrected reflectance spectra to allow a search against 
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absorbance spectra. The subtraction of the background spectrum of the filter paper was 

necessary because the filter paper contained 1 R active species such as cellulose. It is 

understood that in drying the samples before analysis, highly volatile compounds may have 

been lost. 

Gas samples were collected from both of the Plymouth nurseries in I 00 ml gas tight 

syringes, which were then sealed and later analysed in a gas tight 1 0 cm path length 

standard gas cell with KBr windows, on a Bruker IFSS 66 FT-IR spectrometer under the 

following conditions. Resolution 4.0 - absorbance; zero filling 2; sample scans 16; wave 

numbers 400 - 4000 cm-1• The spectrometer was fitted with a C02 scrubbed dry air purge. 

Background spectra were measured with the FT-IR sample compartment sealed and 

containing no gas cells. Samples of outdoor air were also taken in the vicinity of the 

nurseries. These samples were also analysed on the FT-IR and then subtracted from the 

indoor spectra to give an indication as to whether the observed chemicals had an indoor or 

outdoor source. 

2.3.3. Results 

Table 10 & 11 show the results of the two Plymouth studies in comparison to one of the 

Swedish day care centres. A two-tailed Student's I-test was performed to compare 

differences for indoor and outdoor part iculate concentrations for the two Plymouth sites. 

There was no significant difference in PM3 concentrations between indoors and outdoors. 

However there was a significant difference between PM7 concentrations indoors and 

outdoors (P < 0.05). Fig. 1 6  indicates that coarse particle numbers are lower in the 

nurseries with a larger volume of air available per child. 
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Nursery Plymouth no. I l'h i111;11th nn 1 Swedish centre (No EAC -

installed) -

Location Outdoors Indoor� Uutduors Indoors Outdoors Indoors 
Median 101 336 i56 221 * 428 
Range 40- 205 135 -446 31 - 218 ] 29 - 333 * 340-649 
*Due to the fact thnt Lhis site had Ii lira Lion insialkd I(" coarse pa1 tides, outdoor pat ii cl es had no bearing on the indoor measurements. 

TABLE to CUMPARISONS OF PM7 CONCENTRi\TIONS BETWEEN THE TWO 

PLYMOUTH SITES AND THE SWEDISH CENTRE DURING THE DAYTIME 
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Nursery Plymouth no. 1 Plymouth no. 2 Swedish centre (Without 
installation of EAC, 
unpublished data) 

Location Outdoors Indoors Outdoors Indoors Outdoors Indoors 
Median 64270 69697 57944 6 1413 59960 38068 
Range 18086 - 23977 - 25044 - 27318 - 21893 - 19774-

256630 259019 132862 127796 265537 186441 

TABLE 11 COMPARISON OF PM3 CONCENTRATIONS BETWEEN THE TWO 

PLYMOUTH SITES AND THE SWEDISH CENTRE DURING THE DAYTIME 

(NO. OF PARTICLES/ LITRE OF AIR) 

Fig. 17 shows the typical diurnal pattern of particulate concentrations in nursery no. 1. 

This may be compared to a similar recording taken in one of the Swedish nurseries (Fig. 

18). 

The DRIFT analysis of the particulate samples from nursery no. 1 revealed the presence of 

PAH. 

The FT-IR analysis of gas samples revealed gases associated with traffic emissions. The 

following absorbances in wave numbers (cm-1) and their assignments were typical (Dr DJ 

Harwood, University of Plymouth, personal communication); see Fig. 19 for an example of 

a spectrum. 

650 - 970 region of aromatic C-H skeletal vibration. Aromatics from traffic emissions, 

perfumes etc. 

� 1260 shows Aliphatic C-H bend typical of a skin cell related spectra and absent from 

outdoor (traffic emissions) spectra. 

2339 & 2360 C02 peaks 

2800 - 3000 region of C-H stretch aliphatics . 
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2.3.4. Discussion 

The data in Table 9 demonstrate that the Swedish centre had a larger number of children 

within a smaller space when compared to the Plymouth nurseries. Hence, the Swedish 

centre had more children to create particles and less air volume with which to dilute the 

particles. The fact that the Swedish centre had a smaller air volume to child ratio is shown 

by the large number of coarse particles per litre of air within the centres (Fig. 16). 

The fact that coarse particles are generated indoors by the activities of the children is 

reflected in the results, as there is a significant difference between outdoor and indoor 

concentrations of PM1 for both of the Plymouth nurseries (P <0.05). Coarse particles are 

normally considered to be created indoors (Christensson & Krantz, 1992). In the Swedish 

centre the forced air ventilation had difficulty in coping with the continuous generation of 

large numbers of coarse particles as shown by the high median value ( 428) and the high 

maximum value ( 649) in Table 10. This can be explained in part by the fact that there were 

a large number of children in the centre. However, another Swedish study found that even 

in a room with only 5 - 6 children the forced air ventilation could barely maintain an 

average of 126 particles/ litre of air (Christensson & Juringe, 1995). 

A Student's I-test comparing indoor and outdoor PM3 reflected the fact that there was no 

significant difference between indoor and outdoor concentrations of fine particles in the 

Plymouth nurseries. This means either that both centres have their windows open 

frequently or that their respective building structures are far from airtight, allowing 

substantial ingress of fine particles from outdoors. The PM3 values from Sweden 

demonstrate the difference made by the basic forced air ventilation installed, as there was 
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an average reduction of 25% from outdoors to indoors. It must be noted however that this 

reduction was not significant (P> 0.05) and that the installed forced air ventilation had 

difficulties in dealing with large fluctuations in fine particles. Any reduction in fine particles 

would have been as a consequence of particles adhering to internal ductwork, since the 

installed ventilation system was not designed to remove fine particles drawn in from 

outdoors and only filtered out particles > 5 µm in diameter. 

The data collected from the Plymouth nurseries indicates that the sites are facing similar 

problems to the Swedish centre in connection with the removal of coarse particles. It 

would seem that the forced air moving system in Sweden is inadequate with regard to the 

removal of coarse particles. The implication being that the forced air ventilation system in 

Sweden, which operated at 7 litres/ second/ child had no greater effect than the open 

window ventilating regime at the Plymouth nurseries. Although the particle concentrations 

in Sweden were different, a comparison of continuous measurements shows that there were 

strong similarities in diurnal fluctuations with the Plymouth nurseries (Fig. 17 & 18). The 

differences in the median values for fine particles indoors between the Swedish centre and 

the Plymouth nurseries confirmed that the air handling system in Sweden did reduce fine 

particles as described whereas the Plymouth nurseries offer no protection against ingress of 

fine particulate matter. The open window systems in the Plymouth nurseries do not offer 

any protection against toxic particles entering the building. Contaminants are known to 

enter through windows from traffic emissions (Tong & Lam, 1998). It is interesting to 

note that the absolute numbers of fine particles surrounding the three nurseries are very 

similar despite the fact that the Plymouth nurseries were located in Plymouth city centre, 

whereas the Swedish centre was located in a residential area of a small country town. 
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Fig. 17 & 18 show that both classes of particles are greatly reduced during the night. PM7 

had time to completely settle under gravitational forces and PM3 was substantially reduced. 

The measurements shown in Fig. 17 trace the number of coarse particles with time and 

clearly reflect the activities in nursery no. 1. For example, at 6.00 - 7.00 am the cleaner 

arrives, around 8.30 am the children arrive and equipment for play activities is set up -

these activities and other movements throughout the day increase the coarse particulate 

load in the atmosphere. From 4.30 - 5. 30 p.m. the children go home, after which time the 

particles begin to settle out. An understanding of the movement of particles could be used 

to decide when and how to ventilate a locality, especially one wholly dependent on natural 

ventilation. 

The fluctuations in PM3 concentration in the Plymouth nurseries occurred because there 

was no filtration of fine particles entering the localities. The change in PM3 concentration 

shown in Fig. 17 would therefore reflect the variations over a 24-hour period caused by 

outdoor activities, wind movement and changing traffic intensity. This strong relationship 

between fine particles indoors and the change in fine particle concentrations outdoors has 

been previously shown (COMEAP, 1995). The characteristics of fine particle 

concentrations are shown in Fig. 18, where the diurnal variations are clearly shown. There 

is a decline in numbers during the night indicating the importance of the effect of traffic 

volume on fine particle numbers in the nurseries. 

Thus, it is feasible to improve the poor lAQ in the two Plymouth nurseries monitored either 

through the installation of: 

1) Simple EAC equipment assisted by slow moving ceiling mounted fans, OR 

82 



2) Commercially available air cleaners supplemented by EAC equipment to reduce the fine 

particulate matter. This option has been demonstrated in a study of a city centre office 

(Paper no. 7 & 8). 

These studies show that the EAC system needs to be able to cope with a wide range of 

particle concentrations. The EAC system needs to consistently be able to cope with high 

concentrations of fine particles entering the locality and coarse particles constantly 

generated inside. The position of the dirt collector plates is important in order to avoid 

unsightly accumulation and frequent redecoration (see Paper no. 1). 
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2.4. Torbay Healthy Housing Project - Defining the Requirement for Good Indoor 

Air Quality (IAQ) in Private Dwellings 

2.4. 1. Introduction 

A study was initiated to investigate the IAQ in 1 1 6 local government owned houses in 

Torbay (UK). A 'randornised to waiting list' controlled study was devised in collaboration 

with the South and West Devon Health Authority (recording medically reported, as well as 

self reported, illnesses in the population) and a team of environmental scientists (looking 

for possible relationships between medical conditions and indoor air pollutants). This was 

seen as a unique opportunity to collect suitable data in order to aid in the development of 

EAC technology, suitable for home use. The environmental assessment included the 

recording of 34 parameters in three locations for 1 1 6 houses (see Table 12). A mean value 

was taken for each location from triplicate measurements for relative humidity, 

temperature, particle numbers, wall & wall surface dampness and small air ions. Singular 

samples were taken of house dust mite allergen, mould and gas. 

Main parameters Units Outdoors Living room Selected Bedroom 
Relative Humidity % ../ ../ ../ 
Temperature Uc ../ ./ ./ 

PM1 &PM3 no. r1 of air ./ ./ ./ 

W alV wall surface dampness WME% ./ 

CO, C02, voe, NOx ppm/ppb ../ ./ 

House Dust Mite allergen Der p 1 µg & µg g-1 dust ../ 
Small -/+ charged air ions no. cm-.i of air ./ ./ 

Mould counts no. slide-1 ./ 
Wind speed and direction m sec-1 ./ 

TABLE 12 PARAMETERS AND RELEVANT UNITS MEASURED IN EACH 

HOUSE 
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The enclosed papers presented at the South West Association of University Departments of 

General Practice conference March 2000 (Paper no. 4) and the 21st AIVC conference 

September 2000 (Paper no. 5) describe the study. The material presented in Paper no. 4 

gave a basic description of the overall study design. Some preliminary results from the first 

year of the study were presented, including the average values for the parameters measured 

(shown in Table 13 & 14). The results indicated that the concentrations of fine and coarse 

particles were higher indoors than outdoors. The results showed that mould and house 

dust mites (Dermatophagoides pteronyssinus) were present in the majority of samples 

taken. 

The study is explained further in Paper no. 5, which details the methodology, equipment 

and reasons for choosing the parameters measured. Basic summary statistics were 

presented. Comparisons were made between the outdoor and indoor concentrations for 

each parameter. The analysis of fine particles shows that in Torbay, in households with 

smokers there was a major difference in fine particle numbers when compared to non

smoking households. Coarse particle numbers were mainly affected by the number of 

people living in the house. Coarse particle numbers were on average greater in the living 

room than in the selected bedroom. 

2.4.2. Further Statistical Development of the Torbay Results 

A more detailed statistical analysis of the results from year one was conducted to assess 

relationships between the environmental parameters. The characterisation of the 

parameters has been investigated using distribution analysis. Table 13 & 14 present basic 

statistical summaries for the main environmental parameters measured in the houses. 
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TABLE 13 BASIC SUMMARY STATISTICS FOR THE TORBAY STUDY 

-

Parameter Number Average* Range Standard Distribution Correlations with: 
deviation 

PM3 Outdoors 116 88988.2 7769 - 495565 109404 non-normal ·--no.II of air) 
I 

(positive skew) 
1.869a 0.002b 

PM3 in Livin�i room 116 238543.8 I 16475 - 135584.5 normal PM3 outdoors = 0.341 c. o.oood 
'LR) (no.II of air) I 450612 1.237a 0.094b PM3 in the SB = 0.896c, O.OOOd 

I No. smokers/ house= 0.473c, o.oood 
j 

PM3 in Selected 115 I 218402.7. 11121- 124767.5 normal �M, outdoors = D.382'. o.ooo' 
bedroom (SB) 449590 1.251a 0.087b M� in the LR = 0.896c, O.OOOd 

no.II of air) ! o. smokers/ house = 0.436c, o.oood 

--·-··- ---·------

tv'Vall surface dampness= 0.297c, 0.029d 

PM7 Outdoors 1 '16 73 9-cirn 97 32 ���F:s��;:-- -II• no.ii of air) : 

PM7 in LR 116 299 86 - 1097 204.84 non-normal PM7 in the SB = 0.896c, O.OOOd 
no.II of air) (positive skew) No. people/ house= 0.302c, 0 .001d 

1.694a 0.006b 
PM7 in SB 115 186 59 - 1133 170.29 non-normal PM7 in the LR = 0.896c, O.OOOd 
'no.II of air) (positive skew) 

1.880a 0 .002b 

!Temperature °C 116 10 3 - 15.5 2.49 non-normal •11•11 Putdoors (positive skew)** 
1.634a 0.01b 

Temperature °C in 116 18 12 - 24 1.98 normal Temp. outdoors= 0.236c, 0.011d 
LR 1.320a 0.061b Temp. in the SB= 0.619c, o.oood 

RH LR= -0.203c, 0.029d 
!Temperature °C in 116 16 11.5 - 21 1.94 non-normal Temp. in the LR= 0.619c, O.OOOd 
SB (positive skew) RH SB= -0.307c, 0.001d 

1.soaa 0.021 b 

a one sample Kolmogorov-Smirnov test statistic b&d P values (0.01 significance level) cPearsoa correlation coefficient 
*Average expressed as mean in groups with normal distribution and median in groups with a non-normal distribution 
**Although statistic results in a non-normal distribution the histogram revealed a normal distribution 

I 
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TABLE 14 BASIC SUM!\1ARY STATISTICS FOR THE TORBAY STLDY 

Parameter Number *Average Range Standard Distribution Correlations with: I deviation 

I 

Relative humidity % 116 62.22 32 - 86.5 11.63 normal 111111111111••11 k)utdoors 1.125a 0.159b 

Relative humidity % 1 rn 51.2 7 34 - 78 9 .16 normal Temp. in the LR = -0.205c, 0.029d 
m LR 1 .saga 0.879b RH SB = 0.727c, o.oood -

I 
Temp. outdoors= 0.414c, o.oood 
PM7 outdoors = 0.295c, 0.001 d 

I 
I 

PM3 outdoor·s = 0.195c, 0.035d I 

RE;lative humicJity % ·+ 116 
I I HOM 1 = D :'.18c 0 028d 

- I " s93 I '.i6 01 37 - 78 I n ormal Temp.SB= -0 307c, 0.001d 

in SB 0.993a 0.278b RH u� == 0.5297'c, o oood 
Temp. outdoors = 0.462c, o.oood 
RH outdoors = 0.72JC, o.oood 
Wall surface dampness= 0.340c, 0.011 d 
HOM 1 = 0.234c, 0 .019d 

1 House dust mite 101 2.72 0.06 - 8 1 .63 normal RH LR= 0.218', 0.028d 
allergen Der p1 µgig 0.994a 0.276b RH SB= 0.234', 0.019c1 
of dust Temp . outdoors= 0.226e, 0.023d 

HOM 2 = o.a11G, o.oood 
2 House dust mite 101 0.1703 0 - 0.72 0.158 non-normal No. of all pets/ house = 0.249°, 0.013d 
allergen Total Der p1 (positive skew) No. big pets/ house= 0.245°, 0.013d 

µg 1.695a 0.006b HOM 2 = o.a11c, o.oood 

Mould count in SB 116 12.39 0- > 50 14.33 non-normal (positive PM7 outdoors= 0.304°, 0.001d 
'no./ slide) skew) 2.811 a o.ooob Wall surface dampness= 0.361°, 0.007d 

a one sample Kolmogorov-Smirnov test statistic b & d P values (0.01 significance level) c Pearson correlation coefficient 
*Average expressed as mean in groups with normal distribution and median in groups with a non-normal distribution 
**Although statistic results in a non-normal distribution the histogram revealed a normal distribution 

I 

I 

I 

I 
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The various parameters studied were subjected to statistical analysis in order to investigate 

interrelationships between them, following a test for normal distribution. Correlation and 

regression analysis was conducted to assess any relationships between individual 

parameters. 

Tobacco smoke is known to have a major influence on fine particle concentrations in 

indoor air. Hence, the data for PM3 was split into separate groups to demonstrate how 

average values change with or without smokers (Table 15). To test the strength of the 

correlations shown in Table 13 & 1 4, a backward regression analysis was performed (Table 

16). The backward method of selection of the independent variable enters all of the 

independents in a given block in a single step and then removes them one by one based on 

specific removal criteria. Once again, the strong influence of smoking on fine particle 

concentration was demonstrated. Other interesting links are shown between wall surface 

dampness, coarse particles outdoors and mould; house dust mite allergen and humidity and 

there was an inverse relationship between temperature and humidity. 

Smokers (n = 84) Non-Smokers (n = 32) Significant difference 
(Students t-test) 

Living room 277 624 (± 12 1 452) 1 34 818 (±121 124) p < 0.05 
Selected 252 799 (± 1 09 832) 1 27 392 (± 1 1 7  200) p < 0.05 
Bedroom 

TABLE 15 COMPARISONS OF THE AVERAGE FINE PARTICLE 

CONCENTRATIONS IN HOUSES WITH OR WITHOUT SMOKERS 
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Dependent variable R2 Constant Predictors Coefficient Standard 
(Refer to Table 13 & 1 4  for the error 
numbers of samples recorded 
for each dependent 

PM3 Living room 0. 807 1 7603 . 3 5  P M 1  Selected bedroom 0.934 0.05 1 

No. smokers/ house 14787. 1 26 6954.535 

PM3 Selected bedroom 0.805 1 8765.9 PM3 Living room 0.789 0.041 

PM7 Living room 0. 1 72 1 43 . 2 1 PM7 Selected bedroom 0.349 0. 1 04 

!No. people/ house 30. 1 77 9.846 

PM7 Selected bedroom 0. 1 02 1 40.489 PM7 Living room 0.265 0.074 

RH Living room 0.65 1 1 6.441  I� !  I Selected bedroom 0.5 1 8  0.078 

RI I Outdoors 0. 1 8  0.053 

' l \:mp. Living room -0.686 0.285 

Temp Outdoors 0.508 0.249 

PM7 Outdoors 0.023 0.005 

RH Selected bedroom 0.74 1 29.5 1 7  RI I Outdoors 0. 159 0.05 1 

RI I Living room 0.574 0.07 1 

l'emp. Outdoors 0.864 0.229 

Temp. Selected bedroom - 1 .323 0.257 

rremp. Living room 0.497 1 0.064 RH Living room -0.057 1  0.0 1 6  

Temp. Outdoors 0.2 1 8  0.06 

Temp. Selected bedroom 0.571 0.07 

PM1 Outdoors 0.026 0.04 

remp. Selected bedroom 0.428 8 . 5 2 5  1� 1 1 Selected bedroom -0.04 7 0.0 1 6  

i l�1 1 1p.  l .iving r(Xlm 0. 5 7 1  0.07 

Mould Selected bedroom 0.202 4.96 J >M1 Outdoors 0.03 0.0 1 5  

Wal l surface dampness 0.677 0.258 

House Dust Mites (HDMl )  µg g-1 0.656 0.324 HDM2 8.37 0.584 

House Dust Mites (HDM2)Total 0.678 -0.055 No. of Pets/ house 0.0 1 07 0.005 

µg 
1-IDM l 0.076 0.006 

TABLE 1 6  RESULTS FROM BACKWARD REGRESSION ANALYSIS 

PERFORMED ON THE TORBAY DATA 

90 

P =  

0.000 

0.036 
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2.4.3. How do these Results Relate to the EAC system? 

Based on the first year of investigation of the 1 16 households in Torbay, it is quite clear 

that an installed EAC system must be able to operate within the following environmental 

conditions. 

• Temperature range of I 1 - 24 "C 

• Relative humidity range of 3 4  - 7 8  % 

Personal observations made during the study would suggest that people would spare little 

time to maintain an air cleaning system. Therefore, the system must be able to: 

• Collect and safely 'store' coarse particles for a minimum of 180 days* 

• Collect and safely 'store' fine particles for a minimum of 180 days* 

* This time is just an estimate of how long before a system would need to be cleaned or 

need replacement parts before the equipment becomes aesthetically displeasing through 

soiling. 

The first year's database was robust enough to identify differences between individual 

houses and to assess links between certain parameters. In theory, if the primary 

requirements listed above can be accommodated by the EAC system then predictions could 

be made as to an expected air cleaning effect for the houses. Previous work has shown that 

in a school environment, fine and coarse particulate matter can be dramatically reduced (see 

Paper no. J). Although schools are very different environments from homes and have 

substantially larger volumes and more people, the EAC system should still be able to 

substantially reduce particle concentrations in the houses. 
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The following predictions were made for the air cleaning effect that could be expected if 

the EAC system was installed in the living room of one of the Torbay houses, based on the 

results from this section and the experiments conducted in the Swedish day care centres 

(Papers 1-3). 

• A 60 - 80 % reduction in the average number of continuously generated fine particles in 

the living room 

• A 40 - 50 % reduction in the average number of continuously generated coarse particles 

in the living room · 

• A continuous reduction of fine particles in the bedrooms. This is due to the · strong 

correlation between PM3 in the living room and bedroom 

These predictions wilJ be tested after the completion of the current three-year study in 

Torbay. The systems cannot be installed before then, as they would interfere with possible 

improvements brought about by the renovations to the properties during years 2 and 3 of 

the study, since an evaluati<;:m of the housing improvements is a substantial component of 

the research project with the Health Authority. 
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2.5. The Design and Development of an In Line Multi functional Gas Cell for a Ff-

IR Spectrometer 

2.5. 1 .  Background 

The physical mechanism of particle reduction in an electrostatic field is outlined in 1.4 and 

1.5 and is clearly understood. The chemical reactions that may take place in an atmosphere 

within an electrostatic field are not completely understood. There is very little reported 

research in the scientific literature about the possible chemical reactions initiated by the 

ionisation of indoor air and there is no i nformation on this subject available to the public 

when purchasing indoor air cleaners. Pethig ( 1 984) described some of the chemical 

reactions that are thought to take place when electrons, having sufficient energy, are 

released into the atmosphere. A number of studies have associated ion generation with the 

production of superoxide, which reacts with atmospheric components to produce chemicals 

such as hydrogen peroxide (Go ldstein et al . ,  1 992 ; Challenger et al . ,  1 996). Prior to 

Goldstein's studies, Kerr et a l . ,  1 98:2 had carried out 'smog chamber' experiments to 

determine the chemical compounds produced in typical London air/smoke/fog mixtures. 

This was performed in a closed gas cell subjected to irradiation with ultra violet light. Kerr 

postulated that hydrogen peroxide was formed but did not indicate the concentrations 

produced. 

It is not easy to study electron chemistry in a normal atmosphere in real time. It was 

clearly important to discover the range of electrostatic field strengths that would be 

available for the EAC system and to ascertain that the field strength chosen would be safe 

for general use. To aid in the development of the EAC system, any chemical reactions that 

might occur in an electrostatic field needed to be studied, especially the nature and 
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concentrations of ions being produced. A method was required for a real time, on-line 

study of indoor atmospheric chemistry in conjunction with suitable instrumentation to 

determine any chemical reaction mechanisms created by the EAC system. 

A previous experiment assessing the amo unt of hydrogen peroxide (H202) produced in an 

air-water interface by an EAC system had successfully quantified H202 production at 24 -

54 ppb, using chemiluminescence (Challenger et al., 1996). However, this method did not 

allow real time measurements of all the components involved such as changes in the 

concentrations of other chemicals in the atmosphere e .g .  carbon dioxide. Reliable 

instrumentation and methodologies were needed that could detect environmental 

concentrations of different gases in different atmospheres. One of the most effective and 

accurate instruments for gas analysis is a Fourier Transform Infra Red Spectrometer (FT

I R), which can detect any chemical species giving rise to an infra red absorption spectrum. 

The spectrometer used for these experiments was a Bruker IFS 66 FT-IR spectrometer, 

which works on a non-dispersive princ ip le .  Within the FT- I R, the infra red ( I R) beam is 

split into two pathways in a Michelson I nterferometer containing a Kevlar beam splitter. 

One part of the incident beam undergoes reflection followed by refraction, the other 

refraction followed by reflection. This creates a path length difference in the two parts of 

the incident beam, which may be recombined to give a specific wavelength of IR light, 

dependent upon the position of a computer controlled moving mirror. This recombined 

beam is directed through the sample compartment of the FT-IR and onto the I R  detector 

(Fig. 20). The absorbance of a part icular wavelength of IR light is characteristic of a 

vibration mode of a molecule placed in the IR beam. The entire mid I R  range can be 

scanned (typically 400 to 4000 wavenumber cm-1 ) and an infra red spectrwn created which 

is characterised by the molecular bonding in the sample. The IR spectrum of a chemical 
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compound is unique and essentially is a "fingerprint" of the chemical's molecular structure 

(Cross & Jones, 1 969). 

CONTROL 
ELECTRONICS 

MIRROR SCANNER 

APERTURE 

SAJIJJ'LE POSITION 

APEIUltl! IR 
SOURCE 

FIG. 20 SCHEMATIC DIAGRAM OF THE INFRA RED BEAM AND INTERNAL 

COMPONENTS OF A Ff-IR SPECTROMETER. (NOT TO SCALE) 

The Bruker FT-IR already has some accessories that allow in line (in compartment) 

analysis of gas phase chemical reactions. These accessories can have path lengths of up to 

1 0  metres, created by the use of multiple reflections. These types of gas cells are capable 

of detection and analysis of very low levels of compounds down to ppb (parts per billion) . 

However, these gas cells do not allow the exposure of the sample to electron 

bombardment, whilst the sample is within the cell. This is because the ports are designed 

purely with the idea of input and output of gaseous samples in mind. A more versatile gas 

cell was required that had a number of ports to allow the insertion of carbon fibres 

(attached to an EHT generator) as well as a flow through of gases. The facility to operate 
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at varying humidity and the ability to operate concurrently with other instrumentation was 

also required. 

To overcome these difficulties a multi-functional gas cell was designed and built for the 

Bruker IFS 66 FT-IR spectrometer which would allow in line, real time experiments using 

the extra high voltage generation of electrons. The gas cell referred to as an Enlarged 

Interactive Gas Phase Reactor (EIGPR) was built to allow it to fit in the sample 

compartment of the FT-IR. This allowed the IR beam to pass through the EIGPR 

unhindered (Fig. 21). A description of  the dimensions of the EIGPR is  given in  Table 17. 

Characteristic Specification 

Height Total height 260 mm Internal 1 88 mm 
Width Total width 250 mm Internal 238 mm 
Depth Total depth 2 1 0 mm Internal 1 98 mm 
Volume 8859.3 cm 
Path length 238mm 
Windows 50 mm diameter (KBr) 
Ports 2 x 6 mm diameter sealable ports in the lid; 2 x 1 2  mm diameter 

stop cocks; facilities to add further ports when required 
Materials Non-reactive walls bonded together with glue that does react with 

a sample within the cell. 

TABLE 17 SPECIFICATIONS FOR THE EIGPR 

The specifications and numbered components listed 1 � 1 3  below follow those presented in 

a pending UK Patent application (Patent application number 003 1 669.5). Fig. 22 shows 

the detailed specification of the EIGPR. 

FT-IR spectrometer 8 Lid 

2 Inlet port 9 Blanking plates 

3 Outlet port 1 0  FT-IR aperture 

4 Fixing port 1 1  Carbon fibre thread 

5 Light transmissive windows 12  EAC system 

6 Main vessel 1 3  Ports for light transmissive windows 

7 Carbon fibre port 
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FIG. 21 DIAGRAM DEMONSTRATING THE POSITION OF THE ENLARGED 

INTERACTIVE GAS PHASE REACTOR IN RELATION TO A SPECTROMETER 
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FIG. 22 DETAILED SPECIFICATION OF THE EIGPR. ALL MEASUREMENTS 

IN mm. (NOT TO SCALE) 

The ports of the EIGPR were designed to allow a continuous flow through of air or other 

gaseous sample, as required. Two additional ports allowe� the insertion of a carbon fibre 

thread connected to an EHT generator and or the insertion of probes for additional 

monitoring equipment such as air ion analysers or relative humidity and temperature 

monitors. In order to use the EHT generator with the EIGPR it was necessary to earth the 

reactor to a high quality earth via substantial resistors to limit any current flow to a 

minimum. This prevented uncontrollable electric/ electrostatic disturbances of the 

equipment. The EIGPR was used to study electron induced chemical reactions in different 

gas mixtures at various voltages. The following section describes the assessment of ion 

production and H202 production at different voltages and different relative humidity levels. 
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2.5.2. Analysis of Electron Induced Chemical Reactions Caused by the Production of 

Negative Ions 

In section 1.4, the generation of electrons in ordinary air (RH - 50 %) resulting in the 

generation of superoxide was discussed. Superoxide rapidly forms chemicals such as 

hydrogen peroxide when it reacts with water in the atmosphere. Hydrogen peroxide 

formed in ordinary air by this reaction has been shown to have bactericidal effects. The 

amount of H202 produced through the release of electrons near an air/ water interface, 

using an EHT generator has been investigated previously by Challenger et al. (1996). 

However, the methodology used for the experiments had to be modified in order to study 

the production of H202 in a normal atmosphere (i.e. with a typical relative humidity). A 

detailed study was conducted to quantify the production of H202 in indoor air for varying 

levels ofrelative humidity, as described in Paper no. 6. 

The study described in Paper no. 6 demonstrated how the EIGPR functioned as a fully 

interactive accessory to a FT-IR spectrometer. The EIGPR allowed concurrent 

measurements of ion production, H202 production, changes in other gases present and the 

measurement of relative humidity. and temperature. The EIGPR could also have allowed 

these measurements to be made for different atmospheric conditions. The air inside the cell 

was manipulated to simulate different atmospheric humidity levels in real time. 

The study showed that 0.44 ppb of H202 was produced when the relative humidity was at 

47%. In an atmosphere with very high RH - 96 % this was increased to 945 ppb. The 

EIGPR made it possible to link voltage to ion production and ion production to H202 

production. 
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Although H202 is produced in human cells as a primary defence mechanism, there are 

concerns about possible adverse health effects in humans brought about by exposure to 

H202• Humans have an anti-oxidant detence system. The products of the reduction of 

superoxide in human cells are 02 and H202. A separate anti-oxidant will then change H202 

to 02 or H20. The detoxification process of oxygen free radicals is described in more 

detail in Paper no. 6. It is interesting to note that H202 is produced in humans at the levels 

shown in Table 18. These concentrations are substantially higher than the concentration 

produced by the EHT generator, therefore the levels produced by the system are thought 

not to be detrimental to human health. This is further confirmed by the fact that the system 

produces concentrations below the HSE's recommended occupational exposure limit of 1 

ppm (HSE, personal communication, 2000). 

Body fluid Approximate concentration 

Male urine (Hyslop et al ., 1995) 106 µM 

Female urine (Hyslop et al. , 1 995) 88  µM 

Eye humors (Hyslop et al., 1995) 59 µM (aqueous), 29 µM (vitreous) 

Saliva (Sznajder et al., 1989) 18 µM 

Exhaled breath (Sznajder et al. ,  1 989) Undetectable 

TABLE 18 EXAMPLES OF HYDROGEN PEROXIDE CONCENTRATIONS 

PRODUCED BY THE IruMAN BODY 

The counter argument to the idea that the concentrations are too low to produce adverse 

health effects would be that they are also too low to have any effect on microbes exposed 

to the H202 produced during negative ion generation. Goldstein et al. , (1992) states that 

02-. (superoxide) is produced naturally by gas ionisation in the atmosphere at 

concentrations of one 02·· ion for every I 015 - 1016 non-ionised molecule. Despite this, low 
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concentrations of 02-· and its associated products still have biological activity. This would 

suggest that the low concentrations produced by the EAC system could have a significant 

bactericidal activity , reducing the numbers of microbes present in an atmosphere. Further, 

because of the highly oxidising properties of superoxide, there might be a possibility of 

viricidal activity as well. The assessment of the electron chemistry that occurs whilst the 

EAC system (EAC system) is in use, is now more clearly understood. 

The experiments using the EIGPR have allowed the determination of: 

• The amount of H202 produced in normal, dry and wet air by the EAC system at different 

voltages. 

• The number of negative air ions produced in normal, dry and wet air by the EAC system 

at different voltages. 

• The kinetics of ion production in relation to H202 concentrations produced by the 

negative ionisation of indoor air, are now better understood. 

The experiment also demonstrated that the EAC system has the capability of producing 

sufficient concentrations of ions to reduce the particulate load in the EIGPR and still 

produce superoxide. 

2. 5 . 3 .  Suggestions for Further Experiments with the EIGP R  

• Investigation of other gas phase reactions linked with the mass release of electrons. 

• I nvestigation of the chemistry of atmospheric gases at various temperatures with various 

concentrations of negatively charged small air ions. 
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SECTION 3. THE APPLICATION OF THE EAC SYSTEM 

3. The Application of the EAC system in a Modem Urban Office 

3. 1 . Background 

Concerns were raised by Plymouth city council (UK), about one of their own administrative 

centres. The eight people employed there had made several complaints about the air quality 

of  the office and had linked it to their own state of health. The managers of the office were 

interested in installing air cleaning equipment that could improve IAQ and therefore allowed 

a sfudy to be conducted as described in Paper no. 7 & 8. 

3 .2 .  How can the study of the City Centre Office aid the Development of the EAC system? 

Previous experiments based on testing the basic concepts of the EAC system have been 

directed at the development of the system to assess its capacity to generate negative ions, 

reduce airborne particles or to assess the production of anti-microbial chemicals. Emphasis 

has also been placed on understanding the requirement for good IAQ in private dwellings 

and children's nurseries. Following the development research, a study was needed that 

actually applied the EAC system to a real situation. 

During an initial assessment of the city office as described in Paper no. 8, it was decided that 

the EAC system would have the greatest impact on the reduction of fine particle numbers in 

the office. Preliminary measurements showed very low concentrations of coarse particulates 
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and no presence of visible moulds. Therefore, mould levels were not tested for in the 

experiment. 

3.3. Results and Discussion 

The study of the Plymouth office confirmed the air cleaning capacity of the EAC system, 

showing that even in a room where 20% of fine particles and 67% of coarse particles had 

already been removed from the incoming/ recycled air, there was still a further reduction with 

the introduction of the EAC system. When an EAC system was installed in the office, the 

fine particles were reduced by a further 21 % and coarse particles by a further 3 %. 

An important result of the study is that the mechanism of particle removal in such a room is 

more greatly understood. The fact that the air cleaning capacity of the system did not 

increase with an increase in negative ion production (see details in Paper no. 6), suggests 

that 'it was the forces within the electrostatic field that removed the particles. The particles 

would have been directed towards the negative emitter or towards positive surfaces 

depending on their charge. This information is important as decisions can be made to keep 

the number of negative ions to a minimum. This will avoid concerns about health risks 

associated with breathing negatively charged fine and ultra fine particles but still produce an 

air cleaning effect. 

The study emphasised the fact that the system needs a specific positively charged collection 

surface near to the emitter (directing the electrostatic field) to stop erratic movement of 

negative ions within the room and to prevent soiling of other positively charged surfaces in 
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the room, such as filing cabinets and desks. It was difficult to assess the extent of soiling 

because of the regular cleaning of the office and the relatively short period of the trials. 

The reductions in the number of fine particles shown in this study were not as dramatic as 

those shown in Paper no. 1, however there were a number of technical differences between 

the studies. The experiment conducted in the Swedish day care centre relied on a version of 

the EAC system that had very simple emitters suspended either side of an air supply duct, 

forcing air through an electrostatic field. All the internal surfaces of the Swedish site acted 

as earthed collection surfaces. In the Plymouth office, free standing air moving systems were 

used in addition to the air movement provided by the existing outdoor air supply. If the 

equipment in the office had been arranged in a similar fashion to that in the day care centre, 

larger reductions in particles may have been shown. 

Although there were only a small number of employees (n = 8), the MM-Questionnaire 

(developed by Andersson et al., I 993) indicated that the employees perceived an 

improvement in the IAQ, only after the selective removal of fine particles in the office. 

There were also reductions in complaints about dry air, dust and dirt, consistent with the fine 

particulate reduction in the office. The link between fine particles and respiratory problems 

was further confirmed by the fact that complaints about respiratory irritation decreased after 

the installation of the system (see Table 1 9). Despite the fact that the existing air moving 

system had substantially reduced the number of coarse particles these complaints had 

persisted, suggesting a stronger link between the complaints and fine particles than with 

coarse particles. It is difficult to make firm conclusions about the change in perception of 

IAQ because of the small number of people studied. 
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Symptoms (yes, often) % Stage 1 No EAC system Stage 2 With EAC system 
Av. No. of fine particles litre·' of air 77 000 42 500 
Av. No. of coarse particles litre·' of air 34 29 
Fatigue 15 15 

Feeling heavy headed 48 35 

Headache 50 25 

Nausea/ dizziness 0 0 

Difficulties concentrating 2 2 
Itching, burning or irritation of the 1..ycs 0 0 

Irritated, stuffy or runny nos1.: 15 0 

Hoarse, dry throat 15 0 

Cough 0 0 

Dry flushed facial skin 0 0 

Scaling/ itching scalp or ears 0 0 

Hands dry, itching red skin 0 0 

Other 0 0 

TABLE 19 RESULTS FROM THE QUE�TIONNAIRE CONDUCTED IN A CITY 

CENTRE OFFICE AS E SING COMMON SYMPTOMS 

The results from the symptom part of the questionnaire also showed that the employees did 

not report dry skin, scaly scalp or other skin irritations after the installation of the EAC 

system. Symptoms such as irritation of the eyes, mucous membranes and skin are linked to 

exposure to hydrogen peroxide (Proctor et al., 1988). This would suggest that any hydrogen 

peroxide produced by the system did not adversely affect the employees. This is only an 

indication and would need a full medical study to confirm that there are no adverse health 

effects. It can be assumed that the technology would be able to provide reductions for fine 

particles (2 1 %) in similar offices, since future applications of the EAC system will use similar 

components to those used in this study. 
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The beneficial effects that have been confirmed by this study are: 

• A reduction in both fine and coarse particles. The reduction in the fine particle fraction 

was clearly of significance, since the local ity already had low indoor values for the coarse 

particle fraction. 

• An improvement in TAQ as perceived by regular users of the room. 

3.4. Recommendations for the Further Development of the EAC system 

From this study and research discussed in previous sections it is suggested that: 

• The system is installed with an associated earthed collector plate, where the collector 

plate should have a replaceable/ cleanable surface from which dirt could be removed. The 

plate needs to be easily maintained because it will become dirty, especially when the 

equipment is in use in inner city areas. A plate will set up a directional electrostatic field 

and will prevent random soiling of positively charged surfaces and prevent negative ions 

erratically entering the airspace of a room. 

• The negative ion production needs to be regulated to suit individual environments. 
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SECTION 4. FURTHER WORK 

4. Suggestions For Further Work 

It is not known if the Full EAC system will cause any electromagnetic disturbances 

generated by the established electrostatic field. These disturbances could affect 

computers, mobile phones or the health of people working near the system. Tests would 

have to be carried out by an approved laboratory such as British Standards Institution, 

Product Testing, for the Full EAC system to meet appropriate British Standards. In 

addition, there are currently no reco111111endations for the release of negative ions into a 

human environment (HSE, 2000, personal communication). However, as currently 

envisaged the Full EAC system is not thought to pose a health threat, as the production of 

hydrogen peroxide is under the HSE limit of 1 ppm and the release of negative ions is 

within a restricted area. 

The collector plates might not be aesthetically acceptable as envisaged. A source of 

disposable paper, able to transmit an electrical signal, has been identified that will cover 

the collector plates enabling the paper to assume a positive charge. This will facilitate the 

simple replacement or regular exchange of collection surface. However, no experiments 

have been carried out in a live environment using the suggested paper to collect airborne 

particulates. Preliminary tests of this paper have been conducted but no quantitative 

results are available yet. The psychological effect of having a constant visible reminder of 

the amount of dirt being removed from an indoor environment also requires investigation. 

There will be positive and negative effects expected with the installation of a collector 

plate. 
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Capacity testing has not been carried out on the 'Full EAC system' (see Appendix 1), 

since no working model exists. Tests will be conducted with ion counters, and particle 

counters to establish the reduction of fine and coarse particles. Field strength meters will 

be able to establish the reach of any electrostatic field. Once measurements are taken, 

adjustments can be made to the units or more units could be added to obtain the desired 

improvement of IAQ. Nothing is known about how particles not accepting any 

electrostatic charge will fare in the system. 

Full-scale experiments need to be conducted to find an optimum distance between the 

emitter and collector plate to collect the optimum number of particles and the largest 

reduction in activity oflive micro-organisms. 

From a human health point of view, it is necessary to investigate ifraised levels of oxygen 

free radicals actually can reach the most sensitive parts of human lungs, possibly causing 

permanent damage. This could be investigated using pathological studies of exposed pigs 

for example, since porcine lungs are very similar in construction to their human 

counterparts. Existing models of human lungs designed to track how and where particles 

of different sizes are deposited, do not take into account particles carrying an electrostatic 

charge. Such models would therefore not be applicable in studying the transportation and 

deposition of particles from existing room air cleaners in the human lung. Possibly 

radioisotope labelling could be used to investigate whether there is a problem. Intuitively, 

fine negatively charged particles should become trapped in the moist upper respiratory 

tract as wet surfaces are positively charged. Fine positively charged particles might travel 

further into the deep lung. 
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Due to the fact that it is preferable not to generate ozone indoors, additional effort should 

be made to prevent the Full EAC system from producing ozone. An investigation could 

be carried out to determine whether difterent emitter materials would need to be used in 

different environmental conditions. For example in extremely cold environments, such as 

refrigerated rooms would the system still work with the materials outlined in Appendix 1. 

Although this thesis has investigated the production of reactive oxygen species in indoor 

air through the generation of electrons. there needs to be further similar investigations of 

different gaseous reactions in electron-enriched air. These experiments can be conducted 

within the enlarged interactive gas phase reactor (EIGPR) purpose built for the research in 

this thesis. As well as looking at chemical reactions, the effect of the chemical species 

produced on the viability of micro-organisms should be investigated. Using equipment to 

produce electrons that in their tum produce oxygen free radicals offers a potentially good 

method of reducing the viability of live micro-organisms. Initially tests can be carried out 

in the EIGPR cell to determine the effect on the microbes without having to speciate them. 

The investigation of chemical reactions 111 an electron-enriched atmosphere should also 

take into consideration any possible oxidation of volatile organic compounds (VOC). This 

,, "!$1'f ( /iflJ{ 
would also include microbial VOC (MVOC). It is important to understand these reactions 

to be able to determine any deleterious or beneficial changes in the atmosphere brought 

about by installing the system. 
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APPENDIX 1 

THE FULL EAC SYSTEM - PRO POSED UK PATENT APPLICATION FOR A 

WORKING MODEL 

A l  . 1. Foreword 

Dr. D J Harwood fi-om the Department of Environmental Sciences at the University of 

Plymouth, England has assured the writer and single owner of the information in Appendix 

1 that the initial circulation of this document is restricted and therefore will not violate the 

confidentiality required by the UK Patent Office. The UK Patent Office has previewed the 

concepts for 'the Full Electrostatic Air Cleaning (EAC) System' and has given a very 

favourable evaluation, indicating that at the time of their evaluation (June 2000) no 

hindrance existed for a full UK patent to be granted. 

Al .2. Desirability of the Electrostatic Air Cleaner as a 'Full EAC System' 

There is a documented need to provide clean indoor air in the personal micro-environment. 

It is generally accepted in the scientific community that, since we spend 80 - 90% of our 

time indoors, the indoor environment represents a major source of exposure to many 

airborne pollutants (Donaldson & Donaldson, 1993). Further, epidemiological studies have 

verified that particles can cause respiratory problems (COMEAP, 1995; Schwartz et al., 

1996). 

In urban areas, especially in large conurbations, the quality of available outdoor air can be 

compromised by pollution, making it very expensive to clean incoming air. In order to 
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reduce energy costs, approximately 90% of air processed by HV AC equipment is re

circulated, largely polluted indoor air. People and their activities within a room generate 

particles (skin cells, dust etc.) and spread biologically active materials (allergic substances, 

infectious materials etc.) throughout the re-circulated air. Modem HVAC systems, which 

clean the re-circulated air at a central point, cannot react quickly, or forcefully enough to 

remove the fresh, continuously generated particles and pollutants within a building. Whilst 

it is always advisable to minimise air contamination at the source, it is obvious that without 

reducing the number of people in a building the generation of pollutants will not be 

reduced. The latest business trend to concentrate company operations in call centres, 

where d�sk bound staff are tightly packed into office type buildings is counter productive in 

terms of attempts to enhance IAQ using standard type HVAC systems. By the year 2002 

there will be more than 500 000 people employed in such centres (Datamonitor, 1998). 

The number of possible air exchange rates per hour (ac h-1) has to be limited in a locality to 

approximately 2 - 3 complete changes of air per hour, before causing problems with draft 

and noise from air movement. The International Standard ISO 7730 suggests a maximum 

velocity of air movement in an occupied zone of between 0.15 and 0.25 m s -I, where the 

variations are seasonally related to time of year. People working in buildings with standard 

HV AC systems, are often subjected to poor air quality, despite the fact that HVAC systems 

are in continuous operation. Many studies have confirmed that it is difficult to ensure 

complete coverage and sufficient exchange of air in a room, no matter how the inlets and 

outlets for the HV AC forced air supply/ extraction are arranged (Riffat et al., 1 997). In 

private dwellings, such considerations seldom arise and therefore the degree of indoor air 

contamination varies widely between rooms. 
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The subject of fine particulate reduction in indoor air is at the forefront of scientific 

research and great emphasis is placed on finding solutions to particulate pollution 

(COMEAP, 1995; IEH, 2000). For example, in 1999 the DETR released a Newsletter 

stipulating the need for more research into the effects of particulates on Human health 

(DETR, 1999). The Expert Panel on Air Quality Standards (EPAQS) has recently issued a 

Draft Document, stating their views on airborne particles (What is the appropriate 

measurement on which to base a standard? EPAQS, 2000). The document is clearly 

concerned about the health effects of fine particles and wishes to give good advice on how 

to quantify or characterise the fine particle fraction in indoor air. 

Al.3. Description of the Theory behind the Full EAC system 

Al .3.1. Background 

Based on the results of the study of a Plymouth city centre office, there was evidence that 

the air cleaner could be developed further using all the investigations in this thesis, to 

provide a 'Full EAC system'. The ability to develop a comprehensive air cleaning system 

with the ability to reduce particles, especially those< 2.5 µm, is especially interesting since 

no other similar systems are available. 

Al.3.2. Description of the Air Cleaning Mechanisms of the Full EAC System 

A negative electrostatic field can be created between an electron emitter (which generates 

negatively charged oxygen molecules) and a positively charged surface. Tn the air space 

covered by the field, some ordinary atmospheric gases will be oxidised through gas phase 
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reactions with charged oxygen molecules. It has been determined that oxidation does 

occur via a mechanism involving the addition of electrons (electron chemistry) in a 

controlled experiment using an enlarged interactive gas phase reactor (EIGPR). Further, 

the reactive oxygen species generated are known to slow down the growth of micro-

organisms. Within the electrostatic field, both coarse and fine particles are removed 

through several mechanisms. Since most particles carry an electrical charge, they are 

attracted to either the negative or the positive pole depending on their charge. This 

physically removes particles from the air. When establishing an electrostatic field with a 

potential difference of � 7000 V between the two poles, positively charged particles are 

joined by electrons or negatively charged small air ions. This can result in particles 

acquiring a negative charge. Numerous experiments have established that the vast majority 

of positive particles within an electrostatic field attain a negative charge and are then 

collected on a positively charged collector plate (Pethig, 1984). It has been established that 

fine particles have important health implications for humans, but they have previously been 

difficult to remove from indoor air using standard filter technology. The collection of 

coarse particles near to their source is desirable to prevent the particles from ever reaching 

a HV AC system. Humans typically breath at a rate of 10 000 - 20 000 litres of air daf 1, 

depending on activity levels and therefore constantly inhale particles. Coarse particles 

> 2.5 µm are either exhaled quickly or become trapped in the upper respiratory tract. Fine 

. 

particles< 2.5 µm enter the deep lung. Depending on their chemical composition and any 

surface adsorbed chemicals they may have toxic effects. 
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Within a generated negative electrostatic field the following actions occur: 

• The creation of a directional flow of coarse and fine particles towards an earthed 

collector surface. 

• The disruption of the metabolism of biologically active particles i.e. microbes. 

• Chemical changes in gaseous compounds in the air. 

• Particles consisting of live micro-organisms suspended in the air such as pollen, spores 

and bacteria (bioload) have a mass (Rylander, 1995) and will be affected by the 

directional forces in the electrostatic field. 

• The positive polarity of walls and room furniture might be reduced, thereby reducing 

opposing forces between these objects and positively charged particles. Positively 

charged particles would be Jess likely to become airborne and therefore settle faster. 

Al.3.3. Description of the Actual Components of the Full EAC System 

The Full EAC system is based on adapting and complimenting the EAC system, with an 

installed collector plate to act as an earthed surface. The Full EAC system has been 

designed to operate safely within an office type environment. The hardware can be built 

onto a standard ceiling tile, which would normally form part of a false or suspended inner 

ceiling. This set up allows the hardware to be hidden and to be installed away from office 

staff. In Fig. 23, a basic sketch of the preliminary design of the prototype system is given. 
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FIG. 23 SIMPLE DIAGRAM OF THE FULL EAC SYSTEM 

The Full EAC system with its associated collector plate would ensure the following: 

l )  The collection of the majority of particles removed from the air onto the collector plate. 

This would reduce concerns in respect to the soiling of positively charged surfaces such 

as walls and cupboards. 

2) Oxygen free radicals will not be erratically released into the micro-environment of the 

workers. The collector plate will set up a defined electrostatic field, which controls the 

direction of electrons and small air ions, keeping them away from occupants. This 

would also reduce concerns about possible adverse effects brought about by being 

exposed to a weak electrostatic field. 
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3) The spatial control of the generated electrostatic field will allow a large volume of air to 

be cleaned within a room, whilst people are present, without the need for the air to be 

drawn to a central processor before it is cleaned. 

The emitter and collector plate need to be placed at an appropriate distance apart to be able 

to clean a substantial volume of air, whilst still maintaining a field between the opposite 

poles. Reducing the distance between the negative and positive poles increases the number 

of ions produced (Pethig, 1 984) . Fig. 24 shows that electron generation diminishes as the 

earthed collector is moved away from the emitter. 

4 -

3 
.. u QJ Ul 
Ul 2 J::: 0 
H 
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.-I 

Electrode-Earthed Plane Distance (cm) 
0 -+-------..---

0 '10 60 80 100 

FIG. 24 THE GENERATION OF IONS AS A FUNCTION OF THE DISTANCE 

FROM AN EARTHED PLANE (FROM PETHIG, 1984) 

The hardware of the Full EAC system consists of the components listed below: 

The ceiling tile (the base): A standard sized ceiling 'tile' is used, which is made out of light 

weight material, that can be laid into a false ceiling tile grid without further fixing. 
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The air moving equipment: Mounted on the topside of the ceiling tile, out of sight, is a 

slow rotating, wide, cross flow type fan. The fan moves heated, dirt-laden air originating 

from the locality from above the false ceiling, back into the locality, directed through the 

emitter at the collector plate. This would therefore, create a 'virtual volume' within the 

locality, through which dirt-laden air passes and loses its particulate load. Power 

consumption would be around 60 W. The fan could also take air directly from the locality 

treating it in the same way. 

The air cleaning equipment: Mounted adjacent to the cross flow fan on the upside of the 
' 

ceiling tile, is an extra high negative vo ltage (EHT) generator (generating 6000 - 7500 V). 

This is connected to an emitter consisting of a length of carbon fibre thread, positioned in 

the outgoing air stream of the fan. On the underside (room side) of the Full EAC system, 

specially charged diffuser bars direct the air into the 'virtual space'. 

The Collector plate: There are two viable options at present for the collector plate: 

a) A sheet of metal that is permanently earthed and surrounded by insulating material. This 

sheet is covered with electrically conducting paper. Particulates collect on the paper, 

which can be easily renewed. 

b) An earthed vertical steel pole that collects particulate matter, which is then wiped clean. 

Whilst the components described here are not new, the arrangement and application of the 

components is unique. The new approach allows the cleaning of the indoor air within a 

room whilst people are present. care ltJ lly contra lling both residual dirt collection and 

deposition of generated residual oxygen free radicals. No filter material is used. 
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Preliminary calculations indicate that the Full EAC system will be able to: 

• Process 100 - 150m3 of air h-1 , which is equivalent to one air exchange hour"1 for  a room 

30 m2• 

• Produce in access of 1012 electrons second-1 (Pethig, 1984), into an air stream directed 

to a particulate collection plate. 

• Produce field strengths of::: -15 kV one metre from the electron emitter, creating an 

electrostatic field covering a volume of at least 1 m3. 

Al.4. How does the Full EAC System differ from Conventional Systems? 

The concept of the Full EAC system is a significant step forward in the indoor air cl�aning 

industry. Although other companies have produced electrostatic air cleaning systems they 

are normally mounted in a central air-processing unit, far removed from each locality. 

Small, stand-alone units are not permanent solutions for the urban environment and 

therefore will not be discussed herein. Extensive patent and literature searches have not 

revealed any research into producing a filter-less indoor air cleaning system, which will set 

up an electrostatic field within a room to capture airborne particles. 

The limitations of existing systems are described below: 

• Standard HVAC systems use filters, (classification F 5, British Standard 6540 part I), 

that filter particles > Sµm (source Camfil Ltd . ,  Lancashire, England, July 2000, a large 

British manufacturer of filters for II V AC systems). There are substantial limitations 

when using these systems. since they can only re-circulate air at a limited rate before 

draft and noise problems set in. Filters with a higher specification (having a smaller pore 

size) require very high-pressure drops across the filter, which in tum will require a 
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higher energy input to drive fans. This substantially increases costs. The fan drive 

motors have to be designed to drive air through both new unclogged filters and virtually 

full filters. The Full EAC system does not require filters and therefore needs less power 

to re-circulate air. 

• Advanced HY AC systems remove particles with a size of> 0.0 1 µm using HEPA filters 

in the re-circulated air, whilst the air is in the actual air processor - the Full EAC system 

will remove similar sized particles in the locality where people are working, whilst they 

are working. 

• Conventional air handling equipment takes up to 20 % of internal building volume. The 

suggested equipment requires no additional space. 

• The inability of conventional filter based systems to remove/ reduce the viability of 

micro-organisms in the room, is addressed. The Full EAC system will not create risks 

from a build up of bacteria in filters. In recent years, several people in the UK have died 

from Legionella bacteria 'cultured' in poorly maintained air coolers in standard HY AC 

equipment. 

• There are advanced plans/ designs to build naturally ventilated buildings (Kolokotroni, 

2000). There are no known means of cleaning the incoming outdoor air used to cool 

such a building. S ince the full EAC system works independently of standard/ enhanced 

HV AC systems, it is suitable for use in naturally ventilated buildings, without a HY AC 

system installed. 
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A 1 .  5 .  Conclusion 

The Full EAC system and associated appl ication engineering is a way forward in addressing 

the problem of poor indoor air quality, especially for urban localities. The process of 

urbanisation is a continuing social phenomenon and hence the demand for c lean indoor air 

will increase as our understanding of possible damages to our health can be traced to poor 

indoor air quality. I llnesses associated with SBS, might well be mainly a function of poor 

indoor air quality. People are a substantial source of air borne pollution. If people are 

brought together, air borne pollutants follow and there are likely to be ensuing health 

problems. Given such circumstances any technology that goes some way to removing air 

borne pollutants indoors would seem an advancement in indoor air technology and well 

worth further investigation. 

The Full EAC system represents a realistic design for a commercially viable air cleaner. 

The particular design chosen, which encompasses a collector plate takes into account the 

hardware tested during the development stage of this thesis. The investigations undertaken 

herein have given a greater understanding of the mechanisms by which electrostatic air 

c leaning produces cleaner air. 

References cited 

COMEAP (Committee on the Medical E ffects of Air Po llutants). Report on Non

Biological Particles and Health, Department of Health. London: HMSO, 1 995.  

Datamonitor. Call Centres in Europe : Sizing by Call Centres and Agent Positions in 1 3  

European Countries. 1 998;  London, Datamonitor. 

1 21 



DETR (Department of the Environment Transport and the Regions) . DETR announces 

new research programme for 1 C)()C) -- '.2000 to protect the environment. Press release 

23 M arch 1 999. On- line : http://v\ ww.environment.detr.gov.uk/airq/aqinfo .htm 

Donaldson RJ & Donaldson LJ . Essential Public Health Medicine. London: Kluwer 

Academic Publishers, 1 993 . 

EPAQS, Expert Panel on Air Quality Standards. Airborne particles: What is the 

appropriate measurement on which to base a standard? 2000. On-line. 

http://www.environment .detr.go\· . uk/airq/aqs/index.htm 

IEH (Institute for Environment and Healt h) . Airborne particles: Exposure in the Home and 

Health Effect. Leicester, UK: MRC Institute for Environment, 2000. 

Kolokotroni M. Measurements of performance of a new naturally ventilated school. In:  

Ventilation and Indoor Air Quality in Schools. CIBSE seminar, Balham, London, 

1 2  December 2000. 

Pethig R. Survey of the Methodology for Evaluating Negative Air Ions: Relevance to 

Biological Studies. Methods in Enzymology, 1 984; Vol. 1 05 ,  Chapter 28,  

Academic Press Inc. USA. 

Riffat SB, Shao L, Everitt P .  Movement and deposition of aerosol particles in buildings. 

1 997; AIVC document 1 0343 . 

Rylander R. A perspective on indoor air microbiological contamination. Atlanta (USA): 

ASHRAE Transactions, 1 995 . 

Schwartz J, Dockery O W  & Neas L M .  I s  daily mortality associated specifically with fine 

partic les? Journal of Air  and Waste Management 1 996; 46 : 927-939. 

1 22 



APPENDIX 2 

LIST OF PAPERS 

Part of the research for this MPhil was based on the following enclosed papers in chronological order 

as listed below: 

1 Rosen K G, Richardson G, Would removmg indoor air particulates in children's 

environments reduce rates of absenteeism - A hypothesis. The Science of the Total Environment 

1 999; 234: 87-93. 

2 Rosen KG, Richardson G, Harwood D .  Non-attendance rates among children in Swedish day 

care centres before, during and after c leaning the indoor air using an electrostatic air cleaning 

technology - a controlled trial. In proceedings of: The South West Association of University 

Departments of General Practice, 6-7 February 1 998, Dartington, Devon (UK). 

3 Richardson G, Rosen K G. Non-attendance rates among children in Swedish day care centres 

before, during and after cleaning the indoor air using an electrostatic air cleaning technology - A 

controlled trial. In proceedings of: The 1 9th AI VC conference on Ventilation Technologies in Urban 

areas, 28 - 30 September 1 998, Oslo, (Norway) .  

4 Richardson G, Harwood DJ. Environmental assessment of a council estate with 1 1 6 houses, 

m the West country, winter 99. In proceedings of: The South West Association of University 

Departments of  General Practice annual seminar, 3 - 4 March 2000, Exeter, Devon (UK). 

1 23 



5 Richardson G, Eick SA, Harwood DJ . Quantifying ventilation needs in Local Authority 

Housing - A case study. In proceedings of: The 2 1 st AI VC, I nnovations in Ventilation Technology, 

26 - 29 September 2000, The Hague (Netherlands) . 

6 Richardson G, Eick SA, Harwood DJ, Rosen KG, Dobbs F. Indoor air quality, Part 2 :  

Negative air ionisation and the generation of hydrogen peroxide. The Science of the Total 

Environment (Submitted 2000). 

7 Richardson G, Harwood D J, Crossman S A, Linking absenteeism to levels of air borne 

particulate matter and traffic related gases in an inner city office - A controlled trial using new 

Electrostatic Air Cleaning technology (EAC). I n  proceedings of: The South West Association of 

University Departments of General Practice annual seminar, 22 - 23 January 1 999, Ewloe, Flintshire, 

Wales (UK). 

8 Richardson G, Harwood DJ, Eick SA, Dobbs F, Rosen KG. Reduction of fine airborne 

particulates (PM3) in a small city centre office, by altering electrostatic forces. The Science of the 

Total Environment 200 1 ;  269: 1 45 - 1 55 .  

1 24 



PAPER NUMBER 1 

Rosen KG, Richardson G. Wou ld removing indoor air particulates in 

children' s  environments reduce rates of absenteeism - A hypothesis. 

The Science of the Total Envi ronment 1 9 99;  2 3 4 :  87 - 93 . 

1 25 



E L S EV I E R  

the Science of the 
Total Environment 
A.I �,__ ......... .__ ....... .. .._.. ... .. ......... .... ... 

The Science 11f the Total Environment 234 (1999) 87-93 www.elscvlcr.com/loc111e/scitcitcnv 

Would removin g  i n d oor air particulates in children's 
enviro n m e n ts red uce rate of absenteeism 

A hypothesis 

Ka rl  G .  Ros e n a·"·* , George Richardsonc,d 

a Plymouth Postgraduate Medical School, University of Plymouth, Plymouth, UK 
b Department vf Physiology, University of Goteborg. Goteborg. Sweden 

c Department of Environmental Sciences, University of Plymouth, Plymouth, UK 
d Neouentor AB, Kungiilv, Sweden 

Received 22 February 1999; accepted 14 May 1999 

-------·- --·- - -
Abstra ct 

To conduct a con t rol led t ri a l  to tes t  l h e  a b i l i t v  of a newly d eve loped electrostatic air cleaning technology (EAC) to 
i m prove I ndoor A i r  Q u a l i ty  ( I A() ) ; 1s  dc f inc t l  hy levels  of a i rborne particles and to investigate the potential to reduce 
non-attendance rates due to i l l ness among c h i l d re n  i n  two Swedish day care centres. The EAC technology was shown 
to significantly reduce the indoor par t icu la te  load for very fine particles caused by outdoor air pollution by 78% and 
to reduce the number of fine particles produced indoors by 45%. To test the hypothesis, non-attendance was 
followed in two centres during 3 years. The EAC technology was in operation during year 2. Non-attendance rates 
among children in the larger day-care cent re decreased by 55%, equalling those levels noted in family-based day 
care. It is speculated that  the a i r  clea ning effect may be due to alterations in electrostatic forces operating within the 
room enabling fine particulate matter to more easily becom e  and stay airborne. The EAC technology is cost-efficient 
and might  he a way forward to i m prove I AO. rci 1 999 Elsevier Science B.V. All rights reserved . .  
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I .  l n t rocl 1 1 l'l i o n  

I ndoor a ir  quality (IAQ) is a complex f u nc t i o n  
o f  outdoor a ir  qual i ty, i ndoor a c t i v i t i es p a s t  a n d 
presen t, design of ven t i lat io n systems,  n u mb e r  o f  
a i r  changes p e r  m inute,  bui lding design /size a n d  
emissions from the bu i ld ing materia ls. U p  to now. 
volatile organic compounds (VOCs) have been 
associ ated with the adverse effects n o t i ced in t h e  
indoor environment .  However, a t  a rece n t  N o rd i c  
Sci e n tific Consensus mee t i ng, A n d e rsson e l  a l  
( 1 996) rev iewed 1 20 publ icat ions  a n d  esta b l i s hed 
th at present data are inconcl usive.  

Recently, ti ne pa rt icu l a te m a t t e r  ge n e ra ted h y  
the combus1 ion process a 11 d  t he d i e se l  c 11gi 1 1 L: i n  
part icu l a r, has come t o  the fo re a s  a po l e n t i ; i l  
cause o f  respiratory sym ptoms a mo ng t hose ch i l 
dren and adu l ts suffering from chronic respira 
tory disorders (Schwartz, 1 994) but a lso as a n  
adjuvant for the devclopme11 t  o f  a l l e rgy ( Dcv;l l i : 1  
et al . ,  1 994). 

In a q uestionnai re-based study cove r i ng :w 
Swedish schools, Norback and S m e dj e  ( 1 9%) re 
ported on a pos i t ive re l a t io ns h i p  betwee n rc-;
pirab le dust  and a i rway i n fect ions  in a d u l 1 s  ; 1 �  
wel l  as between viable a i rborne bacter i ;1 : 1 1 1d 
mou lds and asthma i n  ch i ld re n .  

St5 h l berg ( 1 980) and Da h l ct  a l .  ( 1 99 1 )  n o l c d  
the n egat ive consequences fro m  the i n door e n v i 
ronmen t  i n  th e two- t o  threefold  i ncrease i n  up
per  respiratory tract infections (U RTI) a n d  the  
use of ant ib iot ics among ch i ldren a t te ndi ng d ay 
care centres where most of their  t i me is spent 
indoors. U RTI among c h i l d ren causes a soc i o 
eco nom ic i nconven i ence and aggrava tes  a s t h m;1  
(Sporik et a l . ,  1 992). 

Thus the issue of lAQ is  of great impo rt a n ce as 
more t ime is spent indoors and d a t a  is  acc u m u la t 
ing to show t h e  consequences o f  poor !AO.  

A l though e pidem iologica l s t u d i e s  a rc i m po r l ; i 11 1 
to i d en t i fy a pote n t i a l p rob l e m . i n l c rvcn l i o n : i l  
stu d ies a r e  equal ly  re leva n t  t o  s t u cly t h e  m c c h ; 1 -
n i s m s  be h i nd the p rob l e m  a n d  to e x p l o r e  pti t rn 
t i a l  remed ies. 

In Swe d e n  i n crea sed l' o rced a i r  v c 11 1 i l ; 1 t 1 u 1 1  r ; 1 1 c '  
have been l r i e d  over m a ny yea r s  < I S  ; 1  11 1 c l h t 1d t • • 
i m prove i n door a i r  q u a l i t y ,  i n  p u b l i c : i nt i  p r  r v ; 1 I L' 
b u i l d i ngs . I n  1 994, Swed e n sel  a new st ;t n d a rd f () f ' 

I A Q ,  based 0 1 1  a mux i m u m  carbon dioxide con
centration of 1000 ppm in an attempt to further 
control the IAQ issue (NSBOSH, 1993). Surpris
ingly few data are available to prove how effective 
the approach has been (Norback and Smedje, 
1996). 

It appears as if the concentration of respirable 
part icles is a significant factor influencing the 
qual i ty of the indoor environment. Increased 
forced a i r  ven t i la tion does not necessarily reduce 
the number of particulates as efficiently as carbon 
dioxide and voes are removed. 

Electrostatic mechanisms provide an alterna
tive means to control the movement of fine air
borne part icles (Jackson, 1975). One way of gen
erating e lectrostatic fields in a room, is· to pro
duce free electrons in the air. Some of these 
e lectrons will combine with oxygen and a nega
tively charged small air ion is produced. There is 
empirical evidence that such charged air can re
duce the growth of microorganisms (Kruger and 
Reed, 1 976). This observation has been further 
strengt hened by the observation that small 
amou n ts of  hydrogen peroxide are produced with 
increasing levels of negat ive air ions (Challenger 
et a l . ,  1 996). Hydrogen peroxide may act to re
duce the  growth of microorganisms (Hyslop et al. ,  
1 995). 

Thus, the del ivery of free electrons into the 
indoor air has the potential to enhance the air 
quality by reducing the number of airborne parti
cles th rough electrostatic ' filtering' mechanisms 
and via the hydrogen peroxide mechanism reduce 
the growth of microorganisms. 

2. Hypothesis 

Does the production of free electrons into the 
i ndoor a i r  h ave the abil ity to reduce the number 
of a i rborne particles of a defined size in children's 
d ay ca re c e n t res? 

Wo u l d  the potential  im provement  in  IAQ from 
such a system, reduce the non-attendance rate 
u u e  to sickness among the chi ldren i n  these day 
c a r e  c e n t res? 

To eva l u a te these hypotheses, electron produc
i ng devices [Electrostatic Air Cleaning (EAC) sys-
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day care centres. The n o n - a t t e n d a nce ra tes a mong 
the chi ldren were recorded ow r a 3 ye;1 r period. 
The concentration of fine ( > 3 µm, < 7 µ. m )  and 
very fin e  ( > 0.3 µm, < 3 µ 111 ) a i rborne part icu 
late matter was recorded. 

3.  Methodology 

Al t h o ugh the EAC syst e m  is n o t  n.:g a r d c d  as a 
medica l device,  i ts  use i n  c h i l d re n 's d a v  care 
centres was approved by t h e  E t h ics com ;n i t tee , 
Faculty of Medici ne, U n iversi ty  o l' G o t h e n b u rg, 
Sweden.  Parents were give n w r i t t e n  a n d  d i rect 
information at meet ings. 

Two d ay care ce ntres, A and 13, were chosen in 
collabora tion with the m u n ic i p< i l i t y  oi' U c l Llcva l l a , 

located on the west coas t of Swede n , to be 
equ ipped with EAC-sys tems. Centre A was an 
older bui ld ing wi th  a large group of  ch i ldren 
whereas centre B was located i n  a modern bui ld
ing with half  as  m a ny chi ldren us i ng t h e  prem ises 
on a daily basis. The two bu i ld ings had controlled 
forced air ventilation that  fu lfil led the standards 
required . of 7 l/s per chi ld (NSBOSH, 1 993). No 
other changes were undertaken in the centres 
du r ing the 3-year tr ial .  Table 1 prov ides further 
deta i ls. 

The local Soc i n l  Services office n.:g i s t c r.'> a n d  

Tahk I 
lfasic d a t a  and a n n u a l  1 H > n - a l l c ml ; 1 1 1 L·c 1 ; i l L' '  

Day care centre 

EAC 
Buil t ,  year 
Number or children al lcnding 
Range of age or children, years 

Non-attendance due lo sickness, 
a n n u n l  rates (%) 
Year I 
Year 2. EAC year 
Year 3 

* I' < 0.05, paired 1 - 1 c s 1 .  

* * I' < 0.0 1 .  paired I - lest . 

A 

Yes 

1 975 
11.l 

1 -(i 

s 3 1  
.1 75' ' 
7 9-1" 

l l  

Yes 
1 '19 1 

.11 1  
t -6 

11.20 
(i.09 
� 1)2 
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co l l a tes l i g u rcs for non-11t tcm.Jancc among pre
schoo l chi ld re n  indicating reasons for the absence. 
The non-attendance rates due to illness used for 
this research were taken from this database. 

Comparisons of non-attendance rates were 
m ade over a 3-year period with year 2 being the 
year of 'EAC'-treatment in centres A and B. 

4. The EAC-system 

The EAC-system delivers a high voltage (7 kV 
nega tive polarity), DC current ( < 0.5 mA) to a 
frayed multi carbon fibre thread (the emitter) 
posi tioned close to each ceiling-mounted forced 
air  in let without the generation of ozone. The 
n umber of small air ions produced was regularly 
measured using an atmospheric ion analyser 
(Med ian type 1 34A). EAC-systems were only in
stal led in rooms used by the children in the day 
care centres. Throughout the time of the study 
n egative air ion levels of 20 000-40 000/cm3, at ,  a 
height  of 1 m above the floor were recorded. A 
standard DC electrical field recorder (ELTEX 
Q475C) recorded a negatively charged elec
trostatic field of - 30 kVm, at a distance of 30 cm 
from the emitters. The field strength 1 m f�om 
the emitter was - 15 kVm which is equivalent to 
the field strength of a TV set (positive elec
trostat ic field). The walls of the rooms in centre A 
became s l ightly negatively charged (1 .5-2.0 kVm) 
compared with a zero or sl ightly positive charge 
previously recorded. No alteration of wall charge 
was noted i n  centre B. 

The EAC systems were in operation through
out  the second year from the first week in April 
of year 2 u ntil the first week in April of year 3. 
They were then turned off with the equipment 
left in place throughout the third year. 

5. Measurements of airborne particles 

A M ET-ONE model 2278 (Met-One, Oregon , 
USA) l aser beam part icle cou nter was used to 
record the number of part icl es per l itre of am
bient  air .  
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Fig. 1. A representative recording of the number per litre of air borne particles of two sizes, > 0.3 µm and > 3.0 µm, during a 33-h period in a day care centre room. 
Note how the very fine particles stay air borne throughout the night and markedly increase as the ventilation system is turned on at 06.00 h. The larger size particles 
increased as the staff and children made use of the room in the morning and fluctuated throughout the day depending on the activity level. 
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( i)  V e ry  fi n e  part icles d e fi n e d  as > 0 . 3  a nd 
< 3 .0 µ m  and 

( i i )  F ine part icles , > 3 . 0  a n d  < 7 . 0  µ 111 i n  s i ze 

Com pariso ns were made i n t e r m i t t e n t ly be t we e n 

indoor and ou tdoo r pa r t ic le rn u n ls �1 1 v My i n g  
wea t h e r  co n d i t i o n s .  l n dom p<1 1' l 1 c l c  u 1 u 1 1 \ \  w e re 
reco rded for 24-h pe r iods i n  ce n l rT A o n ly. M e a
s u rements  were taken du r i ng a .\0-s pe1 lod e v e ry  
5 min.  Part ic le  cou n ts were m ade i n  o n e  p l ay
room al a height of 1 . 2 111 :i n cl ;1 l a d is t a nce ( ) f  3 m 
away from the forced a i r  i n l e t .  

Fig. I gives a n  exa m p l e  o f  a 24-h record i ng o f  
h o w  t h e  n u m b e r  o f  part icles varies d e pend i ng on 
the level of activity i n  the roo m .  Th is was most 
pronounced for part icl es > 3 µ m .  The n u m b e r  of 
these particles dropped to z e ro d u r i n g  t h e  n ight ,  
i ncreas i ng aga i n  as s t a ff e n te re d the roo m  i 1 1  t h e  

morni ng. The n u mber o f  very fi n e  pa r t i c l es a l so 
i ncreased i n  the morn i n g w h e n  t h e  ve n t i l a t i o n  
system w a s  swi tched o n ,  p r i o r  l o  t h e  a r r i v a l  o l  t h e  
staff. 

Thus, the pa r t ic les mea s u re d  rep rese n t e d :  

( i )  Very fi n e  pa rt icles, > 0 . 3  and  < 3 .0  1_1,m ,  
entering t h e  room from t h e  o u t s i d e  a i r  
through the  vent i l at ion ducts .  The re l a t ion
sh ip between i n - and ou tdoor conce n t ra t ions 

was used to q u a n t ify !AO.  
( i i )  Fine part ic les o f  s ize  > 3 . U  a n d  < 7 .l l µ m  

gene ra ted fro m act iv i t ies w i t h i n t he roo m .  
The ave rage re ad i ng recorded d u r i ng o ffice 
hou rs, 08.00- 1 5 .00 h was used to q u <1 11 t i fy 
IAQ. 

The carbon fibre threads w e re v<i c u u m- · c l c a n ed 
every t h i rd month t o  e ns u r e  t h e i r  l'u n c t irn1 . 

S t a t is t ic<i l a n a lys is  l'or ahse 1 1 t e e 1 s 1 1 1  w < 1 ., per
fo r m e d  us i ng two - t <1 i l ecl , p a i r e d  S t u d l' 1 1 1 \  1 - t c s l  
and for part icul a tes , u n p a i re d  S t u de n t ' s 1 - l c s l .  

6 .  Res u l ts 

The o u td oor a i r  was a lways fou n d  to have a 
high er conce n t rat ion of very fi n e  p a rt ic les  t h a n  

1 3 0 

t he i 1 1uuor a i r .  On uvcrugc, u 25% red uction of 
very fine particles was noted under normal condi
tions as the air passed through the existing venti
lation system and settled within the room. This 
d ifference was markedly enhanced when the 
EAC-sys tem was in operation showing, on aver
age a 78% reduct ion of very fine particles (n "" 17, 
p < 0.00 1 ) . 

The average daily count of fine particles was 
recorded on 10 occasions, four without and six 
w i th EAC. A significant reduction was noted with 
the EAC-sys tem as the daily averages decreased 
from 428 (median, range: 340-649) particles/litre 
of air  to 232 (range: 166-287), P < 0.01 .  

Table 1 gives a comparison of absenteeism 
during the 3-year period, Centre A had a signifi
cant reduction in absenteeism from 8.31 to 3.75% 
retu rning to 7.94% during the third year. 

Table 1 also give the non-attendance rates for 
the smal ler and more modern day-care centre B. 
Th is cen tre showed a decrease by 33% comparing 
years I and 2. This difference did not reach 
s t a t is t ical s ignificance. There were no epidemics 
noted among the children. 

An observation was made regarding a differ
ence in wal l  dirt deposition as in centre B the 
walls required repainting, something not required 
in centre A. 

7. Discussion 

The aim of the study was to conduct a trial to 
test the abi l i ty of a newly developed electrostatic 
air cleaning device to improve IAQ as defined by 
levels of airborne particles and to investigate the 
potential to reduce non-attendance rates among 
ch i ldren in day care centres. Non-attendance rates 
a mong chi ldren in Swedish day care centres are 
k n own lo increase almost threefold compared with 
fam i ly-based d ay care. Primarily due to viral URTI 
wh ich is re lated to the number of children (Dahl 
e t a l . ,  1 9 9 1 )  and possibly the load of b iologically 
act ive a i rborne part icles. 

Repeated measurements were undertaken in 
order to demonstrate effects on the number of 
airborne particulate matter. The non-attendance 
rate due to i llness was provided from the records 
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admi nislra l i o n .  This i mlepe ndc n l  d ;1 l a  co l l cel i u r 1  

together wi th  the unl ikeness that  the ch i l dren per  
se  would a l ter their behaviou r  due to  some e q u i p 
ment being mounted in the ce i l i ng shou ld  reduce 
the methodo logical error. Leaving the eq u ipmen t 
mounted after it was turned o ff fu r ther reduced 
this risk. Furthermore, by i nc lud ing data obt a i ned 
on a yearly basis short-term trends d ue to seaso
nal variation in URTI can be excl uded and t h e  
non-a tten dance rates noted d u ring ye a rs 1 a n d  .1 
a re in keeping w i t h prev iously p u b l ished d a t a  

(Dahl  e t a l . ,  1 990. 
I t  appears log ica l t o  assurrn: t h ;1 1  t h 1: very l i n e  

pa rticles generated o u t d oor s .  ; i n d  1 c d u cl' d h v  7S' ; ,  
beca me t ra p ped as the a i r  e n te r ed L i l e  rou 11 1  a r i d  
passed close t o  the EAC sys te m . t h e  s i t e  w h e re 
the negat ive electrost a t ic field was t h e  s t ro ngest  
and the d ir t depos i t ion the  most m a rked . The 
l arger s ize particles generated by the a c t iv i ty 

within the room became less a i rborne (45% re
duction) e i ther by not l eaving their source Orn
m ans or horizontal  surfaces) so  easily due to t he 
a lteration of the electrostatic field wi th in the room 
and/or being captured by the strong electrosta t ic 
fie ld ope ra t ing close to the EAC e m i t t e rs . I t  t ( lnk  
ap proxi ma tely 2 Weeks for t h e  w ; d l s  I ll CC l 1 t l L' ,; 

to o b ta i n a s l ight nega t ive c l e c t r l l� t ; 1 1 i c  L' h < r n!<' ; 1 '  
com pa red w i t h  t h e  ove r a l l  pos i 1 i vc  L· i l a qLc 1 1 1 1 1 L· d  

i n i t ia l ly . N o t  u n t i l  t h i s  w a s  a c h 1 c vcLI c l 1 d  t i l e  1 L· 

d uct ion i n part ic les reach i ts max i m u m  1 11 1 c Li u L· ·  
i ng a i rborne part icu l a t e  111;1 t t e r. i n d i ca t i n g  t l w t  er 
negative electrostatic field effect is  i m por t a n t . 

IAQ and its impact on t h e  i ndoor e nv i ro n m e n t  
i s  not only a fu nction of the concen trat ion of 
a irborne part icles . Equa lly relevant is the poten
t ial b iological activi ty of these part icl es (Seaton ct 
al . ,  1 995). This bioload concept i ncludes fine rcs
p i rab le p articles ge nerated by m icroorga n isms .  
O u r  ow n exper imenta l  work on e n l rn n ced n ega 
t ive a i r  ionisat ion h a s  d e m o nstra ted t h e  g c n c r< r 
t i o n  of hyd rogen perox ide i n  t h e ra n ge u l  t l  7 · I  

µ M  a t  20-50 000 n cg<i t ive a i r  i un\/ 1 1 1 1  t 1 l  ; 1 1 1  

( C h a l l enge r  e t  <i i . ,  1 9%) .  l l ys l l 1 p  c 1  ; i i  ( i ' l C J :) ) 
recently re ported on hyd roge n perox i d e  < i s  " [l l l 
t e n t  a n t ib iot ic . Th ey showed a b: ick rios t ;1 1 ic e l 
fcct al 25 µ M  w i t hout  a ny s igns u l  a l l cc l 1 ng L i l e  
grow th of h u m a n  fib rob lasts .  T o  w h a t  e x t e n t  ; 1  

hyd n 1ge 1 1  perox ide conce n t ra t ion o f  1 µ. M  operat
ing over time would affect the growth of microor
ganisms remains to be tested. However, our own 

· observational data have indicated a marked de
crease in airborne moulds in rooms after 2-5 
mon ths of EAC treatment. 

To our knowledge no previous attempt has 
been made to study interventional procedures 
and their capacity to improve indoor air quality, 
relat ing the effects to the non-attendance rate 
among children. In the current study a substantial 
reduction of indoor air particles was shown to be 
poss ib l e by al tering the electrostatic fields within 
the rooms.  The impact of this on non-attendance 
ra tes  a mong c h i ld ren in the larger day-care cen
tre was mos t striking with a 55% d ecrease and 
non-attendance rates equalling those noted in 
fami ly-based day care (Dahl et al., 1991). The lack 
of a s ign ificant reduction in nursery B may be due 
to a smaller number of children, 30 vs. 63, and 
thereby the effect of independent factors, such as 
a change in age distribution, would increase. 

Obviously, the possibility also exists of other 
mechanisms affecting the outcome, such as dif
ferent bu i ld ing m aterials, wooden boards vs. plas
ter o f paris boa rds, age of the buildings and their 
prev iou s h isto ry . Assu m i ng the reason behind a 
reduc t ion  i n  i n fect ion rates is dependent on the 
a b i l i ty of pa rt icu la te matter to leave a surface, 
ce n t re A showed evidence of a change in indoor 
structural su rface electrical charge, not seen in 
cen t re B. Perh a ps such an effect also did apply to 
the surface of children making an alteration in 
the predominant  positive charge more likely and 
thereby reducing the repellent electrical forces 
that would otherwise keep the human-generated 
particles a irborne . 
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lntroduction And .-\irns: To conduct a controlled trial to test the ability of a newly developed electrostatic air 
cleaning rechnology (EACJ ro improve Indoor Air Quality (IAQ) as defmed by levels of air borne particles and to 

I investigate the potentiJi to reduce non-attendance rates due to illness among children in rwo Swedish day care 
centres. 

Methods: The EAC tcchn�1J,1g;' was shown to significantly reduce the indoor particulate load for very fine particles 

(>0.3�tm) caused b: l)Utdoor :1ir pollution, by 78% and to reduce the number of particles (>3.0µm) produced indoors 
by 45%. 
Non-attendance was followed for two "treated" centres and two control centres during three years. 

Results: The EAC technology was in operation during year two. Non-attendance rates among children in the larger 
day care centre decreased by 55%, equalling those noted in family based day care. 

Subsequently (autumn l 997; Dept. for Environmental Science, Plymouth University) experiments have been earned 
out on the oxidation of common indoor gases, with some excellent results. Thus the EAC - technology might be 
used to oxidise traffic and people related gaseous by-products. Further research is required to quantify and to 
optimise this feature of the EAC technology. 

Conclusions: The EAC technology is cost efficient and might be a way forward to improve IAQ. 
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NON ATTENDANCE RATES AMONG CHILDREN IN SWEDISH DAY 
CARE CENTH.ES UEFOH.E, DURING AND AFTER CLEANING THI 
INDOOR AIR USING AN ELECTROSTATIC AIR CLEANINC 

TECHNOLOGY - A CONTROLLED TRIAL. 

Karl G Rosen MD: Ph.D .. Plymouth Postgraduate Medical School, University of Plymouth anc 
Sahlgrenska Biomedical Innovation Centre, Goteborg, Sweden. 
George Richardson: M. Sc . .  Dept ol Eriv1ronmental Science, U nivers ity of Plymouth, Plymouth 
UK 

ABSTRACT 
To conduct a controlled t r ial to test 1 l1c ability of a newly developed electrostatic air c!eanini 
technology (EAC) to improve Indoor Air Quality (IAQ) as defined by levels of air borne particle: 
and to investigate the potential to reduce non-attendance rates due to illness among children ii 

two Swedish day care centres. The EAC technol ogy was shown to significantly reduce the indoo 

particulate load for very fine particles (>0.3µm) caused by outdoor air pollution by 78% and tc 

reduce the number of particles (>3.0µm) produced indoors by 45%. 

Non-attendance was followed for two · ·treated" centres and two control centres during three: 

years. The EAC technology was in oreration during year two. Non-attendance rates among 

children in the larger day-care centre d ec reased by 55%, equalling those noted in family based day 
care. 

The EAC technology is cost efficient and might be a way forward to improve IAQ. 

INTRODUCTION: 

Indoor air quality (lAQ) is a complex function of outdoor air quality, indoor activities past and 
present. des ign of ventilation systems. number of air changes per min., building design/size and 
emissions from the building materials. 

Recently, fine particulate matter gencratni by the combustion process and the diesel engine in 

particular, has come to the fore as a potential cause of respiratory symptoms among those 
children and adu lts suffering from l.·h10111c respiratory disorders 1 · 2 but also as an adjuvant for the 

development of allerg/ . 

In a questionna ire based study covering 39 Swedi sh schools, Norback and Smedje reported on a 
positive relationship between resp1rable dust generated indoors and airway infections in adults as 
well as between viable a irborne bactemi <tnd moulds and asthma in children4 • 

.Llpper respiratory !ract infections (URTl l are two to three times more common, as is the use of 

antibiotics, among children attending day-care centres where most of their time is spent indoors5·6. 

In Sw eden increased forced air ventilation rates have been tried over many years as a method to 

improve indoor air qual ity , in public and pr ivate buildings. In 1994, Sweden set a new standard 
for IAQ, based on a maximum carbon dioxide concentration of 1000 PPM in an attempt to further 
control the IAQ issue7. Surprisingly kw data are available to prove how effective the approach 

has been4. 
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Electrostatic mechanisms provide an alternative means to control the movement of fine air borne 

particles8. One way of generating electrostatic fields in a room, is to produce free electrons in the 
air. Some of these electrons will combine with oxygen and a negatively charged small air ion is 
produced. There is empirical evidence- that such Lharged air can reduce the growth of micro
organisrns9. This observation has been further " ' rengt hened by the observation that small amounts 
of hydrogen peroxide are produced with 1ncreas111� levels of negative air ions10. 
Thus, the delivery of free electrons imo the indoor air has the potentia l to enhance the air quality 

by reducing the number of airborne particles through e lectrostatic 'filtering' mechanisms and via 
the hydrogen peroxide mechanism reduce the growth of micro-organisms 1 1 •  

HYPOTHESIS: 
Does the production of free electrons into the indoor air have the ability to reduce the number of 
air borne particles of a defined size in a busy children's day care centre? 
Would the potential improvemen t in IAQ from such a system, reduce the non-attendance rate due 
to sickness among the children in day care centre.\' 

To evaluate these hypotheses . an elecrron producing device (_Electrostatic Air .Cleaning, EAC -

system) was consrructed and instalkd 111 l\\tl SwL'd1.\l1 day care cc111rcs. The non attendance rates 

among the children were recorded over a three year period. The concentration of fine ( > 3µ m ) 

and very fine ( > 0,3µ m ) air borne particulate matter was recorded. The number of absent 
children was compared with d a y-care centres of similar size and design without the EAC 
technology. 

METHODOLOGY: 
Although the EAC system is not regarded as a medical device, it's use in children's day care 
centres was approved by the Ethics committee, Faculty of Medicine, University of Gothenburg, 
Sweden. Parents were given written and direct information at meetings. 

Two day care centres, A and B, were equipped with E AC-systems. Centre A was built 1975 with 
a large group of children (63) whe reas cent re E v. �1s l ( )c ated in a modern building, built 1991, with 
half as many children us ing the prenw .. �.\ on ci ddily basis. Control centres A,d and B,d were 
chosen on the basis of size. loc al ity and ;1ge The L'\)f1f rol centres were both located within less 
then 1.5 km of the corresponding F./\C equ1r11l'(I 111111-, and covered the same residential area of 
the town. All buildings had controlled i(HCL�d air ,·c11t1lation that fulfilled the standards required. 
No other changes were undertaken in the four day· care centres during the 3 year trial. 

The local Social Services office register and collate figures for non-attendance among pre-school 
children indicating reasons for the absence. The non-attendance rates due to illness used for this 
research were taken from this database. 
Comparisons of non-attendance rates were made over a three year period with year two being the 
year of 'EAC'-treatment in centres A and B. centre B,d did not start to operate until august 1 993, 
therefore the period included in the three year anal\·,,,.., of centres B and Brei has been restricted to 
8 months ( 1 Aug 199� - I� :vLu·L"h I c1q.� \ 
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THE EAC-SYSTEM: 
The EAC- system delivers u high voltage t 7 kV negative polarity), DC current (< 0,5 mA) to a 
carbon fibre thread (the emitter) positioned close to each ce iling mounted forced air inlet. The 

number of small air ions produced was regularly measured using an atmospheric ion analyser 
(Median type I 34A). EAC - systems were only installed in rooms used by the children in the day 
care centres . Throughout the time of the study negative air ion levels of 20.000-40.000 per cm3, 
at a height of l m above the floor were recorded. A negatively charged electrostatic field of -30 
kVm was recorded by a standard DC electrical field recorder (Eltex Q475C), at a distance of 30 
cm from the emitters. The field strength one meter from the emittor was -15 kVm which is 
equivalent to the field strength of a TV set (positive electrostatic field). The walls of the rooms 
became slightly negatively charged ( 1 .5 - 2.0 kYm) compared with a zero or slightly positive 
charge in a standard room. 
The EAC systems were in operation th1 oughuut the second year from the first week in April 1994 
to the first week in April 1995. They were then turned off with the equ ipment left in place 
throughout the third year. 

MEASUREMENTS OF AIR IlORNE PAHTICLES: 
A MET-ONE model 2110 (Met-One, Oregon, USA) laser beam particle counter was used to 
record the number of partic les per litre of ambient air . 
The particle counter was set to measure, particles > 0,3 and >3,0 µ m in size. Comparisons were 
made intermittently between indoor and outdoor particle counts. Indoor particles counts were 
recorded over 24-.hour periods. Measurements were taken during a 30 second period every 5 
minutes. Particle counts were made in one playroom at a height of 1.2 m and at a distance of three 
meters away from the forced air inlet. 

Figure 1 
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Figure l gives an example of a 2-+-hour rec,11 ding of how the number of particles varies in a play 

room. depending on the level or act 1v1ty 111 thL: room. This was most pronounced for particles >3 
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µ m. The numher of rhese pan icles dropped rn 7. ro during the night , increasing again as staff 
entered the room in the morn ing . The number ot v�ry rine airborne part ic les also increased in the 
morning w hen the ventilation system wa!-- ... w11chcd on. prior to the arrival of the staff. 

Thus. the par11cles measured represented· 
a) Very fine pa111cles. those > 0.3µ111. entering 1 l1e room from the outside air through the 

ventilation ducts. The relationship he1v.een 111- and outdoor concentrations was used to 
quantify IAQ. 

b) Particles of a size >3.0µm generated from activities within the room. The average reading 

recorded dur ing office hours, 08:00 - 15:00 was used to quantify IAQ. 

The carbon fibre threads were vacuum-cleaned every third month to ensure their function .. 
Statistical analysis of the data was performed using two - tailed, paired students T-test. 

RESULTS: 
The outdoor air was a lways found to have a higher concentration of particles > 0.3 µm, than the 
indoor air. This is illustrated in Figure 2 showing parallel in- and outdoor measurements with and 

without the EAC-system in use. On average, a 25 % reduction of particles > 0.3µm was noted 

Figure 2 
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under normal conditions as the air passed through the existing ventilation system and settled 
within the room. This difference was markedly l'nhanced when the EAC-system was in operat ion 
showing, on average a 78 cit reduct1011 ul pa1111.k'. , 0.3 µrn (p <0.001). 

The average daily count of particles >3.U µ m wa:-, 1 ccorded on ten occasions, four without and six 

with EAC. A significant reduction was noted with the EAC-system as the daily averages 
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del'n.:asecl from 42X ( 1lll�di:111. 1 :111)-'.l' \.I() 649) particles per litre of air to 232 (range: 166 - 287). 
p <0.0 1. 
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Figure 3 shows the monthly figures for non-attendance rates due to sickness comparing the tw 
larger day care centres A and Are1- The two centres followed a similar pattern during year 1 and 
whereas during year 2 when the EAC-system was in operation centre A consistently showe 
lower non attendance f1gun.'" than ,-er1t re A,"'. (The graphs are disjointed because of summc 
vacations.) 

Table I 

Non-attendance due to sickness, annual rates (%) 
Centre A Centre Arel Centre B 

1993-94 8.31 ** 10.31 9.20 

** 

1994-95, EAC year 3.75 ** .. 8.75 6.09 

• 

1995-96 7 94 • 8. 76 5.92 

* 0 05 ** 0 01 *** . 
= p< . , = p< . , = p<O.UOl, paired T-test 
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T;1hlt· I 1 �. 1 v 1 · , :1<'111111':111.,1111 <>I :il•,1·1111 "'"1 1 1  .111111 1 1· 1111' 1,l11v1· v1·:11 1w11nd i11 Ilic fo11r l'L"llll"l'S. ("l'llll"l' 
A had a significant reduct ion 111 abse11tee1:--111 110111 K.J I% to J.75% returning co 7.94% during 1he 
third year. It appeared as if cen1rc A wa:-- :--ig1111'ic,11it ly health ier than centre Aror with 19 and 9% 
less sick children year I and 3. respectively. This difference became highly significant with 57% 
less sick children in centre A dur ing the EAC year. 

Table I also gives the non-attendance rates for the smaller and more modem day-care centres B 
and Bref· centre B showed a decrease by 33% as compared with an increase in non-attendance by 
23% in centre Brer comparing year I and 2. These differences did not reach statistical significance .. 
Note the increase in non-attendance in the newly built centre Brer which became significant during 
the third year (p<0.05). 

When the EAC system was turned off the <;l�1ff i11 centre B compla ined of the stuffiness of the 
indoor air and had the ventilation systc111 cl1cd;cd. The system was operating according to 
specifications. The on ly side effect noted during 1he EAC year was an accumulation of dirt around 
the emitters. This was markedly reduced by rlac111g a metal sheet between the emitting thread and 
the ceiling. More dirt was noted when cleaning the floors on a daily basis. The parents also noted 
that the children's socks became more uirly Juring 1he EAC year. 

DISCUSSION: 
The aim of the study was to conduct a controlled trial to test the ability of a newly developed 
electrostatic air cleaning device to improve IAQ as defined by levels of air borne particles and to 
investigate the potential to reduce non-attendance rates among children in day care centres. These 

are known for an almost three-fold increase in non-attendance, primarily due to viral URTI which 
is related to the number of children6 and possibly the load of biolog ically active air borne particles. 

In the larger centre repeated measurement were undertaken in order to demonstrate effects on the 
number of air borne particulate matter The non atiendance rate due to illness was provided from 
the records on absenteeism kept by 1he Sorn1I S e 1· vices administration. This independent data 

collection together with the un likeness th<1l the l hildren per se would a lter their behaviour due to 
some equipment being mounted in the ceil1r1g. sl1uuld reduce the methodological error. This risk 

was further reduced by leav ing the equ iprnenl mounted after it was turned off. Furthermore by 

including data obtained on a yearly basis short term trends due to seasonal variation in URTI can 
be excluded. 

It was obvious that the EAC - system altered the pattern of dirt deposition with more dirt 
deposited on the floor and around the emitters. It appears logical to assume that the very tine 
part icles generated outdoors, and reduced by 78%, got trapped as the air entered the room and 
passed close to the EAC system, the site where the negative electrostatic field was the strongest. 

The larger size particles generated hy 1hc ;1ct1\·1ty within the room became Jess airborne (45% 
reduction) eilher by not k:av111g 1lil·11 ,t,llll (' 1 IH1::1;11h or hor11.untal surfaces) so easily due to the 
alteration of the electrosta11c t-1eld \\1111111 11;, 1uum aml/ur being captured by the strong 
electrostatic fie ld operating close to the L.r\C c1111ttns. It took appro x imate ly two weeks for the 
walls to obtain a s light negative elect r v .. 1a1ic charge as compared with the overall positive charge 
noted initially. Not until this was achieved did the reduction in part icles become maximal , 

indicating that the negative electrostatic field effect is important . 
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IAQ and its imract 011 the 1milH>1 L'll\ "'"1111ent 1s not •>nly a function of the concentration of air 
borne pan1clcs. Lqu<illy 1l.·ln;11ll ,, 111,· 1><itent1<1l ll1llillg1cal ac11vily of lhese parciclestl. This 
bioload concept includes fine resp1rable particle. generated by micro-organisms. Our own 
exper imental work on enhanc ti negal1 c air ionisation has demonstrated the generation of 

hydrogen peroxide in the range of 0.7 10 1 µM at 20-50 000 negative air ions per ml of air10• 

Hyslop and collaborators recently reported on hydrogen peroxide as a potent antibiotic11• They 

showed a bacteriostatic effect at 2SµM without any signs of affecting the growth of human 

fibroblasts. To what extent a hydrogen peroxide concentration of 1 µM operating over time would 

affect the growth of micro-organisms remains to be tested. However, own observational data has 
indicated a marked decrease i11 air hor11e moulds in rooms after two to five months of EAC 
treat men!. 

To our knowledg · no pre\ 1rni_,, at\ ·111111 l1a:; been made to study interventional procedures and 
their capacity to improve 111door qu<tl1t • relating the effects on the non attendance rate among 
children. Hawkins. in a prev ious controlled trial on nega L ive air ionisation showed positive effects 
on subjective parameters such as headaches etc1 2 • Such observational studies need to be 
substantiated by more detailed research into possible mechanisms. In the current study � 
substantial reduct ion of indoor air part i les was achieved by altering of the electrostatic field! 
within the rooms. The impac t of this on non-attendance rates among children in the larger day. 
care centre was most striking with a 55% decrease and non-attendance rates equalling those notec 
in family based day care6. 

Un-expectantly. centre Brcr which wa� c�lablished in a new building in August 1993, showed < 
significant increase in the non-attendance rate from 5.46 to 9.21 % (p <0.05) during the three yea1 
period. Perhaps che biological history or a build ing and its accumulated bioload should also tx 
considered when assessing the state or a building from a health perspective. 
Whatever the complexity r ractOI'\ -if'k ·11ng the indoor environment, it appears as if electron· 

released into the room thereby gencr�1t 111g a weak nega1 ive electrostatic field and an increase< 
level of negative air ionisation could sif!ll1ficantly enha nce IAQ with a potential to reduce URT 
among children attending large clay care l cntres. 
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Title Environmental assessment of a council estate with 116 houses, in the West 
Countrv, winter 99. 

Author(s) Richardson G, Harwood DJ. 
Time 

Introduction and Aims: Tenants were supported by a community development project to carry out 
an environmental study to investigate if housing conditions were responsible for 60% of the 
households having at least one person registered with asthma. The houses had different 
combinations of ventilation, heating, insulation and indoor hygiene . 

Methods: 34 parameters were recorded for each house during January - March 1999. The study will 
be repeated for two more years each spring During 1999 and 2000 all houses are to be fully 
modernised. 

The parameters included 

-weather conditions and location 
-number of fine particles (PMJ) and coarse particles (PM7) in/ outdoors 
-rel ative humidity and temperature in/ outdoors 
-ventilation rate/ C02 in living room 
-dampness, mould growth and airborne mould counts (Bioload) 
-posit ive/ negative small air ion count in/ outdoors 
-number of occupants and pets 

-total energy costs 
-smoking 

-gas analysis 
-dust mite counts 

Major results: The quality of indoor air was much worse than outdoors, especially for PM3, PM, 
and C02. High concentrations were also found for Bio load and dust mites. 

Conclusions: Strong links exist between environmental conditions indoors and mites, moulds, etc. 
Since all the houses were of the same con st ruction, differences in indoor air quality come from how 
the Tenants manage their houses When the study is complete it will allow an environmental I 
assessment of houses before and af1er modernisation. This three year study will be linked to a 1 

parallel study of the Tenant's health The results from the two studies will be analysed for any 
statist ica l link between indoor air quality and health. 
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Quantifying ventil�ltion needs in Loc::i l A u t hority Housing - A case study 

G Richardson · . S . A . Eick ! '.  D . . J Ha rwood 
1 Dept . of Environ men ta I S c i ence. U 11 ivers i ty l) 1· f' l  y111 oll th, P lymou th PL4 8AA, England. 
� ·· Corresponding au th or ; A C  & T Ll cL .  1 2  Woo h c l l  Drive, Plymou th PL6 7JP, England. 

Tel . + +  ( 0 ) 1 752  795633 .  F ax • • ( 0 ) 1 7 " 2  7 7 7  I 7 f l _  [ - m a i l ions 78@i.yuhoo. com 
On beha l f o i' the Torbay H ea l t h y  l f (1 1 1 s i 1 1 s  ( i n 1 1 1 p  

K e�'w o rds:  P M ,  & P M  .. : l 11 d t 1t1r ·\ 1 1 < ) 1 1 : i l 1 1 v  1 I \ l .J '  l .uca l A u 1 hori 1y houses .  

Sy no psis 
A Too l K i t \\":J S  deve loped 1 0  :1 ,,,,c,__, 1 11 . i" ' "  : 1 1 1  q 1 1. 1 i 1 1 v  f 'he l '< .10 1 K i t  \V a s  des i gn ed to be robust, 
re l i : 1 h l !.!. 1 1 11 1 \·ers<1 I : 1 1 1d  l l '  pr1 \ \0 H k  . ! : 1 1 : •  ' ! 1.1 1 , ' ' "  1 •. 1 h · I 1 1 1 k l.!d \1· 1 1 h t ' l h r: r  s 1 1 1d 1 l.!s assess ing hea l th ,  
so,· 1 :i l  1 ·:1L'lt >rs :1 11d bu i ld 1 1 1 s l· . .  1 1 1. ! 1 1 1 " " ·' 1 1 • 1  1 1 1 \ .c: 1 ·  . .  · ;  : , , l· : i l 1 1y . _ .. \ L':b.: � t ud y u s i ng the Tool Kit  to 
a ssess I I (1 Lnc a l  A u t h o n t y  IH) I J :-.c,, 1 :-. < k :-. c 1 1 i'oL'< I 

Introdu ction 
Ovcrv icv• 
A comm un i ty smvey was carried out in l 9 9 7 .  by tht.:: T enan ts o f a  Local Au thori ty 0\.,,11ed 
hou s in g esta te, a fter th e Tena nts h a d  vo i ced concern s  abou t the sta te of their  housing conditions 
and \Vhether these c on d i t ions were a ffec t ing the i r  hea l th .  An in i ti n l  survey o f 96 households 
revea led tha t  64% of the house h o l ds su ffered cl :1111 p co nd i t ions and th a t  there was at least one 
oc cupa n t  with a respirn tory i l l n e� s  in (1()" ;, t i t' t h e  lwuses .  The po pu la t ion pa rticipating in the 
survey. had a no1111 a l  s nc i a l  :111 <1 :q:'.e <fo rn ht 1 1 i ,rn 1 cp 1 esen tat ive o f �rny hou s i n g estate popu lation 
in the l i K  

Fo l lo\\· 1 n g  t h e  corn1m1 1 ; 1 t )  , 1 1 1 \ c \ :1 . ! n 1 ·. 1 1 • 1 :  "' · ' , � :  ; ; k  h y  th e l t >c1 I ,.\ u t l rnrny to fu l l y  in vest iga te 
a ny l i n k �  bdween phy,, 1 c ;1 I c 1 • 1 1 d 1 1 1 1 1 1 i. - 1 1 1 l lw 11 , , w., ·  . .  1 rn l t h e  l e11 :i11 1 � ·  hea l t h . A l 1hou gh !h e 
h o u :-.e :-. w ere: u l' Lhe  :-. :.i m .:  , 1 1.c . .  1 �.l· : 1 1 1 d  ,· , 1 1 1 ,, 1 1 1 1 ,· 1 1 1 1 1 ·, 1 h .:y h a d  d i 1·1;:: ren t  co111 b 1 11 n t ions o f  
ve n t i l a twn. 1 11su l a t 1011 a nd pc r:-.t)ll�i l  lw 1 1 ,,c lw l < i  1·1 ·1 .1 1u ):!..:m ent .  f"here fore, t h e  inves tigation needed 
to be m u l t i -d iscip l in a ry .  ta k i ng 1 n w  c u n :-. 1 d c ra 1 1 1 •n t h e: ex isting bui ldin g conditi ons, socio
econom ic fa ctors. hea l th  factor:\ a n d  t he 1 11<1011 1 :m q u a l i ty ( I A Q )  in each individual house. The 
survey a lso led 10 a comm i tm e n t  from t h e  1 .oc:1 l /\ u t h ority to ren ova te the prope1ties to meet the 
l a test U K  Governm en t  recom mended s rn nd a rcb 1·,)\' h o using . The comm i tmen t to upgrade the 
hou sing stock o ver a two yea r period u r e n e d  u p  :1 1 1 11 i que opportun i ty to conduct a 
comprehens ive s t11dy . 

A ' ra n d o m i sed to wa 1 t i n tJ- 1 1 � 1 · C L) l l i l t' ! k d 1 n ;1 l 11 . 1 �  1 11 1 1 1 a t ecl ( w i t h  the estate stra t i fied into streets, 
\V i t h one h ouse eq u a l \ i n !].  t > n c  1 1 n 1 1  : 1 1 1 d :1 p t 1 p 1 1 ! : 1 1 1 1 • ! 1  " ' . :)( )CJ pel1p \ e 1 . based on live para \\el studies,  
over two years : 
I .  A n  env iron m e n t a l  :i �.:-.e�"111 c11 1 ' "  ! ! 1 .: I \ ! )  " ! : ! d ·. ' ·. ; 1 . 1 1 r  q u :i l 1 1 y : 1 11d ra te>. ven t i l a t ion for 

incl iviclu a l  house� concen tra t 1 1 1 g u n  111 :·1 1 t • 1 p; 1 1  : 1 1 1 1 .: 1 ers l i nked to i l l  h ea l t h . Th i s  study would 
regi ster :m y �· h a n ge:-. 1 11 I .\ <.) .  v e n 1 1 l : i 1 1 1 1 1 1 1 : 1 1 v ·, : 1 11 d  h( lw the T en :rn t>. mana ged their properti es. 

beti..we and a fter t h e  rc11 1 1 \• a t 1 e> n '. 
2 .  Person ;i l hea l th L· heL· k �  L'l.' I Hll iL" I L: d  i h 1  t > l l f! i l  : : ; , "  ; " : :i c e  pn v;i t e  m terviews bet\veen Tenan ts and 

a com m u n i t y  n 1 1 r:-.e 

1 5 1 



3 .  A preva lence s tudy o t' i i  l nesses ( ma i n ly res p 1 ra t P ry ), in c lud ing the record ing of the number of 
people and pets per househ o l d .  the nurn ber o r s  mokers per household and the type of cookin g 

and heat ing sys tem s i nsta l l e d .  
4 .  The record ing o f  persom I sor n 1  l c l  e t a  1 b 
5 .  Deta i l s o f  the physic a l  amibutcs 0 1· t h e:  propc:rl y  a �  assessed by S A P  ra tings (DETR, 1 998 a) .  

A l l  the pa ra meters rec orded 1 11 eac· h  s 1 1 1 dy 11 c 1 \: c· :1 r c 1 'u l l y  ch osen t o  l o o k  fo r  con fou nd in g factors 
assoc ia ted w i t h  certa i n  i l l nesses . 

Th eory b e h i n d  a 'Tool  Ki t '  fo r m c a s 1 1 1· i 1 1 g  I A () a n d v e n t i l a tion 
I n  ord er to fu l fi l  the requ i rement for :1 11 en v i ro 11 m c· 11 1 a l  a ssessment  of the a ir qual i ty and 
venti la tion ra tes in th e houses ( pa r a  l l c l  srudy nP I l .  :.i method of mon i toring had to be designed 
1vh i ch \v;is rel i a b l e  a n d  rolrnsl 1·1 ic  111 d hod r''' i 1 1 1 r,:d : 1  ' Tool K i t '  to m on i tor the chosen 

parameters. The d es ign o t ' th e l 'oLi l K i t  h �1 d  to he u 11 i vcrsa l ly li.111ct iona l and easy to handl e . 

There was no pr io r a greement \V i th the Loca l A l l t h o r i ty before the invest iga tion began, as to 
wh ich pa ra meters \vould be recorded. i ndeecl t h e re are no U K  Governm en t gu idel ines as to which 
I A Q  parameters are the most i mporta n t in re l a t ion rn h uman hea l th (COMEAP, 1 997). Therefore 
the parameters measured were based on exten s i ve stud ies of scien t i fic l iterature and chosen to be 
representative of JAQ, ven ti l a t ion ra tes an d fa ctors gen erally  related to poor health.  The 
parameters ch osen and their measurement  h a d  to be read i ly un ders tandable by al l  the other 
groups involved in the pa ra l le l stu d i es and compa t i b l e  w i th the m ethodol ogy used in these 
studies.  

To a l krn: for a na l ys i s  (1 ! ' 1he  re ;,u l t:-- ,. L , J i cc· 1 l.'d h '  i i 1 ,: I L 'L' I K i t .  toget her \Vi t h  the resu l ts from the 
pa ra l le l - s t u d i es .  the 111 e a �t1re 1 1 1 e 11 1 ., r i c��· ; l c·d , , . \-.,. , 1 , r : 1 1 1 : 1 ta t 1 ve r3 ther  t h a n  q u a l i ta t ive. A lthou gh 
t h e  cla t :1 col b:tecl by t h e  l \ l l > I  I< l l  u n i l d l h l l  h e ·  : l i e' 1 � : 1 ;, I !.  o r  :l .J l l dgem e n t  a bout ' good or ba d'  I A Q  
a n d  ven t i l a t ion ra tes. t h e q u :i l 1 1 y  u ! '  1 h e  1 1 i < k11 1 1  c· 11 1 1 1 1 • 1 1 m e n t  c o u l d  be a ssessed in conjunction wi th 
results from other para l l e l  �tud i es 1 11 :1 h 1 l l 1 � t 1 c : 1 11 :1 l y;. 1 s . 

The Tool Ki t was desi gned ori gina l l y to take 3 · s nap  shot ' o f  the air  qu ali ty in the Local 
Authority hou ses. It retlec.ted how the Tenants managed ven tilation, heating, the reduction of 
a erosolised con taminants ,  rel a t ive h u m i d i ty a n d  <my other indoor a ir pol lutan ts . The Tool Kit 
h a d  to be easy to opera te in a l im i ted t ime peri od. a s  1 1 6 houses were to be assessed, which 
l o gi s ti c a l ly d i d  not a l l o w  for ex ten s ive s ru d i es L' r ea c h  house. When the ' snap shots' of the air 
qua l i ty  are c ompa red before a nd a fter  the re n u va 1 1 o n  progra mm e for the houses, an assessment 
can be made a!> to whether t h e  I A <)  :r nd nr ve11 1 i l :i 1 i on regimes/ ra tes have changed . The ' snap 
sh o t '  w i l l a lso shmv wh e t h e r  t h e  l "e 1 1 .1 11 1;-, h: 1 \' c:  c· h . 1 1 1 bed the i r  ma na gemen t of indo or a ir/ 
venti l a tion . A ssess i n g  changes 1 11 t h e  I c n :1 1 1 1 · � h c :1 l t h  t hroughou t the  renova tion programme 
m i gh t a l lmv l inks to be made between c h :1 11 gc:•, 1 n  1 1 h ys i ca l p a ra m e ters and h ea l th .  

Th i s  paper describes the sc ience :rn d 1 1 1cth od o l 1 1 gv be h i n d  the Tool Kit and describes a case study 
un d ertaken in the Local  A u th or i ty h P u s1 n g  

Method ology 
Backgro u n d  
The co m pos i t ion o f  i ndoor a i r i n  genern I 1 s  c h :-1 ra c 1e rn,ed b y  a nu m ber o f  fac tors : 
• 011 tdoor a i r  borne pol l u ta n ts - (1() -7 t l0 n 11 !" 1·1 11c' , ... 2 . 5 µm ) a n d  coarse ( > 2 . 5  µm ) parti cles 

penerra te i n to bu i Id i n g:-- ( [),1,: k c: ry ct :i i .  I 1 >:-;  I . ! h a t ..: h er et a I. 1 99 5  ) . Th e some es of th ese 
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part ides can be de ti ncd as b i o-ac rnst.1 b ( l> i t > I L>: 1d l. m ine ra t. combustion. home/ personal care 
a nd 1�1 d i u a �· 1 1ve a c l't)"u l :. ( C hi e n : 1 1 1d I 1 1 :.1 > 1 . J ll ' l ' I  

• O u l door 1•.:ea ther  c· on d i 1 iu 11 ., - i l ie 11 c :1 1 h c 1 . i 1 1 c· : 1 1 1 u n  a n d  o r i en t a t i on o f  the d\vel l ing are 
im port::111 t factors a f'l�c· 1 1 11 g  I:\ () : 1 1 1d  VL· 11 1 i l : 1 1 1 1 1 1 1  1 :1 1 ..:s . 

• Human and larger anima b '  ( pets I phy:; ic3 I : 1c t i v 1 t ies - These activitie!i create fresh particles 
through a bras ion and ' o l d '  pa r t i c l e" :i re re-su,,pended (Ekberg, 1 994). These activities a re 
norm a l ly a:>soc ia ted w i th coa rse p:t rt i c lei>.  1n ge1 h e r  \vith ex lrn led wa ter molecules (wh ic.h also 

lead to in creases in re l a t ive h u m i d i t y ) .  
• Tobacco smoking and foocl p rep:1 r:i rion - Srn oke rind the em issi ons from cooking, create a 

\'cry l : i rge l l l l lll her o t '  ! 'inc  p:1 1 ' ! 1 c· le ,, _  : 1 l t 1 11 i,: II 1 l h  s: 1"cl>LIS C: L11ll pL1 l l llds S L I L' h  3S n i trous ox ides and 
partic l es w i th adsorbed poly :i 1-c1111 a 1 ic  hyd1 uc· : 1 1 h<111s ( Abt et a l ,  2000). 

• Spec i ti c  contam i n : m L<. - S 1 1111c .,n 1 ir c L:�  :m d : 1 ,· 1 1 -_  i 1 1 c.c, rele;:ise spec i fic c o n ta m i n a n t s  such a s  
1i..irrm1 ldch ydc or k a d  1 1 011 e v e r  l he"L' : 1 1  e 1 c: l . 1 1 1 '  e l y  u n u s u a  I a n d  were t h erefore not i nc luded 
m the Too l Kit .  An e x c e r r i o n  wa� m ad e  l \..i r· t h e  m ea suremen t o f  the house dust mite (HOM) 
a l lergen. Der p I a s  1 t  1 s  1 m p l i c:1 red :i ,  :i 1:.1 l· r1 1 r  1 11 respira tory d isorders ( EN DS, 1 996). 

Previous work (Rosen and Rid1arclson.  I 9l) 9  l c l t.· 11H) 1 1stra ted the variation of fine and coarse 
particl e  numbers over time. in l oca l i ti es wh ere mtense changes in activity levels occur and how 
th is m i gh t  be l inked to brea th ing re la ted i 11ne1'�ei. 0 1· prob lems. S trong links have been found 
bet\veen outdoor l evels of rart icu la tes and human h ea l th problems (COM EAP, 1 997; DETR, 
1 99 8b). therefore by impl icat ion, iml(>(>r a ir sho u l d  : ibo be assessed for s im i lar l inks. 
Consequently th is work foc u s es on t h e  de1, 1 gn t i !  :1 I ool Ki t  capa ble of assess ing IAQ and rates of 

ven t i l3 t i o n  in a given locJ l 1 1y. cl 1 1 n 11 �i. 1 • 11c 1· 1 ,, 1 1  i h l l ll )!.  I hour. w i th pa rt i cu l a r  emph as is on 

particu l a te concen tra t i c) n s .  A n  :rn�1 , ·  n 1 · , l· 1 -: n 1 1 1 ·: c· : 11 \ trumen ts \Vere used to measure the various 

parameters . 

Descri ption of the u n ivers a l  Too l  K i t 
A Tool Ki t \vas required . to sample  :i nd n.�l· ord c l a 1 :1 for further research on th e qua l ity of indoor 
a i r  and ven t i l a t ion ra tes. m ee t in g the fo l l o w i n g  c 1· 1 t er i a :  
• The ab i l i ty to record robust d a t a  11· i t h o u 1  a n y  p mlr p repa ra tions in a l oca l ity . All 

m easuremen ts were made in trip l i.:.· a t e .  

• The equ ip men t had to be ea sy t l) set u p  a n cl rnn 1 11 the  l im i ted ti me ava i la ble . For example, 
m ea suremen t of  coarse part i c l e� w � �  l· :1 1T 1ec l  0 1 1 1  \\· 1 r h i n  I S  m i nmes o f atTi va l  in  each loca tion 
to equa l i se any sett \  ing e t't'ec ts a t :er a n y  1 n 1 1 1 : 1 ! d 1" turbance . 1 

• The Tool Ki t  had to be porta b l e  h �1 o n e  iw·::, 011  ;111 d completely fu nct ion a l  \Vi thout causing 
ct i srnprion i n  th e Jpc:i l i ry. :\ I I  tc� I  1 11 c1 lwd, Ind I t'  he non-dest ruct ive and in lTinsical ly sa fe, 
e�pec 13 J ly s i nce �01111..: u 11 1 l:-. l > i  l h c  I Pt i l  l<. 1 1  l 1 ; i c l  l t •  be l ett ru n n i n g  unsupervised for up to one 
hour. 

• The data h ad to be c o l l ec ted a n d  rec orded 111 :i rn : rnn er that \vas easily compu terised . The 
resu l t a n t  data spread sheets had tu be c c1 m p:i 1 1 b k :  w i th stat ist i ca l  packages such as M icrosoft 
Ex\.·el  and SPSS 9 .0 for W indO\\ '> . 

' 

• Da ta co l lec t ion had to be 1 1 11 o b 1 n 1 � i ve. t h c re1 '1 1 re every attemp t w as made to use low no ise 
equ i p m e n t  powered by bat 1e 1 · 1 e" :rn< l  1 1 1 1  � 1 11 1 ,· 1 1 1 1 : 1 1  c h a nges were requ ired . 

I LJ n l i ke L'1 1a 1�t: pa11 i..:k�. fi 11c p;1 r1 "· l c ., h" ' '' ·".: 1 1 1 1 1 1�:. 1 ; 1 1.::. I 1 1 v' h. 1 herdu 1 e  1he 11u111 ber l>r fi ne p�111ic le� are 

lllll n fTe..:ted ti ver t he �IHi11 me a � un n L!  n e r 111d 1 1 1 ihe h 1 •w.c 1 ' h; 1 t..:hcr. 1 995 1 .  
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Parameters record ed by the Tool Kit 
The follo\ving table l isls the main para meters rc:c o rded by the Tool  Kit .  In the majority of cases 
para llel m easurements \Vere taken o u td oors. to a l l o\v an assessm en t  of the level of infi ltration of 
ou tdoor pol l u tants. 

J\1 ai n pa n1 m e l e 1·s 
R H  ( Rel :i t i ve H u m i d i ty) 
l" c.:111 11..:ra tu r e.:  

. - - ··· ·-

P M ,  ( tine pa rtic les)  & PIVl i ( C O� r� e  r:1 1 t 1 c· k:-. 1 

W a l l/ \Va l l  surface dampn ess 
CO, C02, Volati l e  Organ ic Com poun ds. 

NO, 
House Dust Mites (HOM a l lergen Der p I )  
Small -/+ charged a ir ions 

Mould counts 

Wind speed and d i rec t ion 

"' rota ! µg per samp le . 

U n i ts 
�/O 

"c 
" l ) I a i r/ 30 sec. 

W M E % 

ppmlppb 

u�"' & uu/ g dust 
No. 's/ cmj of a ir 

no. 's/ sl ide 
ml sec 

The tota l d arn set a va i la b l e  from e:1-:· h  1 · 1 :-. 1 t  c' \ l ll"• l1 1  : -,e d  34 pa rn m eters . 

Ou tdoors Indoors 
x x 
x x . 
x x 

x 
x x 

x 
x x 

x 
x 

Deta i l.s s uch a �  study num ber. 1 1 1TIL' : 1 11 d d :1 1 e  \ • I  ( l : 1 t : 1 c· 1 1 1 ry \Ve re u sed lo l oc a te data seL� from each 
vis it .  a l lo\\' i n g  a se:rn1 kss i 11 tc.:gr:1 t 1 1 1 1 1  \ > !  d: 1 1 : 1 hc·t "' �· c: 11 the p a ra l l e l  s ru d i es .  \vh i ch a lso used the 
sa m e  da ta loca tors. 

T h e  eq u i p ment a n d  me1 h odol og� used b \  1 h c  Tool  Kit 

• PM3 (fine particles O.J to 3 .0 µ111 ) ancl P M ., ( c o a rse particles J .O to 7.0 µm) were measured 
using a laser beam part ic l e  c.ou nter. equi pped \vi th a tempera ture (°C)/ relative humidity (RH 
%) probe, (Met One m odel 2178.  Oregon, U S A ) .  Particles were counted per litre of a ir. 
con t i n uously over a 30 second per ind. lxith i n  :1 1 1d 011 t o f  doors (5 % coinci dence error a t  
70,67 1 partic les/ l i tre ) .  The c h a ra c te r i s t i c s  of  th e counter defined the partic.le s ize ranges used . 
A l l  me;isuremen ts were rn ken 1 . S m a bove tlonr l<::vel.  

• Pos i t i vdy and nega t i ve l y  L"11:Hged s rn :i l  I a t nrn s p h<::r i c  a ir ions, \Vi th a mobi l i ty range of 0.05 
cm �! sec/ V ( Medi on spec i ti c a l  ion �he(: l .  I 97 5 ). 1vere counted i n and out of doors using an 
A tm ospheric I on Ana lyser. type I ).-\ 1\ ( L· �i i 1hr: 1 1  Hm to l eranc e ± 5%) Medi on, Oxted, Engl and. 
A l l  m easurem ents were tak en 1 111 :1 hnve 1·k,l 1r  i e,·e l .  

• E l ec trosta t i c  ti e lcls  1\·ere recorded 11· 1 1  h < i  � 1 : 1 1 1 1 1 , .c a t or.  model  SC A N F I E LD, \Vi th a variable 
ra nge of ' + '  o r · - ' . 0 to 1 0 0 kV depe n \1 1 1 1 µ  < ' l l  1he p ro x im i ty to a source.  All  m easurements 
were takc:n 0 . 5  1 1 1  above 1 °1 (1\l\ ' k vL· I  

• Deta i l s  o f  c l im a tic  L00nd i 1 i u 11 � 1\ e r e 11 \ l lcd  1 1 1 ,· 1 ! 1 ; \ 1 1 1 �  rem pera rure, re lat ive hum i di ty, v.ind 
cl i rec t r on and w i nd �peed . ( ; ( l \ 'e 1 1 1 11 1 c 11 1 \.k t c.:P 1 c d c 1 ):\ i c a l  O fl'ice reports \Vere used to  verify 
recorded detai  Is .  
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• Moisture (OarnpJ on \\"<ill :-.urt'a1..·c:-. a11d 111 1lic :11..·1ua \ 1·abric ot " the \Valls was recorded by a 
PROTIMETCR. made by PrPlimt:11..·r l'l ( · . \·l.1rk11\. UK. The Protimeter measures Wood 
Moisture Cquivn len t (the 11101�111re lh:it 11111 h e1 11,111ld ndopt if kept in contact with the material 
measured. over lime) with an al·c11r:11..·y Pl°.: I''., 

• Carbon monoxide (COl \\i3S measured w1lh :1 ('()detector (measuring in parts per mill ion -
ppm). m3de by Kane lnt1.:r113l10113I. Wcl\1,y11 C:1rdcn City, UK. 

• Gas samples (for ana lysis ofC'O,. NO, :md nrhcr gases ) were collected in JOO ml syringes with 
a multi use sea 1 ing system, a I kiwi ns �1.1bsequc111 :1 11a lysis by Fourier Transfo1111-lnfra Red 
spectroscopy (FT-IR). 

• Mould spores were colle(·teci \)ll I lyµ1rnll sl i<k·�, w ith ii 18 crn2 growth/ collection area, made 
by Orion Corporal ion. Orion Diagnoslica. I inl:111cl. The slides were exposed for one hour, then 
1..·ullivatcd at room ll.!111pcr:1l11n: i11 tl i,:11 pl :1�11,·, u1 1 ta i ners for 7-10 d ays . The Hygicult slides' 
growth medium was pre-moislened /\ 1..· n ] ( 1u 1 · 11hotograph was taken of each sli de after 
cultivation. 

• Dust samples ,.,·ere taken for later :malys1� (>If s11e to dete1111ine the levels of dust mite 
a ller gens present. The samp le � were trapped t'll :1 �pecinl filter materia l using a YorWerk VK 
1 30. vacuum cleaner (without the [13 .\SO :111;1ch111ent) made by VORWERK, Germany. The 
filter material (Vil.EN[!. was 1mck hy \ ' ikd :1. c 1er111any. It is a breathable, saturation bonded 
m ix111 re ot' 30% viscose .. W"i, pt.llycs1e1· :111tl 1(1'',, polyamide tibres. Basis weight 90 ± 1 0% gJ 
Ill, The Ju�l �am pk� \\t:re then SCl\i i\i1 Li ! itl\ .li\1ry :.tn3ly�is or 1-\DM a llergen (Der p I) 
content in the collected c\w.1. clCl't11·d 111 µ It> the I l 1�ci process (as described by Luczynska et al, 
1989). 

A case study of ll6 Local Authority houses 
Gen cm I 
A community worker with :1 good ll1c:1 I k1w11, kd):'.c:. booked each house visit by correspondence 
and verbal contim1ation wirh householder:-.. !'he f(esearcher/ data collector was c.hosen from a 
different tovm \Vi th no connections w i t l i lhe Tenants or their sunoundings. The researcher was 
instructed not to afford any help or comrnenl::, during each visit even when Tenants expressly 
asked questions abou1 the survey i 11 genera I ur re�1i1 l� from measurements within their house 
(Tenant participation: Year J - 91('.,o; Year 2 - 93"iil. Measurements we re taken in the living 
room of each house and in a �e lt:!clcd hcd1 (\('Ill 1 <.; ! \ l. \vhere at least one person regularly slept, 
who suffered from a respiratory il\11..:c.�. I he: huu�cs h:1d a similar internal l ayou t. \Vith a total 
volume of approximately 220111 ' . 

Sile <lcsuiplion 
l'he hou.<.111g estate w;1.� silt1;11ed 111 ;1 dcd1c;111..:d 1c.,1dc1111;J\ area , !'or 1·rom any maj or roads, \Vith no 
through tnfiic or indu ::.try 11c3rby V 1nwi lly the ,,11 ly di esel driven vehicles on the estate \Vere a 
regul;ir bus service (once per houri. clel11·cry 1·:11is .1ml ;i fe\v private cars. There were only 8 
houses using coa I fi re as their only source (11· h e;·11111 g on the estate. The other houses used various 
co111bi113tion::. of gas :llld dc1..·1riL· 1..·c1111:1I hc.1t111L'. 

Time scHlc 
The study had to fit in w1lh lhc h uusc 1cno1·:1t1t•11, 1111 h time :illu\1;ed for the Tenants to adjust to 
the renovations before an 1.-\() :1<,<.e�<.mc.·111 1,1pl\ 1'L11·1..· The Local Author iry renovated the houses 
clurins suit:1hk wc�1 111�1· , .. ,1l< l 11;,.11, 111· .111•!·:11 1:•1 ..... ih:n 1·c-J't)oli11!! 1he houses). Hence, the timing 
for the CXl'ClltiOll nt' th<: .,llldV L't>illcirlc:d \\ill\ lfil· '' >idt:sl j)Cl'\Od of lhe year. froll1 the end Of 
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January to mid-l'vlarch. During 1h1s 1wl'\(1d all L'li1ld1\;11 ursd10ul age \lit:re a\vay from the houses 
for most of the day. The data could only be collected between 09:30 a nd I 5:00 from the houses 
to minimise disruption for the Tenants. 

The staggered pl an of renovation allowed diffcre111 data sets to be recorded as follo\",rs; 
Year l ·- Compa 1i sons were m3dc he1wcc11 indiv1d11:i l houses and the \Vhole data  set for any 
parameter 
(Bet\veen year I and ?. . )0°11 Llflhc hl1t1�c:� \\er<· ,,.,-,.1vated to meet Governm ent 

recommendations I. 

Year 2 - Measmement:; as for yc<ir l. plu�: 
c.omparisons can be ma de betwt:en 11011-renov:ncd :111d renovated houses, by compar ing to Year 1 
result� and bct\vcen the different lw11sc::-- "·i1h111 Y«:1r ?. 
(Between year 2 and 3. the re111:1ini11g lwu�c� '' 111 he renovated). 

Year 3 - Measurements as for year I. p lu:,; 
comparisons can be made bet\veen 11011-renn\·atcd :111d renovated houses by comparing to the 
Year I & 2 results respectiwly. 

Eventual ly comparisons l''111 be dr;mn bet\\'et�11 I:\(). so c i a l and personal conditions for Tenants 
and bet\veen the renovated hou�e:-. and the rn.111-1·,· 11l\Vate<l house s from previous years. The 
results can be divided intl' grnup� ot' h1H1�e� \\1th �1111ikers and non-smokers. This distinction is 
important since tobacco smoke ha:-. SllL'h :i m:J1ur 111iluence on rhe number of fine particles 
indoors and the d epos it ion of tl1bacL'l\ re\:11ed L'l•llli'L't111d s (Abt et al. 2000). 

Modifications made to the uni' crs;1l Tool hit l'or the case study 
• Du:,t �amples \Vere collected ti·um :1111:1tt1e�� 111 r.hc SB. I 111� of the mattress \Vas vacuumed 

during a I minute per iod . The nu11re�� "'1:-- 1:h,1�cn as the sampling point as there is a 
significant exposure tl) llDM \\hen 111 bed {:\nt!llllL'elli et al, 1991; Htut, 1994). 

• Since all the houses had a similar internal l:1you1. measurements could be taken in the same 

place in every hou �e . except for 1·ar i ;it i on� 111 1hL� pl\Sition of the SB. Measurements for damp 
were only ca1Tied out in the SB. when.:ver d:1mp was visible or suspected . 

• The Researcher made observations of:rny unusual circumstances experienced i.e. houses 
SlllTOtrnded by exeessive coal fire smoke. Sometimes, aga inst rec.ommendations, Tenants 
would vacuum clean the whole house .111st before the Researcher visited, thereby distorting 
measurem ents of a ir hnrnc pilrtiL·lc.'> 

The assessment of ventilation rates 111 the huuse� '' hilst people were presen t (given limited time) 
\Vas not possible using L'Onventional me:1s111"1r1!:( sy,.tcms. such <is releasing smoke or carbon 
dioxide. Ventilation rate� L' :1 n lw1\L'\'cr hl' cmp11·1,·:1!ly detem1i ned by comparing in/ and out of 
door \':Jlue>. for a number 1'l.p;1r:111h:IL:r, 

Results and Discussion 
The quantita t i ve results gamed l'r\.1111 thL· 1·1r�1 yc:1r .,(the case sn1cly serve as a good example of 
the results that could be expeL·ted fl\)111 the I L1nl l<.11. As the data from the study were so 

extensive only a fev·.: results will be clisL·11sscd 111 dct:11l. Exa mples of how these results can be 
repres ented are given in tigures I - 5 I iµ,ure ! �h111\·s the nverage difference (n == 1 1 6) between 
outdoor and indoor levels ot' cerr:1i11 11:11 :1111ctc1 � ! l' test for sign i tic nnt statistical correlation's 
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between c.:rlain param.:1e1� a P.:ar�un c·1.irr.:l:11 ion I 2 la tied) tesl was conducted using SPSS 9 .0 
for Windows. 

PJ\13 - The results showed a strong L'01Tela1 H)I� 1 I) (I 0 I) between the number of PM1 and the 
number of smoker� per househuld { ::.ee I 1g11rc �: 1 I he ratio between PM J in the SB compared to 
[he level of PMJ outdoors was I ... �: I 1·ur ill111:-.clwl(I" 11 i th no smokers and 4.7: I for households 
\Vith smokers. 

PM7 -The results showed a strong c·u1Tr?l�111trn 111 · 0 0 I} beC\veen the number of PM7 and the 
number of people and l<irge pets per lw11selwlrl I hc number of large pets was added as they also 
markedly affect PM1. Fig111·l! 3 illustratl!s how 1hc number of PM1 increases \Vith an increasing 
number of ' bodies ' in the houses. The average rat111 between PM7 in the SB compared to the 
level of PM·, outdoors 1v<is 2.5: I for all hn11sehnlds. T11e average rat io benveen PM7 in the living 
room compa red to the level or PM·1 outdoors w:1� 3.7: I. 

RH & Temperature -The avernge RH lc•r all lw11�c:s was found to be 10\ver indoors than 
outdoors. however when i:-akulat.::cl :1� :1h�1)lt11(· hu1111dity. the moisture content of the air was 
ai:-lually grr?ater in the SH ( 13.1)!1>1'\\:11<:1 K!! " ' :111 c·ompari.:d to 9.2 giKg outdoors). 

C02 - CarbL\11 dioxide !eve h 11 ere c'\lmpa1 cd 111<1< 1111 � and ou 1door.'i (Figure 4} for each house. 
Although in theory comparison� L':tn be dr:1w11 h,:111 l'.en the number of people in the house, the 
co� i:-oncentrations and the r3ll: oi'v.:n11!:1111i11. 111 111:1ctii:-e this does not provide a reliable 
indicauon or venti la tion . This i� hec·a11:-.c 1hc 1111111h..:r ofpem1:rnent residents were not 
representative of the number oi' people ;ic·111:1!\\. \ll<:�cnt 1vhen the samples were taken , 

Damp -The wall surfaL'e dampness 111 1hc lrn11:-.c� 1·:1rit:d from completely dry walls to \Valls 

sa nirn ted \vi th water and visible mou Id. In the se kc red bedrooms, 46% of the houses had a RH 
of 45-55%. The average number ormoulc! i:-ok� n1es in the bedroom s \Vas 9.4 per slide. The 
variation in the number of moulds per house is shown in Figure S. Figure S also shows that there 
is no visible increase in the number of mould colonies when compared with increasing RH. 

HDl\1 -The average amount of HDM allergen Der p I in I g of dust taken !Tom the mattresses in 
the bedrooms \Vas 2.72 µg. This value i::. above the critical level of al lergen for sensitisation of 
> 2µg/ g suggested by the lnternat1on:il Workshop 011 dust mite allergens and asthma 
( lntemation:d Workshop ReporL I 9X91 
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Quantification of ventilation rates 
Since PMJ indoors can only be removed by movement of air through adequate ventilation, the 
tota l number of PM} indoors is a re levan t parameter for gauging the degree of ventilation in a 
locality. By comparing the difference between the total number of PM3 indoors to outdoor 
levels, past and present rates of ventilation can be assessed. 

Ho\vever. relative h11111idity is not ea�i ly com para bk \vi th outdoor values as there is generally a 
higher level outdoors. ;\ cnmpans11n l'an he 111:1dt· ('I" internal RH. for example between the SB 
and rhe living room. ln1crnal :1ir 1ll(•l'c11ll:111 .,1i,,,,J,J c· cp 1:i lise RH throughout the house, given 
time. l·or example. durin!:'. thL· 111µ.h1 L'\11tl...:tl 11 1 .. 1·.111•v 1 11 thc bcdrnl'lll� re ma ins trapped if there is 
nu 1111crn:1l :111· l11ll\"c11ll.:111 l111crn:1I i.:11111,·1:,11•1·. ,, . · ,,, d1r"liL·1i11 tn c·c1111p :irc with outdoor values. 
'-"'hil:<.t 11 1:<. pl1:<.:<.ibk to :1pprcL·1:llc 1h:11 d111 :11i:: udd \I c::11her peopl e preler not to venti late because 
of il1L'rt:<t:>t:d heating ("O:>l:>. lhl:-. 111:1kc:;. II di!r1c·1iil 111 c'tllllj)<tl'I.: temperature in/ OUtdOOrS tO gauge 
ventilation. If major differences wcre 1 ·m111d in the' IL'mperature of different rooms, this \Vould 
suggest low internal air movement. 

Given the circumstances of the case srudy the use ot' C02 levels as a measurement of ventilation 
rates was extrem ely difficult. 

The ideal proliferation :111d living w11di1io11s 1·n1' 1 1 J)iVl are not solely dependent on ventilation, 
but also tempentture. RH and hot1::.ehuld man:1t:c111c11l. The recorded conditions for the case 
study do not initially assist in decerrn111111g ,·e111il:111,,11 rntes. 

Analysis of the Tool Kit ml'thorlolog�: 
The Tool Kit has been u:<.ed over :1 p..:ri,1cl ul' � ye:1i� 11nder \videly di ffering c.irc.umstances and in 
each case has provided robust in format 1 c•n for :1 I I p<1 rn meters recorded. The Tool Kit has shO\vn 
that it is possible to use a standard apprL>::tL·h when �1ssessing I AQ itTespective of local 
environmental fac,tors. However. the stucl1e� using. the Tool Kit have revealed some difficulties 
that need to be addressed for any f11111re major stt1dy: 
• To rema in impartial when dealing with the occupants/ 0\'111ers ofa loca lity. It is ve1y difficult 

to remain courteous and yet not respond to direct questions from people within a loc ality 
being tested aboul any problems w ith their mcloor env;ronmenl. Advice was not given to the 
Tenants in the case study ::.ince it 111ay h:ive 1ntlt1cnced fi.tture results. 

• As the gas samples had to be analyse<i l)t°!° site 1here are concerns that the chem ical 
composition of the s:imples may change clur1nf.'. t1·ansport. 

• Mould .samples were not spcci:itccl. l "oun1111µ rhc number of colonies gave a good indication 
as to the quantity of mould circ1il:ni11g 111 1hc :111 hut 110 assessment was made \Vhether the 
moulds were particularly ham1 ful tn hcalih 

• The recording ofdcctrnstatic r'1clds 111 1hc: l1nnL'. room cliJ not contribute any useful 
in!Onnation. since fl'w s1gn11·1L·;11111·1L·l<ls11c:r\· ,·11uH111tered. In subsequent stud i es , 
measurements \viii he 111 ::idc 01· ckc·1n,s::111( 1·1cld, '0 cm in front of ord inary television sets, 
since some TV sets gi\'c 11sc 11i s11h,1:111t1:1I ckc111•.,l:1tic lields. 

• Ci iven rhe time limit o l. one hol11·. 11\\';1.-,11\•I Jll''''hle to me:1.sure particulates in µg/m). as the 
equi pmen t required l°ur this needed :1 lc111gc:1 ,;1111pling time. 

• To be able to use CO! re.:ordings :is ;1 111c:1,1m: fr>r 'ventilation'. the recordings will have to be 
St::l :tgainst the lllll11b<.:rol'pc1.1pic: present :1t lht.: l1111e o!"andjust prior to measuting. 

The Tool Kit gave a vety comprehensive set l>I° rc:-.1 i l ts, \Vhich \vere easy to manipulate, even 
though the interpretation \Vas time consuming. ·1 he results from the case study show the types of 
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statistii:al and graphiL·al i11ll:rpri:1:11i,.,,1' 1ha1 c·a11 h,: made. The Tool Kil has so far proven to be 
reliable, opera t ional in sensible time periods and is eas i ly handled by one person. When used in 
conjunction \Vith results from health studies etc . . funhcr statistical analys is \Viii be appl ied to the 
data, including regression analysis to search for :rny links between the JAQ and the health of any 
occupants. 

When [he Tool Kit has been in us(: 1·,ll. �''llh� r 111w :111d a substantia l b:rnk of data on IAQ/ and 
ventilation rates has been collated. 11 �IK>11ld hi: 11,,��1l,le to develop guidelines on hmv to establish 
good quality indoor environment�il c'\111cl111,·>11' 11, ... , house O\\l1ers 1vill be a ble to meastire 
parameiers co meet rel'l1m111end:111,1n�. 11 11h''"' :,·!! 111c·c: lln lit1rs1ck expertise is difticul t to 

understand at the moment. �1n,·i: :1 l·,1111pk:tL' ! "'"I !', 11 ,·osts nround {I 0,000. Furthe1111ore if Local 
or Central Government were tl1 1n1n1d11c:e k:l;(1�l:1:1,1n Lll1 minimum stan cln rds , the enforcement of 
such legislation '''ould be exlrern.:ly dillic-11lt 

Whilst it is possible to manipulate the data s<:rs presented herein in many different ways it is not 
possible to generate data continuously over a longer period of time. The enclosed Fig 6 
exemplifies how human activi ties influence par1klt:s throughout an extended time period in an 
office locality u sed only eluti ng the day and equipped with a central air processing system. A 
substantially mod itied Tool Kit. wi[h assnci:11ed 1.:0s1 implicarions, \vould b,e required ro monitor 
the changes in temperature. RI I. l)f'vl" :111d f',\I, ''\ ,�1 :111 ex tended time period . 

Fun her analysis net:d" t<• he c·:11T1i.:d ,,111 r" ,k:1c:1111 : :1c· 1he min111rn111 number of localities required 
to generate �rntistically rel 1:1hle I l'.�lilh. llll :111 <:\II c::�1ely large lllllllber or localitie�. It may be 
rhnt a �m:iller study IH>tild Ix "u11·1,·1...:1111,11c·p1<:�, 111 1hc whuk number In the future an analysis 

will be conducted in order to red11c·e the p:1r:1111c1i.:1 "ct i.e. \vhere two or more variables have very 
high cotTelation's. there will only he :1 neecl in me:1�ure one of them. · 

Specifically for the case study, the L'Ornbi11at1011 oi'thc: results from the parallel studies and the 
assessment of JAQ, might clarify any effect of housing improvements on changes in respiratory 
health. lfa local ity still has unexplained problems despite the fact that a full study h as been 
made using the Tool Kit, then the locality would h:ivc to be re-exRmined for ocher more unusual 
pollutnnl�. The Tool Kit will possibly cn:.iblc other interested p arties to pinpoint which 

householders in the revie\vecl case �n1cly need help to get the best from their renovated houses in 
order to improve IAQ. Using a st:.in<l:trdi::.cd t<•nl kit would allo\v an ins igh t into possible 
relationships bet1veen illncsse� pn.:.�cnlL�d 111 c1,,L·t,)1,· �urgenes and the domestic indoor 
envi ronmen t. 

Conclusions 
Case study 
The Tool Kit's full potent ia I canihll he !'u 11 y :1..,�c� ... cd s1 nce only two years of the case study has 
been completed and no CL1mpan�l'll�. h:11·e hcL:n clr:I\\ n between the environmental assessment and 
the other parallel snidie�. TherefrH·c 1w c'l\fh'lt1�1l'll' c'<lll be made as to \vhether the Tenanl<; have 
poor IA(). or if their housing t:onditions <1rc 111il11c11c·1n g their health . Once the data is available 
for the renovated houses, it \viii he pl1s�ihlc to :1��l·.,� the effect of housing improvements on 
respiratory illnesses. 
Rates of ventilation 
A I though the Tool Ki t cannot give cl ire ct vcn t ih t I l)ll rntes expressed in m 3 I sec, it is poss ible to 
relate degrees of ventilation 1vith the kvel ofL·crl:1111 parameters. 
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Gen eral 
The Tool Kit  has so fa r  m et the c' l' i t e r i :1 �et .  ho1,: e v ..: r .  when more details are available from these 
studies an in depth analysis of the e ni cacy o f' l h e  Tool Kit will be made. 
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Abbreviations 

Term u sed 

Der p I 
FT- J R  
H OM 

I A<) 

P M ,  

ppm/ ppb 
R H  
S B  

µmi µg 
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Abst ract 

The aim of this study was to continue the investigation of the production of low 

concentrations of hydrogen peroxide (H202), using a single polarity (DC) extra high tension 

(EHT) negative voltage generator. Part l of these studies showed the production of H202 at 

the air-water interface (Challenger et al, 1 996) .  A specially designed enlarged interactive gas 

phase reactor (E IGPR) was used to assess the production of H202 in indoor air with varying 

hum idity levels .  Small  nega t i ve a ir  ions we re produced using a carbon fibre thread electron 

emitter, charged with a s ingle negati-v·e p o larity, variable DC curre�t (0 - 7 . 5  kV). Negative 

ion concentrations ranged fro m 0 - 2 1 000 ions/ cm3 . Hydrogen peroxide generation ranged 

from 0.46 µg/ I in ord inary air ( RH 4 7%) to 936 µg/ I in wet air (RH 96%). This study 

demonstrates that it is possible to produce low concentrations of hydrogen peroxide in 

ordinary air subjected to negative air ionisat ion. 

Keywords: Hydrogen Peroxide; S uperoxide; Negative air ions; Indoor air; EIGPR; EHT; FT

I R  spectroscopy. 
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1 .  Introduction 

There is a need to improve indoor air quality ( !AQ) by reducing airborne contaminants, such 

as fine particulate matter and micro-organisms known to affect humans. The ionisation of air 

by negatively charged small air ions provides a mechanism for the physical removal of 

particulate matter from ambient air by e lectrostatic forces (Rosen & Richardson, 1 999; 

Richardson et al, 2000). This mechanism appl ies to inert particles such as tobacco smoke and 

to biological aerosols containing microbes ( Esta la, 1 979). The survival rate of exposed 

micro-organisms could also be affected by a chemo-toxic mechanism caused by the release of 

negative ions, which results in bacteric idal o r  bacteriostatic actions. A study by Phillips et al 

( 1 964 ), showed that exposure to negat ive air ions could increase the death rate of biological 

aerosols, containing Serratia marcescens. M any commercially available ionisers may produce 

hydrogen peroxide (H202) (Goldstein et al, 1 992) and might also produce ozone (Pethig, 

1 984), especially through electrical discharges from ageing needle type emitter points. Both 

hydrogen peroxide and ozone are ant i-microbial agents that might have been involved in the 

decay rate of aeroso ls in Phillips' ( 1 964) study . The use of ozone in this respect should be 

limited because of the risk to human health ( Boeniger, 1 995). The production of ozone can be 

limited by keeping the voltage applied to an emitter to below 7.5 kV (Pethig, 1 984). 

Previous work (Part I )  with an extra high tension ( EHT) negative voltage generator has 

established that when e lectrons are added to indoor air, superoxide (02"') is produced. When 

superoxide reacts with water low concentrat ions of H202 are formed at the air/ water interface 

(Challenger et al, 1 996). H202 is a natural component of air, with anti-microbial effects 

(Hyslop et al, 1 995) .  Challenger et al ( 1 996) demonstrated that H202 was generated when 

water was exposed to negatively ionised air .  The concentration of H202 in a cuvette of water, 

was measured using chemiluminesence after exposure to negatively ionised air. Equations 
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( 1 ,2 & 3 )  occur in the air water in terface between electrons and water molecules, when the 

water is exposed to ion isat ion ( C hal lenger. 1 996) :  

........ 
-

( ! ) 

(2) 

2 Off + [2 0 ]  ........ 
- (3 ) 

I t  was postulated that these react ions  wo l i ld  a lso occ u r  i n  indoor air, without a standing body 

o f  water. The object of the current study was to demonstrate the generation of H202 in indoor 

air, in relation to the production of negatively charged small air ions (superoxide), through the 

reaction o f  the electrons in indoor air. 

An enlarged interact ive gas phase reactor ( E I GPR, patent pending) was designed to fit into 

the sample compartment of a Bruker I FS66 Fourier Transfonn I nfra-Red spectrometer. This 

allowed the measurement of changes in H202 concentration in a sample of indoor air when 

exposed to electrons. A FT-IR spectrometer was used as it provided accurate measurements 

o f  H102 in parts per billio n. The use of an instrument that measured in the gas phase rather 

than l iquid samples allowed real t ime measurements to be taken of H202 production in the air. 

This pro v ided a mo re real ist ic representa t i o n  o f  the produc t ion in indoor environments. 

The purpose of this study was to demonstrate the prod uction of H202 in indoor air, with 

varying humidity levels and varying concentrations of negatively charged air ions. 

2. Methods 

2. /.  Instrumentation and conditions 
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All measurements to record gas phase reactions were taken in a Bruker IFS66 Fourier 

Transfor I nfra Red (FT-IR) spectrometer, under the following conditions. Resolution 4.0 -

absorbance; zero filling 2 ;  sample scans 1 6; wave numbers 400 - 4000 cm·• . The spectrometer 

was fitted with a C02 scrubbed dry air purge. Background spectra were measured in the FT

I R  sample compartment, which was sealed and empty. 

A gas tight enlarged interact ive gas phase reactor (EIGPR), bui lt to exactly fit within the 

aperture of  the FT- I R  (still allowing the purge of  the instrument to function) was used for all 

the experiments. The dimensions of the P lex iglas EIGPR were - length 23 .8  cm x depth 1 9 . 8  

cm x height 1 8 . 8  c m  (volume = 8 8 5 9  cm\ The EIGPR was arranged to work in line with the 

spectrometer, allowing the infra red beam of the FT-I R to pass through 5 cm diameter 

potassium bromide (KBr) windows fitted to the EIGPR. The new reactor has a path length of 

23 . 8  cm, as compared with a standard gas cel l  with a path length of 1 0  cm. The EIGPR was 

designed with various inlets/ out lets to al low the connection to an EHT generator and or allow 

continuous flow of various gases. A length (20 cm) of carbon fibre thread was suspended 

along the top of the inside of the EIGPR and attached to a s ingle polarity (DC), EHT 

generator, based on a Cockcroft-Walton circuit diagram (Department of Medical Physics, 

Plymouth) . The connector for the carbo n 1-i bre thread was electrically double insulated against 

the Plexiglas. The negat ive vo l t age <1 r r l ied to the c arbon fibre could be varied up to a 

maximum output o f - 7 . 5  k V .  

2 .  2 .  Procedures 

2. 2. 1.  H101 calibration 

For the measurement of hydrogen peroxide. the FT- I R  was used to scan at wave numbers 850 

- 900 cm- 1 ,  where pero xides c an be measured as - 0 - 0 - stretching vibrations (Lambert et al, 
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1 987) .  H202 has been measured approximately at 865 cm·1 (Webbook, 2000). Although 

there are a number o f  characterist ic absorbencies of H202 in the mid-IR, preliminary work 

with H202 showed that the - 0 - 0 - stretching vibration was least affected by background 

no ise. 

To determine the concentration of H102 produced in the EIGPR a calibration curve was 

plotted. Standards were made using a 3 0  wt % H202 solution in water (BDH Laboratory 

supplies, Poole, UK),  evaporated in a steri le I 04 cm' gas cell, (both ports were sealed) . The 

corresponding absorbance units o f  progressively lower concentrations of H202, starting with 

1 6  µg o f  H202/ litre o f  air were recorded. 

2. 2. 2. Reduction of particulate matter in the EIGPR 

A particle counter was used in parallel with an atmospheric air ion analyser to check that the 

E HT electron generator had enough capacity to produce sufficient small air ions to reduce 

particle numbers, whilst st il l  producing eno ugh ions for the production of H202• Particulate 

matter concentrations were measured as fine part icles 0 .3  to 3 . 0  �Lm and coarse particles 3 . 0  

t o  7 . 0  µm (no ./ I of air), using a laser beam part icle co unter with a temperature (°C)/ relative 

h umidity ( RH) probe, (Met  One model 2 2 7 8 ,  Oregon, USA) .  Particle numbers were counted 

within the EIGPR at 0 and - 7 . 5 k V .  

2.  2 .  3 .  Production of small air ions 

Tg: �ssess 
'''ti1e proJ�tion of ions generated per kV, an atmospheric air ion analyser (Type 

1 34A. Median, Oxted. England) that select ively measures small air ions in the mo bility range 

1 -2 cm] /sec /volt, was attached to an o u t let of the EIGP R. Air was continuously drawn 

through the EIGPR by the ion analyser at a rate of 5 . 0  II s. The air ion analyser, the extra high 
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voltage generator and the E I G P R were a l l  connected via resistors to a common high grade 

earth. Measurements were taken at vo l tages ranging fro m 0 to - 7 . 5 kV, in ordinary, dry and 

wet air. 

2. 2. 4. Generation of H202 in ordinary air 

The indoor air used for this experiment and for all other experiments was ambient air from a 

laboratory with forced air vent ilat io n and fi l t rat ion for coarse particles. To reduce the risk of 

fluctuations in the q ual i ty  o f  the �1 i r ,  n n l y  t wo peop le were present during the experiments. A 

background spectrum was recorded and t hen the E IGPR was fil led and sealed with indoor air 

at a temperature of 20 °C and - 40 % relative humidity . Measurements were taken with the 

EHT generator set at 0, -3,  -6 & -7 . 5  kV respectively. This experimental condition is referred 

to as ordinary air. 

2. 2. 5. Generation of H202 in 'dty ' air 

The EIGPR was filled with indoor air and 4 watch glasses, each containing 50g of calcium 

chloride (CaCh) crystals, then sealed. The CaCh was left inside the EIGPR for 88 hours to 

remove as much moisture as possible from the air. Measurements were taken with the EHT 

set at 0 ,  -3 , -6 and -7 . 5 kV respectively. This experimental condition is referred to as dry air. 

2. 2. 6. Generation (�( H202 in wet air (96% RH) 

The EIGPR was fil led with indoor a i r  and sealed for 20 hours with a wet paper towel 

enclosed. The paper towel was drenched in de-ionised, distilled water (DOW) obtained from 

a Mi l li-Q system. This enabled complete saturation of the atmosphere within the EIGPR, 

characterised by running condensation on the inner surfaces of the cell. Measureme�ts were 

taken with the EHT set at 0, - 3 ,  -6 and -7 . 5  kV.  I t  was necessary to re-polish the KBr 
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windows of the reactor frequent ly with this  type of experiment. This experimental condition is 

referred to as wet air. 

2. 3. General 

Statistical analysis was conducted using a Pearsons correlation to determine if there was a 

significant change in part icle numbers at 0 and -7 . 5 kV. All measurements were taken in 

trip l icate and a mean value was calcu la ted from those measurements. A standard deviation 

was calculated for each exper iment to determine the leve l of error. Before the FT-IR 

spectrum of each gas sample was measured ,  the sample compartment and spectrometer bench 

were thoroughly purged to prevent contamination from previous samples. 

3. Results 

3. 1 .  H102 Calibration 

Fig. 1 shows the linear calibration curve ( r = 0. 98) for known concentrations of Hi02 and the 

absorbance units of these concentrations at wave number 865 cm-1 • 

3. 2. Reduction of particulate matter in the £/CPR 

The o rdinary air contained a mean of 1 6 1  300 fine particles/ l itre of air and 3 82 coarse 

particles/ litre of air. After the introduct ion of electrons (at -7 .5 kV), fine particles were 

reduced by 40% (P < 0.05)  and coarse part ic les were reduced by 68% (P < 0 .05). This 

confirmed that the EHT generato r was operational inside the EIGPR. 

3. 3 .  Production of small air ions 

The ion concentration in ordinary/ dry air and wet air showed a linear relationship (r = 0.95 

and 0 .86  respectively) with vo ltage (F ig .2 ) .  I o n  concentration ranged from O - 2 1  000 ions/ 
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cm3 of air. The presence of increased relative humidity in wet air, reduced the number of 

measurable small air ions by 2 5  - 80 % .  The greatest difference was at voltages below - 6 kV. 

The least difference was fo und at higher voltages where there was only an average 25% 

difference between ions produced in wet air and ordinary air. No production of ions was 

observed below -4 kV. 

3. 4. Production of"H20l 

Table I gives the results for H 202 product ion at the three d ifferent humidity levels, along with 

corresponding voltages and ion production .  The H202 concentration in ordinary air without 

applied voltage, was found to be below the detection l imit of the spectrometer. When voltage 

was applied, H202 production ranged between 0.46 µg/ 1 in ordinary air and 936 µg/ l, in wet 

air. The production in dry air was below the detection limit at all voltages. At voltages lower 

than -6 kV, no detectable additional H202 was produced in any of the experiments. 

3. 5. Experimental problems 

The lenses of the E I GPR started to cloud o ver during the wet air experiments, due to the inner 

s urfaces being affected by water.  This co uld possibly be the formation of potassium 

compo unds on the inner surface of the lenses. 

4. Discussion 

The present study focuses on the generat ion of H202, in relationship to a low range of ion 

production in indoor air by using electron discharge from a carbon fibre thread emitter 

attached to an EHT generator. Carbon fibre emitters do not give rise to discharges or cold 

s parking and therefore do not generate ozone. This is because carbon fibres do not corrode 

( Pethig, I 984) and when the fibres break o ff they always fracture along crystalline structures, 
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forming an identical morphology to that originaUy present . This is a result of the high degree 

of symmetry in the structure of carbon fibres. Steel or carbide tipped emitters used in many 

conventional ionisers corrode over short time periods and cause cold sparking between the 

corroded and non-corroded metal. This can, and does, produce ozone. 

The results showed that in indoor a i r  the small air ion concentration did not exceed 2 1  000 

ions/ cm� and that ions were produced irrespective of the relative humidity inside the EIGPR. 

The reduced number of negative ions in the wet air can be explained by ion recombination in a 

gas phase and by 02-· dismutation in the presence of water vapour (Goldstein et al, 1 992). 

There was a significant d ifficulty in obtaining stable values for ion concentrations within the 

EIGPR. This problem had also occurred in Part 1 .  However, it only marginally effected 

estimates of the number of ions required to produce H202• The instability of ion concentration 

was mostly dependent on micro current leakage to earth, despite measures taken to electrically 

insulate the EIGPR. The observation that ions were not produced for voltages below -4 kV 

probably is related to the relative permitivity of air with respect to the generation of electrons. 

This observation is thought to be a function of the electron energy in relation to the carbon 

fibre/ air interface. 

In ordinary air at -7.5 kV ( 2 1  000 ions/ cnr1) the EHT generator produced an average of 0.46 

ppb. This can be compared to H"02 concentrations produced in  the human body. The humors 

of the human eye can contain around 2 ppm of aqueous H202 ( Hyslop et al, 1 995). In Part I 

Challenger et al ( 1 998) gave values of 24 ppb at ion concentrations of 1 0  - 20 000 ions/ cm3 • 

The massive difference in values is due to the different conditions under which each part of the 

study was conducted. In Part 1 ,  H c02 was produced and measurements were taken from the 
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water in the cuvettes, rather than frorr,i the air itself. Goldstein et al { 1 992) actually produced 

1 .  7 ppm of H202 in experiments around an air/ water interface, although this was at 

considerably higher ion concentrations ( I  06 ions/ cm\ In the present study, the experiments 

were conducted with indoor air and gas phase measurements were taken by the FT-IR, giving 

a more realistic representation of H202 production in an indoor environment. This would 

suggest that the latest metho d  used gives a more correct analysis of how much H202 is 

actually produced when expo sing indoor a i r  to electrons/ oxygen free radicals. Equations (4 

& 5 )  represent what would occur when electrons are added to indoor air and react with 

atmospheric molecules: 

(4 ) 

The production of H202 in dry atmospheres was below the detection limit of the FT-IR. 

I n  a wet atmosphere, the same react ions as shown by equations 4 & 5 could be expected. 

There was a substantial increase in the pro d uction of H202 due to the increased availability of 

water and increased generation of supero xide in the wet atmosphere. The concentration of 

H102 in wet air (936 ppb) produced at -7 . 5  kV could be a concern, as it is close to the UK 

Health & Safety Executives (HSE) recommendation for an 8 hour time weighted average 

occupational exposure standard of I ppm. The HSE recommendation is given to limit the 

likelihood of irritation to eyes, mucous membranes and skin or bleaching of the hair (ACGIH, 

2000) . However, the wet air  experiment does not represent a typical indoor envirorunent and 

the results may only be appl ic:i hle i n  e< 1scs where the EHT negative voltage generator is 
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installed in environments with consistently very high relative humidity. In such conditions, 

virtually all of the H202 wo uld pro bably d i ssolve in the widespread condensation and this 

should minimise contact with the human res p i ratory surfaces and eyes. Studies made on the 

amount of H202 in the exha led breath and saliva of normal healthy humans, indicated 

undetectable levels and approx imat e ly 500  ppb, respectively (Sznajder et al, 1 989). Further 

studies of exhaled breath by Sznajder on h u mans with respiratory problems have documented 

H202 concentrations o f  up to 80 ppb. 

Reactive oxygen species such as superoxide and hydrogen peroxide are an integral part of the 

human environment and as a co nseq ue nce . an anti-oxidant defence system has developed in 

humans. This defence system involves t he d i srnutation o f  superoxide by superoxide dismutase 

(SOD), which has not deve loped to the same degree in micro-organisms (Fridovich, 1 989; 

Halliwell & Gutteridge, 1 98 9 ;  Gardener & Fridovich, 1 99 1  ) . The dismutation of superoxide 

results in the production of 02 and H 202 . Hydrogen peroxide is then detoxified by another 

antioxidant or catalase to H20 and 02 ( M ichelson et al, 1 977; Byczkowski & Gessner, 1 988 ;  

Fridovich et a l ,  1 989) .  Al l  reac t i ve o xygen species are  related to the biological effects of 

negative ions (Byczko wsk i & G essner, 1 9 8 8  ) .  

Evidence from Part l of this study showing the production of H202 has been reinforced by the 

present study, which has given a more realistic demonstration of H202 production in indoor 

air. This ability to produce H202 with in standard safety limits is of interest for the reduction 

of microbes indoors. 
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Table I 

Hydrogen peroxide compared to voltage and ion pro d uct ion 

Conditions Vo ltage Approx. ion H102 Sta�dard 
(-kV) concentrat ion (ppb or µg/ l) deviation (±) 

( ions/ cm' of air) 
I ndoor air (47% RH) 6 5 000 Trace 

7 .5 2 1 000 0 .46 0.028 
Dry air (6% RH) 6 5 000 Below detection 

7 .5 2 1 000 Below detection 
Wet air (96% RH) 6 1 5 00 Trace 

7 .5  1 5000 93 6 1 1  
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CAPTIONS 

Fig. I Hydrogen peroxide cal ibration chart using a I FS66 Bruker FT-I R  spectrometer. 

Fig.2 Calibration chart of number of ions against vo It age in ordinary/ dry and wet air. 
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Linking Absenteeism to Levels of Air B o rne P articulate Matter and Traffic Related Gases in an 
Inner City Office - A Controlled Trial USing New Electrostatic Air Cleaning Technology (EAC) 
Beam aris Room, 1 1.00 am, Saturday z3•d January 

G Richardso n, D Hanvood, S Crossm an 

Plymouth 

INTRO DUCTION AND AIMS: To establish the degree to which a newly developed cost effective electrostatic air cleaning tee 
(t:AC) can improve the indoor environment by; l 

I 
• reducing numbers of air borne particles 

. • 
oxidising traffic and people related gaseous by-products in an urban office environment. 

reducing levels of absenteeism related to poor Indoor Air Quality (IAQ). 
M E T H  0 D S :  Detailed evaluation of existing air moving s :- stems was undertaken to establish base line data, recording the 
indoor pillliculatc load for very fine particles (> 0,3 µm) gener.ited outdoors with associated traffic related gases and for p:irti c lcs 
(> 3,0µm) generated by human activities. 

- .- - > _:;:��J:./�;�;< - - , ·: _. >--.. ���--�; -�� ---··:::�{·"':--� A Laser Beam type Particle counter, a Fourier Transform Infra Red SpectrOnieter and a Small Air Ion counter were used to •..  · 
record the results from the step by step integration of the EAC technology with existing state of the art air moving equipment. 
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/\ 1w11,1agc in1<.:rvcn111rn 'luliy 11;" ,,1111ul ,,,11 ' "  ,·,1ahlish lilc di.:gn:c: to which a newly developed, electrostatic air 
cleaning <EACl sys1c111 l'an i111p1111·c· 111.!1"" .111 q11.ili1y CIAO> hv reducing 1he number of airborne fine particles. The 
IAO and how cmrlovc:L'S in :1 rit,· Lc·1111c· 1illiv, t .l'I 111.

'
l pc:rccived ii. was monitored from May until November 1998. 

The number of tim· pMliL·ks. l'M, 111; 'II,, 111'. 1n1111hcr of rnarsc: paniclcs, PM7 (3.0-7.0 µm); number of small 
positive: and ncg;llivc ;1ir i1111': rcL1t111: l1111111d11,· .11HI 1c111pcra1un: wc:rc recorded in and out of doors. To assess the 
empluyces' pcrceriion ,,J ;111y ch:111µc·s i11 111,:11 wllrk c1wirnnmcnt. a questionnaire was completed. Number of 
partil'lcs, relative humidify and 1c111pc1;11uri.: "" ' "" ;d,n recorded in a nearby office, equipped with an identical air 
processor. where no inlcrvcnlillns were 111:1LIL:. Th,· rL·sults from 1hc first intervention (Stage 1), comparing number of 
airborne particles outdoors lo indo'H', gave a I '!'ii ri:ductinn for PM·' and a 67% reduction for PM 7 ( P < 0.001). The 
rc:du<:lion in l'M .1 was inrnnsislcnl a11d lllll s1;11 is1ically significillll ( P = 0.3). The reduction in PM7 from outdoors 
and the: removal or PM 7 crcalcd ind1u1rs w;" ;1cllicvc:d by optimizing the existing air moving equipment. The results 
from the second in1erventio11 (S1agc 2 with 1-:/\C units i11�1allcd) comparing indoor to outdoor values, gave a 
further reduction in PM 1 of 21';; ( /' < O.IHll) ;111d a lurthcr 3% reduction for PM7 (P> 0.05). Therefore, at the end 
"r Stage 2, Ilic lolal rc:Lluclillns in p;1 r11ck' I 111111 outdoors to indoors were 40% for PM� and 70% for PM 7 
( P < (J.()() I). The Stage 2 ri.:sulls st l'l 111glv 'uggc,1 t h<1t dectrostalic forces, created by the EAC unit(s) improved the 
rl'l11l\\';il 111' PM" wilh llll r11r1 hc 1  sig11iliL:1111 lllllllll\'L'l11L:lll in lhc: reduc tion of PM7. The questionnaire indicated an 
i11111r11w111,·111 in thl' l.1\Cl. ;" l'l'''''""' "' 1111 • "'l'l"vcT,, Thi.: 1c,ul1s suggcsl tlrn l the EAC system is effective in 
1nilll'1nl! l'M, ;111d thl'lt""' ""I""'""' I \c > ' " '" ""'·"' 1if)i,·c c �11111 1'.bcv1i.:r Scic:llce 13.V. All rights reserved. 

l<c·11111rrf, PM�. l1M l11d11111 .111 1111.rld\ I i�llt••--t !lh ;, "�" ' IV1r'vl <)u ... :,111111111111\:: Small air ion� 

C"11c:spnndi11g ;i11tli111 Tel· '·l-1-1 : . .;.: ?'1.'-'''' I.I\ · -1�-17�2-777-1711. 
l-.·nu11/ udtlre.\·.,: ions7Stu v;1h1111 lt1r11 !( i 1{1 l lu1d,1111 ! 

(l!l��-<Jl1'J7/I))/$- SL:t' fl'lllll lll;11!L'I C :!tlllf 11,,lll'I °'''' 11\t' fl V. /\IJ 1i)!fll' lt'SCIVt:d, 
I'll· St1tl��·'ll11>71111111111.�� 1 � 

187 

,, _ __ __________ _ __ _ 



(; "'" /111rrl1<111 "' "' / n,,. ,\, '"" ' ,. "' '"" 'fi1111/ /,'1ll'im111111·111261) (200/) 145-155 

I. lnlrocluction 

The curren t UK st;111d;11d I'" .1111l•iL·111 ;111111ll11L' 
p;irticul<1tc nrnttcr is S[) p.g/111' 111L·;1,l11c·,1 ;"Ilic 
'!'!'" pc1 ccnt ilc lil ;1 tl;1ily 11L1\1111l1111 1 u1111111g �-1-h 
mean. This stand md <1pplics tu l'M 111 p<11 1icu
l;11c nrnttcr that will p<iss th1uugl1 ;1 si1.c ,L·ln·1ive 
inlet with a 50% efficiency cut-oil' <ii I() p.m 
(DETR, 1 999). It is generally accepted th;1t ap
proxinrntcly 60% or the mass or ambient PM Ill 
consists of fine particles < 2.5 µ, m (PM"), as 
indicated in studies hy 1-1.irrison et ;11. (I <JlJ7) and 
Clarke et al. ( 1999). However. these mass prnpor-
111i11s will vary with loc:ilily ilt1L' Ill ;1 wi1k 11;11 iL·ty 

ol e11viron111e11tal factors <rllll SL'<1s1111;il L·IJ;111gL:s. 
There is current ly 1111 _,cp;11;1JL· '1:111tl;111I w1 !11r 
PM_., 111 the lJK. 

The importance 111' fine p<1l'liL·k, lrn111 ;i hL·<rlth 
perspective is now rcL·11g11i1.L·tl. :\ '111dv L·1111tl111 IL'll 

in six North Amcric111 cities. hy Sch\\;11t1 c.·1 ;ii. 
(1996) suggested that incrL:;isc.·tl 1L1il) 11HlfLtl11y is 
spccific;tlly associated witlt li11c p:r1 llL'lc L'\JHNllC. 

The fine par ticle fraction consis1s ol :i large 1ll1111-
ber of ultra fine pa rticles < I p.111 (COM [AP, 
1995), that can penetrate into the ;tlvcoli ol the 

human lung, whereas coarse pa rt iclcs mainly de

posit in the bronchial region �ind, thcn.�rurc. have 
different health and toxicological implications. 
(Wilson and Shull, 1997). In comparison tn coarse 
particles, fine particles contain proportionally 
h igher concentrations of lrnrn1rul ;1cicls. polycyclic 

aromatic hyclrocarhnns (!'A l fl ;111li l1e;1v\ 111v1; ils 
(Arden !'ope Il l ct <ii . . l'JlJI: ll1tH1k L'I ;ii . . 1'11J7; 
Clarke ct al., llJlJl)). l nd!l nr ;ii1h11 1w p;11l1L11l;11c 
1rn1ttcr consists ul ;1 1111.\turL· 111 h1t1·;1L'lll'o11I'. 'llL'h 
as microbes and pollen. 111111L·1 ;ii'. u1111hl1,1 i1l11 
emissions and other chcm1c;d ;1L'1\1,1iJ, 1< l\\,·11 cl 
;ii . . I l)lJ�). The 111;1jl1ri1y 111 1·111c 11:111 iL·IL·, 111 ;111 
outduor urban environment ;11c ;1s\u111ul 1 11 lie 
gc nc rated by comhust ion prnecsscs (I) i:· 1 I�. I 'l'Jl)) 
and approximately 7S'Yo or these nutdom fint.: 
particles could be expected to re<ich indoors 

(Rosen and Richardson, 1999). The ;111Hn111t of 
pa rti cles reach ing the i ndoor environment 1s of 
signi ficance because people srcnd up lo '!W'� or 
their time indoors (DrnrnldsC1n :111d lJll1);1l1l,1111. 
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J l)lJ.l; Kirchner et al., 1997). Exposure to fine 
pa l'l icles indoors can be linked to breath ing-re
la ted illnesses (DETR, 1998) therefore, by reduc
i11g the numbers or fine particles, ill health due to 
Jl<Hlr indoor air qua lity (IAQ) should be reduced 
(l)uckcry el al., 1993; Holgate, 1997). The expo
sure to fine particles can be approximately 19 X 
IO'' part icles over 24 h for an adult, based on a n  
average fine particle  concentration of 100 000/I 
indoors, an average adult  ventilation rate of 780 
l/h (COMEAP, 1995) and a re-suspension rate of 
99% (100 000 x 780 x 24 x (1-0.99)]. 

This study cont inues to explore the use of an 
electrostatic a ir cleaning (EAC) system as sug
gcsted hy Rosen am.I Richardson (1999), to re
ducc fine particulate matter indoors by altering 
electrostatic forces within a room. If it is assumed 
that <rirbornc particles may become electrostati
cally charged, there is an opportunity to control 
the mobility of these particles and thereby clean 
the air. 

This study includes a subjective assessment of 
the employees' perception of their working envi
ronment, through the use of the MM-Question
naire.1 The questionnaire was developed to assess 
perception of indoor environments and includes 
questions about IAQ parameters and symptoms 
usually related to poor IAQ (Andersson, 1998). 

2. Hypotheses 

(I) That there would be a further reduction of 
fine ral'ticlcs indoors compared with outdoors 
fol lowing the i nsta llation of an EAC system (irre
spective or outdoor fluctuations), in addition to 
any reduction achieved by the existing air-clean
ing equipment. 

(2) That the reduction of fine particles indoors 
would improve IAQ as assessed by the standard
ized MM-Questionnaire. 

I The MM is an abbreviation or the Swedish word 
Milji,imedicin k11vironmental medicine). 
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\/11111 1111· dn1 11/'fl• •Ii 

.-\II lllL'<l�UrL'lllL'lll� ll'L'IL' l.1kL 11 !llL"I � 11111111!!, Ill 
;111 ;1d111i11islr:llil'c 1illiL'l' ( 1·1�'. 11 111 111, , 111 , , 1111v 
or Plymouth, Engi<1nd. th:1t h:1LI: 

• A con t inuously operating forced lrcsh air ven
t ilation system. The t'resh air int<1kc outdoors 
was localed ) 111 ;1h11vi: grnu11d. The l'rcsh :iir 
supply lrnd a 111a11u;d speed L·111111«1l 111:11 w;1s 
ol'lcn set ;1t 1.i.:ro prillr 111 tlli' -.;111dv l1n.11l'-l' 
tile i.:111ployi.:i.:., L'11111pl:1i11vLI :ilHi111 .!1;i1i,:l11 .i11.! 

IHH'-l' 

• 
• 

• 

N11 l \1 .... llll� 1111 ... 11.11111 ll liilt 111••1' 1111 ,I •IJ• 

.111 
N11 1111.\illg Ill lllL' l'\ll.111'1 .111d llh '•111111 Ii 
ThrL'L' ceiling 11111u111etl. I 111 111.111111, 1 ,11111 
111nv1ng fans :ind c111e 111ul11-11111p"'' . .  111· 
processor, with :i cnndc11s:1ti1H1 1 L'l1H11·;d l;ll..:il
ity. This was the only unit usL'll to heal. L'11ul 
and lilter the indour :1ir (llH11ugil c11111i111111us 
re-circulation). 
Seven employees ;ind 1H11rn;il ,i1 1icc 111i1·k111g 

1111111, llill· 111'fice was l'lllpty du ring weekends). 
1 li,·i-,· 111·11· 1w changt:s in employees during 

1111· 'I lid\' 
• N11 puhliL· :1L'Cess and no smoking al lowed . 
• D:1ily. c<1rly morning cleaning routines, to vac

u11111 clea n (without a micropore filter) the 
carpeted floor and wipe away surface dust. 

The employees were not aware of how the 
installed EAC system operated or how it might 
influence their working environment. The clean
ing routine and materials used were not varied 
hcl'orc or during the study and d i d  not cause any 
<1�sc1ci;11cd cu111plaints. 

; ' /111. 11 «111111111 tu 1·.risti11.t: 1•q11ip1111·111 in the 11111/11 
,,1,. r111,/ 1f«11 1111111111uf'1/1c· /:AC 1y.1·tt•111 

1·11L· intc1ven1ions we re applied in two stages: 
Strigc I (5 May-19 July): The exist ing air pro

cessing equipment was optimized to perform ac
cording to original spec ifications, e.g. adjusting 
the volume of incoming air to 0.128 mJ/s (= 2.0 
air-exchanges/Ii) and re-directing the air inlet 
louvers 10 avoid d raughts. The exist ing equ ipmen t 

ik·�<�� · ) Repre<mts lora1im1 11f Electrostatic Afr Cleaning uniH 
. lb and approxi111ate '"""or electrostatic fields 
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Exhm•� nir v111't 
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was optimized first as it was 1101 deemed u<.:clul lu 
compare the EAC system wi1h nisling equq1111c111 

that was not used to its full po1c111i;il. I hcrl·l111l' 
no pre-Stage 1 data were recorded. The oplimizcd 
equipment was in operntion for 6 weeks before 
the employees were asked to cnmrlctc the ques

tionnaire. This allowed the employees time to 
adjust to the new conditions in the office. 

Stage 2 (20 July-I September): lnstall<rtion of 
one EAC unit. 

Description: 

• One rree standing. L111-;1s�1�1ul 1111il, dcllVL'l lllg 
approximately .'i.'i{)()() rH.:g;iliv,·I\' ch:1r1.',1·d \111;!\I 
air 1011s/c111' ol a11 (111e;1�111L·d .\ . .» 111 d11,,·1ly 
in front of the u11i1). with :111 :1111111\\ iii 'JO 
nr1/h. 

Stage 2 (1 Scptcmber-27 November): lnst<rlla
tion of a further three EAC units. 

Descriptions: 

• One unit mounted directly in front of the 
fresh air inlet, delivering approx1111ntcly 
100 000 negatively charged small air ions/cm' 
of air (measured 2.5 m clirc c tly in l'rnn1 of 1hc 

unit). 
• One wall mounted unit delivering :1rp111xi· 

mately 1500 negatively charged srnilll Hir 
ions/cm3 of air (mea sured O .. "i rn dircctlv in 
front of the unit). 

• One free standing, fan-assisted unit, delivering 
approximately 15 000 negatively charged s mall 
air ions/cm·' of air (measured 2.0 m d i rectly 
in front of the unit), with an airnow of 50 
m-'/h. 

All EAC units (dcsigned/modillcd by /\C&T 
Ltd.) delivered a high voltage (7 kV negative 
polarity) DC current ( < 0.5 mA) to a multi-stnrnd 
carbon fi bre thread (the emitter). This estahlishcc.J 
electrostatic fields with in the office hL'.twcrn the 
emitter and positive surf<rces (which ;1c1 :1� p;11'1i
cle collectors). The held st rcnglh 111c:1surl·cl I 111 
from c�1ch emitter w<1s -· l.'i kV. \\'hil·ii " '11111l;1r 
to that of a typic<d television �l'I. 1\1 1l1L· ,·11d 111 

Stage 2. the total <1ir volume lrncetl 1h1(l11sli 1hc 
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artifici;dly induced electrostatic fields was 600 
rn-'/h , as indicated in Fig. 1. The EAC units had 
110 inlluence on temperature or humidity. The 
installation of the EAC units did not affect the 
day-to-day running or the design of the office and 
the study did not give rise to any complaints from 
the employees. All EAC units were in continuous 
operation for 24 h/day. 

3.3. Sampling method - main site 

• Pa rt icu late matter was measured as PMl (0.3 
10 .Hl µ.111) and PM 7 (3.0 to 7.0 µ.m) using a 
laser beam particle counter with a tempera
ture (''C)/rclativc hum id ity (RH%) probe 
(Met One mode l 2278, Oregon, USA). Parti
cles were counted per litre of air, continuously 
over a 30-s period. The Met One particle 
counter has two channels, one which measures 
particles > 0.3 µ.m and a second which can 
read > 1.0, > 3.0 or > 5.0 µm up to a maxi
mum limit of 7.0 µm. Hence, the characteris
tics of the counter defined the particle ranges 
used in this study, with 3.0 µm used as the 
upper limit for fine particles. 

• During Stage l and the latter part of Stage 2, 
there were 55 discrete particle counts taken. 
Each count was the average of three readings. 
Also, during Stage 2, counts were taken for 11 
consecutive 5-day periods (every 30 min). 

• Statistical analysis of particle reduction was 
performed using a two-tailed, paired Student's 
t-test. This test was used to attain a P value. 
A value < 0.05 represented a statistically sig
nificant reduction in particle numbers. 

• Positively and negatively charged small atmo
spheric air ions, with a mobility range of 0.05 
cm2 /s per V, were counted using an atmo
spheric ion nnalyser, type 134A (Median, 
Oxted, England). 

• All measurements were taken 1.5 m above 
floor level and 1.5 m in front of the fresh air 
i 11 lct. 

• D�rys absent due to reported illness were mon
itored between July and December 1997 and 
between July and December 1998, by the office 
administration. 



< ;_ /�i. l11m/,1111 1·1 ,,/ / "/111· \", ;,.,, , ,. 11/'1/rc '/iiw/ /,'111'i1w11111•111 269 (200/) 145-155 149 

• Cnnlidential MM-OuL·s1i1n111;1irL· 1111111-; 
(MM0,10 L/\) \\'Ll'L' L'llllll1kiL'tl h1· 1111 ',\\\'II 
t:mpluyees at tile L'11d 11' lilL· S1:1:-:c· i 11111·111·11-
tion and by the �;imc c111pliivccs .tllL'I 1lic 
compktion or the Stage 2 i111crl'Lllli1111 

3.4. Sampling method - outdo<m· 

Particles, rela t ive humidity. temperature <111d 
small air ions, were measured using th i.: s<1me 
methodology as desnibcu in Sect iun _\ _-, !'hue 
were (1(1 d iscrete rncasuremcnh 1;1kc11 1h11111.t'.h1>11t 

tilt: study. 

3. 5. ( 'u111wl .1111· 

A nearby ofticc of' similar size (scvc11 L'n1pl1iv

ecs), with an ident ical air processm tu the 111:1i11 
site. was chosen as a contrnl silL', N(l 11uhliL· :1n:c·ss 
or smoking was allowed imhH,rs. 1·1icrc 11c1c 27 
discrete measun.:mcnts t a ke n th1ouglHll1l 4 
months (June-Scptemherl. 1'<1111cks. n.:L1111,e 
humidity and tempcr;1turc. we1e 111L·;1s111L·d 11,111g 
the sami.: mcthodol(lgy :1s described i11 ScL·111,11 � :>. 

A control site was cst<1hlishcd to 1·en1rll l'rv1 1n 

an office where no interventions were being 111;idc 
and to assess any natural llueluatiuns occurring in 
PM_, levels indoors, emanating t'rom outdoms. 
Small air ion measurements were not taken and a 
questionnaire was not carried out.  St aff absen
teeism was not recorded. The control site was 
used primarily as a source of comparison rrn hne 
particles. tempera ture anti humidi t y 1m:;1S111·e
ments. 

4. llcsu I ls 

:.I. I. M11i11 site 

4. I. I. Stage I 
The average particle counts 1rom the St<1ge I 

intervention were as follows: 

• PM·' (fine particulHtC lllHltc1 l indo<irs \\'ilS 
77 ()()() pHrtick:s/I ol' <1ir ( J :'i:-\ 7:'ill St;11HL11 d 
deviation - S.D.l The v:1lt1\: lll!lii(H11' ll';1s 
l)\)(J(J() rarticles/I Pl ;1ir I I 7,". 11111 s I )  I I lie 
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number of PM_, indoors during Stage was 
1 L'Liuced from outdoor levels by 19%. The 
percen tage reduction of PMJ indoors from 
outdoors, varied from 0 to 40% (Fig. 2). These 
reductions were not significant (P > 0.05). 

• PM 7 kuarse particulate matter) indoors was 
34 particles/I of air ( ± 13 S.D.). The value 
o� tdoors was 105 particles/I of air ( ± 42 S.D.). 
The number of PM7 indoors during Stage 1 
was 67% less than outdoors. These reductions 
were significant ( P < 0.001). 

4./.2. S1age 2 
Till' average pa rt icle counts from the Stage 2 

interven tion (with EAC units installed) were as 
follows: 

• PM, indoors during the first part of Stage 2 
was 42 500 purtidcs/I of air ( ± 20 220 S.D .). 
The value outdoors was 71 700 particles/I of 
air (±34170 S.D.). The number of PM3 in
dnms during the first part of Stage 2 was 42% 
less than outdoors ( P < 0.001 ). The percent
age reduction of PM J varied from 30 to 58% 
(Fig. 2). 

• PM 1 indoors during the second part of Stage 
2 was S 1 100 particles/I of air ( ± 9000 S.D.). 
The value outdoors was 80100 particles/I of 
air ( ± 13 000 S.D.). The number of PM3 in
doors during the second part of Stage 2 was 
37% less than outdoors (P < 0.001). The per
centage reduction of PM3 varied from 33 to 
44% (Fig. 2). Throughout the whole of Stage 
2. PM, indoors was 40% ( P < 0.001) \ess than 

outdoors. 
• I'M 7 i mill ms for the whole of Stage 2 was 29 

p<irticles/I of air ( ± 13 S.D.). The value out
doors was 99 particles/I of air ( ± 42 S.D.). 
The nu mbe r of PM 7 indoors during Stage 2 

was 70% less than outdoors. These reductions 
were significant (P < 0.001). 

When comparing the difference in PM 3 reduc
tions between the first and second part of 
St<1ge 2, there was no significant difference 
( P > () 05). despite the installation of 3 more EAC 
units. When compa ring PM 1 reductions indoors 
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Fig. 2. Scallcr ch�n showing 1hc rcdu,·1i1111.' 111 l'M, 11Hl11"1' 1;1kc11 :11 discrc1c poinls lhroughoul !he inlcrvcnlion in !he main silc. 

the 3% increase between Stage I and SL<igL' 2 w<1s 
found not to be significant ( P > 0.0.'i). Fig . . 1 illus

trates the typical var i a t ions in 1x1r1icul<1Lc nun1-

bers ove r a 5-day period during SLC1gc 2. 1:ig . . 1 
also reveals the sudden i ncrease in l'M , ()n Mun

day 14 September, wh ich was caused hy ;1 1ninu1 

repair to shelving. This fluctuation had nu inllu

ence on the ou tcome of this study. 

4.1.3. Small air ions 
The number of small a ir ions/cnr' of air out

doors during the study ranged from I ()() to ."hOO 
posi tive and 0 t o  800 negative small air ions. 
Throughout  the t rial per iod the air c11lcring thc 
office through the air inlet, cont;iincd ;1ppm\i
mately 800 pos it ive and () ncgaLiVL' �111:ill ;111 

ions/cm3 or a i r. The snrnll ;iir illl l l'lllllllS Ill llll' 

oflice <11-c given in T:1hlc I Witli 1111,- I \( 111111 

installed there w;is 11\l sig11ilic;i111 L l1;111!C,. 111 1 l1c 
number of negatiVL' ;iii ions. IHl\1,·1·L·1. 111111 111, 

intro d uct ion of three more units, the numbers 
increased d ramatically. 

4. 1.4. Days absent 
The data se t (number of absences) was too 

small to analyse statistically. However, absence 
rates we re very low and similar in the collection 
periods before and after the interventions. 
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4.1.5. The MM-Questionnaire 
The outcome of the MM-Questionnaire indi

cated the poor quality of the office air before the 
second in tervention and how the employees' per
cept ion of !AO improved after the instal l ation of 
thc EAC units (Fig. 4). However, the smal l  num
ber ul" employees did not allow any statistical 
;111;i\ysis Noteworthy changes in percept ion were 
(nu111hcis relc1· 10 Fig. 4 and the e nvi ronmental 
L1c1rns listed in TC1ble 2): 
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Table I 
Average numhcr nf positive :ind nc�ative small ail' itHls in the 
office (main site)" 

Positive 
(No. of inns/ 

mi' 11r ai1 l 

Negative 
(No. of inns/ 

c1111 <>I :1i1) 

Stage I 1100 JllJI 
Stage 2 (20 July- I Scp1cmhcrl 141111 I'' 
Stage 2 (I Scplcmhcr-- Miii '' 'i1111 
27 Novi:mhcr) 

'Nolt" ('alihration 111k1;111L-t...' 1111 111� 11111 l1i11��1 1 11 , .. · '-·· 

l:Thc suhs1an1ial 1cduc.:tion in complaint'.'\ ;1ht\lll du."l ;111d d11 I 
ti: The suhstantial rcductiun 11fc11mpl;iin1s ah11111 s111Jly h;ul :111. 
7:Thc 1educlion in cn111plai111� ahn111 d1y ;111 

-

There were also reduced compla i nts about the 
office temperature being either too h igh or low 
(see numbers 3 and 5). Compl aints of noise were 
also substa ntial ly rcducct.1 (number I I). 

4.1.6. Humidity (RH! and tem1Jera111re 
The average relative hu111idi1y (RI 1r·.; l i11d<>lHS 

180000 -.------c---Friday 11/09 SnlurdQy 12109 

throughout Stage 1 was 44% (range 38-60) and 
46% (40-60) during Stage 2. For the whole 7-
month period the average relative humidity was 
51 % outdoors (range 36-75). The average tern· 
perature (°C) indoors throughout Stage 1 was 
21°C (range 17-25) and 23°C (range 17-25) dur
ing Stage 2. For the whole 7-month period the 
average temperature outdoors was 20°C (range 
15-23). 

./. l Cnntmf sill' 

The average particle counts for the control site 
throughout the 4 months of monitoring were as 
follows: 

• PM 3 indoors was 75 100 particles/I of air ( ± 
34 200 S.D.). The value outdoors was 99 000 
particles/I of air ( ± 78160 S.D.). The number 
of PM 1 indoors was 25% less than outdoors 
< P < o.'os). 

• PM 7 indoors was 40 particles/I of air ( ± 11 

Sunday 13/09 Monday 14/09 Tuesday 
15109 

140 

160000. i ---0-PMlindoors (Stage 2) 
I 

Office 
modifications 120 

1-- PM7indoors (Stage 2) 
100 'C 'i'O 

L.�-�����--' 
� .... 120000 . '(ii .... 0 -0 

BO g = 
-.:: 
.8 

60 E :J r: ._, .... 
:E 

• 40 a.. 

� 100000' 

/ 
--= Q) D 
E 80000 ::J c 
.... JYJ ::!: 60000' 

a.. 

40000 . 

20 
20000 ' 

O · 0 
S.�S.�8�8�8�8�8g8�8���S.�8g8gggggggggggggg 
ON��oN-nwro- nwro- n N•��N����ciri� � ciri��ciri�� �� 
- - ...... ,..... N N a 0 0 D ,.... ...-- ,.... .- 0J r-: 0 0 a 0 ,..... - ,.... - N 0 0 a 0 - - - - N N 0 0 0 0 

Time 
Fig. 3. A graph rcprcsrnling the typical v:11 iations of PM·' and PM 7 indoors during Stage 2 (main site). 
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T:1hlt:  � 
l � L'\l l l l s  l n 1111  l hl' M M -0 1 1 L"-. l 1 1 1 1 1 1 1 ; 1 i 1 l� 

E n v i rnn m c n l a l  l'aclnrs ( 11 u 111hcrs rcl' c 1  l t 1  F i l! cl I 

I Dust and d i rt 

2 l ) r ; 1 1 1gh 1  

_1 l�nnm t e m pe ra t u n: l11t1 h igh 
4 V a r ying rt 1t 1111  1 e rn pe r a 1 1 1 1 c  
5 1�01 1 111  11. ... · m pe r a l u n: t 1 u 1  1 1 1\\ 

I> S t u rt') h:1d a i 1· 
7 D r)' a 1 1· 

�J S t i 1 l i<: c k·l· 1 1 1c 1 1y .  1 1 1 1'-.· 1 1  c.: ; 1 1 1 , 1 1 1� ... 1 1 1 1d, -.. 
I l l  P11�:-.1vL' .... 1 1 1 1 � k i nµ. 
1 1  N 1 1i'l' 
1 2  Lig h t  t lwl is d i m  or causes glare· "' t 1 l h c 1  i' L' i l c c 1 i 1 1 1 1 '  

S . DJ. The va l u e  ou tdoors was lJlJ pa r t ic les / I  
o f  a i r  ( ± 42 S.D. ) .  ThL' 1 1u 111hcr ( ) r  I'M , i n 
doors was 60°/ri less t ha n  oul d ( ) ( ) f':-. ( / '  < 1 1 . l i 'i  i 

• The ; ivcnigc rc l < 1 1 i vc h u 1 1 1 i d i 1 v  '" ' ·' -1 7 '  • 

1 2  2 

1 1  

1 0  

9 

7 

- - - - - Stage I 

s1.1ge c 

Reference value !or buliumgs 
without any tndoor clu1rntc problems 

4 

Fig. 4. G ra p h ic rcpn:sc n ia t ion ul t h e  M M -Oucst 1 < 1 1 1 1 1 ; 1 1 1 c  1 c · 
sui ts. n u m be rs refer to Table 2 .  

St age I 

45 

70 
711 
�5 
71 1 
1>11 

l l  
l l  
( I  

•15 
0 

Stage 2 

1 5  
4X 
2 5  
711 

l l  
1 4  
25 

I I  
I I  
0 

1 5  
0 

Reduction (%) 

66 
1 7  
64 

0 
t oo 
80 
58 

0 
() 
0 

66 
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(39-54) and the average temperature was 22°C 
( 2 1 -2�) indoors. 

5.  D i sc u s s i o n  

Th is  s t u dy w a s  i n i t i <1 te d to test t h e  ab i l i ty of the 
Et\C sys t e m  l o  reduce PM .1 in an urban office, 
i rrespect ive of o u tdoor fluctua tions and the possi
ble add i tio n of PM 3 generated i ndoors by human 
activi t ies. The results achieved by the EAC sys
tem were compared with the results obtained 
using standard air processing equipment. 

5. 1 .  Stage I 

I ndoo r va lues  o f  PM _1 are dependant on out
door a t  nwsp hc ric condit ions and air pol l u t ion 
from so l i d  a n d  foss i l  fuel  combustion processes. 
D u r i ng S t age I .  ou tdoor va l ues of 24 000-280 000 
part i c l e s / I  for PM _1 ,  exe m pl i fy  the large varia
t ions in nu m be rs that an indoor air cleaning 
sys l e m m u st be able to handle. The reduct ion of 
PM .1 d u ri ng S t age I was 1 9% a t  the main site, as 
com pa r e d  w i t h  a 25% reduction recorded for the 
con t rol site.  These reductions were similar to 
those fou n d  p reviously by Rosen and Richardson 
( 1999). The red uct ions in PM 3 were attributed to 
a co m b i n a t ion o f  pa rt icle loss t h rough the d ucting 
and the  a i r  p rocessor. I n  Stage I the exist ing air 
handl ing equ i p m e n t  was very effective in  m a i n
t a i n i ng a low l evel of P M 7  indoors, despite the 
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eun 1 i n u u 1 1 s  ge n e r; 1 1 i u 1 1  u l  l 'l \ 1 . 1 1 1 1 1 1 11. �'. 1 1  1 1 1 1 1
.
1 1 ; 1 1 1  

; 1 c t i v i ty .  The l uw l e v e l  I l l  l ' l'vl . \\ ; 1 '  1 1 i . 1 1 1 1 1 ; 1 1 1 1 c· d  
t h roughDut t h e  two s t a ges ; i n d  w;is 1Hi t  l 11rt h e r  
s ign i fica n t ly red uced hy lhc i n 1 1 od u c l i 1 l l l  1 1 /  Ille 

EAC u n i ts . 

5. 2. SI age• 2 

The resu l ts fro m S t age 2 p rn v i d e d  L' V i lk nce 
t h a t  t h e re was a fu r t h e r re d u c t i o n  o f  l ' M , r l l l 
low ing t he insta l l a t ion o f  t he E A C  syste m ,  i n  
addi t ion t o  t h e  1 9"/, g ive n b y  l h L' e x i s t i n g  c q u i r
m e n t .  There we re consiste n t  s t ;1 t i s t i rn l l y  sign i fi 
ca n t  reduct ions for P M , ( Fig.  2 )  1 1 l r1 1 1 1 g lw 1 1 1  S 1 ; 1gc 
2, i ncreasing t h e  c l e ; 1 1 1 i 1 1 g  c ; 1 pal' l l y  / 1 0 1 1 1  l ' J  t o 
40%. The EAC sys tem wns ; 1 h l c  t 1 i  co11L' w i l h  
o u tdoor v a r i a t iuns 1 1 1 ' l ' M , ; 1 1 1 1 1  ; i 1 1 y : 1 d d i t 1 l l 1 1 a l  
P M .i c r e a ted i n  the o !'l in: .  

5. 3. Small air ions 

S m a l l  a i r ion co u n ts measu red i ml uo 1 s w c r L· n u t  

re la ted t o  out door v a l ues s i nce t he i n pu t ; 1 i r  h a t.I 
to pass through 1 5  m or e a rt hed 111! .: t a l  d u e l i ng 
a n d  pass t h rough two earthed s t e e l  ra ns .  H e nce 
t h e  inco m ing fresh a i r  had no nega t ive ions <i nd 
s u bs ta n t i a l ly red u c e d  n u m be rs o f' pos i t i ve l y 
c h a rged a i r  ions compared to outdoor a i r . 

The EAC system p rod uces nq!<1 l i v c l y  c h ; 1 rgcd 
s m CJ l l  CJir ions, wh ich a rc t h ough t  lu l l ; 1 1 'L' : 1  mk i l l  
t h e  red uct ion of a i r  borne pc t r l i c k �  ( i'vLi r t i 1 1 < 1 c . 
1 993). Despi te  t h e  r<1 c t  t h ; 1 l  l h L' l' L' '" ; 1 ,  1 1 ( >  1 1 1 u L· ; 1�c 
in  l he n u mbe r o r  n e ga t iv e l y  c h ; 1 rgc d a i r  i 1 1 1 1s 
du r i ng t he fi rst part of  S t a ge 2 (T; 1 h l c  I ) . t h e re 
was s l i l l  a s ig n i l irn n t rcd u e l i o n  i 1 1  I l ic  n u 1 1 1 hL· 1  ( ) r  
PM ,; i n doors (42%. P < 0.00 1) .  I t  i s  u n l i ke ly t h a t  
na t u ra l forces such a s  sed im e n t at io n h a d  a n y  part 
i n  t he re mov a l  of PM , from the a m b ie n t a i r  i n  
t he office, a s  l i ne p a r t ides a rc l l l l t  s ign i l i ca n t ly 
i n fl ue nced by gravi ty ( CO M E/\ I',  J <JlJS ).  Th e LAC 
sys tem cou l d  have i n fl ue nced t h e  li ne p m l i c l c s  i n  
t h e  o ftice t h rough two d i ffere n t  111 ech ; 1 1 1 i s 111 s . The 
ti rst a nd most l i ke ly c x p l <1 n a 1 i o 1 1 l \ l r  t i l e  rc t l l l l: l 1 u 1 1  
u l' P M , is  t h e  exposu re o r  P M , 1 11 wc ; 1 k  1 1 c g ; 1 1 ivc 
e l e c t rost a t ic �i c l ds .  A p! lss i h l c  SL'l' t 1 1 H I  1 1 1 n· l i ; 1 1 1 1 -; 111  
co u l d  h ave i nvo lved rn ;1 11 y  p m i t i l' e l \' c l i ; 1 r i:c· l l  l i 1 1 c  
p a rt i c l e s  a d h e r i n g  lo s m ; i l l  n q :; 1 1 i vc i 1· L· h ; 1 1· '-'.l' l l  ; 1 i r  

195 

i o n s .  i" u r m i n g  pa rt icles of a larger aerodynamic 
d i a m e t e r  Wack man , 1 979). I t  is less l i ke ly that 
this ' cl ust e r i ng' mechanism was the main cause of 
the reduction in  P M 3 ,  as the resul ts ind icate that 
there were no further reductions when the num
ber of negatively charged air ions increased from 
1 35 to 15 500/cm-' of air  (Table 1 ). 

5. 4. Control site 

Moni tored values at the control site verified 
that  t he existing air cleaning equipment per
fo rmed consistently (25%) throughout and gave 
s i m i l a r  red uc t ions to those measured at the main 
s i te d u r i ng Stage I ( 1 9%). Therefore, during Stage 
2, the iden t ica l  a i r cleaning equipment in the 
m a i n  s i t e  cou ld he assu med to have behaved in  a 
s i m i lar m anner.  

5. 5. The MM-Questionnaire 

Th e M M -Questionnaire is a standardized 
m e t h od of assessing how h uman perceptions of 
t h e i r  working environment correlate with physical 
properties of the indoor air. The results from the 
questionnaire ind icated that the reduction of fine 
particles cou ld indeed improve the employees' 
perception of IAQ. This l ink between the percep
t i on of a i r  qua l i ty and levels of fine part icles has 
been made previously. A study of 40 schools in 
U ppsa l a ,  Swed e n found that IAQ is perce ived as 
' worse·  al high levels of exposure to volati le or
g a n i c  com po u n ds, mou l ds, bacteria and respi rable 
d us t  (Smedje e t  a l . , 1 997). I n  the main site, there 
were reduct ions in complaints about dust and 
d i rt ,  a complaint  that is strongly associated with 
levels of fine particles. There were also substan
t ia l  reductions in complaints about  dry air and 
s tu ffy bad a i r. All of these complaints have been 
l i n ked to fi ne particles and an i nadequate fresh 
a i r  su pply (Andersson, 1998). The questionnaire 
could not pi npoint  which compone n t  was the most 
re l eva n t  to ch a nges in  perception about d ust and 
d i r t ,  s t u ffy bad a i r  a nd dry a i r  - the reduction of 
P M , a l o n e  o r  the reduction of  PM J plus an 
i nc re a se in the number of  negatively charged a ir  
i o n s .  



1 54 (i /l11 '/1 1in/1u1 1  , ·1 1 1/ / / 1 1 ·  \ ,  ' ' ' "  ' '  1 1 / / / 1 < '  lt!/1i/ /:'11/ 'il' U l l l l l l'lll ](J') (]()()/)  145- 155 

A l t hough t he ex ist i ng e q u i p 1 11 rn 1  11rn i 1 1 1 : 1 i 1 1 cd  
very low levels of P M 7 ,  t he e m p l oyees s ti l l co m 
plai ned about their work enviro n m e n t  a n d  i t was 
only when PM J was substant ia l ly reduced t h a t  
com plaints subsided. The quest ionn a i re i n d icated 

that reduc ing PM 7 alo ne may nut lie e 1 Hn1g l i  1 1 1  
improve IAO and red uce assoc i a l c d  rn m p l < 1 i n 1 -;. 

There were a lso nw jor c h a n gL· s in l hL· PL' l l.L' I ' · 
t iOn or )ow / h igh t e m p e ra t u re i l n d  l l l l i sL' . l ll t l  
para me t e rs t h a t  we re nol i n l l ue ncc d hy 1hc 1 1 1 'L 1 l 
l a t ion o f  t he EAC sys t e m .  Fang L' I i i i .  ( l lJt)� l h ; 1 \ l'  

shown t h a t  i ncreasing 1 e 111 pc 1 ; 1 1 1 1 1  L· ; 1 1 1 d  h 1 1 1 1 1 H l 1 1 1  

can i n ll u c nce h 1 1 11 1 ; 1 1 1  pc rn: p t i 1 1 1 1  1 1 1 ; 1 1 1  1 1 t 1 : i l 1 1 1  

w h e n  expused t o  d i ffe r i n g  i m l 1 H > 1  1 1 t 1 l l 1 1 1 ; 1 1 1 1 �  I l i e · 

co ncern w i t h  t h e  p rese 1 1 1  s l u dy w ; 1 s  1 h ; 1 1  L' I L 1 1 1 gL· , 
in temperature m igh t h ave i n ll u e n ced t h e  e m 
ployees' perception o f  I AQ. H owever, desp i t e  the 
fact that the average i ndoor te m pera t u re ac t u a l ly 
increased during Stage 2, they s t i l l  perce ived a n  
improvement i n  the i r  IAQ.  N oise i s  very u n l i ke ly 
to h ave an influence on air  q ua l i ty and t he c h a nge 
in the perception of n oise was o u t s ide t he srnpe 
of t h is investigat ion.  

5.6. Humidity (RH) and te11111em1urc ·  

The i ndoor h u mid i ty leve l s  d u ri n g  the s 1 u d y  
period we re typical  of  a n  o ffice environ m e nt .  T h e 
range of indoor t e m p e ra t u res cn n f i rms t he e m 
ployees' perceptions o f  va ry i ng t e m pe r< i t u re . •; ,  
Whi lst t h e  UK H e a l t h  and Safety Exec u t ive ( H S E) 
do not give an upper l i m i t  for te m pe ra t u re , t h e  
averages of  21  and 23°C were com pa rable w i t h a 
genera l ly acceptable ra nge of l lJ- 2 1 "C ( H S E. 
1 999, persona l com m u n icat ion ). The cor resp o n d 
ing data  from the con t rol  s i t e  gave s i m i l a r  resu l t s 
to the main  site,  confi rming the  e l'tic ic ncy or t h e  
opt i m ized origi n a l  eq u i pme n t . f l  is  u n like ly t h < i l  
these para meters h a d  a ny i n fl u e nce 01 1  the r e d u c 
t io n of P M _1 leve ls i n  the o fl icl' .  T h e  resu l 1 '  l n 1 1 1 1  
the contro l  site gave no i n d ication tha t  ; i  1· i sc  1 1 1 

te m pera t u re du r i ng t he s u m m e r  m o n t h s  c < 1 l l 'L' l i  
a n y  c h a nge i n  P M .1 l e v e l s. P M , re d 1 1 c 1 i , i 1 i s  l l \ 1 1 1 1  

ou t doors t o  i ndoo rs in t h e  co n t rn l  .-; i 1 c  1 ·c 11 1 ; 1 1 1 1 l: L i  
stable  t h roughou t t h e  m o nito r i n g p c 1· i ml ; i 1 1 d  \\'L' I e 
no t  red uced or i ncreased by m i n or cha nges i 1 1  
i ndoor temperature and h u m i d i ty . 

6. Co ncl u s ions 

This study establishes that it is not possible to 
, improve all aspects of poor indoor air quality 
( IAQ) using only one approach to tackle site 
dependent  problems. For example, simply op· 
tim izing t he ex isting air moving equipment in an 
oflice may not he sufficient 10 improve I AQ. The 
inst a l l a t i on o f  an Elecirostatic Air Cleaning 
( EAC) system reduced fine particulates (mea
s u re cl as PM .1 ) by altering electrostatic forces 
w i t h i n  t he o l'l in: ( Hypot hesis I ). This gave a re· 
L i 1 1 c 1 io 1 1  i n  P M , i n  addi t ion to that achieved by 
t h e e x i s t i ng up t i m izcd equipment.  The MM· 
Que s t iunnaire ind icated a relationship between 
t he pe rception of lAQ and the recorded changes 
in physical environmental factors. The reduction 
of fine particulates in the office did change the 
perceived IAQ (Hypothesis 2). This intervention 
study has demonstrated the abil ity of the simple 
EAC system to reduce the number of fine air
borne particu l a tes and enhance the perception of 
I AQ. 
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